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Abstract

Biosorption of cadmium ion by coconut copra meal, an agricultural waste product was investigated as a function of initial solution pH and
initial cadmium concentration. Pseudo-second-order kinetic analyses were performed to determine the rate constant of biosorption, the equilibrium
capacity, and initial biosorption rate. Cadmium biosorption by copra meal was found to be dependent on the initial solution pH and initial cadmium
concentration. lon exchange occurred in the initial biosorption period. In addition, mathematical relationships were drawn to relate the change in the
solution hydrogen ion concentration with equilibrium biosorption capacity, initial cadmium concentration, and equilibrium biosorption capacity.
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1. Introduction

Processing of agricultural products oftentimes yield large
amounts of by-products. These by-products usually are pro-
duced in an excess of 320,000,000 kg/year [1] and are considered
to be of low value. Agricultural by-products usually are com-
posed of lignin and cellulose as major constituents and may also
include other polar functional groups of lignin, which includes
alcohols, aldehydes, ketones, carboxylic, phenolic and ether
groups. These groups have the ability to bind heavy metals by
the replacement of hydrogen ions for metal ions in solution or
by donation of an electron pair from these groups to form com-
plexes with the metal ions in solution.

Several studies have shown that in metal biosorption by bio-
logical materials, pH is an important factor [2—4]. There is an
observed relationship between the metal biosorption and the
magnitude of negative charge on the surface of the biosor-
bent, which is related to the surface functional groups [5].
Availability of negatively charged groups at the biosorbent
surface is necessary for the biosorption of metals to proceed

[6].
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The ionic form of the metal in solution and the electri-
cal charge on the biological material depends on solution pH.
Ionization of the polar functional groups on most agricultural
by-products is therefore pH dependent. For pH values greater
than the pK, of these groups, the sites are mainly in disso-
ciated from and can exchange H* with metal ions in solu-
tion. At pH values lower than pK, of these groups complexa-
tion phenomenon can occur, especially for carboxylic groups
[7]. pH is an environmental factor that dose not affect only
site dissociation, but also the solution chemistry of the heavy
metal ions: hydrolysis, complexation, by organic/or inorganic
ligand, redox reactions, precipitation are strongly influenced
by pH and on the other side strongly influences the specia-
tion and biosorption availability of the metal ions in solution
[8-10].

Coconut copra meal is a by-product of coconut production
and it is characterized by functional groups such as alcohols,
hydroxyl, and carboxylic acids, etc. on its surface. Its effective
use as a biosorbent for the removal of heavy metals such as
cadmium from wastewater will be affected by the pH of the
wastewater. The focus of this work is to study the possible use
of coconut copra meal as an efficient biosorbent for cadmium
from aqueous solution. Kinetic experiments were performed to
study the effect of the initial pH value and initial cadmium ion
concentration. Kinetics analyses were carried out to correlate
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the experimental data, based on a pseudo-second-order and ion
exchange model.

2. Materials and methods
2.1. Materials

Coconut was obtained from the open market in Benin City.
The fruits were dehusked, split, and sun dried until the meat
(endosperm) reaches 5% moisture content. The copra was
blendered in a food processing blender and the oil extracted
with hot water. The copra meal was then washed several times
with hot water to remove excess oil, sun dried and sieved to
obtain particles of size less than 250 wm. The sieved copra meal
was soaked in 0.02 mol/dm® HCI overnight. The acid solution
was filtered off, and the copra meal was washed with distilled
water until the pH of the wash became neutral. The copra meal
was dried at 373 K for 24 h and stored in an air-tight container.
Proximate analysis was carried out on the copra meal sample.
The IR spectra of the copra meal sample were recorded using
KBr wafers in conjunction with a Perkin-Elmer infrared spec-
trophotometer. KBr wafers were prepared by mixing a given
sample with KBr crystals, the resulting mixture being ground
to a fine powder and heated for 1h at 373 K. Finally, the mix-
ture was pressed into a KBr wafer under vacuum conditions and
used as such for IR studies. The stock solution of cadmium(II)
(1000 mg/dm?) was prepared in distilled water using cadmium
nitrate salt (BDH); all working solutions were prepared by dilut-
ing the stock solution with distilled water.

