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ABSTRACT

Oil palm (Elaeis guineensis) empty fruit bunches (OPEFB) was treated with cetyltrimethy-
lammonium bromide (CTAB) to make its surface suitable for methyl orange (MO) dye
adsorption. CTAB-treated OPEFB samples were characterized for their surface functional
groups using FTIR, pHzpc, proton-binding capacity, and Boehm titration techniques. The
surface morphology and elemental composition of the sample were also studied, employing
field emission scanning electron microscopy and energy dispersive X-ray spectroscopy
(EDS). It was found that in totality, acidic surface functional group increased after CTAB
treatment. The adsorption process was well explained with pseudo-second-order kinetic
model. The obtained equilibrium sorption data were then analyzed using the Langmuir,
Freundlich, Dubinin-Radushkevich, and Tempkin isotherms. The results showed that
sorption was surfactant dose dependent and adsorption increased with an increase in the
percentage of surfactant applied on the OPEFB. The maximum adsorption of MO was found
at 1% surfactant treatment dose. It was also determined that MO adsorption onto the
OPEFB treated with 1% CTAB solution (1% CTAB-OPEFB) followed the monolayer
(Langmuir) adsorption. The maximum adsorption capacity of 1% CTAB-OPEFB for the
removal of MO was found to be 18.08 mg/g at 298 K (at pH 6.3). Thermodynamic study
revealed that the adsorption process was spontaneous and exothermic in nature. There was
no energy barrier to initiate the adsorption of MO dye on the CTAB-treated OPFB.
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1. Introduction

It is a known fact that the presence of dyes in a
water system is hazardous to the environment and
human beings. The discharge of dye effluents to the
environment is becoming a major concern due to its
toxicity. The sources of these dyes are different types
of industries such as textiles, dye manufacturing, dye-
ing, and printing. These dyes can also consume the
dissolved oxygen required by aquatic species. Many
of them have direct toxicity to microbial populations
and even can be toxic and carcinogenic to mammals.
The complex aromatic structures of dyes make them
more stable and more difficult to remove from the
effluents. It is a general perception that water quality
is greatly influenced by its color since dye is the first
contaminant to be recognized in wastewater. The pres-
ence of even small amounts of dyes in water—less
than 1 ppm for some dyes—is highly visible and
undesirable [1]. Therefore, removal of dye has been a
very important but challenging area of wastewater
treatment. Several methods including biological and
physicochemical technologies have been suggested to
remove dyes from wastewater. These processes
include coagulation, electro-coagulation, anaerobic
treatment, flotation, filtration, ion exchange, membrane
separation, adsorption, and advanced oxidation [2—4].

Currently, there is growing interest in using low-
cost, commercially available materials for the adsorp-
tion of dyes. The utilization of agricultural wastes for
the treatment of polluted water is also an attractive
and promising option for the environment. A wide
variety of agricultural waste materials are being used
as low-cost alternatives to replace expensive adsor-
bents. Oil palm (Elaeis guineensis) agricultural wastes
have gained wide attention as effective adsorbents
due to its low cost and significant adsorption potential
for the removal of various pollutants. Malaysia is one
of the largest producers and exporters of palm oil in
the world, accounting for 11% of the world’s oils and
fats production and 27% of export trade of oils and
fats. With the growth of palm oil production in
Malaysia, the amount of residues generated also show
a corresponding increase. In Malaysia, oil palm indus-
tries are producing substantial quantities of non-oil
palm biomass of about 90 million tons of lignocellu-
losic biomass each year. The empty fruit bunches
represent about 9% of this total solid waste production
[5,6]. Therefore, attention is given to utilize empty
fruit bunches as an adsorbent to clean water.

Many physical and chemical treatments for surface
modification of the adsorbent have been invented by
the contemporary researchers to enhance the adsorp-
tion capacity for dyes removal. Adsorption capacity of
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agricultural waste is commonly high for cationic dyes,
whereas anionic dyes have a relatively low adsorption
capacity. This may be due to the fact that the waste’s
surface is usually negatively charged in natural water
bodies, which does not benefit to adsorb anions [7].
Therefore, the surface of the agricultural wastes has to
be modified to improve their adsorption capacities
for anionic dyes. Therefore, the surfaces of these
agricultural wastes are modified by cationic surfactant
to improve the adsorption capacity. Recently, some
agricultural wastes were modified by surfactant for
the removal of anionic dyes, resulting in satisfying
adsorption capacities [8-10]. Surface-active substance
or surfactants are amphipathic substances with
lyophobic and lyophilic groups making them capable
of adsorbing at the interfaces between liquids, solids,
and gasses. They form self-associated clusters,
which normally lead to organized molecular assem-
blies, monolayers, micelles, vesicles, liposomes, and
membranes. Depending upon the nature of hydrophi-
lic group, they can be anionic, cationic, non-ionic, and
zwitterionic. The critical micelle concentration (CMC)
is the concentration of amphiphilic molecules in
solution at which the formation of aggregates such as
micelles, round rods, and lamellar structures, in
the solution [11]. Due to these characteristics, surfac-
tant-modified adsorbents are not only superior in
terms of their removal efficiency than that of the
conventional adsorbents, but also encourage selective
adsorption [12].

