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The central composite design (CCD) was employed to investigate the
adsorption of Pb(ll) and Zn(ll) metal ions as well as methylene blue
(MB) as an aromatic anion by a new EDTA/MnQO»/CS/Fe;0Oq
synthesized nanocomposite. The effect of possible affective factors
including the contaminant concentration (20-200 mg/L), pH (2-8),
adsorbent content (0.1-0.9 g/L), and contact time (10-110 min) on the
adsorption of the metal ions using response surface methodology
(RSM) were studied. The highest removal percentages predicted by the
model were 100.776 % and 87.069 %, respectively, for the removal of
Pb(1l) and Zn(ll), that the value of more than 100 % in the case of
Pb(Il) was due to the model’s error. The effect of the simultaneous
presence of methyl blue (MB) and the metal ions in the aqueous
solution on the adsorption rate of each metal ion was investigated. The
study of the adsorption isotherms in the single-component adsorption
showed the dominance of Langmuir isotherm over the adsorption
process of each pollutant (R° > 0.99). The maximum adsorption
capacities according to the Langmuir model were 310.4 and 136 mg/g
for lead and zinc ions, respectively, and 421.1 mg/g for methyl blue.
The results showed that the studied nanocomposite still had high
efficiency after five consecutive adsorption-desorption cycles.

DOI: 10.22034/ijche.2022.314204.1414  URL.: http://www.ijche.com/article 143127.html

1. Introduction

Heavy metals such as lead, nickel, copper,

*Corresponding author: arsalanparvareh@yahoo.com, a.parvareh@razi.ac.ir (A. Parvareh)

33


mailto:arsalanparvareh@yahoo.com
mailto:a.parvareh@razi.ac.ir
http://www.ijche.com/
https://dx.doi.org/10.22034/ijche.2022.314204.1414
http://www.ijche.com/article_143127.html

Parvareh et al. / Iranian Journal of Chemical Engineering, Vol. 18, No. 3, 33-51, (2021)

mercury, zinc, cadmium, and iron with a
relative atomic mass of 63.5 to 200.6 and a
density of more than 6 g/cm® are the most
common contaminants that cause serious
damages to the environment [1-4]. Lead,
which is one of the most widely used base
metals in industry, is a heavy and bluish-gray
metal with an atomic number of 82 and a
melting point of 327 °C. According to the US
Environmental Protection Agency standard
(EPA standard, 2018), although there is no
safe level for lead in drinking water, its
activity level is 0.015 mg/L. Nevertheless,
lead is still used as a pigment in ceramic
glazes, plumbing fittings, lead- acid batteries,
decorative objects [1, 3, 5, 6].

Zinc is another widely used metal in the
industry. The permissible content in drinking
water is 5 mg/L. Large amounts of zinc metal
ions in water are very toxic to plants, trees,
aquatics, and invertebrates [7, 8].

Some of methods for removing these
contaminants from effluents and sewage and
the entire environmental cycle include the ion
exchange, membrane filtration, flotation,
biological removal, electro-deionization,
chemical precipitation, adsorption process,
and several other methods [9-11]. The
adsorption process has received more
attention from researchers owing to its easy
operation, wide availability, high
performance, and economic efficiency [12,
13]. Chitosan is a hydrophilic and cationic
polymer obtained by the removal of chitin
acetyl groups in the alkaline media [2, 12, 14]
which have a very high potential to remove
contaminants such as metal ions, radioactive
materials, various pigments, phenols, and also
various anions from water. There are several
sources for extracting the chitosan
biopolymer, such as crab skins, shrimp, insect

cuticles, and the cell wall of some fungi and
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algae [15, 16].

Although, chitosan has high efficiency in
adsorbing heavy metals due to the presence of
hydroxyl and amine groups in its structure,
some of the negative properties of this
biopolymer such as swelling in water
systems, instability in acidic solutions, and
poor mechanical properties have restricted its
applications [1, 2]. Therefore, to strengthen
its structure, metal oxides such as magnetite,
cerium oxide, zinc oxide, and many other
metal oxides are used. Also, to modify the
surface and strengthen the physical properties
of chitosan, it’s cross-linking with some
functional chemicals such as epichlorohydrin,
triphosphate, glutaraldehyde, and EDTA is
used [17]. In a study, the surface of a-MnO2
nanorods was activated with aminopropyl
triethoxylan. Then they used it as filler for
Chitosan nanocomposite and finally cross-
linked the resulting nanocomposite with
glutaraldehyde. Based on the gravimetric
analysis, the content of aminopropyl
triethoxylan in manganese dioxide was 20 %
by weight. The results showed that the
crosslinking has increased the thermal
stability of the chitosan nanocomposite [16].
Among the mentioned materials for
modifying the surface and strengthening the
physical properties of chitosan, EDTA, as a
strong chelating agent, forms stable chelates
with metal ions, thus increases the adsorption
power [2, 18].

