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Abstract

The kinetics of sorption of a mono-solute of lead ions and of a bi-solute of lead and calcium ions onto palm kernel fibre was investigated
in a batch system. The experimental data were analysed based on an intraparticle diffusion equation and a pseudo-second-order mechanisn
in both the mono- and bi-solute sorption systems, in order to predict the rate constant of sorption, the equilibrium capacity, and the initial
sorption rate. The results indicate that the sorption mechanism is described by a pseudo-second-order equation. Intraparticle diffusion was
significant in the lower-concentration systems. In addition, a modified intraparticle diffusion equation was applied to the sorption systems.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Adsorption; Lead; Palm kernel fibre; Kinetics; Intraparticle diffusion

1. Introduction by Microspora(a macro-alga) andemna minofduckweed,
an aquatic plant)l], as well as lead/cadmium and lead/zinc
In recent years, there has been considerable interest in thdy exopolysaccharidg].
use of low-cost sorbents, since activated carbon is quite ex- Lead sorption kinetics have been extensively studied, and
pensive. The removal of lead ions from aqueous solutions hasit has been commonly observed that the sorption rate is
been studied using different biosorbents sucMasospora very rapid at the beginning of the process, then the rate

andLemna minof1], yeast[2], peat[3], tree fern[4], ex- slows as equilibrium is approached. Several groups of re-
opolysaccharid¢s], waste biogas residufd], peanut hulls searchers have described the reaction order of sorption in
[7], Rhizopus arrhizu§], decaying leavef], and the fun- metal-biosorbent systems using various kinetic models. Tra-

gusPenicillium purpurogenunil0]. Chemical sorption can  ditionally, kinetics have been described by the Lagergren
occur onto the polar functional groups of lignin, with al- first-order equatiorj7,12]. However, it was reported that a
cohols, aldehydes, ketones, acids phenolic hydroxides, andpseudo-second-order model provides a more-appropriate de-
ethers acting as chemical bonding agdtk]. Cellulose- scription of the mono- and bi-solute binding of copper and
based sorbents can be a suitable sorbate for the sorption ohickel to peaf13] and Chlorella vulgaris[14] than does a
metal cations because of their polar and acidic characteris-first-order equation.
tics. Many of the studies on lead biosorption have focused The sorption of lead ions onto palm kernel fibre was
on simple metal sorption systems. Competitive sorption sys- studied in this paper, and the effects of the initial lead
tems have also been reported, for example, lead and nickelion concentration and the addition of calcium ions were
investigated. A modified intraparticle diffusion and pseudo-

+ Corresponding author. Tel.: +886 2 2736 1661x6514: second-order model was developed.and was used to analyze
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2. Materials and methods 3.1. Pseudo-second-order model

2.1. Materials The reaction rate of a reaction is defined as the change
in concentration of a reactant or product per unit time.
Palm kernel fibre was obtained from the Nigerian Insti- The concentrations of products do not appear in the rate
tute for Oil Palm Research (NIFOR) of Benin City, Nige- law because the reaction rate is being studied under con-
ria. After processing, palm kernel fibres were allowed to age ditions where the reverse reactions do not contribute to the
or decay with the residual oil, after processing for about 2 overall rate. The reaction order and rate constant must be
months. The raw fibre was dried in an oven at°80for determined by experiments. A pseudo-second-order rate
6 h, ground and screened through a set of sieves to obtainaw expression demonstrates how the rate depends on the
particles sized 50-60m. The sieved fibres were soaked in sorption capacity but not the concentration of the sorbate
0.02 mol dnr3 HCI overnight. The acid solution was filtered (3, 15, 16). The sorption kinetics may be described as being
off, and the fibres were washed with distilled water until pseudo-second-order. The differential equation is
the pH of the wash became neutral. The fibres were dried
at 80°C for 24h and then stored in an air-tight container. — = k(ge — qt)%, (1)
Stock solutions of lead(ll) and calcium(ll) (1000 mg d#) de
were prepared in distilled water using lead nitrate and wherek is the rate constant of sorption (g mgmin~2), ge
calcium chloride salts (BDH, Ltd.); all working solutions the amount of lead ions sorbed at equilibrium (mgd)g and
were prepared by diluting the stock solution with distilled ¢ the amount (mgg?) of lead ions sorbed onto the surface

water. of the palm kernel fibre at any time,
Separating the variables in the equation above gives
2.2. Methods d
I~ k. @)
(ge — q1)

