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Abstract

The sorption of lead ion onto palm kernel fiber was studied by performing batch kinetic sorption experiments. The batch sorption model, ba:
on a pseudo-second-order mechanism, was applied to predict the rate constant of sorption, the equilibrium capacity and the initial sorption
with the effects of the initial solution pH and fiber dose. Equilibrium concentrations were evaluated with the equilibrium capacity obtained from tt
pseudo-second-order rate equation. In addition, pseudo-isotherms were also obtained by changing fiber doses using the equilibrium concent
and equilibrium capacity obtained based on the pseudo-second-order constants.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction face properties and affinity of the sorbent. In many cases, the
equilibrium sorption capacity is unknown, chemisorption tends

Equilibrium analysis is fundamental for the evaluation of theto become immeasurably slow, and the amount sorbed is still
affinity or capacity of a sorbent. However, thermodynamic datasignificantly smaller than the equilibrium amoy@0]. On the
can only predict the final state of a system from an initial non-other hand, it takes a long time to achieve equilibrium in some
equilibrium mode. It is, therefore, important to determine howsorption systems. For instance, sorption of propisochlor on soil
sorption rates depend on the concentrations of sorbate in a soltakes more than 250 days to reach equilibrjadi. However, the
tion and how rates are affected by the sorption capacity or bpseudo-second-order equation has the following advantages: it
the character of the sorbent in terms of kinetics. Many attemptallows the evaluation of effective sorption capacity, initial sorp-
have been made to formulate a general expression describitign rate and the rate constant of the pseudo-second-order kinetic
the kinetics of sorption on solid surfaces for liquid—solid phasemodel without knowing any parameter beforehand.
sorption systems. In recent years, sorption mechanisms have In the present research, kinetic studies were carried out using
been reported and involved kinetic-based models. The mos&n agitation batch sorber to study the effects of the initial solution
often cited literature involves first-ord¢t] and second-order pH and fiber dose. A kinetics analysis was carried outto correlate
[2] reversible reactions, first-ord¢B] and second-ordejd] the experimental data based on a pseudo-second-order kinet-
irreversible reactions, pseudo-first-orfigrand pseudo-second- ics model. In addition, an isotherm was predicted by changing
order[6] reactions based on solution concentration, the ElovicHiber doses using the equilibrium concentration and equilibrium
model[7] and Lagergren’s first-ord¢8] and Ho’s second-order capacity obtained based on the pseudo-second-order constants.
[9] reactions based on the capacity of the sorbent.

Equilibrium studies are described by a sorption isotherm and. Materials and methods
characterized by certain constants whose values express the sur-

2.1. Materials
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kernel fiber was allowed to age or decay with the residual oilpr
after processing for about 2 months. The treated fiber was d”eg[HF]t
in an oven at 80C for 6 h, ground and screened through a set of
sieves to obtain particles of size 50-6@. The sieved fiber was
soaked in 0.02 mol/dfHCI overnight. The acid solution was WhereF; and (HF) are the number of active sites occupied on
filtered off, and the fiber was washed with distilled water untilthe palm kernel fiber at any time and Fe and (HF}, are the
the pH of the wash became neutral. The fiber was dried 2E80 number of equilibrium sites available on the palm kernel fiber.
for 24 h and stored in an air-tight container. The stock solution' he driving force is related tge — ¢;. Thus, the kinetic rate
of lead(ll) (1000 mg/drd) was prepared in distilled water using €guations can be rewritten as follows:

lead nitrate salt (BDH); all working solutions were prepared bydq, )

diluting the stock solution with distilled water. e k(ge — q1)°; (5)

= k[(HF)e — (HF),]% @)

wherek is the rate constant of sorption (g/(mg ming), the
2.2. Methods amount of lead ions sorbed at equilibrium (mg/g), ani the

o ) amount of lead ions sorbed on the surface of the palm kernel
A range of initial solution pH values (pH 3-6) was used, andfjper at any time (mg/g).