The objective of this study was to improve the
adsorption capacity of oil palm empty fruit bunches
(OPEFB) to adsorb methyl orange (MO). The surface
of the OPEFB was modified by impregnating it with
the cationic surfactant cetyltrimethylammonium bro-
mide (CTAB). Adsorption capacities of the OPEFB
modified with CTAB were also examined under vari-
ous conditions to evaluate adsorption capacity of MO.
Adsorption behavior of the CTAB-modified OPEFB
was examined in terms of adsorption isotherms.

2. Materials and methods
2.1. Adsorbent preparation

OPEFB (E. guineensis) was supplied by Sabutek
Sdn. Bhd., Teluk Intan, Perak, Malaysia. The OPEFB
was washed with distilled water to remove dust and
soluble substances. The samples were soaked in 0.1 N
HCl solution overnight followed by washing to
remove all soluble acid impurities. Then, the washed
OPEFB was again soaked in 0.1 M NaOH solution
overnight followed by washing to remove all soluble
base impurities. The samples were dried, ground, and
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washed thoroughly with distilled water for several
times and dried in an oven at a temperature of 60
+ 2°C for 48 h. Then, they were crushed and sieved to
produce particles in the range of 150-200 pm size.

For modification of adsorbent, CTAB (CHj;
(CH,)14CH,N"' (CHj3)3Br) (chemical structure shown
in Scheme 1) analytical grade from Sigma-Aldrich
was used. The OPEFB was modified by cationic sur-
factant CTAB. Ten grams of OPEFB and 100 mL of dif-
ferent percentage (0.5, 1.0 and 2.0%) CTAB solutions
were added to a 500-mL conical flask. The mixture
was agitated in a shaker machine for overnight at a
speed of 120 rpm. In the next step, suspension was left
undisturbed to separate the liquid and the OPEFB
from each other. The liquid was discarded, and the
modified OPEFB samples were washed with distilled
water several times to remove superficially held sur-
factant and chloride ions. The modified samples were
dried in a hot air oven at 343 K for 7 h. The samples
of the adsorbents prepared with different percentage
of surfactants were coded as 0.5% CTAB-OPEFB for
0.5% surfactant-treated sample, 1% CTAB-OPEFB for
1% surfactant-treated sample, and 2% CTAB-OPEFB
for 2% surfactant-treated sample. The selection of
modified OPEFB for further study was based on the
adsorption performed on different percentage of
surfactant.

2.2. Characterization of CTAB-modified OPEFB

Field emission scanning electron microscopy
(FESEM) (Carl-Ziess SMT, Oberkochen, Germany) and
energy dispersive X-ray spectroscopy (EDS) (Oxford
INCA 400 Oxford Instruments Analytical, Bucks, UK)
analysis were carried out on untreated OPEFB and
CTAB-modified OPEFB samples to study their surface
morphology before and after adsorption of MO.

Fourier-transformed infrared spectrophotometer
(Nicolet AVATAR 380) was also employed to analyze
the surface functional of the OPEFB and surfactant-
modified (1% CTAB-OPEFB) adsorbent. The potas-
sium bromide (KBr) was used in the ratio of 1:100
(sample to KBr weight ratio) with oven-dried sample
to make pellets at a pressure of 10342.13 kPa for infra-
red analysis. The spectra were recorded by 64 scan
with 4 cm™ resolution in the mid-infrared region.
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The point of zero charge of OPEFB and 1% CTAB-
OPEFB was determined using the method described
in a study by Fiol and Villaescusa [13]. Suspensions of
6 g/L of the sample were put in contact with 0.03 M
KNOj; solutions adjusted at pH values of 2.04, 3.01,
4.06, 5.56, 7.6, 8.5, 9.3, and 10.4. The suspensions were
agitated for 24 h in an orbital thermostat shaker (Pro-
tech, Model: 903) at 100 rpm. The change of pH (ApH)
during equilibration was calculated. The pHzpc was
the trough of the pH vs. |ApHI plot. The pHzpc of
an adsorbent is an important characteristic that
determines the pH at which the adsorbent surface has
net electrical neutrality. At this value, the acidic or
basic functional groups no longer contribute to the pH
of the solution.

About 0.100 + 0.0001 g of weighed amount of sam-
ple was taken into Erlenmeyer flask before 20 mL of
0.1 M NaCl solution was added as background elec-
trolyte solution. Then, 1 mL of either 0.1 M HCI or
0.1 M NaOH solution was added to change the pH of
the OPEFB sample and 0.1 M NaCl mixture. The flask
was left for agitation at room temperature to attain the
equilibrium level. The change in pH during attaining
equilibrium was converted into proton-binding capac-
ity (Q) (mmol/g) of the OPEFB sample using the fol-
lowing equation:

(Vo =V
m

Q- ([H); — [OH], ~ [H, + [OH],) M

where Vj and V, are the volumes (mL) of background
electrolyte (0.1 M NaCl) and the titrant (0.1 M NaOH or
0.1 M HCI) added and m is the mass of adsorbent (g).
Substituents i and e refer to the initial and equilibrium
concentration.

Boehm titration method was used to determine the
number of oxygen surface functional group in the acti-
vated carbon. About 0.5g of OPEFB sample was
placed in conical flasks with 50 mL of following solu-
tions: 0.1 M of sodium hydroxide, 0.1 M of hydrochlo-
ric acid, 0.1 M of sodium bicarbonate, and 0.05 M of
sodium carbonate. The capped conical flasks were
sealed with film and stirred for 24 h and filtered, after
that 10 mL of each filtrate was titrated with HCI and
NaOH depending upon the nature of titrant. The
number of acidic sites of various types was calculated

CHs Cetyltrimethylammonium bromide

Scheme 1. Chemical structure of CTAB.
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by presuming that sodium hydroxide neutralizes
carboxylic, phenolic, and lactonic groups; sodium
carbonate neutralizes carboxylic and lactonic groups;
and sodium bicarbonate neutralizes only carboxylic
groups. The number of basic sites was estimated by
the amount of hydrochloric acid consumed by the
carbon during stirring.

