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ABSTRACT

In this study activated carbon prepared from Ziziphus wood was modified by ZnO nanoparticles
loaded on activated carbon (ZnO-NPs-AC) and checking its applicability for malachite green (MG)
removal. The properties of ZnO-NPs-AC were identified by X-ray diffraction, transmission electron
microscopy, field emission scanning electron microscopy, and Brunauer-Emmett-Teller. Response
surface methodology and artificial neural network (ANN) model learned with Levenberg-Marquardt
algorithm are used for modeling of MG adsorption onto present support. The mean squared error
and coefficient of determination (R?) for the optimal ANN model with eight neurons at hidden layer
were 0.9999 and 0.00116 by AC and 0.9970 and 0.01789 by ZnO-NPs-AC for testing data, respec-
tively. The optimum conditions were set as 0.02 and 0.015 g for ZnO-NPs-AC and AC are applica-
ble for successful removal of MG (97.38% and 71.35%) in reasonable time (5 min for ZnO-NP-AC
and 4.65 min for AC). The adsorption isotherm is efficiently explained by Temkin and Langmuir
for AC and ZnO-NPs-AC adsorbent. The adsorption kinetics of MG excellently follows the pseudo-
second-order kinetic model.

Keywords: Ziziphus wood; ZnO-NPs-AC; Response surface methodology; Ultrasonic assisted

adsorption; Artificial neural network

1. Introduction

Textile wastewaters are composed of various organic
combinations such as dyes and hazardous material which are
harmful to aquatic organisms. In the most cases, the presence
of dyes and subsequent environmental problems are reason
for generation of hazards for living organisms [1-3]. Most
pigments and dyes due to their complex structure are diffi-
cult to degrade when discharged into effluent streams and
lately lead to serious diseases and health problems. Malachite
green (MG) has abundant industrial applications (dyeing,
textile, leather, plastics, and paper industries) [4] and accord-
ingly causes hepatotoxicity, genotoxicity, mutagenic and

* Corresponding author.

carcinogenic effects on human and animals which may be
responsible for some injury [5-7]. Hence, treatment of dyes
containing industrial effluent attains growing interest.
Conventional wastewater treatment methods have their
own advantages and limitation [8-10]. Among these meth-
ods, the adsorption process using activated carbons (ACs)
that are prepared from natural agriculture source are highly
recommended in terms of lower initial cost, flexibility of
design, and more availability [11-14]. The physicochemical
characteristics of ACs are directly related to the selected raw
materials and conditions for their preparations. In the last
decades, AC was supplied from various agricultural wastes
such as palm-tree cobs [15], rice husks [16], olive stones [17],
bagasse [18], and other sources [19-22]. The ACs can attain
more features owing to their modification and/or function-
alization which improve surfaces and adsorbent/adsorbate
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interactions and internal adsorption sites [23]. More efforts
were devoted to preparation of carbon-based materials by
nanoscale chemical substances, which are proportional
with extensive modification and improvement in their per-
formance. This modification leads to increase in accessible
surface area and rate of mass transfer [24,25]. One of the
most recommended pathways for AC modification is their
loading by different nanostructures. The ZnO nanoparticles
have great ability as ACs modifier surface to supply ZnO-
NP-AC with greater active surface sites with respect to AC
as alone adsorbent. On the other hand, back probable distri-
bution of Zn* ions to environments has lower hazards for
most living organisms.

Artificial neural network (ANN) is computational or
mathematical model based on biological neural networks
for classification, pattern recognition, modeling, and pre-
diction of systems by data passing through the connections
from one neuron to another [26,27]. The ANN approach is
vastly used in various activities such as wastewater treatment
to introduce mathematical functions for both nonlinear and
linear systems [28,29] including adsorption [30,31], chro-
matography based on separation [32], and degradation [33]
approaches.

