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ABSTRACT

Graphene oxide (GO), graphene oxide/chitosan (GOCS), and graphene oxide/poly(n-butyl meth-
acrylate-co-methacrylic acid) (GOpBCM) composites were prepared as adsorbents for removal
of carcinogenic dye Congo red (CR) from aqueous solutions. They were characterized by various
techniques, including Fourier-transform infrared spectroscopy, field emission scanning electron
microscopy, and X-ray diffraction spectroscopy. Adsorption equilibrium isotherms, adsorption
kinetics and thermodynamic studies of the batch adsorption process were done to evaluate the
fundamental adsorption properties of the dye CR. The results indicate that the adsorption of CR on
the adsorbents was high pH and temperature-dependent. The maximum adsorption of 1,666 mg/g
occurred at pH 3.0 for an initial dye concentration of 500.0 mg/L by GOCS, whereas, the maxi-
mum adsorption obtained from an initial dye concentration 300.0 mg/L was 1,000 mg/g for GO
and GOpBCM at pH 3.0 and 7.0 respectively. The experimental equilibrium adsorption data were
explored by three different two-parameter models Langmuir, Freundlich and Temkin isotherms.
The Langmuir model was well agreed with experimental data for all adsorbents. The kinetic mod-
els, namely pseudo-first-order, pseudo-second-order, and intraparticle-diffusion are employed to
understand the mechanism of the adsorption process, and it fitted very well the pseudo-second-
order kinetic model for all adsorbents. The calculated thermodynamic parameters revealed that the
adsorption is a spontaneous and endothermic process.

Keywords: Graphene oxide; Grafting; Composites; Adsorption isotherm; Congo red; Pseudo-second-
order

1. Introduction

Nowadays, the widespread use of harmful chemical
compounds and some hazardous materials around the world
has led to severe water contamination, especially with most
industrial dyes, some heavy metal ions, and other very toxic
molecules, which may lead to retention toxicities, lethal poi-
soning and carcinogenic contact with human beings and ani-
mals even at ultralow concentrations [1].

* Corresponding author.

These days, many printing and dyeing industries make
use of hydrocarbons like naphthalene, benzene, xylene,
anthracene, etc. to prepare a variety of dyes. These indus-
tries discharge processed solutions to the surface water
without appropriate treatment resulting in the deterioration
of water quality. The environment and human health are
greatly affected due to water contamination by the presence
of waste dyes [2,3]. Congo red (CR), an anionic dye, has been
known to cause an allergic reaction and to be metabolized
to benzidine, a human carcinogen [4,5].
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At present, the commonly used methods for treating
CR-containing wastewater from printing and dye mainly
include flocculation [6], chemical oxidation [7], biological
degradation [8], and photocatalytic degradation [9-11].
However, all of these techniques suffer from one or more
limitations. These techniques are either expensive, tedious,
or generate highly harmful waste, and it is making the
requirement of a cost-effective and environmentally friendly
process, an essential need of the hour. During recent years,
adsorption has gathered a great deal of consideration as a
result of its simplicity, ease of operation, financial sustainabil-
ity and accessibility of an extensive variety of adsorbents [3].

Various natural by-products, composite material as well
as photocatalysts have been used in the past for the removal
of dyes from contaminated water. Graphene oxide (GO)
consisting of monolayer structure with oxygen functional
groups, such as carboxyl, hydroxyl, and epoxy groups, is
one of the most important derivatives of graphene [12]. The
single-layer structure endows GO sheets with large specific
surface area and highly negative-charged surface, which
invests GO as an ideal candidate as the nanocarriers such as
the drugs, genes, and other molecules [13,14]. GO can inter-
act with many functional polymers containing abundant
functional groups such as carboxyl and amino groups and
adsorb pollutants through electrostatic interaction or che-
lation [15]. Although much effort has been devoted to the
fabrication and characterization of graphene or graphene
oxide-polymer composites, most of the attempts focused
on their mechanical and electrical performance instead of
the adsorptive property in wastewater treatments [16,17].

The role of polymers in most GO-polymer composites
reported was usually to strengthen the mechanical prop-
erty of the composites [18,19]. Among the limited studies
on polymer-modified graphene oxide targeting the removal
of dyes, chitosan has been chosen as functional polymers
for eliminating some of the dyes from wastewater [20].
Functionalization of GO composites using polymers con-
taining abundant carboxylic groups like poly(acrylic acid)
and other analog polymers, which have a strong affinity
to most positively charged organic pollutants and the abil-
ity to enhance water dispersibility has not been reported
[21]. Recently, numerous researches have been carried
out to explore the environmental applications of GO and
GO-based composite adsorbents, and these composite mate-
rials revealed outstanding adsorption capacities against
various toxic compounds in aqueous solution [22-24].

