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Abstract

Adsorption equilibrium and effective diffusion coefficients of water vapor, in cylindrical particles of activated alumina (A) and
activated alumina impregnated with calcium chloride (MCA), are experimentally determined. The experiments were conducted at
303 K and 323 K using cylindrical particles with 2.5 mm in both length and diameter. Diffusion coefficients were determined
from the kinetics of water sorption. The measurements were conducted in a constant pressure unit based on a magnetic
suspension balance (Rubotherm) under isothermal conditions. The sorption capacity depends on temperature and it was found to
be higher by 25 % for the MCA material compared with the A material. The water diffusion coefficient depends itself on the
adsorption equilibrium taking into account the local slope of the water sorption isotherm. The effective diffusivity of water is
almost 2 times lower in impregnated than in non-impregnated alumina. The obtained diffusion data could be used to model the

dynamic adsorption.

Key words: adsorption equilibrium, composite alumina - calcium chloride, effective diffusion coefficient
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1. Introduction

Adsorption processes are encountered at a
wide scale in industry for gas separation and
purification, for humidity control, for environmental
protection etc. To calculate and design the adsorption
apparatus, equilibrium and diffusion data are needed.
In literature, several experimental methods to
determine the equilibrium and diffusion coefficients
in porous materials are presented (Figueiredo and
Matos Freitas, 2013; Igwe et al., 2013; Luis et al.,
2014; Mamaliga et al., 2009; Mamaliga et al., 2010;
Simonova et al., 2009; Terzyk and Gauden, 2002;
Witek-Krowiak, 2013). Studies of adsorption kinetics
of water vapors in porous materials offer information
to design and operate air conditioning and gas
purification plants (Aristov et al., 2006; Simonova et
al., 2009; Solomon et al., 2013). Porous alumina

particles are obtained by dehydration of alumina
hydrates (commonly Al,033H,0), in controlled
temperature conditions, up to approximately 6
percent moisture content. The surface has stronger
polarity than silica gel and has both acid and basic
characteristics, reflecting the amphoteric nature of
aluminum. At room temperature, the affinity of
activated alumina for water is comparable to the
affinity of silica gel, but the adsorption capacity is
lower. At elevated temperatures, activated alumina
has a higher adsorption capacity than silica gel. Thus,
activate alumina is used as drying agent for water
vapor and is also employed for removal of polar
gases from hydrocarbon streams.

Analytical solutions to Fick’s second law of
diffusion for the kinetics of adsorption in planar
sheet, spherical and cylindrical adsorbents, are well
known, but the numerical applications are limited
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because the solutions are given as infinite series. In
various studies (Terzyk and Gauden, 2002; Terzyk et
al., 2003) a method to determine diffusion coefficient
within cylindrical and spherical carbon granules was
developed. They expressed diffusion coefficient as a
function of normalized adsorption for spherical
adsorbents. For cylindrical adsorbents, the diffusion
coefficient was defined in normalized adsorption
using both the cylinder length and radius. In this
paper, we give a practical approach to adsorption
kinetics for cylindrical adsorbents.

Time dependent adsorption for a finite
cylinder with radius R and length L is given as
(Carslaw and Jaeger, 2005; Crank, 1979) (Eq. 1):

0 2
q; 4 1 a,” Dt
__1—[—2 E 3 ex;{— 72 X

9 max T Ay,
n=1 ) ) (1)
) %Z i exp_ir(Zm;I) Dt
T m:12m—1 L

where ¢, and ¢,,,, are the quantities retained at time ¢
and, respectively, at saturation, D is the effective
diffusion coefficient and o, are roots of the zero-
order Bessel function: Jo(ot,)=0.

Eq. (1) is computationally exact, but cannot be
conveniently used in practical numerical valuation.

The expression for adsorption within a finite
cylinder could be obtained using the expressions for
adsorption within an infinite cylinder and an infinite
planar sheet. An expression for adsorption within an
infinite planar sheet of L thickness is given as
(Carslaw and Jaeger, 2005; Crank, 1979) (Eq. 2):

¢ _, 8 1 7°(2m—-1)° Dt
_f_]——zzzm_]exp(— 15 2)

A solution for small D#/L’ can be obtained in
the form of (Carslaw and Jaeger, 2005; Crank, 1979)

(Eq. 3):

) Dt D&
o) AB) Grrelgs) o

where ierfc(y) is the integral of the error function

erfe(y), and, ierfe(y) = exp(—y)/a"” = y erfe(y).
For Dt/L*<0.08, the second part of Eq. (3) is
negligible, so the equation becomes (Eq. 4):

9 _ Dt
Dnax 4[7rL2) @

For adsorption in an infinite planar sheet,
Rong and Vadgama (Rong and Vadgama, 2006)
derived the Eq. (5):
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valid for ¢>0.05326L° /D, a,/a, . >0.52, and
(Eq. 6):

0.5
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for 1 <0.05326L° /D, a,/a, q <0.52.
The diffusion coefficient is calculated from
the half time of saturation as (Eq. 7):

2
D =0.04908 = %
lys

A similar equation at the adsorption in an
infinite cylindrical granule is given as (Eq. 8):

=]— 4z_ep( OCRDIJ ®)

at max n=1

where: R is the granule radius and ¢, are roots of the
zero order Bessel function: Jy(a, )=0.

At the adsorption in an infinite cylinder, for
small dimensionless time (Dt/R%), Eq. (8) becomes

Eq. (9):
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For the adsorption in an infinite cylinder, a
bipartite expression can be obtained (Eq. 10):

=]- 4Z—ex [ ZDtJ (10)

At max =1 %n
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valid for ¢>0.03598L° /D, a, /@y e > 0.3908
and (Eq. 11):
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for 1 <0.03598L° /D, a,/a, . <0.3908
The diffusion coefficient is calculated from

the half time of saturation as (Eq.12):

R
D =0.06306 (12)
lys

The equation for adsorption within a finite
cylinder is (Rong and Vadgama, 2006) (Eq. 13):
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ff,c = ftv +f;‘,c _fi,sfi,c (13)

For our particular cylindrical granule, with
radius R=1.25 mm and length L= 2.5 mm, Eq. (13) is
a function of the product Dx¢ and, the apparent
diffusion coefficient, D, can be estimated from the
half adsorption time as (Eq. 14):

_46-107°
v tys

D m’ /s (14)

Further, the effective diffusion coefficient can
be calculated using the equation (Aristov et al., 2006)
(Eq. 15):

e+(l-e)K

D, =D m°/s (15)

e ap P

where: ¢ is the material porosity and K is the local
slope of the adsorption isotherm.

In this paper, we present an experimental
study on water vapor equilibrium and diffusion in
alumina (A) and composite material (MCA)
cylindrical particles.

2. Experimental part
2.1. Materials

Two different materials were used in our
experiments, namely: activated alumina (A) and
activated alumina impregnated with a calcium
chloride solution (MCA) (Table 1). The materials
consist of cylindrical granules of 2.5 mm diameter
and length. The porous matrix was dried in an oven
for 4 hours, at 160°C, and left afterwards to cool
down in a dessicator, at room temperature.

The composite material was obtained by
impregnating alumina with a calcium chloride
solution of 15% mass, at 25 °C, in a stirring vessel, at
a rotation of 300 rpm. After 2 hours of impregnation,
each sample of porous material was separated from
the salt solution by vacuum filtration, at room
temperature. The retained granules were again dried
for 4 hours in an oven, at 160°C, and left to cool
down in a dessicator, at room temperature. The
resulting CaCl, impregnated alumina (MCA) had a
salt content of 7.92%. The nitrogen adsorption-
desorption isotherms obtained for A and MCA
materials correspond, according to the IUPAC
classification, to the Type IV isotherm with
hysteresis.

Table 1. Characteristics of the materials used in the
experimental study on water vapor equilibrium and

diffusion
Total specific Total Pore
Materials surface porosity diameter
(m’/g) (%) (nm)
A 96.275 64.133 5.390
MCA 43.339 37.153 5.517

One can observe that in the pressure range
when the adsorption monolayer is formed, the two
curves presented in Fig. 1 have an identical behavior,
of Type II isotherm. An enhanced adsorption is
registered at higher vapor pressures, fact
corresponding to the capillary condensation in
mesopores.

160
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Fig. 1. Sorption isotherms for N, in cylindrical granules of
A and MCA materials

2.2. Experimental set up

In order to obtain the experimental
equilibrium data and diffusion coefficients a
magnetic suspension balance system (Rubotherm,
Germany, accuracy *+ 0.1 mg) was used. This allows
the measurement of the material mass variation in
time. The scheme of the experimental set-up was
presented in previous works (Mamaliga, 2004;
Mamaliga et al., 2004; Mamaliga et al., 2010). The
investigated material was situated on a support
suspended by the hook of magnetic coupling. Mass
was measured using a balance (Sartorius: 210 g £+ 0.1
mg). Adsorption experiments were carried out at
constant temperature and different pressure values in
an adsorption cell. Pressure in the adsorption cell was
controlled by means of the evaporating water and
was measured with a pressure sensor.

The amount of solvent absorbed is very small,
thus the buoyancy forces at different pressures are
important and were taken into account (Mamaliga et
al., 2010).

2.3. Experimental protocol

To determine the diffusion coefficient,
experiments were led as follows:

1. The porous material was placed into the
adsorption cell and dried under vacuum (pressure
lower than 0.5 mbar) until a constant mass is
obtained. The temperature in sorption cell is
maintained at a certain value by means a thermostat.

2. Temperature in the water evaporator is adjusted
and maintained to a prescribed value.

3. Water vapors will be kept in contact with the
porous material until adsorption equilibrium is
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reached. The mass variation of adsorbent material is
recorded in time.

4. In order to start a new experiment, parameters
such as the evaporator temperature or water vapor
pressure would be adjusted. Each experiment gives a
point on the equilibrium isotherm.

3. Results and discussion

An example of adsorption kinetics at 303 K,
for the same sample of MCA, at two different water
vapor pressure values, successively applied is given
in Fig. 2. For the investigated materials, kinetic
curves were obtained at different values of water
vapor pressure. From these plots was determined the
half time of diffusion (tys), used to calculate the
apparent diffusion coefficient. Using Eq. (14),
apparent diffusion coefficient for cylindrical granules
of A and MCA was calculated. Values obtained at a
temperature of 323 K and at various pressures of
water vapors are shown in Fig. 3.

Equilibrium isotherms, expressed in two
different ways, for the investigated materials at an
adsorption temperature of 323 K, are presented in
Fig. 4. The slopes of adsorption isotherms, K, are
determined from Fig. 4b. The amount of water
uptake and the slope K of MCA is significantly
higher (20-25 %) than for activated alumina (A). The
local slope K is presented in Table 2.

With these values and taking into account
material porosities (Table 1), the effective diffusion
coefficients were calculated based on Eq. (15). The
MCA values at a temperature of 323 K, in
comparison with those obtained for diffusion in
activated alumina (A), are shown in Fig. 5. At low
vapor pressure, the effective diffusion coefficients
are almost constant and for alumina decrease slightly
from values of vapor pressure in the range 60-120
mbar.

Analyzing data shown in Fig. 5, it can be seen
that the water vapor effective diffusion coefficient
values in activated alumina (A) are higher than in
composite materials. The presence of calcium
chloride modifies the porous structure of alumina and
the pore distribution. The effective diffusion
coefficients in the composite material are almost 60
% lower than those obtained in non-impregnated
alumina. The difference between the values of
effective diffusion coefficients could be attributed to
the unequal contributions of the three transport
mechanisms (bulk, Knudsen and surface diffusion)
occurring in the materials.

For the MCA material, an average effective
diffusion coefficient has been determined to have a
value of 8.5-107 m?s. For activated alumina, the
effective diffusion coefficient values were lower at
higher vapor pressures. This could be due to the
sorption mechanism changes and occurrence of
phenomena such as capillary vapor condensation.
Thus, the obtained values are closer to the liquid
diffusion coefficients. The temperature influence on
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the sorption isotherms for the MCA material is
presented in Fig. 6 (a, b).

500
+P=16.78 mbar
400 A = P =31.46 mbar

o
£
g 300 ,"
2 /
> 2004
i
100 //
0
0 2000 4000 6000 8000

ts

Fig. 2. Water uptake at 303 K in cylindrical MCA granules
(diameter and length of 2.5 mm) at two values of water
vapor pressure, 16.78 and 31.46 mbar
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Fig. 3. Apparent diffusion coefficient of water vapors in A
and MCA at 323 K
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Fig. 4. Sorption isotherm for A and MCA
materials at 323 K
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The diffusion data obtained at water vapor
adsorption on MCA granules at a temperature of 303
K are presented in Table 3. It includes, also, the local
slopes determined from Fig. 6b. In Fig. 7 the
temperature influence on the effective diffusion
coefficients for the MCA material is presented.

Table 2. Sorption Equilibrium (slope K) at 323 K

Table 3. Diftusion data for MCA at a sorption temperature

Water vapor A Local | MCA Local Water
pressure, mbar slope, K slope, K activity, -
16.97 4216.7 5722.2 0.138
31.57 3403.6 4400.1 0.257
56.07 3813.1 4145.2 0.456
95.37 1365.6 1834.3 0.777
111.32 747.7 1462.2 0.905
1.0E-05
oA

K o = MCA

£ 1.0e-06 e u

2> m

> =

(2]

£ 1.0E-07 |

-a o
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water vapor pressure, mbar

Fig. 5. Effective diffusion coefficients of water vapors in A
and MCA at 323 K
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Fig. 6. Sorption isotherms for the MCA material at 303 K
and 323 K

of 303 K
Water vapor Apparent Local Effective
pressure, diffusivity, slope, diffusivity,
mbar m’/s K m’/s
16.97 8.177E-11 16450 2.2421E-06
23.29 7.272E-11 12028 1.99397E-06
31.6 8.345E-11 9637 2.28786E-06
31.6 4.694E-11 9637 1.28692E-06
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Fig. 7. Effective diffusion coefficients of water vapors in
MCA at two temperatures

Analyzing data shown in Fig. 7, it can be seen
that the water vapor effective diffusion coefficient
values in the MCA material at 303 K are higher than
values at 323 K. This could be explained based on an
increase in vapor viscosity with temperature.

4. Conclusions

Effective diffusion coefficients of water
vapors in cylindrical granules of activated alumina
(A) and activated alumina impregnated with calcium
chloride (MCA) were determined.

Experiments were performed at 303 K and
323 K granules having the same diameter and length
(2.5 mm). The experiments were conducted at
constant vapor pressure by means of a technique
based on a magnetic suspension balance (Rubotherm,
Germany). The apparent diffusion coefficient was
determined from half time of diffusion. The effective
diffusion coefficients depend on the apparent
diffusion coefficients, the local slopes of the sorption
isotherms and the material porosities.

For the impregnated alumina, the effective
diffusion coefficients are almost 60 % lower than for
non — impregnated activated alumina. The
temperature has a certain influence on the vapor
diffusion coefficients.
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Abstract

The development of biodiesel industry in the recent past brought into discussion the valorization of glycerol as the byproduct of
this technology. Dehydration of glycerol leads to acrolein, mainly used as a raw material in the production of acrylic acid and its
esters. Several research efforts dealing with the synthesis of acrolein from glycerol are reported in the literature. However, they
are limited to catalyst testing on laboratory scale, no attention being paid to the process feasibility at an industrial scale. The goal
of this paper is to fill this gap by presenting an integrated design study of the glycerol dehydration process. A simplified kinetic
model was developed based on published data, this one being able to predict with sufficient accuracy the rate of the main reaction
and the formation of relevant by-products (carbonyl compounds, hydrocarbons, carbon monoxide and coke). A reaction system
was designed, similar to the reactor-regenerator unit usually used in hydrocarbon catalytic cracking (FCC). Moreover, the
operating conditions were determined in such a way to maximize the selectivity and ensure the autothermal operation. The
reactor effluent is sent to a separation section consisting mainly in distillation units. Due to formation of a low-boiling azeotrope,
extractive distillation is employed for separating the acrolein-water mixture, using a part of the fresh glycerol feed as solvent. For
a set of typical operating conditions, the separation section was designed in Aspen Plus environment. An economic evaluation
study was performed using Aspen Economic Evaluation module, following which an acrolein price of 1.13 EUR/kg was
determined. By comparing this value with the market one of 3.3 EUR/kg, the feasibility of the proposed process from the
economical point of view will be emphasized.

Key words: economic evaluation, glycerol valorization, kinetic model, plant design, reactor-regenerator system
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1. Introduction

The continuous increase in energy demand
corroborated with the accentuate depletion of the
fossil fuels resources, made the scientific world to
give more attention to conversion of renewable and
bio-degradable resources to bio-fuels and value-
added chemicals.

The biodiesel industry knew a considerable
development in the last decade, 1.6% of transport
fuel used worldwide being represented by liquid
biofuels (Nogueira, 2011). Considered as the most
important biofuel, the biodiesel is produced from
natural triglycerides (vegetable oils or animal fats)

and methanol through a catalytic transesterification
process using either methanol or ethanol as a reagent
(Corma et al., 2008; Olivieri et al., 2013). The
byproduct of biodiesel industry is glycerol, produced
with a ratio of 1 kg of glycerol to 10 kg of biodiesel
(McNeil et al., 2012). The glycerol resulting from
biodiesel industry, usually known as “raw glycerol”
is an aqueous solution containing 80-85 wt.%
glycerol. This raw glycerol can be subjected further
to advanced separation processes to produce pure
glycerol, but the purification processes can be rather
difficult to implement, expensive and inefficient from
the energetic point of view. Among the purification
processes worth to be mentioned vacuum distillation
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at pressures of 10° bar and 120°C, refining on ion
exchange resins, membrane separation etc. (Bozga et
al., 2011). As reported by Talebian-Kiakalaich et al.
(2014), over 1.54 million ton of glycerol is
anticipated to be produced in 2015. Due to the high
amount of glycerol released on the market, new
utilizations of this chemical compound as “raw
glycerol” have to be explored. The valorization of
glycerol will produce also a decrease in biodiesel
price from 0.63 to 0.35 USD/L as reported by
Talebian-Kiakalaich et al. (2014). Nowadays,
glycerol has over two thousand different applications
as pure compound in food and cosmetic industry,
pharmaceuticals and personal care products industry,
solvent or as a major ingredient in toothpastes as
reported by Tan et al. (2013).

Several processes has been proposed for
glycerol valorization, among them being worth to
mention its conversion into acetals, steam reforming
to obtain synthesis gas, conversion to acrolein and
propane diols (Zaharia et al., 2013). Acrolein, an
important chemical compound, is used as an
intermediary in acrylic acid and its derivatives
synthesis, methionine synthesis, as a monomer for
acrylic resins or as a reagent in herbicides industry
(Bozga et al., 2011). Glycerol can be converted to
acrolein by dehydration in gas or liquid phase, using
homogeneous or heterogeneous catalysts (Gu et al.,
2012). The commercial technology for acrolein
synthesis is based on gas-phase selective propylene
oxidation in the presence of BiMoO, catalyst, in a
multi-step process involving utilization of chlorine (a
corrosive reagent). The negative environmental
impact as well as the economic drawback due to the
continuous increase in propylene price, makes the
acrolein synthesis from glycerol a commercially and
environmentally attractive route (Bozga et al., 2011;
Talebian-Kiakalaich et al., 2014).

Several types of catalysts have been proposed
in the literature for the conversion of glycerol to
acrolein. Heteropolyacids catalyst supported on silica
has been used by Chai et al. (2009). Total glycerol
conversion along with selectivity in acrolein of about
87% was reported in the study of Chai et al, but with
an increase catalyst deactivation due to coke
deposition. Yadav et al. (2013) reported the activity
of a dodecatungstophosphoric acid catalyst supported
on mesoporous silica. Glycerol conversions of 94%
with an acrolein selectivity of 80% were obtained,
but severe catalyst deactivation due to coke
deposition have been reported. The most promising
type of catalysts for glycerol dehydration to acrolein
is zeolites, materials possessing large surface area
and sufficient acid sites. Gu et al. (2012) tested H-
Beta, HY and HZSM-5 zeolites and among them, the
latter shown a good catalytic activity in acrolein
synthesis, due to the porous structure that ensure a
significant specific surface area

In order to develop a kinetic model for the
acrolein synthesis process from glycerol, detailed
information about the distribution of by-products in
typical operating conditions is required. From our

510

knowledge, there are only few studies in the literature
reporting information about the by-products
produced in glycerol dehydration to acrolein process.
Sabater-Prieto (2007) used a WO5/ZrO, catalyst, to
perform the process in a fixed-bed reactor.
Acetaldehyde, phenol, acrolein, propanal, acetone,
hydroxyacetone have been identified in the reaction
mixture, for reaction temperatures in the range 230 —
280 °C and atmospheric pressure, using aqueous
glycerol solution of 20 wt %. Even if the catalyst
deactivation plays an important role in the mentioned
process, no relevant information can be extracted
from the study of Sabater-Prieto (2007).

A comprehensive study regarding glycerol
dehydration on a HZSM-5 catalyst was reported by
Corma et al. (2008). A circulating bed reactor that
allows catalyst regeneration in a continuous way was
used and glycerol conversions over 86 % with
selectivities in acrolein up to 62 %. A reaction
scheme accounting for dehydration, cracking, and
hydrogen transfer reactions catalyzed by the acid
sites of the zeolite was reported. Acrolein was the
major product, short olefins, aromatics, acetaldehyde,
hydroxyacetone, acids, and acetone were identified
and accounted through a complex reaction network.
In order to develop a kinetic model, extensive
information about reaction products distribution is
required.

From our knowledge, no kinetic model that
takes into account the distribution of by-products is
reported in the literature. In order to efficiently
design a chemical reactor, a representative kinetic
model is required, and consequently, a first goal of
our study is to develop a kinetic model for the
glycerol dehydration to acrolein process. In spite of
several research efforts, the acrolein synthesis
process by glycerol dehydration is still limited to
laboratory scale. The main goal of the present paper
is to report and evaluate the conceptual design of a
glycerol dehydration plant.

2. Development of a kinetic model

The experimental data, used in the present
study to develop a kinetic model for the glycerol
dehydration process to acrolein, has been published
by Corma et al. (2008). The authors are reporting that
the experimental work was performed on two types
of reactors, a fixed-bed one and a circulating-bed
reactor using a ZSM-5 type catalyst. The operating
conditions are presented in Table 1. Several
compounds have been identified as reaction
byproducts in the mentioned study, among the most
important being carbon monoxide, carbon dioxide,
alkanes, olefins (ethylene, propylene, butene),
acetaldehyde, acetone, 2-propenol, acetol, acids,
BTX fractions and coke.

Due to the limited amount of experimental
data, in the developed kinetic model the considered
reaction products were restricted to acrolein (the
main product), carbon monoxide, hydrocarbons
(lumped as ethylene), carbonyl compounds (lumped
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as acetaldehyde), and coke. The selectivities of
glycerol transformation to products and by-products,
as well as the glycerol conversion are given in Table
1. Based on the selected reaction products, the global
reactions describing the stoichiometry of the glycerol
dehydration process are represented by Eqgs. (1-4):

C,H0, - C,H,0 + H,+ H,0 + CO (1
C,HO, - C,H,0 + 2 H,0 2)
C,H,0 - CO + C,H, 3)
C,H,0 — 3C + H,0 + H, 4)

The rates of these global reactions were
written in terms of partial pressures following the
classical power law approach. Each of the four
kinetic constants was expressed in terms of two
parameters by the Arrhenius relationship (Eq. 5).

E
k. =Aexp| —=
~tenf-£5)

The reactor model used in the estimation was
written in the following hypotheses:
- one-dimensional plug flow model
- isothermal regime
- constant physical properties
The mass balance equation written in terms of
degree of advancement of reactions is (Eq. 6).

)

dgmi 1 (’”)

= BV,

©
dx  WHSV

;x=0,¢, =0, =14

A nonlinear parameter estimation procedure based on
the classical least-square method has been developed,
and the model error function has the form given by
Eq.(7), where yi represents the experimental (exp
subscript) and calculated (¢ subscript) values of
glycerol conversion and the selectivities of its
transformation into the byproducts taken into account
(Puaux et al., 2007).

N
J = zeiTWei; € = Vexpi ™ Ve Q)

i=1

The parameter calculation was performed
using the MATLAB® “Isqcurvefit” procedure
coupled with the “odel5s” integration function. The
calculated parameter numerical values are presented
in Table 2.

The agreement between the calculated data
and the experimental results are emphasized through
the parity diagrams of the glycerol conversion (Fig.
la) and selectivities of the products and byproducts
(Fig. 1b). The results given in the parity diagram
shows a good agreement between calculated and
experimental conversion values as well as for the
selectivities used in the estimation calculations. This
finding is also supported by a very good correlation
coefficient (R’=0.973). The estimated parameter
values are presented in Table 2.

Table 1. Experimental data used in kinetic model development (Corma et al., 2008)

Exp Temperature, [K] [ kg caf?llcfg, feed) n[/fl{-i']V’ Z [ S] O-C (Y O-Hc O-Acrolein O-Cake O-Carbonyl XG
1 773 11 431 0.7 0.104 | 0.094 0.39 0.062 0.35 1
2 773 48 55 1.4 0.16 0.179 0.232 0.177 0.252 1
3 923 45 121 0.7 0.268 | 0.296 0.11 0.057 0.269 1
4 563 12.6 282 1 0.034 | 0.019 0.588 0.206 0.153 0.98
5 623 5.6 1243 0.5 0.019 | 0.016 0.589 0.078 0.298 0.89
6 623 10.7 360 1 0.034 | 0.024 0.588 0.122 0.232 1
7 623 11.5 335 0.9 0.034 | 0.025 0.621 0.15 0.17 1
8 623 5.4 1315 0.5 0.021 | 0.019 0.591 0.101 0.268 0.86
9 623 9.9 388 0.9 0.029 | 0.028 0.586 0.162 0.195 0.97

1 ® 1
5 A B
& 0.8¢ B
S 0.95¢ ]
S %
§ % 0 6 L - 4
o 8 )
g o9 1%
> 204} ° + CO ]
g ° 08 o Hydrocarbons
S 0.85¢ 1 x 90 m o Acrolein
9] 0.2} Sy Em * Coke f
= e TAC#D m  Carbonyl
3
08% 0.85 0.9 0.95 % 02 04 0.6 0.8 1

Experimental glycerol conversion acrolein experimental

Fig. 1. Parity diagrams for conversion (A) and selectivities in byproducts (B)
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Table 2. Estimated kinetic parameters

Chemfcal 7 2 3 4
reaction

A, kmol 3.75-10* | 1.05-10° | 6.31-10% | 1.92:10°
kgeat™ 57!
atm™’

E, kI 3.79-10* | 2.7-10* | 6.62-10* | 1.05-10*
kmol™

3. Design of the acrolein synthesis plant

The conceptual design of the glycerol
dehydration plant was performed following the
hierarchical procedures detailed in references
(Dimian and Bildea, 2008; Dimian et al., 2014). In
order to provide relevant details, the study will be
divided in two parts, one regarding the analysis of the
process in a reactor-regenerator system and the
second dedicated to the design of the separation
section to produce products with high purity. In this
work, it was designed a glycerol dehydration plant
with a production capacity of 100 000 t/y.

3.1. Analysis and design of the reactor-regenerator
system

Due to the significant catalyst deactivation,
Corma et al. (2008) proposed that the glycerol
dehydration process to be carried out in a circulating
bed reactor with continuous catalyst regeneration, a
system similar with the one used in the fluid catalytic
cracking of hydrocarbons. The schematic diagram of
the reactor is given in Fig. 2. The aqueous solution of
glycerol (80 wt %) is fed at the reactor inlet along
with the regenerated catalyst and a dispersion steam
flowrate that will enhance the catalyst transport over
the reactor length and the vaporization of glycerol
feed. The circulating bed reactor model was written
in the following hypotheses: one-dimensional plug-
flow of the gas phase and adiabatic regime, constant
physical properties, gaseous phase and catalyst has
the same temperature.

Reaction products

T

N;,CQOs,
¥
=
Air
Reactor Dispersion steam
Glycerol feed feed |l@————
—_— :
section

Fig. 2. Diagram of the reactor-regenerator system
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The vaporization of the reaction mixture at the
reactor inlet was considered instantaneous. The
reactor model consisting in mass balance equations,
thermal balance and pressure drop equations is
expressed by differential Egs. (8-10).

dé . .
5”” = ! Ve i(M);x =0, §mi =0> =14 (8)
dx WHSV ™ ’
dT (1 _E)pcatAle (_VR,I'AHRJ)
al’ _ i ;x=0,7=7 )
dx Dm,.vnlcs,g + F‘catcs,cat
dp 10
E:—pmlg(]—g)]_,;x:o’p:po ( )

The weight-hourly space velocity (WHSV)
and the catalyst residence time have been expressed
by Eqgs. (11) and (12).

D
WHSY = ——s__ (1
t(),c'at m,cat
Lo xLA4,(1-¢)p,, (12)
0,cat D COR

m,sol

The reaction rates were considered to be
affected by the catalyst deactivation due to coke
deposition by a function ¢, depending on the
temperature and catalyst residence time, with the
decay coefficient expressed by an Arrhenius relation
as for the FCC process (Ahari et al., 2008) (Eq. 13).

—E, 13
=expl—at, . ); a=a,ex cal (13)
® p( O,Lat) 0 p[ RGT]

In order to evaluate the possibility to operate
the reactor in an autothermal regime, the thermal
balance equations for reactor and regenerator were
written. The necessary heat required for rising up the
catalyst temperature comes from the coke
combustion, according to the Eq. (14).
DcaCocaTeg=T,0) D0,

La@‘Cv,m

(J:Eg _];) :Dm,ml ccd(c‘X:vi(e(_AHRmke)
(14)

The coke composition was taken as 92 %
carbon and 8 % hydrogen (Corma et al., 2008). The
amount of air necessary for the coke combustion was
calculated from a stoichiometric relation, considering
the combustion products to be only in CO, and H,O,
and taking into account a 20% (mol) excess of
oxygen. The evaluation of thermal balance for the
reactor took into account that the heat transported
from the regenerator with the catalyst (at the
regeneration temperature) is used for feed heating up,
vaporization and raising further temperature to the
required value for the reaction to be performed in
adiabatic regime. The global heat balance equation
for the regenerator is given by Eq. (14).
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+

r ap eact

Dyaoea| Do =T ) = Doy (T =T )+ Doy Ty =T )+ Dy s+ Dy oy
)

psteanCs W (]: -I ) +D,,6¢,ar (I; -T ) +D,,Com (T -1

m vap

(14)

The reaction enthalpies calculated by using
Kirchhoff law (Reid et al., 1987) were used to
evaluate the reaction thermal effect by Eq. (15).

D,
Qs z% Ay +Dy - A +( Dy +DM,}L') Ay +D ot * D,
(15)

In order to determine the reactor geometrical
characteristics, a specific mass flowrate similar with
the one in the FCC process was considered. The
reactor diameter was evaluated by expressing the
reactor cross-section by Eq. (17).

4 =P (17)

The reactor length was determined from an
iterative study having as main goal the evaluation of
the regeneration temperature required for feed
vaporization. The values of the geometrical
characteristics of the circulating-bed reactor, as well
as the physical properties and other data used in the
simulation are presented in Table 3.

The value of the regeneration temperature
determined by iterative calculations is 645 °C, value
that ensure the efficient catalyst regeneration, being
close to the ones implemented in the hydrocarbon
catalytic cracking process.

The reactor simulation results in terms of
glycerol conversion, temperature profile, selectivity
in acrolein and coke concentration is presented in
Fig. 3. Results evidence a total glycerol conversion at
the reactor outlet (Fig. 3a) as well as a good
selectivity in acrolein (around 44 %). Due to the
reaction endothermicity, the reactor temperature is
decreasing from the inlet to the outlet by 100 °C. The
calculated coke concentration on the catalyst is
relatively low (1.1 %), but even this small amount is
sufficient to acquire the autothermal regime inside
the reactor.

3.2. Design of the separation section

The design and performance evaluation of the
separation section for the acrolein synthesis plant was
performed in Aspen Plus environment. The proposed
process flowsheet is presented in Fig. 4. To design
the separation equipments, the components were
ordered by their boiling points (Table 4), and the
potential outlet streams were grouped into products
(acrolein) and by-products (gases, carbonyl
compounds).

Table 3. Reactor simulation data

Data Symbol | Value Unit References and observations
Catalyst to oil ratio COR 5.4 kg kg Average value from Corma et al. (2008)
Glycerol feed flowrate D, 501 18 kg g7 Calculated
Dispersion steam flowrate D, sicam 1.8 kg g7 Calculated
Catalyst density Peat 720 kgm” ZSM-5 catalyst density
Reactor diameter D 0.3 m Calculated
Reactor height L 10 m Calculated
Void fraction € 0.75 - Proposed value
Preexponential factor for deactivation ay 59100 = Ahari et al. (2008)
constant
Catalyst deactivation activation energy E.u 67210 kJ kmol! Abhari et al. (2008)
Catalyst specific heat Cy cat 1.2 kJ kg'1 K! Nakasaka et al. (2012)
Air specific heat Cs.aer 1 kI kg K Reid et al. (1987)
Air temperature at regenerator inlet 7, 250 °C Proposed value
Coke conversion in regenerator Xeoke 90 % Proposed value
Carbon combustion enthalpy AH, - | 31500 kI kg Corma et al. (2008)
Hydrogen combustion enthalpy AH, ;| 115000 kI kg Corma et al. (2008)
Glycerol vaporization enthalpy Avg 635 kI kg Aspen Hysys V 8.4 database
Water vaporization enthalpy vw 900 kI kg! Aspen Hysys V 8.4 database
Glycerol specific heat Cs.GL 4.1 kI kgTK! Aspen Hysys V 8.4 database
Water specific heat Cow 6.9 Kkl kg K Aspen Hysys V 8.4 database
Table 4. Reaction products destination and boiling points
Compound Boiling point, °C Destination
Hydrogen -252.87 by-product
Carbon monoxide -191.5 by-product
Hydrocarbons (C,H,) -103.7 by-product
Carbonyl compounds (C,H,0) 20.2 by-product
Acrolein 53 product
Water 100 recycle
Glycerol 290 recycle
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Fig. 3. Reactor simulation results

GAS-

REACTOR_OUT Lio-3

Liquio

Acrolein

Recycled Glycerol
-

Fig. 4. Separation section flowsheet

In order to separate the gaseous components
from the reactor effluent, a gas-liquid split section
was proposed. Due to the low boiling point of the
carbonyl compound present in the mixture, a
compressor (G-3) is used to raise the operating
pressure up to 10 bars, to ensure a separation of the
acetaldehyde from the gaseous stream.

After a second high-pressure flash-separation,
to acquire the complete removal of the gaseous
components from the LIQUID stream, an adsorption
column is used, with water as the adsorbent. The
mass balance for the gas-separation section is
presented in Table 5. The data emphasize the
efficiency of the gas-separation, the LIQUID stream
containing more than 95 % (acrolein, acetaldehyde)
of the compounds of interest coming out from the
reactor.

The separation of liquid phase was carried out
in a series of distillation columns, where the
components are separated by the “lights out first”
rule. The column L-7 separates the heavy component
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(water) from the LIQUID stream, the distillate stream
consisting in mainly acrolein and acetaldehyde. The
second distillation column (L-8) is removing the light
component (acetaldehyde) in the distillate stream,
with a purity of over 99 %.

The challenge in the proposed separation
section remains the separation of the acrolein-water
azeotrope that is to be broken in the distillation
column L-9.

To achieve this separation, an extractive
distillation is implemented, using pure glycerol as
extracting phase, given the fact that the azeotrope
glycerol-water is more stable than the previous one.
The advantage of using this technique is the
subsequent use of the glycerol-water solution
resulting as the bottom stream in the distillation
column L-9, as a feed for the dehydration reactor.
The resulting top stream contains over 98 % acrolein
as pure compound. In order to emphasize the
efficiency of the liquid separation section, the mass
balance for the main streams is presented in Table 6.
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Table 5. Mass balance for gas-separation section

Property Reactor-out Gas Liquid Wat-1
Temperature, °C 410 34.4 23.7 20
Pressure, bar 1 10 10 10
Total mass flow, kg/hr 67768.40 6947.02 66225.9 5404.58
Components mass flow kg/hr
Glycerol 326.33 326.33
Carbonyl compounds 9461.56 288.54 9173.02
Acrolein 13623.59 124.66 13498.9
H, 628.54 620.04 8.495
Water 37473.22 50.75 42827.0 5404.58
CO 6121.84 5736.51 385.32
Hydrocarbons 133.31 126.50 6.807
Table 6. Mass balance for the liquid separation section
Separation in Separation out

Property REACTOR_OUT W‘;l I- ADS _GLY Ig;f ::57 Acetaldehyde | Acrolein | Gases Water
Temperature, °C 410 20 80 115.5 23.8 51.9 333 148.5
Pressure, bar 1 10 1 1 2 1 2 5
Mole Flow, 3076.5 300 40 11362 203.7 241 551.1 | 2307.02
kmol/hr
Total Mass Flow, 67768.4 5404.8 3683.7 5009.1 8955.3 13335.3 | 7554.4 | 42002.5
kg/hr
Component mass flow, kg/hr
Glycerol 326.3 3683.8 3683.7 trace trace 326.3
Carbonyl 9461.5 trace 8911.1 9.84 485.4 55.1
compounds
Acrolein 13623.5 trace 19.0 13243.5 146.4 214.6
H, 628.5 0.02 628.519 | 0.001
Water 37473.2 5404.5 1325.2 12.5 82.074 51.941 | 41406.1
CO 6121.8 11.6 6109.7 0.39
Hydrocarbons 133.3 1.02 132.2 0.003

A similar approach with the one presented in TAC = capital cost + energy cost (18)

the literature (Zaharia et al., 2013) was implemented
in our study. The design of the distillation columns
was performed by using the DSTWU short-cut model
from Aspen Plus (based on Underwood-Fenske and
Gilliland approach). To achieve this, a minimum
number of trays was specified along with the
minimum reflux number. Then the rigorous
distillation model “RADFRAC” was used, to adjust
the values of the distillate flow rate in order to satisfy
the products purities.

The column diameter has been evaluated by
using the tray-sizing facility of Aspen Plus
environment and the column height was calculated
by considering 0.6 m tray spacing, and adding a 20 %
distance to accommodate the top and bottom parts. In
order to achieve the best separation efficiency with
minimum investment, the tray number has been
adjusted by closely inspecting the temperature
profiles inside the distillation columns.

4. Economic evaluation of the acrolein synthesis
plant

The total annual cost of the plant was
considered to include the capital cost and energy
cost, expressed by Eq. (18).

payback period

The payback period was considered 10 years.
The capital cost includes the cost of reactor-
regenerator system, mixers, gas-liquid separators,
distillation columns (trays and heat exchangers) and
other heat exchanging equipment. The economic
evaluation was performed using literature data as
well as Aspen Economic Evaluation 8.4 module.

In order to perform the evaluation of catalyst
cost, an analogy with the “riser” reactor from the
FCC process was taken into account, considering that
the catalyst amount existent at a given time inside the
reactor is about 100 t. It was also considered that the
annual catalyst waste due to deactivation is 300 t.

The prices of raw materials taken from the
literature are presented in Table 7. The prices of main
equipment are given in Table 8.

Due to the complexity of the reactor-
regenerator system, the direct cost of this equipment
was evaluated by analogy with data presented in the
literature (Nexant-Inc., 2006). The prices of utilities,
in terms of steam, cooling water and electricity are
given in Table 9. Taking into account the calculated
data, the total project capital cost is 9.37-10° EUR
and the utilities price is 1.9-10% EUR/yr.
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Table 7. Raw materials prices

Raw Materials Amount (t/yr) Price/t (EUR) Total price
Glycerol 450000 400 1.80-10°
Water 200800 0.21 42168
Catalyst 400 2200 8.8-10°

Table 8. Main equipment costs
Identifier Operation Total Direct Cost (EUR) Equipment Cost (EUR)
G-1 Flash low pressure 183900 32000
G-2 Compressor 2.85-10° 2.64-10°
G-3 Heat exchanger 92000 18800
G-4 Flash high pressure 109700 19900
G-5 Adsorption column 200900 55400
L-2 Water separation column 3437500 2765100
L-3 Acetaldehyde separation column 6691100 5498200
L-4 Acrolein separation column 10531200 8357400
R-1/R-2 Reactor-regenerator system 2400000 1900000
Table 9. Utilities prices
Utility Rate Units Rate Units Cost per Hour (EUR h™)
Electricity 2378.4 kW kWh 184.3
Cooling water 9122.5 m’ m’ h' 289.1
Steam 149.8 t th' 2684.6

Using the calculated data, the production cost
of acrolein was evaluated at 1.13 EUR/kg. Given that
the market price is about 3.3 EUR/kg
(https://www.zauba.com/import-ACROLEIN-hs-
code.html, accessed on October 2014), this value
show the ability of the proposed technological
scheme to be feasible from the economic point of
view as well as to produce chemicals with high
purities.

5. Conclusions

The glycerol conversion to acrolein on zeolite
catalysts is a process that can be performed in a
reactor-regenerator system similar with the one used
in the catalytic cracking of hydrocarbons.

The evaluation of thermal balance for this
reaction system has shown that it can be operated in
autothermal regime, lowering in this way the energy
requirements.

Given that the main issue in the separation of
reaction products is the breakdown of the acrolein-
water azeotrope, its separation was achieved using
glycerol in an extractive distillation unit.

The advantage of using glycerol is that the
reaction products will not be unpurified with
compounds non-existent already in the mixture.
Taking into account the hypotheses used in the
design of this process, the economic evaluation of the
whole plant proved the feasibility of the proposed
technology, the calculated production price of
glycerol being much lower than the market one.
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Nomenclature

A, - reactor cross section, m?

Coote - coke concentration on catalyst, wt %

C - specific heat, J kg’1 K!

D,, - mass flow rate, kg s!

D, - specific mass flow rate, kg s m™

Dy - diffusion coefficient of MMA in air, m’ s’
AHy - reaction enthalpy (heat of reaction), J kg
AHR coe - coke combustion reaction enthalpy, J kg
k - reaction rate constant, kmol-kg"-s™!

P - reactor pressure, bar

Oreaet - reaction thermal effect, kJ/kg

ro2 - correlation coefficient;

Rs - the constant of ideal gas, J ‘mol - K!

ty - residence time, s

T, - temperature of air at the regenerator inlet, K

T - temperature of the catalyst at the reactor,
ér outlet, K

T, - glycerol solution feed temperature, K
- temperature of the catalyst at the regenerator
T reg inlet, K
T, - reactor temperature, K
Treq - catalyst regeneration temperature, K
T, - dispersion steam temperature, K
Tyap - glycerol solution vaporization temperature, K
VR - reaction rate, kmol~kg'ls’1
w - weighting factors,
X - dimensionless coordinate
Greek Letters
& - void fraction of the catalyst bed;
& - reaction extent, kmol s”! kg'1
Subscripts
A - acrolein
carbonyl - carbonyl compound
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cat - catalyst

C - coke

g - gas phase mixture inside the reactor
G - glycerol

GL - liquid phase glycerol
GV - vapour phase glycerol
he - hydrocarbons

sol - glycerol solution

w - water

WL - liquid phase water
wv - vapour phase water
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Abstract

The variation of the content of 12 phenolic compounds from 5 months aged Cabernet Sauvignon and Merlot wine samples treated
with siliceous and aluminosiliceous porous materials was analysed through a HPLC method. The standard physical-chemical
analyses (alcoholic concentration, total acidity, volatile acidity, relative density, reductive sugars, total dry extract, non-reductive
extract, free SO,, total SO,, pH) were registered. The used nanomaterials: SBA-15, AI-MCM-41, KIT-6 were synthetized in the
laboratory and were structurally characterized through the BET and SEM methods. The obtained results are in accordance to
literature findings. The experimental results are proof that the maturation of wine, specifically Cabernet Sauvignon and Merlot, in
the presence of porous materials modifies the physical-chemical composition as well as the phenolic content of wines.

Key words: adsorption, nanomaterial, phenolic compound, wine

Received: November, 2014, Revised final: March, 2015, Accepted: March, 2015

1. Introduction

Red wines are alcoholic beverages, their
composition being influenced by many and diverse
factors corresponding to the specific production area,
such as grape variety, soil and climate, culture, yeast,
winemaking practices, transport and storage.

Every winemaker knows the important role
played by polyphenols in the visual and gustative
quality of red wines and their importance during
aging. Consumers are increasingly demanding highly
coloured wines, with a good structure and roundness,
meaning that polyphenol content should be as high as
possible to ensure colour intensity and stability
during aging. The exploration of compositions and
structures for micro and mesoporous materials in
view of specific applications in the oenological arca
as sorption and separation support, has led to
considerable results, reported in literature (Cotea et
al., 2011; Luchian et al., 2011).

Studies were continued by focusing on the
time-based influence of these innovative materials
with different samples structures of Cabernet
Sauvignon and Merlot samples. The wines were
bottled and stored for 5 months in contact with the
micro- and mesoporous materials and then analyses
were performed.

The synthesis of nanoporous materials is an
active segment of research. The ordered mesoporous
silica materials contain a homogeneous distribution
of mesopores (2 nm < d, < 50 nm) which are
characterized by a very narrow pore size distribution.
The pore size and pore volume of these materials
make them suitable potential matrices to incorporate
and then release a large variety of molecules. Highly
ordered hexagonal mesoporous silica structure SBA-
15 has been synthesized by using commercially
available block-copolymer surfactants in strong acid
media (Zhao et al., 1998). SBA-15 possesses a
hexagonal array of mesopores, approximately 6.0 nm

* Author to whom all correspondence should be addressed: e-mail: vcotea@uaiasi.ro; Phone/Fax.: 0232407519
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in diameter. The textural properties of the
mesoporous MCM-41, which have been extensively
studied, are determined by the regular array of
hexagonally shaped pores. The introduction of
aluminum and others transitional metals in the
structure of the mesoporous material leads to an
increase of acidity and of specific catalytic activity.
Creation of Al-O(H)-Si bridges generates Bronsted
acidity (Corma et al., 1994, Corma et al., 1995).

In literature it was reported the synthesis of
other mesoporous materials with larger pores, KIT-6,
with [a3d cubic type structure and a network of
interconnected channels. The siliceous material KIT-
6, has numerous applications in adsorption and
catalysis, thanks to unique 3-D structures (Xiaoying
et al., 2002).

In this study, in the treatment of wine samples
we used a natural zeolite - clinoptilolite, which was
collected from Marsid, Romania (obtained from
volcanic eruptions). Clinoptilolite is a natural zeolite
with a complex formula: (Na, K, Ca),3Al;(Al, Si),Si
13036° 12H,0, comprising a microporous arrangement
of silica and alumina tetrahedra. Natural zeolites are
aluminium silicate minerals with high cation
exchange capacities (CECs) and high selective
adsorption properties (Copcia et al., 2010; Apreutesei
et al., 2008).

The aim of this research is to investigate the
impact of SBA-15, AIMCM-41, KIT-6 and
clinoptilolite materials on the chemical composition
and phenolic compound content of Merlot and
Cabernet sauvignon red wines, harvested in 2013.
The wused methods for wine analysis are in
accordance with OIV specifications (OIV, 2013).

2. Materials and method
2.1. Chemicals

Amphiphilic nonionic triblock copolymer
Pluronic P123 (EOyPO7EO,;, molecular weight
5800, Aldrich) as structure directing agent (SDA),
tetraethylortosilicate (TEOS 98%, Merck) as silica
source, hydrochloric acid (37%, Merck) were used in
the synthesis of mesaporous material SBA-15.

No modifications were brought to the
following reagents used for the Al-MCM-41
synthesis: cetyltrimethylammonium bromide
(C16H33(CH3);N Br, Aldrich) for structure directing
reagent, tetracthylorthosilicate (TEOS, 98% Merck)
as silica source, aluminum isopropoxide (Al-[O-
CH—(CHs;),]5, Merck) to generate aluminum cations,
tetraethylammonium hydroxide ((C,Hs)sNOH 10%,
Merck) as mineralizing agent.

No changes were applied to the
tetraethylortosilicate (TEOS 98%, Merck) as silica
source, amphiphilic nonionic triblock copolymer
Pluronic P123 (EO»PO-0EO,;, molecular weight
5800, Aldrich) as structure directing reagent,
hydrochloric acid (37%, Merck), n-butanol (99.4%,
Aldrich) used in the synthesis of KIT-6. Other
chemicals necessary for the normal physical-
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chemical and HPLC analyses were purchased from
Merck. All chemicals were used as received without
further purification.

2.2. Grape and wine samples

Grapes of the Cabernet Sauvignon and Merlot
varieties were harvested from Targu Bujor vineyard
in  September 2013. Saccharomyces cerevisiae
(Fermol Grand Rouge®, Spindal, 30g/100L) was
used for wine fermentation. After stabilization, the
wine was mixed with prepared porous materials
(about 4 g/L) and stored in glass bottles for 5 months.
The samples were then filtered and analysed.

2.3. Synthesis of mesoporous silica SBA-15

The mesoporous silica SBA-15 was
synthesized using Pluronic P123 by method found in
specific literature (Zhao et al., 1998) with changes.
The molar ratio of the components was as follows:
1Si0,: 0.017 P123: 5.87 HCI: 194 H,0. The process
to obtain solid powder SBA-15 involves dissolving
of P123 (4 g) in acidic solution (HCIL, 2M) (150 mL)
under stirring, adding drop-wise TEOS — as silica
source (9.6 mL). The mixed solution was aged at 45
°C for 8 hours and finally the sol-gel suspension was
heated up to 80 °C for 5 hours in a conventional
oven. The white solid was filtered off, washed
several times with deionized water, dried at room
temperature and finally calcined at 550 °C for 6
hours (heating rate of 1°C/min) in air in a
programmable furnace.

2.4. Synthesis of mesoporous silica KIT-6

The synthesis of mesoporous KIT-6 silica was
performed according to procedures found in literature
(Xiaoying et al., 2002). Typically, 5 g of Pluronic
P123 was dissolved in 180 g of distilled water and
9.9 g of HCI solution (35 %) under vigorous stirring
at 35 °C. After complete dissolution, 5 g of n-butanol
(99.4 %) were added. Following further stirring for 1
h, 10.75 g of TEOS was immediately added. The
molar ratio of the gel was:

0.017 P123: 1.3 TEOS: 1.31 BuOH: 1.83 HCI : 195
H>0

The mixture was left stirring at 35 °C for 24 h
and transferred into autoclave, which, in turn, was
sealed and maintained at 100 °C for 24 h. The
resulting solid product was filtered and dried at
100°C overnight. After a brief ethanol/HCI washing,
the final sample was dried at 70 °C and calcined at
550 °C for 6 h in air.

2.5. Synthesis of AI-MCM-41
For the synthesis of mesoporous material Al-

MCM-41 (Si/Al = 16), 22.3 mL (1 mol) of TEOS
was mixed with 0.68 g (0.033 mol) of aluminium
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isopropoxide. The obtained solution was stirred for
30 min at 250 rpm and tetraethylammonium
hydroxide solution (10% water) was added with
continues stirring for another 30 min at a speed of
250 rpm until the formation of the gel (pH = 11). 7.2
g (0.2 mol) of CTAB was added dropwise (30 mL /
h). The gel became suspension. After further stirring
for 1 h, the resulting gels of composition: /SiO; :
0.03341,0; : 0.2C;sTMABr : 100H,0 was transferred
into a teflon steel autoclave and heated to 150 °C for
48 h. After cooling, the sample was recovered by
filtration. The obtained solid was washed with
distilled water plus ethanol, and then dried in air at
70 °C for 1 h and finally calcined in flowing air at
540 °C for 6 h (Stein and Holland, 1996).

2.6. Clinoptilolite preparation

Clinoptilolite was collected from Marsid
Romania subsoil assets (obtained from volcanic
eruptions). It was crushed and sieved to obtain the
fractions of 0.1 and 1.0 mm.

Natural zeolite was subjected to an acidic
treatment, with the aim of improving its ionic
exchange property and also for usage in the wine
industry. Oxalic acid was used for this treatment -
H,C,04 (1 M concentration), liquid solid ratio of 5:1.
After treatment, the samples were filtered, washed
with distilled water for a few times and dried at 105
°C for 6 hours. After drying, the samples were
calcinated at a temperature of 550 °C (Copcia et al.,
2010).

2.7. Characterization

N, sorption

The textural properties of SBA-15,
AIMCM-41 and KIT-6 were determined with a
NOVA 2200 Quanta Chrome Inc.) sorption
apparatus. The sample was degassed at 300 °C for 3
hours before the measurement was taken. Pore size
distribution was determined based on the Barret-
Joyner-Halenda (BJH) adsorption curve.

Scanning Electron Microscopy (SEM) was carried
out on a SEM VEGA II LSH TESCAN with EDX
detector tip QX2 (Bruker/ Roentex).

X-ray diffraction

The clinoptilolite samples were
characterized by analyzing the X rays diffraction
(DRX) using a Philips PW 3710 diffractometre with
CuKa diffraction. The X rays tube voltage was 40V
and the current intensity was 30 mA, the 20 angle
was between 5° and 70° with a step size of 0.02°.

Standard chemical analysis of wine according to OIV
methods

Each wine was decarbonated and then
analysed for: volatile acidity OIV-MA-AS313-02,
total acidity OIV-MA-AS313-01, alcoholic strength
by frequency oscillator OIV-MA-AS312-01A,

reducing substances OIV-MA-AS311-01A, pH OIV-
MA-AS313-15, total dry matter and non-reducing
substances OIV-MAAS2-03B were done according
to present standards (OIV, 2013) and specific
literature (Ribéreau-Gayon et al., 2006).

Wine phenolic compounds analysis.

Phenolic compounds were identified and
quantitatively determined with high-performance
liquid chromatograph (HPLC) Shimadzu. This unit is
equipped with two chromatographic columns Merck
Chromolith Performance RP-18 (Castellari et al.,
2002; Bodirlau et al., 2009).

3. Results and discussion
3.1. Physical adsorption, BET

Fig. 1 exhibits the N, adsorption — desorption
isotherm at -196 °C for calcined silica-SBA-15.
Typical silica-SBA-15 isotherm is of Type IV with a
hysteresis loop Type HI, a characteristic of
mesoporous solids, according to the IUPAC
classification (Kruk et al., 2000; Kruk and Jaroniec,
2001). The specific surface area of calcined silica-
SBA-15 was calculated using the multiple point BET
method and BET equation - Sggr= 775 mz/g. The
pore size distribution curve (inside Fig. 1) was
computed based on the BJH model and the pore size
estimated from the peak position in BJH curve — Dgjy
= 6.62 nm. The total pore volume (0.942 cm’/g) was
obtained from the volume of N, adsorbed at a relative
pressure p/po = 0.955.

Fig. 2 represents the adsorption - desorption
isotherm of N, at a temperature of -196 °C, for the
calcined KIT-6 material, synthetized by classical
method. The typical isotherm for this material is a
type IV, characteristic for mesoporous solids, in
accordance with IUPAC classifications. The textural
characteristics of the synthetized material are:
specific BET surface calculated through BET method
is 644,5 m*/g, pore diameter calculated through BJH
method is 8,34 nm, total pore volume at p/py=0.97 is
of 0.761 cm’/g.
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Fig. 1. The N, adsorption — desorption isotherm at -196 °C

of calcined silica-SBA-15. Inset: the pore size distribution
(PSD)
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Fig. 3 indicates the allure of the absorption -
desorption isotherm of N, for the calcined AIMCM-
41 material.

The AIMCM-41 has a specific BET surface of
2098 m*/g and a total pore volume of 0.691 cm’/g (at
p/po = 0.94). The distribution of pores according to
rays is quite tight, the diameter of pores being 3.92
nm.

3.2. SEM analysis of mesoporous materials

Fig. 4 shows the SEM images of the calcined
sample.

3.3. X-ray diffraction analysis

The analysis of XRD diffractograms of
natural and modified clinoptilolite tuff indicates a
small change in the peak position and peak intensity
caused by the removal of additional species as well
as the dealumination of zeolite (hydrolysis of Al-O-
Si bonds) as presented in Fig. 5.

Moreover, during the acid or alkaline
treatment, the removal of cations Na', Ca*, K, Mg2+
and Fe’" takes place, as well as the change in pore
dimension and pore distribution, corresponding to
clinoptilolite in H" form, respectively in Na" form.
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Fig. 2. The N, adsorption — desorption isotherm at -196 °C of

calcined KIT-6. Inset: the pore size distribution (PSD)
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3.4. Standard chemical analysis of wine

Ethanol, relative density, pH, total acidity,
volatile acidity, sugars, total dry extract (TDE), total
and free SO, of the wine sample were analysed by
the recommended methods of International
Organisation of Vine and Wine (OIV) (Table 1).
Analysing the results presented in Table 1, it can be
seen that the use of meso- and microporous materials
used as wine treatments, influences its physical-
chemical composition. Both in the case of Cabernet
Sauvignon and Merlot wine samples, the alcoholic
concentration changes, as follows: clinoptilolite and
Kit-6 lead to its significant increase for Merlot
samples, it increases from 11.83% (M) to 12% (M3)
respectively 12.15% (M4); for Cabernet Sauvignon
samples, it increases from 13.23% (CS) in the control
sample to 13.41% (CS3) and 13.39% (CS4).

In the case of total acidity, small variations are
registered in the case of samples treated with
clinoptilolite and KIT-6 as well (M3, CS3 and CS4).
The volatile acidity increases in Merlot samples
treated with ALMCM-41 (M2) and clinoptilolite
(M3); it decreases in Cabernet sample treated with
AIMCM-41 (CS2). Total and free SO, have
decreasing values in all wine samples. The other
indices show no significant changes.
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Fig. 3. The N, adsorption — desorption isotherm at -196 °C of

calcined AIMCM-41.Inset: the pore size distribution (PSD)
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Fig. 4. SEM micrograph of calcined AIMCM-41 (a), SBA-15 (b) and KIT-6(c) samples
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Fig. 5. XRD spectra for natural clinoptilolite tuff samples
(Cl-i) and modified (Cl-m)

All analyses were repeated three times and the
mean value was registered.

3.5. Wine phenolic compounds analysis

Identification of the phenolic compounds from
treated wines was carried out using a HPLC method.
In this case wine samples were analysed after a
preliminary ~ microfiltration. ~ The  separation
optimization of these compounds was achieved after

experimenting with various gradient profiles and
mobile phase flow rates. The HPLC method used to
identify the adsorbed species involved an elution
program. One of the eluents contains an aqueous
solution of 1% methanol acidulated with TFA and
the other, an aqueous solution of 50% methanol. The
quantitative identification of phenolic components is
based on their retention time and spectral
characteristic (Table 2). The chromatographic
analysis of samples registers a modified phenolic
composition compared to the control wine samples.
Salicylic acid present in the control sample in
Cabernet sauvignon (0.42 mg/L) is under the
detection limit in the wine sample treated with SBA-
15.

Quercitine is under the detection limit in the
control Merlot sample, while in the variants treated
with clinoptilolite and KIT 6 the values are of 0.08
mg/L and 0.22 mg/L. Moreover, the rutin trihydrate
concentration increases in all treated Cabernet
Sauvignon samples and in the Merlot variants where
SBA-15 and AIMCM-41 were wused. The
concentration of caffeic acid is double in the treated
Cabernet Sauvignon wine samples. All analyses were
repeated three times and the mean value was
registered.

Table 1. Traditional analysis of Cabernet Sauvignon and Merlot treated wines

Physical-chemical characteristics
Variants Alcohol a?i);ilt; I:;Z%f Relat{'ve Reductive EST EN Free Total
strength (@L (@L denszt3y sugar @L) | (L) SO, SO0, PH
(%) CH,09 | CH,0,) (g/cnr) (&’L) (mg/L) | (mg/L)
Merlot
M 11.83 5.54 0.40 0.9923 1.99 19.80 | 17.81 37.56 95.47 | 3.42
MI1(SBA-15) 11.69 5.54 0.46 0.9925 2.01 21.90 | 19.89 | 30.66 8547 | 3.44
M2 (AI-MCM-41) 11.77 5.54 0.54 0.9925 2.05 22.22 | 20.15 | 35.61 91.35 | 3.42
M3 (Clinoptilolite) 12.00 5.78 0.61 0.9920 1.65 20.30 | 18.65 | 28.18 80.21 | 3.43
M4 (KIT-6) 12.15 5.69 0.45 0.9921 1.79 20.90 | 19.14 25.7 82.06 | 3.41
Cabernet Sauvignon
CSM 13.23 5.48 0.46 0.9910 2.48 21.40 | 18.92 | 28.89 70.30 | 3.17
CS 1(SBA-15) 13.38 5.48 0.45 0.9912 2.42 21.90 | 1948 | 23.23 70.61 | 3.28
CS 2 (AI-MCM-41) 13.33 5.43 0.39 0.9913 2.42 21.60 | 19.18 | 17.96 60.08 | 3.23
CS 3 (Clinoptilolite) 13.41 5.43 0.45 0.9914 2.47 21.90 | 19.43 | 18.89 68.13 | 3.27
CS 4 (KIT-6) 13.39 5.64 0.46 0.9912 2.42 20.90 | 18.48 | 24.46 70.08 | 3.26
EST(g/L)-Total dry extract; EN(g/L)-Non-reductive extract
Table 2. Polyphenolic constituents (mg/L) in Cabernet Sauvignon and Merlot treated samples
Gallic Proto?a- Gentisic | Cate- Va{li- Caffeic Clorf)- Sal.i- Epi- Si’fa- frans Rl.”in Quer-
acid techic acid chin llic acid genic | cylic | cate- | pic Resve- | trihy- Citin
acid acid acid acid | chin | acid ratrol drate
M 7.36 1.51 5.48 6.42 1.15 1.64 1.11 0.67 | 1.56 | 0.03 0.17 1.65 0
M 1 7.33 1.58 5.33 7.23 1.23 1.61 1.15 0.58 | 1.49 | 0.03 0.18 2.72 0
M2 7.34 1.69 5.14 7.42 1.41 1.59 1.08 1.05 | 0.83 | 0.06 0.18 2.85 0
M 3 7.32 2.16 5.30 9.25 1.58 1.50 0.99 0.81 | 9.41 | 0.08 0.18 1.52 0.08
M 4 7.10 2.11 5.02 7.57 1.07 1.20 0.81 0.13 | 1.06 | 0.06 0.13 1.18 0.22
CS 10.60 5.79 37.69 8.36 2.67 0.99 4.25 042 | 491 | 0.08 0 1.54 0.08
CS1 10.5 5.68 39.32 8.31 2.70 1.90 7.37 0 5.85 0.4 0.18 2.35 0.18
CS2 10.46 5.64 38.15 8.19 2.64 1.78 7.38 4.51 | 2.24 | 0.27 0.12 1.73 0.16
CS3 9.99 5.46 39.37 1.08 2.81 1.98 724 | 4.62 | 2.25 | 045 0.18 2.33 0.32
CS4 9.91 5.29 38.73 0.29 2.67 1.97 7.15 436 | 2.28 | 045 0.17 2.24 0.96
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4. Conclusions

SBA-15, AIMCM-41, KIT-6 materials, all
synthetized in the laboratory, were characterized
from a structural and morphological point of view
and are in accordance with the data in specific
literature. Clinoptilolite, natural zeolite, was treated
with oxalic acid, in order to bring it in H form and
was then analysed by X-ray diffraction.

The physical-chemical characteristics of
treated wines are changed, a higher influence being
observed in the clinoptilolite and KIT-6.

The chromatographic analysis shows that the
applied treatments modify selectively the phenolic
compounds’ content in wines matured for 5 months.
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Abstract

In the current study, the structural and adsorptive properties of the micro crystalline cellulose beads, Cellets 200 and 350, as well
as the possibility to use them as adsorbents for removal of reactive dye Brilliant Red HE-3B and cationic dye Methylene Blue
from aqueous solutions have been investigated. Batch experiments were conducted to study the effect of adsorbent particles size
(200-500 pm), initial solution pH (1-11), adsorbent dose, dye concentration, temperature (2-45°C) and contact time (30 min — 24
hours). It was observed that the optimum values of experimental parameters and the maximum amount of dye adsorbed onto
cellulose were dependent on the type of dye. The results of the study suggest the adsorption capacity of the investigated materials
for removal of dyes from aqueous environment strongly depends on the structure of dyes and the working conditions. At the
same time, further research regarding the study of adsorption equilibrium is encouraged in order to gain useful information for
extending the process at a large scale, and also for applying the process for adsorption of some inorganic species, such as metallic
ions.
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1. Introduction non-biodegradable chemical compounds (Ding et al.,

2010; Pereira and Alves, 2012; Sulak and Yatmaz,

Removal of textile dyes from wastewater
constitutes an important topic of study for
environmental protection specialists, considering the
impact of these pollutants on the waters where they
are discharged. Thus, the presence of dyes in surface
waters leads to problems related to esthetics,
inhibition of aquatic flora and fauna development,
occurrence of different byproducts with carcinogenic
effect formed by dyes degradation.

Different techniques have been developed and
applied for treatment of textile wastewater, which is
characterized by color, high wvalues of pH,
considerable amounts of suspended solids, different
and unacceptable COD levels, and the presence of

2012; Zaharia and Suteu, 2012). Physical methods,
such as mechanic separation (coagulation,
flocculation, precipitation) or membrane processes,
physico-chemical processes (adsorption, chemical
precipitation, coagulation-flocculation, and ionic
exchange), chemical process (advanced oxidation
with ozone, H,0,, UV), biological process
(biological processes in connection with the activated
sludge processes and membrane bioreactors) or
combination of those can be applied in order to
ensure the efficiency of dye containing wastewater
treatment process (Allen and Koumanova, 2005;
Anjaneyulu et al.,, 2005; Ding et al, 2010;
Kanawade, 2014; Kasperchik et al., 2012; Kharub,

* Author to whom all correspondence should be addressed: e-mail: danasuteu67@yahoo.com
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2012; Latif et al., 2011; Mohamed et al., 2014;
Ozdenir et al., 2011; Ramesh et al., 2007; Saraswathy
et al., 2013; Suteu et al., 2009a; Zaharia et al., 2009,
2012; Zaharia and Suteu, 2012). Adsorption remains
one of the techniques that have been successfully
applied for dyes removal (Kanawade, 2014; Rashed,
2013). This is the result of the fact that adsorption is
an easy and feasible technology that can use a variety
of materials as adsorbents. These materials can be
classified as follows (Abbas, 2013; Bharathi and
Ramesh, 2013; Kyzas et al., 2013; Ouasif et al,,
2013; Sharma et al., 2011; Suteu et al., 2009b, 2012;
Sulak and Yatmaz, 2012):

a) synthetic and engineered materials, including
synthetic  resins, polyamides, ion exchange
(celluloses, functionalized polymers (with chelating
group, textile dyes), activated charcoal and ash;

(b) wunconventional materials, such as: (bl)
synthetic, (ashes, different charcoals both in the
presence or absence of biodegradable polymers such
as polyelectrolytes); (b2) natural, cellulosic and/or
lignocellulosic materials (pumpkin core, hemp fibres,
cellolignin, sawdust, peat); (b3) agriculture and
seafood industry wastes.

Recently, researches regarding the materials
used as adsorbents for textile dyes have been focused
again on synthetic and engineered materials probably
due to several advantages that include (1) ease of use
in dynamic systems, (2) increased adsorption
efficiency, (3) possibility of being employed in
several consecutive cycles of adsorption - desorption
and (4) high performance in terms of degree of
discoloration and treatment of aqueous effluents
(Greluk and Hubicki, 2011; Suteu et al., 2014;
Wawrzkiewicz and Hubicki, 2010).

Cellets represents a versatile product of
cellulose type, which combines different properties
such as perfect sphericity, narrow particle size
distribution, low friability, low solubility and
inertness. Cellulose, a natural carbohydrate polymer
consisting of B-D-glucose repeating units (Klemn et
al., 2005) is considered the most abundant renewable
polymer resource available on Earth (Kaplan, 1998).
Depending on the technological process used to
produce them, celluloses may be found in many
forms and types ranging from fibers, linters,
microcrystalline powders, softwood pulp, bacterial
cellulose and many others.

Cellets are microcrystalline cellulose beads,
produced exclusively by microcrystalline cellulose
and purified water, without any additive. They
possess high spherical starter cores with extreme
stability and low friability.

The aim of this paper is to investigate the
structural and adsorptive properties of Cellets 200
and 350 and the possibility to use them as adsorbents
in order to remove reactive dye Brilliant Red HE-3B
(BRed) and cationic phenotiazine dye Methylene Blue
(MB) from aqueous solutions under batch conditions.
The dyes adsorption potential of Cellets 200 and 350
was evaluated as a function of adsorbent particles
size, initial solution pH, adsorbent dose, dye
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concentration, temperature and contact time. The
results confirm the moderate adsorption capacity of
studied celluloses beads -Cellets 200 and 350- and
suggest the necessity to complete the data with
equilibrium, thermodynamic and kinetic studies in
order to elucidate the mechanism and the rate-
limiting step.