In our previous study [I], a new
EDTA/MnQO2/Chitosan/Fe3Os4 nanocomposite
was synthesized and modified using EDTA.
The XRD, SEM, TEM, FTIR, and EDAX
analyzes were used to evaluate the properties
and characteristics of the synthesized
nanocomposites. The synthesized
nanocomposite was used for the adsorption of

Pb(II) and Zn(II). Different isotherm models
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for single-component adsorption (including
Langmuir, Freundlich, Temkin , and Dubinin-

Radushkovich  model) as  well as

Simultaneous adsorption models (Non-
modified Langmuir model, Modified
Langmuir  isotherm  model,  Extended
Freundlich isotherm model, Langmuir-

Freundlich binary adsorption isotherm), were
investigated and their related parameters were
obtained. Furthermore, a kinetics and
thermodynamic study of adsorption were
done The influence of the initial pH, as well
as the contact time on the zinc(Il) and lead(II)
adsorption, was studied [1].

In the present study, the removal of divalent
lead and zinc heavy metals by a synthesized
nanocomposite (EDTA/MnQO2/Chitosan/Fe;O4)
was investigated. The impact of four effective
process factors (including the initial
concentration of metal ions, adsorbent dose,
pH, and contact time) on the adsorption
process was studied using the central
composite design (CCD) of RSM. The
optimal adsorption conditions and the highest
lead and zinc metal ions removal were
conditions  and

predicted under these

compared with the actual experimental
values. Then, the impact of the simultaneous
presence of the methyl blue (MB) as an
aromatic anion and the metal ions in an
aqueous solution on the adsorption rate of
each pollutant was investigated. Finally, the
dominant adsorption isotherms in single-
component and binary-component systems

were determined.

2. Experimental

2.1. Experiment method

Five levels for the initial concentrations of the
metal ion (mg/L), pH, adsorbent dose, and
contact time were considered as the affecting
parameters in the adsorption process of metal

ions. Experiments were performed in 50 ml
Erlenmeyer flasks containing 20 mL of Pb(II)
or  Zn(II) different
concentrations of metal ions (according to the

solutions with

design of experiments). Also, different values
of EDTA/y-MnO2/CS/Fe3O4 nano sorbent
were used in each experiment. The contents
of the flasks were agitated at 150 rpm using a
shaker for the specified time for each
experiment. The pH of the solution was
measured using a Metrohm 692 pH meter
(Herisau, Switzerland) and adjusted using
0.1 M solutions of caustic and nitric acid. The
concentration of each contaminant was
determined using an atomic absorption
spectrometer at the end of each experiment,
and the adsorption rate of each contaminant
by nano sorbent at the contact time of t was
obtained according to the below relation [19].

The adsorption capacity (or adsorption rate)
at the time of t (qt) and equilibrium adsorption
capacity (qe) were calculated according to
Egs. (1) and (2), respectively :

_ V(Co=Co

Qe =—"— (1)

m

where Co and C: are the contaminant
concentrations in terms of mg/L at the
beginning of the experiment (t=0) and at the
contact time of t, V denotes the volume of the
solution in mL and m represents the nano
sorbent mass in terms of g, respectively. The
equilibrium  adsorption rate of each
contaminant was obtained from the below

equation [19].

_ V(Co—Ce)
= UG @

Je

where Ce 1is the concentration of the
contaminant (mg/L) at the equilibrium state.
The following equation was applied for the
computation of the removal percentage of
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each metal ion [20]:

Co—Ct

0

*100:*2—"‘/"*100

0

% Removal = 3)
2.2. Experiment design

The central composite design (CCD) method
is based on the second-order model which
plays a very important role in the RSM,
because in addition to the ability to display
different modes of curve functions, estimating
the parameters of this model is also very easy
[21-23]. In this method, the levels related
to independent variables are coded to equalize
the ranges of these variables and have easier
regression analyses. Therefore, each factor is
examined at five levels of +a, +1, 0, -1, and -
a in which the selection of a is optional and
can be valued smaller than one. Finally, an
the
responses as a function of factors is obtained

experimental model for predicting

using the following polynomial equation [24,
25]:

K K
Y =By + X Bixi + Xicq Biixi® +

(4)

K vk
ic1 Xj=1 Bijxixj + €

where Y represents the expected value of the
response variable, k is the number of factors,
x; is the coded value of the independent
variable 1, fo is a constant value, Bi is the
coefficient of the linear effect of factor i, fij is
the interaction of coefficient or interaction of
two factors 1 and j and pii is the second-order
effect coefficient of factor i.

In this study, the effect of four effective and
of the
concentration (mg/L), adsorbent dose (g/L),

important  factors metal ion
pH, and contact time (min) on the adsorption
of Pb(Il) and Zn(II) metal ions by nano
sorbent were evaluated. Table 1 shows the
main and coded levels of the mentioned

factors.