Water treatment is not deprived of using easy extracted
natural or any prepared polymers. In this study, two new
composites based on graphene oxide (GO) will be syn-
thesized, namely graphene oxide-g-chitosan (GOCS) and
graphene oxide-g-poly(n-butyl methacrylate-co-methacrylic
acid) (GOpBCM). The objective of this study is to investigate
the practicability of using the prepared composites for the
removal of CR, a toxic dye, from wastewater by adsorption
method. This present research work will explore the mecha-
nism of adsorption and adsorption kinetics of the dye, and
determine the various physicochemical controlling factors
on the rate of adsorption and also on the capacity of the
adsorbent. The adsorption isotherms will describe by using
Langmuir, Freundlich, and Temkin isotherms. Further, this
paper also discusses various thermodynamic parameters

such as Gibbs free energy change (AG®), the heat of adsorp-
tion (AH®) and entropy change (AS°) respectively. Finally,
desorption study is important to clarify the reusability of
the prepared adsorbents and to understand the nature of
adsorption system and evaluate the ability of recycling.

2. Experimental setup
2.1. Materials and measurements

Natural graphite with a purity of 99.99% from Hopkin
& Williams Co. Ltd., (UK). Chitosan with 80 mesh with a
degree of deacetylation (75%-85%) from Merck (Germany),
concentrated sulfuric acid (H,SO,), sodium nitrate and
sodium chlorate (NaNO, and NaClO,), potassium per-
manganate (KMnO,), hydrogen peroxide (H,O, 30%),
hydrochloric acid (HCl, 36%), sodium hydroxide (NaOH),
N,N'-dicyclohexylcarbodiimide (DCC), n-butyl-methac-
rylate monomer (BM), methacrylic acid (MAA), methanol
(CH,OH), benzoyl peroxide (used as initiator without further
treatment) and 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC) were purchased from Sigma-
Aldrich Company (Germany). All other reagents used in this
study were analytical grade and distilled, or double-distilled
water was used in the preparation of all solutions.

Fourier-transform infrared spectroscopy (FTIR) of
the prepared adsorbents were recorded by FTIR-8101M
Shimadzu spectrometer (Japan) with KBr pellet in the region
(400-4,000 cm™) to investigate the chemical structures.
Adsorbents structure and morphology were identified
using an FEI NOVA NanoSEM 450 (Netherland) field emis-
sion scanning electron microscopy (FESEM) under vacuum
at an operating voltage of 10 kV. Patterns of X-ray diffrac-
tion (XRD) of the materials were recorded by a Rigaku X-ray
powder diffraction diffractometer (Japan) using Cu K_
radiation with a wavelength of 1.54 A at a scanning speed
of 2 min™ from 5° to 80°. The concentration of CR dye was
measured in a quartz cell of 1 cm length at A_ 494 nm using
a Sentry 20 UV-Visible spectrophotometer model T180 (UK).

2.2. Synthesis of graphene oxide (GO)

Modified Hummers method for synthesis graphene
oxide was carried out [25]. This was included dissolving 2.0 g
of graphite and 1.0 g of NaNO, in 46.0 ml of concentrated
H,SO, under an ice bath. After about 15 min of stirring, 6.0 g
of KMnO, was gradually added into the suspension with
stirring as slowly as possible to control the reaction tempera-
ture below 20°C. The suspension was stirred for 2 h and then
maintained at 35°C for 30 min. 100.0 mL of deionized water
was slowly poured into the suspension, resulting in a quick
increase in temperature, and the temperature should be con-
trolled lower than 98°C. After 15 min, the suspension was then
further diluted to approximately 280.0 ml with warm deion-
ized water. 20.0 ml of 30% H,0, was added to remove the
residual KMnO, and MnQ, to change the color into luminous
yellow. Then, the suspension was filtered and washed with
a warm 5% aqueous HCl aqueous solution and deionized
water, respectively, until no sulfates were detected, and the
pH of the filtrate was adjusted to 7. The sample of graphene
oxide was dried under vacuum at 50°C to a constant weight.
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2.3. Copolymerization of n-butyl methacrylate/methacrylic acid
(pBCM)

BM monomer was washed twice with 5% NaOH to
remove inhibitor and twice with water, then it was dried over
anhydrous MgSO,, then with calcium hydride, and freshly
vacuum distilled before copolymerization. MAA was dis-
tilled under reduced pressure before use in the copolymer-
ization using Bz,0, as initiator.

The copolymerization was carried out in the round bot-
tom flask of equimolar amounts of freshly distilled n-butyl
methacrylate and methacrylic acid under dry N, gas in a
water bath after adding benzoyl peroxide (1 x 10* mol/L) at
70° [26,27]. The copolymer was precipitated into methanol.
It was filtered and washed several times with methanol and
vacuum dried at room temperature.

