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The objective of this work was to evaluate the efficiency of a promising ultrasonically
assisted adsorption with the Fe,O,@THAM-CH,CH,Cl magnetic nanoparticle (MNPS)
as a new adsorbent for the elimination of Congo red from water samples. The FE-SEM
images show that Fe;O,@THAM-CH,CH,Cl MNPs adsorbent is spherical. Due to
the presence of pores on the Fe,O,@THAM-CH,CH,Cl MNPs adsorbent surface, the
proposed adsorbent can remove Congo red from the aqueous environment by trapping
the pollutant in its pores. Different parameters influencing the ultrasonically assisted
adsorption (UAA) by the Fe,0,@THAM-CH,CH,Cl MNPs adsorbent, including the
dye concentration and adsorbent mass, ultrasonic time, and pH, were studied and
optimized by multivariate methods. The best adsorption efficiency was obtained at 0.04
g of adsorbent, 17 mg.L"" of dye, pH = 6.6, and ultrasonic treatment for 7.2 min. The
results indicated that the efficiency of dye adsorption ranged from 97.85 to 99.65 %. The
kinetic, isotherm, and thermodynamic for the proposed method were assayed. The larger
R? for the pseudo-second kinetic model indicates that this model is more suitable to
describe the adsorption process of Congo red on the Fe,;O,@THAM-CH,CH,Cl MNPs
adsorbent. The Langmuir adsorption isotherm had a larger correlation coefficient (R? =
0.9987), which indicates it fits best with the experimental data and is more suitable for
the Congo red adsorption process. Analysis of actual samples showed that Congo red
removal values (R %, mean + standard deviation, » = 3) in tap water and wastewater
were 98.48 + 1.52 % and 98.05 = 2.11 %, respectively.
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1. Introduction

Dyes from industries are one of the most critical
pollutants in water and wastewater [ 1-3]. Water pollution
caused by various human biological, agricultural, and
industrial activities as well as excessive exploitation
of limited water resources, will lead to a water crisis
in the coming years [4-6]. For instance, most textile
industries do not treat wastewater properly [7]. Congo
red (CR), an anionic azo dye based on benzidine and
soluble in water, is metabolized to benzidine, which
threatens human health [8]. This substance is widely
applied in the manufacture of plastic, rubber, paper, and
textile. Since this substance is a skin and eye irritant and
causes respiratory problems, nausea, vomiting, allergic
reactions, and obvious carcinogenesis in humans, it
should be removed from water resources. The chemical
structure of CR dye is shown in Fig. S1 (Supplementary
File).

Various methods, such as advanced reverse osmosis
[9], ultrafiltration [10], oxidation [ 11], ion exchange [12],
and visible-light irradiation [13], are used to monitor dye
contamination. All these techniques have disadvantages,
such as high costs, sludge production, and complexity of
the treatment process. However, despite the existence of
many methods, adsorption has become one of the most
popular methods used to remove contaminants in sample
solutions due to its simple techniques, lower price, and
high efficiency [14-16]. Different adsorbents have been
used to eliminate pollutants from water samples [17-19].
However, new adsorbents with higher removal capacity
are more economical and are experiencing growing
interest from researchers [20-22]. Numerous factors,
such as the concentration of dye, mass of adsorbent,
time, and pH, affect the examination of the adsorption
process [23, 24]. Also, the use of absorption columns to
treat colored wastewater may allow some adsorbents into
the environment through the treated wastewater, leading
to severe problems (in particular nanomaterials), which
defeats the purpose of treating colored wastewater.