Table 1
The levels of the factors and related codes for the experimental design by RSM, CCD
method.
Operating factors Symbol Main levels and related codes
-1 -0.5 0 +0.5 +1
pH X3 2 3.5 5 6.5 8
Metal ion initial concentration (mg/L) Xa 20 65 110 155 200
Adsorbent Dose (g/L) X3 0.1 0.3 0.5 0.7 0.9
Contact Time (min) X4 10 35 60 85 110

According to this table, the value of a is less
than one and is selected equal to 0.5. This
causes more experiments to be performed at
the boundary values of the factors and the
sensitivity of the response to changes in the
variables to be clearer. Therefore, a better
analysis is performed for the results.

The design Expert software was used to
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design the experiments. This software uses 6
central points for four input factors on five
different surfaces. In other words, the number
of repetitions of the experiment, when all the
factors are at their central value, is equal to 6
runs. Taking into account the number of 16
basic experiments based on the factorial
design and 8 axial points, the total number of
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experiments is equal to 30.

3. Results and discussion
3.1. the
determination of the optimal adsorption
conditions of Pb(Il) and Zn(II) by the
synthesized nano sorbent

Experimental design and

To study and evaluate the effect of pH, metal
ion concentration, adsorbent dose, and contact

time factors on the adsorption capacity of
EDTA/y-MnO2/CS/Fe304 nanocomposite in
the adsorption of lead and zinc metal ions,
and also to investigate the interaction of these
factors, adsorption  experiments  were
designed and implemented. The results of the
adsorption of metal ions based on the CCD

experimental design are shown in Table 2.

Table 2
Experimental design matrix and the results of the performed experiments.
?(2: N X X PbD) Pb(II? Znql) Zn(II?
mgii @iy ™™ O ey O (g
1 2 20 0.1 10 19.40 38.80 11.92 23.84
2 8 20 0.1 10 32.74 65.48 24.13 48.26
3 2 200 0.1 10 1.48 29.60 491 98.20
4 8 200 0.1 10 13.62 272.40 6.83 136.60
5 2 20 0.9 10 23.00 5.11 19.22 427
6 8 20 0.9 10 46.49 10.33 39.47 8.77
7 2 200 0.9 10 9.00 20.00 8.74 19.42
8 8 200 0.9 10 21.36 47.47 15.08 33.51
9 2 20 0.1 110 28.12 56.24 21.28 42.56
10 8 20 0.1 110 45.87 91.74 39.00 78.00
11 2 200 0.1 110 12.73 254.60 6.17 123.40
12 8 200 0.1 110 13.55 271.00 6.46 129.20
13 2 20 0.9 110 51.60 11.47 42.60 9.47
14 8 20 0.9 110 87.49 19.44 80.61 17.91
15 2 200 0.9 110 27.31 60.69 20.66 4591
16 8 200 0.9 110 50.11 111.36 42.23 93.84
17 3.5 110 0.5 60 49.61 109.14 41.85 92.07
18 6.5 110 0.5 60 63.26 139.17 41.13 90.49
19 5 65 0.5 60 67.44 87.67 55.67 72.37
20 5 155 0.5 60 63.19 195.89 43.98 136.34
21 5 110 0.3 60 57.57 211.09 39.42 144.54
22 5 110 0.7 60 69.04 108.49 55.60 87.37
23 5 110 0.5 35 54.20 119.24 41.85 92.07
24 5 110 0.5 85 70.40 154.88 54.20 119.24
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25 5 110 0.5 60 67.64 148.81 48.23 106.11

26 5 110 0.5 60 64.26 141.37 53.35 117.37

27 5 110 0.5 60 61.04 134.29 52.14 114.71

28 5 110 0.5 60 67.02 147.44 50.54 111.19

29 5 110 0.5 60 64.61 142.14 53.20 117.04

30 5 110 0.5 60 63.00 138.60 48.99 107.78
Applying the experimental results, the important parameter, which is used to analyze

Quadratic model with the R? values of 0.9876
and 0.9840 was proposed for Pb(II) and
Zn(II) adsorption respectively. Table 3 shows
the results for the analysis of variance of the
quadratic model for the adsorption of the
desired metal ions. In general, the larger
F-value and the smaller P-value for a term of
the model shows that the mentioned term in
the has
P-value < 0.05 indicates the significance,
0.05 < P-value < 0.1 indicates the quasi-
significance, and P-value > 0.1 indicates the

model been more important.

insignificance of a parameter [26, 27]. As
observed, the F-values of the two models for
lead and zinc ions are 85.12 and 65.07,
respectively, and the P-values of both models
are less than 0.0001 (i.e. the probability that
the F-values for each model which are due to
noise are less than 0.01 %). The values of F
and P indicate that the proposed quadratic
with  the
experimental results for both ions. Another

models are well compatible

Table 3

the model, is the Lack of Fit (LOF) test. LOF
is a comparison of residual error and pure
error, and in here, its insignificance is
desirable. It can be said that a small value of
LOF related to F-value (compared to pure
error) and a probability of more than 10 %
(LOF P-value > 0.1) are necessary for the
accurate prediction of the response. The
F-values of the LOF of the lead and zinc
adsorption models are 2.66 and 3.24, and the
P-values of the same are 0.1454 and 0.1034,
respectively, which indicate relatively good
compatibility and fitting of the model to the
results. But among the different terms shown
in Table 3, terms X2X3, X2%, X32, and X4? are
insignificant for the models related to both
ions and also the XiX4 term for the model
related to Pb(Il) ion. The elimination of the
insignificant terms usually helps to improve
the model and leads to more accurate results
[28].

