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ORIGINAL STUDY

Oil Palm Fronds Activated Carbon via
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ABSTRACT

The extensive use of crystal violet (CV) dyes may cause water pollution. A highly porous and functionalized acti-
vated carbon can be used for adsorption of CV dyes. Activated carbon was prepared from oil palm fronds through
microwave-assisted pyrolysis and activation with phosphoric acid (H3PO,) for removal of CV dye from wastewater. The
physico-chemical characteristics of oil palm fronds activated carbon (OPFAC) was employed by Brunauer-Emmett-Teller
(BET) surface area analysis, Fourier transform infrared (FT-IR) analysis, Scanning Electron Methodology-Energy Disper-
sive X-Ray (SEM-EDX) analysis, thermogravimetric analysis (TGA), and point of zero charges (pHy,.). The adsorption
parameters such as pH (4, 7, and 10), dosage (0.02, 0.06, and 0.1 g), and contact time between absorbent and adsorbate
(2, 5, and 8 mins) were optimized using the response surface methodology-Box-Behnken design (RSM-BBD). The
experimental results showed that the optimum conditions for the removal of CV dye by OPFAC were 0.1 g dosage,
pH 9, contact time of 5 min with the percentage removal of CV dye is 91.4%. The adsorption capacity of OPFAC for
CV dye was well fitted by the pseudo-second-order (PSO) kinetic model. The maximum adsorption capacity (Qmax)
from Langmuir isotherm was 188.4 mg/g. The isotherm study is well described by Freundlich model with coefficient
of correlation (R? = 0.9488) describe that the CV dye adsorption occurred multilayer adsorption onto heterogenous
adsorption site. The thermodynamics study indicated that the adsorption process of OPFAC is through spontaneous and
endothermic condition as the values of AH® (21.86 KJ/mol) and AS° value (87.90 J/mol K) is positive.

Keywords: Oil palm frond, Activated biochar, Microwave pyrolysis, Activated carbon

1. Introduction

Palm oil is considered one of the largest crops
in Malaysia, with an area of around 5.65 million
hectares in Malaysia in 2023 [1, 2]. The rapid growth

of oil palm plantations produces a large amount of
biomass from oil palm trees. The biomass comes from
oil palm shells (OPS), empty fruit bunches (EFB),
palm oil mill effluent (POME), oil palm trunk (OPT),
and oil palm fronds (OPF). Unlike OPT, EFB, OPS, and
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POME, there are no significant commercial applica-
tions for the OPF. In general, 24% of OPF is harvested
from each oil palm tree in a year. In 2022, 59.593
million tons of dry OPF were produced in Malaysia.
About 15 tons of dry OPF per hectare are usually
trimmed off and left to degrade naturally in the field
during the replanting seasons. Oil palm fronds can be
a ruminant feed. However, OPF contains high levels
of neutral detergent fibre (NDF) and lignin that can
lead to a low level of ruminant digestibility [3, 4]. The
chemical compositions of OPF are 36% hemicellulose,
35% cellulose, and 29% lignin. The OPF is a potential
raw material for producing biochar or activated car-
bon through pyrolysis and impregnation processes for
wastewater treatment. In the simplest word, it can be
converted into a valuable product. Palm kernel shells
(PKS) are usually used in many studies. However, the
high demand from Japan, Korea, China, and Thailand
for PKS as fuel has increased its price. of the cheaper
OPF can be a good substitute for PKS as feedstock for
producing sorbent.

The presence of dye from the textile, paper, leather,
pharmaceutical, and food industries can lead to wa-
ter pollution. The discharge of dyes to water bodies
may cause health problems to the human and aquatic
ecosystem. Crystal violet (CV) is the common dye
used in the textile and paper industries. Despite of
widely used, CV has been identified as a carcino-
genic compound. Exposure to the <1 ppm of CV dyes
can cause respiratory problem, kidney damage, and
blandness. If expose is increased to more than that,
irritation to the skin and the digestive system may
occur [5]. Nonetheless, CV has a complex chemical
structure and is persistent in the environment, hav-
ing a low degradability and high solubility in water.
Therefore, there is a need for removing CV dyes from
the water bodies.

