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Abstract—Copper sulfide nanoparticles were synthesized and loaded on activated carbon (CuS-NPs-AC) for ternary
dye removal. Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction spectroscopy (XRD) and scanning elec-
tron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) were used to characterize the syn-
thesized materials. The performance of the materials was subsequently evaluated for simultaneous ultrasound assisted
adsorption of Disulphine Blue (DB), Eosin Yellow (EY) and Safranin O (SO) dyes in ternary solution under different
conditions that include variation in solution pH, initial concentrations of dyes, sonication time and adsorbent dosage.
Response surface methodology (RSM) using central composite design (CCD) was employed to obtain the optimum
experimental conditions. The maximum removal efficacies (88.39%, 68.49% and 55.69% for DB, EY and SO, respec-
tively) were found at the optimum conditions: 3.63 min of sonication time, 0.02 g of CuS-NPs-AC, 7.76 mg L' of DB,
8.89mg L' of EY, 9.87mg L' of SO and pH 6.5. Very high adsorbent capacities of 198.12, 165.0, 139.58 mg g ' for
DB, EY and SO, respectively, were yielded from Langmuir isotherm as best fitted model. Kinetic study indicated that
the pseudo-second-order kinetic model was well fitted to the experimental data of ternary adsorption process. The
results of the study display very good adsorption efficiency of the synthesized adsorbent for dye removal with high
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adsorption capacity under optimum conditions.
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INTRODUCTION

Wastewaters from many industries, such as paper, food, plastics,
textile, antiseptics, cosmetics, and fungicides which use dyes for
their products can contain dye pollutants at very low concentra-
tions [1]. As dye possesses toxicity and carcinogenicity properties as
well as longstanding environmental contaminant, it raises a great
environmental concern with potential adverse effects to human
health. Dye can enter into the human body through the digestive
system via polluted food or water [2,3]. Therefore, it is necessary
to remove it from wastewater before it enters into bodies of organ-
isms [4]. Although a number of processes such as coagulation, pre-
cipitation, adsorption, electrochemical techniques, biosorption and
ozonation are accessible for dye removal [5-8], adsorption in par-
ticular receives significant attention owing to its high efficiency,
low operation cost and simple operation [9,10].

However, finding a new, yet effective, adsorbent for enhanced
removal is very challenging. Among the adsorbent materials avail-
able, activated carbon (AC) that exhibits characteristics such as
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medium surface area, porous structure, middle adsorption capaci-
ties, fast adsorption kinetics can be used as support material for
secondary nanomaterial embedment [11,12]. Some of the AC func-
tional groups, namely -OH, -COOH, -C=0 and NH,, can poten-
tially facilitate the loading of secondary nanoparticles on its surface,
offering synergistic adsorption capacities for various species.

Our main purpose was to develop a modified physical adsorp-
tion method by depositing copper sulfide (CuS) nanoparticles [13]
on the surface of AC. CuS is a nontoxic, low cost, easy available
and high active site nanomaterial. The self-synthesized CuS was
then used for selective and quantitative ultrasonic assisted removal
of Disulphine Blue (DB), Eosin Yellow (EY) and Safranin O (SO)
in ternary solution with high sorption capacities in short time. Influ-
ence of several important variables--sonication time, initial dyes
concentration, amount of adsorbent and pH on the adsorption of
selected dyes--was studied and optimized using central composite
design (CCD). CCD, a statistical technique for planning, conduct-
ing, analyzing and interpreting data from experiments, is generally
used to optimize and decide the factors influencing the perfor-
mance of adsorption [14,15]. It decreases the number of experi-
ments and minimizes error of experiments [16,17]. Our aim was
also to study the adsorption kinetics and isotherms of dye removal
using CuS loaded AC adsorbent for potential application in industry:.
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MATERIALS AND METHODS