2.2.1. Effect of the initial concentration ] ) .

A range of lead(ll) concentrations (30-120 mgch Integrgt|ngth|sforthe boundary conditiarrs0 tot andg; =0
were used, and flasks were agitated for 14 min. A 1.0 g sam-t© %, 9ives
ple of palm kernel fibre was added to each 400 ml volume of 1 1
the lead(ll) solution and agitated at 200 rpm, with the tem- (qe—qv) = e + ke, 3)
perature set at 38 for all experiments. Samples (2.5 ml) L .
were withdrawn at suitable time intervals and the filtrate was Which is the integrated rate law for a pseudo-second-order
analyzed by atomic absorption spectrophotometry (AAS).  "éaction and with Eq3) can be rearranged to obtain

t

=—, 4
2.2.2. Effect of the addition of calcium ions = ka2 + 1/ge @
Appropriate amounts of lead(ll) and calcium(ll) were \yhich has the linear form of
added to produce solutions containing 120 mgdhead(ll) ; 1 1
and 40mgdm? calcium(ll), 120mgdm? lead(ll) and . (5)

— ==+
80mgdnt? calcium(ll), and 120mgdm? lead(ll) and 9 kgg ' ge
120 mg dn72 calcium(ll). A 1.0 g sample of palm kernel fi-  As h can be regarded as the initial sorption rateg#swhen
bre was added to each 400 ml volume of the various lead(ll) t — 0, then:
and calcium(ll) solutions and agitated at 200 rpm, with the
temperature set at 3€ for all experiments. Samples (2.5 ml) h = k. (6)
were withdrawn at suitable time intervals, and the filtrate was Thys, a plot oft/q; againstt of Eq. (6) should give a linear
analyzed by atomic absorption spectrophotometry (AAS). relationship with a slope of @4 and an intercept of Akq2).
The pH values of the initial and equilibrium solution, were
determined with a pH meter. The experiments were repeated3 2. |ntraparticle diffusion model
using 90, 70, 50, and 30 mg drfiof lead(l).

Theoretical treatments of intraparticle diffusion yield

rather complex mathematical relationships which differ in

3. Results and discussion form as functions of the geometry of the sorbent particle. A

functional relationship common to most treatments of intra-

In order to investigate the mechanism of sorption, the particle diffusion is that uptake varies almost proportionately
sorption reaction order and intraparticle diffusion of lead with the half-power of timet®->, rather thar; a nearly linear
were determined using a pseudo-second-order mechanisnyariation in the quantity sorbed witld-> is predicted for a

expressiori3,15,16]and the equation of Weber and Morris  |arge initial fraction of reactions controlled by rates of intra-

[17]. particle diffusion. Good linearization of the data is observed
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Table 1
Parameters for the effect of added calcium on the sorption of lead at various initial lead concentrations

Ca(mgdnT®) Co(mgdnt®) AMHT(MM) de(mgg!) k(gmg'min~!) h(mgg'mint) r? to (min) ki (mgg ' min®%) 7

0 120 0.337 4 0.125 206 1.000 .80 153 0.923
90 0.241 32 0.0992 109 1.000 .08 926 0.855

70 0.131 2581 0.0667 421 0.999 0724 112 0.979

50 0.113 18 0.0415 163 0.998 —-0.0804 903 0.926

30 0.0853 18 0.0181 %69 1.000 —0.343 381 0.996

40 120 0.353 30 0.147 200 1.000 .38 142 0.884
90 0.253 266 0.119 847 1.000 736 728 0.836

