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Batch and Fixed Bed Adsorption of Pb(ll) from Aqueous
Solution using EDTA Modified Activated Carbon Derived
from Palm Kernel Shell
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Zulkarnain Zainal 2

Activated carbons were synthesized by thermochemical treatment
of  palm kernel  shells (AC-PKS) and modified  with
ethylenediaminetetraacetic acid (AC-EDTA). The developed products
were characterized by the surface area, porosity, and pH of point zero
charge and were used for removal of Pb(ll) ions from aqueous solution.
The AC-PKS exhibited higher BET surface area (1559.9 m?/g) than the
AC-EDTA (1100.7 m?/g). The influence of solution pH, adsorbent dose,
initial Pb(Il) ion concentration, and temperature on the removal of Pb(ll)
ions were examined and optimized. The adsorption of Pb(Il) on AC-PKS
and AC-EDTA fitted the pseudo-second-order kinetics model and the
Langmuir model isotherm, respectively. The optimum conditions for
sorption of Pb(ll) were at the initial Pb(ll) concentration of 150 mg/L,
dosage 0.35 g (AC-PKS) and 0.25 g (AC-EDTA), and pH 4.
Thermodynamic studies showed that the adsorption process was
spontaneous and endothermic. The AC-PKS and AC-EDTA both
demonstrated high Qmax of 80.6 mg/g and 104 mg/g, respectively, for
Pb(ll) adsorption. The adsorption data also fitted the Thomas fixed-bed
adsorption model.
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INTRODUCTION

Pollution of water bodies by heavy metals due to manufacturing and mining
industries is a well-documented international concern. The presence of these metals in
industrial wastewater constitutes serious environmental problems due to their non-
biodegradable properties and toxicity (Kampalanonwat and Supaphol 2014). Some of the
metals hazardous to humans include lead, cadmium, mercury, arsenic, copper, zinc, and
chromium (Sulaymon et al. 2013). Pb(Il) is toxic and poses harmful effects towards
living organisms even at low concentrations. Major sources of lead include mining
wastes, chemical industries, lead acid storage batteries, and ceramic and glass industries
(Biswas and Mishra 2015). Therefore, it is imperative to remove Pb(ll) from wastewater
before discharging it into water bodies.

Conventional methods such as ion exchange, membrane filtration, chemical
precipitation, solvent extraction, and electrochemical treatment (Mohammadnezhad et al.
2017) are available for eliminating heavy metals from industrial wastewater. However,
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these techniques have inherent limitations and collateral effects, such as high cost of
operation, secondary pollution due to the addition of chemicals in the treatment, and low
efficiency (Ding et al. 2016). Therefore, the search for efficient and cost-effective
remedies is necessary. Adsorption onto suspended particles (solid/liquid interface) is one
strategy to eliminate these metallic species. Adsorbents have attracted wide attention in
recent years because of the universality of materials and the high efficiency of adsorption
(Ding et al. 2016), high sorption capacity, cost-effectiveness ratio, and renewability
(Tofan et al. 2011). Several researchers have examined the feasibility of cheaper
substitutes for the preparation of activated carbon in order to eliminate heavy metals from
industrial wastewaters either by physical or chemical means, using a variety of starting
material such as Jatropha curcas fruit shell (Tongpoothorn et al. 2011), pine cones
(Nowicki et al. 2013), and Citrullus lanatus rind (Reddy et al. 2014).

Malaysia is a leading palm oil producer in the world, and large quantities of palm
kernel shells (PKS) are generated as agro-industrial waste. Approximately 4.3 million
tons of PKS were generated in 2002 alone, and this creates a huge disposal problem
(Jumasiah et al. 2005). This study investigated the conversion of PKS to activated carbon
(AC) and the modification of the resulting AC with EDTA. EDTA, an
aminopolycarboxylic acid, is used mainly as chelating agent due to its strong metal
complexing property. The performance of the prepared and modified activated carbon in
removing Pb(Il) in aqueous solution was evaluated in batch and column studies. The
choice of PKS was motivated by its large availability, which makes the material more
cost effective. The conversion of these agro products to adsorbents is a possible outlet for
economical solid waste-management and could equally offer a solution to water pollution
problems.

