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bstract

The continuous adsorption of lead ions from aqueous solution on commercial, granular, unpretreated palm shell activated carbon (PSAC) was
tudied. Effect of pH, flow rates and presence of complexing agents (malonic and boric acids) were examined. The breakthrough period was longer
t pH 5 indicating higher adsorption capacity of lead ions at higher pH. Increase of the flow rate, expectedly, resulted in the faster saturation of
he carbon bed. Presence of complexing agents did not improve adsorption uptake of lead ions. However, presence of malonic acid resulted in
moother pH stabilization of solution compared to single lead and lead with boric acid systems. The results on continuous adsorption of lead were

pplied to the model proposed by Wang et al. [Y.-H. Wang, S.-H. Lin, R.-S. Juang, Removal of heavy metals ions from aqueous solutions using
arious low-cost adsorbents, J. Hazard. Mater. B 102 (2003) 291–302]. The agreement between experimental and modelled breakthrough curves
as satisfactory at both pHs.
2007 Elsevier B.V. All rights reserved.
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. Introduction

High concentrations of heavy metals in the environment are
xtremely detrimental for the living organisms and ecosystems.
t is well known that industrial discharges are the main sources
f heavy metals pollution. In Malaysia, the electroplating and
etal treatment/fabrication industries are the major contributors

o the generation of hazardous wastes bearing heavy metals. The
argest concentration of industrial operations is localized along
he West coast of peninsular Malaysia including Klang Valey,
enang, Ipoh, and Johor Bahru [1].

Lead discharges into aqua-environment present a special
oncern, since this metal is bounded to bioaccumulation and
xcessive concentrations of lead are associated with various
iseases in humans and animals.
Innovative practices for wastewater treatment bearing heavy
etals often involve technologies directed towards either reduc-

ion of generated wastes’ amount or recovery of reusable
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esources [2]. The land disposal of the wastes with excessive
eavy metal content faces more stringent legislative barri-
rs. As a consequence, the implementation of new alternative
pproaches becomes a necessity in the primary metal industry
owadays.

The major economy sector of Malaysia is production of palm
il. It has greatly expanded in the last decades making Malaysia
leading exporter of the product. Palm shells are generated in
reat quantities in this economy sector, along with other wastes
hat are mostly disposed without further utilization. It is only in
ecent years the interest to palm shell has increased, mainly due
o the research findings that this material can be an excellent
ource of high quality and low cost activated carbon. How-
ver, most of the studies on palm shell activated carbon (PSAC)
re focused on the parameters of the activation/carbonization
rocedures [3–9] and so far only few examined the adsorption
apacity of this material [10–12]. A recent study conducted by
ur research team [13] showed that palm shell activated carbon

as high capacity to adsorb lead ions compared to other types
f activated carbons. However, the study was only focused on
he batch adsorption. In order to investigate adsorption potential
f PSAC, a series of experiments on continuous adsorption was

mailto:mk_aroua@um.edu.my
dx.doi.org/10.1016/j.jhazmat.2007.11.036
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onducted, results of which are presented in this paper. Effects
f such parameters as flow rate, pH, and presence of complex-
ng agents on the breakthrough curve and bed capacity were
nvestigated. Additionally, the obtained data were fit to a model
14] to predict the breakthrough curves under different operating
onditions.

. Materials and methods

Description of the experimental setup and relevant proce-
ures is available elsewhere, including characterization data of
he PSAC [13,15].

. Results and discussion

.1. pH profile in continuous adsorption of lead

.1.1. Single lead
Fig. 1 shows pH changes for single lead at pH 5 and 3. Over-

ll, pH changes were such that pH increased in the first 20 min
f adsorption up to pH 9 and then stabilized. The stabilization
eriod for lead solution of pH 5 was longer compared to pH 3
olution (50 min vs. 30 min); the stabilized pH values were 6.3
nd 3.2, respectively.

Observations on pH increase at the beginning of continuous
dsorption of metals were also reported by Chen and Wang [16]
nd Dimitrova [17]. Two possible explanations for pH increase
ver initial value are proposed: adsorption of hydrogen ions
rom the solution, and dissolution of some impurities from the
ctivated carbon [16]. In addition, a release of hydroxyl ions
rom adsorbent into aqueous phase is possible due to hydroly-
is reaction [17]. Furthermore, when influent pH carries more
ydrogen ions (lower pH) through the bed, the hydrolysis reac-
ion is accompanied by an exchange reaction between substances
rom adsorbent and hydrogen ions from solution.