2.2. Methods

2.2.1. Point of zero charge

One gram of the copra meal prepared above was suspended in
10~ mol/dm?® NaNOjs solution for 24 h. 60 ml of the suspension
was measured into eight plastic containers. The content of the
plastics were adjusted to different pHs (2.23, 3.14, 4.02, 5.12,
6.2,7.13,8.02,and 9.11). The suspension in each of the container
was divided into four equal parts with the aid of a pipette. 0.3 g of
NaNOj3 was added to two sets while the other pair contained no
added nitrate. They were left for 6 h and after this the pH of the
reference and the test suspensions were taken as initial and final
pHs respectively. The pairs containing no added nitrate were
taken as the reference while those with added nitrate were taken
as test samples. The results were plotted as ApH against initial

pH (pHj).

2.2.2. Influence of pH on biosorption kinetics at
120 mg/dm’

Two grams of copra meal were added to five 250 ml beakers
containing 100 ml of 120 mg/dm? of cadmium solution each hav-
ing pH of 3.53, 4.06, 4.52, 5.04, and 5.53. The solutions were
stirred at 150 rpm for 2 h at 24 °C. Two millilitres of sample was
withdrawn at suitable time intervals and analyzed for the resid-
ual cadmium content by atomic absorption spectrophotometer
(AAS). Blank experiments were also carried out under similar
experimental conditions with the same volume of distilled water

(no cadmium ions added) and the initial and final solution pH
determined after 120 min.

2.2.3. Influence of initial cadmium concentration on
biosorption kinetics at pH 5.53

Two grams of copra meal were added to five beakers con-
taining 100 ml of 30, 60, 90, 120, and 150 mg/dm3. All solutions
were set at pH 5.53. The solutions were stirred at 150 rpm for 2h
at 24 °C. 2 ml of sample was withdrawn at suitable time inter-
vals and analyzed for the residual cadmium content by atomic
absorption spectrophotometer (AAS).

3. Results and discussion
3.1. Composition of copra meal

The percentage proximate composition of copra meal
on dry weight basis was: moisture 8.90%, protein 26.7%,
crude fibre 10.0%, ash 3.90% lipid 12.2% and carbohydrate
38.4%. The IR measurement of the copra meal revealing the
presence of the following groups: —OH (3600-3300cm™"),
R-NH3* (2250-3000cm™ '), —-C-O (1300-1000cm™~!) and
C=0 (1650-1800cm™") and C-C (1150-1225cm™1).

3.2. Point of zero charge

The value of the pH necessary to affect a net zero charge on
a solid surface in the absence of specific biosorption is called
the point of zero charge, pHp,c. This is a convenient index of a
surface when the latter becomes either positively or negatively
charged as a function of pH. Both positive and negative ApH
values recorded for the copra meal are plotted against the initial
pH, pH;, values to yield the pHp,. at the pH where ApH 0.
When the solution pH is greater than the pHyp,. of the sample, a
decrease in pH would be observed on sample addition and the
surface would possess a negative charge. However, if the pH
value of the solution is lower than the pHy,c of the sample, an
increase in pH value would occur on sample addition and the
surface would possess a positive charge.

On addition of NaNOj3 to the copra meal in solution, the
ApH became negative after initial pH of 3.07 (Fig. 1). Below
this pHpc, ApH had a positive value. Extrapolation of the plot of
ApH versus pH; to the ApH 0 line indicated that the pHp, of the
coprameal is 3.07. The surface of the copra meal becomes nega-
tively charged at pHs extending from 3.07 to 9.11 and acquires a
net positive charge at pH value less than 3.07. Point zero charge
determination has been used to study the charge properties in the
sorption of Pb, Zn and Cd on to kaolinite clay [11] and the sorp-
tion of simple aromatic compounds on activated carbon [12].

