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ABSTRACT

Activated carbon (AC) prepared from palm kernel was modified by citric acid (CA) to enhance its
ability for Pb(II) removal from aqueous solutions. The product obtained was characterized using
energy dispersive X-ray spectroscopy, Brunauer-Emmett-Teller method, Fourier transform infrared,
spectroscopy, and field emission scanning electron microscope (FESEM). The adsorption of Pb(II) ions
onto CA modified activated carbon (AC-CA), was studied in both batch and column mode operations.
In the batch studies, a wide range of operating parameters, such as adsorbent dose (0.1-0.95 g), initial
metal ion concentration (50-150 mg/L), contact time (15-150 min), and pH (1-5), were investigated.
Equilibrium data were fitted using Langmuir, Freundlich, first and second order kinetic models. The
experimental data were best characterized by pseudo-second order kinetic model and Langmuir iso-
therm models; indicative of chemisorption and monolayer adsorption, respectively. ACs and AC-CA
were mainly microporous with pores in the range of 1.2-1.76 nm. Although the surface area of AC-600
(1,559.9 m*/g) was much higher than that of AC-CA (1,267.1 m?/g), the Pb(II) sorption capacity of AC-CA
was larger than that of AC-600. The AC and AC-CA, both showed high Q__ of 81.0 and 103.1 mg/g,
the high adsorption capacity of the adsorbents is promising in the development of low cost and novel
adsorbent. It is concluded that Pb(II) ions removal using palm kernel shells based adsorbent modified
with citric acid would be an efficient technique for economic treatment of wastewater.
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1. Introduction

Pollution of water bodies by heavy metals has negative
consequences on both the environment and human health.
Among the different metals, lead is the most important toxic
heavy element in the environment [1] released into the natu-
ral waters from different manufacturing activities. Its use is
associated with more than 900 industries, including mining,
smelting, refining, battery manufacturing, and so on [2]. Lead
is a greatly poisonous metal that can do great harm to almost
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every organ in the body [1]. Of all the organs, the nervous sys-
tem is the frequently affected target in lead toxicity, both in
children and adults [1]. Therefore, it is imperative to reduce
the level of Pb(Il) ions in wastewater. Various removal meth-
ods have been proposed for treatment of Pb contaminated
water (e.g., precipitation, adsorption, membrane separation,
and ion exchange). Among these different methods, adsorp-
tion is one of the methods predominately applied for the
removal of metal ions in wastewater due to its economic and
efficient nature. Adsorption methods offer the advantages of
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simple operation, low cost, and low secondary environmen-
tal pollution and can be applied to remove heavy metals at
less than 100 mg/L when other methods cannot work effec-
tively [3]. The application of activated carbon for environmen-
tal protection has gained remarkable interest in recent times
due to the distinctive properties, such as well-developed pore
structure and high surface area [4]. Palm kernel shell, one of
the most abundant agro-industrial by-products, has demon-
strated good sorption capabilities for different adsorbates.
For example, palm kernel shells (PKS) based activated carbon
(AC) was synthesized and used in the removal of Pb(Il) [5-7],
methane [8], fluoride [9], Cd(II), and Zn(II). Activated carbon
also requires complexing agents to improve its removal per-
formance for inorganic matters [10]. Because citric acid was
an effective chelating agent, it was used in this work for the
modification of the AC. Although a number of studies have
examined the application of PKS adsorbent in the treatment
of Pb(Il) in solution, adsorption of Pb(II) onto PKS-derived AC
involving competitive and reusability studies, application in
real wastewater and in continuous column in addition to mod-
ification with citric acid has not been sufficiently reported yet.
In view of the aforementioned, the aim of this study was
to investigate the feasibility of using citric acid functional-
ized PKS-activated carbon (AC-CA) as adsorbent for Pb(II)
removal from wastewater. The objective of this study is to
examine the effect of citric acid on physicochemical proper-
ties of AC, and evaluate the potential use of AC-CA in the
removal of Pb(II) in both batch and fixed bed adsorption.

2. Experimental setup
2.1. Preparation of activated carbon

Activated carbon was prepared from palm kernel shell by
chemical method using concentrated orthophosphoric acid
(H,PO,, 85%; Merck, Darmstadt, Germany). PKS residues,
obtained from the Malaysian Palm Oil Board, were used after
crushing, washing with distilled water and drying under the
sun. The PKS powder and H,PO, in a ratio 2:1 g/g (acid to
PKS), were mixed and manually stirred intermittently for
about 30 min and dried in an oven at 110°C for 24 h. The sam-
ples were carbonized at 500°C and 600°C at a heating rate of
10°C/min for 1 h in a vertical tubular furnace under nitrogen
flow of 20 mL/min. The resulting activated carbons (AC-500
and AC-600) were washed thoroughly with warm deionized
water until the pH of the wash water was constant, filtered
and dried in the oven at 110°C for 24 h. The ACs were passed
through 200 — mesh sieve before used for characterization
and applications in adsorption tests of Pb(II).

