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ABSTRACT

This work investigates the optimization of simultaneous adsorption of Cr(VI) and phenol using
Dowex 1X8 ion exchange resin. The morphology of adsorbent was examined under scanning elec-
tron microscope and Fourier transform infrared spectroscopy spectrum. Central composite design
(CCD) was chosen to examine the effects of pH, adsorbent dose, initial concentrations of Cr(VI)
and phenol in the adsorption process. The maximum Cr(VI) adsorption capacity (41.291 mg/g) and
the maximum phenol adsorption capacity (5.69 mg/g) were obtained at initial pH (9.6), resin dose
(0.621 g), initial Cr(VI) concentration (290 mg/L) and initial phenol concentration (145 mg/g). The
CCD data were employed to develop the artificial neural network (ANN). The determination coef-
ficients suggest the reliability of the developed ANN models. The statistical results reveal that CCD
has the best performance for prediction compared with ANN. The influence of ionic strength on
adsorption process was investigated separately. The increase of ionic strength was slightly decreased
the adsorption efficiency of Cr(VI) and facilitates the adsorption of phenol on the surface of adsor-
bent. The experiments demonstrated that Dowex 1X8 resin had a good potential in the efficient
removal of Cr(VI) and phenol from real wastewaters collected from tannery factory. Kinetic models
were adjusted to experimental data, and the pseudo-second-order model presented the best fit-
ting. Thermodynamic study depicted that adsorption of Cr(VI) and phenol onto Dowex 1X8 was

spontaneous and endothermic.
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1. Introduction

Heavy metal and organic compounds often coexist in
various aqueous ecosystems. They may be toxic and harmful
for human health and environment even at low concen-
trations. Among these pollutants, chromium and phenol
are frequently encountered together in wastewaters such
as electroplating, leather tanning, textile, paints and pig-
ments [1]. Chromium exists mostly in two oxidation states
Cr(IlT) and Cr(VI). Cr(VI) is 500 times more harmful than
the trivalent form [2]. Cr(VI) is most mutagenic and car-
cinogenic to the living organism and is usually present in the
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form of chromate CrO; or dichromate Cr,02" [3-5]. On the
other hand, phenol has been reported to be a toxic aromatic
organic compound and weak biodegradable pollutant.
Exposure of phenol can lead to skin and eyes injuries, head-
ache, vomiting, gastrointestinal disorders, central nervous
system depression, lung, kidney, liver and heart damage ulti-
mately leading to death [6]. The permissible limit of Cr(VI)
and phenol in industrial discharge has been set as 0.05 and
1 mg/L, respectively [7-10]. In order to comply with these
limits, it is essential to find an effective technique to treat
these pollutants especially for their simultaneous removal.
Adsorption is one of the most attractive approaches for the
removal of heavy metals and phenolic compounds due to its
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high efficiency, simple and safe treating processes, versatil-
ity for different water systems and low cost [11]. Literature
reveals that ion exchange resin is a good technique, partic-
ularly in water purification, the concentration and removal
of metal ions at very low concentrations in chemical process
industries [12]. The main advantages of ion exchange resin
over other adsorbent are the high chemical and mechanical
stability, high selectivity, less sludge volume produced and
the ability to meet strict discharge specifications. In this
work, Dowex 1X8 anion exchange resin was used to study
the simultaneous adsorption of Cr(VI) and phenol from
aqueous solution.

There are many ways and procedures to optimize the
adsorption process. Traditional single variation method is
not a confident method to find the optimum conditions.
Nowadays, response surface methodology (RSM) and arti-
ficial neural network (ANN) have been widely employed
in modeling and optimization processes in environmen-
tal studies. RSM is an empirical statistical technique that
contributes to the processes of development, improve-
ment and optimization and can simultaneously determine
the optimum of several variables with the minimum data
by offering appropriate experimental design [13,14]. On
the other hand, ANN is inspired from the functioning of
biological nervous systems, and proved to be a powerful
technique for complex and nonlinear problems with strong
ability to learn and predict [15]. Numerous applications of
ANN were successfully conducted to solve environmen-
tal problems since it is reliable and robust in capturing
the non-linear relationships existing between variables
(multi-input/output) in complex systems [16]. It is a good
alternative to conventional empirical modeling based on
polynomial and linear regressions [17].

