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ABSTRACT

In this study, activated carbon from oil palm shell was produced by two-step chemical
activation using K2CO3 as the chemical activant in the ratio 1:2 for the removal of phenol in a
fixed-bed column. The characterization of the carbon was carried by Fourier Transform Infra-
red spectroscopy, Scanning electron microscope, thermogravimetric analysis, zeta potential,
Brunauer–Emmett–Teller (BET) surface area, Elemental and Proximate analysis. The Lang-
muir surface area, BET surface area, and pore volume of the carbon were 817 m2/g, 707 m2/g,
and 0.31 cm3/g, respectively. The examination of several factors including bed depth, initial
phenol concentration, and flow rate were carried out at constant pH of 6.5. The maximum
sorption capacity of the carbon for phenol was 238.12 at 250 mg/L initial phenol concentra-
tion, 1 cm bed depth, and 9 mL/min flow rate. Thermodynamic parameters were determined
to analyze the behavior of phenol uptake at different temperatures. Breakthrough curve mod-
els indicated that Yoon–Nelson model fitted the experimental data better than Adams–Bohart
and Thomas models. According to the results obtained, activated carbon prepared from oil
palm shell, modified with ammonia solution was an effective, sustainable, low cost, and
alternative adsorbent for the removal of phenol in aqueous solutions.
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1. Introduction

In recent times, industrial and agricultural devel-
opments coupled with rapid population growth
reduced the quality of clean water resources due to
indiscriminate disposal of hazardous waste which con-
taminates both ground and surface water. Phenol and
phenolic derivatives are considered to be one of the
foremost pollutants in wastewater. They are found in
effluents from petrochemical, pharmaceutical, cos-
metic, wood processing, plastic, pesticide, textile, steel,
rubber, dye, paper, and pulp industries [1–3]. Wastew-
aters containing phenolic compounds are considered
as a serious threat since they are not only toxic but
also carcinogenic and harmful to all living organisms
even at low concentrations. Therefore, the US environ-
mental protection agency (EPA) calls for lowering of
phenol content in wastewaters to less than 1 ppm [4].

The conventional removal methods for phenolic
compounds were utilized such as adsorption, oxida-
tion, solvent extraction, precipitation, and ion-ex-
change. Adsorption of phenol by activated carbon
has proven to be effective, environmentally friendly,
cost-effective, and sustainable. Adsorption using acti-
vate carbon remains the most widely used method
for phenol removal due to the porous nature of inter-
connected pores, high adsorption capacity, favorable
surface chemistry, and ionic nature of the carbon
[1,5]. However, the application of activated carbon
for phenols removal in aqueous media is hindered
by the high cost of the commercial activated carbon
which necessitates the development of a low-cost
activated carbon for their removal. The use of agri-
cultural waste materials such as oil palm shell seems
to be promising because they are readily available,
inexpensive, and can be regenerated. The use of such
material as adsorbent help in solving their disposal
challenge and at the same time producing a value
added product [6,7]. However, a survey of the litera-
ture showed dearth of information concerning the
use of ammonia for modification of oil palm shell-
based activated carbon for the removal of phenol in
an aqueous medium.

This study was carried out to prepare activated
carbon from oil palm shell and also to modify it with
aqueous ammonia so as to enhance its adsorption
capacity. The characteristics of the activated carbon
were explained by Scanning electron microscope
(SEM), Fourier Transform Infrared spectroscopy
(FTIR), BET surface area, and thermogravimetric

analysis (TGA). A fixed-bed adsorption column was
used for the study and column adsorption models
such as Adams–Bohart, Thomas and Yoon–Nelson
models were employed to provide insight into the
adsorption characteristics, model fitting and adsorp-
tion capacity of the modified carbon.

