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Abstract

Here we explain the successful synthesis of a new polymeric nanocomposite
and study the removal of a cationic dye, brilliant green, from aqueous solutions.
The nanocomposite is characterized by scanning electron microscopy (SEM) and
X-ray diffraction (XRD). In addition, adsorption kinetics and effects of various
variables such as solution pH, adsorbent mass, and initial dye concentration are
investigated. Moreover, the fuzzy model is used to investigate the dye removal
efficiency. The investigation of the results obtained using the fuzzy model shows
that it is suitable for the prediction of dye adsorption onto nanocomposite. The
coefficient of determination (R%) and mean squared error (MSE) for the optimal
model were obtained to be 0.9981 and 0.1538, respectively. The equilibrium
experimental data are represented by Langmuir, Freundlich, and Sips isotherms.
Results briefly indicate that adsorption of dye by nanocomposite obeys Langmuir
isotherm and pseudo-second-order kinetic model.
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1. Introduction

Brilliant green (BG) is a triphenylmethane dye, originally used as a dye in wool, silk, and jute and in leather
cotton, paper, and acrylic industries, has also been widely used in the fish farming industry for many years.
However, BG has become a highly controversial compound due to its effects on the reproductive and immune
systems and its carcinogenic and genotoxic properties [1-2]. To date, various methods include physicochemical,
chemical, and biological methods, such as flocculation, precipitation, coagulation, membrane filtration, adsorption,
electrochemical techniques, ozonation, and fungal decolorization are used for removing dyes from wastewater [3].
Adsorption is widely used for the removal of pollutants from wastewater [4, 5]. Recently, magnetic nanoparticles
have attracted attention because of their special properties such as their low toxicity, high dispersibility in water,
easiness of surface modification, easy separation, and superparamagnetic properties [6-8].
It is therefore essential to make a new type of nanocomposite with enhanced capacity for dye pollutants removal [9-
14] and also can be used as an antibacterial agent [15-17].

The purpose of the present study is to indicate the feasibility of a new magnetic and polymeric nanocomposite that
can remove BG from aqueous solutions. Since the ability of sorbents to remove pollutants is strongly influenced by
parameters such as pH, time, temperature, initial concentration of pollutants, and sorbent mass, it is, therefore,
essential to use an appropriate approach for maximizing the removal efficiency of pollutants by adsorbents. The
complexity, fuzziness, and uncertainty existent in addition to the non-linear behavior of most effective variables
need a powerful tool to overcome these problems. Nowadays, intelligent techniques such as artificial neural
networks (ANN), fuzzy logic (FL), and genetic algorithms (GA) have been used in water treatment applications
[2,18-20].

Neural fuzzy systems can be a more versatile approach to the prediction of dye removal properties. Combination of
the explicit knowledge representation of fuzzy logic with the learning power of neural nets can be more useful [21].
This study is aimed at the following objectives for the first time:

1. Suggest a novel, simple yet accurate fuzzy neural system to estimate dye removal.

2. Testing the performance of the model for dye removal prediction.

In addition, the adsorption isotherms like Langmuir and Freundlich models were studied for the sorption behavior of
this new sorbent-based on the polymer nanocomposite. The prepared nanocomposite was characterized with Powder
X-ray diffraction (XRD) and Field emission scanning electron microscopy (FE-SEM) and was used for dye removal
as an application in wastewater treatment field.
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2. Experimental Investigation
2.1.Materials

All chemicals were purchased from Merck (Darmstadt, Germany) and were used without further purification.
Stock solutions of BG were prepared by dissolving appropriate amounts of dye in distilled water.

Table 1. The properties of the commercial CuO nanoparticles.

