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Abstract The adsorption behaviour and the micro- and
mesopore size distributions of commercial palm kernel
shell activated carbons (PKSAC) and other commercial ac-
tivated carbon are characterized. The results showed that
PKSAC are predominantly microporous materials, where
micropores account 68–79% of total porosity. On the other
hand, commercial activated carbons: Norit SX Plus, Cal-
gon 12 × 40, and Shirasagi “A” activated carbons contained
high mesopore fraction ranging from 33 to 52%. The analy-
sis showed that the degree of mesoporosity of PKSAC is
increased steadily with the decrease of particle size. This
is due to the presence of channels interconnect the smaller
pores in the interior of smaller particle size PKSAC. The
smaller size PKSAC particle that is highly mesoporous has
preformed better on the adsorption of larger molecules such
as methylene blue. On the other hand, bigger size PKSAC
particle has better performance on the adsorption of smaller
adsorbates such as iodine.
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Nomenclature
qt Amount of methylene blue ions adsorbed at time t

(mg/g)
Q0 Number of moles of solute adsorbed per unit weight

of activated carbon (mol/g)
AM Cross sectional area of one MB ion (m2)
b Energy of adsorption constant of Langmuir model
Ce Solute concentration in the aqueous phase at time t

(mg/L)
C0 Initial solute concentration in the aqueous phase

(mg/L)
Dmeso Average mesopore diameter determined by BJH

model (Å)
Dmicro Mean micropore diameter determined by HK model

(Å)
KF Freundlich isotherm equation constant

[mg/g(1/mg)1/n]
kf Rate constant of pseudo-first-order equation defined

in (4) (min−1)
ki Rate parameter of intraparticle diffusion defined in

(6) (mg L−1 min−1)
ks Rate constant of pseudo-second order equation

defined in (5) (L mg−1.min−1)
Na Avogrado’s number (6.023 × 1023)
1/n Freundlich isotherm equation constant

(dimensionless)
qe Amount of methylene blue ions adsorbed at

equilibrium (mg/g)
R2 Regression factor of sorption kinetic plots
SBET BET specific surface of activated carbon (m2/g)
SMB Surface coverage of methylene blue ions within

activated carbon (m2/g)
Smicro Surface area of activated carbon due to micropores

(m2/g)
t Time (min)
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Vmeso Mesopore volume obtained by BJH model (cm3/g)
Vmicro Micropore volume obtained by DR model (cm3/g)
Vt Total pore volume of activated carbon (cm3/g)
XMB Fraction of surface coverage of methylene blue ions

over BET surface area (SMB/SBET)

1 Introduction

Activated carbons are widely used in many industrial
processes such as separation and purification of gas mix-
tures, selective adsorption, storage of compressed natural
gas, and other novel applications such as catalyst supports.
High internal surface area and well-developed porosity are
the key properties to provide feasible utilization of these
materials in specific commercial applications. The under-
standing on the impact of micro- and mesopore size distri-
bution on the adsorption capacity of the activated carbons
is important prior to its commercial applications. For in-
stances, the extent of mesoporosity is an important criterion
used to select the activated carbon for the adsorption treat-
ments to removal the liquid phase contaminants (Pelekani
and Snoeyink 1999; Hsieh and Teng 2000). However, in the
applications of gas separations and storage, highly microp-
orous activated carbon is preferred. It has been reported that
highly nanoporous activated carbons with pore size range of
5 to 7 Å (Sircar et al. 1996) and 11 to 12 Å (Safanova et al.
2000) have shown remarkable performances in separation
and purification of gas mixtures and storage of natural gas.

The productions of activated carbons with good adsorp-
tion properties from various waste products other than bi-
tuminous and coal are of interest in the present day. In
Malaysia, abundantly available of palm kernel shells have
promote its use as precursor for the production of activated
carbons. Commercial steam-activation of carbonized palm
kernel shell has yielded highly nanoporous activated carbons
comprising both micro- and mesopores. Textural properties
such as micropore volume (Vmicro), and mesopore volume
(Vmeso), micro- and mesopore size distribution were found
to differ according to particle sizes as determined by nitro-
gen physisorption.