2. Experimental

2.1. Reagents and instruments used

Merck chemicals Malaysia supplied potassium car-
bonate, aqueous ammonia (25%), and phenol. Nitro-
gen and carbon dioxide gas were purchased from
Mega Mount Industrial Gases Sdn. Bhd, Johor Bahru,
Malaysia. Oil palm shells were collected from Kian
Hoe Plantations Sdn. Bhd., Kluang, Johor Bahru,
Malaysia. The shells were washed with distilled water,
then dried at 105˚C for 48 h, and was kept as the start-
ing material for activated carbon production. The
Stock solution of phenol was prepared by weighing
and dissolving appropriate amount of phenol in
1,000 mL of deionized water. The solution pH of dif-
ferent initial phenol concentrations was adjusted using
0.1 M NaOH or HCl solutions to obtain desired pH
values. The pH meter (UTECH instruments pH 700)
was used to measure the solution pH. Also, UV–
visible spectrometer (Perkin Elmer Spectrum-100) was
used to determine the absorbance of the effluent
phenol after passing through the fixed-bed column.

2.2. Procedures

2.2.1. Preparation of modified activated carbon

Two-step activation procedure was utilized for the
activated carbon preparation from our previous study
[6]. The precursor is first heated in an inert atmo-
sphere resulting in the production of char that is then
activated which helps to produce activated carbon
with specific surface area. The raw material (oil palm
shell) was first carbonized by heating in a furnace
from ambient temperature to about 800˚C under an
inert atmosphere of nitrogen flow of 150 cm3/min for
2 h at 10˚C/min heating rate. The carbonized sample
was impregnated with K2CO3 at a ratio of 2:1 g/g of
chemical activant to char. The mixture was dried for
24 h at 105˚C in a hot air oven before being loaded
into the reactor. The mixture was then activated by
further heat treatment at 700˚C for 1 h under CO2 flow
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of 150 cm3/min [5]. The AC produced was cooled
down to about 50˚C under nitrogen flow before
removing it from the furnace. The resultant AC was
then washed with 0.1 M HCl and with distilled water
until the washing’s pH is close to 7. The sample was
designated as potassium carbonate-treated activated
carbon (PCAC) and was stored in a desiccator until
use.

2.2.2. Ammonia treatment

To improve the hydrophobic properties and subse-
quently increase the adsorption of the activated carbon
produced, the potassium carbonate synthesized carbon
(PCAC) was modified by treatment with ammonia
which was labeled as PCAC-AM. The ammonia solu-
tion for the production of PCAC-AM was made using
6.6 M NH3·H2O as reported by Li et al. The carbon
was soaked in ammonia solution at 70˚C for 2 h and
was then placed on a rotation vibrator at 35˚C for
24 h. The PCAC-AM produced was separated from
the solution and was washed with distilled water
repeatedly to remove excess ammonia. The ammonia
treatment caused the introduction of a significant
amount of nitrogen groups onto the carbon surface by
the elimination of surface oxygen functional groups
[8].

2.2.3. Characterization of the adsorbent

The ultimate analysis was carried out using Perkin
Elmer elemental analyzer to determine carbon (C),
hydrogen (H), nitrogen (N), and oxygen (O). The
proximate analysis was carried out with the aid of
TGA to determine moisture, volatile matter, fixed car-
bon and ash content as the residue. The TGA was car-
ried out by heating the carbon from ambient
temperature to 900˚C at a heating rate of 10˚C under
nitrogen gas flow of 10 mL/min. The parameters were
obtained as the carbon decreases in weight with time
until the temperature reaches 900˚C. The residue was
considered as the ash content. The surface functionali-
ties were determined using FTIR using Perkin Elmer
Spectra-Two recorded from 4,000–400 cm−1. Zeta
potential analysis of the sample was carried out using
Anton Paar Electrokinetic Analyzer (surPASS 3) mea-
sured at a pH range between 2 and 11.

The pore structure of the carbon was determined
by adsorption of liquefied nitrogen at −196˚C to obtain
isotherms that were used to get the surface area which
was obtained using volumetric techniques
(Micromeritics ASAP 2020). The surface area was cal-
culated by the BET [9] method and the pore volume

from the amount of nitrogen gas adsorbed at (P/P0)
= 0.99 [10]. SEM was applied to study the surface mor-
phology of the carbon using JEOL JSM-7600F.