1. Materials and Apparatus

Chemical reagents including copper (II) acetate hydrate, tri-
sodium citrate, thioacetamide, ethanol, DB, EY, SO, acid chloride
(HC) and sodium hydroxide (NaOH) purchased from Merck (Der-
masdat, Germany) were used without further purification. The
solution pH was adjusted using HCI or NaOH and measured using
pH/Ion meter (Model 827, Metrohm, Switzerland). The absorbance
measurements used UV-Vis spectrophotometer (Lambda 25, Perkin-
Elmer, USA). X-ray diffraction was recorded using diffractor (PW
1800, Philips, Netherlands) at 40kV and 40 mA. The morphology
of CuS was studied by scanning electron microscopy (KYKY-EM3200,
KYKY, China) under an acceleration voltage of 26 kV. Ultrasonica-
tion was carried out in an ultrasonicator (Tecna 3, TECNO-GAZ)
with a frequency of 5,060 kHz and at power of 250 W.
2. Synthesis of CuS-NPs-AC

CuS nanoparticles were prepared according to Ghaedi et al.
(18]. At first, 10 mL of 0.1 mol L' copper (1) acetate hydrate (Cu
(CH,CO0),-H,0) and 20 mL of 0.2 mol L™ tri-sodium citrate were
mixed in a 100 mL beaker. It was followed by adding 5mL of 0.4
mol L thicacetamide (CH;CSNH,) into the mixed solution slowly
and continuous stirring for 1 h to allow CuS nanoparticles to grow
slowly. Finally, the mixture was filtrated and the product (CuS) was
washed several times with distilled water followed by drying at
80 °C for 15 h. To synthesize CuS-NPs-AC, nanoparticles and AC
were mixed at 1:10 mass ratio under magnetic stirring [19,20].
0.2 g of the prepared CuS was mixed with 2.0 g of AC before add-
ing 200 mL ethanol. The mixture was further stirred for 20 h. The
final solid material was filtered and washed several times by etha-
nol and distilled water before subjecting to heat treatment at 80 °C
for 10h.
3. Ultrasonic Assisted Adsorption Experiment

The ultrasonic assisted simultaneous adsorption of DB, EY and
SO onto CuS-NPs-AC was carried out as follows: 50 mL ternary
solution of DB, EY and SO at certain concentration (4-20mg L")
according to the CCD matrix was prepared at corresponding pH
(in the range of 5-9) by adjusting the solution using either 0.1 M
HClI or 0.1 M NaOH and mixed completely with certain amount
of CuS-NPs-AC (0.01-0.03 g). The mixture was then subject to soni-
cation to achieve better dispersion of nanomaterials in the solution
for greater adsorption rate. At last, 15mL of sample was drawn out
followed by immediate centrifugation. UV-vis spectrum of this sam-
ple was then recorded and DB, EY and SO content was calculated
according to calibration curve obtained from derivative spectro-
photometric method at 655, 483 and 412 nm, respectively. Fig. 1
shows the organic structure of three types of dyes used in this work.
The amount of dyes adsorbed at equilibrium time, g, (mg/g) and per-
centage dye removal efficiency; R (%) was calculated as follows [21]:

_ (Co — Ct)V

v 0

CO_Ct
R=————x100 2
o @

where, C, is the initial dyes concentration (mg/L), C, is the con-

Fig. 1. Chemical structure of (a) DB, (b) SO and (c) EY.

centration of dye at equlibrium time, V is the volume of solution
(L) and M is the mass of adsorbent (g). Besides, to evaluate the
regeneration performance of the adsorbent, the recovery process
of dyes from the adsorbent was performed with 10 mL of a 0.5 M
solution of nitric acid. For each cycle, the amount of adsorbent
was kept constant (15 g). Before the adsorbent was reused for the
following cydle, it was washed with excess 0.5 M nitric acid solu-
tion and distilled water followed by drying at 60 °C.
4. Central Composite Design

The influence of effective variables on the adsorption efficiency
like initial concentrations of DB, EY and SO (X, X, and X;, respec-
tively), pH (X,), CuS-NPs-AC mass (X;) and sonication time (X,)
was studied. CCD (using Design expert version 7.0 software) as a
powerful experimental design technique for simultaneous optimi-
zation of parameters to increase the performance of adsorption pro-
cess and to minimize error with minimum number of runs was
used [21-23]. In this work, CCD matrix based on above parame-
ters at five different levels (low; central, high, + and — & as shown
in Table 1) for 81 runs and their corresponding responses for each
dye are presented in Table 2. Analysis of variance (ANOVA), desir-
ability function approach, model summary statics such as coeffi-
cient of determination, adjusted R’, predicated R* and Adeq. Pre-
cision, 3D surface plots, and the complete quadratic model for this
6-factor were studied as follows.