3.3. Influence of pH on biosorption kinetics at 120 mg/dm’

The mechanism of biosorption often involves chemical reac-
tion between functional groups present on the biosorbent surface
and the metal ions. This involves, in most cases, formation of
metal—organic complexes or cation exchange reactions due to
high cation exchange capacity of the biosorbents [13,14]. Other



358 A.E. Ofomaja, Y.-S. Ho / Journal of Hazardous Materials B139 (2007) 356-362

0.2

02}

-04

PH; - pH,

-06

-08 }

PH,

Fig. 1. Relationship between ApH (pH; — pHe) and pH;.

possible mechanisms involve mass-transport processes, bulk
transport in the liquid phase, diffusion across the liquid film sur-
rounding the solid particles, and diffusion into micropores and
macropores [15]. System parameters such as temperature and
pH can also markedly influence biosorption as they affect one or
more of the above parameters [16]. The kinetic reaction order of
biosorbate—sorbent interactions has been described by using var-
ious kinetic models. Traditionally, the pseudo-first-order model
derived by Lagergren [17] has found wide application [18]. On
the other hand, many authors have shown that pseudo-second-
order kinetics can also very well describe these interactions in
certain specific cases such as the biosorption of metal ions, dyes,
herbicides, oil, and organic substances from aqueous solutions
[19-21]. In the case of biosorption preceded by diffusion through
a boundary, the kinetics in most cases follows the pseudo-first-
order rate equation of Lagergren [4,22]:

dg;

5 = Kad(qe — q0) ey

where ¢; and ¢, are the amount sorbed at time ¢ and at equi-
librium, and k,q is the rate constant of the pseudo-first-order
biosorption process. The integrated rate law, after applying the
initial condition of g;=0 at r=0, is

kad
2.303

Plot of log(ge — g;) versus ¢ gives a straight line for first-order
kinetics, which allows computation of the biosorption rate con-
stant, k,q. If the experimental results do not follow Eq. (1), they
differ in two important aspects: (i) kag(ge — ¢;) then does not rep-
resent the number of available biosorption sites, and (ii) log ge is
not equal to the intercept of the plot of log(ge. — ¢;) against ¢ [23].
In such cases, pseudo-second-order kinetics [24-26] given by

log(ge — q1) = log(ge) — t 2

d
% = k(ge — q:)? 3)

where k is the second-order rate constant is applicable. For
the boundary conditions =0 to t=¢ and g;=0 to g;=gq;, the

integrated form of the equation is

2
qskt

g = —JM_ @)

1 + gekt
or, in the linear form,
t 1 1
— = -4+ —1 (®)]
qr h qe

When ¢ approaches 0 the biosorption rate g/t becomes the
initial biosorption rate h = kqg. If the pseudo-second-order
kinetics is applicable, the plot of #/q; versus t gives a linear
relationship, which allows computation of g, k and 4 without
having to know any parameter beforehand [23].

The possibility of coconut copra meal acting as an effective
biosorbent for the removal of metal pollutant from aqueous solu-
tion in this study depends on the formation of active sites by the
surface functional groups on the copra meal. Since ion exchange
is one possible biosorption process by which cadmium ion may
be removed from solution, the rate of cadmium ion biosorption
onto copra meal is expected to vary with the initial pH values
of the solution. Therefore experiments were conducted using
a given weight of copra meal in contact with 120 mg/dm? of
cadmium ion solution at different initial solution pH.

The results of the experiment showed that indeed the initial
pH of solution affected the uptake of cadmium onto copra meal.
Fig. 2 shows the rate of uptake of cadmium ion onto copra meal
as a function of time. This trend has generally been observed
in biosorption studies such as the biosorption of Cd(II) onto
tree fern [27], and fucus spialis [28]. As the initial solution pH
is reduced from 5.53 to 3.53, the equilibrium biosorption of
cadmium ions on copra meal is reduced. For all initial solution
pH investigated, an initial rapid uptake of cadmium ions from
solution occurs in the first few minutes which gave way to a slow
reaction as time progressed.