Analysis of variance of the quadratic model for the adsorption of lead and zinc ions by the nano sorbent

(before modifying the model).

Pb(1I) Zn(I1)
Source df Mean Sum F-value P-value df Mean Sum F-value P-value
of Square of Square
Model 14 1094.09 85.12  <0.0001 Sign. 770.56 65.70  <0.0001 Sign.
Xi 1 1281.89 99.73  <0.0001 1 842.99 71.88  <0.0001
X2 1 2135.05 166.10 < 0.0001 1 1813.57 154.64 <0.0001
X3 1 1448.18 112.66  <0.0001 1 1474.63 125.74  <0.0001
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X 1 150866 11737  <0.0001
XX, 1 112.07 872 0.0099
XiXs 1 159.27 1239 0.0031
XXy 1 15.87 123 0.2840
XX 1 16.11 125  0.2805
XXy 1 68.86 536 0.0352
XsXs 1 437.02 3400  <0.0001

X2 1 150.94 1174 0.0037
X2 1 4.87 03792 0.5472
X2 1 1.17 0.0910  0.7671
X2 1 7.37 0.5736  0.4606

R":lidu 15 12.85

La;i °of 1o 16.24 266 0.1454
g:rfr 6.09

Cor
Total

Not

sign.

1 1102.60 94.01  <0.0001
1 210.85 17.98 0.0007
1 182.49 15.56 0.0013
1 84.92 7.24 0.0168
1 33.75 2.88 0.1105
1 148.68 12.68 0.0028
1 384.85 32.81  <0.0001
1 123.12 10.50 0.0055
1 6.29 0.5359 0.4754
1 1.61 0.1370 0.7164
1 0.1921 0.0164 0.8999
; 11.73

(1) 15.24 3.24 0.1034 SI:;OI:
5 4.71

2

9

After modifying the model and eliminating
the (P-value > 0.1),
modified models were obtained without any

insignificant terms

insignificant terms. It is worth noting that
modifying the model and eliminating an
insignificant term may make the same term
significant or quasi-significant. For example,
in the present study, the X2Xs3 term with a
P-value greater than 0.1, as shown in Table 4,
its P-value has decreased to 0.0847
therefore

and

has become quasi-significant.

Table 4

According to other information presented in
Table 4, the modified model has higher
compatibility and validity for predicting
results. For example, the LOF F-values for
the two models related to lead(II) and zinc(II),
have decreased to 2.26 and 2.60, respectively,
which is not significant compared to the pure
error of the models (30.46 and 23.54). Also,
the LOF P-values of the two models have
increased to 0.1883 for Pb(II) and 0.1497 for
Zn(1II).

Analysis of variance of the quadratic model for the adsorption of lead and zinc ions by the nano sorbent
(after modifying the model and deleting insignificant terms P-value > 0.1).

Pb(II) Zn(I1)
Source Mean Mean
df Sum of F-value P-value df Sum of F-value P-value
Square Square
Model 9 1697.04 143.37 <0.0001 Sign. 11 980.12 96.69 <0.0001 Sign.
X 1 1281.89 108.30 <0.0001 1 842.99 83.16 <0.0001
X5 1 2135.05 180.37 <0.0001 1 1813.57 178.91 <0.0001
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X 1 144818 12235  <0.0001
X 1 1508.66 12745  <0.0001
XiXs 1 112.07 9.47 0.0059
XXs 1 15927 13.46 0.0015
X1Xq
XoXs
XXs 1 68.86 5.82 0.0256
XaXs 1 437.02 36.92 <0.0001
X2 1 812236 68619  <0.0001

Residual 20  11.84

La;l; of 15 1375 226 0.1883
g:rfr 5 6.09
rou

I 147463 14547  <0.0001
1 110260 10877  <0.0001
I 21085 2080  0.0002
I 18249 1800  0.0005
1 8492 838  0.0097
1 3375 333 0.0847
| 14868 1467  0.0012
I 38485 3796  <0.0001
1 450196 44411  <0.0001
18 10.14
sljg‘i:. 13 1223 260 0.1497 Slj;t
5 471
29

Improved quadratic models for the adsorption
of Pb(Il) and Zn(II)
component system have been obtained as:

ions in a single
% Pb(II) Removal = 64.21 + 8.81 X; — 11.38 X, +
9.37 X3+ 9.56 X4 — 2.65 XX, + 3.16 X1 X3 — 2.07
XoXs + 5.23 XaXs — 33.94 X2 (5)

% Zn(II) Removal =49.55 +7.15 X; — 10.48 X, +
9.45 X3+ 8.17 X4 — 3.63 XXz + 3.38X: X3 +2.30
XXy — 145 XoX3 — 3.05 XoXy + 4.90 XXy —
2527 X2 (6)

According to the coefficients of these
equations (presented in terms of coded

factors), the effect of parameter X2 (the initial

Table 5

concentration of the metal ion) on the
response in models is greater than the effect
and this
the removal decreases by

of other parameters, effect is
negative, i.e.
increasing the initial concentration of metal
ions. It can also be said that pH and contact
time changes on Pb(Il) are more effective
than thoes on Zn(Il). The opposite of this
point is established poorly for the adsorbent
dose.

