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Abstract Steam activated carbons from oil-palm shells
were prepared and used in the adsorption of phenol. The
activated carbon had a well-developed mesopore structure
which accounted for 45% of the total pore volume. The
BET surface area of the activated carbon was 1183 m?/g
and a total pore volume of 0.69 cm?/g using N, adsorption
at 77 K. The adsorption capacity of the activated carbon for
phenol was 319 mg/g of adsorbent at 298 K. The adsorp-
tion isotherms could be described by both the Langmuir-
Freundlich and the Langmuir equations. The adsorption ki-
netics consisted of a rapid initial uptake phase, followed by
a slow approach to equilibrium. A new multipore model is
proposed that takes into account of a concentration depen-
dent surface diffusion coefficient within the particle. This
model is an improvement to the traditional branched pore
model. The theoretical concentration versus time curve gen-
erated by the proposed model fitted the experimental data
for phenol adsorption reasonably well. Phenol adsorption
tests were also carried out on a commercial activated car-
bon known as Calgon OLC Plus 12 x 30 and the agreement
between these adsorption data and the proposed model was
equally good.
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b Langmuir—Freundlich isotherm equation constant
(-mg~")
c Concentration in the aqueous phase (mg-1~1)

Ceq  Equilibrium aqueous phase concentration (mg-1~ D)

Co Initial concentration in the aqueous phase (mg-1~1)

Cs.:  Aqueous phase concentration at particle surface at
time t (mg-171)

C;  Aqueous phase concentration at time t (mg-1~")

Dyo  Effective surface diffusion coefficient at zero loading

(cmz-s_l)

f Fraction of the total adsorptive capacity utilized in
mesopore

k Correlation constant in kinetic model
(dimensionless)

kz  Langmuir isotherm equation constant (I.g~!)

K Freundlich isotherm equation constant
(mg-g~")(I-mg~HnF

K,  Branched pore rate coefficient, 51

Ky  External aqueous phase mass transfer coefficient
(cm-s™1)

m Weight of the adsorbent (g)

rp  Mass transfer rate of adsorbate from mesopore
region to micropore region (g-s~!)

ny  Freundlich isotherm equation constant
(dimensionless)

N Rotational speed of orbital shaker (rpm)

Ny Number of points on a fitted experimental curve
(dimensionless)

ng Three-parameter isotherm equation constant
(dimensionless)

q Adsorption capacity (mg-g~")

gay  Amount adsorbed on the adsorbent (mg-g~!)

qb Solid phase concentration in micropore region
(mg-g~")

geq  Equilibrium solid phase concentration (mg- g h
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gm  Solid phase concentration in mesopore region
(mg-g~!)

dmsar Adsorbate concentration in mesopore at surface
saturation (mg-g~!)

(0] Three parameter isotherm equation constant
(mg-g~")

r Radial distance from centre of particle (cm)

R Particle radius (cm); Gas constant (kJ -kg_1 Kb

T Absolute temperature (K)

V¢ Solution volume (I)

AH° Standard enthalpy change during adsorption

(kIkg™h

ASY  Standard entropy change during adsorption
(kJ-kg=!. K1)

Greek letters

) Adsorbent particle density, (g-ml~!)
¥ Proportionality factor defined in van’t Hoff equation
(dimensionless)

1 Introduction

The occurrence of various organic chemicals in hydrosphere
presents a major problem in the usage of water resources.
Hydroxybenzene or phenol and its analogous, recognized
priority pollutants, enter into the environment through nu-
merous chemical industries, viz., coal conversion, petroleum
refining, textile, pharmaceutical, timber, mining, paper and
pulp, as well as large-scale use of herbicides, insecticides
and pesticides in agriculture (Report 1998). Phenols are also
released as intermediate products during microbial degra-
dation of pesticides or some other xenobiotics (Hottenstein
et al. 1995). Complete removal of these carcinogenic com-
pounds or in some cases reduction of the load of such solutes
to an acceptable concentration has become a major chal-
lenge to preserve the quality of aquatic life. The promising
options for the treatment of phenolic wastes are through bi-
ological, chemical and physical methods. Although biolog-
ical method for detoxification using different microorgan-
isms is feasible, it is only applicable for the low concentra-
tion range. Conventional physical and chemical methods for
removal or transformation of phenolic wastes include ad-
sorption, ion exchange and membrane processes. Selection
and feasibility of a particular operation are based on its ap-
plication to the solute concentration range, capacity, cost,
reusability and reproducibility (Buchanan and Nicell 1995;
Karamanev et al. 1997).