2.4. Polymerization of graphene oxide-g-chitosan (GOCS)

GOCS was prepared according to the literature with
some modifications [28] (Fig. 1). GO (0.5 g) was dispersed

Method

Graphite Powder

Hummer’s Modified

383

in 50.0 mL distilled water by ultrasonic dispersion for 3 h.
A solution of 0.05 M DCC (0.0478 g) was added to the GO
dispersion and stirring continuously for 2 h to activate the
carboxyl groups of GO [29]. The pH of the solution was
adjusted to 7 by 2% (w/v) NaOH solution. And then, the
activated GO solution and 5 g CS were dispersed in 50 mL
distilled water by ultrasonic dispersion for 20 min. After
that, the mixed solutions were stirred at 60°C for 3 h. The
precipitate was washed with NaOH solution and deionized
water in turn until the pH was about 7. The obtained product
GOCS was dried in a vacuum oven.

2.5. Polymerization of graphene oxide-g-poly(n-butyl
methacrylate-co-methacrylic acid) (GOpBCM)

The route of the synthesis of GOpBCM) is presented in
Fig. 2. GO (0.3 g) was dispersed in (7.5 mL) of phosphate
buffer solution (pH 6) and ultra-sonicated for (30 min).
pBCM (0.3 g) and EDC (0.03 g) were added to the GO dis-
persion, and the reaction mixture was sonicated for (30 min).

OH

Graphene Oxide
(GO)

GOCS

Fig. 1. Synthetic routes of preparing GOCS composite.
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Fig. 2. Synthetic routes of preparing GOpBCM composite.

The mixture was stirred for additional (24 h) at room tem-
perature. Finally, GOpBCM composite was obtained by sepa-
rated, washed with DI water for over 3 times, and dried as a
dark grey powder for (24 h) under vacuum [30].

2.6. Preparation of aqueous dye solution

CR dye supplied by Sigma-Aldrich Company with
chemical structure shown in Fig. 3, C.I. 22120, FW = 696.7,
A,... =497 nm. An anionic diazo dye is used in this study
without any further treatment. A stock solution of CR dye
(1,000 mg/L) was used for the adsorption experiments, and
then the required concentrations were provided with the

dilution by using ultra deionized water.

2.7. Adsorption experiments

Batch adsorption experiments of CR dye were carried
out to evaluate the adsorption parameters and factors influ-
encing adsorption, the number of adsorbents GO, GOCS
and GOpBCM were kept at (25.0 mg) which placed into
(300.0 mg/L) solution of CR dye for GO and GOpBCM,
(500.0 mg/L) solution of CR for GOCS and the volume of
dye was (0.1 L). The adsorption experiments were conducted
on a thermostat shaker at (27°C) with a speed (200 rpm) for
a specific period. After adsorption, adsorbents separated

CH, iHs
| Lo, &1
|
I'1 (I:=O
OC,4Hq OH

pBCM

COO(CHz2)3CH3
CH,

O OO

SO;Na SO3Na

Fig. 3. Chemical structure of Congo red (CR).

from the solution by centrifugation, and the concentra-
tion of remaining CR dye was determined with a UV-T180
spectrophotometer at A_ =494 nm.

Adsorption experiments were carried out at optimum
conditions applying agitation time (3, 9, 12, 15, 30, 45, and
60 min), at pH of CR dye equal 3 for GO and GOCS, 7 for
GOpBCM. The amount of the dye on the adsorbents was
evaluated to the following Eq. (1):

_(G,-c)v

q.= (1)

m

where C; and C, (mg/L) are the initial and equilibrium con-
centrations of CR dye in the solution, V (L) is the volume
of CR dye solution, m (g) is the mass of the used adsor-
bents and g, (mg/g) is the amount of adsorbed CR dye per
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gram of adsorbents GO, GOCS and GOpBCM (adsorption
capacity).

To study adsorption kinetics and to calculate kinetic
parameters, enthalpy (AH®), entropy (AS°) and free energy
(AG®), the experiments were conducted at 27°C, 40°C and
60°C, with 25.0 mg of adsorbents in 0.1 L of (300.0, 500.0,
and 600.0 mg/L) solution of CR for GO, GO-g-CS, and GO-g-
PBCM respectively. By varying the pH of the dye solution
from 3.0 to 12.0, the maximum adsorption capacity was
found at optimum pH; the adjusting of pH of the dye solu-
tion was accomplished by using 0.10 M of HCl or NaOH
solution.

Desorption of the dye from the adsorbents was carried
out by applying four adsorption/desorption experiments
under the following criteria: using the same adsorbents,
maximum adsorption of dye conducted by applying opti-
mum agitation time, and pH-value for each adsorbent
in this work. The desorption experiments were done by
immersing dye-loaded adsorbent into (1.0 M) NaClO, solu-
tion, and the mixture was stirred continuously at room
temperature for 60 min., then the desorbed dye was sep-
arated by centrifugation and filtration, then the concentra-
tion of dye determined spectrophotometrically as mention
before [31]. The efficiency of dye desorption removal (S)
was calculated by Eq. (2):

\%

CoViq00% )
W

9.

S=

where (C)) is the dye concentration in solution after desorp-
tion, (V) is the volume of the eluent.