To the best of our knowledge, there are few studies
relating to the adsorption of Cr(VI) and phenol simultane-
ously. Thus, the present study was devoted to optimize the
simultaneous adsorption of Cr(VI) and phenol from aqueous
solution using a selective ion exchange resin, Dowex 1X8.
At first, the resin was characterized by Fourier transform
infrared spectroscopy (FTIR) and scanning electron micro-
scope (SEM). Then, central composite design (CCD) was
chosen for the response surface design to examine the effects
of initial pH, resin dose, initial concentrations of Cr(VI) and
phenol in adsorption process. ANN was developed with the
same experimental data of CCD. Subsequently, the results
predicted by the RSM and ANN techniques were com-
pared for their predictive capabilities. The applicability of
adsorption process for the treatment of wastewater polluted
by Cr(VI) and phenol was investigated. Finally, kinetics of
adsorption of dyes thermodynamic study was evaluated.

2. Materials
2.1. Adsorbent and chemicals

The ion exchange resin Dowex 1X8 (100-200 mesh)
from Sigma-Aldrich (St. Louis, MO, USA) was used in
this work as the adsorbent for the adsorption behavior of
Cr(VI) and phenol in aqueous solution. It is a strong anionic
exchanger with quaternary ammonium functional group
and with chloride as the counter ion, which gives it the abil-
ity to exchange with other anions. The fresh resin was first

washed several times to remove impurities. Then, this resin
was dried at 40°C for future use.

All chemical reagents used in the experiments were of
high purity analytical grade and purchased from Sigma-
Aldrich. The pH values were adjusted with HCI (0.1 mol/L)
for acidic level and NaOH (0.1 mol/L) for basic level.

2.2. Simultaneous adsorption studies

Batch adsorption experiments of binary system of
phenol-Cr(VI) were performed in 200 mL Erlenmeyer with
working volume of 100 mL. The effect of contact time on the
simultaneous adsorption of Cr(VI) and phenol was inves-
tigated by conducting similar experiments as follows: two
solutions of 100 mL containing different concentrations
of Cr(VI) and phenol were thoroughly mixed with 0.5 g of
adsorbent at contact time of 2-180 min until the achievement
of equilibrium.

Then, the effects of operational parameters affecting
simultaneous adsorption of Cr(VI) and phenol were studied.
The pH varied from 2 to 10, adsorbent dose ranging from 0.5
to 1.5 g, initial Cr(VI) concentration (100-300 mg/L) and ini-
tial phenol concentration (50-150 mg/L). Stirring speed was
fixed at 120 rpm and temperature was maintained at 298 K
in thermostatic bath. The solution was separated from the
adsorbent by filtration. The concentration analyses of Cr(VI)
and phenol were carried out using UV-Visible spectropho-
tometer (Tomos V 1100). For Cr(VI), the concentration was
determined by reaction with 1,5-diphenylcarbazide as the
complexing agent at the wavelength of 540 nm. The con-
centration of phenol was examined by 4-amino-antipyrine
method at 510 nm. The equilibrium adsorption capacities g,
(mg/g) were calculated as follows:

qt,:CO_C”xV (1)
m

where C, and C, are the initial and equilibrium concentrations
(mg/L) respectively, m is the adsorbent mass (g) and V is the
volume of solution (L).

2.3. Experimental design strategy

RSM is an experimental technique invented to find the
optimal response within the specified ranges of the factors
[18]. RSM proposes various classes such as CCD, Box-
Behnken design and three-level factorial design. In this
study, CCD was chosen to study the individual and inter-
action effect of the simultaneous adsorption of Cr(VI) and
phenol by using Dowex 1X8 as an adsorbent. The CCD is one
of the most common designs used to fit quadratic models
between the dependent and the independent variables and
was first introduced by Box and Wilson [19]. Generally, CCD
consists of 2n factorial runs, where 7 is the number of factors,
2n axial runs and 7n_ center runs [20]. The number of runs
N is given by:

N=2"+2n+n, )

The center points are used to determine the experimental
error and the reproducibility of the data [21]. A five level of
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CCD with four factors (initial pH, resin dose, initial Cr(VI)
concentration and initial phenol concentration) was used to
investigate the effects of parameters by STATISTICA 8.0 soft-
ware and execute the statistical optimization through RSM.
The experimental factors and their levels are presented in
Table 1.

The adsorption capacities of Cr(VI) and phenol (g,)
were chosen as the responses () of the experiments. The
mathematical relationship between the independent vari-
ables and the response was expressed by the following
quadratic equation [22]:

y=B,+ iB’Xi + Z”:Zn:BjX,.X]. + iﬁﬁXf 3)

i=1 j=1

where y is the predicted response, X; and X; are the inde-
pendent factors (i and j range from 1 to n). The parameter {3,
is the model constant, B, 3, and 3, are the linear, quadratic
and second order term coefficients, respectively, and # is the
number of independent factors (1 = 4 in this study).