Recently, Fe,0, magnetic nanoparticles have been
used as an intermediate in the synthesis of magnetic
nanoparticle catalysts [25], and the use of magnetic
nanomaterial is becoming a growing interest for the
removal of various pollutants [26]. Adsorbents must be
regenerated after use to maintain absorption efficiency,
although adsorbent MNPs can collect NPs through a
magnetic field [27]. The Fe,O, adsorbent is the most

common magnetic core used in adsorption studies;
however, to achieve a higher adsorption capacity, it must
be functionally coated to prevent oxidation. Oxidation
leads to damage to the magnetic properties, reduction of
its absorption capacity, and limits its use. Therefore, to
compensate for these limitations, several studies have
focused on the surface functionalization of MNPs. In
this research, surface functionalization of Fe,O, MNPs
is accomplished using THAM or tris (hydroxymethyl)
aminomethane, which produces a suitable functionalized
surface and results in chemical stability for Fe,O,
MNPs. THAM is rich in donor-acceptor groups, which
makes it useful for the surface functionalization of
Fe,O, MNPs, improving its stability and preventing
oxidation. Therefore, an MNPs adsorbent in a created
magnetic field can be used to separate particles from
treated wastewater [28]. Nowadays, one of the main
research objectives is economic optimization. Classical
methods of changing one variable at a time take a long
time; they require many experiments and cannot show
the interactive effects of variables. Furthermore, the
optimized conditions in classical methods are not always
reliable [29]. Conversely, the optimization of parameters
in the implementation of processes with the help of
multivariate methods is being reported in many research
fields [30]. Experimental methods such as Taguchi,
response surface methodology (RSM), and artificial
neural networks (ANN) enable researchers to rationally
reduce the number of experiments, reduce costs, and
generate more research benefits [31].

Herein, we first developed a new MNP, Fe,O, MNPs
adsorbent combined with THAM (Fe,O,@THAM-
CH,CH,CI MNPs adsorbent), with improved adsorption
capacity, stability, and recyclability for removal of CR
from the aqueous environment. Then, Taguchi, RSM,
and ANN methods were used to investigate, improve,
optimize, and model important operational parameters
in ultrasonic adsorption. Finally, the application of the
dye removal method in water and wastewater samples
was investigated.

2. Experimental

The synthesis of Fe,O,@THAM MNPs is included
in the supplementary information. The FE-SEM
image of Fe,0,@THAM-CH,CH,Cl shows that the
nanoparticles are spherical (Fig. S2, Supplementary

File). The BET measurements confirmed a specific
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surface area of 121.79 m’.g"', a total pore volume of
27.9 cmi.g!, and a mean pore size of 8.14 nm. The
presence of pores on the Fe,0,@THAM MNPs surface
allows the proposed adsorbent to trap the pollutant,
removing Congo red from the aqueous environment.
To investigate the adsorption process, 0.01 - 0.05 g
of Fe,0,@THAM-CH,CH,Cl adsorbent was added to
a sample solution (pH = 2-10) containing Congo red
with an appropriate concentration (2-20 mg.L"). This
mixture was vigorously shaken using an ultrasonic
system for different time intervals (1-15 min). At the
end of the decolorization process, the residual Congo
red was determined by a spectrophotometer (2120 UV
plus, Optizen) at 500 nm.

2.1. Taguchi method

In this study, the Taguchi design was utilized to assess
the impact of each parameter on the removal of CR by
the Fe,O,@THAM-CH,CH,Cl MNPs adsorbent and to
search for an optimal parametric combination to access
the proper surface. After performing nine experiments
using the Taguchi method, the removal process results
were assayed to identify the optimal conditions for the
removal of dye using the Fe,O,@THAM-CH,CH,Cl
MNPs adsorbent. In the Taguchi model, we use a
converted response function shown as an S/N ratio for
accurate analysis. This formula is calculated as Eq. (1):

1 1 1
Gtz t+32)
n

S
5= ~10log-2—22 (1

n

where y, is the measured value for each step of the
adsorption process, S is the measured response value
for each experiment in each test, and » denotes the
number of times the experiment was repeated. Using the
Taguchi method, the effects of independent variables
can be investigated. The design of experimental runs
for the proposed Taguchi method by S/N ratios (Data
Means) for each level of variables is shown in Table 1.
The parameters are entered as coded and uncoded. The
Taguchi method's optimal values were employed as a
preliminary implementation of the Central Composite
Design (CCD) for removing Congo red with the Fe,O,@
THAM-CH,CH,CI adsorbent.