In this study, the MG removal from water has been inves-
tigated using AC supplied from Ziziphus wood and subse-
quently was loaded with zinc oxide (ZnO) nanoparticles
(ZnO-NPs-AC). The physical and chemical characteristics of
the proposed materials were determined using field emis-
sion scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), Brunauer-Emmett-Teller (BET),
and X-ray diffraction (XRD). Central composite design
(CCD) applied for optimization of operational conditions
such as sonication time, amount of adsorbent, and initial
dye concentration and process was modeled by ANN model.
Kinetics and equilibrium of adsorption were well explained
by second-order kinetic model and Langmuir model.

2. Experimental
2.1. Materials and apparatus

All reagents and chemicals were obtained from Merck
(Germany) and the deionized water was used for all these
experiments. Table 1 illustrates the chemical structure of MG
(molecular formula: C,,;H,.CIN,, color index number = 42,000,
Mw =364.911 gmol™ and A__ =618 nm). The Ziziphus woods
obtained from Yasuj in Iran were crushed into smaller pieces

Table 1
Characteristics of the malachite green

(measuring between 1 cm and 4 cm in length) and sepa-
rately washed with doubly distilled water to remove dirt and
dust particles and dried in sun. Five hundred grams of the
selected fraction was heated in a hot air oven at 400°C for
2 h. The coal produced has been washed with distilled water
and was heated in an oven at 100°C for 24 h until near dry.
The material was crushed in a mortar and sieved to desir-
able particle sizes. Then it was impregnated with concen-
trated HNO,. 10 g of these carbon powder materials were
suspended in 150 mL of 5M HNO, and refluxed at 100°C for
8 h and carbon was filtered and washed with distilled water
for several times until the pH subsequently 6 and in later
stage was dried at 100°C for 24 h in oven. The ZnO nanopar-
ticles loaded was prepared according to literature and sub-
sequently was loaded onto ACs [34]. The characterization of
AC Ziziphus wood and ZnO-NPs-AC determined by BET,
XRD, FE-SEM, TEM instrument model and other apparatus
such as ultrasonic bath, UV-Vis spectrophotometry and pH/
Redox/Temperature meter model were used by according to
literature [14].

2.2. Experimental apparatus and procedure

Fig. 1 shows the schematic diagram of the setup with
ultrasound bath based on following recommendation. 15 mL
of MG (5, 10, 15, 20 and 30 mg L) in glass flasks in different

0kl

Fig. 1. A schematic diagram of experimental setup with
ultrasound bath.
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pH (3-9) was mixed thoroughly with ZnO-NPs-AC and/or
AC. The mixture was instantly centrifuged and the spectrum
of MG dye in the aqueous solutions was recorded by UV-Vis
spectrophotometer, while all experiments were undertaken
at room temperature (25°C) in the ultrasonic bath. The MG
removal percentage (% MG R) and its adsorbed quantity
(9, (mg g™)) was calculated according to literature [35-37].

2.3. Response surface design

Response surface methodology (RSM) generally suggest
an empirical model which reduce unnecessary experiments
and correlated the responses. In the present study, three
operational parameters including sonication time (X,), initial
MG concentration (X,) and adsorbent mass (X,) was investi-
gated and optimized by CCD (Table 2). The influence of all
investigated variables on removal efficiency and prediction
of their real behavior and with the detail of the 28 experi-
ments design concern to CCD are represented in Table 3.
A polynomial quadratic mathematical model Eq. (2) was
used to obtain the optimal conditions and analyzing the
effects [38,39].

3

3.3
ZZbinin + Z

i=1 j=1 i=1

X%+
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3
Y%=B,+ > bX,+ (1)
i=1

Table 2
Experimental factors and levels in the central composite design
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RSM presentation of the interactions among variable for
the evaluation of the optimum conditions is obtained with
the aid of the experimental data. The significance of inde-
pendent and dependent variable was judged by p-value and
F-value and confirmed by analysis of variance (ANOVA) of
the model.

