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Kinetic studies on the adsorption of phenol from aqueous solution
by coffee husk activated carbon
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Abstract: The kinetics of phenol adsorption from aqueous solution on activated carbons (ACs) obtained from
coffee husk by potassium hydroxide (KOH) activation at 650 and 750°C have been studied in the range of
100 - 250 mg L initial phenol concentrations and at the temperatures range of 10 — 40°C. Kinetic models for
phenol adsorption were evaluated using pseudo-first-order, pseudo-second-order, and Elovich models. The
adsorption mechanism was investigated using Reichenberg, Boyd, and Weber and Morris models. The
adsorption on coffee husk activated carbon was found to be a fast or speedy process with the adsorption rate,
ka2, in the range of 0.130 to 0.977 min*. The adsorption process was mainly physical, promoted by chemical
sorption, and controlled not only by intra-particle diffusion but also by pore diffusion throughout the entire

adsorption period.
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1. Introduction

Phenol is a highly toxic pollutant, that is easily found
in wastewater from many chemical industries, such
as gas, petroleum refinery !, resin manufacturing 2,
paper mills 3, and liquefaction processes *. It is
difficult to be biodegraded and pose a threat to both
human and aquatic environments. Consequently,
many countries and international organizations have
implemented regulation standards for wastewater
discharge.

Several methods and techniques have been
extensively used to treat phenolic compounds from
wastewater, such as advanced oxidation 5,
adsorption 8, extraction °, chemical precipitation *°,
membrane separation !, and photocatalytic 2.
However, effluent treatment is relatively expensive,
especially in large scale applications. With the
improvement of the production of activated carbon
(AC) from agricultural wastes and reduce the
expense 3, the adsorption method using activated
carbon as adsorbent becomes one of the most
applicable methods, with the advantages of low cost,
simple operation, high effectiveness, and mainly, can
remove phenol at low concentration 4. In this study,
the adsorbent is produced from the coffee husk, an
abundance precursor in Vietnam, the second-largest
exporting coffee country in the world. The
adsorption of phenol onto activated carbon is mainly
due to the =-m dispersion interaction between the
aromatic ring of phenol with the AC surface in pores
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that are similar in size to the phenol molecules, and
the interact between the hydroxyl group of the
phenol and HO-(AC) or HOOC-(AC) ', These
interactions can be described in three sequential
processes; namely, i) transport of the adsorbate to the
external surface of the adsorbent (film diffusion), ii)
transport of the adsorbate within the pores of the
adsorbent and small amount of adsorption occur on
the external surface (particle diffusion), and iii)
physisorption or chemisorption of the adsorbate on
the interior surface of the adsorbent ',

Nevertheless, the third step is generally considered to
be rapid ‘8. Therefore, the transfer of the adsorbate in
an adsorption process is usually governed by
external mass transfer (film diffusion), intra-particle
diffusion, or by the combined effect of both diffusion
ways *°. In general, film diffusion is the rate-limiting
step that occurs in poor mixing, dilute adsorbate
concentration, small particle size, and high affinity
of adsorbent. In contrast, systems that have a high
adsorbate concentration, proper mixture, large
particle size of adsorbent, and low affinity between
adsorbent and adsorbate are normally limited by
intra-particle diffusion step 2°. Identify the rate-
limiting step is a basic requirement to understand the
adsorption mechanism and design the actual
adsorption and separation process.

This study aims to investigate the kinetics of phenol
adsorption onto coffee husk activated carbon. The
applicability of kinetic models, namely pseudo-first-
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order, pseudo-second-order, and Elovich equations,
is evaluated. The activation parameters, such as the
activation energy, standard enthalpy, entropy, and
free energy of activation, and the adsorption
mechanism, are also investigated.

2. Experimental

2.1. Adsorbent and phenol solutions preparation

Arabica coffee husks (from Mai Son, Son La
province, Vietnam) were used as a precursor to
producing activated carbon, following the same
procedure as our previous work 2%, It was washed,
dried, and carbonized at 450°C, in a nitrogen
atmosphere for 90 min. The obtained chars were then
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impregnated with KOH with a weight ratio of 3/1,
for 12 h. The activation process including two steps:
i) heated at 400°C for 20 minutes and ii) activated at
determining temperature (650 and 750°C) in 60 min.
All the processes were performed at the heating rate
of 10°C min?, under a nitrogen flow of
300 mL mint. After activation, the resulted samples
were neutralized by 0.1 M HCI and washed with hot
distilled water until neutral pH, then dried at 120°C
for 24 h in a vacuum drier. The activated carbons
were labeled as ACK-650 and ACK-750, according
to the activation temperature. The surface area, pore
texture (from BET method ?%), and the surface
functional groups (from Boehm method %) of the AC
samples are presented in Table 1.