The reaction order of the uptake of cadmium onto copra meal
was investigated using the pseudo-second-order rate kinetics.
Fig. 3 shows the plot of the linear representation when cadmium
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Fig. 2. Uptake of cadmium with time at different solution pH.
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Fig. 3. Pseudo-second-order plot of cadmium uptake on coconut copra.

uptake is plotted via the pseudo-second-order Eq. (5) with the
initial solution pH value of the cadmium solution ranging from
3.53t0 5.53. The pseudo-second-order rate parameters, k, i, and
ge, as well as the coefficient of determination, 2, are shown in
Table 1. The equilibrium biosorption capacity increased from
0.461 to 1.70mg/g, when the initial solution pH is value of
the system is changed from pH 3.53 to 5.53. Again, the ini-
tial biosorption rate increased rapidly as the pH increased from
0.0201 to 0.784 mg/g min, and rate constant from 0.0945 to
0.258 mg/g min as initial solution pH is increased from pH 3.53
to 5.53. The increase in sorption capacity is attributed to changes
in the surface properties of the sorbent and the chemical nature
of the cadmium ions. At low initial solution pH, the functional
groups on the copra meal tend to acquire a net positive charge
due to its association with hydronium ions (H3O%). As the initial
solution pH increases, dissociation of surface functional groups
occurs with the surface causing the surface to acquire a net neg-
ative charge with subsequent attraction of positively charged
cadmium ions and sorption onto copra meal surface [29]. Thus,
at a lower initial solution pH, the sorption of cadmium should
be low because of the higher dissociation of the cadmium salt,
as well as the positively charged copra meal surface [4].

The role of ion exchange as a biosorption process in this
study is revealed by the fact that when the initial solution pH
was varied between pH 3.53 and 5.53, the biosorption capacity
was influenced by changes in the solution hydrogen ion con-
centration, AH*. Higher capacities result in higher AH* values
(Table 1). This suggests that as more cadmium ions are sorbed

Table 1
Pseudo-second-order model parameters for various initial solution pH

Table 2
pH changes in blank experiment test

pH; pHe AH* (mmol/dm?3)
5.53 4,58 0.0234

5.04 425 0.0471

4.52 4.25 0.0260

4.06 3.97 0.0201

3.53 3.52 0.00687

onto the copra meal surface, more hydrogen ions are released
from the copra meal into the solution. Consequently, the pH
of the reaction mixture decreases. There are two sources that
may contribute to an increase in the hydrogen ion concentration
during the biosorption process [4,29]. The first source of pH
variation could originate from the acidic groups of copra meal
surface. This is confirmed from results of the blank experiment
shown in Table 2. The result reveals that there was a decrease
in the solution pH after 120 min of agitation, which was found
to increase with increasing initial solution pH. The release of
protons was suppressed by reducing pH. The resulting nega-
tive charge is believed to be responsible for the cation exchange
capacity of the copra meal. The second source of pH variation
is from ion exchange reactions, such as proton release when
cadmium cations bind to the copra meal [4]. At higher initial
pH values of the solution, ion exchange ability of the sorbent
are improved and the biosorption rate is largely controlled by
ion exchange reactions rather than by complexation reactions
[30]. Clearly, the resulting equilibrium pH is governed by the
factor of the initial pH value of the cadmium solution and the
initial hydrogen ion concentration in solution when the temper-
ature, initial cadmium concentration, and copra meal dose is
fixed. This was also observed when lead(Il) is sorbed on tree
fern under similar conditions [4].