flasks were agitated for 20 min. All contact investigations were Separating the variables in the equation above gives:
performed in a 1-drhflask. A 0.6 g sample of palm kernel fiber

was addedto 400 ml of aleadion solution and agitated at 200 rpm dg — kdr (6)
for all experiments. For the effect of sorbent dose, arange of palrfye — ¢/)? '

kernel fiber doses from 1.5 to 5 g/dwas used, and agitation

was carried out for 20 min. A reaction temperature oft38°C and integrating this for the boundary conditions0~+ and

was used for each 400 ml volume of lead ion solution with an’’ =04 gives:
initial concentration of 120 mg/dfand an agitation speed of 1 1 ke @)
200 rpm was employed. de—q ge

The experiments were carried out at an initial lead con- . . .
centration 120 mg/dfnfor all studies. Samples (2.5 ml) were which is the integrated rate law for a pseudo-second-order reac-

withdrawn at suitable time intervals and filtered, and the filtratet'on' This and Eq(7) can be rearranged to obtain:
was analyzed for the remaining lead concentration with atomic t

absorption spectrophotometry (AAS). 4= (1/ kq2) + (t/qe) (8)
which has a linear form:
3. Results and discussion
t 1 1
—t 9)

The reaction order and rate constant must be determined ¥/ kag  ge
experiments. A pseudo-second-order rate law expression was
applied, which demonstrated how the rate depended on the sorp- h
tion capacity but not the concentration of the sorljate T 1+ kq t; (10)
Palm kernel fiber, a cellulose-based sorbent, contains polar ©
functional groups that can be involved in chemical bonding anavheres can be regarded as the initial sorption ratg&swhen
are responsible for the cation exchange capacity of the palmapproaches 0. Hence,
kernel fibers. Thus, the palm kernel fibers and lead reaction may _, 2
be represented in two way,12,13] = e

(11

Thus, a plot oft/g; against: of Eq. (11) should give a linear
relationship with a slope of 44 and an intercept of /lg3.

In order to investigate the mechanism of the sorption of lead
ions onto palm kernel fiber, a pseudo-second-order mechanism
2HF + PP < PbR + 2H™: ) was studied.. For the sorption of metql ions, which are small
compared with dye molecules, and with a short contact time

where F and HF are polar sites on the palm kernel fiber surfacet0 equilibrium, the pseudo-second-order kinetic expression was
The rate of sorption to the surface should be proportional to &onsidered likely to be more approprigtet].

driving force times an area. The rate of the pseudo-second-order

reaction may be dependent on the amount of solute sorbed on tRd. Effect of pH

surface of the palm kernelfiber at any time and the amount sorbed

at equilibrium. The rate expression for the sorption described is: Variations in the amount of lead(ll) sorbed were noted in the
series of contact time studies, when the pH of the lead(ll) solu-

ar — k[Fo— F]? ®) tion was set to pH 3-6, and results are presentdeéignl In
dt e the contact time experiment, the agitation speed was 200 rpm,

2F +PK" < PbR 1)

and
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Fig. 1. Plotofthe sorbed amountvs. time for lead ion at various palm kernel fibeFig. 2. Plotofthe sorbed amount vs. time for lead ion at various palm kemnel fiber
doses. Initial concentration =120 mg/#mdose =0.6g, agitation=200rpm, doses. Initial concentration=120mg/dmdose=0.6g, agitation=200rpm,
temperature =36 4°C. temperature =36 4°C.

the fiber dose was 1.5 g/chythe initial lead concentration was sorbent surface ionize to produce negatively charged oxygen
120 mg/dni, and the lead(ll) solution pH was set to pH 3—6. The(—0O~) which enhances the cation exchange capacity.