2.2.4. Column adsorption studies for phenol

The column adsorption studies were conducted at
room temperature, atmospheric pressure, and constant
pH of 6.5. The fixed-bed column was carried out in a
glass column of 1.2 cm internal diameter and 19.5 cm
length. Three bed-depths of 1, 2, and 3 cm were
selected. Three parameters including initial phenol
concentration, flow rate, and bed depths of the adsor-
bent were studied. Glass wool was used at the bottom
as support for the activated carbon to avoid it from
being washed away. The influent phenol solution with
given flow rate of 3, 6, and 9 mL/min was pumped
by the peristaltic pump to the top of the column. The
effluent phenol solution was withdrawn after every
10 min and was examine by UV–visible spectropho-
tometer (Perkin–Elmer Spectrum-100) at 270 nm. The
absorbance from the withdrawn effluent phenol solu-
tion was recorded in triplicates. The average in each
case of the phenol absorbance was used to calculate
the quantity of phenol adsorbed.

2.2.5. Column data analysis

Adsorption capacities and quantities are vital indi-
cators for adsorbent performance in column test. Usu-
ally, breakthrough curves were used to show the
performance of adsorbent in a fixed-bed column [11].
The breakthrough curve is expressed as Ct/C0 as a
function of time for a given set of conditions, where
Ct is the initial phenol concentration, C0 is the concen-
tration of phenol after a given time [5]. The break-
through point is the point that initial phenol
concentration (Ct) reaches about 0.1% of its concentra-
tion at a given time (C0) and that corresponding time
is the breakthrough time (tb). The exhaustion time (te)
is reached when the concentration of phenol at a given
time reaches 95% of its initial concentration. The mass
of phenol adsorbed on the activated carbon could be
calculated by the following equations:

qtotal ¼ QA

1000
¼ Q

1000

Zt¼ttotal

t¼0

Cad dt (1)

where ttotal is the total flow time (min), Q is the flow
rate (mL/min), A is the area above the breakthrough
curve, and Cad (mg/L) is the adsorbed concentration.
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Eq. (2) was used to calculate the total amount of phe-
nol that flows through the column:

mtotal ¼ C0 Qttotal
1000

(2)

The equilibrium uptake or maximum capacity of the
column qe (mg/g) is calculated by Eq. (3):

qe ¼ qtotal
m

(3)

where m is the dry weight of activated carbon in the
column (g)

2.2.6. Modeling of column adsorption data

For the appropriate design of column, a good pre-
diction of the breakthrough curve is needed. In this
study, three well-known models were applied to fit
the adsorption of phenol by the modified activated
carbon which includes Adams–Bohart, Thomas, and
Yoon–Nelson models.

2.2.7. Error analysis

Error analysis is utilized to confirm the model that
best fit the adsorption process. This was carried out
using Eqs. (4) and (5) below in combination with the
values from correlation coefficient (R2):

Sum of squares (SS) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX ðye � ycÞ2

n

s
(4)

where ye and yc are the experimental and calculated
(expected) values, while n is the number of experi-
mental data points [12,13].

Relative mean square error (RMSE)

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðypred � yexpÞ2
n

s
(5)

where ypred and yexp were the predicted (expected)
and experimental values, and n represent the number
of experimental data points [14,15].

2.2.8. Thermodynamic analysis

The values for thermodynamic parameters such as
Gibb’s free energy change (ΔG), enthalpy change (ΔH),

and entropy change (ΔS) of the adsorption process
were investigated in a batch mode by agitation of
0.1 g the adsorbent in 50 mL solution of 50 mg/L and
250 phenol at different temperatures of 30, 40, and
50˚C. Other parameters of the process were pH 6.5
can be deduced from the Eqs. (4)–(7):

Kc ¼ ðCi � CeÞV
ðCi �mÞ (6)

DG ¼ �RT ln Kc (7)

DG ¼ DH � TDS (8)

Then,

ln Kc ¼ �DH
RT

þ DS
R

(9)

This can also be rearranged as:

ln Kc ¼ �DH
R

1

T

� �
þ DS

R
(10)

where K is the amount of phenol adsorbed, R is the
molar gas constant (8.314 J mol−1 K−1), T is the abso-
lute temperature (K). Whereas Ci, Ce, m, ΔG, ΔH, and
ΔS are the initial phenol concentration, equilibrium
phenol concentration, mass of adsorbent, changes in
Gibb’s free energy, enthalpy, and entropy, respectively
[16–18]. The linear plot of ln Kc against 1/T gives the
enthalpy change as the slope and change in entropy
as the intercept as presented in Fig. 1.

