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Abstract

The recent interest in adsorption of pollutants on nanomaterials has been gaining widespread attention especially in the
utilization of nanocarbon based composite materials. Herein, graphene oxide/silica/single-wall carbon nanotubes (GO/SiO,/
SWCNTs) composite was successfully prepared by a hydrothermal method for the adsorption of Congo red (CR) dye from
synthetic wastewater. The nanocomposite morphology was characterized by X-ray diffraction (XRD), Field emission scan-
ning electron microscope (FESEM), and Energy-dispersive X-ray spectroscopy (EDX). The present study focuses on the
adsorption performance of CR dye from aqueous solution on GO/SiO,/SWCNTs composite in terms of kinetics, isotherm,
thermodynamics studies and optimization of factors such as pH, temperature, concentration and adsorption time. The results
showed that a higher adsorption of CR was observed onto GO/SiO,/SWCNT composite at pH 3.0 as compared to that with
SiO, and SWCNT. Similarly, the maximum adsorption capacity of 456.15 mg g~' was achieved at optimum temperature
20 °C, time (330 min) and 300 mg L~! CR solution concentration. The dye adsorption on the nanocomposite was found
to be obeying pseudo-second-order rate equation. Thermodynamic parameters showed that the adsorption of CR dye was
spontaneous in nature.
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1 Introduction the manufactured dyes existing in the water environment is

Congo Red (CR) (Gharbani et al. 2008). CR is a benzidine

Generally, dyes are present in the wastewater of multi-
ple industries (Yao et al. 2010) such as textile, paint and
plastics (Wang et al. 2012; Tan et al. 2015; Ahmad et al.
2015). The discharge of these dyes into water has a negative
impact to the environment (de Carvalho et al. 2011) due
to toxins even at low concentrations coupled with produc-
ing color of the receiving water (Mittal et al. 2009). One of
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derivative of azo dye (Pandey et al. 2018) which causes car-
cinogenic effects (Miandad et al. 2018) into aquatic living
organisms and humans (Wanyonyi et al. 2014). Addition-
ally, CR shows symptoms on both Digestive and Respiratory
systems (Miandad et al. 2018). This dye has been removed
from aquatic systems, to avoid their side effects, by several
methods such as membrane separation, ozonization, photo-
catalysis and electrochemical method and adsorption (Moli-
nari et al. 2004; Gharbani et al. 2008; Jain and Sikarwar
2006; Lachheb et al. 2002; Shaban et al. 2018). Adsorption
procedure has been found to be highly effective and simple
to operate than other methods (Shaban et al. 2018).

Different adsorbents have been used to treat wastewa-
ters containing CR like activated carbons, clay, biomass,
polymers, and zeolites (Namasivayam and Kavitha 2002;
Vimonses et al. 2009; Han et al. 2008; Ozmen and Yilmaz
2007) and (Liu et al. 2014). Even so, their disadvantages,
including separation inconvenience and low adsorption
capacities, led to the need to investigate new promising
adsorbents (Dehghani et al. 2013).
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In the same matter, carbon nanotubes (CNTs) have been
investigated in water treatment (Gupta et al. 2013) due to
its chemical and physical properties. CNTs has been proved
in various studies for its ability to remove dyes in aqueous
solution (Hamidi Malayeri et al. 2012). However, the appli-
cation of CNTs may be limited (Sadegh et al. 2014) due to
its expensive cost (Ong et al. 2010; Lu et al. 2016) and CNTs
hydrophobic surface (Zare et al. 2015).

Graphene oxide (GO) as material showed potential
adsorption toward water pollutants, in recent studies (Fan
et al. 2012; Cheng et al. 2015). This behavior occurs due
to the unique mechanical strength and large surface area of
GO (Fan et al. 2012). However, the difficulty in separation
after adsorption may limit the application of this material
(Cheng et al. 2015).