In many commercial adsorption processes, the transport
of adsorbates molecules into the porous interior of acti-
vated carbons implies limitations in the overall rate of ad-
sorption especially in fixed bed applications. This is mainly
due to the polydispersed and randomly arranged of pores
in a carbon particle. Consequently, adsorption of adsorbates
molecules into the interior void surfaces is a diffusion con-
trolled mechanism. The pore and surface diffusion mech-
anisms have been associated to the adsorption phenomena
either individually or simultaneously. Both mass transfer
mechanisms assume the conservation of Ficks’s law. The
pore diffusion mechanism involves the diffusion of adsor-
bates through the pore fluid due to the presence of radial

concentration gradient. The magnitude of surface diffusion
flux is characterized by surface diffusivity, which is known
to vary with both temperature and the extent of coverage
(Tien 1994). However, it is difficult to determine the trans-
port coefficient in activated carbons due to the irregularity of
the pore structure. The irregularity of the pore structure has
enhanced the energetic heterogeneity of the surface and thus
making the nature of surface diffusion complicated (Prase-
tyo et al. 2002). On the other hand, if the pore radius is
less than the mean free path of the fluid molecules, colli-
sion of fluid molecules with the pore surface may dominate,
hence, resulting in Knudsen diffusion. Nevertheless, in re-
ality, diffusion occurs in pore space where the actual path
is zigzag and randomly arranged, hence incorporating the
tortuousity factor of higher values as compared to other ad-
sorbents such as silica and alumina (Prasetyo et al. 2002;
Tien 1994).

Therefore, many complex mathematical models have
been developed to address the transport of molecules in
highly porous adsorbents such as the heterogeneous diffu-
sion model (Hu and Do 1994; Do and Wang 1998) and pore
diffusion model (Chen et al. 2001; Pritzker 2003). However,
the mathematical complexity of the rigid models incurred
inconvenience for practical applications (Guibal et al. 1998;
Wu et al. 2001). Nevertheless, in this present study, three
simplified sorption kinetics models of pseudo-first, pseudo-
second and intraparticle diffusion are employed to deter-
mine the rate-controlling step in the adsorption phenomena.

Successful conversion of activated carbons from palm
kernel shells and its application in gas and liquid adsorp-
tion have been achieved and reported by several researchers
(Luo and Guo 2001, 2003; Luo and Jia 2007; Tan et al.
2008). However, the porosity characteristics and pore devel-
opments of palm kernel shells activated carbon (PKSAC) are
not well understood. Luo and Guo (2001) reported that the
BET surface area and microporosity of OPSA are strongly
affected by the activation temperature and activation time.
The performance of an activated carbon in various applica-
tions generally depends on the porosity within the particle.
Information on the volume and pore size distribution would
allow rationalization of the practicality of the activated car-
bon in a particular application. The objective of this study
is to investigate the porosity characteristics and pore devel-
opments of various particle sizes of palm kernel shells ac-
tivated carbon (PKSAC) and its potential applications. The
analysis shows that the degree of mesoporosity of PKSAC
increases steadily with the decrease of particle size. Scan-
ning electron microscopy is used to illustrate the differences
of structural and surface morphology of the PKSACs and
other commercial activated carbons. The influence of irregu-
lar pore structures on the adsorption capacities and sorption
kinetics of PKSACs are included in this study in order to
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provide information for its future commercial utilization. Fi-
nally, the performance of PKSACs in the bleaching of glyc-
erine is determined. Other commonly applied commercial
activated carbons are selectively included for comparison.