3. Results and discussion

3.1. Characterization of adsorbent

3.1.1. Ultimate and proximate analysis

The ultimate analysis (as presented in Table 1)
sheds light on the elemental composition of the

Table 1
Ultimate and proximate analysis

Ultimate analysis (%) Proximate analysis (%)

Carbon 52.11 Moisture 5.60
Hydrogen 5.73 Volatile 68.75
Nitrogen 1.82 Ash 2.38
Sulfur 0.00 Fixed carbon 23.27
Oxygen 40.34
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precursor material so as to ascertain its suitability for
carbon synthesis (high carbon content of 52.11%),
while proximate analysis in collaboration with TGA
gives an insight into the volatile and fixed carbon con-
tents of the precursor which help in selection of good
starting material that will give better carbon yield [19].

3.1.2. Fourier transform infrared spectroscopy

The spectra of the raw precursor (RPS) as in Fig. 2,
indicate bands at 621, 875, 1,033, 1,594, and 3,330 cm−1

that corresponds to bending in benzene derivatives,
C–O–C stretching vibration, C–O stretching in ethers,
C=C stretching in aromatic rings and OH stretching
vibration in OH functional groups, respectively. How-
ever, the spectra also shows elimination of some peaks
at 875, 1,594, and 3,330 cm−1 as a result of decomposi-
tion of functional groups and release of volatile matter
during carbonization process. Also, peaks depicted at
620 and 3,882 cm−1 were introduced, which corre-
sponds to OH stretching vibration (alcohols and phe-
nols) and bending vibration from carbon-carbon triple
bond or C–H bond from alkynes [20].

3.1.3. Brunauer–Emmett–Teller surface area and pore
volume analysis

The most important property that determines its
high adsorption is its adsorptive capacity which is
directly proportional to the surface area [19]. The Bru-
nauer–Emmett–Teller (BET) surface area and pore vol-
ume of PCAC is 707.8 m2/g and 0.31 cm3/g (as shown
in Fig. 3). The results compare well with those
obtained by Adinata et al [21] with surface area and
pore volume of 1,170 m2/g and 0.57 cm3/g from palm

oil shell precursor [21]. They showed that specific
surface area increases from 600 to 800˚C, decreases
above 800˚C, and the maximum surface area was
obtained around 800˚C. The PCAC composed of
mainly pores in the region of micropores and is suit-
able for removal of organic contaminants in aqueous
media [22].

3.1.4. Scanning electron microscopy

The SEM images show a significant difference
between surface mophology of the materials [23] as
shown in Fig. 4. It indicates that RPS is having no
pores due to the presence of volatiles and other con-
taminants, but in (B) the pores start to form after car-
bonization. In (C) the pores were formed due to
volatilization of contaminants and volatile matter, but
in (D) some of the pores start to fold due to treatment
with ammonia [8].

Fig. 1. Linear plot of ln Kc against 1/T at initial concentra-
tion of 50 mg/L, pH of 6.5, steering speed of 150 rpm, and
adsorbent dose of 0.1 g.

Fig. 2. FTIR spectra of modified (AC-AM) and phenol
adsorbed (Phenol-ACAM) activated carbon.
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Fig. 3. Showing Type I isotherm plot from adsorption and
desorption of nitrogen by PCAC.
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3.1.5. Zeta potential

The plot of zeta potential against the equilibrium
solution pH was presented in Fig. 5. The isoelectric
point value for the adsorbent was found to be 3.20
which indicated that the surface of the carbon is posi-
tive under pH 3.20 but negative above the value. The
negative value increases up to pH 5 which indicated
the region for lowest phenol adsorption due to repul-
sion. As the pH increases, the negative isoelectric
point value decreases and the phenol adsorption
increases as a result of less electrostatic repulsion
between the adsorbent–adsorbate interaction [24].