EXPERIMENTAL

Preparation of Activated Carbons

The palm kernel shell activated carbon (AC-PKS) was prepared by chemical
activation with concentrated orthophosphoric acid (HsPOs4, 85%; Merck, Darmstadt,
Germany). Palm kernel shells (PKS), obtained from the Malaysian Palm Qil Board, were
washed with distilled water, dried under the sun, and crushed using a grinder. The PKS
powder and H3PO4 were mixed at an acid to PKS ratio of 2:1 wt./wt., stirred manually
and intermittently for 30 min, and oven-dried at 110 °C for 24 h. The sample was
carbonized in a vertical tubular furnace at 600 °C at a heating rate of 10 °C/min for 1 h
under nitrogen flow of 20 mL/min. The resulting activated carbon (AC-PKS) was washed
several times with warm deionized water until the pH of the wash water was constant,
filtered, and oven-dried at 110 °C for 24 h.

The AC-PKS was modified using Na;EDTA; 5 g of AC-PKS was refluxed with
100 mL of 0.1 M EDTA solution at 60 °C for 2 h. The modified activated carbon was
filtered, washed with warm distilled water under sonication for 10 min to remove any
excess EDTA, and finally dried at 100 °C for 24 h. The modified adsorbent is denoted as
AC- EDTA.
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Characterization of Adsorbents

The specific surface area and porosity of the ACs were determined from nitrogen
adsorption desorption isotherm (Quantachrome Autosorb-1, Boynton Beach, FL, USA)
using the Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively. The pH of the point of zero charge (pHpzc) of the ACs was measured using
the pH drift method (Wang et al. 2008; Wang and Li 2013).

Batch Adsorption Studies

The stock solution for Pb(Il) (1000 mg/L) was prepared by dissolving 1.598 g of
lead nitrate (Fisher Scientific, Pittsburgh, PA, USA) into 1000 mL of ultrapure water.
The working solution was prepared by diluting the stock solution to desired
concentrations.

Batch adsorption experiments were performed to assess the metal removal
proficiency of the prepared adsorbents. In a typical experiment, a known mass of the
adsorbent was introduced into a series of Erlenmeyer flasks containing 250 mL of 100
mg/L Pb(1l) solution. The flasks were shaken at 160 rpm at room temperature for 2 h. At
specific time intervals, an aliquot of sample was withdrawn and the concentration of the
Pb(Il) ions was determined using atomic adsorption spectrophotometer (Thermo
Scientific-S series, Waltham, MA, USA). Percentage removal (%) and amount of Pb(lI)
ions adsorbed (qt) were computed as follows,

c, - CoV
9, = —— €Y

C, - Ce
Removal( %) = %
0

x100 2

where Co and Ce represent the initial and equilibrium concentrations (mg/L), V is the
volume of solution used, and M is the weight of adsorbent (g).

The adsorption of Pb(Il) onto AC-PKS and AC-EDTA as a function of contact
time, adsorbent dosage, initial Pb(Il) concentration, initial solution pH and temperature
were investigated. The effect of sorbent dose on the equilibrium uptake of Pb(ll) was
investigated with adsorbent masses of 0.1 to 0.95 g. Effect of initial concentration was
studied using individual metal solution of 50 to 150 mg/L Pb. Metal solutions were
adjusted to different pH values (1 to 5) with either 0.1 M NaOH or 0.1 M HCI using a pH
meter. The effect of temperature on the adsorption capacity of the adsorbents was
investigated in a range of 25 °C to 60 °C in a temperature controlled water bath under
optimal conditions. All adsorption experiments were performed in triplicate.