6 6 6 6
R%=b,+ ZbiXﬁZbﬁszJrZ )3 binfXJ" ®
i=1 i=1

i= i= i=1j=i+1

Korean J. Chem. Eng.(Vol. 35, No. 5)



1110

F. Momtazan et al.

Table 1. Experimental factors and levels in the central composite design

Levels
Factors
Low (1) Central (0) High (+1) -a +a
X;: Concentration of DB (mg L") 8 12 16 4 20
X,: Concentration of EY (mg L™") 8 12 16 4 20
X;: Concentration of SO (mg L") 8 12 16 4 20
X, pH 6 7 8 5 9
Xs: CuS-NPs-AC mass (g) 0.015 0.020 0.025 0.010 0.030
X,: Sonication time (min) 2 3 4 1 5
Table 2. The design matrix and the responses Table 2. Continued
Run X, X, X, X, Xi X, R%ps R%y R%g Run X, X, X; X, X X¢ R%p R%y R
1 12 4 12 7 0.02 3 7123 4512  28.69 41 8 8 16 8 0015 4 8236 5528  41.13
2 16 16 8 8 0.015 2 6239 42.69 31.20 42 4 12 12 7 0.02 3 92.69 77.45 55.26
3 12 12 20 7 0.02 3 79.65 39.25 39.65 43 12 12 12 7 0.01 3  68.55 31.12 31.25
4 12 12 12 7 0.02 1 75.28 7695  63.25 44 8§ 16 16 6 0015 4 71.23 4256  34.36
5 8§ 8 16 6 0025 2 7632 4120 32.58 45 16 16 16 6 0015 4 5569 39.63  31.25
6 8 8 16 8 0.025 2 7289 3965 25.36 46 8 16 16 8 0025 2 7136 4856 39.65
7 16 8 8 6 0015 4 6825 3568 3825 47 8§ 16 16 8 0025 4 8769 5126 5532
8 8 16 16 6 0025 4 8120 4512 4123 48 8 8 8 6 0015 2 7568 5539 5563
9 8 16 8 8 0015 4 7369 3912  37.56 49 8 8 8 6 0015 4 81.23 4956  48.62
10 8 8 16 6 0015 4 7491 4869 4236 0 8 8 8 8 0015 2 6123 3790 2835
11 12 12 12 7 003 3 8256 5123 4596 51 8§ 16 16 6 0025 2 66.55 5123  35.69
2 16 8 8 6 0015 2 8569 3896 4125 52 8§ 16 8 6 0025 4 93.56 56.25  42.25
13 8 16 8 8 0015 2 6235 45.35 34.69 53 16 8 16 6 0015 4 7123 36.28 35.69
14 16 16 16 6 0015 2 6825 5136 3023 >4 16 8 16 8 0025 4 7536 5869 5126
15 8 8 8 6 0025 2 866 7136 5428 5 12 12 4 7 0.02 3  85.69 55.36  42.28
16 8 8 8 8 0015 4 6925 48.96 34.69 5 16 8 8 6 0025 2 9125 61.25 45.69
17 16 8 16 6 0015 2 8123 3125 2753 57 12 12 12 7 0.02 3 9236 7536  61.23
18 16 16 16 8 0025 4 6325 5628 6839 816 8 16 6 0025 2 8126 389 3569
19 8 16 8 8 0025 2 7125 6328 4258 59 8§ 16 8 8 0025 4 85.69 5524  42.28
0 5 s 8 s ooms 2 @ e am 0 21227 O0R oS ax me o
S 12 By 2 o Efgi e ijjﬁ 62 16 16 16 8 0015 4 6123 4769 5123
23 16 8 16 8 0015 2 8125 3125 2685 63 16 16 8 6 0015 4 6859 36.25  25.69
64 12 12 12 7 0.02 3 9125 75.69  61.23
24 16 16 8 8 0025 4 6325 5296  45.36 65 3 8 16 8 0025 4 9235 6125 4528
25 16 8 16 6 0025 4 72.69 4769  44.25 66 8 8 8 8 0025 4 8129 6859 3569
26 12 12 12 7 0.02 3 9123 75.69  61.39 67 8 8 16 8 0025 4 8625 5236 38.54
27 12 20 12 7 0.02 3 6123 5236  33.62 68 8 16 8 6 0015 2 7563 61258 4965
28 8§ 16 16 8 0015 2 6589 4125 31.23 69 16 8 16 8 0015 4 6952 4539 4525
29 12 12 12 7 0.02 3 9136 75.69 62.69 70 16 8 8 8 0015 2 6635 3125  21.36
3 16 8 8 8 0025 2 7169 5523 3562 71 16 16 16 8 0025 2 7123 5536 5129
32 16 8 16 8 0025 2 8269 42.36 34.25 73 16 16 8 6 0025 2 8539 7256 51.36
33 16 16 16 6 0.025 4 6235 4539 4456 74 8 8 16 8 0015 2 7536 3225 2228
34 16 16 8 8 0.015 4 5539 3125  28.69 75 16 16 8 6 0015 2 8126 5569  39.65
35 16 16 8 6 0.025 4 8023 5126 39.65 76 8 8 8 6 0025 4 9236 6869 4625
36 16 16 16 6 0025 2 6856 5536 41.26 77 12 12 12 7 0.02 3 9558 7436  62.36
37 16 8 8 8 0025 4 6239 5860 3856 78 8 16 16 8 0015 4 8126 4536 4529
38 16 8 8 6 0025 4 81.23 5562  41.23 79 16 16 8 8 0025 2 7156 65.39 4521
39 12 12 12 5 0.02 3 9236 65.38 55.26 80 8 8§ 16 6 0015 2 6859 35.25 28.69
40 8 16 8 6 0025 2 8536 75.36 55.35 81 16 8 8 8 0015 4 5523 36.58 25.36