2.4. Artificial neural networks

The ANN is successfully applied for modeling dyes
removal from wastewater. In training process, the ANNs
are extremely sensitive to the neurons of hidden layer and
to improve performance corresponds to three-layer neural
model in this study (Fig. 2). The sonication time, MG con-
centration, and adsorbent dosage known as three neurons in
input layer and the output layer is MG removal percentage.
In this study, MATLAB (R2013a) software was used to antici-
pate the MG removal percentage from aqueous solution. The
input data were obtained from CCD and all samples were
scaled in 0-1 range [40]. The data were accidentally subdi-
vided into two sections (75% and 25% for training and test-
ing set, respectively) and the experimental results (Table 3)
were used for ANN modeling technique. The strength of the
connections among layers is determined by the amount of
weights (w) and biases (b) that the network learns by their

Factor Levels
Low (-1) Central (0) High (+1) - +a
X : Sonication time (min) 3 4 5 2 6
X,: Dye concentration (mg L™) 10 15 20 5 25
X,: Adsorbent dosage (g) 0.01 0.015 0.02 0.005 0.025
Table 3
CCD matrix and responses degradation MG by AC and ZnO-NPs-AC
Run Block X, X, X, P% ¢
Activated carbon ZnO-NPs-AC
1 1 6 15 0.015 71.03 91
2 1 4 15 0.015 69.21 90.62
3 1 5 10 0.020 69.43 91.54
4 1 4 25 0.015 69.17 77.46
5 1 4 15 0.015 70.82 88.5
6 1 4 15 0.015 69.51 97.65
7 1 5 20 0.010 51.03 92
8 1 2 15 0.015 68.94 82.25
9 1 4 5 0.015 67.98 99.8
10 1 4 15 0.020 62.23 90.87
11 1 3 10 0.010 71.33 91
12 1 4 15 0.015 69.09 94
13 1 4 15 0.005 53.82 63.33
14 1 3 20 0.020 70.53 87
15 1 4 15 0.015 69.12 89.67
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Fig. 2. Structure of a back-propagation artificial network.

adjustment. The tangent sigmoid transfer function (tansig)
at hidden layer was used in three-layer feed forward ANN,
while linear transfer function (purelin) was used at the output
layer. The Levenberg—Marquardt (trainlm) back-propagation
(BP) algorithm was applied for training the neural network.
The training parameters were 3 input nodes, 5-20 hidden
layer neurons, and 1 output node. The best BP algorithm
with maximum coefficient of determination (R* and mini-
mum mean squared error (MSE) is selected which is effective
number of hidden neurons for fitting the model and com-
plexity of network. The optimum ANN architecture model

Sigmal A = SE2 Date :22 Sop 2015
Mag= ZOOOKX  User Name = SYSTEM

EHT = 15.00 kV

200 nm
= WD = 7.8mm
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9 nm  Mag =50.00 KX DayPetronic Company
—

was specified based on the minimum amount of the MSE of
the training and test data set.

3. Result and discussion
3.1. Characterization of ZnO-NPs-AC

FE-SEM images (Figs. 3(a) and (b)) strongly denote
surface of the microstructure and morphology and approx-
imate size of ZnO-NPs-AC. The porous characteristics of the
ZnO-NPs-AC indicate its well decoration on the AC made
from Ziziphus wood. FE-SEM of ZnO-NPs-AC (Figs. 3(a) and

Signal A = SEZ Date :22 Sop 2015
Mag= S000KX  User Name = SYSTEM

EHT = 15.00 kv
WD= 78mm

90 nm

Mag = 50.00 KX DayPetronic Company

Fig. 3. FE-SEM image of ZnO-NPs-AC (a and b), TEM images of ZnO-NPs-AC (c and d).
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(b)) show approximate smooth and porous spherical shape
with sizes in the range of 50-100 nm. The ZnO-NPs-AC
characterized by TEM (Figs. 3(c) and (d)) exhibit hollow
space within the inner space and average particle sizes about

20-50 nm.