2. Experimental
2.1. Materials

2.1.1. Adsorbent types

Two sorts of Cellets, differing on their
particle size, namely Cellets 200 and Cellets 350
were used in our work. Table 1 shows the main
physical and chemical characteristics of Cellets.

Table 1. Physical and chemical parameters of
microcrystalline cellulose spheres

Cellets 200 Cellets 350
Particle size 200-355 ym | 350 - 500 pum
distribution =85 %) =85%)
Loss on drying <7.0%
Bulk density (g cm”) 0.80 =5 %
Sphericity degree 0.90 £ 0.05
(average)
Degree of <350
polymerization
pH value 5.0-7.0
Conductivity/pS cm’! <75
2.1.2. Dye

Methylene Blue (Fig. 1a), and Brilliant Red
HE-3B (Fig.1b) were selected as dyes for
experimental studies. The selected dyes were used as
commercial salts and are characterized in Table 2.
The working solutions were obtained by appropriate
dilution of a stock solution.

§Z N(CHs);

(CH3)2N cr

(@)

(b)

Fig. 1. (a) Structure of the Methylene Blue dye; (b)
Structure of the Brilliant Red HE-3B dye

2.2. Dye adsorption procedure

The adsorption experiments were performed
through batch method by contacting different
amounts of adsorbent with 25 mL of solution
containing various amounts of dye.
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Table 2. Summary data on dyes studied

, . MW, Amax  |Concentration of solutions, mg/L
Name Classification g/mol nm Stock Working
Brilliant Red HE-3B anionic reactive 25810 1463 530 500 25 - 400
(Procion Red HE-3B ; Reactive Red
120; C.I. 25810)
Methylene Blue cationic 52015 319.85 660 320 19 -102
(Basic Blue 9; C.I. 52015) phenothiazine

Note. Abbreviations: BRed - Brilliant Red HE-3B; MB- Methylene Blue

The pH of the solution was adjusted to the
required value using NaOH and HCI aqueous
solutions (IN and 0.1 N, respectively).
Concentrations were measured with a RADELKIS
OP-271 pH/Ion analyzer. The system was maintained
at constant temperature in a thermostatic bath, under
stirring. After reaching the equilibrium time (24
hours), the amount of unretained dye was determined
using a spectrophotometric method. The adsorption
capacities of the cellulosic adsorbent were evaluated
by means of the amount of dyes adsorbed according
to Eq. (1) and by percent of dye removal (Eq. 2),
where: Cy and C are initial and the equilibrium
concentration of dye in solution in mg/ L, G is the
amount of cellulose (g) and V is the volume of
solution (L).

c,-C

=0 ~.y 1
q G (1)
R’%:(c{,—c)-loo @

CO

2.3.  Analytical  methods  for  quantitative
determinations and physicochemical characterization

The concentrations of unretained dyes were
determined spectrophotometrically at the maximum
wavelengths (Table 1) and using a JK-VS-721N VIS
spectrophotometer.

2.3.1. Fourier transforms infrared spectroscopy
(FTIR)

The FT-IR spectra for the Cellets, the
studied dye and the dye attached to the Cellets beads
were obtained using a Bruker Vertex 70 instrument
with 4 cm™ resolution in KBr pills.

2.3.2. Environmental Scanning Electron Microscopy
(ESEM)

The structural characterization of the
microcrystalline cellulose spheres, before and after
dye attaching, was performed by environmental
scanning electron microscopy (ESEM). The ESEM
studies were performed on Quanta 200 instrument.
Samples were fixed by means of colloidal silver on
COppeEr supports.

The samples were covered with a thin layer of
gold, by sputtering (EMITECH K 550x). The coated
surface was examined by using an Environmental

Scanning 200, operating at 5 KV with secondary
electrons in High Vacuum Mode.

3. Results and discussion

3.1. Characterization of the CELLETS celluloses
beads before dyes adsorption

Before the adsorption experiments, the Cellets
beads were structurally and morphologically
characterized by using FTIR and SEM analyzes. The
FTIR spectrum of Cellets beads consist on absorption
bands characteristic for any cellulosic materials: a
broad band in the 3600 — 3100 cm™ region due to the
OH-stretching vibration and a sharp band at 2922 cm’
" which corresponds to the C-H stretching vibration.

The band from 1645 cm™ is attributed to the
OH bending of absorbed water, since the region
between 1200 — 1000 cm™ summarizes the totality of
the C-O-C symmetric stretching, OH plane
deformation, C-O-C asymmetrical stretching, and as
well as the C-C, C-OH, C-H ring and side group
vibrations. The cellulosic materials exhibit both weak
base and weak acid components bound to the same
matrix and, depending on solution pH, they can
remove cationic and/or anionic species. The
morphology and surface of Cellets beads were also
investigated by means of ESEM microscopy (Fig. 2).

The structure of the original cellulose beads,
presented in Fig. 2, consists on small size spheroids,
in the range of 200 — 350 pum for Cellets 200 and 350
—500 pm for Cellets 350 respectively.

3.2. Effect of solution pH and type of cellulose on
adsorption efficiency

The pH value determines the surface charge of
the adsorbent and the ionic form of the dyes
molecules, both influencing the amount of dye
adsorbed by unit weight of adsorbent. The surface
charge of the adsorbent is a function of the solution
pH. The solution characteristic pH value is in the
range 5-7 (Table 1). At pH values lower than this
range, the adsorbent surface is positively charged,
exhibiting affinity for anionic dye. At pH higher than
7, the surface of Cellets is negatively charged and
this is available to electrostatic interactions with
cationic dyes. The effect of initial solution pH on the
adsorption of dyes onto microcrystalline cellulose
beads (Cellets) was examined and the results are
presented in Fig. 3.
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The variation of dyes uptake (q, mg/g) as a
function of initial pH of solution, presented in Fig. 3,
shows that the anionic dye is adsorbed from acidic
media with pH of about 1.3 (lower than 5), while
cationic dye is adsorbed from basic solutions with pH
of about 11.5 (higher than 7). This behaviour may be
the consequence of the availability of dyes exchange
positions and also of the variation of the adsorbent
surface charge as a function of the solution pH.

Thus, when the cellulose surface is positively
charged, it is susceptible to electrostatic interactions
with the polar fractions of Brilliant Red HE-3B
(reactive dye) molecule (dissociated sulphonic

mode |mode WD HV
vacuum | SE 8.4 mm |20.00 kV

groups), whereas when the surface is negatively
charged, it is not able to bind anionic dyes, but is
available to electrostatic interactions with Methylene
Blue (cationic dye) molecules.

3.3. Effect of adsorbent dose and dye structure on
adsorption efficiency

Aiming at establishing the optimum dose of
the microcrystalline cellulose beads, different
amounts of material were contacted with solutions
containing the studied dyes in certain concentrations,
at the selected initial pH, for 24 hours.

ode | mode
cuum | SE

o
(=)
£
o 31 —e— CELLETS 350 - 24h- BRed
2.25 - —=— CELLETS 350 - 48h-BRed
15 - —a— CELLETS 350 - 24h-MB
0.75 - \ CELLETS 200 - 24h-BRed
0 T 1 T T T T 1
0 2 4 6 8 10 12
pH

Fig. 3. Effect of pH and type of celluloses on the adsorption of BRed dye onto microcrystalline cellulose pellets:
Co= 50 mg/L; adsorbent dose- 2 g/L, 24 h, T =25 C and MB dye: Cy=51.2 mg/L; adsorbent dose- 2 g/L, 24 h, T =25 °c

528



Cellulose cellets as new type of adsorbent for the removal of dyes from aqueous media

The results presented in Fig. 4, show that the
dye uptake decreases with the increase in adsorbent
dose (from 1.682 mg/g to 1.517 mg/g for BRed and
from 10.69 mg/g to 3.8 mg/g for MB). At the same
time, the percent of dye removal increases from 7.26
% to 25.8 % in the case of MB, and from 41.76 % to
61.45 % in the case of BRed. The adsorbent dose
which results in a higher removal percent is
dependent on size of dye molecule: 2 g/L for
Methylene Blue and 4 g /L Brilliant Red HE-3B.

30 T 1.85
25 | +18
T 1.7
20 5
—#-R% 117 @
ES To
. 15 1 —4—q, mglg £
e 1165 &
1 u
0 +1.6
5 + 1.55
0 T T T T T 1.5
3 4 5 6 7 8 9
g/L adsorbent

(@
12 4 - 70
10 T 60
- 50
8 i
> T4
g 6 -
S +30 ®
4 i
——q, mglg T
2+ |=—R,% +10
0 T T T T 0
0 2 4 6 8 10
g/L adsorbent
(b)

Fig. 4. Effect of adsorbent dose on the adsorption of dye
onto microcrystalline cellulose pellets Cellets 350: (a)
BRed - Cy= 50 mg/L; pH=1.5;24 h, T =25 oc; (b) MB -
Co=512mg/L; pH=11.4;24h, T=25°C

Moreover, the results show a completely
different behaviour of the celluloses toward the
studied dyes. It is obvious that the material has a
much greater affinity for MB dye compared with
BRed dye, fact which could be explained by the
reduction of dispersion inside the solid powder mass
due to the dye steric effect and preservation of
anionic dye with more voluminous molecule only at
the outside of the adsorbent.

3.4. Effect of temperature and initial dye
concentration on adsorption efficiency

Adsorption of Brilliant Red HE-3B dye onto
cellulose powder is dependent on the solution

temperature. In order to assess this influence,
experiments were performed using aqueous solutions
of dyes with concentration of 50 mg/L which were
contacted with a dose of 4 g/L. adsorbent materials at
pH=L1.5 and at three temperature values (2, 20 and 45
%C). The experiments reveal that the dyes adsorption
onto microcrystalline cellulose beads depends on
temperature value.

Adsorption capacity decreased with increase
of temperature from 2.984 mg/L at 2°C to 1.49 mg/L
at 45 °C (for Brilliant Red HE-3B dye), suggesting an
exothermic process in which the lower temperatures
favors the dyes molecules diffusion in the internal
porous structure of adsorbent.

3.5. Effect of contact time on adsorption efficiency

The influence of phases contact time on the
dyes adsorption upon microcrystalline cellulose has
been investigated for solution with 50 mg/L BRed
dye, at pH =1.5 and 20 °C.

The experimental data from Figs. 3 and 5
show that dye removal rate has increased with time
up to 2000 min, after that remaining constant as a
result of the fact that the equilibrium was reached.

The extent of adsorption could be expressed
by the fractional attainment of equilibrium, F,
according to Eq. (3), where ¢, and ¢, (mg/g) are the
amounts of dye adsorbed at time t and at equilibrium
(24 h).

F=q/q. 3

The tso, (F= 0.5) values correspond to about
250 min for an initial dye concentration of 50 mg/L.

21
+1
1.8
1.5 + 08
(=2
B 127 106
£ ('S
& 0.9+ ——q
+ 04
0.6 | ~F
03 | + 0.2
0 ‘ ‘ ‘ 0
0 1000 2000 3000 4000
t, min

Fig. 5. Effect of contact time on BRed dye adsorption onto
microcrystalline cellulose Cellets 350: Cy= 50 mg/L; 4¢g
adsorbent/L, 24h, T =20 °C

3.6. Effect of initial dye concentration, type of
cellulose and dye structure on adsorption efficiency

The adsorption capacity of cellulose beads for
selected dyes was determined in solutions with
different  initial dyes  concentrations  and
corresponding values of pH. The results presented in
Fig. 6 a, b show that the dyes uptake (q, mg/g)
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increases with the increase in initial dye
concentration. Therefore, for BRed adsorption onto
Cellets 350, the dye uptake has increased from 2.35
mg/g to 4.455 mg/g when the dye initial
concentration increased from 8 to 100 mg/L. At the
same time, increase in the initial MB dye
concentration from 13.6 mg/L to 81.6 mg/L led to
increase in adsorption capacity of the celluloses from
6.49 mg/g to 34.1 mg/g.

The relative low value of adsorption capacity
for BRed may be attributed to the large size of dye
molecule, which inhibits adsorption in the porous
structure of adsorbent. Also, one can observe a
different behavior of the two celluloses. This can be
attributed to the different pore size: the smaller pore
size in case of Cellets 200 provides a higher specific
surface area (up to 75%) and therefore a higher
adsorption capacity.

5.25
45 4
3.75
2 3
£
= 2.25 —— CELLETS 200
15 | —=—CELLETS 350
0.75
0 T T T T
0 20 40 60 80 100
C,mg/L
(a)
40
35
30 -
o 25
g 20 -
T 15 1 —a—CELLETS 200
10 4 —e—CELLETS 350
5 .
0 T T T
0 10 20 30 40
C, mg/L
(b)

Fig. 6. The effect of initial dye concentration on dye
adsorption on microcrystalline cellulose: (a) BRed -
pH=1.5; adsorbent dose- 4 g/L, 24 h, T =25 °c, (b) MB -
pH=11.5; adsorbent dose- 2 g/L, 24 h, T =25 o°c

The greater adsorption capacity of the
adsorbent in the case of MB dye (Molecular weight =
320 g/moles) may be a consequence of smaller size
of the dye molecule, compared with BRed
(Molecular weight = 1460 g/mole), whose larger
molecules inhibit the adsorption process onto the
material with relatively small pores.
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3.7.  Characterization of celluloses after dyes
adsorption

The FT-IR spectra of the original Cellets
beads (C200 pm), but also of the beads modified
with dyes (BRed and MB) are shown in Fig. 7. These
spectra are different in a small extent, with
representative peaks of the cellulosic structures
located around 4000 — 2995 c¢cm™ (hydrogen-bonded
OH stretching), and 2891 cm™ (CH stretching mode).
The differences are visible in the spectra of Cellets-
MB and Cellets-BRed, especially in the range of
1000 — 2000 cm™, when a shoulder peak located
around 1780 cm™ appears after adsorption processes.
Also, there are some shifts and reduction of the
intensity of the peaks originated from cellulose
structure, located at 1645 cm™. These changes clearly
evidenced the dye adsorption on the cellulose
structure.

Microphotographs of the original and
modified Cellets reveal that they have regular
spherical shapes, with a compact structure within the
size range of 200-350 pm, as Fig. 3 shows. The
modified samples reveal insignificant modification as
compared with the original materials, (Fig. 8). One
can assume that the dyes structures have no effect on
the cellulose structure.

Even at the surface level, there are not visible
any damages or defects of the Cellets beads after
adsorption, therefore the cellulosic materials might
be suitable for being used for multiple adsorption
stages.

—— Cellets200
—— Cellets-VIB
— Cellets-BRed

400 300 3000 2500 2000 1500 1000 500

Wavenumbers [cm'1|

Fig. 7. FT-IR spectra of starting (C200 um) and modified
(B and R) materials (spectra were vertically shifted for
better comparison)

4. Conclusions

Adsorption of both Brilliant Red HE-3B reactive dye
and Methylene Blue cationic dye from aqueous
environment onto microcrystalline cellulose was
investigated as a function of initial solution pH,
cellulose dose, dye concentration, temperature,
contact time, dye structure and cellulose type.
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Fig. 8. ESEM images of MB adsorbed on Cellets 200 pm (top), and BRed adsorbed on Cellets 200 pm (bottom)

The results indicated that adsorption depends
on the dye structure (molecular weight) and cellulose
type (pore size distribution). Moreover, the
adsorption capacity increases with increase in dye
concentration, adsorbent dose, contact time and
decreases with increase in temperature. The initial
solution pH is an important factor and the selection
of the optimum value depends upon the dye type:
anionic or cationic.

The results lead to conclusion that the
microcrystalline cellulose, cellets, can be considered
as a new and valuable adsorbent for the removal of
dyes with relatively low molecular weight from
aqueous solutions. Further studies should be
performed regarding the equilibrium,
thermodynamics and kinetics of the adsorption
process in order to determine the quantitative
characteristic parameters, thermal effect, rate limiting
step and to assess the mechanism of adsorption.
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Abstract

Succinic acid is widely used in different industries, its demand increasing each year. Therefore, efficiently producing it
(especially from bio-regenerable sources) is an aspect that researchers try to solve thorough different methods, one of the
approaches consisting in using process models for generating predictions and improving production by process optimization. In
this work, a combination of two bio-inspired algorithms represented by Artificial Neural Networks and Clonal Selection was
employed for determining optimal models for the separation of succinic acid from fermentation broths. Since these two
algorithms cannot be naturally combined, a direct, real-value encoding for the most important model parameters was employed.
In order to improve the performance of the general algorithm, a local hybrid search method based on Random Search and Back-
Propagation was introduced into the optimization procedure. The results obtained showed that the algorithm improvements are

translated into performance improvements.
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1. Introduction

Models are adequate tools for system
exploration, predictions, guidance, and optimization
and, therefore, their use in solving real-life problems
can help saving money and time (through reduction
of materials required and experimental setups) (WU
et al., 2008). Since a majority of the systems
encountered in chemical engineering are non-convex,
non-linear, and with constrained parameters, the
classical approaches based on the chemical and
physical laws often do not provide the required level
of accuracy in the modelling attempt.

In this context, due to their interesting
characteristics - capability of modelling non-linear
relation, parallel processing, learning and fault
tolerance -, neural networks (NNs) represent one of
most used methods for replacing the

phenomenological models, various studies on
different chemical engineering aspects being
performed (Curteanu and Cartwright, 2012; Curteanu
et al., 2014; Dragoi et al., 2014; Gholikandi et al.,
2014; Himmelblau, 2000; Suditu et al., 2013;
Woinaroschy and Radu, 2014). Different types of
networks were applied, the majority of works
employing feed forward multiplayer perceptron
(MLP) because it has a simple structure (simple
interconnected neurons organized in layers) and can
be applied to approximate virtually any smooth,
measurable function. Consequently, the MLP neural
network was used in this work for modelling an
important bio-chemical process.

Although simple and easy to use, the NNs
have a critical shortcoming related to the lack of
robustness when improper architecture, training and
validation procedures are used (Noor et al., 2010). In
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order to solve this problem and to overcome the
gradient descent based training shortcomings, neuro-
evolution (evolving neural networks  with
evolutionary algorithms) can be applied. In this work,
the idea of neuro-evolution is taken further, the
alteration and optimization of neural networks being
performed with an Artificial Immune System (AIS)
algorithm represented by Clonal Selection (CS).

The AIS algorithms can be applied to various
types of problems, the domains where is most used,
ordered descending based on the number of
applications are: clustering/classification, anomaly
detection, computer security, numeric function
optimization, combinatory optimization, learning,
bio-informatics, image processing, robotics, control,
virus detection, web mining (Hart and Timmis,
2005). Other applications are represented by: pattern
recognition, scheduling control, machine learning,
reasoning, emergent behavior (Khilwani et al., 2008;
Tan et al., 2008).

Regarding the applications of AIS in the
chemical engineering field, there are only a few
works, in the latest years, a rising use trend being
observed. For example, Hu and Yan (2009) used the
principles of the artificial immune system to auto-
adapt the parameters of the differential evolution
algorithm, the combination being applied for the
kinetic parameters estimation of the homogenous
mercury oxidation. Similarly, a hybridization of a
fuzzy —based adaptive genetic algorithm with a new
variant of AIS - fuzzy theory, is applied for
parameter estimation of a reaction dynamic model of
the low temperature SO, oxidation, using Cs-Rb-V
sulfuric acid catalyst (Yang and Yan, 2011). Another
combination of algorithms (AIS and dynamic time
warping) was used for the diagnosis of batch
chemical process faults (Dai and Zhao, 2011).

In Guzella et al. (2007), a Dynamic Effector
Regulatory Algorithm was applied for fault and
anomaly detection in case of a sugar factory from
Poland. Other applications are: chemical sensor drift
mitigation (Martinelli et al.,, 2013), charge state
assignment of small molecule mass spectra (Kilgour
etal., 2012).

The real-life case study considered for this
work is represented by the separation of succinic acid
from the fermentation broths. Succinic acid, a water
soluble, colorless crystal is emerging as one of the
most competitive new bio-based chemicals, its
production from petroleum based products being
replaced with renewable feedstock through a
fermentation process. Due to the fermentation
process, different chemical compounds are
encountered in the broth, and therefore, a separation
step must be performed. A set of anterior
experiments indicated that separation of this acid by
pertraction from the mixture obtained in fermentation
is possible (Wang et al., 2010). But this process is
difficult to perform and, to model because the inner
workings are not fully know and understood.
Consequently, the application of a CS optimized NN
is an efficient way to model the system.
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2. Clonal selection

Although based on different biological
inspiration theories, the Clonal Selection and the
Evolutionary Algorithms (EAs) are very similar
because they are population-based search and
optimize algorithms (Dasgupta and Nino, 2009).
Also, the two central processes which are involved in
antibodies production, genetic recombination and
mutation, are the same as the ones used for the
evolution of species reproduction. The same
mechanism (that provides the variation on which
natural selection is based) has the role of fitting the
organism into the environment (de Castro and Von
Zuben, 2000). Except for the inspiration source, the
nomenclature, operators, and the specific adaptive
mechanisms (Brownlee, 2007) represent other
differences between CSs and EAs.

Multiple algorithms belonging to CS class can
be encountered in literature, most of them having the
same features (de Castro and Von Zuben, 2000): 1)
population initialization; ii) selection of the best
individuals; 1iii) reproduction (cloning); iv) hyper-
mutation of the clones and reselection of improved
clones; and v) replacement of some of the antibodies
from the population with novel ones (diversity
introduction), operation which is called Receptor
editing.

Initialization represents the first step of the
algorithm, and it is recommended that the antibodies
should be scattered uniformly over the feasible
search space (Gong et al., 2010). The classical
approach is represented by a random generation of
antibodies (which are the B cells of the biological
immune system (Cutello et al., 2004)) with a uniform
distribution probability (Swain et al., 2011). In order
to obtain better results, researchers applied a series of
methods to improve the initialization step so that the
search starts from a better pool of solutions
(Dasgupta and Nino, 2009; Gong et al., 2010).

After that, the population is evaluated using
affinity function. Each antibody has an associated
affinity value, and, based on this information, some
of them are selected for cloning. The affinity is
computed using different measures, such as:
crowding distance value (Chen et al., 2010),
Euclidian distance (Zhang, 2011), and arithmetic
expressions (Gan et al., 2009).

In the next step, a percent or a fixed number
of the best affinity individuals are selected for
cloning, which is the process of creating new
antibodies from a single common ancestor (Chen et
al., 2010). The number of clones is usually generated
using one of the two principles: i) static cloning (a
predefined number of clones is created for each
selected antibody) and ii) proportional cloning (the
number of clones is proportional to the antigenic
affinities) (Cutello et al., 2004). After cloning, the
clones are maturated, in order to improve their
affinity. This is a process of variation and section
achieved by somatic hyper-mutation (which performs
the local search) and selection of the better matched
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antibodies (which performs the global search)
(Dasgupta and Nino, 2009). The hyper-mutation
operator explores the search space by introducing
innovation in the potential solution population
(Cutello et al., 2004). When considering the mutation
potential, the following variants of hyper-mutation
operators exists: static, proportional, inversely
proportional, hyper-macromutation and
hybridizations (Cutello et al., 2004). Concerning the
modality of introducing the hyper-mutation, the
variants are: somatic hyper-mutation (Simoes and
Costa, 2003), tangent vector (de Mello Honorio et al.,
2007), Jacobian vector (de Mello Honorio et al.,
2007), adaptive Gaussian (Goncalves et al., 2007),
adaptive (Goncalves et al, 2007), two phase
mutation process (Mobini et al., 2011).

After the clones are hyper-mutated, the
affinity of the cloned population is computed, the
individuals with the higher affinities being selected
for introduction in the population.

3. hCS-NNm

The hCS-NNm algorithm proposed in this
work is based on a previous CS-NN version (Dragoi
et al., 2012), where CS is used to simultaneously
optimize the topology and the inner parameters of the
neural model. The parameters considered for
optimization are: number of hidden layers, number of
neurons in the hidden layers, weights, and bias,
activation function and parameter of the activation
function (whenever is the case). During the
optimization, each neuron can have one of the
following activation functions: Linear, Hard Limit,
Bipolar Sigmoid, Logistic Sigmoid, Tangent
Sigmoid, Sinus, Radial Basis and Triangular Basis.
Another limitation imposed to the network is related
to the number of hidden layers. As the majority of
known processes can be modeled with a two hidden
layer network, a limitation related to this parameter
was set and each determined model can have none,
one or two hidden layers.

As mentioned in the previous section, from a
structural point of view, CS is similar to an EA, a set
of potential solutions called antibodies being evolved
through generations by the application of cloning,
hyper-mutation, and receptor editing (similar to
selection). A specific characteristic of the CS-NN
algorithm is represented by a hybrid hyper-mutation
approach in which one of the three types of hyper-
mutation (Gaussian, non-uniform, and pair wise) is
used, based on random parameter.

In its natural form, the NN cannot be
optimized using CS, and therefore, an encoding
procedure was applied to create a working inter-
relation between the two algorithms. From the
multitude of encoding approaches, a direct real value
variant was chosen, not only for its simplicity, but
also for the low computational cost it utilizes when
performing encoding - decoding actions, at each
iteration and for each antibody, at least one of this
actions being performed.

As the antibodies used in CS-NN are
representation of different NNs acting as models for
the considered process, it is possible to include a
back-propagation (BK) procedure as local search.
The Random Search (RS) approach was alternatively
applied to improve the best solution at the end of
each generation because, during the evolution, the
best solution may not change as often as desired and
BK is helpful only when applied to a limited
population (as it requires considerable computational
resources when used for a high number of models).
This combination of BK and RS applied as a local
search procedure, along with its application in a real
case study (which to the author’s knowledge was
never modelled with a clonal-neural approach)
represents the novelty of this work.

A simplified schema of the proposed hCS-
NNm algorithm, where stop condition is represented
by the number of generations reaching a specific
maximum limit, is presented in Fig. 1.

In this figure, Nc represents the number of
individuals which will be cloned, Ma is the medium
affinity of the population (computed as the average
affinity of all the individuals from the population at
the specific generation) and bs represents the best
solution.

4. Database for the separation of succinic acid

The succinic acid, which is also known as
amber acid or butandioic acid, is widely used in
many areas, the production of this compound from
renewable resources being more cost-effective than
from petroleum based products (Song and Lee,
2006). Consequently, determining good succinate
production hosts and optimal conditions which lead
to maximum efficiency are problems which must be
solved in order to obtain applicable workflows in
large scale equipments.

Succinic acid is a dicarboxylic acid with
numerous applications in chemical industry
(reagents, synthetic resins, biodegradable polymers,
electroplating, green solvents, detergents, inks),
agriculture (pesticides, growth regulators and
stimulators), pharmaceutical and food industries
(amino acids, antibiotics, vitamins, surfactants,
additives) (Liu et al., 2008; Song and Lee, 2006;
Zeikus et al., 1999).

This acid is industrially produced using
liquefied petroleum gas, namely butane, by chemical
synthesis via maleic anhydride. The cost of this
technology varies between 4.1 to 6.3 EUROs kg
succinic acid, depending on the acid’s final purity,
the contribution of raw materials to this cost being of
1 EURO kg succinic acid (Song and Lee, 2006;
Zeikus et al., 1999). Due to the difficulties of the
chemical synthesis, succinic acid production by
fermentation of Actinobacillus succinogenes or
Actinobacillus ~ succiniproducens ~ have  been
considered as important alternative (Corona-
Gonzalez et al., 2008; Dorado et al., 2009; Galaction
etal., 2012; Li et al., 2010).
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Fig. 1. The simplified schema of the hCS-NNm algorithm

However, the separation of succinic acid from
the fermentation broths is difficult, especially due to
the presence of other carboxylic acids, the most
important being formic and acetic acids.

A series of previous experiments indicated
that the selective separation of these acids by
facilitated pertraction with tri-n-octylamine (TOA) of
formic, acetic and succinic acid from their mixture
obtained by A. succinogenes fermentation is possible
(Galaction et al., 2013). Thus, formic and acetic acids
can be transferred from the feed phase through liquid
membrane to the stripping phase, while succinic acid
remains in the feed phase. Superior values of
selectivity factors can be obtained by combining the
effects of pH-gradient between the aqueous phases,
carrier concentration and mixing intensity on
pertraction of carboxylic acids obtained by succinic
acid fermentation.

In this context, the aim of applying a neural
network optimizer as Clonal Selection is to establish
the model describing the influences of the considered
parameters on the pertraction selectivity. In the same
time, the goal of the optimization is to find the
operating conditions corresponding to the maximum
selectivity factor.

The database used for modelling the
separation of succinic acid from the fermentation
broths is composed from experimental data. The
experiments have been carried out using the
pertraction equipment that allows obtaining and
maintaining easily the solvent layer between the two
aqueous phases (free liquid membrane).
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The pertraction cell consists in a U-shaped
glass pipe having an inner diameter of 45 mm and a
total volume of 450 mL, the volume of each
compartment being of 150 ml (Galaction et al.,
2008). The aqueous solutions and the solvent phase
have been independently mixed by means of double
blade impellers with 6 mm diameter and 3 mm
height. For the two aqueous phases, the rotation
speed of the impellers varied between 0 and 800 rpm.
The membrane phase has been mixed at 500 rpm.
The area of mass transfer surface, both for extraction
and for re-extraction, was of 1.59 x 10° m? The
interfaces between the phases remained flat, and,
hence, the interfacial area constant, for entire rotation
speed domain used.

The experiments have been carried out in a
pseudosteady-state regime, at steady-state conditions
related to the aqueous phases and unsteady-state
mode related to the membrane phase. The aqueous
solutions have been separately fed with a volumetric
flow of 2.5 L h'. The liquid membrane phase
consisted of dichloromethane in which has been
separately  dissolved the carrier TOA, its
concentration varying between 5 and 300 g L™ (0.014
-0.85M).

The feed phases were aqueous solutions
respecting the composition obtained by succinic
fermentation with 4. succinogenes: 33 g L' (0.28 M)
succinic acid, 4 g L™ (0.087 M) formic acid and 10 g
L (0.17 M) acetic acid, respectively (Dorado et al.,
2009). The pH-value of the feed phase varied
between 1 and 7, the pH adjustment being made with
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solution of 3% sulfuric acid or 3% sodium hydroxide,
function on the prescribed pH-value.

The stripping phases consisted of solutions of
sodium hydroxide with pH = 7 - 12. The pH-values
of both aqueous phases were determined using a
digital pH-meter of Consort C836 type and have been
recorded throughout each experiment. Any pH
change was recorded during the extraction
experiments.

The pertraction process was analyzed by
means of the selectivity factor. For calculating this
parameter, the acids concentrations in the feed and
stripping phases have been measured and the mass
balance for the pertraction system has been used.
Succinic, formic, and acetic acids concentrations
have been determined by high performance liquid
chromatography technique (HPLC, Star Varian
Chromatography Workstation) with a PL Hi-Plex H
column (7.7 mm diameter, 300 mm length, 8 um
porous particle), provided with UV Prostar 330 PDA
detector (Galaction et al., 2013). The mobile phase
was a solution of 0.1% trifluoroacetic acid with a
flow rate of 0.6 mL min"'. The analysis has been
carried out at 60°C.

A series of multiple experiments with varying
parameters were performed, the final database having
a set of 2370 data. For modeling purpose, 75% of
data was used in the training phase and 25% in the
testing phase. In addition, a normalization procedure
was applied, to reduce the difference between the
maximum and minimum values of each parameter.

4. Results and discussion

After data describing, the process was
gathered and worked using a normalization
procedure, various simulations with the hCS-NNm
are performed in order to determine the algorithm’s
performance concerning model determination for the
separation of succinic acid from mixtures of succinic,
acetic, and formic acids formed in the fermentation
broths. The main parameters considered for
modelling the pertraction process were: pH value of
feed phase (pHf), pH value of stripping phase (pHs),
the TOA concentration (CTOA, g L"), and the
impeller speed (N, rpm).

The architecture of the models (the CS work
with) influences the computational resources. A
direct dependency between how big the network is
(in terms of number of hidden layer and neurons in
each hidden layer) and the dimension of the
corresponding encoding exists. Consequently, a set
of limitation to the model architecture were imposed.
For the majority of processes, it was observed that a
network with a maximum of 2 hidden layers can
provide acceptable results.

Therefore, a network modelling the separation
of succinic acid from fermentation broths can have
maximum 2 hidden layers. On what concerns the
maximum number of neurons in the two hidden
layers, a set of 30 and respectively 20 was considered
sufficient.

A set of five best results obtained with the
proposed hCS-NNm algorithm are presented in Table
1, where a C‘inputs: no_neurons first layer:
no_neurons_second_layer: ouputs’ notation is used to
represent the network topology. In order to determine
the effectiveness of the proposed hCS-NNm
algorithm, a comparison with an earlier version CS-
NN (Dragoi et al., 2012) was performed. The best
model determined with CS-NN had a topology of
4:8:1:1, with a mean squared error (of the normalized
data) in the training phase of 0.0414 and of 0.0696 in
the testing phase.

Also, the average relative error (ARE) for the
best models obtained with the best algorithms were
computed (Table 2). As it can be observed, after the
data is de-normalized, the error in the training and
testing phases are still lower for the hCS-NNm.

For a representative set from the training and
testing data, a comparison between experimental
data, predicted data with hCS-NNm and CS-NN is
given in Figs. 2 and 3. As the curve of hCS-NNm is
closer to the experimental data than the one of CS-
NN, it was concluded that hCS-NNm works better.

Table 1. Results obtained with the hCS-NNm algorithm

Neural network Training mean Testing mean
topology squared error squared error
4:16:2:1 0.0405 0.0601

4:10:1 0.0409 0.0662
4:29:3:1 0.0430 0.0686
4:29:1 0.0431 0.0601
4:15:10:1 0.0445 0.0702

Table 2. The average relative error for the best models

Algorithm Model Training ARE | Testing ARE
hCS-NNm | 4:16:2:1 14.59% 15.04%
CS-NN 4:8:1:1 30.87% 36.73%
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Fig. 2. Expected and neural network predictions for a
representative set from the training data

5. Conclusions

In this work, the successful modelling of the
succinic acid separation from fermentation broths
was performed using a new hybrid combination of
ANNSs, CS, BK, and RS, called hCS-NNm.
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Fig. 3. Expected and neural network predictions for a
representative set from the testing data

In this combination, ANN modeled the
process, while the CS is the optimizer used to modify
the model’s parameters in order to minimize the error
between predicted and experimental data.

In addition, BK and RS were applied (based
on a random number generator) for the improvement
of the best solution found so far. In this manner, the
performance was further improved, as it was
demonstrated by the application of hCS-NNm for
modelling the succinic acid separation from
fermentation broths, where it proved to be an
efficient and reliable tool.
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Abstract

The present work investigates the performance of Cristal-Right™ CRI100 zeolite based on the equilibrium and thermodynamics
water softening process. The commercial zeolite was characterized by scanning electron microscopy combined with energy
dispersive X-ray spectroscopy and FT-IR spectroscopy. The equilibrium performances of zeolite were evaluated by the sorption
capacity of calcium cations from calcium chloride solutions varying the calcium concentrations corresponding to moderate, hard
and very hard waters. Experiments were carried in batch mode out as a function of temperature (278, 298, 318 and 338 K) and in
fixed optimum conditions for soption process (pH, zeolite dose and contact time). Equilibrium sorption data were analysed using
Langmuir, Freundlich and Dubinin-Radushkevich isotherm models to obtain the characteristic parameters of each model.
Sorption equilibrium data fitted very well to the Langmuir model that confirmed the monolayer sorption with high correlation
coefficients. According to the evaluation using the Langmuir isotherm, the maximum sorption capacities of calcium cations onto
Cristal-Right™ CR100 zeolite were 31.45 mg/g for 298 K. The thermodynamic parameters values indicate the spontaneous and
endothermic nature of the sorption process by ambient temperature. The sorption energy fell in the range of physisorption.
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1. Introduction

Water with a high level of hardness caused by
calcium (Ca’") and magnesium (Mg”") cations is an
important operational costs increase factor in most of
its application fields (Gray, 2010; Stefanache et al.,
2015). Most of the water sources require treatment
processes before being used as a raw material or as
technological water. Water softening is a treatment
process where the calcium and magnesium cations
are removed from water. The most widespread
industrial scale method employed for partly or total
removing of permanent hard water caused by calcium

and magnesium salts that do not precipitate is based
on the ion exchange procedure (Smith et al., 2008;
Zagorodni, 2007). The ion exchange materials used
consisting of polymeric resins (Bandrabur et al.,
2012; Hoffmann and Martinola, 1988; Lazar et al.,
2014) and zeolites (Shoumkova, 2011; Wang and
Peng, 2010).

Zeolite both as natural and as produced
synthetic are widely used nowadays in various water
and treatment processes due to low cost, high ion
exchange and adsorption potential, selectivity, high
surface area distributed throughout pores with several
diameters (Zagorodni, 2007). This advantage in
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economic aspect of zeolite has been reported in
several works that was investigated and applied to
remove cation contaminants in water and wastewater,
such as:

(1) water softening — removal of permanent hard
water for drinking or industrial water preparation
(Arrigo et al., 2007; Cinar and Beler-Baykal, 2005;
Coker and Rees, 2005; Qin et al., 2010a, 2010b;
Sivasankar and Ramachandramoorthy, 2011; Xue et
al., 2014; Zhao et al., 2009);

(2) water purification — removal of heavy metal
cations: F&’* (Al-Anber and Al-Anber, 2008); Cu*",
Zn*, Mn*", Ni**, Cd**, Pb*" (Doula, 2009; Ibrahim at
al., 2010; Jamil et al., 2010; Nibou at al., 2010; Oren
and Kaya, 2006), As**, As’" (Baskan and Pala, 2011;
Noroozifar et al., 2014), Ce" (Shahwan et al., 2005).
Zeolites used for water softening process are mostly
charged with sodium (Na") or potassium (K") cations
that will be exchanged with Ca*" and Mg®" cations
from the raw hard water passing through the
crystalline structure (Loiola et al., 2012; Liihrs et al.,
2012; Shoumkova, 2011; Wang and Peng, 2010). For
example, sodium-zeolite removes Ca®" cations from
water by exchange with sodium as illustrated by Eq.

(D.
2+ _ +
Ca (solution) + 2Na(zeolite) - Ca(zealite) + ZNa(solutian) (1)

Zeolite softening will also remove other
soluble cation species such as iron and manganese
present in the raw water and will mechanically retain
small suspended solids. When zeolite for water
softening is saturated with Ca*", Mg*, Fe’*, Mg*"
cations, it may be backwashed with a sodium
chloride solution to remove the calcium and used
again (Zagorodni, 2007). Typically, the operating
cycle of an ion exchanger consists of three stages: (I)
cations removal, (II) column regenerations and (III)
column washing (Goérka et al., 2008).

The ion exchange process in zeolites is
influenced by several factors such as concentration
and nature of cations and anions in the initial aqueous
solution, initial pH value of solution, the ratio zeolite
mas/ solution volume (dose), temperature, phase
contact time and crystal structure of the zeolite (Al-
Anber and Al-Anber, 2008; Jamil et al., 2010; Nibou
at al., 2010; Oren and Kaya, 2006). Optimal design
of the process operating in dinamic process requires
preliminary knowledge on both the ion exchange
equilibrium and kinetics models (Goérka et al., 2008;
Zhao et al., 2009).

Sorption equilibrium analysis is fundamental
in supplying the essential information required for
understanding of phenomena at the solid-liquid
interface and design of the sorption process. In this
perspective, equilibrium  relationships  between
zeolite (sorbent) and calcium cations from aqueous
solution (sorbate) are describe by sorption isotherms
obtained in batch system at fixed temperature (Foo
and Hameed, 2010). The quantity of a solute
adsorbed can be given conventionally in terms of
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moles of volume (for adsorption) or ion-equivalents
(for ion exchange) per unit mass of volume of zeolite
(Douglas et al., 2008).

The present work consists in experimental
studying the performances at equilibrium of a
commercial  Cristal-Right™  CRI100  zeolite
recommended for water softening. Equilibrium
studies in sorption process gave the capacity of the
zeolite. Accordingly, the objectives of the work are:
(1) study of the equilibrium isotherms on the calcium
cations from calcium chloride solution sorption onto
zeolite and (2) evaluation of the application of
sorption isotherms and analysing of the sorption
mechanism. The equilibrium isotherm for sorption of
calcium cations on zeolite is evaluated using
Langmuir, Freundlich and Dubinin-Radushkevich
models. The thermodynamic parameters were also
determined from the temperature dependence.

2. Experimental
2.1. Materials and characteristics

Cristal-Right™ CR100 is a modified natural
zeolite produced by Mineral Right” Inc. company
(USA), relatively recently introduced in the
Romanian market, delivered in the form of
aluminosilicate crystals and which has ion exchange
properties due to its sodium cations content. It is
recommended for the use in the domestic and
industrial water softening at the same time with the
retention of ammonia, iron, manganese cations
removal, and the rise of the pH of some low acidic
waters. In addition, Crystal-Right™ CR100 zeolite is
impervious to chlorine and so it can be used with
self-chlorinating, automated sanitizing systems.

The particles with average diameters 0.85 mm
were tested (Gruett, 2003). The structural and
morphological characteristics of the Crystal-Right™
CR100 zeolite in delivery form are examined through
scanning electron microscopy combined with energy
dispersive X-ray spectroscopy (SEM-EDX) and
Fourier transforms infrared spectroscopy (FT-IR).
SEM micrographs of the zeolite were recorded on a
30 kV VEGA Tescan microscope. Fig. 1 showed the
SEM image of zeolite particle from a 30 keV with
150X magnification.

The nonuniform macro crystals distribution
from the dimensional and shape point of view and the
irregular surface confirm the natural origins of the
material. The surface elemental analysis recorded
with Quanta 200 instrument indicates that the
material is a sodium alumina-silicate type with a
molar ratio Si : Al =3.2 (Table 1). The FT-IR spectra
of zeolite was obtained at room temperature, were
performed on a Bruker Vertex 70 spectrometer with
400 — 4000 cm’ spectral range and a 4 cm’
resolution in transmition technique using the KBr
pellet and the Opus 5 FTIR Software. In Fig. 2 is
presented the FT-IR spectra of Crystal-Right™
CR100 zeolite in delivery form.
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Table 1. Crystal-Right™ CR100 zeolite surface elemental analysis for the delivery form from the SEM-EDX analysis results

Si Al o

Element

Na Ca K Au Cl

Value (%, w/w) 30.25 9.27 52.02

5.13 243 0.66 0.44 0.29
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Fig. 2. FT-IR spectra of Crystal-Right™ CR100 commercial zeolite

According with literature (Breck, 1974;
Korkuna et al., 2006; Qin et al., 2010a; Loiola et al.,
2012; Sivasankar and Ramachandramoorthy, 2011),
the bands at 1200 — 450 cm™ are known to be
assigned to Si—O-Al, Si-O-Si, Si-O, and Al-O
species. The most well pronounced band in the
spectrum is the one present at 1033 cm’, being
attributed to the asymmetric vibrations of the SiOy4
tetrahedral structure or to the Si—O bonds.

We can detect a small peak at 1643 cm’
together with the 3448 cm™ peak which is a harmonic
(overtone) attributed characteristic the HO bonds.
This evolution is due to the formation of hydrogen
bonds, which confirm some molecules of water are
kept in the cages and channels inside the zeolite

structure. The peaks at 596 and 722 cm™ are of Al-
OH translation type. The peak at 448 cm’ is
attributed to Al-O type bonds.

2.2. Batch sorption experiments

All the experiments were realised using the
Cristal-Right™ CR100 zeolite in the delivery form,
according to the instructions provided by their
producers. The data interpreting and analysis is
always reported to the dry state of the zeolite. The
equilibrium sorption capacity of the zeolite of the
calcium cations used to express the zeolite
performance was evaluated in batch technique at
contact time equal with 24 hours, from the point of
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view of the following sorption process specific
experimental factors: temperature and concentration
of calcium cations in the aqueous solutions to be
treated. Sorption results show that a 24 hours
equilibrium-period was sufficient to establish steady
state or equilibrium.

The experiments for equilibrium sorption of
calcium cations from calcium chloride solution were
performed at constant zeolite amount of 8 g/L and
various initial calcium concentrations between 44.5
to 230.5 mg Ca”"/L, corresponding to moderate hard
and hard waters. The optimum zeolite dose equal
with 8 g/L was selected based on the preliminary
studies and was maintained in all experiments.
During all the experiments at constant pH 6.75, the
value was adjusted as it was varying more than +0.1
unit by small addition of 0.1 M NaOH aqueous
solution. Erlenmeyer flasks were used for the 50 mL
CaCl, solution and the zeolite dose. All flasks were
kept under agitation at a constant speed of 100 rpm.
The effect of temperature on the calcium cations
sorption was investigated at different value of
temperature: 278, 298, 313 and 338 K with +1 K.
The initial and final calcium cations concentrations
analysis was performed using the EDTA method (SR
ISO 6058, 2008). An automatic titrator and specific
titration end-point indicators for water hardness
analysis from Hach Company were used. The
indicator used in experiments is based on Murexide,
specially modified to facilitate the highlighting of
equivalence point, both in low and high
concentrations calcium range. All the experimental
solutions were prepared using analytical grade
reagents from Merck or Sigma Aldrich dissolved in
ultrapure water.

The performance of the sorbent usually means
its uptake capacity (Volesky, 2003). The amount of
calcium cations sorbed at equilibrium by the zeolite
(equilibrium sorption capacity in mg/g — ¢g.) was
calculated according to Eq. (2).

sol

M., )

(Co_Ce)'V

e

The softening process efficiency was qualitatively
evaluated by using the calcium sorption degree, R
(%), calculated with the Eq. (3), where C, is the
initial calcium concentration of CaCl, solution
(mg/L); C, is the equilibrium calcium concentration
(mg/L); Vs is the volume of solution to be softened
(L); mye, 1s the weight of the zeolite used in the
experiment in dry state, (g).

% 3)
2.2. Equilibrium isotherms
The equilibrium performances of the Cristal-

Right™ CR100 zeolite for sorption of calcium cations
were investigated using the isotherm (equilibrium

544

sorption capacity versus equilibrium concentration of
calcium cations in calcium chloride solution). The
most common isotherms frequently used in literature
for sorption equilibrium are the Langmuir,
Freundlich and Dubinin-Radushkevich models (Foo
and Hammed, 2010; Volesky, 2003).

The experimental data were fitted to the
Langmuir, Freundlich and Dubinin-Radushkevich
isotherms calculated by linear regression to obtain
the characteristic parameters of each model.

The Langmuir isotherm model is based on the
monolayer sorption onto homogeneous surface. This
model assumed that adsorption forces are similar to
the forces in chemical interactions, and can be used
to estimate the maximum sorption capacity (Gmax
mg/g), upon complete saturation of the adsorbent
surface. The empirical Freundlich model which
indicates the surface heterogeneity of the adsorbent,
was chosen to estimate the sorption intensity of the
adsorbate  towards adsorbent. The Dubinin-
Radushkevich isotherm model, which is based on the
Polanyi theory, is more general than the Langmuir
isotherm, because it does not assume a homogeneous
surface or constant sorption potential. It is used to
estimate the apparent free energy of adsorption as
well as to make a difference between physical and
chemical adsorption process (Douglas et al., 2008;
Foo and Hammed, 2010; Volesky, 2003).

Langmuir, Freundlich and  Dubinin-
Radushkevich isotherm models can be expressed by
Egs. (4-6), respectively, where ¢, represents a
maximum amount of the calcium cations at the
equilibrium per unit weight of the zeolite to from a
complete monolayer on the surface bound at high
(mg/g, or mol/g); ¢u. is the practical limiting
sorption capacity when the surface is fully covered
with calcium and assists in the comparison of
sorption performance, particularly in cases where the
zeolite did not reach its full saturation in experiments
(mg/g or mol/g); C, is the equilibrium calcium
concentration (mg/L); K is the Langmuir isotherm
constant (L/mg) related to the affinity of the binding
sites; Ky is the Freundlich constant is an indicator of
the sorption capacity (mg/g); n represents a constant
that characterizes the affinity of the calcium for the
zeolite; [ is a constant related to the sorption energy
(mol’/J%); & is the Polanyi potential, calculated
according to Eq. (7) (where R is the universal gas
constant, (8.314 J/mol K) and T is temperature (K)).

K,C
- _Bite / 4)
e = dmax T K,C. (mg/g)
9.=Kp(C,)" (mglg) )
9o = Gmax - €EXP (—/3-52) (mol/g) (6)
1
&= RTIII[1+C—j
€ (7
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For determining the best-fitting isotherms the
linear regression is frequently used. The linear least-
squares method with linearly transformed isotherm
equations has also been widely applied to confirm
experimental data and isotherms using coefficients of
determination (Douglas et al., 2008; Foo and
Hammed, 2010; Volesky, 2003). The linearized
forms of Langmuir, Freundlich and Dubinin-
Radushkevich nonlinear equations are given by Egs.
(8 -10).

1 1 1 1
+—

9e D max qmaxKL Ce (8)

1
lgg, =1gKp+—1gC,
n )

lnqe:lnqmax—,[ﬁ’-g2 (10)
3. Results and discussion

3.1. Effect of initial calcium concentration and
temperature on the sorption capacity of calcium
cations

The equilibrium sorption process is a function
of temperature and calcium concentration of initial
solution. Equilibrium sorption capacity of calcium
cations on Crystal-Right™ CRI100 zeolite were
investigated out by varying the initial concentration
of the calcium from 44.5 to 230.5 mg/L at different
sorption temperatures of 278, 298, 318 and 333 K.
The experimental data showed that the equilibrium
sorption capacity of zeolite increased with the
increase of temperature and initial calcium cations
concentration (Fig. 3), thereby indicating the process
to be endothermic.

25

m278 K

20 A

15 A

10 A

q. (mg Ca?* / g zeolite)

0 T T T T
0 50 100 150 200 250

Initial concentration, C. (mg Ca?*/ L)

Fig. 3. Effect of initial concentration on the sorption
equilibrium onto Crystal-Right™ CR100 zeolite at different
temperatures (pH = 6.75, m,., = 8 g/L, time = 24 hours)

This behaviour is explained in literature by the
migration of calcium cations from the external
surface to the internal micro-phase of the zeolite

within a given contact time and at higher initial
concentration (Bulgariu et al., 2012; Ceica et al.,
2011; Sepehr et al., 2013).

The calcium cations could exchange with
sodium cations not only on the surface of the zeolite
but also on the internal surface of the zeolite. This
suggests that zeolite has strong calcium sorption
ability at higher temperature. At higher temperature,
calcium cations are moving faster and cations
become smaller because solvation is reduced. This
reduction effect allows cations to diffuse in the inner
part of the pore system of the zeolite. Increasing the
temperature may produce a selling effect within the
internal structure of zeolite enabling calcium cations
to penetrate further.

3.2. Calcium sorption isotherms

The sorption isotherms of calcium cations on
Crystal-Right™ CRI100 zeolite were plotted between
the equilibrium sorption capacity (¢g., mg/g) and the
amount of calcium cations left in equilibrium
solution, C, (mg/L) at different temperature (Fig. 4).
As can be seen from Fig. 4 the isotherms are regular,
positive, and concave to the concentration axis. The
temperature increase was observed to occur in two
stages. The sorption equilibrium occurs rapidly at
lower calcium concentration, for all studied
temperatures and becomes relatively constant at
higher concentrations. On the basis of these
considerations, the studied resin could be efficiently
used at ambient temperature, avoiding the high
temperatures, which are not economically justified.

The performances of the Crystal-Right™
CRI100 zeolite at the equilibrium and isotherm
parameters were evaluated using Langmuir,
Freundlich and Dubinin—Radushkevich models.

25

m278 K

q. {(mg Ca?*/ g zeolite)

0 50 100 150

Equilibrium concentration, C. (mg Ca?- /L)

Fig. 4. Effect of temperature on the calcium sorption
isotherm on Crystal-Right™ CR100 zeolite (pH = 6.75,
m,, = 8 g/L, 298 K; time = 24 hours)

These isotherms are wuseful tools for
describing the distribution of calcium cations
(sorbate species) between the zeolite and the batching
calcium chloride solution. The Langmuir, Freundlich
and Dubinin—Radushkevich isotherms for the
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sorption of calcium cations of calcium chloride
solution are illustrated in Fig. 5.

The straight lines obtained for the three
isotherms indicate that the sorption of both cations fit
with the three investigated isotherms models. The
value of three isotherm parameters and the
correlation coefficient were calculated from the slope
and the intercept of the linear plots: 1/g, vs. 1/C, (for
Langmuir model — Fig. 5a), lg ¢. vs lg C., (for
Freundlich model- Fig. 5b) and In ¢, vs. & (for
Dubinin—Radushkevich model — Fig. 5c).

0.5
m278K
0.4 | A298K
#318K
03 | ©333K
=3
~ 0.2 1 ]
-
0.1 -
0.0 1 : : |
0.0 0.1 0.2 0.3 0.4
1/¢,
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lgcC,
-1.5
0.0
o -0.5
o
=
-1.0
-1.5
(b) Freundlich
5
m278K
4 ©298K
#318K
3| 338K
=
£ 2 *
1 -
0 : .
0.E+00 2E+07 4.E+07 6.E+07

£2,J2 | mol?

(¢) Dubinin-Radushkevich

Fig. 5. The linearized Langmuir (a), Freundlich (b) and
Dubinin-Radushkevich (c¢) isotherm of calcium onto
Crystal-Right™ CR100 zeolite at different temperatures
(pH = 6.75; m,., = 8 g/L; time = 24 hours)

The corresponding Langmuir, Freundlich and
Dubinin—Radushkevich  parameters along with
correlation coefficients are given in Table 2. The
best-fit equilibrium model was established based on
the linear regression correlation coefficients (R?).
The Langmuir model fitted the data (R* = 0.97 —
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0.99) beter than the Freundlich model (R* = 0.90 —
0.99) and Dubinin—Radushkevich model (R* = 0.94 —
0.96).

The simple Langmuir isotherm equation for
adsorption of a single adsorbate on a single-site
surface is still frequently applied to sorption process.
The essential features of a Langmuir isotherm can be
expressed in terms of a dimensionless constant
separation factor or equilibrium parameter (Foo and
Hammed, 2010; Volesky, 2003), that is used to
predict if an sorption system is favourable (0 < R; <
1) or unfavourable (R, > 1), linear (R, = 1) or
irreversible (R, = 0). The separation factor, R, is
calculed by Eq. (11), where C) is initial concentration
(mg/L), K, is Langmuir constant (L/mg).

PO
1+K; -Cy (11)
For the temperature range studied, all R;
values obtained using Eq. (11) are given in Fig. 6.
The R, value indicate that sorption of calcium cations
onto Crystal-Right™ CRI00 zeolite is more
favourable for the higher initial calcium ion
concentrations than for the lower ones.

A plot of Ig g, in function of Ig C,, yielding a
straight line, indicated the confirmation of the
Freundlich  sorption isotherm. Although the
Langmuir and Freundlich constants ¢,,,, and K have
different meanings, they led to the same conclusion
about the correlation of the experimental data with
the sorption model. The Langmuir isotherm assumes
sorption free energy independent of both the surface
coverage and the formation of monolayer whereas
the solid surface reaches saturation while the
Freundlich isotherm does not predict saturation of the
solid surface by the sorbate, and therefore, the
surface coverage being mathematically unlimited.

1.0
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Fig. 6. Plot of dimensionless constant separation factor R,
against initial calcium ion concentration (pH = 6.75;
My, = 8 g/L; time = 24 hours)

For example, the experimental results for 298
K of Langmuir model indicate the monolayer
sorption capacity value g, of 31.447 mg/g zeolite
and constant related to the energy of sorption value
K; of 0.0121 L/mg, whereas the Freundlich model
indicate the relative sorption capacity K of 1.5361
mg/g with the sorption intensity » of 1.5361.
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Table 2. Isotherm sorption parameters for removal of calcium cations from aqueous solution onto Crystal-Right™ CR100 zeolite

(pH = 6.75; my, = 8 g/L; time = 24 hours)

Temperature, K
Isotherm Parameters 278 2908 318 338
Langmuir Qonas ME/E 68.0272 31.447 20.284 30.303
K, L/mg 0.00171 0.0121 0.0598 0.0687
R’ 0.9883 0.9906 0.9840 0.9730
S,, m’/g 31.534 14.5772 9.399 14.014
Freundlich K, mg/g 0.1099 0.2442 0.3475 0.5320
n 1.1724 1.5361 2.0597 2.1542
R’ 0.9654 0.9487 0.9894 0.9058
Dubinin—Radushkevich | g, mg/g 11.003 15.991 16.425 22.594
S, mol*/kJ? 298107 0.1166 0.0400 0.0276
E, kJ/mol 0.0130 2.0712 3.5338 4.2530
R’ 0.9559 0.9633 0.9401 0.9581

However, the value of sorption intensity of
calcium cations on zeolite surface is greater than 1.0
at temperatures above 298 K, indicating that calcium
ion is favourable adsorbed by zeolite, even at higher
calcium concentration.

Fig. 7 shows plots comparing the
experimental data with theoretical Langmuir
isotherm and empirical Freundlich isotherm. The
equation shows an excellent fit with the experimental
data for the Langmuir isotherm. Assumption of a
value for the surface area covered per molecule
(plateau on each isotherm) could allow computation
of the active specific surface area of the sorbent using
Avogadro’s number (Volesky, 2003).

20 .
A experimental data
©  Langmuir isothemm __,O
—_ < Freundlich isothem e
_g 15
©
@
N
[=2]
-~ 10 A
i
(8]
[=2]
E 5-
o
o
0 & T T ‘ T ‘
o] 20 40 60 80 100 120

C. (mg Ca?'/L)

Fig. 7. Isotherm of calcium cations sorbed on Crystal-
Right™ CR100 zeolite (pH = 6.75; m,¢, = 8 g/L;
time = 24 hours, temperature = 298 K)

For the ultimate sorptive capacity (¢,...) When
the zeolite surface is fully covered with calcium
cations (corresponds to monolayer coverage), can be
calculated the specific surface area occupied by
calcium cations (S, in m*/g zeolite) using Eq. (12),
where ¢,,,, 1s monolayer sorption capacity (g/g); N is
Avogadro number (6,023-10%); A is cross sectional
area of calcium ion (m?); M is molecular weight of
calcium ion (g/mol). For calcium ion, the molecular
weight is 40 g/mol and the cross sectional area have
been determined to 3.08 A’ (radius is 0.99 A,
Cruceanu et al., 1986) in a close packed monolayer.

The results are shown in Table 2. The magnitude of
sorption energy (E) determined in the Dubinin-
Radushkevich equation can be related to the nature of
the sorption mechanism in this system (Foo and
Hammed, 2010).

N-A N-(ﬂrc2 )
S:qmax_:qmaxTa (12)

The mean free energy of sorption (E), is
defined as the free energy change when one mole of
ion is transferred to the surface of the solid from
infinity in the solution, and was calculated from the
constant rated to the sorption energy value (f) using
the Eq. (13):

-1/2
E=(-2p) (13)

According with literature (Cruceanu et al.,
1986; Zagorodni, 2007) the magnitude of E gives the
information about the type of sorption process:
physical (< 8 kJ/mol), ion exchange (8 — 16 kJ/mol)
and chemical (> 16 kJ/mol). For present experimental
data, the values of mean free energy, F, of calcium
sorption decrease in the range 0.1166 to 0.0276
kJ/mol with increasing temperature from 298 K to
333 K. These values indicate that the physical forces
may affect the sorption mechanism and calcium
cations sorption of Crystal-Right™ CRI00 zeolite
could be considered physicsorption in nature.

3.3. Thermodynamic parameters

Based on the sorption constant K; in the
Langmuir isotherm (Volesky, 2003), thermodynamic
parameters (AG’ — free Gibbs energy, AH’ — standard
enthalpy and AS’ — standard entropy) changes were
also calculated using Eqs. (14 — 16), where R is the
gas constant and 7 is the absolute temperature. The
plot of In K; vs. I/T gives the straight line from wich
AH’ and AS’ was calculed from the slope and
intercept of the linearised form.
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(14)
AS® AH® 1
InkK, == 2" .
R R T (15)
ASOZAHO—AGO
r (16)

Table 3 shows the values of thermodynamic
parameters of calcium cations sorption onto Crystal-
Right™ CR100 zeolite.

Table 3. Thermodynamic parameters of calcium sorption
onto Crystal-Right™ CR100 zeolite (pH = 6.75; m,, = 8
g/L; time = 24 hours)

Temperature, AGY, AH, AS?,
K kJ/mol kJ/mol J/mol. K
278 1.986 54.184 187.764
298 -1.770
318 -5.525
333 —8.341

As seen that of low temperature below 278 K
the sorption process of calcium cations is not
spontaneous. For range of temperature 298 — 333 K,
the sorption is spontaneous with the negative values
of AG”. Tt was also observed that with increase in
temperature AG’ became more negative, which
justify that sorption is favoured by an increasing
temperature. The positive value of AH’ for the
sorption of calcium cations on zeolite indicates that
the process is endothermic in nature. The positive
AS' value corresponds to an increase disorder at the
zeolite — calcium solution interface during the
sorption of calcium cations. The positive value of the
AS’ indicates the partial dehydratation of the calcium
cations before sorption, thus increasing the
spontaneity.

The sorption increases randomness at the
zeolite/solution interface with some structural
changes in the zeolite and calcium cations and an
affinity of the zeolite.

4. Conclusions

In this study were investigated of the
performances of Crystal-Right™ CRI100 zeolite to
calcium cations form calcium chloride solution at
equilibrium at temperatures of 278, 298, 318 and 338
K. The equilibrium sorption study is important for an
estimation of the practical sorption capacity and
optimization of the design of water softening process.
The Crystal-Right™ CR100 zeolite presents a good
equilibrium sorption capacity for calcium cations for
the experimental conditions.

The equilibrium sorption study increased with
initial calcium cations concentration of solution and
temperature increased. For example, at initial
concentration of calcium cations equal with 139.478
mg/L (equivalent with 19 degree German), the
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experimental equilibrium sorption capacity are
respectively: 8.492 mg/g for 278 K (R = 49.43 %),
11.426 mg/g for 298 K (R = 66.67 %), 13.323 mg/g
for 318 K (R =76.72 %) and 15.607 mg/g for 333 K
(R=90.34 %).

The equilibrium and thermodinamic studies
show that the sorption of calcium cations is feasible
at ambient temperature when the process is
endothermic (AH” > 0) and is spontaneous (AG” < 0).
The equilibrium ¢, — C, data have been analysed
against Langmuir, Freundlich and Dubinin-
Radushkevich models and the characteristic
parameters for each isotherm have been determined.
The results from this study indicated that the sorption
described by the theoretical Langmuir isotherm.

The correlation coefficients for fitting the
Langmuir model were significantly better than the
coeficients for Freundlich or Dubinin-Radushkevich
models. The energy of activation for calcium
sorption to zeolite is lower and takes place
predominantly by physical sorption mechanism. This
finding suggests a better orientation of calcium
cations to zeolite surface.
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Abstract

Drinking water treatment using activated carbon (AC) decontamination offers effective methods for removing some organic
compounds, tastes and odors, but it is not so efficient for metals, nitrates, microbial contaminants and other organic and inorganic
contaminants. In the last years, nanotechnologies introduced several types of nanomaterials for organic, inorganic and biological
removal of contaminants in drinking water, such as: sorption, filtrations and catalytic processes. In this work, exfoliated graphite
nanoplatelets (xGnP) were used as bisphenol A (BPA) adsorbents, their potential of removing this endocrine disruptor being
investigated. The effect of the following parameters such as: contact time, initial BPA concentration, temperature, ionic strength
and pH over the sorption behavior of xGnP was studied.In these experiments, it was found that the maximum adsorption capacity
of xGnP at 298.15 K is 850 mg/g and the adsorption process most closely fits to the Langmuir isotherm. The results also showed
a decrease in the affinity of BPA molecule for the xGnP binding sites by increasing the temperature.

Key words: decontamination, endocrine disruptor, exfoliated graphite nanoplatelets, sorption

Received: November, 2014; Revised final: March, 2015; Accepted: March, 2015

1. Introduction

In water purification, high adsorption capacity
of the adsorbents is mandatory. Based on this, the
lifetime of the system was observed to be
substantially improved (Pan et al., 2010). Carbon
based nanomaterials can offer promising applications
in drinking water treatment, extensive reviews on the
adsorption of metal contaminants, organics and
biological contaminants already existing in the
literature.

Several studies present Carbon Nanotubes
(CNTs) as adsorbents for organic chemicals in water
treatment by comparison with activated carbon (Su
and Lu, 2007; Wang et al., 2008), the understanding
of organic chemical-CNT interactions providing
important information on their possible applications

and environmental risks. Organizing individual
nanotubes into hierarchical structures represents a
new strategy to scale up nanomaterials for
macroscopic  engineering  applications.  These
structures are more effectively separated from water
using  gravitational = sedimentation, = magnetic
attraction, and membrane filtration while having the
ability to perform adsorption, disinfection, and
catalytic degradation of contaminants (Pyrzynska et
al., 2007).

The researchers showed that these hierarchical
structures are as good as CNTs for removing
contaminants from water as adsorbents, disinfectants,
and catalyst and they can be separated more
effectively using common techniques such as
gravitational sedimentation, magnetic attraction, and
membrane filtration. For water purification, the
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challenge is how to connect these two worlds
(nanotechnology and water chemistry) on the
dimension ladder.

Since its discovery, graphene has become a
spotlight nanomaterial. In the last few years, there are
investigations focused on the applications of
graphene, pristine, functionalized, or composites in
removal different water pollutants (Wang et al.,
2013), due to its flexibility in introducing functional
groups and to its easy operation (Ji et al., 2009;
Maliyekkal et al., 2013; Pavaghadi et al., 2013).

Endocrine  disruptors as  environmental
contaminants can generate severe health risks (Shi et
al., 2013). Among them, bisphenol A (BPA; 2, 2-
bis(4-hydroxyphenyl)propane) is an  organic
compound present in food containers, industrially
used in the production of polycarbonates. It can be
discharged as a waste product into the water system,
ground, surface and drinking water (Santhi et al.,
2012). BPA is an endocrine disruptor, the risks of
BPA pollution leading to obligatory control and
detection of BPA in the environment (EU, 2011). It is
an endocrine disruptor linked to prostate cancer,
obesity and hypertension (Vandenberg et al., 2007).

Exfoliated graphite nanoplatelets (xGnP)
represent a new effective adsorbent material with
high adsorption capacity, good stability and fast
adsorption, with thicknesses of the platelets in the
nano range, but areas in the micrometer range (Ion et
al., 2011a, 2011b). Additionally, xGnP can be easily
obtained from cheap, natural graphite, in large
quantities, without any need for dimensional
increasing for their use in water purification. These
materials are less expensive than CNTs, possible to
be incorporated into water treatment processes and
facile to remove or to regenerate after. There were
several computational studies on the interaction
energies of systems formed upon the adsorption of
BPA on single-walled carbon nanotubes (SWCNTs)
and graphene (Zaib et al., 2012).

Various models have been used to explain the
adsorption of organic molecules on carbon based
nanomaterials, such as Freundlich (Agnihotri et al.,
2005; Liu et al., 2004; Pyrzynka et al., 2007),
Langmuir (Brichka et al., 2006; Lu et al., 2007) and
Polanyi-Manes (Yang et al., 2006; Yan et al., 2008)
models, all suggesting a heterogeneous adsorption.
Multilayer adsorption occurs when organic chemicals
are adsorbed on carbon based materials surfaces, the
first layers interacting with the surface and other
molecules interact with each other (Gotovac et al.,
2006, 2007). These factors indicate distributed
adsorption energy of adsorption sites and a possible

concentration - dependent thermodynamics in
aqueous solutions (Agnihotri et al., 2008). Recently,
Xu et al. (2012) used graphene for removing BPA
from water, obtaining better adsorption capacities in
comparison with modified carbon nanotubes and
porous carbon.

Different mechanisms have been proposed to
explain the interactions between organic chemicals
and carbon-based nanomaterials, like 7t-7 interactions
between the surface and organic molecules with C=C
double bonds or benzene rings, hydrogen bonds and
electrostatic interactions (Chen et al., 2008; Lin and
Xing, 2008). It must be also emphasized that the
change of environmental conditions affects the
contribution of each individual mechanism over the
overall adsorption of the organic chemicals. Several
analyses led to the proposal of an adsorption
mechanism for BPA on graphene involving m-m
electron coupling between the m-electrons of the
benzene rings of BPA and graphene and the
hydrogen bond interactions between the hydroxyl
groups of BPA and the functional groups on the
graphene surface.

In this work, exfoliated graphite nanoplatelets
(xGnP) were used as BPA adsorbents, their potential
of removing this endocrine disruptor being
investigated. The effect of several parameters such
as: contact time, initial BPA concentration,
temperature, ionic strength and pH of the batch
sorption solutions were studied, various isotherm
equations being used to assess the best isotherm
equation which represents the correlation of the
experimental data.

