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Abstract Since Reactive Blue 21 (RB21) is one of the dye compounds which is harmful to human
life, a simple and sensitive method to remove this pollutant from wastewater is using Nano Zero-
Valent Iron (NZVI) catalyst. In this paper, a Central Composite Rotatable Design (CCRD) was
employed for response surface modeling to optimize experimental conditions of the RB21 removal
from aqueous solution. The significance and adequacy of the model were analyzed using analysis of
variance (ANOVA). Four independent variables—including catalyst amount (0.1-0.9 g), pH
(3.5-9.5), removal time (30-150 s) and dye concentration (10-50 mg/L)—were transformed to coded
values and consequently second order quadratic model was built to predict the responses. The result

showed that under optimized experimental conditions the removal of RB21 was over 95%.
© 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisis
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

The removal of color from textile effluents has drawn attention
over the past few years. Even low concentration dyes can have a
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damaging impact on the quality of the fiber in nutrition and
marine vegetation. Due to the deleterious effects of many
organic dyes, it is critical to remove them from waste materials
(Vijayaraghavan et al., 2009; Xue et al., 2009). One of the com-
mon classes of dyes used in industry is reactive dyes. These dyes
are typically based on the nitrogen chromophors combined with
various types of reactive groups, such as vinyl sulfone,
chlorotriazine, trichloropyrimidine, difluorochloropyrimidine.
Considering their carcinogenic effects, it is essential to remove
such dyes inasmuch as no damage is caused to reservoirs
(Djordjevic et al., 2011).

Among the numerous dye removal techniques, adsorption
(e.g. activated carbon and biological treatment) is now
preferable as it can be used to remove various types of coloring
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materials. Nonetheless, there are some disadvantages associ-
ated with each of these techniques. For example, activated car-
bon adsorption only transfers the dyes from the liquid phase to
solid phase. The biological process is difficult to start up and
control. The organic compound in the wastewater cannot be
degraded completely by the biological process and as a result,
the total cost can increase because of the need for further treat-
ment (Lin et al., 2008; Perery et al., 2002).

In recent years, Zero-Valent Iron (ZVI) has been applied as
an alternative method to reduce organic pollutants. This cata-
lyst functions well as a non-toxic, reducing agent which is pow-
erful, easy-to-produce and cheap. ZVI in low iron
concentration remaining in the sludge has no requirement
for further treatment of effluents and is easily recycled from
the spent iron powder by magnetism (Shu et al., 2007). ZVI
is effectively used to reduce wide range of common environ-
mental contaminates such as chlorinated compounds, nitro
aromatic compounds, pesticides, nitrates, heavy metals and
dyes (Cong et al., 2010; Efecan et al., 2009; Garg et al.,
2003; Liao et al., 2007; Lien and Zhang, 2001; Shimizu et al.,
2011; Shu et al., 2010; Uziim et al., 2008; Xi et al., 2010;
Yang and Lee, 2005). Production of iron nanoparticles was
improved by several synthetic methods. The borohydride
reduction of Fe (II) OR Fe (III) ions in aqueous media is the
most efficient method to generate ZVI nanoparticles (Sun
et al., 2007). In this paper, Reactive Blue 21 (RB21) was
selected to test. RB21 contains copper phthalocyanine chro-
mophore vinyl-sulfonic acid, which is toxic (de Jesus da
Silveira Neta et al., 2011) and it has been removed from waste-
water with various methods. For example, Silvia et al. removed
RB21 from wastewater by using turnip peroxidase (Silva et al.,
2012) or Sismanoglu et al. removed it with adsorption method
(Sismanoglu et al., 2010).
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Figure 1

In customary optimization methods, one-variable-at-a-time,
which is used for monitoring the influence of operational
parameters, is time-consuming and costly. Therefore, the
multivariate statistic techniques were used to optimize the
effective parameters. Response surface methodology (RSM)
is a powerful statistical technique to investigate the interac-
tive effects between several factors at different levels. It has
been successfully employed to optimize removal of pollutants
(Kumar et al., 2013; Pang et al., 2011; Kalantari et al., 2014).
The main advantage of RSM is that it reduces the number of
experimental runs, and saves energy, time, and the materials
consumed. The observed results (actual responses) were fitted
with a polynomial model in the vicinity of the optimum
responses. Then, the model made a relationship between the
responses and the variables. The optimum values of the
responses and the variables are calculated by the model
(Abdollahi et al., 2012; Gunawan et al., 2005; Masoumi
et al., 2013).