A modified method based on Boehm’s technique
was used to measure the cationexchange capacity
(CEC) of the OPEFB samples. A weighed amount of
sample (0.200 + 0.0027 g) was placed into an Erlen-
meyer flask. A volume of 50 mL of 0.1 M sodium
hydroxide, 0.05M sodium carbonate, and 0.1M
sodium hydrogen carbonate solutions was added. To
attain equilibrium, the flasks were shaken for 24 h.
After equilibration, the NaOH concentration was mea-
sured by titration with HCI. The quantity of NaOH
consumed was converted to CEC and expressed in
mmol/g using the following equation.

CEC =

where N; and N, are the normality of the NaOH solu-
tion before and after equilibrium, respectively; V is
the volume of NaOH taken in Erlenmeyer flask, and
m is mass of activated carbon used.

2.3. Adsorbate solutions

An anionic dye, MO (C;4H14N3NaO3S) (chemical
structure shown in Scheme 2), was purchased from
Sigma-Aldrich and used without further purification. A
stock solution of 1,000 mg/L was prepared by dissolv-
ing required amount of dye in double-distilled water
which was later diluted to desired concentrations.

2.4. Batch adsorption studies

Previously prepared different percentages surfac-
tant dose adsorbent (0.5% CTAB-OPEFB, 1% CTAB-
OPEFB and 2% CTAB-OPEFB) masses of 0.1, 0.2, 0.3,

038 N—N N

4
AN

Methyl orange dye molecule in acidic solution

Scheme 2. Chemical structure of methyl orange dye in
aqueous solution.
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0.5, 0.7, 0.9, 1.0, and 1.5 g were taken separately for
each percentage. The experiments were performed by
adding the known weights of each adsorbent of 0.5%
CTAB-OPEFB, 1% CTAB-OPEFB, and 2% CTAB-
OPEFB into eight 250-mL capped conical flasks sepa-
rately containing 50 mL of 100 ppm MO solution. For
observing effect of temperature on adsorption, 0.7 g of
1% CTAB-OPEFB was kept in contact with 50 mL of
100 ppm MO dye solution at temperatures, ranging
from 298 to 338 K in the temperature-controlled water
bath. For observing the effect of initial concentration
on adsorption, 0.7 g of 1% CTAB-OPEFB was kept in
contact with 50 mL of MO dye solution with concen-
trations, ranging from 50 to 200 ppm at a fixed tem-
perature of 298 K and pH of 6.3 inside a temperature
control water bath. The conical flasks were shaken at
150 rpm for 24 h, and the equilibrium concentration of
MO remaining in the solution phase was analyzed by
UV-vis spectrophotometer (Shimadzu model UVmini
1240) at wavelength 464 A.

The percentage of MO adsorption and adsorption
capacity at equilibrium, q., of the adsorbents was
computed using below equations:

(Ci — Ce) x 100

C 3)

% adsorption =

g = GmCI XV 5;) <V @
where C; and C, are the initial and equilibrium con-
centration of MO (mg/L) in the solution, V is the vol-
ume of solution in mL, and m is the mass of
adsorbent taken in g units.

To quantify the applicability of proposed models,
the correlation coefficients, R%, were calculated from
these plots. The linearity of these plots indicates the
applicability of the models. Chi-square (*) test was
also done to evaluate the best-fit adsorption model.
The equation for evaluating the chi-square test to best
fit the model is written as follows:

) (Gt — Ge(mod))
= - 5)
Z qt(mod)

3. Results and discussion
3.1. Characterization results of CTAB-modified OPEFB

The effect of percentage of surfactant that used to
modify the OPEFB surface was studied in this work.
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The surfactant percentage was taken 0.5, 1.0, and 2.0%
onto dry weight of OPEFB. The obtained 0.5% CTAB-
OPEFB, 1% CTAB-OPEFB, and 2% CTAB-OPEFB were
evaluated for the effect of percentage surfactant on
efficiency of adsorption. Fig. 1 shows the removal of
MO by 0.5% CTAB-OPEFB, 1% CTAB-OPEFB, and 2%
CTAB-OPEFB as well as OPEFB. The dosages of
adsorbents were taken in the range of 0.1-0.7 g with
initial concentration of 100 mg/L of MO dye solution.
The adsorption experiments were conducted at tem-
perature 298 K. No significant amount of dye was
removed by pristine OPEFB as can be seen in Fig. 1.
The adsorbents (OPEFB) modified with different per-
centage of surfactant (CTAB) as mentioned previously
were also investigated for adsorption of MO. It was
observed that with the rise of percentage of surfactant
onto the OPEFB, the adsorption capacity increases,
from 0.5 to 1% much rise was observed, but from 1 to
2% only small rise in adsorption capacity was
observed. Based on the experiments, it could be con-
cluded that at 1% surfactant (CTAB), dose was suffi-
cient for the saturation of surfactant on the surface of
OPEFB. In view of these findings, 1% CTAB-OPEFB
was selected as optimized adsorbent for further study.