2. Experimental
2.1. Chemicals

Commercial exfoliated graphite nanoplatelets
(xGnP) were purchased as powder from XG
Sciences, Inc, Michigan, US. xGnP (with average
diameter of 15 um and average length < 0.01 pm)
were provided from XG Sciences, Inc. East Lansing,
MI 48823. Detailed information on fabrication,
geometrical and surface characteristics of this
material can be found elsewhere (Kalaitzidou et al.,
2007). Bisphenol A (BPA) >99.9% purity, was
purchased from Sigma, Germany and was dissolved
in methanol for the stock solution (1000 mg/L), being
further diluted with large amount of water till the
required concentrations (Tablel). All other chemicals
were analytical reagent grade.

Table 1. Graphene-based materials as adsorbents for the removal of pollutants in water

Materials Adsorbate Adsorption capacity (mg/g) References

Graphene Methylene blue 153.85 Liu et al. (2012)

Graphene Bisphenol A 182 Xu etal. (2012)
Sulphonated graphene 1-Naphthol ~6.4 Zhao et al. (2011a)
Sulphonated graphene Naphthalene ~297 Zhao et al. (2011b)
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2.2. Methods

The chromatographic separation of bisphenol
A was achieved at 25°C, using an Agilent 1100 series
HPLC system with UV detection at variable
wavelengths. A Kromasil 100-5C18 column 150 mm
X 4.6 i.d., Sum was used. BPA clution was carried
out using a mobile phase consisting of 20% water
and 80% methanol, using a flow rate of 0.5 mL/min.
The column was equilibrated for 30 minutes before
injection. The injected sample volume was 10 pL,
and UV detection operates at 280 nm.

2.3. Adsorption procedure

Adsorption experiments were performed in
sealed 100 ml bottles in an ultrasound bath (Elma P-
30H Ultrasonic) operated at a 37 Hz frequency at
25°C. Each bottle contained between 0.1 and 0.5 mg
graphene and 100 ml of 1-10 mg/L BPA. The
concentration of BFA was measured after 30
minutes. The adsorption kinetic study was carried out
at 1 mg L' initial BPA concentration at three
different temperatures: 293.15 K, 298.15 K and
303.15 K, pH 5.5-6.15 in order to determine the
minimum time required to reach the adsorption
equilibrium. The concentrations of BPA were
measured at different time intervals from 10 to 80
minutes. The influence of the pH over the adsorption
of BPA was studied at an initial BPA concentration
of 1 mg L™ in a pH range of 2 to 10 at 298.15 K,
adjusted with appropriate volumes of 0.1 M HCI or
0.1 M NaOH. The influence of ionic strength on the
adsorption of BPA was studied by adding by adding
NaCl to a 1 mgL" BPA solution in a concentration
range from 0.01 to 0.375 M at 298.15 K and pH 6.

After adsorption experiments, the suspensions
were filtered through 0.45 um membrane filters. The
concentration of BPA was determined by a high-
performance liquid chromatography (HPLC, Agilent)
system with a Kromasil CI8 column (Agilent
Technologies Inc.) and a UV absorbance detector
operated at 280 nm. The mobile phase was 0.5
mL/min of 80% methanol and 20% deionized water.

3. Results and discussion
3.1. Characterization of the nanomaterial

xGnP possesses the smallest particle size (X-
Y dimension 2 micron, thickness 2 nm) and largest
specific surface (720 m%/g), BET surface (771 m*/g),
possibly due to dry powder aggregation. The
particles are irregular in shape and planar with
intermittent folds. Carbon sp® is the most abundant
because of the conjugated 7 system, but carbon sp’
also exists due to the C-C bonds with incomplete
benzene structures. There can be also present rests
of hydroxyl, ether, carbonyl and carboxyl groups
(Figs. 1-2). The tested nanomaterials were fully
characterized by Vandenberg et al. (2007).

b)
Fig. 1. Scanning electron microscopy (SEM) images of
xGnP; a) as grown before adsorption; b) after adsorption of
BPA
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3.2. BPA sorption kinetics

Pseudo-first and second order models and
intraparticle diffusion one were used to test the
experimental data in order to understand the kinetics
of the adsorption process. The equations of these
kinetic models are presented in Table 2. There were
three configurations found on the physisorption of
BPA on pristine graphene (Cortes-Arriagada et al.,
2013).

Table 2. The equations of several kinetic models

Kinetic Models Functional Form
Lagergren model dq _ _
i k(q.—4q,) 0
Kavitha and _ 1/2
Namasivayammodel q =kt +C @)
Pseudo-second order model dq  _ k(qg. —q.)°
dt ¢ " (3)

Variables in the kinetics equations:

q. - amount of solute adsorbed at equilibrium, (mg/g)

q, - amount of solute adsorbed at any given time #, (mg/g)

C -bconcentration of sorbate in the solution at any given
time ¢

In the first one, BPA interacts with the
graphene bulk at a distance of 2.36 A’, maximizing
the m-m interactions with the phenol ring. In the
second one the distance between the BPA and the
graphene surface is of 2.76 A”, the phenol ring being
perpendicular to the surface and van der Waals
interactions are reduced. In the third one, the distance
between the BPA and graphene surface is of 2.69 A”,
while the angle between the phenols increased in
comparison with the other two configurations. Here,
the physisorption is increased, because it maximized
the m-m stacking and the dispersion forces between
adsorbent and adsorbate.

The effect of the contact time on the
adsorption of BPA on xGnP is presented in Fig. 3. It
was observed that the adsorption capacity increased
in the first 30 minutes and then it decreased rapidly
in the next 30 minutes.

Based on these results a contact time of 30
minutes was used in the experiments. The kinetic
parameters are presented in Table 3. It can be
observed that the experimental adsorption capacity g,
exp was in a better accordance with the calculated
one based on the pseudo-second order model.

There are several mechanisms that govern the
adsorption kinetics: external diffusion, boundary
layer diffusion and intraparticle diffusion (Guibal et
al.,, 2003), the last one being the most important
limiting step of this process (Ozkan and Ozcan,
2005).

The lying-down configuration of BPA is
conserved during the production step and it
determines an increase in the adsorption energy,
graphene being a strong electron acceptor, due to its
large m system, favoring a configuration that allows
the interaction with the negatively charged sites of
BPA. In addition with to the van der Waals
interactions,  charged  controlled interactions
contribute to the physisorption of BPA on graphene,
the chemisorption being less important on pristine
xGnP.

3.3. BPA sorption isotherms

Equilibrium data are necessary in developing
an equation that models the results in order to design
adsorption systems. In this study, Langmuir,
Freundlich, Harkin-Jura and Temkin isotherms were
used to describe equilibrium adsorption and are
presented in Table 4.

The adsorption isotherm models are used to
indicate the interactions between the adsorbate and
the adsorbent when the adsorption process reaches
equilibrium. In Fig. 4, there are presented the
adsorption isotherms of BPA on xGnP at different
temperatures, 293.15, 298.15, 303.15.

500
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0 10 20 30 40 50 60
t, min
Fig. 3. Effect of contact time on the adsorption of BPA by

xGnP (0.1 mg of xGnP and 50 mL of 1 mg/L BPA at
298.15 K, pH=5.5

Table 3. Kinetic parameters for adsorption of BPA onto xGnP (1, 5, 10 mg/L)

Model Pseudo-first order Pseudo-second order Intra-particle diffusion
Equation log(q.-q)=logq. — (k:/2.303)t (4) | t/q.=(1/kaq.>)+(1/q.) (5) | g=ki”+C (6)
q. exp (mg/g) 850 850 850
q., (Mmg/g) 1071 725 C=7.25
K, (g mg’ min) 0.049 0.024 10
R 0.9878 0.9824 1
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Fig. 4. Adsorption isotherms of BPA by xGnP at three
different temperatures (0.1 mg of xGnP and 50 mL of 1-10
mg/L BPA at 293.15 K (m), 298.15 K (A), 303.15 K (#),
pH=5.5, contact time 30 minutes

Table 4. Functional equations of different sorption models
used in this study

® Seriesl
s00 | Mseries 2

400 F A Aseries 3

Isotherm Functional form
Freundlich q,=K,Cl" 7
Langmuir 3 K,C, (8)

de = Qmax m
Temkin RT 9)

=—1In(aC
9= (aC,)

Harkin-Jura 1/g2 =(4/B)—(1/ A)logC, (10)

Halsey g :(KiH)l/"u (11)
¢ C

e

C. — equilibrium concentration; C; — adsorbate solubility at a given
temperature; £, — solid characteristic energy towards a reference
compound; ¢, — adsorbed amount; ¢,, - saturated monolayer
sorption capacity; Kr — Freundlich constant, mg/g; 1/n —
Freundlich constant indicating adsorption intensity; K; — Langmuir
constant, L/mg; a — Temkin constant, L/mg; b- Temkin constant
related to adsorption heat; 4, B— Harkins-Jura constants indicating
the multilayer adsorption; K;— Halsey constant.

It can be observed from Fig. 4, that the
adsorption capacity of xGnP increased by increasing
temperature and by increasing BPA concentration till
the maximum value by reaching a plateau. In Table
5, the isotherm parameters of Langmuir, Freundlich,
Temkin, Harkins-Jura and Halsey simulations for
different temperatures are presented. The adsorption
capacities increased by increasing the BPA
concentration and reached almost constant final
values, which represent the maximum adsorption
capacity.

The maximum adsorption capacities of xGnP
at 293.15 K, 298.15 K, 303.15 K are 250, 850 and
550 mg/g. Based on a comparison of the R* values
from the table, the adsorption of BPA on xGnP most
closely fits to Langmuir isotherm, suggesting a
monolayer adsorption system on the surface. The
results showed a decrease of the affinity of BPA for
the xGnP binding sites as temperature increases. The
sub-unity value of R; confirms a favorable
adsorption.

3.4. Adsorption thermodynamic study

The thermodynamic parameters give
indications about internal energy changes during the
adsorption process and can be calculated using Eq.
(18), where K is the Langmuir equilibrium constant
(L/mol), R is txhe gas constant (8.314x10~ kJ/molK)
and T is the absolute temperature (K). AH’ and AS’
were determined from the slope and the intercept of
the van’t Hoff plot of In(K) vs. 1/T (Fig. 5). The
calculated values are indicated in Table 6.

AH" - AT’ = -RTInkK, (18)

A positive value of the heat of adsorption
indicates a chemisorption process together with the
physisorption one at the surface of the exfoliated
graphite nanoplatelets. The value of AH” (kJ mol™)
indicates an exothermic process, supported also by
the decrease of the adsorption capacity by increasing
the temperature. As it can be observed from Table 7,
the negative standard free energy AG” indicates a
spontaneous process (kJmol™), the AG” value being
more negative by increasing the temperature, a
temperature of 298.15 K representing the optimum
value for a facilitated adsorption process. The
negative value of AH’ (k] mol') indicates an
exothermic nature of the process. Similar
observations were done before by Ozcan and Ozcan
(2005).

AGP
o
w

1

y =-0.2123x+ 70.054
4.5 R2 = 0.9961

295 300 305 310

T. K

Fig. 5. Van’t Hoff plot for the adsorption of BPA onto
xGnP

3.5. Effect of the solution pH and ionic strength

The effect of solution pH over BPA removal
was investigated over the entire pH range. When the
value of pH is below 4, due to protonation of the
negative charge of xGnP surface, it was observed that
the adsorption of BPA decreases (Gong et al., 2007).
Above a 10 value of the pH, the hydrophobic
interactions between the 7 electrons of the graphite
surface and the 7 electrons of the C=C double bonds
of BPA decrease because of the deprotonation of
BPA and the adsorption of BPA on the xGnP surface
decreases in consequence.
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Table 5. Langmuir, Freundlich, Temkin, Harkin-Jura and Halsey isotherm parameters for BPA removal by xGnP

Equation Parameter

Langmuir 1 qn(mg/g)=526.31 K;(L/mg)=0.015 R?=0.9935 R;=0.06
Cqe=1/Kqn + Co/qm (12)
Langmuir 2 qm(mg/g)=555.5 K;(L/mg)=0.016 R?=0.9095
1/9.=1/q,+ 1/Kq,C, (13)
Freundlich Kr(mg/g)=38 n=3.01 R’=0.9761
Inq,=InKr + 1/nlnC, (14)
Tembkin A=3.50 B=24.39 R™=0.9863
q.=Bln4d + B InC, (15)
Harkins-Jura A4=9.89 B=0.03 R’=0.9626
1/q.=A/B —(1/4)logC, (16)
Halsey n=7.50 =1.71 R?=0.9761
Ing.=[(1/n)InK] — (1/n)InC, (17)

Table 6. Adsorption capacity of BPA by graphene in comparison to other literature values

Adsorbent pH T (K) Gmax (MG/8) Reference

graphene 6.0 302.15 181.6 Xu et al. (2012)
porous carbon produced at 400°C from Moso bamboo NA 296.15 2.1 Asada et al. (2004)
AC purchased from Wako NA 296.15 56.5 Lin and Xing (2008)
carbonaceous material produced at 600°C from wood chips | NA 298.15 4.2-18.2 Chen et al. (2008)
as-grown CNTs 6.0 280.15 61.0 Kuo (2009)
modified CNTs 6.0 280.15 70.0 Chen et al. (2008)

NA=data not available; gmax = maximum adsorption capacity

Table 7. Thermodynamic parameters for adsorption of BPA onto xGnP

n h;’a ’:’Zr‘f'ye’;;‘r’”"’ AH (k) mol™) A (7 ol K AG’ (kKImol ™)
BPA 7025 2123 682 5.64 469
(293.15K) (298.15 K) (303.15 K)

It was noticed that in the conditions of (0.1
mg of xGnP and 50 mL of 1-10 mg/L BPA at 298.15
K, pH = 5.5, contact time 30 minutes, by increasing
pH from 3 to 7, the adsorption of BPA slightly
increased, than it begins to decrease between 7 and 9.
Based on these results, in the experiments pH values
between 5.5 and 7 were maintained during
investigating the effects of the studied sorption
parameters.

The effect of ionic strength of the working
solutions over removal of organic pollutants was also
studied in previous papers (Guven et al., 2012). The
adsorption process of BPA on xGnP surface is
improved in the presence of salts and natural organic
matter.

In our experiment it was found that the
optimum value of the concentration of NaCl in
aqueous solution is 0.037 M (Fig. 6). Adsorption of
BPA with nonplanar and flexibile structure
significantly increases at small concentrations of
NaCl in solution and it begins to decrease at higher
ones. This behavior might be explained by the
distribution of the Na' and CI ions between the
negatively charged graphite platelets, producing a
screening effect and favoring the adsorption of BPA
molecules. The presence of NaCl in solution
decreases the solubility of BPA and enhances its
adsorption on the xGnP. The “butterfly”, or lying-
down configuration of BPA (Guven et al., 2012)
could facilitate the occupation of the more available
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adsorption sites due to the presence of Na and CI
ions. This is more stable, in comparison with that one
with one of the phenol rings oriented perpendicular
to the surface and Van der Waals interactions are
reduced. It was observed that at concentrations over
0.05 M, the adsorption capacity decreased, probably
because of the competition between the species
involved in the process.

900
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so0 @
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300
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100
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0.2 0.3 0.4 0.5
NaCl, M
Fig. 6. Effect of ionic strength on the adsorption of BPA by

xGnP (0.1 mg of xGnP and 50 mL of 1 mg/L BPA at
298.15 K, pH=5.5

qt, mg/g
L

* * *

4. Conclusions

In this study, commercially available
exfoliated graphite nanoplatelets (xGnP) were
evaluated for their sorption performance over
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bisphenol A (BPA). The risks of this endocrine
disruptor pollution lead to obligatory control and
removal of BPA from the environment.

The influence of several parameters was
studied such as: contact time, initial BPA
concentration, temperature, ionic strength, and pH.
Several equations of different sorption models were
used in order to assess the best isotherm equation
which represents the correlation of the experimental
data (contact time 30 minutes, BPA concentration
range between 1 and 10 mg L', xGnP amount 0.1 mg
in 10 mL, temperature range between 293.15 K and
303.15 K, ionic strength 0.037 M NaCl).

The maximum adsorption capacities of xGnP
at 293.15 K, 298.15 K, 303.15 K are 250, 850 and
550 mg/g. Based on a comparison of the R? values,
the adsorption of BPA on xGnP most closely fit to
Langmuir isotherm, suggesting a monolayer
adsorption system on the surface.
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Abstract

The transformation of lentic ecosystems in other types of ecosystems (plain, forest) is a part of normal process of ecological
succession that occurs slowly, at geological scale. The filling of cuvette with eroded material transported by precipitations, air
masses or detritus produced in situ, start from the moment when the body of water lakes is formed and has different rates
depending on many factors: geographical location, geological substrate type, types of existing uses in the basin. Nutrient
pollution, especially those originating from human activity, leads to water eutrophication, which accelerates the aging process of
lakes. This is the case of Lake Amara, whose body of water has decreased considerably in recent years, large areas being now
covered reed. Amara Lake, located in south-eastern Romania, is one of the five lakes in the country where they form mud
exploited for therapeutic purposes. The importance of the lake derives both from the position of spa tourism, and the status of
special protection avifaunistic area. These functions depend on maintaining constant parameters lacustrine ecosystem, the
preservation of the current status and finding ways of halting and reversing the processes of nutrient pollution, so the process of
eutrophication. From this reason, Amara Lake is constantly monitored in terms of trophic parameters, for that the measures to
stop the eutrophication to be applied at time. In this paper, are presented the actual trophic status of Amara Lake and his
evolution in the last decennium. This study can gives useful information for the management decisions that to allowing the
sustainable development of this area.
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1. Introduction

Ecological succession is a process that takes
place with different rates depending on a variety of
factors of which some can be listed: geographic
position, geological substrate type etc. In lentic
ecosystems, this process consists in filling the basin,
covering the following phases: shallow lake, marsh
reed long, plain. Field can be covered by shrubs and
trees, turning into forest ecosystem. This
transformation does not necessarily have a negative

impact, excepting the point of view of human use,
and can seriously affect types of resources of natural
capital to which the population has access, with
economic and social repercussions. The unbalance of
these factors influences the rate of ecological
succession and leads to its acceleration (Andersen et
al., 2006).

Increasing the amount of nutrients in lake
water causes an explosive growth of aquatic plants in
the first phase, then unbalancing the entire trophic
network of ecosystem, with more or less severe

* Author to whom all correspondence should be addressed: e-mail: dbulgariu@yahoo.com
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effects, depending on the type of nutrients found in
excess, on the opportunistic algal associations or time
for self adjustment (Thomas, 1969).

Eutrophication means the enrichment of water
in nutrients, especially by nitrogen and phosphorus
compounds, which cause an accelerated growth of
algae and superior forms of vegetable life, producing
an undesirable disturbance of the balance of
organisms present in water and of waters quality
(Parvu, 1999). In other words, eutrophication is a
process of ecosystem degradation caused by the
existence of large amounts of nutrients, and this
process can be: natural - when done in a long time, or
anthropogenic, due to human activities - when its
evolution is rapid (Vadineanu et al., 1999).
Phenomena and processes described for a lentic
ecosystem do not overlap exactly one another
because of differences in morphological, climatic and
anthropogenic use. The status of a eutrophic lake can
be established only when compared to its previous
state or a reference lake (similar as geographic
location etc.) (Rougé et al., 2013). Eutrophication of
freshwater bodies (but not only, since it has been
observed blooms in Black Sea, marine bays and
estuaries) is currently the main problem of interest
for researchers and political and economical
decisions makers (Carpenter et al., 1999; Yang et al.,
2008).

In Romania, the requirement of monitoring
trophic status of water bodies lies with the National
Administration Romanian Waters, in the view of
complying with regulations and European standards
for collection, analysis and interpretation of physical-
chemical and biological samples. Evolution of
trophic lakes is studied based on investigative
methods developed by ICIM - Environmental
Engineering Research Institute in 1984 (ICIM, 1995).

The importance of the Amara Lake derives
both from its position for tourism and from its special
status as protected aqvifaustic area for 54 bird
species. Amara Lake is a shallow lake, very sensitive
to nutrient pollution because it is surrounded by
farmland steppe and the climate is favourable for
wind transport phenomena and the leaching of
nutrients from the sides toward the water. Also, being
a lake used for tourism and treatment, it supports a
high pressure of human factors, especially in the
summer. The influence of these factors have
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determined the gradual reduction of water surface,
since large areas, especially those of shallow bay
types are already covered with reeds (Fig. 1).

In consequence, a constant monitoring of
Amara Lake in terms of trophic parameters is
required, in order to implement timely measures to
stop eutrophication.

In this study we presented both the actual
trophic status of Amara Lake and its evolution in the
last decade. The study offers useful information for
the management decisions for allowing the
sustainable development of this area.

2. Experimental

The evaluation of water quality and its
compliance with quality classes was done by
collecting and analyzing water samples from 13
sampling points (Table 1), determined after plotting
transects on the lake map (Fig. 2), during of 2002 —
2013 period.

In all these points an ecological monitoring
program was conducted, six of them being
additionally supervised for vulnerability to nutrients
(points 4, 5, 8, 9, 10 and 13), while 5 points (5, 8, 9,
10, 13) being monitored for fish life. Since 2007,
four annual monitoring campaigns have been
achieved, and the number of monitoring points was
reduced to one (2007, 2008, 2009, 2010- Middle lake
- position 7 in Table 1), maximum two (2008, 2011,
2012, 2013- Middle lake and Perla Complex - out
lake — positions 7 and 12 in Table 1).

In 2008, the Middle lake point and the profile
,,photic zone limit” were monitored. The 13 sampling
points were monitored discontinuously, most
recordings being focused on the Middle lake point
(code 1120340), and while the fewest records were
those for Tail Lake (code 1120310) and Wharf points
(code 1120320).

In Table 2 it is summarized the frequency of
water quality monitoring, at collection points set out
in sections of Amara Lake. None of the sections did
benefit from constant monitoring over the 10 years
referred in to the study. The monitoring program was
established by SGA Buzau-lalomita, which, for
administrative reasons, political, financial or climate
(flooding) reasons have ranged and the number of
sampling campaigns per calendar year.

(b)
Fig. 1. Satellite image of Amara Lake in 2009 (a) and 2013 (b) (Google Earth)
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The year with the most campaigns was 2006 —
with 9 campaigns in 6 points from the 13 sampling
points established. During the period 2002-2005 4
annual campaigns were conducted (one in each spring
and autumn and 2 in each summer) in 12 points by 13
points. Between 2008-2010 there were four
campaigns covering only two sampling points from
13, while four campaigns were scheduled in 2007, but
in one monitoring point - Middle lake (code 1120340)
(Table 2). The main eutrophication parameters
monitored in sampling points established on Amara
Lake are: transparency, suspended solids, total
phosphorus, total nitrogen and total phytoplankton
biomass.

Fig. 2. Amara Lake — sampling points location

Table 1. The coordinates of sampling points from Amara Lake, used for monitoring in 2002-2013 period

No. Section name/ Code Eastern Northern Layering Monitorinlg
Sampling point longitude | latitudine Program

1 Lake tail (Center) / 0 m 112031010 | 27°2127" | 44°36'10" | unlayered ES'

2 Lake tail (Center) /2.5 m 112031020 | 27°21'27" | 44°36'10" | unlayered ES

3 Lake tail (Mircesti)/ 112032010 | 27°2127" | 44°36'10" | unlayered ES
surface

4 Lake tail (Mircesti) / 112032020 | 27°2127" | 44°36'10" | unlayered ES, VN’
photic zone

5 Dock /0m 112033010 | 27°21'10" | 44°36'25" | unlayered ES,VN, FL*

6 Dock /2.5m 112033020 | 27°21'10" | 44°3625" | unlayered ES

7 Middle lake/surface 112034010 | 27°20'42" | 44°36'33" | layered epilimnion ES

8 Middle lake/photic zone 112034020 | 27°20'42" | 44°36'33" | layered epilimnion ES,VN, FL

9 Middle lake 112034030 | 27°20'42" | 44°36'33" | layered hipolimnion ES,VN, FL
photic zone limit

10 | U.G.S.R.%0m 112035010 | 27°20'12" | 44°36'39" | unlayered ES,VN, FL

11 | U.G.SR.22.5m 112035020 | 27°20'12" | 44°36'39" | unlayered ES

12 | Perla Complex (lake outlet)/surface 112036010 | 27°19'09" | 44°3623" | layered epilimnion ES

13 | Perla Complex (lake outlet) /photic 112036020 | 27°19'09" | 44°3623" | unlayered ES,VN, FL
zone

'ES = ecological surveillance; “VN= vulnerability to nutrient; "FL = fish life;

Unions of Romania”

“U.G.S.R= former name meaning ,,General Union of Trade

Table 2. The sampling frequency for Lake Amara monitoring, in period 2002-2013

Section name/
Sampling point/ year/ 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
number of campaigns

1 Lake tail (Center) /Om | 4 4 4 4 - - - - - - R N

2 | Lake tail (Center) /2.5 4 4 4 4 - - - - - - - R
m

3 Lake tail (Mircesti)/ 4 4 4 4 9 - - - - - - R
surface

4 | Lake tail (Mircesti) / 4 4 4 4 9 - - - - - - -
photic zone

5 Dock /0m 4 4 4 4 - - - - - - - -

6 | Dock /2.5m 4 4 4 4 - - - - - - - B

7 | Middle lake/ 4 4 4 4 9 4 4 - - - - R
surface

8 Middle lake/ 4 4 4 4 9 - 4 - - - - B
photic zone

9 Middle lake - - - - 9 - - - - - - _
photic zone limit

10 [ U.G.S.R.*/0m 4 4 4 4 - - - - - - - -

11 | U.G.S.R.22.5m 4 4 4 4 - - - - - - - -

12 | Perla Complex (lake 4 4 4 4 9 - - - - 4 4 4
outlet) /surface

13 | Perla Complex (lake 4 4 4 4 - - - 4 4 - - R
outlet) /photic zone
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Each of this parameter has been analyzed
according with the standard procedures (Fresenius et
al., 1988; ICIM, 1995), and on the basis on their
determined values, the evolution of throphic state of
Amara Lake has been discussed.

3. Results and discussion

3.1. Monitoring of suspended matter and water
transparency

Light affects photosynthesis through radiation
with a wavelength between 390-710 nm, which
represents 46-48% of the incident solar radiation
(Buruian, 2002). Regarding Amara Lake whose
water surface is not shaded by tall slopes, lake photo-
autotrophies are influenced by the number of days of
sunshine and water transparency. The amount of the
incident light has also seasonal variations (with a
minimum in winter and maximum in summer) and
diurnal variations. Water transparency depends on a
number of factors related to climatic peculiarities of
the area, morpho-geology of basin, hydrological
regime and the type and intensity of biological
processes.

Depending on transparency and hence the
percentage of light incident radiation which is
reflected in the water body, two layers are defines:
photic or trophogenic zone (intake of > 1% of the
amount of light) and the aphotic or tropholitic zone
(input <1% of the light) between which a
compensation area exists (Brezeanu and Simion-
Gruita, 2002). Transparency index, as the ratio
between transparency and depth (T/A) is associated
with the development of macrophytes. At a ratio
lower than 0.20, there are not conditions for
photosynthesis of organic substances in lake water
(Yang et al., 2014), and this significantly influence
the eutrophication of water.

Shallow lakes usually have a low transparency
because moving air masses causes the waves and
currents, which leads to the entrainment of deposits
from the bottom of the basin, leading to an increase
in the amount of suspended solids in the water.

In Table 3 there are presented the limits of
photic zone for sampling point “Middle lake” (code
112034030) correlated with the amount of suspended
matter and water transparency index, for one year
taken as example — 2009.

Increasing the amount of suspended matter, in
samples obtained during harvesting campaigns,
reduces the limit of photic zone, but transparency
index values do not falls below 0.20, which is proved
by the presence of some macrophytes such as:
Phragmites  australis, Potamogeton pectinatus,
Chara vulgaris, Cladophora glomerata, Spyrogira
sp., Filamentous algae) in water samples.

Fig. 3 illustrates the variation of the amount of
suspended matter (mg/L) in water samples from
different sampling points, during of 2004 — 2013
period. It can be observed that in the studied period,
the value of this parameter increases very little with
the depth, due to sedimentation processes. Also, the
experimental measurements highlight that, in the last
three years a stabilization of the amount of suspended
matter occurs, which increases the photic zone depth
(Table 4). The values summarized in Table 4 show
that the lake water transparency is lower in the
summer period, when the algae growth is favored and
when the amount of exogene dust transported by
wind is higher, in comparison with autumn period,
when these factor and less important.
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Fig. 3. Variation of amount of suspended matter in Amara
Lake, in 2004 — 2013 period

Table 3. Transparency index of water from Amara lake — “Midle lake” sampling point, 2009

Date 03/30 06/20 09/14 12/02
Limit of photic zone (m) 2.80 2.90 2.30 1.50
Suspended matter (mg/L) 304.0 423.0 506.5 474.5
Index of transparency (A = 4.1 m) 0.68 0.70 0.56 0.36
Table 4. Transparency of Amara Lake in 2010 — 2013 period
Year Date Middle lake Lake tail Year Date Middle lake Lake tail
2010 05/28 250 220 2011 05/03 100 110
06/23 150 70 06/19 280 260
08/23 150 110 08/29 200 250
09/27 150 110 10/19 70 70
2012 05/08 280 210 2013 04/26 220 230
06/05 110 110 06/03 350 325
09/17 80 85 08/16 300 180
10/25 200 200 10/22 130 250
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3.2. Monitoring of phosphorus content

The dissolved organic phosphorus is
mineralized by specific bacteria and transformed in
inorganic phosphorus that can be metabolized by
algae, and this process is significantly influenced by
temperature (Ludwig et al., 2003; Macoveanu et al.,
2005). The phosphorus concentration in water
depends on the concentration of organic substances,
temperature and intensity of bacterial activity. The
wastewater with high content of organic matter
increases the phosphorus level, increasing the risk of
eutrophication. There are two major anthropogenic
sources of phosphorus: domestic wastewater loaded
with detergents and organic substances (watery
faecces) and animal manure from livestock farms
(Arnaldos and Pagilla, 2010; Qin et al., 2015).

In case of Amara Lake, the annual average of
total phosphorus content, plotted in Fig. 4, shows that
for the last four years a stabilization of values
without sudden positive or negative changes
occurred, which suggests is a tendency toward
balancing processes in the lake.

3.3. Monitoring of nitrogen content

Nitrogen is an essential element for life in the
biosphere because it is included in the structure of all
proteins, nucleic acids, chlorophyll, vitamins and
hormones. Atmospheric diatomic nitrogen (N=N) is
an inaccessible gas for most of biologic systems, and
therefore is converted at fix forms (NH;", NO5", NO,)
(He et al., 2015; Mihaescu et al., 2007). Molecular
nitrogen penetrates quite easily from atmosphere into
water, diffuses to the depths. In this form, the
nitrogen can be used only by fixing bacteria and by
some blue algaec (Bouwman et al., 2009). After the
mineralization which ensure the conversion in
utilizable inorganic forms, the nitrogen becomes
available and for other plants and microorganisms,
and this process is essential for the cycle of this
element in nature (Berca, 2000).

The annual average of total nitrogen content is
illustrated in Fig. 5. The average obtained values
shows that in case of Amara Lake significant
fluctuations appear, during of studied period. These
fluctuations are influenced by the hydrological
regime of the area, the ascending curves being
corresponding to the rainy years.

3.4. Monitoring of phytoplankton biomass

The dominant species of phytoplankton
biomass in Amara Lake, during of 2002 — 2013
period were: Cyanophyta-Aphanizomenon  flos-
aquae, Microcystis — aeruginosa, Merismopedia
elegans, Synechocystis sp, Gloeocapsa minima,
Bacillariophyta- Cocconeis pediculus, Cyclotella
meneghiniana, Fragillaria crotonensis, Stauroneis
anceps, Anomoconeis  sphaerophora,  Nitzschia
closteriu, N. Sigmoidea, Criptophyta- Chroomonas

caudata, Chroomonas  acuta, Chlorophyta-
Cosmarium  leave, Scenedesmus  quadricauda,
Chlamydomonas sp, Ankistrodesmus minutissima,
Oocystis  submarina, Ankira sp, Euglenophyta-
Monomorphina pyrum, Phacus longicauda and
Euglena viridis. All these species have been
periodically measured and expressed as total
phytoplankton biomass. The evolution of the total
phytoplankton biomass for Amara Lake, in the last
decade is presented in Fig. 6.

It can be observed that the total phytoplankton
biomass altered between periods with high
microalgae production (for years 2005 and 2012) and
clear water phase of Amara Lake (where the average
value of total phytoplankton biomass is not higher
than 3.0 mg/L).

Total phosphorus content,

Fig. 4. Annual average of total phosphorus content in water
of Amara Lake, in 2004 — 2013 period

Total mineral nitrogen
content, mg/L

av. 2004
av. 2005
av. 2006
av. 2007
av.2008
av. 2009
av.2010
av.2011
av.2012

av. 2013

Fig. 5. Annual average of total mineral nitrogen content in
water of Amara Lake, in 2004 — 2013 period

Total phytoplankton biomass,
mg/L

av. -y,
2012 2013

Fig. 6. Annual average of total phytoplankton biomass in
water of Amara Lake, in 2004 — 2013 period
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Table 5. Framing in quality class of Amara Lake, for 2002 — 2013 period

Year | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
Indicator Quality class
Total E H H E H E E E H E E E
phosphorus
Total mineral | U o 0 E E E 0 0 o E E
nitrogen
Total
phytoplankton | E M M E o o (0] M E o M E
biomass
Global quality E E E E H E M E H E E E
class
Conventional 4 4 4 5 4 3 4 5 4 4 4
number
Notations: “U” — ultraologotroph (cn = 1); “O” — oligotroph (cn = 2); “M” — mesotroph (cn = 3); “E” — eutroph (cn = 4); “H” — hypertroph

(cn =5); cn — conventional number

These fluctuations are mainly determined by
the climatic regime of the year, in special during of
summer. Thus, in warmest years (such as 2005 and
2012), the high nutrient concentrations and warm
temperatures stimulated the phytoplankton growth. In
the years where the summer temperatures were not so
high (such as 2007), the microalgaec biomass is
strongly reduced, and in consequence the
phytoplankton growth is lower. It should be also
noted that the fluctuations of total phytoplankton
biomass are offset because of the time necessary for
carrying out biological processes.

3.5. Quality class of Amara Lake

Considering the global quality classification
as a function of main indicators of eutrophication
(www.daib.rowater.ro), the Amara Lake can be still
included in E category, which demonstrates an
equilibrium state of these indicators (Table 5).

For a complete picture of the state of the lake
in terms of eutrophication, we compared the
evolution of the main indicators (total phosphorus,
total mineral nitrogen, total phytoplankton biomass)
in Amara Lake, for 2004 — 2013 period, which is
presented in Fig. 7.

Quality class
—a— Total phosphorus, mg/L

—o— Total mineral nitrogen, mg/L

—&— Total phytoplankton biomass, mg/L

Evolution of studied parameters

* * * * * *

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Fig. 7. Parameters of eutrophication degree and quality
class of Amara Lake, in 2004 — 2013 period
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It can be observed that, with exception of total
phytoplankton biomass, whose variations could be
correlated with other physical and chemical factors
(temperature, pH, diversity index etc.), all the other
indicators have insignificant variations during the last
three years. This indicates that the Amara Lake is in a
self-regulation stage of  biological and
physicochemical processes.

4. Conclusions

The functions of Amara Lake depend on the
the possibilities of maintaining constant various
parameters of lacustrine ecosystem, the preservation
of the current status and finding ways of halting and
reversing the processes of nutrient pollution, such as
the process of eutrophication.

In this paper, it is presented the evolution of
some parameters responsible for the eutrophication
process of Amara Lake. The obtained average values
of studied parameters (suspended matter, water
transparency, total phosphorus, total mineral
nitrogen, total phytoplankton biomass) have shown
insignificant variations for the last three years, which
suggest that the Amara Lake is in a self-regulation
stage of biological and physicochemical processes.

The current trophic status of the lake and its
evolution in the last decade can give useful
information and support for management decisions
that to allowing the sustainable development of this
area.
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Abstract

A novel sensitive and rapid analytical approach based on ultra-high performance liquid chromatography - mass spectrometry
(UHPLC/MS/MS) tandem was developed for the monitoring of pentachlorophenol in water samples. Chromatographic separation
was carried out on Acquity BEH C18 (100 x 2.1 mm, 1.7 pm) column under gradient mode using a mobile phase consisting of
acetonitrile/ultrapure water/formic acid. Quantification of pentachlorophenol was performed on a triple-quadrupole tandem mass
spectrometer under multiple reaction monitoring (MRM) mode, via a negative electrospray ionization (ESI"). The limit of
quantification of the developed instrumental method was 0.3 pg L. The linearity was validated within the concentration range
0.1-100 pg L'with a correlation coefficient (R?) of 0.998. Intra-day and inter-day precision values were 99.78 and 99.12%,
respectively. Moreover, for the application to real water samples, a solid phase extraction method (SPE) was proposed for the
extraction and preconcentration of analyte. Some of the main factors involved in the SPE extraction process such solid phase
material, elution solvent and sample volume were investigated and optimized in order to maximize the extraction efficiencies.
Oasis HLB cartridges showed the best results in term of extraction recovery. High analyte recoveries (between 98.2% and
100.18%) were achieved with the proposed SPE procedure and the extraction RSD was less than 3.1%. In addition, the whole
new analytical strategy (SPE-UHPLC/MS/MS) was then successfully applied for pentachlorophenol quantification in natural
waters at low part per trillion levels.

Key words: pentachlorophenol, solid phase extraction, tandem mass spectrometry, ultra-high performance liquid
chromatography, water analysis
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toxic and was identified as environmental endocrine
disruptor (EED) (Yang et al., 2005). Some studies

1. Introduction

Phenols and their derivative compounds
commonly exist in the environment due to various
industrial  activities. Among the hazardous
compounds included in the family of chlorophenols,
pentachlorophenol (PCP) is considered as the most

revealed potential possibility to cause decreases in
thyroid hormone levels of neonates, neurological
disorders, immunodeficiency, or acute pancreatitis
(Dallaire et al., 2009; Yang et al., 2006). This organic
molecule has been widely used as wood preservative

* Author to whom all correspondence should be addressed: e-mail: lidia.favier@ensc-rennes.fr; Phone: +33223238135; Fax: +33223238020
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in industry, as broad spectrum herbicide and
germicide in agriculture and as an intermediate in
pharmaceuticals. Moreover, this compound can be
formed from phenols during the drinking water
disinfection with chlorine affecting the taste and odor
of distributed water (Kadmi et al., 2015). All these
applications often lead to wastewater, groundwater
and even to drinking water contamination.

During the last decades, PCP has drawn a
significant scientific attention, due to its high
toxicity, hydrophobicity and long environmental
persistence related to its stable aromatic ring system
and high chloride content (Dudal et al., 2004; Ge et
al., 2007; Zheng et al., 2012). The reported toxic
effects on human health are related to its estrogenic,
mutagenic and carcinogenic properties (Gavrilescu,
2009; Michalowicz and Duda, 2007). The
International Agency for Research on Cancer (IARC)
classified PCP as group 2B carcinogen (IARC,
1991), possibly carcinogenic to humans. Based on its
toxicity and widespread distribution in the
environment PCP has been included in both U.S.
Environmental Protection Agency and European
Union List of priority pollutants and strict restrictions
on the maximum admissible concentrations (MAC)
in drinking water have been fixed (0.5 ug L™ for total
phenols and 0.1 pug L™ for individual compounds)
(EPA, 2004; Jakab et al., 2013; Jakab et al., 2014;
Wennrich et al., 2000). The MAC value for PCP in
inland and other surface waters the set to 1 pg L.

Generally, the concentration of PCP is very
variable and depends on the type of water. For
example, higher levels (in the pug L' range) were
found in landfill leaches (Ho et al., 2008; Wei and
Jen, 2002). However, lower levels (in the ng L
range) have been reported in China’s rivers by Gao et
al. (2008). Hence, it is of great interest in the
environmental field to develop fast and sensitive
analytical methods for the monitoring of trace and
ultra-trace levels of PCP in water samples. The major
challenge in the analysis of such molecule is to attain
the high sensitivity required for determination of
trace levels in environmental samples.

Over the last decade, a variety of analytical
methods including liquid chromatography (LC), gas
chromatography (GC), high performance liquid
chromatography = (HPLC) and  thin  layer
chromatography (TLC) in combination with selective
detectors such as electron capture, diode array, mass
spectrometer and flame ionization have developed
for detection and quantification of PCP and
congeners in different samples (Bartak et al., 2000;
Callejon et al., 2007; Favaro et al., 2008; Gremaud
and Tureski, 1997; Pugliese et al., 2004). Among
these methods, those based on gas chromatography
are the most commonly used due to their high
sensitivity and good resolution (Bagheri and Sajari,
2001; Padilla-Sanchez et al., 2011). Additionally, for
the GC and GC/MS determinations a derivatisation
step (by methylation, pentafluorobenzylation or
acetylation) is generally needed to improve the signal
detection and peak resolution (Korenman et al., 2003;
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Llompart et al., 2002) requiring additional time
consuming steps and the use harmful reactive
chemical agents.

All these reasons pointed out, the interest in
the development of more environmentally friendly
analytical techniques for the detection of this
persistent pollutant. Recently, ultra-high performance
liquid chromatography combined with triple
quadrupole tandem mass spectrometry
(UHPLC/MS/MS) in multiple reaction monitoring
mode (MRM) has become a promising analytical tool
in the domain of environmental analysis. Such
technique could provide high sensitivity, efficiency
and molecular weight data for the analytes
identification. In this sense, UHPLC/MS/MS appear
as suitable techniques for the analysis traces of PCP
in environmental water samples.

Nevertheless, due to the low concentration
levels of PCP in environmental matrices sample
pretreatment is normally required prior to
instrumental analysis in order to isolate, clean-up and
preconcentrate the target analyte from the matrix and
to obtain the required instrumental detection limits.
Several sample-handling techniques such as the
conventional liquid-liquid extraction (LLE), solid
phase microextraction (SPME) and stir bar sorptive
extraction (SBSE) are have been reported for the
extraction of chlorophenols (Domeno et al., 2005;
Llombart et al., 2002; Llorca-Porcel et al., 2009).
However, some of these techniques have limitations
because they are time-consuming and require high
amount of organic solvents. Solid phase extraction
(SPE) is one of the most widely used methods for the
sample pretreatment in environmental analysis.

In this study, a new analytical strategy
coupling solid phase extraction with ultra high
performance liquid chromatography tandem mass
spectrometry was developed for the quantification of
PCP in water samples at low ng L' level. This work
aims to prove the utility and reliability of such
analytical  strategy for the monitoring of
pentachlorophenol in water samples. Several factors
affecting the SPE extraction efficiency were studied
and optimized in order to improve the target analyte
extraction recovery.

The main advantage of the proposed
methodology compared with existing methods from
the literature (with or without derivatization) is the
substantial improvement of its sensitivity for the
detection of PCP. Thus it could be a promising
analytical tool for the PCP monitoring in real water
samples. To our knowledge, this is the first work
reporting the analysis of this hazardous organic
compound by SPE-UHPLC/MS/MS.

2. Experimental
2.1. Reagents and samples
2.1.1. Reagents

The target compound studied here is
pentachlorophenol, obtained from Sigma Aldrich
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GmbH  (Steinheim, Germany). All chemicals
(reagents and solvents) used in this study were of the
highest analytical purity grade. Acetonitrile and
formic acid were supplied by J.T. Baker (Deventer,
Netherlands). Methanol and dichloromethane were
obtained from Fischer Scientific-Bioblock (Illkirch,
France). Acetic acid, ethyl acetate, diethyl ether and
sodium hydroxide were purchased from Acros
Organics (Noisy-le-Grand, France).

2.1.2. Preparation of standard solutions and water
samples

A stock standard solution (1000 mg L) of
pentachlorophenol was prepared by dissolving
accurate amount in methanol. The working solutions
were freshly prepared by appropriate dilutions (to
reach the working concentration range) of the stock
standard solution in acetonitrile/ultrapure water
(55/45, v/v). This composition ensured good stability
of the chlorophenols in water samples. The ultrapure
water (with a resistivity of 18MQ and a DOC value
less than 0.1 mg L") used for the preparation of the
samples was obtained with an Elga Option-Q DV-25
water purification system (Antony, France). All
solutions were stored in glass bottles in the dark at -
20°C. To demonstrate the applicability of the
developed method real water samples including river
water were used in this work.

The samples were collected in October 2013
and January 2014, from different locations (from
Britany region, France). All samples were collected
in baked glass 10-L amber bottles with Teflon lined
caps to ensure sample integrity, filtered through a
0.45 pm cellulose membrane and then stored in the
dark at 4°C until their analysis (within one week of
collection).

2.2. Apparatus and analytical conditions

The UHPLC/MS/MS system comprised a
Waters” Acquity™ UHPLC H-Class system, coupled
to a Waters Quattro Premier'™ Triple Quadrupole
mass spectrometer (Saint-Quentin en Yvelines,
France). The chromatographic system contain a
binary pump, an auto-sampler and a thermostated
column compartment (Waters, Saint-Quentin en
Yvelines, France). Chromatographic conditions that
directly affect chromatographic separation such as
chromatographic column, elution mode, mobile
phase composition and aditives were studied and
optimized in this work.

Analyte separation was carried out with a
Ethylene Bridged Hybrid (BEH) C18 column (100 x
2.1 mm, 1.7 um; particles, Waters, Ireland) protected
by an in-line filter purchased from Waters (Saint-
Quentin en Yvelines, France). The analytical column
compartment was maintained at 45°C and the auto-
sampler at 5°C. The flow rate was 0.4 mL min" and
the injection volume 5 pL. Mobile phases were
acetonirile (A) and ultrapure water (B) containing
0.1% (v/v) formic acid (pH 3). Elution was done in
gradient mode. Details on the optimized

UHPLC/MS/MS conditions are presented in Section
3.1

2.3. Solid-phase extraction (SPE) conditions

The extraction of PCP from water samples
was performed by off-line SPE. Oasis HLB
cartridges (6 cc, 200 mg) from Waters (Guyancourt,
France) were used for the SPE experiments. A 12-
port Visiprep SPE vacuum manifold obtained from
Supelco (Bellefonte, PA, USA) was used for sample
extraction. Within this study, Oasis HLB
(Hydrophilic-Lipophilic Balanced) cartridges (6cc,
200 mg, Waters, Milford, MA) containing a
macroporous poly(divinylbenzene-co-N-
vinylpyrrolidone) copolymer were selected for the
development and optimization of the SPE method.
The developed SPE procedure was carried out as
follows: Oasis HLB cartridges were conditioned
using 2 x 2 mL acetonitrile, and 2 x 2 mL methanol
and then equilibrated with 2 x 2 mL of ultrapure
water acidified with formic acid (0.1%) at a flow rate
of 5 mL min'. The analyte was spiked into a water
sample of 250 mL. The water samples were
immediately loaded on the SPE cartridges at 5 ml
min”. After the loading step, the cartridges were
cleaned with ultrapure water adjusted to pH 3 with
formic acid (2 x 2 mL). The analyte was then eluted
successively with 2 x 2 mL of methanol at a flow rate
of 3 mL min™.

The eluates were transferred to a clean conical
graduated glass Pyrex” tube (VWR, Fontenay-sous-
Bois, France) and concentrated by evaporation under
a nitrogen stream to a final volume of 0.1 mL
(concentration factor of 2.500). The obtained extracts
are then reconstituted using acetonitrile/ultrapure
water (55/45, v/v) and transferred to injection vials.
Finally, the extracts were stored at 4°C until further
analysis.

2.4. Quality parameters

2.4.1. Linearity, limit of detection and limit of
quantification

The linearity of the method was studied from
the calibration curves prepared from spiked ultrapure
water samples at seven pentachlorophenol
concentrations ranging from 25 to 200 pg L. Each
solution was analysed in triplicate. The calibration
curves were plotted by the peak area versus the
concentration of analyte. The linearity was evaluated
by linear regression analysis determined by the least
squares regression method.

This method was used to determine the slope,
intercept, and correlation coefficient (R?) of the linear
regression equation. The instrumental limit of
detection (ILD) is the lowest concentration of analyte
that gives a measurable response (signal to noise
ratio (S/N) of 3), while the instrumental
quantification limit (IQL) is the lowest concentration
of analyte which can be accurately quantified (S/N of
10).
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2.4.2. Precision and accuracy

The precision of the proposed instrumental
method was evaluated in terms of repeatability (intra-
day and inter-day precision). The repeatability values
were expressed as relative standard deviation (RSD,
%). It was determined by analyzing six replicates
(n=6) of IQL samples. The intra-day precission was
assed by analyzing the IQL samples six times within
a single day and the inter-day precision was
calculated by determining the IQL samples over three
days.

2.4.3. Extraction recovery and matrix effect

SPE recoveries were determined
quantitatively at low and high concentration levels.
The extraction recoveries (R, %) were assessed by
comparing the analytical results obtained for an
extracted sample using the developed SPE procedure
to an unextracted pure standard. Thus, the extraction
recovery of pentachlorophenol was calculated as
ratio of the peak areas of the extracted and
unextracted samples.

The matrix effect (ME = C/D, %) was
determined as described previously by Kadmi et al.
(2014). It was evaluated by comparing the peak
areas obtained from the analyte in the presence of the
matrix (C: samples spiked for extraction) to the one
in absence of the matrix (D: pure standard solution).
In this study, the matrix effect was evaluated by
using a real water samples. Then, the relative
standard deviations (RSD, %) were also calculated.

3. Results and discussion
3.1. Optimization of UHPLC/MS/MS conditions

The primary aim of this work was to evaluate
the potential of UHPLC system for the analysis of
pentachlorophenol in water samples. The UHPLC
system takes full advantage of chromatographic
separation with high resolution and rapid analysis

time by using columns packed with smaller particles
(1.7 um). Chromatographic conditions such as
stationary phase, mobile phase composition and pH
and elution mode were optimized in this study
through several tests in order to obtain a good
resolution, increase the signal of PCP in water
samples and short run time. Several reversed phase
columns such as Acquity BEH HSS T3 (100 x 2.1
mm, 1.7 pum), Acquity BEH C8 (100 x 2.1 mm, 1.7
pm) column and Acquity BEH C18 column (100 x
2.1 mm, 1.7 um) were carefully tested in order to
obtain optimal efficiency, selectivity, symmetric peak
shape and reduced retention time. The Acquity BEH
C18 (100 x 2.1 mm, 1.7 um) was finally chosen in
this work because it gives good peak shape and
sensitivity. Different compositions of binary mixtures
(of acetonitrile-ultrapure water and methanol-
ultrapure water with different additives such as acetic
or formic acid), were investigated as eluting solvents
in both isocratic and gradient modes to achieve good
separation in minimum run time for the target
analyte. It was found that acetonitrile gave the better
chromatographic separations (data not shown) under
gradient mode. Moreover, it was observed that the
addition of formic acid (0.1% v/A) remarkably
improve the peak symmetry and the ionization of the
target molecule (Table 1).

Therefore, a mobile phase of acetonitrile-
water with formic acid (0.1%, v/v) was selected in
this work for PCP separation and quantification.
Elution was done in gradient mode performed as
folllows: by increasing linearly the content of organic
modifier from 5% (initial) to 55% within 2 min, then,
the percentage of A was incresed linearly up to 100%
between 2-4 min and then return to initial conditions
5% (A) for a 1.5 min (Table 1). Under optimized
chromatographic conditions the obtained retention
time for PCP was 3 min (Fig. 1). In addition, blanks
were periodically run during the analysis to confirm
the absence of contamination.

Table 1. Optimized conditions of UHPLC and MS/MS for the pentachlorophenol analysis

UHPLC conditions
Column Waters Acquity BEH C18 (100 x 2.1 mm, 1.7 um)
Column temperature (°C) 45
Mobile phase Acetonirile (A) and ultrapure water (B) containing
0.1% (v/v) formic acid (pH 3)
Gradient program 5-55% (A) within 0-2 min; 55-100% (A) within 2-4 min; return to the

initial conditions of 5% (A) for a 1.5 min

Flow rate of the mobile phase 0.4 mL min
Injection volume SuL

MS/MS conditions
Source temperature (°C) 120
Capillary voltage (kV) 3.0
Desolvation temperature (°C) 350
Desolvation gas flow (L h™) 750
Cone gas flow (L h™) 75
Quantification transition, m/z 263.0 > 35.5
Confirmation transition, m/z 263.1 >263.5
Cone voltage (V) 25
Collision energy (eV) 10
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Atmospheric pressure chemical ionization
(APCI) and ESI (electrospray ionization) interfaces
with positive and negative ionization were evaluated
in order to get the optimal analytical conditions for
the determination of PCP.

100 _ PCP-ET MRM of Channels, ES—
1 2630 > 355
% it
0 _""I""I"I"'I'.“I’I' min
100 200 3.00 400
(@
Lo _ PCP-ET MRM of Channels, ES—
1 2630 =355
o |
D_""I""I""I""I' min
100 200 3.00 400
(b)

Fig. 1. Representative MRM chromatogram obtained from
UHPLC/MS/MS analysis: (a) ultrapure water sample
spiked with a standard solution of pentachlorophenol
(concentration level IQL); (b) ultrapure water sample

(blank)

Obtained results revealed that the optimal
conditions for analyte quantification were achieved
with ESI interface functioning in negative mode due
to its high sensitivity. The different mass
spectrometric parameters of the interface were
optimized by direct injection of standard solution of
analyte (50 ug L") into the mass spectrometer. The
selected parameters are as follows: source
temperature, 120°C; desolvatation temperature,
350°C and a capillary voltage, 3kV. Nitrogen was
used as desolvatation gas (750 L h™') and as cone gas
(75L 1.

Optimization of cone voltage was carried out
by scanning the voltage from 10 to 120V with the
full scan mode and a scan time of 1s. No additional
molecular fragment was observed by increasing
voltage and finally a cone voltage of 25V was
established to be sufficient for analyte detection
because this provided very good sensitivity for PCP.
The MS/MS  parameters selected for the
determination of considered molecule were detailed
in Table 1. Thus, these parameters remained fixed
during a single analysis.

Moreover, in this study, two sensitive MRM
transitions were selected for analyte determination.
Indeed, two transitions have to be recorded for the
considered compound in order to get a sufficient
number of identification points for a suitable
confirmation. Thus, in this work, the peak area of the
most intense transition was used for quantitative
purposes and the less intense transition was used for
the confirmation of each analyte. The selected
multiple reaction monitoring transitions PCP analysis
are presented in Table 1.

3.2. Analytical performance of the UHPLC/MS/MS
method

Once optimized, the instrumental method was
characterized in terms of limit of detection, limit of
quantification, precision, accuracy, and extraction
recovery. The tests were carried out without organic
interfering species (ultrapure water). The obtained
results are summarized in Table 2. External
calibration curve (6 levels and 1 blank) was
established by plotting the peak areas against analyte
concentration. Linear range of pentachlorophenol
was obtained in the range of 0.1 — 100 pg L™'. The
slope and intercept value for calibration curve was y
= 409.63x + 85.01. The results show excellent
correlation between the peak area and concentration
of PCP (R’= 0.998). As stated previously, the
instrumental limits of detection and quantification
(IDL and IQL) of the proposed method were
calculated based on a signal to noise ratio (S/N) of 3
and 10 respectively.

The instrumental IDL and IQL were found to
be 0.1 and 0.3 pg L™, respectively. The precision of
the proposed instrumental method was expressed as
intra-day and inter-day relative standard deviations
(RSDs). It was assessed by replicate (n=6) analysis of
ultrapure water samples spiked with PCP at a
concentration level of 10 ug L™'. The obtained intra-
day and inter-day RSDs values were 99.78% and
99.12%, respectively. These results highlight the
good performance of the new developed instrumental
method.

Table 2. Performance data of the optimized instrumental
UHPLC/MS/MS method for the analysis of
pentachlorophenol in water

Compound Value
Linear range (ng L 1) 0.1-100
Calibration curve y =409.63x + 85.01
Regression coefficient (R%) 0.998
IDL* (ug L") 0.1
IQL* (ug L) 0.3
Intra-day precision (mean + 99.78
RSD® ugL'™h
Inter-day precision (mean + 99.12
RSD® pgL™h

“Instrumental detection and quantification limit
PRSD, relative standard deviation expressed in percentage.
Calculated for six samples (n=6) spiked at 10 ug L'
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3.3. Extraction recovery

In order to have a more sensitive method for
the quantification of pentachlorophenol in water
samples, an extraction-preconcentration step prior to
chromatographic analysis is necessary. As stated
below, in order to decrease the limit of detection and
quantification of PCP in water sample an off-line
solid phase extraction methodology was developed in
this work. SPE experiments were carried out after the
optimization of UHPLC/MS/MS conditions. The
optimization of the extraction process was performed
in order to attain excellent recoveries for the target
compound in a single extraction step. According to
literature data, Oasis HLB cartridges are one of the
most used, because they are able to retain a large list
of organic pollutants (acidic, neutral and basic
molecules) through its unique ratio of hydrophilic N-
vinylpyrrolodone and lipophilic divinylbenezene
sorbent (de Almeida et al., 2000). Thus, Oasis HLB
cartridges were selected and used in this work.

The performance of the proposed SPE
protocol was investigated through extraction
recoveries obtained for six replicates in spiked
ultrapure water samples at three quality control
concentrations (10, 20 and 100 pug L™). Examination
of results obtained by using the optimized SPE
procedure showed very good recoveries for PCP
(Table 3). Indeed, the calculated extraction recoveries
were within the range of 2.4% and 3.15% at all
quality control levels (Table 3).

On the other hand, the instrumental detection
limits of the developed method were 0.1 pg L;
while detection limits obtained with the overall SPE-
UHPLC/MS/MS method was 0.04 ng L. These
results are better than those previously reported in the
literature for SPE-LC analysis (Opeolu et al., 2010)
and are below the legal tolerance level for each
chlorophenol in drinking water (100 ng LV)
according to the European Community Directive

(Elci et al., 2011). The proposed SPE-UHPLC-
MS/MS method therefore allowed quantification
limits in the range of ng L' and an enrichment factor
of 2500 for the both phenolic compounds (sample
volume, 250 mL to 0.1 mL).

3.4. Analysis of real water samples

The developed SPE-UHPLC/MS/MS method
was then applied for the determination of extraction
recoveries from different real water samples (river
water) collected from different locations situated in
the Britany region (France) in order to test the
possible effects of the water matrix constituents and
also the applicability of the proposed analytical
methodology for environmental use.

The matrix effect is a phenomenon with great
influence in liquid chromatography associated to
mass spectrometry. Indded, a such phenomenon
disturb the ionization of analytes leading generaly to
an enhancement or an inhibition of compound signal
(Kasprzyk-Horden et al., 2008).

In this study the matrix effects were studied in
three surface water samples (used to supply drinking
water treatment plant) spiked before extraction with a
standard solutions of PCP at two levels of
concentration (10 and 50 pug L™). All experiments
were performed in six replicates (n=6). The
extraction recoveries obtanied with real water
(surface water) samples are summarized in Table 4.

Extraction recoveries obtained with HLB
cartriges were between 97.87% and 101.31% with
relative standard deviations less than 4.5%. The
obtained results are very close with the ones obtained
in ultrapure water. Moreover, the signal obtanied by
the analysis of extracts at two concentration levels
was compared to that obtained with pure standard
solutions injected six times onto the chromatographic
system.

Table 3. Recovery results and relative standard deviations (RSD, %) obtained with Oasis HLB cartridges after
the extraction of 250 mL ultrapure water sample spiked at three concentration levels

Sample Sample Sample
Samples (4) (B) ©
Concentration of blank (g L") n.d. n.d.? n.d.?
Spiked concentration (pg L) 10 20 100
Founded (ug L) 0.982 9.979 50.09
Recovery (%) 98.20 99.79 100.18
RSD (%, n=6) 2.8 3.15 24

“n.d. referred to not detected.

Table 4. Recovery study of the developed method for PCP analysis performed using real samples
(water river) spiked at two concentrations levels (10 and 50 pg L™

Real sample Conc. sp;'ked Conc. meaIsured Recovery RSD
(ugL”) (ugL”) (%) (%, n=6)

Water R1 10 9.787 97.87 3.50
50 49.72 99.44 3.10

Water R2 10 10.13 101.31 4.25
50 49.84 99.68 3.78

Water R3 10 9.908 99.08 3.63
50 49.11 98.22 4.39
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Under these conditions no suppression or
enhancement of the analyte signal was observed.
Thus, no detectable matrix effect was observed.
These results clearly demonstrate that the developed
SPE-UHPLC/MS/MS methodology is not influenced
by the water quality and the extraction recoveries
obtained in ultrapurewater are transposable to real
water samples. Therefore, the proposed analytical
strategy is feasible to be used for the PCP monitoring
at ultra trace levels in environmental water samples.

5. Conclusions

A new highly sensitive UHPLC/MS/MS
method for the determination of ultra-trace levels of
PCP in water samples was developed in this study.
Good linearity, precision, accuracy, lower limits of
detection, and limits of quantification were obtained.
The proposed SPE methodology led to satisfactory
extraction recoveries and high pre-concentration
factors of the considered target analyte in different
environmental water samples. In addition, in the
described conditions, no significant matrix effect
influences the PCP quantification under real analysis
conditions.

To the best of our knowledge this is the first
analytical strategy allowing highly sensitive
quantification of this hazardous organic compound in
environmental water samples.

In conclusion, this simple, rapid, low-cost,
and reliable method can be applied for routine
quantitative analysis of the target analytes at ultra-
trace concentration levels (ng L) in different types
of water samples. This method can be a useful
analytical tool for future toxicological and water
quality surveillance studies or for the evaluation of
the water disinfection processes.
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Abstract

The experiments on the olive oil mill wastewater treatment for removing the lipids by anaerobic and aerobic biodegradation with
mixed Bacillus spp. culture indicated that the rate of the aerobic process is up to two times higher than that of the anaerobic one.
In this context, it was found that the influence of the dissolved oxygen concentration on the lipids biodegradation process is
significant, but the kinetic model given in literature does not consider this parameter. Therefore, using the dependence between
the ratio of specific rates, for aerobic and anaerobic processes, and the concentration of oxygen dissolved in medium, the new

dc,,
dt

model is more adequate for the studied systems of lipids-rich wastewaters bacterial treatment, offering the maximum error of
12.6% and the average one of + 6.84%.

model _ =k, .COZO'62 -C,, Was established for describing the kinetics of aerobic biodegradation with Bacillus spp. This
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1. Introduction diversification of the vegetable oils utilization from
food to chemical industry.
Lipids are organic water insoluble The producers of vegetable oils are important

biomolecules produced in different amounts by sources of wastewaters, the characteristics of

microbial, vegetal, and animal cells. Among the
complex lipids, a particular class includes the
triglycerides, namely fats and oils.

According to the Global Industry Analysts
Report, the worldwide production of vegetable oils
increased from 130 millions tonnes in 2010 to 144
millions tonnes in 2011, being estimated at 169
millions tonnes for 2015 (GIA, 2010). This evolution
is related to the population and, implicitly,
consumption increase, as well as to the

pollutants depending on the used raw materials and
technologies. The olive oil represents about 3% from
the worldwide production of vegetable oils, most of
this quantity being consumed in Europe. The
wastewaters resulted from olive oil mills are
important pollutants, due to their high organic
content (lipids 0.2-1%, carboxylic acids 0.5-1.5%,
sugars 1-8%, polyphenols and pectins 1-1.5%,
tannins, polyalcohols etc.) (Azbar et al., 2004;
Benitez et al., 1997). Most of the difficulties
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associated with the pollution generated by olive oil
mills wastewaters are related to the insoluble organic
biopolymers, mainly lipids, and polyphenols, because
these compounds affect drastically the activity of
aquatic microorganisms or organisms (Aggelis et al.,
2003; Mekki et al., 2007).

Several physical and chemical methods
(decantation, concentration by evaporation, filtration
and ultrafiltration, reverse osmosis, flotation,
adsorption, oxidation and photo-oxidation etc.)
(Cammarota and Freire, 2006; Deschamps et al.,
2003; Khoufi et al., 2007; Mameri et al., 2000;
Moazed and Viraraghavan, 2005; Mysore at al.,
2005; Sun et al., 2002), as well as biological or
enzymatic ones (Aggelis et al., 2003; Asses et al.,
2009; Benitez et al., 1997; Daims et al., 2006;
Galaction et al., 2014; Gavrilescu and Chisti, 2005;
Lan et al., 2009; Martinez-Garcia et al., 2009; Mechri
et al., 2010; Peixotoa et al., 2008; Ucisik and Henze,
2008; Zeeman and Sanders, 2001) have been tested
for the treatment of lipids-rich wastewaters. The bio-
treatment is based on aerobic or non-aerobic
processes using free or immobilized bacteria
(Burkholderia cepacia, Phormidium spp.,
Oscillatoria spp., Chroococcus spp., Enterobacter
aerogenes, Mucor racenosus), yeasts (Candida
oleophila, Candida tropicalis, Yarrowia lipolytica),
fungus (Apergillus niger, Phanerochaete
crysosporium, Lentinus edodes, Pleorotus ostreatus,
Funalia trogii, Geotrichum candidum, Mucor rouxii,
Absidia coerulea, Penicillium restrictum, Penicillium
verucosum) or enzymes (lipases). In the biological
systems, the triglycerides are bioconverted to long
chain fatty acids, which are finally oxidated to
acetate or propionate and used for energy production
or biomass growth (Chipasa and Medrzycka, 2006;
Galaction et al., 2014; Gavrilescu and Chisti, 2005;
Rinzema, 2003; Zeeman and Sanders, 2001).
Because the lipids are water insoluble and, implicitly,
inaccessible for the microorganism metabolism, they
are initially hydrolyzed to low molecular weight
compounds (fatty acids) by the microbial enzymes.
These enzymes secretion is induced after the contact
with the pollutants. Generally, the lipids are more
rapidly consumed in the presence of oxygen, but the
choice of aerobic vs. anaerobic operating conditions
for wastewaters treatment at industrial scale depends
on the costs of equipments and energy for aeration.

Although most of bacteria are able to use a
large spectrum of natural compounds or pollutants as
carbon and energy sources, one single bacterial
culture does not posses the ability to metabolize all
pollutants existing in the wastewater. However, the
mixed cultures exhibit an amplified biodegradative
potential against the xenobiotic compounds (Fritsche
and Hofrichter, 2000). The use of active sludge for
wastewaters treatment is more convenient from the
point of view of operating cost. But, in this case, the
phenomenon of flotation cannot be avoided, due to
the adsorption of lipids in sludge, its intensity
becoming important at high oils content (Chipasa and
Medrzycka, 2006; Rinzema, 2003).
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This phenomenon affects the efficiency of
biological treatment. For this reason, although they
are rather expensive, the treatments systems for
wastewaters  containing lipids with  selected
microorganisms or enzymes become more and more
preferred, owing to their superior efficiency and
productivity (Cascaval et al., 2012).

The bacterial biodegradation of lipids can be
kinetically described by the model developed by
Pavlostathis and Giraldo-Gomez, 1991. This model is
rather simple, being related only to the lipids
concentration in the media. For this reason, its
relevance for the aerobic processes is limited, due to
the significant influence of oxygen content on the
lipids biodegradation rate.

In this context, our studies are focused on the
analysis of the performances of the anaerobic and
aerobic biological treatments of olive oil mill
wastewaters using mixed Bacillus spp. culture. By
means of the experimental results, a new and more
complex kinetic model for aerobic bacterial
bioconversion of lipids has been proposed and
compared with that from literature.

2. Experimental

The experiments were carried out in 2 L
laboratory stirred bioreactor (Fermac, Electrolab),
provided with computer-controlled and recorded
parameters. The bioreactor mixing system consists of
one turbine impeller and three baffles. The bioreactor
and impeller characteristics are given in a previous
paper (Cascaval et al., 2012).

For the anaerobic biodegradation process, the
dissolved oxygen amount from medium was not
controlled during the process, varying free from its
initial value of 1.6 mg/L. For the aerobic process, the
bioreactor was provided with the sparging system
consisting of a perforated tube with 7 mm diameter,
placed at 15 mm from the vessel bottom, having 4
holes with 1 mm diameter. The air volumetric flow
rate was varied between 5 and 30 L/h, in order to
maintain the dissolved oxygen concentration at a
prescribed constant value in the domain of 1.6 - 5.9
mg/L. The rotation speed was maintained at 150 rpm.

The bioreactor contained 1 L of olive oil -
water emulsion (the oil concentration was 10 mg/L
emulsion). According to the previous studies on olive
oil biodegradation with Bacillus spp. cells (Cascaval
et al., 2012), the pH and temperature have been
adjusted and maintained at the optimum values,
namely 8 and 40 °C, respectively.