2 Experimental

2.1 Physisorption analysis of activated carbons

The commercial steam-activated PKSACs are provided
by KDTech. Sdn Bhd (Klang, Malaysia). These PKSACs
are produced by steam-activation at temperature of ap-
proximately 1000 °C in a horizontal rotary kiln with heat-
recovery system. These activated carbons are classified ac-
cordingly to the particle size, 1.7–2.38 mm (PKSAC1), 0.6–
1.7 mm (PKSAC2), 0.25–0.6 mm (PKSAC3), 0.15–0.3 mm
(PKSAC4) and less than 0.15 mm (PKSAC5). All PKSACs
possessed iodine numbers in the range of 1000–1100 mg/g.
Physical characterization of other commercial activated car-
bons such as powder-based Norit SX Plus (NP) (Norit, The
Netherlands), Shirasagi “A” (SA) (Shirasagi, Japan) and
granular Calgon 12 × 40 (CA) (Calgon, USA) are included
to compare the difference in porosity and resulting sorption
behaviour.

All samples were heated in the furnace at 200 °C over-
night to eliminate the moisture content in samples. Rep-
resentative samples typically of 0.1–0.2 g were degassed
to a residual pressure of 1–2 µm Hg by heating at 200 °C
for at least 24 hr (Micromeritics, Model ASAP 2010)
prior to nitrogen adsorption measurements. The adsorption
isotherms were measured under the relative pressure range
of 10−6 to 1. The adsorption-desorption isotherms were in-
terpreted by the application of modified Brunnauer-Emmet-
Teller (BET) method (Brunauer et al. 1938) for surface area
(SBET ) calculation by using nitrogen molecule surface area
of 0.162 nm2. The total pore volume (Vt ) was estimated at
relative pressure of 0.99. The Vmicro was calculated using
the Dubinin-Raduschkevich (DR) equation (Dubinin 1989).
Vmeso and mesopore average diameter (Dmeso) were ob-
tained using the Barret-Joyner-Halenda (BJH) method (Bar-
ret et al. 1951). The median pore diameter of micropores
(Dmicro) was calculated using Horvath-Kawazoe (HK) equa-
tion (Harkins and Jura 1944).

2.2 Surface topography of PKSACs

The microstructure of the PKSACs (PKSAC1, 2 and 3) and
NP were examined using a scanning electron microscope
(SEM) (Hitachi-S2700). Samples for optical microscopy
were gold sputter coated prior to analyses. High-resolution
magnification within the range of 60 to 20 K times under
controlled vacuum condition. SEM analyses enable direct

observation of the surface characteristics of the carbons as
well as the homogeneity or heterogeneity of the carbons
structures.

2.3 Experimental procedures for the adsorption of MB and
iodine

Reagent grade iodine and MB supplied by Fischer Chemi-
cals (UK) were employed as adsorbates in the liquid phase
adsorption experiments at ambient temperature. Each of the
adsorption experiments described employs a synthetic aque-
ous solution of MB (3,7 bis (dimethylamino) phenothiazin-
5-ium ion) with molecular weight of 373.9 g/mol as test so-
lution (D’Silva 1998; Gergova et al. 1993; Kaewprasit et al.
1998; McKay et al. 1999). The concentrations of MB so-
lutions were analyzed by using Cintra 5 ultra-violet/visible
double beam spectrophotometer. A calibration curve of opti-
cal densities against MB concentrations (R2 = 0.9994) was
obtained by using standard MB solutions of known concen-
trations. Batch adsorption tests were carried out by placing
certain amount of PKSAC2, PKSAC5 and NP in 20 mL
of MB solution and agitated at 150 rpm. Adsorption ki-
netics are evaluated by contacting 0.01 g of activated car-
bon sample in varied initial concentrations of 100, 250 and
500 mg/L. Samples are collected at intervals of 2 to 240
minutes. To determine the maximum sorption capacities of
MB, 0.1 g of activated carbon samples were equilibrated for
4 hours in 20 mL of different concentrations of MB solu-
tions, 250, 500, 1000, 2500 and 5000 mg/L. Effect of adsor-
bent dosage is determined by placing different mass of acti-
vated carbons, of 0.2, 0.5 and 1.0 g in 20 mL of 5000 mg/L
MB solution and agitated at 150 rpm for 4 hours. The ex-
tent of iodine adsorption for activated carbon samples of
PKSAC1, PKSAC2, PKSAC5 and NP are carried out to
elucidate the influence of microporosity on the adsorption
behaviour of these structures. Batch adsorption of iodine is
conducted by using solution of iodine prepared by dissolv-
ing iodine in potassium iodide (I2/KI). Different weights of
activated carbon samples from 0.05 to 0.5 g were added to
25 mL of 0.05 mol.dm−3 solution of I2/KI and agitated at
150 rpm for 4 hours.

