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a b s t r a c t
In this study, the removal of phenol from aqueous solution using synthesized graphene oxide 
functionalized with polydiallydimethylammonium chloride (GPDADMAC) adsorbent was investigated. 
Prior to adsorption experiments, the structural and chemical characteristics of the adsorbent were 
carried out using Fourier transform infrared spectroscopy, Brunauer–Emmett–Teller, scanning elec-
tron microscopy and energy dispersive X-ray spectroscopy techniques. About 80% removal of phenol 
was achieved within 10 min under the optimum conditions of 4 g L–1 adsorbent dosage, 10 mg L–1 
initial phenol concentration, 298 K temperature, pH of 5.6 and agitation speed of 150 rpm. Results 
of the study also revealed that removal of phenol by GPDADMAC was almost independent of pH 
within the range of 4–9. The experimental data were best described by the pseudo-second-order 
kinetic model which implied that the rate-limiting step was the chemisorption. Based on isotherm 
modeling, both Langmuir and Temkin isotherm models produced the best fit for the experimental 
data. The thermodynamic parameters showed that the adsorption process was exothermic.

Keywords:  Adsorption; Functionalization; Nanomaterial; Graphene oxide; Phenol; Polydiallydimeth-
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1. Introduction

Phenol is one of the priority pollutants that calls for great 
attention due to its toxic nature, persistence in the environ-
ment, biomagnification in organisms and damaging health 
effects in human [1,2]. The ingestion of water contaminated 
with phenol over a long period of time causes destruction of 
body protein and tissues, dysfunction of the central nervous 
system and damages to the gastrointestinal tract.

As water regulations and standards become more 
stringent, it is paramount that phenol is removed from con-
taminated water. Common technologies used to remove 

phenol include photocatalytic degradation [3], ozonation 
[4], extraction method [5], biological method [6], mem-
brane-based separation [7], electrochemical advanced oxi-
dation method [8] and ion exchange [9]. These methods 
have their drawbacks which include huge costs, partial 
degradation, and generation of secondary pollutants and 
toxic sludge. Consequently, adsorption is considered as 
one of the appropriate techniques for the removal of phe-
nol from water due to its inexpensiveness and effectiveness. 
Also, the technique produces no toxic wastes. However, its 
performance is highly constrained by material design and 
properties [10].
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Carbon-based materials such as activated carbon (AC) 
have been always used as adsorbents [11,12]. However, their 
activity is limited to the size of the surface area. Recently, 
there is a rise in the application of nanobased materials for 
the removal of toxic pollutants [13–16]. Among the nano-
materials, the use of graphene for wastewater remediation is 
gaining more popularity [17–21]. Graphene is an allotrope of 
carbon consisting of a single layer of carbon atoms arranged 
in a hexagonal lattice. It is considered an excellent adsor-
bent due to its unique characteristics such as high specific 
surface area and ease of synthesis from graphite using 
an uncomplicated and cheap method involving chemical 
oxidation, exfoliation and reduction. It has been applied for 
the adsorption of several pollutants, such as dyes [22], metal 
ions [23] and organic pollutants [24].

The tendency of graphene and its derivatives to aggre-
gate to reform graphite and their weak affinity for binding 
anionic pollutants are considered disadvantages to their 
applications. Nevertheless, these disadvantages can be sur-
passed by covalent or non-covalent functionalization with 
different molecules. This surface functionalization makes 
graphene and its derivatives more sensitive, selective and 
detective. Due to the availability of many materials that 
can be used for surface functionalization, there are always 
growing opportunities to study potential applications of 
these materials in the adsorptive treatment of wastewater 
[25]. So far, a number of functionalized graphene, graphene 
oxide (GO) and reduced graphene oxide (RGO) have been 
successfully synthesized and extensively investigated as 
adsorbents for water purification [18,19].

Materials used for functionalization of graphene include 
organic polymers and nanosized metal oxide [26,27]. 
These materials can be grafted on the surface without any 
requirement of crosslinkers which usually reduce the 
binding sites for pollutants. The extensive literature search 
did not reveal any study where GO is functionalized with 
PDADMAC for phenol removal.

Therefore, this study investigates the removal efficiency 
of GO functionalized with polydiallydimethyl ammonium 
chloride (GPDADMAC) for phenol removal from water. 
The effects of various parameters such as temperature, pH, 
contact time, adsorbent dosage, initial concentration of phe-
nol and agitation speed were optimized. The obtained data 
were modeled using Freundlich, Langmuir and Temkin 
isotherm models. Also, the kinetics were studied, and the 
thermodynamic parameters were obtained.