In the experiments, mixture of Bacillus spp.
has been wused (Bacillus subtilis, Bacillus
megaterium, Bacillus licheniformis, and Bacillus
ortoliquefaciens in equal ratios). The concentration
of bacteria cells was 1 g d.w./100 ml medium. The
fermentation end has been considered when either the
olive o0il was completely consumed or its
concentration remained constant for 12 h. The
process evolution has been analyzed by means of the
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variation of total lipids, using the spectrophotometric
method with triolein (Levy, 1972).

3. Results and discussion

The wvariation of total lipids concentration
from wastewater during the anaerobic and aerobic
biodegradation process with free Bacillus spp. cells is
plotted in Fig. 1.

It can be observed that the concentration of
lipids is more rapidly decreased in the aerobic
process, the rate of lipids consumption being
accelerated by increasing the concentration of
oxygen in the medium. Therefore, for the anaerobic
biodegradation, the total lipids content is reduced to
1.3 g/L after 60 h, while for aerobic process it is
possible to become 0 g/L after 40 h, depending on the
oxygen concentration.

(=)
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& 21

4 33 1

¥ 51
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1

Total lipids concentration, g/L
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1

. ; ; — i, .
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Time, h
Fig. 1. Variation of total lipids concentration during their
anaerobic and aerobic bacterial biodegradation

These results can be suggestively underlined
by plotting in Fig. 2 the dependence between the
average rate of lipids biodegradation and the value of
dissolved oxygen concentration. The average rate of
process is defined by (Eq. 1).

7 = CTLO _CTL (1)
t

0,250 T T T T T

= 0,225 /

0,200 | /
0,175 ] /

0,150 [ e
0.125 4 Anaerobic
1 2 3 4 5 6 7
C_., mg/L

oz’

Fig. 2. Influence of oxygen concentration on average rate
of lipids bacterial biodegradation

By increasing the concentration of oxygen
dissolved in medium from 1.6 to 5.9 mg/L, Fig. 2
indicates that the average rate is accelerated for about
1.5 times. Compared to the anaerobic process, at 5.9
mg/L  oxygen  concentration the  average
biodegradation rate becomes for over 1.9 times
higher.

The kinetic analysis of the lipids bacterial
biodegradation under anaerobic conditions considers
initially the model proposed by Pavlostathis and
Giraldo-Gomez, 1991 (Eq. 2).

dCy,
dt

_k,-C, 6)

For establishing the value of the specific
biodegradation rate for the anaerobic process, k,, the
straight line resulted by solving Eq. (2) has been
plotted in Fig. 3.

ln%: k-t 3)

TL

In the case of acrobic consumption of lipids,
Eq. (2) was adapted by including the modified
specific rate, k,/, which is a function on oxygen
concentration (Eq. 4).

dc,,

dt =k, -Cp “

Because the oxygen concentration inside the
medium is controlled and maintained at a constant
level during the aerobic biodegradation process, the
value of kd’ could be calculated at different oxygen
concentrations similarly to the above presented
algorithm, by plotting the corresponding straight
lines (Fig. 3).

— 4 T T T T
Q'_ Oxygen concentration, mg/L
= 1 « 186
Q 2 21 .
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v 51 :
2 * 59 |
v ¥
4, v L Fa
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| 3 . n- - "
0 -l
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Time, h

Fig. 3. Graphical calculation of specific biodegradation rate
(for anaerobic process) and apparent specific
biodegradation rate (for aerobic process)

The values of specific rate and modified

specific rates at different concentrations of oxygen in
medium are given in Table 1.
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Table 1. Values of specific rate, k,, and modified specific rate, k,’, of lipids biodegradation with cells of Bacillus spp.

Cog, mg/L

Anaerobic 1.6 2.1

33 4.2 5.1 5.9

kg kgx 10°, b 2.61 3.53 3.7

4.76 6.4 7.55 8.12

For quantifying the influence of aerobic
conditions on the rate of lipids biodegradation with
Bacillus spp., it was analyzed the variation of the
ratio kg'/kg with the increase of oxygen
concentration. This dependence, plotted in Fig. 4,
suggests the following exponential correlation (Eq.
5). The values of coefficient a and exponent § can be
calculated graphically by liniarizing the Eq. (5),
according to Fig. 4. Therefore, Eq. (5) becomes Eq.
(6). Consequently, the aerobic degradation of lipids
from olive oil using Bacillus spp. can be described by
the kinetic model expressed by Eq. (7).

3.5 T T T T T
<
S n |
3.0 /./
2.9 _/
20 /E - e
| I/ = -
/
9 _,—/'/ =2 nk & J=haBnC |
10 T T T |- T =
1 2 3 4 5 5] 7

C_,. mg/l

Fig. 4. Influence of oxygen concentration on ratio ky’/kq

!

ki g0 f )
kd
ky _ c, (6)
kd

dcC 6
N 7“ = kd ’ COZO . CTL (7)

The comparison between the experimental
values of lipids biodegradation rate and those
calculated with Pavlostathis and Giraldo-Gomez
model and the proposed Eq. (7) is presented in Fig. 5,
which indicates that the model proposed by
Pavlostathis and Giraldo-Gomez is adequate for the
anaerobic process, when the biodegradation occurs
slowly. For the aerobic biodegradation, which
corresponds to higher rate of process, the use of this
kinetic model leads to important deviations from the
experimental data, the calculated values being
considerable lower than the real ones.

The kinetic model which considers also the
dissolved oxygen concentration describes properly
the aerobic biodegradation of lipids. Therefore, from
Fig. 5 it can be observed the good concordance
between the experimental values of aerobic process
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rate and those calculated by means of Eq. (7), the
average deviation being + 6.84%.

1.0 T T T T
o o Pavlostathis and Giraldo-Gomez model
®  Proposed model

0.0 I 0.2 I 0.4 I 0.6 I U.IS I 1.0
I{-dcl_'r’f{mcalc

Fig. 5. Comparison between the experimental and
calculated values of lipids biodegradation rate with
Bacillus spp.

4. Conclusions

The studies on the biodegradation of lipids
from olive oil mill wastewater with Bacillus spp.
cells under anaerobic and aerobic conditions
indicated that the aerobic process could be twice as
fast.

Although the dissolved oxygen concentration
in the medium exhibits an important influence on
efficiency of biodegradation of lipids, the kinetic
model proposed in literature does not include any
term related to the oxygen concentration.
Consequently, by means of the correlation between
the modified specific rate, which includes the
influence of oxygen concentration, specific rate, for
the anaerobic  biodegradation, and oxygen
concentration, it was established a new kinetic model
adequate for acrobic process.

This model offers a good concordance with
the experimental results, the average deviation of the
calculated values of lipids biodegradable rate from
the experimental ones being + 6.84%.

Notations

Coz dissolved oxygen concentration, mg/L

(&) total lipids concentration in wastewater, g/LL

Crrp initial total lipids concentration in wastewater,
g/L

ka specific rate of lipids biodegradation process, h™'

ka’ modified specific rate of lipids biodegradation

process considering the dissolved oxygen
concentration, h™!
t time, h
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Abstract

Magnetic contamination is considered more and more as a challenging issue related to biosphere pollution with magnetic
materials originating in natural and artificial sources (volcanic eruptions and respectively industrial activities that contributed to
iron and other metal compounds spreading in air, water and soil). Aiming to study the impact of magnetic metal ions such as iron
and cobalt on the metabolism of some environmental microorganisms, in this paper an experimental simulation of magnetic
contamination was carried out based on mixed iron/cobalt oxides as source of ions. Magnetic nanoparticles were prepared
following chemical route with appropriately adjusting of their surface to ensure uniform dispersion in water. Typical crystalline
structure of studied nanoparticles was evidenced with X-ray diffraction, while microstructural and magnetic properties were
investigated by scanning electron microscopy and respectively vibrating sample magnetometry. Increased level of peroxidase
activity in a fungus mycelium has suggested microorganism adaptation to higher levels of reactive oxygen species following the
supply with magnetic nanoparticles suspensions (0-10-20-30-35 mg/L, comparable with detected levels of iron in the living
organism). Lipid peroxidation was evidenced also; being assigned to the increased level of hydrogen peroxide that catalase seems
enable to balance - as resulted from its decreasing activity. The variations of analyzed indicators of oxidative stress were of no
more than 15%, reflecting organism adaptation to environmental constraints but also possible damages of cell membrane system.

Key words: cobalt, iron, oxidative stress markers, Phanerochaete chrysosporium
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1. Introduction

Decades ago the main threats for the
environment were the radioactivity impact and
chemicals toxicity; more recently electromagnetic
pollution and magnetic contamination came into the
scientist attention. The latter is related to the large
spread of magnetic materials, basically iron
compounds that can be found in the Earth crust and
exploited by mining or widely spread by volcanic
eruptions and intense storms. Also industrial
development of metal processing and especially

nanotechnologies based on magnetic nanoparticles
became new sources of particulate matter released in
water, air, soil — that suggested the new concept of
magnetic contamination.

The biomedical use of magnetic nanoparticles
in diluted suspensions includes nanosized iron oxides
as contrast agents in magnetic resonance imaging, in
experimental cancer treatment through hyperthermia,
in magnetically targeted drug delivery, magnetic
separation of biomolecules and cells etc. Magnetic
nanoparticles (MNPs) designed for applications in
life sciences should be supplied to biological systems

* Author to whom all correspondence should be addressed: e-mail: mdor@uaic.ro; Phone: 040232201064; Fax: 040232201150
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in fluid form (magnetizable nanofluids) as they are
planned to circulate toward target organs or tissues
through the circulating body fluids; thus, they are
fabricated with a variety of surface stabilizers which
provides uniform dispersion in aqueous media. First
MNPs were considered as inert factors from the
viewpoint of their metabolic interaction with cells
(Huang et al.,, 2013). More recent studies were
developed with focus on the MNPs toxicity. Either
coated or non-coated magnetite or maghemite
nanoparticles could be internalized by endocytosis in
the cells where the lysosymal degrading triggers
ferric and ferrous ions release (Sing et al., 2010;
Wang and Pantopoulos, 2011).

One of the main mechanisms that can
influence cell metabolism is the oxidative stress
associated with reactive oxygen species (ROS) which
can result in lipid peroxidation - as shown by specific
indicators like glutathione, malondyaldehyde (MDA)
(Ma et al., 2012) and others, as well as in damages of
proteins, nucleic acids and polysaccharides
(Halliwell and Gutteridge, 2007). Environment safety
has led to experimental investigations of MNPs
influence on microorganisms (Niazi and Gu, 2009)
where also ROS increase was evidenced being
associated with membrane system damages.
Microorganisms have been even entitled as model
organisms for the study of engineered nanoparticle
toxicity (Kumar et al., 2012).

Few studies were dedicated to specific fungi
response to MNPs impact (Navarro et al., 2008;
Saucedo et al., 2011). However the uptake of metal
ions with magnetic properties by environmental fungi
cells was studied recently (Sepehr et al., 2014) and a
mechanism of internalized metal ions impact on
Phanerochaete chrysosporium cellulolytic fungi was
proposed based on microscopy data (Murugavelh and
Mohanty, 2014). In previous reports we evidenced
possible  utilization of  magnetite  colloidal
nanoparticles in fungi biotechnology, based on the
fact that enzymatic equipments appeared to be
stimulated for low levels of magnetite aqueous or
oily suspensions (Manoliu et al., 2005; Manoliu et
al., 2002). In the present study cobalt ferrite
nanoparticles were utilized considering their
promising - and therefore widely spread - use in
cancer therapy through hyperthermia (Mazario et al.,
2013). Both elements i.e. iron and cobalt are
naturally present in the living cells. Iron, the fourth
abundant element in the Earth crust is present in
several categories of biomolecules like cytochromes,
haemoglobins, catalase enzymes etc. Cobalt is the
active center of coenzymes called cobalamins, the
most common example of which being the
cyanocobalamine, i.e. B12 vitamin. In this study we
searched for biological response of cellulolytic fungi
relatively to  environmental pollution  with
concentrations of magnetic nanoparticles
corresponding to the order of magnitude of iron
accumulation in human brain (Buzea et al., 2007).

The importance of these types of
microorganisms is related to the fact that biosphere
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recirculation  circuits ~ of  carbon  include
decomposition of organic matter in general and
cellulosic substrate in particular - cellulose appearing
to be its most abundant organic component.

2. Experimental
2.1. Technology of nanoparticles yielding

Metal salt precursors were Merck chemicals at
molar ratio 2:1 i.e. 10.866g FeCl;x6H,0 and 5.648g
CoS04x7H,0, each dissolved in 300 mL deionized
water (Kim et al.,, 2003). Deionized water (18.2
MQ/cm, Barnstead EASYPurell ultrapure water
system) was used in all steps of magnetic
nanoparticle suspension synthesis. Cobalt ferrite
coprecipitation was produced by stirring the two
stock solutions at 75 °C and by slowly pouring of 2M
NaOH (150 mL). To ensure ferrite particles uniform
dispersion in deionized water, 12 mL perchloric acid
aqueous solution (25%) was added (under continuous
stirring at 75 °C - thus modifying the MNPs surface
in order to prevent their agglomeration in the
presence of ubiquitous gravitational and magnetic
fields (Laurent et al., 2008).

2.2. Nanoparticle characterization

The final product was a magnetizable
nanofluid based on electrostatic stabilization (Gazova
et al., 2012) that presented good stability over time at
pH close to biological one. Rheological investigation
of MNPs suspension was carried out using: semi-
analytical balance type ADAM PW254 with 10™g
accuracy, 5 mL picnometer, Ubelhode capillary
viscosimeter, ROHR B type stalagmometer and
deionized water as reference fluid. Physical
characterization of colloidal particles was carried out
using: Shimadzu LabX XRD-6000 diffractometer
with Cu-Ka radiation of A=1.54 A, Vibrating Sample
Magnetometer (VSM) MicroMag model 2900/3900
at room temperature, Scanning Electron Microscopy
(SEM) device type VEGA\TESCAN (SE detector,
HV:30.00 kV).

2.3. Biotechnological procedure

2.3.1. Biological material

The white rot fungal strain Phanerochaete
chrysosporium used in this experiment was obtained
from the collection of the Faculty of Biology at “Al.
I. Cuza” University lasi, Romania being achieved
from the Institute Sciéntifique de Santé Publique,
Belgium (HEM no. 5772). This species is one of the
microorganisms with important role in decomposing
cellulose wastes from environment. The fungus was
cultivated on agarized Sabouraud medium (peptone
10 g/L, glucose 35 g/L, agar 2 g/L, distilled water up
to 1.0 L (Manoliu et al., 2010) in adequate Petri
dishes) and kept at 28 °C. Further 6 mm mycelial
plugs taken from a 7-day-old Petri dishes culture
were used as inoculum for 500 mL flasks containing
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liquid Sabouraud medium. MNPs were supplied to
fungi culture samples in concentration of 0-15-25-30-
35 mg/L equivalent with metal ion concentrations of
0-10.2-15.3-20.3-25.5 pg/mL.

2.3.2. Biochemical investigation

SOD (superoxide dismutase) activity assay in
fungus mycelium was accomplished according to
Winterbourn’s method— measuring light absorbance
at 560 nm wavelength (Artenie et al., 2008). CAT
(catalase) activity was assayed through the method
described by Sinha (1972). Malondialdehyde (MDA)
assay (the end product of lipid peroxidation) was
carried out using thiobarituric acid (TBA) according
to Hodges et al. (1999). The results were expressed
relatively to protein content (the assay of soluble
protein content was carried out according to Bradford
(1976). Graphical plots were drawn with average
values and standard deviations resulted from five
repeated measurements of each biochemical
parameter.

3. Results and discussion
3.1. Magnetic nanoparticles characterization

XRD investigation revealed typical spinel
structure with characteristic peaks (Fig. 1) at known
positions on the scale of X-ray scattering degrees
(Table 1). Average value of crystallite size (of 11.5
nm) was assessed with Scherrer’s formula (Eq. 1),
where: K is a dimensionless factor which varies with
the actual shape of the crystallite (in this case
K=0.89), f is the half width of the (ijk) diffraction
peak, A is the X-ray wavelength and 6 is the Bragg
angle of the peak).

Dy=(kA)/(fcos &) (1)

Microstructural investigation with SEM (Fig.
2) revealed quasi-uniform particles with spherical
shape that tend to form associations when deposited
on the sample support of SEM device following the
evaporation of the dispersion liquid; average size of
physical diameter was estimated at 40 nm. Magnetic
properties were estimated from the magnetization
curve (Fig. 3) where saturation magnetization for
CoFe,0, was of M¢=58 Am’/kg corresponding to
magnetic field intensity of 790 kA/m while coercive
field was of 239 kA/m.

The presence of the hysteresis cycle suggests
that during ferrophase synthesis both
superparamagnetic and ferrimagnetic nanoparticles
were precipitated that resulted in the presence of
magnetic coercivity at room temperature (Kim et al.,
2004). Rheological data have evidenced that
CoFe,0, colloidal suspension was characterized by
increased average values of surface tension
coefficient and viscosity coefficient comparatively
with reference liquid — the deionized water: from
7.27 to 7.60 Nm™ and respectively from 1002 to
2162 NSm™ (from ten repeated measurements in
identical ambient conditions); the results were similar
with those reported for magnetite colloidal
suspension stabilized with perchloric acid, according
to Racuciu et al. (2010).

3.2. Biochemical assay results

Following the supply with colloidal
suspension as source of magnetic metal ions for the
culture medium of P. chrysosporium fungus, grown
mycelium specimens were withdrawn and repeated
measurements of biochemical parameters indicating
oxidative stress action were carried out.

Table 1. Estimation of crystallite size from XRD raw data

The results from XRD diagram processing Miller 200) Intensity B (rad) Dij.
were comparable with other results reported by indices (a.u) (nm)
different authors. Mahadevan et al. (2007) reported (1) 23.9 57.6 0.0170 8.2
crystalline domains for Fe;O4 at 5.1 nm, while (220) 30.2 118.8 0.0129 11.0
Kumar et al. (2013) reported crystalline domains for G11) 35.6 3011 0.0122 1.8
CoFe,0, at 9 nm. (400) 43.2 91.3 0.0118 12.4

(422) 53.6 64.3 0.0118 12.9
325 - (511) 57.2 116.7 0.0132 11.7
300 ] &1 (440) 62.8 165.1 0.0125 12.7

275 4
250 4
225
200 {
175 (440)
150 4
125 | (220)

100

Intensity (a.u.)

51 (111

50

25 4

20 25 30 35 40 45 50 55 60 65 70
20 (degrees)

Fig. 1. X-ray diffraction investigation of MNPs

Fig. 2. Characteristic image of MNP with SEM
investigation
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In Fig. 4, the SOD activity in fungi
mycelium is presented; the tendency of SOD
increasing with up to 15% at 14 days compared to the
control (p<0.05) was evidenced for MNP increasing
concentration - although no precise quantitative
correlation could be established, at least for the 7
days situation. This could be taken as an indication
on the intensified O, release into the cells that
further triggered the amplification of SOD
biosynthesis as adaptation to the oxidative stress
threatening (Eq. 2), since the enzyme neutralizes the
O, radical.

2)

20, -+2H* Si” H,0,—“" > H,0+0,

0,

In the same time the increasing of SOD
activity could lead to increased H,O, level. Possibly,
the hydrogen peroxide triggered peroxidasic reaction
cascade and has caused the lipid peroxidation.

Indeed the indicator of final product of lipid
peroxidation, namely MDA was found increased at
14 days (with about 13%, p<0.05) in fungi mycelium
(Fig. 5) — although not in 7 day old samples — this
result being concordant with SOD activity variation.

6
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3
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E
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5
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Fig. 3. Magnetization curve of MNPs sample
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Fig. 4. SOD activity in P. chrysosporium samples
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In the present investigation iron ions are
predominant metal components so their role could be
assumed to be the essential one.

The tests carried out on the effect of MNP
surface coating, when supplied in equivalent amounts
with those corresponding to colloidal suspensions,
gave no discernible results. According to some
reports (Huang et al., 2013; Singh et al., 2010; Wang
and Pantopoulos, 2011), it was expected that
magnetic  nanoparticles were degraded and
metabolized in the cellular endocytic organelles with
release of free iron ions - ROS yielding
intensification being the main cellular mechanism
underlying the supposed toxicity of iron ions
(Halliwell and Gutteridge, 2007; Ma et al., 2012;
Niazi and Gu, 2009).

The hydrogen peroxide yielded by SOD
action is subject of concurrent mechanisms
decomposing it: the catalase action (Eq. 3):

2 H,0,—H,0+0, 3

and the iron ions Fenton reactions (Eqgs. 4-5), where:
H,0, is transformed into hydroxyl or superoxide
radicals which are highly reactive.

Fe*'+ H,0,— Fe*' + OH- + OH~ 4)
Fe*'+ H,0,— Fe*'+ OOH- + H' (5)

Presuming that cell adaptation capacity
includes also catalase synthesis stimulation in the
presence of increased hydrogen peroxide one would
expect enhanced CAT activity evidence in the fungi
samples.

However this biochemical parameter was
found not increased but on the contrary — diminished
in the samples where metal ions were supplied by
means of magnetic nanoparticles in diluted
suspension form. As one can see in Fig. 6 the
catalase activity appears to be diminished with up to
10% (p<0.05). This could be explained also by the
presence of MNP in the cellular medium.

30
254
[=2]
E
s 20+
< P
§ 15 1
§ = 7 days
< 107 = 14 days
=)
= 5

0
0 15 20 30 35
MNP concentration (mg/l)

Fig. 5. MDA level in P. chrysosporium samples



Magnetic contamination of environment — laboratory simulation of mixed iron oxides impact on microorganism cells

According to some authors (Freitas et al.,
2003), following MNPs supply in living mice not
only the oxidative changes (lipid peroxidation) were
intensified but also liver catalase activity exhibited
variations that were time and MNP-concentration
dependent. Other report (Doga¢ and Teke, 2012)
demonstrated the CAT attachment onto the MNP
surface — with probable enzyme activity blockage.
Thus it was presumed that concurrent processes
could be elicited by MNP impact on living cells: the
stimulation of CAT synthesis on a side and its
inactivation on the other side.

In the present case it seems that the second
one was dominating the whole picture. Cobalt is
essential element to cell metabolism but, like iron, it
can be also toxic. Toxicity of cobalt ions in certain
concentrations was discussed by Fleury et al. (2006)
based on mammals cell cultures; Kubrak et al. (2012)
reported the cobalt stimulated oxidative stress in the
goldfish. Cobalt ferrite MNP toxicity was reported
also by Peeples et al. (2014) and Di Guglielmo et al.
(2010); Drasler et al. (2013) have discussed the
damaging impact of coated MNP of cobalt ferrite on
the artificial lipid membranes; the observed
correlation (Horev-Azaria, 2013) between the
oxidative stress, caused by the presence of
nanoparticulate CoFe,O,, and the sensitivity of
different cell types towards toxicity, suggests that
oxidative stress is one possible mechanism for the
toxicity of cobalt ferrite MNPs. It is assumed that
Co*" may enter the Fenton reactions, Co>" appearing
to be a better catalyst than Fe’* although only limited
free radical formation in the Co®'/H,O, reaction
system was shown in ESR studies (Strli¢ et al.,
2003).

Thus, in the study presented above we might
have to deal with the toxicity of both metal ion types
originating in the nanoparticles delivered into the
culture medium of cellulolytic fungus taken as model
organism.

70
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£ 50
3 e a0
> 40 - i 7
-‘E 4 7 days
‘g 30 1 14 days
2 20 1
o
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0 15 20 30 35

MNP concentration (mg/l)

Fig. 6. CAT activity in P. chrysosporium samples
4. Conclusions

The increased SOD activity was assigned to
ROS species yielded by metal ions supplied in P.

chrysosporium culture medium that led to hydrogen
peroxide formation. The effect of lipid peroxidation
was further evidenced by increased level of MDA in
the fungus mycelium. CAT activity was found
diminished which is probably due to the
nanoparticulate form of the metal ion source since
nanoparticles can bind to CAT molecules blocking
their active site. All these results suggest that
environment pollution with cobalt ferrite MNPs
released from specific nanotechnologies can impede
cellulolytic fungi metabolism and their ecological
role of wood waste decomposing.
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Abstract

Nanoparticles are very interesting materials due to their properties which can be different than those of the bulk and they have
many applications in various domains, like electronic, catalytic or biomedical. Gold is one of the most studied materials and is
used in many applications that will have the human being as recipient, that’s why gold nanoparticles should be obtained as
environmentally friendly as possible. In this work, particles of around 50 nm were obtained in a so called “green” way by simply
adding a solution containing the gold precursor (HAuCly) in a tannic acid solution. It was found that the amount of gold added in
the tannic acid is directly proportional with the size of the obtained nanoparticles.
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1. Introduction

Due to their nanosized dimensions,
nanoparticles have witnessed an increasing interest in
the last decade becoming one of the most studied
fields in the scientific community (Ahmad and Khan,
2013; Granmayeh Rad et al., 2011). Nanosized metal
materials are the subject of many scientific
researches due to their characteristic surface
properties which are different from those of the bulk
material. Great interest was focused on the noble
metals nanoparticles (Kumari et al., 2013; Zhang et
al., 1999). Gold is one of the most studied materials
(Aswathy and Philip, 2012; Bratescu et al., 2013;
Kyrychenko et al., 2011; Lee et al., 2007; Sarkany et
al., 2008; Zabetakis et al., 2012) due to its unique
optical, catalytic and spectroscopic properties.

The obtaining of Au nanoparticles becomes an
important topic in different applications because the

physical and chemical properties of the particles
depend on their shape and size. Generally Au
nanoparticles were synthesized by reducing HAuCl,
with different reduction agents in the presence of
some stabilizers (Hamaguchi et al, 2010; Kaur et al.,
2012; Peng et al., 2008; Xu et al., 2013; Zhang and
Toshima, 2012; Zhou et al., 2009; Zhu et al., 2005).
Greener, environmentally friendly methods for the
obtaining of metal nanoparticles are nowadays goal
for a wvast number of scientists in modern
nanotechnology field.

Tannic acid is a polyphenolic compound
derived from plants. It has antioxidant, antimutagenic
and anticancer properties and it also reduces
triglycerides. Besides its multipurpose applications it
has been used also as a reducing agent and a
protective colloid in noble nanoparticle synthesis
(Ahmad et al., 2013; Ahmad, 2014; Yi et al., 2011).
At its natural pH, tannic acid behaves as a weak
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reducing agent which can induce growth of
nanoparticles at room temperature. Room
temperature synthesis of silver or gold nanoparticles
using tannic acid has been demonstrated recently by
(Sivaraman et al., 2010) and long before (Ostwald et
al., 1917) showed that tannin can reduce chloroauric
acid at neutral pH to form stable gold nanoparticles
even if tap water is used to prepare the aqueous
solutions. Thus, tannic acid can be considered as an
environmentally friendly reducing agent.

The goal of this work is to carry out: (a)
synthesis of gold nanoparticles with various amounts
of HAuCl,, by a direct and environmentally friendly
reduction method of the gold precursor solution with
tannic acid; (b) analysis of the influences of how the
gold precursor was added, on the size and shape of
the obtained gold nanoparticles; (c) structural and
morphologic characterization by different techniques
of the synthesized gold nanoparticles.

2. Materials and methods

Chloroauric acid (HAuCly;-4H,O) was
provided by Wako Pure Chemical Industry, Ltd. and
tannic acid (C;34Hp30,;) from Carl Roth GmbH. All
the solutions for the synthesis of gold nanoparticles
in this paper were freshly prepared using
demineralised water.

The as obtained nanoparticles were
characterized through XRD spectroscopy. The XRD
patterns were collected by means of a Rigaku
diffractometer type Ultima IV in parallel-beam
geometry. The source of the X-rays was a Cu tube (A
= 0.15418 nm) operating at 40 kV and 30 mA.
Counts were collected from 10° to 80° with a step
size of 0.02 and a speed of 5%min. Rigaku's PDXL
software package, connected to the ICDD database
was used for the phase identification. Transmission
electron microscopy (TEM) was performed on FEI
Tecnai G2-F30 S-Twin field-emission gun scanning
transmission electron microscope (FEG STEM)
operating at 300 kV. A drop of the nanoparticles
suspension was mounted on a holey carbon film
copper grid allowing the solvent to evaporate at room
temperature. UV-VIS spectra were performed using
an Analytic Jena Specord 200 plus apparatus.

3. Experimental

Until now, the majority of the obtained
materials using similar synthesis aimed particle size
up to 20 nm. In this work, gold nanoparticles of
around 50 nm were obtained very simple, through a
direct and environmentally friendly reduction
method. The gold precursor consisted in a water
based solution of chloroauric acid of 0.9 mM. After
obtaining of the gold precursor, it was injected in a
water based solution of tannic acid of 0.9 mM
according to scheme presented in Fig. 1. Firstly, two
sample batches were prepared. In one of them 15 mL
of the as obtained gold precursor solution was
injected slowly, using a dropping funnel, in 15 mL of
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tannic acid solution, sample Aul (molar ratio Au:
tanic acid 1:1) and in the second one, 35 mL of gold
precursor solution was injected also slowly into 15
mL solution of tannic acid, sample Au2 (molar ratio
Au: tanic acid 2.3:1).

The tannic acid solution was kept in both
cases under magnetic stirring. The reduction occurs
almost instantly. In the case of 1:1 ratio (Aul) the
solution turns dark blue and in the second case, 2.3:1
(Au2) the solution turns in a brown-red (muddy red)
color. Both solutions were kept under stirring for a
better homogenization and then the synthesized
nanoparticles were recovered. The recovery was
made by using a 4000 RPM centrifuge device. After
separation, the obtained powder was calcinated at
200 °C for 2 hours. A third sample of 2.3:1 ratio was
prepared following the same protocol with the
exception that the gold precursor solution was
injected rapidly in the tannic acid solution, sample
Au3. The obtained solution was also muddy red.
After recovery, all the samples were characterized
through TEM and XRD analyses. UV-Vis spectra
were obtained for the prepared solutions prior to
nanoparticle recovery.

35 mL
Chloroauric acid,
0.9 mM

18
]
o
5
£

15 mL
Tannic acid
0.9 mM
(under stirring,
t=26°C)

1

Au NP
~50 nm

Fig. 1. Schematic representation of gold nanoparticles
synthesis, sample A3

4. Results and discussion

The reduced gold solutions were analyzed by
UV-Vis spectroscopy (Fig. 2), prior to nanoparticle
recovery. It can easily be seen that the as obtained
gold nanoparticles have a good adsorption in the
visible range, with the 2.3:1 sample having a bigger
adsorption that the 1:1 sample.

In order to observe the morphology, size and
shape of the synthesized Au nanoparticles all 3
samples were subjected to TEM analysis. It was
observed that the Au nanoparticles are faceted (Fig.
3), with a size ranging from 20 to 50 nm, depending
on the amount of gold precursor added in the tannic
acid solution. Unfortunately the dispersion in the first
2 samples was rather poor (Fig. 4), but this was
solved in the third sample when the injection
mechanism was changed.



Green synthesis and characterization of gold nanoparticles

Au l:1

1 RV Au 2.3:1
&

300 500 700 200
4 (nm)

Fig. 2. UV-Vis spectra of the reduced gold solutions
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Fig. 3. TEM images of: a) Aul, b) Au2 sample and c) Au3
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Fig. 4. TEM images showing the nanoparticle dispersion of a) Aul sample, b) Au2 sample and c) Au3 sample. Histogram of
particle area (d) of Au3 sample
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In Fig 4 one can see that the dispersion is
much better for the sample Au3 then in the case of
the other 2 where the chloroauric solution was slowly
added in the tannic acid. When analyzing the particle
area one can see that the majority of the particles
have a surface area between 1500 and 3000 nm’,
making them suitable for many applications,
including catalysis. Unfortunately the shape is
inconclusive. They are faceted, some of them are
triangles or hexagons (Fig. 3) but the majority has an
undefined shape.

TEM images were also analyzed using the
fractal theory (Mandelbrot, 1977). A fractal is an
object whose observed volume depends on the
resolution (length scale) at several orders of
magnitude and follows a power law behavior with a
nontrivial exponent; it has the property of self-
similarity. The fractal dimension was computed using
three methods: the correlation function method, the
variable length scale method and the box-counting
method. The first two methods were carried out using
personal computer codes, meanwhile the last one
using Benoit Soft, version 1.31, TruSoft Int’l, Inc.
Self-similarity has a mathematical description given
by Eq. (1), where: D is the fractal dimension and
N(r, R) is the number of boxes of size r which cover
the object of linear size R; in other words, self-
similarity is the property of an object to look the
same when zooming in (Mandelbrot, 1977;
Mandelbrot, 1982).

N(I’/R)N(I”/R)iD (1)

Keeping constant the maximum size of the
object R, the box dimension is defined as the
exponent D in Eq. (2), where: N(r) is the number of
boxes of linear size r necessary to cover the object in
a two-dimensional plane.

N(r)=Ar™" 2)

For Euclidean objects, one needs a number
of boxes proportional to 7, so the exponent D is the
Euclidean dimension of the plane, 2. The prefactor A,
sometimes named lacunarity, is a measure of how the
space is filled, a measure of the gap or of the object
texture (Lapuerta et al., 2010). The grey level of each
image pixel was converted in height and the fractal
dimension of the equivalent surface was computed
using two methods: the height correlation function
method and the variable length scale method.

The first method (Family and Vicsek, 1985) uses the
height correlation function according to Eq. (3),
where: the symbol <...> denotes an average over x.

G(r)=<[n(z)-nFz+7) >, 3)

Thus the height correlation function G(r)
obeys the following scaling relation for a surface
embedded in a 3-dimensional Euclidean space (Eq.
4).
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G(r)~ rz(}D),r <<L “)

The scaling range where equation (4) is valid
defines the “cut-off” limits and indicates the range of
self-affinity, in other words, the range where there
are correlations between surface points. The second
method was proposed by (Chauvy et al., 1998) and
consists in computing the rms deviation of the
surface. The algorithm is the following: (i) an
interval of length ¢ in case of a profile, (or a box of
size ¢ x ¢ in case of a surface) is defined; (ii) a linear
(or planar) least square fit on the data within the
interval is performed and the roughness is calculated;
(ii1) the interval (box) is moved along the profile
(surface) and step (ii) is repeated; (iv) the rms
deviation for multiple intervals is computed, and (v)
steps (ii)-(iv) are repeated for increasing lengths (box
sizes).

Rms deviation R, averaged over n, the
number of intervals of length ¢, is defined by Eq. (5),
where: z; is the jth height variation from the best fit
line within the interval i, and p, is the number of
points in the interval &

Pe

Ro=a> 3 ©)

n, izt \| Pe =1

The log-log plot of R, versus & gives the
Hurst or roughening exponent H, and the fractal
dimension D, can be calculated as given by Eq. (6),
where: D7 is the topological dimension of the
embedding Euclidean space (D;=2 for profiles and
D=3 for surfaces).

D=D,-H (6)

The variable length scale method is more
suitable for higher scaling range than the correlation
function method because of the necessity to have
enough points in an interval £x & to compute rms
deviation R, averaged over n,, meaning that & must
be high enough for a good statistic.

The last two methods describe the fractal
properties of the equivalent surfaces defined by the
gray-level of each pixel converted into height,
meanwhile the box-counting method describes the
fractal properties of an equivalent image obtained
from conversion of the gray scaled image into a black
and white one. The results are presented in Tables 1-
3.

The samples have fractal behavior as all
methods shows. The Aul sample is characterized, as
an equivalent surface, by three fractal dimensions:
2.40, 2.63 and 2.34, indicating that the nanoparticles
are agglomerated in correlated clusters. The Au2
sample is also characterized by three fractal
dimensions: 2.31, 2.55 and 2.15. The first two fractal
dimensions indicate correlations between points on
each nanoparticle, meanwhile the last one shows the
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existence of a single cluster, with a global fractal
behavior characterized by a low fractal dimension
and strong agglomeration. The Au3 sample is
characterized by two fractal dimensions: 2.48-2.58
for correlations between points on each nanoparticle
and 2.30, characterizing correlations between
nanoparticles themselves. The dispersion in the
fractal values 2.48-2.58 is a result of some
overlapping nanoparticles and of the projection of a
3-dimensional structure onto the 2-dimensional
image.

The box-counting fractal dimension of the
black-and-white image for the Aul sample has two
values: 1.83 at short scale and 1.35 at a large scale.
The first values indicates correlations between
nanoparticles in a cluster, meanwhile the second one
indicates the correlation between clusters. It is very
interesting to notice that the first value of 1.83 is very
closed to Sutherland’s simulations D=1.85 (Stanley,
1977;  Sutherland, 1967; Sutherland, 1970;
Sutherland and Goodarz-Nia, 1971).

The model was developed for colloidal
aggregation and suppose that the single particles
aggregate one with each other and then to form
binary clusters, the binary clusters aggregate one
with each other, and so on. In our case, the slowly
gold precursor solution injection will favor
aggregation, as diffusion is not a leading mechanism
in the system. The box-counting fractal dimension of
the Au2 sample is 1.87, again, very close to the
Sutherland’s value of 1.85. The box-counting fractal
dimension of the Au3 sample is 1.79 very closed to
the 1.78 wvalue obtained from diffusion limited
cluster-cluster aggregation simulations (Meakin,
1986) in the aggregation of gold colloids (Weitz and
Oliveira, 1984), when rapid aggregation is involved
and diffusion is a leading mechanism, the fractal
dimension will lead to the 1.75 value, very close to
our 1.79.

Table 1. Nanoparticle fractal dimensions of Aul sample

diffraction lines centred at 38.18°, 44.43°, 64.61° and
77.64° corresponding to (111), (200), (220) and (311)
planes respectively of Au compound with cubic
structure (JCPDS card no. 00-004-0784). The broad
halo at around 26=20° in the diffraction patterns is
the contribution of glass sample holder.

Table 2. Nanoparticle fractal dimensions of Au2 sample

Self-
Fractal Determination | similarity
Method dimension Coefficient domain
(nm)
Correlation | 2.31+0.01 0.999 2.6-13
method
Variable 2.55+0.03 0.981 4-13
Length 2.15+0.03 0.994 13-56
Scale
Method
Box- 1.87+0.01 0.999 0.3-119
Counting
Method

Table 3. Nanoparticle fractal dimensions of Au3 sample

Self-
Fractal Determination | similarity
Method dimension Coefficient domain
(nm)
Correlation | 2.40+0.01 0.999 2.5-29
method
Variable 2.63+£0.01 0.992 6-20
Length 2.34+0.02 0.982 20-55
Scale
Method
Box- 1.83+0.01 0.999 0.4-24
Counting 1.35+0.04 0.995 24-115
Method

In order to make sure of their composition, the
synthesized gold nanoparticles were subjected to X-
Ray diffraction analysis. The XRD diphractograms
confirms the existance of metallic gold without the
presence of any other impurities for all the studied
samples. Fig. 5 shows the XRD patterns of Aul-Au3
samples. The XRD patterns reveal the presence of

Self-
Fractal Determination | similarity
Method dimension Coefficient domain
(nm)
Correlation | 2.48+0.01 0.995 2-20
method
Variable 2.58+0.01 0.996 6-17
Length 2.30+0.01 0.990 17-89
Scale
Method
Box- 1.794+0.01 0.999 1-151
Counting
Method
8000
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Fig. 5. XRD spectra of the synthesized gold nanoparticles
5. Conclusions

Gold nanoparticles of 20 to 50 nm were
obtained using a simple and in the same time an
environmentally friendly synthesis method. In the
first two samples only the amount of added gold
precursor is different, the synthesis mechanism being
identical. It was observed that the dimension of the
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obtained nanoparticles is directly proportional with
the amount of gold added in the tannic acid. Because
the dispersion of the synthesized nanoparticles is
rather poor, a third sample was made, keeping the
quantities used in the second sample but changing the
injection mechanism. Thus, rapidly injecting the
precursor solution in the reducing one, we obtained a
better dispersion of the nanoparticles than it was
obtained by slowly adding the chloroauric acid
aqueous solution in the tannic acid solution. We used
the proportions of the second sample because we
needed to obtain nanoparticles with average size
around 50 nm. Even though the shape of the as
obtained particles is not homogenous, we saw from
the UV-Vis spectra that all the samples adsorb in the
visible range.

Fractal analysis of TEM images indicate the
same behavior: the first two samples are correlated
clusters of nanoparticles, with low dispersion and
highly agglomerated, characterized by three fractal
dimensions, meanwhile the last one consist of a self-
similar structure of nanoparticles with high
dispersion, and two characteristic fractal dimensions.
The box-counting fractal dimension values offer
some information about the synthesis mechanism:
slow injection can be simulated by the colloidal
aggregation; meanwhile the rapid injection is well
described by the diffusion limited cluster-cluster
aggregation model. Also, from the XRD spectra it
was clear that all the obtained materials consist only
in metallic gold.

Therefore, these nanoparticles, obtained by a
so called ‘green synthesis’ are suitable for further
analysis and testing in many applications, including
catalytic and photo catalytic tests for a current
worldwide problem consisting in the removal of
nitrite from water (Bulgariu et al., 2012), which is the
goal of our future study.
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Abstract

Nowadays, an efficient wastewater management involves the use of advanced treatment technologies able to decompose hardly
biodegradable compounds with reasonable costs at the lowest possible environmental impact. In our work we used one of the
most efficient advanced wastewater treatment, the Fenton reaction and its photo-assisted version. The hydrogen peroxide was the
oxidizer; despite its relatively high cost, its high activity in oxidizing of a large variety of organic persistent pollutants in the
presence of Fe®* ions as catalyst, makes it an alternative which is worth to be considered even in practical medium scale systems.
The Fenton and photo-Fenton oxidation were performed using a model dye, the xanthene-type Rhodamine 6G, widely used in a
series of biotechnology applications, but having major drawbacks when released in natural water flows, mainly mutagen and
carcinogen effects. Therefore, a parametric case study was performed in order to define the optimal operating parameters (the pH
value, the hydrogen peroxide concentration and the iron catalyst concentration). The oxidative degradation of Rhodamine 6G by
Fenton reaction was more effective when combined with UV irradiation. Each parameter of the oxidative treatment is essential
for the color and TOC removal. The optimal values found for the total color degradation and mineralization of the dye were as
follows: 16 ppm Fe**, 100 ppm H,0, and pH of 4.5.

Key words: advanced wastewater treatment, advanced oxidation process, photo-Fenton, Rhodamine 6G, UV irradiation
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1. Introduction management and the corresponding decontamination
treatments have entered to a routine. The big problem

The importance paid to an efficient nowadays is the accumulation of organic stable and

wastewater management is a real label for a civilized,
sustainable-oriented society. The complexity of the
wastewater composition had increased a lot in the
latest decades, due to the multiplication of the human
activities (or the dramatic increase of their scales)
requiring water as raw material: washing agent,
steam production, heating and cooling agent. Up to
an extent, the long-term kinds of water use are well-
known and consequently, the water quality

toxic compounds in the wastewater (dyes, pesticides,
surfactants), refractory to the biologically
degradation treatments, generating a chemical
composition hard to define in details and even more
difficult to establish a versatile strategy to get rid of
(Caliman et al, 2008; Papi¢ et al, 2014;
Yazdanbakhsh et al., 2014; Zaharia and Suteu, 2012).
On another part, the reuse of domestic or industrial
wastewater after the treatments is not enough

* Author to whom all correspondence should be addressed: e-mail: icre@ch.tuiasi.ro
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seriously directed to a sustainable-oriented direction
by the water management. There still is some work to
do on this topic from cultural, legislative and
economical point of view. Large masses of people
trend to consider water an endless and renewable
resource, so the rational water consummation sounds
like an empty slogan, especially for the less educated
people. The poorness and ignorance makes the
regulations about the water management quite
permissive in the undeveloped countries, being
evident that the wastewater treatment technologies
require high financial efforts (Lutic et al., 2014).

The multitude of wastewater contaminants
depend on their source and starts with domestic use
products (fats, waste from personal care or hygiene
products, pesticides from food processing or
preserving) and continues with industrial products
(dyes and surfactants from textile industry, organics
from oil refinery, chemicals used in food industry,
biotechnologies, pharmaceuticals). An important
point is the strong pollution at small scale due to
research activities or to medical investigation
laboratories, which use relatively small amounts of
extremely toxic or stable chemicals, thus generating
dangerous wastewaters. It is therefore interesting to
investigate methods applicable to the small-scale
wastewater treatment units, since their role is treating
preliminary wastewaters before releasing them to the
normal flowing course (Arsene et al, 2011;
Teodosiu, 2007; Zaharia and Suteu, 2012).

Due to the toxic nature and low
biodegradability of most synthetic dyes, several
groups of methods were applied: adsorption on solids
followed by different oxidation procedures
(Macoveanu et al., 1997; Zaharia et al.,, 2014a),
electrochemically and/or sonic assisted oxidation
procedures (Noubactepa and Schonerb, 2010;
Raschitor et al., 2014; Rein, 2001). The request to
decompose, not only to remove temporary by
adsorption from water the POPs, especially the dyes,
involved an increase interest for the employment of
Advanced Oxidation Processes (AOPs). The AOPs
are methods used to degrade and eventually
mineralize by means of oxidation different types of
rebel chemicals (named generically Persistent
Organic Pollutants - POPs) from liquid effluents. The
literature data agree that the key-step in the AOPs is
developing a large amount of HO- radicals in the
reaction medium. This reactive species is able to
initiate a chain radical reaction in which the POPs
and the oxygen participate together. The POP
molecules are splitted gradually in smaller molecules
and then finally mineralized to carbon dioxide and
water (Amilcar et al., 2009, 2012).

An excellent candidate for the oxidation of
POPs is the hydrogen peroxide, HO, (Zaharia et al.,
2009). Despite its relatively high price, its non-
polluting nature and high efficiency even at ambient
temperature recommend it as a “green oxidizer”. The
Fenton reaction involves the use of ferric or ferrous
ions as catalysts together with hydrogen peroxide, in
order to increase the efficiency of the HO- radicals
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production (Da Silva, 2013; Navalon et al., 2010). A
restriction of this reaction is the requirement to work
at low pH values, since the iron ions have a strong
trend to precipitate as ferric hydroxide (solubility
product 4:10°*) (Navalon et al., 2010). Generally, at
some tens of ppm ferric ions concentrations, the pH
values usually involved in the Fenton reaction are
comprised between 3 and 4 (Amilcar et al., 2009).
Sometimes a combined homogeneous-heterogeneous
procedure is applied, using a solid as the Fe** source,
by the partial dissolution of its framework, under the
influence of the reaction medium; this strategy also
allows applying higher pH values (around 7) for the
reaction (Barona et al., 2015).

The synthetic, non-degradable dyes are among
the top pollutants due to their property to absorb light
according to their structure. Even if not necessarily
toxic, the fore-mentioned behavior leads to the
modification of the aquatic environment for different
living creatures and aesthetic pollution (Secula et al.,
2008). The amount of iron required in this type of
homogenous catalysis, could be controlled by anodic
dissolution or an iron electrode, when the process is
namely electro-Fenton (Petrescu et al., 2009;
Priambodo et al., 2011).

The presence of UV irradiation accelerates
even more the process. Moreover, the UV light
promotes the oxidation of Fe** to Fe', while
generating HO- radicals and acidifying the reaction
medium (Eq. 1).

Fe’* + H,O0 — Fe** + HO + H* (1)

In brief, due to its high efficiency, the photo-
Fenton reaction can be considered one of the most
convenient, environmentally friendly and efficient
method for the oxidation of POPs. (Almicar et al.,
2012; Ruales-Lonfat et al., 2015; Sayid Abdullah et
al.,, 2014). There are literature data (Chong et al.,
2010) indicating the use of solar light as the UV
radiation source (Muthuvel et al., 2012, 2014) or
combining the photo-oxidation with electrochemical
processes (Priambodo et al., 2011).

Rhodamine 6G is an intense and persistent
xanthene dye, with intense pink color and green
fluorescence, widely used as a tracer dye in
hydrological studies as well as in laboratory
investigations involved in biotechnology and genetic
by microscopy, fluorescence, ELISA, etc. Its very
high stability, persistence and color intensity even at
concentrations around 1 ppm in solution makes it an
interesting species to be studied in the oxidative
mineralization (Lutic et al., 2012; Lutic et al., 2014;
Zaleschi, 2014).

In this study, we investigated the degradation
of dye Rhodamin 6G by the Fenton system, while
UV irradiation is applied. The Fenton reaction is
cited in literature as a reliable method to allow the
decomposition or mineralization of several dyes
(Muthuvel et al., 2012; Muthuvel et al., 2014; Peng-
Sheng et al., 2009; Zaharia et al., 2014a)
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2. Experimental part

The UV-vis spectrum of R6G shows a main
maximum absorption peak at about 525 nm and a
lower intensity peak located around 244 nm (Fig. 1).
The position of the main peak is preserved constant
during the photodegradation, so its intensity is trusted
for the dye concentration measuring.

The experimental setup of the photo-Fenton
process is displayed in Fig. 2. (Betianu et al., 2008;
Lutic et al., 2012). The reactor (4) is a glass vessel of
0.5 L, covered with a lid (1), accommodating a
central quartz tube (3) serving to insert an UV lamp
(2). The dye solution was exposed to UV in the space
between the reactor and the central tube.

The dye solution was magnetically agitated on
a stirring plate (6) at about 400 rpm using a magnetic
range (5). The runs were performed at ambient
temperature (296 - 298K). The initial dye solution
concentration was 30 ppm. Dye samples were taken
at due time durations from the photoreactor and the
concentration was measured by spectrophotometric
measurements, on a Shimadzu UV-1700 apparatus.
The Total Carbon Content (TOC) values on selected
samples were measured on a SHIMADZU Total
Organic Carbon Analyzer 5000A.

Ferric chloride, sulfuric acid and natrium
hydroxide solutions (0.1 N) of analytical purity from
Merck were used respectively as a source of Fe'™
ions and for the pH setting at the desired values.

1.8
1.6 it
1.4 1
8 1.?7
4]
.
S 0.
206 //\
0.4
0.2
0 : : : :
300 400 5 600 700

200 00 800

Wavelenght, nm

Fig. 1. The UV-Vis spectrum of Rhodamine 6G solution

Fig. 2. Experimental setup for the advanced oxidation of
Rhodamin 6G by photo-Fenton reaction

3. Results and discussion

3.1. Individual roles of the oxidation and irradiation
on process effectiveness

According to a standard procedure, when
investigating several factors which could give a
synergetic effect on a reaction, their individual role
must be highlighted before concluding (Lutic et al.,
2012; Rein, 2001; Zaharia et al., 2014b). Therefore,
blank experiments were performed as follows:

- if no oxidant (H,0,) was used and 16 mg/L Fe*"
was mixed in the dye solution, the decolorizing after
60 min of exposure to light reached only around
14%; this is the photolysis degree with no oxidizer;

- when 100 ppm H,0O, was added but no catalyst
(Fe’") was introduced in the system, the conversion
was below 10% in the first 30 min and finally
reached around 20% after 1 hour; this is the pure role
of the oxidizer;

- when only the Fenton reagents were used,
without illumination, the conversion was around
11%; we concluded that the light role was essential
for the degradation of the dye;

The second and third blank experiments
correlated show that the addition of Fe’" has a certain
inhibition effect on the decolorizing.

Broad limits were taken for all the parameters
to be studied, 27 - 173 ppm H,0,, 0.3-30.6 ppm Fe**
and pH 2.3 -4.7.

3.2. Influence of pH value on the dye removal

This is a key parameter for the removal of
organic pollutants by Fenton reaction, especially due
to the iron ions solubility, but also to the activation of
the dye molecule and generation of HO- radicals. The
influence of the pH was investigated in reaction
systems containing 100 ppm H,O, and 16 ppm Fe*".
We must outline that at ambient temperature, the
spontancous hydrogen peroxide decomposition
occurs at an appreciable extent, so it is convenient to
find the proper conditions able to remove the dye
within some tens of minutes.

The time dependence of the decolorizing
extent is displayed in Fig. 3. The results show that
Fenton reaction is highly favored by the pH value of
3.5. The dye removal is extremely fast, since it had
been removed almost totally within some minutes.
Neither lower nor higher values of the pH worked
better, but the pH value of 4.7 was much better than
the low 2.3. It is important information, since usually
wastewaters have pH values close to neutral and a
fast reaction requires the pH adjustments. This set of
experiments let us conclude that a pH value
comprised between 3.5 - 4.5 is reasonable for an
eventual practical application, since for both values
the time reaction comprised between 15-20 minutes
gave high decolorizing degrees.

A better way to express the degradation of a
dye by Fenton reaction is measuring the remains of
total organic matter by TOC determination, since
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decolorizing is the first step in the degradation, but
the final target is to mineralize as much as possible
the organic matter from the wastewater.

Table 1 presents some data illustrating the
removal dye degree in terms of TOC. The high pH
values seem to have a net more favorable effect on
the dye removal, since at pH of 4.7 the mineralization
degree reaches over 66% after one hour of reaction.
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Fig. 3. The pH value influence on photo Fenton reaction
advancement in terms of decolorizing

Table 1. Dye degradation extent calculated from TOC data
at different pH values

Time, min / pH value 2.3 4.7
30 9.8 343
60 36.96 66.32

3.3. Influence of the H,O, concentration on the
performance of dye degradation

In order to investigate the influence of the
oxidizer concentration on the process, in this series of
experiments, the pH value of 3.5 was chosen and the
Fe’" concentration was kept also at 16 ppm. As
expected, the hydrogen peroxide concentration has a
strong influence on the performance of the reaction.

The high values of the oxidizer concentrations
involved an extremely fast decolorizing photo Fenton
process, almost instantaneous, when the H,0,
concentration value was 173 ppm. In fact, a lot more
interesting from a practical perspective is the
behavior when only 27 ppm H,0, was added in the
system. At a thus low concentration, the total
decolorizing occurs in about 10 minutes. It indicates
that the presence of H,0, is necessary in the initial
step of the oxidation, for the initiation of HO-
radicals production and for this purpose 27 ppm is
enough. Later on, the reaction continues on the
expense of the radicals propagated in the system and
after 10 minutes the decolorizing is almost complete
(Fig. 4).

The TOC values for some selected points are
shown in Table 2. In this case, the behavior is very
different. The presence of high amounts of H,0,
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determines the mineralization up to 70% during the
first 30 minutes, and then the mineralization degree
does not grow any more in a significant extent.

For the low concentrations of the H,O, the
mineralization is slower and weaker. It shows that the
breakage of the chromophore chemical bondings can
occur at low concentrations of the oxidizer, but the
fragments resulted from the split of the entire dye
molecule are transformed to carbon dioxide only in
the presence of high hydrogen peroxide content.
So, we could say that the photo-induced process is
strictly necessary to initiate the bulk molecule split,
while the oxidizer is very active for the
mineralization of the smaller fragments.
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Fig. 4. The effect of H,O, concentration on photo Fenton
reaction — decolorizing

Table 2. Dye degradation extent calculated from TOC data
at different oxidizer concentrations

Time, min / H,0, 27 173
concentration
30 18.86 66.70
60 31.47 69.59

3.4. The influence of the Fe’* concentration on dye
removal efficiency

Three values of Fe’* concentrations were
tested in the R6G degradation, namely 1.5, 16 and
30.6 ppm. These experiments were run at hydrogen
peroxide concentration 100 ppm and pH value of 3.5
(the corresponding saturation concentration of the
Fe’* ions is 70.8 ppm).

Even at the very low concentration values of
Fe’', the Fenton system is working, although the
decolorizing is very slow. An increase of the Fe’*
ions concentration to 16 ppm gives a spectacular
decolorizing rate, since a reaction time of 5 minutes
arises a 98% conversion degree (Fig. 5).

4. Conclusions

This research studied the performance of the
Fenton system during UV irradiation on the
degradation of Rhodamin 6G dye. The essential role
of all components in the reaction medium was
highlighted first: the oxidizer, the catalyst and the
UV irradiation.
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Fig. 5. Fe* concentration influence on photo Fenton
reaction

A parametric study allowed defining the
optimal set of working conditions judged from the
point of view of dye decolorizing and its total
mineralizing. The role of the oxidizer was rather to
be an efficient initiator of the dye degradation, since
its use at a low concentration of 27 ppm leads to the
total decolorizing in several tens of minutes, while
the high degrees of mineralizing required higher
concentrations of oxidizer (around 100 ppm). The
Fe’" ions concentrations necessary for a high yield of
the reaction were around 16 ppm and the pH value
ranging between 3.5 and 4.7.

The possibility to enhance the performance of
Fenton oxidation process of Rhodamin 6G dye in
water solution in the presence of UV irradiation was
proved and quantified.
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Abstract

The deterioration of the natural polymers is a very complex process, and a problem that can be best addressed through modelling.
The approach for modelling the rheological behaviour of different cellulose-based textile fibres (cotton, hemp, flax) when
subjected to a hydrothermal treatment, followed by exposure to different doses of gamma-rays (5, 10, 15 and 25 kGy) is
presented here. In order to predict the optimum radiation dose limit and hydrothermal aging time, the mathematical model was
developed using MATLAB computational technique.

To study the mechanical behaviour of the tested fibres, tensile tests were carried out using a TINIUS OLSEN dynamometer
HSKT according to ISO 2062 norm. The model of correlation between the mechanical properties of the fibres and the
independent variables was based on a polynomial second-degree equation, with the Least-Squares fitting approach that led to the

coefficients of the mathematical model.
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1. Introduction

As the level of environmental degradation is
nowadays a rising hazard, physical treatments such
as exposure to ionizing radiation (gamma rays or
electron beam) prove to be the environmentally
friendly methods both for reducing biological
contamination and as mean of modifying polymers
for different purposes. In industrial irradiators, the
standard sealed sources of isotopes are subjected to
national and international regulations (ASTM, 2006;
ISO, 2000; ISO, 2006a; ISO, 2006b) that provide the
legal basis for environmental radiation monitoring
(Tonescu et al., 2012).

Although used mainly for the sterilization of
medical devices and pharmaceutical products or food
products decontamination, gamma-rays treatment

was taken into consideration for the last fifty years as
a less noxious mass-treatment for disinfestations or
micro-organisms inactivation in historical collections
(Kennedy et al., 2000; Katusin-Razem et al., 2009;
Van der Sluijs and Church, 2013). The main
advantage in applying this treatment resides in the
high penetrating power of this type of ionizing
radiation, which allows a product to be treated even
inside its package, while it leaves no residues on the
object. As regards the conservation of textile heritage
collections, the radiation dose should be selected
according to the chemical and physical properties of
the materials (Geba et al., 2014; Panzaru and
Malutan, 2012).

The exposure to gamma rays requires
thorough investigation concerning the long term
effect of radiation doses (Machnowski et al., 2013;

* Author to whom all correspondence should be addressed: e-mail: thmalu@tuiasi.ro; marta_ursescu@yahoo.com
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Takacs et al., 1999) on the mechanical properties of
the natural fibres during aging (Olaru et al., 2013) in
their future environmental conditions.

In the present study, the mechanical behaviour
of cellulose-based fibres exposed to gamma rays and
hydrothermal treatment was investigated, followed
by empirical mathematical modelling, developed to
establish the effect of both increased exposure to
irradiation and hydrothermal treatment on the
physical-mechanical characteristics of fibres.

2. Experimental
2.1. Materials

This study was carried out on fibres from
commercial fabrics made of cotton, flax and hemp.
Textile samples subjected to a hydrothermal
treatment and irradiated at increasing doses of
gamma radiation were analysed.

2.2. Weathering procedure

The tested fibres were placed in a laboratory
chamber (Angellantoni Ind., Italy) and exposed to the
hydrothermal treatment, to climatic conditions set at
40°C and 60 % R.H., in order to reproduce the
influence of the main agents of deterioration within
the museum environment. The samples were kept in
the climatic chamber for 0, 24, 48 and 120 hours.

2.3. Irradiation procedure

The  Technological  Radiation  Centre
IRASM/IFIN-HH in Magurele, Ilfov, Romania
provided the exposure to gamma-rays doses of: 5, 10,
15 and 25 kGy, with a Dmax/Dmin=1.14 dose
uniformity, in an SVST Co-60/B type irradiator.

2.4. Tensile tests

Tensile tests were carried out using a TINIUS
OLSEN dynamometer HSKT, according to ISO 2062
norm. The main tensile properties, namely breaking
force (inN) and relative elongation (%) were
analyzed.

3. Results and discussion

The behavior of the tested samples of cotton,
flax and hemp under the radiation treatment may be
different from the pure cellulose, due to the changes

already induced through fibers manufacturing (i.e.
temperature, chemicals, stretching, raw materials
type as cellulose source for processing the fibers) and
the exposure to or the fluctuation of environmental
agents (i.e. temperature, light, relative humidity).
Using an appropriate mathematical model in studying
the rheological behaviour of the tested textiles, one
can estimate the optimum domain of the radiation
doses, as well as the durations of the hydrothermal
treatment that should lead to the adequate physical-
mechanical characteristics. In order to establish the
effect of both increased exposure to irradiation and
hydrothermal treatment on the physical-mechanical
characteristics of the cellulose-based fibres, an
empirical mathematical second order rotational
model was developed (Malutan, 2009). Therefore,
results on physical-mechanical tensile tests were
subjected to mathematical modelling by means of the
Least-Squares fitting approach, for the purpose of
obtaining a correlation equation.

The independent variables considered in the
proposed model were: time of exposure to
hydrothermal treatment and gamma radiation dose.
The dependent variables taken into account were the
values of the measured mechanical characteristics:
breaking work, breaking force and relative
elongation. The model of correlation between the
mechanical properties of the fibres and the
independent variables was based on polynomial
second-degree equations such as Eq. (1).

¥(x) = botbixthyxatbyx b ipx xathyx” (1)

The Least-Squares fitting approach and the
adequate modelling of the experimental data related
to physical-chemical characteristics of the cellulose-
based textile materials led to the coefficients of
correlation in Table 1. The different local forms in
modelling the real response surfaces Y = f (X, X3)
are shown in Figs. 1-9.

For the cotton samples exposed to
hydrothermal treatment and radiation, the evolution
of the breaking force leads to the conclusion that,
under hydrothermal treatment of the same duration,
the value for the breaking force decreases when the
radiation dose increases. This trend is more obvious
for doses higher then 15 kGy. The hydrothermal
treatment up to 60 hours leads to the decrease of
elongation whith the increase of radiation dose to 25
kGy.

Table 1. Coefficients of correlation for the mathematical model

Cotton Flax | Hemp

Coefficients Breaking | Elongation, | Breaking | Breaking | Elongation, | Breaking | Breaking | Elongation, | Breaking
force, N % work, J | force, N % work, J | force, N % work, J

by 2.481 2.8948 0.0039 26.6931 3.3382 0.0395 20.5696 3.6842 0.0314

b, -0.013 -0.0014 -5.89¢-6 -0.2776 -0.0566 -0.0010 -0.0983 0.0046 -5.14e-4

b, -0.006 0.0187 1.142e-5 -0.0374 0.0127 7.895e-5 0.3255 0.0287 5.16e-4

by -1.16e-4 -0.0011 -1.87e-6 0.0048 0.0015 2.042¢-5 -0.0069 -0.0003 -3.15¢-6

by 8.22e-6 4.248e-4 4.664e-7 0.0003 0.0001 -2.51e-6 -0.0015 0.0004 3.98e-6

b,y 4.81e-5 -1.35¢-4 -7.48e-8 0.0001 -0.0001 -5.03e-7 -0.0022 -0.0002 -3.71e-6
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After 120 hours of exposure, the elongation is
increasing while breaking force is decreasing, which
proves a pronounced deterioration of the cellulose-
based material. These tendencies correlate to the
evolution of the work at break, with similar trend up
to 60 hours of hydrothermal treatment (Figs. 1-3).

For the flax fibres exposed to hydrothermal
treatment and radiation, under hydrothermal
treatment of the same duration the breaking force
decreases when the radiation dose is increasing for
the entire 0-25 kGy range of doses.

Studying the elongation, the conclusion is that
under a hydrothermal treatment up to 60 hours, the
elongation reaches a maximum value when the
radiation dose belongs to an exposure to 10-15 kGy
and the duration of the hydrothermal treatment is
between 30 and 80 hours. For other values of
radiation or durations of treatment, the elongation
decreases (Figs. 4-6).

When exposing to hydrothermal treatment and
radiation the hemp fibres the breaking force is
continuously decreasing, in the whole gamma-rays
exposure domain (0-25 kGy) and at the same
duration for the exposure at hydrothermal treatment.

Breaking force, N

= 0
00 ® Radiation dose, kGy

Fig. 1. Surface plot for the variation of the breaking force
as a function of duration of the hydrothermal treatment and
radiation dose in cotton samples

Elongation, %

! 10
00 ® Radiation dose, kGy

Fig. 2. Surface plot for the evolution of the elongation as a
function of duration of the hydrothermal treatment and
radiation dose in cotton samples
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Fig. 3. Surface plot for the evolution of the breaking work
as a function of duration of the hydrothermal treatment and
radiation dose in cotton samples

Breaking force, N

Fig. 4. Surface plot for the variation of the breaking force
as a function of duration of the hydrothermal treatment and
radiation dose in flax samples
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Fig. 5. Surface plot for the evolution of the elongation as a
function of duration of the hydrothermal treatment and
radiation dose in flax samples

The elongation is depicting a maximum gain
at around 30-80 hours of hydrothermal exposure for

603



Olaru et al./Environmental Engineering and Management Journal 14 (2015), 3, 601-605

an irradiation dose between 10 and 15 kGy For the
overall domain of ionizing radiation or hydrothermal
exposure, the elongation seem to be decreasing (Figs.
7-9).

Breaking work, J

Breaking work, J

Fig. 6. Surface plot for the evolution of the breaking work
as a function of duration of the hydrothermal treatment and
radiation dose in flax samples
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Fig. 7. Surface plot for the variation of the breaking force
as a function of duration of the hydrothermal treatment and
radiation dose in hemp samples

Elongation, %

Fig. 8. Surface plot for the evolution of the elongation as a
function of duration of the hydrothermal treatment and
radiation dose in hemp samples
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Fig. 9. Surface plot for the evolution of the breaking work
as a function of duration of the hydrothermal treatment and
radiation dose in hemp samples

4. Conclusions

Ongoing research performed to assess the
impact of gamma-ray treatments on historical
materials is essential, in order to determine the lowest
possible dose that provides decontamination with
minor side effects on the cultural heritage objects,
stored in the most appropriate environmental
conditions.

According to mechanical tests results on dose-
dependency effects, low impact on the tested natural
fibres was found at radiation doses below 15 kGy.

Along with experimental data on changes in
the physical-chemical properties, the proposed
mathematical model may lead to the proper selection
of the maximum radiation dose allowed for the
treatment in the particular case of historical textile
objects.
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Abstract

The present research reports the synthesis of poly-N-isopropylacrylamide / mesoporous carbon composites, prepared by radical
polymerization of N-isopropylacrylamide inside mesoporous carbon pores functionalized with carboxylic groups. The deposition
of poly-N-isopropylacrylamide on mesoporous carbon was confirmed by FT-IR spectroscopy, TEM, N,-sorption measurements.
The mesoporous carbon material was found to adsorb vitamin B2 from aqueous solution at room temperature. The obtained
composite, poly-N-isopropylacrylamide / mesoporous carbon, exhibited a higher adsorption capacity for vitamin B2 as compared
to un-functionalized mesoporous carbon sample, due to hydrogen bonding between carbonyl groups of poly-N-

isopropylacrylamide immobilized on the mesoporous carbon surface and amino groups of vitamin B2 molecules.
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1. Introduction

Uniform nanoporous polymers have attracted
considerable attention for a long time in materials
science (David et al., 2008). There are lots of reports
on the synthesis of nanoporous polymers, but one of
the disadvantages is that such structures are lower in
mechanical strength and resistance to chemical
treatments.

Recently, the attention have been focused on
the synthesis of mesoporous carbon (MC) materials
due to their physico-chemical properties, high
specific surface area, tunable pore sizes, easiness for
functionalization their mesopores (Liang et al., 2008;
Nastas et al., 2013), these futures being of great
interest in many applications as separation, catalysis,
energy storage and conversion (Vinu et al., 2003).

Actually, the randomly porous carbons (active
carbon) (Gergel, 2015) are the product of

conventional synthesis and their performance in the
adsorption of giant organic molecule is not optimal
because of their disordered pore structure, low
specific pore volume, and significant amount of
micropores, which only allows the adsorption of
relatively small molecules from gas or liquid phases
(Bansal et al., 1998; Shen et al., 2003). On the other
hand, large biomolecules such as vitamins, amino
acids and proteins (Ramos et al., 2004; Vinu et al.,
2006; Vinu et al., 2007), should be adsorbed by a
mesoporous material, because this allows the
adsorption of molecules that are too large to enter
micropores. Therefore, a significant effort has been
done to develop mesoporous carbon materials with a
sufficiently porous matrix to accommodate
macromolecules. Actually, its surface chemistry,
specific area and pore structure determines its
applications (Wenzhong et al., 2008). Over time,
many novel ways, as arc discharge, chemical vapor
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deposition, laser ablation, and template synthesis
techniques (Kyotani et al., 2000; Kyotani et al., 2003;
Olson et al., 2008; Zhang et al., 2002) to precisely
control the pore size and structure of different types
of porous carbons have been proposed. The
properties of such mesoporous carbons are
determined by the nature of the precursor used in the
template synthesis method to produce novel forms of
carbon with unusual properties (Goncalves et al.,
2000; Sakintuna and Yurum, 2005). For example,
glycerol (Ignat and Popovici, 2011) when carbonized
inside mesoporous silica pores, yielded template
carbon. This shows that the confined environment
(pore) can control the process of carbonization at
molecular level. This method is easy, inexpensive
and can be suitable adapted for large-scale
production.