3. Results and discussion
3.1. Characterization of the adsorbents GO, GOCS and GOpBCM
3.1.1. FTIR characterization

GO, and its composites were examined in FTIR spec-
troscopy as KBr discs. GO exhibits the following prominent
peaks at 3,420 cm™ (v,), 1,720 cm™ (v._.), 1,620 cm™ (v._ ),
and the signals at 1,220 and 1,060 cm™ were attributed to
epoxy and C-O alkoxy vibrations, respectively, Fig. 4a.
The FTIR spectra of GO and graphite were significantly
different from the latter as it is featureless, where a high
number of oxygen-containing functional groups are pres-
ent on the basal planes and edges of the GO sheets [32]
and the differences were generally proportionate to those
that have been described in the literature [33], indicat-
ing that we successfully prepared the GO. The FTIR spec-
trum of GOCS composite, Fig. 4b shows a combination of
characteristic peaks of chitosan and graphene oxide. So,
the results implied that interactions existed between them
[34], the stretching vibration bands of the C-H at 2,928 and
2,852 cm™ come from (—CH,-) of chitosan concluding that
CS was successfully grafted on GO. The new peaks at 1,624
and 1,496 cm™ (Fig. 4b) confirm the nature of the interaction
between GO and CS and could be assigned to the symmet-
rical stretching vibration of C=O and C-N in amides (where
the shift from 1,720 to 1,624 cm™) [35], and formation of
amide linkages as well as the occurrence of nucleophilic

substitution reactions, as proposed in the chemical interac-
tion mechanism between GO and CS. Also, the strong and
inclusive band at 3,367 cm™ (O-H stretching vibration in GO
carboxylic functional groups) became sharper and shifted
to 3,686 cm™ after the reaction with CS due to the removal
of O-H in carboxylic groups forming the amides in GOCS
composite [36]. Moreover, there are two characteristic absor-
bance bands at 1,642 and 1,577 cm™, which correspond to
the (C-O) stretching vibration of (-NHCO-) and the (N-H)
bends of (-NH,), respectively. The absorbance peaks of the
GOpBCM composite are observed at 1,625; 1,578; 1,459;
1,311; and 1,160 cm™, respectively, combining those of
GO and pBCM, Fig. 4c. Furthermore, the C-O stretching
vibration peak shifts from 1,720 cm™ (GO) to 1,625 cm™
(GOpBCM), indicating interactions between GO and pBCM
chains [37,38].

3.1.2. Field emission scanning electron microscopy

The grain size and surface morphology were investi-
gated through FESEM. According to Figs. 5a—c, GO is seen
as a flat sheet with some pucker on the surface which is
due to deformation of graphite upon the exfoliation pro-
cesses by strong oxidizing agent KMnO, (Fig. 5a), and have
well been defined and interlinked with three-dimensional
graphene sheets, forming a porous network that resembles
a loose sponge. On the other hand, as illustrated in (Fig. 5b),
the composite appearance of GOCS is quite different com-
pared to GO; it has some apparent folds and fluffy struc-
tures, assigned wrinkles, and curved surface. This image
indicates and confirms the combination of graphene oxide
and chitosan [39]. Furthermore, as seen in (Fig. 5c), the
cross-section morphology of GOpBCM showed that the sur-
face was also very compact, indicating that GO sheets were
dispersed homogeneously in the polymer matrix which
attributed to strong hydrogen bond interactions between
graphene oxide and copolymer [40].

3.1.3. X-ray diffraction

The XRD patterns of GO, GOCS, and GOpBCM com-
posites are shown in Fig. 6. The XRD pattern of natural
graphite has a sharp diffraction peak at 20 (26.25°), cor-
responding to an interlayer distance of (0.34 nm), which
follows the reported value [41]. As for the GO powder
sheets, Fig. 6a shows a sharp peak at 20 position (~9.55°),
which corresponds to an interlayer distance of (0.924 nm).
The enlarged interlayer distance is attributed to the pres-
ence of oxygen-containing functional groups on GO sheets
and suggests the successful oxidation of natural graphite
using concentrated acids and KMnO, [42]. Meanwhile, after
modifying GO with chitosan, Fig. 6b, many broad peaks
appeared at 20 between (~10.57°) and (~21.63°) confirm-
ing the suitable attachment of chitosan to GO surface and
indicating that there is mainly a physical interaction but
scarcely chemical reaction between chitosan and graphene
oxide [43]. Due to the peak overlapping, no peak appeared
for GO in XRD patterns of GOCS. The peak at 20 (9.44°)
of GOCS matched with that of pure GO, results from the
remaining stacked GO sheets in the GOCS [34]. The peak
characteristic of GO disappears in the XRD pattern of
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Fig. 4. FTIR spectra of (a) GO, (b) GOCS, and (c) GOpBCM.