Density (g/ml) Colore Shape Size (nm) Purity (%)  Nanoparticle
6.35 black spherical 55-65 99.95 Copper (II) oxide

2.2. Preparation of nanofluid

Fe;04 nanoparticles were prepared by chemical co-precipitation method [7]. Briefly, FeCl,-4H,0 (2.25 g) and
FeCl3-6H20 (8.48 g) were dissolved in 400 mL deionized water under nitrogen atmosphere with vigorous stirring
(1000 rpm) at 80 °C for 20 min. Then, 20 mL ammonia solution (25 % wt) was added to the solution. The color of
solution immediately became black. Then, 2 g Fes04, 8 mmol methyl methacrylate as functional monomer, 40 mmol
ethylenglycoldimethacrylate as cross-linker, and 20 mg azobisisobutyronitrile as initiator were dissolved in 60 mL
DMSO and mixed well, then the solution was purged with nitrogen gas for about 30 min to remove oxygen which
inhibited polymerization and then sealed under nitrogen gas. Polymerization was carried out in a water bath at 60°C
for 12 h. The obtained polymer was collected and washed with acetone. Then the polymer dried at 40°C under a
vacuum.

2.3. Characterization

The particle size and morphology of the nanocomposite were determined by a scanning electron microscope
model TESCAN Vega instrument. In addition, an X-ray diffraction (XRD) pattern of the FesO. nanoparticles was
recorded using a Philips X-ray diffractometer (model PW 3040/60 X’pert pro). The data were processed on a
Pentium IV computer with programs written in MATLAB 6.5 on Windows.

2.4. Procedure
For each experiment, 10 ml of dye solution of known concentrations, pH, and the known amount of
nanocomposite were taken in a 100-ml Pyrex glass Erlenmeyer flask. After the shaking, the supernatant was

collected for determination of the dye concentration. The analysis of dye was performed by a UV-Vis
spectrophotometer (Analytikjena SPECORD250). A Metrohm 744 pH meter (Metrohm, Switzerland) was used for
pH adjustments.

The removal percentage (R%) and uptake capacity (q) was obtained according to the following equations:

R%:MXIOO (1)

q= G, _m C)V )

where C, and C. are the initial and equilibrium concentrations of the dye in the solutions, respectively, V is the
volume of solution (L) and m is the sorbent mass (g) [22,23].

2.5. Fuzzy logic

The idea of fuzzy logic was first advanced by Dr. Lotfi Zadeh of the University of California at Berkeley in the
1960s. Basically, fuzzy logic is a multi-valued logic that allows intermediate values to be defined between
conventional evaluations like true/false, yes/no, high/low, etc. Notions like rather tall or very fast can be formulated
mathematically and processed by computers, in order to apply a more human-like way of thinking in the
programming of computers. An inherent vagueness is present in our natural language when we describe phenomena
that do not have abrupt boundaries. Fuzzy sets are mathematical objects modeling this impreciseness. Fuzzy set
theory provides a mathematical tool for carrying out approximate reasoning processes when available information is
uncertain, incomplete, or vague. Fuzzy logic converts the complex problem into simpler problems using
approximate reasoning. The system is described by fuzzy rules and membership functions using human-type
language and linguistic variables. A fuzzy set is a collection of ordered pairs A={x, p(x)} that describes the
relationship between an uncertain quantity x and a membership function p(x), where p (x) is a number between 0
and 1. The fuzzy model formulates the information on an intensity scale. Rules, fuzzy inference engine, fuzzifier,
and defuzzifier are four elements of a fuzzy model [24-26].
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2.6. Artificial neural networks

An artificial neural network (ANN) is composed of simple computational units (neurons), which are inspired by
the biological nervous system (brain). One of the most popular ANN architectures (topology) is a multi-layer feed-
forward network. The network consists of three sequentially connected segments: the input layer, one or more
hidden layers, and the output layer. ANNs are high-performance, non-linear analytical methods, that can exhibit the
relationship between input/output variables without prior knowledge of the correlation between the variables
involved in the system [18-21]. Each neuron of the neural network is connected to others using direct connection
links, each with associated weight, which represents information being used by the net to solve the problem (Fig. 1).
The output of a neuron is computed from the following Eq:

0; = f(Z, Wi = x; + b;) (3)

where Oj=output of jth neuron, f =activation or transfer function, bj=bias of jth neuron, wj=synaptic weight
corresponding to the ith synapse of jth neuron, x;=ith input signals to jth neuron.

X, Wy

Fig 1. A simple neuron.