2.2. Response Surface Methodology (RSM) Modeling

Optimizing the effective parameters influencing the
ultrasonically assisted adsorption by Fe,O,@THAM-
CH,CH,CI adsorbent is essential. RSM is a useful
technique for process optimization where the response
is influenced by several variables, and the objective is
to optimize the response. In this study, the adsorption
process was investigated by carrying out the 30
experiments proposed by CCD (a type of RSM), and
the results were entered into the software to evaluate
the optimized conditions to remove Congo red using the
proposed adsorbent.

The response model may be expressed as Eq. (2):

Y=0b,+ ibixi + Z“:bﬁxl.2 + i 24: b, x,x; 2)
i=1 i=1

i=1 j=i+l

Table 1. The design of experimental runs of Taguchi method for the removal of Congo red (The parameters are entered in both coded and

uncoded ways)

Run Factor 1 Factor 2 Factor 3 Factor 4 SUN ratio
(A: Ultrasonic time, min)  (B: Mass of adsorbent, g) (C: Concentration of dye, mg.L™") (D: pH)
Coded Uncoded Coded Uncoded Coded Uncoded Coded Uncoded
1 1 4 1 0.01 1 5 1 2 35.24
2 1 4 2 0.03 2 11 2 4 39.45
3 1 4 3 0.06 3 17 3 6 37.45
4 2 8 1 0.01 2 11 3 6 38.55
5 2 8 2 0.03 3 17 1 2 38.31
6 2 8 3 0.06 1 5 2 4 36.61
7 3 12 1 0.01 3 17 2 4 37.39
8 3 12 2 0.03 1 5 3 6 39.41
9 3 12 3 0.06 2 11 1 2 35.79
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In this equation, b, is the linear coefficient, b, is the
quadratic coefficient, b, is the interaction coefficient, x,
and x; are the encoded values of the process variables,
Y is the predicted data, and b, is the constant coefficient
[32].

3. Results and discussion
3.1. Taguchi optimization

The Taguchi method uses a response function for
mathematical analysis and more accurate results,
defined as the S/N ratio. The optimization by the
proposed model is confirmed using experiments
conducted after finding the levels based on the S/N
ratio (Data Means) for each level of variables. In
the removal process, ultrasonic action increases the
mass transfer of adsorption processes. So, the removal
process increased as the ultrasonic time increased. At
lower pH, the adsorbent surface is more positively
charged, indicating that the adsorption of CR from
aqueous solutions is favorable.

According to the results of the main effects plot for
SN ratios, the optimized conditions for the removal of
CR by Fe,0,@THAM-CH,CH,CI adsorbent occurred
in an ultrasonic time of 8 min, adsorbent amount of
0.03 g, dye concentration of 11 mg.L"', and pH = 6
(Fig. 1). The Taguchi method's optimal values were
employed as a preliminary implementation of the
RSM-CCD design for the removal of Congo red by
Fe,0,@THAM-CH,CH,CI adsorbent.
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Fig. 1. Main Effects Plot for SN ratios (Data Means) for (A)
ultrasonic time (A), adsorbent amount (B), dye concentration (C)
and pH of the solution (D) on the removal of Congo red by Fe,O,@
THAM-CH,CH,CI adsorbent.

3.2. RSM Model

To investigate the adsorption process, the results
of 30 experiments proposed by CCD, a type of RSM,
were assayed to measure the optimal conditions for
the ultrasonically assisted adsorption (UAA) removal
of CR with the proposed Fe,0,@THAM-CH,CH,CI
adsorbent. Using this model, we first determined the
effects of variables on the response. Then, the effects
of the independent variables were investigated. Table
2 shows the design of the experimental runs for the
proposed RSM-CCD model. Based on the results (Figs.
2(a)-(d)), the reasonable agreement of experimental
and predicted values indicates the high efficiency of
the mentioned equation in evaluating the experimental
data. Also, the data were assayed to check for normal
residues. Based on the results (Fig. 2(a)), the points are
close to the straight line, which indicates that the errors
are normally and independently distributed. According
to Fig. 2(c), the correlation between the predicted and
experimental values indicates the model’s suitability
to accurately represent the UAA removal of Congo red
by the proposed Fe,O,@THAM-CH,CH,CI adsorbent.
Based on the results (Fig. 2(d)), the remaining stochastic
pattern and the data have a normal distribution,
indicating the method's adequacy and that the quadratic
model is suitable to indicate the removal of CR dye by
Fe,0,@THAM-CH,CH,Cl MNPs adsorbent.