A.A. Mizhir et al. | Desalination and Water Treatment 202 (2020) 381-395 387

] T K——

FEN RCAA Hsre T8 450

s o
1000k | 2= 000 «

e |
10 00 kY

e e —— e .
[lv‘. e e | proey } e———
=0 e

Ferlis s 1 L ) e | [ ] Linsiww 4 Py ofF Todw o

Fig. 5. FESEM images at magnification 25,000 of (a) GO, (b) GOCS, and (c) GOpBCM.



388

5 19 15 20 25 30 3

5

A.A. Mizhir et al. | Desalination and Water Treatment 202 (2020) 381-395

40 45 B0 &B5 80 &85 TO

Intensity {(a.u)

5 10 16 20 25 30 3

5

(a)

40, 45 B0 b5 &0 85 TO

2 Theta

Fig. 6. XRD patterns of (a) GO, (b) GOCS, and (c) GOpBCM.

GOpBCM composite, indicating that the GO sheets are uni-
formly dispersed in the pPBCM matrix without agglomera-
tion [32]. On the other hand, some new characteristic peaks
at 20 31.69°, 37.89°, and 45.47° are also observed in the XRD
pattern of the GOpBCM composite, (Fig. 6¢), implying real
grafting had occurred.

3.1.4. Adsorption of CR dye onto GO, GOCS, and GOpBCM

The batch system was employed in adsorption experi-
ments of CR dye onto prepared adsorbents at optimum pH,
contact time, temperature, and the initial concentration (C,).

3.2. Effect of pH

The effect of pH on the adsorption capacities (g,) of
adsorbents was studied at 300.0 and 500.0 mg/L initial con-
centration of CR dye for (GO and GOpBCM) and GOCS

respectively. Fig. 7 illustrates the pH influence of the
adsorption capacities at different pH values ranging from
3.0 to 12.0 at 27°C. It shows a sharp decrease of CR dye
adsorption was observed when as pH increased from 3.0 to
7.0, while over the range from 9.0 to 12.0, a lower adsorp-
tion capacity was found for both adsorbents GO and GOCS.
However, the negative charge on adsorbents increased with
increasing pH which was also reported by other studies [42].
With the increasing pH values, the adsorption of CR dye on
GO and GOCS tends to decrease, which can be explained
by the rising electrostatic repulsion between the anionic
dye adsorbate species and negatively charged adsorbent
surfaces. Also, lower adsorption at alkaline pH due to the
presence of excess OH™ ions destabilizing anionic dye and
competing with the dye anions for the adsorption sites. Low
pH leads to an increase in H* ion concentration in the sys-
tem, the surface of adsorbents acquires a positive charge by
absorbing H* ions, and hence more amount of anionic dye
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Fig. 7. Effect of pH on the adsorption of CR dye onto GO, GOCS,
and GOpBCM at 27°C.

adsorption takes place. Similar behavior was observed for
CR dye adsorption on agricultural stable waste-based acti-
vated carbon [43]. Fig. 7 reveals that the best pH value found
is 7.0 for the better adsorption of CR by GOpBCM. Thus, in
the further followed experiments, the pH was kept at pH
7.0. Similar results have been reported for the removal of CR
dye by sorption onto aniline propyl silica aerogel [44].

3.3. Effects of agitation time and temperature on the adsorption

The duration time before the adsorption process
reaches equilibrium called agitation time [31], Fig. 8 shows
the plots for the effect of agitation time on the adsorption
of CR dye at pH 3.0 onto adsorbents GO, GOCS and at pH
7.0 onto GOpBCM composites at different temperatures. It
can be seen that the adsorption of CR has rapidly increased
from (1-60 min), and then the equilibrium was attained
within (60-90 min) for adsorbents GO and GOpBCM
respectively, (Figs. 8a and c); also, the adsorption capacity
for both increased as temperature rising from 27°C to 60°C.

The adsorption equilibrium time was 60 min for GO
and GOpBCM. Since the adsorption was endothermic.
While Fig. 8b shows the rapid increase for adsorbent GOCS
from (1-45 min), then equilibrium was attained within
(45-75 min), and the adsorption capacity for this adsorbent
decreased as temperature rising from 27°C to 60°C where
the adsorption equilibrium time was 45 min and the adsorp-
tion were exothermic. This tendency for the adsorption
capacities of these adsorbents is expected. Thus, the opti-
mum agitation times for all further experiments were cho-
sen as 60 min for adsorption of CR dye by adsorbents GO,
GOpBCM, and 45 min for adsorption of CR dye onto GOCS.

3.4. Adsorption isotherms

The adsorption isotherm shows the distribution of
molecules between solid and liquid phases at equilibrium
state. The analysis of isotherm data by fitting the data to
different isotherm models is an essential step in finding the
most suitable model that can be used to describe the adsorp-
tion process [45]. There are several isotherm models to
describe the isotherm data. In the present study, Langmuir,
Freundlich, and Temkin isotherm models are employed to
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Fig. 8. Agitation time effects for the adsorption of CR dye onto
(@) GO, (b) GOCS, and (c) GOpBCM at 27°C, 40°C, and 60°C.

analyze the experimental results. The Langmuir isotherm
[46] depends upon the maximum adsorption that coincides
with the saturated monolayer of liquid (adsorbate) mole-
cules on the solid (adsorbent) surface. The linearized form of
the Langmuir model is given as follows.