results obtained were analyzed using the pseudo-second-order

model and coefficient of determinatior?, the rate constant,  3.2. Effect of fiber dose

the initial sorption rate, and the sorption capacitye, were

obtained from the slope and intercept of E9). Individual val- Variations in the rate of lead(l) sorption from a 120 mgAim
ues are presented Trable 1 The amount of metal ions removal solution of lead(ll) ions in contact with various doses of palm
from solution was shown to be strongly affected by the pH of thekernel fiber were studied to ascertain the effect of fiber dose on
solution, because it affects the surface charge, degree of ionizead(ll) uptake from solution. A plot of the experimental sorp-
tion and speciation of the metal. The adsorption of lead(Il) ontaion capacity curve for the sorption of lead(ll) ions at various
sphagnum moss peat, for example, was found to vary with pH ipalm kernel doses is shown Fig. 2 The sorption rate for a
the range 4—6, and the pH of maximum lead(Il) uptake was foun@articular dose was initially rapid, and then, slowed as equilib-
to be pH §15]. Srivastava et al. also obtained similar results forrium was approached. According to Low and Lee, the initial
lead(ll) uptake in the pH range 4{86]. In this current study, it ~ sorption of lead can be attributed to ion exchange of the surface
is observed that the variation in pH values of the lead(ll) solufunctional groups on the adsorbent and is followed by a gradual
tion from pH 3 to 5 produced an increase in sorption capacity ofiptake of lead(l1) on inner surfaces of the palm kernel fi@t.

from 38.5t0 47.6 mg/g and a corresponding increase in the initial he rate constants of sorption at different palm kernel fiber doses
sorption rate. It is also observed that as the pH increased fromere calculated from the intercept and slope of the straight-line
5 to 6, the sorption capacity decreased. At a low pH,iths  plots ofr/g, versus obtained by the application of E(). The
increase in solution and Hons coordinate with-OH groups  coefficient of determinatiory2, the pseudo-second-order rate
to form—OH,". This gives the sorbent surface a positive char-constantk, the initial sorption rate’;, and the equilibrium sorp-
acter which leads to repulsion of the positively charged lead(ll}ion capacityge, are shown iffable 2 The initial sorption rates
from the sorbent surface. The coordination dfibin with—OH

groups also reduces the cation exchange capacity of the sor-

: Table 2
bent. At hlgher pH values, however, th©H groups on the Pseudo-second-order rate parameters for sorption of lead on palm kernel fiber

at various palm kernel fiber doses

Table 1
Pseudo-second-order rate parameters for sorption of lead on palm kernel fibg‘gémg/
at various initial solution pH values )

Ce(Mg/  Re(%) ge(mglg) k(g/(mgmin)) h(mg/
d

m’) (gmin))

. . 5.00 0942 992 238 0.440 250 1.000
pH ge (M9/9) k (g/(mg min))  (mg/(g min)) a 4.00 235 980 294 0.290 251 1.000
3 385 0.0376 55.6 1000 300 166 862 345 0.173 205 1.000
4 45.4 0.0552 114 1.000 250 189 843 405 0.137 224 1.000
5 47.6 0.0859 195 1.000 200  33.0 725 435 0.103 195 1.000
6 40.0 0.106 170 1.000 150 485 50.6  47.6 0.0859 195 1.000
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60 120 (mg/dn?), ge the equilibrium sorption capacity (mg/gy, the
T solution volume (drd), andW is the mass of mixed sorbent (g).
1 100 The equilibrium lead(ll) removake, was obtained by calcu-

lation using following equatiofil8,19}
180 Re= S0=Ce 100 (14)
Co

1 60 93 The equilibrium lead(ll) removalRe, against the fiber dose
« is shown inFig. 3. Thus, within the fiber dose range of

1.5-5.0 g/dr, the relationship between the equilibrium per-
centage removalRe, and the fiber dosepg, was found by
linear regulation and obtained a high coefficient of determina-