2. Experimental

2.1. Materials and apparatus

Reactive Blue 21 (Molecular formula (Cy0H26CuN19016S6),
Molecular Weight 1159.62 g/mol, Ayn.x 614 nm), was obtained
from ALVAN SABET company, Iran, and was used without
any further purification (Fig. 1 shows the chemical structure
of RB21.). Sodium Borohydride (NaBHy), Iron (III) chloride
(FeClyy6 H,0), Acetone, HCI and NaOH were obtained from
Merck. Deionized distilled water (DDW) was used in all
experiments. The amount of residual RB21 was analyzed by
double beam UV-Vis spectrometer (Cary 100-varian).

Molecular structure of Reactive Blue 21.
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Figure 2 Scanning electron micrograph (SEM) of iron nanoparticles: (a) 10.000 KX; (b) 20.000 KX.

2.2. Synthesis of Nano ZVI and characterization by SEM and
XRD

Nano-scale Zero-Valent Iron particles used in this study were
chemically synthesized in aqueous solution via the reduction of
ferric iron by sodium borohydride (Frost et al., 2010; Liao
et al., 2007). The experiments were carried out in the room
temperature by applying N, atmosphere gas. In this work,
NaBH,4 solution (0.3 M) was gradually dropped into FeCl;.
‘6H,0 solution (0.1 M) and the solution was mixed by a tun-
able mechanical stirrer at 415 rpm. The resulting reaction
can be given as below (Eq. (1)) (Sun et al., 2007):

3+ - 0 -
4Fe(aq) + 3BH4(aq) +9H,0 — 4Fe(s) + 3H2B03(aq>
+ IZHZ;q) + 6H2(g) (1)

Black particles of NZVI, as a form of sedimentation,
appeared immediately after introducing the first drop of
NaBHy, solution. The generated iron particles were separated
by vacuum filtration and washed by DDW. In order to stabi-
lize NZVI against immediate oxidation, the solid was washed
at least two times with 98% acetone.

Morphology and the sizes of NZVI particles were identified
by scanning electron microscope (SEM) (LEO-1455VP, Eng-
land) as shown in Fig. 2. This image demonstrates that the iron
particles are in the form of nano-spheres and they exist in contact
with one another forming chains with diameters of <100 nm.

XRD analysis of newly-synthesized iron nanoparticles was
carried out with Philips, PW3050, the XRD pattern is shown
in Fig. 3 indicating that the Zero-Valent Iron has only a char-
acteristic 20 value of 44.7°, and no signals for iron oxides with
a 26 value of 36° were found. It also indicates that the ZVI is
mainly seen in the sample.

The treatment was carried out by adding 0.1-0.9 g NZVI
into 50 ml dye solution.

2.3. Experimental design and data analysis

In the present study, a five-level-four-factor Central Compos-
ite Rotatable Design, which is a widely used form of RSM,
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Figure 3 XRD pattern of Nano Zero-Valent Iron (NZVI)
particles.

was employed for optimization of RB21 removal. The proce-
dure of optimization has been represented in the form of a
flowchart as shown in Fig. 4. A set of 30 experiments were
designed to optimize by Nano ZVI catalyst. Four independent
variables called catalyst dosage, pH, removal time and initial
concentration were investigated and each variable in the design
was studied at five different coded levels (Table 1). The vari-
ables were coded according to the following equation
(Eremia et al., 2008):

. X Xo
i = AX;

)

where x; is the independent variable coded value, X;, X, are
independent variable real value where Xj is on the center point;
AX; is the step changing value (Eremia et al., 2008). The influ-
ence of individual factor from the experiments and their per-
formance at optimum condition by using RSM approach
were analyzed by the software Design Expert (version 6.0.6)
(Gunawan et al., 2005). The reliable way to evaluate the qual-
ity of the model fitted is to apply analysis of variance
(ANOVA) (Khataee et al., 2011). Data collected from various
mathematical models (Linear, two factorial interaction (2FI),
quadratic and cubic) as well as ANOVA prove that the reac-
tion of decolorization was most properly demonstrated with
a quadratic polynomial model and the quadratic equation
for the variable is in the following form (Eq. (3)):
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| Defining the problem and the objective |
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| Identifying the factors and their levels |

|

| Designing the matrix experiments I

|

| Conducting the experiments (30 runs) |

|

| Data analysis |

'
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!

| Conducting the confirmation experiments |

Figure 4 The procedure of using RSM for optimization.