2.7. Neuro-fuzzy systems

Neuro-fuzzy systems (NFS) refer to combinations of artificial neural networks and fuzzy logic in the field of
artificial intelligence, which was proposed by Jang in 1993. The basic idea behind this NFS is that it combines the
human-like reasoning style of fuzzy systems with the learning and connectionist structure of neural networks. NFS
provides powerful and flexible universal approximations with the ability to explore interpretable IF-THEN rules.
The use of NFS is proliferating in many sectors of our social and technological life. A combination of fuzzy logic
with the learning power of neural nets can reduce the problems associated with each of these techniques [27].

3. Results and discussion
3.1. XRD and FESEM study

The XRD pattern of FesO4 nanoparticles is shown in Fig. 2. Six characteristic peaks for FezO4 (26 = 30.1°, 35.5°,
43.3°, 53.4°, 57.2° and 62.5°), respectively, corresponding to indices (220), (311), (400), (422), (511), and (440) are
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observed in the pattern [28-30]. The size and morphology of the resultant nanocomposite were determined by
FESEM. As shown in Fig. 3, the nanoparticles have a nearly spherical shape with a smooth and uniform surface
morphology.
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Fig. 2. The XRD pattern of FesO4 nanoparticles.

Fig 3. FESEM image of the nanocomposite
at 40,000 x magnification.

SEM HV: 15.0 kV ‘ WD: 9.59 mm

View field: 10.4 pm ‘ Det: SE ‘ 2 pm
SEM MAG: 20.0 kx EDate(m/dIy): 05/11/16 | Chemistry & Chemical Engineering Research Center

3.2. Data acquisition and processing

In this process, a series of experiments were undertaken at various amounts of adsorbent from 0.02-0.1g, different
BG concentrations in the range of 100-1000 mg/L, the pH in the range of 4 — 10, and time in the range of 4 — 60 min
(Table 1). In this study, NFS is applied to predict the removal efficiency of BG by a nanocomposite. The Neural
Network code of MATLAB (R2012a) mathematical software was used to predict BG removal efficiency. In this
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study, four neurons in the input layer (pH, Cgc (concentration of BG), time, and m (sorbent mass)) and one neuron
(%Rge) in the output layer were applied. All the data (input and output) for NFS models were normalized between 0
and 1 to avoid numerical overflows due to very large or small weights. The normalization equation applied is as
follows:

y — Xji—Xmin (4)

Xmax ~Xmin

where y is the normalized value of xi, and the Xmax and Xmin are the maximum and minimum value of x;, respectively.
The experimental and predicted removal percentages (%RBG) are shown in Table 1. In this regard, comparison
criteria are needed to quantify the difference between responses predicted by the NFS and the actual values. To
evaluate the performance of the constructed NFS, some useful statistical criteria which are the root mean square
error of prediction (RMSEP), mean squared error (MSE) relative standard error of prediction (REP) and coefficient
of determination (R?) were used [31, 32]:

Z?=1(Xi —&;)?

RMSEP = |55 —= (5)

im (xi — Ry)?
REP = 100 % (6)
j=1Xi
RZ2=1-— T (& —x;)? )
Z?=1(5Zi - ii)
MSE== 3L, (x; — £,)2 8)

where x; was the predicted value of model, X, as the experimental value, n was the number of data and X; is the
average of the actual values.

The RMSEP and REP values for NFS were found as 0.39 and 0.84, respectively. R? value for NFS was found as
0.9981. R? provides a measure of how well the investigated model can predict the future results. However, these
results indicate predictive ability of NFS for prediction of dye removal efficiency.

Table 1. Isotherm parameters values for the adsorption of BG on nanocomposite.

