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a b s t r a c t

The use of NaOH-treated oil palm frond (OPF) sorbent for Cu and Zn removal and its subsequent regener-
ation process are reported. The regeneration of the spent sorbent was achieved by desorbing the metals
in 0.1 M of sodium hydroxide (NaOH), ethylene diamine tetraacetic acid (EDTA), hydrochloric acid (HCl)
and nitric acid (HNO3) solutions. The reusability study of the sorbent was conducted using 100 mg/l of Cu
eywords:
pent sorbent
aOH-treated oil palm frond
eavy metal
egeneration
euse

and Zn at a pH of 4.5 and 5.5, respectively for 1 h. The results were to be correlated with the mechanism
of the metal uptake. Freundlich isotherm fitted the data to indicate the presence of heterogeneous metal
sorption sites. Zn showed better regeneration efficiency of up to 88% and HCl was the best regeneration
agent. The results confirmed that ion exchange was the main mechanism for the metal uptake. The des-
orption efficiency dropped by merely about 20% while the sorption capacity experienced a drastic drop
after reuse for the fourth cycle. The damage occurred on the heavy metal binding sites by the strong acid

rop.
was responsible for this d

. Introduction

Oil palm biomasses are abundantly produced in Malaysia and
aOH treatment has been demonstrated to turn the oil palm frond

OPF) into an excellent sorbent for heavy metal removal [1–3].
he optimization of the suitable conditions for this modification
ethod and behavior of the sorption process in a batch and con-

inuous modes have been previously investigated [3,4]. Yet, the
egenerability and reuse of the spent sorbent are important aspects
f the heavy metal sorption that rarely reported and further inves-
igation on these aspects is fully justified.

The higher regeneration cycles without significant destruction
o the biomass will make the whole process more economically
avorable [4]. It has been reported that the desorption process
an usually be carried out in an acidic condition. For instance, Cu
nd Pb sorbed on sawdust were successfully desorbed using HNO3
t pH 2.0 [5]. It was also reported that the regenerated sawdust
howed better efficiency than the raw sorbent, attributed to the
emoval of impurities from the biomass during the acid regenera-
ion process. This also led to the creation of more exchange sited

or a more favorable metal uptake. Although desorption capacity
enerally increases with increasing acid concentration (>1.0 M), it
ay also cause the damage of the binding sites leading to a reduc-

ion in the subsequent metal uptake capacity [6]. The immobilized
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heat-inactivated Trametes versicolor and Pleurotus sajur-caju were
successfully reused in five biosorption and desorption cycles with
negligible decrease in their biosorption capacities [7].

Interestingly, Esteve et al. [8] reported the successful use of
sodium hydroxide to desorb cadmium and zinc from Sargassum sp.
In addition, 0.01 M NaOH was the suitable desorbing agent of Cr
(VI) from phosphate treated sawdust [9]. Therefore, the most suit-
able desorbing agent should be greatly influenced by the sorption
mechanism involved. However, the exact nature of the sorption
mechanism is yet to be fully understood. Our earlier reports on the
use of NaOH-treated OPF pointed at ion exchange as the responsi-
ble mechanism for the heavy metal uptake [1,3]. However, it could
not be confirmed unless the desorption of the metal is studied.
Therefore, the results reported here are deemed critical in com-
plementing new information to this research topic.

The mechanisms usually suggested for the sorption of heavy
metals are such as mono ion-layer physical sorption, chemisorp-
tion, ion exchange and chelation [5]. Therefore, the desorption
behavior and the suitable agents to be used are greatly influenced
by the nature of sorbate–sorbent interaction. If the sorbed metals
on the surface can be desorbed by water, the sorbate and sorbent
attachment is suggested to occur through weak bonds [10]. How-
ever, if the sorbate can be desorbed by acids, such as H2SO4 and

HCl, then the main sorption mechanism generally occurs through
ion exchange process. Chemisorption generally occurs when the
desorption process is made possible by organic acids such as acetic
acid [11]. The sorption of Zn and Cu onto rice husk seems to follow
an ion exchange mechanism. In this case, the complex formation

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chzuhairi@eng.usm.my
dx.doi.org/10.1016/j.cej.2009.10.010
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Table 1
R2 and isotherm constants for Langmuir and Freundlich isotherms for sorption of Zn and Cu on untreated and NaOH-treated OPF.