Table 1. Surface area, pore texture, and surface functional groups of activated carbons.

L abel SZBE'I:l Szmic_l Smic/SeeT mic Vgnes_1 Vmic/ Vot ébl\’((;)IS;JCS g?gziss
(g ) o) emgh) Emg) ) oS oroues
ACK-650 1216 1198 98.52 0.5281 0.0293 94.74 2.23 0.86
ACK-750 1905 1891 99.27 0.8252 0.0361 95.81 1.73 0.67

Phenol crystals (purity > 99%, Xylong Chemical,
China) were used to prepare adsorbate. A stock
solution of 1000 mg L was prepared by weighing
the required amount of crystal solid and dissolving in
double-distilled water. Different initial
concentrations (C,) of phenol, in the range of
100 — 250 mg L, were obtained by dilution of the
stock solution without pH adjustment.

2.2. Adsorption experiments

Kinetics experiments were carried out using 250 mL
solution of known initial phenol concentration
(100 — 250 mg L) with 0.250 g of AC (particle size
range 0.15 < d < 0.3 mm, sieved by No. 100 and No.
50 meshes) in a 300 mL flask, which was kept in a
temperature-controlled water bath (10 — 40°C) and
the aqueous solution-adsorbent mixtures were stirred
at 200 rpm. At a preset time intervals, 5 mL of the
mixtures were pipetted out, filtered, and the phenol
concentrations were determined according to APHA
standard methods 2. The amount of phenol
adsorption at time t, g (mg g?), and the phenol
adsorption capacity at equilibrium (after 18 h of
stirring), ge (Mg g*), were calculated by:

=2 @
q, = Ee==Y @

where C,, Ci and C. (mg L) are the phenol
concentrations at initial, any time t, and equilibrium,
respectively. V is the volume of the solution (L), and
m (g) is the mass of activated used. In all
calculations, the mean values of triplicate
experiments of adsorption were used.

3. Results and Discussion

3.1. Effect of
concentration
The adsorbed amount of phenol on AC prepared
from coffee husk was studied as a function of contact
time at 30°C and different initial phenol
concentrations ranging from 100 to 250 mg L™, the
results were presented in Fig. 1. The amount of
phenol adsorbed increases rapidly after the first
30 min of contact time, which might be due to the
availability of a large number of adsorption sites on
the surface of activated carbon. Then, it enhanced
slowly as a result of surface saturation, and finally
headed toward equilibrium. The amount of phenol
uptake is reinforced at the increasing of initial phenol
concentration from 100 to 250 mg L, regardless of
contact time and adsorbents, owing to the stronger
thermodynamic driving force at a high concentration
gradient 2. In all cases, the amount of phenol
adsorbed on ACK-750 sample are always higher
than that on ACK-650 sample under identical
conditions, owing to the large specific surface area
and pore volume of ACK-750 sample.

contact time and initial
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Figure 1. Adsorption kinetics of phenol at 30°C on the activated carbon
(The solid curves were calculated by the PSO equation)

3.2. Adsorption Kinetic study

To interpret the correlations between the amount of
phenol adsorbed and time, three kinetic models, that
is, the pseudo-first-order (PFO), pseudo-second-
order (PSO), and Elovich equations were applied.

The PFO equation of Lagergren % is given as:

In(qe _qt) = Inqe_ klt (3)
The PSO ?’ equation is given as:

LI @)
9 K e

The Elovich equation is general expressed as
follow 22:

Ge = (1/B) In () + (1/B)In(t) ®)

where k; is the PFO rate constant (min?), k, is the
PSO constant (g mg? min?), o is initial adsorption
rate (mg g! min?), and B is desorption
constant (g mg).

The parameters of the PFO, PSO, and the Elovich
models were obtained using linear regression. The
applicability of these equations is verified through
the coefficient of determination (R?) and the average
relative errors (ARE) 2°, in which R? is used to
evaluate the correlation between experimental data
and Kinetic equation, and the ARE are used to
estimate the fit between the experimental and
predicted data. ARE are calculated according to

equation (6):
qt,pre _qt,mes
qt,mes i

where Qmes, and Qrpre are experimental and predicted,
amount of phenol adsorbed at time t respectively; N

N
ARE = %Z (6)

i=1

is the number of experimental data.