The two modified models have R? values of
0.9847 and 0.9834 for Pb(Il) and Zn(II)
respectively (Table 5), which indicate good
consistency between the model and

experimental results.

Determination coefficients, standard deviation, and coefficient of the variation of the

quadratic models obtained for the adsorption of Pb(II) and Zn(II) in the single-component

system.
Pb(II) Zn(11) Pb(II) Zn(11)
Std. Dev. 3.44 3.18 R? 0.9847 0.9834
Mean 45.54 35.65 Adjusted R? 0.9779 0.9732
C.V.% 7.56 8.93 Predicted R? 0.9492 0.9314
Adeq precision  39.3888  37.1696
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The small difference between the adjusted R?
and predicted R? (difference less than 0.2)
indicates the logical compatibility of these
two coefficients of determination. An
important parameter of Adeq Precision is the
signal-to-noise ratio, which indicates the
difference between the predicted response
value and the average predicted error value; a
value greater than 4 indicates the appropriate
detection of the model. According to Table 5,
the values of this parameter are greater than 4
for both models.

The maximum Pb(II) removal has been
predicted to be 100.776 % (greater than 100 is
due to the model’s error). The optimal
conditions for this response are the pH of
5.601, initial concentration of 34.379 mg/L of
Pb(II), adsorbent dose of 0.892 g/ and
contact time of 109.776 min. The experiment
performed wunder the above laboratory
conditions resulted in the 99.37 % removal of
Pb(II) ions, which had only a 1.41 % diviation
from the value estimated by the model and
indicated the accuracy of the proposed model.
The maximum value predicted by the model
for the removal of Zn(II) from the aqueous
solution by the studied nano sorbent was

Pb(ll) Removal (%)

87.06 %, which was obtained under the
optimal conditions of the pH value equal to
5.911, initial concentration of 285.29 mg/L of
Pb(Il), adsorbent dose of 0.877 g/L and
contact time of 109.923 min. The actual
response obtained under the mentioned
optimal conditions was equal to 85.21 which
was different from the predicted value by
only 2.2 % and showed that the obtained
model had good accuracy for predicting the
response.

The 3D diagrams of response surfaces,
corresponding to the unprompted models, can
be used to evaluate the effect of interactions
of the process variables on the response and
compare them with each other. Figure 1
presents the 3D diagrams of the response
surfaces related to the interaction of
experimental variables in the adsorption of
lead bivalent ions (the 3 D diagrams related to
the adsorption of zinc on the nanocomposite
has a similar trend to the adsorption of lead
and have not been presented here). Using
these diagrams, it is possible to study the
simultaneous effect of two factors on the
response and determine the areas where the
maximum pollutant removal occurs.
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Figure 1. 3D diagrams of the effect of interactions on the Pb(II) removal by the EDTA/y-MnO,/CS/Fe;04
nanocomposite from the aqueous solution, (a) pH, the Pb(Il) initial concentration, (b) pH, the adsorbent
dose, (¢) pH, the contact time, (d) the Pb(Il) initial concentration, adsorbent dose, (¢) the Pb(II) initial
concentration, contact time, (f) the adsorbent dose, contact time.

Generally, as the initial concentration of the

pollutant 1ions increases, the removal
decreases due to the saturation of the active
sites of the adsorbent. In 3D diagrams that
show the interaction of pH with the initial
concentration (Co) of the lead ion (Figure 1a),
it can be seen that the removal of each metal
cation increases by increasing pH in the
acidic environment. This incremental trend

continues up to the pH values in the range of

42

5 to 6, but the removal decreases gradually at
the pH values above this range.

The increasing trend of the removal from
low pH values to high pH values is related to
the nano sorbent pHrzc (4.6). As long as the
pH of the aqueous solution has this value, the
nano sorbent surface has a neutral charge. At
the pH of below 4.6, the
nanocomposite surface has a positive charge

values

due to the accumulation of hydrogen cations,
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and the protonation of some functional groups
belonging to chitosan and EDTA and their
conversion to positive ions (such as NH3") are
much easier. Therefore, at the pH values of
lower than pHpezc, the adsorption rate and
therefore the removal will have their lowest
values owing to the electrostatic repulsion of
the surface and also the competition between
the lead (or zinc) metal ion and other cations.
At the pH values of above pHrzc, negative
ions such as OH and COO" and more
generally -RO™ increase at the nanocomposite
surface causing the surface to become
negatively charged. Therefore, the adsorption
of metal cations due to the electrostatic
attraction and less competition is easier.

