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inc sulfide/carbon nanofibers (ZnS/CNFs) composite was successfully

synthesized through a facile and simple method. X-ray diffraction (XRD)

patterns revealed the formation of ZnS decorated CNFs composite. The
photocatalytic activity of ZnS/CNFs composite was investigated by the
photodegradation of Rhodamine 6G (Rh-6G) dye in aqueous solutions.The effect
of operational parameters such as initial Rh-6G concentration, ZnS/CNFs
composite concentration, pH and irradiation time were analyzed and optimized
by response surface methodology (RSM) in photocatalysis process. The results
revealed that the removal percentage of Rh-6G increased with ZnS/CNFs
composite concentration, pH and irradiation time, whereas higher initial
dye concentration was unfavorable. The findings also showed that under
optimum conditions (initial Rh-6G concentration=6 mgL ™, ZnS/CNFs composite
concentration= 1.25 g L™, pH= 8 and irradiation time=48 min) and exposure of
UV-C light irradiation (20 Wm™), the ZnS/CNFs composite exhibited a
remarkable photodegradation of Rh-6G dye in aqueous media (99.17%). Prog.
Color Colorants Coat. 10 (2017), 13-21© Institute for Color Science and
Technology.

1. Introduction

and used for dyeing of fabric annually worldwide. The

One of the most important environmental pollutants is
colored wastewater containing chemicals, which has
undesirable effects on human health and other
organisms. Regardless of the fact that the presence of
such pollutants prevents light infiltration and causes
eutrophication phenomenon, it also may cause
irreversible threats to human due to carcinogenic,
mutagenicity and allergenicity properties [1, 2]. More
than ten thousand different synthetic dyes are produced
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textile and paint industries are the major colored
wastewater producers [3, 4]. Rhodamine 6G (Rh-6G),
which is selected as the model compound in this study,
is a cationic and basic dye and used widely as a
colorant in the manufacturing of textiles and
carcinogenic property of this compound has been
medically proven [5, 6].

Various strategies such as membrane processes, ion
exchange and adsorption have been developed to
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remove colored contaminants [7-9]. The drawback of
these methods is transfer of pollutants from one phase
to another phase rather than eliminating the pollutants
from effluent body. In this respect, advanced oxidation
processes (AOPs) are well known and widely applied
treatment techniques for the complete elimination of
textile industries wastewaters [10].

AOPs are based on highly reactive hydroxyl
radicals ("OH) generation in sufficient quantity to affect
water purification. According to the literature review,
semiconductor based photocatalysis are the most
popular AOPs in elimination of colored wastewaters.
Different semiconductors have been used for this
purpose. Due to the non-toxic nature and high negative
reduction potential of excited electrons in zinc sulfide
(ZnS) owing to its higher conduction band position in
aqueous media, ZnS is an appropriate alternative to this
purpose [11-13].

In order to increment of the photocatalytic activity,
nanosemiconductors can be decorated onto a proper
support. Carbonaceous materials such as carbon
nanofibers (CNFs) are good hosts for semiconductors
in catalytic reactions because of their sufficient
stability, extraordinary structural, electrical and
mechanical properties and non-toxicity [14].

In this research, ZnS nanoparticles were
synthesized via a simple co-precipitation method and
afterwards, ZnS decorated CNFs composite was
prepared. Modeling and optimization of photocatalytic
removal of Rh-6G from aqueous solutions by prepared
nanocomposite was conducted using response surface
methodology (RSM).

2. Experimental

2.1. Materials

Sodium sulfide flakes (Na,S) and zinc acetate
dihydrate (Zn(CH;C0O),.2H,0) were purchased from
LobaChemie (India) and Merck (Germany),
respectively. CNFs were supplied commercially.
Average diameter, pore size and specific surface area
of nanofibers were about 130 nm, 0.075 cm® g™ and 24
m? g, respectively. Rh-6G dye was purchased from S
D Fine-Chem limited (India), and its chemical structure
is illustrated in Figure 1. Deionized water was used
throughout this study.

2.2. Preparation and characterization of ZnS
decorated CNFs composite

The ZnS nanoparticles were synthesized by dissolving
0.5 M Na,S in water. Then, the solution was stirred in a
three-neck round-bottom flask under the presence of
nitrogen gas. Appropriate amount of zinc acetate
solution was slowly added to the above solution and
stirred for another 1 h at room temperature. The resulting
precipitate was collected by centrifugation and rinsed
with ethanol and deionized water for several times.