May, 2018
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Fig. 2. (a) SEM image of CusS, (b), (c) SEM images of CuS-NPs-AC at different magnifications and (d) EDX spectra of CuS-NPs-AC.

where x/s are the independent variables that are known for each
experimental run. The parameter b, is the model constant; b/s are
the linear coefficients; b;s are the quadratic coefficients and b;s are
the interaction coefficients [24,25].

RESULTS AND DISCUSSION

1. Characterization of Samples

The morphology of the CuS and CuS-NPs-AC was character-
ized with SEM and the results are shown in Figs. 2(a) and (b),
respectively. The SEM image shows that the nanoparticles are well
dispersed and stabilized over AC. It was found that the nanoparti-
cles and their aggregation are grown in the spherical shapes with a
relatively uniform in terms of shape and size distribution. Accord-
ing to the SEM images, the average size of CuS nanoparticles is esti-
mated to be 20-100 nm. Fig. 2(c) shows the SEM image of the AC
surface. By comparing the SEM images of the CuS-NP-AC with
the AC surface, the deposition of CuS-NP strongly alters the homo-
geneous and relatively smooth surface of AC. To confirm the
deposition of CuS nanoparticles on the surface of the AC, EDX
analysis as shown in Fig. 2(d) was performed to indicate the exis-
tence of key elements: Cu, S and C in CuS-NPs-AC.

Fig. 3(a) presents the XRD pattern of the as-prepared CuS nano-
particles in the 26 range of 15-80°. All the diffraction peaks at
angle of 32.33° (101), 34.25° (102), 37.13° (103), 38.20° (006), 56.37°
corresponding to the (110), 62.23° (108), and 70.20° (116) planes
can be indexed to pure hexagonal covellite phase of CuS. The find-
ings are in good agreement with the standard XRD pattern of the
nanomaterial (JCPDS card No. 24-0060) [26,27]. The diffraction

(a) 500

Intensity

X rt L
30 40 50 60 70

20 (degree)

PH,

Fig. 3. (a) XRD pattern and (b) pH,—pH,; vs. pH; of the synthesized
CuS-NPs-AC.

peaks due to Cu(OH), and CuO in the XRD pattern could not be
seen. The Debeye-Scherrer equation was used to evaluate the aver-

Korean J. Chem. Eng.(Vol. 35, No. 5)
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age nanocrystallite size (D).

