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bstract

This study proposed an oil palm by-product as a low-cost adsorbent for the removal of hexavalent chromium [Cr (VI)] from aqueous solution.
dsorption of Cr (VI) by sulphuric acid and heat-treated oil palm fibre was conducted using batch tests. The influence of pH, contact time, initial

hromium concentration and adsorbent dosage on the removal of Cr (VI) from the solutions was investigated. The optimum initial pH for maximum
ptake of Cr (VI) from aqueous solution was found to be 1.5. The removal efficiency was found to correlate with the initial Cr (VI) concentration,
dsorbent dosage as well as the contact time between Cr (VI) and the adsorbent. The adsorption kinetics tested with pseudo first order and pseudo
econd order models yielded high R2 values from 0.9254 to 0.9870 and from 0.9936 to 0.9998, respectively. The analysis of variance (ANOVA)

howed significant difference between the R2 values of the two models at 99% confidence level. The Freundlich isotherm (R2 = 0.8778) described
r (VI) adsorption slightly better than the Langmuir isotherm (R2 = 0.8715). Difficulty in desorption of Cr (VI) suggests the suitability of treated
il palm fibre as a single-use adsorbent for Cr (VI) removal from aqueous solution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metals are commonly found in various industrial
astewaters. They can cause serious water pollution and threaten

he environment. It is therefore, essential to control and prevent
heir unsystematic discharge into the environment. For this rea-
on, increased attention is being focussed on the development
f technical know-how for their removal from metal bearing
ffluents before being discharged into water bodies and natural

treams.

Earlier researchers have reported various methods for the
emoval of heavy metals from waters and wastewaters, with

∗ Corresponding author. Tel.: +60 5 368 7346; fax: +60 5 365 6716.
E-mail addresses: hasnain isa@petronas.com.my,

asnain isa@yahoo.co.uk (M.H. Isa).

i
c
t
f

e
i
t

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.07.033
he aim of preservation and protection of the environment from
he damages due to their accumulation. Traditional technolo-
ies, such as ion exchange, chemical precipitation or reverse
smosis are often ineffective or expensive, particularly for the
emoval of heavy metal ions at low concentrations. Efficient and
nvironmental friendly technologies are, therefore, needed to be
eveloped to reduce the heavy metal contents in wastewaters to
cceptable levels at inexpensive costs [1]. In recent years, the
ischarge of heavy metals into the environment has decreased
n many countries due to more stringent legislations, improved
leaning technologies, and altered industrial activities. However,
he demand for an economic and environmental friendly method
or heavy metals removal still exists.
Large amounts of chromium-bearing wastewater are gen-
rated due to its widespread industrial applications; such as
n steel and alloys making, electroplating, wood treatment,
extile dyeing, paint production and leather tanning [2]. A
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ties. The Fourier transform infrared spectroscopy (FTIR) results
show adsorption bands of hydroxyl, carbonyl and aliphatic
groups.
M.H. Isa et al. / Journal of Haza

mall-sized electroplating industry (i.e. volume of wastewater
10,000 gal/day) can produce effluents with chromate concen-

ration ranging from 10 to 500 mg/L [3]. Hexavalent chromium,
r (VI), has been classified as a human carcinogen [4,5]. The
HO [6] allowable concentration for Cr (VI) in drinking water

s 0.05 mg/L. The Malaysian limit for discharge of Cr (VI) into
nland water is 0.05 mg/L [7]. Thus, it is necessary to reduce Cr
VI) concentrations from water/wastewater to acceptable levels.

Although chemical reduction has been shown to be effective
n reducing chromium from waste streams, excess consumption
f reducing agents, such as ferrous sulphate (FeSO4), sodium
isulphite (Na2S2O5) or sulphur dioxide (SO2) due to the pres-
nce of dissolved oxygen in the waste streams can limit the
pplication of this treatment process. Furthermore, the addi-
ion of sulphides and/or sulphites to the wastewater will require
urther treatment; while precipitation using lime will produce
large amount of sludge and increase the cost of sludge dis-

osal [3]. The capital and/or operational costs of processes such
s ion exchange, electrodialysis, reverse osmosis and evapora-
ion are economically unfavourable for small and medium-sized
ndustries normally established in this country.