Fig. 2 illustrates the FESEM micrographs of OPEFB
adsorbents before and after CTAB treatment. After 1%
CTAB treatment, the ditches on the surface of OPEFB
remains and there was not much morphological
change in the surface image as can be seen in figure
(Fig. 2). The EDS studies of OPEFB and 1% CTAB-
modified OPEFB are shown in Fig. 3. After CTAB
treatment, the percentage carbon on the surface of
adsorbent increased from 49.7 to 52.3%.

100 - o = "
v ‘_'_'____,_...g
90 -
80 &
S nd —D— OPEFB
3 —0—0.5%CTAB-OPEFB
@ g0 —v— 1%CTAB-OPEFB
- —4— 2% CTAB-OPEFB
i 50
B ]
‘_._'_____._-—-'—'--
40 :/n—-——‘"'
30 -

T T T

T
01 02 0.3 04 05 06 07
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Fig. 1. Effect of adsorbent dosage for the adsorption of
MO on different % CTAB-modified OPEFB.
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"TAB treated OPEFB

Fig. 2. FESEM micrographs of OPEFB and 1% CTAB-
OPEFB.

The FTIR spectra of the samples as well as starting
materials are shown in Fig. 4, and the spectra compare
the presence of functional groups in parent materials,
OPEFB and CTAB, and after combination of these two
kinds of materials, the resultant change in functional
groups occurs at the surface of adsorbent (1% CTAB-
OPEFB). It can be seen from the spectra that multiple
peaks are exhibited by the samples that indicate the
presence of long molecular chains in the samples. For
OPEFB and 1% CTAB-OPEFB, there is no major
change in the number of peaks, because the major part
of adsorbent (1% CTAB-OPEFB) contains OPEFB, and
only 1% CTAB is present in it. Therefore, only minor
broadening of the peak was observed. But this minor
change in the surface functional groups plays a major
role in MO adsorption. The Fourier-transformed infra-
red measurement for the 1% CTAB-OPEFB showed
the presence of following functional groups: —-OH
(broad peak at 3,419, 3,570-3,200 cm™ D), methylene
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Fig. 3. EDS spectrum for OPEFB and 1% CTAB-OPEFB.

C-H asym./sym. stretching (2,935-2,915, 2,918 cm Y,
—-COONH, (1,680-130, 1,643 cm™}), carboxylate
(1,420-1,300 cm™ ), tertiary CN- stretch (1,165 cm™),
—C—C- skeletal vibrations (1,350-1,000 cm™ "), and C-H
out of plane bend (897 cm™) [14].

The pH of the solution affected the surface charge
of the adsorbents as well as the degree of ionization of
dyes. The hydrogen ion and hydroxyl ions were
absorbed quite strongly, and therefore, the adsorption
of other ions was affected by the pH of the solution.
The pHzpc values of OPEFB and 1% CTAB-OPEFB
were found to be 3.5 and 3.3, respectively. It can be
deduced from the result that pHzpc was reduced after
CTAB modification of OPEFB. The small difference in
pHzpc could be due to using very low percentage of
surfactant (1% of CTAB) to modify OPEFB. The pro-
ton-binding capacity and cation exchange capacity
increased after CTAB modification (values are shown
in Table 1). These small changes in characteristics
were found much effective for MO adsorption onto
1% CTAB-OPEFB surface.

The changes occur after CTAB treatment on
OPEFB as described above were further investigated
by the Boehm titration method. The results of Boehm
titration are presented in Table 1. It was found that
carboxylic and lactonic groups decreased, whereas

phenolic and acidic groups (other than carboxylic and
lactonic) increased after CTAB treatment. When the
results are compared, the pristine OPEFB and CTAB
treated OPEFB (1% CTAB-OPEFB). After CTAB treat-
ment, no changes were observed on basic functional
groups of OPEFB. These results show that the CTAB
probably interact with the acidic functional groups
(carboxylic and lactonic) of OPEFB and create some
suitable functional groups that enhance the adsorption
of MO.

3.2. Adsorption studies of the MO dye

Effect of adsorbent dosage on the percent adsorp-
tion was conducted to evaluate the efficiency of
adsorption at a different amount of adsorbent. Fig. 5
shows the removal of MO by 1% CTAB-OPEFB, using
different dosage of adsorbent (0.1-1.5 g) at initial con-
centration of 100 mg/L of MO solution and 25°C.
From the figure, it was observed that the percentage
of MO removal increased from 4824 to 99.34% with
an increase in adsorbent dosage from 0.1 to 0.7 g and
further increase in adsorbent dose was not much
effective in percentage MO removal. Hence, 0.7 g of
1% CTAB-OPEFB was selected as optimum weight for
isotherm study. The initial increase in adsorption of
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Fig. 4. FTIR spectra of CTAB, OPEFB, and 1% CTAB-OPEFB.

Table 1
Characterization of OPEFB and 1% CTAB-treated OPEFB

1% CTAB-
OPEFB OPEFB
Parameters
pHzpc 3.5 3.3
Proton-binding capacity 0.0053 + 0.0134 +
(mmol/g) 0.0018 0.0020
Cation exchange capacity 1.89 +£0.38 2.13+0.14
(mmol/g)
Boehm titration results
Carboxylic (mmol/g) 0.181 0.084
Lactonic (mmol/g) 0.868 0.448
Phenolic (mmol/g) 0.055 0.430
Basic groups (mmol/g) 0.022 0.022
Acidic groups (mmol/g) 1.680 1.931
Total (mmol/g) 1.702 1.953

MO with adsorbent dosage can be attributed to the
availability of more adsorption sites due to CTAB
association with OPEFB surface.