2.2. Characterization of adsorbents

The specific surface area and porosity data of the treated
PKS were determined from nitrogen adsorption desorption
isotherm using surface analyzer (Autosorb-1, Quantachrome,
Boynton Beach, FL, USA) using the Brunauer-Emmett-Teller
(BET) equation and Barrett-Joyner-Halenda (BJH) method,
respectively. The elemental composition was investigated
using energy dispersive X-ray spectroscopy (EDS) integrated
with high-resolution FEI Nova 230 field emission scanning
electron microscope (FESEM). The samples were then placed

onto aluminum stubs by means of carbon tape placed on the
stub. The samples were gold coated to prevent charging. The
samples were then transferred into the vacuum chamber and
observed at magnifications in the ranges of 1,500x to 10,000x.

The point of zero charge (pHpzc) of the ACs was assessed
using the pH drift method [11].

2.3. Adsorbent screening experiment

The screening experiments were accomplished using the
batch method. This was achieved by introducing 0.1 g of each
of the adsorbents into 250 mL (50 mg/L) of Pb and agitating
for 120 min at room temperature to reach equilibrium. The
mixture was filtered using 0.45 um microporous membrane.
The concentration of the Pb(Il) in the filtrate was analyzed
using Atomic absorption spectroscopy (AAS). Experiments
were performed in triplicates and results analyzed at aggre-
gate level.

2.4. Preparation of citric acid-modified activated carbon

Modification of the optimum adsorbent (AC-600) was
performed using citric acid. This was achieved by introduc-
ing 5 g each of AC-600 into different concentrations of citric
acid (0.1-0.3 M, 100 mL solution); the resulted mixture was
refluxed at 60°C for 2 h. Thereafter, the modified activated
carbon, AC-CA, was filtered and under sonication, washed
with warm distilled water for 10 min to eliminate any excess
citric acid salt, and finally, dried at 100°C for 24 h.

2.5. Batch adsorption studies

The desired working concentrations were obtained by
diluting the stock solution of Pb(II) (1,000 mg/L) that was
obtained by dissolving the required amount of lead nitrate
(Fisher scientific) into 1,000 mL ultrapure water.

Sorption experiment was performed by the batch method
to assess both the rate and equilibrium data. To investigate
the effect of sorbent dose on the equilibrium uptake of Pb(II),
adsorbent masses of 0.1-0.95 g was used. The effect of pH was
studied by adjusting the pH of the Pb(II) solution to the desired
values at the range of 1-5 using 0.1 M NaOH and 0.1 M HCI
and measured by a pH meter (Sartorius PB-10). Isotherms
studies were investigated by varying the initial Pb(II) solu-
tion concentration from 50 to 150 mg/L. For the kinetic study,
250 mL of 120 mg/L of Pb(II) solutions was added to known
amount of adsorbent and agitated for 20 min. The effect of
temperature was also studied in a range of 25°C-60°C in a
temperature-controlled water bath (Memmert, Germany),
under optimal conditions. To investigate the competitive
effect, mixtures of Pb(Il), Cu(Il) and Zn(II) ions and 0.25 g of
AC-CA was introduced to a solution (250 mL) containing the
same concentration of individual metal ion (50 mg/L), hav-
ing different combinations of Pb(II)-Cu(II), Pb(II)-Zn(II), and
Pb(II)-Cu(Il)-Zn(II), respectively. To examine the reusabil-
ity, the Pb-loaded AC-CA was regenerated in 1.0 M HCl and
HNO, solution. The regenerated AC-CA recyclability test was
assessed by dispersing it in fresh 250 mL of the Pb(II) solution
and agitating at rate of 160 rpm for 250 min. At any given
time intervals, an aliquot of the mixture was withdrawn
and the concentration of the metal ions was measured using
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atomic adsorption spectrophotometer (Thermo Scientific-S
series). Percentage removal (%) and metal ions adsorbed per
unit mass of AC-CA (g,) were computed as follows:

q,=(C,-C)Vim @
Efficiency (%) = (C,— C,)/C,x 100 (2)

where C and C, are the initial and equilibrium concentra-
tions (mg/L), V is the volume of solution used, and m is the
mass of adsorbent (g).

2.6. Column study

Fixed bed experiments were conducted using a glass
column of 2 cm internal diameter. The column was packed
with 3.5 and 7.0 g of AC-CA to give bed heights of 2.5 and
4.3 cm, respectively, with a layer of glass wool and acid
wash sand positioned at the bottom. 150 mg/L of Pb(II) solu-
tion was pumped through the packed column with the aid
of a peristaltic pump to maintain constant flow rates of 10
and 15 mL/min in a down-flow mode at room temperature.
At predetermined intervals, the effluent samples were taken
and evaluated. The column experiments were brought to a
halt when the column attained exhaustion.