2.4 Experimental procedures for the bleaching of glycerine

Activated carbons of 0.1, 0.5, 1 and 5 weight % are em-
ployed in batch bleaching of glycerine. Samples of acti-
vated carbons evaluated are PKSAC2, PKSAC4, PKSAC5,
SA and CA. Appropriate amount of activated carbon sam-
ples are added to 50 mL of glycerine with APHA (American
Public Health Association) colour of more than 30. Temper-
ature of slurry is maintained in the range of 65 to 75 °C in
a water bath and agitated for 1 hour. Activated carbons are
then removed by filtration. The colour of bleached glycerine
is determined by using LICO 300 by employing the Hazen-
colour value or APHA-method (DIN-ISO 6271).
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3 Results and discussion

3.1 Physical properties of activated carbons

Nitrogen adsorption isotherms of all activated carbons are
shown in Fig. 1. PKSAC1-5 and CA exhibited type-I ad-
sorption isotherms, which indicate the microporous nature
of these carbons. This is characterized by the sharp curve at
very low relative pressure, which subsequently levels off to a
long nearly horizontal section. The occurrence of slight hys-
teresis simultaneously indicates the presence of mesopores.
Isotherms of NP and SA resemble a combination of types II
and I with prominent hysteresis loops of type H4 (according
to IUPAC classification of hysteresis loops), which occur in
the region of 0.3 to 1 P/P0. This shows the higher degree
of mesoporosity contained in both structures as compared to
PKSAC and CA.

The micro- and mesopore size distributions of all acti-
vated carbons are shown in Figs. 2 and 3, respectively. The
physical properties of the activated carbons, SBET , Vmicro,
Vmeso, Dmicro, Dmeso and Vt are listed in Table 1. All ac-
tivated carbons consist of micropores with almost similar
pore diameter, which falls within the narrow range of 5.5
to 6.4 Å. PKSAC are predominantly microporous materials,
where micropores account 68–72% of total porosity. On the
other hand, NP and CA contained higher mesopore fraction
of 52 and 36%, respectively. An interesting porosity trend
is observed in PKSAC of decreasing particle size. The de-
gree of mesoporosity is found to increase steadily with the
decrease in particle size. Hence, PKSAC5 possessed higher
mesopore fraction of 33% than PKSAC1-4. The median

pore diameter of mesopores of PKSAC5 is higher than other
PKSACs.

Electron micrographs of granular PKSAC depict the phe-
nomena of pore channelling as shown in Fig. 4. Large
crevices or slits were observed on the surface of a single
particle (Fig. 4a). Figure 4b shows that these large open-
ings serve as a passageway to the abundant micro- and
mesopores located in the internal structure of the PKSAC.
This resulted in a polydispersed capillary structure as shown
in Fig. 4c, where random displacements of these channels
occurred within the particle resulted the pore channelling
effect in PKSAC (Fig. 4d). Figure 5 shows that the sur-
face characteristics of NP appear to be homogeneous with
fracture-like structures as similarly observed by Kluson and
Scaife (2001). Figure 6 exhibits the surface morphology of
CA, consisting of large pores at the surface. The apparent
difference between the microstructures is related to the char-
acteristics of the precursor as well as the selective removal
of the graphitic plates towards the mechanism of steam dif-
fusion. This is due to the heterogeneous reaction of wa-
ter vapour with carbon particles, which is coherently gov-
erned, by the chemical reaction of gases with the solid sur-
face inside the particles and diffusion mass transfer through
the porous structure of the particle (Laurendeau 1978). The
PKSAC are produced by steam-activation at temperature of
approximately 1000 °C from palm kernel shell, while NP is
prepared via acid washed and steam activation from coal and
CA is prepared by heating the coal in an oxygen free envi-
ronment and subsequently activated by additional heating in
the presence of oxygen and steam.