The validity, significance and adequacy of the above
polynomial equation are estimated by the analysis of vari-
ance (ANOVA), particularly by the value of determination
coefficient (R?), Fisher variation ratio (F value) and proba-
bility (p-value). After the generation of polynomial model
(Eq. (3)), the desirability function (DF) was established to
optimize the simultaneous adsorption process. The main
advantages of DF are its ability to obtain qualitative and
quantitative responses by simple and quick transforma-
tion of different responses for one measurement [23]. The
experimental responses were converted to DF values, it is
in the range of 0 — 1. The 1 indicates the maximum desir-
ability and 0 marks the minimum desirability. Based on the
Derringer and Suich [24], the DF equation can be expressed
as follows:

Dﬁz(uf_aj, a<U<p

P @
DF =1, usp

DF, =0, U<a

a and {3 are the lowest and highest obtained values for the
response U, (i=1, 2, 3..., n) respectively, and w, is the weight.
The individual desirability scores for each predicted response
are then combined on a single overall DF, which is calculated
to find the optimum set of input variables:

Table 1
Experimental factors and their levels in the CCD

v, =1 @)

where df, indicates the desirability of the response U, and v,
represents the importance of responses.

2.4. Artificial neural network approach

ANN is an advanced mathematical modeling procedure
which is similar to that of a biological neuron system [25]. In
this study, the neural network of MATLAB 7.12.0 (R2011a)
mathematical software was used to predict simultaneous
adsorption efficiency. Typically, an ANN includes three layers.
Input layer had four neurons as follows: initial pH (2-10), resin
dose (0.5-1.5 g), initial Cr(VI) concentration (100-300 mg/L)
and initial phenol concentration (50-150 mg/L). The adsorp-
tion capacities of Cr(VI) and phenol were chosen as the out-
put layer. The hidden layer is an intermediate node between
the input and the output layers. Fig. 1 depicts the schematic
diagram of the used ANN.

In all analysis, 70%, 15% and 15% of data was applied
for training, validation and testing the accuracy of model and
prediction, respectively. Training of the ANN was accom-
plished through the back-propagation algorithm in multi-
layer perceptions (MLP) which is the most commonly used
[26]. Mean squared error (MSE) and determination coefficient
(R? were used to determine the best structure of three-layer
ANN, which were calculated by the following equations:

MSE:li(Y—y.)Z ©)

i di
i=1

i(Yi_Ydi)z

RP=1-| @)

>(x-v,)

i=1

2.5. Real industrial effluent treatment

The efficiency of Dowex 1X8 on the simultaneous adsorp-
tion of Cr(VI) and phenol was tested with a real wastewa-
ter. We focused mainly on tannery effluents (Tunis, Tunisia)
because there are highly concentrated by Cr(VI) and phenol.
After filtering, the pH, the salinity and the concentrations
of Cr(VI) and phenol of the collected wastewater were
determined before and after adsorption experiment.

Factors Levels Start point o =2
Low (-1) Central (0) High (+1) - +a
(X)) pH 4 6 8 2 10
(X,) Resin dose (g) 0.75 1 1.25 0.5 1.5
(X,) Initial Cr(VI) concentration (mg/L) 150 200 250 100 300
(X,) Initial phenol concentration (mg/L) 75 100 125 50 150
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Fig. 1. Topology of ANN.

2.6. Batch kinetic modeling

The kinetic adsorption parameters were investigated
using binary solutions. The experiments were carried out
by agitating 50 mL of solution at constant concentrations
of Cr(VI) and phenol, with 0.5 g of adsorbent, in a constant
agitation speed, 298 K and natural pH. The various kinetic
models used to describe the adsorption process were ana-
lyzed by non-linear regression analysis using OriginPro8.6
software.

Pseudo-first-order model:
9, = (1-exp(-K t)) 8)

Pseudo-second-order model:

K,q2t
q[ — chal (9)
1+ Kfeat
where g, and g, are the adsorption capacities (mg/g) at equi-
librium and at time ¢, respectively. k, (1/min), k, (g/mg min)
and k, (mg/g min®®) are the rate constants.

3. Results and discussion
3.1. Characterization of Dowex 1X8

To identify the functional groups available on the surface
of Dowex 1X8 before and after the simultaneous adsorption
of Cr(VI) and phenol, FTIR studies were carried out with an
FTIR spectrophotometer within the range of 650-4,000 cm™
wavenumber. The obtained spectra for the adsorbent are
shown in Fig. 2.