There are several methods for removing CV dyes
from the environment, such as membrane filtration,
advanced oxidation, biological degradation, photo-
catalysis, and absorption. Biological treatment is
considered an environmentally friendly and cost-
effective approach, but it is very time-consuming
and ineffective. Therefore, adsorption is one of the
prevalent methods for eliminating pollutants from
wastewater. The common adsorbents for adsorption
are activated carbon and biochar. Activated carbon is
a cost-effective, environmentally friendly, effective,
and fast-acting sorbent. However, commercial acti-
vated carbon is costly. Agricultural waste has been
used in the production of activated carbon because of
its abundance, low environmental impact, low cost,
and renewability [3].

The extensive use of dyes may cause water pollu-
tion when their residue may lead to groundwater-

surface. Contaminating groundwater with dyes makes
it unsuitable for use and harms the non-target or-
ganism. The OPF is a cost-free solid waste from the
oil palm trees. OPF is converted to activated carbon
using a pyrolysis process which requires higher tem-
perature, higher energy, and long processing time.
Therefore, this study aims to solve the problem by
converting OPF into activated carbon using the mi-
crowave method. Microwaves can provide uniform
heating, shorter processing times, and higher energy
saving [6].

Phosphoric acid may convert OPF into porous ac-
tivated carbon. The phosphoric acid first reacts with
cellulose and lignin in lignocellulose as cellulose is
resistant to hydrolysis of acid. The evaporation of
phosphoric acid during the carbonization process cre-
ates more pores and increases the number of pores on
the surface of activated carbon [7]. The mechanism
of phosphoric acid in converting OPF into porous
activated carbon are depolymerisation, dehydration,
and redistribution of biopolymers in biomass mate-
rials. Therefore, porous activated carbon with high
porosity and good functionality can act as an effective
adsorbent for the adsorption of CV dyes. The porosity
and functionality of OPF activated carbon are depen-
dent on the surface characteristic of activated carbon.
The adsorption of CV dye onto the adsorbent is in-
fluenced by van der Waals forces, hydrogen bonding,
cation-z interaction, and electrostatic interaction [8].

In this study, OPF activated carbon was pro-
duced using phosphoric acid as activating agent
and then physically activated by microwave pyrol-
ysis. Optimum adsorption condition of CV dye on
OPF activated carbon was first studied using the
response surface methodology-Box-Behnken design
(RSM-BBD). The adsorption data was analysed us-
ing various Kkinetic, isotherm, and thermodynamic
models for elucidating the sorption performance and
mechanisms of CV dye on OPF activated carbon.

2. Methodology

This study only used optimum parameters for
preparation of activated carbon such as radiation
time (15 min), microwave power (800 W), mix-
ing ratio (1g OPF: 2 mL H3PO,), and particle size
of OPFAC (250 pm). The characteristic of OPFAC
then has been identified in terms of FT-IR analy-
sis, SEM-EDX analysis, thermogravimetric analysis
(TGA), and point of zero charges (pHp,.). The opti-
mization adsorption study parameter such as pH (4,
7, and 10), dosage (0.02, 0.06, and 0.1), and con-
tact time between absorbance and adsorbate (2, 5,
and 8 mins) were conducted using response surface
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methodology-Box-Behnken design (RSM-BBD) based
on a preliminary test. To investigate the effectiveness
of OPFAC in terms of percentage removal of CV dye.
The adsorptions studies were conducted using kinetic,
isotherm, and thermodynamic models.

All the chemicals and materials used in this exper-
iment from the laboratory of preparation chemical
lab (A105) except oil palm fronds. Oil palm frond
(OPF) was collected from a local oil palm field in Gua
Musang, Kelantan. The concentrated of phosphoric
acid was used during activation time by impregnated
OPF for 30 min with a constant ratio of 1g OPF: 2 mL
H3POy4. The 1M sodium hydroxide and 1M hydrochlo-
ric acid were used in the pH adsorption study.

