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ABSTRACT

A study on the removal of cadmium ions from aqueous solutions by pine cone was conducted in batch
conditions. Kinetic data and equilibrium removal isotherms were obtained. The influence of different
experimental parameters such as contact time, initial concentration of cadmium, pine cone mass and particle
size, and temperature on the kinetics of cadmium removal was studied. Results showed that the main
parameters that played an important role in removal phenomenon were initial cadmium concentration,
particle size and pine cone mass. The necessary time to reach equilibrium was between 4 and 7 hours based
on the initial concentration of cadmium. The capacity of cadmium adsorption at equilibrium increased with
the decrease of pine cone particle size. The capacity of cadmium adsorption at equilibrium by pine cone
increased with the quantity of pine cone introduced (1-4 g/L). Temperature in the range of 20-30°C showed a
restricted effect on the removal kinetics (13.56 mg/g at 20°C and a low capacity of adsorption about 11.48
mg/g at 30°C). The process followed pseudo second-order kinetics. The cadmium uptake of pine cone was
quantitatively evaluated using adsorption isotherms. Results indicated that the Langmuir model gave a better

fit to the experimental data in comparison with the Freundlich equation.
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INTRODUCTION

Cadmium is attracting wide attention of envi-
ronmentalists as one of the most toxic heavy
metals. Ionic cadmium, an exceedingly toxic
metal, is released into the environment by
wastewater from electroplating, pigments, plas-
tic, battery and zinc refining industries (Holan
et al., 1993; Volesky et al., 1993; Chong et al.,
1995). Cadmium accumulates readily in living
systems (Volesky et al., 1993). In humans it has
been implicated as the cause of renal distur-
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bances, lung insufficiency, bone lesions, cancer
and hypertension (Sharma, 1995). Conventional
physico-chemical methods for removing heavy
metals from waste streams include chemical
reduction, electro-chemical treatment, ion ex-
change, precipitation and evaporative recovery.
These processes have significant disadvantages,
such as incomplete metal removal, high reagent
or energy requirements, generation of toxic
sludge or other waste products and are gener-
ally very expensive when the contaminant con-
centrations are in the range of 10-100 mg/l
(Sag, Kutsal, 1995; Bhide et al., 1996; Ozer et
al., 1997). This situation has in recent years led
to a growing interest in the application of bio-
materials for the removal of trace amounts of
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toxic metals from dilute aqueous wastes. Bio-
materials including algae, bacteria, fungi,
higher plants, and products derived from these
organisms, have the potential to remove certain
chemicals species (Corder and Reeves, 1994;
Gourdon et al., 1994; Atkinson et al., 1998).
The objective of this study was to obtain the
basic information for the design of the process
of cadmium adsorption on ground pine cone,
i.e. kinetic data and equilibrium in batch sys-
tem. In order to describe the isotherm mathe-
matically, the experimental data of the removal
equilibrium were correlated by both Langmuir
and Freundlich equations. The results obtained
might contribute to a better understanding or
application of the adsorption phenomena at the
liquid/solid interface for cadmium.

MATERIALS AND METHODS

Pine cone was supplied from Chitgar region
and washed several times with deionized water
and left to dry at room temperature. Then, pine
cone was ground in a blender and sorted for
further use. The effect of particle size of pine
cone on the cadmium removal was studied us-
ing six particle size groups; they were < 0.125;
0.125-0.177; 0.177-0.250; 0.250-0.297 mm.
Cadmium solutions of desired concentration
were prepared from Cd(NOs;),. 4H,O by dis-
solving the exact quantities of cadmium salts in
distilled water.

Uptake kinetics of metal ~ All batch adsorp-
tion experiments were investigated at the initial
pH of 7, because insoluble cadmium hydroxide
starts precipitating from the solution at higher
pH values, making true adsorption studies im-
possible.