Fixed-Bed Adsorption Studies

Glass columns of 2 cm internal diameter were used in fixed bed experiments.
AC-EDTA was packed with different bed heights (2.5 and 4.3 cm) in the column with a
layer of glass wool and acid wash sand at the bottom. The Pb(Il) solution with initial
concentration of 150 mg/L was pumped through the packed column in a down-flow mode
with the aid of a peristaltic pump at two different flow rates of 10 and 15 mL/min. The
effluent samples were collected at regular intervals and analyzed. The column studies
were terminated when the column reached exhaustion.
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RESULTS AND DISCUSSION

Physicochemical Characterization of AC-PKS and AC-EDTA

The shape of the adsorption isotherm of AC-PKS and AC-EDTA is depicted in
Fig. 1 (a). For AC-PKS, a Type IV (a) isotherm and a slight hysteresis loop of type H4
according to JUPAC 2015 classification isotherm (Thommes et al. 2015) was noticeable.

The H4 hysteresis loop is associated with micro-mesoporous materials and the
pronounced uptake at the low P/P, probably arises from the micropore filling. After
modification, a Type | (a) isotherm was observed for AC-EDTA with a decreased
adsorption of N at high pressure. This isotherm is related to microporous solids with
comparatively small external surfaces. The steep uptake at very low P/P, is due to
enhanced adsorbate/adsorbent interaction in the narrow micropores (Thommes et al.
2015), which could be attributed to additional oxygen group introduced on the surface of
the adsorbent from the EDTA.

The pore size distributions of AC-PKS and AC-EDTA shown in Fig. 1(b)
revealed that the adsorbents were microporous, with average micropore size in the range
of 1.53 to 1.71 nm. The BET surface areas and pore structures for AC-PKS and AC-
EDTA are presented in Table 1. The BET surface areas and the pore volumes of AC-
EDTA was considerably lower than that of AC-PKS, which could be due to the blockage
of internal porosity induced by the formation of new functional groups at the mouth of
the pores upon EDTA modification.

The point of zero-charge of the activated carbons, as presented in Fig. 2, was
estimated to be 3.5 to 4.0. This result indicated that the surface of the adsorbents was
acidic, and the introduction of EDTA did not significantly change the surface properties
AC-PKS. It is expected that the adsorbent surface would be positively charged at pH
below 3.9 and negatively charged at pH above 3.9.
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Fig. 1. (a) N2 adsorption isotherm and (b) pore size distribution for AC-PKS and AC-EDTA
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Table 1. Surface Area and Porosity of Activated Carbon

Sample SeeT Micropore Size Micropore Surface Area
(m2/g) (Vmic, cm3/g) (Smic.m?/g)
AC-PKS 1559.9 1.71 139.74
AC-EDTA 1100.7 1.53 172.04
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Fig. 2. The pH pzc of activated carbons determined by the pH drift method

Batch Adsorption Studies
Effect of adsorbent dosage

The capacity of any sorbent for a given initial concentration of an inorganic
pollutant is governed by the adsorbent dosage, making it a vital parameter in the
adsorption process. The removal efficiency of Pb(Il) by AC-PKS and AC-EDTA (Fig. 3)
increased with increasing adsorbent dosage and was attributed to the increase in the
availability of sorption sites. However, the amount of Pb(Il) adsorbed per unit mass of
adsorbent at equilibrium (qe, mg/g) decreased with the same adsorbent dosage increment.
This result was attributed to unsaturation of adsorption sites due to the decrease in the
ratio of Pb(Il) to sorption sites (Oyetade et al. 2016). Based on the intersection of the
percentage removal and sorption capacity curves, 0.35 g of AC-PKS and 0.25 g AC-
EDTA dosages were chosen for subsequent experiments, as they resulted in appreciable
levels of Pb(ll) percentage removal and sorption capacity.