All the instruments used for this experiment were
from the laboratory of Faculty of Applied Sciences.
The crusher was used for crushed oil palm fronds. The
oven (TR 240) was used for the drying process of OPF,
microwave (SAMSUNG Solo 20 L Microwave oven
ME711K) was used for the preparation of activated
carbon. Brunauer-Emmett-Teller (BET) surface area
of the OPFAC was examined using the surface area
analyzer (ASAP 2060, Micromeritics). The Fourier-
transform infrared spectroscopy (Perkin-Elmer RX I)
was used to identify the functional group in OPFAC.
Then, a scanning electron microscope (SEM, Zeiss
Supra 40 VP) was used to investigate the morphology
structure of OPFAC. The UV-VIS spectrometer (PG
Instrument, Model 70+) was used for the adsorption
study of crystal violet on OPFAC.

2.1. Preparation of activated carbon

Oil Palm Fronds (OPF) were collected from a local
oil palm field in Gua Musang, Kelantan. Firstly, OPF
was crushed into small sizes using a crusher. Next,
OPF was washed with boiling water several times to
remove impurities and then was placed into a drying
oven at 100°C for 24 h to remove the moisture. The
dried OPF was carbonized using a microwave oven
for 15 min at 800 W under 2 L/min N, gas flow. After
that, OPF was impregnated with phosphoric acid with
a constant ratio of 1 g OPF: 2 mL H3PO, and dried in
the oven for 24 h at 100°C. After oven drying, OPF
was placed into the microwave oven with radiation
power of 800 W for 15 min under 2 L/min Nj gas
flow. Then, OPFAC was rapidly rinsed with boiling
distilled water until the solution became neutral. The
OPFAC was then placed in the oven at 100°C for 24
h to remove the moisture. Lastly, the OPFAC was
sieved to a consistent particle size of 250 um. The
OPFAC was placed in a sealed container to avoid
contamination and moisture content. The percentage

yield of the OPFAC was calculated with Eq. (1):

Wt. of OPAC

. ) —
Yield ( A)) - Wt. of dried OPF

x 100 €9)]

2.2. Characterization of OPFAC

Four experiments were conducted in the character-
ization of OPFAC, which are SEM-EDX analysis, FT-IR
analysis, TGA analysis, and point of zero charges. The
functional group of OPFAC was identified using FT-IR
spectrometer (Perkin Elmer Spectrum One FTIR). The
transparent cell was prepared by mixing 0.09g of KBr
with 0.01g of OPFA in a mortar. The mixture was
pressed with the hydraulic pump to get a transparent
and thin solid plate and was then transferred to the
FTIR analyser. The FTIR study on OPFAC was car-
ried out in the range of 4000 to 500 cm~! with 4
cm~! resolution and 4 scans. The bands were labelled
according to the functional groups in OPFAC. The
procedure was repeated for the OPFAC after adsorp-
tion of CV dye to analyse the changes of functional
group after adsorption. The high spectral resolution
data of OPFAC was compared and analysed for their
relation with the adsorption of CV dye.

The scanning electron microscope-energy disper-
sive X-ray (SEM-EDX, Zeiss Supra 40 VP, Germany)
was used to investigate the morphology structure of
OPFAC. The sample was sputtered on carbon tape
and placed in the chamber, where the image of the
morphology sample was taken using the SEM method.
Thus, the sample was magnified to 1000x, 2500%, and
7000x using ZEISS SmartSEM software. This step was
repeated after the adsorption of CV dye. After the
SEM analysis were conducted, EDX analysis were also
evaluated using the same method.

The purposed of this study to identified the de-
gree of thermal degradation and stability of OPFAC.
The analysis was conducted using thermogravimet-
ric analyser. The experiment was carried out with
about 0.100 mg of OPF and increased temperature
from room temperature to 600°C at heating rate
10°C.min"!.

The point of zero charge (pHp,.) was determined
according to method described by Mahdi, Hanandeh
[9]. Exactly 0.1 g of OPFAC was mixed with 100 mL
of 0.1 M NaCl solution with the range pH between 3
to 11 adjusted by 0.1 M of HCl and NaOH solution.
The solution was shaken in a rotary shaker for 24 h
at room temperature. After that, the final pH of the
solution was measured. The ApH was than calculated
with Eq. (2):

ApH = Final pH — Initial pH (2)
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Table 1. Codes and range of independent variable with their codes.