Adsorption of cationic surfactant from solution
onto solid surfaces has undergone extensive study in
recent years. Several mechanisms were proposed to
the adsorption of cationic surfactants onto solid
surfaces [15,16]. The nonpolar portion of CTAB most
likely interacts with OPEFB surface through
hydrophobic bonding, and the polar-charged head
groups pointed toward the bulk of the solution,
making the surface potential positive. In solution,
certain groups in the OPEFB, such as lignin and cellu-
lose, loose hydrogen ions and form a particle surface
with a negative potential [17]. Therefore, another
possible mechanism was the electrostatic attraction of
surfactant cations onto the OPEFB surface, which
offered a negative charge. As the concentration of sur-
factant will reach above the CMC [18], adsorption
increases through hydrophobic interaction between
hydrocarbon chains of the surfactant in the solution
and the surfactant molecules already adsorbed on the
surface. In both mechanisms, the surface got a positive
potential, which was conducive to the removal of
anionic dyes.
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Fig. 5. Effect of adsorbent (1% CTAB-OPEFB) dosage for
the adsorption of MO.

3.3. Kinetics of MO dye adsorption

In this study, the rate of removal of MO dye from
aqueous solution by 1% CTAB-OPEFB was evaluated.
It was evident that the solute uptake rate controls the
residence time of adsorbate uptake at the solid-liquid
interface including the diffusion process. The mecha-
nism of adsorption depends on the physical and
chemical characteristics of the adsorbents and on the
mass transfer process. The removal of MO dye against
time obtained from adsorption experiments was used
to study the kinetics of MO adsorption. The rate of
the adsorption of MO onto 1% CTAB-OPEFB was
applied to the Lagergren pseudo-first-order model
[19], pseudo-second-order model [20], and Weber—
Morris diffusion model [21]. The conformity between
experimental data and the predicted values of the
model was expressed by the correlation coefficient
(R? and chi-square (y*) test.

3.3.1. Pseudo-first-order kinetic model

The Lagergren pseudo-first-order rate model is
based on the capacity of the adsorbent and is
generally expressed as follows:

d
T =kilg. ) ©

where g, (mg/g) is the amount of solute adsorbed at
equilibrium per unit weight of adsorbent, g; (mg/g) is
the amount of solute adsorbed at a given time, and k,
is the pseudo-first-order adsorption rate constant.
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The Eq. (6) was integrated under the boundary
conditions t=0 to t>0 (=0 to g,>0) and
rearranged to obtain the following time-dependent
function:

k
lOg (qe - qt) = 10g (Qe) - <23]03>t (7)

The value of k; in the pseudo-first-order kinetic model
and the corresponding correlation coefficients (R*) and
x> values were calculated and are summarized in
Table 2.

The results showed that there is a large difference
between the experimental adsorption capacity
(ge = 7.119 mg/g) and adsorption capacity determined
by the kinetic model (g. =0.120 mg/g). Poor correla-
tion coefficient value (R*=0.4578) and very high ;>
value (4* = 422.4) indicate that this kinetics model can-
not be predicted for adsorption of MO onto 1%
CTAB-OPEFB.

3.3.2. Pseudo-second-order kinetic model

The kinetic data were analyzed by applying the
pseudo-second-order model to the experimental data.
The pseudo-second-order kinetic model can be
expressed as follows:

Table 2
Kinetic model for the adsorption of MO onto 1%
CTAB-OPEFB

Values
Kinetic models and its parameters
e, exp (ME/ ) 7.119
Pseudo-first-order kinetic model
e, cal (Mg/g) 0.12
K, x 1072 (1/min) 0.392
22 4224
R? 0.4578
Pseudo-second-order kinetic model
e, cal (mg/g) 7.12
k> x 107 (g/mg/min) 60.74
h (mg/g/min) 30.77
22 5.6 %1077
R? 1.000
Intra-particle diffusion
ka1 (mg/g/min1 /2) 1.9723
kg> (mg/g/min'/?) 0.0011
C;1 (mg/g) 2.0397
C, 7.0814
R{? 0.6227
R 0.9186




—q)° ®)

After integrating Eq. (8) under the boundary condi-
tions t =0 to t >0 and g; =0 to q; > 0 and rearranging
the equation, the following linearized form of the
pseudo-second-order model was obtained.

t 1 1
I — |t 9
qt (kzqﬁ) * (q> ©

h = kog? (10)

where h (mg/g/min) is the initial sorption rate. A
plot of t/gq; vs. t should produce a straight line, and
the values of g. (mg/g) and k; (g/mg/min) can be
determined from the slope and intercept of the plot.

The values of kj, g., and & are presented in Table 2,
along with the corresponding correlation coefficients
(R?) and y? test values. The correlation coefficient (R?)
for this model was absolute (R? = 1.00), and xz test val-
ues (> = 5.6 x 1077) were very low which indicate that
the model provided a perfect fit of the experimental
data. The experimental adsorption capacity and
pseudo-second-order model-based adsorption capacity
was 7.119 and 7.120 mg/g, respectively. Thus, it can
be concluded that the adsorption of MO onto 1%
CTAB-OPEFB perfectly follows the pseudo-second-
order kinetic model.