The influence of various experimental parame-
ters such as contact time, initial concentration
of cadmium in the aqueous system, mass of
pine cone used, particle size and, temperature
on the kinetics of cadmium removal was stud-
ied in order to optimize the process.
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The initial solution metal concentration was
100 mg/l for all experiments except for that
carried out to examine the effect of the initial
concentration of cadmium. In order to study the
metal-removal kinetics, 0.6 g of pine cone was
contacted with 300 ml of metal solutions in a
beaker agitated vigorously by a magnetic stir-
rer. In all cases, the working pH was 7 and tem-
perature was that of the solution and was not
controlled except for that carried out to exam-
ine the effect of the temperature on the removal
kinetics. At appropriate time intervals, specific
volumes of supernatant solutions were pipetted
from the reactor and analyzed to determine the
residual metal concentration in the aqueous so-
lution. This was done using a ChemTech Ana-
lytical ALPHA 4 atomic absorption spectropho-
tometer (AAS). The metal uptake, q (mg ion
metal/g pine cone) was determined as follows:

q= (Co—Cy) x V/m @

Where Cy and C; are the initial and final metal
ion concentrations (mg/l), respectively; V is the
volume of solution (ml); and m is the pine cone
weight (g) in dry form.

Uptake isotherm of metal The equilibrium
isotherms were determined by contacting con-
stant mass (0.20 g) of pine cone with solutions
with different concentrations of cadmium. The
pine cone and cadmium solutions were agitated
in a series of 250mL conical flasks with equal
volumes of solution 100 ml) for a period of 24
h at room temperature. The contact time was
determined by kinetic tests using the same con-
ditions. After shaking the flasks for 24 h, a so-
lution sample was removed from the reaction
mixtures after decantation. The final concentra-
tion of cadmium was determined by AAS and
the cadmium adsorbed by pine cone was cal-
culated.

To study the effect of the temperature on the
kinetics of cadmium adsorption by pine cone,
we selected the temperatures 20, 25 and 30°C.
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RESULTS

Results for the kinetics of cadmium removal by
pine cone are shown in Fig. 1. The necessary
time to reach equilibrium was about 67 h.
Kinetics of heavy metals adsorption can be
modeled by the first-order Lagergren equation,
the pseudo second-order rate equation and the
second-order rate equation. Linear plots of log
(Qe- qt) vs. t, t/qe vs. t and 1/ (qe- q¢) Vs. t are
shown in Fig. 2 a—. The K, K' and k values
from the slopes and intercepts can be calcu-
lated.

Results for studying the effect of the initial
cadmium concentration on the cadmium re-
moval kinetics from the solution are shown in
Fig. 3 which indicates that the obtained curves
have the same shape. The data were fitted to the
pseudo second-order rate equation (Fig. 4) and
straight lines were obtained.

Fig. 5 shows that the capacity of cadmium ad-
sorption at equilibrium by pine cone increases
with the quantity of pine cone introduced (1-6

g/l).

The surface of contact between any sorbent and
the liquid phase plays an important role in the
phenomena of adsorption. Fig. 6 shows a series
of contact time curves at different pine cone
particle sizes.

The results obtained and presented in Fig. 7 in-
dicate that an increase of the temperature in the
interval 20 - 30°C deals with a decrease in the
capacity of cadmium adsorption at equilibrium.

To measure the isotherm of cadmium removal
by pine cone, 24 h of equilibrium periods for
adsorption experiments were used to ensure
equilibrium conditions. Fig. 8 shows the iso-
therm of cadmium adsorption.

Table 1 summarizes the model parameters de-
termined by least squares fit of the experimen-
tal adsorption data, along with correlation coef-
ficients. These data provide information to pre-
dict removal efficiency of metals by biomate-
rials, and an estimation of biomaterial amounts
needed to remove metal ions from an aqueous
solution. Fig. 9 shows graphical comparison of
the experimental and calculated isotherms with
constants ¢y, and b from Table 1.

Table 1: Isotherm parameters for cadmium adsorption by pine cone

Parameters of the Langmuir model

Linearized shape CJ/qe=f (C.) qe/Ce = f (qe) 1/q=f @/C,)
Jm (Mg/g) 14.706 15.345 14.903
b (mg/1) 0.0376 0.0330 0.0346
R? 0.99513 0.98307 0.99896
Parameters of the Freundlich model
Ist way 2nd way
n 0.4455 0.6195
K 1.422 0.8755
R? 0.91265 0.9922
= i
~ 6
o i
4
2
0 1 1 1
0 500 1000 1500
Time (min)