As seen from Fig. 2, the strong band at 3,365 cm™ show
the presence of stretching vibration of hydroxyl groups [27].
The bands at 3,000-2,750 cm™ were assigned to the C-H
stretching mode. The common peaks at 1,476 cm™ were due
to C-N vibration of -N+ (CH,)3Cl- [28]. The changes in the
surface functional groups of Dowex 1X8 after adsorption
of Cr(VI) and phenol were also confirmed by the changes
in the positions of some peaks as well as the appearance of
some new peaks. In fact, the strong band at 3,500-3,200 cm™
becomes weak and broad after adsorption. The stretching
band of C=C at 1,635 cm™ on Dowex 1X8 before adsorption
was shifted to 1,613 cm™ when Cr(VI) and phenol were simul-
taneously adsorbed. A weaker peak appeared at 1,200 cm™

_ Before treatement

100 After simultaneous adsorption of Cr(VI) and phenol
- 95 o
<
£ 9 " \ i
£ . 3000 - 2750 em "L I
E 85 s
: y =
= 80 e

1633 1476 em!
IR 3365 cm L el
70 ; . . . " .
4000 3500 3000 2500 2000 1500 1000 650

‘Wavenumber (1/cm)

Fig. 2. FTIR of Dowex 1X8.

after the adsorption corresponding to the stretching vibra-
tion of C-O in phenol.

The morphology of Dowex 1X8 was further observed by
SEM and micrographs are shown in Fig. 3. The image shown
in Fig. 3(a) was taken by applying 15 kV voltage with 50 times
magnification, while the micrograph shown in Fig. 3(b) was
taken at 200 times magnification and the micrograph shown
in Fig. 3(c) was taken at 1,000 times magnification for the
clear explanation of the surface.

SEM images of Dowex 1X8 particles showed a smooth
surface and the particle size were spherical (Figs. 3(a) and
(b)). In contrast, the images of Dowex 1X8 particles after
adsorption revealed the deposition of foreign materials on
the Dowex surface, which could be ascribed to the deposition
of the Cr(VI) and phenol (Fig. 3(c)).

3.2. Effect of contact time

In order to verify the equilibrium time of the systems, the
effect of contact time on the adsorption of Cr(VI) and phenol
by Dowex 1X8 was carried out at different time intervals by
selecting two different concentrations of Cr(VI) and phenol.
The results are shown in Fig. 4.

As seen in Figs. 4(a) and (b), the equilibrium of simulta-
neous adsorption of Cr(VI) and phenol was achieved within
50 min even for higher concentration of both compounds and
the adsorption capacities (q,) of Cr(VI) and phenol are not
changed significantly with further increase in contact time.
This result demonstrates that the adsorption process can be
considered very fast. Therefore, all further experiments were
carried out for 50 min.

3.3. Central composite design

As mentioned before, the CCD was investigated to explore
the influence of four independent variables (initial pH (X),
resin dose (X,), Cr(VI) concentration (X,), phenol concentra-
tion (X)) at three level (low, central and high) with coded val-
ues (-1, 0, +1) and the starting points of +2 and -2 for +a and
—a, respectively (Table 1). The designed matrix was generated
by the statistical software. 30 experiments were achieved and
the obtained responses were summarized in Table 2.

3.3.1. Fitting of the model equations and statistical analysis

Based on the data analysis, the quadratic models were
suggested as Eqs. (10) and (11):
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q,Cr(VI)=20.529-0.115X, —0.111X; - 5.852X, +
1.618X? +5.346X, - 0.082X2 +0.121X,—
0.085X? - 0.011X,X, +0.01X,X, - 0.087X,X, —
1.379X,X, - 0.049X,X, —0.093X,X,

Fig. 3. SEM of Dowex 1X8.
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Fig. 4. Effect of contact time onto adsorption of Cr(VI) (a) and phenol (b) by Dowex 1X8 in a multicomponent system.
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CCD matrix with the observed and predicted responses

Run X, X, X, X, g, Cr(VI)(mg/g) g, phenol(mg/g)
Observed Predicted Observed Predicted