2.7. Real sample analysis

Adsorptionsstudies using real samples solutions obtained
from Sungai Balok River, Pahang, and from an electroplating
plant in Selangor, both in Malaysia, were conducted by batch
experiments. The water samples were filtered to eliminate
suspended particles and stored in plastic bottles for further
experiments. AAS was used to analyze the initial metal ion
concentration in the water samples. Owing to the relative low
concentration of the metal ions in the river water, the sample
was spiked with 50 mg/L of Pb(II) in 250 mL solution. For the
electroplating wastewater, it was used without spiking. The
wastewater was treated under optimum conditions obtained
based on the preliminary experiments, on that basis; 0.25 g
of the AC-CA was dispersed in 250 ml of effluent solution
at 50°C and pH 4 for 150 min. The solution was filtered at
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the end of the experiment and the remaining concentration
of Pb(IT) was determined.

3. Results and discussion
3.1. Screening and modification results

Fig. 1(a) shows the screening experiment results of the
activated carbons. The synthesized ACs demonstrated
excellent adsorption behaviour towards Pb(II). The adsorp-
tion capacity obtained from the adsorbents was 43.6 mg/g
(AC-500) and 58.9 mg/g (AC-600) for 50 mg/L of Pb. Hence,
the AC-500 was not considered for further Pb(II) adsorption
experiments, instead, emphases was placed on A-600 as the
main adsorbent in all adsorption experiments.

Experiments were carried out to determine the optimum
conditions for chemical modification of AC-600. It can be seen
that the 0.20 M is the most appropriate modification concen-
tration for the citric acid used (Fig. 1(b)). The adsorption effi-
ciency of modified activated carbon was influenced by the
concentration of citric acid in the sequence of 0.2 M > 0.1 M >
activated carbon (AC-600) >0.30 M. The corresponding adsorp-
tion capacities were 121.6, 108.0, 100.5, and 82.5 mg/g, respec-
tively. Further increase in the citric acid loading on AC-600
up to 0.3 M, reduced the performance. This is because excess
amount of citric molecules escaped from the adsorbent into the
solution, forming CA-Pb(II) complexes which were difficult
to be sorbed by the AC due to higher molecular weight. Zou
et al. [12] reported similar trend for the removal of Cu(II) onto
EDTA functionalized CoFe,O, with similar claims for decrease
in Cu(Il) adsorption after a certain EDTA concentration was
attained. Based on these results, AC-CA 0.2 was selected for
further experiments involving batch and column studies.

3.2. Physicochemical characterization of AC-PKS and AC-CA

Table 1 shows the BET surface area and pore size distribu-
tions of AC-500, AC-600 and the modified AC-CA computed
using the BJH method. The average pore size distributions
showed that the adsorbents are microporous in nature with
average micropore size in the range of 1.53 to 1.92 nm. The
higher amount of nitrogen adsorbed at low relative pres-
sure revealed the presence of predominant micropores in
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Fig. 1. Screening experiments of (a) AC-500 and AC-600, (b) modified AC-600 (100 mg/L of Pb, adsorbent dosage = 0.1 g).
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Table 1
Surface area and porosity of activated carbon
Sample Sppr(m?/g) Micropore volume (V_,, cm®/g)  Microspore size (nm) Microspore surface area (S_, . m?/g)
AC-500 1,267.1 0.264 1.53 169.26
AC-600 1,559.9 0.303 1.71 139.74
AC-CAO0.1 1,155.7 0.60 1.71 193.7
AC-CA0.2 860.407 0.233 1.70 142.42
AC-CAO0.3 749.164 0.377 1.92 265.26
the adsorbent structure (Fig. S1). From the results presented 90
in Table 1 for the BET surface area and pore structure for n o 50
AC-500, AC-600, and AC-CA, it is clearly seen that the BET 807 (a) o
surface areas of AC-CAs were slightly lower than that of X 70 /':' 48
AC-600. This could be due to the blockage of internal poros- 2 O 40
ity occasioned by the formation of new functional groups at g 601 P . ) 0 _
the mouth of the pores upon modification with citric acid. ] fg,ﬁjsorp:!on efﬁqentc 4 (A;) L35 g
The FESEM images clearly revealed that the surface texture of % 504 u - Adsorption amount (mg/g) £
the ACs under study has no marked differences in their mor- T 40- o - "—g 30 &
phologies before and after the modification process (Fig. S2). 3 \
The different elemental constituents of the ACs as £ 30 ] -25
recorded from the energy dispersive X-ray spectroscopy © \
analysis showed that the carbon surface consists mainly of 204 O " -20
elemental phosphorus (11.1%), oxygen (13.9%), and carbon T T T T T T p
(75.0%). The point of zero charge of the activated carbons, 000 045 030 045 060 07 090 1.05
which was estimated to be 3.5-4.0 (figure not presented in the Mass of adsorbent (g)
paper), shows that the adsorbents have acidic surfaces and 90
the introduction of citric acid does not significantly change 90-
the surface properties of AC-600. It is, therefore, anticipated . (b) p—->0 0 80
that the adsorbents surface would be positively charged at 3 804 -
pH below 3.9 and negatively charged at pH 4.0 and above. < —g -70
g 701 ion efficiency (%) 60 =
3.3. Effect of adsorption parameters on Pb(II) removal s 60- D\ E’:?;c;:it;;: 21(23:%‘5152) 5 \g
3.3.1. Effect of adsorbent dosage % .\ E
Figs. 2(a) and (b) show the effect of AC-600 and AC-CA g %0 | [ i
dosage on the removal of Pb(II). There was a greater removal g 40 \ 30
efficiency of Pb(II) by AC-600 and AC-CA for dosage in the &’ —
range of 0.1-0.35, however, only slight increases in the range 304 o u L 20
0.36-0.95. Bearing in mind, the adsorption efficiency and