3.2. Effects of column parameters

3.2.1. Effect of flow rate

The effect of solution flow rate for phenol
adsorption was determined at different flow rates of
(3, 6, and 9 mg/L), a constant bed depth of 3 cm, and

initial phenol concentration of 50 mg/L (as presented
in Fig. 6). The breakthrough curves for the fixed bed
column were obtained by plotting Ct/C0 (Ct and C0

are effluent and influent BPA concentrations) against
time (t). As can be seen from Fig. 2, the shorter break-
through time was obtained at high flow rates. These is
because a larger volume of water passed through the
bed at higher flow rate. As a result, more phenol con-
tacted with the accessible pores of the AC, making the
pores get saturated rapidly. Conversely, higher
adsorption capacity was observed at lower flow rate
because lower flow rate enabled phenol to have more
residence time in the column. Since phenol had longer
contact time with the AC, equilibrium can be reached
before it moved out of the column [25]. These results
agree with the previous findings conducted by Wang
et al. [26].

3.2.2. Effect of initial phenol concentration

The effect of initial phenol concentrations of 50
and 250 mg/L was studied at constant flow rate of
6 ml/L and a bed height of 3 cm (as presented in

Fig. 4. Showing SEM images of (A) RPS, (B) CAC, (c) PCAC, and (PCAC-AM).

Fig. 5. Zeta potential for the modified activated carbon.
Fig. 6. Effect of flow rate at bed depth of 3 cm and 50 mg/L
concentration.
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Fig. 7). The extended breakthrough curve was
observed at 50 mg/L with exhaustion time of 660 min.
While at 250 mg/L concentration, the breakthrough
curve declined with consequent fall of the exhaustion
time of 360 min. The differences were due to lower
concentration gradient leading to lower transport in
the mass transfer coefficient of phenol in 50 mg/L,
while 250 mg/L having larger phenol concentration
became more quickly saturated in the column. A simi-
lar result was reported as the exhaustion point for o-
xylene after ammonia treatment was observed at
200 min [8].

3.2.3. Effect of bed depth

Fig. 8 described the effect of bed height on the
breakthrough curve of BPA adsorption onto AC. As
can be seen, the figure has a steep breakthrough curve
or shorter breakthrough time occurred at low bed
height. At 3, 2, and 1 cm bed heights, the break-
through curve becomes shorter and the breakthrough
time (540, 300, and 120 mins, respectively) becomes
smaller. These were due to the presence of fewer
adsorption sites for the phenol to be adsorbed. As bed
height increases, more sites are available for adsorp-
tion and the breakthrough curve becomes inclined
while the breakthrough time becomes larger. How-
ever, Paudyal et al. suggested that the effect of shorter
breakthrough curve could be minimized by increasing
the column diameter [27].

3.3. Breakthrough curves modeling

The prediction of the breakthrough curves is vital
for designing column studies because it provides a
good understanding of the adsorbent surface proper-
ties, affinity, and adsorption pathways [25]. For this
reason, various models were utilized to explain the
dynamic adsorption behavior of the modified

activated carbon. The models include Adams–Bohart,
Thomas, and Yoon–Nelson.

3.3.1. Adams–Bohart model

This model assumes an instantaneous equilibrium
and the adsorption rate is controlled by external mass
transfer. The model is useful for analyzing initial part
of breakthrough curves when Ct/C0 = 0–0.5 [29]. The
equation of the model is expressed as:

ln
Ct

C0
¼ KABC0t� KABN0

Z

Y
(11)

where C0 and Ct (mg/L) are the concentration of the
influent and effluent phenol, KAB (L/mg min) is the
kinetic constant, N0 (mg/L) is the column saturation
constant, Z [28] is the bed height, and F (cm/min) is
the linear velocity obtained from division of flow rate
by the column section area (cm2).

From the model equation, KAB and N0 can be esti-
mated by plotting ln(C0/Ct) against t. As presented in
Table 1 above, the adsorption capacity of the column
(N0) decreased from −62.2 to −605.11 with increasing
flow rate from 3 to 9 mL/min. On the other hand, N0

values increased from −605.11 to −2.6 when the bed
depth was increased from 1 to 3 cm. The increase in
initial phenol concentration from 50 to 250 mg/L led
to increase in N0 from −2.46 to −1.51 mg/L. The
model rate constant declined from 55,555.56 to
14,705.88 L/(mg min) with increasing bed depth. The
results showed that better adsorption of the column
can be achieved with higher initial phenol concentra-
tion, higher bed depth, and lower feed flow rate [30].
The number of correlation coefficients for a serial set
of experiments greater than 0.9 obtained from this
model was very low in proportion (1/9) of the adsorp-
tion test. Also, the correlation coefficient, RMSD, and

Fig. 7. Effect of initial phenol concentration at constant bed
height of 3 cm and flow rate of 6 ml/L.