One of the most porous membrane materials is Silica
(S810,) (Jawaid and Khan 2018). Owing to its high surface
area, SiO, material is not only considered perfect for surface
modification but also has the ability to be a good adsorbent
(Wang et al. 2018). Nanocomposites of silica incorporated
with carbon nanotubes are effective in water treatment to
remove heavy metals (Saleh 2015, 2016).

To overcome the above-mentioned disadvantages of Car-
bon nanotubes, some materials have been used to modify
those tubes such as chitosan, graphene, and polymers (Chat-
terjee et al. 2010; Yu et al. 2014; Deng et al. 2013a; Gao
et al. 2013). Nanocomposite has been successfully used in
water treatment as removal/degradation of toxic dye (Jawaid
and Khan 2018).

In this work, the target is to evaluate the adsorption per-
formance of CR dye from aqueous solution on the synthe-
sized GO/Si0,/SWCNTs composite. Different parameters
affecting the adsorption process were investigated such as
pH, CR dye concentration, time and temperature.

2 Materials and Methods

Congo red (CR) dye was used as the model complex pollut-
ant in the present study (Gharbani et al. 2008). CR general
characteristics are molecular formula C;,H,,N¢Na,0¢S,,
molecular mass as 696.68 g mol~! (Panda et al. 2009)
and maximum light adsorption 4, =496 nm (Deng et al.
2013b). This anionic dye was acquired from KOCK-LIGHT
LABORATORIES LTD, Colnbrook-Bucks-England.

2.1 Adsorbent Synthesis

Single-walled carbon nanotubes (SWCNTSs) (purity, 95%;
average diameter, 1.1 nm; surface area, 450 m?/g; and rang
length 5-30 pm) were purchased from Beijing Deke Daojin
Science and Technology Co., Ltd, China. The manufacturing
method was the chemical vapor deposition (CVD). Tetraethyl
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othosilicate (TEOS) has been used to provide the silica parti-
cles (Si0,) in the synthesis of GO/SiO,/SWCNTs nanocom-
posite. (SiO,) were obtained by the hydrolysis of 1.66 mL of
(TEOS) in 25 mL of ethanol medium. Then, Graphene oxide
(GO) was synthesized by Hummers’ method. 15 mg of GO
was added to 20 mL of water and sonicated for 2 h. After that,
an amount of 1.1 g of single-walled carbon nanotubes (SWC-
NTs) was added to a solution of 1.2 g of Sodium dodecyl sul-
fate (SDS) in 20 mL of water. The mixture was stirred for 2 h.
Thereafter, all the reagents were mixed and stirred for 3 h and
further sonicated for 1 h. Then 12 mL ammonium solution was
added dropwise under the continuous stirring condition for
2 h and transferred to the hydrothermal reactor and heated at
125 °C for 18 h. A black precipitated centrifuged and washed
thoroughly with water, acetone and dried at 105 °C.

2.2 Characterization

Various technologies were applied for characterization of the
synthesized materials (SWCNT, SiO, and the GO/SiO,/SWC-
NTs). The materials were characterized by X-ray diffractom-
eter (XRD; type Ultima-IV; Rigaku, Japan) with Cu Ka radia-
tion (40 kV, 40 mA), with a wavelength of 0.154056 nm, over
the range (26) from 10° to 80°. The surface morphology of the
samples was elucidated by Field emission scanning electron
microscope (FESEM) (JSM—7600F; JEOL—Japan) measure-
ments operated at 5.0 kV. Energy-dispersive X-ray spectros-
copy (EDX) was used for semi-quantitative elemental analysis
of GO/Si0,/SWCNTSs composite.