&1 .S 3)
qe qmax ' KL qmax

Langmuir equation is valid for monolayer adsorption of
the adsorbate onto the surface of the adsorbent and assumes
there are restricted and homogenous adsorption sites [47].
Royer et al. [48] noted that the essential characteristics of a
Langmuir isotherm can be expressed in terms of dimension-
less constant separation factor or equilibrium parameter R,
which is defined by:

1
R=Tx <) @

L
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where R, is indicative of the isotherm shape and predicts
whether a sorption system to be either favourable (0< R, <1),
unfavourable (R, > 1) or irreversible (R, = 0) [49,50]. Fig. 9a
shows the plots of the Langmuir adsorption isotherms of
CR dye adsorbed onto GO, GOCS and GOpBCM respec-
tively, Table 1 displays g, _, K, R, and the correlation coeffi-
cient (R?) results for the Langmuir isotherms.

In the present study, the calculated R, values were found
to be equal (0.09639, 0.04251, and 0.04724) at initial concentra-
tions of CR dye 300.0, 500.0, and 300.0 mg/L for GO, GOCS,
and GOpBCM respectively. These calculated results proved
that all adsorbents are favorable for adsorbing dye from solu-
tion under the applied optimum conditions.

Freundlich isotherm [51] is based on a heterogeneous
exponentially decaying distribution, which fits well with
the tail portion of the heterogeneous distribution of adsor-
bent. The general Freundlich isotherm empirical equation
is given by:

1
Ing, =InK, +=InC, (5)
n
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Fig. 9. (a) Langmuir, (b) Freundlich, and (c) Temkin adsorption
isotherm of CR dye onto GO, GOCS, and GOpBCM at 27°C.
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where K, (L/mg) is a constant for the adsorption or dis-
tribution coefficient and represents the amount of dye
adsorbed onto adsorbents at equilibrium concentration,
Fig. 9b exhibits the plots of Freundlich adsorption iso-
therms of CR adsorbed onto GO, GOCS, and GOpBCM
and Table 1 display K, n and the correlation coefficient R?
which determined from the linear plot of Ing, vs. InC,. The
value of n varies with the heterogeneity of the adsorbent
and the favorable adsorption process should be higher than
unity and less than 10 [52]. All n values obtained from the
Freundlich model are greater than 1 for all types of adsor-
bents used; indicating that adsorption of CR was favorable
for the prepared composites.

The Temkin isotherm [53] assumes that the heat of
adsorption of all the molecules decreases linearly with the
coverage of the molecules due to the adsorbate—adsorbate
repulsion and the adsorption of adsorbate is uniformly dis-
tributed and that the fall in the heat of adsorption is more
linear rather than logarithmic [54]. It is expressed as:

g,=B;InA, +B.InC, ©)

where B = RT/b,, T (K) is absolute temperature, and R is
the gas constant (8.31 J/mol K). The constant b, is related
to the heat of adsorption, and A, is equilibrium binding
constant coinciding to the maximum binding energy. The
plot of g, vs. InC, for the Temkin model is shown in Fig. 9c.
The values of B, and A, are determined from the slope and
intercept and are given in Table 1. The values of the correla-
tion coefficient (R?) were 0.9967, 0.9951, and 0.9958 for GO,
GOCS, and GOpBCM, respectively, which are lower than
the Langmuir model indicating the adsorption data was
not fitted to the Temkin model.

Table 1 shows the linearity of the Langmuir isotherm
equation was more fitting with comparing that isotherm
equation of Freundlich and Temkin, where inspire of the
complexity of adsorption processes, but it could say there
was a tendency for chemical adsorption to exist between
functional groups of adsorbents GO, GOCS and GOpBCM
and CR dye. The values of (1/n) obtained from the slope
of Freundlich isotherm plots were (<1), indicated normal
Langmuir isotherm behaviors of dye adsorption onto adsor-
bents [47].

3.5. Adsorption kinetics

Three kinetic models were tested to interpret the
mechanism of adsorption of CR dye onto GO, GOCS, and
GOpBCM. The first model was pseudo-first-order, the
mathematical expression of this model given by Eq. (7):

l:L+l 7)
9, 4t q

where g, and g, (mg/g) are the amounts of dye adsorbed at
time t, and equilibrium respectively, and k, (min™) is the
pseudo-first-order rate constant for adsorption. Plotting of
1/, vs. 1/t results in the rate constants k , and correlation coef-
ficients R2. Fig. 10 illustrates the pseudo-first-order equations
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Table 1

Langmuir, Freundlich and Temkin isotherm parameters for adsorption of CR dye onto adsorbents at 27°C

Adsorbent Langmuir Freundlich Temkin

4. K, R, R? K, n R? B, A, R
GO 1,250 0.031 0.097 0.9987 348.278 4.484 0.9982 566,864 6E+25 0.9967
GOCSs 2,000 0.045 0.043 0.9994 877.608 7.246 0.9981 608,341 4E+234 0.9951
GOpBCM 1,250 0.067 0.047 0.9992 573.237 6.849 0.9975 402,290 4E+167 0.9958

K;: (L/mg); q,.: (mg/g); B.: (J/mol); A: (L/mg)
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Fig. 10. Pseudo-first-order plots for the adsorption of CR dye
onto (a) GO, (b) GOCS, and (c) GOpBCM at 27°C, 40°C, and 60°C.

for CR dye at different temperatures, the k, and g, values are
listed in Table 2.