2. Experimental

2.1. Synthesis of graphene oxide

Graphene oxide was prepared from graphite powder 
according to the Hummer’s method. 1.8 g of potassium per-
sulfate (K2S2O8) and 3 g of natural graphite powder were 
added into 100 mL sulfuric acid (H2SO4) in an ice–water bath, 
under stirring. Then, the mixture was heated to around 90°C 
in an oil bath after which the system was allowed to cool. 
After that, 9 g of KMnO4 were added into the flask slowly. 
The system was heated at around 40°C under stirring. Water 
and hydrogen peroxide (30%) were carefully added till the 
brownish color was observed. The mixture was then fil-
tered and washed with diluted 2 M HCl aqueous solution 

to remove metal ions. The synthesized graphene oxide was 
collected and dried in vacuum freezing drying oven for 2 d.

2.2. Synthesis of polydiallydimethylammonium chloride 
(PDADMAC)-graphene oxide

First, the monomer was created by reacting equivalent 
amounts of allyl chloride and dimethylamine. The polymer 
was produced by radical polymerization of diallyldimeth-
ylammonium chloride in presence of graphene of which the 
functional groups were utilized to host the monomer. Then, 
organic peroxide was introduced to the system as a catalyst 
for radical polymerization. When polymerizing diallyldime-
thylammonium chloride, one side of the polymer chain is 
chemically bonded on graphene and the chain is grafted, as 
shown in Fig. 1.

2.3. Instruments for characterization

FESEM/energy dispersive X-ray spectroscopy (EDX) 
(TESCAN LYRA3) was used for the characterization of the 
surface morphology of both GO and GPDADMAC. The 
determination of the surface area and porous distribution 
was carried out by nitrogen physisorption at 77°C using 
Micromeritics ASAP 2000 system (USA). Functional groups 
detection for both GO and GPDADMAC was done using 
Fourier transform infrared spectroscopy (FTIR) spectrum 
produced by FTIR Spectrometer (Nicolet 5700) over the 
wavenumber range from 4,000 to 400 cm−1. The samples for 
FTIR were pelletized using pressed disks to grind and mix 
GO or GPDADMAC with KBr in an agar mortar.

2.4. Reagents and analytical measurement

All reagents used were of analytical grade. A stock 
solution of adsorbate was prepared by dissolving 1 g of 
phenol (Sigma-Aldrich, USA, >99%) in 1,000 mL of ultra-
pure deionized water (Milli-Q Ultrapure water system, 
Millipore). Thereafter, working solutions of desired con-
centrations ranging from 5 to 50 mg L–1 were prepared in 
clean conical flasks by diluting an appropriate volume of 

 
Fig. 1. Illustration of the process of the synthesis of polydial-
lydimethylammonium chloride modified graphene (PDADMAC).
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the stock solution with an appropriate volume of DI water. 
Before every experimental run, the initial concentrations 
were measured using UV spectrophotometer (SPECORD-50, 
Analytik Jena, Germany) at a wavelength of 271 nm fol-
lowing the method used by Roig et al. [28]. The calibration 
of the UV spectrophotometer was done using prepared 
standards of phenol concentration range between 0 and 
100 mg L–1. A linear calibration curve of absorbance against 
phenol concentration with R2 equal 0.999 was obtained. For 
experiments requiring pH adjustment, 0.1 M HCl (Merck, 
Suprapure, Germany) or 0.1 M NaOH (Merck, Suprapure, 
Germany) solution was used and the pH was ascertained by 
benchtop pH meter (A0057419, Hanna Instruments, USA).

2.5. Determination of point of zero charge

The point of zero charge (PZC) for GPDADMAC was 
determined by following the procedure by Thirumavalavan 
et al. [29]. An Erlenmeyer flask was filled with 100 mL of 
deionized (DI) water and capped with cotton wool. This 
was heated until boiling for about 30 min to expel all car-
bon dioxide and dissolved ions in the water. Immediately 
after cooling, the flask was capped with a rubber stopper 
to prevent carbon dioxide from entering. 10 mL of this car-
bon dioxide free DI water was added to about 30 mg of the 
adsorbent, sealed and shaken for 48 h at room temperature of 
25°C. The final pH of the solution was measured and taken as 
the PZC of the adsorbent.