Afterward, CNFs powder was dispersed in 100 mL
of water and sonicated for 15 min. Subsequently, the
precipitates coming from the previous stage were added
to the CNFs suspension under ultrasonic medium until
the uniform precipitate was resulted. The resulting
product was finally dried at room temperature and
thereafter crushed to obtain fine powder. The prepared
ZnS/CNFs composite was characterized in detail by X-
ray diffraction (XRD, X’Pert Pro, Panalytical).

Figure 1: Chemical structure of Rh-6G dye.
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2.3. Experimental design

Design of experiments (DOE) is a methodical manner
to specify the relationship between parameters
affecting a process and the output of that process. The
focus of the DOE is on the finding a combination of
autonomous parameters that optimizes the output of the
process.

There are different methods for experimental design
among which the RSM is a very fruitful one. RSM is a
set of statistical and mathematical approaches to
explore the relationships between input and output
variables. Central composite design (CCD) is the most
generally chosen method in RSM technique.

In this research, Design-Expert 7 (DX7) software
was employed for experimental design by RSM based
CCD. To evaluate the effect of influenced factors, four
operational ~ parameters  viz.  initiall = Rh-6G
concentration, ZnS/CNFs concentration, pH and
irradiation time were chosen and studied in five levels
(-a, -1, 0, +1, +a). Values of a can be computed by o =
2k/4, where K is the parameter number. The ranges and
the levels of the operational parameters are listed in
Table 1.

A total of 30 empirical tests were carried out based
on the DX7 software offer, and the obtained data were
analyzed. The relationship of mathematical between
the operational parameters and response can be
explained by the equation (1):

+ik2ﬂijxixj+g (D)

k k
y :ﬂ0+zﬂixi +Z:Biixi2
i=1 i=1 i=1 j=1
where y is the process response and f, is the
constant. f;, S and g are coefficients for primary,
squared and mutual effects, respectively. x; and x; are
coded independent variables [15].

2.4. Photocatalytic activity experiments

The photocatalytic properties of the ZnS decorated
CNFs composite was evaluated by monitoring the
photodegradation of Rh-6G under UV light (20 Wm?)
with respect to the changes of operational parameters.
Batch experiments were done in a cylindrical glass
reactor containing 100 mL of Rh-6G solution and
desired concentration of ZnS/CNFs at a given pH
exposed to UV light lamp (Germicidal, China), and the
mixture was stirred on a magnetic stirrer. At a regular
time intervals, samples were taken, centrifuged and
analyzed spectrophotometrically (UV  mini-1240,
Shimadzu) at absorption peak (525 nm) of Rh-6G. The
removal efficiency of Rh-6G was computed by
equation (2):

R (%) :{A"A' A jxlOO (2)

0

Where A, and A; are the absorbance of dye when
the reaction time is 0 and t, respectively.

Table 1: Ranges and levels of the operational parameters.

Parameters

[Rh-6G], (mg L™)

[ZnS/CNFs], (g L™) 0.5
pH 2
Irradiation time (min) 12

IR N R
2 4 6 8 10

Range and level

0.75 1 1.25 1.5
4 6 8 10
24 36 48 60
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3. Results and discussion

3.1. Characterization of ZnS decorated CNFs
composite

The XRD patterns of CNFs, pristine ZnS, and
ZnS/CNFs composite are shown in Figure 2. In original
CNFs, the four diffraction peaks at 260= 10, 19.5, 21
and 23.5° are characteristic of (020), (110), (120) and
(130) planes, respectively. For ZnS, the crystalline
peaks appear at 26=28.73, 47.9 and 56.56° indicate the
formation of cubic lattice structure of ZnS, which
match well with the standard XRD pattern of cubic
ZnS [16]. The XRD pattern of the ZnS/CNFs

composite includes the characteristic peaks of ZnS with
slightly lower crystallinity, which revealed that ZnS
nanoparticles are successfully embedded in CNFs
matrix.

3.2. Effect of operational parameters

The effect of operational parameters were investigated
for evaluation of the photocatalytic activity of the
prepared photocatalyst, i.e., ZnS/CNFs composite in
the removal of Rh-6G dye. The details of the designed
experiments along with the actual and predicted results
are given in Table 2.

4000

3000
CNFs

2000

Intensity (a.u)

1000

ZnS/CNFs

26 (°)

Figure 2: XRD patterns of CNFs, ZnS and ZnS/CNFs.