According to the RSM-CCD method, the adequacy of
the model was further tested by ANOVA (analysis of
variance) (Table 3). The results showed that this model
could significantly remove dye by the proposed method
using Fe,0,@THAM-CH,CH,Cl MNPs adsorbent. The
fit between the experimental values versus predicted
data was assayed by determining the significance of the
coefficients’ P-value and F-value. According to Table
3, the R’, Adj-R’, and Pred-R’ values were 0.9978,
0.9958, and 0.9884, respectively (P-value < 0.0001 is
considered significant). Also, the F-value for the model
was 492.79, which indicates the model’s high value of
this model, with only 0.01 % of the F-value high value
being related to noise. Also, the low data (less than
0.05) of the P-value confirm this. Given that the F-value
Lake of fit (4.59) value is slightly smaller than the Pure
Error, the model is meaningful. Based on the ANOVA
results, the quadratic model is suitable to remove
dye by Fe,0,@THAM-CH,CH,Cl MNPs adsorbent.
According to Table 3, the P-values of AC and BC (P =
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Table 2. The design of experimental runs of RSM-CCD model for the removal of Congo red by UAA proposed by Fe,0,@THAM-CH,CH,C1
adsorbent and ANN predicted.

Run  A: Ultrasonic time B: Mass of adsorbent C: Concentration of dye =~ D: pH RSM ANN
(min) ® (mg.L") Measured Predicted Predicted
1 4.5 0.04 6.5 8 80.17 80.87 80.36
2 11.5 0.02 6.5 8 55.82 57.49 55.65
3 11.5 0.04 6.5 8 80.84 80.08 82.51
4 4.5 0.02 6.5 8 63.76 64.05 63.48
5 8 0.03 11 6 87.52 87.38 87.13
6 4.5 0.02 15.5 4 67.65 68.17 67.46
7 8 0.03 20 6 90.85 90.54 90.83
8 11.5 0.02 15.5 8 75.92 75.38 75.91
9 4.5 0.04 6.5 4 56.90 57.20 56.89
10 8 0.03 11 10 87.99 86.70 87.98
11 11.5 0.02 15.5 4 63.50 63.95 65.13
12 1 0.03 11 6 81.33 79.84 81.32
13 11.5 0.04 15.5 8 98.20 98.54 98.17
14 4.5 0.04 15.5 8 99.01 100.05 97.56
15 8 0.03 11 6 87.78 87.38 87.13
16 8 0.03 11 2 51.22 51.60 51.32
17 8 0.03 11 6 87.21 87.38 87.13
18 11.5 0.04 6.5 4 59.05 59.45 59.11
19 4.5 0.02 6.5 4 44.47 45.28 54.93
20 11.5 0.04 15.5 4 82.74 82.21 86.91
21 8 0.01 11 6 51.44 50.56 50.81
22 8 0.03 2 6 49.79 49.19 49.66
23 4.5 0.02 15.5 8 81.88 82.64 81.88
24 11.5 0.02 6.5 4 43.06 41.78 43.05
25 8 0.05 11 6 85.67 85.64 82.01
26 15 0.03 11 6 74.24 74.82 65.89
27 4.5 0.04 15.5 4 81.18 80.67 81.15
28 8 0.03 11 6 86.29 87.38 87.13
29 8 0.03 11 6 87.64 87.38 87.13
30 8 0.03 11 6 87.82 87.38 87.13

0.5148, 0.5909, respectively) in the CCD model are not
significant. Therefore, these two-way interactions were
removed from Eq. (3). Using the obtained data, the final
model to remove dye by the proposed method can be
described using the equation below.