The XRD pattern of ZnO-NPs-AC (Fig. 4) indicates strong
peaks at 20 = 31.8°, 34.5°, 36.3°, 47.6°, and 56.6° attributed to
the (100), (002), (101), (102), and (110) lattice planes of ZnO
zincate hexagonal structure and XRD pattern illustrates the
presence of ZnO nanoparticles with very small size.

Specific surface area of powder adsorbent as studied by
N,/77 K adsorption isotherms gives average pore diameter as
2.763 and 1.165 nm for AC and ZnO-NPs-AC, respectively.

3.2. Effect of pH

The adsorption capacity of ZnO-NPs-AC increased from
pH 3.0 to pH 5.0 (Fig. 5) and reached maximum value at pH
5.0 and then the removal percentage held approximately
constant thereafter with raising pH. The change in pattern
of the ZnO-NPs-AC capacity with pH could be associated
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Fig. 4. X-ray diffraction patterns of the prepared ZnO-NPs-AC
particles [41].
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Fig. 5. Effect of pH on removal of binary solution of MG (7 mg L)
in the pH range of 3-9.
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with the effects of pH on the activity of functional groups in
the adsorbents and the properties of MG. The MG adsorp-
tion onto ZnO-NPs-AC surface is the combination of the
various binding mechanism viz. hydrogen bonding, hard
interaction and electrostatic forces or through ion-dipole
interaction. At acidic solution pH, both adsorbent and MG
became positive and significantly high electrostatic repulsion
leads to the reduction in MG removal percentages. Gradual
increase in pH till 5 leads to disappearance of positive charge
and more contribution of hydrogen bonding and ion-dipole
and involvement of nonlocalized m electron in accumulation
of MG.

3.3. Analysis of CCD

RSM is the impressive method to model and analyze the
effect of the main and interactions between variables like
X,, X,, and X, on the adsorption process under few possible
conditions by CCD (Table 4). The statistical significance of
quadratic model was predicted by the ANOVA based on MG
as response and according to results presented in Table 4. The
F-value of model for MG removal with AC and ZnO-NPs-AC
is 561.99 and 193.41, respectively. The “Lack of fit F-value”
of present model for removal of MG dye by AC and ZnO-
NPs-AC adsorbent is 5.38 and 2.03, respectively. The analysis
of CCD results as determined by design expert software is
shown in the following polynomial equation:

Yio(ac) = +69-24+ 050X, ~ 153X, +0.52X, +5.41X,X, o
5.46X,X, +5.77X,X, - 458X +0.22X>
Yumc(zmonreac) = 9079 =5.59X, +1.75X, +8.58X, + o

5.52X,X, +3.06X,X, —3.77X,X, —0.46X? — 2.50X>

where Y is the adsorption efficiency (%) and X, X,, X,, X, X,
X, X, X, X, X?, and X ? were effects significant for Y, , . by
AC and for Y, . by ZnO-NPs-AC, the effects of X, X, X,
XX, X, X, X, X, X%, and X > were significant. The sign of the
intercept, linear, quadratic, and interaction coefficients indi-
cates trend of operational parameters influence as positive or
negative on the MG removal. Fig. 6(a) shows the predicted
results versus actual MG removal adsorption percentage and
the measured response results as actual values are in well
agreement with the predicted result using the polynomial
equations (Egs. (2) and (3)). The linear relationship between
predicted and actual removal percentage by ZnO-NPs-AC
and AC in CCD experimental runs with correlation coefficient

of R*=0.9961 and R*=0.9987 (Figs. 6(b) and (c)), respectively.