Fig. 8. Effect of bed depth at constant concentration of
50 mg/L and flow rate of 6 mL/min.
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SS of the model are 0.9991, 14.18, and 1.98, respec-
tively. Therefore, it shows that Adams–Bohart model
cannot provide a good fit to the adsorption of phenol
on the modified carbon.

3.3.2. Thomas model

Thomas model was developed based on two
assumptions, that adsorption is not limited to only
chemical interactions but also by mass transfer at the
interface and the adsorption experimental data follows
Langmuir adsorption isotherms and as well second-
order kinetics. Contrary to Adams–Bohart model, Tho-
mas model is suitable for characterizing the whole
breakthrough curve [31]. The model in linear form can
be represented by the equation below:

ln
C0

Ct
� 1

� �
¼ KThq0

m

Q
� KThC0t (12)

where KTh is for Thomas rate constant (mL/min mg),
q0 is the adsorption capacity (mg/g), C0 is the influent
phenol concentration (mg/L), Ct is the effluent phenol
concentration (mg/L), m is the mass of adsorbent (g),
Q is the feed flow rate (mL/min), and t is the filtration
time (min). The values of KTh and q0 were estimated
from the linear plot of ln C0=Ct � 1ð Þ against t and were
shown in Table 2.

As the feed flow rate increase from 6 to 9 mL/min,
the rate constant increased from −22,666 to −116 mL/
(min mg) and as a result of that, the adsorption capac-
ity reduced from −267.46 to −808.39. An increase in
initial phenol concentration from 50 to 250 mg/L leads
to elevation of both Thomas model rate constant and
(−2.50 to −1.50 mL/(min mg)) and adsorption capacity
(−10,737.10 to 2,922.76 mg/g). Elevation of bed depth
from 1 to 3 cm resulted in a decrease of the model
constant from −808.39 to −10,737.10 mL/(min mg).
Higher adsorption capacity at higher initial phenol
concentration can be attributed to large concentration
gradient and higher driving force [27].

The number of correlation coefficients greater than
0.9 from this model’s adsorption test is (7/9). Also,
the model has individual correlation coefficient, RMSD
and SS of 0.9913, 47.57, and 40.51. Thomas model can-
not provide a good fit for the adsorption studies even
though it has a high number of tests with R2 greater
than 0.9, but is has lower R2 for the individual model,
high RMSD, and SS when compared with Yoon–
Nelson model.

3.3.3. Yoon–Nelson model

The Yoon–Nelson model is similar to Thomas model.
The model can moderate the limitations of Adams–
Bohart model at the latter part of the breakthrough
curve. The linear form of the model is given by:

Table 2
Adams–Bohart, Thomas, and Yoon–Nelson model constants for the phenol adsorption by modified activated carbon
packed column

Conditions Adams–Bohart Thomas Yoon–Nelson

pH Q Z Ci KAB N0 (10
−5) R2 KTh (10−5) qo R2 KYN τ R2

6.5 3 1 50 4,385.9 −62.2 0.743 −116 −4,819.17 0.9227 0.057 32.12 0.9227
6.5 6 1 50 3,571.42 −93.66 0.9188 −22,666 −267.46 0.9636 10.104 1.12 0.9636
6.5 9 1 50 4,464.28 −605.11 0.8103 −370 −808.39 0.9768 0.185 −1.79 0.9768
6.5 3 2 50 6,410.25 −3.65 0.721 −4.50 −8,150.88 0.8893 0.0227 −106.90 0.8893
6.5 3 3 50 8,196.72 −2.46 0.6941 −2.50 −10,737.10 0.9106 0.0124 −214.74 0.9106
6.5 3 1 250 55,555.56 −1.51 0.4148 −1.50 2,922.76 0.439 0.0391 −142.35 0.8207
6.5 3 2 250 14,705.88 −18.95 0.6164 −17 −24,197.50 0.9355 0.0433 −64.52 0.9355
6.5 6 2 250 83,333.33 −0.92 0.7964 −9.70 54,956.79 0.9713 0.0243 73.27 0.7964
6.5 9 2 250 39,062.50 −3.005 0.8423 −0.50 −3,609.82 0.9901 0.126 −3.20 0.9901
RMSD 14.18 47.57 1.62
SS (%) 1.95 40.51 40.51
R2 0.9991 0.9913 0.9993