Codes Variables Level 1 (—1) Level 2 (0) Level 3 (+1)
A Dose (g) 0.02 0.06 0.1

B pH 4 7 10

C Time (min) 2 5 8

2.3. Optimization condition study

Three independent variables which are dosage, pH,
and contact time were optimized using Box-Behnken
design (BBD) in response surface methodology (RSM)
for the crystal violet (CV) dye adsorption onto
OPFAC. The experiments were designed with Design-
Expert software using preliminary test results. A total
of 17 experiments are designed by BBD to optimize
and evaluate the three variable which is adsorbent
dosage (0.02, 0.06, and 0.1 g), pH (4,7, and 10), and
contact time (2, 5, and 8 min) on the CV dye re-
moval. The level and range of independent variables
are shown in Table 1 with their codes. The actual
experiment design and value of CV dye removal are
given in Table 2. A certain amount of OPFAC was
added into a 125 mL Erlenmeyer flask containing
100 mL CV dye solution. These flasks were agitated
at a fixed shaking speed (150 strokes/min) using a
rotary shaker. After that, the solution was filtered by
a syringe filter (0.22 um). Finally, the concentration
of CV dye was measured by UV-Vis spectroscopy at
Amax D90 nm. The percentage of CV dye removal was
calculated using Eq. (3):

Co — Ce

0

CV% =

x 100 3

where C, (mg/L) is the CV dye initial concentration
and C. (mg/L) is the concentration of final reading of
CV dye at equilibrium.

2.4. Batch sorption experiments

The CV dye adsorption onto OPFAC was conducted
in batch mode study. The optimum condition of ad-
sorption study key parameter was kept constant in the
concentration study experiment, which is the adsor-
bent dose 0.1 g and pH 9. The adsorption experiment
of CV dye was conducted using the same procedures
as above [3.6] at different concentrations of CV dye
(50, 100, 150, 200, 250, and 300 ppm) and contact
time (1-240 min). The adsorption capacity of OPFAC
for CV dye at equilibrium, q. (mg/g) was identified
using Eq. (4):

(Co —C)V
qw = T @

Table 2. The 3-varibles BBD matrix and experimental data for CV
removal efficiency.

A: B: C: Time Ccv
Std Run Dose (g) pH (min) removal (%)
1 5 0.02 4 5 27.8
2 17 0.1 4 5 87.4
3 13 0.02 10 5 51.9
4 9 0.1 10 5 91.4
5 7 0.02 7 2 27.7
6 14 0.1 7 2 70.6
7 3 0.02 7 8 31.5
8 10 0.1 7 8 89.5
9 12 0.06 4 2 54.5
10 11 0.06 10 2 62.9
11 6 0.06 4 8 67.0
12 1 0.06 10 8 71.9
13 16 0.06 7 5 62.4
14 15 0.06 7 5 58.4
15 8 0.06 7 5 62.9
16 4 0.06 7 5 62.9
17 2 0.06 7 5 66.9

where, V (L) is the volume of CV dye solution, and W
(g) is the weight of OPFAC.

2.5. Adsorption kinetic, isotherm, and
thermodynamic study

The non-linear pseudo-first-order (PFO) (Eq. (5))
and pseudo-second-order (PSO) (Eq. (6)) models were
used to investigate the adsorption kinetic of CV dye
on OPFAC surface.

Q= qe(1 — exp™1H) (5)
_ qzkat
Q= 1+ qekzt (6)

where q. (mg/g), q: (mg/g) are the amount of CV
dye adsorbed onto OPFAC per unit mass of activated
carbon at equilibrium and at any time t (min). k;
(1/min) and k; (g/mg min) are the rate constant of
pseudo-first-order and pseudo-second-order, respec-
tively.

The adsorption isotherm study explains the
molecule interaction with the surface of adsorbent.
The equilibrium data were fitted using non-linear
regression of Langmuir (Eq. (7)), Freundlich (Eq. (8)),
and Temkin (Eq. (9)) models.

qmaxKaCe
_ Aimax7ra e 7
Qe =7 + K,Ce 7
qe = KrCM/" 8
RT
ge = b—ID (KrCe) 9
T
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where, g, (mg/g) is represent the amount of CV dye
adsorbed at equilibrium, C, (mg/L) is the concentra-
tion of CV dye at equilibrium, gmax (mg/g) represent
the maximum adsorption capacity, and K, (L/mg) is
Langmuir constant. K (mg/g) (L/mg)'/™ is the Fre-
undlich constant, n is the dimensionless constant.