3.4. Response surface plots

The relationship between statistical operational parame-
ters including effect of independent variables on the depen-
dent variables and their interactions was investigated using
three-dimensional (3D) response surface graphs. Figs. 7(a)—(d)
indicate the interaction of sonication time, mass of adsor-
bent and initial MG concentration (AC and ZnO-NPs-AC
adsorbent). Amount of adsorbent has positive effect on MG
removal percentage and its higher content leads to increase
in active surface center sites and more MG accumulation.
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Table 4

The results of ANOVA for the response surface quadratic model for MG by AC and ZnO-NPs-AC
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Source variation Activated carbon ZnO-NPs-AC

SS? DF® MSe F-Value P-Value SS° DF® MSe F-Value P-Value
Model 528.64 8 66.08 561.99 <0.0001 1,078.69 8 134.84 193.41 <0.0001
X, 2.18 1 2.18 18.57 0.0050 24.50 1 24.50 35.14 0.0010
X, 2.04 1 2.04 17.35 0.0059 249.54 1 249.54 357.93 <0.0001
X, 5.36 1 5.36 45.62 0.0005 589.27 1 589.27 845.25 <0.0001
XX, 43.51 1 43.51 370.06 <0.0001 81.25 1 81.25 116.55 <0.0001
XX, 88.86 1 88.86 755.72 <0.0001 25.01 1 25.01 35.87 0.0010
XX, 77.90 1 77.90 662.56 <0.0001 37.95 1 37.95 54.44 0.0003
X2 1.19 1 1.19 10.09 0.0192 _ _ _ _ _
X} _ _ _ _ _ 5.45 1 5.45 7.81 0.0314
X7 149.36 1 149.36 1,270.25 <0.0001 157.72 1 157.72 226.22 <0.0001
Residual 0.71 6 0.12 4.18 6 0.70
Lack of fit 0.51 2 0.26 5.38 0.0734 2.11 2 1.05 2.03 0.2458
Pure error 0.19 4 0.048 2.07 4 0.52
Cor. total 529.34 14 1,082.87 14

Std. Dev. Mean CV. % PRESS R? Adj. R? Pred. R? Adeq. Precision
AC 0.34 66.77 0.51 39.96 0.998 0.996 0.924 76.628
ZnO-NPs-AC 0.83 88.42 0.94 234.61 0.996 0.991 0.783 56.404

3Sum of square; "Degree of freedom; “Mean of square.

At lower mass, due to a reduction in the number of active
sites and nonsufficient available surface area leads to strong
reduction in removal percentage (Fig. 7(a)). Also can be seen
(Fig. 7(d)) elevating the value of adsorbent from 0.004 to
0.026 g is proportional with improvement of MG removal
percentages. Typically sonication time effect on the removal
of MG by AC and ZnO-NPs-AC (Figs. 7(b) and (d)) is owing
to more mixing of adsorbent with solution and more sub-
sequent mass transfer, which leads to more and efficient
accumulation of MG in short sonication time that extremely
support high contribution of ultrasound power. High con-
centration of MG is proportional and relevant to lower avail-
able and empty active surface site than MG dye molecule and
cause more decrease in MG removal percentage.
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Fig. 6. Predicted value versus actual value for adsorption of MG
by (a) AC and ZnO-NPs-AC, (b) ZnO-NPs-AC, (c) AC.

3.5. Optimization of CCD for MG

The profile desirable responses for MG removal per-
centage by AC and ZnO-NPs-AC (Fig. 8) reveal that current
level of each variable (X, X,, and X.) in the model was illus-
trated at the bottom of Fig. 8 while MG removal percentage
is shown in left-hand side of Fig. 8. The optimum conditions
were found to be pH 8.0, 4.65 min sonication, which lead to

Fig. 7. Response plots for X, X, for the removal of MG dye (a),
X X, for the removal of MG dye (b) by activated carbon, X, X, for
the removal of MG dye (C), X, X, for the removal of MG dye (d)
by ZnO-NPs-AC.
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Table 5

accumulation of 71.35% MG onto 0.015 g AC. On the other
hand, after 5 min sonication for mixing sample of 20 mg L™
of MG lead to quantitative accumulation of MG onto 0.02 g
ZnO-NPs-AC with removal percentage more than 97%.