1 8 0.75 250 125 33.548 34.342 4.783 4.970
2 4 1.25 250 125 20.154 20.167 3.880 4.035
3 8 0.75 150 75 20.008 20.703 4.244 4.175
4 4 1.25 150 75 12.020 11.934 1.637 1.536
5 6 1 200 100 20.218 20.529 3.450 3.441
6 8 1.25 150 125 12.016 11.989 4.395 4.609
7 8 1.25 250 75 20.139 19.976 3.835 3.644
8 6 1 200 100 20.637 20.529 3.277 3.441
9 4 0.75 250 75 34.156 34.374 2.158 2.402
10 4 0.75 150 125 20.592 21.463 4.217 4.494
11 6 1 200 100 20.628 20.529 3.320 3.441
12 4 1.25 150 125 12.930 12.441 4.080 3.813
13 4 1.25 250 75 20.726 20.033 1.129 1.134
14 4 0.75 150 75 20.026 20.758 3.379 3.229
15 8 1.25 150 75 12.008 11.833 3.237 3.324
16 6 1 200 100 20.643 20.529 3.450 3.441
17 8 0.75 250 75 33.530 34.362 4.090 4.071
18 8 0.75 150 125 20.021 21.057 4.740 4.449
19 8 1.25 250 125 20.147 19.759 5.690 5.555
20 4 0.75 250 100 33.590 34.625 4.148 3.402
21 6 1 200 100 20.654 20.529 3.320 3.441
22 2 1 200 100 20.589 20.315 2.082 2.273
23 6 1 100 100 10.258 9.505 4.209 4.259
24 6 1 200 100 20.655 20.529 3.640 3.441
25 6 1 300 100 31.189 30.891 4.229 4.378
26 6 1 200 150 20.941 20.432 4.886 4.809
27 6 0.5 200 100 41.290 38.709 4.259 4.442
28 6 1.5 200 100 13.771 15.301 3.316 3.334
29 6 1 200 50 20.229 19.945 1.542 1.633
30 10 1 200 100 20.628 19.851 4.730 4.739

The validity of the models was evaluated by the ANOVA
and regression coefficients for both responses g Cr(VI) and
g,phenol (Table 3).

According to Table 3, the F-values of the quadratic
models of g, Cr(VI) and of g phenol are 74.253 and 23.648,
respectively. The higher values of F show that the models
are significant. Similarly, the fact that p-values are less than
0.05 proves the ability of the models and indicates the sta-
tistical significance and adequacy at 95% confidence level.
Further, considering the lower values of probability (<0.05)
and the higher values of F, all factors have significant effects
in simultaneous adsorption process. Resin dose has the most
significant effect on both responses (p = 0.000, F =710.895 and
21.614) followed by initial Cr(VI) concentration which has
substantial effect on the adsorption capacity of Cr(VI). pH
(F = 106.915) and initial phenol concentration (F = 166.486)
have comparatively less significant effect on the response of
adsorption capacity of phenol. Sum of squares (SS) of each
variable obtained from ANOVA quantifies its importance in
the adsorption process and as the value of the SS increases

the significance of the corresponding factor also increases.
The suitability of the polynomial model equations for Cr(VI)
and phenol were also expressed by the determination coef-
ficient R? (0.989 and 0.978) and the adjusted R* (0.978 and
0.925), respectively, which their values reveal a good pre-
dictability of the models. The plots of observed values of
adsorption capacities (g,) vs. those calculated from Egs. (10)
and (11) are given in Figs. 5(a) and (b).

Both figures show a good linear relationship between
observed and predicted value. Therefore, it can be concluded
that the response surface models developed in this investi-
gation (Egs. (10) and (11)) were considered to be satisfactory
for the prediction of adsorption capacities of Cr(VI) and
phenol in the simultaneous adsorption process.

3.3.2. Response surface 3D plots

Response surface plots were developed by considering
the significant interactions in the CCD (significant with
p < 0.05 [Table 3]) to optimize the critical parameters and
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Table 3
ANOVA for the quadratic models for simultaneous adsorption of Cr(VI) and phenol
Model term Cr(VI) Phenol
5.5 d.f M.S¢ F-value p-value S.S d.f M.S F-value p-value
Model 1,506.481 4 376.620 74.253 0.000 25.796 4 6.449 23.648 0.000
X, 0.317 1 0.317 0.278 0.605 8.972 1 8.972 106.915 0.000
X, 808.932 1 808.931 710.895 0.000 1.813 1 1.813 21.614 0.000
X, 675.156 1 675.156 593.332 0.000 0.020 1 0.020 0.249 0.624
X, 0.329 1 0.329 0.289 0.598 13.972 1 13.972 166.486 0.000
Xz 0.340 1 0.340 0.299 0.592 0.007 1 0.007 0.087 0.771
X2 71.604 1 71.604 62.926 0.000 0.341 1 0.341 4.0658 0.062
X3 0.187 1 0.187 0.164 0.690 1.315 1 1.315 15.679 0.001
X2 0.199 1 0.198 0.174 0.681 0.082 1 0.082 0.988 0.335
X, xX, 0.002 1 0.002 0.001 0.967 0.691 1 0.691 8.2393 0.011
X, * X, 0.002 1 0.001 0.001 0.968 0.510 1 0.510 6.0780 0.026
X, * X, 0.110 1 0.110 0.096 0.760 0.873 1 0.873 10.407 0.005
X, x X, 29.712 1 29.712 26.111 0.000 0.175 1 0.175 2.094 0.168
X, x X, 0.035 1 0.034 0.030 0.863 0.908 1 0.908 10.830 0.004
X, x X, 0.124 1 0.123 0.108 0.746 0.347 1 0.347 4.137 0.060
Pure error 0.151 5 0.030 - - 0.089 5 0.017 - -
R? 0.989 0.961
R? adjusted 0.978 0.925
“Sum of squares.
"Degree of freedom.
‘Mean squares.
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Fig. 5. Observed values vs. the predicted data of simultaneous adsorption of (a) Cr(VI) and (b) phenol.