For the thermodynamic study, the method followed
method as described by Ghibate, Senhaji [10]. The
optimum conditions were used in the thermodynamic
study. 0.1g of OPFAC was placed into a 250 mL con-
ical flask. Then, 100 mL of CV with 100 ppm and
initial pH 9 were added into the flask. After that,
the flask was placed in the water bath at different
temperatures (25°C 35°C, 45°C, and 55°C) and the
solution was filtered out at 3, 4, and 5 min using a
syringe filter. The concentration of CV dye removal
was measured by UV-Vis spectroscopy at Amax 590
nm. The thermodynamic was calculated following
Eq. (10):

1
R RT (10)
Gibbs free energy charge AG° was calculated with
Eq. (11):

AG° = —RTInk, an
where R is the universal gas constant (8.314 J/mol
K), and T is the actual temperature (K), K4 represents

the adsorption distribution constant (L/mg) that was
analyzed with Eq. (12):

C
kdzﬁ

C. (12)

where Cp is the amount of CV dye adsorbed on the
adsorbent at equilibrium (mg/L) and C. is the CV dye
at equilibrium(mg/L).

3. Results & discussion

3.1. BET surface area analysis

The BET surface area of OPFAC was 1346.5 m?/g
with an average pore width of 4.46 nm and pore
volume of 0.936 cm®/g. Activation with phosphoric
acid has produced a more porous carbon compared
to that of OPF biochar (BET surface area 980.8 m?/g)
[11].

3.2. FT-IR analysis
The FT-IR spectra of OPFAC before and after ad-

sorption with CV were shown in the Fig. 1. The FT-IR
spectrum of raw OPF shows a band at 1500 cm™,

Transmittance (%)

: T T T T H| ‘| T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

(a) Raw OPF

(b) OPFAC (Before adsorption)  (c) OPFAC (After adsorption)

Fig. 1. FT-IR spectra of (a) raw OPF, (b) OPFAC before and (c) after
adsorption of CV.

indicating the presence of C=C bonds of aromatic
ring. Another band at 3500 to 3700 cm~! describes
the presence of hydroxyl (-OH) group. The FT-IR
spectrum of OPFAC show presence of P-O-P (acid
phosphate esters) stretching vibration at 1080 cm™!
and C-O stretching vibration of esters, alcohols, ethers
and phenols at 1050 cm~! [3]. The FT-IR spectrum
of OPFAC after adsorption of CV dye did not display
much difference compared with that of OPFAC before
adsorption. There is slightly shifting of some bands
due to the presence of the functional group of OPFAC
composite in the CV dye adsorption process [12].
Thus, the band at 1500 cm~! of CV dye adsorbed on
the surface of OPFAC.

3.3. SEM analysis

Figs. 2 and 3 show the surface morphology of OP-
FAC before and after CV dye adsorption. The shape
of OPFAC shows that it has a sponge-like heteroge-
neous surface related with various pores and cavities.
The SEM image of OPF with similar magnification
factor has been reported by Sizirici, Fseha [13]. The
pore structure of the OPF was not yet developed
as expected from any oven-dried biomass. The pore
structure was developed after the activation process.
The formation of pores associate with the evaporation
loss of the activator from the adsorbent surface during
activation process [14]. The pores created on the
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COPF1.1.10003 20211221 NLMD48 x1.0k 100 um COPF1.1.3.0003

COPF2 0004 20211221 NL D48 x1.0k 100 pm COPF20004

(@)

20211221

20211221

HL D47 x25k  30um COPF1.1.10003 2021112121 NLMD47 x7.0k  10um

NL D50 x25k Ll'!

®

Fig. 2. SEM images of OPFAC at (a) 1000x, (b) 2500x, (c) 7000x magnification and OPFAC after adsorption of CV at (d) 1000x, (e) 2500x,

(f) 7000x magnification.

cps/eV

Ca
H Sb

+
&5

Fig. 3. EDX spectra of OPFAC.