The second kinetic model was pseudo-second-order,
which can be represented by Eq. (8):

t 1 1
LS - ®
q K4 4

where g, (mg/g) are the maximum adsorption capacity for
the pseudo-second-order adsorption, k, (g mg”' min™) is
the equilibrium rate constant for the pseudo-second-order
adsorption. Values of g, and k, were calculated from the
plot of (t/q,) against (t) from the slope and intercept, respec-
tively Fig. 11. The kinetic data for the adsorption of CR dye
onto GO, GOCS, and GOpBCM under various temperatures
were calculated from related plots and are summarized in
Table 2.

Intra-particle diffusion was the last model tested in this
study; equation of intra-particle diffusion model given by:

ql:(Kp~t;J+C )

where C is the intercept, and K (mg g min'?) is the
intra-particle diffusion rate constant that equal to the slope
of plotting between g, vs. +"2 Fig. 12 displays the intra-
particle diffusion models for CR dye at different tempera-
tures; Table 2 gives KV and C values.

3.6. Adsorption thermodynamics

The thermodynamic parameters can be determined from
the thermodynamic equilibrium constant, K, (or the thermo-
dynamic distribution coefficient), whereas K| equal to:

(10)

where C, and C, are the equilibrium concentrations of CR dye
on the adsorbents GO, GOCS and GOpBCM (mg/g) and in
the solution (mg/L), respectively.

The standard enthalpy change (AH® in kJ/mol), and stan-
dard entropy change) (AS® in J mol™ K™') were calculated
using the following equation:

AS®  AH®
R RT

InK, = (11)

where R is the universal gas constant (8.314 J/mol K), and T
is the absolute temperature, plotting of (InK,) vs. (1/T) lead-
ing to calculate AH° from slope and AS° from an intercept,
Fig. 13. The standard Gibbs free energy (AG® in kJ/mol) could
be calculated at different temperatures from the following
equation:

AG® = AH° — TAS° (12)
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Table 2
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Kinetic parameters for adsorption of CR dye onto adsorbents at constant pH and different temperatures

Adsorbent GO GOCS GOpBCM
T/°C 27°C 40°C 60°C 27°C 40°C 60°C 27°C 40°C 60°C
Pseudo-first-order
q, (mg/g) 909 1,000 1,111 16,666 1,428 1,428 1,000 1,111 2,500
k, (1/min) 3.27 4.10 4.66 1.33 1.28 1.85 0.50 0.55 2.00
R? 0.980 0.980 0.966 0.986 0.939 0.960 0.998 0.994 0.984
Pseudo-second-order
q, (mg/g) 1,000 1,000 1,111 1,666 1,428 1,428 1,000 1,111 1,250
k, <107 (g/mg min) 2.60 2.20 1.60 0.60 0.40 3.00 1.66 1.35 1.28
R? 0.999 0.996 0.995 0.999 0.999 0.999 1.000 0.999 0.999
Intraparticle diffusion equation
K, 4293 54.66 66.19 43.78 41.00 49.16 37.108 42.622 41.401
C 583 568 566 1,326 1,225 1,070 831 913 991
R 0.948 0.957 0.966 0.886 0.868 0.949 0.800 0.827 0.816
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Fig. 11. Pseudo-second-order plots for the adsorption of CR dye
onto (a) GO, (b) GOCS, and (c) GOpBCM at 27°C, 40°C, and 60°C.

Fig. 12. Intra-particle diffusion plots for the adsorption of CR dye
onto (a) GO, (b) GOCS, and (c) GOpBCM at 27°C, 40°C, and 60°C.
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The activation energy (E, in kJ/mol) which may be defined
as the minimum amount of energy required to adsorption
process proceeds, and it was calculated from the Arrhenius
equation:

InK=InA- E, (13)
RT

where K (g mg? min™) is the rate constant of the pseudo-
second-order kinetic model in an adsorption system of the
CR dye for all adsorbents, because the adsorption anal-
yses based on the constant obtained from the linearized
plots (R?), A is the Arrhenius factor, when (InK) is plotted

6
® GO Powder
A BGOCS
45 |+ AGOpBCM
2 30
=
15
0
0.0028 0.003 0.0032 0.0034 0.0036
1/T (K

Fig. 13. Plots of InK vs. 1/T for estimation of thermodynamic
parameters for the adsorption of CR dye onto GO, GOCS, and
GOpBCM.