At the pH values of above 6, hydroxyl
complexes and metal hydroxide deposits are
formed, which are not desirable for the
adsorption process and reduce the adsorption
rate [29, 30]. In the 3D diagrams showing the
interaction of pH with the adsorbent dose, in
addition to the above points, it is observed
that at alkaline pH values compared to acidic
ones, increasing the adsorbent dose has a
greater effect on the removal. This can be
attributed to the surface charge of the
nanocomposite at acidic pH values.

In all diagrams related to the simultaneous
effects of the absorbent dose and another
factor on the response variable it was
observed that in low doses, by increasing the
adsorbent dose, the removal also increases.
But at higher doses, this increasing trend has
stopped or changed to a decreasing trend.
This is because increasing the adsorbent dose
increases the active sites and functional
groups at low doses, so the removal also
increases. However, at high doses, the
removal is not increased much due to the
reduced probability of the contact of
adsorbate ions and adsorbent nanoparticles

[26]. In Figure 1f, it is observed that at high
doses of the nano sorbent, by increasing the
contact time, the removal also increases with
a great slope, until after a sufficient time and
the saturation of active sites, this slope
decreases and eventually becomes almost
zero. But, due to the rapid saturation of active
sites at low doses, the increasing trend of the
removal does not take much time, and after
70 min, the slope of the increasing trend of
the removal becomes zero, and then metal
ions may be repelled due to the weakening of
van der Waals bonds. It should be noted that
the behavior of the dependent variables of the
adsorption capacity and the removal in
of the
concentration and the adsorbent dose are

relation to the factors initial
opposite to each other and concerning the
factors of pH (in the acidic environment) and

the contact time are similar.

3.2. Comparison of the effect of the initial
pH of the solution on the adsorption of MB
and metal ions

There are always several contaminants from
one or more different organic and inorganic
groups in the industrial effluents, and the
presence of only one single pollutant in
industrial effluents is rare. Therefore, in the
present study, the adsorption of metal ions (as
cations) and methylene blue (MB) (as an
aromatic anion) were considered. To evaluate
the effect of the initial pH of the solution on
the adsorption of MB by nanocomposites and
compare it with the results obtained for the
adsorption of metal ions, the MB adsorption
was performed at the pH values in the range
of 2 to 10 (the adsorbent dose: 0.5 g/L, the
initial concentration of MB: 200 mg/L,
temperature: 25 °C). According to the results
shown in Figure 2, at acidic pH values, the
maximum adsorption capacity is obtained for
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the removal of MB (unlike metal cations).
The decreasing trend of the adsorption begins

at the pH values higher than pHpzc=4.6 and
reaches its lowest value at the pH=10.

400 -
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Figure 2. Effect of the pH of the solution on the adsorption of Pb (II), Zn (II), and MB by the synthesized
nanocomposite (the initial concentration of 200 mg/L of the pollutant, the adsorbent dose of 0.5 g/L).

The ability of nanocomposite to adsorb MB
at acidic pH values can be attributed to the
electrostatic forces between the adsorbent and
the MB anions. The positive charge of the
surface at the pH values of lower than pHpzc
(due to the presence of H' and NHs"
belonging to chitosan) and the negative
charge of methyl blue anions cause the
formation of these electrostatic adsorption
forces. While the same positive charge of the
surface causes a repulsive force in
confrontation with the metal cations. At the
pH values of above pHrzc, the nano sorbent
surface is negatively charged and the
electrostatic repulsion forces between the
nano sorbent surface and the MB anions

reduce the adsorption power.

3.3. Isotherms of the adsorption of the MB
hydrocarbon anion by the
EDTA/MnO,/CS/Fe304 bio sorbent in the
single-component adsorption

Adsorption isotherm experiments of Pb(II),
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Zn(1D), and MB by the
EDTA/MnO2/CS/Fe304 nanocomposite in a
batch and single-component system were
performed under the same conditions of the
pH of 5, adsorbent dose of 0.5 g/L,
temperature of 25 °C and time required to
reach equilibrium. The purpose of these
experiments was to find the maximum
adsorption capacity and also to investigate the
mechanism of the adsorption process using
the values of the parameters of isothermal
models. The equilibrium data of experiments
related to each metal ion and MB were
applied to estimate and evaluate the
parameters of the models.

The results of the adsorption isotherm
experiments and the isotherm models for
Pb(II), Zn(II) were presented by the authors in
another works [1]. The results of the isotherm
model for the adsorption of MB on the
nanocomposite have been presented in Figure
3.



Parvareh et al. / Iranian Journal of Chemical Engineering, Vol. 18, No. 3, 33-51, (2021)

450 -

400 -

350 -
300 | [/
b0 250 | 7 B Experimental data
%0 200 Langmuir model
~ 150 — - Freundlich model
= we e Temkin model

50

0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
C, (mg L")

Figure 3. Adsorption isotherms of MB on the EDTA/y-MnO,/CS/Fe;04 nanocomposite in a single
component system (T= 25 °C, pH = 5, the absorbent dose = 0.5 g/L).