Adsorption on activated carbon is a well-recognized method
or the treatment of water and wastewater. The high material
ost, however, limits its use in wastewater treatment. Therefore,
n recent years, innovative adsorption using locally available
ow-cost adsorbents for Cr (VI) removal has been extensively
nvestigated. Such adsorbents include fertilizer waste [8], soot
9], hazelnut shell [10,11], Casurina equisetifolia leaves [12],
sed tyres and sawdust [13], peat and coal [14], bagasse and
y ash [15], wool, olive cake, sawdust, pine needles, almond
hells, cactus leaves and charcoal [16], maple sawdust [17], rose-
ood sawdust [18], coconut shell charcoal [19], and Moroccan

tevensite [20].
Malaysia is the world’s largest producer and exporter of crude

alm oil (CPO); accounting for half of the world’s output [21].
owever, large quantities of wastes are generated in the produc-

ion process. An average-sized CPO factory of 6 tonnes CPO
roduction per hour (equivalent to 30 tonnes fresh fruit bunches
FFB) per hour) produces approximately 300 tonnes per day of
olid wastes consisting of empty fruit bunches (EFB), fibre and
hell [22]. Thus, in this study, this abundantly available oil palm
y-product, i.e. fibre, was used as adsorbent in the removal of
r (VI) from aqueous solution simulating chromium-containing
astewater.

. Materials and methods

.1. Materials

All primary chemicals used were of analytical reagent (AR)
rade. The chemicals, potassium dichromate (K2Cr2O7), sul-
huric acid (H2SO4), sodium hydroxide (NaOH), nitric acid
HNO3), hydrochloric acid (HCl), sodium carbonate (Na2CO3),

odium bicarbonate (NaHCO3) and sodium chloride (NaCl)
ere used without further purification. Aqueous solutions were
repared with distilled water. A 1000 mg/L Cr (VI) stock
olution was prepared using K2Cr2O7. This solution was subse-
Materials 152 (2008) 662–668 663

uently diluted to obtain the desired working solutions for batch
xperiments.

Palm fibre supplied by the Palm Oil Research Institute of
alaysia (PORIM) was activated with sulphuric acid and heat,

or further use in the adsorption experiments, according to the
imple method used by Garg et al. [18]. One part of air-dried
dsorbent was mixed with one part of concentrated sulphuric
cid in a ceramic crucible and heated in a muffle furnace for
4 h at 150 ◦C. The furnace was equipped with an extractor fan to
atch acid vapours. The heated material was cooled and washed
ve to six times with distilled water followed by soaking in 1%
odium bicarbonate solution overnight to remove residual acid.
he liquid portion was decanted and the solid was dried in an
ven for 24 h at 105 ◦C. The resulting adsorbent was then used in
he experiment without further grinding and sieving. The scan-
ing electron micrograph (Fig. 1) of the untreated and treated
il palm fibre shows a change from fibre to grains with cavi-
Fig. 1. Scanning electron micrographs of oil palm fibre.
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The optimum adsorption of Cr (VI) by treated oil palm fibre
at low pH may be attributed to the presence of large amount
of hydrogen ions (H+) at such pH levels, which neutralize the
negatively charged adsorbent surface and thus reduce hindrance
64 M.H. Isa et al. / Journal of Haza

.2. Procedures

Batch tests were conducted at room temperature (28 ± 1 ◦C)
o obtain the adsorption rates and equilibrium data. Unless oth-
rwise stated, 250 mL conical flasks, each filled with 100 mL
f Cr (VI) solutions and 500 mg treated fibre were used in all
xperiments. The desired initial pH and Cr (VI) concentrations
f the test solutions were adjusted according to the purpose of
he test. The flask contents were agitated using an orbital shaker
or the desired period at a speed of 350 rpm. Whatman No. 1
lter paper was used to filter the contents of the flask, followed
y the analysis of Cr (VI) in the filtrate using a Hach DR 2010
pectrophotometer.