3.3.3. Weber-Morris diffusion model

The possibility of intra-particle diffusion was
examined by applying the Weber-Morris diffusion
model to the experimental data. According to the
Weber-Morris diffusion model, the amount of
adsorbed material is proportional to the square root of
the contact time,

g =kat'*+C (11)
where kq; and kg, (mg/g/ min'/?) are the intra-parti-
cle diffusion constant and C; and C, are the thickness
of the boundary layer which was calculated from
intercept of the plot of Eq. (11) in units of mg/g.

The Eq. (9) was applied to the adsorption data
obtained at various contact times. The shape of plot
indicated that the diffusion takes place in two steps.
The rate of diffusion and the boundary thickness was
calculated in each step. It was found that initially, the
diffusion rate (kg1 =1.9723 mg/g/ min'’?) was high
with small boundary thickness (C; =2.0397 mg/g),
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and second phase of adsorption has low diffusion rate
(kg1 = 0.0011 mg/g/min'/?) and large boundary
thickness (C, =7.0814 mg/g). The rate constant for
intra-particle diffusion and the correlation coefficient
was calculated from the respective plots and are
displayed in Table 2.

3.4. Isotherm studies

The adsorption behavior of 1% CTAB-OPEFB for
the removal of MO from aqueous solution was
quantified with the Freundlich, Langmuir, Dubinin-
Raduskevich (D-R), and Tempkin isotherm models.

3.4.1. Freundlich adsorption isotherm model

The Freundlich model can be applied for non-ideal
adsorption on heterogeneous surfaces and multilayer
adsorption [22]. According to this model:

g = Ke[Ce]"” (12)

Inge = InKg + %m{ce] (13)

where C, (mg/L) is the equilibrium concentration and
gde (mg/g) is the amount adsorbed per specified
amount of adsorbent, Kg is Freundlich equilibrium
constant, and # is an empirical constant.

For the Freundlich isotherm, the plot of In g, vs. In
C. gives a straight line with a slope 1/n and an inter-
cept of In kg. This model deals with the multilayer
adsorption of the adsorbate onto the adsorbent. The
related parameters were calculated and presented in
Table 3. The Freundlich type adsorption isotherm is
an indication of surface heterogeneity of the adsorbent
and thus is responsible for multilayer adsorption due
to the presence of energetically heterogeneous adsorp-
tion sites. For the present study, it can be seen from
Fig. 6 that experimental data points were not follow-
ing the model trend line. Hence, it can be concluded
that MO adsorption onto 1% CTAB-OPEFB was not
following the Freundlich isotherm model.

3.4.2. Langmuir adsorption isotherm model

This model assumes that the adsorptions occur at
specific homogeneous sites on the adsorbent and are
used successfully in many monolayer adsorption pro-
cesses [23]. The data of the equilibrium studies for
adsorption of MO onto 1% CTAB-OPEFB may follow
the following form of Langmuir model:
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Table 3
Adsorption isotherm constants and correlation coefficients
for the adsorption of MO onto 1% CTAB-OPEFB at 25°C

Values
Freundlich isotherm constants
Kg (mg/g) 9.481
n 2.282
R? 0.789
Langmuir isotherm constants
K, (L/mg) 1.333
Jm (mg/g) 18.08
Ry 0.003
R? 0.977
Dubinin—Radushkevich isotherm
constants
B %1078 (mol*/J?) 0.300
Im (g/g) 16.15
E (kJ/mol) 12.90
R? 0.802
Tempkin isotherm constants
B, (mg/g) 3.972
Kr (mg/L) 13.24
R? 0.909
16
14
12 -
10
o
8
; m  Experimental data
1. Langmuir isotherm
cereeener. FrEUNdlich isotherm
add - —— ——Dubinin-Radushkevich isotherm
T T T T
0 1 2 3 4
C

Fig. 6. Isotherm plot of C. vs. g, for the adsorption of MO
onto 1% CTAB-OPEFB.

. (1 1
== +(—)c
)+ )

where Kj, (in units of L/mg) is the Langmuir equilib-
rium constant and gy, (in units of mg/g) is the maxi-
mum amount of adsorbate required to form a

(14)
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monolayer. Hence, a plot of Ce/ge vs. Ce should be a
straight line with a slope (1/4,) and an intercept as
(1/GmKy).

The adsorption isotherms revealed the specific
relation between the concentration of the adsorbate
and its adsorption degree onto adsorbent surface at a
constant temperature. The applicability of the isotherm
was judged by the correlation coefficient (R?) values.
The Langmuir type adsorption isotherm indicates sur-
face homogeneity of the adsorbent and points toward
the conclusion that the surface of adsorbent was made
up of small adsorption patches which were energeti-
cally equivalent to each other in respect of adsorption
phenomenon. When C./g. is plotted against C., a
straight line with a slope (1/Kp) and an intercept as
(1/9mKyp) is obtained. The correlation coefficient (R?
values of 0.977 indicated that the adsorption data of
MO onto 1% CTAB-OPEFB were well fitted to the
Langmuir isotherm. The values of constants K, and g,
were calculated and reported in Table 3.

From Table 3, the Langmuir adsorption isotherm
model yielded best fit as indicated by the highest R
values for all temperatures compared to the
Freundlich adsorption isotherm model. Surfactant-
modified 1% CTAB-OPEFB was found having a
moderate adsorption capacity of 18.08 mg/g indicating
that it could be considered as a promising material for
the removal of MO from aqueous solutions.