The PFO, PSO, and Elovich kinetic models have
been determined at different initial phenol
concentrations and showed in Fig. 2 and Fig. 3. It
can be seen that at all contact time and initial
concentration investigated, the experimental points
scattered around PFO and Elovich lines, whereas lie
precisely on the PSO line. The obtained Kkinetic
parameters, along with the corresponding R? and
ARE values of the three models, are summarized in
Table 2. As can be seen from Table 2:

i) For the PFO model, the values of the coefficient of
determination R? are in the range of 0.8454-0.9342
and ARE values are very high for both samples
(85.27 — 86.00 for ACK-650 sample and 87.02 —
91.66 for ACK-750 sample), proving a poor fit of the
model. Furthermore, the calculated . and the
experimental e differ appreciably. Therefore, the
adsorption of phenol onto coffee husk AC cannot be
described by the PFO model.

ii) The Elovich model shows a coefficient of
determination R? in the range of 0.8539 — 0.9120,
and a relative large ARE values (3.78 — 4.05 for
ACK-650 and 2.12 — 3.77 for ACK-750). Therefore,
in this study, the Elovich model is inappropriate to
describe the kinetic adsorption of phenol onto ACs.

iii) The PSO model obviously yielded the highest R?
(0.9998 — 0.9999) and the smallest ARE values
(0.28 — 0.96). R? close to 1, ARE is very small, and
the experimental value g. agrees with the calculated
one, inferring that the kinetic of phenol adsorption of
phenol onto coffee husk AC can be described very
well by PSO model. Other published studies in the
literature have also been reported that the PSO model
is applicable in the case of phenol adsorption on
ACs ¥,
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Figure 2. PFO and PSO kinetics models for phenol adsorption at 30°C on the coffee husk AC
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Figure 3. Elovich kinetic model for phenol adsorption at 30°C on the coffee husk AC

Table 2. Kinetic parameters for the adsorption of phenol at 30°C on the coffee husk AC.

Sample ACK-650

Co (mg L) 100 150 200
Experimental ge (mg g%) 77.08 106.02 125.16
de(mg gt) 19.20 26.32  31.05

Pseudo- kix10% (min) 1.75 1.95 1.73
first-order R? 0.8987 0.9199 0.8867
ARE (%) 8587 8527  86.00
de (Mg gt) 76.92 106.38 125.00

kex10’ 355 58 218

Pseudo- (9 mg™min~)

second- ka2ge (Min) 0271 0275 0272
order h(mggminl) 208 292 = 34.0
R2 0.9999 0.9999 0.9998

ARE (%) 092 096  0.96

a (mgg'mint) 887 1294 1353

Elovich B(g mg™) 0124 0090 0.076
R2 0.9111 0.9103 0.9031

ARE (%) 392 378 405

For the PSO model, with increasing initial phenol
concentration, the rate constant k, gradually

679
. T T 5.0
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- 35
N
‘gb\'\ -‘\\::::\,\\ . 2.0
0\§:Q\\ Te. ‘\. 5
OT~IzQ - 052
o Cc,=100mgL"* \0\\::\0\\ o
& C,=150mgL’ T3 10
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I
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ACK-75lI) 7 ,
°
W
° o C,=100mgL*
O C,=150mgL”
® C,=200mglL"”
& C,=250mgL*
1 2 3 4 5 6
In(t)
ACK-750
250 100 150 200 250
14122  87.18 119.45  143.19 167.82
37.07 13.08 14.88 27.02  40.21
1.64 241 2.98 1.74 1.59
0.8877 0.9342 0.9268 0.8556 0.8454
8545  90.62 91.66 89.56  87.02
140.85 87.72 120.48 142.86 166.67
1.79 6.19 5.74 2.68 1.71
0.252  0.543 0.692 0.383  0.284
35.5 47.6 83.3 54.6 47.4
0.9999 0.9999 0.9999 0.9999 0.9999
0.95 0.87 0.38 0.28 0.44
1079 367271 3097748 10514 1775
0.065 0.181 0.147 0.081  0.057
0.9120 0.8539 0.8769  0.8924 0.9078
3.93 2.67 2.12 3.31 3.77

decreased, faster for ACK-750 sample (from
6.19 x 102 to 1.71 x 10 g mg* min?), and slower



Mediterr.J. Chem., 2020, 10(7)

for ACK-650 sample (from 3.52 x 103 to
179 x 10° g mg!' minl). At the highest
concentration investigated, k. declined to a similar
value for both examples. From the PSO Kinetic
parameters, the initial adsorption rate, h (mg g min-
D, at different initial phenol concentrations was
calculated using equation (7) ' and given in Table 2.