Table 3

393

against (1/T), where a straight line is obtained (with a
slope of —E /R) as shown in Fig. 14, The values of AH®, AS®,
AG®, and E for the adsorption of CR dye onto adsorbents
GO, GOCS, and GOpBCM composites are given in Table 3.

The calculated thermodynamic parameters show posi-
tive values of enthalpy changes (AH®) for GO and GOpBCM
composite, indicating that the adsorption processes were
endothermic, also the positive value of adsorption entropy
(AS®) suggests an increase in the randomness at the (adsor-
bents/solution) interface and affinity of the mentioned
adsorbents towards dye. While GOCS composite shows the
negative value of both enthalpy and adsorption entropy
(AH® and AS®), indicating that the process is exothermic and
the mobility of the adsorbate (CR) onto adsorbent GOCS
becomes more limited as compared with that of this in the

-5
® GO Powder
BGOCS
AGOpBCM
-6.5 | a2
N
= ./I/.
° ././.
-9.5
0.0028 0.003 0.0032 0.0034 0.0036
UT (K1)

Fig. 14. Plots of InK vs. 1/T for estimation of activation energy for
the adsorption of CR dye onto GO, GOCS, and GOpBCM.

Thermodynamic parameters for adsorption of CR dye onto adsorbents at different temperatures

Adsorbent T (K) AH® (kJ/mol) AS° (J/K mol) -AG® (kJ/mol) E, (kJ/mol)
300.15 2.78
GO 313.15 27.46 100.76 4.09 11.642
333.15 6.11
300.15 3.60
GOCS 313.15 -13.99 -34.622 3.15 13.641
333.15 2.45
300.15 3.00
GOpBCM 313.15 80.74 279.00 6.63 6.380
333.15 12.21
Table 4
Adsorption/desorption for CR dye onto adsorbents
Cycle number GO GOCS GOpBCM
q, %S q, %S q, %S
1 1,000 84.41 1,666 94.87 1,000 90.03
2 673.14 80.05 1,468.54 91.55 829.65 86.87
3 588.92 76.79 1,377.11 88.91 789.40 84.77

q,: (mg/g); %S: desorption system
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solution [47]. The obtained values of the free energy changes
AG°® at different temperatures were less than zero for all
adsorbents in this work, denoting the behavior of adsorp-
tion processes is spontaneous and feasible [55]. Low activa-
tion energy E_values (<40 kJ/mol) are characteristics of the
physisorption mechanism and diffusion-controlled process.
Therefore, these results indicate that the adsorption pro-
cesses of CR dye onto GO, GOCS, and GOpBCM composites
are diffusion-controlled and physical.

3.7. Desorption study

Desorption studies are an important to elucidate the
reusability of an adsorbent and to understand the nature of
adsorption system and evaluate the ability of recycling and
Table 4 show the desorption percentages of at the three-cycle
were (76.79%, 88.91%, and 84.77%) for CR adsorbed GO,
GOCS and GOpBCM respectively, that is meant that these
adsorbents could be used several times while retaining its
good adsorption capacity.

4. Conclusions

The present work suggests that GOCS and GOpBCM
composites can be used as an adsorbent for the removal
of CR dye from aqueous solutions. GOCS and GOpBCM
composites were synthesized by grafting the prepared
GO and they have been characterized by an FTIR, FESEM,
and X-rays confirming that real grafting has occurred.
The equilibrium data were described by the Langmuir,
Freundlich and Temkin, and the results fitted well with
the Langmuir model implying that the adsorption pro-
cess is favorable for a monolayer chemisorption coverage.
The maximum adsorption values (g, ) of CR dye where
1,666 mg/g for GOCS composite and 1,000 mg/g for GO
and GOpBCM composites. Depending on the value of the
correlation coefficient R? the pseudo-second-order kinetic
model accurately described the adsorption kinetics of CR
dye onto the three adsorbents used. It was found that the
adsorption capacity increased with temperature increasing
for GO and GOpBCM, and decreased for GOCS. The neg-
ative free energy (AG°) demonstrated that the adsorption
of CR onto GO, GOCS, and GOpBCM adsorbents is spon-
taneous. However, the positive enthalpy (AH®) for GO and
GOpBCM composites indicated the endothermic nature of
their adsorption, while the negative AH° value for GOCS
indicated the exothermic nature of the adsorption process
at the examined temperatures range. The positive entropy
(AS°) reflects increased randomness at the solid-solution
interface during the CR adsorption onto GO and GOpBCM
composite. On the other hand, the negative value of AS°
obtained from the adsorption of CR onto GOCS referred
to the mobility limitation of the dye accompanied by the
decrease randomness of the solid/solution interfaces during
the adsorption of CR dye. The impact of the obtained results
gave the study potential importance towards different
applications of the prepared composites concerning better
industrial wastewater treatment.
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