Thorough characterization of the PKSACs illuminated
the distinguished difference in porosity of PKSACs with

Fig. 1 Adsorption isotherm of
nitrogen at 77K of PKSAC1-5,
NP, CA and SA
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Fig. 2 Micropore size distributions of all activated carbons with mean pore diameter in the range of 5.3 to 6.4 A

Fig. 3 Mesopore size distribution of all activated carbons

other activated carbons. The influence of the physical pa-
rameters attributed by both micro- and mesoporosity would
be addressed in the performances of these carbons in liquid
phase adsorption tests. This coherently includes the impact
of the polydispersed capillary found in PKSACs on the ad-
sorption behaviour.

3.2 Liquid phase adsorption of MB

Adsorption of adsorbates into the porous structures of
PKSAC proceeds through sequence of diffusion steps, be-
ginning from the bulk phase and subsequently into the
nanopores comprising both micro- and mesopores. The
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Table 1 The physical properties of commercial activated carbons

SBET Smicro Vmicro Vmeso Vt %Vmicro/Vt Dmicro Dmeso

m2/g m2/g cm3/g cm3/g cm3/g Å Å

PKSAC1 1599 879.8 0.56 0.11 0.722 77.6 5.5 26.0

PKSAC2 1237 834.7 0.47 0.09 0.595 79.0 5.3 24.8

PKSAC3 1146 828.4 0.43 0.12 0.582 73.9 5.3 26.1

PKSAC4 1190 825.7 0.45 0.21 0.590 76.3 6.0 29.0

PKSAC5 1234 800.7 0.46 0.30 0.680 67.7 6.4 32.6

NP 1115 798.1 0.42 0.48 0.881 47.7 6.3 57.1

CA 959 737.8 0.37 0.25 0.58 64.0 5.8 57

SA 1120 674.8 0.43 0.60 0.64 67.2 6.4 42

Fig. 4 Micrograph of granular
PKSAC of (a) 60x
magnification. (b) 400x
magnification. (c) 2.5 Kx
magnification. And (d) 3.5 Kx
magnification

length of diffusion would predominantly determine the ex-

tent of fractional coverage in the micropore region (Teng and

Hsieh 1998). These micropores provide the major adsorptive

sites in aqueous solutions while weaker adsorption occurs in

the mesopores (Yang et al. 1993). Nevertheless, aggregation

of these adsorbates in the smaller cross-sectional capillaries

will cause detrimental effect of pore blockage, thus, result-

ing in incomplete utilization of the internal surface area of

the micropores (Hsieh and Teng 2000; Teng and Hsieh 1998;

Pelekani and Snoeyink 1999). Longer diffusion path may in-

cur in higher probability of pore blockage and hence, smaller
coverage of micropore fraction.