In adsorption, the kinetics between the individual atoms,
ions or molecules of an adsorbate and the surface or inter-
face are dependent on the forces and the various interactions.
Equilibrium studies can provide fundamental information to
model the adsorption of an adsorbate onto an adsorbent. In
the adsorption of phenol, which has large molecules and
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a long contact time to equilibrium, the adsorption mecha-
nism is likely to be diffusion control. Diffusion adsorption
is usually controlled by an external film resistance and/or
internal diffusion mass transport or intraparticle diffusion.
Ko et al. (2002, 2003) and Yang and Al-Duri (2001) stud-
ied the branched pore diffusion model (BPDM) and applied
it to the single component adsorption of dyes on activated
carbon in batch stirred vessels. They studied the diffusion
coefficients within the particle which varied with the solute
concentration. Yang and Al-Duri (2001) proposed that the
surface diffusion coefficient could be successfully described
as an exponential function of the surface coverage. Incorpo-
rating this surface diffusion coefficient, this paper proposes a
new concentration dependent effective surface diffusion co-
efficient into the branched pore model to relate the sorbent
surface, the solute properties and the adsorptive characteris-
tics. A branched pore kinetic model or multi-pore for aque-
ous phase activated carbon adsorption is presented in which
the carbon particle is partitioned into rapidly and slowly dif-
fusing regions. This proposed model overcomes problems
arising from a single rate parameter analysis and therefore
should provide better agreement with experimental data.

2 Adsorption isotherms

Adsorption isotherms are important to relate the mechanics
in which the adsorbates will interact with the adsorbents.
The Langmuir equation, the empirical Freundlich equation
and the three parameter Langmuir—Freundlich equations are
used to characterize the adsorption isotherms of activated
carbons.

The Langmuir isotherm equation is

kg Ceq

Geq ey

T 14 AL Ceq
where ¢4 and g, are the concentrations in the aqueous and
solid phases, respectively, at equilibrium, and k7 and ay are
constants that correspond to monolayer coverage.

The Freundlich isotherm equation is

1
Geq = Keo)™" )

where K and np are constants for a given solid liquid ad-
sorption system. K is widely used to quantify the extent of
adsorption and to provide an easy way to compare different
adsorbents or conditions for a particular system.

The three-parameter Langmuir-Freundlich isotherm
equation is

bcl/ns

eq
Geqg=Q——— 3)
“ 1+ bciéns

where Q, b and ng are constants for a given liquid adsorp-
tion system. The Langmuir-Freundlich model was analyzed
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by Sips (1948) who found that the energy distribution func-
tion corresponded to a symmetrical quasi-Gaussian func-
tion. At low concentrations, the model reduces to the Fre-
undlich model and in the case of an homogeneous surface,
it reduces to the Langmuir model (Quinones and Guiochon
1998).

Since the Langmuir-Freundlich model has more than
two adjustable parameters, it is necessary to apply nonlin-
ear least-squares analysis. In order to compare the validity
of the three isotherm equations quantitatively, the normal-
ized and non-normalized RMS (root mean square) residuals
were computed and were used as criteria for determining
the effectiveness of a particular model to fit the adsorption
isotherm data. The usage of these two criteria is based on the
calculation of errors. For nonnormalized RMS residual, it is
more sensitive to errors at high equilibrium solution concen-
trations as it weighs the actual error at all points. However,
the normalized RMS residual is based on the relative error
and therefore it weighs all points equally. The formulae of
the normalized RMS and the nonnormalized RMS residuals
are

Normalized RMS (NRMS) residual

Ny
—100 x L ) X”:(Qe,i(exp) —Ye,i(calc) )2 (4)
Np; im1 qe,i(exp)

Nonnormalized RMS (NNRMS) residual

1 N pt

= N— ' Z(Qe,i(exp) - Cle,i(calc))z. (5)
-

3 Kinetic adsorption model

The governing equations of the proposed concentration de-
pendent branched pore kinetic model are as follows.