70 0.141 197 0.0497 1® 0.983 0706 789 0.984

50 0.119 119 0.0693 976 0.998 —-0.0774 541 0.926

30 0.094 716 0.0361 185 0.999 —-0.348 192 0.990

80 120 0.370 33 0.151 172 1.000 .39 127 0.924
90 0.265 22 0.142 767 1.000 706 649 0.864

70 0.148 138 0.124 236 0.999 0730 617 0.979

50 0.125 81 0.0991 @5 0.998 —-0.0803 379 0.929

30 0.0994 832 0.0595 n1i 1.000 —0.353 116 0.995

120 120 0.379 36 0.167 155 1.000 .39 115 0.924
90 0.272 1@ 0.171 633 1.000 7 534 0.858

70 0.152 123 0.138 209 0.999 0834 541 0.987

50 0.128 18 0.150 459 0.998 —-0.0789 253 0.932

30 0.102 14 0.168 0362 0.997 —-0.332 Q379 0.981

for the initial phase of the reaction in accordance with ex- 30 to 120 mg dm?3, respectively. This could have been due
pected behavior if intraparticle diffusion is the rate-limiting  to the driving force of higher concentrations. The observed
step[17]. According to Weber and Morrifl7] if the rate-  dependence of the rate on the initial concentration of lead(ll)
limiting step is intraparticle diffusion, a plot of solute sorbed indicates that removal of lead(ll) from an aqueous solution
against the square root of the contact time should yield a should present no significant obstacle, since sorption relative
straightline passing through the origir8]. The most-widely  to the initial concentration of lead(ll) is more rapid the more
applied intraparticle diffusion equation for sorption system dilute the solution isFig. 1shows a plot of the experimental
is given by Weber and Morrig 7]: data points for the sorption of lead(ll) by palm kernel fibres
05 as a function of time. These plots show that, for all initial
qr = kit (7) lead concentrations, the amount of lead(ll) sorbed increased
where k is the intraparticle diffusion rate constant rapidly with time atthe beginning and became very slow to-
(mg g~ min®3). wards the end of the process. The plots also demonstrate that
Thek; values under different conditions were calculated
from the slopes of the straight-line portions of the respective

plOtS m CO0=120mgdm-3 + C0=90mgdm-3
’ 50 4 CO=70mgdm3 e CO=50mgdm-3
o C0=30mgdm-3 —— Pseudo 2nd order model

3.3. Effect of initial lead concentration

The rate of lead sorption onto palm kernel fibres was de-

termined as a function of the initial lead concentration using %o, .. | ——

initial concentrations of 30, 50, 70, 90, and 120 mgdm g

The results inTable 1, show the applicability of the pseudo- ; B
second-order equation for the system of lead with palm ker- e

nel fibre for initial lead(Il) concentrations ranging from 30 to —

120 mg dn3. Table 1lists the rate constark, the equilib- [ —

rium sorptionge, and the initial sorption raté, of sorption at -

various initial concentrations of lead(ll); they were calculated

from the intercept and slope of straight line plotg/of ver- :

sust according to Eq(5). The initial sorption rate increased ; (Smin) 0o 16

from 16.3 to 206 mgg' min~1, the equilibrium sorption
mcreasec_l from 19.8 to 40.6 mgzb and the valule O_f _r?te Fig. 1. Effect of initial concentration of lead on its sorption onto palm ker-
CQnStan_t 'ncreasgd from 41(510— to 0-1_25 gmg- min nel fibre, sorbent dose: 1.0 g; solution volume: 400 ml; temperaturec 36
with an increase in the initial concentration of lead(ll) from agitation speed: 200 rpm.
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the sorption increased for lower initial lead concentrations at sorption rate was slower and intraparticle diffusion was the
any specific time. Furthermore, a large fraction of the total rate-limiting step[23,24] Conversely, in cases of sorption
amount of lead(Il) was removed within a short period of time. of metal ions, the sorption rate was generally faster and was
There was also an effect on the contact time required to reachnot affected by intraparticle diffusiof,25]. In addition, a
saturation due to the variation in the initial lead concentration. negative value oh was reported for the lead sorption on
The pseudo-second-order rate constkntyas found to de-  peat for which the second-order chemisorption is important
crease non-linearity with the increasing initial concentration [26]. The results from this study suggest that the relationship
of lead within the range from of 30 to 120 mg dfh between the pseudo-second-order rate constant, k, and the
Intraparticle diffusion is characterised by dependence be- initial lead concentration follows E¢Q) with a coefficient of
tween the sorption capacities at any reaction timeand determination of 0.978 as shown in the following equation:
the square root of time, with the slope of the relationship 4 a11
being the intraparticle diffusion rate parameter expressed ink = 6.24>107Co™ (©)