economy, 0.35 g of AC-600 and 0.25 g AC-CA was selected
as the optimum adsorbent dosage in subsequent batch
experiments.

3.3.2. Effect of contact time

The effect of contact time represents the optimum time
for the complete removal of Pb(I) [13] onto AC-600 and (b)
AC-CA adsorbents as presented Fig. 3. It was observed that
the adsorption efficiency of Pb(II) removal increased rapidly
with contact time at the initial stage for the first 60 min in
both adsorbents. The fast adsorption at the initial stage of the
adsorption process was due to the large amount of the sorp-
tion sites which provide the driving force for faster transfer
of the Pb(Il) onto the absorbents surfaces, but then gradu-
ally decreased as the surface sites became saturated and
equilibrium was obtained. From the results, the equilibrium
time was fixed at about 120 min for AC-600 and 140 min for
AC-CA for the Pb concentration used.

000 015 030 045 060 075 090 1.05
Mass of adsorbent (g)

Fig. 2. Effect of AC-600 and AC-CA dose on the sorption
removal efficiency of Pb(ll) from solution (Pb(II)
concentration = 100 mg/L; volume = 250 mL; adsorption
time = 120 min; adsorbent dosage = 0.1-0.95 g).

3.3.3. Effect of pH

The dependence of metal adsorption on pH is directly
related to both the ionization state of the functional groups
and metal chemistry in the solution, which affects the acces-
sibility of binding sites [14]. Fig. 4 reveals the effect of pH on
adsorption of Pb(Il) from aqueous solution onto the adsor-
bents. The results showed that the removal efficiency of the
Pb(Il) ions increased remarkably with the increasing pH
value up to 4, but did not change significantly when increased
to pH 5 for AC-600, however, showed a drastic decrease for
AC-CA. The results can be explained based on the surface
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Fig. 3. Effect of contact time on Pb(II) adsorption by AC-600
and AC-CA (final equilibrium pH = 3.37; Pb(II) = 100 mg/L;
adsorbent dosage = 0.35 g; temperature =25°C + 1°C, and contact
time = 160 min).
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Fig. 4. Effects of pH on the adsorption of Pb(Il) onto AC-600
and AC-CA (adsorbent dosage = 0.35 g/250 mL, AC-600 and
0.25 g/250 mL, AC-CA; Pb(II) = 150 mg/L).

charge and competition between Pb(II) and H,O*. Within the
range of 4-5, the Pb(Il) ions were effectively removed and
this correlated with the surface charge of the ACs. The pHpzc
is established around 3.9 for both AC-600 and AC-CA; the
adsorbent surfaces are bound to be positively charged at pH
<4 and negatively charged at pH > 4. Adsorption efficiency
was found to be low at pH < 4.0 because of the abundant
H,O * or H" ions that competed with Pb(II) ions for available
binding sites. At pH 4, maximum amount of Pb(II) uptake
recorded was 72.2% and 87.1% (AC-600 and AC-CA), respec-
tively, which can be attributed to the electrostatic attraction
between the negatively charged surface of the adsorbents
and Pb(II) ions.