Notes: Q is the feed flow rate (mL/min); Z bed depth [28]; Ci initial phenol concentration (mg/L); KAB Adams–Bohart rate constant

(L/mg min); N0 saturation concentration (mg/L); KTh Thomas model rate constant (mL/mg min); qo equilibrium phenol sorption capacity

constant (mg/g); KYN Yoon–Nelson model rate constant (1/min); τ time required for 50% breakthrough (min).
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ln
Ct

C0 � Ct

� �
¼ KYNt� sKYN (13)

where KYN is the Yoon–Nelson rate constant (min−1)
and τ is the required time for 50% phenol break-
through (min). This parameters can estimated by plot-
ting ln Ct=C0 � Ctð Þ against t (min).

From Table 1, it is found that KYN increased from
0.057 to 10.104 (min−1) while τ decreased from 32.12 to
1.12 with an increase in feed flow rate (3–6 mL/min).
Similar pattern was observed with increase in phenol
concentration which is due to faster saturation of the
column at high floe rate and high initial phenol con-
centration [29]. However, the model resulted in high
correlation coefficients above 0.9 (6/9) for the adsorp-
tion tests, high R2 for the individual model, and have
the least RMSD (1.62) which indicates it was more sat-
isfactory than both Adams–Bohart and Thomas mod-
els to fit and describe the phenol-modified carbon
adsorption system.

3.4. Adsorption thermodynamics

3.4.1. Effect of temperature

The solution temperature plays a major role in
adsorption processes. First of all, as the adsorbate tem-
perature rises, the viscosity of the solution decreases
which results in an increase in the diffusion rate of
the adsorbate molecules on the surface of the
adsorbent and this translates to higher adsorption (as
presented in Fig. 9). Secondly, change in temperature
may affect the equilibrium adsorption capacity of the

adsorbent. The adsorption capacity reduces when the
temperature is raised for an exothermic reaction and
the opposite reaction takes place for endothermic
reactions.

As can be seen from Fig. 9, the phenol adsorption
onto the modified activated carbon increases with
temperature. Therefore, this increase implied that the
adsorption process is endothermic. This was due to
the tendency of the phenolic molecules to be more
adsorbed on the adsorbent surface from the aqueous
solution through enhancement of the adsorptive forces
between the phenol and the active sites as the temper-
ature appreciates [32]. A similar finding was reported
by Subash et al. in adsorption of phenol using garlic
peel as the adsorbent [33].

3.4.2. Determination of free energy change (ΔG),
enthalpy change (ΔH), and entropy change (ΔS)

An investigation of the effect of temperature on
adsorption process gives a hint about ΔG, ΔH, and ΔS
variations in relation with the adsorption [34]. In this
study, experiments were carried out to find the opti-
mum thermodynamic conditions on the adsorption of
phenol onto ammonia-modified activated carbon at
different temperatures of 303, 313, and 323 K. The
results for the thermodynamic parameters of phenol
adsorption are presented in Table 3.

From the results, it can be deduced that ΔG values
are positive for all the temperatures which indicate
the non-spontaneous nature of the adsorption process.
The negative values of ΔG reduced with an increase in
temperature, proving that the adsorption was better
attained at higher temperatures. Also, the positive
value of ΔH shows that the adsorption process is
endothermic in nature. In addition, the ΔS negative
value indicated less randomness of the adsorbent–ad-
sorbate interface during the adsorption process. The
negative value for ΔS (−18.5 kJ mol−1 K) can be linked
to the movement of water molecules adsorbed by the
adsorbate and which indicates that the surface of
the adsorbent does not prefer phenol molecules over
the adsorbed water molecules [33,35–37].

