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ABSTRACT

Cross-linked chitosan-epichlorohydrin was prepared for the adsorption of Reactive Red 4 (RR4).
Response surface methodology (RSM) with 3-level Box-Behnken design (BBD) was employed to
optimize the RR4 dye removal efficiency from aqueous solution. The adsorption key parameters that were
selected such as adsorbent dose (A: 0.5 — 1.5 g), pH (B: 4 — 10) and time (30 — 80 min). The F-value of
BBD model for RR4 removal efficiency was 185.36 (corresponding p-value < 0.0001). The results
illustrated that the highest RR4 removal efficiency (70.53%) was obtained at the following conditions:
adsorbent dose (1.0 g), pH 4 and time of 80 min.
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INTRODUCTION

Environmental pollution, particularly industrial effluent, is becoming a major issue with the rapid growth
of the chemical industry. Industries such as textile, paper-making and printing industries are the primary
sources of contaminating the water with dyes as they used two-third of the dyes produced in the world
[1]. Most of these dyes are considered to be harmful and have a complex and stable aromatic structure
that makes it difficult to degrade [2]. Adsorption has been recognized to be one of the most promising and
efficient techniques available for removing [3].

Chitosan (Cs) is a copolymer composed of repeated units of 2-amino-2-deoxy-D-glucopyranose units and
residual 2-acetamido-2-deoxy-D-glucopyranose units [4]. Cs has a wide range of applications and uses as
a biopolymer. It has been extensively studied for the removal of a range of various pollutants such as
heavy metals, dyes and other industrial effluents [5]. However, its low surface area, high swelling index
and solubility in various mineral acids and organic acids restricts the use of unmodified Cs as a biosorbent
for removal of dyes in wastewater treatment technologies [6].

The stability of Cs in acidic environment and its mechanical properties for adsorption can be improved by
crosslinking [7]. The nature of the crosslinking agent and crosslinking density play a significant role in
describing the adsorption properties of chitosan-based adsorbents [5]. Various crosslinking agents such
glutaraldehyde [8], ethylene glycol diglycidyl ether [6], glyoxal [9] and epichlorohydrin [10] can be used
in performing the crosslinking reaction. In this study, Epichlorohydrin (Ech) was chosen as a convenient
base cross-linking agent. One of the advantages of Ech is that it does not suppress the cationic amine
function of Cs, which is the mainr adsorption site that attracts anionic dyes during adsorption [11].

Therefore, the aim of this work is to synthesize the cross-linked chitosan-epichlorohydrin for the removal
Reactive Red 4 (RR4) from aqueous solution. Box-Behnken Design (BBD) was used to optimize of the
key parameters (adsorbent dose, pH and time) for the removal of Reactive Red 4 (RR4) dye by using the
synthesized chitosan-epichlorohydrin (Cs-Ech). Statistical and graphical analysis of the BBD model was
carried out in order to obtain the optimal conditions for effective removal of RR4 dye from aqueous
solution.

EXPERIMENTAL
Materials

Chitosan flakes (Cs, degree of acetylation > 75) was supplied by Sigma-Aldrich. Reactive Red 4 (RR4)
was purchased from Aldrich Chemical (molecular weight 995.23 g mol®; chemical formula
Cs2H23CINgNasO14S4; Amax = 517nm). Epichlorohydrin (Ech) was purchased from Fluka. Acetic acid
(CH3COOH) and sodium hydroxide (NaOH) were obtained from HmbG Chemicals. Ultra-pure water (18
MQ/cm) was used to prepare all reagents and solutions throughout the experiment.

Preparation of Cs-Ech

2.0 g of chitosan flakes was dissolved in 90 mL of 5% of acetic acid solution. The solution was left to stir
for 24 h to allow complete dissolution of chitosan flakes. The viscous solution was beaded through a 10
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mL syringe into 1000 mL of NaOH (0.5 M) under stirring. The beads were washed with distilled water
several times to remove any remaining NaOH until it reaches neutral pH. The crosslinking reaction was
carried out by adding 85 mL of 1% Ech solution and stirred gently for 2 h at 40°C. After that, the cross-
linked Cs-Ech beads were washed again with distilled water and air dried for 24 h. The dried Cs-Ech was
ground to powder form and sieved to constant particle size of <250 um.