Y (% Removal) = —103.41914 + 2.46525 x A +
3035.44444 x B + 7.76182 x C + 18.39710 x D +
41.12500 x A x B — 0.10884 x A x D + 61.40625 x B %
D~ 0.11924 x C x D — 0.20503 x 4> — 48190.62500 x
B = 0.21619 x C* — 1.13914 x D? 3)

3.3. Effects of parameters

Interactive variables were assayed by counter and
response surface plots to assess the parameters' influence
in removing Congo red by Fe,0,@THAM-CH,CH,Cl
adsorbent. These plots were used to determine the
removal of Congo red dye over interactive variables:
the dye concentration, the adsorbent mass, ultrasonic
time, and pH of the solution (Figs. 3(a) and 3(b)).
According to Fig. 3(a), the Fe,O,@THAM-CH,CH,Cl
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Fig. 2. Normal probability plots of residuals (a) plot of residuals versus predicted values (b) experimental versus predicted values (c) plot of
residuals versus run number (d) for the removal of Congo red by UAA proposed by Fe,0,@THAM-CH,CH,CI adsorbent.

adsorbent's adsorption efficiency of Congo red dye
increased as the adsorbent mass increased, due to a
corresponding increase in the number of available sites
for the interaction of Congo red with MNPs adsorbent;
therefore, the adsorption efficiency of Congo red from
the solution increased. However, at more than 0.04 g
of Fe,O0,@THAM-CH,CH,CI adsorbent, the Congo
red removal efficiency ceases to increase significantly
and remains relatively constant. According to Fig.
3(b), the Fe,O,@THAM-CH,CH,CI adsorbent in 17
mg.L! of dye obtained the best adsorption efficiency
of Congo red because, at low concentrations, the
number of active absorbent sites is very high. Thus, the
adsorption efficiency of Congo red by Fe,O,@THAM-
CH,CH,Cl adsorbent increases as the dye concentration
increases up to 17 mg.L"' of dye, where it remains
constant. Ultrasonic action enhances the mass transfer
of the sorption processes. Therefore, it can potentially
influence the removal process (Fig. 3(a)). As can be seen

in the figure, the adsorption efficiency of Congo red by
Fe,0,@THAM-CH,CH,CI adsorbent was increased as
the ultrasonic time increased. However, above 7.2 min
(after equilibrium), the Congo red removal efficiency
no longer increased significantly, remaining relatively
constant. The pH can affect the elimination of material
due to its effect on site dissociation of the adsorbent
and hydrolysis of species. At a lower pH, the adsorbent
surface has a more positive charge. Based on Fig. 3(b),
the highest removal efficiency occurs at pH = 6.6. This
is due to the MNP adsorbent surface having a positive
charge. On the other hand, the sulphonate group in
Congo red is negatively charged, indicating that the
elimination of Congo red dye from water samples was
unfavorable due to the electrostatic repulsion. It should
be noted that the possibility of predicting the data was
assayed under optimal conditions. Based on the results
(Table 4), the adsorption efficiencies of CR were in the
range of 97.85 to 99.65%.
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Table 3. ANOVA for proposed method for the removal of Congo
red by UAA proposed by Fe,O0,@THAM-CH,CH,CI adsorbent.

Table 4. Optimum conditions derived by RSM for the proposed
UAA by Fe,0,@THAM-CH,CH,CI adsorbent.

Source SS DF MS  F-Value P-Value Test A" B C pH  Experimental Predicted
Model 775891 14 55421 49279 <0.0001 signt. 1 7.2 0.04 17 6.6 98.43 99.78
4 3768 1 3768 3350 <0.0001 2 72 004 17 66 99.32 99.78
B 1846.09 1 1846.09 1641.51 <0.0001 3 72 0.04 17 6.6 97.85 99 78
C 2565.35 1 2565.35 2281.08 <0.0001

4 7.2 0.04 17 6.6 98.25 99.78
D 1847.84 1 1847.84 1643.07 <0.0001

5 7.2 0.04 17 6.6 99.65 99.78
AB 33.15 1 33.15 29.48 <0.0001

*A: Ultrasonic time (min), B: Mass of adsorbent (g), C: Concentration of
AC 0.50 1 0.50 0.45 0.5148 dye (mg.L").
AD 9.29 1 9.29 8.26 0.0116
BC 0.34 I 0.34 0.30 0.5909 square error). Based on the results, the architecture of
BD 2413 1 2413 2146  0.0003 the artificial neural network is 4-14-1 for the proposed
CD 1843 1 1843 1638  0.0011 UAA by Fe,0,@THAM-CH,CH,Cl MNPs adsorbent