describe the nature of the responses surface. Figs. 6(a) and (e)
represent the interaction plots of adsorption capacity vs.
significant variables as two factors at fixed and optimal
values of other variables.

The curvatures seen in Figs. 6(a) and (e) confirm the
presence of interactions between the variables. Fig. 6(a)
shows interactive effect of initial Cr(VI) and resin dose
on adsorption capacity of Cr(VI). The adsorption capac-
ity decreases with increasing adsorbent dose due to the
reduction in effective surface area and adsorbate/adsor-
bent ratio [29]. This figure reveals also that the adsorption

capacity of Cr(VI) increase with increasing of the initial
concentration of Cr(VI) provides increased driving force
to overcome all the mass transfer resistance of metal ions
between the aqueous and solid phases [30]. The same
results were observed with the adsorption capacity of
phenol (Figs. 6(d) and (e)).

The combined effect of initial pH and initial phenol
concentration on adsorption capacity of phenol is shown in
Fig. 6(d). The increase of g, of phenol with the increasing of
initial pH could be explained by considering the presence of
ionic and molecular forms of phenols in aqueous solution.
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Fig. 6. Response surface plots between (a) initial Cr(VI) concentration and resin dose Cr(VI), (b) initial Cr(VI) concentration and
initial pH (phenol), (c) resin dose and initial pH (phenol), (d) initial phenol concentration and initial pH (phenol), (e) initial Cr(VI)

concentration and resin dose (phenol).

Phenols act as weak acids in aqueous solution and the dis-
sociation of hydrogen ion from phenols strongly depends on
the pH of the solution. In fact, in acidic solutions the molecu-
lar form dominates and in alkaline medium the anionic form
is the predominant species [31].

3.3.3. Desirability function

The profile for predicted values and DF developed by
STATISTICA 8.0 software is used to find the best optimum
levels for each variable. Fig. 6 shows the CCD optimization
design matrix.

The DF value is in the range of 0 (undesirable) to 1
(very desirable). The CCD optimization design matrix
(Fig. 7) indicates that maximum Cr(VI) adsorption capacity
(41.291 mg/g and desirability of 1.0) and maximum phe-
nol adsorption capacity (5.69 mg/g with desirability of 1.0)
were achieved at following conditions: initial pH (9.6), resin
dose (0.621 g), initial Cr(VI) concentration (290 mg/L) and
initial phenol concentration (145 mg/g).

3.4. ANN development

ANN was used for modeling the adsorption data
obtained by CCD. The best structure of ANN model neces-
sitates the optimum number of neurons in the hidden layer
which gives the minimum MSE and the maximum of R2

Tables 4 and 5 represent the correlation among the number
of neurons in hidden layer, MSE and R? for both compounds.

From Table 4, the application of 10 neurons in the
hidden layer leads to achievement of R? and MSE values
of 0.999 and 0.005, respectively, for prediction of Cr(VI)
adsorption capacity. ANN model with four hidden neu-
rons permits to obtain the best structure with 0.998 and
0.003 of R* and MSE, respectively, to predict the adsorp-
tion capacity of phenol (Table 5). Therefore, the ANN
models, with 10 hidden neurons in the hidden layer for
prediction of Cr(VI) adsorption and with four hidden neu-
rons for prediction of phenol adsorption, were used in
the following. The regression analyses were used to find
the relation between observed data and predicted values
using ANN (Fig. 8).

As it can be seen from Fig. 8, the determination
coefficients suggest the reliability of the developed ANN
models.

3.5. Comparison of CCD and ANN models

At this stage, comparison of CCD and ANN models are
needed to validate and test the extrapolative capability of
both models. The observed and predicted values by CCD and
ANN are presented in Fig. 9.

The performance of the constructed ANN and CCD
models was also statistically measured by the root mean
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Fig. 7. Profile of desirability function.