Sample pH m () C (mg/L) T (min) %Rexp %Rpred
1 4 0.02 550 32 16 16.05
2 10 0.02 550 32 34 34.85
3 4 0.1 550 32 68 68.01
4 10 0.1 550 32 85 85.08
5 7 0.06 100 4 18 18.16
6 7 0.06 1000 4 5 5.0

7 7 0.06 100 60 67 67.89
8 7 0.06 1000 60 13 13.11
9 4 0.06 100 32 37 37.6
10 10 0.06 100 32 64 64.0
11 4 0.06 1000 32 13 13.8
12 10 0.06 1000 32 23 23.23
13 7 0.02 550 4 6 6.0
14 7 0.1 550 4 49 49.69
15 7 0.02 550 60 25 25.35
16 7 0.1 550 60 83 83.0
17 4 0.06 550 4 15 15.29
18 10 0.06 550 4 31 31.06
19 4 0.06 550 60 39 39.33
20 10 0.06 550 60 60 60.0
21 7 0.02 100 32 21 21.58
22 7 0.1 100 32 93 93.02
23 7 0.02 1000 32 7 7.07
24 7 0.1 1000 32 37 37.06
25 7 0.06 550 32 55 55.3
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3.3. Equilibrium isotherms

Equilibrium data, commonly known as sorption isotherms, are basic requirements in the design of sorption
systems. Therefore, the equilibrium studies were carried out at pH 8, sorbent mass of 0.08 g and contact time of 60
min. The equilibrium data were investigated by the most commonly used isotherms; Langmuir, Freundlich and Sips
models [33]. The Langmuir isotherm supposes that uptake of sorbate takes place on a homogenous surface by
monolayer sorption with no interaction between the sorbates. Also, all the binding sites of the surface have equal
energy of sorption. The Freundlich isotherm, on the other hand, supposes a heterogeneous sorption surface with sites
that have different energies of sorption. Sips isotherm is a combined form of Langmuir and Freundlich expressions
deduced for predicting the heterogeneous adsorption systems and circumventing the limitation of the rising
adsorbate concentration associated with Freundlich isotherm model. At low sorbate concentrations, it reduces to
Freundlich isotherm; while at high concentrations, it predicts a monolayer adsorption capacity characteristic of the
Langmuir isotherm [30-33].
The Langmuir, Freundlich, and Sips isotherms are represented by the following equations, respectively:

Langmuir: g _ 9nabCe ©)
°  1+bC,

Freundlich: ge=Kg Cel/n (10)

. _ qs(bsceq)ns

Sips: 4= oo™ (11)

Where gmax is the maximum amount of adsorption (mg/g), e is the adsorption capacity at equilibrium (mg/g), Ce is
the equilibrium concentration of sorbate in the solution (mg/L), b is the adsorption equilibrium constant (L/mg), K¢
is the constant (mg/g) representing the adsorption capacity, and n is the constant depicting the adsorption intensity.
Also, bs is the Sips constant; and ns is the constant depicting the adsorption intensity. The adsorption isotherm data
are in Table. 2. The ge of the dyes was increased with increasing concentrations until reaching equilibrium.

Table 2. Isotherm parameters values for the adsorption of BG on hanocomposite.

Langmuir Isotherm

Qmax (MQ/Q) b (L/mg) R x Aq
62.6 0.0026 0.984 1.12 0.104

Freundlich Isotherm
ks n R? v Aq
1.95 221 0.920 6.8 0.363

Sips Isotherm

Qs bs Ns R? XZ Aq
52.8 0.0037 1.38 0.995 0.66 0.087

(10 mL solution, pH: 8 and 0.08 g of nanocomposite).

An error function is needed to compare the quality of each model. Consequently, Chi-square () test, coefficient of
determination (R?) and normalized standard deviation (Aq) were used as criteria to find out the best-fitted isotherm
model to the experimental data in non-linear regression analysis. These error functions are given as [33].

n _ 2
ZZ — Z (qe,cal qe,exp) (12)
i=1 qe,exp
R2 = Z(qe,exp - qcalc)2 /Z((qe,exp - qcalc)z + (qe,exp - qcalc)z) (13)
2
Aq _ \/Z[(qe,exp _nqe,;-al ) / qe,exp] (14)

where n is the number of data points, ge.exp is the equilibrium adsorption capacity from the experiment (mg/g), and
Qe,cal IS the equilibrium capacity calculated according to the dynamic model (mg/g).