Results for the adsorption of the MB
aromatic dye show that at low equilibrium
concentrations (corresponding to low initial
concentrations), the equilibrium adsorption
capacity increases sharply by increasing the
equilibrium concentration. This issue is owed
to the presence of the active agents belonging
to EDTA and chitosan, and unoccupied active
sites related to y-MnO2 (to a greater extent)
and Fe3O4 (to a lesser extent) on the nano
sorbent surface. Further increasing of the
equilibrium concentration of the contaminant
causes the functional groups and active sites
result in

to become saturated, which

Table 6

the trend of the
equilibrium adsorption capacity in such a way

vanishing increasing
that eventually remains constant at high
equilibrium concentrations.

The values obtained for the parameters of
the four isotherms using nonlinear regression
analysis are presented in Table 6. According
to the results, the Langmuir model which has
the lowest error function values and the
of R? is
appropriate model for fitting the experimental
of the
considered metal cations and as well as MB

highest coefficients the most
data for the adsorption process

aromatic dye.

Parameters of the adsorption isotherms of Pb(Il), Zn(Il) [1], and MB in the separate

adsorption system.

Isotherm Parameter Pb(1I) Zn(IT) MB
qm (mg/g) 310.4 136.0 421.1
Kt (L/mg) 0.106 0.087 0.179
Langmuir model R 0.045 0.067 0.014
RMSE 7.263 1.800 6.722
R? 0.991 0.996 0.998
Kr ((mg/g)(mg/L)"™) 74.42 31.58 147.03
) 1/nf 0.299 0.305 0.213
Freundlich model
RMSE 18.16 6.089 31.94
R? 0.942 0.950 0.950
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br (kJ/mol) 0.044 0.092 0.038

Kr 1.781 1.081 4202

Temkin model RMSE 7.926 3.125 18.06

R? 0.988 0.987 0.985

qor (Mg/g) 267.4 111.4 383.5

Bor (mol /J)? x 10° 0.90 0.497 0.306

Dobinin-Radushkevich model E (kJ/ mol) 0.237 0.317 0.403
RMSE 24.19 11.45 43.86

R’ 0.879 0.825 0.840

The compatibility of this model indicates that
the EDTA/MnO2/CS/Fe3Os nanocomposite
has a homogeneous surface with a uniform
distribution of active sites. The maximum
adsorption capacities calculated, using the
Langmuir isotherm, for the adsorption of
Pb(Il), Zn(II), and MB in a single-component
system are 310.4, 136.0 and 421.1 mg/g
respectively. The values less than one for 1/nf
(from the dimensionless constants of the
Freundlich model) indicate that the adsorption
process is desirable for all three contaminants
[31]. The values of br (related to adsorption
heat) for the adsorption of Zn(II), Pb(Il) and
MB are 0.092, 0.044 and 0.038 kJ/mol
respectively. Values less than 40 kJ/mol for
this parameter reject the possibility of a
chemical bond between the adsorbate and the
nano sorbent surface. On the other hand, in
the D-R model, the E values for both metal
ions and MB are less than 8 kJ/mol, which
confirm the physicality of the adsorption
process of each of the contaminants [26, 32,
33].

3.4. Isotherms of the adsorption of Pb(II)
metal cations and MB hydrocarbon anion
by the EDTA/MnO,/CS/Fe304
nanocomposite in the two-component
system

To investigate the simultaneous presence of

two types of the contaminant in the solution,
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adsorption experiments were performed in a
two-component system. In these experiments,
a constant initial concentration for one of the
pollutants was used in all Erlenmeyer flasks,
while the initial concentration of another
pollutant varied from 25 to 300 mg/L in
different flasks. After the
adsorption by the nano sorbent (at the pH of 5

Erlenmeyer

and adsorbent dose of 0.5 g/L) and reaching
the equilibrium state in each of the laboratory
containers, equilibrium concentrations were
recorded, and the operation was repeated by
changing the position of the two ions (in
terms of the initial concentration value). The
results of the adsorption in the two-
component system of Pb(Il) and Zn(II) metal
cations were investigated and discussed in our
other study [1]. In this work, the adsorption
capacity of the nanocomposite for the
simultaneous presence of Pb(Il) as a metal
cation and MB as an anion was studied.
effect of the
simultaneous presence of Pb(I[) and MB on

Figure 4a shows the
the adsorption capacity of the nanocomposite
in the adsorption of Pb(II). These results were
obtained at a pH of 5 and an adsorbent dose
of 0.5 g/L.