Effect of initial Pb(Il) concentration

The adsorption of Pb(ll) on activated carbons as a function of the initial Pb(ll)
concentration is shown in Fig. 4. The results showed that the adsorption capacity (mg/g)
increased with increasing Pb(ll) concentration. AC-EDTA showed a higher adsorption of
Pb(I1) than AC- PKS. The Pb removal increased rapidly in both adsorbents for the first 20
min due to the high availability of the sorption sites but then gradually decreased and
reached a plateau as the surface sites became saturated and the adsorption equilibrium
was obtained. The time taken to reach equilibrium was longer for AC-EDTA, indicating
more active sites were available on AC-EDTA.
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With an increase in the initial concentration of Pb(Il) solution from 50 to 150
mg/g, the extent of Pb(ll) removal increased from 27 to 66.9 mg/g on AC-PKS and from
48 to 100.2 mg/g on AC-EDTA. This is because higher initial concentrations provide
greater the driving force to overcome the resistance of Pb(Il) ions between the aqueous
and solid phase (Rafatullah et al. 2012). At low concentrations, the ratio of available
surface to initial Pb(Il) concentration was larger, so the removal became independent of
initial concentrations, while in the case of higher concentrations, this ratio was low and
the removal was dependent upon the initial concentration (Al-Othman et al. 2012).
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Fig. 3. Effect of (a) AC-PKS and (b) AC-EDTA dose on the sorption capacity and removal
efficiency of Pb(Il) from aqueous solution (Pb(Il) concentration = 100 mg/L)
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Fig. 4. Effect of time on adsorbed lead concentrations at different initial Pb(ll) concentrations on
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Fig. 5. Effects of initial solution pH on Pb adsorption onto AC-PKS and AC-EDTA
(Adsorbent dosage = 0.35 g AC-PKS and 0.25 g AC-EDTA, Pb (ll) concentration = 150 mg/L)

Effect of pH

The dependence of metal uptake on pH has direct connotation to both the metal
chemistry in the solution and the ionization state of the functional groups, which affects
the availability of binding sites (Farghali et al. 2013). The effect of pH on adsorption
Pb(I1) onto AC, as illustrated in Fig. 5, showed that the removal efficiency increased with
the increase of pH up to 4 but did not change significantly when increased to pH 5. The
Pb(I1) uptakes were found to be low at pH < 4.0 because of the electrostatic repulsion
between the cationic Pb(ll) ions and the positively charged adsorbent surfaces. The
abundant H* ions could also be competing with Pb(Il) ions for available binding sites. At
pH 4, maximum amount of Pb(ll) removed was 73.5 mg/g (68.6%) and 103.7 mg/g
(69.1%) AC-PKS and AC-EDTA, respectively, which can be attributed to the
electrostatic attraction between the negatively charged surface of the adsorbents and
Pb(ll) ions.
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Overall, the adsorption of Pb(ll) on AC-EDTA is higher than that of AC-PKS
although it possess lower surface area. The enhancement in the Pb(Il) adsorption was
attributed to the presence of carboxyl group of EDTA that is capable of capturing the
Pb(I1) ions via surface complexation process.

Adsorption Isotherm, Kinetics, and Thermodynamics

Langmuir and Freundlich isotherms are the most common isotherm models used
for describing adsorption characteristics of the adsorbents. These two adsorption
isotherms were employed to investigate the interaction between the equilibrium
concentration of Pb(Il) and its uptake on AC-PKS and AC-EDTA. As shown in Table 2
the adsorption data fitted the Langmuir isotherm model, as the correlation coefficient for
both activated carbons is close to unity, suggesting uniform and non-interacting sites of
adsorption.

The comparative maximum adsorption capacity of Pb (11) ions on AC-EDTA with
previously reported adsorbents is given in Table 3. The results revealed AC-PKS and
AC-EDTA as promising adsorbents, with the adsorption capacity higher than other
activated carbon produced from agriculture wastes for alleviation Pb (Il) from aqueous
solution. The superior performance of the AC-PKS shown in this work may be due to the
use of phosphoric acid in the preparation of activated carbon. Phosphoric acid has been
reported to produce activated carbon high degree of intrinsic pore structure with high
percentage of micropores and mesopores (Rafatullah et al., 2012; Patnukao and
Pavasant 2008). This could be responsible for the increase in homogenous adsorptions
sites with an ideal microstructure cross-section for enhanced Pb(I1) uptake.