2.6. Treatment studies

Batch experiments were conducted in order to investigate 
the removal efficiency of GPDADMAC for phenol. For 
each experiment, 50 mL of an aqueous solution of phenol 
in 250 mL Erlenmeyer flasks was used to study the effect 
of contact time, initial solution pH, initial concentration of 
phenol, adsorbent dosage, agitation speed and tempera-
ture. A 0.45 µm filter was used to obtain a filtrate after every 
experimental run. UV spectrophotometer at 271 nm wave-
length was used to analyze the concentration of phenol. To 
ensure repeatability, the mean of duplicates was used in the 
computation of percentage removal as well as adsorption 
capacity as per the following equations [30]:

% phenol removal =
−( )

×
C C

C
i f

i

100  (1)

Adsorption capacity = −( )×C C V
mi f  (2)

Ci and Cf (mg L–1) stand for initial and final concentrations 
whereas V (mL) and m (mg) are the volumes of aque-
ous solution containing phenol and mass of adsorbent 
respectively.

2.7. Adsorption isotherms

In order to design a suitable industrial adsorption system, 
it is crucial to know the distribution of adsorbate molecules 
between the adsorbent and the adsorbate solution as well as 

the interactions between both [31]. Towards this end, several 
adsorption isotherm models are applied on adsorption 
data to obtain the best-fit models. Application of isotherm 
models is based on the general assumptions concerning the 
type of interaction between the adsorbate and the adsor-
bent, number, and nature of adsorbent layers involved in 
adsorbing the adsorbate. Langmuir, Freundlich, and Temkin 
are some of the empirical isotherm models mostly applied to 
single solute systems carried out in batch mode. Langmuir 
isotherm model [32] is linearly expressed as:
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where KL (L mg–1) is the constant for sites of adsorption 
affinity on homogenous monolayer surface, qm (mg g–1) is 
the maximum monolayer adsorption capacity, qe (mg g–1) is 
the amount of adsorbate adsorbed, Ce (mg L–1) is the equilib-
rium concentration of adsorbate in solution. The values of qm 
and KL are obtained from the slope and intercept of a plot of 
Ce/qe against Ce. Separation factor in Langmuir model is an 
important parameter given as:

R
K CL
L

=
+ ×( )

1
1 0

 (4)

where C0 (mg L–1) is the initial concentration of the adsor-
bate. The value of RL is interpreted as follows: Value of 1 is an 
indication of linear adsorption, a value greater than 1 indi-
cates an unfavorable adsorption process, between 0 and 1 
means favorable adsorption process while equal to 0 indicates 
irreversible adsorption process [31]. The linear mathematical 
form of Freundlich isotherm model is as follows:

ln ln lnq K
n

Ce F e= +
1  (5)

where KF (mg g–1) represents Freundlich isotherm constant 
that indicates adsorption capacity. The heterogeneity param-
eter, n, gives the description of adsorption intensity. A 
value of n equal to 1 indicates linear adsorption where all 
adsorption sites have the same sorption energies. When n 
is greater than 1, it implies a normal and favorable adsorp-
tion process and the higher its value, the stronger is the 
adsorption. Ce (mg L–1) and qe (mg g–1) are the adsorbate con-
centration in solution and amount of adsorbed adsorbate on 
the adsorbent, respectively. Temkin isotherm model in its 
linear mathe matical expression is as follows:

q RT
b

K RT
b

Ce
T

T
T

e= +ln ln  (6)

bT (J mol–1) represents Temkin isotherm constant for sorption 
heat, KT (L g–1) is the binding constant describing the highest 
binding energy while T (K) and R are temperature and gas 
constant, respectively.

2.8. Kinetic study

For an adsorption process, different mechanisms and 
factors control the rate of sorption of adsorbate on the 
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adsorbent and these include mass transfer and chemical 
process [32]. Therefore, to examine and validate the most 
probable mechanisms and potential rate-controlling stages, 
adsorption experimental data are tested by different kinetic 
models. The linearized mathematical expression for the 
pseudo-first-order is represented as:

log logq q q
k

te t e−( ) = ( ) − 1

2 303.
 (7)

qe and qt denote, respectively, the amounts of phenol adsorbed 
in mg g–1 at equilibrium and at time t (min). The value of 
the rate constant k1 is calculated from the slope while that of 
parameter qe is derived from the intercept of the same graph 
of log (qe – qt) against t. Pseudo-second-order linear equation 
is applied as follows:
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where q and qe denote the amounts of phenol adsorbed 
(mg g–1) by GPDADMAC at time t (min) and at equilibrium. 
Values of equilibrium rate constant k2 and parameter qe are 
derived from the slope and intercept of a plot of t/q against t. 
Intraparticle diffusion model based on the following equation 
is used:

q C k tt i id= + × 1 2/  (9)

where kid and Ci are the rate constant and model constant 
obtained from the slope and intercept of the plot of qt against 
t1/2 at stage i.