In this regard, a simple and reversible delivery
system can be envisaged. This system is based on a
combination of the MC material with a stimuli-
responsive or “smart” polymer. Thus, the access to
the pores is controlled by application of a stimulus,
such as a change in pH, ionic strength, or
temperature. Therefore, poly-N-isopropylacrylamide
(PNiPAM) was selected to improve the adsorption
capacity of the templated MC material, which will
lead to unusually intimate interactions between the
polymer and the inorganic phase (Mark et al., 2006;
Winey et al., 2006). The PNiIPAM/MC composite
mesoporous material exhibit the same chemical
properties of the used polymer, whereas the specific
surface area and the stability of the pores against
mechanical compression, thermal and chemical
treatments 1is greatly enhanced. As result, the
resultant composite exhibits surface properties of the
polymer.

Vitamin B2 (VB2) is a water-soluble B-
complex, which plays an important role in the
oxidation and reduction reactions of fats, proteins
and carbohydrates, promoting regular patterns of
growth and development. Vitamin B2 assists the
energy release from food and is part of the electron
transport mechanism involved in this process. When
vitamin B2 deficiency in human body occurs, a
supplement administration is always requested.

Adsorption of vitamin B2 on solid surfaces
has attracted the attention due to its importance for
the food industry and medicine. Vadi and Hadipour
(2011) have recently reported the adsorption of
vitamin B2 on carbon nanotubes. They found that the
adsorption of vitamin B2 on carbon nanotubes is of
higher efficiency and the adsorption process obeys
the Freundlich isotherms.

In this study the polymer-functionalized MC
was obtained by a combination of simple surface
modification of the MC material and in situ internal
polymerization of PNiPAM. The formation of the
PNiPAM inside the mesoporous carbon was
confirmed by Fourier Transform-Infrared
Spectroscopy, Transmission electron microscopy and
N, adsorption-desorption measurements. Polymer-
modified adsorbents and MC have been used for
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separation of the VB2 from solutions and the
equilibrium adsorption isotherms have been studied.

2. Experimental
2.1. Chemicals materials

All reagents (Analitical Grade) used in the
experiment were purchased from Aldrich and Acros
Organics: tetraethyl orthosilicate (Si(OC,Hs),) and
tri-block copolymer poly (ethylene glycol)-block-
poly (propylene glycol)-block-poly(ethylene glycol)

(Pluronic  P123, molecular weight = 5800,
E020PO70E020), glycerol (C3H5(OH)3), N-
isopropylacrylamide (NiPAM), 2,2'-

azobisisobutyronitrile  (AiBN),  N,N’-methylene
bisacrylamide, ethanol, chloroform, vitamin B2. All
products were used as received. The distilled water
requested for experiments was prepared with an
ELGA Purelab water system.

2.2. Synthesis of mesoporous carbons

The mesoporous carbon sample was prepared
by a hard-template method, reported by Ignat and
Popovici (2011), using the ordered mesoporous silica
(SBA-15 type) as template (Ryoo et al., 1999) and
glycerol as carbon source. The silica template has
been synthesized using a tri-block copolymer
(Pluronic P123) by a sol-gel method described by
Ryoo in 1999.

In a typical synthesis of ordered mesoporous
carbon, the SBA-15 silica was loaded with 10%
glycerol solution by dry impregnation method. The
resulted mixture was then subjected to
polymerization and the polymer-silica composite
have been pyrolyzed in a nitrogen flow at 800 °C.
Afterward, the SBA-15 silica framework was leached
with HF solution in order to separate the carbon
structure. The obtained powdered sample was
labelled as MC.

2.3. Synthesis of PNiPAM-functionalized MC

N-isopropylacrylamide, 0.25g, have been
dissolved in 2 ml ethanol. Then, 0.01g of 2,2’-
azoisobutyronitrile (AiBN), as free radical initiator,
together with 0.02g of NN’ methylene
bisacrylamide (BIS) were added to the prepared
solution and stirred at ambient temperature until a
clear solution is obtained. Further, 0.1 g of
mesoporous carbon material (MC) was impregnated
with the above prepared mixture. After 2h of
impregnation, the black solid was air-dried at room
temperature to remove the alcohol.

Afterwards, the polymerization step was
performed in a heating oven at 80 °C for 24 h. The
resulted powdered sample was washed twice with
chloroform and ethanol to remove unreacted
chemicals. The obtained product was then dried
overnight at 80 °C and the final sample was labeled
as PNiPAM/MC composite.
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2.4. Adsorption of vitamin B2

For the adsorption tests, a series of standard
vitamin B2 solutions with concentrations ranging
from 3 to 100 mg/L was prepared first by dissolving
it in distilled water. In each adsorption experiment,
0.01 g of different mesoporous carbon based
adsorbents was suspended overnight in 10 mL of the
vitamin B2 solution. The resulting mixture was
continuously  magnetically  stirred at room
temperature until equilibrium was reached (typically
12 h). The amount of vitamin B2 adsorbed was
determined by UV-Vis spectroscopy, at 263.5 nm,
substracting the amount found in the supernatant
solution after adsorption process from the initial
found amount of vitamin B2 in that solution.
Calibration experiments were done separately before
each set of measurements with vitamin B2 solution
of different concentrations in distilled water.
Filtration prior to the measurements was used to
avoid potential interference from suspended
scattering particles in the UV-vis analysis.

2.5. Characterization

FT-IR absorption spectra were recorded using
a Bruker Vertex 70 FTIR spectrometer in order to
investigate the surface chemistry of the synthesized
materials.  Registrations were performed in
transmission mode within 400-4000 cm™ range with
a resolution of 2 cm’ at room temperature on
samples dissolved in KBr pellets.

Ny-sorption measurements of the prepared
samples were performed on a Quantachrome Nova
2200 Instrument & Pore Size Surface Area Analyzer
using nitrogen as adsorbate at -196 °C. Before
analysis, all samples have been outgassed under
vacuum for 10 hours at room temperature. The
specific surface area was calculated using the
formula of the BET equation. The total pore volume
was taken from the adsorption-desorption isotherm at
P/Py = 0.95. Pore size distributions (PSDs) were
determined using Barrett-Joyner-Halenda equation
(Barrett et al., 1951).

TEM images were collected on a Hitachi
High-Tech HT7700 electron microscope (Hitachi
High-Technologies Corporation, Tokyo, Japan)
operated at 120 kV, using copper grids (300 mesh)
coated with ultrathin carbon film on holey carbon
support film (Ted Pella, Redding, CA).

The concentration of the vitamin B2 in
solutions was monitored at 263.5 nm wavelength
with  a  Shimadzu  UV-1700  PharmaSpec
spectrophotometer.

3. Results and discussion

FT-IR spectra of PNiPAM/MC,
PNiPAM/MC-VB2, MC-VB2, VB2 and pristine MC
solid samples are shown in Figs. 1a and 1b. The FT-
IR spectra show the H-bonding between vitamin and
PNiPAM/MC composite by the presence of the peak

centered at 3400 cm™. Although, N-H and O-H bonds
are also involved in the hydrogen bonding, each
individual O-H bond have a slightly different
vibrational frequency, causing a broad peak aspect.

It is important to note that the adsorption
capacity of PNiPAM/MC composite for vitamin B2
is higher as compared to un-functionalized
mesoporous carbon. This happens most probably due
to the formation of hydrogen bonds between carbonyl
and amino groups (C=0---H-N) from both the
PNiPAM-coated mesoporous carbon surface and
vitamin B2 molecules. Also, when vitamin B2 is
adsorbed on mesoporous materials, a broad peak in
the “fingerprint” region (below ~1500 cm™) of both
MC-VB2 and PNiPAM/MC-VB2 spectra could be
observed. Vibrations that occur in this region are
very complex and are hard to assign to a specific
functional group.

Figs. 2 and 3 show the N,
adsorption/desorption  isotherms of MC and
PNiPAM/MC samples in comparison to the same
adsorbents after adsorption of vitamin B2 from
aqueous solutions. The isotherm of MC and
PNiPAM/MC samples are of type IV according to
the IUPAC classification and exhibits a H1 hysteresis
loop, whereas MC-VB2 and PNiPAM/MC-VB2
samples exhibit a type IV isotherm without
hysteresis. As is evident from Figs. 2 and 3, the
isotherms of MC featured a large capillary
condensation step, indicating different sized
mesopores, while the isotherm of PNiPAM/MC
sample a narrow capillary condensation step,
localized at lower relative pressures, indicating
narrowed mesopores. The adsorption isotherms of
MC-VB2 and PNiPAM/MC-VB?2 samples are of type
I isotherm, which is characteristic for a microporous
material. The textural properties of the mesoporous
carbon-based adsorbents before and after adsorption
of vitamin B2 are collected in Table 1. As expected,
the specific surface area of MC carbon sample (1319
m?/g) is higher than the specific surface area of
PNiPAM/MC (678 m?/g), due to the pore blocking
by polymer particles. As well, the specific pore
volume of mesoporous carbon material is 1.26 cm®/g,
which is higher as compared to the specific pore
volume of PNiPAM/MC system (0.74 cm’/g).

As result, the amount of nitrogen adsorbed
decrease with VB2 uptake from solution, leading to a
decrease of the BET specific surface area (from 1319
m*/g to 130 m*/g for MC system, and from 678 m’/g
to 67 m’/g for PNiPAM/MC system) and the total
pore volume (from 1.26 cc/g to 0.14 cc/g for MC
system, and from 0.74 cc/g to 0.08 cc/g for
PNiPAM/MC system), because the pores being filled
up with vitamin B2 molecules.

An evidenced difference is observed from the
adsorption tests that are in line with the different pore
diameter of the adsorbents. It is important to note that
PNiPAM/MC composite exhibited a high amount of
vitamin B2 adsorption (1554 mg/g), which is 1.5
times higher as compared to MC sample (954 mg/g).
In fact, the BET specific surface area of the adsorbent
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is a crucial factor which determines the adsorption
capacities of carbon adsorbents (Noll et al., 1992).
Contrariwise, the adsorption capacity of the carbon-
based adsorbents increases in the following order,
MC < PNiPAM/MC, although MC carbon sample
has a higher specific surface area as compared to
PNiPAM/MC. The textural properties of the
mesoporous carbon-based adsorbents other than BET
specific surface area such as pore volume and pore
diameter also play an important role in determining
the vitamin B2 adsorption capacity. It should also be
noted that, although the difference in the pore volume
of MC and PNiPAM/MC is very small, there is a
large difference in their amount of vitamin B2
adsorption.

Although, PNiPAM/MC system has a
decreased BET specific surface area compare to MC
sorbent, a reasonable explanation for the higher
sorption capacity envisage the PNiPAM polymer
particles deposited on the external surface of the

carbon material, confirmed by TEM (Fig. 4).
Actually, PNiPAM polymer particles insert on the
carbon surface functional groups that are responsible
for the hydrogen bonding with vitamin B2 molecules
(Fig. 1). So, in this case, the uptake of larger
molecules, vitamin B2, is explained in terms of the
surface functional groups inserted on the mesoporous
carbon surface, not to the BET specific surface area
(which normally should lead to a decreased sorption
capacity).

In order to describe the absorption process of
vitamin B2 on the prepared carbon materials,
Langmuir, Freundlich and Temkin isotherms have
been drawn (Figs. 5 and 6). All the experimental data
and the calculated parameters are listed in Table 2.

Finally, could be observed that the adsorption
process of vitamin B2 on MC sample obeys Temkin
isotherm, reaching an R> = 0.9997, while the
adsorption on PNiPAM-functionalized MC sample
obeys Langmuir isotherm, reaching an R* = 0.7535.

PNiPAM PNiPAM/MC-VB2
. 3]
z PNiPAMMC © MC-VB2
g 1
£ g
£ =l
z z
z Mc g VB2
= = |
P
30900 8400 2900 2400 1900 1400 500 400 3300 3400 2300 2400 1900 1400 300 400
Wavenumber, cm! Wavenumber, ¢nr?
a) b)

Fig. 1. FT-IR spectra of MC, PNiPAM and PNiPAM-coated MC (a) and VB2, VB2-adsorbed
on simple MC and PNiPAM/MC composite (b)
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Fig. 2. Nitrogen adsorption-desorption isotherms with corresponding BJH pore size distributions (inset) of MC,
MC-VB2 samples
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Fig. 3. Nitrogen adsorption-desorption isotherms with corresponding BJH pore size distributions (inset) of MC,
PNiPAM/MC and PNiPAM/MC-VB2 samples

Table 1. Textural characteristics of the synthesized mesoporous carbon-based adorbents

Sample MC MC-VB2 MC/PNiPAM MC/PNiPAM-VB2
Feature*
Sger, mY/g 1319 130 678 67
Vi CC/8 1.26 0.14 0.74 0.08
V mictos €/ 0 0 0.002 0
S micro, M>/g 0 0 3.93 0
d,, nm 3.89 3.26 22 2.0

where: Sger is BET specific surface area; V.- total pore volume calculated as the amount of nitrogen adsorbed at the relative pressure of P/P,
= 0.95; Viyicro - micropore volume calculated by the t-plot method; S,c,, - micropore surface area calculated using t-plot method; d,- average pore
diameter resulted from BJH pore size distribution using adsorption branch

a)

b)

Fig. 4. TEM images of pristine MC (a) and PNiPAM/MC (b) samples
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Fig. 5. Langmuir, Freundlich and Temkin isotherms for the adsorption of vitamin B2 on MC adsorbent
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Table 2. Langmuir, Freundlich and Temkin parameters for adsorption of VB2 on mesoporous carbon based material
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12 0,413 8.37 837 0.12 0.28 1.28 2.12
15 0.60 3.08 9.10 11.9 909 1191 0.11 0.17 0.84 0.32 1.77 2.20 1.12 7.08
18 0.87 3.63 9.54 14.4 954 1437 0.10 0.12 0.70 0.28 2.13 2.25 1.28 7.27
21 5.91 15.1 1509 0.66 0.17 1.77 7.31
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Fig. 6. Langmuir, Freundlich and Temkin isotherms for the adsorption of vitamin B2 on PNiPAM/MC material
4. Conclusions The obtained results showed that the
adsorption  capacity obtained for PNiPAM-

Adsorption process of vitamin B2 over
mesoporous carbon-based materials such as MC and
PNiPAM/MC has been studied from vitamin B2
solutions with wvarious concentrations, and the
obtained results were compared. It has been observed
that the vitamin B2 adsorption capacities of the
adsorbents depend on the surface chemistry play an
important role.

It has been found that the functionalization
with PNiPAM polymer is more suitable as compared
to un-functionalized mesoporous carbon to achieve
high loadings of vitamin B2. The equilibrium
adsorption data fitted well to all studied models,
giving a better fit to the Langmuir model in the case
of PNiPAM-functionalized MC sample, as was
evidenced from the higher values of R? of 0.9997.
Thus, the experimental data allowed determining the
extent and degree of favorability of adsorption.
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functionalized mesoporous carbon (80%) is greater

than the vitamin B2 adsorption on pristine
mesoporous carbon (53%).

These results show that the PNiPAM-
functionalized ~ mesoporous  carbon  compare

favorably with un-functionalized mesoporous carbon.
Nitrogen adsorption-desorption data after vitamin B2
adsorption reveal that the vitamin B2 molecules
entered mesopores of tested mesoporous carbon-
based adsorbents.
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SUPERCRITICAL FLUIDS AND ULTRASOUND ASSISTED
EXTRACTIONS APPLIED TO SPRUCE BARK CONVERSION
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Abstract

Supercritical fluid and ultrasound assisted extractions were applied as a first step in a complex processing of spruce bark in order
to recover polyphenols compounds. The aim of the study was to compare the efficiency of these "green" processes with a
conventional extraction technique (ethanolic extraction). Supercritical fluid extraction was carried out in two steps: (i) static
extraction for 15 min at 1000 psi with pure CO, and (ii) dynamic extraction for 45 min at 35, 40 and 50 °C, 1200, 2000 and 2500
psi, with CO, and 70% ethanol as co-solvent. UAE was carried out in an ultrasonic bath at 45, 50 and 60 OC for 5 to 75 minutes.
The ethanolic extraction was performed using ethanol (70%) in a closed oven for 13 days. The extracts were characterized using
Folin-Ciocalteu method for total phenolic content and quantified by high liquid performance chromatography (HPLC). The
study recommend SFE and UAE instead of traditional ethanolic techniques since these provide high extraction yields, pure
extracts, with a large number of polyphenolic compounds extracted and are environmentally friendly.

Key words: ethanol extraction (Eth E) spruce bark, polyphenols, supercritical fluid extraction (SFE), ultrasound assisted

extraction (UAE)
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1. Introduction

One of the great challenges in the 21* century
addresses the transition from an economy largely
based on fossil origin raw materials to one based on
renewable resources, processed according to
sustainable development goals (Gravitis et al., 2008).
Among all sustainable resources, only biomass
represents an accessible source for chemicals,
biomaterials, derivatives and products with energetic
value (Herrero et al., 2013; Sheldon, 2011). The
application of renewables based on biomass, the
development of clean production and smart materials
may provide the required solution for sustainability.

The main challenge is to develop innovative
methods for the efficient use of biomass as it is or as
wastes (livestock, industrial, agri-food, agricultural
and non-recyclable fraction proceeding from waste
treatment plants), (Hidalgo et al., 2014). In order to

be sustainable, biomass use will depend heavily on
the successful deployment of innovative, green
chemistry so as to avoid the use of toxic and/or
hazardous reagents and solvents or eliminate wastes
(Sheldon, 2011).

From this point of view, the biorefinering
concept embraces a wide range of technologies able
to fractionate biomass resources into their building
blocks (carbohydrates, lignin, extractives, proteins
etc.), which can be converted to value added products
(Cherubini, 2010). Many compounds resulting in
complex biomass processing are recognized by their
valuable biological properties (Bodirlau et al., 2009;
Popa, 2011; Popa, 2013). That is why, the extraction
and purification processes of some biobased
compounds resulted in this fractionation are essential,
when they follow to be used in the preparation of
dietary supplements, nutraceuticals, functional food
ingredients (Volf et al., 2013), food additives,

* Author to whom all correspondence should be addressed: e-mail: iwolf@tuiasi.ro
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pharmaceutical and cosmetic products,
allelochemicals (Popa et al., 2008), chelating agents
(Volf et al., 2012), modulators in heavy metal
bioaccumulation (Stingu et al., 2011) and plant
growth regulators (Tanase et al., 2013; Tanase et al.,
2014). The biomass extraction results depend on
various factors such as, solvents, procedures,
extraction time etc., to obtain bioactive components
of high quality and quantity in the crude extracts. In
addition, the nature of the sample matrix and the
compounds to be extracted also substantially affect
the efficiency of extraction. The optimal extraction
method should be simple, rapid, economical and with
a large applicability (Vongsak et al., 2013)

Conventional separation techniques such as
solvent extraction and distillation have the drawback
of leaving trace amounts of solvents or to cause
thermal degradation (Ahluwalia et al., 2013). Non-
conventional methods, which are more
environmental friendly due to decreased use of
chemicals, reduced operational time and better yield
and quality of extracts, have been developed during
the last years. Thus, ultrasound, pulsed electric field,
enzyme digestion, extrusion, microwave heating,
ohmic heating, supercritical fluids and accelerated
solvents have been studied as nonconventional
methods. The ultrasound-assisted extraction (UAE),
microwave assisted extraction (MAE) and
supercritical fluid extraction (SFE) are probably the
most applicable at pilot or industrial scale and were
critically reviewed by several researchers (Azmir et
al., 2013; Khoddami et al., 2013; Martins et al., 2011;
Roberto et al.,, 2010; Vilkhu et al., 2008). The
conventional extraction methods, such as Soxhlet is
still considered as one of the reference method to
compare the success of newly methodology (Azmir
etal., 2013).

In this perspective, the paper presents a
comparative analysis regarding technical aspects
related to the two innovative and environmental
friendly techniques: ultrasound-assisted extraction
(UAE) and supercritical fluid extraction (SFE) in
comparison with a classic solvent extraction process
(EthE). These techniques were applied to isolate,
from spruce bark, bioactive compounds included in
polyphenols group, which are one of the most widely
occurring groups of phytochemicals, described in
details elsewhere (Ignat et al., 2011; Ignat et al.,
2013).

The analysis takes into account the total yield
in polyphenolic concentration and the qualitative
extracts content highlighted by high liquid pressure
chromatographic profile. The approach is appropriate
even more because in Romania large amounts of bark
are released as residues from forestry and
woodworking processes, mainly burnt for energy
recovery, without considering that as an important
source of valuable chemicals. More than this, even if
the presented techniques are increasingly used at
laboratory and industrial level, a comparative study
regarding the polyphenolic compounds extraction
from spruce bark doesn't exist.
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2. Materials and methods
2.1. Materials

Spruce (Picea abies) bark of industrial origin
was provided as a waste from a wood processing
Romanian company. The spruce bark was washed
several times with doubly distilled water to remove
impurities, dried at room temperature under normal
aeration conditions and milled in a GRINDOMIX
GM 2000 mill for 0.15-1.25 mm particle size. The
material was stored in desiccators and was directly
used without any pre-treatment. The raw material
humidity was determined using a RADWARG MAX
5011 thermo-balance. The FT-IR spectrometry was
used to characterize the functional groups present in
biomass. The FT-IR spectra were recorded with a Bio
Rad FT-IR spectrometer in 400 — 4000 cm™ spectral
domain, with a 4 cm™ resolution and 32 scans, by
KBr pellet technique.

Ethanol, Folin Ciocalteu’s phenol reagent,
phenols standards and other chemicals used in
experiments were provided by Sigma-Aldrich and
Fluka. Carbon dioxide 5.3 for supercritical extraction
procedure was purchased by Linde Group. Distilled
water was used for all experiments.

2.2. Ethanolic extraction (Eth E)

A classic ethanolic extraction was conducted
using 50 mL ethanol/water mixture (70:30 mL, v/v)
as solvent and 5 g of milled spruce bark. The
extraction was performed at 40 °C in a closed
reaction vessel during 13 days. The polyphenolic
extraction was monitored every 24 hours in order to
relieve the kinetics profile and to achieve the
equilibrium (full extraction of polyphenols from
biomass). The experiment was carried out in
triplicate.

2.3. Ultrasound assisted extraction (UAE)

The ultrasound assisted extractions were
performed in a ultrasonic bath, SONOREX RK type
100 H, (35 kHz, 320 W) produced by Bandelin
Electronic GmbH & Co.KG, Berlin, Germany using
5 g of biomass in a glass vessel and 50 mL
ethanol/water mixture (70%), biomass/solvent ratio
of 1:10 w/v. Extractions were carried out at 45, 50
and 60 °C for 5, 10, 20, 30, 45, 60 and 75 minutes.
The obtained extracts were centrifuged at 4000 rpm
for 4 min in a centrifuge Hettich Rotofix 32 A type.
The supernatant was collected and analyzed and all
experiments were carried out in triplicate.

2.4. Supercritical fluid extraction (SFE)

Extractions were performed using a SFT 100
XW supercritical fluid extractor system in two steps:
(D) static with pure CO,, 6 mL/min flow rate at 1000
psi constant pressure for 15 min to allow contact
between the samples and the supercritical solvent;
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(IT) dynamic for lipophilic extraction (in the first 10-
15 min at 1000 psi) followed by polyphenols
extraction (30 min) with CO, and ethanol (70%) as
co-solvent with 10:1 mL/min flow rate ratio.

The investigated conditions for the
polyphenols extraction were 1200, 2000, 2500 psi at
35, 40 and 50°C. An amount of 2 g of spruce bark
was used for all the experiments that were carried out
in triplicate. Some inert glass balls (4 mm in
diameter) were added to fill the extraction reactor.

2.5. Total phenolic content (TPC)

The total phenolic content was determined
using the Folin-Ciocalteu method, based on the
oxidation/reduction proprieties of phenols occurring
in contact with Folin-Ciocalteu reagent. For analyses,
1 mL of diluted extract (1%) was mixed with 0.5 mL
Folin-Ciocalteu reagent, 2 mL sodium carbonate for
pH adjustment (10% concentration) and 5 mL
distilled water.

The reaction mixture was left at rest protected
from light, at room temperature for 90 min. The
absorbance was measured at 765 nm using a GBS
AVANTA UV-Vis spectrophotometer.

TPC was determined based on the calibration
curve using gallic acid, the results being expressed as
milligrams of gallic acid equivalents (GAE) per
spruce bark gram (mg GAE g'), using a CINTRA
software.

2.6. HPLC procedure

The extracts were fractionated by liquid-liquid
extraction using ethyl acetate, then mixed with 5 mL
of ultra pure methanol and filtered by a 0.45 um
diameter filter before injection in the column. The
phenolic acids separation was carried out using a
DIONEX Ultimate 3000 chromatographic system
equipped with a DDA UV-VIS detector, at 280 nm,
on a Zorbax RX C18 (4.6x250 mm, particle size 5
pm) column, using 1% acetic acid in ultra pure water
as mobile phase (A) and ultra pure methanol as
stationary phase (B).

The operation conditions were 30°C
temperature, 1.2 mL min" flow rate with a gradient
of 10-40% B in 40 minutes. Compounds were
identified by comparing their fragmentation profiles
with references, run under the same experimental
conditions.

2.7. Statistical analysis

All the results are expressed as mean =+
standard error where n = 3. Comparison of the means
was performed by the Fisher least significant
difference (LSD) test (p < 0.05) after Statistica
(Statsoft version 10.0) analysis. Sampling and
chemical analyses were examined in triplicate, in
order to decrease the experimental errors and to
increase the experimental reproducibility.

3. Results and discussion
3.1. Chemical characterization of the biomass

Spruce bark biomass was characterized from
the dry mater content, humidity and structure point of
view. FTIR spectroscopy was used as tool and the
spectrum (Fig. 1) displays a large number of
absorption bands indicating the complex structure of
the investigated biomass.

According to Chupin et al. (2013) the bands at
3400-3300 cm' could be assigned to OH stretch
vibration in phenolic and aliphatic structures. Small
peaks at 2930 and 2850 cm ' originate from CH
stretch vibration in aromatic methoxyl groups and in
methyl and methylene groups of side chain. Peaks
between 1400 and 2000 cm' show the aromatic
nature of the structure.

The wavelengths situated between 1300 and
1450 cm™ corresponds to the stretching vibrations of
carbonyl groups and the deformation vibration of the
C—C bonds in the phenolic groups absorb in the
region 1500-1400 cm™. Signals between 1500 and
1700 cm™ may be assigned to aromatic nucleus
vibrations. The signals from 1070 and 1092 cm™ are
indicative for alcohol functional group, while the
1338 cm-' absorption band can be attributed to the
O-H in plane deformation in polyphenols. It is a
good concordance between this result and other
structural characterization of spruce bark of other
origin made in our research group (Ghitescu et al.,
2015). The biomass used in all experiments had
10.27 % humidity.

3.2. TPC assessment of extraction procedures

3.2.1. Eth E extraction

Ethanolic extractions were performed in a
closed oven at 40°C for 13 days. The equilibrium
concentration was reached after 6 days when a
maximum concentration of TPC by 87.15 mg GAE g’
! was attend (Fig. 2). After that, a slight decrease
(11.2 %) of the total polyphenolic content was
recorded. The decrease can be explained by the fact
that after attending the equilibrium between phases,
polyphenols are re-adsorbed by the biomass.

3.2.2. UAE extraction

Ultrasound assisted extraction is one of the
upcoming extraction techniques offering high
reproducibility in shorter times, simplified procedure
and reduced energy and solvent consumption (Khan
et al., 2010) based on the cavitation process involved
during sonication which intensify and improve mass
transfer, solvent penetration into plant tissue and
capillary effects (Da Porto et al., 2013). In recent
studies UAE has been applied to obtain bioactive
compounds from different materials (Adam et al.,
2012; Chavan et al., 2013; Dey et al., 2013; Sun et
al., 2011). Time and temperature are the most
important factors that have influence on UAE
processes.
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In this context preliminary tests were carried
out at different temperatures (45, 50 and 60°C) for 5,
10, 20, 30, 45, 60 and 75 min to establish the effect
of time and temperatures on polyphenols extraction.
The data show a very clear influence of temperature
on the extraction of polyphenols from spruce bark
(Fig. 3). At 60°C the TPCs were greatly increased
(42.5 mg GAE g') comparing to the TPCs obtained
at 45°C (33.48 mg GAE g"). This behavior can be
explained by the higher solubility of polyphenols in
the solvent, the higher diffusivities of the extracted
molecules and the improved mass transfer at higher
temperatures.

A rise in extraction temperature could also
break the phenolic matrix bonds and influence the
membrane structure of plant cells and therefore
facilitate the extraction process (d’Alessandro et al.,
2012). Also, it was observed that the initial rate of
polyphenols extraction was faster in the first 5 to 20
min, followed by slower extraction rate approaching
to an equilibrium concentration. The experiment was
carried out in triplicate.

3.2.3. SFE extraction

SFE was applied for some advantages such
low temperatures use, reduced energy consumption
and higher product quality due to the absence of
solvent in final solute phase. SFE uses the properties
of fluids over their critical points to selectively
extract soluble components from  biomass.
Supercritical carbon dioxide is recognized as an ideal
solvent to extract bioactive compounds being
nontoxic, non-explosive, readily available, easy to
remove from the final extract, does not cause major
disruptions in bio-compounds, and its biological
properties can be preserved (Espinosa-Pardo et al.,
2014).

A two-step SFE was performed, in triplicate,
at 35, 40 and 50°C and at 1200, 2000 and 2500 psi.
Experiments carried out at 35°C help us to clarify the
fact that under near critical conditions lower content
of polyphenols were achieved (Fig. 4). At 1200 and
2000 psi, a raising extraction temperature produced a
decrease on the TPC extracted, which varied from
122.41 mg GAE g, at 40°C, 60.12 mg GAE g

at50°C, due to the reduction in solvent density. On
the other hand, at higher pressures 2500 psi, TPC
slowly increase at 35 and 50°C despite of solvent
density reduction. This behavior could be caused by
the enhancement in the solute (spruce bark) of the
vapor pressure with temperature, which was more
significant than the reduction in the solvent density,
increasing consequently the overall extraction yield
as Benelli et al. (2010) reported.

3.3. Chromatographic profile of the polyphenolic
extracts

Spruce bark polyphenolic extracts obtained by
all three procedures were analyzed by HPLC in order
to achieve a  qualitative and complete
characterization. The method allowed identification
of seven phenolic acids (Table 1) as: catechin, gallic,
vanillic, syringic, p-coumaric, ferulic and synapic
acids. Their presence in spruce bark extracts was also
reported in works of our research group (Hainal et
al.,, 2011). The chromatographic profiles of spruce
bark are presented in Fig. 5. The most important
compounds identified in spruce bark extracts, based
on their recovered amount were p-coumaric acid with
values of 260.4073 mg L™ of extract in the case of
SFE extraction and 99.4731 mg L™ of extract in
UAE, followed by catechin with 171.1765 mg L™ of
extract (SFE) and 112.084 mg L' of extract (UAE),
and synapic acid with 35.0534 mg L' of extract for
SFE and 13.3618 mg L' of extract for UAE
respectively. In relation to the extracts composition
the retention times, peak areas and the recovered
amount of each identified compound varies from an
extraction technique to other.

It can be notice that by SFE and UAE
extractions the numbers of the identified compounds
in spruce bark tested extracts were higher compared
with EthE. However, it can be observed that the
extracts obtained by SFE present larger amounts of
phenolic compounds in some cases (260.4073 mg L
of extract compared to 99.4731 mg L™ of extract for
p-coumaric acid) and lower in other (12.9180 mg L™
of extract compared to 5.1224 mg L™ of extract for
syringic acid) comparing to UAE.
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Fig. 1. FTIR spectrum of spruce bark
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Fig. 4. Total polyphenolic content obtained by SFE
3.4. Comparative analysis

The different extraction processes applied in
this study had significant effect on the TPCs
extracted from spruce bark. As it was reported, the
ethanolic extraction has the biggest disadvantage of a
longer extraction time. To improve performances of
the Eth E, ultrasounds waves and supercritical
pressure of CO, were used to intensify the extraction
process. Using UAE the total polyphenolic content
increase from 14.38 mg GAE g' spruce bark

Beyond being a green technique, supercritical
extraction provided extracts with better activity than
the conventional extraction methods (Kazan et al.,
2014) and even ultrasound assisted extraction
(Roseiro et al., 2013). Data from literature sustain our
research results which show that SFE offer higher
total polyphenolic content extracted from spruce
bark, compared with ethanolic and ultrasound
assisted extraction. This can be due to the fact that
SFE processes use critical points of fluids to increase
the extraction yields of polyphenols from biomass
(Roberto et al., 2010).

Though it is important to underline that
working with mixture of solvents, in our case CO; -
ethanol - water, the supercritical operational
conditions change each one having different critical
points, so the experiments could be achieved in near-
supercritical conditions. Based on this study, a
comparative analysis between conventional (EthE)
and nonconventional extraction methods (SFE and
UAE) reporting to: extraction time, quantity of
solvent and biomass, total polyphenolic content and
HPLC was done (Table 2). The comparison of yields
(reported as mg GAE g"), times required for the
extraction, volumes of solvent and selectivity for the
phenolic acids (shown by HPLC) demonstrated that
SFE technique is more efficient than Eth E and UAE.

The supercritical CO, has a higher diffusion
coefficient, lower viscosity and surface tension than
the liquid solvents used in UAE and Eth E, leading to
easier penetration to sample matrix and favorable
mass transfer.
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Table 1. HPLC analysis of spruce bark polyphenolic extracts obtained by SFE, UAE and Eth E

Peak name Parameters SFE UAE Eth E
60 min, 40°C, 1200 psi 60 min, 40°C 60 min, 40°C
Retention time (min) 3.010 2.998
Gallic acid Area (mAU min) 0.0635 0.0626 -
Amount (mg L) 5.4676 5.454
Catechin Retention time (min) 9.528 9.358
Area (mAU min) 3.3499 2.165 -
Amount (mg ) 171.1765 112.084
Vanillic acid Retention time (min) 13.512 13.668 12.957
Area (mAU min) 0.1514 0.532 0.403
Amount (mg L) 7.8771 15.2019 2.321
Syringic acid Retention time (min) 15.888 15.775
Area (mAU min) 0.0758 0.7544 -
Amount (mg L) 5.1224 12.9180
p-Coumaric acid | Retention time (min) 20.290 19.938 20.278
Area (mAU min) 35.7026 13.2957 0.2142
Amount (mg L) 260.4073 99.4731 5.5174
Ferulic acid Retention time (min) 22.898 23.592 23.370
Area (mAU min) 0.3081 0.5722 0.339
Amount (mg L") 6.6290 9.7051 6.9942
Synapic acid Retention time (min) 23.782 23.773
Area (mAU min) 1.1934 0.3361 -
Amount (mg L) 35.0534 13.3618
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Fig. 6. Total polyphenolic content obtained by conventional and nonconventional extraction methods

Table 2. Comparative analysis between classical and non-conventional extraction techniques applied for polyphenols extraction
from spruce bark.

Method Eth E UAE SFE
Parameters

Extraction time till maximum concentration (h) 144 1 1

Grams of spruce bark (g) 5 5 2

Volume of solvent (ethanol),(mL) 50 50 20
Total phenolic content 14.38* 33.48 122.41

(mg GAE g spruce bark)

Total phenolic amount by HPLC (mg L") 14.83 269.20 491.73

* Concentration of TPC after one hour of extraction

4. Conclusions

In this study different extraction techniques
were used to extract polyphenolic compounds from
spruce bark coming as a waste from forestry industry.

It was reported that applying supercritical CO,
the total phenolic content extracted has a significant
increasing from 14.38 mg GAE g’ spruce bark
(ethanolic extraction, 60 min) to 33.48 mg GAE g’
spruce bark (UAE extraction) and to 122.41 mg GAE
g spruce bark in case of supercritical extraction.
Although SFE gives better extraction yields, allows
obtaining high purity extracts and rich in terms of

polyphenolic compounds recovered, in a relatively
short time extraction. This is a very important factor
on operating with this technique because of the high
running cost comparing with the conventional
techniques and even UAE.

UAE it's also a rapid extraction technique (5-
60 min), simple to operate, provides extracts with a
composition similar to those obtained by SFE and
have the most important advantage of a much lower
operating costs.

The study recommend SFE and UAE instead
of traditional ethanolic techniques, both at laboratory
and pilot scale, since these provide high extraction

621




Talmaciu et al./Environmental Engineering and Management Journal 14 (2015), 3, 615-623

yields, pure extracts, with a large number of
polyphenolic  compounds extracted and are
environmentally friendly.
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Abstract

In the present paper we studied the competitive transport of p-nitrophenol (pNP) and 2,4-dinitrophenol (2,4-dNP) from aqueous
media using the technique of liquid membranes. This technique is very efficient, economic and selective when compared to other
removal techniques of phenolic derivatives. The paper presents the influence of the sodium carbonate concentration from the
stripping phase, the influence of the concentration ratio /2,4-dNP]/[pNP] upon the selectivity of the transport process and some

kinetic aspects of the transport of 2,4-dNP in the presence of pNP through bulk liquid membranes.
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1. Introduction

Phenolic compounds, especially those with —
nitro groups, are toxic compounds that have harmful
effects upon human beings and other terrestrial and
aquatic creatures (Arsene et al., 2013; Berhanu et al.,
2006; Chelba et al., 2014). For example, prolonged
exposure to p-nitrophenol can cause blood disorder,
methemoglobin formation, liver and kidney disease
as well as eye and skin irritations (ATSDR, 1992;
Zheng et al., 2009).

The carcinogenic effect of 2,4-dNP is well
known, cellular growth is inhibited at a concentration
of 1 ppm (Bagal et al., 2013; Cao and Shiraishi,
2010). This is why United States Environmental
Protection Agency (US EPA) included these two
nitrophenol compounds on the 126 proprietary
pollutants list (U.S.EPA, 2009). The admitted limit
for phenolic compounds is under 10 mg/L (Busca et
al., 2008; Diaconu et al., 2009b), and in order the
water to be drinkable the European Directive
EU/440/75 has established the maximum range of

phenolic compounds at 1-10 pg/L (EC Directive,
1975).

Nitrophenols are frequently encountered in
residual wastewaters from industries such as
explosive manufacture, pharmaceuticals, wood
preservatives, pesticides, fungicides, pigments, dyes
and rubber industry where they are used as
intermediary products (Chand and Shiraishi, 2013;
Diaconu et al., 2011; 2010a; 2010b; Szczepanski and
Diaconu, 2012). These compounds can be formed as
a result of the reaction of phenolic compounds in the
atmosphere in aqueous or gaseous phase (Harrison et
al., 2005; Lezamiz and Jonsson, 2007). Thus these
compounds need to be removed from the
environment.

There are several methods to remove
nitrophenols such as: adsorption (Barreca et al.,
2014; Jia et al., 2014), microbiological degradation
(Diaconu et al., 2010a), catalytic oxidation (Das et
al., 20006), electrochemical treatment (Jiang et al.,
2010) and membrane separation (Diaconu et al.,
2009a; 2009b). The disadvantage of certain

* Author to whom all correspondence should be addressed: e-mail: diaconuioanal2@yahoo.com
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techniques such as adsorption is that they have high
costs and extremely selective and cheap methods
must be found. An alternative is represented by the
technique of liquid membrane. These technique is
easy to use, low energy consumption, inexpensive
and with high transport efficiency (Blaga et al., 2006;
Cascaval et al., 2004; Diaconu et al., 2012; Galaction
and Cascaval, 2004; Olteanu et al., 2013; Zaharia et
al., 2012a, 2012b, 2013).

In the present paper a selective recovery and
separation of two extremely toxic nitro-derivatives,
pNP and 2,4-dNP, through the technique of liquid
membranes is realized, as well as kinetic aspects of
the transport of 2,4-dNP through a bulk liquid
membrane.

2. Material and method

All the reagents used were analytically grade
and were used without further purification. pNP was
purchased from Loba Chemie Wein Fischamend and
2,4- d-NP was purchased from Merck (Germany).
Chloroform wused as organic membrane was
previously saturated with distilled water. Chloroform
was purchased from Flucka. HCl and Na,COs;,
purchased from Merck (Germany) were used to
prepare the feed phase and the stripping phase,
respectively. The distilled water used to prepare the
aqueous phases was previously saturated with
chloroform. The transport cell used was a tube in
tube transport cell presented in previous papers
(Diaconu et al. 2009a, 2011). The experiments were
realized with an acid feed phase, pH = 2 obtained
with HCI 102 mol/L. The transport time was 3h and
stirring speed was of 180 rot/vit.

The analytical control was realized using a
LAMDA UV-VIS-NIR (Perkin Elmer Life and
Analytical Sciences) spectrophotometer at pNP
specific wavelength: at 317 nm-for feed phase and
404 nm-for stripping phase and at 2,4-dNP specific
wavelength: at 358 nm-for feed phase and 361 nm-
for stripping phase.

3. Experimental

Previous studies (Diaconu et al.,, 2009a;
2009b;  Szczepanski and  Diaconu, 2012)
demonstrated that pNP and 2,4-dNP can cross
through an organic membrane from an aqueous acid
phase (feed phase) into an aqueous alkaline phase
(strip phase). In the aqueous boundary layer of the
stripping phase the neutralization reaction of the two
compounds takes place based on the ionization
equilibriums (Eqgs. 1-4), where K,; and K, are acidity
constants.

2,4-dNP+HOH =— 2.4-dNP+H;0" (1)

[2,4 —dNP~ 1H3O+J 2)

Rar = a—avp]
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pNP + HOH - pNP -+ H;0" (3)

_ NP~ |H3O+ 4)

[pNP]

Keeping in mind the expression of the acidity
constants the hydrogen ion concentration in the
diffusion boundary layer is obtained according to Eq.
(5), which will result in Eq. (6).

(1,0 ] KaA=aNE]_ K, [V )
’ Ra—ane~|  [pnP]
Koy _ [pNP]. ) [2,4-anpP] ©6)

K, |pNP| [.4-anpP]

If K, >>K,, Eq. (7) will result, with the

conditions: [pNP] >>[2,4-dNP] or [pNP]<<[24-
dNP’]. Therefore, the sodium carbonate reacts firstly
with 2,4-dNP and than pNP.

pNP]  [24-anp] (7)
lonP | 24 —anp |

Depending on the concentration ratio of the
two compounds [2,4-dNP]/[pNP], the reaction of
pNP with the sodium carbonate can start the
neutralization before the total neutralization of 2,4-
dNP. The influence of the concentration ratio of the
two compounds in the diffusion boundary layer is
expressed by Eq. (8) (Liteanu and Hopartan, 1972).

K, _ 10°a—10%ar+a°r ®)

Ka, 107 r+2x10% ar + a°r

where: r = [2,4-dNP]/[pNP]; a = neutralization
degree of harder acid (2,4-dNP).

Given these considerations in the present
paper the influence of the ratio /2,4-dNP]/[pNP]
upon the selectivity of the transport process was

studied.

3.1. Influence of the sodium carbonate concentration
from the stripping phase on membrane transport

It was studied the behavior at the membrane
transport of a mixture formed from the two
compounds, 2,4-dNP and pNP, at different
concentrations of sodium carbonate in the stripping
phase. The concentration range of sodium carbonate
was between 1021 mol/L.

The experimental data obtained showed that
there is no major influence of the sodium carbonate
from the stripping phase in the studied concentration
range upon the efficiency of the transport of 2,4-
dNP, respectively pNP at the concentration ratio of
[2,4-dNP]/[pNP] = 107°/10* in the feed phase. This
can be also observed from Fig. 1.
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3.2. Influence of the concentration ration [2,4-
dNP]/[pNP] from the feed phase upon the selectivity
of the transport process

The influence of the concentration ratio of the
two compounds in the feed source at the fallowing
;/alugrs: [2,4-dNP]/[pNP] = 10°/107; 107/5:10%; 107
/107

We can observe from Fig. 2 that the best
results are obtained at the concentration ratio in the
feed source of [2,4-dNPJ/[pNP] = 107/10™. Thus
using a concentration ratio for the feed source of
[2,4-dNP]/[pNP] = 107°/10* at pH=2 obtained with
HCI, a chloroform membrane and a Na,COj stripping
phase at a concentration of 102 mol/L the two
compounds can be separated obtaining a transport
efficiency for 2,4-dNP that exceed 98%.

100

u(2,4-dNP)sP
(p-NP)SP

Efficiency, %
o
=)

Na,CO, concentration, mol/L

Fig. 1. Sodium carbonate concentration influence upon the
transport of 2,4-dNP and pNP transport through bulk liquid
membranes. Experimental conditions: feed phase(FP) /2,4-
dNPJ =107 mol/L and /[pNP] = 10* at pH = 2, membrane-
chloroform, strip phase(SP) = 1; 0,5; 0,1; 0,05; 0,01
mol/LNa,CO;, transport time = 3h

%mol
wn
=

0.001/0.0001
0,001/0.0005
0.001/0.001

Fig. 2. The transport of 2,4-dNP and pNP at different
concentration ratio for the feed phase: /2,4-dNP]/[pNP] =
1073/103; 10%/5:10%; 10%/107%; experimental conditions:
feed phase (FP) /2,4-dNPJ/[pNP] = 107/107; 10°/5-10%;
10%/10* at pH = 2, membrane (M): chloroform, stripping
phase (SP): Na,CO; 102 mol/L, transport time = 3h

concentration ratio

3.3. Kinetic aspects of the 2,4-dNP transport through
bulk liquid membranes

The analysis of the membrane system in time
allowed the assessment of some kinetic parameters of
the 2,4-dNP pertraction in the presence of pNP. The
experimental data confirmed a kinetic characteristic
to consecutive irreversible first order chemical
reaction, frequently used to describe pertraction in
bulk liquid membranes (Alpaydin et al., 2011;
Alpoguz et al., 2010; Gubbuk et al., 2010; Leon and
Guzman, 2008; Minhas et al., 2010; Religa et al.,
2009; Zhang et al., 2009).

The kinetic scheme which describes the
pertraction of 2,4-dNP through bulk liquid membrane
is given by Egs. (10-13), where: k;, k, represent
pseudo-first-order apparent membrane entrance and
exit rate constants, s'l; Rpp, Ry and Ry represent the
undimensional reduced concentrations from the feed,
membrane and stripping phase and are calculated
with the Egs. (14-16).

24— dNP,, —52.4 - dNP,, —52.4dNP,, (10)

Ry =e™" (11)
k
R, =—\— (e —e! (12)
vk ( )
Ry, =1+ ! (kye ™" —ke™") (13)
1 _kz

Rpp = CFPVEP. (14)
Crp, VEpP

Ry =M Yo (15)
Crp, -VEp

Rgp = Csp - Vsp (16)
Crp, VEp

where: Crp, Cy, Csp represents the feed, membrane
and stripping phase concentration, mol/L; Cggy,
represents the initial concentration from the feed
phase, mol/L; V,, Vp represents the feed, membrane
and stripping phase volume, cm”.

The maximum solute concentration in the
membrane is calculated from the dependence R, =
J(t) when dR,/dt = 0 by Egs. (17, 18):

k2
ky | kj-k
Rimax _| &1 17k2 (17)
Y (kz}
ln[llzlj
=2 (18)
max k,—k;
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The pseudo-first-order apparent membrane
entrance and exit rate constants can be used at the
determination of the maximum flux (Eq. 19)

according to the Eq. (17), where: Jpp,..

membrane entrance flux ; Jgp,,,. = membrane exit

flux.
k2

K
2 kz
(19)

The experimental data confirmed a good
accordance with the model. The correlation
coefficient is higher than 0.99. This is illustrated in
Fig. 3. Analyzing the compared results from Table 1
we have found that the pseudo-first-order apparent
membrane entrance rate constant, pseudo-first-order
apparent membrane exit rate constant, the time at

kj=k2
j =—J rPmax =J SPmax

which the R,,,, is observed and maximum flux in the
stripping phase depend on the concentration ratio
[2,4-dNP]/[pNP]. The maximum values are obtained
at the concentration ration /2,4-dNP]/[pNP] = 10
3/10™* allowing the separation of 2,4-dNP from pNP.

4. Conclusions

In the present paper the possibility of
separation of two phenolic derivatives 2,4-dNP and
pNP. In order to realize this was used a membrane
system formed from an acid feed phase formed from
the two nitrophenols at different molar ratio, a
chloroform membrane and a stripping phase formed
from sodium carbonate.

The experimental data showed that the
separation of the two is influenced in an essential
way by the concentration ratio /2,4-dNP]/[pNP].

Table 1. Kinetic aspects at the transport of 2,4-dNP in the presence of pNP. Experimental conditions: feed phase:
[2,4-dNP]/[pNP] = 107/107%; 107/5:10™*; 107/10* at pH=2, membrane: chloroform, stripping phase Na,CO; 10 mol/L, time=3h

Concentration ration for k K J J
the substrate Lo 2 R tax, [S] FSmax, SPmax,
[2,4-ANPY/|pNP] x103[s ] x10° [s7] x104 [s7] x10° [s7]
107/107 1.65 1.56 0.78 1575 -1.22 1.22
10°/5-10™ 1.94 2.24 0.75 1253 -1.69 1.69
10°/10% 2.02 3.68 0.68 1028 252 2.52
1 1M
0.9 0.9
0.8 A 0.8
A *
0.7 * 0.7
R A
0.6 0.6 »
R 05 R 05 *
0.4 0.4 > ¢
03 A * .
A ‘ 03 4 A
0.2 re 0.2 8 *
pY *
5 e [ |
. \‘!;l . = = 0u . " L . .
0 2000 4000 6000 8000 10000 12000 g " 20‘00 s - - . 10600 u it
time,s time,s
a) b)
1 W
A
0.9 A
0.8 ™
0.7
»>
0.6
R 0.5
0.4
0.3
0.2 &
01 >
>
[ | . ; m i - :
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©)

Fig. 3. Experimental results at the pertraction of 2,-dNP through bulk liquid membranes in the presence of pNP. Feed phase
(m):[2,4-dNP]/[pNP] = a) 10°/107;b)107%/5-10™*,c) 10/10™* at pH = 2; Membrane (4) chloroform; Stripping phase ( A ):Na,COs
10% mol/L, transport time = 3h; continuous line represents the values calculated using the kinetic model
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Thus at the molar ratio /2,4-dNP]/[pNP] = 10
3/10* a separation of the two compounds can be
realized. A time dependence analysis of the
pertraction of 2.4-dNP in the presence of pNP
allowed a kinetic assessment of the pertraction of the
2,4-dNP.

The model that describes the process is a
kinetic model of two consecutive irreversible first
order reactions in the system with interfaces. The
results demonstrated an influence of the
concentration ratio /2,4-dNP]J/[pNP] upon the kinetic
parameters. Maximum values were obtained for the
concentration ratio /2,4-dNPJ/[pNP] = 107/10™.
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Abstract

[-galactosidase from Aspergillus oryzae was strongly immobilized on magnetic particles functionalized with amino groups. By
simple incubation without any activating agents, electrostatic interactions between amino groups and enzymes allowed obtaining
a strong linkage. The immobilization efficiency was studied with the quantification of amino groups of the particles and of
immobilized f-galactosidase. Kinetic parameters, especially the maximal velocity Vmax and the affinity Km, were determined
with two substrates, 0-NPG and lactose, and compared with free enzyme values in order to evaluate the influence of our
immobilization methodology on the kinetic behavior of the enzyme. Therefore, magnetic capacity of the functionalized particles
allows recovering and reusing the support. Results show efficient immobilization of S-galactosidase (58 pg/mg of support), able
to hydrolyze substrates during multiple cycles of use. Thus, magnetic particles functionalized with amino groups represent an
attractive support for simple and efficient S-galactosidase immobilization process.
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1. Introduction

f-galactosidase is an important enzyme
biocatalyst used in food industry for the hydrolysis
of lactose (Kim et al., 2001) necessary for lactose-
intolerant people (Carpio et al., 2000). In addition,
this enzyme catalyzes the formation of galacto-
oligosaccharides, which are prebiotic additives for
the so-called ‘“healthy foods” (Matsumoto et al.,
1989). However, since the price of S-galactosidase is
quite high, the direct addition of the enzymes to the
substrate is economically unacceptable (Mahoney,

1997). Immobilised fS-galactosidase biocatalyst can
be reused several times, which decrease the costs of
the process (Genari et al., 2003). Several studies have
been carried out to immobilize this enzyme to
enhance the biotechnological conversion of food
lactose in bioreactors (Roy and Gupta, 2003). The
performance of an immobilized enzyme is mainly
governed by the properties of supporting materials,
the technique used to immobilize the enzyme, and the
nature of reactor used (packed bed, fluidized bed or
membrane reactor) (Marangoni, 2005; Roy and
Gupta, 2003).

* Author to whom all correspondence should be addressed: e-mail: renato.froidevaux@univ-lille1.fr; Phone: +33(0)320417566;

Fax: +33(0)328767356
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A great number of methodologies (adsorption,
covalent bonding, direct cross-linking, and
entrapment) have been described to attach f-
galactosidase to supports such as polymeric films,
beads and fibrous matrices. However, most of the
traditional ~methods require toxic  reagents,
surfactants, silanes or cross-linking agents such as
glutaraldehyde, which may have detrimental effects
on food and human health (Tanaka and Kawamoto,
1999).

Recent interest in nanotechnology has
provided a wealth of diverse scaffolds (Xu et al,,
2014) that could potentially support enzyme
immobilization due to their potential applications in
biotechnology (Sun et al., 2012), immunosensing and
biomedical areas (Li et al., 2014). Immobilization of
enzymes is advantageous for commercial application
due to convenience in handling, ease of separation of
enzymes from the reaction mixture and reuse, low
product cost and a possible increase in thermal and
pH stability (Husain, 2010; Lei et al., 2002; Tischer
and Wedekind, 1999; Wang, 2006). An important
requirement for protein immobilization is that the
matrix should provide a biocompatible and inert
environment (Krug, 2009), i.e. it should not interfere
with the native structure of the protein, which thereby
could compromise its biological activity (Mitchell et
al., 2002).

Magnetic fields have been utilized in support
systems to study enzyme immobilization
(Bayramoglu et al., 2008; Gupta and Gupta, 2005;
Kuroiwa et al., 2008; Pimentel et al., 2007; Selim et
al., 2007). Several magnetic particles and magnetic
supports such as microspheres of various
biomaterials, encapsulating the magnetic particles
and copolymers with magnetic particles have been
used with good results (Dyal et al., 2003; Koneracka
et al., 2002; Kouassi et al., 2005; Saiyed et al., 2003).
The high surface to volume ratio provided by the
magnetic particles favors high binding capacity and
high catalytic specificity of the enzyme (Johnson et
al., 2008; Konwarh et al., 2009). In addition,
magnetic field susceptibility revealed a mechanism
for efficient recovery of the enzyme complex thereby
preventing the enzyme contamination of the final
product.

A novel and efficient immobilization of f-
galactosidase from Aspergillus oryzae was recently
developed by using magnetic Fe;04-chitosan
particles as support (Pan et al., 2009). The magnetic
Fe;O4-chitosan  particles  were  prepared by
electrostatic adsorption of chitosan onto the surface
of Fe;0, particles made through co-precipitation of
Fe** and Fe''. f-galactosidase was covalently
immobilized onto the  composites  using
glutaraldehyde  as  activating  agent.  The
immobilization process was optimized by examining
immobilized time, crosslinking time, enzyme
concentration, glutaraldehyde concentration, and
initial pH values of glutaraldehyde and enzyme
solution. As a result, the immobilized enzyme
presented a higher storage, pH and thermal stability
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than the soluble enzyme. Galactooligosaccharides
were formed with lactose as substrate by using the
immobilized enzyme as biocatalyst with a maximum
yield of 15.5% (w/v) obtained when 50% lactose was
hydrolyzed (Pan et al., 2009). In the same way, Neri
et al. (2008) immobilized f-galactosidase also on
polysiloxane-polyvinyl alcohol magnetic composite
for lactose hydrolysis using glutaraldehyde as
activating agent for immobilization (Neri et al.,
2008).

All these cases of immobilization implied the
preparation of support with an activating agent, like
glutaraldehyde necessary for immobilization process.
The utilization of this kind of agent entails risk for
the user and for the environment. In this work, we
used magnetic particles functionalized with amino
groups to immobilize pf-galactosidase only by
promoting the electrostatic interactions between the
amino groups and the enzyme. With this
methodology, we avoided the utilization of chemicals
and toxics and thus proposed a support able to retain
enzyme and maintain its activity for substrate
hydrolysis.

The kinetic of the hydrolysis of synthetic (o-
NPG) and natural (lactose) substrate was studied,
both with the p-galactosidase in solution and
immobilized on functionalized magnetic particles.
Firstly, some preliminary research was carried out to
determine the number of amine functions on the
magnetic particle surface and the immobilization
capacity. Secondly, kinetic studies have been
performed in a range of concentrations of substrates.
With the kinetic data obtained, a comparison was
performed using Lineweaver-Burk representations in
order to determine the effect of immobilization on
the activity of the enzyme.

2. Materials and methods
2.1. Materials

[-galactosidase (p-D-galactoside
galactohydrolase, E.C. 3.2.1.23, 10.4U/mg, MW:
105kDa) from Aspergillus oryzae was purchased by
Sigma-Aldrich  Chemical Co. Synthetic f-
galactosidase substrate purchased from Sigma-
Aldrich  Chemical Co. ortho-nitrophenyl-f-D-
galactopyranoside  (o-NPG, CI2HISNC, MW
301.3g/mol) was prepared in 0.02M sodium acetate
buffer for UV-visible measurements. In order to
inactivate the enzyme in experiments where the
feasibility of the process was tested, 1M Na,CO;
solution was prepared. All aqueous solutions were
prepared in distilled water.

The immobilization support was hydrophilic
magnetite particles functionalized with amine groups
gifted by the Institute of Macromolecular Chemistry
“Petru Poni”, lasi, Romania. This particles were
constituted by a magnetic ferric core and
hydrophobic shell formed by an oleic acid-oleyamine
complex which modified by aminosilane monomer
(Durdureanu-Angheluta et al., 2012).
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2.2. Determination of the number of amine functions
on the magnetic particles

In order to characterize the immobilization
potential of the functionalized magnetic particles, the
number of amino groups was determined by chemical
tag using the 4-nitrobenzaldehyde (4-NBA). This
compound reacts with the primary amine functions to
form a Schiff base (Fig. 1) (Abbas, 2009). A 4-NBA
2mM solution was prepared in anhydrous methanol
and incubated with a quantity of particles during 4h
at 50°C. Then, the particles were washed twice 5
minutes by ethanol and methanol and dried. Finally,
the particles were re-suspended in 3mL of distilled
water containing 20uL of acetic acid during 15h at
50°C to hydrolyze the Schiff base formed. After
hydrolysis, the solution was recovered and the
quantity of 4-NBA  was determined by
spectrophotometry at 267nm and compared with a
range of different concentrations of 4-NBA.

2.3. p-galactosidase immobilization on functionalized
magnetic particles

One milligram of particles were weighed on
microbalance (Sartorius ISO 9001 microbalance) and
transferred on Eppendorf tube, washed with distilled
water and sonicated fastly in order to homogenate the
mix. After, the water was removed and the particles
were dried and conserved at room temperature before
utilization. Then, the dried particles were re-
suspended in ImL of acetate sodium buffer 0.02M
pH4.5 containing 1mg of p-galactosidase. The
particle and enzyme solutions were incubated
together during one night at 4°C under agitation.
After incubation, the mix was centrifuged and p-
galactosidase solution was removed. Particles were
washed several times with buffer solution to
eliminate the non-fixed enzymes. The buffer used for
the wash was conserved for released enzyme
determination. Particles were stored dry at 4°C
before enzymatic tests.

2.4.  Determination of the immobilized -
galactosidase quantity

The determination of the quantity of
immobilized enzyme was necessary to establish the
immobilization capacity of the functionalized
magnetic particles and also to determine the specific
activity after carrying out of our immobilization
procedure in comparison with free f-galactosidase.
Then, the non-immobilized enzyme was quantified
after incubation and also after particle wash, and was
subtracted from the initial quantity of enzyme. For
this, different quantities of particles (0.250 mg, 0.500
mg, 0.750 mg and 1mg) were incubated with 1mg of
f-galactosidase on buffer, under agitation at 4°C
during a night. After incubation, the mix was
centrifuged at 13400 rpm, and the supernatant was
removed and conserved for the enzyme
quantification. Particles were washed by ImL of

buffer solution under agitation at 4°C, centrifuged
and the supernatant was removed. 6 cycles of wash
were done, and the buffer was conserved for enzyme
quantification. The quantity of S-galactosidase was
determined by enzyme test with the synthetic
substrate 0-NPG. 100uL of buffer used for the wash
were introduced in 2 mL of o-NPG 10mM. After 10
minutes, the reaction was stopped by addition of ImL
of Na,CO; IM. The absorbance of the sample was
measured by spectrophotometer at 415nm. Using
range of o-NP, the reaction rate of the sample was
calculated and compared with a range of reaction rate
determined in function of enzyme concentrations
(0.01, 0.05, 0.1, 0.5 and Img/mL), allowing the
determination of enzyme quantity (Fig. 2).

2.5. Determination of immobilized p-galactosidase
activity

Two substrates were used to determine the
catalytic efficiency of enzyme free and immobilized
on functionalized magnetic particles: o-NPG and
lactose.

2.5.1. With synthetic o-NPG substrate

The determination of f-galactosidase activity
was investigated with o-NPG (o-nitrophenyl B-d-
galactopyranoside) prepared in sodium acetate buffer
0.02M pH4.5. Hydrolysis gave a colored product (o-
NP) easy to analyze by absorbance. Enzyme was
introduced in 10mL of o-NPG, under agitation.
500uL were collected at different times (each minute
until 10 minutes and after 15, 20, 30, 45 and 60
minutes) and mixed with 250uL of Na,CO; 1M to
stop the reaction. Collected samples were analyzed at
415nm (UV/visible spectrophotometer, Ultraspec
1100 pro, Amersham Biosciences).

For  immobilized  f-galactosidase  on
functionalized magnetic particles, substrate solution
was carried out with the particles and enzymatic
activity was determined with the same protocol that
for free f-galactosidase. After reaction, particles were
collected and washed 3 times to eliminate the
potential fixation of substrate or product.

For each condition (free and immobilized f-
galactosidase), in order to determine the kinetic
parameters of the enzyme, different concentrations of
substrate were tested (0.5, 1, 2, 5 and 10mM), the
concentration of product was quantified with a range
of o-NP and parameters were calculated using
Michaelis-Menten and Lineweaver-Burk
representations.

2.5.2. With lactose substrate

Lactose was used in order to evaluate the
variation of the catalytic performance with a
substrate commonly encountered in industrial
process. 1lmg of enzyme was introduced in 10mL of
different concentration of lactose (10mM, 25mM,
50mM and 100mM prepared in acetate buffer 0.02M
pH 4.5, under agitation. 300uL were collected at
different times (each minute until 10 minutes and
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after 15, 20, 30, 45 and 60 minutes) and mixed with
150pL of Na,CO; 1M to stop the reaction. 10uL of
the mix were added on 1mL of glucose enzymatic kit
and incubated at 37°C during 10 minutes.

The glucose produced during the hydrolysis
reaction reacted with the glucose oxydase to produce
hydrogen peroxide which reacted with peroxydase to
obtain a colored product (quinoneimine). Then, the
sample was analyzed at 505nm to determine the
quantity of glucose produced and compared with a
range of glucose (Fig. 3). For immobilized p-
galactosidase, Img of functionalized magnetic
particles were mixed with different concentrations of
lactose (80, 100, 150 and 200mM) and the reaction
was studied with the same protocol that for free
enzyme. Kinetic parameters were also determined
with  Michaelis-Menten and Lineweaver-Burk

representations.
MNHz
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2.6. Performance of immobilized [-galactosidase on
functionalized magnetic particles

In order to prove the efficiency of the
immobilization procedure, the performance of the
immobilized enzymes was evaluated by several
activity tests with the same particles. An amount of
Img of functionalized magnetic particles was
introduced in 10mL of o-NPG 10mM. Each minute
until 10 minutes then after 15, 20, 30, 45 and 60
minutes, 300ul were collected and mixed with
150pL of Na,CO5 1M to stop the reaction.

Samples collected were analyzed at 415nm.
The same experiment was reproduced 10 times. The
reaction rate of immobilized enzyme, for each
experiment, was calculated with the Michaelis-
Menten equation.
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Fig. 1. Principle of reaction between amino groups and NBA; NBA is complexed with amino groups to form a Schiff base
which is hydrolyzed in acidic conditions to release NBA analyzable at 267nm
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3. Results and discussion

3.1. Chemical characterization of magnetic particle
surface

The magnetic particles used in our study were
constituted by a ferric core covered by an oleic acid
shell and functionalized with 3-
aminopropyltriethoxysilane, leading to amino groups
on the surface of the particles (Durdureanu-
Angheluta et al., 2012).

In order to determine the potential of
immobilization, the number of amino groups was
calculated. For this, the labeling method using 4-
NitroBenzAldehyde (4-NBA) as tag was used
(Abbas, 2009) with four different quantities of
particles (Table 1). Results allowed characterizing
the chemical surface of the magnetic particles and we
observed a good proportionality between the number
of amine functions and the quantity of particles.
Therefore, 1 mg of particles contains about 4.1.10"
amine functions.

3.2, Immobilization capacity of functionalized
magnetic particles

In order to determine the quantity of
immobilized f-galactosidase, the quantity of non-
adsorbed enzyme and the mass balance were
calculated after each wash of functionalized magnetic
particles, and compared with the initial quantity
carried out.These quantities were determined with a
range of reaction rate in function of the concentration
of enzyme (Fig. 2). The quantity of enzyme was
resumed in the Table 1. After incubation of particles
with Img of enzyme, the solution contained between
92 and 97% of the initial quantity of enzyme (Fig. 4).
Results showed a very good proportionality of the
quantity of enzyme immobilized in function of
particles quantity (Fig. 5). Therefore, one milligram
of functionalized magnetic particles was able to
immobilize 58ug of f-galactosidase.
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Quantity of particles (mg)
Initial quantity mS1 mS2 mS3 mS4 mSS mSe

1
@09
o 08
]
£07 -
-]
806 -
E]
= 05
e
S 04 -
s

03
z
202 -
5
301

0

Fig. 4. Quantification of f-galactosidase after each step of
particle treatment

3.3. Determination of kinetic parameters
The activity of free and immobilized p-

galactosidase was determined according to the
hydrolysis of synthetic substrate 0-NPG.

In the study with free f-galactosidase, 100ug
of enzyme were introduced with 10 milliliters of
different concentrations of o-NPG (0.5, 1, 2, 5 and
10mM) under agitation. Each minute, 500uL were
collected, mixed with 250uL of Na,CO; 1M and
analyzed at 415nm. The kinetic parameters (Km and
Vmax) were determined from the Lineweaver-Burk
representation.

Concerning the study with immobilized p-
galactosidase, one milligram of functionalized
magnetic particles was introduced in 10 milliliters of
o-NPG solutions (0.5, 1, 2, 5 and 10mM) under
agitation. The kinetic parameters for the immobilized
[-galactosidase were determined with the same
procedure than with free enzyme. The values were
resumed in the Table 2.

Table 1. Quantification of the number of amine functions
in function of the quantity of functionalized magnetic
particles

0.250mg | 0.500mg | 0.750mg | Img

Concentration
of NBA (mM) 0.052 0.115 0.173 0.235

Number of

amine functions | 0.94.10"7 | 2.09.10'7 | 3.09.10" | 4.15.10"

Table 2. Kinetic parameters of free and immobilized /-
galactosidase determined with o-NPG

Specific
Km (V':::;;/ Vmax Kcat | Kcat/Km
(mM) ”; oy | (umol/ ") | (mM's)
min/mg)

Free
p-galacto 1.899 | 1.044 10.44 17.85 9.39
sidase

Immobilized
[-galacto 5.82 0.62 10.68 18.72 3.21
sidase

0.07

0.06 /‘
0.05

0.03

B-galactosidase quantity (mg)

T
0.25 0.5 0.75
quantity of particles (mg)

Fig. 5. Quantity of f-galactosidase immobilized in function
of the quantity of functionalized magnetic particles

Results show a decrease of the maximal
velocity Vmax and an important increase of the Km,
translating a high decrease of the affinity of
immobilized p-galactosidase for the substrate.
Indeed, in the immobilized case, p-galactosidase
adsorbed on the magnetic particles causes diffusional
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limitations and consequently limited access to the
active sites. Then, this phenomenon could be
logically responsible of the kinetic parameter
differences between free and immobilized f-
galactosidase. However, when the values of Vmax
were calculated in function of the quantity of
enzyme, we observed the same specific Vmax values,
indicating that our immobilization procedure did not
affect the reaction rate of enzyme.