2.3 Adsorption Experiments

The synthesized materials efficiency was studied for the
removal of CR dye in a batch mode, by adding a fixed amount
of absorbent (10 mg) into 20 mL of CR solution at a fixed
concentration and the content pH ranging from 2 to 10 using
0.1 M HClI or/and 0.1 M NaOH. Thermodynamic and adsorp-
tion isotherm experiments were investigated by employing a
series of CR concentration varied from 50 to 500 mg/L at three
different temperatures (20 °C, 30 °C, and 40 °C). The adsorp-
tion equilibrium time studies were conducted at reaction times
scaled in the range of 0—360 min and both pH and concentra-
tion were maintained constants. The initial and residual dye
molecules concentration in CR solutions were analyzed by UV
Spectrophotometer (UV-1800, Shimadzu, Japan) at 496 nm.
The amount of CR adsorption per unit mass was determined
based on the results of experiment, by the formula (Zazouli
etal. 2013):

(Cy—=COHV
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where C, (mg/L)and C, (mg/L)are the initial congo red dye
concentration and the IC dye concentration in ¢ time, respec-
tively. g, represent adsorption capacity (mg/g adsorbent).
V and m are the sample volume in (L) and adsorbent mass
in (g).

3 Results and Discussion
3.1 Characterization of Nanocomposite

The crystallinity and structure of the synthesized materials
SWCNTs, SiO, and their nanocomposite GO/Si0,/SWC-
NTs were subjected to XRD. The diffraction pattern for each
material is represented in Fig. 1. The diffraction patterns are
showing a good matching with the SWCNTSs (Card No.-00-
055-0161) and SiO, (Card No.-01-073-3466). It can be seen
that these characteristic peaks for SWCNTs and SiO, existed
in the XRD pattern of GO/SiO,/SWCNTs nanocomposite.
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Fig.1 XRD pattern of: a SWCNTS, b SiO, ¢ GO/SiO,/SWCNTs

The prepared nanocomposite showed a couple of diffraction
crystalline peaks corresponding to (26) at 25.4° and 43.2°,
which were also observed by Barakat et al. 2016.

The morphology and microstructure of the samples were
observed using field emission scanning electron microscopy
(FESEM), for SWCNTs, Si0, and their composite GO/SiO,/
SWCNTs adsorbents in Fig. 2. SEM image of pure SWC-
NTs clarifies the bundle like structure for SWCNTs (Fig. 2a),
whereas pure SiO, showed the sphere-like morphology
(Fig. 2b). A quit similar appearance of SiO, has also been
observed by Hu et al. (2018). In the case of nanocomposite
material, the SEM showed an entangled network of strips
like morphology for SWCNTSs interlinked with GO/SiO,
(Fig. 2¢).

To confirm the presence of the GO and SiO, in the com-
posite, the EDX analysis of the GO/SiO,/SWCNTs com-
posite is compared as shown in Table 1. The EDX measure-
ments revealed both carbon (95%) and oxygen (5%) in the
elemental composition of pure SWCNTSs, and both silicon
(66.67%) and oxygen (33.33%) in the elemental composi-
tion of pure SiO,. After the modification of SWCNTs with
GO/Si0,, the elemental composition of the GO/SiO,/SWC-
NTs composite is C (63.42%), O (24.59%) and Si (11.99%),
respectively.

Table 1 Elemental composition of pure SWCNTs (Kuhn et al. 2013),
pure GO (Chen et al. 2012), pure SiO, (Rohaeti 2015) and GO/SiO,/
SWCNTs

Element Pure Pure GO wt% Pure SiO, wt% GO/SiO,/
SWCNT SWCNTs
wt% wt%

C 95 67.75 - 63.42

(0] 5 32.25 66.67 24.59

Si - - 33.33 11.99

Fig.2 SEM images of: a SWCNTs, b SiO, ¢ GO/SiO,/SWCNTs
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3.2 Adsorption Study
3.2.1 Effect of pH

The effect of solution pH of CR dye removal using GO/
SiO,/SWCNT composite was studied and compared with the
SWCNT and SiO, materials. The experiment was performed
at 20 °C using 0.01 g of the adsorbent material in 20 mL
CR solution (200 mg/L CR concentration). The testing pH
range was between 3 and 10 (Fig. 3), Results obtained indi-
cate that the maximum value of CR adsorption capacity was
attained by GO/SiO,/SWCNT. The maximum CR adsorption
of 456.15 mg/g was achieved within 330 min of constant
time under the optimum pH 3.0, temperature 20 °C and CR
concentration of 300 mg/L. On another hand, utilizing SiO,
and SWCNT gave a lower adsorption capacity was found at
all pH ranges.