2.9. Thermodynamics

Thermodynamic models provide useful information on 
the inherent energetic changes during the adsorption process 
through the parameters of Gibbs free energy change (ΔG), 
isosteric enthalpy change (ΔH) and entropy change (ΔS). The 
isosteric enthalpy change can be obtained from the derivative 
of Van’t Hoff’s expression [33]:

ln SK
R

H
RT0 = −

∆ ∆  (10)
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where K0 (g L–1) is the distribution coefficient of adsorbate 
in solution, ΔH (J mol–1) is the isosteric adsorption enthalpy 
change, T (K) is the absolute temperature, R is the ideal gas 
constant (8.314 J mol–1 K–1). The Gibbs free energy change is 
calculated from the following equations:

∆G RT K= − ln 0  (12)

3. Results and discussion

3.1. Characterization

3.1.1. Surface morphological analysis of GPDADMAC

Textural properties of GPDADMAC were investigated 
by applying the N2-physisorption analysis. The Brunauer–
Emmett–Teller (BET) isotherm plot and the pore size distri-
bution are presented in Figs. 2a and b, respectively. Following 
the IUPAC classification of adsorption isotherms [34], 
GPDADMAC isotherm plot is similar to the type II isotherm 
curve which is characterized by uniform surface energy 
and multilayer adsorption. As suggested by its adsorp-
tion of nitrogen at a low relative pressure range of 0–0.027, 
GPDADMAC has a microporous structure with monolayer 
physisorption. The change in adsorption from a monolayer 
to multilayer approximately occurs at the relative pressure 
range of 0.027–0.32. There is a slow increase in the quantity 
of nitrogen adsorbed at a pressure range of 0.32–0.82 which 
is an indication of the occurrence of multilayer adsorption. 
The sharp increase in nitrogen adsorption from relative 
pressure of 0.82 until saturation at 1 suggests the presence of 
macropores in GPDADMAC. The Type H3 hysteresis loop 
at a relatively high-pressure range indicates the mesoporous 
structure of GPDDA. Summing up, there is an indication 
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Fig. 2. (a) Nitrogen adsorption isotherms at 77 K and (b) Pore size distribution curve.
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that the pore system of GPDADMAC is characterized by 
micropores, mesopores and macropores. Table 1 gives a 
summary of other parameters obtained from the analy-
sis. The BET surface area of GPDADMAC was 357.4 m² g–1 
which is higher than that of GO and other similar nanoad-
sorbent such as CNT reported by Li et al. [35]. Meanwhile, 
the pore size distribution as shown in Fig. 2b indicates 
that GPDADMAC has a size that falls within the range of 
2–50 nm, confirming the preponderance of mesopores in the 
material. This may allow the phenol to have more access to 
the inner layers of GPDADMAC for adsorption.

3.1.2. Scanning electron microscopy and 
EDX characterization

Fig. 3a is the scanning electron microscopy (SEM) image 
of GPDADMAC which reveals a porous network with a 
fluffy sponge-like structure that is different from the com-
pact structure of exfoliated layer structure GO reported by 
Soleimani et al. [36]. This kind of structure increases the 

volume and also the area of GPDADMAC which may play a 
significant role in increasing the adsorption of phenol. More 
than 50% of the particle was of the size 3.2 nm which means 
that GPDADMAC is a nanomaterial.

Concerning the average elemental composition of 
GPDADMAC, the EDX spectrum in Fig. 3b shows that it 
comprises carbon (63.97%), oxygen (20.29%) and nitro-
gen (15.74%) within the spots inspected. In contrast to the 
EDX spectrum of graphene oxide reported by Şinoforoğlu 
et al. [37], the presence of nitrogen may be inferred to come 
from the PDADMAC molecule and this can indicate that 
the graphene oxides are successfully functionalized by 
PDADMAC.

3.1.3. FTIR characterization

Fig. 4 depicts the IR spectra of GO and GPDADMAC. 
It can be observed that GO contains oxygen functional 
groups on its surface as evidenced by the hydroxyl groups at 
~3,441 cm–1, a carboxyl group at ~1,730; ~1,381 and ~1,026 cm–1 
as well as an epoxy group at ~838 and ~1,154 cm–1. The IR 
spectrum of GPDADMAC showed some modifications in 
the form of shifts, decrease and complete disappearance as 
well as the appearance of new IR peaks when compared with 
that of GO.