2
P 173.02 1 173.02  153.85 <0.0001 model. Based on the results, the data of MSE and R’ for
» 636985 1 63698 56640 <0.0001 the training, validation, and testing dataset are 0.0904,
. : 40 <0.
0.9998, and 1.6419 and 0.9974, 42.0583, and 0.9204,
2 . . .

¢ 525.68 1 525.68  467.42 <0.0001 respectively. The correlation coefficients of the graphs
D’ 56948 1 569.48 50637 <0.0001 between outputs and targets of the ANN model (Fig.
Residual 1687 15 1.12 4) and the experimental data are close to one, which
Lack of Fit 1521 10 152 459 0.0532 not signt. indicates the validity of the ANN model to successfully

predict the removal of Congo red by Fe,O,@THAM-
Pure Error  1.66 5 0.33

CH,CH,CI MNPs adsorbent.
Cor Total 7775.78 29
Std. Dev. 106 3.5. Kinetic, isotherm, and thermodynamic of adsorption
R 0.9978
Adj-R? 0.9958 Characteristics of the pollutants’ absorption rate of
Pred-R? 0.9884 pollutants were used to assess the kinetics, isotherm,

3.4. Modeling by artificial neural networks (ANN)

The neural network architecture of the ANN model
includes input, hidden, and output layers [33]. The
software package MATLAB 2016b with Levenberg—
Marquardt algorithm was applied to model the removal
of Congo red by the proposed UAA of Fe,0,@
THAM-CH,CH,Cl MNPs adsorbent. In this study,
the experimental runs were used to design the ANN.
Variable parameters in the experimental runs include
the dye concentration, adsorbent mass, ultrasonic time,
and pH of the sample solution. Table 2 gives the output
layer values, which indicate the removal efficiency
of the target method. The hidden layers, from 2 to 20
layers, were assayed, and their optimized choice is
based on the highest R? and the lowest MSE (mean

and thermodynamics of the adsorption process [21].
This study evaluated the isotherm, kinetic, and
thermodynamic of the adsorption process of CR onto
the Fe;0,@THAM-CH,CH,Cl MNPs adsorbent. The
larger correlation coefficient (R? = 0.9981) for the
pseudo-second kinetic model indicates that this model
is more suitable for describing the process of adsorption
of Congo dye on the proposed adsorbent (Table 5).

The isotherm for the adsorption process of Congo red
by the proposed adsorbent was also assayed. According to
the results (Table S1, Supplementary File), the Langmuir
adsorption isotherm has a larger correlation coefficient
(R?=0.9987), indicating the best fit with the experimental
data, and the proposed adsorbent is more suitable for the
Congo red adsorption process, and that the adsorption
process could be performed by the proposed method.
Lastly, the thermodynamic parameters were investigated
at different temperatures (Table 6). According to the
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Fig. 3. Contour and response surface plots for (a) ultrasonic time (A) and adsorbent amount (B), (b) dye concentration (C) and pH of the
solution (D) on the removal of Congo red by Fe,0,@THAM-CH,CH,CI adsorbent.

results, the negativity of AG° and AH® showed that the
adsorption process is spontaneous and exothermic.

According to the results (Fig. S3, Supplementary
File), only about a 5% change in adsorbent efficiency is
observed after 6 runs of adsorption and desorption. This
confirms that the proposed adsorbent can be regenerated
and reused.

3.6. Real sample analysis

The Fe,0,@THAM-CH,CH,Cl MNPs
ability to remove Congo red from environmental
water samples was assayed to evaluate the model's

adsorbent

applicability for analysis of actual samples. For this
purpose, two samples were treated with the absorber.
Then each sample, one with a concentration of 15
mg.L! of Congo red and the other without the addition
of Congo red, was individually examined. Congo red
removal values (R %, mean + standard deviation, n = 3)
in the tap water and wastewater were 98.48 + 1.52 % and
98.05 + 2.11 %, respectively.