Eq.(7). As can be seen from a typical set of data for the sys- Thg yalue of (1.11) differs from 0.5 based on intraparticle
tems investigated(g. 2), the relationships are notlinear for - itfysjon. This indicates that the kinetics of lead sorption us-
the entire range of reaction time. This non-linearity has been ing palm kernel fibre is described by a pseudo-second-order

reported previously19,20]and has been explained in terms oy yression rather that by intraparticle diffusion, and intra-
of both diffusion processes having an effect on the sorption. particle diffusion is not the rate-limiting step.

It is clear fromFig. 2that the relationships yield a straight

line passing through the origin for the beginning part, and 3 4. Effect of added calcium

this was more likely to occur at lower initial lead concentra-

tions. This phenomenon has been reported with the sorption  The effect of added calcium was evaluated for various ini-

of Acid Blue 25 onto wood21]. It may be concluded that tial lead concentrations (30, 50, 70, 90, and 120 mg¥m

the rate-limiting step is intraparticle diffusion in the initial In each initial lead concentration, various calcium concen-

period of the reaction. trations (40, 80, and 120 mg drf) were mixed with the lead
Accordingly, a correlation was empirically made of the solutions.Fig. 3 shows typical pseudo-second-order curves

pseudo-second-order rate constadntas a function of the  with experimental data at the initial lead concentration of

initial concentration of lead as follows: 120 mg dn73. The pseudo-second-order constants from a se-

ries of kinetics experiments are listed Table 1 The data

show good compliance with the pseudo-second-order model

McKay etal[22] reported thatin the case of sorption of AB25  With high coefficients of determination. The result3able 1
using chitin,n centers around 0.5 values, confirming that also show that increasing concentrations of calcium had a

intraparticle diffusion is a prominent factor in the sorption Significant effect on the uptake of lead in the bi-solute sys-

process. In cases of sorption of larger molecular dyes, thet€M. The equilibrium sorption capacity, the equilibrium rate
constant, and the initial sorption rate all increased with an in-

crease in the initial lead concentrations in all cases at a partic-

k =mCl 8)

m CO0=120 mgdm-3 + CO0=90mgdm-3
50 4 CO=70mgdm-3 ® CO0=50mgdm-3 45
O CO=30mgdm-3 — Intraparticle diffusion
40 - u
401 [ ] = = . -
] 354
- 304 . =
m —
2 A
£ o 25
& £
G ‘_;\_ 20 m Ca=0mgdm-3
o + Ca=40mgdm-3
15 A Ca=80mgdm-3
® Ca=120mgdm-3
104 — Pseudo 2nd order model
5
! : ! . : ; § 0 T T T T T T T
0 0.5 1 1.5 2 25 3 35 4 0 2 4 6 8 10 12 14 16
%%, (min®%) t, (min)