3.3.4. Adsorption isotherm, kinetics and thermodynamics

Langmuir and Freundlich isotherm models were
employed to explain the interaction between the equilibrium

concentration of Pb(II) in solution and its uptake on AC-600
and AC-CA when both the phases are in equilibrium. The
Langmuir and Freundlich isotherm models can be repre-
sented as Eqs. (3) and (4) [15] as follows:

G_1.c X
q, a.b 4, ©)
Ing =InK +1InC

q. = P e 4)

Aplot of C/q,vs C, gives a straight line with slope of 1/g,,
and intercept 1/g b. C, and g, represent concentration (mg/L)
and the amount (mg/g) of metal adsorbed at equilibrium,
respectively, g (mg/g) and b (L/mg) are constants relating
to maximum adsorption capacity and adsorption energy,
respectively.

Langmuir isotherm plot was also expressed in relation
to separation factor (R,) which is defined by the following
relationship:

R, =1/1+bC, )

The equilibrium adsorption capacity of the AC-600 and
AC-CA towards Pb(II) were evaluated using the adsorption
isotherms with different initial Pb(II) concentrations varying
from 50 to 150 mg/L at 25°C under pH conditions (pH 5.0).
The relationship of Pb(Il) uptake (g, with Pb(Il) equilib-
rium concentration (C) (Fig. 5(a)) inferred that the sorption
of Pb(Il) by AC-600 and AC-CA, increased with increase of
Pb(Il) equilibrium concentrations. The reason is that higher
initial concentration provides the necessary driving force to
overcome the resistance of Pb(Il) ions between the aqueous
and solid phase [16]. It could be observed from Fig. 5(a) and
Table 2 that more Pb(II) was sorbed on AC-CA than that of
AC-600. This is due to the relatively higher density of bind-
ing sites on the AC-CA caused largely to the effect of CA
introduced.

The various parameters obtained for the fitness of
Freundlich and Langmuir equilibrium models are pre-
sented in Table 2. Based on the correlation coefficient (R?),
the adsorption isotherm data could be better explained by
Langmuir isotherm equation than by Freundlich isotherm
equation. The maximum amount of Pb adsorbed (g, ) was
81 mg/g of AC-600 and 103 mg/g of AC-CA. The separa-
tion factor was less than 1 in all cases, indicating favourable
adsorption of Pb(II) onto AC-600 and AC-CA.

The comparison of maximum Pb(II) adsorption capacity
on AC-600 and AC-CA with some activated carbon-based
adsorbents previously reported in literature is given in
Table 3. The results revealed that AC-600 and AC-CA showed
an enhanced adsorption capacity than other activated carbon
from agriculture wastes.

To identify the mechanism governing the overall sorp-
tion rate of Pb(Il), the experimental data was applied to
different kinetic models, including the pseudo-first order,
pseudo-second order and intraparticle diffusion. Eqgs. (6)
and (7) give the linearized form of the pseudo-first order and
pseudo-second order kinetic models [18] as follows:
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Fig. 5. (a) Adsorption isotherms of Pb(II) onto AC-600 and AC-CA (temperature = 25°C + 1°C). (b) Sorption kinetics of Pb(II) by AC-600

and AC-CA (Pb(II) = 120 mg/L; temperature = 25°C + 1°C).

Table 2

Langmuir and Freundlich isotherm constants and coefficients of determination for Pb(II) adsorption onto AC-600 and AC-CA

Adsorbents Langmuir isotherm Freundlich isotherm
Qua, (Mg/g) b R, R’ K, n R’
AC-600 81.0+0.45 1.209 0.0054 0.9805 1.256+ 0.45 2.271 0.9559
AC-CA 103+0.34 0.0002 0.9649 0.9660 1.237+0.41 1.77 0.8586
Table 3
Comparison of maximum adsorption capacities Q) of Pb(II) ions by different adsorbents
Adsorbent Experimental conditions (mg/g) Reference
pH Dosage (g) Concentration (mg/L)
PKS activated carbon (AC) 4.0 0.35 50-150 81.0 This study
PKS AC modified with AC-CA 4.0 0.25 50-150 103.1 This study
Coconut shell AC 45 0.05 50 26.50 [17]
Polygonum orientale Linn AC 5.0 0.6 50-75 50-75
Apricot stone AC 6 1.0 21.38 [18]
Raffia palm fruit epicarp AC 6 0.5 100-700 28.0-66.37 [19]
Coconut shell AC 5.5 1.0 5-50 26.14-49.92 [20]
Palm shell 4.5 0.005 25-400 419.9 [7]
Corncob - - - 298.5 [21]
In(q,—q,) =Ing, -kt (6) was attained approximately 20 min. It follows from Table 4
that the kinetic data best fitted to the pseudo-second order
¢ 1 1 kinetic equation. The values of the correlation coefficient
; X 7 + ;t %) (R?) are higher than those obtained with the pseudo-first
t 27e e

where k, (min™), k, (g mg” min™), g, (mg/g), and g, (mg/g) are
the first-order rate constant, pseudo-second order rate con-
stants, the amounts of metal ions adsorbed at equilibrium at
any given time, respectively.