Two PKSACs with different mesoporosity, PKSAC2
(15% mesoporosity) and PKSAC5 (44% mesoporosity)
were used to elucidate the role of mesopores in the adsorp-
tion of MB ions. The typical fraction of dye adsorbed-time
profile is shown in Fig. 7. The result showed that PKSAC5 of
higher mesoporosity required only one hour’s contact time
to achieve equilibrium. On the other hand, a relatively longer
diffusion time was taken by PKSAC2 system at low concen-
tration of MB (100 mg/L). This might be due to the lower
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Fig. 5 Micrograph of NP of 2.5 Kx magnification

Fig. 6 Micrograph of CA of 1.8 Kx magnification

fraction of mesopores contained in PKSAC2 of 0.09 cm3/g
as compared to PKSAC5 of 0.30 cm3/g. This implies that
the diffusion and adsorption of the large MB ions occur
rapidly in the capillaries with average diameter of 32.6 Å
in PKSAC5, assuming that larger pores serve as a passage-
way to the internal smaller pores of approximately 6 Å.
Different adsorbent dosages of 0.2, 0.5 and 1 g were em-
ployed to determine the economical factor of utilizing these
materials. OPSA5 and NP exhibited superior dye removal
for all initial concentrations of 1000, 2500 and 5000 mg/L
MB solution at low carbon dosage (Fig. 8). However, higher
dosage of PKSAC2 of 0.5 g is required to achieve similar
performances of PKSAC5 and NP.

3.3 Adsorption isotherm of MB

The well-known Langmuir (1) and Freundlich (2) models
are used to determine the maximum adsorption capacity
of MB. MB adsorption isotherm data at different initial dye
concentrations have been fitted to the linearised form of (1)
and (2) expressed as (3) and (4) respectively.

qe = Q0bCe/(1 + bCe) (1)

qe = KF C
1/n
e (2)

Ce/qe = 1/Q0b + Ce/Q
0 (3)

logqe = logKF + (1/n) logCe (4)

where qe (mg/g) represents the amount of adsorbed MB per
g adsorbent at equilibrium, Ce (mg/L) is the concentration of
solute remaining in solution at equilibrium, Q0 is the num-
ber of moles of solute adsorbed per unit weight of adsor-
bent in forming complete monolayer on the surface and b

is the constant related to the energy of the adsorption, KF

Fig. 7 The adsorbed-time
profile for PKSAC2 (filled
series) and PKSAC5 (non-filled
series) at different initial
concentration of MB solutions
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Fig. 8 Effect of activated
carbon dosage on the adsorption
of MB at higher concentrations
of (a) 1000, (b) 2500 and
(c) 5000 mg/L

[mg/g(1/mg)1/n] is the Freundlich isotherm equation con-
stant, and 1/n is a measure of the adsorption intensity or
surface heterogeneity.

The data of the adsorption of MB for PKSAC2, PKSAC5
and NP are well fixed with Langmuir adsorption equation
(R2 > 0.994), but not well fixed with Freundlich equa-
tion (R2 ranging from 0.0616 to 0.9736). The linearised
plot of Langmuir adsorption isotherm of MB for PKSAC2,
PKSAC5 and NP are depicted in Fig. 9. The comparative
adsorption parameters of MB, maximum sorption capacity
(Q0), constant b, Freundlich isotherm equation constants
(KF and 1/n), specific surface area of MB ions (SMB) and
fraction of surface coverage of MB ions over BET surface
area (XMB) are listed in Table 2. SMB (D’Silva 1998) is given
by the following expression:

SMB = Q0 · Na · AM (5)

where Na is the Avogadro number (6.023 × 1023) and AM

is the cross-sectional area of one adsorbed molecule (m2)
which is taken as 120 Å2 for MB (D’Silva 1998). The value
of AM is calculated based on the assumption that the ac-

tual area covered by each molecule is approximately that of
the smallest enclosing rectangle or circle where molecules
are adsorbed (Gregg and Sing 1967). The increasing order
of Q0 given as PKSAC2 < PKSAC5 < NP, where SMB and
XMB were found to increase coherently accordingly to the
degree of mesoporosity. This concludes the role of meso-
porosity and pore capillaries in facilitating the adsorption of
large adsorbates in the highly microporous PKSAC struc-
tures. The value of constant b estimated is in the range of
0.13–0.18 l/mg, a value comparable to that estimated in Tan
et al. (2008).