Characterization of Cs-Ech

The surface functional groups of Cs-Ech before and after adsorption of RR4 uptake have been determined
by using a Fourier transform infrared (FTIR) spectrophotometer (Perkin Elmer, Spectrum RX ). The
surface morphology of Cs-Ech was obtained using Hitachi TM3030Plus Scanning Electron Microscope
(SEM) with an acceleration voltage of 5 kV and magnification of 5000x. The surface charge (pHpzc) was
determined according to the method published by [12].

Design of experiments
Box-Behnken Design (BBD) in Response Surface Methodology (RSM) was employed to optimize three
individual variables namely adsorbent dose (A), pH (B) and time (C) for the adsorption of RR4 onto Cs-

Ech. The designing and statistical analysis was performed by using Design Expert 11.0 Software (Stat-
ease, Minneapolis, USA). Table 1 shows the codes and levels of the independent variables.

Table 1: Coded and actual variables and their levels

Codes Variables Level 1 (-1) Level 2 (0) Level 3 (+1)
A Adsorbent dose (g) 0.5 1.0 1.5
B pH 4 7 10
C Time 30 55 80

The experimental data were fitted to a second-order polynomial equation of quadratic order as shown in
Eq. (1)

Y=B,+ LBX; + TP, X i+ LEB XX €y

where Y is the response for RR4 dye removal (%), while O, i, ii and ij are the constant coefficient, the linear
coefficient, the quadratic coefficient and the interaction coefficient, respectively. Xi and Xj are the coded values of
the independent variables.

A total of 17 runs have been conducted to optimize the levels of the independent variables, namely, A:
adsorbent dose (0.5 — 1.5 g), B: pH (4 — 10) and C: time (30 — 80 min). In the 250 mL of Erlenmeyer
flasks containing 100 mL of RR4 dye solution, a certain amount of Cs-Ech was added. The flasks were
capped and shaken continuously (100 strokes/ min) in water bath shaker (WNB7-45, Memmert,
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Germany). The syringe filter (0.45um) was then used to separate adsorbents from the RR4 dye solutions
and the initial and final concentrations of RR4 dye were recorded using UV-Vis Spectrophotometer
(HACH DR 2800) at Ama Of 517 nm. The removal of RR4 dye (DR %) was calculated by using the
following Eq. (2):

(Co'Ce )

DR%-= X 100 @)

o

where Co (mg/L) and Ce (mg/L) are the initial and equilibrium RR4 concentrations, respectively.

The actual BBD experimental design matrix is represented in Table 2.

Table 2: The 3-factors BBD matrix and experimental data for RR4 dye removal

Run A:Adsorbent dose (g) B:pH C:Time (min) RR4 Removal (%)

1 0.5 4 55 31.28
2 1.5 4 55 60.19
3 0.5 10 55 15.40
4 1.5 10 55 23.69
5 0.5 7 30 20.95
6 1.5 7 30 37.00
7 0.5 7 80 38.63
8 1.5 7 80 66.39
9 1.0 4 30 53.28
10 1.0 10 30 21.92
11 1.0 4 80 70.53
12 1.0 10 80 43.85
13 1.0 7 55 51.08
14 1.0 7 55 51.99
15 1.0 7 55 52.26
16 1.0 7 55 51.72
17 1.0 7 55 51.40
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RESULTS AND DISCUSSION
Characterization of Cs-Ech
FTIR spectra

The FTIR spectra of the Cs-Ech before and after adsorption of RR4 are shown in Figure 1 (a) and (b)
respectively. The spectrum of the cross-linked Cs-Ech before adsorption showed a humber of absorption
peaks, indicating the different types of functional groups available in them. The broad and strong peaks at
~3449 cm™* demonstrated the presence of OH and NH, groups, ~2300 (stretching vibration of C-H bond)
[6], -1634 cm* (stretching vibration of N-H bond). The peaks at ~1386 cm™ was associated to C-N
stretching vibration and ~1112 cm™ (C-O-C stretching of pyranose ring) [12]. After the adsorption of RR4
(Figure 1 b), the broad peak at ~3449 cm™ shifted to ~3456 cm™ suggesting a possible hydrogen bonding
between RR4 and —OH group Cs-Ech [13]. In addition, the peak at ~2300cm™ corresponded to the
stretching of C-H bond disappear which indicates a possible involvement of the functional group on the
surface of Cs-Ech surface with RR4 molecules.
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Figure 1: FTIR spectra of (a) Cs-Ech before adsorption, and (b) Cs-Ech after adsorption of RR4
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SEM analysis

The surface morphology of Cs-Ech was examined by Scanning Electron Mircroscope (SEM) and the
image is shown in Figure 2. The rough and irregular surface of the Cs-Ech can be seen in the Figure 2.
This rough surface shows that Cs-Ech is suitable for the adsorption of dye molecules from aqueous media
[14].