These results were confirmed with the values
of the catalytic constant Kcat that was the same for
free and immobilized p-galactosidase (~95%
conserved in immobilized form compared with free
form). Finally, catalytic efficiency values were
different (3 times higher for free than for
immobilized enzymes), translating a decrease of the
global specificity of enzyme for this substrate,
probably caused by the immobilization conditions of
enzyme on the particles.

To conclude, the hydrolysis of o-NPG by p-
galactosidase  immobilized on  functionalized
magnetic particles showed a good conservation of the
catalytic efficiency but the process slightly affected
the affinity of enzyme for its substrate.

3.4. Efficiency of the immobilization procedure

The more significant advantage when enzyme
immobilization is investigated is the ability to reuse
the materials with adsorbed enzyme and its influence
on the enzyme activity. Then, in order to evaluate the
efficiency of our immobilization procedure, 11 cycles
of 0-NPG hydrolysis were carried out with the same
functionalized magnetic particles with immobilized
[f-galactosidase. The residual activity was then
calculated after each cycle and resumed in Fig. 6.

Residual activity (36)
[=a}
)

1 2 3 1 5 6 7 8 9 10
Cycle number

Fig. 6. Residual activity of immobilized S-galactosidase
obtained after several cycles of 0-NPG hydrolysis

Results show that the residual activity of
immobilized f-galactosidase decreases of only 10%
after 5 wash cycles. Then, the enzyme activity is
always maintained after 10 cycles. This result
demonstrates the efficiency of our immobilization
procedure on functionalized magnetic particles and
the possibility of immobilized f-galactosidase reuse
while conserving its activity.
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3.5.  Lactose hydrolysis by  p-galactosidase
immobilized on functionalized magnetic particles

Hydrolysis of lactose was carried out with /-
galactosidase  immobilized on  functionalized
magnetic particles and kinetic was compared with
those realized with free enzyme. Concerning the
study with free p-galactosidase, one milligram of
enzyme was introduced in 10mL of different
concentrations of lactose (10, 25, 50 and 100mM)
under agitation. Each minute, 300uL were collected
and analyzed in order to determine the quantity of
glucose produced.

Concerning the study with S-galactosidase in
immobilized state, one milligram of particles was
introduced in 3mL of different concentrations of
lactose (80, 100, 150 and 200mM) under agitation.
For each study, the kinetic of lactose hydrolysis was
represented using Michaelis-Menten and
Linewaever-Burk representations (Figs. 7 and 8) and
kinetic parameters were then determined in the Table
3. Results show a very important increase of Km (45
folds) associated with a decrease of Vmax (6 folds).

The specific enzyme activity and the catalytic
constant were then affected, translating a strong
impact of the immobilization process on the apparent
enzyme activity. Therefore, the catalytic efficiency
value was very low when the f-galactosidase was
immobilized (15 folds lower than in free state),
caused by the high value of Km. By comparing the
results of kinetic parameters between the two
substrates (Tables 2 and 3), we observe a strong
impact of our immobilization procedure on lactose
hydrolysis comparing to o-NPG hydrolysis.

It seems that the diffusional effects further
influence the hydrolysis kinetic, probably due to the
strong quantity of enzyme molecules immobilized on
the magnetic particle surface. Indeed, the surface
characterization showed an important quantity of
amino groups allowing the immobilization of a high
amount of f-galactosidase.

However, this high quantity would strongly
limit the lactose accessibility to the active sites of the
enzyme, also affecting its kinetic behavior. Solution
could be to decrease the quantity of f-galactosidase
immobilized on the functionalized magnetic particles
in order to favor its catalytic efficiency.

4. Conclusions

Utilization of magnetic particles
functionalized with amino groups allowed
immobilizing  f-galactosidase  for  obtaining
biofunctional support able to hydrolyze synthetic
(oNPG) and natural (lactose) substrate. This support
retains its activity after several assays, demonstrating
the efficiency of our immobilization procedure.
Without use of chemical products for immobilization
process, such as glutaraldehyde commonly used, this
kind of magnetic particles constitutes an interesting
alternative for green process.
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Fig. 7. Determination of kinetic parameters of free f-galactosidase for lactose hydrolysis
with different concentrations of substrate (10mM, 25mM, S0mM and 100mM) with 1mg of enzyme
and using Michaelis-Menten (a) and Lineweaver-Burk (b) representations
0.09 40
0.08 -
35
0.07 /
E -~ 30
5 005 S
£
2 0.03 / ‘5:: B *
g 0.08 / / — E » .
E 003 / '//' - % 15 [
2 /
0.02 / 10
001 /,// /
5
0 T T T T T
0 10 20 30 a0 50 60 70 0 w . \ \ |
. 0.004 0.006 0.008 0.01 0.012 0.014
Time (minutes)
——200mMmM ——150mM ——100mM —=—80mM 1/[Lactose] (mM—i)
(a) (b)

Fig. 8. Determination of kinetic parameters of f-galactosidase immobilized on one milligram of functionalized magnetic particles.
Reaction carried out was lactose hydrolysis for different concentrations (80, 100, 150 and 200mM)
using Michaelis-Menten (a) and Lineweaver-Burk (b) representations

Table 3. Kinetic parameters of free and immobilized f-galactosidase determined with lactose

, Specific Vmax Kcat Kcat/Km
Km (mM) | Vmax (umol/min) (,upmoimin/mg) (s (mM'.s)
Free 36 3.89 38.9 6.80 0.189
[-galactosidase
Immobilized 1639 0.64 11.03 19.38 0.012
[p-galactosidase

Moreover, the magnetic property of the
particles facilitates the manipulation during the
hydrolysis application and allows a fast recovery
after utilization. Therefore, a continuous process for
lactose hydrolysis could be envisaged.
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Abstract

The performance of electrocoagulation (EC) process, a non-specific electrochemical technology, was investigated for the
removal of carbamazepine (CBZ), an antiepileptic drug, from water. Experiments were carried out in synthetic wastewater in a
batch cell. The respective influences of some key process parameters were studied, such as mixing conditions, initial pH, and
current on aluminium electrodes. Experimental results showed that a CBZ removal efficiency of 62% was observed under
slightly acidic initial conditions (pH 4) with a current density as high as 44 mA ¢cm™ (/=4.5 A) using Al electrode. This clearly
indicates that CBZ removal proceeds through an electrochemical mechanism, while the adsorption of CBZ onto the aluminum
hydroxide flocs was shown to be negligible. Furthermore, the increase of initial pH to alkaline values was shown to decrease the
drug elimination efficiency. Conversely, as expected, an increase of current intensity improved the removal of CBZ. As a result,
low initial pH 4 coupled with high current elevates the electrochemical elimination of CBZ: in this case, one metabolite could
also be detected.
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1. Introduction agriculture, hospital discharges, industrial discharges,
for example, industries involving fuels, wood

Water resources are contaminated when preserving operations and textile production. This

pollutants are directly or indirectly discharged into
wastewater without adequate treatment to remove
harmful compounds. This provides a serious threat to
human health on one side, and to plants and
organisms living in these bodies of water on the other
side (Aziz et al., 2010; Caliman et al., 2002). Water
contamination has been caused over decades by a
number of natural and anthropogenic pollutions, such
as the spillage of pesticides and herbicides in

leads to the presence of rather different types of
pollutions, such as organic products which derive for
example from agro-food waste, home and personal
care products, textile dyes, pharmaceuticals, but may
also correspond to heavy metals cations or oxianions,
or to inorganic anions, in particular sulfide, fluoride,
and nitrate.

Pharmaceuticals and  their  bioactive
metabolites are continuously introduced in the
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aquatic environment, where they are detected at trace
concentrations (i.e. found in the ng L™ or pg L™
range, so that they are often referred to as
“micropollutants”), and become pseudo-persistent
(Caliman and Gavrilescu, 2009; Gavrilescu et al.,
2015; Semrany et al., 2012; Sirés et al., 2012). First,
most pharmaceuticals are not completely degraded
after ingestion and they may be excreted directly or
also produce secondary pollutants, i.c. metabolites
and subsequently enter and harm the aquatic
ecosystem. This results in the detection of
pharmaceutically active compounds, such as lipid-
regulating drugs, analgesics, antibiotics, antiseptics,
antidiabetics, barbituarates, beta-agonists,
psychiatrics, receptor antagonists, hormones, and
chemotherapy and beta-blocking heart drugs in
wastewaters, streams, and ground-water resources.
Their occurrence in the environment is mainly due
to:

1. the excretion of the fraction of
pharmaceuticals that are not metabolized by human
or animal bodies into wastewater, or their
metabolites;

2. the discharge of wunused or expired
medications;

3. the discharge of hospital wastewater;

4. the residues from pharmaceutical
manufacturing.

Carbamazepine (CBZ), commercialized as
Tegretol (Zhang et al., 2008), is a pharmaceutical
imminostilbene derivative, and a lipophilic, neutral
tricyclic compound (Atkins et al., 2013; Bahlmann et
al., 2014). It is mainly used as an anticonvulsant
drug, and also as a specific analgesic for trigeminal
neuralgia (Popa et al., 2014; Rao et al., 2010). Its
efficacy and safety profiles have made it first choice
for adults. It is administered chronically in high
dosages of 100-2000 mg daily and, hence, its annual
production is high (Kosjek et al, 2009).
Approximately 72% of orally administered
carbamazepine is absorbed, while 28% is unchanged
and subsequently discharged through the faeces
(Zhang et al., 2008). Environmental studies confirm
the presence of CBZ as one of the most frequently
detected pharmaceuticals in the effluents of sewage
treatment plants, in river and sea water (Miao et al.,
2005), in comparison to the other pharmaceutical
micropollutants in Europe, America and Asia. For
instance, the presence of CBZ has been reported at
concentrations about 6.3 ug L™ in wastewater, 1.1 pg
L in surface water, and 30 ug L in drinking water
(Mohapatra et al., 2014) in Canada. It has also been
detected about 2300 ng L' in Canada in a wastewater
effluent and about 258 ng L™ in the USA, but below
10 ng L' in Germany (Metcalfe et al., 2003). As a
consequence, health-based guidance values have
been established for CBZ upon fishery products
consumption in both marine and freshwater, such as
2000 pg/Kgpiom or 130 pg. L.

Due to the persistence and toxic effects of this
molecule, various water remediation technologies
have been investigated to remove CBZ from
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wastewater and  drinking  water, including
conventional  biological and  physicochemical
treatments, but also advanced oxidation and
biological processes. Several studies showed that, the
abatement yield of CBZ by the conventional
activated sludge process is limited (typically below
10%) due to its high resistance to biodegradation,
independent from hydraulic retention times (Hata et
al., 2010).

Other studies have been investigated the
removal efficiency of this molecule by white-rot
fungi. A CBZ elimination yield of about 60% was
obtained with fungal laccase, an enzyme from
Trametes versicolor after 48h of treatment (Hata et
al., 2010), while less than 10% CBZ elimination were
achieved after treatment with membrane bioreactors
using Pseudomonas sp. (Li et al., 2013). The
efficiency of physicochemical treatments, such as
coagulation and flocculation/flotation, was also
investigated and these did not operate rather better
than biological treatments, with typical yields of
CBZ elimination from 20% to 35% (Carballa et al.,
2005; Suarez et al, 2008). Conversely, many
contributions from the literature showed that
ozonation and advanced oxidation processes (AOPs)
including Fenton, photo-Fenton and heterogeneous
photocatalysis could be more efficient for the
removal of this molecule from wastewater. For
example, ozonation was found to remove up to 99%
CBZ (Hua et al., 2006); UV/hydrogen peroxide in the
presence of 25 mgL’' of H,0, promoted the
elimination of 90% CBZ at 2.25 J.cm™ UV dose
(Shu et al., 2013); Fenton and photo-Fenton process
could possibly achieve a complete elimination of
CBZ by Fenton oxidation (Mohapatra et al., 2013),
and heterogeneous photocatalytic processes with
more than 90% elimination (Doll and Frimmel, 2005;
Martinez et al., 2011). However, AOPs are highly
expensive for wastewater treatment (Betianu et al.,
2008; Sirés et al., 2012). Other cheaper treatments
such as electrodeposition, electrocoagulation,
electroflotation, electrodisinfection, electrooxidation,
and electroreduction are important alternatives for
wastewater treatment, due to their high efficiency in
pollution abatement, easy operation, and compact
facilities (Al-Shannag et al., 2014; Behbahani et al.,
2013).

The objective of this paper is to investigate
the potential applicability of electrocoagulation
process (EC), an electrochemical treatment, as a
possible way to remove CBZ from water and
wastewater. Up to now, electrochemical methods
have been disregarded in the literature for the
removal of CBZ. This paper will also analyze how
CBZ removal is affected by mixing conditions, pH,
and current intensity which is the major process
parameter of EC.

2. Experimental

In this study, EC was applied to investigate
CBZ removal from synthetic water in which the
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initial concentration Cy of CBZ is 12.5 mg L. All
solutions were prepared with carbamazepine of
analytical purity (99%) supplied by Sigma-Aldrich
(France). The composition of the synthetic water
includes also KCl (6.33 g L) as a supporting
electrolyte. The initial conductivity of water is 2.8
mS cm” and pH is 8.2. Initial pH is then adjusted
between 4 and 9 by the minute addition of either 0.1
M hydrochloric acid or sodium hydroxide solutions.
For EC process, two rectangular aluminum
electrodes were used as the anode and the cathode, of
surface area S=102 cm® each, with an inter-electrode
distance of 1 cm. EC consists of the controlled
electrodissolution of the anodic material, as shown

by Eq. (1).

3+
l(aq

Al — ALY +3e (1)

(s)

At the cathode, hydrogen gas is released
through the electroreduction of water (Eq. 2).

2H,0 +2¢” — H,, +20H" 2

2(g)

When pH is between 4 and 10, aluminium
cations rapidly form insoluble oxyhydroxides and
hydroxides, which readily precipitate and form flocs.
This is usually summarized as given by Eq. (3).

A13+

(aq

,+30H" — Al(OH) 3)

3(s)

As a result, several mechanisms can promote
pollution removal, among which:

1. the coagulation of colloidals or slightly
soluble species;

2. the adsorption of pollutants onto the flocs;

3. the electrooxidation or electroreduction of
the pollutants onto the electrodes.

To enhance these mechanisms, the EC cell
consisted of a batch reactor of volume V/=4.0 L,
mechanically stirred using a standard Rushton
turbine. Tests were carried out in an intensiostatic
mode by means of a BK-Precision (USA) generator
with a current (/) ranging between 1.5A and 4.5A.
The electrolysis time of each run ranged between 30
and 120 minutes. The respective effects of mixing
speed (from 100 to 400 rpm), current, and initial pH
(pH;) were investigated. Experiments were done at
room temperature under atmospheric pressure.

Analytical tools can be summarized as
follows. The conductivity and the pH of the solution
were recorded online. The concentration of soluble
CBZ at time t (C;) was obtained using a sampling
procedure, followed by HPLC analysis (Waters 2410,
UV, France) under isocratic mode using a CI18
column (Waters SAS, Symmetry, France). The
mobile phase consisted of a solution of acetonitrile
(Sigma-Aldrich, France) and ultra-pure water at
30:70 (v/v). The flow rate was 0.5 mL.min", leading
to a retention time of 20 min for CBZ when detected
at a wavelength of 230 nm. Total organic carbon in

the liquid phase was measured using a total organic
carbon analyzer (TOC-V CSN, Shimadzu, Japan). At
the end of EC experiment, the flocs recovered by
decantation or flotation were filtered, washed, and
dried at 105°C overnight before being weighted. BET
surface area of the flocs was then estimated using
nitrogen adsorption (77istar II, Micromeritics Instr.,
USA). To detect the presence of adsorbed species on
the dried solid, the solid phase was dissolved using a
0.1 N HCI solution and, then, subjected to chemical
analysis using the total organic carbon analyzer and
the HPLC described above. Fig. 1 summarizes the
experimental setup coupled with analytical tools.

3. Results and discussion

3.1. Influence of mixing and initial pH using Al
electrodes

Preliminary results were devoted to the
analysis of the influence of mixing conditions. The
rotation speed of the Rushton turbine was varied
between 100 and 400 rpm and its potential influence
on CBZ removal was investigated. Results showed
that this parameter had a limited effect in the studied
range on the CBZ removal.

This means that regardless of the mechanism
of depollution (oxidoreduction at the electrodes or
adsorption onto the flocs), there is no apparent
limitation due to mass transfer in the EC process
which is in accordance with other EC studies done on
wastewater containing nitrate (Yehya et al., 2014) or
for the removal of trivalent chromium (Golder,
2000).

This is of utmost importance because both
oxidoreduction and adsorption may be controlled by
mass transfer. For this work, a rotation speed of 100
rpm has been finally retained for the Rushton turbine:
this presents not only the advantage to prevent swirl,
but also reduces the power input for mixing purpose.

Unlike the effect of the stirring rate which can
be easily overcome, pH is always the key parameter
affecting the elimination of pollutants by EC both in
terms of effectiveness and operating cost (Chafi et
al., 2011). In a batch cell, pH varies with time and
only the initial pH, pH; can be controlled.
Accordingly, experimental data highlighted a strong
influence of pH; on the abatement of CBZ over time

during EC.
Engineff Pawer supply
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Fig. 1. Experimental setup
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Concerning CBZ, it is known to have two pKa
values of 13.9 and -0.49; this means that it is out of
our pH range (4 to 9), and that it would be always
chemically stable. However, the results obtained
have shown a different behavior than expected. Fig. 2
highlighted a poor removal yield of CBZ when pH;
was 6 or 9, with values lower than 10% after 120 min
of electrolysis, with a slightly higher yield when pH;
was 6. Conversely, CBZ was shown to be removed
more efficiently when pH; corresponded to acidic pH
values, i.e. when pH; was 4. Under these conditions
the eliminated CBZ amount was up to 62%.
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Fig. 2. Effect of initial pH during EC on the abatement
of CBZ over time at [=3A

As pH increases during the EC process, the
elimination rate of CBZ decreases, this means that
CBZ removal mainly occurs when pH is between 4
and 6. This is clearly confirmed by Fig. 3: a sharp
decrease of CBZ content is observed within the first
five minutes, when pH varies rapidly from 4 to 6.
Then, CBZ concentration passes through a plateau
region when pH varies from 6 to 8.6, and then
decreases again, but far slower when pH is equal or
higher than 9.
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Fig. 3. Effect of the change of pH during EC on the
abatement of CBZ at /=3A and pH, 4, as a function of time

Similar changes of pH can be observed at
different current values, as shown in Fig. 4 at /=4.5A.
This figure also shows that final pH values are close,
regardless of pH; after 120 min, which means that
final pH cannot be correlated to CBZ removal yield.
Moreover, it was observed that, initial pH also
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affected the amount of flocs formed at the end of EC.
This varied from 7.3, 9.8 and 6.1 g in the conditions
of Fig. 4 when the initial pH increased from 4, 6 and
9 after 120 min of electrolysis, respectively.
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Fig. 4. Effect of initial pH on the change of pH over time
during EC at /=4.5A

These results agree with the speciation of
aluminium: soluble AI’" cations dominate at low pH,
soluble aluminate anions AI(OH), prevail at a pH
higher than 10 and the insoluble AI(OH); hydroxides
reign at intermediate pH. As a result, initial pH equal
to 6 maximizes the mass of flocs because their
formation is impaired only at the end of EC, while it
is reduced at the beginning and the end when pH; is 4
and during a large part of the electrolysis time when
pH; is 9. However, as for the final pH, no correlation
could be found between the mass of flocs and CBZ
removal yield.

This indicates that adsorption is unlikely to be
the mechanism governing the CBZ elimination. On
the contrary, HPLC highlighted the presence of a
metabolite that was detected at the same wavelength
as CBZ, but with a far smaller retention time (3 min).
As there was no other organic compound in the
synthetic water, this could only derive from CBZ. In
addition, the increase in concentration of this new
compound was always observed in parallel with a
decrease of the CBZ concentration. As a result, its
content was maximized at the end of electrolysis and
was observed mainly when pH; was 4.

A typical evolution of the metabolite
production with time can be seen in Fig. 5 in which
the areas of the detected peaks are compared because
this compound has not been identified yet. This
confirms the idea that an oxidoreduction mechanism
at the electrode surface is responsible for CBZ
removal.

3.2. Influence of current

The new set of experimental runs was
dedicated to the study of the influence of the current
intensity / on CBZ elimination using EC with Al
electrodes. The results showed that an increase of
current results in an acceleration of the CBZ removal
at all pH; values (Fig. 6) in particularly at pH; 4 (Fig.
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6a). It was shown that the elimination was rapid at
early times during EC and slowed down during the
EC process.
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Fig. 5. Bar graph showing the peak area of a CBZ
metabolite and of CBZ detected by HPLC during EC at pH;
4 and /=4.5A as a function of time

The reason is the clevation of pH and the
consequent decrease in the probable oxidoreduction
rate of CBZ. Current was also found to have an effect
on the amount of AI’* released and hence on the
amount of flocs formed. Results obtained from the
HPLC analysis showed the effect of the current
intensity on the metabolite concentration that
increased with the increase of current and with the
decrease of CBZ concentration. It was also found that
the pH change rate depended strongly on the current
applied to the EC unit.

The highest current employed, led to the
fastest rate of pH change during EC (Fig. 7) for all
values of initial pH. The reason is the elevation of pH
and the consequent decrease in the probable
oxidoreduction rate of CBZ. Current was also found
to have an effect on the amount of AI*" released and
hence on the amount of flocs formed.

Results obtained from the HPLC analysis
showed the effect of the current intensity on the
metabolite concentration that increased with the
increase of current and with the decrease of CBZ
concentration. It was also found that the pH change
rate depended strongly on the current applied to the
EC unit. The highest current employed, led to the
fastest rate of pH change during EC (Fig. 7) for all
values of initial pH.

3.3. Speciation of the liquid and the solid phases

The analyses of the liquid sample at =120
min during EC at /=4.5A and pH 4 on the HPLC
found that almost 62% of CBZ has disappeared. The
HPLC analysis showed that the disappearance of
CBZ, was accompanied by the appearance of a new
molecule that would possibly be a metabolite of CBZ
having it appearing at the same wavelength of CBZ.
If there was no adsorption on the solid phase or no
gas release, 100% of the initial carbon should be
found in the liquid samples when tested on the total
organic carbon analyzer at nearly all times.
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However, the amount of carbon found in the
liquid samples when tested on the total organic
carbon analyzer was about 79-82% of the initial
amount of carbon found in CBZ particularly after
=20 min where the corresponding pH is around 7.
So, this means that the rest (around 21%) was either
been adsorbed on the solids throughout the
experiment or released as CO,. Analysis of the solid
phase by nitrogen adsorption isotherm showed that it
exhibited a high specific surface area as the BET
method provided values that varied between 200 and
320 m’g floc as a function of current.

The dissolution of the flocs of EC with 0.1M
HCI showed, by the analysis done on the total
organic carbon analyzer, the presence of carbon
entities on the solid phase that increase with the
increase of current and the decrease of pH;. The
amount of these carbon entities comprises almost
20% of the total amount of carbon found as the form
of CBZ at the beginning of EC.

The same samples were passed on the HPLC
to test for the adsorbed species and revealed that the
metabolite was found on the flocs with no minimal
presence of CBZ. The inability of CBZ to adsorb on
the flocs was confirmed at all the pH used in this
study: the same solid phase was produced with the
same composition, however, with no CBZ being
added. Then, the solids were added to CBZ solutions
of different concentrations. The solids were set in
contact with CBZ for 24 hrs to attain equilibrium in
order to test for adsorption. Analyzing the solutions
on the total carbon analyzer showed no decrease of
the CBZ concentration, hence no CBZ adsorption on
the solid phase.

The total amount of carbon (on the solid phase
and in the solution) depending on what is obtained
from the total organic carbon is almost 98%,
accounting for experimental error, from which we
can conclude that there was no release of gaseous
CO,, or no formation of HCO; or CO,” anions in
water.

Thus, we conclude that the eclimination of
CBZ by EC at [=4.5A and pH; 4 is primarily an
oxidoreduction mechanism comprising the change of
62% of initial CBZ concentration into a metabolite
which in turn adsorbs onto the flocs at a relatively
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neutral pH comprising 20% of the initial carbon
amount found in CBZ.

4. Conclusions

The electrochemical treatment of a
biorefractory pharmaceutical molecule, CBZ, has
been tested in this work using EC process. Collected
data demonstrate that the CBZ is apt to
electrochemical oxidoreduction reactions. CBZ was
found to be eliminated mostly at pH 4 and at the
highest current density of 44 mA cm™ (4.5A) on Al
electrodes.

The CBZ was shown to exhibit the highest
elimination at pH between 4 and 6. The solid phase
was found to capture a new molecule, a probable
metabolite of CBZ comprising 20% of its initial
carbon content. The increase of the concentration of
the soluble and the adsorbed metabolite is in
harmony with the decrease of CBZ. Compared to
other biological and physicochemical treatments, EC
was proven to be more effective in the treatment of
CBZ from water than many other conventional
techniques. Moreover, by optimizing the parameters
of EC, this latter can be used rather than the
expensive AOP treatments.
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Abstract

As natural landscapes are increasingly replaced by impervious surface materials associated with urbanization, urban areas tend to
experience higher surface temperatures when compared to rural areas, which is known as the urban heat island (UHI) effect. In
this study the impact of urbanization on land surface temperature (LST) and the UHI effect were examined based on two Landsat
Thematic Mapper (TM) imageries of 1987 and 2007. Results show that Wuhan experienced rapid urban expansion from 1987 to
2007, while the areal extent with higher temperatures did not always correspond to the urbanized area. The percent impervious
surface area (ISA) was found to efficiently explain the LST variation in urban areas, especially in high-density ones. The
normalized difference vegetation index (NDVI) was a sufficient indicator to express surface temperature variation only in natural
context. These findings help urban planners and greening designers make appropriate decisions on urban planning and thermal
management.
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1. Introduction

One of the environmental consequences of
urbanization and industrialization is the urban heat
island (UHI) effect, a phenomenon of higher
atmospheric and surface temperatures occurring in
urban areas than in surrounding rural areas (Gluch et
al., 2006; Voogt and Oke, 2003). Higher urban
temperatures generally result in adverse economic
and environmental impacts locally, regionally and
globally. Persistent higher temperatures increase the
demand for air conditioning, raise pollution levels,
change urban thermal environments and ultimately
lead to thermal discomforts and incidence of heat-
related illnesses.

The UHI effect is essentially a thermal
pollution caused by human activity and regarded as a

powerful force in local climate change (Du et al.,
2007; Luber and McGeehin, 2008; Zheng et al.,
2014). With the rapid increase of population and
buildings in urban areas, anthropogenic waste heat
released from vehicles, air conditioners, power plants
and industries have steadily increased (Manea et al.,
2013), which heats up the urban environment
directly. Urban development can tremendously alter
the urban surface structures by replacing natural
landscapes with a large expanse of non-evaporating
impervious surfaces such as concrete and asphalt
(Oke, 1982; Owen et al., 1998; Tang et al., 2014).
Physical change of the urban surface (albedo, thermal
capacity, heat conductivity) can affect urban surface
temperatures by altering the sensible and latent heat
exchange between the urban surface and boundary
layers (Frey and Parlow, 2012; Mohan and Kandya,
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2015). The land surface temperature (LST) will
unavoidably propagate both downward into the
subsurface (Baker and Baker, 2002; Taniguchi et al.,
2005) and upward into atmosphere (Brazel et al.,
2007; Jin et al., 2011; Jones et al., 1990). Then
surface, subsurface and air urban heat islands can be
detected (Roth et al., 1989; Voogt and Oke, 2003).

Urbanization typically leads to the reduction
of green spaces in urban areas, which modifies urban
surface water content and vegetation cover (Owen et
al., 1998). Research found that, with regard to the
surface energy balance, latent heat exchange was
dominant in more vegetated areas, while sensible
heat exchange was dominant in impervious areas
(Oke, 1982). This finding is attracting mounting
attention on the relationship between LST and urban
vegetation. Much emphasis has been placed on the
relationship between LST and the normalized
difference vegetation index (NDVI) (Gallo et al.,
1993; Lo et al., 1997; Nonomura et al., 2009; Owen
et al.,, 1998; Price, 1990; Raynolds et al., 2008) or
other NDVI-related parameters, such as vegetation
abundance (Gillies and Carlson, 1995; Lo et al.,
1997; Weng, 2001) and vegetation fraction (Gutman
and Ignatov, 1998; Weng et al., 2004). Results
indicate that there is a negative correlation between
LST and NDVI, which is valuable for UHI and urban
climate studies.

On the other hand, much attention was paid on
land cover changes associated with urbanization and
their impact on LST (Fabrizi et al., 2010; Hamdji,
2010; Liu and Zhang, 2011; Xiong et al., 2012). The
rapid changes of land use and land cover in urban
areas result in the increase of impervious surface
areas (ISA) in urban area. Because the amount of
ISA is closely related to population growth and urban
expansion, it was used to quantify the degree of
urbanization and extent of urban land use (Carlson,
2012; Civco et al., 2002; Essa et al., 2013; Lynn et
al., 2009; Xian and Crane, 2006; Yang et al., 2003;
Yuan and Bauer, 2007) and indicate the
environmental quality (Arnold and Gibbons, 1996;
Xiao et al.,, 2007). Increased concern has been
directed to the comparative studies of NDVI and
percent ISA as indicators of surface urban heat island
effect based on Landsat imagery by investigating the
relationships between the LST, percent ISA and the
NDVI (Deng and Wu, 2013; Ma et al., 2010; Yuan
and Bauer, 2007; Zhang et al., 2009). Compared to
the NDVI, the percent ISA was found to be more
stable and less affected by seasonal changes in
urbanized environment. Therefore, it is important to
analyze the relationship between the LST and percent
ISA in urban areas, for it provides an effective
method to study urban expansion and related UHI
effect.

LST is useful to predict the energy and water
exchanges between land surface and atmosphere,
which plays an important role in human—environment
interactions. Urban expansion and development and
their adverse effect on urban thermal environment
has been confirmed by analyzing the relationship
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between LST, NDVI and percent ISA in past
literatures. However, further investigation on the
correlation between LST and NDVI at different
levels of urban development is necessary. This study
aims to examine the urban expansion and its impact
on urban surface temperatures and the surface UHI
effect and also to analyze the varied efficiency of
vegetation on reducing surface temperatures in
different urban developed areas. The ultimate goal is
to provide a better understanding of the relationship
between LST, NDVI and percent ISA, and allow
urban planners and managers to control and manage
the urbanization and associated thermal pollution.

2. Case studies
2.1. Study area description

The study area is Wuhan city, located at
113°41°~115°05’E, 29°58°~31°22°N. Wuhan is the
capital of Hubei province, situated at the center of
central China and in eastern Hubei, where the
Yangtze River joins the Han River. It covers an area
of over 8000 km’, with a population of more than 8
million. It has a long history of more than 3500
years. It is an economic center and an important
transportation pivot of China. The metropolitan area
comprises three parts: Wuchang, Hankou and
Hanyang, commonly called Three Towns of Wuhan.
These three parts face each other across the rivers
and are linked by bridges.

Wuhan is situated in the north-subtropical
climatic zone with four distinctive seasons. Spring
and autumn are generally mild, while winter is cool
with occasional snow. Due to its oppressively hot and
humid summers, Wuhan is commonly known as one
of the Three Furnaces of China, along with Nanjing
and Chongqing. The annual temperature is 15.8°Cto
17.5°C with extreme temperatures ranging from
—18.1°Cto 42.0°C. The annual average precipitation
is 1269 mm, concentrated during June to August. The
annual frost free period lasts 211 to 272 days and
annual sunlight duration is 1810 to 2100 hours.

2.2. Derivation of LST, NDVI and related indexes
from Landsat TM imageries

LST data were derived from the thermal
infrared (TIR) band (band6) of the radiometrically
and geometrically corrected images (Voogt and Oke,
2003), which was conducted in Erdas Imagine 9.2
with several procedures: radiometric calibration, at-
satellite ~ temperature  calculation,  emissivity
correction and LST estimation. In this study, we used
two Landsat-5 Thematic Mapper (TM) images
acquired on September 26, 1987 and April 10, 2007.
At first, the DN value of Landsat TM band6 was
converted into spectral radiance (Chander and
Markham, 2003). The spectral radiance was then
converted into at-satellite temperature (i.e.,
blackbody temperature or brightness temperature)
under the assumption of uniform emissivity. The at-
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satellite temperature obtained was referenced to a
black body and not the real surface temperature.
Therefore, emissivity corrections became necessary
according to the nature of land cover when
calculating LST. Built-up and bare land areas were
assigned an emissivity value of 0,923 and water
0.9925 (Gong et al., 2005; Masuda et al., 1988).
Emissivity of vegetated areas was modeled with the
NDVI values through field measurement (Van De
Griend and Owe, 1993). Then the emissivity
corrected LST was computed (Artis and Carnahan,
1982).

Vegetation abundance has been identified as
an important parameter to positively mitigate the
UHI effect, which can be indicated through NDVI
value. Together with the other two indexes:
normalized difference built-up index (NDBI) and
modified normalized difference water index
(MNDWI), the NDVI wvalue can be accurately
calculated based on the spectral reflectances
accordingly (Chander and Markham, 2003; Chander
et al., 2009).

2.3. Water extraction

A great number of studies have stated that
there exists a positive correlation between NDVI and
LST in water bodies (Rinner and Hussain, 2011;
Zaksek and Ostir, 2012). In this study, water areca
accounts for a large percentage, which would
significantly debase the accuracy of the relationship
between vegetation and LST. Thus it is important to
exclude the water body from the images before
quantitatively and statistically analyzing the
relationships between LST and NDVI. The MNDWI
was used to extract and exclude the water bodies with
the appropriate threshold values.

2.4. Derivation of urban percent ISA

The urban percent of impervious surface
area (ISA) was highly correlated with urban land
use/land cover types and the spatial distribution
patterns (Jennings et al., 2004; Xian and Crane,
2005). For rural areas, the relationship between the
urban percent ISA and NDBI was used to obtain the
percent ISA through thresholding the NDBI value
(Zhang et al., 20009).

For built up areas, Ridd (1995) found a
strong negative correlation between ISA and
fractional vegetation cover. Choudhury et al. (1994)
and Carlson and Ripley (1997) then quantified the
relationship between the percent ISA and fractional
vegetation cover based on NDVI value by the Eq.
(1), where: NDVI_, and NDV]VEg are the NDVI

values of the pixels covered by soil or non-vegetation
and full vegetation.

soil

NDVI - NDVI,, )
NDVI,,, — NDVI

soil

ISAzl—(

3. Results
3.1. Spatial pattern of the percent ISA

In this study, the percent ISA was used to
indicate the extent of the urban expansion and the
level of urban development. Fig. 1 illustrates the
spatial distribution patterns of the percent ISA
continuously ranging from 0— 100%. Increasing
values from natural landscape (such as green spaces
and water bodies) to the built-up areas were found in
both 1987 and 2007. The white color representing
higher percent ISA values captured the central
business districts (CBD), urban residential areas and
major highways. Though the spatial patterns of
percent ISA for 1987 and 2007 seemed similar, the
spatial areal extent significantly varied. The area with
higher percent ISA values has remarkably expanded
from 1987 to 2007, with the sprawling trend of
impervious surface mainly occurring around the
urban core and along the major roads.

To quantify the changes in the wurban
development, ISA was classified into different
categories by threshold values: less than 10% as non-
urban (such as forest, water and park in city), 10-45%
as low-density, 45-80% as medium-density as and
more than 80% as high-density urban areas. This
classification of land-cover types involved the urban
built-up areas, rural developed centers and relatively
undeveloped rural areas. Detailed information on
spatial extent and area change of different categories
of percent ISA from 1987 to 2007 is described in
Table 1. From this table, it is obvious that there has
been a drastic change in urban built-up areas over
this period. The areas of medium-density (45-80%
ISA) and high-density (> 80% ISA) were 112.80 km®
and 174.67 km® in 1987, significantly increasing to
591.45 km® and 560.69 km® respectively in 2007.
The wide variation between 1987 and 2007 revealed
that the city has experienced rapid urban expansion
during the last two decades

3.2. Spatial pattern of LST

Fig. 2 shows the spatial distribution of land
surface temperatures derived from TM image
acquired on September 26, 1987 (a) and April 10,
2007 (b) in Wuhan City. The mean summer LST of
1987 was 39.6°C (SD of 4.7°C) with the lowest one
29.7 °C occurring in water and the highest one
62.8°C appearing in built-up area (Fig. 2a), while the
mean late spring LST of 2007 was 22.4°C (SD of
3.8°C) with the lowest one 12.3 °C in water and the
highest one 35.7°C in farmland (Fig. 2b). From the
thermal maps, not only the spatial patterns of LST
but also the urban heat island effect could be
detected. The higher-grade highway running through
the city created interlaced ‘hot channels’.
Contrastively, the Yangtze River together with other
water bodies had relatively lower temperatures,
which produced a ‘cool corridor’ flowing through the
city.
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3.3. Relationship between percent ISA and LST

Table 2 presents the mean and standard
deviation (SD) of LST for different categories of
percent ISA. It is obvious that for both 1987 and
2007, the high-density type (>80% ISA) exhibits the
highest LST as compared to other land cover types.
Difference of the mean LST wvalues between the
relatively developed areas (>10% ISA) and rural
areas (<10% ISA) means the UHI effect definitely
exists in the study area. The largest difference
naturally occurred between high-density urban area
(>80% ISA) and rural areas (< 10% ISA) both for
1987 (12.27°C) and 2007 (5.66°C). The UHI
intensity in different density urban areas (Table 2) in
1987 was larger than that in 2007, probably because
the mean LST values were expected to be more

Percent ISA

High : 100%

Low:0

(@)

variable and heterogeneous over the study region in
summer (1987) than in late spring (2007). The SD of
LST for different categories of percent ISA (Table 2),
with higher SD values in 1987 than in 2007, further
supports this conclusion.

To quantify the relationship between percent
ISA and the mean LST, a zonal analysis was carried
out to evaluate the mean LST at each 1% increment
of percent ISA from 0% to 100%. Fig. 3a and b show
a relatively strong linear relationship (R’=0.428)
between percent ISA and the mean LST for 1987 and
a weak one (R*=0.056) for 2007.

However, the shapes seemed similar in both
cases, indicating linear increasing trends in the rural
areas (<10% ISA) and urban developed areas (>45%
ISA) and a linear decreasing one in the suburbs
(approximately 20-45%ISA).

Percent ISA|

High : 100%

Low :0

— ——
0 5 10 20 30 40 Km

(b)

Fig. 1. Spatial distribution patterns of percent impervious surface area (ISA)
from TM images acquired on September 26, 1987 (a) and April 10, 2007 (b)
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— —)
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Fig. 2. Spatial distribution patterns of land surface temperature (LST) derived
from TM images acquired on September 26, 1987 (a) and April 10, 2007 (b)
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Table 1. Change in area from 1987 to 2007 of different categories of percent ISA

Year/Percent ISA <10% ISA 10%-45% ISA 45%-80% ISA >80% ISA
1987 (knt’) 5883.72 2240.81 112.80 174.67
2007 (km’) 5927.55 1418.96 591.45 560.69
Difference (km’) 43.83 -821.85 478.65 386.02
Percent change (%) 0.74 -36.68 424.34 221.00
Table 2. Mean LST in different levels of urban development for 1987 and 2007
Year/Percent ISA <10% ISA 10%-45% ISA 45%-80% ISA >85% ISA
Mean LST of 1987 (°C) 36.96 43.20 45.34 49.23
SD of 1987 (°C) 6.42 4.81 5.69 4.08
Mean LST of 2007 (°C) 20.96 25.47 25.77 26.62
SD of 2007(°C) 3.46 2.66 1.45 1.68
” 281 i
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- R?=0.428 agh T ® s -

b 461 molF ;
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Fig. 3. Relationship of mean land surface temperature (LST) to percent impervious surface area (ISA): (a) 1987, (b) 2007

3.4. Relationship between LST and NDVI for
different urban development density

To quantitatively investigate the relationship
between the NDVI and the mean LST for each
category of percent ISA, a zonal analysis was carried
out to account for the mean LST at each 0.01
increment of NDVI from 0 to 1 (with water
excluded). Fig. 4 shows their linear regression
correlations. The highest negative correlation
coefficient was found in non-urban areas (<10% ISA)
for both 1987 (R*=0.753) and 2007 (R*=0.953). This
stronger negative correlation between LST and
NDVI imply that NDVI in more vegetated areas
(<10% ISA) can better explain surface temperature
variations than that in sparsely vegetated areas
(>10% ISA).

The correlation coefficients in the other three
urban areas (>10% ISA) complied with the orders:
high-density (0.669) >low-density (0.397) >medium-
density (0.201) for 1987 and medium-density (0.681)
> low-density (0.545) >high-density (0.351) for
2007. Results show that LST wvalues tend to
negatively correlate with NDVI values in different
urban development density areas in both years. The
negative correlation illustrates the importance of
urban vegetation in reducing urban surface
temperatures. The specified effects of NDVI on
cooling surface temperature significantly varied in
different development density areas in both years

(shown in Fig. 4). This coefficient variation at
different urban development levels between the two
years indicates that the correlation of NDVI and LST
can be influenced by many factors, such as land
cover diversity, landscape heterogeneity and
environmental complexity in urban areas.

4. Discussions

In this study, the percent ISA was selected to
quantitatively represent urbanization level in Wuhan.
What attracted our attention was that the degree of
urbanization was defined by thresholding the values
of the percent ISA. Nevertheless, the thresholds were
subjectively assigned, with no unified standards. This
diversity of threshold values prevented the
urbanization degrees of different studied areas from
being comparable.

When masking the spatial distributions of
percent ISA (Fig. 1) over the corresponding LST
maps (Fig. 2) for 1987 and 2007, a noticeable result
appeared. The areal extent with higher temperatures
did not always correspond to the urbanized area,
though there was an ongoing expansion in built-up
areas from 1987 to 2007.

This differs from the previous researches (Liu
and Zhang, 2011; Rinner and Hussain, 2011; Xiong
et al., 2012), which indicated that the UHI spatial
distributions was mainly restricted to urbanized or
industrialized areas.
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Fig. 4. Relationship of mean land surface temperature (LST) in °C to normalized difference vegetation index (NDVI)
at different urban development levels (percent ISA)

Specifically, in this study, in addition to the
UHI areas dominated by residential buildings,
commercial areas and industrial areas in 1987 as well
as in 2007 (Fig. 2a and b), another obvious heat
island was found in the southwest of the city in 2007
(Fig. 2b). This is, at least in part, because the
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farmlands accounted for a large percentage in the
southwest and they seasonally varied in vegetation
cover due to agricultural activities. They were fully
covered by crops with high vegetation cover and
great green biomass in summer (1987) but remained
nearly fallow and bare in late spring (2007). Bare soil
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was found to be similar in thermal response to
impervious surface (Gluch et al., 2006; Huang et al.,
2008). It is worth noting that the linear relationship
between the mean LST and percent ISA in this study
(Fig.3) is much weaker than those in the literatures
(Yuan and Bauer, 2007; Zhang et al., 2009).

The reason is that the previous researches
were conducted in relatively homogeneous urban
areas, while our study in the areas with natural and
impervious  surface  mixed. @ The  context
heterogeneity, to some extent, influenced the
explanation quality of the percent ISA on LST.
Remarkably, a decreasing trend was detected in the
low-density urban areas due to the mixed and
complex surface covers. This partly weakened the
general linear relationship between percent ISA and
LST.

The similar varying temperature trends to
different categories of percent ISA in the two
observed years are shown in Fig.3, which implied
that the mean LST can be well explained by percent
ISA in homogeneously covered areas. On the other
hand, relatively steeper slope of linear correlation
was detected in summer image than that in spring
one, indicating that higher UHI magnitude appeared
in summer. It is due to seasonal thermal performance
associated with varied surface covers. Significant
sensible heat exchange occurs mainly in areas with
sparse or no vegetation cover and latent heat fluxes
represent in areas characterized by vegetation cover
(Lo et al., 1997). Impervious surface in urban areas
expressed relatively higher warming rate in summer
and higher efficiency of surface heat release in spring
or winter than natural surface did (Yuan and Bauer,
2007; Yang et al., 2010).

NDVI is usually used as a parameter to
indicate the biomass, percentage cover and
abundance of urban vegetation (Lo et al., 1997). The
NDVI value ranges generally from -1 to 1. Normally,
it is positive in vegetated area, close to zero for
impervious surface and negative for water bodies
(Van De Griend and Owe, 1993). Typically, higher
NDVI values indicate a larger amount of vegetation
cover and express lower temperatures in pixels. In
this study, the relationships between NDVI and LST
were confirmed to be nonlinear in all categories of
percent ISA except for in non-urban areas (<10%
ISA).

That is to say, sparsely vegetated areas
experience a wider variation in LST than densely
vegetated ones (Owen et al., 1998; Price, 1990). This
suggests that NDVI can be a sufficient indication to
express surface temperature variation only in natural
context.

5. Conclusions

Anthropogenic activities associated with
urbanization and industrialization were the most
important driving force in land cover changes and
UHI formation, as expected. Agricultural activity
was another artificial factor contributing to the

seasonal variation of land covers and land surface
temperatures.

The percent ISA was suitable for LST studies
in urbanized areas and NDVI was sufficient to
express surface temperature variation in vegetated
areas. What has yet to be examined is how to select
appropriate threshold values of the percent ISA to
define urbanization degree. Future studies need to
focus on better understanding the seasonal influence
on the relationship between NDVI, percent ISA and
LST variation.
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Abstract

The paper is the result of research conducted for approximately 20 years in the agro tourism field and also rural tourism, as well
as in natural and cultivated pastures, at the Faculty of Agriculture and Horticulture, University of Craiova. Based on these studies
it was concluded that the research in this field has been less realistic so far, because it was strictly oriented towards obtaining
high forage production, but of questionable quality due to high content of residual chemicals. Currently, in tourism activities and
other specific areas of food production, the demand for natural products (bio or eco) has greatly increased to ensure a quality
taste and high security and traceability. To assist the forage manufacturers and workers in tourism activity we considered
appropriate and necessary to study this particularly valuable forage, to which by applying minimal chemical treatments, high
yields with a very low degree of chemical residues will be obtained, with a high nutritional quality and traceability, while a
cuisine with higher value taste and food safety can be obtained.
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1. Introduction

The agro tourism activity in Romania must
develop constantly, as from the research and studies
conducted it was concluded that this is a complex
activity, with considerable advantages on the
economic and socio-cultural landscape, which was
almost entirely forgotten during the communist
period (Calina, 2007; Calina et al., 2011a).

The impact of this activity is visible, quick
and significant, manifesting itself in the Romanian
rural area by: acquisition of new professional skills,
stopping the exodus of people from rural to urban
areas (Moinet, 2006; Calina, 2008), increasing the
number of jobs and substantially reducing rural
unemployment (Gartner, 2004; Grolleau, 1987),
increasing the income of farms and households
engaged in such work (Cilina et al., 2009, 2010a),
increasing the number and volume of investments in

the area, direct source of capitalization and
modernization of agricultural holdings, improving
housing (Stoian, 2006), increasing the level of
education, culture and civilization of wvillagers,
harnessing typical products from agriculture and
traditional cuisine of the region (Calina et al., 2010a,
2011b), assuring sustainable development of rural
communities through wise use of all resources, the
decrease of the removal process of agricultural and
forest lands from the agricultural and forestry circuit
(Hernandez-Mogolléon et al., 2013; Jeangros, 2006;
Louwagie et al., 2009).

Due to these advantages and favorable
quality/price ratio of the agro tourism activity
recorded by Plog (2003), the research team sought to
support small farms and agro tourism farms in our
country by conducting research regarding the
production of protein forage with high nutritional

* Author to whom all correspondence should be addressed: e-mail: aurelcalina@yahoo.com
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value and a lower percentage of chemicals, to be
used in animal feed, grown on the farm.

Obtaining such feed with high nutritional and
ecological value is particularly important because the
activity of farms and agro pensions should be
attached to the function of recreation and leisure and
also that of protection and conservation of natural
ecosystems and anthropic resources (Barke, 2004).

2. Materials and methods

To assess the agro touristic phenomenon,
specific methods frequently encountered in
specialized literature were used, which permitted the
accomplishment of a clear, pertinent and realist
analysis and diagnosis of the phenomena, from a
quantitative as well as a qualitative point of view.

The experiences regarding the protein forage
production were conducted at the Experimental
Center for the Meadows Culture, Preajba, of the
Faculty of Agriculture, University of Craiova,
Romania, on an albic luvisoil, characterized by
physico - chemical properties which produce low
fertility, to truly make use of this soil aeration
processes are needed as well as applying organic and
mineral fertilizers in high doses and amendments to
correct the acid reaction (Pet et al., 2005, 2006).

Since the research was conducted in an area
with strongly acidic soils where some perennial
legumes such as alfalfa or sainfoin cannot be
sustained for long periods of usage, and because the
trefoil gives lower production quantities with high
expendability, red clover (Trifolium pratense) was
chosen in both pure culture and mixed with perennial
forage grasses, under the form of temporary
meadows. Ionescu (1998, 2001) confirms that the red
clover cultivated on acid soils provides high yields of
superior quality feed.

2.1. Objectives of research

The research undertaken during 2009 - 2010
had two main objectives:

1. the production of feed with high protein and
ecological value;

2. determining the chemical composition of
forage and its influence on the quality and
traceability of food products (Dragomir, 2001);

In order to achieve these complex objectives,
the investigations have taken into account the
following major aspects:

e the behavior of the Trifolium pratense species in
pure culture, used for forage;

e the influence of amendment under the form of
calcium carbonate (CaCOs;) on dry matter production
of the red clover (Trifolium pratense) in pure culture;

e the effect on the quantity and quality of dry
matter production of the red clover (Trifolium
pratense) produced by applying organic fertilizer
(manure) in pure culture (Iepema et al., 2006;
Muntean, 2002);
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o the influence of lime amendments and organic
fertilizer on annual growth in production; the
influence of lime amendments and organic fertilizer
on the quality of red clover forage.

2.2. Working method

During the experiments, the Merviot soil was
sown with red clover in 2009, on April 5", being
considering the method of subdivided parcels with 3
factors (Vantu, 2004). It was generated a schema of 2
x 3 x 2 type in 4 repetitions as follows:

A: Factor - soil amendment with 2 graduations:

al —unchanged

a2 —amended with 5.5 t/ha of calcium
carbonate (CaCO;)
B: Factor - organic fertilizer with 3 graduations:

bl — unfertilized

b2 - 20 t / ha manure

b3 - 40 t / ha manure

The surface of a large lot was of 15 m x 5.6 m
= 84 m’, of a small lot of 5.6 m x 2.5 m = 14 m’,
from which harvest, 10 m.

Harvesting was performed at the beginning of
flowering transition, at a height of 4 to 5 cm with a
mower. Concurrently with every mowing, samples
were gathered in order to determine the dry substance
and chemical composition.

3. Results and discussion

The studies and researches performed have
lead to the conclusion that providing animal food in
sufficiently high quantity and quality, along with
other products, determines an increase in the living
standards of the population. Achieving this goal
involves increasing the number of animals and their
production, which is possible only by ensuring an
adequate forage base in terms of quantity and quality
(Abberton, 2007; Muntean, 2002). In Romania, the
predominant source of forage is represented by the
permanent grassland with a high share and also
temporary meadows that even though currently
occupy small areas, provide significant productions.
Among fodder plants, the perennial legumes are of
particularly importance, whether used in pure culture
or mixed with perennial grasses, the productions
made by these are always of a high level (Vantu,
2004).

The perennial leguminous crops coupled with
other measures (amendments, fertilizers etc.) could
play an important role in increasing soil fertility
through the ameliorative qualities they possess and
furthermore contribute to obtaining, within farms and
agro tourism households, a constant and ecological
animal productions of a high quantity and quality
(Croitoru and Milut, 2008; Dragomir, 2001).

Within this context, the research conducted at
the Experimental Center for Meadows Culture
Preajba - Gorj have looked at determining factors of
the culture technology that can be considered as
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viable solutions for spreading these valuable forage
plants, grown single or in mixture with perennial
grasses, as temporary grasslands in farms and agro
tourism households, across the Subcarpathian area of
Oltenia and the entire country.

Considering that the produced forage is
designed primarily for agro touristic farms and
households, the research was focused primarily on
two directions, obtaining forage high in protein, of a
high a quality and environmentally friendly and the
development of food products with a high nutritional
value and low in residual chemicals accumulated
from the treatment applied to plants (Charles, 1988).

The achievement of such natural products that
ensure a high degree of traceability and food safety to
tourists visiting farms and agro pensions in Romania
and other regions should represent a primary concern
for all researchers in our country and all over the
world (Stoll, 2007). The research team arrived to this
conclusion considering that so far all investigations
conducted nationally and internationally have mainly
focused on obtaining high productions of low
ecological quality, with large side effects on human
health.

This research aimed to demonstrate that
culinary dishes prepared from animal products
produced by feeding with forage of nutritional and
environmental quality are highly recommended, as
they provide a high quality taste and the highest level
of security and traceability. Furthermore the research
based on the experiences carried out on poorer acid
soils, specific to sub mountain and hill areas, must
prove that these areas can obtain high productions
with a high nutritional and ecological quality,
through a technology that involves applying reduced
chemical treatments to forages (Ionescu, 2003).

In order to meet the objectives, the influence
of amendments and organic fertilizers on the
production and on the quality of forage produced on
pastures grown with red clover (Trifolium pratense)
in pure culture, in the form of temporary grassland
was taken into account.

3.1. Effects of amendments on red clover (Trifolium
pratense) crop production

The first phase was aimed at analyzing the
effect of amendments on crop production of red
clover. The results have shown that 7.32 t/ha dry
matter (s.u.) resulted without amendment, and 8.45
t/ha s.u. (1.13 t/ha more, meaning about 16%), when
5.5 t/ha calcium carbonate were applied to correct the
soil acidity (Fig. 1). Statistical analysis of the data
showed that the difference between amended and not
amended crop production was around 1 t/ha s.u.,
which was found as insignificant.

The values obtained cannot confirm with
adequate certainty that the application of lime
amendments to clover is inefficient, whereas calcium
carbonate has positive effects not only on mass
production plant and plant chemical composition, but

also on the characteristics of the soil, by correcting
its acidity (Dunea, 2008).

a5
7.5
65
55
45
35
25
1.5
0.5

Unchanged Amended
|Bthasu. 732 845

Fig. 1. Culture production of red clover (Trifolium
pratense) under the influence of calcareous amendments
(t/ ha s.u., average 2009 - 2010)

3.2. Effect of organic fertilizer on red clover
(Trifolium pratense) crop production

Very significant results were obtained by
applying organic fertilizers on the culture of
Trifolium pratense (Table 1). The sizes of these
improvements depend on the fertilizer dose.
Considering the alternative with 40 t/ha manure
added during two years, an average production of
9.28 t/ha s.u. resulted, with more than 3.37 t (almost
37%) than in the alternative without manure. The
dose of manure of 20 t/ha resulted in a production of
8.75 t s.u. (more than the witness with 2.84 t, almost
20%), high enough to be considered for use in
practice (Table 1). The high value of the production
obtained after fertilization with manure and
substantial gains in comparison with the unfertilized
soil recommend organic fertilizers to be used with
priority for the clover crops.

The results confirm that, by applying organic
fertilizers even on acid soils with lower natural
fertility, large productions with high nutritional and
ecological value can be obtained.

3.3. Effect of amendments combined with organic
fertilizer on red clover (Trifolium pratense) crop
production

At this stage, the way in which the manure
application had undergone both on amended
background and also on unchanged background was
observed (Table 2). It can be noticed that the manure
used in doses of 20 and 40 t/ha improved crop
production comparative with the variants without
manure as described above, the data being
comparable to those obtained by other researchers
(Hatch et al., 2014; Ionescu, 2001). In all working
variants, the increases in crop production given by
lower doses of organic fertilizer were significantly
distinct, and those given by the double dose were
very significant.

The experiments conducted at the Center for
the Meadows Culture, under the hill region of
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Oltenia, display that the area offers good conditions
for this culture, which spread over larger areas, can
help in improving soil characteristics and provide
animals with large quantities of forage of excellent

quality.

3.4. Dynamics of red clover (Trifolium pratense)
crop production

Careful monitoring of red clover production
showed that the crop can be exploited in economic
conditions for only two years, meaning 2009 and
2010, while in the following years the plants
disappeared massively. This resulted in changing the
culture and plowing the land in order to cultivate it
with other plant species (this phenomenon was also
noted by Mosimann, 2008).

In the first year, the clover production was
enhanced with 29-36%, but we were not able to find
some correlations between the experienced factors
and the production share in the total amount collected
in the two years of operation (Fig. 2). In the second
year (2010) much higher yields were harvested that
reported to the amount of dry matter produced in the
two years, represented 64-72% of the total
production. Thus it can be asserted, with some
approximation, that the clover expresses about 1/3 of
the production potential in the first year and the
remaining 2/3 in the second year of vegetation.

3.5. Chemical composition of red clover crop

Analyzing the red clover forage in terms of
chemical composition it was found the applied
amendments and organic fertilizers had a strong
influence. The data in Table 3 underline that, under
the influence of different treatments, the gross
protein content of the forage was at a higher level,
ranging between 17.99% and 22.58%. The cellulose

Slightly lower values were recorded in the
levels of phosphorus, potassium and calcium.
Phosphorus was determined at a rate of 0.31-0.45%,
being therefore present in optimal amounts in the
plants. The potassium content of plants was found of
1.22 - 1.92%, as deficient in all variants, while
calcium in the plants ranged from 0.33 - 0.55%.

Similar results were obtained in other areas
with acidic soils. It was also found that the presence
of large quantities of mobile aluminum favored
strong leaching of the potassium and decreased the
plants absorption capacity for this element (Ionescu,
1998, 2001).

The correct exemplification of the effect of
the separate impact of amendments and organic
fertilizers on the chemical composition of the red
clover forage is shown in Table 4. The percentage of
gross protein as it is displayed has increased,
reaching the value of 20.58% on amended soil, in
comparison with the content of the forage on
unchanged soil of 19.66%, which can demonstrate
the qualitative role of calcium used as amendment,
but the results have not statistical significance.

Comparing the two doses of organic fertilizer
used, it was identified that the highest amount of
protein was obtained at a dose of 20 t/ha (20.85%).
The dose of 40 t/ha manure resulted in a protein
content of 19.48%, lower even for the variant without
manure (20.03%), which demonstrates that there is
no direct correlation between the amount of proteins
in the forage and the quantity of organic fertilizer
applied.

The dynamics of the chemical composition of
forage can be explained as follows: a larger amount
of manure is found due to increased nitrogen input
into the soil, which help plants to develop stronger
tissues. This resulted in a high content of cellulose
(24.87%) in the working variant when the soil was
ammended with 40 t/ha manure, compared to 20 t

content ranged from 21.19% to 26.33%. organic fertilizer variants or without manure
(cellulose, 22.55% respectively 22.94%).
Table 1. The influence of organic fertilizers on the production of cultivated
Trifolium pratense (average from 2009 to 2010, t/ ha s.u.)
. Absolute production 0 , . .
No. Version (tha s.u.) % Difference Significance
1 Unfertilized 591 100 - Witness
2 20 t/ha manure 8.75 148 2.84 ek
3 40 t/ha manure 9.28 157 3.37 A
DL 5 % = 1.05 t/ha s.u.; DL 1 % = 1.43 t/ha s.u.; DL 0.1 % = 2.12 t/ha s.u.
Table 2. The combined influence of organic fertilizers with the amendment on
the production of cultivated Trifolium pratense (average from 2009 to 2010, t / ha s.u.)
No. Amendment Organic fertilizers Absol(l:/t; : ;'czljtctmn % Difference Significance
1 Unchanged 0 5.91 100 | - Witness
2 20 t/ha manure 8.75 148 | 2.84 ok
3 40 t/ha manure 9.28 157 | 3.37 Ak
4 Amended 5,5 t/ha CaCOs 0 6.75 100 | - Witness
5 20 t/ha manure 8.96 133 | 2.21 ki
6 40 t/ha manure 9.77 145 | 3.02 w

DL 5 % = 1.39 t/has.u.; DL 1% = 1.99 t/ha s.u.; DL 0.1 % = 3.01 t/ha s.u.
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Fig. 2.The yearly dynamic of the red clover crop production (7rifolium pratense), (%)

Table 3. The chemical composition of the Trifolium pretense cultivated forage (%)

No. Amendment Organic fertilizers | Gross proteins% | Gross cellulose % P% K% Ca%
1 Unchanged 0 21.,95 21.95 0.37 1.63 0.33
2 18.88 23.57 0.41 1.92 0.39
3 20 t/ha manure 22.33 21.19 0.31 1.28 0.46
4 18.96 25.15 0.35 1.47 0.41
5 40 t/ha manure 21.32 26.03 0.41 1.39 0.55
6 17.99 26.33 0.43 1.42 0.47
7 Amended, 5.5 t/ha 0 21.55 22.46 0.37 1.53 0.36
8 CaCO;s 20.60 24.44 0.38 1.87 0.39
9 20 t/ha manure 22.58 21.52 0.35 1.29 0.53
10 20.14 23.10 0.33 1.58 0.41
11 40 t/ha manure 21.51 23.37 0.42 1.22 0.54
12 19.36 24.85 0.45 1.51 0.47
Table 4. The separate influence of amendments, organic fertilizers on nutritional parameters of
Trifolium pratense cultivated forage (%)
Nutritional parameter
Gross proteins (%) | Gross cellulose (%) P (%) K (%) Ca (%)
Version
Unchanged 19.66 23.99 0.38 1.51 0.46
Amended 6 t/ha CaCO, 20.58 23.32 0.37 1.49 0.50
0 20.03 22.94 0.39 1.75 0.40
20 t/ha manure 20.85 22.55 0.36 1.44 0.42
40 t/ha manure 19.48 24.87 0.43 1.39 0.48

Analyzing the evolution of cellulose content
in red clover crop, it can be noted that this is
inversely proportional with the protein percentage:
the lowest cellulose content was determined when the
protein registered the highest values (amended, 20
t/ha manure) and vice versa. The phosphorus was
within the optimal range, not being influenced by
amendments, and the effect of organic fertilizers is
not significant, because they have low phosphorus
content.

The potassium content was in all cases below
the limit of 2%. The amount of this macro-element
decreased from 1.51% (unchanged) to 1.49%
(amended) and 1.75% (without manure) to 1.39%

(manure 40 t / ha). The decrease is explained by the
antagonism that exists between calcium and
potassium: in the presence of calcium (from
amendment or manure) the potassium is blocked in
insoluble forms. The percentage of calcium in plants
was positively influenced by the amendments,
increasing from 0.46% (unchanged) to 0.50%. Its
percentage increased under the influence of organic
fertilizers from 0.40% (without manure) to 0.48%.

4. Conclusions

The red clover grown on amendment
conditions of over 5.5 t/ha CaCO; has averaged
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insignificant increases, while manure, applied when
preparing the ground work had a very large influence
on the production of dry matter. The best results were
obtained with the dose of 40 t/ha, but higher
production costs and lower profitability were
obtained. The dose of 20 t/ha led to a higher
production, similar to that of the maximum dose of
organic fertilizer, with important economic
efficiency.

The analysis of the chemical composition of
red clover forage showed that the application of
chemical products, such as lime amendments and a
dose of 20 t/ha manure led to a substantial increase in
the proportion of protein and lower percentage of
cellulose; the phosphorus is present in optimum
values, the potassium is below 2%, while calcium is
stimulated to some extent by the dose of amendment
and organic fertilizer.

By analyzing and interpreting the percentage
values of the main chemicals contained in the red
clover forage it was demonstrated that addressing this
research topic is necessary for agro tourism farms
and houscholds, as high yields were obtained with a
lower residual chemicals content in the case of
amended cultures.

It was determined that the red -clover
(Trifolium  pratense) is a profitable crop,
recommended for high capitalization of acidic soils.
The organic fertilizers in dose of 20 t/ha are
profitable due to relevant increases in production,
since the amendments applied do not raise the cost of
production, bringing substantial benefits and high
food security for the animal food specialties,
obtained from this forage.

Therefore, relevant and  documented
interpretation and analysis of our research
demonstrated that protein forage with a high
nutritional and ecologic value was obtained, revealed
by chemical analyses. They can be designated for
agro tourism farms and households, through which
food products of animal origins can be manufactured,
which would offer a high degree of food security and
traceability to the local traditional culinary specialties
offered to tourists since the soil can support the
rotation of cultures due to its improvements. The
results confirm that this crop is a viable solution for
obtaining large productions with a high nutritional
and ecological value, due to its capacity to diminish
the effects of land degradation in a changing climate
and its integration into sustainable food production
systems.
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Abstract

The use of hydrogen in spark ignition engines as a supplementary fuel can enhance combustion and reduce toxic emissions.
Difficulties in hydrogen storage and production limit its use in internal combustion engines. This paper investigates the
performance of a spark ignition engine with the addition of a mixture of hydrogen (H,) and oxygen (O,) into the intake manifold.
Hydrogen is produced by an alkaline electrolyser and consumed simultaneously to eliminate the need for a storage device. Flow
rates of 0 and 10 L/min H,-O, mixture were introduced into the manifold. No flow, or 0 L/min, refers to the case without
hydrogen, and 10 L/min represents the case with hydrogen. Brake torque, fuel consumption, nitrogen oxides, carbon monoxide,
and total unburned hydrocarbons were measured. The results show that brake power, brake torque, and nitrogen oxide emissions
increased with the addition of H,-O,, while total unburned hydrocarbons, carbon monoxide emissions, and brake-specific energy
consumption decreased.
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1. Introduction

Increasing energy demand and environmental
concern have stimulated researchers’ interest in non-
polluting alternatives to petroleum-derived fuels.
Today, a significant part of the energy demand is met
by fossil fuels. In spite of the measures taken by the
Kyoto Protocol to the United Nations Framework
Convention on Climate Change during the period of
1990-2004, CO, emissions increased by 27% and the
energy consumption of the transportation sector
increased by 37%, which was not forecast (Sopena et
al., 2010). Petroleum-based fuels can be replaced in
part by an alternative energy source such as hydrogen
(Al-Baghdadi, 2004; Lako et al., 2008; Sastri, 1987).
Automotive manufacturers have developed different
technologies, such as fuel cell, hydrogen fuelled
internal combustion engine (ICE), hybrid, and
electric vehicle configurations (Offer et al., 2010;
Pasculete et al., 2007). Some manufacturers have

been making progress on polymer electrolyte
membrane fuel cells (PEMFC), but investment costs
are high and a PEMFC requires high purity
hydrogen. Thus, investment and operation costs of
fuel cell systems are even more expensive than other
hydrogen fuelled engines (Sopena et al., 2010). One
way to increase performance of a spark ignition (SI)
engine is to use supplementary fuels, which improve
thermal efficiency and reduce emissions (Bari and
Esmaeil, 2010).

Hydrogen has unique combustion properties,
and using hydrogen as a supplementary fuel in
internal combustion engines improves thermal
efficiency and tail-pipe emissions. The diffusion
coefficient of hydrogen is higher than gasoline,
which improves the homogeneity of the combustible
mixture (Ji and Wang, 2009a). The flame speed of
hydrogen is five times higher than that of gasoline,
which improves thermal efficiency because the
combustion of hydrogen is much closer to ideal
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constant volume combustion in ICEs (Ji and Wang,
2009b; Ma et al., 2008).