To study the effect of pH, Cr (VI) samples of 20 mg/L concen-
ration were adjusted to pH 1.5–5.0 as previous studies [17,23]
ave shown Cr (VI) removal to be favoured at low pH. The ini-
ial pH adjustment was made by the addition of 1N H2SO4 or
aOH. The flasks were agitated on the orbital shaker for 2 h.
olutions with 20–200 mg/L Cr (VI) were agitated for up to
h to determine the effect of initial concentration and contact

ime on Cr (VI) removal. Kinetic study of Cr (VI) adsorption
n the adsorbent was also conducted based on these observa-
ions. The data were fitted to the following pseudo-first order
nd pseudo-second order kinetic equations [13]

dq

dt
= k1(qe − q) (1)

dq

dt
= k2(qe − q)2 (2)

here qe is the amount of solute adsorbed at equilibrium per unit
eight of adsorbent (mg/g), q the amount of solute adsorbed at

ime t per unit weight of adsorbent (mg/g) and k1 and k2 are
onstants. The following linearised time dependent functions
an be obtained by integrating and rearranging Eqs. (1) and (2)
or the boundary conditions t = 0 to >0 and q = 0 to >0 [13]

n(qe − q) = ln qe − k1t (1a)

t

q
= 1

k2qe
2 + t

qe
(2a)

r (VI) solutions of concentration 100 mg/L were used to deter-
ine the effect of adsorbent dosage. The amount of treated fibre

n the flasks was varied from 200 to 1000 mg and the flasks
ere agitated for 3 h. The data obtained was used for plotting

he adsorption isotherms. The most commonly used isotherms
n water and wastewater treatment are the empirical relationship
f Freundlich (Eq. (3)) and the theoretically derived Langmuir
elationship (Eq. (4)) [24]

e = KfCe
1/n (3)

e = bQ0Ce

1 + bCe
(4)
here qe is the amount of solute adsorbed per unit weight of
dsorbent (mg/g), Ce the equilibrium concentration of adsorbate
n solution after adsorption (mg/L) and Kf, n, Q0 and b are con-
tants. The straight-line forms of the Freundlich and Langmuir

F
(
a

Materials 152 (2008) 662–668

sotherms are as follows:

n qe = ln Kf + 1

n
ln Ce (3a)

Ce

qe
= 1

Q0b
+ 1

Q0
Ce (4a)

For the desorption test, a set of seven conical flasks con-
aining 1000 mg treated oil palm fibre was filled with 100 mL
f 100 mg/L Cr (VI) solution and adjusted to the optimum pH
or adsorption. The flasks were agitated using an orbital shaker
aintained at 350 rpm for a contact time of 2 h. The liquid por-

ions were then decanted and analysed for Cr (VI) concentration,
hereas the solids were washed five to six times with distilled
ater to remove traces of Cr (VI) not adsorbed by the adsor-
ent. The adsorbent was then dried in an oven at 105 ◦C for 24 h
nd the actual mass of adsorbent left from each adsorption test
as measured using an analytical balance. The adsorbents were

hen mixed with 100 mL of 1N H2SO4, 1N HNO3, 1N HCl, 1N
aOH, 1N Na2CO3, 1N NaHCO3 and 1N NaCl solutions and

gitated as described before in the adsorption test. The concen-
rations of Cr (VI) released into the solutions were analysed and
he desorption efficiency was calculated based on mass balance.