Since increase of pH in continuous adsorption is associated
ith reactions occurring within the carbon bed, such as adsorp-
ion, co-precipitation, hydroxide precipitation and ion exchange
18], it is possible that at the given bed thickness and pH 3 solu-
ion, the interference of these reactions is low and therefore pH
ettles within its initial value. In this regard [16], suggested that

Fig. 1. pH profile in continuous adsorption of single lead, 1.0 L/h.

3

5

Fig. 2. pH profiles in lead adsorption with complexing agents, 1.0 L/h.

n order to avoid fluctuations in pH values, the activated carbon
ed should be pretreated with acidic solution.

.1.2. Lead with complexing agents
Fig. 2 shows pH profiles for systems containing lead ions

nd complexing agents, boric and malonic acids. Similarly as in
ontinuous adsorption of single lead, pH increased in the first
5–20 min and then stabilized. However, stabilization of pH was
ifferent for the two complexing agents. Thus, the stabilized pH
alues in the system containing malonic acid were close to the
nitial solution pH. This is probably associated with the buffer-
ng properties of malonic acid, pKs values of which are in close
ange to the studied pH vales (pK1 = 2.85 and pK2 = 6.1). The
tabilization pattern and stabilized pH values in the system of
ead with boric acid were the same as for single lead. Although,
oric acid is known for the buffering properties, its ineffective-
ess in the solution with lead is probably explained by its low
oncentration and high pK = 9.24.

However, at pH 3 the pH stabilization pattern was the same
or both complexing agents.

.2. Continuous adsorption of lead
.2.1. Single lead
Figs. 3 and 4 show breakthrough curves of lead at pH 3 and

, and different flow rates, respectively. The comparison of two

Fig. 3. Continuous adsorption of lead at pH 3.
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Fig. 4. Continuous adsorption of lead at pH 5.

gures shows that at higher flow rate the breakthrough point
s reached earlier, and adsorption of lead is more favourable
t higher pH of the solution. The effect of higher pH is asso-
iated with lesser competition between protons and lead ions
or adsorption sites on the carbon surface. At pH 3, an excess
f hydrogen ions can successfully compete with metal ions for
inding sites resulting in lower metal uptake [19–23].

The results on continuous adsorption of lead on commercial
oconut shell activated carbon [24] showed that such parameters
s fixed bed thickness, flow rate and initial concentration of lead
layed significant role in the determination of the breakthrough
oint. Also pretreatment of the adsorbent resulted in the higher
ead removal. However, this study [24] was of much greater
cale compared to our study. Although [24], did not specifically
xamine the effect of pH in continuous adsorption of lead, it was
eported that during preliminary runs an increase of the initial
H with following stabilization was observed.

.2.2. Lead with complexing agents
Figs. 5 and 6 show breakthrough adsorption curves of all

ested systems: single lead, lead with malonic acid, and lead

ith boric acid, at pH 5 and 3, respectively. The breakthrough

urves for single lead and lead with boric acid at pH 5 are very
imilar. This indicates that boric acid did not affect the adsorption
f lead. However, the effluent concentration of lead in system

Fig. 5. Comparison lead pH 5, 1.0 L/h.
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Fig. 6. Flow-through adsorption lead pH 3, 1.0 L/h.

ith malonic was noticeably higher and breakthrough point was
eached earlier indicating decrease in adsorption of lead rela-
ively to single lead system. Such effect of malonic acid can be
ssociated with carbon pore blockage that lead to the substantial
ecrease of activated carbon surface area [25,26]. In general, the
resence of organic compounds results in slower adsorption due
o occupancy of the pores in the region of carbon’s macropores
27].

At pH 3, the breakthrough curves for all systems are simi-
ar, no effect of complexing agents on adsorption of lead was
bserved. After about 30 min the effluent concentration of lead
xceeded the initial value, which was probably due to com-
ensuration of lead desorption from carbon surface back into

olution.
In terms of pH stabilization and breakthrough time, it was

bserved that at pH 3 the breakthrough of lead coincided with
arlier pH stabilization in all three systems studied. Similarly
17], observed that lead breakthrough and drop of effluent’s pH
ccurred simultaneously. However, at pH 5 the breakthrough in
he same systems was observed when pH already stabilized.