Alternative fuels can be used as bulk or
supplements; the most common instance for this type
of application is biodiesel (Dai et al., 2014; Lapuerta
et al., 2008; Nita and Mandopol, 2009; Opera et al.,
2009). Using supplementary fuels is a promising
method to reduce the cost of fossil fuels. Hydrogen is
the most promising additive that can significantly
reduce fuel consumption and harmful emissions in
ICEs (Bari and Esmaeil, 2010; Pasculete et al.,
2007). Bari and Esmaeil (2010) used an H,-O,
mixture as an additional fuel in a diesel engine at
1500 rpm under different loads. The authors reported
that the brake thermal efficiency and nitrogen oxide
(NO,) emissions increased, while total hydrocarbons
(THC), carbon dioxide (CO,), and carbon monoxide
(CO) emissions decreased with H,-O, addition. Ji
and Wang (2009a) investigated hydrogen as a
supplementary fuel in 3% and 6% volume fractions
of total fuel intake at a constant engine speed of 1400
rpm. An increase in brake thermal efficiency of the
engine was reported with hydrogen addition.
Furthermore, the authors indicated that THC and CO
emissions were reduced with hydrogen addition.
Kumar et al. (2003) investigated hydrogen addition
in an SI engine. The authors reported an increase in
brake thermal efficiency and a reduction in tail-pipe
emissions. Tomita et al. (2001) published similar
results. In the study of Saravanan et al. (2008)
hydrogen was introduced into cylinders as a
supplementary fuel at rates of 10 L/min and 20
L/min, and performance parameters with and without
exhaust gas recirculation (EGR) were investigated
(Saravanan et al., 2008). The authors obtained an
increase in brake thermal efficiency. Stebar and
Parks (1974) carried out a study on a single-cylinder
SI engine fuelled with a hydrogen-gasoline mixture.
According to the authors, the lean burn limit of the
engine was extended by hydrogen enrichment, and
NO, emissions decreased. However, THC emissions
increased with the increase in excess air in the air-
fuel mixture. Apostolescu and Chiriac (1996) studied
the effect of hydrogen addition to a single cylinder SI
engine. Shortened combustion durations, reduced
cycle-to-cycle variations, and extended lean limits of
operation were reported by the authors. Ma and
Wang (2008) investigated the performance of
hydrogen-enriched methane. According to their
results, thermal efficiency was improved with
hydrogen addition and toxic emissions were
decreased. Additionally, cyclic variations were
improved and the lean burn limit of the natural gas
engine was extended with hydrogen addition. Ji and
Wang (2009b) investigated the effect of hydrogen
addition on SI engine performance at idle and
stoichiometric conditions. The authors found that the
engine thermal efficiency and emissions were
improved after hydrogen enrichment. Ceviz et al.
(2012) investigated hydrogen addition of 0%, 2.14%,
5.28%, and 7.74% by volume to a spark ignition
engine at 2000 rpm constant engine speed.
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According to their results, brake-specific fuel
consumption, THC, and CO emissions decreased,
whereas NO, emissions increased with hydrogen
addition. Wang et al. (2012) experimentally
investigated the effect of hydrogen-oxygen blends as
supplementary fuel on engine performance and
emissions of a gasoline engine. The blends were
called hydroxygen in this study (Wang et al., 2012).
A hybrid electronic control unit (ECU) was
developed to control spark timing and the overall
volume fraction of hydroxygen. The hydroxygen was
varied from 0% to 100% by varying the injection
duration of the injectors. According to their results,
flame development and propagation duration periods
were shortened and emissions were reduced. Ji et al.
(2012) carried out a study of a hybrid hydrogen-
gasoline engine with a hydrogen injection system and
a hybrid ECU that they developed. The engine was
operated with hydrogen at cold start and was
operated with hydrogen-gasoline blends at idle and
part loads. According to their results, thermal
efficiency was improved and emissions were reduced
with hydrogen addition. Ji et al. (2013) studied the
emissions of a passenger car powered by a hydrogen-
gasoline engine under the New European Driving
Cycle. The hydrogen was produced by a water
electrolyser, and they found that CO and THC
emissions were reduced by 62.1% and 64.1%,
respectively. Several studies offer similar results for
hydrogen enrichment (D’Andrea et al., 2004; Li et
al., 1998; Varde, 1981; Wang et al., 2011).

Most of the studies that investigated hydrogen
implementation indicated a fuel storage problem.
Hydrogen has a very low density. It can be stored in
pressurized tanks or it can be combined chemically
with a metal alloy (Bari and Esmaeil, 2010).
However, a tank is required to store hydrogen on-
board a vehicle, which increases overall system
weight (Fontana et al., 2002). Alternatively, when
hydrogen is stored as a liquid, on-board cryogenic
container costs are high and a significant amount of
energy is needed to convert gaseous hydrogen into
liquid phase (White et al., 2006). To solve the storage
difficulties, the hydrogen can be produced on-board
through the electrolysis of water. On-board
production eliminates the need for a high pressure
tank and provides for safer operation. A simultaneous
producing-consuming  operation  makes  the
application safer.

In this study, the effect of hydrogen addition
on SI engine performance and emissions was
investigated. Hydrogen fuel was produced by
electrolysis of water in an alkaline solution. The flow
rate of supplementary fuel was set to a constant 10
L/min.

2. Experimental setup
2.1. Test engine and modifications

Tests were carried out on a multi-cylinder
spark ignition engine with an electronically
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controlled port fuel injection system. The main
engine specifications are listed in Table 1. The test
bench was modified for hydrogen injection. The H,-
O, mixture and gasoline were separately introduced
into the intake manifold for each cylinder.

A schematic diagram of the hydrogen line is
shown in Fig. 1. The H,-O, mixture was delivered
into the engine with an additional fuel supplement
system. A pressure regulator was used to reduce the
pressure of the H,-O, gas mixture produced by the
electrolyser. The H,-O, gas mixture passed through a
bubbler before being fed to the engine to prevent
backfires. A relief valve was used to prevent
overpressure, and a second pressure regulator was

installed to regulate line pressure. A thermal mass-
flow meter was used to measure flow rate. A
rotameter was also used to check the hydrogen fuel
flow rate against the thermal mass-flow meter. A
buffer tank was installed between the flow meters
and engine to reduce H,-O, mixture flow
fluctuations. A check valve and a flame arrestor were
used before the engine intake manifold to prevent
backfiring. The gas pressure regulator and hydrogen
line were made of 316 stainless steel to fulfil ECE
R110, EIHP Draft, and ECE R67 standards (ECE
R67, 2013; ECE R110, 2013; EIHP regulations,
2000).

Table 1. Specifications of the engine

Definition Value/Specification
Manufacturer & Type Peugeot-1B53318F
Displacement volume (cm®) 1124
Number of cylinders 4
Bore/stroke (mm) 72/69
Compression ratio 10.2:1
Number of valves per cylinder 4
Rated power 44 kW@5500 rpm
Aspiration Naturally aspirated
Ignition system Electronic
Fuel system Multi-point fuel injection
Cylinder arrangement In-line

7. Needle valve
8. Hydrogen rotameter

9. Hydrogen mass-flow meter
10. Buffer tank
11. Pressure regulator
12. Ball valve

1. Electrolyser

2. Bubbler

3. Pressure regulator
4. Relief valve

5. Discharge line

6. Shut-off valve

13. Check valve
14. Pressure gauge
15. Flame arrester
16. Quick connect
17. Hydrogen leak
detector

Fig. 1. Schematic diagram of hydrogen fuel system
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No modification was made to the original
ECU of the test engine. A self-developed ECU was
used to trigger the hydrogen injectors. The flow rates
of injectors were determined according to the signal
length with a series of preliminary tests. A power
supply with constant current capability was used to
control the current and the voltage of the electrolyser.
The safety system of the test cell was upgraded to
prevent possible hazards. An air venting system was
used to prevent hydrogen accumulation, and a
hydrogen leak detector was installed to detect
hydrogen leaks.

2.2. Test bench

The test bench scheme is shown in Fig. 2. A
hydrokinetic dynamometer was used to load the test

engine, where the load was varied by controlling the
servo motor position. A turbine-type flow meter was
used to measure the gasoline flow rate. The exhaust
emissions were measured with an AVL Dicom 4000
exhaust gas analyser.

During experiments, the brake torque, brake
power, brake-specific energy consumption (BSEC),
NO,, THC, and CO measurements were acquired
with a data acquisition system (DAS) at a sampling
rate of 1 Hz. The accuracies of the measurements and
the uncertainties in the calculated results are listed in
Table 2. All of the tests were performed at steady-
state and part-load conditions with constant throttle
position. Additionally, tests were conducted with a
stoichiometric air-fuel ratio (AFR) value, which is
typical for a catalyst-equipped SI engine.

13 ¢
oY
gl
° 1 7
& F- | O (0] o "o O

JO [

2 o
1. Test engine 6. Fuel tank 12. OEM ECU
2. Hydrokinetic 7. Fuel flow meter 13. Cooling system
dynamometer 8. Air tank 14. Exhaust gas tank
3. Chasis 9. Hydrogen line 15. Gas emission analyzer
4. Load cell 10. Hydrogen injectors 16. DAS
5. Fuel line 11. Self-developed ECU 17. Exhaust line

Fig. 2. Schematic diagram of test bench

Table 2. Accuracies of the measurements and uncertainties of calculated results

Measured parameter Measurement device Accuracy
Engine torque Load cell +0.05 Nm
Engine speed Incremental encoder +5 rpm
Fuel flow rate Sika VZ 0.2 +1%
Hydrogen mass-flow rate New-flow TLF +1%
CO AVL Dicom 4000 +0.01 vol.%
THC AVL Dicom 4000 +1 ppm
NO, AVL Dicom 4000 +1 ppm
Calculated results Uncertainty (entire speed range)
Brake power +0.09+0.12%
BSEC +0.43+0.56%
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The flow rates of 0 L/min and 10 L/min H,-O,
mixture were introduced into the intake manifold as
additional fuel at 1500, 2000, 2500, 3000, and 3500
rpm engine speeds. The H,-O, flow rate was set at 10
L/min constantly to demonstrate that using a small
amount of hydrogen can enhance gasoline
combustion.

Using higher levels of hydrogen requires high
levels of electrical energy, making it very difficult to
implement this system on the electrical architecture
of current vehicles. During the study, the introduced
hydrogen to oxygen molar ratio was 2:1. The energy
content of additional H,-O, at 1500, 2000, 2500,
3000, and 3500 rpm was equal to 3.3%, 2.7%, 2.2%,
1.9% and 1.7% of the total energy of the charge,
respectively.

3. Results and discussion

Brake power and brake torque variation are
shown in Fig. 3. According to the results, engine
performance improved with hydrogen addition for
the entire engine speed range measured. The
maximum brake power of the engine increased by
1% at 3500 rpm engine speed with 10 L/min H,-O,
enrichment.

BSEC is defined as the amount of energy
consumed per kilowatt of power produced by the
engine. For comparing the fuel economy of test fuels,
BSEC is better than brake-specific fuel consumption
because the heating value and density of the fuels
exhibit different trends. The variation of BSEC is
shown in Fig. 4. The figure reveals that adding a
small amount of H,-O, decreases BSEC regardless of
the engine speed. The higher flame speed of the
mixture has a positive effect on improving BSEC
because the flame speed of hydrogen is five times as
large as that of gasoline (Ji and Wang, 2009b; Ji and
Wang, 2010a). Additionally, hydrogen has a wider
flammability range than gasoline (Ji and Wang,
2009a). Consequently, the shorter burning duration
and wider flammability range of the hydrogen
gasoline mixture lead to higher combustion
efficiency (Ma et al., 2008). For this reason, it can be
concluded that a higher degree of constant volume
combustion is completed, which means that an SI
engine operates much closer to its theoretical cycle
(Ji and Wang, 2009b). According to the test results,
BSEC reduction reached its maximum value of
8.64% at 1500 rpm, while the minimum of 1.17%
was obtained at 2500 rpm.

The results clearly indicate that the
thermodynamic improvement of the test engine
minimizes BSEC in the high efficiency region and
vice-versa. Improvement in BSEC mainly originated
in lower amount of gasoline injection which was a
result of engine control unit algorithm. Neither an
interruption nor a signal modification was
implemented on the ECU. However, as shown in Fig.
5, the gasoline injection quantity decreased
significantly. The main reason for this situation is the

decrease in the inducted air due to the gas phase
injection of the H,-O, mixture. Hydrogen possesses
many unique combustion properties that improve the
more complete combustion in ICEs (Ji and Wang,
2009a). THC, CO, and NO, are the main toxic
pollutants that are emitted from ICEs, and these toxic
pollutants can be reduced by inducting hydrogen into
gasoline (Ji and Wang, 2009b). The variation of THC
is depicted in Fig. 6.
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Fig. 4. Variation of BSEC versus engine speed

According to the Fig. 6, THC emissions were
decreased regardless of the engine speed by inducting
H,-O, mixture. Similar results are explained in the
literature as the formation of OH radicals accelerated
by hydrogen addition (Ji and Wang, 2009b). Due to
the accelerated formation of OH and the improved
chain reaction, a gasoline-hydrogen mixture can be
more completely burnt and will emit less THC (Ji
and Wang, 2009a). Additionally, the decrease in
THC emissions can be related to H,-O, induction
because of the absence of carbon in hydrogen fuel
(Bari and Esmaeil, 2010).

Lastly, the shorter quenching distance of
hydrogen causes a reduction in THC emissions (Ji
and Wang, 2010b). The quenching distance of
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hydrogen is one-third that of gasoline (Ji and Wang,
2010b). Therefore, the flame of a gasoline hydrogen
mixture can be propagated much closer to cylinder
walls and crevices than can gasoline fuel (Ji and
Wang, 2009a). A maximum reduction in THC of
13.3% was obtained at 2000 rpm.
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Fig. 6. Variation of THC emissions versus engine speed

The variation of NO, emissions at part-load
conditions with 10 L/min H,-O, addition is shown in
Fig. 7. According to test results, NO4 emissions were
increased with hydrogen addition regardless of the
engine speed. A maximum increase of 17.6% was
obtained at 3000 rpm, while the minimum gain
measured was 3.7% at 2000 rpm. When the increase
of NO emissions and improvement of engine
performance are considered together, it is concluded
that peak cylinder pressure and bulk cylinder
temperature were increased with hydrogen addition
(Bari and Esmaeil, 2010).

Both high temperature and more available
oxygen in the charge may cause NO, emissions to
rise (Heywood, 1988). It is expected that the
maximum NO, emission will occur at maximum
torque range in ICEs, but higher NO, measurements
in test results can be attributed to additional oxygen
introduced into the cylinder. Almost equal NO, at
low engine speeds indicates the improvement of
combustion. Due to a constant flow rate of the H,-O,
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mixture, the inducted oxygen amount per cycle
decreased at higher engine speeds. Significant
reduction of NOy emissions at higher engine speeds
indicates the importance of the oxygen ratio.
Additionally, the higher flame temperature and speed
of hydrogen combustion cause higher local in-
cylinder temperatures and a larger amount of NOx
emissions (Ji et al., 2012).

As shown in Fig. 8, CO emissions were lower
than those from pure gasoline. The minimum CO
reduction was observed at 2500 rpm, while the
positive effect of H,-O, addition on CO emission
reached up to 10.7% at 3000 rpm. Considering the
increase in CO emissions of gasoline fuel at higher
engine speeds, one can easily conclude the reduction
of combustion efficiency. Additionally, Fig. 7 clearly
indicates the importance of H,-O, mixture addition in
the high rpm region. With respect to tail-pipe
emissions, H,-O, mixture addition improved
combustion efficiency while NO, emissions
increased.
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4. Conclusions

An experimental study was conducted to
investigate the effects of hydrogen addition on
emissions and performance of a gasoline engine.
During the experiments, an SI engine was operated at
part-load, and the throttle was kept at a constant
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position; 0 L/min and 10 L/min of an H,-O, mixture
as supplementary fuel was introduced into the intake
manifold, where 0 L/min is referring to the case
without hydrogen and 10 L/min refers to the case
with hydrogen.

The required amount of H,-O, mixture was
produced by an alkaline water electrolyser and
simultaneously consumed by the engine. The high
diffusion coefficient of hydrogen improves the
homogeneity of the combustible mixture. The flame
speed of hydrogen is higher than gasoline, so using a
small amount of H,-O, mixture as additional fuel
improves combustion efficiency. Additionally,
engine performance and emissions were evaluated. It
was proved that by using a small amount of
hydrogen, stringent emission regulations will be met,
and the hydrogen will have a positive effect on the
environment. The effect is positive because
emissions of greenhouse gases from combustion of
fossil fuels cause global warming and are responsible
for adverse environmental effects such as
photochemical smog, acid rain, and the death of
forests.

The emissions of THC and CO are reduced by
hydrogen addition, but NO emissions are increased
due to higher in-cylinder temperatures.

Further studies are required to reveal the
effect of different amounts of the H,-O, mixture on
engine parameters. In particular, higher engine-out
NOx emissions will have to be considered, so a
possible optimisation and/or trade-off solution may
be required. Lowering nitrogen oxides without a
penalty from the findings mentioned above can be
maintained by varying the engine control parameters
such as the ignition timing and EGR ratio. Finally,
hydrogen has the potential to reduce tail-pipe
emissions, and the instantaneous production and
consumption method is a safe means of integration
into gasoline engine-powered vehicles.

Nomenclature
BSEC  Brake-specific energy consumption, MJ/kWh
CcO Carbon monoxide

CcO2 Carbon dioxide

DAS Data acquisition system

ECE Economic Commission for Europe
ECU Electronic control unit

EIHP European Integrated Hydrogen Project

EGR Exhaust gas recirculation
H2 Hydrogen
ICE Internal combustion engine

NOx Nitrogen oxide
OH Hydroxyl radical

02 Oxygen

PEMFC Polymer electrolyte membrane fuel cell
rpm Revolutions per minute (engine speed)
SI Spark ignition

THC Total hydrocarbons
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Abstract

Mapping the distribution of populations has become an important issue in geographical and relative researchers. Combining
population and spatial data allows for socio-graphic information to be visualized, in order to evaluate the total numbers of people
at risk of environmental health hazards, who have died in natural disasters etc. Therefore, spatial distribution of population data
is an effective way to integrate statistical and spatial data. This paper presents a multi-factor data fusion modeling method for
population estimation, which is based on spatial relationships that determine the factors affecting population distribution. The
factors that have a strong correlation with population distribution in the Hebei Province were extracted using Geographic
Information Systems (GIS). Their standardized weight coefficients were factored as weight coefficients of population distribution
in a given spatial unit. The unit (1 km x 1 km) population database was established, allowing for the computation of the relevant
population data error. The accuracy of the map was then assessed by comparing predicted population data with that collected
from the local government. The results show that the population correlated with geographical factors. The population of the
Hebei Province was distributed heterogeneously, increasing from the northwest to southeast. There was relatively low population
density in the Taihang Mountains in the west and in the Yanshan Mountains in the northeast, with less than 100 people per square
kilometer. The population density in the central Hebei Province was higher, with about 2,000 people per square kilometer, which
was higher and denser than that in Handan, Shijiazhuang, Langfang, and Tangshan. These findings may be important for data
mining (DM), Decision-making Support Systems (DSS), and regional sustainable development.

Key words: data fusion, grid population, Hebei Province, multi-factor fusion, partial correlation coefficient
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1. Introduction

Extrapolating information from large amounts
of data from different sources, such as geographical,
statistical, text, and image data is important for
policy-making. However, more than eighty percent
of all information is related to geographic location in
our productive life (Wu, 2009). This information may
also be related to different geographical factors in a
given spatial unit. Thus, fusing statistical and spatial
data provides a scientific basis for administrative
planning, land improvement, urban and rural
construction, and environmental planning and
protection (Balk et al., 2006). Resources, energy,

food, environmental issues, and population concerns
are among the most pressing global issues today.
Resource shortages, environmental degradation, and
other problems negatively affect sustainable, social,
and economic development (Liu et al., 2006; Small
and Cohen, 2004). Apart from playing an
increasingly important role in monitoring these
changes, Geographic information systems (GIS) also
contribute towards regional social development
decisions.

Estimations of the total population in irregular
areas must be performed quickly and accurately
when the need arises, such as in areas affected by
nuclear contamination, epidemics, floods, or other
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disasters (Hay et al., 2005; Linard et al., 2010).
Several methods have utilized geographical elements
and indicators of economic and social development
to spatially integrate statistical and quantitative data
to address this issue (Liu et al., 2003; Linard et al.,
2012). However, these methods are far from ideal.
Social statistics primarily focus on the spatial
distribution of population-based data (Martin, 2006;
Yan and Bian, 2007), while thematic layout charts
visualize population and spatial data but are unable to
describe population distributions within distinct
geographical units or regions.

Current population databases also often fail to
take environmental conditions into account. The first
(V1) and second (V2) versions of the global
population database only use population and
administrative boundary data (Zhao et al., 2010),
while UNEP/GRID is based only on population
density and accessibility (Dobson et al., 2000; Yang
et al., 2009). These methods lack precision and are
inappropriate for analyzing structured data and
environmental conditions, such as topographical
features. In northwest China, for instance, the Gobi
Desert dominates much of the environment; thus,
people tend to settle near oases and the wetlands.
Methods using social statistics, however, would fail
to identify the significance of the geography in this
case. Most existing solutions to this problem focus on
selection and quantification of influencing factors in
order to take into account the correlation among
selected factors. The least squares method has been
used to simulate population density in Zhengzhou
using population statistics (Lu et al., 2003), while a
database of urban layout parameters has also been
combined with unit population information for data
mining and decision making (He, 2011). These
methods include remote-sensing inversion (Jensen et
al., 1990), regression-based analysis (Briggs et al.,
1997), multi-factor analyses of statistical models
(Lloyd, 2010; Niu et al., 1998), Distance Weighted
(DW) interpolation, Genetic Programming (GP) and
Genetic Algorithms (GA) (Liao et al., 2010), and
methods based on night-time imagery and land use
data (Zeng et al., 2011), However, few data fusion
models can handle the complexity that arises when
multiple factors are included (Dong et al., 2000,
2003; Liao, 2005).

The multi-factor data fusion model is the most
common approach for analyzing the spatial
distribution of social data. In this type of analysis, a
multi-factor fusion model is presented based on the
weighted coefficients measured between
geographical factors and population count to
redistribute county unit populations to grid cells in
the Hebei Province.

2. Material and methods
2.1. Study area

The area selected for this study was the Hebei
Province (longitude: 113°30°-119°54’E, latitude:

674

36°6°-42°36°N; Fig. 1). The Hebei Province (marked
in blue in Fig. 1), an administrative province of
China, is located in the Northern China, and
embraces capital Beijing and Tianjin municipality.
The Hebei Province has an area of 187,693 km” and a
population of 72.8 million, with 170 administrative
counties. The geomorphology is mountainous and
hilly with watersheds. The relative elevation
difference ranges from about 52 to 2836 meters, with
a mean elevation of about 450 meters.
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Fig. 1. Location of the study area in China

2.2. Data sources

The data collected from various sources
includes population count, a digital elevation model
(DEM) and topographical, land cover, and landform
data. The population count data for 2010 in the
Heibei province were sourced from the 2011
Statistical Yearbook (National Bureau of Statistics of
China, 2011). The data was at the county level.

Digital elevation model (DEM) data,
topographical features, landform, and land cover
datasets were used to reallocate county-based spatial
population count data. DEM data were obtained from
topographic mapping at the 1:250 000 scale,
provided by the Hebei Bureau of Geoinformation,
which were capable of reflecting micro-factors in the
complex terrain of cities. Topographical features and
land cover datasets were obtained from a topographic
database at a scale of 1:100 000, provided by
National Administration of Surveying, Mapping and
Geoinformation (NASMG). Land cover factors
included farmland, forests, meadows, water,
residential areas, and unused land. Landform data at
a scale of 1:250 000 were used by scanning and
digitizing the National Physical Atlas of China from
SinoMaps Press. Landform factors included plain,
hill, platform, mountain, and plateau. The boundaries
of administrative divisions, including provincial and
county boundaries for Hebei Province at the 1:250
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000 scales were obtained from National Basic
Geographic Information Center of China.

2.3. Multi-factor data fusion model

2.3.1. Extracting geographical factors

The geographical factors database was
established including topographical  features,
landform, altitude, slope, land cover, and land area
by overlaying and analyzing with grid cells. We first
created the grid with a 1 km x 1 km cell size and
geocoded each cell. Secondly, we extracted the
layers, such as inhabitant sites, railways, highways,
and waterways from the topographical database, and
then overlaid this with the grid created above.
Thirdly, the DEM database was used as a data
source. According to the relative altitude and slope
difference in the Hebei province, classification with
the quantile method was taken as a basis to reflect
regional differences, and then altitude was
reclassified and resampled into nine categories from
DEM with the surface analysis function, using
ArcGIS10.0 software. Same software was used for
obtaining slope.

The spatial analyst function of the software
was adopted for resampling and reclassifying slope
values into seven categories based on 4° intervals. In
the fifth step, the landform layer was overlaid with a
grid, and summary statistics for the area of each
factor were calculated. Finally, a summary statistics
area for each class of land cover was calculated.

2.3.2. Calculating and normalizing geographical
factor weighted coefficients

A partial correlation coefficient between the
geographical factors and the population was taken as
the single-factor weight. The weight coefficient was
then normalized for each factor in every county of
the Hebei Province in China.

Taking a highway’s length factor for example,
if there are n grids in a county, the normalized length
in the i™ grid is equal to the total length in the
number of n grid divided by the highway length in
the /" grid. Moreover, the standardized weighted
coefficient for highway length in the i™ grid is equal
to the normalized weight coefficient multiplied by
the highway weight coefficient.

The factors such as land cover factors
included 6 categories: farmland, forest, meadow,
water, residential, and unused land. For these factors,
the land cover weight in the /" grid is equal to the
sum of the weight coefficient of each category
multiplied by the area of each category. Additionally,
the standardized weighted coefficient for land cover
in the /™ grid is equal to the sum of the weight
coefficient of land cover in the number of n grid
divided by the land cover weight in the i" grid. The
calculation for the landform factor is the same as that
for the land cover factor. The standardized multi-
factor weight in the /™ grid was obtained from the
sum of all factor weights divided by the multi-factor
weight in the i grid, and finally the population in the

i™ grid is equal to the population count multiplied by
the standardized multi-factor weight in the i™ grid.

2.3.3. Establishing a data fusion model for
population data and geographic factors

Six factors from the geographical databases
were selected: topographical factors, altitude, slope,
landform, land cover, and land area. These factors
were considered important because of their
geographical particularity and diversity. Landform
factors were omitted to avoid correlations with
similar factors, represented as polygons in the
databases. The landform factors included in these
analyses were those represented in the databases as
lines and points (e.g., the entries to habitat sites and
the lengths of railways, highways, and waterways).

Geographical factors from the databases were
extracted using ArcGIS10.0, in order to generate the
data fusion model. The grid module was used to
translate factors into a 1 km x 1 km grid. Next, Mask
was used to set the Nodata grid to zero for all
geographic factors to ensure that results for the
geographical factors were equal to actual values.
Zonegrid was used to determine regional boundaries,
and Valuegrid determined the grids for each
geographic factor. Zonal statistics were used to
generate an index of geographical factors for each
city and county by dividing the final results by 106.
This index was used with the Intersect module and
overlay function. The average population was
calculated by dividing the total population by its total
region area. The framework for grid transformation
for population data of the Hebei Province is
presented in Fig. 2.

2.3.4. Multi-factor data fusion

A multi-factor fusion model was used to
examine the relationships between geographical
factors and population data. A significant correlation
between two variables did not necessarily signify a
causal relationship. Two variables can be highly
correlated if both are affected by a third shared
variable. Consequently,  partial  correlation
coefficients (Fisher, 1924) were used to more
accurately portray the relationships between the
factors. Partial correlation coefficients (Rao and
Sievers, 1995) were used as the weighted coefficients
and then normalized (the sum of all weighted
coefficients divided by the weighted coefficient).
Correlation coefficients generally varied from -1 to 1,
and a larger coefficient absolute value reflected a
stronger association (Fisher, 1924). Three types of
correlation  coefficients were used. Pearson
correlation coefficients (Dong et al., 2005) were used
to analyze continuous variables, such as distance,
while Spearman rank and Kendall -correlation
coefficients were used to analyze ranks.

The population database is divided into 1
km x 1 km grid units for all of the Hebei Province.
The weighted coefficient of each grid unit in relation
to population distribution W, is calculated as given
by Eq. (1), where: Fj; is the area of topographical
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features for all individual classes, when i=1, it refers
to topographical features, and j=1,..., 4 means habitat
sites, railways, highways, and waterways; Fj; is the
altitude area of 9 categories, i=2 means altitude, and
7=1, 2...9 means altitude of less than 10m, 10-30 m,
30-50 m, 50-70 m, 70-230 m, 230-350 m, 350-660
m, 660-1100 m, >1100 m; F;; is the area for each all
individual slope classes, =3 means slope, and j=I,
2...7 means slope is in the range 0°-4°, 4°-8°, 8°-12°,
12°-16°, 16°-20°, 20°-24°, 24°-26°, F; is the
landform area of each individual second class, i=4
means landform, and j=1, 2...5 means plain, hill,
platform, mountain, plateau; F; is the land cover area
of 6 individual second classes, =5 means land cover,
and j=1, 2...6 means farmland, forest, meadow,
water, residential area, unused land; F; is the land
area, i=6 means land cover, and j=1 means land area;
b; 1is expressed as the standardized weighted
coefficient between geographic factors and
population, and the range of i/ and j is equal to F and
that of each geographical (sort) factor; a; is the partial
correlation coefficient of the multi-geographical
factors with population, and i=1,2...6; a;b; is the
final weighted coefficient between geographic factors
and population; m is the sequence number for each
county in the Hebei province; n is the sequence
number for each grid in a county.

W= ab, F, ey

2.5. Accuracy test

Accuracy tests were conducted by aggregating
the gridded population counts to the county level. We
then used those counts to produce gridded population
distributions and compared the observed population
totals at the administrative level with the summed
estimates from the output gridded datasets. Root
mean square error (RMSE), expressed as a
percentage of the mean population size of the
administrative level and the mean absolute error
(MAE) were used to verify accuracy. This is a better
way to compare the estimated population value to the
statistical population value and obtain useful
information about the quality of our mode
(Goovaerts, 2001, 2005; Wang et al., 2005), in order
to ensure that the quintiles and probability depend on
the interpolation standard errors as much as the
predictions. The average standard errors are close to
the roots mean squared prediction errors, and the
roots mean squared standardized errors should be
close to 1. The root mean square error was then
calculated with Eq. (2):

RMSE= /lzn:(g, -P)’
i 2

where 7 is the county number in the Hebei province,
Pg; and P,; represent the statistical population value to
the estimated population value in i county in the
Hebei province.
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Fig. 2. Framework for establishing a data fusion model for gridded population distribution
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3. Results
3.1. Single-factor weight analysis

(1) Topographical features

Inhabited sites, railways, highways, and
waterways are the main topographical factors, but are
also closely related to the population distribution
factor. The quantitative value of a geographical unit
is defined as its total length (arc), point size (point),
or area (polygon). Polygonal factors, such as
residential parcels and rivers, were omitted, and only
the parameters represented as lines and points were
included in the analysis. Table 1 shows the weighted
and standardized weighted coefficients of landforms
as they relate to total population data.

(2) Altitude

As altitude increases, population density
rapidly declines. In the Hebei Province, population
density was higher at lower altitudes (Table 2), and
the weighted coefficient was highest for altitudes less
than 10 meters. This is consistent with the
generalization that population distribution follows a
vertical gradient.

(3) Slope

The two rainy areas of the Hebei Province are
formed by the slopes of the Yanshan and Taihang
Mountains in the north and west, respectively. The
population was primarily distributed below a slope of
4° (Table 3). As slope increased, the corresponding
weighted coefficient decreased, which is consistent
with the principle of upright population distribution.

(4) Landform

The northwest region of the Hebei Province is
characterized by mountains, hills, and plateaus, while
the southeast and center of the Province are
characterized by basins, valleys, and a vast central
plain. The population was mainly distributed among
the mountains and plains (Table 4).

(5) Land cover

Land cover was highly correlated with the
agricultural population of the Hebei Province (Table
5). The population was primarily distributed among
farmlands and forests.

(6) Land area

Land area was positively correlated with total
population and had a partial correlation coefficient of
0.769.

3.2. Multi-factor weight analysis

In this study, the relative factors were classed
with the population distribution of the Hebei
Province into six categories: main topographical
factors, altitude, slope, landform, land cover, and
land area; the weighted coefficients and standardized

weighted coefficients (Table 6) were calculated. It is
evident that the topographical factors, land cover, and
altitude, have the strongest relationship with
population in the Hebei Province.

Table 1. The impact of topographical features on
population distribution

Topographical Weighted Stfv’:?;;tdéfled
feature coefficients coefficients
habitat sites (entries) 0.842 0.401
railways (length) 0.674 0.321
highways (length) 0.253 0.120
waterways (length) 0.331 0.158

Table 2. The impact of elevation on population distribution

Altitude Weighted Standardized
(meters) coefficients weighted coefficients
<10 0.87 0.207
10-30 0.533 0.127
30-50 0.635 0.151
50-70 0.652 0.155
70-230 0.615 0.146
230-350 0.37 0.088
350-660 0.273 0.065
660-1100 0.143 0.034
>1100 0.119 0.028

Table 3. The impact of slope on population distribution

Slope (%) Weighted Standardized

P coefficients weighted coefficients
0-4 0.786 0.254

4-8 0.496 0.160

8-12 0.347 0.112

12-16 0.341 0.110

16-20 0.415 0.134

20-24 0.381 0.123

24-26 0.334 0.108

Table 4. The impact of landform on population distribution

Landform Weighted Standardized
(area) coefficients weighted coefficients
plain 0.729 0.420
hills 0.199 0.115
platform 0.038 0.022
mountain 0.577 0.333
plateau 0.192 0.111

3.3. Population distribution derived from local
governmental offices and calculated using our model

The  weighted  coefficients  between
geographical factors and population in the Hebei
Province were obtained, and the fundamental
geographical factor database covering county
administrative boundaries in a 1km x 1km grid were
set up. The population database based on a county
level was also compiled. Considering the differences
in geographical conditions and particularity the
distribution of population in different regions of the
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Hebei Province, both geographical factor and
population databases were helpful for quantitative
analysis.

Table 5. The impacts of land cover on population

distribution
Land cover Weighted Standardized
(area) coefficients | weighted coefficients
farmland 0.984 0.243
forest 0.974 0.240
meadow 0.925 0.228
water 0.244 0.060
residential area 0.312 0.077
unused land 0.617 0.152

Table 6. Partial correlation coefficients of the geographical

factors
) Weighted Stanqardized
Geographical factors coefficients weighted
coefficients
topographical feature 0.685 0.158
Altitude 0.638 0.178
Slope 0.753 0.174
Landform 0.771 0.176
Land cover 0.786 0.182
Land area 0.691 0.160

The population data was calculated for both
administrative and geographical units using the
multi-factor fusion model, which incorporated both
spatial and statistical data. The model determined the
total population data of distinct regions (Fig. 2a) and
compared the results with the population distribution
calculated using 1 km grids (Fig. 2b). A darker color
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indicates a larger population and vice versa. The
average population distribution within each region
did not accurately characterize that of the same
region when population distribution was calculated
by grid units. The population clustered near
administrative centers, such as in Zhangjiakou,
Chengde, Langfang, Qinhuangdao, and Hengshui,
which show a higher population concentration of
about 2000 persons per square kilometer. These
regional trends were not reflected by the regional
population distribution, however. The population
distribution gradually increased from the northwest
to southeast, most likely due to a higher slope in the
northwest. The northwest also has mountains, hills,
and plateaus, while the central and southeast regions
are comprised of basins, valleys, and plains.
Population density was relatively low in the Taihang
Mountains and was less than 100 persons per square
kilometers for the Yanshan Mountains.

The population density in the central Hebei
Province was higher, with about 2,000 people per
square kilometer. Overall, the population distribution
in Hebei is higher and denser than that seen in
Handan, Shijiazhuang, Langfang, and Tangshan. In
addition, the spatial population distribution was
uneven.

3.4. Accuracy assessment

Mapping accuracies are consistently higher
when incorporating geographical factor information.
Since spatially detailed county data for the Hebei
Province were available, we aggregated the small
administrative units into a coarser administrative unit
level by summing the small units.

Langfang

Shijiazhuang

Hehgshui
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(10000p ex son)
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Handan
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Fig. 2. Spatial population distribution maps in the Hebei Province, China (a) Population derived by municipality; b) Population
calculated with our model
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Then, these coarse units and population sums
were used to generate gridded population maps and
the sums of those gridded estimates were compared
with the numbers from the original unit population
(Fig. 3). The population statistical error is in the
range of 6.84 percent. The average standard errors
are close to the root mean squared prediction errors,
and the root mean squared standardized error was
0.94, which is quite close to 1. Compared with
calculating the average population in all counties, the
population accuracy with spatial population
distribution in grid cells improved to a certain extent;
the overall average error was less than the simulation
based on land use (Tang et al., 2012; Tian et al.,
2004).
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Fig. 3. Scatter diagram of estimated population value and
statistical population value

4. Conclusions

In order to analyze the relationship between
geographical factors and population data in a spatial
unit, in this study, the geographical factors database
was established with GIS software, including
topographical features, landform, altitude, slope, land
cover, and land area. Based on the analysis of
geographical factors and population by partial
correlation coefficient, there was a significant
correlation between population and geographical
factors. However, we must be noted that the effect of
each factor on population is not the same as that in
other regions due to China’s topographical features.

The gridded dataset presented here more
accurately characterizes population distribution in the
defined regions than other existing global datasets
(e.g., Gridded Population of the World) with small-
scale data. The gridded population dataset takes
advantage of the growing collection of geographical
features and land cover data to more accurately map
human population distributions at a finer spatial
scale. Additionally, weighting the distribution of a
population by different land cover types, especially
through incorporating detailed datasets on roads and
developed areas, provides a more accurate
representation of population density.

The results prove that it is much more
effective than other methods in counting the
population in an arbitrary region in China. Measuring
population distribution is very complicated, since it
relies on the distribution of other statistical factors,

some of which are hard to quantitate. There are
multiple  other factors affecting  population
distribution, as well.

Analyzing statistical data in an irregular and
random geographical region is important for policy
making. Thus, spatializing population data can help
develop new ideas and models for space-time data
integration and the fusion of multi-source and multi-
scale data. In addition, social-pixel and pixel-society
concepts can be cemented, promoting a social and
public  service-oriented  e-government.  These
problems affect the accuracy of the calculated
population distribution and should be improved in
our future studies.
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Abstract

The adaptation of commercially available ion-selective electrodes (ISEs) for use in wastewater matrices was demonstrated using
multivariate analysis and optimization with the Microsoft Excel Solver tool. The electrodes were characterized in pure analyte
solutions, and their parameters were estimated using multivariate analysis and Sol/ver optimization. The ammonium, nitrate, and
nitrite ions were measured in model systems that were designed to simulate wastewater. The accuracy of the measurements
(95.3% - 101.0%) was satisfactory for the determination of ammonium, nitrate, and nitrite in complex matrices. The adapted ISEs
were then successfully used for bioprocess (synthetic wastewater treatment) dynamics and efficiency studies in a horizontal
rotating tubular bioreactor (HRTB) by monitoring the concentrations of the substrates and intermediates in the samples collected
from the bioreactor. The simultaneous determination of ammonium, nitrate, and nitrite in the samples through the use of adapted
ISEs considerably shortened the time required for ion determination.
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1. Introduction and denitrification. During nitrification by
autotrophic nitrifying bacteria, the oxidation of

Wastewater may contain several different
forms of nitrogen, including organic nitrogen,
ammonia nitrogen, nitrate nitrogen, and nitrite
nitrogen. Nitrogen compounds are some of the most
common pollutants in aquatic environments and pose
a threat to both aquatic organisms and humans
(Sumino et al., 2006). Therefore, it is important that
these compounds are monitored and removed from
wastewater to an appropriate concentration prior to
its discharge into the environment (Seifi and
Fazaelipoor, 2012).

Biological nitrogen removal is an effective
method for reducing the concentrations of nitrogen
compounds in wastewaters, which is typically
accomplished in two sequential steps: nitrification

ammonium into nitrite is followed by the oxidation
of nitrite into nitrate. Under anoxic conditions, the
nitrate is then reduced to N, (or denitrification
intermediates) by  denitrifying  bacteria. In
simultaneous nitrification and denitrification (SND),
the  nitrification and  denitrification  occur
simultaneously in the same reactor under aerobic
conditions (Guo et al., 2013; Holman and Warcham,
2005; Pochana and Keller, 1999; Walters et al.,
2009). The pure microorganism cultures capable of
performing SND are Paracoccus denitrificans and
Nitrosomonas europaea (Ahn, 2006; Helmer and
Kunst, 1998). Different types of bioreactors can be
used for wastewater treatment, especially those
containing microbial biofilms, e.g., trickling filters,
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biodisc bioreactors, packed bed bioreactors, fluidized
bed bioreactors (Nicolella et al., 2000) or moving bed
biofilm reactors (Quan et al., 2013).

The horizontal rotating tubular bioreactor
(HRTB), which was developed by Santek et al.
(1996a, 1996b), combines the characteristics of thin
layer and biodisc reactors. HRTBs have been used to
conduct both aerobic (Slavica et al., 2004) and
anaerobic (Ivanéi¢ et al., 2004) bioprocesses. In
further studies, the HRTB was used for the
heterotrophic cultivation of P. denitrificans bacteria,
i.e., the SND of synthetic wastewater (Rezi¢ et al.,
2007), and for the monitoring and removal of heavy
metals from textile wastewaters (Zeiner et al., 2012;
Zeiner et al., 2010).

The on-line monitoring of the primary
bioprocess variables, such as the concentrations of
the substrates, the metabolites and the suspended
cells, is often difficult or expensive; thus, off-line
measurements must be employed. This is even more
evident in the case of the HRTB, where on-line
monitoring is further enabled by the design and
construction of the bioreactor. Therefore, the
development of simple, accurate, and fast methods of
measuring these variables off-line and preferably on-
site is of vital importance. The most commonly used
methods for the determination of ammonium, nitrate,
and nitrite are colorimetric (spectrophotometric)
techniques that require tedious sample pre-treatment
steps (Michalski and Kurzyca, 2006). Several other
methods for the simultaneous determination of
ammonium, nitrate and nitrite include ion
chromatography (IC), high-performance liquid
chromatography ~ (HPLC), sequential injection
analysis (SIA), flow injection analysis (FIA),
capillary  electrophoresis ~ (CE),  fluorimetry,
chemiluminescence, and direct potentiometry by ion-
selective electrodes (ISEs) (Bouvier et al., 2008).
ISEs are a promising approach because of their small
size, rapid response, simplicity of use, low cost,
portability, and ability to directly measure the analyte
across a wide range of concentrations (Kim et al.,
2007). Recently, research efforts have been dedicated
to the development of multisensory systems, such as
voltammetric electronic tongues, for monitoring the
above-mentioned ions in waters (Campos et al. 2012;
Nudez et al., 2013).

Incorporated into Microsoft Excel for
Windows, Solver is a tool used for mathematical
simulation, optimization, and modeling and has the
capability to solve an extensive range of linear,
nonlinear, and integer problems. It is an affordable
substitute to expensive commercial software
packages because it can yield the same results when
applied to the same sets of data (Sak-Bosnar et al.,
2011). In this investigation, Solver was used for
fitting of the data with nonlinear functions via an
iterative algorithm.

The aim of this investigation was to adapt
commercially available ISEs using multivariate
analysis and Solver for the detection of ammonium,
nitrate, and nitrite in wastewater matrices.
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Furthermore, the overall aim was to shorten the time
required to monitor the bioprocess in the HRTB by
developing a method for the simultaneous
determination of these ions using ISEs.

2. Materials and methods

2.1. Simultaneous determination of ammonium,
nitrate, and nitrite by ISEs

2.1.1. Standard solutions and calibrations

Stock solutions (c=1 mol L'l) of NaNO,,
NaNO;, and NH,Cl were used in the calibration
procedure. A conditioning solution (CS), which
consists of CH3COONa x 3H,0 (¢=7.351 x 107 mol
L"), KH,PO, (¢=2.204 x 10 mol L"), K,HPO,
(c=4.650 x 10° mol L"), and MgSO, x 7H,O
(c=1.623 x 10 mol L), was prepared to adjust the
ionic strength.

The chemicals were reagent grade quality and
were supplied by Kemika (Croatia), except for
CH;COONa x 3H,0, which was supplied by
Mallinckrodt Baker (Holland).

Deionized water was used in the preparation
of all solutions. The synthetic wastewater (SW), and
trace elements solution (TES) were prepared as
described below in section 2.2. A synthetic
wastewater blank (SWB) was also prepared, which
contained all of the chemicals listed below except for
the ions to be determined.

2.1.2. Electrode

Ammonium (ELIT 8051), Nitrite (ELIT
8071), and Nitrate (ELIT 8021) solid ISEs were used
in the measurements. A silver/silver(I) chloride
maintenance-free  Single  Junction  Reference
Electrode (ELIT 001, with gel 4 mol L solution of
KCI saturated with AgCl) was used as a reference.
All of the electrodes were supplied by NICO2000
Ltd. (UK). Between measurements, the electrodes
were stored in the preconditioning/standard solutions
that were recommended by the manufacturer.

2.1.3. Apparatus

The potentiometric ~measurements were
performed on an EA 168 Quad pH/mV Amp 4
channel amplifier connected to an e-corder 8§21,
which is an 8 channel, high-resolution, high-speed,
computer-based data recording system that uses
Chart software for data acquisition and analysis
(supplied by eDAQ Pty Ltd., Australia). The
solutions were magnetically stirred during the
measurements (801 Stirrer; Metrohm, Switzerland).

2.1.4. Procedure

The electrodes were calibrated in solutions
containing four different concentrations of the
analytes, ranging from ¢=107 - 10? mol L. Each
solution was diluted in 25 mL of the CS. The
electrodes were recalibrated every 30 measurements.
The sample aliquots were diluted in 25 mL of the CS,
and the electrode potentials were recorded at room
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temperature under constant stirring. Stable values of
the potential (+ 0.1 mV) were achieved within 5
minutes, although the exact time varied for each
sensor depending on the concentration of the species
being determined.

2.1.5. Optimization strategy using Solver

Microsoft Excel (2007) for Windows contains
a spreadsheet optimization modeling system called
Solver. The activation of Solver is simple and can be
selected by choosing Add ins in the Tools menu.
Solver was used to predict the results of the model
for an initial set of parameters over a range of values
of the dependent variables and to compare these
results with the experimental data. The sum of the
squared residuals between the two arrays was
calculated, and the error between the two data sets
was minimized by varying the wvalues of the
parameters according to an iterative search algorithm.

2.2. Simultaneous nitrification and denitrification
experiment in the HRTB

2.2.1. Microorganism, SW and growth conditions

The working microorganism was a pure
culture of P. denitrificans DSM 413 (obtained from
the Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH) cultivated at room temperature
(201 °C) in the SW, which was composed of
CH;COONa x 3H,0 (¢=7.351 x 10% mol L),
KH,PO, (¢=2.204 x 10 mol L), K,HPO, (c=4.650
x 107 mol L"), NH,CI (¢=5.613 x 107 mol L™),
NaNO; (¢=3.235 x 102 mol L), MgSO, x 7H,0
(c=1.623 x 10° mol L"), and 3 mL L of TES. TES
was prepared according to Robertson and Kuenen
(1992) and was composed of the following trace
elements: ZnSOy4 (¢=1.362 x 10”2 mol L), CoCl, x
6H,0 (¢=6.767 x 10° mol L"), CuSO, x 5H,O
(c=6.288 x 107 mol L"), C;H;N,O5 (EDTA)
(C:0171 mol L_l), (NH4)6MO7024 x 4H,0 (028899 X
10 mol L"), FeSO, x7H,0 (¢=1.798 x 10% mol L"),
MnCl, x 4H,0 (¢=2.557 x 10? mol L"), and CaCl,
(c=4.956 x 10% mol L™"). The medium was sterilized
at 121 °C for 20 minutes. The chemicals were reagent
grade quality and supplied by Kemika (Croatia),
except for CH;COONa x 3H,0, which was supplied
by Mallinckrodt Baker (Holland).

2.2.2. HRTB and experimental set-up

The HRTB design and construction used
herein, has been described elsewhere (Rezi¢ et al.,
2007). The microbial culture was first cultivated on a
rotary shaker (72 h, 201 °C, 150 min™', eccentricity
50 mm) and further propagated by batch cultivation
(inoculum, 7.5% v/v) in a stirred tank bioreactor. The
bacterial biomass obtained by batch cultivation (7.5
L) in the stirred tank bioreactor was used for the
inoculation of the HRTB (liquid volume, 15 L; total
volume, 98 L). A constant airflow rate of 152 L h”!
was used throughout the experiment, except for the
periods when the aeration was turned off to enhance
the denitrification process. The bioprocess dynamics

were studied at different combinations of the process
parameters: the medium inflow rate was varied from
0.5 to 2 L h" and the HRTB rotation speed was
varied from 5 to 20 min™. Samples were collected in
duplicate at five positions along the length of the
HRTB. After establishing a new set of process
parameters, five residence times (37.5-150 h,
depending on the medium inflow rate) were allowed
to pass before the samples were collected.

2.2.3. Determination of biomass, acetate, ammonium,
nitrate, and nitrite concentrations

To determine the concentration of the biomass
in the SW/biomass suspension, a 35-mL sample was
centrifuged for 20 minutes at 4500 min”, washed
twice with demineralized water, dried at 105 °C for
48 h, cooled and weighed. The supernatant was
stored at —20 °C. The liquid samples were thawed
and homogenized before the acetate, ammonium,
nitrate, and nitrite concentrations were determined.
The acetate concentration was  determined
spectrophotometrically (UV/Vis spectrophotometer
model 1700, Shimadzu, Japan) using Boehringer
Mannheim/R-Biopharm enzymatic test kits (Cat. No.
10 148 261 035).

The concentrations of ammonium, nitrate, and
nitrite were simultaneously determined using ISEs, as
described above. All values were expressed as the
average of 4 measurements.

2.2.4. Bioprocess efficiency parameters

The removal efficiencies of acetate,
ammonium, and nitrate (substrate, S) were calculated
using Eq. (1), where y, is the concentration of the
substrate in the inflow to the HRTB, and y,, is the
concentration of the substrate in the outflow from the
HRTB.

REs= [(¥o~ Youd / yol > 100 (1)

The volumetric consumptions of acetate, ammonium,
and nitrate were estimated using Eq. (2), where 7 is
the hydraulic residence time of the liquid in the
HRTB.

Os= (o~ Youd /' T 2
3. Results and discussion

3.1. Characterization and estimation of the electrode
parameters

Before determining the ammonium, nitrate, and
nitrite content in the synthetic wastewater samples
that were withdrawn from the HRTB, it was
necessary to adapt commercially available ISEs for
use in complex wastewater matrices. Additionally,
before estimating the electrode parameters with
multivariate analysis and Solver optimization, the
response of each ISE in pure analyte solutions was
characterized. The electrodes responded to the
ammonium, nitrate, and nitrite ions according to the
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Nernst equations (Egs. 3 - 5), where E is the potential
difference between the sensing and reference
electrodes, E’ is a constant potential, S is the

electrode slope and Ay, Ay and , o are the

activities of the ions.

E=E"+Sxloga,, . (€)

E=E07S><10gaN03, “)

E=E"-Sxloga,, ®)
The response characteristics and the

corresponding statistics of the electrodes in the pure
ion solutions are summarized in Table 1. The
electromotive force of the cell consisting of each
particular electrode and the reference cell was
measured in the series of corresponding ion
solutions, covering the concentration range of 1x107
- 1x10" mol/L. The correlation between the
measured £ values and logarithm of the
concentrations, defined by Egs. (3) - (5), was
confirmed by using the linear regression analysis.
Therefore, the slope value (S) and constant potential
term (E”) were determined. The high correlation
coefficient (R?) values indicated the strong linear
relation between the variables.

The confidence intervals for S and E’ were
calculated from the corresponding standard deviation
values. In real systems, which are typically more
complex, ISEs can be affected by numerous
analytical interferents, which can either increase or
decrease the detected analyte concentration. The
response of the ISE to the primary ion and the
interferents is described by the Nikolsky-Eisenman
equation (Eq. 6). Here, a; is the activity of the

primary (measured) ion (I), K; is the selectivity
coefficient of the electrode against the interfering
ion, a; is the activity of the interfering ion (j), and z;
and z; are the charges of the primary and the
interfering  ions, respectively. The activity
coefficients were calculated according to the Davies
equation.

E=E"+Sxlog(a,+Y K,a™) (6)

Potassium ions can seriously interfere with the
determination of ammonium using ISEs (Jin et al.,
2004) and they are present at a high concentration in
the SW formulation that was wused in this
investigation. The mixed solution method was used
for the determination of the potentiometric selectivity
coefficients.

A multivariate calibration of this electrode set
(ammonium, nitrate, and nitrite) was performed by
varying the concentrations of the important
interferents, including potassium. This procedure
allowed for the calculation of the selectivity
coefficient, electrode slope, and constant potential
term of each electrode. The Nikolsky-Eisenman
parameters for each electrode were modeled using a
matrix of the potentials that were measured by the
electrodes in the calibration solutions. A set of
potentials was predicted based on the model and
calibration solution parameters, and the validity of
the model was estimated by examining the residuals
between the predicted and observed potentials.

Table 2 shows a portion of the spreadsheet
that displays the potentiometric calibration data and
the model parameters for the ammonium electrode
after optimization using Solver.

Table 1. The response characteristics and the corresponding statistics of the ammonium, nitrate, and nitrite electrodes in the pure

analyte solutions

S 0 2 Linearity range Detection limit*
ISE mV/decade E'/mV R c/mtg)l L-Ig ¢/ mol L-I
Ammonium 53.2+0.8 4204 +4.8 0.9997 5%107 - 5%10! 2%107
Nitrate 558+ 1.9 205.0 £ 3.4 0.9977 5x107° - 1x107 2%10°
Nitrite 55.5+23 125+42 0.9973 1x107 - 1107 4x10°°

*DL (detection limit) = 3 SD (standard deviation) number of measurements, n = 5

Table 2. Potentiometric calibration data and model parameters for the ammonium electrode after optimization using Solver
(with an initial analyte volume of 25.0 mL and an initial ammonium concentration of 1.0 mol L")

Model parameter
425.433
K 57.197
K;; 1.14 x 107!
log K;; -0.9427
E/mV N “I%/mol L™ Ay, /mol L Cpo MOILT | PEppiy “res. ISR
288.86 3.98 x 107 9.98 x 107 3.07 x 107 1.15 x10 288.79 0.0710 0.0050
314.32 1.38 x1072 1.09 x 107! 1.06 x 107 1.14 x 10 314.66 -0.3310 0.1095
338.64 3.85x 107 1.31 x 10! 2.90 x 10~ 1.11 x 107 338.29 0.3510 0.1232
385.45 2.86 x 10 3.54 x 107" 2.00 x107" 8.22 x 107 385.54 -0.0911 0.0083
s = 0.2461

“I'* = jonic strength, "Emodel = calculated value obtained by the Nikolsky-Eisenman equation after optimization, ‘res. = difference between
measured E and E,oq values, “SR = square of residuals (res.), °S,, = sum of squares of residuals
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The experimental data have been compared to
an appropriate theoretical model in which the
unknown parameters (E’, S, K;;) were optimized. By
using Solver, the values for those variables that
would minimize the sum of the squares of the
differences between the theoretical and the
experimental data were determined. In other words,
the least-squares criterion was used to fit a theoretical
model to the experimental data using the entire data
set.

3.2. Determination of the ammonium, nitrate, and
nitrite concentrations in the model systems

An SWB solution was prepared that contained
all of the ingredients except the analytes (ammonium,
nitrate, and nitrite), thus simulating a real system.
Known amounts of the analytes were added to this
solution to verify the impact of the SWB ingredients
on the quantitation of the analytes. The measured
electrode parameters and the corresponding statistics
are given in Table 3. The generated potentiometric
experimental data were compared to the appropriate
theoretical model in which the sensor response
parameters were optimized.

Solver was used to determine the values for
those variables that would minimize the sum of the
squares of the differences between the theoretical
model and experimental data, using the same
methodology as previously described. The SWB
solutions contained the three analytes at two
concentrations over two orders of magnitude that
covered the expected concentration range of the
bioprocess.

The calculated K; value is in good accordance
with the literature data. No other interfering ions
were present in the system investigated herein. The
results of these investigations are given in Table 4.
The accuracy of the measurements (95.3% - 101.0%)
is satisfactory for the determination of ammonium,
nitrate, and nitrite in complex matrices. A good fit of
the theoretical models to the experimental values was
obtained for all the electrodes and calibration
parameters that were tested. Using these
methodologies, the values of the selectivity
coefficient, Kj; the slope, S; the constant potential
term, E°, (Table 3) and the sample concentration,
expressed as the recovery (Table 4) were calculated.

The estimates of the standard errors of the
parameters, the standard error of the output variable,
and the correlation coefficients proved the validity of
the model.

3.3. Bioprocess dynamics and efficiency studies

The investigation in the HRTB was a
continuation of a previous study by Rezi¢ et al.
(2007), which confirmed that acetate and ammonium
removal in the HRTB by P. denitrificans in a one-
step process can be achieved. The commercial ISEs
adapted to wastewater matrices were used for

bioprocess dynamics and efficiency studies by
monitoring the concentrations of the substrates and
the intermediates/products in samples that were
collected from the HRTB.

Table 3. The parameters and corresponding statistics of the
electrodes in the model SWB solutions containing known
concentrations of ammonium, nitrate, and nitrite

Parameter Electrode investigated
Ammonium Nitrate Nitrite

“S/mV/decade | 53.9+ 1.4 52.6+0.1 51.4+0.1
“E''mV 376.2+2.3 210.0+£0.3 -11.7+0.2
logK;;* -0.80 +£0.04 £3.90+0.02 }3.60+0.01
R’ 0.9999 1.000 1.000
"SE(y) 0.494 0.126 0.041

“value + standard deviation; °SE(y) = standard error of
measurement

Table 4. The results of the direct potentiometric
measurements of ammonium, nitrate, and nitrite
in the model SW solutions

Amlly te cadded/ ‘mol acfaund recovery RSD
used L! /mol L /% /%
Ammonium | 5.61 x 102 | 543 x 1072] 96.8 1.22
5.61 x 107 | 5.35x 107 95.3 1.67

Nitrate 324 %107 | 3.27x102%] 101.0 | 0.49
324 x 107 | 3.21 x10%] 99.2 0.78

Nitrite 4.00x10° | 3.89x10°| 97.2 1.32
4.00x10° | 3.82x10°] 95.5 1.63

¢ Average of 5 measurements

Ammonium, nitrate, and nitrite, the latter of
which is an intermediate of the bioprocess, were
simultaneously determined in the samples, thus
shortening the ion determination time. This is of vital
importance when employing off-line/on-site analysis
of bioprocess variables. The obtained data were then
compared to data obtained by Rezi¢ et al. (2007), in
which the spectrophotometric determination of
ammonium and nitrite was applied.

In the investigation by Rezi¢ et al. (2007), the
SW contained ammonium as a source of N and
acetate as a source of C; however, in the current
study, nitrate was included in the SW as an additional
source of N. Furthermore, the aeration regime was
changed during the cultivation to enhance the
denitrification process within the microbial biofilm.
The concentrations of the substrates in the inlet feed
were 4.3 g L acetate, 1.0 g L' ammonium and 2.0 g
Lnitrate. After a stable microbial biofilm had
formed, the effect of the bioreactor process
parameters on the bioprocess dynamics in the HRTB
was studied. The process parameters that were
investigated included the medium inflow rate (F=0.5
—2 L h"") and the HRTB rotation speed (n = 5 - 20
min™), as well as changes in the aeration regime (Fig.
1). The concentration profiles of acetate, ammonium,
and suspended biomass concentration as well as pH
along the length of the HRTB were similar to those
obtained by Slavica et al. (2004) and Rezi¢ et al.
(2007) and are presented in Fig. 2.
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A bacterial culture of P. denitrificans grew in
a suspension of single cells and cell aggregates and
attached to the inner surface of the bioreactor as a
biofilm. The preliminary results of biofilm thickness
measurements (data not shown) as well as the
characteristics of the formed biofilm were similar to
the previous study conducted by Rezi¢ et al. (2007).
The concentration profile of the suspended biomass,
shown in Fig. 2, exhibits a gradual increase along the
length of the HRTB, which agrees with the results of
the investigation conducted by Rezi¢ et al. (2007). A
similar pattern was observed for all other
combinations of the process parameters (data not
shown).

An increase in the pH was observed along the
length of the HRTB (Fig. 2) for all combinations of
process parameters because of acetate degradation.
Tubular bioreactors are characterized by a liquid plug
flow that leads to the formation of concentration
and/or temperature gradients along the length of the

bioreactor (Moser, 1985). The concentration
gradients were also observed for ammonium, nitrate,
and nitrite ions. The ammonium ion concentration
profile and range were in agreement with those
obtained by Rezi¢ et al. (2007), as previously
mentioned. As a result of dilution, the concentrations
of all the substrates were lower at the place of
medium inflow to the HRTB (0% /yrrp) then their
initial concentrations in the inlet feed. The nitrite ion
in the output flow of the HRTB, however, was
significantly higher (100 to 1000 times) than that
measured by Rezi¢ et al. (2007). This disparity is
expected considering that the cultivation medium in
this investigation contained nitrate at a concentration
of 2.0 g L', which is subsequently reduced to nitrite
by P. denitrificans.

The removal efficiency and volumetric
consumption of acetate, ammonium, and nitrate for
different combinations of bioprocess parameters are
presented in Table 5.
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Fig. 1. The changes in the medium inflow rate (¥, --- ) and the bioreactor rotation speed (n, —) of the HRTB during the
investigation. Arrows 1, 2 and 3 indicate the changes in the aeration regime
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Fig. 2. The biomass, acetate, ammonium, nitrate, and nitrite concentrations as well as the pH along the length of the HRTB (/) at
medium inflow rates of F=0.5 L h"' (A) and 2 L h™" (B) and at rotation speed of n =15 min™*
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Table 5. The removal efficiency (REs) and volumetric consumption (Qs) of acetate, ammonium, and nitrate at different
combinations of the process parameters

FLK | o/ | wmin' Aeration Uae i No; O Qs Qro;
regime % % % gl'h” gL'h™ gl'h™

0.5 30 5 aerobic 99.78 62.00 96.91 0.143 0.021 0.065
15 aerobic 99.75 51.48 98.41 0.143 0.017 0.066

1 15 5 anaerobic 62.04 16.80 99.31 0.178 0.011 0.132
10 aerobic 98.31 25.70 0.00 0.282 0.017 0.000

15 aerobic/anaerobic* 97.72 25.34 80.31 0.280 0.017 0.107

20 anaerobic 69.30 19.00 97.62 0.199 0.013 0.130

1.5 10 5 aerobic 93.74 52.70 98.99 0.403 0.053 0.198
10 aerobic 92.45 44.40 99.05 0.398 0.044 0.198

15 aerobic 95.75 61.56 97.94 0.412 0.062 0.196

20 aerobic 96.15 35.40 99.12 0.413 0.035 0.198

2 7.5 5 aerobic 81.73 41.80 0.00 0.469 0.056 0.000
10 aerobic 81.36 58.40 94.12 0.466 0.078 0.251

15 aerobic 75.02 35.40 96.35 0.430 0.047 0.257

20 aerobic 84.91 39.60 96.01 0.487 0.053 0.256

* 4 residence times aerobic, and I residence time anaerobic

A complete consumption of acetate was
achieved at an inflow rate of 0.5 L h”'. At an inflow
rate of 1.0 L h™', the aeration regime was changed
more than once (Fig. 1), and the acetate consumption
decreased. The volumetric consumption of acetate
ranged from 0.143 to 0282 g L' h' at medium
inflow rates between 0.5 and 1.0 L h'. When the
medium inflow rate was increased to 1.5 — 2.0 L h™',
the volumetric acetate consumption increased by a
factor of two (0.398 — 0.487 g L' h™"). This increase
can be attributed to a higher volumetric acetate
overload. The calculated efficiencies and volumetric
consumption rates for ammonium and nitrate were
based on data obtained by using adapted ISEs and
were calculated for all combinations of selected
bioprocess parameters.

In comparison to the results based on the
spectrophotometric determination of ammonium ion
obtained by Rezi¢ et al. (2007), the removal
efficiency and  volumetric  consumption  of
ammonium obtained in this study using adapted ISEs
were similar. The ammonium consumption efficiency
ranged from 35.4 to 62.0% for medium inflow rates
of F=0.5, 1.5 and 2.0 L h™" at all bioreactor rotation
speeds. The volumetric consumption of ammonium
(for the same process parameters) ranged from 0.017
to 0.078 g L' h'. The minimum ammonium
consumption efficiency (0.011 —0.017 g L™ h™") and
the minimum volumetric consumption of ammonium
(0.011 —0.017 g L' h") were observed at an inflow
rate of 1 L h™' for all bioreactor rotation speeds. The
low efficiency and consumption of ammonium are
results of the multiple changes in the aeration regime
that were observed for these combinations of the
process parameters (Fig. 1).

The nitrate consumption efficiency was high
(> 94%) for almost every combination of the process
parameters. A decrease in the nitrate concentration
was observed along the length of the HRTB, which
indicates that denitrification occurred. For /=1.0 L h’
"and n=10 min" as well as for F=2.0 L h"'and n=5
min”, the efficiency was 0% and the nitrate

concentrations along the bioreactor were higher than
the input concentrations. Sudden environmental
changes occurred in both cases: for F=1.0 L h™" and
7n=10 min”' there was an anaerobic-aerobic transition,
and for F=2.0 L h™' and #=5 min™ there was a biofilm
regeneration preceded by a sudden drop in the pH
and a peeling of the biofilm. Therefore, the 0%
efficiency is a result of an insufficiently rapid
metabolic adjustment to the changes in the
conditions.

Nitrite was detected at concentrations ranging
from 17.54 to 443.74 mg L' along the length of the
HRTB. The lowest nitrite concentrations in the
bioreactor occurred at a flow rate of F=1.0 L h™' and
rotation speeds of n=5 and 20 min" during the
anaerobic regime and a rotation speed of #n=15 min™'
during the final working bioreactor volume when the
aeration was turned off. The lowest input and output
concentrations were determined under these same
conditions.

These conditions favor the denitrification
process; therefore, nitrite was reduced to its gaseous
intermediates and no nitrite accumulated in the
medium. The consumption of acetate, ammonium,
and nitrate and the presence of nitrite confirmed that
SND processes occurred in the HRTB.

4. Conclusions

Multivariate analysis and Solver optimization
were used to adapt and optimize commercially
available ISEs for the detection of ammonium,
nitrate, and nitrite in wastewater matrices.

Apart from being cheaper and simpler
compared  with  ion  chromatography  and
spectrophotometry, this technique reduced the time
required for the off-line analysis of these ions in
synthetic wastewater samples during and after
treatment in the HRTB.

The simultaneous determination of the
consumption of ammonium and nitrate and the
presence of nitrite by adapted commercial ISEs
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confirmed that SND processes occurred in the
HRTB. Thus, it can be concluded that the adaptation
and optimization of commercial ISEs by using Solver
was performed successfully.
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Abstract

Bioplastics are biobased materials, usually easy biodegradable, derived from renewable resources. Evolution of bioplastics
production is related to: bio starch and starch mixtures (74.5%); bioplastic products from fermentation (13%), bioplastic from
petrochemicals materials (12.5%). They are seen as a viable solution to avoid some environmental impacts caused by the use of
fossil-based conventional plastics. In this context, the general objectives of this study entail the analysis and selection of the
optimal alternative of bioplastics able to be used for packaging production, considering social, economic and environmental
criteria. In order to accomplish these objectives, we applied the ELECTRE method (ELimination Et Choix TRaduisant la
RealitE), a multi-criteria analysis method. Application of this method enables the use of qualitative and quantitative discrete
criteria, making also possible alternatives ranking. The application of ELECTRE method in our study consisted in selecting
different types of bioplastics which were compared considering some consistent criteria so as to assess their economic and
environmental performances. Based on the application of multiple criteria evaluation we concluded that bioplastics, in particular
polyhydroxyalkanoates (PHAs) are suitable from economic and environmental points of views for manufacturing and utilization
of packaging.
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1. Introduction

Human society continuously aspires to
achieve economic development and well-being in
order to secure higher living standards and to protect
and improve the environment, both for present and
future generations (Fortuna et al., 2012; Gavrilescu,
2004; Ghinea et al., 2014a; Koroneos et al., 2012). It
is considered that these two aspirations are in the

core of sustainable development concept based on
ecosystem - eco-efficiency dualism (Simion et al.,
2013; Teng and Wu, 2014). Movements towards
sustainability —address, among others, various
categories of materials which incorporate
nonrenewable resources, such as fossil fuels, and
energy. All these generate economic, social and
environmental negative impacts and high carbon
footprints during the whole life cycle. This is why
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today, biobased production largely seen as a central
element of bioeconomy is gaining against the
conventional oil and petrochemicals industries
(Gavrilescu and Chisti, 2005; OECD, 2014).
Biofuels, bio-based chemicals and bio-based plastics
represent a vast network in the public policy which
try to reconsider the balance among sustainability of
materials, energy, fuel (Gavrilescu, 2014a, b; OECD,
2014).

In particular, the challenges for the future of
bio-based plastics are particularly important, both in
terms of sufficient material resources supplying, and
waste management (Iwata, 2015; Peelman et al.,
2013; Yu et al., 1998). Curently, there are a number
of obstacles that should be overcome to ensure a
sustainable life cycle for bioplastics (emergence of
renewable biomass sources of carbon, price in
comparison to oil-based plastics). Therefore, it is
necessary to intensify the analyses of strengths and
weaknesses, threats and opportunities regarding
sustainability biodegradable plastics in terms of
considering the economic, social and environmental
challenges, along the whole life cycle (Iles and
Martin, 2013).