1 40

{20 tion (2 =0.985). It can be expressed[a8,19}
mg
Re = . 15
0 © 7 131x 1072+ 7.22x 10 3m, (15)
6
m,, (g/dm®) These two empirical relationships, therefore, provide a tech-

nique for predicting the Langmuir-type sorption for any fiber
Fig. 3. Variation in the sorption capacity and percent lead removal against theOse
palm kernel fiber dose. Initial pH 5.0, initial concentration = 120 mg/dagi- : . . .
tation = 200 rpm, temperature = 364°C. 'I_'he sorption capacity of a sorbent can be obtamgd from data
on its equilibrium sorption of a sorbate from solution. These
data can be described by a sorption isotherm characterized by
of the palm kernel fiber increased from 195 to 250 mg/(g min),certam_c_o nstants whose values EXpress _the_surfgce propertles
d affinity of a sorbent. The sorption equilibrium is said to be

and the values of the rate constants were found to increase fro . - . .
0.0859 to 0.440 g/(mg min) with an increase in the palm kemertabllshed, when the concentration of a sorbate in bulk solution

fiber dose from 1.5 to 5 g/din As the palm kernel fiber dose, IS i_n a dynamic balance with that of the interface. The relationj
ms, was increased from 1.5 to 5.0 g/@inthe equilibrium sorp- ship t')e_twe.en the gorbate so.r.be.d an'd the so_rbate concentration
tion capacityge, decreased from 47.6 to 23.8 mgRi(Fig. 3. remaining in solution at equmbrlum is descrlbe_d by the sorp-
However, the percentage lead(ll) removal, increased from 59.80" isotherm. Generally, sorption data are obtained by shaking

t0 99.2% with an increase in palm kernel fiber dose of from 1_5t0a_f|xed dose of sorbent with a ponstant volume O.f solution at a
5.0 g/dn?. A similar trend for the sorption of nickel and copper given temperature while changing the concentration of the solu-

on peat was also reportgtB, 19] Itis clear that the equilibrium tion. In addition, the data may also be obtained by changing the

sorption capacity of the lead(ll) ion is a function of the palmdose of the sorb.ent,. when.all other condmons'are fixed, .
kernel fiber dose. An error function is required to evaluate the fit of the equation

Variations in the equilibrium sorption capacigy in relation to the experimental data obtained from the optimization process
to the palm kernel fiber dose, are shown irFig. 3 Over the employed. In this study, the linear coefficient of determination

fiber dose range that was examined, the relationship betweéwd r_lo_n-llnear Chl—sguare determination were us:ed. The linear
the equilibrium sorption capacitye, and the fiber dosen, coefficient of determination;?, found from evaluation of data

was found by linear regulation and obtained a high coefficienpy the linear model, was calculated with the aid of the equation:

of determination 2 =0.985). It can be expressed as: ) Sfy
,

=, 16
de = Sms+Y; (12) SxxSyy ( )

where the constant], at 57.1 mg/g is the maximum sorption WhereS,, is the sum of squares of
capacity, when the fiber dose approaches 0, siad —6.84 n N
(dm® mg)/¢? is related to the sorption potential of the fiber. The 5 — leZ _ M 17)
negative value of shows that with the increase in fiber dose, i—1 n
the equilibrium sorption capacitye, was decreased. .
The amount of lead(ll) ions sorbed at equilibrium can beWhereSW is the sum of squares of

obtained from the pseudo-second-order equation ffabie 2 n S
and the equilibrium liquid phase lead(ll) concentration can bes,, = > y? — ===, (18)
calculated from the equation beld20,21} i=1 n
qeW whereS,, is the sum of squares afandy, and
Ce=Co— ; 13
- - L () (D)
where Ce is the equilibrium liquid phase lead ion concentra- Sxy = Y _X;yi — : (19)

tion (mg/dn?), Co the initial liquid phase lead ion concentration i=1 "
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Table 3
Isotherms and their linear forms
Isotherm Linear form References
. Ce _ 1 1
Langmuir-1 o= ,ﬂizg: q—ee = Ce+ Kadm [22]
; 1 _ (.1 1 1
Langmuir-2 qe (Ka‘im) Ce + am
Freundlich ge = KeCY" log(ge) = log(KF) + % log(Ce) [23]
: _ _AC Ce 1) _
Redlich—Peterson Ge = l+BZg In (A e ) = g In(Ce) + In(B) [24]