Table 3
Thermodynamic parameters of phenol adsorption onto
modified activated carbon

T (K) ΔG (kJ mol−1) ΔH (kJ mol−1) ΔS (kJ mol K)

303 1,998.5 7,551.7 −18.5
313 1,666.4
323 1,635.3

1/T
0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335
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Fig. 9. The effect of temperature on the removal of phenol
at initial concentration of 50 mg/L, pH of 6.5, steering
speed of 150 rpm, and adsorbent dose of 0.1 g.
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3.4.3. Estimation of activation energy

Knowledge about the magnitude of activation
energy could give the type of adsorption that can be
obtained. There are two kinds of adsorption, which
are physical and chemical adsorption. Physisorption is
characterized by mainly low activation energy (5–
40 kJ mol−1), while chemisorption requires higher acti-
vation energies (40–800 kJ mol−1). However, activation
energy is considered as non-activated chemical
adsorption when its value is close to zero [34].

The activation energy for the phenol adsorption
was deduced from Arrhenius equation given by:

K2 ¼ Ae
�Ea
RT (14)

This linear form of the above equation can presented
as:

ln K2 ¼ � Ea

RT
þ ln A (15)

where K2, R, A, T, and Ea stands for second-order rate
constant, gas constant (8.314 kJ mol−1), Arrhenius fac-
tor (g mg−1 min−1), absolute temperature (K), and
apparent activation energy (kJ mol−1), respectively
[16,18,38–40].

A plot of ln K2 against 1/T gives a straight line
and the value of the activation energy is estimated
from the slope (–Ea/R) as presented in Fig. 10. The
activation energy was found to be 28 kJ mol−1 for the
phenol adsorption. As mentioned above, in
physisorption equilibrium is rapidly achieved and the

process is reversible as the amount of energy required
is small.

3.5. Adsorption mechanism

Understanding the basic mechanism of phenol
adsorption on the modified activated carbon is essen-
tial in evaluation of its behavior in the environment. It
is known that the oxidation of activated carbon sur-
faces has a high impact on the removal of phenol, but
is even more pronounced in the activated carbons
with hydrophobic surfaces [41].

Fig. 2 shows the FTIR spectra of the modified acti-
vated carbon before and after adsorption of phenol.
The C–O, C–N, and H streching vibrations peaks at
1,056, 1,032, and 670 cm−1 which disappear after phe-
nol adsorption [42]. The peak at 776 cm−1 indicates the
presence of aromatic –CH group and this confirm the
adsorption of phenol by the AC [43]. This shows that
the surface of the modified carbon played a role in
phenol adsorption.

The dynamics of a biosorption process could also
be described by either of the following:

(1) The removal of solutes from the bulk solution
onto the adsorbent surface through the liquid
film (film diffusion).

(2) The diffusion of the solute into the adsorbent’s
internal pores with a minute quantity of
adsorption on the external surface (pore diffu-
sion).

(3) The adsorption of the solute onto the internal
surfaces and capillary spaces of the adsorbent
[44–46]. Of the three steps, the third is assumed
to be fast and negligible.

One of the commonly used ways to determine the
mechanism involved in the biosorption is by determi-
nation of the activation energy of the process. Adsorp-
tion process is classified as film diffusion controlled
when the Ea is below 16 kJ mol−1, particle diffusion
controlled when the Ea is between the range of 16–
40 kJ mol−1, and chemical reaction controlled when
the Ea is above 40 kJ mol−1 [32]. The Ea of 28 kJ mol−1

value obtained in this study further validated the
sorption of phenol on the modified activated carbon
was pore diffusion controlled process.

4. Conclusions

This study explores the ability of modified palm
shell-based carbon to remove phenol and its deriva-
tives from water using fixed-bed adsorption mode.

Fig. 10. Linear plot of ln K2 against 1/T at initial concen-
tration of 50 mg/L, pH of 6.5, steering speed of 150 rpm,
and adsorbent dose of 0.1 g.
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The column adsorption performance was affected by
adsorbent dosage, initial phenol concentration, and
feed flow. The thermodynamic parameters revealed
that the adsorption was non-spontaneous, endother-
mic, and pore diffusion controlled process. The maxi-
mum adsorption capacity of the carbon was 238.12 at
250 mg/L initial phenol concentration, 1 cm bed
depth, and 9 mL/min flow rate. Adams–Bohart, Tho-
mas and Yoon–Nelson models were used to fit experi-
mental data, but only Yoon–Nelson model fitted well.
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