Fig.5(b) shows the adsorption kinetics of Pb(II) by AC-600
and AC-CA as a function of time. The sorption process was
rapid during the initial 19 min, and adsorption equilibrium

order equation and the calculated g, values are also in good
agreement with experimental values, thus suggesting that
the adsorption process is governed by chemisorption rather
than involvement of mass transfer in the bulk solution
[13,22].

The intraparticle diffusion model for the sorption of Pb(II)
onto AC-600 and AC-CA is represented in Eq. (8) as follows:

Q=K "+ C ®)
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where K, is the intraparticle diffusion rate constant
(mg/g min'?) and C is the intercept. The plots for Pb(II)
adsorption onto AC-600 and AC-CA as presented in Figs. 6(a)
and (b), respectively, exhibited multi-linearity with three
different stages. The first stage is attributed to faster Pb(II)
migration from the bulk solution to external surface of the
adsorbents, termed external diffusion [21,24]. The second
stage relates to the gradual adsorption stage, corresponding
to Pb(Il) diffusion inside the pores of the adsorbent, where
intraparticle diffusion is rate-controlled, while the third sec-
tion is attributed to the final equilibrium stage [23].

As presented in Fig. 6, none of the straight lines passed
through the origin of the plot. This indicates that the film dif-
fusion as well as intraparticle diffusion occurred simultane-
ously during the Pb(II) sorption on AC-600 and AC-CA. Thus,
the adsorption of Pb(II) ions onto AC-600 and AC-CA surface
is complex, comprising more than one mechanism [20].

Figs. 7(a) and (b) show the extent of Pb(ll) adsorption
onto AC-600 and AC-CA with increase of temperature. It was
found that the amount adsorbed increased with tempera-
ture, indicating the adsorption process was endothermic in
nature. However, the sorption capacity slightly decreased
over 50°C. It is possible that the temperature was sufficient
to cause higher rate of desorption than that of adsorption. To
that effect, the determination of thermodynamic parameters
was restricted to solution temperature of 25°C-50°C.

The change in free energy (AG°), enthalpy AH® and
entropy AS° associated with the adsorption process was cal-
culated by using the following equations:

Table 4
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AG®=-RT InK_. ©)
AH® and AS°® were calculated from Van't Hoff’s equation
shown below:

k. = 22 |-[ AL
R R )T

where K_ is the equilibrium constant, and R is the universal
gas constant (8.314J/mol K). AH® and AS°® were determined
from the slope and intercept of linear plot of InK. and 1/T,
respectively (Fig. 7(b)). The calculated AG® values are as pre-
sented in Table 5. The negative values of AG® is an indication
of the spontaneous nature of the adsorption process [24]. The
positive values of AH® (AC-CA =20.1, AC-600 = 33.9) kJ/mol
and AS° (AC-CA = 64.0, AC-600 = 121.9) J/mol. K confirmed
the endothermic nature of adsorption process and could sug-
gest an increase in degree of freedom at the solid/liquid inter-
face during the adsorption process, respectively.

(10)

3.3.5. Real water sample

The adsorbent performance in real wastewater was
investigated using water samples taken from river water
(Sungai Balok river, Pahang) and effluent from an electroplat-
ing industry located in Selangor, Malaysia. Table 6 shows the
concentrations of Pb, Zn, Cu, and Ni that was present in the
river water and electroplating effluent. The maximum WHO

Pseudo-first order and pseudo-second order constants and coefficients of determination for Pb(II) adsorption onto AC-600 and AC-CA

Adsorbent Pseudo-first order Pseudo-second order
q. exp (mg/g) q, calc (mg/g) k, (min™) R Q, calc (mg/g) k, (g/mg min) R?
AC-600 39.4+0.50 1.05 0.1795 0.7263 48.1+0.41 0.037 0.9634
AC-CA 46.6+0.02 1.23 0.2063 0.7789 53.7+0.01 0.0049 0.9703
454
401 -
5 40 [n AC-600 ~ ACCA (b)
2 354 3 451
et 30 / £ 40
2 ) ‘
-§ 254 . § 354
T
2 204 u ©
5 EQpH=337] § ¥ mm
8 151 pH= 9. S EQ.pH 3.8
< 10 < 254
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
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Fig. 6. Intraparticle kinetic modelling for Pb adsorption onto (a) AC-600 and (b) AC-CA for different initial concentrations of Pb (Pb(II)