Biomass Heavy metal Isotherm R2 Langmuir constants Freundlich constants

b Qo n Kf

NaOH-treated OPF
Zn

Langmuir 0.9591 0.391 23.36 – –
Freundlich 0.9948 – – 3.86 9.10

Cu
Langmuir 0.9397 0.443 20.28 – –
Freundlich 0.9971 – – 3.73 7.99
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Untreated OPF
Zn

Langmuir
Freundlich

Cu
Langmuir
Freundlich

n the cell surface lead to the sorption of metal ions onto the
iomass [12]. The surface complex formation results from the inter-
ction between the metal ions and negatively charged active groups
resent in lignin and cellulose structures. The ionic radius and metal
alence could also affect the complexation process [13]. In the des-
rption process of Cu from kyanite, an increase in acidity was found
o increase the extent of the desorption to suggest ion exchange as
he dominant mechanism for the metal uptake [9].

In this study, the regeneration process was carried out with four
ifferent chemical agents i.e. as sodium hydroxide (NaOH), ethy-

ene diamine tetraacetic acid (EDTA), hydrochloric acid (HCl) and
itric acid (HNO3). The process behavior was to be correlated with
he sorption mechanism involved in the removal of copper (Cu) and
inc (Zn). The regenerability and reusability of the spent sorbent
fter up to three cycle of use was also evaluated.

. Material and methods

.1. Sorbent preparation

The OPF obtained from Universiti Sains Malaysia was first thor-
ughly washed with distilled water and then dried in an oven at
0 ◦C for 12 h. The biomass was then ground with a blender (Epic-
on Eb-321) for 1 min. The modification of the OPF sorbent were
rst carried out using NaOH under optimized treatment conditions

.e. by using 1.0 M NaOH for a treatment time of 45 min. The detail
rocedure is given in our earlier report [2].

.2. Sorption experiments

The sorption process was carried out in an incubator shaker
sing 1.0 g of the sorbent. The solution was shaken at 150 rpm and
0 ◦C using 100 mg/l of Cu and Zn solutions as reported earlier [1,3].
he mixture was then filtered and the heavy metal concentration
n the filtrate was then analyzed using a Hanna copper and zinc

eters for the concentration of Cu and Zn, respectively. For the
sotherm study, the concentrations of Cu and Zn solutions were var-
ed between 10 and 100 mg/l. The concentration of the heavy metals

as then measured once the equilibrium had been reached. For
omparison, data for the untreated OPF sorbent were also recorded.

.3. Regeneration and reusability of sorbent

100 ml of Zn and Cu solutions at a concentration of 100 mg/l
ere first made into contact with 1.0 g of the NaOH-treated OPF

n 250 ml flasks. The mixture was then continuously shaken in
n orbital shaker at 150 rpm for 15 min. Next, the solution was
ltered and the filtrate was analyzed for the Zn and Cu concentra-

ion. Next, the sorbent that had been separated from the solution
as oven dried at 70 ◦C for 12 h. The dry sorbent was then trans-

erred into another conical flasks to be treated with 100 ml of 0.1 M
aOH, 0.1 M HCl, 0.1 M HNO3 and 0.1 M EDTA as the desorbing
gents. The solution was agitated for 60 min and then filtered for
0.9402 0.261 37.31 – –
0.9929 – – 4.14 13.82
0.9261 0.262 36.10 – –
0.9934 – – 3.96 12.98

the subsequent metal measurement. For the reusability study, the
regenerated sorbent was oven dried at 70 ◦C for 12 h to reach con-
stant weight. It was then reused as the sorbent for a 250 ml solution
of Cu and Zn at a concentration of 100 mg/l. The regeneration and
reuse cycles were repeated for up to four times.