1. The macroscopic mass conservation equation of the ad-
sorbate in the aqueous phase is

v dc, deIav

(6)

ar dt

where m is the mass of the adsorbent, V¢ is the solu-
tion volume and C; is the aqueous phase concentration
at time t. The amount adsorbed in the solid phase, gy, is
given by:

3 R
Gav =23 / [fam + (1 — fgplridr 7
0

where f is the part of the total adsorptive capacity utilized
in the mesopore, ¢, and g, are the solid phase concentra-
tions in the mesopore and micropore regions respectively,

R is the adsorbent particle radius, and r is the radial dis-
tance from the centre of the adsorbent particle.
2. The mesopore mass balance equation is
qm aqp

(1 -2
or "D,

fDgo 0
= —ZS 3_ (’"2 exp{k(gm /qmsat) }

r

Gm )

ar ®

,
where Dy is the effective surface diffusion coefficient at
zero loading, Q54 1S the adsorbate concentration in the
mesopore region at surface saturation, and k is a constant.

3. The micropore mass balance equation is

0
(l—f)§=Kb<qm—qb)=mb ©)

where K, is the branched pore rate coefficient, and iy,
is the rate of mass transfer of adsorbate from mesopore
region to micropore region.

4. The coupling between the aqueous and solid phases
achieved by equating the fluxes at the solid-aqueous in-
terface is

94
Ky (€ = o) = D0 explk(gn famad}o(S)
(10)

where Ky is the external aqueous phase mass transfer
coefficient, Cy ; is the aqueous phase concentration at the
particle surface at time, t, and p is the solid density of the
adsorbent.

5. The Langmuir isotherm as given in (1) is used for the
local equilibrium at the interface between the aqueous
and the adsorbent solid phases.

The following boundary and initial conditions are

gm(r,0) =0 (11)

qp(r,0)=0 12)
Ci(t =0)=Cp (13)

gmR, 1) = g5 (1) (14)
%(O,I) =0. (15)
ar

The method of orthogonal collocations (Do 1998) was
used to solve this model.

4 Adsorption enthalpy

The adsorption enthalpy can be obtained from the van’t Hoff
equation which is

AHO (ASO )
——+ | — —Invy (16)

ln(Qeq/Ceq) = RT R
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where R is the gas constant, T is the temperature of the ad-
sorption system, A H? and A S° are the enthalpy change and
entropy change during adsorption, respectively, and ¥ is the
proportionality factor. If AH?, AS? and ¢ are constant, a
plot of ln(%) versus % will yield a straight line with a slope

of —AHY/R and hence AH" can be calculated.

5 Experimental

The raw oil-palm shells were crushed and sieved to a size
range of 2-2.8 mm. After drying at 383 K in an electri-
cal oven for 24 hours, the shells were placed in a verti-
cal stainless steel reactor and heated under vacuum from
room temperature to 673 K at a heating rate of 10 K/min.
The sample was held at the final temperature for 2 hours
during pyrolysis. Subsequently, the resulting chars were re-
moved and placed into another reactor for activation. The
chars were heated under nitrogen atmosphere from room
temperature to 1173 K at a heating rate of 10 K/min. Hav-
ing reached the final temperature of 1173 K, steam from an
electric steam generator was introduced. The hold time dur-
ing steam activation was 1 hour. The resulting activated car-
bons were characterized using an accelerated surface area
and porosimetry system (ASAP 2010, Micromeritics) under
N, adsorption at 77 K. Using the Brunauer-Emmett-Teller
(BET) equation, data from the isotherms were used to de-
termine the BET surface area (Gregg and Sing 1982). The
Dubinin-Radushkevich equation was used to calculate the
micropore volume (Dubinin 1975). The total pore volume
was estimated to be the liquid volume of adsorbate (N») ata
relative pressure of 0.985. The difference between the total
pore volume and the micropore volume is the mesopore vol-
ume. The pore size distribution of the activated carbon was
obtained by applying the density functional theory on the Nj
adsorption isotherm data.