There is a downward shift of the peaks attributed 
to hydroxyl group from ~3,441 in GO to ~3,416 cm−1 in 
GPDADMAC; carboxyl group from ~1,729 to ~1,716 cm−1; aro-
matic ring from ~1,623 in GO to ~1,609 cm−1 in GPDADMAC; 
upward shift of carboxyl group from ~1,026 to ~1,028 cm−1 
and unattributable peaks from ~759 to ~785. There is also 
an increase in the intensity of the peak attributed to alkyl 
group at ~2,920 cm−1 and disappearance of CN group peak 
at ~1,259 cm−1 and unattributable peak at ~1,454 cm−1. This 
suggests that the interactions of GO and PDADMAC bring 
about reduction or modification of activities of vibrational 
modes in the mixture [38]. The disappearance of epoxy 
group peaks at ~838 and ~1,154 cm−1 and carboxyl group 
peaks at ~1,381 cm−1 in GPDADMAC indicates the reduction 

 

 

 

 

 

 

 

a b Element Weight % 
C 63.97 
N 15.74 
O 20.29 
 

Fig. 3. (a) SEM image of GPDADMAC and (b) EDX spectrum of GPDADMAC.

Table 1
Parameters of nitrogen sorption analysis

Parameters Values

BET surface areaa 357.4 m² g–1

External surface areab 290.5 m² g–1

Micropore and mesopore volumec 0.46 cm³ g–1

Micropore volumeb 0.036 cm³ g–1

Mesopore and macropore volumed 0.442 cm³ g–1

Mesopore volume 0.422 cm³ g–1

Macropore volume 0.020 cm³ g–1

Average pore diametera 51.25 Å
aObtained by BET.
bObtained from the t-plot.
cTaken from the volume of nitrogen adsorbed at about P/P0 = 0.95.
dBy BJH.
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in the number of oxygen functional groups of GO [39]. 
Meanwhile, the appearance of the characteristic peaks of 
PDADMAC in GPDADMAC, such as CHn group between 
~2,918 and 2,850 cm−1, C=C group at ~1,609 cm−1, NO group 
at ~1,383 cm−1 and CN group at ~1,150 cm−1, indicates that 
GO was successfully functionalized with PDADMAC [32]. 
The results are similar to those reported by Yang et al. [38], 
Ţucureanu et al. [39], Ding et al. [40], Li et al. [41,42], Huang 
et al. [43], Coates [44].

3.1.4. Interaction mechanism between phenol and 
GPDADMAC

A comparison of the FTIR spectra of GPDADMAC 
before and after the adsorption (Fig. 5) revealed the possible 
interaction responsible for the adsorption of phenol by 
GPDADMAC. A slight upward shift in IR wavelength indi-
cating hydroxyl group from 3,416 to 3,418 cm–1 was noticed 
after adsorption. This observation is similar to that reported 
by Yu et al. [45] and Ren et al. [46]. This may suggest the 
existence of hydrogen bonding between the hydroxyl 
group on phenol molecules and the oxygen-containing 
functional groups on GPDADMAC supplied by both GO 
and PDADMAC as well as the amino group provided by 
PDADMAC.

Furthermore, there was a shift in the IR peak of the 
stretching vibration of C=C band from 1,609 to 1,626 cm–1 
after adsorption as well as that of CHn from 2,915 to 
2,924 cm–1 after adsorption. This is an indication of the pres-
ence of π–π interaction between GPDADMAC and phenol. 
As pointed out by McDermott and McCreery [47] that the 
surface central regions of graphene are typically deficient 
of electrons. Therefore, the phenyls of the phenol mole-
cules which has abundant π-electrons can donate to the 
GPDADMAC that is deficient of π-electrons. The similar 
observation that π–π interaction enhance sorption of aro-
matic compounds containing hydroxyl groups were made 
by Wang et al. [48] and Chen et al. [49]

3.2. Adsorption experiment

3.2.1. Effect of contact time

Fig. 6a depicts the effect of contact time on adsorption 
of phenol by GPDADMAC, which was obtained under the 
varying time of 1–30 min at three different concentrations. 
Obviously, GPDADMAC is a very fast adsorbent for the 
removal of phenol from aqueous solution. The removal of 
phenol was very quick within the first 5 min with about 
80% phenol adsorbed. However, its phenol removal effi-
ciency became gradual beyond 5 min until equilibrium was 
reached at about 10 min.