3. Results and discussion

3.1. Sorption isotherms

Two different isotherms that are commonly used for the heavy
sorption process are Langmuir and Freundlich isotherms [4,5,13].
The accuracy of these isotherms to simulate experimental data
varies and greatly influenced by the specific interactions between
the sorbate and sorbent. The Langmuir isotherm is generally more
appropriate to a monolayer adsorption where all metal binding
sites are energetically equivalent and there is neither interaction
between sorbed molecules nor the transmigration of sorbate in the
plane of the surface [4]. Meanwhile, the Freundlich isotherm can
be used for non-ideal sorption that involves heterogeneous sorp-
tion [4,5]. Thus, it is of great interest to comparatively investigate
the accuracy of these isotherms in representing the experimental
data for the sorption of Zn and Cu by NaOH-treated OPF. The fitting
of the experimental data to certain isotherm would provide some
information on the nature of the interaction between the sorbent
and the sorbate.

According to Langmuir and Freundlich isotherms, the equilib-
rium sorption capacity (x/m) can be correlated with the equilibrium
sorbate concentration (Ce) by model equations as given in Eqs. (1)
and (2), respectively.

x

m
= bQoCe

1 + bCe
(1)

x

m
= KfC

1/n
e (2)

The application of Langmuir isotherm to experimental equi-
librium isotherm data yields two parameters, the maximum
adsorptive capacity, Qo and a constant related to the energy of sorp-
tion, b. Qo represents a practical limiting sorption capacity when the
surface is fully covered with metal ions. This allows the comparison
of the performance of the sorbent, particularly in cases where the
sorbent does not reach its full saturation [6]. Freundlich isotherm
gives the parameter (n) which indicates bond energies between
metal ion and the sorbent and Kf, is related to bond strength [9].
Parameter n also gives an indication of the extent of the sorption
process and Kf is the sorption capacity of the sorbent. Indirectly, it
represents the distribution coefficient for the equilibrium concen-
tration.
The results of the isotherm study show that the Langmuir
isotherm unsatisfactory fitted the experimental data for both Zn
and Cu sorption processes with R2 values of less than 0.96 (sum-
marized in Table 1). Clear deviations are observed at medium
1/Ce values. Obviously, NaOH-treated OPF showed higher sorptive
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apacity of both heavy metals. Meanwhile, treatment of OPF with
aOH led to a higher accuracy of the Freundlich isotherm to fit the
xperimental data. This observation suggested the presence of dif-
erent types of active sites (or heterogeneous binding sites) that
ere responsible for the sorption process [4]. As the untreated OPF

lso had mild metal sorption capability, the NaOH treatment on OPF
as deemed to eventually create different types of binding sites in

he sorbent. Correspondingly, the metal uptake mechanism would
lso be different. The metal uptake by natural untreated biomass is
enerally associated with the complexation or chelation [4,5].

Apart from merely based on degree of fitting, the appropri-
teness of Freundlich isotherm to represent the sorption data
as also made based on the physical translation of the values

f model parameter. The parameters for the Langmuir and Fre-
ndlich equations at 25 ◦C along with the correlation coefficients
re also summarized in Table 1. Generally, the n values obtained
re between 1 and 10 and this represent favorable sorption process
13]. Interestingly, the Kf and n values for NaOH-treated OPF are rel-
tively lower than those of untreated OPF. It suggests lower bond
trength and bond energies. This result indicated that the sorption
y the OPF sorbent was not actually favored on the basis of the
ature of the interaction. Based on the experimental observation
hat showed better sorption by this sorbent, one can conclude that
he number of metal binding site in the OPF dramatically increased
fter the NaOH treatment. The Kf value calculated for the NaOH-
reated OPF is within the same range with those reported for other
ypes of potential biomasses reported so far such as Aspergillus niger
iomass [4], rice milling by-product [13], and chitosan [14]. This
howed the potential of the OPF-based sorbent which is abundantly
vailable from oil palm industry.