As observed, the presence of methyl blue
reduces the adsorption capacity of the
nanocomposite in the Pb(II) adsorption.
Given the fact that methyl blue is an anion, it
is expected that at the pH values of higher
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than the pHrzc of the nanocomposite, the
metal cation will prevail in the competition
between the metal cation and the aromatic
anion, but this does not occur due to the
unique structure of methyl blue. Methyl blue
has three groups of SOs’, which generate
strong electrostatic attraction forces with the
positive surface of the nanocomposite at
acidic pH values. In addition to SO3™ groups,
methyl blue has two -N = and one -NH-
groups which are easily protonated and
convert to NH3". Therefore, methyl blue at
the pH values of higher than pHpzc can also
compete with metal cations and be adsorbed
by the negatively charged surfaces. However,
these electrostatic adsorption forces are much

weaker than the adsorption forces created at
acidic pH values. Figure 4b is related to the
effect of the simultaneous presence of MB
and Pb(II) on the adsorption capacity of the
adsorbent in the MB adsorption. As observed,
low initial concentrations of Pb(II) don’t have
great effects on the rate of the MB adsorption
by the nanocomposite. This subject confirms
the reasons mentioned for the effect of the
presence of methyl blue on the adsorption
capacity of the nanocomposite in the Pb(II)
adsorption. The adsorption rate decreases at
high concentrations of Pb(II) due to the
reduction of the collision of methyl blue and
adsorbent nanoparticles.

300 s
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Figure 4. Effect of the simultaneous presence of Pb(Il) and MB in the solution on the nano sorbent
adsorption capacity in the adsorption of (a) Pb(Il) and (b) MB (T= 25 °C, pH =5, the absorbent dose = 0.5

g/L).
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3.5. Nano sorbent recovery and reuse

The ability to recover and reuse nano sorbents
is one of the basic criteria for selecting a nano
sorbent, especially for industrial applications.
In this research, for the recovery of the
EDTA/y-MnO2/CS/Fe304
initial (recovery) experiments were performed

nanocomposite,

using several different acids including 0.1 M
HCI and 0.1 M HNOs as the desorption
agents of adsorbed contaminants. Considering
the better performance of 0.1 M HCI, this acid
was used in the adsorption-desorption cycles
of the three studied contaminants in eight
consecutive stages. Experimental parameters
were selected according to the optimal
conditions of the adsorption of target
contaminants. Figure 5 shows the ratio of the
nanocomposite adsorption capacity in each
cycle to the initial adsorption capacity for all
three contaminants.

As it can be seen, the adsorption capacity
decreased with a moderate trend in the first
five cycles for all three contaminants. In the
fifth cycle, the capacity reduction compared
to the first cycle is 3.6 %, 9.2 %, and 5.4 %
for the adsorption of Pb(Il), Zn(Il) and MB
respectively. In other words, in the case of
Zn(II), the nanosorbent still has 90.8 % of the
initial adsorption capacity for the adsorption
of this ion. Therefore, it can be said that the
understudy nanocomposite has a relatively
good performance after five consecutive
adsorption-desorption cycles. In subsequent
cycles, a reduction in the adsorption capacity
of the nanocomposite (especially in the Zn(II)
adsorption) is observed. One of the reasons
for the decrease in the adsorption capacity or
efficiency of the nanosorbent is the change in
the chemical nature of the nanosorbent
surface and thus the reduction of the active
functional groups on the surface following the
continuous washing.
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Figure 5. Ratio of the adsorption capacity in eight
consecutive cycles of the nanocomposite recovery
to the initial adsorption capacity.

4. Conclusions

The experimental design by RSM and the
CCD method was used to find the optimal
conditions for the adsorption of lead and zinc
metal ions from the aqueous solution using
the EDTA/y-MnQO2/Chitosan/Fe3O4
multifunctional synthesized nanocomposite.
The coefficients of the obtained statistical
models showed that the initial concentration
of metal ions has the greatest effect on the
adsorption capacity. The highest removal
predicted by the model for removing Pb(II)
and Zn(Il) from the aqueous solution were
100.776 % and 87.069 % respectively, that
the value of more than 100 % for Pb(II) is due
to the model’s error. The optimal conditions
for the mentioned responses for Pb(II) and
Zn(Il) were: the initial concentration of
34.379 and 29.285 mg/L, pH equal to 5.601
and 5.911, adsorbent dose of 0.892 and 0.877
g/L and contact time of 109.776 and 109.923
actual
experimental results were examined under the
optimal conditions for Pb(Il) and Zn(II) and
had the maximum errors of 1.41 % and 2.2 %

min respectively. The obtained

respectively. In  the single-component
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adsorption, the adsorption isotherms of
Langmuir, Freundlich, Temkin, and Dubinin-
Radushkovich were investigated. The results
showed the dominance of the Langmuir
isotherm in the adsorption of each of the three
pollutants (R*> 0.99). The
adsorption rates according to the Langmuir

maximum

model were 310.4 and 136 mg/g for lead and
zinc ions respectively and 421.1 mg/g for
methyl blue. The of the
adsorption capacity after several consecutive

examination

cycles of the nanocomposite recovery showed
that the studied nanocomposite at least has a
high efficiency after five consecutive

adsorption-desorption cycles.
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