The adsorbate used in the activated carbon adsorption
studies was Phenol GR which was supplied by Merck & Co.
The equilibrium adsorption capacities of the activated car-
bons for phenol at various initial adsorbate concentrations
were measured to determine the adsorption isotherms for
phenol. The aqueous phase adsorption studies were carried
out at five different temperatures of 298 K, 303 K, 313 K,
318 K and 323 K. For each temperature, five different solu-
tion concentrations were studied. 50 ml of each solution was
poured into a 125 ml conical flask. An accurately weighed
amount of activated carbon was added into each flask. The
activated carbons were washed with boiling deionized water
and subsequently dried at 110 °C for 24 hours before use. An
additional flask with a known phenol solution, but without
any activated carbon, was used as the control experiment. By
verifying that the initial and final concentration of this con-
trol flask remaining the same, phenol loss through volatiliza-

@ Springer

tion and adsorption onto the walls of the flask was negligi-
ble. All the six flasks were placed in a shaker bath (DK-
SBO020, Daiki) operating at 900 degrees per second for 168
hours. By determining the phenol solution concentration be-
fore and after the adsorption test, the amount of phenol ad-
sorbed by the activated carbons could be found. The phenol
concentration was determined by a gas chromatograph-mass
spectrometer (6890N GC-5973MSD system, Agilent).

To study the adsorption kinetics with time, the adsorption
of phenol by the oil-palm-shell activated carbons was carried
out in a batch process. In particular, the effect of the initial
solution concentration on the rate of phenol adsorption was
investigated. An accurate weighed amount of activated car-
bon was added to 50 cm? of phenol solution in a 100 cm?
conical flask. The flask was then agitated in a thermosta-
tic orbital shaker at a temperature of 323 K and a rotational
speed of 900 degrees per second over a period of 6 days.
Two initial phenol concentrations were studied; the other
operating parameters remaining constant. The phenol con-
centration was determined by the same gas chromatograph-
mass spectrometer mentioned earlier. The technique used
was based on the EPA method 8720. The amount of phenol
adsorbed was determined by the mass balance procedure.

A commercial activated carbon, Calgon OLC Plus 12 x
30, produced by Calgon Carbon Corp. was evaluated for
its phenol adsorption characteristics so that a comparative
analysis between the oil-palm-shell activated carbon in this
study and a commercial activated carbon could be made.
The Calgon activated carbon was also characterized by the
ASAP 2010 system using nitrogen adsorption at 77 K to de-
termine its BET surface area, micropore volume and total
pore volume. Phenol adsorption isotherms and adsorption
kinetics with time for this commercial carbon were similarly
studied at an adsorption temperature of 323 K.

6 Results and discussion

Figure 1 shows the nitrogen adsorption isotherm at 77 K
for the steam activated carbon prepared from oil-palm shell.
For the micropore analysis in the ASAP 2010 system, Ny
adsorption isotherm was obtained in the very low pressure
region for a range of relative pressures between 3 x 107°
and 0.1. In the mesopore analysis, normal N, adsorption
was carried out at relative pressures from 0.06 to 0.985.
The isotherm in Fig. 1 belongs to a mixed of Type I
isotherm which is associated with microporous solid hav-
ing a relatively small external surface area, and Type IV
isotherm which is associated with mesoporous structures.
In accordance to the classification adopted by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC), pores
are classified as micropores (<2 nm diameter), mesopores
(2-50 nm diameter) and macropores (>50 nm diameter).
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Fig. 2 (a) Micropore, and (b) mesopore size distributions of activated carbons prepared from oil-palm shells