The corresponding linear plots of AH* against g. were
regressed to obtain an expression for these values in terms of
ion exchange, with a high coefficient of determination (0.996).
Therefore it is further considered that g. can be expressed as a
function of AH* as follows [4]:

ge = 0.518 AH" 4 0.430 (6)

When the biosorption system of initial and equilibrium hydrogen
ion concentration showed no changes (AH* = 0), the equilibrium
capacity obtained from the intercept of Eq. (6) was 0.430 mg/g.
The ion exchange rate can be determined from the slope of the
straight line in Eq. (6) and was 0.518 mg/g mM of hydrogen ion
concentration.

pH; e (mg/g) k (g/mg min) h (mg/g min) r pHi20 AH* (mmol/dm?)
3.53 0.461 0.0945 0.0201 0.999 3.55 —0.0200

4.06 0.599 0.129 0.0460 1.000 3.29 0.770

452 0.875 0.159 0.122 1.000 3.05 1.47

5.04 1.17 0.197 0.269 1.000 2.85 2.19

5.53 1.70 0.258 0.748 1.000 2.61 2.92
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Table 3

Pseudo-second-order model parameters for various initial concentration of cadmium solution

Co (mg/dm?) ge (Mg/g) k (g/mg min) h (mg/g min) 2 pHi20 pH; AH* (mmol/dm?)
30 1.21 0.630 0.924 1.000 3.09 5.53 0.813
60 1.38 0.389 0.739 1.000 2.87 5.53 1.35
90 1.62 0.305 0.798 1.000 2.69 5.53 2.04
120 1.70 0.259 0.750 1.000 2.61 5.53 245
140 1.84 0.191 0.649 1.000 252 5.53 3.02

3.4. Effect of initial concentration on biosorption kinetics
and final solution pH

The effect of increasing initial cadmium concentration on
the kinetics of cadmium biosorption and the accompany change
in hydrogen ion concentration, AH*, was investigated so as to
establish the contribution of ion exchange process in the biosorp-
tion of cadmium onto copra meal. The pseudo-second-order
kinetic model was again employed to study the order of the
biosorption process. The plots of amount of cadmium sorbed
per gram of copra meal versus time showed an initial fast reac-
tion, which gradually slowed down as the reaction progresses
(Fig. 4). The pseudo-second-order rate parameters, k, &, and ge
as well as the coefficient of determination, 72, are presented in
Table 3. The data showed good compliance with the pseudo-
second-order model, and the regression coefficient for the linear
plots were extremely high (1.000) for all systems in this study.
From the results obtained, the equilibrium biosorption capac-
ity increased from 1.21 to 1.84 mg/g as the initial cadmium
ion concentration was increased from 30 to 140 mg/dm?>. The
biosorption rate constant of the process was found to decrease
from 0.630 to 0.191 g/mg min as the initial cadmium ion con-
centration was increased from 30 to 140 mg/dm?.

The contribution of ion exchange mechanism to the biosorp-
tion of cadmium ions onto copra meal can also be observed
from the variation of initial cadmium ion concentration with a
fixed dose of copra meal at a given temperature and solution
pH of 5.53. As the initial cadmium concentration is increased
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Fig. 4. Uptake of cadmium with time at various initial concentrations.

the final solution pH (at 120 min) decreases. A decrease in solu-
tion pH occurred as a result of replacement of H* ions on of
functional groups on copra meal surface for cadmium ion by
cadmium ions in the bulk solution. To investigation the relation-
ship between initial cadmium ion concentration and the amount
of H* ions released into solution (Table 3), the initial cadmium
ion concentration was plotted against the change in hydrogen ion
concentration of the solution (AH* mmol/dm?). The linear plot
of AH* versus initial cadmium concentration, Cy, was regressed
to obtain an expression of these values in terms of ion exchange,
with a high coefficient of determination (0.993). Therefore, it
is further considered that Cyp can be expressed as a function of
AHT as follows:

Cop =50.6 AH" —9.85 (7)

The ion exchange rate with respect to initial cadmium concen-
tration can be determined from the slope of the straight line in
Eq. (7) and was 50.6 mg/g mM of hydrogen concentration.