For the investigation of favorable or unfavorable
adsorption of MO onto 1% CTAB-OPEFB, the
Langmuir model can be classified by a dimensionless
constant, Rp. Mathematically, it can be defined by the
following relation:

1

R=T7x )

(15)

where K; (L/g) is the Langmuir constant and Co
(mg/L) is the highest initial MO concentration used
for isotherm study. If the value of Ry > 1, the adsorp-
tion will be unfavorable; R =1, the adsorption will be
linear; Ry <1, adsorption will be favorable; and
Ry, =0, adsorption will be irreversible. The value of Rp
for MO adsorption onto 1% CTAB-OPEFB was 0.003
(RL < 1), which indicates the favorable adsorption.

3.4.3. D-R isotherm models

The D-R model was applied to equilibrium data to
determine the physical or chemical nature of the
adsorption process [24]. The linearized form of the
D-R model is given below:
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Inge = In g — Be? (16)
where £ (mol®/J?) is the activity coefficient related to
mean adsorption energy and ¢ (kJ* mol®) is the Polanyi
potential.

The Polanyi potential [25] can be calculated using
the following equation:

¢ =RT ln<l +ée)

The mean adsorption energy, E (kJ/mol), is calculated

(17)
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about the nature of adsorption whether it is a chemi-
cal ion exchange or physical adsorption. The values of
E that lie between 8 and 16 kJ/mol depict the
adsorption process that follows the chemical ion
exchange. The mean free energy for this adsorption
was found to be 12.90 kJ/mol, which indicated that
adsorption mechanism was followed by chemical ion
exchange.

3.4.4. Tempkin isotherm models

The Tempkin isotherm is given as follows:

with the help of the following equation: e = RTTln (K1Ce) (19)
E = 1 (18)  which can be linearized as follows:
V2B

The values are the mean free energy, E, the activity fe =BilnKr+BilnCe @0)
coefficient, B, and the correlation coefficient (R?) and
are reported in Table 3. The adsorption potential was where,
independent of the temperature, but it depends upon
the nature of the adsorbent and adsorbate. The mean RT

. . ; - By =— (21
free energy of the adsorption, E, provides information b
Table 4
Comparison of MO dye removal capacities through various adsorbents
. Adsorption condition
Temp Dose
Adsorbent MO X pH (g/L) References
Physically activated Acacia mangium wood carbon in the presence of 7.5 298 6.30 1.6 [27]
CO, gas
Chemically activated Acacia mangium wood carbon in the presence of 196.3 328 6.27 0.5 [28]
H;PO4

Raw bentonite 34.3 295 400 125 [29]
Banana peel 17.2 303 6-7 1.00 [30]
Orange peel 15.8 303 >7.0 1.00 [30]
Ostrich bone CTABr 722.8 298 6.5 100 [31]
Ostrich bone SDBS 54.1 298 6.5 1.00 [31]
BiFe,O3/0-Fe,O3 composite 5.8 - 52 10.0 [32]
Chitosan-coated quartz sand (CCS) 45.5 293 40 100 [33]
Magnetic iron oxide nanoparticles (SPION) 0.3 - 30 - [34]
SPION-MWCN 10.5 - 30 - [34]
CTAB-modified wheat straw 50.4 303 3.0 100 [35]
Cork powder 16.7 298 20 500 [36]
Mesoporous carbon CMK-3 294.1 298 39 200 [37]
Moringa peregrine tree shell ash 14.0 293 20 13.0 [38]
Activated clay 15.9 293 <7.0 5.0 [39]
Natural skin almond (NSA) 15.0 296 40 60 [40]
H,SO,-treated skin almond (TSA) 31.2 296 40 6.0 [40]
Almond shell 38.6 293 30 1.0 [41]
HDTMAB-silkworm exuviae 77.7 303 70 200 [7]
CTAB-modified OPEFB 18.1 298 6.3 14.0  This study
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A plot of g. vs. In C, enables the determination of the
isotherm constants B; (mg/g) and Kt (mg/L) from the
slope and the intercept, respectively. K is the equilib-
rium binding constant corresponding to the maximum
binding energy. The R and T are the gas constant
(8.314 J/mol/K) and the absolute temperature (K),
respectively. The constant b is related to the heat of
adsorption.

The Tempkin isotherm contains a factor that
explicitly takes into account the adsorbate and adsor-
bent interactions. This isotherm assumes that (i) the
heat of adsorption of all the molecules in the layer
decreases linearly with coverage because of adsorbent—
adsorbate interactions and (ii) the adsorption is charac-
terized by a uniform distribution of binding energies,
up to some maximum binding energy [26]. For MO
adsorption on to 1% CTAB-OPEFB, the maximum
binding energy, Kr, and isotherm constant, B;, were
found 13.24 and 3.972 mg/g, respectively (Table 3).

We surveyed the literature to compare various
adsorbents for their adsorption capacities of MO dye.
Table 4 lists a comparison of maximum adsorption
capacities of MO on various adsorbents at certain tem-
perature and pH.

3.5. Thermodynamics of MO dye adsorption

The standard free energy change (AG®) is the
fundamental criterion of spontaneity of a process and
can be determined using thermodynamic equilibrium
constant and temperature as shown below:

AG® = —RT'InKq (22)
where R (8.314 J/mol/K) is the universal gas constant,
T (K) is the absolute temperature, and Keq is the
thermodynamic equilibrium constant. Similarly, the
standard enthalpy change (AH") and standard entropy
change (AS°) from 298.15 to 338.15 K was computed
from the following equation.