Table 1 Levels and code variables used for RB21 removal.
Variables Symbol coded Levels
-2 -1 0 1 2

Catalyst amount (g) X1 0.1 0.3 0.5 0.7 0.9
pH X, 355 65 8 9.5
Removal time (s) X3 30 60 90 120 150
Dye concentration (mg/L) X, 10 20 30 40 50

4 4 34
Y=+ Zﬂixi + Zﬁiix? + ZZﬂi/‘xixj te 3)

i=1 i=1

=1 j=i+1

where Y (dye reduction %) is the predicted response, fy is
intercept coefficient, f; represents the coefficient of linear
parameters, fi; and f3; are the interaction coefficients of qua-
dratic and second order, respectively. X; and X represent the
coded independent variables (Bezerra et al., 2008; Cho and
Zoh, 2007; Eremia et al., 2008; Fu et al., 2007). As it is illus-
trated in Table 2, the F-value is calculated for each sort of
model, and the topmost order model with significant terms is
normally selected. The significance is evaluated as F-value
being calculated out of the data exceeding a theoretical value
(Muralidhar et al., 2001). To determine the extreme values of

Table 3 The design of RSM and its actual and predicted
values.

Run X, X, X3 X; Removal (%)
Experimental Predicted
1 —1 -1 -1 -1 70.34 73.49
2 1 -1 -1 -1 9207 90.66
3 —1 I -1 =1 7945 79.74
4 1 I -1 -1 89.04 90.60
5 -1 —1 1 -1 80.20 80.18
6 1 -1 1 —1 9504 97.35
7 -1 1 1 -1 85.01 86.43
8 1 1 1 —1 9340 97.29
9 —1 -1 -1 1 73.67 71.77
10 1 -1 -1 1 85.64 85.38
11 -1 I -1 1 7490 70.66
12 1 I -1 1 78.30 77.95
13 —1 —1 1 1 87.89 84.77
14 1 -1 1 1 99.40 98.37
15 —1 1 1 1 79.90 83.66
16 1 1 1 1 9330 90.95
17 -2 0 0 0 68.95 69.48
18 2 0 0 0 94.90 93.93
19 0 -2 0 0 81.50 82.84
20 0 2 0 0 8345 81.67
21 0 0 -2 0 7510 76.89
22 0 0 2 0 98.80 96.58
23 0 0 0 -2 98.54 93.15
24 0 0 0 2 80.14 85.09
25 0 0 0 0 94.90 96.83
26 0 0 0 0 9495 96.83
27 0 0 0 0 98.85 96.83
28 0 0 0 0 97.00 96.83
29 0 0 0 0 99.50 96.83
30 0 0 0 0 9580 96.83

3. Results and discussion

3.1. Model fitting and statistical analysis

Experimental data to remove RB-21 from wastewater are
given in Table 3 along with the predicted values. The data were
fitted with various models and their subsequent ANOVA
showed that reaction of RB21 removal was most suitably
described by quadratic polynomial model. The final model to
predict the percentage of RB21 removal by NZVI is shown
in Eq. (4):