From Table 1, it can be concluded that the Sips isotherm model was more appropriate for the experimental data than
the others because of the high value of the correlation coefficient and low values of Aq and ¥2.
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3.4. Sorption kinetics

The effect of contact time on the removal efficiency of target dye was studied to determine the time taken by 0.06 g
nanocomposite to remove dye (50 mg/g solution of 10 mL) at pH = 8. The results were shown in Fig. 4. It could be
seen that the adsorption equilibrium was achieved at about 60 min. As the adsorption reached equilibrium, the
adsorbent surface became inaccessible due to the repulsive forces between the adsorbed dye and those present in
solution [33].

90
80 - s ? ® 9
L 2

o 70 - ° L 2
L Fig 4. The effect of contact time on dye

60 - L 4 removal efficiency (pH =8; m=0.08; T=25

> °C; sample volume = 10 mL; Cgg: 200 mg/L).
50 -
2
40 L] L] L]
0 25 50 75 100
t (min)

Several kinetic models such as pseudo-first order, pseudo-second order and intraparticle diffusion, are available to
describe the sorption kinetics [20, 21].

The pseudo-first order kinetic model can be defined as:

In(Qe-qr) = Inge-Kit (15)

where Kj is the pseudo-first order rate constant of sorption. The values of g. and ki can be determined from the
slope and intercept of the plot obtained by plotting In(qge-qt) versus t (figure not shown).

The pseudo-second order kinetic model can be represented as:

t_ Lz L1y (16)

q. ka; Q

Where ¢ is the maximum adsorption capacity (mg/g) for the pseudo-second-order adsorption, q; is the amount of
dye adsorbed at time t (mg/g), and k- is the equilibrium rate constant of pseudo-second-order adsorption (g/mg.min).
The parameters calculated for the different kinetic models are listed in Table 3. As seen from the table, due to high
R?, the pseudo-second order is predominant kinetic model for the dye sorption by nanocomposite (Fig. 5).

16
14 1y =0.142x + 0.924
12 R2=0.997
10 A
T 8 -
- Fig 5. The Pseudo second order adsorption
6 kinetics of BG onto nanocomposite.
4 i
2 4
O 1 1 1
0 25 50 75 100

t (min)

In order to identify the diffusion mechanism, the intraparticle diffusion model can be represented as:

169 Colloid Nanosci. J. 1 (2023) 163-172.



Colloid & Nanoscience Journal Original Article

= kit2 +C 7)

where k; is the intraparticle diffusion rate constant and C is a constant which gives information about the thickness
of boundary layer. According to this model, the plot of q versus t'2 yields a straight line passing through the origin if
the sorption process obeys the sole intraparticle diffusion model. According to Table 3, and therefore, the
intraparticle diffusion is not the only rate limiting step. It could be stated that this process is complex and may
involve more than one mechanism.

Table 3. Kinetics constants for dye adsorption onto nanocomposite (10 mL solution, pH: 8, T: 25 °C, 0.0A g of
nanocomposite and Cgs: 200 mg/L).

System Pseudo-first order Pseudo-second order Intraparticle diffusion
dexp) (MY/Y)  Qagean k1 R? 02(cal) ko R? Kp C R?
(mg/g) (min™?) (mg/g)  (g/mg.min) (mg/g.min%?)
6.6 3.19 0.024 0.983 7.04 0.022 0.997 0.135 3.65 0.924

4. Conclusions

In this paper, a new magnetic polymeric nanocomposite was successfully synthesized and used as an efficient
nanosorbent to remove BG dye from aqueous solution. The investigation of the results obtained using the NFS
model shows that it is suitable for the prediction of dye adsorption onto nanocomposite. The coefficient of
determination (R?) and mean squared error (MSE) for the optimal model were obtained to be 0.9981 and 0.1538,
respectively. Equilibrium experimental data were represented by Langmuir, Freundlich and Sips isotherms and the
nanocomposite exhibited high sorption capacity toward BG (q = 52.8 mg/g). Results briefly showed that adsorption
of BG by nanocomposite obeys Sips isotherm. Moreover, the dye removal kinetics followed the pseudo-second-
order expression.
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