This phenomenon can be explained on the basis of the
surface property of the GO/SiO,/SWCNT composite and
different ionic forms of the CR in aqueous solution (Barakat
et al. 2016). At low pH, the surface of the nanocomposite
(GO/Si0,/SWCNTs) become more positive by an increase
in the H* ion concentration (Miandad et al. 2018). An
electrostatic interaction between the protonated surface of
nanocomposite (GO/SiO,/SWCNTs) and CR dye causes a
maximum adsorption of Congo red dye at pH 3 (Zulfikar
and Setiyanto 2013; Miandad et al. 2018). With the solution
having higher pH, the surface of nanocomposite (GO/SiO,/
SWCNTs) become negative due to the decreasing of H ion
and more positive ions leave the OH from the nanocompos-
ite surface (Miandad et al. 2018). Therefore, there was a
decrease of CR removal by a strong electrostatic repulsion
between CR and adsorbent surface (Miandad et al. 2018).
At the same time, a measurable amount of CR adsorption
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Fig. 3 Effect of pH on adsorption on to SWCNTs, SiO, and GO/SiO,/
SWCNTs (Conc.-200 mg L_l, V-20 mL, Temp.-20 °C, Time 6 h,
m-0.01 g)
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occurred could be explained by considering other adsorption
mechanisms, such as hydrogen bonds and n—x interaction
with the C=C (Pavan et al. 2008).

3.2.2 Effects of Initial CR Concentration and Temperature

Figure 4 shows the removal of CR dye by GO/SiO,/SWCNT
composite at multiple temperatures (20 °C, 30 °C, and
40 °C) for different initial CR concentration from 50 to
500 mg L™!. According to Mittal et al. 2009, if the adsorp-
tion of Congo Red by the nanocomposite is increased with
the increase in the initial CR concentration of the solute,
then the concentration of CR solution has a huge influence
onto adsorption process. At 300 mg L™, the adsorption
capacity of CR decreased from 422.26 to 241.2 mg g~ onto
GO/SiO,/SWCNT composite with increasing solution tem-
perature from 20 to 40 °C. The worsen performance could be
attributed to the deformation of the adsorption sites on the
adsorbent GO/SiO,/SWCNT surface owing to the increase
in temperature (Kumar et al. 2015).

3.3 Adsorption Isotherms

Adsorption isotherm analysis is depicting the relationship
of amount adsorbed by a unit weight of adsorbent with the
concentration of adsorbent remaining in the medium at equi-
librium (Purkait et al. 2007; Mittal et al. 2009; Kumar et al.
2019). Langmuir (Kumar et al. 2015) and Freundlich (de Car-
valho et al. 2011) isotherms consider common models for a
better illustration of Congo Red adsorption process (Kumar
et al. 2015). The applicability of Langmuir model is indica-
tive where the monolayer coverage of CR dye on the surface
of nanocomposite different from the applicability Freundlich
model which is indicated where the heterogeneous surface of
the nanocomposite (Purkait et al. 2007). Langmuir isotherm
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Fig.4 Effect of initial CR concentration and temperature on adsorp-
tion (V-20 mL, Time-6 h, m-0.01 g, pH-3)
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is expressed by Eq. (2) and Freundlich isotherm is expressed
by Eq. (3) (de Carvalho et al. 2011)

1 1 1

= —+ —_, 2
de CeKLQm 9m ( )

Ing, = l1nC€+KF, 3)
n

where g, (mg/g) is the maximum monolayer adsorption
capacity and K; (L/mg) is the free energy of adsorption.
Both g, (mg/g) and K| (L/mg) are the Langmuir constant.
C. (mg/L) is the CR concentration at equilibrium. At the
same time, the Freundlich constant are K adsorption capac-
ity and n adsorption intensity. Figures 5 and 6 show the plot
of the experimental data based on both isotherms models.
At each temperature, Langmuir and Freundlich constants
are presented in Table 2. The comparison between coeffi-
cient values (R?) of both models reveled that CR adsorbed
through monolayer coverage onto GO/SiO,/SWCNT with
maximum capacity value (g,,) of 555.55 mg/g at 20 °C. In
our experimental range, the results of nanocomposite are
best described using the Langmuir model.