Based on this classification, aqueous-phase activated car-
bons should consist predominantly of mesopores. The pore
size distribution of the activated carbon was obtained from
the nitrogen adsorption isotherm in Fig. 1 using the den-
sity functional theory. Figure 2a shows the micropore size
distribution of the activated carbon based on the micropore
analysis in the low pressure region whilst Fig. 2b depicts the
mesopore size distribution based on the normal pore analy-
sis in the ASAP 2010 system. Figure 2 confirms that the ac-
tivated carbon consists of micro-mesopores with dominant
pore sizes of 0.8 and 3.4 nm for the micropore and meso-
pore size ranges, respectively. With these pore sizes, the oil-
palm-shell activated carbons developed in this work are well
suited for the phenol adsorption studies.

Table 1 shows the physical properties of both activated
carbons that were used in the adsorption tests. With aver-
age pore diameters of 2.33 and 1.92 nm for the oil-palm-
shell and Calgon activated carbons respectively, and rela-
tively significant proportion of mesopores, both activated
carbons are suitable for aqueous phase adsorption such as
the phenol adsorption tests described in this study. These
two activated carbons have almost similar physical charac-
teristics and are therefore well suited for the comparison of
phenol adsorption between them.

The adsorption isotherms of phenol onto the oil-palm-
shell activated carbons at various solution temperatures are
shown in Fig. 3. The largest adsorption capacity shown
was 319 mg phenol/g adsorbent at a solution temperature
of 298 K. The adsorption curves fitted from the Langmuir,
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Table 1 Surface characterization of the activated carbons

Type of activated BET surface area Total pore volume

Average pore diameter Proportion of mesopore volume

carbon (mz/g) (cm3/g) (nm) to total pore volume
(%)
Oil-palm shell 1183 0.69 233 45
Calgon 1113 0.54 1.92 39
Fig. 3 Phenol adsorption Langmuir equation
isotherms at various - - - -Freundlich equation
temperatures and their 360'_ ————— Langmuir-Freundlich equation
correlations to Langmuir, 3004 V 298K _-
Freundlich and | © 303K >
Langmuir-Freundlich equations 2804 ¢ 313K
for oil-palm-shell activated {2
carbons 2404 O
~
= .
) 200+
g ]
- 160
0-1 B
120
80
a0/’
0 T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
C, (mg/l)

Table 2 Adsorption parameters derived from Langmuir, Freundlich and Langmuir—Freundlich equations for various adsorption temperatures for

oil-palm-shell activated carbons

Temperature Langmuir Freundlich Langmuir—Freundlich
(K) kr ar, NRMS NNRMS K 1/np NRMS NNRMS Q b 1/ny, NRMS NNRMS
(mg/g)  (V/mg) (%) (mg/g)(I/mg)"* (%) (mg/g)  (I/mg) (%)

298 5.90 0.015 4.77 6.73 36.88 0.39 1574 2033 418.60 0.022 0.89 1.78 3.13

303 5.22 0.014 9.10 10.08 31.41 041 1636 18.44 381.90 0.016 0.97 2.90 4.12

313 3.50 0.013  2.53 2.79 26.90 0.38 5.50 6.40 321.10 0.020 0.82 1.34 1.50
318 3.46 0.014 5.64 6.12 26.42 035 1431 1396 251.78 0.019 0.92 5.06 6.01
323 3.17 0.017 5.28 6.17 26.63 026 12.67 1246 185.60 0.024 0.94 4.72 5.17

