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a b s t r a c t

Untreated Pinus halepensis sawdust has been investigated as an adsorbent for the removal of cadmium
from aqueous solutions. Batch experiments were carried out to investigate the effect of pH, adsorbent
dose, contact time, and metal concentration on sorption efficiency. The favorable pH for maximum
cadmium adsorption was at 9.0. For the investigated cadmium concentrations (1–50 mg/L), maximum
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adsorption rates were achieved almost in the 10–20 min of contact. An adsorbent dose of 10 g/L was
optimum for almost complete cadmium removal within 30 min from a 5 mg/L cadmium solution. For
all contact times, an increase in cadmium concentration resulted in decrease in the percent cadmium
removal (100–87%), and an increase in adsorption capacity (0.11–5.36 mg/g). The equilibrium adsorption
data were best fitted with the Freundlich isotherm (R2 = 0.960). The kinetics of cadmium adsorption was

e pse 2
inetic models
inus halepensis sawdust

very well described by th

. Introduction

Heavy metals may reach watercourses either naturally through
variety of geochemical processes or by direct discharge of munic-

pal and industrial wastewater. At elevated concentrations, soluble
etal compounds can be deleterious to human health as well as

o aquatic and marine environments. Cadmium (Cd) is one of the
eavy metals considered to be toxic to humans and aquatic life. One
f the major sources of surface water contamination by heavy met-
ls such as Cd, is urban and agricultural wastewaters or stormwater
unoffs as Cd is used in a number of industries, such as welding
nd soldering, photography, production of iron, steel and cement,
se of superphosphate fertilizers and pesticides, and production
f nickel–cadmium batteries. Chronic exposure to Cd can affect
he nervous system, liver, cardiovascular system and may lead to
enal failure and death in mammals and humans [1]. Because of the
ssociated adverse effects, international regulatory agencies have
romulgated effluent standards limiting heavy metal discharges,

ncluding Cd, into surface waters as well as into municipal sewers.
owever, the cost of complying with pollution control legislation

s tremendously high and sometimes not affordable, particularly

y small industries and developing countries. Therefore, there is
great need for new and cost-effective processes for heavy metal

emoval from wastewaters and stormwaters.

∗ Tel.: +961 1 34 79 52; fax: +961 1 74 44 62.
E-mail address: ls07@aub.edu.lb.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.08.074
udo-second-order kinetic model (R > 0.999).
© 2009 Elsevier B.V. All rights reserved.

Traditionally, the most widely applied methods for heavy
metal removal from wastewaters are chemical and electrochemical
precipitation [2,3], cationic and anionic ion-exchange resins, mem-
brane filtration, and sorption [4]. Whereas, some methods such as
ion-exchange and reverse osmosis are costly, others such as precip-
itation techniques have problems for disposal of metal-containing
sludge. Sorption methods are considered flexible, easy to oper-
ate, with much less sludge disposal problems. Besides different
types of commercial adsorbents such as granular activated carbon
or powdered activated carbon, several low-cost adsorbents gener-
ated by forestry and agricultural activities able to sequester heavy
metals from contaminated waters have been extensively studied.
Efficient removal of copper (Cu), zinc (Zn), arsenic (As), cadmium
(Cd), chromium (Cr), iron (Fe), lead (Pb), mercury (Hg), vanadium
(V) and nickel (Ni) has been achieved with low-cost adsorbents in
bench scale studies such as biomass waste from biological wastew-
ater treatment systems [5,6]; cotton ball [7]; pollens [8]; teak leaves
powder [9]; black gram husk [10]; grape stalk [11]; peat [12]; fly
ash [13]; wood barks [14,15]; various types of sawdust [4,16–22].
In previous research specifically related to Cd adsorption, several
natural adsorbents, including algal biomass [1,23–26], peat moss
[27,28], bark [15,29–31], sugar beet pulp [32], poplar wood saw-
dust [22], walnut sawdust [33] and treated Pinus sylvestris sawdust
[34] have been investigated for their ability to sequester Cd from

water or wastewater.