3.4 Adsorption of iodine

PKSAC1, PKSAC2, PKSAC5 and NP, with decreasing
Vmicro are used to investigate the role of microporosity and
the impact of larger mesopores in the adsorption of smaller
adsorbates such as iodine. Figure 10 exhibits the adsorp-
tion capacity of the carbons by using different weight of
activated carbons. Better performance is encountered for
PKSAC1 than PKSAC2, PKSAC5 and NP, due to its higher
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Fig. 9 Langmuir adsorption
isotherms for PKSAC2,
PKSAC5 and NP

Table 2 Comparative adsorption parameters of MB for PKSAC2, PKSAC5 and NP

Langmuir Isotherm Freundlich Isotherm %Vmeso/Vt SMB XMB

Q0 b R2 KF 1/n R2 m2/g

mg/g l/mg mg/g(1/mg)1/n

PKSAC2 172.41 0.18 0.9942 136.98 0.040 0.0616 15.1 350.09 0.45

PKSAC5 263.16 0.13 0.9999 223.21 0.026 0.9731 44.1 534.36 0.64

NP 277.78 0.16 0.9998 232.39 0.030 0.8855 54.5 564.00 0.75

Vmicro. On the contrary to MB adsorption, accessible micro-
porosity becomes the main criterion rather than larger pores
to yield better adsorption performances of small molecules.
Therefore, the capillaries adjoined to the interior micropores
of PKSAC structures may complimentary provide facilita-
tive adsorption and diffusion of the iodine molecules.

3.5 Adsorption kinetics of MB

3.5.1 Kinetic models

Kinetic models of pseudo-first-order, pseudo-second and in-
traparticle diffusion model are employed to investigate the
adsorption processes of the MB into the porous activated
carbon structures. The integrated pseudo-first-order equa-
tion (Ho and McKay 1998; Wu et al. 2001) is given as,

log (qe − qt ) = logqe − kf · t/2.303 (6)

where kf (min−1) is the rate constant of this model. The
pseudo-second-order model (Ho and McKay 1998, 2000)
can be expressed as

t/qt = 1/ksq
2
e + t/qe (7)

where ks (L mg−1 min−1) is the rate constant of the second-
order sorption model. This model predicts the adsorption be-
haviour over the whole range of adsorption and is in agree-
ment with adsorption mechanism as the rate-controlling step
(Otero et al. 2003).

Intraparticle diffusion model is based on the diffusion of
adsorbates into the interior of the porous structures proposed
by Weber and Morris (1963). The adsorption rate of the dye
into the particle would depend on the rate of mass transport
processes within the particle. The diffusion rate of the dye
molecule, ki , can be calculated from the linearised expres-
sion (Guibal et al. 1998; Wu et al. 2001),

qt = ki · t0.5 (8)

The extent of porosity generally governs the sorption ki-
netics of adsorbates depending upon the nature of both ad-
sorbate and adsorbent. Kinetic models of pseudo-first order,
pseudo-second-order and intraparticle diffusion have been
employed to describe the sorption kinetic in PKSAC struc-
tures. The higher degree of mesoporosity in highly porous
structures immensely promotes diffusion and adsorption of
larger adsorbates (Banat et al. 2003; Gou et al. 2003; Juang
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et al. 2000, 2002; Malik 2003; Métivier-Pignon et al. 2003;
Tseng et al. 2003), hence, enhancing higher coverage in the
interior micropores surface area.