Table 4

Comparison of 25 neurons in the hidden layer for Cr(VI)
adsorption efficiency by ANN model using back-propagation
algorithm in multilayer perceptions (MLP)

Number MSE  R? Number MSE R?

of neurons of neurons

1 4844 0975 11 0.143  0.998

2 1.870 0982 12 0.006  0.999

4 2533 0983 15 0.009  0.999

6 3329 0970 20 0.034  0.999

8 4112 0973 25 19.157  0.694

9 0.007 0999 - - -

10 0.005 0999 - - -
Table 5

Comparison of 25 neurons in the hidden layer for phenol
adsorption efficiency by ANN model development with back-
propagation algorithm in multilayer perceptions (MLP)

Number MSE R? Number MSE R?

of neurons of neurons

1 0.159  0.915 11 0.004  0.997
2 0.155  0.897 12 0.016  0.995
4 0.003  0.998 15 0.115  0.934
6 0.166  0.931 20 0217  0.913
7 0.044  0.982 25 0.022  0.994
9 0.171 0.957 - - -
10 0.009 0997 - - -

squared error (RMSE) and absolute average deviation (AAD)
as follows:

1 N ) 1/2
RMSE = [NZ(YI. -Y,) ] (12)
i=1
N —
ADD = (;Z[YYY(‘D %100 (13)
i=1 di

where N is the number of experimental runs, Y, is the
predicted value and Y is the observed value.

The statistical comparison of two models is presented
in Table 6.

It was evident that the CCD and ANN models were in
strong agreement with the experimental results. As it can
be seen from Fig. 8, the prediction data lie closer to the
line. However, the predictive capability of CCD models
was higher than that ANN models. This is confirmed by
the values of RMSE and AAD% (Table 6) which are less for
CCD than for ANN for both pollutants. Both models have
their own interest. CCD has the advantage of showing the
interaction effect between independent parameters and their
interactions on response as compared with ANN. On the
other side, ANN model is very flexible and does not require
any standard experimental to build the model [32,34].

3.6. Evaluation of simultaneous adsorption in the presence of
various electrolytes in different concentrations

Since the presence of salts in wastewater may greatly
affect the potential of adsorption of Cr(VI) and phenol, the
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Table 6
Comparative statistical analysis of CCD and ANN

Parameters Cr(VI) Phenol

CCD ANN CCD ANN
RMSE 0.284 0.399 0.020 0.040
AAD % 0.023 0.642 0.420 2.741

influence of ionic strength on adsorption process was studied.
Fig. 10 shows the effect of various concentrations (10-3, 10-2,
10-1 mol/L) of electrolytes on the adsorption capacities of
Cr(VI) and phenol.

The adsorption efficiency of Cr(VI) was slightly decreased
with the increase of ionic strength (Fig. 10(a)). The anions
also play a moderate role in the ion adsorption process. The

Na,SO, salt exercises more inhibitor effect in Cr(VI) adsorption
compared with the NaCl, NaNO,,CaCl, and KCl salts. Indeed,
the sulfate ions have a greater competition through enhanced
electrostatic interaction in removal of metal among all compet-
ing anions present in water [33,34]. Meanwhile, it is different
for phenol adsorption. Increasing the ionic strength from 0.001
to 0.1 mol/L led to a significant increase in phenol adsorption.
The presence of electrolytes in the solution decreases the sol-
ubility of phenol in aqueous solution and shows an effect
known as salting-out in the literature [35]. It was reported that
the salting-out effect at higher ionic strength has the potential
to affect the adsorption process by decreasing the solubility of
a non-electrolyte in water [36,37]. Consequently, the increase
of ionic strength in aqueous solutions facilitates the adsorp-
tion of phenol on the surface of adsorbent. Similar results
for adsorption of phenol with other contaminants by other
adsorbents were observed by other researchers [11].
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Fig. 10. Effect of ionic strength in simultaneous adsorption of (a) Cr(VI) and (b) phenol.

3.7. Treatment of real wastewater containing Cr(VI) and phenol

The utility of simultaneous adsorption of Cr(VI) and
phenol by Dowex 1X8 was demonstrated by treating it with
real wastewater obtained from tannery factory. The opti-
mum conditions obtained from CCD (pH: 9.6, resin dose:
0.621 g) were applied to effluent solution. Table 7 shows
the characteristics of the sample before and after adsorption
process.

The results depict that the residual concentrations of
Cr(VI) and phenol after treatment were 70.94 and 65.63 mg/L,
respectively. The effect of ionic strength is weak. This test
shows that Dowex 1X8 can be successfully used for the
removal of Cr(VI) and phenol from industrial wastewater at
short equilibrium time.