The objective of the present study is to investigate the feasi-
bility of alternative sawdust as an adsorbent for the removal of Cd
from wastewaters. Sawdust of Pinus halepensis, a common pine tree
in Lebanon, is evaluated without any chemical pretreatment as an

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ls07@aub.edu.lb
dx.doi.org/10.1016/j.jhazmat.2009.08.074
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lternate Cd adsorbent as it contains various organic compounds
lignin, cellulose, and hemicellulose) with polyphenolic groups that

ight be useful for binding heavy metal ions. Batch experiments
re carried out for kinetic studies on the removal of Cd from aque-
us solutions. The influence of various contributing parameters
uch as pH, adsorbent concentration, contact time, and initial Cd
oncentration is investigated. Three adsorption isotherm models
Langmuir, Freundlich, and Generalized equation) are used to study
he fit of the experimental equilibrium data obtained in the study,
nd several kinetic models are used to evaluate the mechanism of
dsorption.

. Materials and methods

.1. Adsorbent

Sawdust of P. halepensis (also known as Aleppo pine), a pine
ree species abundantly available in Lebanon, was obtained from
he Mechanical Engineering wood shop at the American University
f Beirut (AUB). The raw sawdust was sieved through a 1.18 mm
ieve (US standard No. 16), washed repeatedly with distilled water
o remove surface and soluble impurities, and dried at 100 ◦C for
8 h. The dried sawdust was not subjected to further processing or
hemical treatment which might enhance its adsorptive capacity in
n attempt to evaluate the Cd adsorption properties of a low-cost
nprocessed sawdust, abundantly available in Lebanon.

.2. Preparation of cadmium solutions and analytical methods

Several aqueous solutions with varying concentrations of cad-
ium (1–50 mg/L) were prepared by proper dilutions of a stock

000 mg/L certified cadmium reference solution (Cd metal in 2%
itric acid, Fisher Scientific, NJ). Recovered Cd concentrations

n prepared aqueous solutions as well as residual Cd levels in
xperimented sawdust-Cd solution mixtures were analyzed by
irect flame atomic absorption spectrometry using a flame atomic
bsorption spectrophotometer (Thermo Electron Corporation, M
eries AAS) equipped with auto-sampler (CETAC, ASX-510, USA)
nd an in-line dilutor (Thermo Electron Corporation, ID100, USA).
he method detection limit of adopted analytical procedure is
.05 mg/L Cd.

.3. Batch experiments

Batch adsorption experiments were carried out at constant tem-
erature (23 ± 1 ◦C) by adding different amounts of raw P. halepensis
awdust (1–50 g/L) to 125 mL conical flasks containing aqueous
olutions with varying initial Cd concentrations (1–50 mg/L). pH
alues of sawdust-Cd aqueous solutions were adjusted to desired
evels (pH 1–12) using 0.5N HCl or 0.5N NaOH. The flasks were
haken on an orbit shaker (Lab-Line, model 3520, USA) at 200 rpm
or varying durations (10 min–24 h) to study the influence of con-
act time between adsorbent and Cd on adsorption efficiency.
fter specified contact times, aliquots of sawdust-Cd aqueous solu-

ions were filtered through 11.0 cm filter papers (Whatman No.
), and the filtrates were analyzed for residual Cd using flame
AS for adsorption efficiency assessment and isotherm analysis.
dsorption efficiency was expressed as a percentage of adsorbed
etal compared to initial metal concentration, whereas adsorp-

ion capacity was expressed as amount of Cd adsorbed per mass
nit of sawdust using the following equations, respectively:
d removal efficiency (%) = Ci − C

Ci
× 100 (1)

(mg/g) = (Ci − C)V
m

(2)
aterials 173 (2010) 236–242 237

where Ci and C are the initial and residual concentrations of Cd in
mg/L, q is the adsorption capacity in mg/g, V is the volume of Cd
solution in L, and m is the adsorbent mass in g.