.3. Modelling on continuous adsorption

In continuous flow-through fixed bed systems the concen-
ration profiles in the liquid and adsorbent phases vary in both
pace and time. Quantitative modelling approaches are used for
ptimization and design purposes of such systems, which are
sually described in terms of breakthrough adsorption curves
28]. A simple model [14] to predict the breakthrough time in
etal removal describes adsorption in a flow-through cell as a

hange of the metal’s concentration over time (t):
(

dY

dt

)
= kXY (1)

here Y is the fraction of metal ions being adsorbed, X = (1 − Y)
s the fraction of metal ions remaining in the bed and k is the
roportionality constant. For metal ion breakthrough at X = 0.5
nd the adsorption time t denoted as τ the following formula is

sed:

= τ + 1

k
ln

[
X

1 − X

]
(2)
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Fig. 7. Adsorption of lead ([M0] = 50 mg/L), pH 3.
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Fig. 9. Modelling on adsorption of lead, flow rates 0.5 and 1.0 L/h, pH 3.

F

a
3
a
t

m
f

s
v
s
S
d

T
P

F

L

L

Fig. 8. Adsorption of lead ([M0] = 50 mg/L), pH 5.

or the fraction of metal ions that passes through the adsorption
ed, X equals [M]/[M0] with [M] being the metal concentration
n aqueous solution exiting the bed at time t and [M0] being the
nlet concentration. According to Eq. (2), a plot of adsorption
ime t versus ln[([M0]/[M]) − 1] yields a straight line with the
ntercept and slope being τ and 1/κ, respectively. Once the values
f τ and κ are determined, the calculation of the capacity of the
dsorbent material can be estimated:

M = 1
2 [M0] F2τ = [M0]Fτ (3)

his equation permits to determine adsorption capacity of a
iven bed QM (mg/g) as a function of initial metal concentration

M0] (mg/L), liquid flow rate F (L/min), and 50% breakthrough
ime τ (min).

Figs. 7 and 8 present linear graphs for continuous adsorp-
ion of lead at pH 3 and 5. Figs. 9 and 10 show experimental

a
t
a
b

able 1
arameters used in experiments on adsorption of lead on palm shell activated carbon

low rate (L/h) Flow rate (mL/min) τ (min)

ead pH 3
0.5 8.33 47.9
1.0 16.67 18.9

ead pH 5
1.0 16.67 96.5
2.0 33.33 49.6
ig. 10. Modelling on adsorption of lead, flow rates 1.0 and 2.0 L/h, pH 5.

nd modelled breakthrough curves for adsorption of lead at pH
and 5, respectively. Overall, the modelled data are in good

greement with the experimental data for all flow rates tested in
he adsorption experiments.

Table 1 shows results on model’s parameters values and esti-
ated maximal capacity of the carbon bed to remove metal ions

or tested flow rates.
The estimated model parameters values shown in Table 1

howed that τ increases with decreasing of the flow rate, and
alue of κ initially increases with increasing flow rate and
tarts decreasing when flow rate is greater than 13.33 mL/min.
uch observation is in line with the commentary of [14], who
escribed the above trend and pointed that κ value decreases
fter flow rate is higher than 13.0 mL/min. Authors suggested

hat adsorption process is likely controlled by diffusion within
queous stagnant film at flow rates lower than 13.0 mL/min, and
y adsorption reaction when flow rate is higher of the latter value.

in a flow-through cell

k (L/min) R2 Q (Me) (mg/g)

0.18 0.98 22.6
0.66 0.99 17.9

0.04 0.96 90.2
0.04 0.96 92.6
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. Conclusions

Continuous adsorption of lead ions showed that the break-
hrough period was shorter at pH 3 than at pH 5. Increase of the
ow rate from 0.5 up to 2.0 L/h accelerated the palm shell acti-
ated carbon saturation time at both pHs. Presence of malonic
nd boric acids did not improve adsorption of lead on palm
hell activated carbon. Moreover, presence of malonic acids
esulted in a shorter breakthrough period at pH 5, compared to
ingle lead system. Modelling results on continuous adsorption
llowed estimation of carbon bed capacity to remove metal ions.
n the whole, the experimental results demonstrated that unpre-

reated granular palm shell activated carbon can be successfully
sed to remove heavy metal ions from aqueous solution.
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