%Y = 96.83 + 6.11X; — 0.29X, +4.92X; — 2.01X;
—3.78X7 — 3.64X; — 2.53X; — 1.93X; — 1.58X, X,

. . . —0.89X Xy — 1.84X, X, + 1.58X3X, (4)
the variables, we carried out preparatory experiments.
Table 2 Statistical parameters for sequential models.
Source Sum of square DF Mean square F-value Prob > F Remarks
Mean vs total 2.288E + 005 1 2.288E + 005 =
Linear vs mean 1577.99 4 394.50 9.16 0.0001 -
2F1 vs linear 154.17 6 25.70 0.53 0.7795 =
Quadratic vs 2FI 753.91 4 188.48 16.73 <0.0001 Suggested
Cubic vs quadratic 147.48 8 18.44 5.99 0.0145 Aliased
Residual 21.55 7 3.08 — — —
Total 2.315E+ 005 30 7715.21 = = =
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Table 4 Analysis of variance (ANOVA) results of quadratic model to remove RB21.
Source Sum of square DF Mean square F-value P-value
Model 2478.53 12 2478.53 19.89 <0.0001 Significant
Xi 897.07 1 897.07 86.37 <0.0001
X, 2.07 1 2.07 0.2 0.6609
X3 581.45 1 581.45 55.98 <0.0001
Xy 97.41 1 97.41 9.38 0.0071
X3 392.19 1 392.19 37.76 <0.0001
e 364.19 1 364.19 35.06 <0.0001
X3 174.89 1 174.89 16.84 0.0007
X3 101.92 1 101.92 9.81 0.0061
X1 X, 39.91 11 39.91 3.84 0.0666
X1 Xy 12.73 1 12.73 1.23 0.2837
XXy 54.21 1 54.21 5.22 0.0355
X3Xy 39.78 1 39.78 3.83 0.067
Residual 176.57 17 176.57
Lack of fit 157.01 12 157.01 3.34 0.0958 Not significant
R% = 0.9335, Adj-R> = 0.8866, Adequate precision = 13.620.
where X is amount of catalyst, X, the pH, X3 the removal os |
time, X, the initial concentration of RB21. ©  Datapoint ¢ dg
F-value calculated from the data (19.89) was higher than 93] reee A=P < o

tabular value. ANOVA and values of the factors are shown
in Table 4. Coefficient of determination, R, always lies
between 0 and 1 (Priya and Kanmani, 2011). (However,
Masoumi et al., (2011) stated that if R* value lies between
0.90 and 1.00, the fitted regression equation is considered as
a model having a high correlation.)

In this study, R* of the model was 0.9335. It indicates
93.35% of the experimental data and predicted data can be
explained by the model. In addition, the value of adjusted
determination coefficient Adj R* = 0.8866 was also satisfac-
tory, confirming the significance of the model.

The value of coefficient of variation (CV = 3.69%) implied
that there is good validity in the experimental data and the
model. It can be considered reasonably reproducible if its
CV is not greater than 10%. A lower value of CV clearly
showed a high degree of precision. The model also showed
adequate precision by measurement of signal to noise ratio.
The ratio greater than 4 is desirable. Thus, a ratio of 13.620
indicated an adequate signal (Masoumi et al., 2011).

Fig. 5 indicates a plot of predicted value vs actual value of
percentage removal from response surface design, where the
coefficient of determination (R?) was (0.9335) and indicated
a good agreement with model. In the meanwhile, the residual
plots represent appropriateness of the model and correlation
of the data (Fig. 6). The residuals are randomly scattered in
a constant width band about the zero line. The root mean
squares error (RMSE = 2.42) and the absolute average devia-
tion (AAD = 2.30) were determined. The RMSE and AAD
are calculated by the following equations:

RMSE = (% > (yl-afy,f) N (5)

_ Z?(b}p 7yi(l|/yia) >

n

AAD 100 (6)

Linear (Data point)

~~
B
N’
%]
=
«
>
°\° 88 1
=
2 831
5
= 78 R%=0.933
Rl
2
T 731
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~ <
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Figure 5 Scatter plot of predicted removal % value vs actual
removal % value from RSM design.
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Figure 7 Response surfaces plot. (a) Interaction plot of removal time (X3) and dye concentration (Xy). (b) Interaction plot of pH (X3)
and dye concentration (Xy). (c) Interaction plot of catalyst amount (X;) and dye concentration (X3). (d) Interaction plot of catalyst

amount (X;) and pH (X>).

Table 5 Optimum conditions derived by RSM for removal of
RB21 dye.