Table 2: Designed experiments along with actual and predicted results.

Operational parameters

[Rh-6G], | [ZnS/CNFs],
(mg L) L™
1 18 4 0.75
2 8 8 0.75
3 5 4 1.25
4 25 8 1.25
5 20 4 0.75
6 23 8 0.75
717 4 1.25
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Predicted
24 86.71 83.80
24 51.16 52.61
24 96.46 94.79
24 70.06 71.30
24 83.32 84.44
24 61.13 61.90
24 97.29 98.46
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Table 2: Continue.

Operational parameters

[ZnS/CNFs],
(gL
8 10 8 1.25
g 28 4 0.75
10 14 8 0.75
11 3 4 1.25
12 27 8 1.25
13 6 4 0.75
14 21 8 0.75
15 2 4 1.25
16 13 8 1.25
17 16 2 1
18 12 10 1
19 29 6 0.5
20 4 6 15
21 24 6 1
22 1 6 1
23 26 6 1
24 9 6 1
25 7 6 1
26 30 6 1
27 15 6 1
28 11 6 1
29 19 6 1
30 22 6 1

Analysis of variance (ANOVA) was used to study
the significance and adequacy of the model (Table 3).
The results show a high value of coefficient of
determination (PredR-Squared= 0.9837 and Adj R-
Squared= 0.9685). The Model F-value of 64.65 implies
that the model is significant. There is only a 0.01%
chance that model occurs due to noise. In ANOVA
(Table 3), values of "Prob>F" which are less than
0.0500 indicate that the model terms are significant. In
this case [Rh-6G]o, [ZnS/CNFs]o, pH, Time, [Rh-
6G]o*[ZnS/ICNFs]o, [Rh-6G]o*pH, [Rh-6G]o*Time,
[ZnS/CNFs]o*Time, pH? and Time® are significant
model terms and final reduced equation can be
obtained as equation (3):

Predicted
8 24 85.80 83.61
4 48 95.36 96.78
4 48 90.74 89.83
4 48 91.60 91.09
4 48 93.73 91.84
8 48 96.00 95.01
8 48 95.79 96.70
8 48 94.57 92.35
8 48 98.57 99.73
6 36 97.19 99.23
6 36 78.96 77.43
6 36 80.74 80.06
6 36 94.88 96.08
2 36 79.26 80.90
10 36 92.56 91.44
6 12 68.18 68.43
6 60 99.27 99.53
6 36 90.06 89.64
6 36 88.47 89.64
6 36 90.69 89.64
6 36 89.85 89.64
6 36 90.19 89.64
6 36 88.60 89.64

R(%) = +79.62-17.92[Rh - 6G | +46.46[ZnS /CNFs ] +
0.07pH +1.38Time +3.85[Rh -6G ] *[ZnS /CNFs] +

@)

0.53[Rh -6G |, * pH +0.25[Rh - 6G |, *Time

-1.38[ZnS /CNFs ], *Time -0.21pH * - 9.82E - 003 Time

Also, residual plots were depicted to evaluate the
validity of the selected model. As shown in Figure 3
(a), the inclination of the residuals is towards normal
distribution. Figure 3 (b) shows that the residuals in the
plot rise and fall randomly around the central line.
These two plots revealed that the model is adequate for
explaining the process under study.
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Table 3: ANOVA for response surface quadratic model.

Sum of
Source
squares
Model 3797.59 14 271.26 64.65 <0.0001
[Rh-6G]q 712.75 1 712.75 169.86 < 0.0001
[ZnS/CNFs], 385.20 1 385.20 91.80 < 0.0001
pH 166.69 1 166.69 39.73 < 0.0001
Time 1450.97 1 1450.97 345.80 < 0.0001
[Rh-6G]0*[ ZnS/CNFs]0 59.33 1 59.33 14.14 0.0019
[Rh-6G]0*pH 74.61 1 74.61 17.78 0.0007
[Rh-6G]0*Time 587.21 1 587.21 139.95 < 0.0001
[ZnS/CNFs]0*pH 9.17 1 9.17 2.18 0.1601
[ZnS/CNFs]0*Time 278.14 1 278.14 66.29 <0.0001
pH*Time 5.82 1 5.82 1.39 0.2572
[Rh-6G],2 2.94 1 2.94 0.70 0.4157
[ZnS/CNFs]y2 4.25 1 4.25 1.01 0.3302
pH2 20.70 1 20.70 4.93 0.0422
Time? 54.91 1 54.91 13.09 0.0025
Residual 62.94 15 4.20
Lack of Fit 58.86 10 5.89 7.22 0.0207
Pred R-Squared: 0.9837 Adj R-Squared: 0.9685
(a) 3.00
0o (b)
4 [m) % LI_T‘
95— m \
z eo—g &0 % 150 fj\ " ﬁ M “;"
8 802 & ' d | I\ H / I‘ l g'l‘
§ nd g B LR I I
& ] o £ . | & [yl [ )® AN
3 w0l £ g RV ARIEER P
E ] ¥ & o e e
2 - i =3 =4 AR 2 ®
3 = £ .50 || o
5 ] o |
1. £ |
1 .
-3.00
| I I I L L B R T T
-2.39 -1.24 -0.10 1.05 2.20 1 5 9 13 17 21 25 29