Table 7 compares the adsorbent of the proposed
method and other adsorbents to remove CR. As can be
seen, the highest adsorption capacity removal percentage
was obtained for the proposed method, proving that the
newly developed MNPs, with the advantages of Fe,0,

Table 5. Parameters of kinetic models for adsorption process of Congo dye red on the adsorbent.

Kinetic models Test Equation Plot Parameters Values
Pseudo-first order log( qe— qt) = log qe— % t log (¢,- q,) against ¢ k, 0.04053
' q. 0.365932

R’ 0.5583

1 1 )
Pseudo-second order ; = 2 + q—t t/q, against ¢ k, 0.885653
t e

2de q, 5.720824

R 0.9981
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Fig. 4. A relationship between outputs and targets of the ANN model
(a), and the MSE versus the number of epochs (b).

MNPs adsorbent combined with THAM, had improved
adsorption capacity, stability,
Overall, the proposed model designed with an

and recyclability.
experimental approach (using Taguchi, RSM, and
ANN methods) has several advantages. These include
a simpler adsorption method, lower cost, shorter
analysis time, and more reliable and accurate data.
Moreover, combining the Fe,O, MNPs adsorbent with
THAM (Fe,0,@THAM-CH,CH,Cl MNPs adsorbent)
for removal of CR from the aqueous environment
gives the advantages of improved adsorption capacity,
stability, and recyclability.

Table 6. Parameters of thermodynamic for adsorption process of
dye by the proposed adsorbent.

Temperature AG° AH°® AS°

XK) (KJ.mol™) (KJ.mol™) (KJ.mol.K™")
293.15 -51.9347 -19.6076 0.110275
298.15 -52.4861 -19.6076 0.110275
303.15 -53.0375 -19.6076 0.110275
308.15 -53.5889 -19.6076 0.110275
313.15 -54.1402 -19.6076 0.110275
318.15 -54.6916 -19.6076 0.110275
323.15 -55.243 -19.6076 0.110275

Table 7. Comparison of adsorbent of proposed method and other
adsorbents to remove CR.

Adsorbent Adsorption capacity Ref.
(mg.g")

Fe,0,@THAM-CH,CH,CI 137 This study
Fe,0,/Bi,0, 92.24 34
Fe,0,@TiO,@GO 89.95 35
Fe,0, 28.46 36
Fe,0,@APTES 118 37
Pd-NP-AC 126.6 38
Fe,0,@SiO0, 36.2 39

4. Conclusions

This paper describes a simple and efficient procedure
to remove Congo red from sample solutions using
Fe,0,@THAM-CH,CH,C]l MNPs as a new adsorbent.
The best adsorption efficiency was obtained using
0.04 g of adsorbent, 17 mg.L! of dye, pH = 6.6,
and ultrasonic treatment for 7.2 min. The model’s
response level predictions and experimental data
collected under optimized conditions were compared.
The data indicated the adsorption efficiency of dye in
the range of 97.85 - 99.65 %. The larger R’ for the
pseudo-second kinetic model indicates that this model
is more suitable to describe the adsorption process of
Congo red on the Fe,O0,@THAM-CH,CH,Cl MNPs
adsorbent. The Langmuir adsorption isotherm had
a larger correlation coefficient (R? = 0.9987), which
indicates the best fit with the experimental data and
the proposed adsorption process is more suitable
for the Congo red adsorption process. According to
the results from thermodynamic parameters, the
negativity of AG® and AH° showed that the adsorption
process is spontaneous and exothermic. Congo red
removal values (R %, mean + standard deviation,
n = 3) in tap water and wastewater were 98.48 =+
1.52 % and 98.05 + 2.11 %, respectively. The good
adsorption efficiency indicates that the model could
remove significant amounts of Congo red from the
water environment. Modeling by ANN indicated that
the R? of the graphs are close to one, which shows the
validity of the ANN model for the removal of CR dye
in successfully predicting the laboratory results of the
Fe,0,@THAM-CH,CH,Cl MNPs adsorbent.
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