The huge surface areas conferred on the GO by 
PDADMAC forming a fluffy sponge-like structure which 
allowed accumulation of many phenol molecules can be 
responsible for the exceptional initial fast adsorption rate 
observed. It is also possible that the availability of hydropho-
bic cavities formed from the opposite orientation between 
the cluster of ionic parts and the cluster of hydrophobic parts 
of the PDADMAC monomer units houses sparingly soluble 
phenol molecules. Meanwhile, as time passed, the space in 
the fluffy sponge-like structure and hydrophobic cavities 
got reduced as most of them were already being occupied 
by phenol molecules, thereby resulting in slow adsorption 
rate observed between 5 and 10 min. Eventually, when they 
were completely saturated with phenol molecules around 
10 min, the equilibrium was reached with [26,50]. Therefore, 
the optimum contact time was chosen to be 10 min.

3.2.2. Effect of pH

Phenol removal by GPDADMAC was investigated 
within the pH range of 3–10. As shown in Fig. 6b, the removal 
percentage of phenol increased from 62% to 79% as the pH 
was raised from 3 to 4. However, there was a fairly constant 
removal percentage from pH of 4–9. Thereafter, a decrease 
in removal efficiency was noticed from pH 9–10. This trend 
is similar to that reported by Abdelwahab and Amin [51].

The PZC of GPDADMAC was measured to be 3.5. This 
means that the material surface was positively charged 
below 3.5 while it was negatively charged above 3.5. Hence, 
the lower removal efficiency recorded at pH 3 can be due 
to abundant positive charges on GPDADMAC surface 
resulting in static repulsion forces. On the other hand, it is 
most likely that there is no electrostatic interaction between 
the negative charge of GPDADMAC and the phenol at 
any pH value above 3.5 (PZC) and below 10 since phenol 

 
Fig. 4. FTIR spectra of GO and GPDADMAC.

 
Fig. 5. FTIR spectra of GPDADMAC before and after adsorption.
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exists as neutral molecules below its pKa of 10. Therefore, 
it is possible that the removal of neutral phenol molecules 
within pH of 4–9 is due to the existence of dispersive inter-
actions between the aromatic ring of phenol and the basal 
planes of GPDADMAC replenished with a high π-electron 

density [52]. The fairly constant removal efficiency at the pH 
range of 4–9 can be an indication of the PDADMAC coat-
ing stabilizing and reducing the rolling-up of the graphene 
in aqueous solution [26,53]. Meanwhile, the fall in removal 
efficiency above pH 9 can be attributed to the repulsive 

 

         

 

 

Fig. 6. Effect of (a) contact time on phenol removal at various initial concentration of phenol (adsorbent dosage = 200 mg, agitation 
speed = 150 rpm, temperature = 298 K and pH = 5.8), (b) pH on phenol removal (initial concentration of phenol of 10 ppm, adsorbent 
dosage = 200 mg, agitation speed = 150 rpm, temperature = 298 K and contact time = 30 min), (c) GPDADMAC dosage on phenol 
removal (initial conc of phenol = 10 ppm, contact time = 30 min, agitation speed = 150 rpm, Temperature = 298 K and pH = 5.8), 
(d) agitation speed on phenol removal (initial concentration of phenol = 10 ppm, adsorbent dosage = 200 mg, temperature = 298 K, 
contact time = 30 min and pH = 5.8), and (e) temperature on phenol removal (initial concentration of phenol = 10 ppm, adsorbent 
dosage = 200 mg, agitation = 150 rpm, contact time = 30 min and pH = 5.8).
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forces between phenolate anions and the negatively charged 
surface of GPDADMAC.

3.2.3. Effect of GPDADMAC dosage

As illustrated in Fig. 6c, the effect of adsorbent dosage 
from 25 to 200 mg was studied. There was an increase in 
phenol removal as the adsorbent dosage was increasing. 
A significant rise from 30% to 79% can be observed as the 
dosage was increased from 25 to 200 mg.

The observed increasing phenol removal by GPDADMAC 
as dosage increased can be associated with the availability of 
an increasing number of adsorption sites when the amount 
of adsorbents was increased [1,54]. However, it can also 
be noticed that the removal percentage was increasing at 
a decreasing rate because the number of phenol molecules 
remaining in the solution for adsorption by further increased 
dosage kept decreasing. In other words, the adsorption is 
tending towards equilibrium between adsorbed phenol 
molecules by GPDADMAC and unadsorbed phenol mole-
cules in the solution as dosage increased [55].