H.S. Taetal.
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of micropores of two samples. The high amount of
micropore (1891 m? g?) of the ACK-750 sample
might hinder the mass transfer of phenol diffusion
inside micropores at concentrations higher than
150 mg L.

3.3. Effect of temperature
The effect of temperature on the adsorption of

h =k,q2 (7 phenol from aqueous solution on coffee husk AC is
o . . examined with the initial phenol concentration of
The initial adsorption rate changes differently 150 mg L™, in temperatures range of 10-40°C and

according to the shift of C,. For the ACK-650
sample, h gradually increases from 20.8 to
355 mg g!' min' when C, is rising from
100 to 250 mg g*. Whereas for ACK-750 sample, h
raises from 47.6 to 83.3 mg g* min? when C,
increasing from 100 to 150 mg L, then decreases
back to 47.4 mg g min"* when Co reaches 250 mg
L. The difference in the behavior variation of the
initial adsorption rate between ACK-650 and
ACK-750 samples might be explained by the number

presented in Fig. 4. At the initial stage of contact
time, the amount of phenol uptake increases with
temperature. However, after longer contact time,
50 min for ACK-650, and 35 min for ACK-750, the
amount of phenol adsorbed decreased at increasing
temperature, which might be due to the desorption of
phenol adsorbed from activated carbon and progress
toward equilibrium. It also can be seen the phenol
uptake of ACK-750 sample are always higher than
that of ACK-650 sample at all temperature studied.
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Figure 4. Adsorption kinetics of phenol on the activated carbon at initial phenol concentration of 150 mg L
and different temperatures (The solid curves were calculated by the PSO equation)

t (min)

Table 3. Calculated parameters of the PSO in the phenol adsorption at initial phenol concentration of 150 mg L™
and different temperatures on the coffee husk AC.

Sample T  Experimental Qe k2x103 kaqe h R? ARE
P (°C)  9e(mgg™) (mgg?) (gmg*min?) (min?)  (mgg'min) (%)
10 116.30 116.28 1.12 0.130 15.1 0.9999 0.94
20 109.41 109.89 1.75 0.193 21.2 0.9999 0.97
ACK-650
30 106.02 106.38 2.58 0.275 29.2 0.9999 0.96
40 103.22 103.09 3.50 0.361 37.2 0.9999 0.63
10 127.66 128.21 1.95 0.250 32.1 0.9999 0.92
20 125.54 125.00 2.96 0.370 46.3 0.9999 0.58
ACK-750
30 119.45 120.48 5.74 0.692 83.3 0.9999 0.38
40 116.48 116.28 8.40 0.977 113.6 0.9999 0.47

The calculated parameters at different temperatures,
according to the PSO model, are summarized in
Table 3. It can be seen that R? in all cases is close
to 1, ARE values are less than 1. All the calculated ge
are in the same range as the experimental e,

inferring that the PSO model can be successfully
described the adsorption of phenol onto coffee husk
AC at different temperatures. It also can be seen that
the h and k. values increase with a rise in
temperature. This may be explained by an increase in
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the interaction between phenol and activated carbon,
due to faster transport from the bulk solution to
activated carbon surfaces, as well as the faster pores
diffusion at rising temperatures. Furthermore, for
both AC samples, . decreases as increasing
adsorption temperature, suggesting the exothermic
nature of the adsorption process.