As a main conclusion from the isotherm study of the sorption
rocess, the treatment of OPF with NaOH created higher number
f metal binding sites that showed weaker interactions with the
eavy metal. On the basis of the nature of interaction involved,
he metal complexation or chelation on the binding sites of the
ntreated OPF was a stronger force leading to the uptake of heavy
etals than that occurred on the NaOH-treated OPF. However, the

verall effect on the sorption process was mainly governed by the
otal number of binding sites available in the sorbent. The weaker
nteractions could be in the combination of ion exchange or simple
hysical adsorption.

.2. Regeneration study

If the NaOH-treated OPF can be regenerated and reused as a
orbent material after the first cycle of the sorption process, signif-
cant improvement in the economy of the process will be achieved.
or this purpose, four different desorbing agents of different chem-
cal natures were investigated for the removal of heavy metals
orbed on the spent sorbent. These agents were hydrochloric acid,
itric acid, ethylene diamine tetraacetic acid and sodium hydrox-

de. EDTA is a weak acid but a strong chelating agent while HCl
nd HNO3 are strong mineral acids while NaOH is a base. Besides
he degree of heavy metal recovery from the spent sorbent, par-
icular focus was also given on the elucidation of the interaction
etween sorbent and sorbate. It should be noted that the use of
hese desorbing agents could contribute to the overall operation
ost, particularly with respect to environmental aspects. Thus, opti-
ized process conditions should be investigated once the most

uitable agent has been identified. However, the discussion on the
rocess optimization is beyond the scope of the present work.
As shown in Fig. 1, HCl gave the best desorption (93%) followed
y HNO3 (87%), EDTA (44%) and NaOH (8%) for Zn. For Cu desorp-
ion, 88%, 84%, 32% and 6% of the sorbed metal was successfully
esorbed by HCl, HNO3, EDTA and NaOH, respectively. The results
how a higher desorption of Zn compared to Cu with all the des-
Fig. 1. Zn and Cu desorption efficiency from spent sorbent by different desorbing
agents at 1.0 M (data ± standard deviations).

orbing agents. This observation suggests stronger attachment of
Cu to the sorbent. The conclusion is in agreement with the theory
indicating that ions with smaller radius size can sorb better on the
sorbent [4]. The ionic radius for Zn (II) and Cu (II) are 88 and 87 pm,
respectively [1,3]. Therefore, Cu with a smaller radius size com-
pared to Zn can sorb more strongly on the NaOH-treated OPF. This
observation was in fact lead to the conclusion that ion exchange
mechanism is the most dominant metal uptake mechanism in this
system. HCl and HNO3 as strong acids showed significantly better
results in desorbing the heavy metal from the biomass. This was
because of higher affinity of H+ to balance the negatively charged
functional groups on the biomass than the heavy metal. Further-
more, the high concentration of the acid caused the equilibrium
to shift towards the reverse of the meal uptake process. Therefore,
it could be concluded that it was ion exchange process that took
place between H+ ions and the heavy metals when the spent sor-
bents were exposed to the acid solutions. The sorption mechanism
of the heavy metals (M = Zn or Cu) from NaOH-treated biomass is
described by Eq. (3), while, the desorption mechanism is explained
by Eq. (4). In these two equations, R represents the sites in the sor-
bent that are sorbing the heavy metals from the solution through
the ion exchange mechanism.