3.2.4. Effect of agitation speed

The influence of agitation speed on the removal of 
phenol by GPDADMAC was investigated from 100 to 
250 rpm. From Fig. 6d, the percentage phenol removal by 
GPDADMAC increased as the agitation speed was raised 
from 100 to 150 rpm which can be as a result of improved 
contact between phenol molecules and adsorption sites of 
GPDADMAC. However, the removal efficiency remained 
constant between 150 and 200 rpm which is an indication of 
saturation of the adsorption sites of GPDADMAC by phe-
nol molecules. A further increase of agitation speed from 
200 to 250 rpm resulted in a decrease in percentage removal 
of phenol. This observation can be as a result of desorption 
of already adsorbed phenol molecules from active sites 
caused by disturbance of equilibrium by further agitation.

3.2.5. Effect of temperature

The influence of changing temperature from 298 to 
318 K on phenol adsorption by GPDADMAC was investi-
gated. An increase in temperature from 298 K results in a 

decrease in the amount of phenol adsorbed by GPDADMAC 
(Fig. 6e). This can be attributed to an increase in average 
kinetic energy of phenol molecules as a result of tempera-
ture increase which leads to disturbance of the stability of 
the phenol-GPDADMAC complex and thereby causing 
desorption instead of adsorption [55]. It can also be inferred 
that phenol adsorption by GPDADMAC may be exothermic 
and that the best performance of GPDADMAC for phenol 
removal can be obtained at room temperature.

3.3. Kinetic study

Adsorption data are fitted into pseudo-first-order, 
pseudo- second-order and intraparticle diffusion kinetic 
models, Fig. 7. The calculated values of the rate constant k1 
and parameter qe for the pseudo-first-order model are pre-
sented in Table 2. The relatively low value of R2 (0.9221) can be 
an indication that the adsorption of phenol on GPDADMAC 
is not well represented by pseudo-first-order model.

Fig. 7. (a) Pseudo-first-order model, (b) pseudo-second-order model, and (c) intraparticle diffusion model (adsorbent dosage = 4 g L–1, 
initial phenol concentration = 20 mg L–1, agitation speed = 150 rpm, temperature = 298 K, pH = 5.8).

Table 2
Parameters of kinetic models for the adsorption of phenol by GP-
DADMAC

Kinetic model Parameters Value

Pseudo-first-order qe (mg g–1) 0.610
k1 (min–1) 0.085
R2 0.922
qe experimental (mg g–1) 1.65

Pseudo-second-order qe (mg g–1) 3.224
k2 (g mg–1 min–1) 1.649
R2 0.999
qe experimental (mg g–1) 1.65

Intraparticle diffusion k1 (mg g–1 min–1/2) 2.514
R2 1.0
k2 (mg g–1 min–1/2) 0.35
R2 0.9823
k3 (mg g–1 min–1/2) –0.0246
R2 0.1422
qe experimental (mg g–1) 1.65
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Fig. 7b displays the fit of the adsorption data on 
pseudo-second-order model. Values of equilibrium rate 
constant k2 and parameter qe, are provided in Table 2. The 
resulting fitted straight line gives an indication that pseudo- 
second-order model well represents the adsorption process. 
Moreover, the high value of R2 (0.9994) and the similarity 
between the calculated qe and experimental qe further sup-
port the validity of the model for the adsorption process 
of phenol on GPDADMAC. The adsorption of phenol on 
GPDADMAC is most likely monolayer with chemical 
processes controlling the adsorption rate.

As shown in Fig. 7c, the Weber’s intraparticle diffusion 
model is characterized by multilinearity with three differ-
ent stages. The first stage is the external surface adsorption 
wherein adsorbate ions are transported from the boundary 
film to the external surface of the adsorbate and this was 
completed within the first 4 min. The second stage wherein 
the adsorption process is being controlled by intraparticle 
diffusion was observed in less than 10 min. The intraparticle 
diffusion started declining in the third portion of the plot. 
The multilinearity of the model as well as the deviation of 
the trend lines of the three stages from the origin (Fig. 7c) 
due to the difference in mass transfer of the first and last 
stage suggest that the adsorption of phenol on GPDADMAC 
is not only controlled by intraparticle diffusion.