From the PSO kinetic parameters, the adsorption rate
of approaching equilibrium can be determined by
kage, and classified to slow process if kaqe, < 0.01,
moderately fast process if 0.01 < koge < 0.1 min™,
fast process if 0.1 < koge < 0.8 min, and extremely
fast process if kage > 0.8 min' %2, The values of kaQe
at different initial phenol concentrations and
temperatures for the phenol adsorption on coffee
husk AC are calculated and reported in Table 1 and
Table 2. kaQe is increasing from 0.130 to 0.361 min
for ACK-650 sample, and from 0.250 to 0.977 min
for ACK-750 sample when temperature increase
from 10 to 40°C (Table 2). kg also lies in the range
of 0.252 to 0.692 min* for both samples when initial
phenol concentration in the range of 100 to
250 mg L (Table 1). This result shows that phenol
adsorption onto ACK-650 is a fast process in the
temperature range of 10 — 40°C, whereas ACK-750
is a fast process in the temperature range of
10— 30°C and is a speedy process at 40°C. This is an
advantage of coffee husk AC in practical application,
compared to other types of AC. The process of
phenol adsorption onto coffee husk AC is
tremendously faster than onto coconut shells AC
(k2ge = 0.0169 mint) 3%, plum kernel AC 750°C

(kzge = 0.0169 min?) *, or granular AC
(k2ge = 0.0108 min't) %,
-85 . .
a) ® ACK-650
& ACK-750
-9.0 ]
] y = -4466.3x + 5.4138 ]
N 95 R?=0.9889
x
<
-10.0 {
1 y =-3377.8x + 1.0673
-10.5 R®=0.9972
-11.0 : . . .
0.0031 00032 0.0033 0.0034 0.0035
UT (K™Y

0.0036
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3.4. Activation parameters

The activation energy E. for phenol adsorption onto
coffee husk AC was determined using the Arrhenius
equation:

E
Ink, =InA-—=%
RT

®)
where k; is the PSO rate constant (g g’s?), Ea is the
activation energy (kJ mol?), A is the Arrhenius
factor, R is the gas constant (8.314 J mol* K1), and
T is the absolute temperature (K).

The dependence of Ink; on the reciprocal
temperature is showed in Fig. 5a. E; was obtained
from the slope of the linear plot. The value of E,
(Table 3) was 28.083 kJ mol* for the ACK-650
sample and is 37.133 kJ mol? for the ACK-750
sample. These calculated activation energies for both
samples are less than 40 kJ mol?! demonstrating a
quick reaction %, which is in agreement with the
result obtained from k.ge values These results are
comparable to the adsorption of sulfonated methyl
phenol resin on sewage sludge-derived adsorbent *.
On the other hand, the magnitude of E, may give an
idea about the type of adsorption. According to
literature ¢, if E, value is between 5 and 20 kJ mol!
physisorption is the predominant process, and if
Ea. > 40 kJ mol?, the chemical reaction process will
take place. Therefore, the adsorption of phenol from
aqueous solution onto coffee husk AC in this study is
mainly physical and boosted by chemisorption. The
chemisorption is due to the surface functional groups
of AC samples, especially basic groups, which can
form donor-acceptor complexes with phenol, thus
contributing to phenol adsorption ©.

-21.0
b) ® ACK-650
-21.5 1 & ACK-750
-22.0 A y = -4168.9x - 8.1898
R?=0.9873
-22.5 A
-23.0 4
] y = -3080.4x - 12.536
-23.5 R%=0.9964
-24.0 T T T T
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
UT (K™

Figure 5. Plot of Ink, vs /T (a) and In(ko/T) vs 1/T (b)

The Eyring equation was used to calculate the

standard enthalpy (AH?), entropy (AS*), and free

energy (AG¥) of activation as followed:
k,  ky, AS" AW

In—=4-=In—+
T h R RT

©)

AG* = AH* —TAS* (10)

where k; is the PSO rate constant (g g*s), ks and h
are the Boltzmann’s constant (1.381x102% J K1) and
Planck’s constant (6.626x10734 J s), respectively.
AH* and AS* were calculated from the slope and
intercept of the plot of In(ko/T) versus /T (Fig. 5b),
and the acquired activation parameters are reported
in Table 4.
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Table 4. Activation parameters for the adsorption of phenol onto coffee husk AC.