3.6. ANN modeling

ANN model was applied for modeling of MG adsorption
systems and to correlate effect of the three input variables
including sonication time (X,), MG concentration (X,), and
adsorbent mass (X,) on MG removal percentage as output.
The experimental data obtained under various conditions
were used to train and test the neural network. The ANN
structure has three inputs and output layer and the optimal
ANN architecture optimize one hidden layer with eight neu-
rons (3-8-1) and training algorithm for AC and ZnO-NP-AC
is Levenberg-Marquardt. The well-operation parameters
was considered by selecting the optimal one based on coef-
ficient of determination (R*) maximization and MSE minimi-
zation with training various ANN architecture. As seen in
Table 5, the best ANN network performance could predict
the R? of 0.9999 and 0.9999 for training and testing sample of
MG onto AC and 0.9994 and 0.9970 for training and testing
sample of MG onto ZnO-NPs-AC. The MSE of 2.85E-04 and
0.00116 for training and testing of MG over AC adsorbent,
respectively, 3.47E-03 and 0.01789 for training and testing of
MG over ZnO-NPs-AC adsorbent, respectively. The result
confirms the compatibility evaluation based on ANN model
for forecasting experimental adsorption data. Figs. 9(a) and
(b) show that the scatter plot of the ANN model predicted
versus experimental data of MG dye removal by AC and
ZnO-NPs-AC adsorbent that the goodness of fit between all
forecast values for the removal MG of data using the ANN
model and experimental data. The MSE versus epochs of the
best neural network for each sample is inset in Figs. 9(a) and
(b) and five iterations for MG onto AC and ZnO-NPs-AC,
model has the lowest value of MSE in training network.

Dependence between neuron numbers at hidden layer with MSE and R?

Number of AC ZnO-NPs-AC
neurons Train Test Train Test
MSE R? MSE R? MSE R? MSE R?

5 3.24E-04 0.9999 0.07578 0.9928 3.13E-03 0.9994 0.20111 0.9633
6 4.18E-04 0.9999 0.4492 0.9577 3.29E-03 0.9994 0.84566 0.8339
7 4.69E-04 0.9999 0.3417 0.9622 3.79E-03 0.9993 0.13522 0.9746
8 2.85E-04 0.9999 0.00116 0.9999 3.47E-03 0.9994 0.01789 0.9970
9 2.43E-05 0.9999 0.3305 0.9693 2.69E03 0.9995 0.80752 0.8492
10 4.18E-04 0.9999 0.11673 0.9889 3.29E-03 0.9994 0.21697 0.9618
11 2.42E-05 0.9999 0.08747 0.9926 2.18E-03 0.9996 0.14265 0.9787
12 2.43E-05 0.9999 0.70715 0.9250 2.69E-03 0.9995 0.36286 0.9324
13 4.11E-04 0.9999 0.05831 0.9945 3.47E-03 0.9994 0.08482 0.9847
14 3.23E-04 0.9999 0.00704 0.9993 3.13E-03 0.9994 0.02837 0.9945
15 4.69E-04 0.9969 0.09627 0.9908 3.79E-03 0.9993 0.31174 0.9428
20 183E-05 0.9999 0.05185 0.9954 2.59E-03 0.9995 0.10593 0.9826

Bold is an indicator of best model.
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Fig. 9. A scatter plot of the ANN predicted versus experimental
data of MG dye removal by AC (a) and ZnO-NPs-AC (b) (the
MSE vs epochs of the best neural network for each sample is
inset in this figure).