Figure 2: SEM image of Cs-Ech

Response surface methodology
Box-Behnken design

Total of 17 runs were designed by BBD (Table 2). The adsorbent dose (A), pH (B) and time (min) are the
three factors that were regarded as independent process factors and the BBD approach was used to
analyse the individual and interactive impact on the efficiency of the removal of RR4 as a response. The
mathematical relationship between the response and the process factor was developed by using a
quadratic polynomial model. The empirical relationship between the response and independent variables
for Cs-Ech is expressed by Eq. (3):

RR4 removal (%) = +51.69 + 10.13A - 13.80B + 10.78C 3)
-5.15AB + 2.93AC + 1.17BC - 12.58A2 - 6.20B?+1.90C?

where A, B and C are the coded levels of adsorbent dose, pH and time, respectively. A positive sign signifies a
synergistic impact of the factors while an antagonistic impact of the factors is shown by a negative sign [15].
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Based on the coefficients of Eq (3), the parameters including adsorbent dose and time show a positive
influence on the RR4 removal (%) while pH had a negative effect. It is therefore be inferred that, by
increasing the adsorbent dose and time, the RR4 removal (%) increases, while the RR4 removal (%) will
decrease when the pH increases [16].

Effect of input parameters

The individual effect of the parameters studied, which includes adsorbent dose (A), pH (B) and time (C)
on the removal efficiency (%) of RR4 was evaluated by perturbation plots as shown in Figure 3. The
sharp curvature in curve (A) implies that RR4 removal was sensitive to this variable. The relatively sharp
line of C shows the high sensitivity to change in time levels. The pH curve shows a slow curvature
indicating that this factor has slight effect on the response.
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Figure 3: Perturbation plots for the RR4 removal efficiency. (A) Adsorbent dose, (B) pH and (C) time

Analysis of variance (ANOVA)

The analysis of variance (ANOVA\) verified the fitness and the significance of the model. F-values greater
than five only can explains a significant response variation for various variables and combination of
variable regressions [17]. The relevance of the model can be statistically valid if its p-value is less than
0.05 [18]. The F-value and p-value of the BBD model are 185.36 and < 0.0001, respectively, according to
Table 3. This result shows that the model is statistically significant [19]. The chance that the F-value
model large could occur due to noise is only 0.01%. Furthermore, the high correlation between the values
of actual and predicted indicates that the coefficient of determination (R?) value (0.99) was close to one.
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The terms of model with p-value < 0.05 (Prob >F< 0.0500) were significant on the RR4 removal under
selected conditions.

Based on Table 3, the BBD model terms A, B, C, A%, B? C? AB and AC are significant model terms.
However, the model term with p-value > 0.05 is insignificant and was therefore eliminated from the
model in order to improve the fitting of the model.

Table 3: Analysis of variance (ANOVA) of the response surface quadratic model for RR4 removal efficiency

Source Sum Squares DF  Mean Square F-value p-value Remarks
Model 4318.32 9 479.81 185.36 < 0.0001 Significant
A- Adsorbent dose 820.33 1 820.33 316.91 < 0.0001 Significant
B-pH 1524.07 1 1524.07 588.79 < 0.0001 Significant
C-Time 929.88 1 929.88 359.24 < 0.0001 Significant
A2 695.39 1 695.39 268.65 < 0.0001 Significant
B2 161.79 1 161.79 62.50 < 0.0001 Significant
c? 15.26 1 15.26 5.90 0.0456 Significant
AB 106.30 1 106.30 41.06 0.0004 Significant
AC 34.28 1 34.28 13.24 0.0083 Significant
BC 5.48 1 5.48 2.12 0.1892 Insignificant
Residual 18.12 7 2.59