Fig. 2. Plot of sorption capacity vs. the square root of time for lead sorp- Fig. 3. Effect of various calcium concentrations of calcium ions added at an
tion onto palm kernel fibre, sorbent dose: 1.0 g; solution volume: 400 ml; initial lead concentration 120 mg dr, sorbent dose: 1.0 g; solution volume:
temperature: 36C; agitation speed: 200 rpm. 400 ml; temperature: 38C; agitation speed: 200 rpm.
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ular calcium concentrations such as 40, 80, and 120 mgfdm 45
At a particular initial lead concentration, the equilibrium
sorption capacity and the initial sorption rate decreased with
anincrease in calcium concentration. This may have beendue 35
to competition occurring in the bi-solute sorption systems of 1
lead and calcium on the firbre. Furthermore, the hydrogen 304
ion concentrations changed between the initial and equilib- =
rium, A[H*], as determined by measuring pH values of the
solution. Values ofA[H*] increased with an increase in the
initial lead concentrations in all cases as calcium concen-
trations increased from 0 to 120 mg dfn(Table 7). How- 157
ever, at a particular initial lead concentration, the values of
A[H"] decreased with an increase in the calcium concentra-
tion. It can be seen that calcium appears to have a greater 54
influence on the ion exchange between ions in solution and
hydrogen on the sorbent surfaces. The lead ion loading ca- 0 5
pacity increased with increasing pH under acidic conditions,
presumably as a function of lead speciation and due‘to H
competition at the same binding sites, as was concluded forFig. 5. Effect of calcium concentrations on the sorption of lead by palm ker-
the sorption of lead by the funguRenicillium purpurogenum  ne|fibre at various lead concentrations, sorbent dose: 1.0 g; solution volume:
[10]. 400 ml; temperature: 36C; agitation speed: 200 rpm.

Fig. 4shows how the presence of calcium ions affects the
sorption of lead(ll), and although this figure contains only by
data for an initial concentration of 90 mg d) the pattern
of behaviour is typical of the other concentrations. The pres- ge = exp(MCa + B) (10)

ence of the second solute has a distinct impact on the sorp- . : .
tion of lead(ll). The equilibrium capacities of lead onto palm where Cq is the calcium concentration added (mgdi

. . : . andM andB are characteristics of the lead sorption capac-
kernel fibre were lower than in their respective mono-solute

systemsTable 1shows the effect of added calcium on the |t_y/caIC|um concentration _added cur_ve, eBpis the equilib

: . : — rium lead sorption capacity whe, =0. Values forM and
sorption capacity of lead at various initial lead concentra- : o ] )
i . . B at the various initial lead concentratio®,, are shown in
tions. Fig. 5 demonstrates this effect and shows that, as the Table 2
calcium concentration increased from 0 to 120 mgdnthe . -

X ) . . In most cases, the line of Ef) cannot through the origin

lead sorption capacity decreased following an empirical rela-

tionship with a high coefficient of determination, as expressed (as th_e intercept is not 0). A modnﬁed_ mtrapartu_:l_e diffusion
equation can thus be considered by incorporatjrigto the

equation as follows:

mCO=120mgdm-3 ¢C0=90mgdm-3
A CO=70mgdm-3 ® C0 =50mg dm-3
0CQ0 =30 mg dm-3

9.(mgg’)
8 B
L) *
o >

20 40 60 80 100 120 140
Ca (mg dm™)

o 05

m Ca=0mgdm-3 qt = ki(t + tO) , (11)
"l Sl where the time constarth (min), can be evaluated from the
oG] @ ca=120mgdm3 linear plot represented by E€Y) using a trial-and-error op-

—— Pseudo 2nd order

timization method.

o 0.5 The experimental data for the beginning 3 min were ana-
E lyzed and plots ofy versust®-® using Eq.(11) are shown in
£ 044 Fig. 6for the sorption of lead at the lower initial concentration
% 30 mg dn12 with different calcium concentrations. Values of
g 031 ki are shown inTable 1for all systems. Intraparticle diffu-
0.2 1
Table 2
0.1+ Values of parameters in the equation of lead sorption capacity/calcium con-
centration added at various initial lead concentrations
° 0 2 4 6 8 10 12 14 16 Co (g dm) M B ~
t, (min) 120 —0.00239 3.70 1.000
90 —0.00443 3.49 0.993
Fig. 4. Plot of the pseu_do-second-orde_r model for the sorption of lead onto ;8 :882825 gs; gggz
palm kernel fibre at various concentrations of added calcium, sorbent dose: 30 —0.0183 279 0.976

1.0 g; solution volume: 400 ml; temperature"Z§ agitation speed: 200 rpm.
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