3.7. Adsorption equilibrium study

The equilibrium adsorption isotherms have substan-
tial knowledge in determining the adsorbent-adsorbate
interaction kinetics and mechanism of adsorption of
MG. Equilibrium isotherm models were studied and

their parameters for the adsorption of MG onto AC and
ZnO-NPs-AC correspond to conventional Langmuir [42],
Freundlich [43], Temkin [44], and Dubinin—-Radushkevich
(D-R) [45] isotherm models in addition to their correlation
coefficients (R?) presented in Table 6. The Langmuir adsorp-
tion based on monolayer MG onto AC and ZnO-NPs-AC is
judged according to the values of K (the Langmuir adsorp-
tion constant (L mg™) and g, (the theoretical maximum
adsorption capacity of adsorbent (mg g™)) which as men-
tioned previously can be calculated from the intercept and
slope of the linear plot of C/g, versus C, respectively [46].
The high correlation (R? = 0.9941 and 0.9991) coefficient indi-
cates that Langmuir adsorption isotherms are suitable for the
interpretation of MG adsorption onto AC and ZnO-NPs-AC
over the whole applied concentration range. An adsorption
isotherm for a heterogeneous adsorbent surface is described
on the basis of Freundlich adsorption isotherm model [47,48].
In present model 1/n (the capacity and intensity of the dye
adsorption onto the adsorbent) and K, (Freundlich coeffi-
cients ((mg g™)/(mg L?)1/n)) were calculated from the slope
and intercept of the linear plot of In g, versus In C, respec-
tively. Thus, the low correlation coefficient illustrates the
poor agreement of the experimental data with Freundlich
isotherm model. The value of 1/n in AC and ZnO-NPs-AC
are below 1 that indicates favorable adsorption condition.
The heat of the adsorption by using Temkin isotherm model
was calculated [49]. B is the Temkin constant related to heat
of the adsorption (] mol™), and K, is the equilibrium binding
constant (L mg™), T is the absolute temperature (K), and R
is the universal gas constant (8.314 ] mol™ K) [50]. The D-R
isotherm model was also applied to evaluate the free energy
and the specifications of adsorbents [51,52]. K is a constant
related to the adsorption energy (mol? (k]J?)™), g, is the theo-
retical saturation capacity (mg g™), ¢ is the Polanyi potential.
The values of K and g, were calculated from the slope and
intercept of the linear plot of In g, versus &2, respectively [53].
The values of the correlation coefficient (R?) for D-R model
(0.929 and 0.943 for adsorption removal of MG onto AC and
ZnO-NPs-AC, respectively) are lower than the Freundlich,

Table 6
Various isotherm constants and their correlation coefficients calculated for the adsorption of MG onto AC and ZnO-NPs-AC
Isotherm Equation Parameters Activated carbon ZnO-NPs-AC
Langmuir 9,=49,KC/(1+KC) q, (mgg™) 65.04 92.6
K, (L mg™) 0.143 1.30
R? 0.994 0.999
Freundlich Ing,=InK,+ (1/n) In Ce 1/n 0.635 0.455
K, (Lmg™) 2.588 5.13
R? 0.979 0.967
Temkin 7,=B,InK +B InC, B, 14.081 18.824
K, (L mg™) 1.49 14.974
R? 0.992 0.991
Dubinin-Radushkevich (D-R) Ing, =InQ_ - Be? Q. (mgg™) 36.73 53
B —6E-7 —6E-8
¢ (kJ mol™) 912.24 2,890.1
R? 0.929 0.943
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Langmuir, and Temkin values. Therefore, the D-R isotherm
demonstrates a worse fit of experimental equilibrium data
than other isotherms adsorption for removal of MG dye in
system.

3.8. Adsorption kinetics study

The analysis of adsorption kinetics correspond to MG
accumulation onto AC and ZnO-NP-AC was investigated
using three kinetic models including the pseudo-first-order,
pseudo-second-order, [54], and intraparticle diffusion [55]
models at various adsorbent dosage at optimum value of
sonication time and pH. Table 7 shows the constant param-
eters of each model for removal of MG dye by AC and ZnO-
NP-AC in aqueous solution for linear pseudo-first-order
equation (Lagergren model) as follows [56,57]:

108(% - qr) =logq, —kt/2.303 )