An expression was also derived to relate the equilibrium
capacity with the change in pH, AH* of the reaction. The linear
plot of AH* versus equilibrium capacity, g., was regressed to
obtain an expression of these values in terms of ion exchange,
with a high coefficient of determination (0.992). Therefore, it
is further considered that g. can be expressed as a function of
AH?* as follows:

ge = 0.289 AHT +0.991. ®

3.5. Ion exchange model

Boyd et al. developed a rate equation, which considered rates
of ion exchange adsorption in the exchange adsorption of ions
from aqueous solutions by organic zeolites [32]. An application
of the ion exchange model was presented for sorption of lead
using tree fern [4]. Boyd et al. consider the case of two mono-
valent ions, the mass law applies to the exchange when written
as:

AT 4+ BR < BT + AR 9)

If m o+ and mp+ denote the concentrations of the ions A* and
B* in solution, and nar and ngr the moles of A* and B* in the
adsorbent, then the net reaction rate can be written as follows:

dnar
dr

= klmA+nBR — k2mB+nAB

= —nAR(k1mA+ +k2mB+)+k1mA+E (10)
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where ki and kp are the forward and backward specific rates
constant and E is a constant defined by

E = na + npr a1

When the concentrations of A* and B* in solution are kept con-
stant, then, on integration, Eq. (10) becomes

k]mA+E

nAR (1-e =g (12)

- klmA+ + ksz+

where ¢ is the adsorption capacity at time t. § = kym+ +
komg+, and Eq. (12) can be rewritten as

Ge—q=qee™ (13)

where ¢ is the equilibrium capacity. Thus,

log(1 — F) = S t (14)
¢ ~ 7 \2303

where F'is the fractional attainment of equilibrium, F'= g;/g. and
S (min—') is a constant.

The predominance of ion exchange phenomenon in the
adsorption of cadmium onto copra meal was investigated by the
model of Boydetal. [31]. The model was used to show the depen-
dence of the rate of biosorption on pH exhibited high coefficients
of determination. The high coefficients of determination shows
the variation in the in the pH value of the cadmium solution with
good agreement existing between the experimental and theoret-
ical curves of predicted by Eq. (14) in the initial 5-min period
of the biosorption process, and the overall line is not straight
(Fig. 5) with high coefficient of determination (>0.996). Values
of the constant, S, were calculated from the slope of respec-
tive linear plots and are listed in Table 4. It is clear from the
high coefficient of determination that Boyd et al. ion exchange
biosorption rate descript the biosorption of cadmium onto copra
meal well in the beginning stage of biosorption. In addition the
pseudo-first-order would also apply for this period as the equa-
tion is in the same structure as Boyd et al. rate equation.

The dominance of ion exchange mechanism on the biosorp-
tion of cadmium onto copra meal is further seen through the IR

t, (min)

" 0 2 4 6 8 10 12 14 16

log(1-F)

Fig. 5. Ionexchange sorption kinetics of lead onto coconut copra meal at various
initial pH values.

Table 4

Ion exchange model parameter for various initial solution pH at beginning 5 min
pH; S (min~!) ”?
3.53 0.0386 1.000
4.06 0.0634 1.000
4.52 0.100 0.999
5.04 0.136 0.998
5.53 0.211 0.996

spectra of the copra meal before and after metal cation biosorp-
tion. The spectra were identical to each other, indicating that
no other solid phases were present in the residues on the sur-
face after the biosorption reactions. Similar results were also
shown by Xu et al. [32] and Mustafa et al. [16] who argued that
identical IR spectra for biosorbent before and after metal cation
biosorption reveals that precipitation/co-precipitation were not
dominant in the biosorption process. Thus, the uptake of cad-
mium ions on the copra meal surface occurred via a cation
exchange mechanism.

4. Conclusions

The use of coconut copra meal, a waste product of coconut
oil production as biosorbent for cadmium from aqueous solution
was found to be a function of the initial solution pH and the
initial cadmium concentration of the solution. The pH at point
zero charge of the copra meal was found to be pH 3.07. At pHs
above the zero point charge cadmium biosorption increased. At
pH 5.53 equilibrium sorption capacity increased with increasing
initial concentration of cadmium ion in solution. The order of the
reaction for the biosorption process of cadmium onto copra meal
followed the pseudo-second-order rate expression. In addition,
Infrared analyses of the copra meal before and after cadmium
biosorption suggest that the biosorption process included ion-
exchange mechanism, which occurred in the initial biosorption
period.
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