. Results and discussion

.1. Effect of pH

Cr (VI) was completely removed (≈100%) from solution at
nitial pH of 1.5–2.0 (Fig. 2). Similar observations were made
n the uptake of Cr (VI) from aqueous solutions by Casurina
quisetifolia leaves (pH 2.5–3.0) [12], sawdust (pH 3) [18], nat-
ral and copper coated moss (pH 2) [25], immobilized fungal
iomass (pH 2) [26], peat (pH 1.5–3.0) [27], etc. A sharp reduc-
ion in removal efficiency was noted when the initial pH of the
olution was increased to higher values. Cr (VI) removal was
nly 5% at pH 5.
ig. 2. Effect of pH on the removal of Cr (VI) by oil palm fibre: [Cr
VI)] = 20 mg/L; volume, 100 mL; contact time, 2 h; agitation speed, 350 rpm;
dsorbent dosage, 5 g/L; and temperature, 28 ± 1 ◦C.
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ance (ANOVA) performed on R2 values obtained from the two
models showed significant difference between the two at 99%
confidence level. Compliance to the pseudo second order kinetic
ig. 3. Effect of contact time and initial Cr (VI) concentration on the removal
fficiency of Cr from aqueous solutions: pH, 1.5; volume, 100 mL; agitation
peed, 350 rpm; adsorbent dosage, 5 g/L; and temperature, 28 ± 1 ◦C.

o the diffusion of Cr (VI) anions. At high pH values, the abun-
ance of hydroxide ions (OH−) increases hindrance to diffusion
f Cr (VI) anions, thereby reducing the removal efficiency [15].

In aqueous solution, Cr2O7
2− hydrolyzes as follows [28]:

r2O7
2− + H2O � 2HCrO4

−, Ka = 0.0302 at 25 ◦C (7)

Although dichromate anion (Cr2O7
2−) of K2Cr2O7 was the

ource of Cr (VI) in the synthetic wastewater used in this study, at
H < 6.0, the predominant form of Cr (VI) in aqueous solution
s HCrO4

− [19]. Therefore, the HCrO4
− form is inferred as

he predominant species of Cr (VI) preferentially adsorbed by
reated oil palm fibre in the pH range of 1.5–2.0.

.2. Effect of initial concentration and contact time

An adequate contact time between adsorbate and adsorbent
s essential to allow the adsorbent to approach equilibrium
ith the adsorbate. Fig. 3 shows the removal efficiencies for
0–200 mg/L Cr (VI) with contact times up to 6 h. It is evident
hat an increase in the contact time resulted in an increase in the
emoval efficiency of Cr (VI) from the solutions.

Fig. 4 provides a better understanding of Cr (VI) adsorbed
er unit weight of fibre (q). For the highest concentration tested,
.e. 200 mg/L, a rapid uptake of Cr (VI) occurred in the first
.5 h of contact and was followed by a more gradual uptake rate
ntil equilibrium was attained. A similar trend was observed
or the 150 mg/L Cr (VI) solution. However, distinctly less time
as required to achieve equilibrium in the treatment of lower

oncentrations of Cr (VI).
It can be observed from Fig. 3 that the equilibrium contact

ime for complete removal of 20, 50 and 100 mg/L Cr (VI)
btained from the study are 2, 2.5 and 3.5 h respectively. A con-
act time of 5 h was needed to remove over 99% of Cr (VI) from

oth 150 and 200 mg/L of Cr (VI) solutions. However, the actual
ptake of Cr (VI) was higher for higher initial concentrations;
he uptake being 4, 10, 20, 29.98 and 39.98 mg/g adsorbent for
nitial Cr (VI) concentrations of 20, 50, 100, 150 and 200 mg/L,
espectively (Fig. 4).

F
c
d

ig. 4. Effect of contact time and initial Cr (VI) concentration on the uptake
f Cr per unit weight of adsorbent: pH, 1.5; volume, 100 mL; agitation speed,
50 rpm; adsorbent dosage, 5 g/L; and temperature, 28 ± 1 ◦C.

.3. Kinetic study

Adsorption kinetic models correlate the solute uptake rate;
hereby these models are important in water treatment process
esign [13]. In this study, two commonly used kinetic models,
.e. pseudo first order and pseudo second order, were employed
o identify the nature of Cr (VI) adsorption on treated palm
bre.