Table 2. Langmuir and Freundlich Isotherm Constants and Correlation
Coefficients for Pb(Il) Adsorption onto AC-PKS and AC-EDT

Langmuir Isotherm Freundlich Isotherm
Qmax
Adsorbents | (mgg?) Ku R? Ke n R?
AC-PKS 80.6 1.209 0.9805 1.256 2.271 0.9559
AC-EDTA 104 0.260 0.9982 1.341 4.664 0.9673

Table 3. Comparison of Maximum Adsorption Capacities (Qmax) of Pb(ll) lons by
Activated Carbon Prepared from Different Sources

Adsorbent (I\:A;S(;r;?yr? éfasx()(mg(/)gn) References
Palm kernel shell (AC-PKS) 80.6 This study
AC-EDTA 104 This study
Coconut shell AC 26.5 Sekar et al. 2004
Coconut shell AC 26.1-49.9 Sharaf Eglé)ggr;glgharaf El-
Tamarind wood AC 134.2 Singh et al. 2008
Polygonum orientale Linn AC 50 -75 Wang et al. 2010
Apricot stone AC 21.4 Mouni et al. 2011
Raffia Palm fruit Epicarp AC 28.0-66.4 Ghogomu et al. 2016
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To determine the adsorption mechanism of Pb(ll), the experimental data were
subjected to different kinetic models, which included the pseudo-first-order, pseudo-
second-order and intraparticle diffusion. The linearized form of the pseudo-first-order
and pseudo-second order are represented in Egs. 3 and 4, respectively,

IN(Ge — ) = Inge — kat 3)

1

1
- +—t 4
q; k2qg qe ( )

where ki and ko represents the rate constant for the pseudo-first and pseudo- second-
order, while ge and gt are amount of metal ions adsorbed at equilibrium and at any given
time t, respectively. As shown in Table 4, the coefficient of determination values (R?) of
the pseudo-second-order kinetic model were close to unity for both adsorbents, and the ge
experimental is close to the calculated ge. Therefore, the pseudo-second order model
appeared to be the best-fitting model for sorption process of Pb(ll) on AC-PKS and AC-
EDTA. This result suggested that the adsorption process is governed by the availability of
the active adsorption sites rather than the concentration of Pb(Il) in the bulk solution
(Arshadi et al. 2014).

The diffusion mechanism for the sorption of Pb(ll) onto AC-PKS and AC-EDTA
was evaluated using the intraparticle diffusion model. The rate of intraparticle diffusion is
a function of t¥2and the linearized form is represented in Eq. 5,

0 =K1 +cC ()

where Kq is the intraparticle diffusion rate constant (mg/g min*?) and C is the intercept.

Table 4. Pseudo-First Order and Pseudo-Second Order Constants for Pb(ll)
Adsorption

Pseudo-first order Pseudo-second order
Adsorbent | e €Xp. e calc. |.(1 R? Qe calc. k2 _ R?
(mg/g) | (mg/g) | (min?) (mg/g) (9 mg™'min)
AC-PKS 56.0 70 0.014 0.9540 64.9 0.00101 0.9847
AC-EDTA 96.4 1.54 0.0268 0.9117 125 0.0002 0.9835

The plot for the intraparticle diffusion model for AC-PKS and AC-EDTA (Fig.
6(a-b)) showed multi-linearity with three different stages. The first stage corresponds to
faster migration of Pb(Il) towards AC-PKS and AC-EDTA surfaces via film diffusion.
The second stage relates to the gradual uptake of Pb(ll) through intraparticle diffusion,
while the third stage defines the final equilibrium portion where the intraparticle diffusion
began to slow down. The straight line did not pass through the origin of the plot, which
confirmed that the film diffusion as well as intraparticle diffusion occurred concurrently
during the Pb(ll) sorption on AC-CA and AC-EDTA.