AS°  AH°

"R RT (23)

InKeq =

In order to evaluate the thermodynamic parameters
for the adsorption of MO onto 1% CTAB-OPEFB, the
adsorption studies were carried out at five different
temperatures from 298.15 to 338.15 K. Thermodynamic
equilibrium constant (K.q) was calculated as the ratio
of MO concentration adsorb onto 1% CTAB-OPEFB
and concentration remain in solution. A plot of In Keq
vs. 1/T gave a straight line as shown in Fig. 7. The
slope and intercept of the plot provides the values of

9485

6.2

5.8 o

%56 y=2173.1x-1238

R’=0.9412

InK

5.4

5.2 4
/ ]
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0.0029 0.0030 0.0031 0.0032 0.0033
1T (K)

0.0034

Fig. 7. van't Hoff plots for the adsorption of MO onto 1%
CTAB-OPEFB.

Table 5
Values of thermodynamic parameters for the adsorption of
MO onto 1% CTAB-OPEFB

Temperature AG® AH® AS®

X) (kJ /mol) (kJ/mol) (kJ/mol/K)
298.15 —14.99

308.15 —14.89

318.15 -14.79 -18.07 -10.29
328.15 —14.69

338.15 —14.58

AH® and AS°, respectively. The standard free energy
change (AG®), standard enthalpy change (AH®), and
standard entropy change (AS°) were obtained from the
Egs. ((22) and (23)), and its values associated with the
adsorption of MO onto 1% CTAB-OPEFB are listed in
Table 5. Negative values of AG® indicated the feasibil-
ity of the process and spontaneous nature of the
adsorption of MO onto 1% CTAB-OPEFB. Negative
value of AH’ indicated the exothermic nature of the
processes, while negative value of AS° reflected the
decrease in the randomness at the solid/liquid inter-
face during the adsorption process.

4. Conclusions

The present study characterized the effect of
CTAB treatment on the surface of OPEFB. The 1%
CTAB-OPEFB was having proton-binding capacity
and cation exchange capacity 0.0134 and 2.13 mmol/
g, respectively. The carboxylic and lactonic groups
in1% CTAB-OPEFB decreased to be 0.084 and
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0.448 mmol/g, respectively, compare to pristine
OPEFB (carboxylic group 0.181 mmol/g and Lectonic
group 0.868 mmol/g). The adsorption kinetics stud-
ies of MO on 1% CTAB-OPEFB proved that pseudo-
second order was a suitable kinetic model. Equilib-
rium data fitted very well in the Langmuir isotherm
equation, confirming the monolayer adsorption
capacity of MO onto 1% CTAB-OPEFB with adsorp-
tion capacity of 18.08 mg/g. Thermodynamic
parameters, enthalpy change, entropy change, and
Gibbs free energy change were also calculated for
the removal of MO. These parameters showed that
adsorption on the surface of 1% CTAB-OPEFB were
feasible, spontaneous, and endothermic in nature.
The mechanism of the adsorption was ion exchange
in nature.
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Lists of symbols

e — equilibrium adsorption capacity (mg/g)

qr — adsorption capacity at time-t (mg/g)

Jimody — adsorption capacity at time-f (mg/g)
calculated through model

Gm — maximum adsorption capacity (mg/g)

N, — normality of NaOH before adsorption

N, — normality of NaOH after adsorption

[Col — highest initial methyl orange concentration
(mg/L)

C — boundary thickness

Cy — first layer boundary thickness

G — second layer boundary thickness

C. — equilibrium methyl orange concentration in
solution (mg/L)

C; — initial methyl orange concentration (mg/L)

C — adsorbate concentration at time-f (mg/L)

Ky — Langmuir sorption equilibrium constant
(L/mg)

Ry — separation factor (dimensionless quantity)

kr — Freundlich constant (mgl_” /g/L"

n — an empirical dimensionless constant
measures nature and strength of the sorption
process and the distribution of active sites

B — activity coefficient related to mean adsorption
energy (mol®/J%)

£ — DPolanyi potential (k]2 mol?)

R — universal gas constant (8.314 J/K/mol)

T — absolute temperature (K)

E — mean free adsorption energy (kJ/mol)
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Ky — chemical equilibrium constant

B — Temkin isotherm constant

Kt — maximum binding energy

b — heat of adsorption

AG® — standard Gibbs free energy (J/mol)

AS°® — standard change in entropy (J/K/mol)

AH® — standard change in enthalpy (J/mol)

t — time in minute

kq — pseudo-first-order kinetics rate constant
(1/min.)

k; — pseudo-second-order kinetics rate constant
(g/mg/min)

h — initial sorption rate (mg/g/min)

ky — intra-particle diffusion rate constant
(mg/g/min'/?)

ks — first layer diffusion rate constant
(mg/g/min'’?)

ki» — second layer diffusion rate constant
(mg/g/min'’?)

Q — proton-binding capacity (mmol/g)

Vo — volume of background electrolyte (mL)

V. — volume of the titrant (0.1 M NaOH or 0.1 M
HCI) (mL)

m — mass of the adsorbent (g)

[HI; — injtial hydronium ion concentration (mol/L)

[OH]; — initial hydroxyl ion concentration (mol/L)

[H]e — hydronium ion concentration at equilibrium
(mol/L)

[OH]e — hydroxyl ion concentration at equilibrium
(mol/L)

Vv — volume of the adsorbate solution (mL)

R? — regression coefficient

Xz — chi-square for statistical test
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