3.4. Isotherm models

Fig. 8 shows the plots of Langmuir, Freundlich and 
Temkin isotherm models, respectively, while Table 3 gives 
the summary of the parameters of the three models. As it can 
be observed in Table 3, the Langmuir and Temkin models 

show a good fit with correlation coefficients greater than 
0.99, which means that the adsorption of phenol molecules 
by GPDADMAC can be explained by the two models. 
Based on the Langmuir model (Fig. 8a), it implies that there 
is a strong attachment of phenol molecules onto a limited 
number of adsorption sites with homogenous sorption 
energies present on a single surface layer of GPDADMAC. 
The maximum adsorption capacity as calculated from 
Langmuir was 4.54 mg g–1. Furthermore, the value of sep-
aration factor, RL, which is between 0 and 1, indicates that 
the adsorption of phenol on the GPDADMAC is favorable.

Comparing with Freundlich model, Fig. 8b, the good 
fit shown by the adsorption experimental data on Temkin 
model (Fig. 8c) indicates that an increase in the surface 
coverage of GPDADMAC by phenol molecules leads to 
a linear decrease in the sorption energies. Moreover, the 
positive value of the constant, b, points to the fact that the 
adsorption process is exothermic. A comparative study of 
the performance of GPDADMAC with other materials from 
literature is presented in Table 4.

 
Fig. 8. (a) Langmuir isotherm plot, (b) Freundlich isotherm plot and (c) Temkin isotherm plot for phenol removal by GPDADMAC.

Table 3
Parameters of isotherm models for the adsorption of phenol by 
GPDADMAC

Langmuir Freundlich Temkin

R2 = 0.992 R2 = 0.948 R2 = 0.9995
KL (L g–1) = 0.50 KF (mg g–1) = 1.38 KT (mg g–1) = 1.53
qm (mg g–1) = 4.54 n = 1.81 b (J mol–1) = 2,400.5
RL = 0.21

Table 4
Comparison of phenol adsorption performance of GPDADMAC with other materials from literature

Material Adsorption capacity from 
(mg g–1)

% Phenol 
removal

Contact 
time

Initial phenol 
concentration

Adsorbent 
dosage

References

Activated carbon (AC) 1.348 (from Langmuir isotherm) 75% 2 h 2 mg L–1 50 mg [24]
Carbon nanotubes (CNTs) 1.098 (from Langmuir isotherm) 62% 2 h 2 mg L–1 50 mg [24]
Fly ash (FA) 1.007 (Langmuir isotherm) 60% 2 h 2 mg L–1 50 mg [24]
Carbon nanofibers (CNFs) 0.842 (Langmuir isotherm) 41% 2 h 2 mg L–1 50 mg [24]
Activated carbon from sawdust 0.022 (Langmuir isotherm) – 3 h 20 mg L–1 10 g L–1 [56]
Graphene 18.6 (Experimental) 63.1% 48 h 50 mg L–1 1.7 g L–1 [57]
GPDADMAC 4.5413 (Langmuir isotherm ~80% 10 min 10 mg L–1 400 mg This work
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3.5. Thermodynamics

The thermodynamic model was investigated at absolute 
temperatures of 298, 308 and 318 K under the experimental 
conditions of 10 ppm initial phenol concentration, 4 g L–1 
adsorbent dosage, 30 min contact time, 150 rpm agitation 
speed and initial solution pH of 6. From the plot of ln K0 vs. 
T–1 displayed in Fig. 9, the enthalpy change (ΔH) and entropy 
change (ΔS) were, respectively, obtained from the slope and 
intercept. The negative value of ΔH suggests that the adsorp-
tion process was exothermic. Also, negative values of the 
ΔG at the different temperatures indicate the spontaneity 
of the adsorption process. There was increased randomness 
at the interface of the solution containing phenol and the 
GPDADMAC surface as suggested by the positive value of 
the ΔS. The values of (ΔH), (ΔS) and (ΔG) are summarized 
in Table 5.

4. Conclusion

A graphene-polymer adsorbent, GPDADMAC, was suc-
cessfully synthesized by functionalizing graphene oxide 
with PDADMAC as evidenced by FTIR result. The poten-
tial of GPDADMAC to remove phenol from a single solute 
solution was investigated. The results of the batch adsorption 
experiments showed that the adsorbent removed about 80% 
of the phenol in solution within the first 10 min. The amount 
of phenol removed by GPDADMAC was quite stable under 
the influence of different initial solution pH, which implies 
that the adsorbent can perform within a wide range of pH. 
Kinetic modeling of the experimental data revealed that the 
pseudo-second-order model gave the best fit and therefore 
best explained the adsorption mechanics between phenol 

and GPDADMAC. Adsorption isotherm of experimental 
data were well represented by both Langmuir and Temkin 
models. In conclusion, the GPDADMAC can be considered 
a good adsorbent for phenol compared with other synthetic 
adsorbents.
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