Apart from resource conservation goal, the
current policy on bioplastics is focused on bio-waste
management considering prevention, reuse and

2. Plastics — characteristics and impacts on
environment and human health

2.1. Some characteristics of plastic products and
waste

The global plastic production was 230 million
tons in 2009, and more than 99% was due to
polymeric materials obtained from fossil resources
(Rose and Palkovits, 2011).

According to ISO 472 (2013) plastic
“contains as an essential ingredient, a polymer with
a high average molecular weight and at some point
in the processing, can be poured through the flow
into final products”.

Plastic materials are used for a large variety of
products, in particular for packaging (bags, cups,
glasses, cutlery, casseroles, plastic bottles, recipients
for shampoos and toys). At the end of their life they
become waste generating additional pollution, which
can induce negative impacts on the environment and
human health, because of their composition
(Gregory, 2009; PlasticsEurope, 2011; Peelman et
al., 2013) (Table 1).

Table 1. Impacts of plastic waste in aquatic environment

A . Impact Effect References
recycling in order to reduce and valorize the amount Landscape Economic repercussions Barnes ot al.
of waste produced (Briassoulis, 2001; Dace et al., degradation for the tourism industry (2009):
2014; Fortuna et al., 2011; Ghinea et al., 2014b; Sivan (2011)
Schiopu and Ghinea, 2013). Waste composition Hindering Repercussions to maritime | Barnes et al.

makes the process of degradation and natural
elimination by the action of microorganisms more
difficult, leading to increased remanence period,
especially when waste contains conventional plastics
(De Feo et al., 2013; Gavrilescu, 2008; Heaney et al.,
2011; Hermann et al., 2011; Hlihor et al., 2014a).
Environmental and landscape degradation, emissions
and odors create a negative impact (pollution by
organic substances, nitrites, nitrates, heavy metals
and other elements) on life quality for the
surrounding communities.

All these can lead to soil, water and air
pollution (Gavrilescu et al., 2015; Hlihor et al.,
2014b; Pogacean et al., 2014; Simion et al., 2013b).
Some efficient solutions addressing packaging end-
of-life can play an important role in the development
of sustainable waste management, because resource
waste and environmental impact can be reduced,
while providing economic and social benefits
(Gavrilescu and Chisti, 2005; Rossi et al., 2015).

In this framework, the main objective of this
work was to find from several alternatives the most
sustainable bioplastics for packaging production,
which use material resources and energy without
compromising the possibilities of meeting the needs
of future generations. We applied the ELECTRE
method for a set of bioplastics in order to choose the
most suitable for packaging considering the
economic, social and environmental criteria.
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activities in
marine industry

transport, fisheries, energy | (2009)
production, aquaculture

Demage (fall of feathers Gregory

Destruction of from birds) and death (2009)

the aquatic marine birds, mammals,

environment fish and reptiles
"Suffocation" and the Weiss et al.
destruction of plankton (2012)

and phytoplankton due to
the accumulation of
"plastic mountains"

Disequilibrium of marine Hall et al.
habitat due to "plastic (2010);
mountains" expansion Weiss et al.
(disappearance of marine (2012)
species)

Issue of toxins from the Rochman et
plastic on fish al. (2013)

communities (death of fish
species)

Plastics can be classified in many ways,
depending on polymeric molecules contained and
procedure of polymerization and processing (Sahoo
and Ali, 2008; Tachwali et al., 2007). The most
known polymers are (Fig. 1): polyethylene
terephthalate (PET or PETE); high density
polyethylene (HDPE); polyvinyl chloride (PVC); low
density polyethylene (LDPE); polypropylene (PP);
polystyrene (PS); other plastics (polycarbonate and
polylactide).
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Fig. 1. Areas of utilization for various plastics

Petroleum deriving plastics are widely used
not only due to their outstanding mechanical
properties, low cost, light weight and high energy
efficiency, but also for their stability, durability and
chemical and biological inertness. Half of plastic
wastes generated in FEurope are landfilled. This
situation should be prevented, because plastic can
contain dangerous elements and undesirable
emissions can be generated by landfiling (Groot et
al., 2014; Song et al.,, 2009). The plastic wastes
disposed in landfills frequently experience photo
oxidation and degradation, resulting in small
fragments and particles, which can absorb toxins and
toxic chemicals, entering into the food chain, where
they can exert toxic effects (Roy et al., 2011).

2.2. Challenges and opportunities in green plastics

Information on biodegradation of petroleum-
deriving polymers and plastics is generally limited to
biodegradable synthetic polymers, such as poly(vinyl
alcohol), aliphatic polyesters, polycaprolactone, and
polyamides, oligomeric ethylene, styrene, isoprene,
butadiene, acrylonitrile, and acrylate (Shah et al.
2008). In this context, another category of plastics,
based on biopolymers (polymeric biomolecules)
starts to become increasingly more a sustainable
alternative to fossil-based polymers (Gavrilescu and
Chisti, 2005).

According to IUPAC, “biobased polymer
derived from the biomass or issued from monomers
derived from the biomass and which, at some stage in
its processing into finished products, can be shaped
by flow” (Vert et al., 2012).

The advantage of biopolymers against
conventional petrobased polymers is represented by
the fact that they can be produced by living
organisms, from renewable bio-based resources.

Some biopolymers can be used as plastics, replacing
the conventional, and petrobased plastics.

In terms of biodegradability, all plastics will
be degraded in time, but the conventional plastics
face with a long duration of degradation, for
hundreds of years (Groot et al., 2014). On the other
hand, bioplastics are biodegradable products that can
degrade quickly in raw materials (under defined
conditions of degradation process) and can improve
the soil quality and support plant growth. Bioplastics
obtained from renewable bio-based resources or
organic wastes are considered environmentally
friendly, having the potential to alleviate pollution
issues caused by plastics.

A significant increase in the production of
bioplastics at a level comparable to that of
conventional plastics could have a positive impact on
the environment, by reducing greenhouse gas
emissions, space for waste storage, and the risk of for
marine pollution and on human health (Sheldon,
2014). Although research in the field of bioplastics
began a few decades ago, the products made of these
materials have appeared on the market in the past
decades (Freemantle, 2005). Since the 80s,
researches were undertaken throughout the world for
biopolymers assimilation, but the most funds for
these types of researches were allocated in the United
States and Japan (Ritter, 2002). The development
perspective  of  material  production  from
biodegradable bioplastic is primarily optimistic, the
experts estimating a production of over 5 million tons
by the end of 2020 (Shen et al., 2009).

The assimilation of bioplastics could be an
optimal solution both for reducing plastic waste and
food waste prevention and valorization, given the
loss of about 1.3 billion tonnes of food in each year
at global level, according to program of the United
Nations ~ Environment  Programme  (UNEP)
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(Melikoglu et al., 2013). Vegetable fats and oils, corn
starch, pea starch or microbiota are considered as raw
materials for bioplastics. According to production
method, bioplastics can be classified as (Cooper,
2013):

- made from vegetable resources (BMS): corn,
potato, wheat, rice, beets, cellulose, starch etc.;

- synthesized from renewable sources: polylactic acid
(PLA), poly glycolic acid (PGA), polycaprolactone
(PCL);

- produced by microorganisms or genetically
modified: polyhydroxyalkanoates (PHAS),
PolyHydroxyButyrate (PHB), PolyHydroxyButyrate-
co-valerate (PHBV);

- mixures with biodegradable polymers: Poly vinyl
alcohol (PVOH), Polycaprolactone (PCL).

The new bioplastics are characterized by a
specific combination of rigidity and elasticity
compared with both existing bioplastics and with
traditional plastics. For example, a plastic obtained
from spinach is more elastic, while plastic produced
from rice husk is more firmly (Zhao et al., 2002).

Bioplastics are used extensively in modern
society for packaging, agriculture, transport,
household utilities (Fig. 2).

3. Methodology
3.1. Multicriteria decision analysis (MCDM)

Multicriteria analysis was developed in 1960
as an instrument for decision making, and has
become increasingly used in the projects
management (Phillips, 1984). The main steps of
multi-criteria analysis are (San Cristobal, 2012;
Tsiporkova and Boeva, 2006):

1. establishment of the decisional context, such as
goals of project which is evaluated and its feasibility;

2. definition of options, which meant to identify
alternatives that will be considered;

3. definition of criteria, identification and
definition of all the criteria relevant to the problem
decision;

4. achievement of the performance matrix, which
describes the intended performance of each option
according to the criteria;

5. standardization of scores for each criterion to a
common scale interval (usually with values ranging
from 0-1 or -100);

6. weighting of criteria for relative quantification
of each criterion in the decision process;

7. hierarchy of options: in this stage the decision
maker has to select the most appropriate method for
ranking alternatives;

8. examination of results: in this step the expert
analyzes the results and presents them in a
comprehensive manner;

9. sensitivity analysis: to validate alternative
assessment, and ranking the alternatives resulted
from decision process.

Multicriteria analysis methodology includes
complex methods such as (Choi et al., 2015;
Milutinovi¢ et al., 2014; Soltani et al., 2015):
Analytical Hierarchy Process (AHP); ELECTRE I;
ELECTRE 1II; ELECTRE III; Organization,
Rangement et Synthese De Donnes Relationnelles
(ORESTE); - Preference Ranking Organization
Method for Enrichment Evaluation (PROMETHEE);
Simple = Multi-Attribute ~ Ranking  Technique
(SMART).

The models of multicriteria analysis can be
used in different areas such as: waste management
(Generowicz et al., 2011; Ghinea and Gavrilescu,
2010; Ghinea et al., 2014a; Soltani et al., 2015),
hydrology and water management (Hyde et al., 2005;
Pedrero et al., 2011; Scholten et al., 2015;
Sudhakaran et al, 2013), energy management
(Kowalski et al., 2009; Troldborg et al., 2014; Wang
et al., 2009), and others.

The uses of BMS
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Fig. 2. Applications of bioplastics
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3.2. ELECTRE method

In order to achieve the objectives of this
paper, ELECTRE - a multicriteria evaluation method
was applied. This method was developed in France,
and applied particularly in European countries (Roy,
1993; Roy and Vanderpooten, 1996). It is based on
the concept of Upgrademay to eliminate alternatives
that are in a certain sense “dominated”. The notion of
“dominance” within the framework provided by
Upgrademay is a generalization of the classical
dominance and uses weightings to rank the criteria
(some of them have more influence than others on
the decision).

Roy (1993) described Upgrademay concept as
follows: alternative Ai, outperforms the alternative
Ak, if, given the preferences of the decision maker,
the quality evaluation of alternatives and problem
context, there exist enough arguments to decide that
Ai is at least as good as Ak and there is no obvious
reason to contradict the affirmation. Based on this
idea, a series of procedures for concretizing
Upgrademay concept as a way of multicriteria
decision support have been developed (lazzolino et
al., 2012). In general, two steps are necessary for
applying ELECTRE method (Hatami-Marbini and
Tavana, 2011):

- specifying a precise way of determining
the Upgrademay existence between two alternatives;

- combining Upgrademay evaluations for
ranking of the alternatives.

Application of multi-criteria  analysis
methods, such as ELECTRE, in environmental
management is based on (Kaya and Kahraman,
2011):

- existence of multiple criteria evaluation;

- participation of decision makers;

- complexity and subjectivity of the evaluation
process.

ELECTRE Methodology has been developed
through a series of different versions (I-IV);
ELECTRE I is designed for a problematic choice of
alternatives considered, ELECTRE II, III and IV are
designed for extreme situations arising from the
proposed variants and ELECTRE TRI has been
designed for a problematic sorting from considered
variants. Another type of variant from ELECTRE is
TOPSIS method (Wang and Triantaphyllou, 2008).
ELECTRE method is based on the evaluation of two
indices, the concordance and discordance indexes,
defined for each pair of alternatives (Bojkovic et al.,
2010). Like other methods of multi-criteria analysis,
ELECTRE has the same steps (Vahdani et al., 2010):
- specifying alternatives and criteria;

- performance evaluation according to criteria;
- establishing the weights associated criteria that
determine their relative importance.

The essence of ELECTRE method is to
identify the relationships of dominance, and its
purpose is that a subset noted “E " should have as few
elements that will represent the alternative candidate

for final decision (Vahdani et al., 2010). The main
advantages offered by ELECTRE method in the
environmental decision-making can be synthesized as
follows (Aiello et al., 2013; Kaya and Kahraman,
2011):

-possibility to analyse complex environmental issues;
-active participation of environmental factors in the
decision making process;

-application of scientific methods in decision making.

ELECTRE method was used in several areas:
Kaya and Kahramanv (2011) combined AHP and
ELECTRE methods for environmental impact
assessment; Hatami-Marbini et al. (2013) used a
fuzzy group ELECTRE method for safety and health
assessment in hazardous waste recycling facilities;
Choi et al. (2015) applied this method for
rehabilitation of water distribution system.

In our study, the bioplastic evaluation was
performed by applying ELECTRE method and by
using selected criteria that address both objectives
associated with current trends in waste management
as well as global environmental indicators (e.g.
quantity of emissions generated). The alternatives
were established in order to minimize the amount of
waste landfillled, increase the quantity of produced
energy, obtain raw materials for bioplastic and
reduce greenhouse gases emissions.

The ELECTRE method was applied in order
to find the most suitable solution for obtaining
bioplastics used for packaging production, by
respecting the criteria of sustainable development,
from the economical, social and environmental points
of view, thus contributing to the development of the
market for raw materials and to promote the use of
products derived from biopolymers. We also used
concordance and discordance indicators and
threshold values for calculation purposes. Each type
of bioplastic was evaluated from social, economical
and environmental point of view. The steps followed
in this study are illustrated in Fig. 3.

4. Case study

Starting from the premise of Environmental
Action Programme 7: “Turning Waste into
Resources”, which proposes to increase the
sustainability towards “zero waste”, and transform
waste into valuable materials and energy resources,
in this study we evaluated the economical, social and
environmental performance of various bioplastics
used for packaging production.

Most used bioplastics, to obtain packaging
are: polylactic acid (PLA); polyhydroxyalkanoates
(PHAs); bioplastic made from starch (BMS);
cellulose and its derivatives; polyvinyl alcohol
(PVOH); biodegradable aliphatic and aromatic
copolyesters (European Bioplastics, 2013). To
achieve our objectives we focused on the use of
polylactic acid (PLA), Polyhydroxyalkanoates
(PHAs), bioplastics obtained from starch (BMS) and
polyvinyl alcohol (PVOH).
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Fig. 3. Stages developed in the study of plastics sustainability applying ELECTRE method

(i) Polylactic Acid (PLA)

Polylactic acid is thermoplastic aliphatic
polyester produced from renewable resources. It is
biodegradable under certain conditions, such as in the
presence of oxygen, and is difficult to recycle. PLA
posesses high values of tensile strength and modulus,
is a polymer that has many properties comparable to
other plastics (Auras et al., 2004).

(ii) PolyHydroxyAlcanoate (PHA) and
PolyHydroxyButyrate (PHB)

PHA and PHB are bioplastics in the form of
granules. PHA is more rigid, being used in a more
limited area for bottles and agricultural land cover,
when is necessary, while PHB is used for plastic bags
and various utensils (Cavalheiro et al., 2009; Chen et
al., 2007). The process for producing these
bioplastics consists of incubating in bioreactors large
amounts of bacteria, until their number increase
greatly, reaching to point of “stress” as an alarm
caused by environmental change. When bacteria
transform nutrients through fermentation, until get to
80% by weight, bacteria are “purified” and the
bioplastics are extracted (Adamus, 2012).

Shen et al. (2014) obtained PHB from organic
waste through a process consisting of two stages and
which is focused on volatile fatty acids
intermediaries. Cavalheiro et al. (2009) obtained
PHB using Cupriavidus necator and waste based on
glycerol. PHA was obtained from waste pulp by
Queirdés et al. (2014). Polyhydroxybutyrate-co-
valerate (PHBy), a member of the family of PHB has
gained a lot of attention as a green material. It is a
brittle and crystalline material with short pendent
side-groups on its backbone (Singh et al., 2008).

(iii) Bioplastic made from starch (BMS)

Current bioplastics are generally made from
starch derived from corn, rice, sugar cane or potato.
Starch from plant sources is very attractive due to
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low costs, its existence in large quantities in
renewable materials, and processing due to the
possibility of the extruder and thermoforming used in
the processing of biopolymers (Freire et al., 2009;
Singh and Nath, 2013).

Bioplastics made from starch can be
processed using common methods of processing
synthetic polymers (Chaudhary et al., 2008). Making
biodegradable protective packaging will help in
building top of starch and starch reactivation of
domestic factories, and bring substantial benefits to
the environment and society, by preserving and
protecting ecosystems (Araujo et al., 2004).

(iv) Polyvinyl alcohol (PVOH)

Polyvinyl alcohol is a biodegradable vinyl
polymer, used for coatings, adhesives, and as
additive in paper and board production.

The advantages of bioplastics types used in
our study are presented in Fig. 4 (Accinelli et al.,
2012; Akaraonye et al., 2010).

5. Results and discussion

5.1. Sustainability evaluation of bioplastics using
ELECTRE method

Multi-criteria analysis was applied to rank and
select the best type of bioplastic used for packaging
production considering the social, technical and
functional performances and the influence of
economic and financial factors, according to specific
legislation on public procurement.

Also, the aim of this work was to investigate
the biodegradation potential benefits, achieved by
applying the proposed solutions, harmonization with
the priorities of EU legislation, cost of project
implementation, and amount of waste possible to
recover, energy recovered from bioplastics waste
such as BMS, PLA, PHAs and PVOH.
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ADVANTAGES OF
BIOPLASTICS

Bioplastics saves
30-80% of the
greenhouse gas
emissions and
provide longer
shelf-life than
normal plastic

Reduce or eliminate

100 % biodegradable GHG in production

Producing
conventional plastics
consumes 65% more

energy than
producing bioplastic

Fig. 4. Advantages of bioplastics

We applied the ELECTRE method to compare
the alternatives (bioplastic categories) noted Vi- V4
in terms of the criteria C; - C4, which are described
below.

To achieve the objectives of this study, we
have applied the ELECTRE method considering the
steps described in the section 2, as follows:

a. Establishing criteria for bioplastics evaluation
We proposed the folowing type of bioplastics
denoted as V; — V,, which are considered project
alternatives, (Table 2):
V, — Bioplastic Made from Starch (BMS);
V, — Polylactic Acid (PLA);
V; — Polyhydroxyalkanoates (PHAs);
V4 — Polyvinyl Alcohol (PVOH);
Criteria for assessment of variants are denoted
as C; - Cq:
C, — benefit achieved by applying the solution
(reporting in thousands EUR);
C, — harmonization with the priorities of EU
legislation (will give marks);
C; — the degree of degradation for bioplastics (will
give marks);
C, — cost of project implementation (reporting in
thousands EUR);
Cs — amount of waste recovery (reporting in %);
Ce — energy recovered from waste (reporting in %).
These criteria focused on sustainable
development indicators (social, economical and
environmental) (Fig. 5).

b. Determination of the coefficients of importance K;
for each criterion

After we established alternatives of bioplastics
and evaluation criteria, we have selected the
evaluation team, which is represented by a biologist,
an analyst, a process engineer, and an engineer
specialized in waste management.

Also, we gave scores from 6 to 10 (6
represents low participation for each criterion and 10
means active participation) to each team member
according to the six criteria established. The
importance coefficient K;; was calculated with Eq.
(1), where: >n; is the sum of the importance
coefficients according to some criteria where the
notes for variant i are greater or equal compared to

the notes for variant j; > > n; is the sum of the
importance coefficients.

Don,
K =% (D
! ZZ’%

The results obtained after the calculation of Kj;
are presented in Table 3. Determination mark from
notes of appreciation a*ij helped us to bring in the
same unit mass concentrations, which are expressed
in different units.

Application of ELECTRE method is based on
two groups of indicators, namely: concordance (Cc)
and discordance (Cd) indicators.

¢. Calculation of concordance indicators
Determination of concordance indicators that
indicate in which way a*gj version is surpassed to
the variant a*hj was performed using Eq. (2)
(Herghiligiu and Lupu, 2012; Herghiligiu et al.,
2013; Lupu et al., 2006, 2012), where: C,,,y is the
concordance indicator; K; is importance coefficient
from the j criterion; a;,a;j represent the appreciation

notes.

1 a.>a. 2
CVth:n—Z,kJ’ag/ ahj )
Dk

k=1

After finalizing calculations, we obtained the
following indicators of concordance: 0.7, 0.5, 0.5 for
BMS 0.49, 0.69, 0.5 for PLA, 0.48, 0.48, 0.48 for
PHAs and 0.5, 0.5, 0.68 for PVOH. The structure of
the concordance matrix is presented in Table 4.

d. Calculation of discordance indicators

Eq. (3) was used for the calculation of
discordance indicators (Herghiligiu and Lupu, 2012;
Herghiligiu et al., 2013; Lupu et al., 2006, 2012),

where: d=ecart represents the maximum distance a;.
between the appreciation notes awarded = 1.
* *
a >a
. .

Dvgvh = 1“ . ®)
—max
d y

* * *
a —a ‘;a <a
g hj g h

1
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Table 2. Characteristics of bioplastic types used in this study

Type of bioplastic

Characteristics

Chemical formula

Bioplastic made from
starch (BMS)

Bioplastics obtained from starch (extracted from corn,
potato, etc.) are currently the most widely used,
accounting for about 50% of the bioplastics market.
Due to their thermal characteristics, these bioplastics
can help bring additives (Butterworth et al., 2013).
Starch-based bioplastics can be mixed with the
polyester to  produce  mixtures such as
polycaprolactone. These mixtures are used in
industrial  applications are also compostable
(Mahasukhonthachat et al., 2010).

Bioplastic made from starch can be used for
(Hasjim and Jane, 2009): bags; Deli containers; cups;
Tarpaulin for agricultural uses; lids.

HOCH;

-V W

+ Amylopectin

Amylose

Polylactic acid (PLA)

Polylactic acid is made from dextrose (sugar)
extracted from renewable materials. This is the most
popular bioplastic material or biopolymer and only
product currently in a world-class factory (Undri et
al., 2014).

This biopolymer is suitable for fiber extrusion, and
can easily be replaced by polypropylene (PP).

PLA can be easily degraded (respecting certain
conditions of temperature and humidity). The
products of the PLA can be composted in industrial
installations where the temperature (700 °C) and
humidity (70% RH) can be controlled (Garlotta,
2001).

PLA can be used for (Bordes et al., 2009; Petersson
et al,, 2007): fiber extrusion processes: tea bags,
clothing, films; injection processes: enclosures for
jewelry; thermoforming processes: pots, pans, cups,
coffee pills; blowing processes: water bottles
(payment) for cosmetic purposes.

n

Polyhydroxyalkanoates
(PHAs)

PHAs are biological polyesters are produced by
microorganisms, and may also be biodegradable by a
large number of different microorganisms. The
polymers are produced through a fermentation
process, which involves feeding sugar and
microorganisms (Cyras et al., 2007).

PHASs can be used for (Reddy et al., 2003): plastic
bags and various utensils; packaging (including
films); containers; paper coatings; medical garments;
compostable bags, lids; tubs.

T
r""";"""""""'l

Polyvinyl alcohol (PVOH)

Polyvinyl alcohol is produced by conversion of
biobased ethylene (from biobased ethanol) to
biobased vinyl acetate, polymerization polyvinyl
acetate and to biobased, biobased hydrolysis to
PVOH. As the main raw material used in the
manufacture of polyvinyl alcohol is vinyl acetate
monomer type (Guohua et al., 2006).
PVOH is a bioplastic; in the form of a granular
powder whith white or cream color. Depending on the
obtaining method, PHOV can be of two types,
partially hydrolyzed or fully hydrolyzed. PHOV
partially hydrolyzed, is used in the food industry (for
obtaining packages). This type of bioplastic is used to
obtain packaging with protective role of moisture
absorption (Pavol et al., 2002).

Areas of use the Polyvinyl alcohol (PVOH)
(Guohua et al., 2006; Pavol et al., 2002): paper
adhesive; textile sizing agent; packaging.

CH,— CH
OR |n

where R =H or COCH;
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Fig. 5. Criteria taken into account for obtaining sustainable
bioplastics

After the calculation of discordance indicators
the following values were obtained: 0.6, 0.8, 1 for
BMS indicators, 0.5, 0.5, 1 for PLA; 0.6, 0.9, 0.4 for
PHAs and 0.8, 1, 0.5 for PVOH. In Table 5 is
presented the discordance matrix structure.

e. Determination of the most suitable alternative

Establishing of the suitable alternative was
performed by using the difference method and the
concordance and discordance matrices.

The difference between the two matrices
represents the best option. We have evaluated all
variants, the final selection, favoring the variant V;
(PHAS) followed by V,; (BMA), V4 (PVOH) and V,
(PLA)(Fig. 6).

5.2. Analysis of solution from the point of view of
ELECTRE method

ELECTRE method is specially adapted to
environmental and sustainability problems, because
this it searches the best compromise between all
decision criteria and not the solution (if only some
criteria are optimized).

The type of decision problem approach
resulted by applying ELECTRE method leads to
results oriented for decision making. Following the
development of this problem, with entering values
instead of the criteria, the results of this case are
more precise and easier to interpret.

The final classification of multi-criteria
analysis process by applying ELECTRE method was
conducted based on selected criteria which addressed
both objectives: current trends of waste recovery
(recovery material and energy resources) and
environmental global indicators (amount of
emissions generated).

The results depend on the input data, criteria
such as the: benefit achieved through applying the
solution, harmonization variant, with the priorities of
legislation, possibility of bioplastics degradation, the
quantity of emissions for greenhouse gases
responsible for global warming emitted by stations /
installations in the environment, cost of project
implementation, quantity of waste recovery and the
quantity of material resources and energy recovered.
Four criteria were represented as beneficial attributes
and two criteria were represented as cost attributes.

0
-0.1 - V2
0 -0.2 -
E
T -0.3 -
>
g -04-
£
8 -05 -
2
° .06
-0.7 -
-0.8 -
proposed variants
Fig. 6. Results obtained after applying the difference method
Table 3. Determination of appreciation notes matrix, function, utility
C] Cz Cj C4 C5 C6
Vi 0 0 1 1 0.8 1
V, 0.3 0.5 0.5 0.8 1
V; 1 0.5 0.5 0.1 0.5 0.3
V, 0.5 0.8 0.5 0.50 0 0.2
K 0.15 0.16 0.16 0.17 0.18 0.18
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Table 4. Concordance matrix

v v v, V, Vs Vs
v, 0.7 0.5 0.5
V, 0.49 7 0.69 0.5
v, 0.48 0.48 0.48
vV, 0.5 0.5 0.68 2
Table 5. Discordance matrix
V v Vv, Vs Vs Vs
7 7 0.8 1
Vv, 5 Y 0.5 1
V, 0.6 0.9 0.4
V. 0.8 1 0.5 77

Fig. 6 illustrates the results obtained by
applying ELECTRE method. The results are
favorable for the alternative addressing the
polyhydroxyalkanoate, followed by alternative that
involves obtaining bioplastic made from starch. The
lowest results are for bioplastics as polylactic acid
and polyvinyl alcohol.

Results are mainly confirmed by high rates of
material resources or energy recovery and reduction
of the amount of emissions generated by PHAs. The
conclusion is supported by the fact that
polyhydroxyalkanoate are biological polyesters
which are produced by microorganisms, and may
also be biodegradable by a great number of different
microorganisms.

6. Conclusions

In this study a multicriteria evaluation method
was applied for the determination of the bioplastics
optimal alternative which can be used in packaging
production. The analysis was performed using the
ELECTRE method, which quantifies the relative
importance of the criteria considered. The choice of
thresholds is determined by the specificity of each
criterion in order to reflect the decision maker
preference.

The alternatives proposed (BMS, PLA, PHAs,
PVOH) are evaluated based on six criteria
considering three sustainable development indicators:
social, economical and environmental. The
environmental  criteria  aspects  focused on
harmonization with the priorities of EU legislation,
the degree of bioplastics degradation and energy
recovered from waste. Economic criteria, focused on
benefits achieved by applying the solution and cost
of project implementation, while social criteria
includes benefits of project implementation.

The alternatives can be ranked after the
evaluation from the most favorable option to the less
favorable as following: PHAs>BMS>PVOH>PLA.
PHAs are the most suitable alternative in terms of
production from both environmental and economical
criteria. Our analysis nevertheless shows that PHAs
may have some advantages, compared to the BMS,
PVOH and PLA. This result is an important step for
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sustainable development in terms of the use of
biomass, the possibility of plastic recycling, and
waste energy recovery. The interest and usefulness of
this variant should be analyzed further.

It can be concluded that ELECTRE is an
efficient method which can respond directly to the
concerns of policy makers by ranking of criteria and
will remain a valuable instrument for decision
making.
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Abstract

The bismuth oxide (Bi,0s) nanoparticles are easily synthesized from a solution of bismuth nitrate pentahydrate (Bi(NOs);-5H,0)
in ethylene glycol by a hydrolysis solvothermal route at temperatures of 120-150°C. X-ray diffraction, scanning electron
microscopy and UV-visible diffuse reflectance spectroscopy are used to characterize the products. The results show that the
reaction temperature, the reaction duration and the initial solution concentration play important roles in the formation of the
Bi,0; nanoparticles, and all the as-synthesized Bi,O; samples have the cubic phase structure. In addition, studies of the
photocatalytic properties by exposure to visible light irradiation demonstrate that the as-obtained Bi,O; nanoparticles show

potential photocatalytic application.
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1. Introduction

Bi,03 is an advanced functional material with
potential applications such as functional electronic
material, burning rate catalyst, photocatalytic
decomposition material, optical material, medical
composite material and anti-radiative material.
Among various applications, Bi,O; arouses
increasing attentions as a photocatalyst over the last
few years, and bismuth oxide in different forms such
as nanoparticles, nanostructures and thin films have
been developed for studying their photocatalytic
properties (Chen et al., 2011; Duan et al., 2010; Hao
et al., 2014; He et al., 2007a; Iyyapushpam et al.,
2012; Sood et al., 2015; Wu et al., 2007; Xiao et al.,
2013; Zhang et al, 2010). At present, various
methods are introduced for the synthesis of the
nanoscale Bi,O; particles including sol-gel method
(Anilkumar et al., 2005; He et al., 2007a, 2007b; Pan
et al., 2008; Wu et al., 2007), magnetron sputtering

deposition (Sirota et al., 2012), precipitation process
(Iyyapushpam et al., 2012; Jha et al., 2005; Li, 2006;
Wu et al,, 2013; Yang et al., 2014), gel to crystal
conversion route (Patil et al., 2005), chemical-bath
method (Hajra et al., 2014), low-temperature
oxidation method (Xia et al., 2012), oxidative metal
vapor transport deposition technique (Qiu et al,
20006), flame spray pyrolysis (Méadler and Pratsinis,
2002), polyol method (Jungk and Feldmann, 2001),
hydrolysis route (Schlesinger et al., 2013a, 2013b),
microwave-assisted method (Huang et al., 2011),
solvothermal method (Qin et al., 2012) etc.

Although the previous methods have been
proven to be successful in the synthesis of Bi,Os,
they normally requires high temperature heating,
long synthesis period, post treatment and so on. At
the same time, the common chemical synthesis
method based on the polyol medium has been well
developed for the synthesis of bismuth oxide.
However, the previous polyol method required the

* Author to whom all correspondence should be addressed: e-mail: lilongfeng@chnu.edu.cn
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alkali as precipitation reagent during the synthesis
process. Hence, it is expected that a more simple
synthesis method, which is precipitant-free, additive-
free and low costing, is proposed for the synthesis of
Bi,0; nanoparticles.

In the present work, we have developed a
facile hydrolysis solvothermal method to synthesize
Bi,0; nanoparticles, including a rapid self-hydrolysis
of bismuth nitrate pentahydrate in ethylene glycol
and subsequent solvothermal dehydration and
crystallization processes, and no catalysts and
additives are added to the reaction system during the
synthesis process. In addition, the obtained sample is
tested for its performance as a photocatalyst.

2. Experimental section
2.1. Materials and apparatus

All chemicals (bismuth nitrate pentahydrate,
ethylene glycol etc.) used in the study were of
analytical grade quality. A powder diffractometer
(Bruker D8 Advance, Germany) with Cu Ka
radiation (A= 0.15418 nm), the accelerating voltage
of 40 kV and the emission current of 40 mA was
used to determine the crystal phase composition and
the crystallite size of the synthesized samples. A
scanning  electron  microscope (LEO1530VP,
Germany) was employed to observe the shape and
size of the synthesized samples.

The UV-Vis diffuse reflectance spectroscopy
was obtained using a UV-visible spectrophotometer
(TU-1901, Beijing Purkinje General Instrumental
Co., China).

2.2. Synthesis procedure

All chemicals used in the study were
commercial available without further treatment. In a
typical synthesis, a given amount of Bi(NO;);-5H,O
was firstly dissolved in 80ml ethylene glycol under
vigorously stirring, and the resulting solution was
then transferred into a Teflon-lined stainless steel
autoclave with a capacity of 100 mL. Subsequently,
the sealed autoclave was heated at a given
temperature for a certain time, and naturally cooled
to room temperature. Finally, the as-synthesized
products were separated from the solid-liquid
mixture by the high-speed centrifugation, washed
with ethanol for several times, dried in vacuum at
80°C for 2h, and the Bi,O; nanoparticles were
obtained. In the synthesis process, uniform
hydrolysis of Bi(NO3);5H,0 was accomplished to
form an amorphous or nano-grain sized hydrated
oxide precursor via its own crystallization water in
ethylene glycol acting as solvent and esterification
agent, followed by solvothermal dehydration and
crystallization processes. The chemical reactions for
synthesis of Bi,O; can be formulated as Egs. (1-3):

2Bi(NO, ); +(x+3)H,0—24o855 5 BiONQ—> BixO; @ xH,0+6HNO,

(1
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. Dehydrati d Crystallizati .
B1203 .)CH20 ehydration and Crystallization 31203 +)CH20

(2)
HNG, + CH,OH - CH,OH—L<ton s o1 OH - CH,ONG, + H,0
3)

2.3. Photocatalytic activity measurement

The photocatalytic degradation experiments
were carried out in a photochemical reactor using a
500 W Xe lamp with a 420-nm UV cutoff filter, and
the photocatalytic performance of the prepared Bi,O;
was evaluated by the photodegradation of methyl
orange (MO). The reaction temperature was kept at
room temperature by cooling water to prevent any
thermal catalytic effect. The reaction suspension was
prepared by adding 0.25 g of the Bi,O; powder into
100 ml MO aqueous solutions with the concentration
of 20 mg/L. Prior to irradiation, the suspension was
stirred in a dark to establish adsorption—desorption
equilibrium between photocatalyst and MO.

Once the concentration of methyl orange got
stabilized, the reaction mixture was irradiated,
signaling the start of photocatalysis. At given time
intervals, the sample was collected, centrifuged, and
filtered through a 0.2 um millipore filter. Then the
filtrate was analyzed on a spectrophotometer at 464
nm, which is the maximum absorption wavelength of
MO, to determine the concentration of MO.

3. Results and discussion

3.1. Influence of reaction temperature on phase
composition and crystallite size

To determine the crystal phase composition
and crystallite size of the synthesized samples, the
powder X-ray diffraction (XRD) measurements are
carried out at room temperature in the diffraction
angle (260) range from 20° to 80°. Fig. 1 shows the
XRD patterns of samples synthesized with the
bismuth nitrate initial concentration of 0.1 mol/L at
120, 130, 140, 150 °C for 2 h, respectively.

In Fig. 1, the spectra are indexed to the crystal
planes of the cubic phase bismuth oxide (JCPDS
Card No. 27-0052), when the solvothermal
temperature is below 140°C, and there are a
continuous sharpening and intensifying of the
diffraction peaks for Bi,O; with increasing
solvothermal temperature, indicating that the
crystallite size of Bi,O; increases with the reaction
temperature going up. The crystallite size of Bi,0O;
synthesized at different reaction temperatures can be
calculated according to the Scherrer equation.

The results show that the mean sizes of Bi,O;
are 8.3, 13.7 and 26.1 nm at 120, 130 and 140°C,
respectively. In addition, the characteristic diffraction
peaks of Bi (JCPDS Card No. 44-1246) are observed
from Fig. 1 at 150°C. While below 140°C, only the
diffraction peaks of Bi,O; appear in patterns. It
indicates that Bi,O; will be partly reduced to form



Facile synthesis of bismuth oxide nanoparticles by a hydrolysis solvothermal route and their visible light photocatalytic activity

the metal bismuth when the solvothermal

temperature is 150 °C and above.
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Fig. 1. XRD patterns of samples synthesized at different
solvothermal temperatures

3.2. Influence of bismuth nitrate initial concentration
on crystallite size

Fig. 2 shows the XRD patterns of the products
synthesized at 140 °C for 2 h with the different initial
bismuth nitrate concentrations. The average
crystallite sizes of the as-prepared products are
calculated by the Scherrer equation and are ca. 30.7,
26.1, 17.2 and 13.4 nm corresponding to the initial
concentrations of 0.05, 0.1, 0.2 and 0.3 mol/L,
respectively. The results indicate that the initial
bismuth nitrate concentration has significant
influence on the crystallite sizes of products, and the
crystallite sizes of the Bi,O3 decrease gradually with
the increasing of the initial bismuth nitrate
concentrations.

It can be explained that the nucleation rate of
the predecessor Bi(OH); is greater than the its growth
rate under the condition of the higher initial bismuth
nitrate concentrations, and the small predecessor
results in the formation of small Bi,Os.

3.3. Morphology and size distribution of the sample

In order to study the morphology and size
distribution of the synthesized samples, scanning
electron microscopy (SEM) is used.

EHT = 3.00 kv - ns Dats 17 Dec 2012
4mm . = 8549 Tlme |1 18 39

M
MW) Y, M o 02moI/L

0.1mol/L

Nl iy

0.05mol/L

JCPDS Card No. 27-0052 (Bi,0,)
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20 30 40 50 60 70 80

2 Theta (degree)

Fig. 2. XRD patterns of samples synthesized under the
condition of the different initial bismuth nitrate
concentrations

Fig. 3 shows the SEM image of the Bi,0Os
sample synthesized at the solvothermal temperature
of 140 °C for 2 h with the initial bismuth nitrate
concentration of 0.1 mol/L. SEM micrograph reveals
that the obtained sample is the approximate spherical
particles with a little agglomeration, and the particle
sizes of them are in the range of 50—90 nm, which
are larger compared with the results obtained from

XRD analysis. The result declares that the
synthesized product is a polycrystalline state.
3.4. UV-Vis diffuse reflectance spectra

The absorption spectra of commercial

Degussa P25 TiO, and Bi,O; synthesized at the
solvothermal temperature of 140 °C for 2 h with the
initial bismuth nitrate concentration of 0.1 mol/L are
shown in Fig. 4. It can be seen that both the samples have

a strong absorption at the wavelength range from 230 to
400 nm.

In addition, it can be observed from Fig. 4 that
the absorption band of the Bi,O; sample is red-
shifted compare with that of TiO,, which is a well
known largely studied material for photo-
degradation, and the Bi,O; sample has obvious
absorption in the visible region (>400 nm).

Number(%)

40

Particle size (nm)

Fig. 3. SEM image and particle size distribution of the synthesized sample
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The absorption band of the Bi,0; is extended
to a visible region due to its low-energy band-gap of
ca. 2.8 eV, responding to visible irradiation.

Absorbance (a.u.)

T T T T T T T
300 400 500 600
Wavelength (nm)

Fig. 4. UV-Vis diffuse reflection spectra
3.5. Photocatalytic activity

The photocatalytic activity of the Bi,O;
synthesized at the solvothermal temperature of 140
°C for 2 h with the initial bismuth nitrate
concentration of 0.1 mol/L is evaluated through the
photodegradation of MO under the visible light
irradiation. The experimental results are illustrated in
Fig. 5.

100

80
N \
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Fig. 5. Photocatalytic activity of the synthesized Bi,O5

It shows that the synthesized Bi,O; sample
exhibits a high photocatalytic activity for
decomposition of MO under the visible light
irradiation, and the photocatalytic degradation ratio
of MO reaches to 81.3% after irradiation for 2 h. For
the purpose of comparison, both blank experiments
are also carried out.

The result shows that the MO is not
decomposed in the absence of irradiation and has
only less than 5% of degradation for 2 h irradiation
without the Bi,O;. It suggests that the as-synthesized
Bi,0; is an effective photocatalyst for the
degradation of MO under irradiation of visible light.
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4. Conclusions

The Bi,0; has been successfully synthesized
by a simple and cost-effective hydrothermal method.
The hydrothermal reaction temperature and the initial
bismuth nitrate concentrations obviously influence
the phase composition and crystallite size of
synthesized powders, and the crystallite sizes of
Bi,0; nanoparticles are controlled in the range of
13.4 — 30.7 nm with the initial bismuth nitrate
concentrations of 0.05 — 0.3 mol/L at 140 °C for 2 h.

The synthesized Bi,O; shows red shift
compared with TiO,, and exhibits a higher
phototcatalytic activity in degradation of MO under
visible light irradiation.
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Abstract

The degradation and adsorption behavior of dibutyl phthalate (DBP) in methanogenic phase refuse was investigated through
laboratory microcosm experiments. The results showed that the half-life of DBP in the sterilized refuse was 5.9 times higher than
in unsterilized samples, but that it decreased by 35.8% when dominant bacterial strains were added. Different concentrations of
DBP did not have obvious effects on its degradation. The half-lives of DBP were decreased by 53.0%, 37.2% and 20.8% when
the refuse moisture increased from 20%, 40% and 60% to 80%, respectively. The pH of refuse was an important factor
influencing DBP biodegradation, with the optimal pH being around 7.0. The optimal temperature for DBP degradation in refuse
was around 30°C. In addition, the Freundlich model fits the adsorption and desorption isotherm of DBP for refuse with » values
that suggest nonlinear adsorption characteristics. The free energy change AG value (—23.5 kJ mol ') indicates that the adsorption
of DBP on refuse was a physical reaction. Desorption hysteresis was observed in the DBP desorption experiments. Overall, the
results indicate that DBP may accumulate in refuse, and that its transformation and bio-availability may be limited under landfill
conditions.

Key words: adsorption, degradation, dibutyl phthalate, refuse
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1. Introduction

Dibutyl phthalate (DBP) belongs to the family
of phthalic acid esters (PAEs), which are widely used
as plasticizers (Blount et al., 2000). DBP is suspected
to cause cancer and interfere with the reproductive
systems and development of humans and animals
(Mo et al., 2008; Wu et al., 2011). The United States
Environmental Protection Agency, European Union,
and China National Environmental Monitoring
Center have classified DBP as a top priority pollutant
(Lu et al., 2009; Wu et al.,, 2011). DBP can be
released from plastic products and leach into the
environment during their use or after disposal (Amir
et al., 2005). As a result, DBP has been detected in
surface water, sediments, municipal wastewater,

sludge and soil (Cai et al., 2007; Chang et al., 2007,
Liu et al., 2010; Wang et al., 2008; Xu et al., 2008).

Biodegradation plays an important role in the
decomposition of DBP because of its low rate of
hydrolysis and photolysis (Xu et al., 2005); therefore,
many research regarding the biodegradation of DBP
has been conducted (Chi and Cai, 2012; Wang et al.,
2004; Xu et al., 2007; Yuan et al., 2010). In addition,
several DBP-degrading bacterial strains have been
isolated from different environments, including
activated  sludge, mangrove sediments and
wastewater (Li et al., 2005; Lu et al., 2009; Roslev et
al., 2007; Wang et al., 2012; Xu et al., 2005, 2007;
Yuan et al., 2010).

Most materials containing DBP are disposed
of in landfills with other municipal solid waste

* Author to whom all correspondence should be addressed: e-mail: fangchengr@163.com; Phone: +86-571-85070518; Fax: +86-571-85070518
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(MSW); accordingly, these facilities are an important
DBP pollution source and a sink in the natural
environment. Degradation of DBP in landfills is

difficult owing to the complex anaerobic
environment. Ejlertsson et al. (2003) and
Mersiowsky et al. (2001) confirmed that

biodegradation plays an important role in the fate of
DBP under landfill conditions. Additionally, Jonsson
et al. (2003) investigated the degradation of DBP to
monobutyl phthalate and phthalic acid under
methanogenic conditions in a landfill. In our previous
research, the behavior of DBP in simulated landfill
bioreactors was evaluated and its concentration was
found to decrease greatly during decomposition of
waste in bioreactors, with major loss of DBP from
landfills with active methanogenic environments
being observed (Fang et al., 2009a, 2009b).
Furthermore, some bacterial strains capable of using
DBP as their sole source of carbon and energy were
isolated from MSW (Fang et al., 2010). However, the
mechanism of dynamic degradation of DBP in the
refuse has yet to be identified.

It is well known that there are methanogens in
refuse when a landfill enters the methanogenic phase;
however, these organisms cannot degrade
complicated organic materials such as DBP.
Nevertheless, previous studies confirmed that the loss
of DBP from landfills was much higher in active
methanogenic environments than acidic
environments (Ejlertsson et al., 2003; Fang et al.,
2009b; Jonsson et al., 2003; Mersiowsky et al.,
2001). Despite this, no studies have investigated the
reason for this phenomenon, and the factors
influencing DBP degradation in refuse are still
unclear. In addition, adsorption is a fundamental
process controlling the transformation and biological
activity of hydrophobic organic contaminants in the
environment (Chefetz and Xing, 2009; Wen et al.,
2007). However, few studies have been conducted to
investigate the adsorption behavior of DBP and its
effects on DBP transformation and fate in landfills.

This study was conducted to measure the
dynamic degradation and adsorption behavior of
DBP in methanogenic phase refuse through
laboratory microcosm experiments. To accomplish
this, the influences of microorganisms, DBP initial
concentration, moisture, pH of refuse and
temperature on DBP degradation in the refuse were
investigated. Moreover, the adsorption characteristics
of DBP in methanogenic refuse were analyzed with
consideration of the adsorption isotherm and
desorption hysteresis. The overall goal of this study

was to further reveal the mechanism of DBP
biodegradation in the refuse and provide a basis for
accelerated removal of DBP under landfill
conditions.

2. Materials and methods
2.1. Chemicals and instruments

HPLC-grade hexane and isopropanol, as well
as reagent grade dibutyl phthalate (>99%) and all
other reagents were obtained from Tianjin Siyou Co.
(Tianjin, China). Purified water from a Milli-Q
system was used in all experiments.

The following equipment was used in this
study: a liquid chromatograph (Agilent 1100, USA),
rotatory evaporator (BUCHI R200), biochemical
incubator (LRH-250), oven oscillator (HZ-9211K)
and ultrapure water equipment (Millipore Milli-Q,
USA), etc.

2.2. Tested refuse

The refuse for the test was collected from a
leachate recirculation landfill bioreactor located in
our lab on day 120 after the refuse was loaded. The
landfill bioreactor was constructed of brick and
concrete and had an effective size of 0.55 mx0.55
mx2.0 m (LxWxH). The system was comprised of a
methanogenic reactor that received leachate from the
landfill. The leachate was subjected to
methanogenesis in the methanogenic reactor, after
which it was recycled into the landfill. Leachate was
continuously circulated between the landfill and the
methanogenic reactor for 8 h daily using pumps with
adjusted flow rates that varied with leachate volume
during waste decomposition.

The recycling ratio of leachate was 100%. To
avoid the effects of DBP in the refuse itself, the
components of the plastics and rubber were removed
from the MSW. The initial physical composition of
the refuse (by weight) was as follows: kitchen waste
70.0£1.2%; paper 11.7£0.5%; sand and soil
8.1+£0.1%; cellulose textile 1.5£0.2%; glass
7.3+0.5%; metal 0.7£0.1%; and wood 0.7+0.1%.
Analysis of the refuse indicated that the simulated
landfill had completed the acidic phase and entered
the methanogenic phase, and refuse samples
collected on day 120 are defined as samples from the
methanogenic phase. The physicochemical and
biochemical properties of the refuse are shown in
Table 1.

Table 1. Physicochemical and biochemical properties of refuse used in this study

Diameter | Moisture | pH | VSS | BDM CEC su;?’;eccelﬁiea Population of microorganisms | Redox enzyme activities
(cm) (%) (%) | (%) | (emolKg” | "T05 ) Ml M2 M3 El | E2 | E3
< 62.3 7.03 147 | 134 79.4 4.58 7.59 6.72 5.50 434.5 14.2 4.9

~ +0.3 +0.02 | £0.3 | +0.6 +1.7 +0.78 +0.07 +0.10 +0.09 +48.6 | £1.6 | 1.2

VSS: volatile suspended solids; BDM: biodegradable materials; CEC: cation exchange capacity; M1: bacteria (Ig CFU g'); M2: fungi (g
CFU g™!); M3: actinomycetes (Ig CFU g™'); CFU: colony forming units; E1: dehydrogenase (mg TF g~ dw, 12 h); E2: hydrogen peroxidase
(mL KMnO, g " dw, 1 h); E3: polyphenol oxidase (mg purple gall pigment g dw, 2 h)
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2.3. Tested bacterial strain

The bacteria strain Enterobacter sp. T5 used
in this study was previously isolated from MSW
obtained from a simulated landfill bioreactor and
found to have the ability to use DBP as its sole
source of carbon and energy.

The optimal pH and temperature for its
biodegradation activities were 7.0 and 35°C, and the
degradation half-life was about 20.9 h when the
concentration of DBP was < 1000 mg L' in
inorganic salt culture (Fang et al., 2010). When the
cultures reached the logarithmic growth phase,
samples were centrifuged at 150 rpm and 30°C. The
bacteria were then washed three times with buffer
solution Na,HPO,-NaH,PO, (pH 7.0, 0.02 mol L"),
after which a bacterial suspension with a weight ratio
of 1g bacteria: 3 g buffer solution was prepared
(Fang et al., 2010).

2.4. Effects of microorganisms on DBP degradation
in refuse

Three types of refuse were prepared, sterilized
refuse (a), unsterilized refuse (b) and inoculated
refuse (c¢). For sample (a), the refuse was
intermittently sterilized for 30 minutes at 121°C and
1.1 kg-em”. For sample (c), the refuse was
inoculated with 10 CFU g (Enterobacter sp. T5).
Each refuse sample was prepared in triplicate. DBP
was dissolved in acetone and added to the tested
refuse samples to give a concentration of 20 pg g
(0.05% acetone addition), after which the samples
were mixed thoroughly and the acetone was allowed
to evaporate. Aliquots of refuse (40 g) were then
transferred into serum bottles, tightly sealed and
incubated under stationary conditions at 25°C in the
dark to avoid photolysation.

To avoid experimental errors caused by non-
uniform sampling, all refuse of each sample was
withdrawn from the serum bottle on day 0, 1, 3, 7,
14, 21, 28, 35 and 50 and analyzed for residual DBP.
Removal of DBP was assessed by measuring
disappearance of the parent chemical by HPLC.

2.5. Effects of different concentrations of DBP on its
degradation

DBP was added to the tested refuse samples to
give concentrations of 5, 10, 20 and 30 pg g .
Aliquots of refuse were transferred into serum bottles
and incubated under stationary conditions at 25°C in
the dark. Each refuse sample was prepared in
triplicate and sampled for DBP as described in 2.4.

2.6. Effects of refuse moisture on DBP degradation

The refuse was air dried first, after which the
moisture contents of the refuse were adjusted to 20%,
40%, 60% and 80% with sterile water. DBP was
added to the tested refuse samples to give a

concentration of 20 pg g'. Aliquots of refuse were
transferred into serum bottles and incubated under
stationary conditions at 25°C in the dark. Each refuse
sample was prepared in triplicate and sampled for
DBP as described in 2.4.

2.7. Effects of refuse pH on DBP degradation

DBP was added to the tested refuse samples to
give a concentration of 20 pg g, after which the pH
was adjusted to 5.0, 6.0, 7.0, and 8.0, respectively.
Aliquots of refuse were then transferred into serum
bottles and incubated under stationary conditions at
25°C in the dark. Each refuse sample was prepared in
triplicate and sampled for DBP as described in 2.4.

2.8. Effects of the temperature on DBP degradation

DBP was added to the tested refuse samples to
give a concentration of 20 pg g ', after which
aliquots of refuse were transferred into serum bottles
and incubated under stationary conditions at 15°C,
25°C, 35°C, 45°C and 55°C in the dark. Each refuse
sample was prepared in triplicate and sampled for
DBP as described in 2.4.

2.9. Adsorption experiment

Adsorption experiments were performed using
the batch equilibrium approach. Briefly, DBP
solutions of 40.0-400.0 pg L™ (150 mL amended
with 0.02% sodium azide to inhibit bacterial growth
with pH 7.0) and 0.5 g refuse were placed into a
series of 250 mL conical flasks. After initial mixing,
flasks were shaken at 200 rpm and 25°C for 24 h
(based on the results of a preliminary experiment),
then centrifuged at 10,000 rpm for 10 min. Once
equilibrium had been reached, the supernatant was
used for DBP analysis.

The difference in initial DBP and equilibrium
concentration in the liquid phase was the adsorption
capacity of the refuse. For the desorption
experiments, the supernatant from the adsorption
experiments was removed and 150 mL of
background solution (0.02% sodium azide in
sterilized distilled water) was added to the solid
phase, after which the samples were shaken for 24 h,
at which time the DBP concentrations in the liquor
phase were measured. This test was performed in
triplicate. In  addition, background samples
containing refuse and no DBP and controls
containing sample but no refuse were run under the
same conditions and the results were considered in
the final calculations.

2.10. Analytical methods
Extraction of DBP from the refuse and liquid
phase and the subsequent HPLC analysis were

conducted as described by Fang et al. (2009b), with
minor modification. Briefly, the pH value of sample
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of refuse or liquid phase was adjusted to 7-8 with IN
NaOH or IN HCI if necessary, after which the
samples were extracted three times with hexane (2:1,
v/v). The hexane extracts were then passed through a
small glass hopper containing Na,SO, to eliminate
contaminating water. Next, the extracts were
concentrated to 1.0 mL prior to analysis by HPLC.
This procedure was performed in triplicate for each
sample. The samples were then injected onto an AE
LICHROM column (CN-5 pum) using a mixture of
hexane and isopropanol (99:1, v/v) applied at a flow
rate of 1.5 mL min~' as the mobile phase, and DBP
was detected using a UV detector at a wavelength of
272 nm. The recovery rates of DBP from refuse and
the liquid phase were 82.5%-99.1% and 84.2-98.7%,
respectively. The detection limits were 0.1 pg g ' and
0.1 pg I'" for DBP in the refuse and liquid phase,
respectively.

3. Results and discussion

3.1. Effects of microorganisms on DBP degradation
in refuse

Fig. 1 shows the degradation characteristics of DBP
in the sterilized, unsterilized and inoculated refuse
from the methanogenic phase. The degradation rate
of DBP was significantly higher in the unsterilized
refuse than the sterilized refuse (p<0.05). The
degradation rate of DBP in the refuse from the
methanogenic phase increased after addition of the
dominant bacterial strain, Enterobacter sp. TS. The
degradation rate of DBP was significantly higher in
the inoculated refuse than the unsterilized refuse
(p<0.05). On day 50, the removal rate of DBP was
12.3%, 54.7% and 70.1% in the sterilized,
unsterilized and inoculated refuse, respectively. DBP
biodegradation in the refuse was fit to the first-order
kinetic equation (1), where: C is the DBP
concentration; K is the first-order kinetic constant; ¢
is the time; A4 is the constant.

InC=-Kt+ A4 (D

The kinetic equations are shown in Table 2.
The half-life of DBP in the sterilized refuse was 5.9
times higher than that of unsterilized samples. In
addition, the half-life of DBP was decreased by
35.8% when the dominant bacterial strains were
added. These findings suggest that the effects of
hydrolyzation and other chemical degradation on
DBP were much lower than biodegradation, again
demonstrating that biodegradation plays an important

role in DBP decomposition in landfill refuse
(Ejlertsson et al., 2003; Mersiowsky et al., 2001).
The residual DBP in the refuse was determined based
on the metabolic activities of the microbes in the
refuse. In previous studies, more loss of DBP from a
landfill was observed in active methanogenic
environments than in acidic environments (Ejlertsson
et al., 2003; Fang et al., 2009b; Jonsson et al., 2003;
Mersiowsky et al., 2001), indicating that a
methanogenic environment is beneficial to the
growth of DBP dominant bacteria.

—=— Sterilized
—0o— Unsterilized!
—4A— inoculated

DBP concentration (ugg")

0 10 20 30 40 50
Time (day)

Fig. 1. Effects of microorganisms on degradation of DBP
in refuse

3.2. Effects of concentrations of DBP, moisture, pH
of refuse and temperature

Variations in the concentration of DBP in the
refuse with different initial concentrations, moistures,
pH and temperatures are shown in Fig. 2. Plots of the
decline of DBP in the refuse all followed the first-
order kinetic model (Table 3). The removal rate of
DBP was 58.0%, 57.9%, 54.7% and 55.8% in the
refuse when the DBP initial concentrations were 5,
10, 20 and 30 pg g ', respectively. In addition, the
half-life periods of DBP in the refuse did not differ
significantly among groups, with values of 42.3 d,
425 d, 433 d and 44.1 d being observed,
respectively. The acute toxicity of DBP was not
serious (Piersma et al., 2000), and the DBP
concentration was relatively low; therefore, the
inhibitory effects of DBP on microorganisms in the
refuse were weak. Overall, these findings clearly
demonstrate that different concentrations of DBP had
no effects on its degradation (p<0.05).

The removal rate of DBP was influenced by
the refuse moisture. The removal rate of DBP was
highest in refuse with 80% moisture, while it was
lowest in refuse with 20% moisture (Fig. 2b).

Table 2. Degradation kinetic parameters of DBP in sterilized, unsterilized and inoculated refuse

Refuse Kinetic equations Kd ! ) R t1(d)
Sterilized In C=-0.0027£+2.96 0.0027a* 0.9218 256.7
Unsterilized In C=-0.0160£+2.95 0.0160b 0.9946 43.3
Inoculated In C=-0.0249¢+2.92 0.0249¢ 0.9878 27.8

*Parameters followed by different letters (a, b, ¢) in the same column differ significantly at p<0.05.
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Fig. 2. Effects of DBP concentration, moisture, pH and temperature on degradation of DBP in refuse
(a) DBP concentration; (b) Moisture; (¢) pH; (d) Temperature

Table 3. Degradation kinetic parameters of DBP in refuse at different DBP concentrations, moistures, pH and temperatures

DBP concentration (ug/g) Kinetic equations K () R’ t1(d)
5 In C=-0.01641+1.48 0.0164a 0.9372 42.3
10 In C=-0.0163#+2.18 0.0163a 0.9820 42.5
20 In C=-0.0160#+2.95 0.0160a 0.9946 43.3
30 In C=-0.0157£+3.26 0.0157a 0.9666 44.1
Refuse moisture (%) Kinetic equations K ) R’ t1(d)
20 In C=-0.0095¢+2.96 0.0095a 0.9974 73.0
40 In C=-0.0127++2.96 0.0127b 0.9971 54.6
60 In C=-0.0160#+2.95 0.0160c 0.9946 43.3
80 In C=-0.0202¢+2.93 0.0202d 0.9931 343
Refuse pH Kinetic equations K@) R’ t1(d)
5.0 In C=-0.0098¢+2.99 0.0098a 0.9666 70.7
6.0 In C=-0.0132¢+2.99 0.0132b 0.9776 52.5
7.0 In C=-0.0160#+2.95 0.0160c 0.9946 433
8.0 In C=-0.0138¢+2.97 0.0138b 0.9931 50.2
Temperature (°C) Kinetic equations K@) R’ t1(d)
15 In C=-0.0133#+2.96 0.0133a 0.9971 52.1
25 In C=-0.0160¢+2.95 0.0160b 0.9946 433
35 In C=-0.0178++2.87 0.0178¢ 0.9724 38.9
45 In C=-0.0179++2.84 0.0179¢ 0.9610 38.7
55 In C=-0.0163++2.90 0.0163b 0.9812 42.5
*Parameters followed by different letters (a, b, ¢, d) in the same condition differ significantly at p<0.05
The half-lives of DBP were decreased by 2001), which will ultimately influence DBP
53.0%, 37.2% and 20.8% when the refuse moisture degradation.

increased from 20%, 40% and 60% to 80%,
respectively. These results indicate that appropriate
refuse moisture was beneficial to the growth and
reproduction of microorganisms. In addition,
moisture can change the porosity, oxidation-
reduction potential of refuse and adsorption effect
between the DBP and the refuse (Ingerslev et al.,

Leachate recirculation landfill bioreactors are
superior to conventional landfills and provide an
advantage for the transformation of organic materials
(Calli et al., 2006; He et al., 2007) owing to their
effects on microbial populations, as well as the
increased refuse moisture in response to circulation
of the leachate.
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The removal rate of DBP was 39.6%, 49.2%,
54.7% and 50.1% when the refuse pH was 5.0, 6.0,
7.0 and 8.0, respectively. The shortest degradation
half-life of DBP was achieved (43.3d) at pH 7.0
(Table 3). The removal rate of DBP decreased
significantly when the pH was <7.0 (p<0.05).
Specifically, the half-life of DBP was increased by
63.3% when the refuse pH decreased from 7.0 to 5.0.
This may have been because of the low pH of refuse,
which influenced bacterial growth (Fan et al., 2004;
Fang et al., 2010). Therefore, the pH of refuse may
be an important factor influencing DBP
biodegradation. Within the specific limits of the
present study, a neutral pH was beneficial for DBP
degradation, confirming that the loss of DBP from
the landfill would be much higher in an active
methanogenic  environment than an  acidic
environment (Ejlertsson et al., 2003; Fang et al.,
2009b; Jonsson et al., 2003; Mersiowsky et al.,
2001).

The degradation rate constants for DBP loss
from the refuse at 15°C, 25°C and 35°C were 0.0133,
0.0160 and 0.0178 d ', respectively. Accordingly, the
half-lives of DBP were 52.1 d, 43.3 d and 38.9 d,
respectively (Table 3). Although there was no
significant difference in the degradation rates of DBP
when the temperature increased from 35°C to 45°C
(p<0.05), the rate decreased significantly when the
temperature increased to 55°C (p<0.05). The removal
rate of DBP was 59.4%, 60.4% and 55.7% in refuse
at 35°C, 45°C and 55°C, respectively. Temperatures
between 25°C and 35°C are most suitable for
microbial growth (Kurola et al., 2007), and the
degradation rate of DBP increased obviously when
the temperature increased from 15°C to 35°C
(p<0.05). Overall, these findings suggested that the
optimal temperature for DBP degradation in refuse
was around 30°C considering degradation and the
energy cost.

3.3. Adsorption behavior of DBP by refuse

DBP is a hydrophobic organic compound
with an octanol-water partition coefficient 1gK,, of
4.45 (Cui et al., 2010). Many studies have shown that
nonlinear adsorption exists in hydrophobic organic
matter (Liu et al., 2011; Pan et al., 2006; Xing and
Pingnatello, 1997); therefore, the Freundlich model
was used to describe quantitative DBP adsorption
and desorption in refuse according to Eq. (2), where:
Q. is the equilibrium adsorption capacity of DBP on
refuse (ug kg™'); ¢. is the equilibrium concentration
of DBP in the liquid phase (ug L™"); K; is the
Freundlich adsorption coefficient ([ug kg 'J/[ug
L’l]”) in the desorption formula, instead of Ky 4es; 7 15
the nonlinear exponent, expressed as 7,4 and 7y, in
the adsorption and desorption models, respectively.
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Fig. 3. Results of Freundlich model fits to adsorption and
desorption isotherms of DBP on refuse

Table 4. Parameters of Freundlich model of adsorption,
free energy change, and desorption isotherms of DBP

. "2 Nads Kf
Adsorption 0.9861 0.772 1.76x10°
Free ener % L =
8 [1.76x10° | 1.31x107 | -23.5 (kJ
change mol ™)
2 Ed
. 14 Ndes dees H
Desorption 09811 0.720 9.17x10° | 0.933

H: hysteresis exponent

As shown in Fig. 3, the Freundlich model fits
the adsorption isotherm of DBP on refuse. The fitting
parameters of the Freundlich model to the adsorption
isotherm of DBP are listed in Table 4. The n, of
DBP adsorption on refuse in the Freundlich model
was significantly less than 1, indicating that the
adsorption isotherm of DBP has nonlinear
characteristics. As refuse contains different organic
components with various structures and properties
and the adsorption point of organics is not uniform,
several mechanisms may exist during adsorption. The
nonlinear characteristic adsorption isotherm of DBP
was attributed to the organic matter heterogeneity,
which has been confirmed as the most important
factor in nonlinear adsorption (Jiang et al., 2012).

The maximum removal efficiency of DBP by
refuse was a little lower than that reported in most
previous studies (Table 5). This difference may have
occurred due to differences in the adsorbent type and
condition of the experimental operation in each
study.

To investigate the adsorption mechanism of
DBP by the refuse, the free energy change AG for
adsorption was calculated using Eqgs. (3-4) (Ozgul,
2015):

AG=-RTIhK, 3)

Ko =K/ fo. x100 “)




Degradation and adsorption behavior of dibutyl phthalate in methanogenic phase refuse

Table 5. Comparison of adsorption behavior of DBP in literature

Constituents
Wastewater Adsorbent Initial DBP Reaction Operating | Sample | Contact N:ZZZ:Z;" References
type (dosage) concentration PH temperature | volume time efficiency
Seawater Montmorillonite | 3930 pgL " 8.1 30°C 10 mL 12h 11% Sullivan et
(687 mg) al. (1982)
Seawater Sediment 3~12mgL ! 7.5 25°C 100mL | 4h 71% Xu et al.
(0.05 g) (2008)
Purified Sediment 150~500 mgL ™" | 7.0 30°C 20 mL 24 h 98% Guo et al.
water (1.0g) (2009)
Purified Soil 400~6000 7.0 20°C 50 mL 10h 77% Lietal.
water 2g pgl™! (2006)
Purified Refuse 40~400 pgL™! 7.0 25°C 150mL | 24h 66% This study
water (0.5 )

where: T is the solution temperature (K); R is the gas
constant (8.314x107° kJ mol 'K™"); K, is the carbon
normalized partition coefficient; K; is the Freundlich
adsorption coefficient ([ug kg '1/[ug 1'1"); foc is the
organic carbon fraction of the refuse (%).

As shown in Table 4, the negative value of
AG indicates that the adsorption of DBP on refuse is
spontaneous. In addition, the AG value was less than
40 kJ mol ™', indicating that the adsorption of DBP on
refuse was a physical reaction (McCall et al., 1980).

3.4. Desorption hysteresis

The adsorption of organic matter often
exhibits hysteresis because of its irreversible
adsorption on the adsorbent. Several indicators are
used for the characterization of adsorption hysteresis
(Jiang et al., 2012). The hysteresis exponent (H),
which was used in this study, was determined using
Eq. (5), where: n,4s and ny are the fitting parameters
of the Freundlich model for the adsorption and
desorption isotherms, respectively.

H= M ges /nads (5)

The fitting parameters of the Freundlich
model to the desorption isotherm of DBP and the
hysteresis exponent are listed in Table 4. The
Freundlich model can be used to fit the desorption
isotherm of DBP on refuse. The Kj4es value of DBP
from the desorption isotherm was higher than the K
from the adsorption isotherm, while the nonlinear
exponent n4s from the desorption process was lower
than the n, from the adsorption process. The
hysteresis exponent H of DBP was less than 1,
indicating that desorption hysteresis exists in the
desorption process.

The desorption hysteresis of the DBP may be
attributed to the properties of the refuse. Organic
matter content, specific surface area, adsorption
points for DBP and bonding strength are key factors
contributing to desorption hysteresis in refuse. Pore
deformation is also believed to contribute to
irreversible desorption (Li et al, 2013). In the
desorption process, pore deformation of the refuse

formed part of a confined space to fix DBP into
deeper pores. This irreversible process prevents the
adsorbate from being desorbed completely, causing
desorption hysteresis. As a result, large amounts of
DBP can be adsorbed for long periods of time by the
refuse because of the desorption hysteresis.
Therefore, the transformation and bio-availability of
this hydrophobic organic compound may be limited
in landfill conditions, resulting in accumulation of
DBP.

4. Conclusions

Biodegradation plays an important role in
DBP decomposition in refuse. The removal of DBP
was greatly enhanced in response to the addition of
bacterial strains; however, its degradation did not
appear to be influenced by its initial concentrations.
The half-lives of DBP decreased when the refuse
moisture increased.

The optimal pH and temperature for DBP
degradation in the refuse were 7.0 and 30°C. The
Freundlich model fits the adsorption and desorption
isotherm of DBP, and desorption hysteresis occurred
in the DBP desorption experiments. Taken together,
the results of this study indicate that DBP may be a
potential environmental risk in landfills.
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