3.4 Adsorption Thermodynamics

To get further information regarding the inherent energetic
changes into the adsorption mechanism, the change in stand-
ard free energy (AG®), entropy (AS°), and enthalpy (AH®)
have been calculated from Van’t Hoff and Gibbs equations
expressed by Egs. (4) and (5), respectively (Ho and Ofomaja
2006):

AS°  AH°
InkK, = R RT 4)
0.012
0.01
0.008
-
A
D
g 0.006
20
0.004 ‘:’.’%
| |
°C
0.002
0+ T
0 0.2 0.4 0.6
1/Ce

Fig.5 Langmuir isotherm plot for adsorption of congo red by GO/
Si0,/SWCNTs

6.5

In qe

In Ce

Fig.6 Freundlich isotherm plot for adsorption of congo red by GO/
Si0,/SWCNTs

AG® = —RTIn K|, 3)
where R is the universal gas constant, 8.314 J/mol K, T is
temperature (K), and K; is the Langmuir adsorption equi-
librium constant.

A Van’t Hoff plot was calculated, the parameters AS°, AH®
and AG® for the adsorption of CR on the prepared nanocom-
posite were shown in Table 3. In view of the intercept and
slope of the Van’t Hoff plot, the values of AS° and AH® were
resolved. The former value indicates an increment in random-
ness at the solid/solution interface during the absorption of
CR dye onto GO/Si02/SWCNTs composite (Ho and Ofomaja
2006). Furthermore, the latter suggests the exothermic (Ojedo-
kun and Bello 2017). In addition, AG® was calculated using K;
Langmuir constant expressed in (mol/g). This value suggests
the spontaneous nature of the adsorption on nanocomposite
(Ojedokun and Bello 2017).

3.5 Effect of Time

To determine the required time at which adsorption have the
maximum value, the effect of time on the adsorption of CR
on GO/Si0,/SWCNT composite was studied as illustrated in
Fig. 7a. The plot shows that the uptake of CR increases with
time due to active sites significantly available. At 330 min, it
reached a constant value, of 456.15 mg/g, beyond which the
adsorption reached saturation state. In other words, the amount
of dye molecules adsorbed at the equilibrium time reflected the
maximum adsorption of CR on the GO/SiO,/SWCNT com-
posite (Tan et al. 2009; Miandad et al. 2018).
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Table 2 Adsorption isotherm
parameters for the removal of

Langmuir isotherm model

Freundlich isotherm model

CR onto GO/SiO,/SWCNT Temp. °C Q. (mgg™ K, (Lmg™) R? K (mg!-1m N R?
Ll/ngfl)
20 555.55 0.0309 0.9554 60.364 2.661 0.8385
30 212.765 0.4845 0.6278 73.640 4334 0.7204
40 271.77 0.0602 0.8330 34.484 2.371 0.7939

Table 3 Thermodynamics parameters for CR adsorption onto GO/
SiO,/SWCNTSs composite

Temperature  AG° kJ mol™ AS° T mol 'K AH° kJ mol™!
(°0)

20 —24.31821 0.19341 30.6337

30 —32.08334

40 —27.711959

3.6 Adsorption Kinetics

To examine the rate of CR dye adsorption onto GO/SiO,/
SWCNT composite, pseudo-first order and pseudo-second-
order kinetic models were applied (Enaime et al. 2017; Kumar
et al. 2015) given by Egs. (6) and (7);