Do 092

~ fcosd @

where, D, 4, @ and [ are the average crystal size in nm, the spe-
cific wavelength of X-ray used, the diffraction angle and the full-
width half maxima (FWHM) of maximum peak intensity, respec-
tively. The average size of the CuS nanoparticles was found to be
about 40 nm.

Fig. 3(b) shows the zero point of charge (pH,,) of the CuS-NPs-
AC. The pH,), of the CuS-NPs-AC was found to be 2.0. Thus, at
the pH value below 2.0, the adsorbent surface charge is estimated
to be positive. Consequently, columbic or electrostatic interactions
do favor the adsorption of anionic dyes. Similar results have also
been reported in other studies [19,20,28].

2. Spectral Characteristic of Ternary Mixture of Dyes

Absorbance spectra of DB, EY and SO dyes in single and ternary
solutions (8 mg L) as shown in Fig. 4(a) indicate strong spectra
overlapping. Overlapping of spectra is not accurate in monitoring
of the concentration of studied dyes at their maximum absorbance
at respective maximum wavelength; thus, one useful method to solve
the problem is based on derivative spectroscopy. Wavelength at all
points in the spectrum of each dye is used to generate the first or
higher derivative of spectral band absorbance. At proper wave-

@ — DB

— EY
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0.8 —— Mixture

0.6

Absorbance
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Fig. 4. (a) Absorption spectra of DB, SO and EY in single and ter-
nary (mixture) solutions and (b) first order derivative spectra
of DB, SO and EY in single and ternary (mixture) solutions.
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lengths, a calibration curve is established and used for dye quanti-
fication. The values of correlation coefficient (R’) are used to justify
the efficiency and suitability of each wavelength. Therefore, first-
order derivative of DB, EY and SO spectra in single and ternary
solution is drawn and shown in Fig. 4(b). As can be seen at 655
nm, the first-order derivative of AO and EY spectrum is zero. Thus,
at this wavelength the calibration curve is depicted (R’=1) and used
for DB quantification. Additionally; first-order derivative spectra of
DB and EY found at wavelength of 412 nm are zero. Thus, at this
wavelength the calibration curve is depicted (R’=1) and used for
SO quantification. Finally, the first-order derivative of spectra of
DB and SO at wavelength of 483 nm is zero. Thus, at this wave-
length the calibration curve is depicted (R’=1) and used for EY
quantification.

3. Central Composite Design Analysis

ANOVA within 95% confidence interval for each response (Table
3) was applied. The results were based on p-value less than 0.0001
for each response and F-value of 112.927, 329.922 and 169.24 for
DB, EY and SO dye, respectively, suggesting high efficiency of qua-
dratic model for prediction of simultaneous adsorption of dyes
process onto CuS-NPs-AC.

Additionally, p-value of 0.708, 0.063 and 0.067 for DB, EY and
SO, respectively, confirmed that not-significant lack of fit is good
and model is a fit for each response. Model summary included
multiple correlation coefficient R” (0.9829, 0.9941 and 0.9885), ad-
justed R? (0.9742, 0.9911 and 0.9827), predicted R” (0.9602, 0.9846
and 0.9729) and adeq. precision (43.013, 66.739 and 55.265) for
simultaneous removal of DB, EY and SO, respectively, further con-
firmed high efficiency of quadratic model for best predicting the
performance of simultaneous dye adsorption. Based on variables
with P-values lower than 0.05 an empirical relationship between
the response and these variables was attained and expressed by the
following second-order polynomial equations:

R%py=+91.96—2.80X,—2.14X,—0.84X,— 2.80X ,+3.39X5
+0.58X— 144X, X,+0.17X, X;— 1.06X,X,— 0.65X, X,
—5.15X,X,—2.33X,X;+0.66X,X+4.45X,X,— 0.97X,X; 5)
+0.48X,X+0.73X X +0.88X:X— 1.12X3—- 6.31X3
—2.20X3—1.03X3—3.98X2—3.30X;