Pam et al. (2018). “EDTA-modified palm carbon,” BioResources 13(1), 1235-1250. 1243



PEER-REVIEWED ARTICLE

bioresources.com

80 @
5 1004(b) s
geo-' M )
— U'IBO'
? — | E
o]
5 40 4xx4—| T g0
0 “I Ke]
u ™
® y/ o
w T 40-
S ©
0 20+ E
£
- B50mglL 120 mglL o 207 m50mgl w120 mglL
ol ®70mglL 150 mglL g ®70mgl  #150 mg/L
A 85 mg/L 04 A 85 mg/L
o 2 4 6 8 10 12 0O 2 4 6 8 10 12 14
0.5 (qin0.5 0.5 (min0.5
tl. (mln-) t (mln )

Fig. 6. The intraparticle kinetic modeling for Pb adsorption on to (a) AC-PKS and (b) AC-EDTA
for different initial concentrations of Pb (Initial pH = 5; dosage = 0.35g AC-PKS and 0.25 g AC-
EDTA)

Figure 7 shows the effect of temperature on adsorption of Pb onto AC-PKS and
AC-EDTA. When the temperature was increased from 25 °C to 50 °C, the adsorption
capacity increased from 80 to 91.5 mg/g (AC-CA) and 98.6 to 107.2 mg/g (AC-EDTA).
However, the sorption capacity slightly decreased to 90.9 mg/g and 107.2 mg/g,
respectively, over 50 °C. It is likely that the temperature was high enough to cause a
higher rate of desorption than that of adsorption. To that effect, the determination of
thermodynamic parameters was limited to an adsorption temperature of 50 °C.

The change in free energy (AG°), enthalpy AH°, and entropy AS° associated with
the adsorption process were calculated with Egs. 6, 7, and 8. AH® and AS°® were calculated
from Vant Hoft’s equation (Egs. 7 and 8),

AG°=-RT InKc¢ (6)
_(AS AHY 1

- (2) - (2! o

Kc = Cae/Cse (8)

where Kc is the equilibrium constant, Cae is the amount of adsorbate on the adsorbent
(mg/L), Cse is the equilibrium concentration of adsorbate in the solution (mg/L), and R is
the universal gas constant (8.314 J/ mol K). AH° and AS® were calculated from the slope
and intercept of linear plot of In Kc versus 1/T.
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Fig. 7. Effect of temperature on Pb(Il) adsorption on (a) AC-PKS (b) AC-EDTA
(pH = 4; Dosage = 0.35 g AC-PKS and 0.25 g AC-EDTA and Pb (Il) Co = 150 mg/L)

Table 5. Thermodynamic Parameters for the Adsorption of Pb(Il) on AC-PKS and
AC-EDTA at Various Temperatures

AC-PKS AC-EDTA
Temp | Q [ InK | Ag° | as” AH’ Q | INK | AG" | as” | aH’
(K) |(mg/g) kd/mol | J/Kmol | kd/mol |(M9/Q) kJ/mol | I/Kmol | kd/mol
208 | 80 | 1.00 | - 2.478 98.6 | 0.42 | -1.041
308 | 84.4 | 1.28 | -3.278 98.8 | 0.66 | -1.690
313 | 884 | 1.75 | -455 | 121.9 339 [101.2] 0.73 |-1.809 | 825 | 236
323 | 91.5 | 2.02 | - 4.307 107.2 | 1.20 | -3.223
333 | 909 | 1.85 | -5.010 1034 | 0.80 | -2.214

The calculated AG®, AH°, and AS° are presented in Table 5. With increasing
temperature, the AG® value became more negative, indicating the increase in the degree
of spontaneity. This effect was attributed to the increase in the mobility and diffusion
of the ions into the pore sites of the adsorbent. The positive value of AH® confirmed the
endothermic nature of adsorption process.