Fig. 1: Kinetics of cadmium sorption by pine cone 35
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Fig. 2: Linearization of cadmium adsorption kinetics by pine cone: (a) first-order rate
(Lagergreen plot), (b) pseudo second-order rate; (c) second-order rate kinetics plots
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Fig. 3: Effect of initial cadmium concentration on the adsorption kinetics
of cadmium by pine cone
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Fig. 4: The pseudo second-order rate kinetics plots for cadmium
adsorption by pine cone: Effect of initial cadmium concentration
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Fig. 5: Effect of pine cone mass on the sorption kinetics of cadmium by chitin
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Fig. 8: Adsorption isotherm of cadmium by pine cone at 25°C
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Fig. 9: Comparison of Langmuir model with experiment for cadmium
sorption by pine cone at 25°C

DISCUSSION

Effect of contact time According to Fig.
1, the kinetics of cadmium removal by pine
cone presents a shape characterized by a strong
capacity of cadmium removal by pine cone
during the first few minutes of contact between
the solution and pine cone, following a slow
increase until the state of equilibrium is
reached. As an approximation, the removal of
cadmium ions can be said to take place in two
distinct steps: a relatively fast phase followed
by a slower one. The necessary time to reach
this equilibrium is about 6-7 h and an increase
of removal time to 24 h did not show notable
effects. These observations are in agreement
with those of Kurek et al. (1982), and
Strandberg et al. (1981) with other metal ion—
biomaterial systems.

The first-order Lagergren equation, the pseudo
second-order rate equation and the second-or-
der rate equation are shown below as Egs. (2)-
(4), respectively:

log (qe-q0)/qe=-Kit/2.3, 2
t/q=1/2K'q.’ 3)
1/(qe-q)=1/qHkt “)

Where K is the Lagergren rate constant of ad-
sorption (min™); K' the pseudo second-order
rate constant of adsorption (g/mg/min) and k
the rate constant (g/mg/min); q. and q; are the
amounts of metal ion sorbed (mg/g) at equilib-
rium and at time t; respectively.

According to Fig. 2a-c, the pseudo second-or-
der reaction rate model adequately described
the kinetics of adsorption of cadmium with high
correlation coefficient.

Effect of initial cadmium concentration

Fig. 3 indicates that the obtained curves have
the same shape. The necessary time to reach
equilibrium is variable based on the initial con-
centration of cadmium: about 4 h (C,=20 and
60 mg/l), 5 h (C,=100 mg/l) and 7 h (C,=200
mg/l). It was also noticed that the potential of
cadmium removal by pine cone at the equilib-
rium concentration increased with the initial
concentration of cadmium.

When the previous data were only fitted to the
pseudo second-order rate equation (Fig. 4),
straight lines were obtained indicating that the
process follows pseudo second-order kinetics.
Effect of pine cone mass

Fig. 5 shows that the capacity of cadmium
adsorption at equilibrium by pine cone
increases with the quantity of pine cone
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introduced (1-4 g/L); this can be explained by
the fact that more the mass increases, more the
contact surface offered to the adsorption of
cadmium becomes important. Beyond 6 g/L of
pine cone, this capacity of cadmium did not
nearly rise and the maximal quantity at the
equilibrium of cadmium removal by pine cone
was about 12.3 mg/g.

The latter result is contradictory to those re-
ported by many authors (Sampedro et al., 1995)
conducted with other metal ion-biomaterial
systems. It can be found that the smaller the
pine cone mass, the greater the uptake of cad-
mium. The smallest pine cone mass (1 g/L) ap-
peared to have reached the equilibrium after
1.75 h, while the higher pine cone masses (6
g/L) reached to the equilibrium after 7.5 h.
Effect of particle size As can be seen
from Fig. 6, the kinetics curves had similar
shapes, and that the capacity of cadmium ad-
sorption at the equilibrium increased with the
decrease of pine cone particle sizes indicating
that cadmium ion adsorption occurs through a
surface mechanism.

It was also noticed that the variation in particle
size appeared to have an influence on the time
required to reach equilibrium conditions. Thus,
for particle size 0.125 mm, the time required
was about lh with a quantity of removed cad-
mium of 13.46 mg/g pine cone; while for parti-
cle sizes in the range of 0.250-0.297 mm, the
necessary time was about 3.5 h with a weak ca-
pacity of cadmium removal of about 6.93 mg/g
pine cone. Consequently, increasing particle
size increased the time needed to reach the
equilibrium. These observations suggest that
the cadmium adsorption kinetic by pine cone is
largely affected by the particle size.