OPFAC surface are categorized as mesopores as the
size of cavity is in the range of 1 um to 25 um. After
the adsorption of CV dye on the surface of OPFAC,
the structure is denser with less pores. This indicated
that the CV dye has interaction between surface of
OPFAC and some of pore of OPFAC were collapse
during drying process [15].

Fig. 3 shows EDX analysis of OPFAC contains the el-
ement of carbon (C), oxygen (O), phosphorus (P), and
sulfur (S). The presence of C describes the present of
unburned carbon in the OPFAC. Carbon is important

element in the adsorption process. The EDX show the
results OPFAC contain phosphorus, this indicate that
the presence of phosphorus in the OPFAC is because
of the presence of phosphate and polyphosphate after
activation with phosphoric acid (H3PO4) [16].

3.4. Thermogravimetric analysis (TGA)
Fig. 4 shows the thermogravimetric analysis (TGA)

of raw OPF. The initial weight loss from 50°C to
100°C was due to the water loss in lignocellulosic
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Fig. 4. Thermal gravimetric analysis (TGA) of raw oil palm frond powder.

biomass. The weight loss occurred at temperature
150°C to 250°C was due to depolymerization of lignin
and hemicelluloses and the breakdown of glycosidic
linkages [17]. The degradation of the «-cellulose was
found in the OPF biomass at temperature 300°C to
350°C. The degradation temperature shows differ-
ence between top, middle, and bottom part. The
bottom part shows more resistance compared to top
and middle part. This is due the presence of a higher
amount of crystalline structure in the OPF sample
[17, 18]. The maximum mass loss of OPF is 37.15%
from 17.32°C to 599.9°C due to the release of volatile
matter. The rate of mass loss becomes stable when the
temperature reaches 600°C. Om Prakash, Raghaven-
dra [19] stated that lignin is the final component to
degrade and it directly leads to the creation of carbon
formation.

3.5. Point of zero charge (pHpzc)

Fig. 5 shows the curve of pH change as a function
of the initial pH of the OPFAC aqueous solution. The
pHp,c of OPFAC was 6.5. This indicates that the sur-
face charge of the OPFAC is electrostatically neutral.
The OPFAC would possess a positive charge surface
if solution pH < pHp,. [20]. At a pH > 6.5, the sur-
face of OPFAC would be negative charge. This shows
the ability of cationic CV dye to attach to OPFAC.
Therefore, high electrostatic interaction between neg-
atively charged of OPFAC and cationic CV dye can be
obtained as shown in Fig. 6.

3.6. Optimization study
Based on the ANOVA analysis in Table 3, the F-

value (66.94) of the model corresponds with p-value
(<0.0001). The values indicate that the model is

2.0 ~

1.5 A

1.0 A

0.5 4

0.0

-0.5 4

EpH

-1.0 4

-1.5 4

-2.0 4

-2.5 4

-3.0 -
Initial pH

Fig. 5. The point of zero charge (pHpzc) of the OPFAC.

significant [12]. For CV dye removal, the model re-
gression coefficient of determination, R? was 0.9885,
which is consistent with the experimental results as
the difference is less than 0.2. This indicates that the
results show a high correlation between actual and
predicted values.

The final expected process models in terms of the
actual significant factor for the percentage of CV dye
removal are recorded in Eq. (13):

CV removal (%) = +63.10+25.00 A+5.18B
+5.53C—5. +3.78 AC — 0.8750 BC — 3.86 A2

+5.39 B2 — 4.41 C? (13)

It can be concluded that the A, B, C, AC, and B>
are significant (p-value < 0.0500) and had positive
impact on the CV dye removal by OPFAC.

Graphical approaches (Fig. 7) have been used to
evaluate the BBD model and analyse the nature of the
residual distribution and the association between the
actual and expected CV dye removal rates. Fig. 7(a)
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dye removal (%).

Table 3. Analysis of variance (ANOVA) for the removal of CV dye.