T AGH AH AS* E.
Samples (°C) (kd mol) (kJ mol) (3 mol K-Y) (kJ mol)
10 111.010
20 114.028
ACK-650 25.610 3018 28.083
30 117.046
40 120.064
10 109.834
20 112.491
ACK-750 34.660 265.6 37.133
30 115.147
40 117.803

In the temperature range of 10 — 40°C, AG* ranging diffusion), Boyd (particle diffusion), and Weber and
from 111.010 to 120.064 kJ mol?! for ACK-650 Morris (intra-particle diffusion) models.

sample and from 109.834 to 117.803 kJ mol* for

ACK-750 sample, suggests that in the activation 3.5.1. Reichenberg model

step, the adsorption reaction requires energy to The Reichenberg model ** is usually applicable to
convert reactants into products. The positive value of film diffusion inside micropores and is expressed in
AH* (25.610 kJ mol? for ACK-650 sample, and the following equation:

34.660 kJ mol? for ACK-750 sample) indicates 6
endothermic nature, meaning the reaction consumes 9 | _(,_5 _

energy. The negative value of AS* (-301.8 and f[ ]_[1 anexp( BY) (1)
-265.6 J mol! K?! for ACK-650 and ACK-750

Qe

samples) suggests that the adsorption of phenol Or simplified as in the linear form:
decrease randomly of the surface, inferring that the
adsorption of phenol onto coffee husk AC surface is ~0.49771n 1_& — Bt (12)
an associated mechanism *°. Also, the negative value Oe
of AS* usually reflects that no significant change
occurs in the internal structure of the adsorbent where g: and ge are the amount of phenol adsorbed at
during the adsorption process . time t and equilibrium, B is the time constant.
. . The plots of -0.4977In(1-q/ge) versus t for ACK-650
3.5. Adsorption mechanism study _ and ACK-750 samples, at different temperatures,
In order to estimate the rate-determining step in the showed in Fig. 6 do not follow linear relation,
adsorption process of phenol onto activated carbon suggesting that film diffusion is not the sole rate-
and explain the adsorption mechanism, the data were controlling process.
further investigated using Reichenberg (film
25 T T T T T T T 3.0 T T
ACK-650 ACK-750 .
20 4 . 2.5 1
- - 3 s
2 s 3 o 2u oo ]
g 15 * o P o1 3 o2 ¢ ° °
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Figure 6. Reichenberg model plot for phenol adsorption on the activated carbon at different temperatures

3.5.2. Boyd model D,tn’n
The Boyd model “2 represented a particle diffusion [ ] 1——2—9 ( i 1] (13)
model, signifying for diffusion rate during Ge RS

adsorption, as shown in the following equation: Assuming the adsorbent as spherical, the Vermeulen

approximates it as in equation:
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2 2
—In 1_[q_tJ =
Qe R

T
2De
a

(14)

where R, is the radius of adsorbent, and De is the
effective diffusion coefficient.
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Vermeulen plots of —In[1-(qi/qe)?] versus t, at different
temperatures, are shown in Fig. 7.
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Figure 7. Boyd model plot for phenol adsorption on the activated carbon at different temperatures

The experimental data did not give a good correlation
since the plots of —In[1-(q/ge)?] versus t at all
temperatures followed a non-linear relationship. This
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result confirmed that the particle diffusion is not the
only rate-controlling step.
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Figure 8. Intra-particle diffusion model plot for phenol adsorption on the activated carbon

3.5.3. Weber and Morris model

The intra-particle diffusion model was used to study
the mechanisms involved and to identify the rate-
controlling step. This model described by Weber and
Morriss * is shown in Eq (15).

g, =kst'2+C (15)

where C is the intercept, and kg is the intra-particle
diffusion rate constant.
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Weber and Morris plots of g versus t*2 are shown in
Fig. 8 for ACK-650 and ACK-750 samples at
different initial phenol  concentrations, and
temperatures. For all conditions investigated, there
are two separate linear stages. In the first stage, more
than 90% of phenol was adsorbed by activated
carbon within 25 min, while in the second stage, a
slow diffusion process is observed. Thus, suggesting
that a surface diffusion process first governed the
adsorption of phenol over coffee husk AC, followed
by pore diffusion 8. Generally, the fast adsorption in
the initial stage is governed by film diffusion, and
later on, the adsorbate is diffused into the pores.

The intra-particle diffusion rate constant (kq), the
intercept (C), and the correlation coefficient (R?) for
the two stages were determined and summarized in
Table 4. R? is in the range of 0.9367 to 0.9939,
indicating the intra-particle diffusion occurred.
Nevertheless, the intercept C is larger than 0, which
means the plots do not pass through the origin,
inferring that intra-particle diffusion is not the sole
rate-controlling step. The values of C;, are in the
range of 65.27 to 140.50 mg g2, significantly higher

H.S. Taetal. 684

than that of C; (9.78 to 85.84 mg g*), which suggests
a higher boundary layer effect “* in the second stage
of adsorption. The values of kq1 are much larger than
that of kg2, which can be explained by the limitation
of the vacant sites for diffusion, pore blockage effect,
and due to the boundary layer effect. It also can be
seen that ky is increased with increasing initial
phenol concentration and decreased with increasing
temperature.