the Freundlich and the Langmuir—Freundlich equations are
also shown in the figure. Generally, increasing solution tem-
perature decreases the adsorption capacity of the adsorbent
and hence the equilibrium solid phase concentration de-
creases. This is to be expected due to the exothermic ef-
fect of adsorption; the molecular motions of the adsorbate
molecules increase with temperature and thereby reduce the
sorption of these molecules onto the pore surfaces. The ad-
sorption capacity of the oil-palm-shell activated carbons de-
creased from 319 (initial solution concentration of 270 mg/I)
to 157 mg phenol/g activated carbon (initial solution con-
centration of 349 mg/l) when the solution temperature in-
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creased from 298 to 323 K, respectively. The Langmuir and
the Langmuir—Freundlich curves provide good agreement
with the experimental adsorption data for the whole range of
solution concentrations while the Freundlich curve resulted
in reduced agreement with the experimental data. Table 2
shows the adsorption parameters as obtained from the three
isotherm equations for the oil-palm-shell activated carbons
using various adsorption temperatures. As the adsorption ca-
pacity decreases with increasing solution temperature, the
constants k7, K and Q, which quantify the extent of adsorp-
tion, in the Langmuir, Freundlich and Langmuir—Freundlich
equations respectively, also generally decrease with increas-
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Fig. 4 Plot of ln(zj—z:) versus
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ing temperature. The other constants, namely, a;, ng, b and
ng, in the three isotherm equations do not generally fluc-
tuate appreciably with different solution temperatures. The
data for the error residuals also confirm the Langmuir and
the Langmuir-Freundlich equations provide better agree-
ment for the experimental data points than the Freundlich
equation.

Figure 4 shows the plot of ln(%) versus @ for five
different solution temperatures. The qdata are extracted from
the five phenol adsorption isotherms given in Fig. 3. A lin-
ear relationship is obtained, in which the slope is —ATHO.
Hence, an average enthalpy change of —27 kJ/mol was ob-
tained for all the adsorption tests presented in Fig. 3. The
negative value for A H? indicates that the phenol adsorption
is an exothermic process. This value of enthalpy change is
in good agreement with the absolute value of 25 kJ/mol ob-
tained by Salvador and Merchan (1996) for the adsorption

— T T T T T T T 1
100 150 200 250 300 350 400
C,, (mg/l)

of phenol from an aqueous solution by a typical activated
carbon.

Figure 5 shows the phenol adsorption isotherms for both
oil-palm-shell and Calgon activated carbons at a solution
temperature of 323 K. The adsorption isotherms using Lang-
muir, Freundlich and Langmuir-Freundlich equations are
also plotted. Similar to Fig. 3, the Langmuir and Langmuir—
Freundlich equations also show good agreement with the
experimental adsorption data for the Calgon activated car-
bon. Table 3 lists the equilibrium adsorption parameters for
both activated carbons. The Calgon activated carbon ex-
hibits slightly better phenol adsorption capacity than the oil-
palm-shell activated carbon as shown in Fig. 5 and Table 3
which shows higher values of k;, K and Q for the Calgon
activated carbon.

The experimental data for the adsorption kinetic study for
two phenol solutions of 38 and 117 mg/l using the oil-palm-
shell activated carbons are shown in Fig. 6. Using a phe-
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Table 3 Adsorption parameters derived from Langmuir, Freundlich and Langmuir-Freundlich equations for oil-palm-shell and Calgon activated

carbons at 323 K

Type of activated carbon Langmuir

Freundlich

Langmuir-Freundlich

kg, ar, NRMS NNRMS K 1/nr NRMS NNRMS Q b 1/ng, NRMS NNRMS
(mg/g) (/mg) (%) (mg/g)(/mg)"* (%) (mg/g) (I/mg) (%)