Effect of temperature The results ob-
tained and presented in Fig. 7 indicate that an
increase of the temperature in the range of 20 -
30 °C leads to a decrease in the capacity of
cadmium adsorption at equilibrium (13.56 mg/g
at 20°C and a low capacity of adsorption about
11.48 mg/g at 30°C). The necessary time to
reach adsorption equilibrium for the different
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temperatures was practically the same (about
2.5-3.5 h). If adsorption is governed only by
physical phenomena, an increase in temperature
will result a decrease in adsorption capacity.
Temperature may influence the desorption step
and consequently the reversibility of the ad-
sorption equilibrium. But in this study, within
the investigated temperature range, this conclu-
sion was not achieved. Similar conclusion was
obtained by Guibal et al. (1993).

Equilibrium of adsorption

Isotherm of adsorption  To study equilibrium
of cadmium removal by pine cone, the ap-
proach used frequently consists in measuring
the isotherm of adsorption. It represents the
quantity of metal removed (q) against the equi-
librium concentration of metal ion in the solu-
tion, and it corresponds to the equilibrium dis-
tribution of metal ions between the aqueous and
solid phases when the concentration increases.
As shown in Fig. 8, the isotherm for cadmium
adsorption is of Langmuir’s type, according to
the classification of Brunauer (1945). The
maximum capacity of cadmium removal by
pine cone was about 13.5 mg/g.

Modeling of cadmium adsorption isotherm
Numerous models have been proposed for the
adsorption of gases on solid surfaces. In con-
trast, there are few models to describe adsorp-
tion of ions from aqueous solutions. The ad-
sorption data can be interpreted using several
relationships which describe the distribution of
metal ion between the biomaterial and the lig-
uid phase. The utilization of a model rests
solely on the adequacy between the experi-
mentally observed tendencies and the shape of
the mathematical laws associated with these
models. Such an approach, however, is of lim-
ited utility, because the isotherm equations ob-
tained from data-fitting cannot be used to pre-
dict the effect of the various solution variables
such as pH, ionic strength, and type of electro-
lyte as well as the effect of electrostatics on the
extent of adsorption (Yiacoumi and Tien,
1995). Such predictive models have value in
comparing different biomaterials under differ-
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ent operating conditions. Furthermore, these
models can be used to design and optimize an
operating procedure. Among these, the Lang-
muir and Freundlich adsorption models are
commonly used to fit experimental data when
solute uptake occurs by a monolayer adsorp-
tion. These models were tested in the present
work.

If the equation of Langmuir is valid to describe
our experimental results, it must verify the three
linearized shapes of the basis equation, in sys-
tem of coordinates C¢/qe vs. C; but also in sys-
tem of coordinates q/C. vs. q and 1/q vs. 1/Ce
what will permit us to obtain the constants qp
and b from the intercepts and slopes. If the
equation of Freundlich is also varied, we must
obtain a straight line in the system of coordi-
nates In q vs. In Cg; the slope and the intercepts
to the origin give n and k, respectively. Results
of the modeling of the isotherm of cadmium
adsorption by the pine cone, according to either
Langmuir or Freundlich models, are not repre-
sented here; hence the Table 1 summarizes the
model parameters determined by least squares
fit of the experimental adsorption data, along
with correlation coefficients. These data pro-
vide information to predict removal efficiency
of metals to biomaterials, and an estimation of
biomaterial amounts needed to remove metal
ions from an aqueous solution.

Whatever be the linearized shape of the Lang-
muir equation used, it appears that the Lang-
muir model best fits the experimental results
over the experimental range with good coeffi-
cients of correlation. According to the values
obtained from parameters g, and b, presented
in Table 1, it is noticed that they are nearly
identical. Fig. 9 shows graphical comparison of
the experimental and calculated isotherms with
these constants; the agreement is excellent.
According to the coefficients of correlation ob-
tained, it is deducted that the model of
Freundlich is not adequate for modeling the
isotherm of removal of cadmium by pine cone
in the entire studied concentration domain,
which is beyond our objective.
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