The pore diffusion coefficient (D, m? s?) was
calculated by employing the equation (16), assuming
the spherical shape of the adsorbent particles *°:

- 0.03r2

t1/ 2

D (16)

where ti is the time (s) for half adsorption of
phenol, and r, is the average radius of the adsorbent
particle in m.

The value of r, was used as 1x10* m, since the
particle radius is in the range of 0.15-0.3 mm, as
detailed in the experimental section. The calculated
D is shown in Table 5.

Table 5. Calculated parameters of the Weber and Morris model and the diffusion coefficient.

Sample Co N OT _If“l. o5 C1 1
(mgL?)  (°C) (mggimin®%)  (mgg)

100 30 8.48 28.21

150 30 12.01 38.58

200 30 13.69 45.50

ACK-650 250 30 16.24 46.82
150 10 17.14 9.78

150 20 14.86 23.47

150 40 10.06 46.66

100 30 7.09 50.79

150 30 7.91 77.86

200 30 13.57 66.91

ACK-750 250 30 18.38 60.62
150 10 14.88 41.90

150 20 12.19 56.99

150 40 5.83 85.84

The value of D

is between 0.65 x 10712 and

R2 Kd2 _ C 2 Dx101?

1 (mggtmin®)  (mgg?) 2 (ms?)
0.9556 0.84 65.27 0.9683 1.35
0.9617 1.20 90.05 0.9576 1.37
0.9531 1.36 105.81 0.9831 1.36
0.9781 1.66 117.29 0.9939 1.26
0.9759 2.34 83.00 0.9593 0.65
0.9655 2.01 84.75 0.9405 0.96
0.9532 0.83 91.19 0.9483 1.80
0.9544 0.54 80.31 0.9840 2.71
0.9759 0.85 110.82 0.9625 3.46
0.9632 1.25 126.42 0.9805 1.91
0.9746 2.01 140.50 0.9719 1.42
0.9367 1.03 113.05 0.9821 1.25
0.9496 0.99 112.03 0.9897 1.85
0.9300 0.43 110.37 0.9866 4.89

1.8 x 1022 m? st and from 1.25 x 101 to

4.89 x 10 m? st The effect of initial phenol
concentration on the diffusion coefficient is not
significant, almost unchanged for ACK-650 sample,

increase from 2.71 x 102 to 3.46 x 1012 m?s, then
decrease to 1.42 x 10 m? st when initial phenol
concentration increase from 100 to 250 mg L.
However, D is varied from 0.65 x 10" to

4.89 x 102 m? 51, for ACK-650 and ACK-750
samples, respectively, when T increases from 10 to
40°C.

The influence of temperature on the diffusion
coefficient can be represented by the Arrhenius
equation:

D=D, exp(—%j 17)
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where D, is the pre-exponential factor, Ep is the
activation energy of diffusion, T is the temperature
(K), and R is the gas constant (8.314 J KX molY).

The equation (17) can be rearranged as:

InD:InDO—ii
R T

(18)
The values of Ep and D, were determined from the
slope and intercept of the plot of InD versus 1/T
(figure not show). Ep and D, values for ACK-650
and ACK-750 are 25.163 kJ mol?, 2.91x10® m? s?
and 34.744 kJ mol™, 3.14x10® m? s, respectively.

4, Conclusion

The kinetic adsorption study of phenol onto coffee
husk activated carbon revealed that the adsorption
process is fast for the ACK-650 sample and
extremely fast for the ACK-750 sample. The
adsorption process on both samples follows the
pseudo-second-order equation, with the maximum
adsorption rate of 0.977 min! (ACK-750 sample at
40°C and initial phenol concentration of 150 mg L™2).
The adsorption is governed by film diffusion,
followed by pore diffusion and has an associated
mechanism. The activation energy (E.) of adsorption
are 28.083 and 37.133 kJ mol? for ACK-650 and
ACK-750 samples, respectively. The enthalpies of
the transition step are 25.610 kJ mol?! for the
ACK-650 sample and 34.660 kJ mol?! for the
ACK-750 sample. The kinetic data shows that coffee
husk activated carbon is a potential adsorbent for
removing phenol from wastewater.
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