Figs. 5 and 6 show the pseudo first order and pseudo sec-
nd order kinetic plots for adsorption of Cr (VI) on treated oil
alm fibre. The reaction rate constants of both models, calcu-
ated from Eqs. (1a) and (2a), are shown in Table 1. The high
2 values obtained from the first and second order kinetic plots

i.e. from 0.9254 to 0.9998) suggest that adsorption of Cr (VI)
n treated oil palm fibre can be described by both of these mod-
ls. Nevertheless, the R2 values as well as Figs. 5 and 6 also
ndicate that the sorption kinetics of Cr (VI) is better expressed
y the pseudo second order reaction rate. The analysis of vari-
ig. 5. Pseudo first order kinetic plot for Cr (VI) adsorption at different initial
oncentrations: pH, 1.5; volume, 100 mL; agitation speed, 350 rpm; adsorbent
osage, 5 g/L; and temperature, 28 ± 1 ◦C.
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Fig. 6. Pseudo second order kinetic plot for Cr (VI) adsorption at different initial
concentrations: pH, 1.5; volume, 100 mL; agitation speed, 350 rpm; adsorbent
dosage, 5 g/L; and temperature, 28 ± 1 ◦C.

Table 1
Pseudo first order and pseudo second first order model constants for Cr (VI)
adsorption

Initial Cr (VI)
concentration (mg/L)

Pseudo first-order
model

Pseudo
second-order model

k1 (h−1) R2 k2 (g/mg h) R2

20 1.974 0.9631 1.734 0.9998
50 2.502 0.9254 0.354 0.9991

100 1.440 0.9350 0.168 0.9991
1
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b
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50 0.648 0.9772 0.066 0.9955
00 0.648 0.9870 0.042 0.9936

odel strongly suggests chemical adsorption or chemisorption
etween the adsorbent and adsorbate.

.4. Effect of adsorbent dosage

The test to observe the effects of different mass of adsorbent

n the adsorption of Cr (VI) from a fixed adsorbate concentration
as carried out using 100 mg/L of Cr (VI) solutions. Fig. 7

hows the removal efficiencies and the uptake of Cr (VI) per

ig. 7. Effect of adsorbent dosage variation on the removal efficiencies and
ptake of Cr (VI): pH, 1.5; [Cr (VI)] = 100 mg/L; volume, 100 mL; agitation
peed, 350 rpm; contact time, 2 h; and temperature, 28 ± 1 ◦C.

e
(
t
o
T

F
v

ig. 8. Freundlich isotherm for Cr (VI) adsorption: pH, 1.5; [Cr
VI)] = 100 mg/L; volume, 100 mL; agitation speed, 350 rpm; and temperature,
8 ± 1 ◦C.

nit weight of adsorbent. While the amount of Cr (VI) adsorbed
mg/g adsorbent) by fibre decreased with an increasing amount
f adsorbent (g/L), the removal efficiency increased from 52%
o 97%.

Similar results were obtained by Lee et al. [25] for adsorption
f Cr (VI) and Cr (III) on copper-coated moss, which sug-
ested that the relationship between amounts of adsorbent and
r adsorbed was close to a hyperbolic curve. Therefore, an opti-
um adsorbent dosage, which limits the amount of Cr adsorbed,

s an important parameter to be considered in the batch treatment
rocess.