R%;y=+75.57—2.11X,+1.42X,— 3.44X,— 0.83X,+6.31X,
+1.73X,X,+1.71X,X,;+0.90X,X,+0.92X, X,
—0.98X,X,+0.92X,X;— 0.69X,X,— 0.80X, X5 (6)
—4.08%,X5+2.22X,X — 2.95X,X5+3.02X,X+0.94X X,
+2.56X,X—0.69X;—6.77X5—7.13X3—3.13X;— 8.67X:

R%go=+62.15+1.78X,—0.44X;—0.98X,+3.72X;+1.98X,
+0.43X,X,+2.30X, X5+ 1.63X, X;+1.85X, X5
+1.00X,X;+2.63X,X,+1.46X,X5— 1.26X,X+3.89X,X, ?)
+0.16X,X,+3.76X,X+0.86X Xs+2.78X X~ 1.83X;
—7.87X5—541X5—2.54X3— 6.00X2+0.87X’

R% of each dye in range of CCD design level can be predicted using
Egs. (5)-(7) and the formula indicated good agreements between
the experimental and predicted values of adsorption efficiency of
studied dyes onto CuS-NPs-AC (see Fig. 5).
4. Effect of Variables as 3D Surface Plots

The response can be represented graphically, either in the 3D
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space or as contour plots that help visualize the shape of the response
surface [29]. 3D response plots with contour background (see Fig.
6) are curves of constant response drawn in the x;, x; plane, keep-
ing all other variables fixed in central levels so the interaction of
the variables and the optimum level of each variable for maxi-
mum response could be determined.

The effect of initial dye concentration on removal percentage as

Wa/od
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shown in Fig. 6(a) and (c) reveals that removal efficiencies decrease
by increasing the initial dye concentration. The removal efficien-
cies are promising until the system reaches its equilibrium condi-
tion. Once the CuS-NPs-AC is saturated, its efficiencies against dye
removal are negatively affected, leading to lower dye separation rate.

On the other hand, the effect of sonication time on the SO ad-
sorption as shown in Fig. 6(b) indicates that removal percentage of
SO increases with increasing sonication time. The improved sorp-
tion values with increasing sonication time could be due to en-
hanced mass transfer of dye molecules from the bulk solution to
the outer surface of adsorbent particles, causing higher probability
of collision between the adsorbent and the absorbed particles. At
higher sonication times, the active sites of the outer surface will be
saturated and molecules of dye will be entranced into the adsor-
bent pores. The removal rate of dye molecules tends to decrease
gradually once the adsorbent approaches its equilibrium condi-
tions. Similar discussion can also be found elsewhere [30].

The effects of pH in the range of 5-9 on the DB adsorption as
presented in Fig. 6(b) show that the removal percentage of DB is
negatively affected at higher solution pH. To recognize the mecha-
nism of adsorption, it is necessary to determine the pHzpc of the
adsorbent. As can be seen from Fig. 3(d), a pHzpc of two is obtained
for the adsorbent. Therefore, at the pH>pH,,, the surface of the
adsorbent is negatively charged, creating higher electrostatic repul-
sive forces against the anionic dye. On the other hand, the pres-
ence of additional OH™ ions can compete with the anionic dye for
the adsorption on the sites. These phenomena cause a decrease in

B > 90
Bl <84
[C]<74
I <64
B <54

B > 40
B <28
B <8

Fig. 6. 3D response surface plot, (a) concentration of SO and EY on DB dye removal, (b) pH and sonication time on DB dye removal and (c)
concentration of DB and adsorbent dosage on SO dye removal (Conditions: Adsorbent dosage: 0.01-0.03 g; pH: 5-9; initial dye con-

centration: 4-20 mg L' and sonication time: 1-5 min).
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Fig. 7. Profile for predicated values and desirability function for simultaneous removal percentage of selected dyes.

the adsorption percentage. Similar results have been reported in
previous studies [20,28].

The effect of CuS-NPs-AC loading on the SO adsorption rate
shown in Fig. 6(c) indicates the improved adsorption rate with
increasing nanomaterials mass as a result of increased adsorption
sites. The results achieved for the influence of the adsorbent dos-
age for the removal of dyes are in accordance to that described in
previous works [31,32].