Source Sum of Squares Df Mean Square F-value p-value
Model 5875.14 9 652.79 66.94 <0.0001
A-Dose 5000.00 1 5000.00 512.71 <0.0001
B-pH 214.25 1 214.25 21.97 0.0022
C-Time 244.20 1 244.20 25.04 0.0016
AB 101.00 1 101.00 10.36 0.0147
AC 57.00 1 57.00 5.85 0.0463
BC 3.06 1 3.06 0.3140 0.5927
A2 62.82 1 62.82 6.44 0.0388
B2 122.21 1 12221 12.53 0.0095
c2 81.98 1 81.98 8.41 0.0230
Residual  68.27 7 9.75

Lack of Fit 27.97 3 9.32 0.9252 0.5056
Pure Error 40.30 4 10.08

Cor Total 5943.40 16

shows the perfect normal distribution of the residuals
and has been seen as a point remarkably close to
a straight line. Thus, it indicates that the assump-
tion and independence of the residuals are accurate.
The correlation between actual and predicted CV dye
removal rates (Fig. 7(b)) shows that the actual and
predicted values in the BBD model’s statistical evalu-
ation are in good correlation.

Fig. 8(a) shows that dosage (A) and pH (B) are of
statistical significance (p-value <0.0001) and have
a positive effect on OPFAC removal of CV dye. The
percentage removal of CV dye was increased by
increasing the dosage of OPFAC and solution pH
from 4 to 10. Consistent with findings from Fig. 8(b),
a higher solution pH increased negative charge of
OPFAC, causing an increase of adsorption sites and
surface area for the cationic species of the CV dye to
attach. Fig. 8(c) shows the response surface plot of
the Dose (A) and time (C). The correlation between
dosage and contact time is significant, and it has a
positive effect on the CV dye removal. Fig. 8(d) is
the 3D response surface plot of the AC interaction.
The percentage of the CV dye removal increased by
increasing the OPFAC dose. This is due to the fact
that in the bulk solution of CV dye, a larger number
of active adsorption sites and surface area of OPFAC
will be exposed to the CV dye [15].

3.7 Sorption study

Fig. 9 shows the adsorption capacity, q; (mg/g) as
a function of contact time (min) at various initial CV
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dye concentrations (50, 100, 150, 200, 250 and 300
mg/L). The results stipulate that by increasing the
initial concentration from 50 to 300 mg/L, the quan-
tity of CV dye molecules adsorbed onto the surface
of the OPFAC increased from 45.42 mg/L to 231.47
mg/L. The results are attributed to the relatively high
concentration gradient, which enhances CV dye ad-
sorption and movement to the active adsorption sites
inside OPFAC’s micropore as a high concentration
gradient provide a driving force [3, 12].

3.8. Adsorption kinetic study

Table 4 shows PFO and PSO kinetic parameters for
CV dye adsorption on OPFAC. The adsorption of CV
dye by OPFAC follows the PSO model due to the
higher correlation coefficient (R? > 0.99) than that
of the PFO model. This indicates that the adsorption
of CV dye by OPFAC was of a chemisorption process,

i.e., electrotactic interaction between the negatively-
charged surface of the OPFAC and the cationic CV dye
[12].

3.9. Adsorption isotherm study

Fig. 10 shows plots of nonlinear isotherm and
Table 5 display the parameters of various adsorp-
tion isotherm models. The results indicate that the
adsorption of CV by OPFAC is best described by
the Freundlich model (R?> = 0.9488) compared to
Langmuir (R? = 0.7455) and Temkin models (R?
= 0.8988). This indicated that the adsorption oc-
curred through multilayer CV dye adsorption onto
the heterogenous adsorption site of the OPFAC. The
adsorption capacity (qm) of OPFAC for CV dyes was
188.4 mg/g and is higher than other oil palm derived
sorbents, such as the oil palm frond magnetic biochar
(149.03 mg/g) [11], palm kernel shell-phosphoric
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Table 4. PFO and PSO kinetic parameters for CV dye adsorption on OPFAC.