Oil-palm shell 3.17 0.017 5.28 6.17 26.63 0.26 12.67 12.46 185.60 0.024 0.94 4.72 5.17
Calgon 4.82 0.023 5.10 7.41 39.40 0.27  8.70 9.46 225.13 0.037 0.84 5.41 7.25
Fig. 6 Correlation between 200+ O Experimental data for Calgon at 185 mg/|
experimental adsorption data at % 180 A Experimental data for oil-palm-shell at 117 mg/|
323 K and proposed model for b= o Experimental data for oil-palm-shell at 38 mg/!
the two types of activated ~ 160 - Proposed model
carbons 8
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Table 4 Fitted parameters as obtained by the nonlinear regression of the adsorption rate data at 323 K
Type of Co m N K¢ Dyo Ky f k Correlation
activated carbon (mg/1) (mg) (rpm) (cm/s) (cm? /s) s™hH coefficient
Calgon 185 14.46 150 3.06e~! 1.13¢~7 6.70e~7 0.89 0.37 0.98
Oil-palm shell 117 11.32 150 3.94¢~! 4.12¢78 2.99¢~7 0.69 0.69 0.96
Oil-palm shell 38 10.04 150 3.87e7! 7.19¢8 3.58¢7 0.71 0.49 0.98

nol solution of 185 mg/l, the kinetic adsorption data for the
Calgon activated carbon is also shown in Fig. 6. The steep
initial drop of the solute concentration is to be expected as
the adsorption rate is high for an unloaded adsorbent. The
data from these three experimental tests were regressed us-
ing the proposed concentration dependent branched pore ki-
netic model in a nonlinear least squares routine and the the-
oretical curves were also plotted in Fig. 6. The agreement
between the experimental data and the model is good. The
fitted parameters using the proposed model are given in Ta-
ble 4. The calculated values of Dy and K, given in Table 4
are less than that for K ¢; this indicates that the rate control-
ling factor is the effective diffusion within the pore struc-
ture of the adsorbent particle. The values of the parameter
k are not negligible and therefore show that the surface dif-
fusion coefficient is dependent on the solid phase adsorbate
concentration. The good agreement, with correlation coeffi-
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cients of at least 0.96, between the kinetic simulations and
the experimental results for two different activated carbons
verifies that the proposed model is accurate for predicting
the adsorption kinetics in aqueous solutions and the lumped
parameter approach for the micropore transport appears to
be quite effective for describing the adsorptive behaviour.

7 Conclusions

1. Activated carbons were prepared from oil-palm shells
by pyrolysis under vacuum and subsequently the result-
ing chars were activated using steam. The adsorption
isotherms of the activated carbons belonged to a mixed
Type I and Type IV isotherms. Therefore, the pores of the
carbons consisted of both microporous and mesoporous
structures. The activated carbons had well developed
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pore structures with a BET surface area of 1183 m”> g~ !,

a total pore volume of a 0.69 cm> g~ ! and the percentage
of mesopore volume to total pore volume of 45%. These
microporous-mesoporous activated carbons are suitable
for aqueous phase adsorption. The largest adsorption ca-
pacity was 319 mg phenol/g adsorbent at 298 K in a batch
process.

2. The phenol adsorption capacity of the activated carbon is
a function of the solution temperature. Increasing solu-
tion temperature increases the kinetic motion of the ad-
sorbate molecules and therefore diminishes their sorption
onto the pore surfaces. The adsorption capacity of the
oil-palm-shell activated carbons decreased from 319 (ini-
tial solution concentration of 270 mg/l) to 157 mg phe-
nol/g activated carbon (initial solution concentration of
349 mg/l) when the solution temperature increased from
298 to 323 K, respectively.

3. Both the Langmuir equation and the three-parameter
Langmuir—Freundlich equation show good agreement
with the adsorption isotherm data for the oil-palm-shell
activated carbons over a range of solution temperatures
of 298 to 303 K. The overall enthalpy change of the
adsorption process based on the oil-palm-shell activated
carbons was —27 kJ/mol, indicating that adsorption is an
exothermic process. These two equations also provided
good agreement with the adsorption data for the Calgon
activated carbon.

4. A concentration dependent branched pore kinetic model
is proposed in which a concentration dependent surface
diffusion coefficient within the adsorbent particle is con-
sidered. The good agreement between the kinetic adsorp-
tion data for two different activated carbons (oil-palm-
shell and Calgon activated carbons) and the model is in-
dicative that the model is effective for aqueous phase ad-
sorption rate predictions.
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