Fixed-Bed Study
Analysis of breakthrough experimental data

The performance of a packed bed is described through the concept of the
breakthrough curve, an important characteristic for determining and evaluating the
sorbents for continuous treatment of the metal-laden effluents on an industrial scale
operation. The breakthrough time (t,) and the exhaustion time (t¢) shows the time at
which the outlet Pb concentration reached 50% and exceeded 95% of the inlet Pb
concentration (initial concentration), respectively.

The total amount of Pb(ll) introduced into the column (Mwta) and the total
quantity of metal adsorbed in the column (Qutar) for a given feed concentration (Co) and
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flow rate (F) can be calculated from the following equations (Nethaji et al. 2013;
Sukumar et al. 2017),
Cop X F x ¢,
Mtotal = ? 1000 : (9)
_ F =lotal

Qtotal_m =0
where (Co — Cy) is the amount of adsorbed metal ion and F the flow rate (mL/min),
calculated through dividing the effluent volume (Verr, mL) by the total time (t tota1, Min).
The total % removal can be calculated using Eq. 11.

(Co-Cy)dt (10)

Total Pb(II) removal (%) = < x 100 (11)
total
The equilibrium uptake capacity (Qe, mg/g) of the AC-EDTA is determined by Eq. 12.
Ql()ttl
0, = —ud (12)

The mass transfer zone, where the adsorption happens, is calculated as follows,

MTZ = I <=2 (13)
where L is the adsorbent bed height (cm), tp is the time required to attach the
breakthrough point (min), and te is the time required for completion (min) of the
adsorption.

The effect of the feed flow rate on the adsorption of Pb on AC- EDTA was
depicted in Fig. 8(a). The breakthrough curves for the fast flow rate showed relatively
early tp and te, consequently resulting in less adsorption capacity. This may be due to the
insufficient residence time for the Pb(ll) ions within the bed and the limited diffusivity of
the solute into the adsorptive sites or pores of the AC-EDTA (Muthusamy and
Venkatachalam 2015). Longer residence time was observed in lower flow rates with high
adsorption capacity.

Figure 8(b) shows the effect bed height had on the adsorption performance of
AC-EDTA. The s-shape and the gradient of plotted breakthrough curves for the two
heights vary slightly. The t, and te values also increased as the bed depth increased, which
led to higher adsorption capacity of Pb(ll) on AC-EDTA (Table 6). This was attributed to
longer mass transfer zone (Chowdhury et al. 2013), and the availability of more
adsorption sites thereby resulting in an extended breakthrough time.
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Fig. 8. Breakthrough curves for adsorption by Pb(ll) onto AC-EDTA at (a) different flow rates
(Pb(Il) = 150 mg/L; Bed height = 2.5 cm) and (b) bed height (flow rate = 10 mL/min)

Table 6. Breakthrough Parameters for Pb(ll) Adsorption on to AC-EDTA

Column Condition Breakthrough Analysis
Co hg%?“ Flow rate to Upg‘ke Pb(Il) removal te MTZ
(mg/L) (cm) (mL/min) (min) (mg/g) (%) (min) (cm)
150 4.3 10 600 154.8 93.4 1105 2.59
150 25 10 400 98.8 93.4 750 1.68
150 25 15 199 90.4 93.3 430 1.78

CONCLUSIONS

1. Activated carbon prepared from palm kernel shells was successfully modified with
EDTA.

2. The surface modification of AC-PKS resulted in a decrease in surface area and
porosity of the activated carbon.

3. Adsorption of Pb(Il) on AC-PKS and AC-EDTA followed Langmuir adsorption
isotherm models pseudo-second order kinetic model.

4. The AC-EDTA showed higher adsorption capacity than the AC-PKS.

5. The optimum conditions for batch adsorption were 0.25 g AC-EDTA, 150 mg/L of
Pb(Il) solution, and pH 4.
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