Pseudo-first-order (PFO)

Pseudo-second-order (PSO)

Concentration  ge exp Qe cal k1 Qe cal ky x 1072
(mg/L) (mg/g) (mg/g) (1/min) R? (mg/g) (g/mgmin) R2
50 45.42 45.41 5.842 1.000 45.43 6.780 1.000
100 93.08 91.39 1.845 0.9793 93.25 0.05079 0.9956
150 115.9 111.1 0.6744 09174 115.5 0.01074 0.9804
200 172.9 158.4 0.5734 0.8599 165.7 0.005972 0.9481
250 203.2 185.3 0.4935 0.8881 194.2 0.004242 0.9639
300 231.5 198.7 0.4765 0.8268 209.6 0.00359 0.9257
Table 5. Parameters of the Langmuir, Freundlich, and Temkin 250
isotherm models for CV dye adsorption on OPFAC. .
Adsorption isotherm Parameters Value 200 - /
Langmuir qm (Mmg/g) 188.4 =
K, (L/mg) 1.391
R? 0.7455 o 150 1
Freundlich K¢ (mg/g) (L/mg)l/™ 79.55 ?En
n 4.195 ‘;, .
R? 0.9488 100
Temkin Kt 40.28 ®  Experimental data
Langmuir model
Zg (J/Il’lOl) 378328 50 - e Ereundlich model

acid activated carbon (81.30 mg/g) [21]. and palm
kernel shell biochar (24.45 mg/g) [22].

3.10. Thermodynamic study

A Plot of In kq versus 1/T was illustrated in Fig. 11.
It shows a linear relationship with AH° and As°
identified fro, the slope and intercept, respectively.
The CV dye adsorption thermodynamic parameters
on OPFAC is shown in Table 6. The negative val-
ues of AG®° (—5.314, —5.921, and —7.084 KJ/mol)
indicate that the adsorption process is a favourable
and spontaneous with high sorption preference of CV
dye onto OPFAC. The values of AG°® were decreasing

e Temkin model

C,(mgl)

Fig. 10. Adsorption isotherm of CV dye by OPFAC (adsorbent dose
0.1g and pH of solution = 9, agitation speed = 150 strokes/min and
volume of solution = 100 mL).

as the temperature rises, indicating that the adsorp-
tion process is encouraged by higher temperatures
[23]. Meanwhile, the positive value of AH°® (21.86
KJ/mol) indicates that the CV dye adsorption by the
OPFAC is an endothermic process. Furthermore, the
AS° value is positive (87.90 J/mol K), suggesting
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Fig. 11. Van't Hoff plot for the adsorption of CV dye on OPFAC.

Table 6. Thermodynamic parameters values for the adsorption of
CV dye by OPFAC.

T (K) AG° (KJ/mol)

AH° (KJ/mol) AS° (J/mol K)

308.2 —5.314 21.86 87.90
318.2 —-5.921
328.2 —7.084

that the randomness at the solid-liquid interface has
increased during the adsorption process.

4, Conclusion

This study has successfully converted OPF into
mesoporous activated carbon using microwave pyrol-
ysis and activation with H3POyj. It reveals that OPFAC
can be a renewable and potential adsorbent for re-
moving CV dye from an aqueous environment. The
characteristic of OPFAC was conducted by using FT-
IR, SEM analysis and pHp,.. The point of zero charge
(pPHpzc) of OPFAC were observed at pH = 6.974. The
Box-Behnken design (BBD) indicated that 0.1 g adsor-
bent dose, solution adjusted pH 9 and contact time
5 mins were the best OPFAC adsorption condition
for CV dye removal. The adsorption kinetic anal-
ysis showed that pseudo-second-order (PSO) is the
best-fitted model. Besides, the adsorption isotherm
is well described by the Freundlich model with the
maximum adsorption capacity (qm) 188.4 mg/g. The
thermodynamics study indicated that the adsorption
process of OPFAC is through spontaneous and en-
dothermic condition as the values of AH° (21.86
KJ/mol) and AS° value (87.90 J/mol K) is posi-
tive. Cation exchanged capacities (CEC) analysis is
recommend in the further studies in order to mea-
sure exchangeable cations that OPFAC can be adsorb.
For the adsorption study, it is recommended that
the adsorption isotherm to be analyzed with the
Dubinin-Radushkevich model to explain the adsorp-
tion mechanism with a Gaussian energy distribution
on a heterogeneous surface.
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