3.8. Kinetic study

The experimental data for the simultaneous adsorption
of Cr(VI) and phenol were applied to the pseudo-first-order
and pseudo-second-order kinetic model. The results were
verified through the correlation coefficients (R?) and the Chi-
square test x*. The value of parameters of kinetic model for
Cr(VI) and phenol is depicted in Table 8.

In both the cases, the kinetic data are well agreed with
the pseudo-second-order model which is confirmed by the
higher value of correlation coefficient R* (R? > 0.99 for Cr(VI)
and phenol) and the lower values of x*

Table 7

3.9. Thermodynamic study

The thermodynamic behaviors for adsorption of Cr(VI)
and phenol on Dowex 1X8 were further investigated. The
thermodynamic parameters such standard enthalpy change
AH; , standard free energy AG; and standard entropy change
AS] were evaluated using the following equations:

AG? =—RTInK (14)
AGS = AHS —TAS? (15)

where R is the universal gas constant (J/mol K), T is
temperature (Kelvin) and K is the equilibrium constant
calculated as:

K=Cae (16)

where C, is the equilibrium concentration (mg/L) of the
Cr(VI) ion on the resin and C, is the equilibrium concentra-
tion (mg/L) in the solution.

All the calculated thermodynamic parameters are pre-
sented in Table 9.

For the simultaneous adsorption of Cr(VI) and phenol on
Dowex, the obtained AH, values were positive, which indi-
cated the endothermic nature of both component adsorption
onto ion exchange resin. The change in entropy was positive,

Characteristics of the tannery wastewater before and after adsorption process

Parameters Values Adsorption capacity (mg/g)
Before treatment After treatment Observed Predicted

Cr(VI) (mg/L) 283.76 70.94 34.27 34.13

Phenol (mg/L) 99.91 65.63 5.52 5.44

TDS (g/L) 6.50 6.34

pH 123 9.1
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Table 8

Kinetic parameters for the simultaneous adsorption of Cr(VI)
and phenol by Dowex 1X8 at ® =298 K Cr(VI), 50 mg/L of Cr(VI)
and 100 mg/L of phenol

Model Parameters Compound
Cr(VI) Phenol
Pseudo-first-order model K, (1/min) 0.192 0.123
q.,(mg/g) 19.613 7.823
R? 0.942  0.900
X 0.849 0.326
Pseudo-second-order model K, (g/mg min)  0.015 0.023
q,(mg/g) 20970 8477
R? 0.942 0.987
X 0.723 0.104

Table 9
Thermodynamic parameters of Cr(VI) and phenol adsorbed on
Dowex 1X8

Component  AH, AS, Temperature  AG,
(kJ/mol)  (kJ/mol) (K) (kJ/mol)

Cr(VI) 49.747 0.210 283 -9,698
298 -13,005
313 -15,994

Phenol 7.767 0.027 283 -0,119
298 -0,419

313 -0,619

indicating the entropy of the system increased during the
adsorption. The negative values of AG, demonstrated that
the adsorption process on Dowex 1X8 was a spontaneous
process.

4. Conclusion

In this work, response surface methodology combined
with central composite design was used to develop mathe-
matical models and optimize the simultaneous adsorption of
Cr(VI) and phenol by strong anionic resin Dowex 1X8. The
resin was characterized by the FTIR analysis and SEM. pH,
resin dose, initial Cr(VI) concentration and initial phenol
concentration were selected as independent factors and the
adsorption capacity was considered as response. ANOVA
study shows the significance of generated models and
depicts that resin dose has the most significant effect on both
responses followed by initial Cr(VI) concentration which has
substantial effect on the adsorption capacity of Cr(VI). pHand
initial phenol concentration have comparatively less signifi-
cant effect on the response of adsorption capacity of phenol.
The optimum conditions were found as initial pH (9.6), resin
dose (0.621 g), initial Cr(VI) concentration (290 mg/L) and
initial phenol concentration (145 mg/g). The data obtained
from CCD were used to model ANN. ANN models using
back-propagation algorithms for four independent variables
were developed to predict the adsorption capacities of Cr(VI)
and phenol. RSM and ANN methodologies were statistically

compared. The ionic strength does not affect significantly the
adsorption process and the adsorbent was successfully used
in simultaneous adsorption of Cr(VI) and phenol from tan-
nery wastewater.

The kinetics of Cr(VI) and phenol adsorption by
Dowex 1X8 in the batch study was satisfactorily described
by pseudo-second-order model. Thermodynamic study
demonstrates the spontaneous and endothermic nature of
adsorption process.
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