Internally Studentized Residuals Run Number

Figure 3:(a) Normal plot of residuals; (b) Residuals versus run number.
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In continuation of our investigations, counter plots
were depicted with two parameters kept constant at
their zero level and the other two varying within the
experimental ranges. It is obvious from Figure 4 (a)-(f)
that the removal percentage of Rh-6G increased with
ZnS/CNFs concentration, pH and irradiation time,
whereas higher initial dye concentration was
unfavorable.

R (%)

[ZnSICNFs]o (g L)

[Rh-6G]o (mg L)

R (%)
60

48

Time (min)

24

[Rh-6GJo (mg L)

R (%)

Time (min)

[ZnS/CNFs], (g L)

=36 min

6; Time

Hold: pH

=6

1gL"; pH

Hold: [ZnS/CNFs]y

=6

=6 mg L-1; pH

Hold: [Rh-6G]0

pH

pH

Time (min)

In fact, increasing the amount of photocatalyst leads
to an increase of available catalytic and adsorption sites
on the ZnS/CNFs surface, which are effective for
increment of photocatalytic activity. On the other hand,
hydroxyl radicals’ production increases with the
amount of photocatalyst [17]. Similar result was
presented for removal of Methylene Blue from aqueous
solution using nano-TiO,/UV process [10].

R (%)

1 g L"; Time = 36 min

Hold: [ZnS/CNFs]o

[Rh-6G]o (mg L)

R (%)

36 min

=6mgL"; Time =

Hold: [Rh-6G]o

125
[ZNS/CNFs], (g L)

R (%)
60

1ig Lt

48

6 mg L-"; [ZnSICNFs,

Hold: [Rh-6GJ

~
-~
>
@
3

Figure 4:Counter plots of removal efficiency (%) as a function of (a) initial Rh-6G concentration and ZnS/CNFs
concentration; (b) initial Rh-6G concentration and pH; (c) initial Rh-6G concentration and irradiation time; (d) ZnS/CNFs
concentration and pH; (e) ZnS/CNFs concentration and irradiation time; (f) pH and irradiation time
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Also, it can be seen that the removal efficiency of
dye was improved with increasing of pH. The
presumed reason is that since the pH of isoelectric
point for ZnS/CNFs is about 7 (data not shown here), a
strong electrostatic adsorption of the Rh-6G cationic
dye on the ZnS/CNFs surface at alkaline pH values led
to intensification in photodegradation. On the other
hand, at alkaline pH values, hydroxyl radicals
generated by the photocatalytic process gradually
increase and cause destruction of organic compounds
such as dye molecules.This results are consistent with
the findings of other researches [18, 19].

According to counter plots, increasing the initial
concentration of Rh-6G reduces the removal efficiency.
Indeed, by increasing the Rh-6G concentration, the
amount of light penetrating into the dye solution to
reach the catalyst surface is reduced and as such, the
production of reactive hydroxyl and superoxide
radicals is reduced [20]. Similar results were reported
for the photocatalytic degradation of Basic Red 46 dye
and leather dye on TiO, [21, 22].

As is clear from Figure 4, increasing the duration of
UV radiation has a positive effect on the removal
efficiency of dye. Actually, the generation of
conduction band electron-valence band hole pairs

(ees+hys) and consequently production of hydroxyl

radicals increased with irradiation time and more attack
of hydroxyl radicals lead to higher dye removal amount
[23]. Finally, based on the results of the optimization
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