2R•Na + M2+ → R2
•M + 2Na+ (3)

R2
•M + 2H+ → 2R•H + M2+ (4)

NaOH could not show good removal when used as a desorbing
agent. This observation seemed to confirm the ion exchange as the
main and dominant mechanism for the metal uptake process. This
was due to the higher desirability of metal ions to sit on the binding
sites of the biomass compared to Na+ ions. It was expected that the
affinity for the heavy metal ions to sorb on the binding sites of the
biomass was greater than that of the Na+ ions that originally pre-
sented in the NaOH-treated OPF sorbent. Thus, in the heavy metal
sorption process, an exchange between the heavy metal and the
Na+ ions attached to the biomass occurred. During the desorption
process, the heavy metal ions tended to remain interacted with the

binding sites of the biomass. However, due to high concentration
of NaOH, partial reversal of the sorption process could still occur to
consequentially cause the partial removal of heavy metal from the
spent sorbent.
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ig. 2. Efficiency of Zn sorption process and regeneration of spent sorbent with
.0 M HCl (data ± standard deviations).

The sorption process proceeded through the exchange of Na+

ons sitting on the biomass surface with the heavy metal ions in
he solution. During the desorption process, the metal ions were
eplaced with H+ ions from the eluting acid. In the case of regen-
rated sorbent materials with sodium hydroxide, Na+ was released
nto the solution during the sorption process. A loading with Na+

as required after the desorption step to retain the material’s
riginal metal sorption capacity [13]. The desorption mechanism
ollowed proceeded through an ion exchange process between the
eavy metal ions attached to the biomass with the H+ ions in the
cid solution. HCl and HNO3 showed high ability as a desorption
gent and the result was associated with the high dissociation of
oth acids.

.3. Reusability of the regenerated spent sorbent

The ability of the OPF sorbent to sorb heavy metals after the des-
rption step was investigated for up to three cycles. Figs. 2 and 3
how the performance of the OPF sorbent to sorb 100 mg/l of Zn
nd Cu, respectively. The desorption efficiency of the sorbed met-
ls from the spent sorbent using 1.0 M HCl are also shown. In these
gures, the result of the first cycle is actually obtained using the

resh sorbent. Similar behavior has been demonstrated with Cu
nd Zn. It is noted in the figures that the amount sorbed after
ach cycle reduced significantly. The drop was associated with the
hysical and chemical changes of the sorbent. In the first cycle,
a+ ion was the counter ion on the metal binding sites and it was
sed for exchange with Cu or Zn. During the first regeneration
tep, H+ was introduced into the sorbent with a relatively stronger
nteraction with the biomass. Consequently, the affinity towards

etal exchange with Cu or Zn in the solution was lower. However,
he partial damage to the exchange sites or other sites responsi-
le for metal complexation and chelation due to the exposure to
trong acid could not be ruled out [4,5]. The combined effects were
bserved as a significant drop in the sorption capability.
The drop in the desorption efficiency with the number of cycle
as not as severe as that of the sorption process. In general, a drop

y about 20% was experienced by the sorbent after the fourth cycle.
n all the desorption steps, both metals were exchanged from the
orbent by H+ from the acid. The observed drop was ascribed to the
Fig. 3. Efficiency of Cu sorption process and regeneration of spent sorbent with
1.0 M HCl (data ± standard deviations).

physical and chemical changes on the metal uptake sites. In this
respect, the loss of metal exchange sites could occur with repeated
desorption while the irreversible changes to the sites involved in
the complexation and chelation could also occur. As the complexa-
tion and chelation of the metals were relatively stronger than that
of the ion exchange process, the extent of metal desorption was
relatively lower.

4. Conclusion

NaOH treatment significantly improved the heavy metal sorp-
tion of oil palm frond. The sorption process data satisfactorily fitted
Freundlich isotherm to suggest heterogeneity in the sorption sites.
Owing to relatively weaker interactions with sorbent, Zn showed
better regeneration efficiency of up to 88%. HCl was the best regen-
erating agent and the same trend was shared by both heavy metals.
The isotherm and desorption results suggested that ion exchange
was the main mechanism for the uptake of those metals. The des-
orption efficiency dropped by merely about 20% while the sorption
capacity experienced a more drastic drop after the fourth cycle
of use. The result was associated with the shifting of the metal
exchange sites from sodium cycle to hydrogen cycle. This was fur-
ther assisted by the physical and chemical damages occurred on
the other metal binding sites.
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