Exp. Optimal conditions Removal (%)
X, X, Xz X4 Actual Predicted RSE %
1 0.34 6.33 120 40 88.46 90.05 1.13
2 0.34 6.31 120 40  92.03  90.59 1.59
3 0.35 6.73 120 37.5 90.44 91.58 1.25

where 7 is the number of experiments, y, is the predicted value
obtained from the RSM, and y,, is the actual value (Masoumi
et al., 2011).

3.2. Interaction between influencing factors

The three-dimensional response surface plots were used to
determine the interaction between the four variables. The
results are displayed in Fig. 7. The optimum situation of the
relative variables is similar to the coordinates of central point
in the upmost level in each of these figures. Fig. 7a represents
that RB21 removal increases as time passes during reaction
and decreases with the increase of dye concentration (while
keeping other variables at a constant level). The reason is that
in dye’s low concentrations, there is a close relation between
surface active sites and the total dye molecules. Consequently,
all molecules stick to NZVI surface and then are removed from
the solution. However, there is not enough space for all
molecules in high concentration of dye.

Fig. 7b shows the response surface plot of RB21 removal
as a function of initial concentration of RB21 and pH. The
pH was also one of the important factors in RB21 removal
rate. More than 80% of dye removal by ZVI was observed
around the neutral range of pH 4-9 (Shu et al., 2007). The
removal rate increased at pH value below 9. This case can
be ascribed to the fact that lower pHzpc (<pHzpc ~ 8.3) is
favorable for removal of anionic dye on the iron surface
(Fan et al., 2009) but extremely basic or acidic conditions
gave poor removal results. These results agree with previous
reports on the ZVI transformation of dyes (Fan et al., 2009;
Shu et al., 2007). As it is obvious from Fig. 7b RB21 removal
increased at weak acidic range and decreased at extremely
basic or acidic conditions within increase initial concentration
of RB21. Fig. 7c demonstrates that with an increased amount
of the catalyst and a decreased dye concentration, RB21
removal increases. Fig. 7d shows the effect of the catalyst
amount and pH on RB21 removal. This diagram clearly states
that around the neutral range of pH (lower pHzpc) with an
increased catalyst amount, the efficiency of RB21 removal
increases. The surface charge of NZVI under pHzpc is posi-
tive and it helps the removal of anionic compounds such as
reactive dyes.

3.3. Optimization of reaction and model validation

To confirm the model’s adequacy for predicting maximum
RB21 removal, three additional experiments were used. Such
optimum conditions were performed and are now presented
in Table 5.
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The optimum reaction parameters were a catalyst amount
of 0.5g, initial concentration of 30 ppm, pH of 6.5, and
removal time of 90s. All the optimum conditions can be used
to produce high percentage Reactive Blue 21 removal. The
desired value of the residual standard error (1.25) is also
obtained from the optimum condition of RSM experimental
design. Comparison of predicted and actual values revealed
good correspondence between them, implying that the empiri-
cal model derived from design expert software can describe the
relationship between the factors and outputs.

4. Conclusion

ZV1 appeared to be a very active catalyst for removal of textile
dye from aqueous solution. A central composite design was
applied to provide the experimental conditions for dye removal.
In the present study, removal time, initial concentration of
RB21, the amount of catalyst, and pH were the most significant
effects on the removal of RB21. Results show that response sur-
face methodology is one of the most useful methods to optimize
the experimental conditions for the removal of RB21 from
wastewater. According to the analysis results, 0.5 g ZVI cata-
lyst, natural pH, 90s removal time, and initial concentration
of RB21 30 mg/L, were formed the optimum conditions. The
model validation results (R®> = 0.9335, RMSE = 2.42,
AAD = 2.30) were suggested for the adequacy of the
developed model. The quadratic equation developed in this
study shows the presence of a high correlation between the val-
ues predicted by experimental design and the ones obtained
experimentally. Analysis of variance depicts the accuracy of
the model by using high F-value (19.89), very low P-value
(<0.0001), non-significant lack of fit, the coefficient of
determination (0.9335) and the adequate precision (13.620).
Consequently useful information about this alternative waste-
water technology was obtained by considering the effects of
NZVI on optimizing the potential parameters of Reactive Blue
21 dye removal.
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