The Chi-square test statistic is basically the sum of thaime/fiber mass. Therefore, an operating line can be expressed
squares of the differences between the experimental data aiag follows:
data obtained by calculating from models, with each squared 1%
difference divided by the corresponding data obtained by calcute = —ch + Co; (21)

lating from the models. The equivalent mathematical statement
is: whereV is the volume (dr), W the fiber dose (g), an€g is the

2 initial lead(Il) concentration (mg/d@).
¥ = Z (e — gem) ; (20) The various isotherms and their respective linear forms are
qem shown inTable 3 with the linear Langmuir-1 being the most

wherege mis equilibrium capacity obtained by calculating from qommonly used_. The sorptioq behavior of Igad on palm k_ernel
the model (mg/g) angke is experimental data of the equilibrium fiber was described by a series of pseudo-isotherms using
capacity (mg/g). If data from the model are similar to the exper2ndge values calculated from the pseudo-second-order model
imental datay? will be a small number, while if they differ? [20,21] The coefficient of determination?, was applied to

will be a bigger number. Therefore, it is necessary to also angi€termine the relationship between the experimental data and
lyze the data set using the non-linear Chi-square test to confirifi€ isotherm in most studies. The results displaye@aible 4

the best-fit isotherm for the sorption system. show the calculated values for both coefficient of determina-

A series of isotherm is shown iRig. 4 The graphs are tion, 2, and non-linear Chi-square values for two Langmuir
plotted in the form of lead(ll) sorbed per unit mass of paimisotherms, the Redlich—Peterson and Freundlich isotherms. The
kernel fiberge, obtained from the pseudo-second-order modelRedlich—Petersonisotherm appears to be the better-fitting model
against the concentration of lead(ll) remaining in solutiog, ~ Pecause ithas the highe8(0.998) and lowek? (0.607) values.

obtained fromye, using Eq(15). Fig. 4also shows the opposing The two .Langmuir isotherms had h_ighgr valuegdthan both .

between the two linear Langmuir isotherms formed with exper-

imental data is shown iRig. 4. The coefficient of determination
60 for the pseudo-Langmuir-1 was 0.985 and was much higher than
that of the pseudo-Langmuir-2 (0.885). However, it is clear that
®  Experimental data the pseudo-Langmuir-2 is a better-fitting model, because it had
Pseudo-Langmuir-1 a much lowery? value. Thex? values for the Redlich—Peterson
and Freundlich isotherms, on the other hand, were identical, and
they seemto be the best-fitting model for the experimental results
shown inFig. 4. But the linear regression indicates a different
outcome. Consequently, the Redlich—Peterson and Freundlich
isotherms were the most-suitable models for this sorption sys-
tem. The pseudo-Freundlich sorption isotherm consténis
24.4 (mglg) (dr/mg)°*-162and 14 is 0.162, while the pseudo-
Redlich—Peterson isotherm constars 4.28x 10° dm?/g, B is

— — — Pseudo-Langmuir-2
------ Pseude-Redlich-Peterson
— - — - Pseudo-Freundlich

- - © - -Operating line

10+ Table 4
Comparison of linear regression coefficients of determinaifgand non-linear
x? test analysis
0 T T T ‘
0 20 40 60 80 140 Isotherm 72 X2
C., (mg/dm®) Pseudo-Langmuir-1 0.985 16.4
) . . . . Pseudo-Langmuir-2 0.885 2.16
Fig. 4. Pseudo-isotherms of the sorption of lead on palm kernel fiber with operaipga|,do-Redlich—Peterson 0.998 0.607

ing lines. Initial pH 5.0, initial concentration = 120 mg/dpagitation = 200 rpm,
temperature =36 4°C.