Cor Total 4336.44 16 26.37

Graphical methods can also be used to verify the BBD model by assessing the nature of the residuals
distribution of the model and relationship between predicted and actual RR4 dye removal values. Figure
4(a) shows a normal probability plot of the residuals. The data points on this plot are reasonably close to a
straight line, providing support that A, B, C, A% B? C?, AB and AC are the key factors and that the basic
assumptions of the analysis are satisfied [20]. The relationship between actual and predicted RR4 dye
values is shown in Figure 4 (b). The model developed is adequate since the points are likely to be close to
the vertical line [21].
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Figure 4: (a) Normal probability of plot of residuals for RR4 removal efficiency; (b) Plot of the relationship
between the predicted and actual values of RR4 removal (%)

Three-dimensional (3D) response surface

The interaction effect on the removal of RR4 dyes between each of two parameters was studied. The
synergy between adsorbent dosage (A) and pH (B) on the removal of RR4 dye was statistically significant
(p-value = 0.0004). The other input factor, time (55 min), remained constant within the experimental
range. Figure 5(@) and 5(b) demonstrate the 3D surface and 2D contour of the AB interaction,
respectively.

Figure 5 shows clearly that the removal of RR4 (%) increases to a certain amount with an increase of the
adsorbent dosage and remained almost constant at a fixed time. Higher surface area and availability of
additional adsorption site as the adsorbent dose increases can be associated with an increase of the
adsorption [17]. At adsorbent dose greater than 1.25 g, the RR4 removal (%) increases slowly because the
surface RR4 concentration and the solution RR4 concentration come to equilibrium with each other.

The influence of pH ranging from 4-10 on the adsorption of RR4 dyes by Cs-Ech is analysed and is
shown in Figure 5. From the figure, the amount of dye adsorbed by Cs-Ech is higher at a lower pH and
the efficiency of RR4 removal decrease by increasing the pH from 4-10. The pHy.. of the Cs-Ech was 6.8
(Figure 6), indicating that Cs-Ech exhibit cationic characteristics. In addition, at a lower pH conditions,
the amine groups of the chitosan become protonated and interact with the anionic functional groups of
RR4 which then resulted to higher adsorption [22]. At pH above pHp., the amine group of Cs began to
deprotonate which led to the decreased in the positive charge density of Cs and thus reduced the
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electrostatic interaction between Cs and dye molecules [13]. Therefore, the removal efficiency of RR4
dye at pH above pHp;c decreases.

(@) (b)

B: pH

0.50 0.75 1.00 125 1.50

A: Adsorbent dose

Figure 5: (a) 3D response surface plot; (b) contour plot for RR4 removal efficiency showing interaction between
adsorbent dosage (A) and pH (B)
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Figure 6: pHpy,c of Cs-Ech suspension
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The interaction effect between adsorbent dose and time at pH = 7, on the removal of RR4 dye was
statistically significant (p-value = 0.0083). Figure 7 (a) and (b) display the 3D response surface plot and
2D contour plot for the interaction of dose and time on RR4 removal (%) by Cs-Ech. It was observed
from Figure 7 that by increasing the dose from 0.50 g to 1.50 g, the RR4 removal efficiency increases
from 15.4% to 70.53%. This can be attributed by the availability of the exchangeable adsorption sites for
the adsorption [23]. At any particular adsorbent dose, RR4 removal (%) increases with an increase in time
(Figure 5). In addition, as the time increases from 30 min to 80 min, the amount of RR4 removal (%) also
increases because RR4 dye molecules are able to penetrate deeper into the inner active adsorption sites of
Cs-Ech when the contact time increases [24].
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Figure 7: (a) 3D response surface plot; (b) contour plot for RR4 removal efficiency showing interaction between
adsorbent dosage (A) and time (C)

CONCLUSIONS

In this work, the efficiency of chitosan-epichlorohydrin (Cs-Ech) on the removal of RR4 from aqueous
solution was investigated. The adsorption key parameters (adsorbent dose, pH and time) for the removal
of RR4 from aqueous solution were optimized by employing Box-Behnken Design (BBD). The highest
RR4 removal was obtained by simultaneous interactions between AB and AC. The best optimum
conditions obtained were; adsorbent dose (1.0 g), pH ~4 and time (80 min).
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