C,=120 mg/L; temperature = 25°C +1°C).
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Fig. 7. Effect of temperature on Pb(Il) adsorption on (a) AC-CA and (b) AC-600. (c) Thermodynamic plot of Pb(II) adsorption onto
AC-600 and AC-CA (adsorbent dosage = 0.35 g/250 mL, AC-600 equilibrium pH = 3.5, and 0.25 g/250 mL, AC-CA; equilibrium

pH=3.85).
Table 5
Thermodynamic parameters for the adsorption of Pb(II) onto AC-600 and AC-CA at various temperatures
Temperature (K) AC-600 AC-CA
Q (mg/g) InK AG® (kJ/mol) Q (mg/g) InK AG® (kJ/mol)
298 80.0+0.23 1.00 -2.478 62.3+0.28 -0.32 0.793
308 84.4+0.44 1.28 -3.278 64.9+0.06 -0.25 0.640
313 88.4+0.14 1.75 -4.55 67.2+0.99 -0.16 0.416
323 91.5+0.86 2.02 —4.307 87.6+0.19 0.34 -0.913
333 90.9+0.36 1.85 -5.010 72.6+0.31 -0.02 0.055

permissible limit for Pb, Zn, and Cu is 0.05, 5.0, and 1.0 mg/L,
respectively [25]. The result showed that Pb was slightly
above the maximum WHO allowable limits of 0.05 mg/L in
river water but was relatively high in electroplating waste-
water. As shown in Table 6, the AC-CA effectively removed
the Pb(Il) and Zn(II) ions from the water samples. It should
be noted that the adsorption capacity of AC-CA in removing
50 mg/L synthetic Pb(II) solution was 45.4 mg/g (91.4%). The
decrease in sorption capacity in the river samples (spiked
samples) compared with those present in deionized water
could be attributed to the presence of heavy metals such as

Pb(Il), Zn(Il), Cu(Il), and Ni(Il) (Table 6) in river samples,
which as a result could impede the effective removal of
Pb(II).

The adsorption capacity electroplating wastewater
was 78.5 mg/g for Pb (91.7%), 2.44 mg/g for Cu (35.7%),
and 6.2 mg/g for Zn (95.6%). The adsorbents showed effec-
tive removal of Pb(Il) in electroplating samples despite the
relatively high level of Pb(Il) in it compared with the river
water. This could be due to more metals ions (Cu, Zn, and
Ni) present in the river water compared with electroplating
wastewater (Cu and Zn).
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Table 6
Results of spiked water samples and electroplating effluent
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Metal ions River water

Electroplating effluent

Pb(II) Zn(II)

Cu(II)

Ni(II) Pb(IT) Zn(IT) Cu(Il)

0.06
70.2°
35.1°

0.05
nd
nd

Concentration (mg/L)
% Removal
Adsorption capacity (mg/g)

0.03

nd
nd

0.04
nd
nd

81.9 6.2
91.7 95.6
78.5 6.2

6.8
35.7
2.44

Results for spiked water sample
nd, not tested.

3.3.6. Competitive adsorption

The competitive effect of Pb, Cu, and Zn on the adsorption
process on AC-CA is illustrated in Fig. 8. In the single-solute
adsorption, the order of the adsorbent affinity towards the
metals was Pb(II) > Cu(II) > Zn(II). In multiple solute mixture,
the selective coefficient Q/Q was used to account for the
effect of multiple metal adsorption [26], where Q and Q rep-
resent adsorption amount in single and multimetal mixture,
respectively. Since Q/Q ratio was <1, the coexistence of Pb(II),
Cu(Il), and Zn(II) in both binary and ternary showed strong
antagonism thereby reducing the adsorption capacity of the
individual metal ions, indicating that there is competitive
sorption between the heavy metals in the mixture as their
removal was affected by the presence of the other metals.
Sdiri et al. [27] also reported similar phenomenon.

3.3.7. Reusability properties of AC-CA

The regeneration of the biosorbent is an important key fac-
tor in examining the potential of the biosorbent for commercial
application [28]. The decrease in uptake capabilities of AC-CA
Pb(Il) after three successful cycles was 2.2%, 30.1%, and 35.2%
(HCI), and 2.2%, 32.1%, and 36.8% (HNO,) (Fig. S3). This
decrease in removal efficiency of Pb(II) could be due to defor-
mation of the pore structure or some of the trapped Pb(II)
molecules in the pore after desorption with the acids. Since
the AC-CA is predominantly microporous; in the dimension
range 1.71-1.92 nm, there is high tendency for such pore to be
easily obstructed. Therefore, the reusability potential of the
AC-CA may not be practicable beyond the third cycle.