5. Optimized Conditions

Finding the best operational conditions is important in the ad-
sorption process. We used the desirability function profile subset
CCD method to achieve this goal. Results show that the maxi-
mum removal efficacies (88.39%, 68.49% and 55.69% for DB, EY
and SO, respectively) are achieved at the optimum conditions of
3.63 min of sonication time, 0.02 g of CuS-NPs-AC, 7.76 mg L' of

DB, 8.89mg L' of EY, 9.87 mg L' of SO and pH 6.5 (see Fig. 7).
These values reveal that the CuS-NPs-AC even at the lower mass
is still able to remove the DB, EY and SO effectively within short
sonication time.
6. Adsorption Equilibrium Study

Adsorption isotherm is an empirical relationship used to pre-
dict how much solute can be adsorbed by adsorbent and further
determine the adsorbent capacity [33,34]. Langmuir, Freundlich
isotherms, Dubinin-Radushkevich and Temkin as the simplest
known relationships used to describe the adsorption mechanisms
and their ability to correlate experimental data is shown in Table 4.
Among the linear form of all used adsorption isotherm models,
the values of R* are more than 0.99 for three dyes in Langmuir
adsorption isotherm. Thus, the studied dyes completely adsorbed
as monolayer on the CuS-NPs-AC surface and maximum adsorp-

Table 4. Isotherm constant parameters calculated for understudy dyes adsorption onto CuS-NPs-AC

Value
Isotherm Parameters DB EY SO
001g 001g 001g
Langmuir Q,, (mg-g™") 198.120 165.0 139.580
K, (L mg ") 0.120 0.315 0.520
R’ 0.998 0.992 0.995
Frendlich 1/n 0.746 0.692 0.623
Ky (L mg ") 4.120 5.852 5.262
R’ 0.942 0.902 0.945
Temkin B, 31.589 32.189 29.658
Ky (Lmg ") 3.122 4982 3.692
R’ 0.971 0.963 0.922
Dubinin-Radushkevich Q (mggh 73.690 81.260 75.630
Bx10~’ -2 -1 -1
E 4545.440 2272.720 2272.720
R’ 0.935 0.946 0.955

Korean J. Chem. Eng.(Vol. 35, No. 5)
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Table 5. Kinetic parameters for the adsorption of understudy dyes onto CuS-NPs-AC

Value
Model Parameters
DB EY SO
Pseudo-first-order kinetic k, (min™) 0.596 0.312 1.260
q. (calc) (mg g’l) 9.250 6.530 5.190
R 0.848 0912 0.931
Pseudo-second-order kinetic k, (min™") 0.112 0.136 0.259
Qe (calc) (mg g™") 12.290 11.260 9.630
R? 0.992 0.993 0.999
Intraparticle diffusion Ky (mg g ' min™"?) 4.250 2.890 1.750
C(mgg") 5.630 4.520 4.860
R’ 0.962 0.982 0.952
Elovich Bgmg) 0.485 0.725 1.360
a(mgg ' min™) 362.920 229.684 212.235
R? 0.874 0.935 0.963
tion capacity corresponding to monolayer coverage (Langmuir q=FIn(af)+pfnt (11)

isotherm) is found to be 198.12, 165.0, 139.58 mg g ' for DB, EY
and SO, respectively.
7. Adsorption Kinetic Study

To figure out the mechanism of adsorption, it is necessary to
investigate the adsorption kinetic. Several kinetic models, such as
the pseudo-first-order, pseudo-second order, Elovich and intrapar-
ticle diffusion models, have been used to investigate which of them
could provide good fit with the experimental data obtained. The
pseudo-first-order kinetic model is given with the following equa-
tion [35,36]:

log(q,—q,)=log(q.) —(k;/2.303)t ®)

where q, shows the dye amount sorbed at equilibrium (mg g "), q,
is the dye amount sorbed at any time (mg g ') and k; (min™") refers
to rate constant of the pseudo-first-order adsorption. The plot of
log(q,—q,) against t should give a linear relationship for which the
slope of the plot equals k; (Table 5).