The intraparticle diffusion model has been often applied
in many physisorption studies in polydispersed structures,
particularly activated carbons (Juang et al. 2000, 2002; Kan-
nan and Sundaram 2001; Malik 2003). The adsorption phe-

Fig. 10 Comparison on adsorption of iodine from 0.05 mol dm−3

I2/KI solution between PKSAC1, PKSAC2, PKSAC5 and NP

nomenon has been illustrated by the three stages of adsor-
bate diffusing into the interior of the structures. The grad-
ual adsorption process in the second stage implies the rate-
limiting step. However, the absence of multi-linearity plots
in the PKSAC-MB systems concluded that multi-stages ad-
sorption did not occur in the PKSAC structures (Fig. 11). In
this study, the adsorption kinetics of MB into PKSAC2 and
PKSAC5 preferably conforms to the pseudo-second-order
model (Fig. 12) with high regression values (R2 > 0.992)
as compared to the pseudo-first-order (Fig. 13) and intra-
particle diffusion models. This second-order kinetic behav-
iour suggests that the adsorption mechanism is the rate-
controlling step. The calculated respective adsorption rate
constants are enlisted in Table 3.

3.6 Bleaching of glycerine

The performances of PKSAC2, PKSAC4 and PKSAC5
against SA and CA in the bleaching of glycerine are shown
in Fig. 14. At lower weight fraction of 0.1, 0.5 and 1%, all
activated carbons exhibited vast differences in the colour
quality of the bleached glycerine. The influence of micro-
and mesoporosity on the colour of bleached glycerine is
crucial for all activated carbons. Lower dosage of PKSAC
elucidated the limitations on the extent of nanoporosity on
the final quality of the glycerine, where increasing perfor-
mance of PKSAC is as follows; PKSAC5 > PKSAC4 and
PKSAC2. However, at higher weight fraction of 1 and 5%,
similar performances of all PKSAC and SA are achieved.
CA is found to be ineffective due to its low microporosity as
compared to SA and PKSAC.

Fig. 11 Intraparticle diffusion
model for the adsorption of MB
on PKSAC2 (filled) and
PKSAC5 (non-filled)
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Fig. 12 Pseudo-first order
model for the adsorption of MB
on PKSAC2 (filled) and
PKSAC5 (non-filled)

Fig. 13 Pseudo-second order
model for the adsorption of MB
on PKSAC2 (filled) and
PKSAC5 (non-filled)

Table 3 Kinetic parameters for adsorption of MB at ambient temperatures on PKSAC2 and PKSAC5

C0 Pseudo-first-order Pseudo-second-order

(mg L−1) PKSAC2 PKSAC5 PKSAC2 PKSAC5

kf R2 kf R2 ks R2 ks R2

10−2 min−1 10−2 min−1 10−4 L mg−1 min−1 L mg−1 min−1

100 4.24 0.9985 2.26 0.9141 1.25 0.9994 3.62e-03 0.9995

250 2.4 0.8124 15.57 0.6648 8.14 0.9935 1.4e-02 0.9962

500 5.8 0.9978 19.18 0.919 18.01 0.9994 4.47e-04 0.9916
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Fig. 14 Comparison on
glycerine bleaching
performance between PKSAC
and other commercial activated
carbons

4 Conclusions

Activated carbons derived from palm-kernel shells are char-
acterized as highly porous materials with heterogeneous
pore size distributions. The different extent of microporos-
ity (68–79%) and mesoporosity (11–44%) in these struc-
tures implicated different adsorption behaviour towards ad-
sorbates of different molecular sizes. The determination of
the implications of micro- and mesoporosity and pore chan-
nelling effect in the PKSAC structures provide advantages
in the processing designation of commercial processes. The
unique structure and the distribution of micro and meso-
porosity of the PKSAC materials that varied with particle
size may be beneficially utilized in many novel applications.
For instance, the adsorbent derived from palm kernel shell,
particularly PKSAC5 exhibit high efficiency in the MB ad-
sorption and colour bleaching in purification of glycerin.
The performance of PKSAC5 in these two experiments is
comparable to another commercial available activated car-
bon, NP. The adsorption can either be performed in batch-
wise in a batch stirred tank or continuous flow adsorption
in a column. The spent adsorbent can be reused after reac-
tivated either with heat (thermal recycling) or with steam
(steam recycling).
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