Pseudo-Freundlich 0.949 0.605
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1.75x 10? (dm?/mg)®-839 andg is 0.839. Under the basic con- [6] C.A. Zaror, Enhanced oxidation of toxic effluents using simultaneous

ditions of these sorption systems, the sorption was estimated to ozonation and activated carbon treatment, J. Chem. Technol. Biotechnol.
likel h the Freundlich form as can be seen fro 70 (1) (1997) 21728,

more lixely approac . unati . ) 7] Y.S. Ho, G. McKay, A comparison of chemisorption kinetic models

the data, where values gfdid not approach 1. Unlike the linear applied to pollutant removal on various sorbents, Process. Saf. Environ.

analysis, different forms of the equation will significantly affect Protect. 76 (B4) (1998) 332—340.

2 and impact the final determination, while the non-linear Chi- [8] K. Periasamy, C. Namasivayam, Process development for removal and

square analysis is a method of avoiding such errors. recovery of cadmigr_n f_rom Was_tewater by a low-cost adsorbent: adsorp-
tion rates and equilibrium studies, Ind. Eng. Chem. Res. 33 (2) (1994)
. 317-320.
4. Conclusions [9] Y.S. Ho, G. McKay, The kinetics of sorption of divalent metal ions onto

sphagnum moss peat, Water Res. 34 (3) (2000) 735-742.
This investigation was based on the assumption of a pseudﬂ.O] M. Ungarish, C. Aharoni, Kinetics of chemisorption: deducing kinetic
second-order mechanism in relation to the sorption of lead laws from experimental data, J. Chem. Soc. Faraday Trans. 77 (5) (1981)
Im kernel fiber. The results showed high coefficients o 975985, o .
on pa m ) g . {_11] I. Czinkota, R. ®ldényi, Z. Lengyel, A. Marton, Adsorption of
determination. The pseudo-second-order rate constant, the ini- " propisochlor on soils and soil components equation for multi-step
tial sorption rate, and the equilibrium sorption capacity were a  isotherms, Chemosphere 48 (7) (2002) 725-731.
function of palm kernel fiber dose. An isotherm was obtained by12] Y.S. Ho, G. McKay, Kinetic model for lead(ll) sorption onto peat,
changing fiber doses using the equilibrium concentration and the_ Adsorpt. Sci. Technol. 16 (4) (1998) 243-255. _
equilibrium capacity obtained based onthe pseudo-second-ord[el?] ¥.S. Ho, G. McKay, Pseudo-second order model for sorption processes,
. . al . Process. Biochem. 34 (5) (1999) 451-465.
constants. Itis notappropriate to use the coefficient of determingzs; v.s. Ho, J.C.Y. Ng, G. McKay, Kinetics of pollutant sorption by biosor-
tion of the linear regression analysis to compare the bestfitofthe bents: review, Sep. Purif. Methods 29 (2) (2000) 189-232.
Freundlich and both linear Langmuir isotherms. Non-linear Chi{15] Y.S. Ho, D.A.J. Wase, C.F. Forster, Removal of lead ions from aqueous
square analysis may be a better method. Freundlich is a special solution using sphagnum moss peat as adsorbent, Water SA 22 (3) (1996)
f the Redlich—Peterson isotherm, when constaatsd 219-224. . .
case o . ! [16] S.K. Srivastava, R. Tyagi, N. Pant, N. Pal, Studies on the removal of
B are high. It was clear that both the two-parameter pseudo- ~ some toxic metal ions. Part II: removal of lead and cadmium by mont-
Freundlich and the three-parameter pseudo-Redlich—Peterson morillonite and kaolinite, Environ. Technol. Lett. 10 (3) (1989) 275-

isotherms were the best-fitting models for the experiment results.  282.

[17] K.S. Low, C.K. Lee, The removal of cationic dyes using coconut husk
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