The pseudo-second-order kinetic model equation is given as
[37,38]:

LA S 4 ©)

U kg 9
where k, represents the rate constant of pseudo-second-order sorp-
tion (g mg ' min"') that could be achieved from the plot of t/q,
versus t (Table 5). The intra-particle diffusion process often found
as the rate-limiting step in many batch adsorption processes is
used to transport the adsorbate species from the solution bulk into
the solid phase. The model as expressed in Eq. (10) is used to investi-
gate the feasibility role of intra-particle diffusion during adsorption
processes [39].

q=kt"+C (10)

where k;, is the rate constant of intra-partidle diffusion (g mg ™"
min"*) and C (mg g ") could be obtain from the plot of q, against
t"* (Table 5). The simplified and linear form of the Elovich equa-
tion is expressed as follows:

May, 2018

where a and f3 are the initial sorption rate (mmol g ' min™') and
the desorption constant (g mmol ). The possibility of the Elovich
equation is explored using Eq. (11). Therefore, the constants (¢ and
/) can be calculated from the slope and intercept of the linear plot
of q, against In, (Table 5). The validity of the studied models was
verified by the correlation coefficient, R”. Comparison of the R” val-
ues for different models suggests that the pseudo-second-order
kinetic model is the best, mainly due to its highest R* value (R*=1 for
three dyes). Pseudo-second-order kinetic model implies that the pre-
dominant process here is chemisorption, which involves a sharing of
electrons between the adsorbate and the surface of CuS-NPs-AC.
8. Regeneration Performance and Reuse of CuS-NPs-AC

The regeneration and recycling of adsorbents are considered as
an important factor in selecting applicable and cost-effective adsor-
bent in wastewater treatment system. To reuse adsorbents, desorp-
tion experiments were carried out with 0.5M nitric acid. The
results of three repeated applications of adsorbent are shown in
Fig. 8. The removal efficiency of dyes on adsorbent is slightly reduced
after each cycle of the adsorption-desorption process. Thus, it can
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Fig. 8. Reuse of CuS-NPs-AC for the simultaneous adsorption of
dyes (Cy=10 mg/L; sonication time=15 min; adsorbent dose=
1.5g/L).
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Fig. 9. FTIR spectra of (a) pristine CuS-NPs-AC adsorbent and (b)
dyes-loaded CuS-NPs-AC adsorbent.

be said that the as-prepared adsorbent is stable and efficient adsor-
bent for dyes removal. Fig. 9 shows FTIR spectrum in the range of
400-4,000 cm™". Tt is used to specify the functional groups on the
CuS-NP-AC. Absorption peak near 3,400 cm™ is probably assigned
to the free -OH or NH, functional groups. C-H bond vibrations
meanwhile cause stretching frequency at 2,900-2,850 cm™". Char-
acteristic absorption near 1,600 cm™" is attributed to C=0O site and
strong absorption peak near 1,100 cm™" probably related to C-O
stretching frequency. Comparison of the FTIR spectra of both
original and dye-loaded adsorbent shows that some functional
groups have alterations in their intensity and frequency, which con-
firms the bonding interactions of the functional groups with the
dye molecules [40].
9. Comparison with other Adsorbents

By Langmuir isotherm as best fitted model, the adsorbent capac-
ities were calculated as 198.12, 165.0, 139.58 mg g ' for DB, EY

and SO dyes, respectively. Table 6 compares the adsorption capac-
ity of CuS-NPs-AC for DB, EY and SO dyes with other adsorbents
reported in the literature. As can be seen, the adsorption capaci-
ties of the CuS-NPs-AC for DB, EY and SO dyes are considered
promising compared to some of the works that reported the adsorp-
tion capacities of less than 100mg g'. Although some research
works could produce the absorbents with capacities greater than
our findings, a conclusion is not easy to make because adsorbent
properties and experimental conditions are the two main factors
that can lead to differences between adsorption capacities.

CONCLUSION

CuS-NPs-AC was prepared as an adsorbent and used for dye
removal. The results showed that the newly synthesized CuS-NPs-
AC possessed promising adsorption efficiency with a Langmuir
monolayer adsorption capacity of 198.12, 165.0, 139.58 mg g ' for
DB, EY and SO, respectively. The adsorption of dyes from aque-
ous medium onto the CuS-NPs-AC fitted well with the pseudo-
second-order kinetic model, confirming its good correlation with
the experimental data. The synthesized CuS-NPs-AC also showed
promising performance for simultaneous adsorption of three dif-
ferent types of dyes (DB, EY and SO) from aqueous solution.
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