The values of k, and g, were calculated from the slope and
intercept of the linear plot of log (g, — q,) versus f, respectively
and R?is correlation coefficients (Table 7). It was observed
that the pseudo-first-order did not fit well and the calculated
g, values do not agree with the experimental g, value. Because
of the adsorption of MG onto AC and ZnO-NPs-AC, it does
not follow pseudo-first-order kinetic equation. The pseu-
do-second-order kinetic equation is as follows [58]:

T A ®)
9. ka. 4.

where g, and g, are the MG adsorption capacity on AC and
ZnO-NP-AC at equilibrium and at ¢ (min), respectively, and
k, is the rate constant for the second-order kinetic model. The
values of k, and g, were calculated from the intercept and
slope of line plotting correspond to t/g, versus t, respectively.
The intraparticle diffusion equation is generally expressed as
follows [59]:

q:= Kdifftm +C (6)
where g, is the sorption capacity on AC and ZnO-NP-AC at
time t (min), K, is the intraparticle diffusion rate constant
(mg g min?), and C is the thickness of the boundary layer.

In Weber and Morris theory the plot between g, versus ' is

Table 7

given by several areas representing the various steps partic-
ipated in the adsorption process [60]. If the regression of g,
versus ' is linear or correlation coefficient value is near to 1
is proportional with the fact that intraparticle diffusion is the
rate-limiting step. The values of R? for the pseudo-first-order
(0.9082 and 0.9279), the pseudo-second-order (0.9857 and
0.9943), and intraparticle diffusion (0.9142 and 0.9435) kinetic
models (Table 7) for MG adsorption onto AC and ZnO-
NPs-AGC, respectively. On the other hand, the values of R? for
the pseudo-second-order kinetic model were most suitable
and closeness of experimental data.

4. Conclusion

The present investigation indicated that Ziziphus wood
can be effectively used as a raw matter for the preparation
of AC and ZnO nanoparticles loaded on AC as an adsorbent
for the removal of MG from aqueous media performed with
four various variables (pH, adsorbent dosage, sonication
time, and MG concentration). The ANN and RSM models
were made for predicting the MG removal percentage and
adsorbent was characterized using FE-SEM, TEM, XRD, and
BET analysis. The experimental data were fitted to the RSM
model and relationship among the response and the variables
was expressed by a polynomial equation. The optimization
of process was performed using CCD under RSM and the
results indicate desirable efficiency of about 71.35% using AC
under pH of 8.0, 0.015 g of adsorbent, 13.09 mg L' of MG at
4.65 min sonication and best operational condition for ZnO-
NPs-AC was pH of 8.0, 0.02 g of adsorbent, 20 mg L™ of MG
at 5 min sonication which lead to improvement in removal
percentage to 97.38%. The ANN model was used to simulate
and model adsorption of MG using AC and ZnO-NPs-AC. A
three-layer ANN model with tansig transfer function at hid-
den layer with eight neurons is more suitable to predict the
MG adsorption onto AC and ZnO-NPs-AC, respectively. The
isotherm equilibrium data were best described by the Temkin
isotherm model for AC adsorbent and Langmuir for ZnO-
NPs-AC adsorbent. The adsorption kinetics excellently was
fitted to pseudo-second-order kinetic model for both adsor-
bents and experimental results confirm adsorbent ability to
remove large quantity of MG dye (20 mg L™) in short time
(5 min) using little amount of lower toxicity of ZnO and nat-
ural source AC (Ziziphus wood).

Kinetic parameters for the adsorption of dye onto ZnO-NPs-AC and AC in 0.15 mg L of dye

Model Parameters Activated carbon ZnO-NPs-AC
Pseudo-first-order kinetic k, (min™) 0.47 0.501
g, (calc) (mg g™) 21.1 25.67
R? 0.9082 0.9279
Pseudo-second-order kinetic k, (min™) 0.025 0.024
g, (calc) (mg g™) 38.02 52.35
R? 0.9857 0.9943
Intraparticle diffusion K, (mg g min?) 6.22 7.46
C(gmg™) 17.28 28.45
R? 0.9142 0.9435
g, (mgg™) 33.23 47.27
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