where g, (mg g~!) is the adsorption capacity at time ¢
(min), g, (mg g~") is the adsorption capacity at equilib-
rium, k, is the pseudo-first order rate constant (min~") and
k, (g mg~'min~") is the pseudo-second order rate constant.
Linear fit plots of both models for the adsorption of CR dye
are shown in Fig. 7b, c. The kinetic parameters and correla-
tion coefficients for both equations are shown in Table 4.
Comparing models reveals that the experimental kinetic data
fit well with the pseudo-second order kinetic model, not only
because of its high correlation coefficient value but also the
fact that the ¢V value is the closest to ¢’ value. (Kumar

e

et al. 2015).
3.7 Comparison of Adsorption Capacities

The removal efficiency of the CR onto GO/SiO,/SWCNTs
composite has been compared with various kinds of adsor-

kit . . .
log (qe - %) =loggq, — 3303 (6)  bents as reported in the 11'terature. The results Pre.sented in
: Table 5 reveled that GO/Si0,/SWCNTSs composite is an effi-
1 cient material for the removal of the CR as compared to the
LA s + i, (7 other adsorbents.
4q; 2qe 9e
Fig.7 Effect of time on CR 500 2.8 0.8
dye adsorption onto GO/SiO,/ _ (a) (©
SWCNTSs composite O(m-O.Ol g, E‘ﬁ 400 26 | 0.6 |
V-20 mL, Temp.-20 °C, E
Conc.300 mg.L™!) a Adsorption *E’ 300 =
time effect, b Pseudo-first order, §. o 2.4 5 04 -
¢ Pseudo-second order adsorp- E: 200 ! =
tion kinetics of CR onto GO/ 2 = - 02
. o N 2
Si02/SWCNTs 5 100 N
e
0 2 T T 0 T T T
0 200 400 0 100 200 300 0 100 200 300
Time(min) Time(min) Time(min)
'éa;led4 Kigletic ptaracr}noe;gr.i)fc/)r QP (mg g7 Pseudo-first order model Pseudo-second order model
adsorption onto i0,
SWCNTs composite QL K, (min™h  R? O (mgg™y  K,(gmg'minT) R?
(mg g™")
456.1553 476.32 0.0027636 0.58747 454.5454 0.0024 1
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Table 5 The maximum

. . Adsorbent Adsorption pH Conc. (mg/L) References

Inonollayer adsorption capacity capacity (mg/g)

of various adsorbent used for

adsorption of CR dye Fe,0, 253.8 - 100 (Hao et al. 2014)
MIL-68 (In) nanorods 1204 2-10 50 (Jin et al. 2015)
Chitosan/montmorillonite 53.42 7.0 - (Ngah et al. 2011)
y-Fe,03 208.33 5.9 - (Afkhami and Moosavi 2010)
CeO, 942.7 - 100 (Ouyang et al. 2013)
MWCNTSs 352.11 11 200 (Zare et al. 2015)
GO/SiO,/SWCNTs 455.35 3 300 This work

4 Conclusion

This study reveals that the GO/SiO,/SWCNTSs compos-
ite was successively prepared as an efficient adsorbent for
the removal of congo red dyes from aqueous solution. The
XRD patterns, EDX analysis and SEM images proved the
successful synthesis of GO/SiO,/SWCNTSs nanocompos-
ite. The results showed that a higher adsorption capacity
(390 mg g!) of CR was observed onto GO/Si0,/SWCNT
composite at pH 3.0 as compared to that with SiO, and
SWCNT. The maximum CR adsorption of 456.15 mg g~!
was achieved within 330 min of constant time under the
optimum pH 3.0, temperature 20 °C and CR concentration
of 300 mg/L. The monolayer adsorption capacity of GO/
Si0,/SWCNTSs nanocomposite for CR reduced from 555.55
to 277.77 mg/g as the solution temperature increases from
20 to 40 °C. The ongoing process proceeds via a pseudo-
second-order mechanism for the absorbent with a high cor-
relation coefficient. The thermodynamic parameters AG®,
AS° and AH° for the adsorption of congo red on nanocom-
posite are determined. The negative values of free energy
AG® indicate the spontaneity, whereas the positive value
of AS° signifies the increase in randomness of the process.
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