.5. Adsorption isotherms

Adsorption isotherm plays a crucial role in the predictive
odelling procedures for the analysis and design of an adsorp-

ion system. Therefore, in this study, the adsorption data of Cr
VI) were tested with Freundlich and Langmuir isotherm mod-
ls. The plots of linearized Freundlich and Langmuir equations

Eqs. (3a) and (4a)) for Cr (VI) are shown in Figs. 8 and 9, respec-
ively. The Freundlich and Langmuir isotherm constants were
btained as Kf = 7.1285, n = 3.4542, Q0 = 22.73 and b = 0.1807.
he corresponding R2 values were 0.8778 and 0.8715.

ig. 9. Langmuir isotherm for Cr (VI) adsorption: pH, 1.5; [Cr (VI)] = 100 mg/L;
olume, 100 mL; agitation speed, 350 rpm; and temperature, 28 ± 1 ◦C.



rdous

e
C
m
m
t
1
a
m
a
c
m

3

m
a
a
o
N
t
v
a
(
o
g
m
i

m
T
p
t
t

4

f
p
a
w
t
w
o
e
l
b
i
D
p
a
l
t

a

s
p
a
t

A

v

R

[

[

[

[

[

[

[

[

[

[

[

M.H. Isa et al. / Journal of Haza

It can be seen that both the Freundlich and Langmuir mod-
ls are comparable (similar R2 values) in the description of
r (VI) adsorption on treated palm fibre; with the Freundlich
odel being somewhat better (Figs. 8 and 9). The Freundlich
odel encompasses the heterogeneity of the adsorbent surface,

he exponential distribution sites and their energies [29]. The
/n value (0.2895) is favourably smaller than 1; indicating good
dsorption for Cr (VI). On the other hand, the Langmuir model
akes several assumptions, such as the adsorption energies

re uniform and independent of surface coverage and complete
overage of the surface by a monolayer of adsorbate indicates
aximum adsorption.

.6. Desorption study

The possibility of adsorbent regeneration (desorption) and
etal recovery was primarily studied based on the general

ssumption that regeneration of adsorbent promotes economic
dsorption treatment. The results showed 9% and 0.4% des-
rption with 1N solutions of NaOH and Na2CO3, respectively.
o measurable desorption was noted with the other chemicals

ested. Desorption of Cr (VI) from treated palm fibre seems to be
ery difficult. In a previous study, Bai and Abraham [28] have
lso noticed that solutions of alkali and highly alkaline salts
NaOH, Na2CO3 and NaHCO3) were more potent than acids
r mineral salts for Cr (VI) desorption from immobilized fun-
al biomass. Continuous desorption of Cr (VI) from Sphagnum
oss peat studied by Sharma and Forster [30] using 1 M NaOH

s another example that favoured alkaline desorption.
From this study, it appears that higher concentration of NaOH

ay be required to increase the Cr (VI) desorption efficiency.
he study with more concentrated NaOH solutions was not
ursued further as the resulting treatment cost would question
he application of the method under discussion as a low-cost
echnology for industries.

. Conclusions

The Cr (VI) adsorption capacity of treated oil palm fibre was
avoured at low pH; being attributed to the presence of excess
ositive charge on its surface. Complete removal of Cr (VI) was
chieved at pH 1.5. The amount of Cr (VI) adsorbed increased
ith the increase in contact time and initial Cr (VI) concen-

ration. High R2 values of 0.9254–0.9870 and 0.9936–0.9998
ere obtained with the pseudo first order and pseudo second
rder models respectively. ANOVA showed significant differ-
nce between the R2 values of the two models at 99% confidence
evel. Adsorption of chromium could be adequately described
y both Freundlich (R2 = 0.8775) and Langmuir (R2 = 0.8715)
sotherms. The Freundlich model presented a slightly better fit.
esorption of Cr (VI) was difficult and suggests that treated oil
alm fibre may be efficiently employed as a single-use adsorbent
nd may not be suitable for economic regeneration. Neverthe-

ess, as the adsorbent is cheap and locally available in abundance,
he requirement of adsorbent regeneration is not very crucial.

Oil palm fibre, widely available in Malaysia, can be utilized
s a low-cost adsorbent for the removal of Cr (VI) from aqueous

[

Materials 152 (2008) 662–668 667

olutions. Simple chemical modifications of the fibre using sul-
huric acid and heat treatment will be required to enhance the
dsorption capacity, thereby preserving the economic aspects of
he treatment.
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