3.3.8. Analysis of breakthrough experimental data

The performance of a packed bed for adsorption of Pb(II)
was described through breakthrough curve in order to assess
the practical utility of the AC-CA, for continuous treatment
of the Pb(II) —laden effluents on an industrial scale operation,
and to estimate the binding capacity of the adsorbent. The
total quantity of Pb(Il) adsorbed in the column (Q, ) for
a given feed concentration (C)) and flow rate (F) can be
computed from the following equation:

t=t,

£ J(c,-c)dt

7.(m8) = J500
b=

(11)

where (C, - C) is the amount of adsorbed Pb(Il) ion and
F the flow rate (mL/min).
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Fig. 8. Effect of coexisting cationic ions on the Pb(II) ions adsorp-
tion onto AC-CA (¢t = 2 h 30 min; AC-CA dose, 0.25 g/250 mL;
C,=50 mg/L; temperature = 25°C + 1°C; shaken speed = 160 rpm).

The approach by Shukor et al. [29] was adopted for
computing the column capacity for the adsorption of Pb(II).
Breakthrough capacity g, ,, (C/C,;=0.1) stated in mg of Pb(II)
adsorbed per gram of AC-CA was determined using Eq. (12):
910 = QoM 12)

Fig. 9(a) shows the effect of the feed flow rate on the
adsorption of Pb onto AC-CA. The breakthrough curves for
the fast flow rate showed relatively early ¢, (the time required
to attach the breakthrough point, in min) and ¢, (the time
required for completion, in min) of the adsorption, conse-
quently, resulting in less adsorption capacity. This may be due
to the inadequate residence time for the Pb(II) ions within the
bed and the partial diffusivity of the solute into the adsorp-
tive sites or pores of the AC-CA [30]. Lower flow rates offered
longer residence time with high adsorption capacity. Similar
observations were made in literature [31,32].

Fig. 9(b) represents the bed height effects on the adsorp-
tion performance of AC-CA. The s-shape and the gradient
of plotted breakthrough curves for the two heights differ
slightly, with both ¢, and ¢, values increasing as the bed depth
increased, which led to higher adsorption capacity of Pb(II)
onto AC-CA (Table 7). This was ascribed to longer mass
transfer zone [33] and availability of more adsorption sites.
The result is similar to previous fixed-bed column studies,
which reported increase in adsorption of Pb(II) with increase
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Fig. 9. Breakthrough curves for adsorption by Pb(II) onto AC-CA at (a) different flow rates (Pb(II) = 150 mg/L; bed height =2.5 cm) and

(b) bed height (flow rate = 10 mL/min).

Table 7
Breakthrough parameters for Pb(II) adsorption onto AC-CA

Column condition Breakthrough analysis
) Bed height Flow rate ¢, Uptake
(mg/L)  (cm) (mL/min) (min)  Q(mg/g)
150 43 10 320 68.6+0.43
150 2.5 10 190 58.1+0.02
150 2.5 15 85 54.6+0.03

in heights [34,35]. Table 7 presents the column adsorp-
tion capacity for Pb(II) onto the AC-CA at different operat-
ing parameters, including bed height, flow rate, and feed
concentration.

Adsorption capacity of AC-CA in column was less than
that in the batch method. This difference could be credited
to the duration of batch processes and solid/solution ratio
selection [36,37]. Goel et al. [38] obtained similar results for
removal of Hg(Il) from water by coconut shell activated
carbon, and attributed it to potential irreversibility of the
sorption process and the various approaches to adsorption
equilibrium in the two systems. Nevertheless, the column
adsorption capacity was higher than 22-54 mg reported for
concentration of 500-1,000 mg/L of Pb [34].

4. Conclusion

Based on the analysis conducted on the AC-600 and
AC-CA, Pb(II) could be successfully treated from wastewater
using these absorbents. The BET results have shown a
decrease in microspore volume and change in textural
properties after surface modification of AC-600. The modi-
fied sample showed enhanced adsorption capacity than the
AC-600. Adsorption of Pb(II) onto AC-600 and AC-CA both
followed Langmuir adsorption isotherm models while kinetic
data fitted best on pseudo-second order model. Moreover,
the intraparticle diffusion of Pb(II) ions into the micropores
was governed by more than one mechanism. Adsorption
capacity for 150 mg/l inlet concentration of Pb(II) at the col-
umn operational rate of 10 L/min and bed height of 4.3 cm
was found to be 68.6 mg/g. The results of Q _ computed in

max

this work were at par or showed comparably higher value
with published literature. In addition, the synthesized adsor-
bents demonstrated good regeneration capacity in three suc-
cessful adsorption/desorption tests. Therefore, AC-600 and
AC-CA adsorbents are promising adsorbents for Pb(Il) treat-
ment in contaminated wastewater in both batch and contin-
uous systems.
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Fig. S1. (a) N, adsorption isotherm and (b) pore size distribution  successive cycles using 1M HCI and HNO, (t = 2h.30min; Pb(II)
for AC-PKS and AC-CA. C, =150 mg/L; ads. dosage = 0.25 g /250 mL, and temp. = 25 1°C)

Fig. S2. FESEM images of AC samples: (a) AC-500, (b) AC-600, and (c) AC-CA.