2.4. Adsorption isotherm models

Adsorption isotherms are important to describe the adsorption
mechanism of a solute on adsorbent surface thus aid in optimizing
the design of a specific adsorption process. In the present study, the
equilibrium data obtained for Cd removal using raw P. halepensis
sawdust was tested with three isotherm models available in the
literature to reveal the best fitting isotherm. Adopted isotherm
models were Langmuir, Freundlich, and Generalized isotherm
equations. Isotherm coefficients and correlation coefficients (R2)
were computed from linearized equations of these isotherms in
Microsoft Excel.

2.4.1. Langmuir isotherm
Langmuir isotherm is represented in terms of fractional cover-

age (�) as given by Eq. (3), and rearranged to the linear form given
by Eq. (4) where b is the adsorption equilibrium constant in L/mg
related to the apparent energy of adsorption, qm is the quantity
of adsorbate required to form a single monolayer on unit mass of
adsorbent in mg/g, and qe is the amount adsorbed on unit mass
of the adsorbent (mg/g) when the equilibrium concentration is Ce

(mg/L).

� = qe

qm
= bCe

1 + bCe
(3)

Ce

qe
= 1

bqm
+

(
1

qm

)
Ce (4)

Thus, a plot of Ce/qe versus Ce should yield a straight line if
Langmuir isotherm is obeyed by the adsorption equilibrium. qm

and b values will be calculated from the slope and intercept of the
graphed line, respectively. A further analysis of the Langmuir equa-
tion can be made using a dimensionless equilibrium parameter, the
separation factor RL as given by Eq. (5):

RL = 1
1 + bC

(5)

For a favorable adsorption, the value of RL should lie between
0 and 1; RL > 1 represents an unfavorable adsorption, RL = 1 repre-
sents linear adsorption, whereas RL = 0 translates into irreversible
adsorption [16].

2.4.2. Freundlich isotherm
The Freundlich isotherm is expressed by Eq. (6) where Kf

(mg1−1/n L1/n g−1) and nF are the Freundlich equilibrium constants
which can be determined from the plot of log qe versus log Ce on
the basis of the linear form of Freundlich equation (Eq. (7)).

qe = KfC
nF
e (6)

log qe = log Kf + nF log Ce (7)

2.4.3. Generalized isotherm
The generalized isotherm is a combination of Langmuir and

Freundlich isotherms and depends on the value of cooperative
binding constant (Nb). The linear form of the generalized isotherm

is expressed in Eq. (8) where, KG is the saturation constant in mg/L,
Nb is the cooperative binding constant, and Qm is the maximum
adsorption capacity of adsorbent in mg/g as obtained form the
Langmuir isotherm model. Related isotherm constants are obtained
from the slope and intercept of the plot of log [(Qm/qe) − 1] versus
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og Ce.

og
(

Qm

qe
− 1

)
= log KG = Nb log Ce (8)

.5. Adsorption kinetics

The process of pollutant removal from an aqueous phase by any
dsorbent can be explained by using kinetic models and examin-
ng the rate-controlling mechanism of the adsorption process. The
tudy of adsorption kinetics is desirable as it provides informa-
ion about the dynamics of the adsorption process in terms of the
rder and the rate constant which are of significance in designing
nd modeling an efficient adsorption operation. Various adsorp-
ion kinetic models have been used in the literature to describe the
dsorption of metal ions [4,16,18,33]. It has been reported that most
dsorption systems follow a pseudo-second-order kinetic model
xpressed in Eq. (9) [35] where k2 is the second-order adsorption
ate constant in g/(mg min) computed from the linear plot of t/qt

ersus t.

t

qt
=

(
1

k2q2
e

)
+ t

qe
(9)

Additionally, the possibility of intra-particle diffusion was
xplored using the intra-particle diffusion model given in Eq. (10)
36], where kid is the rate constant for intra-particle diffusion esti-

ated from plotting qt versus t1/2.

t = kidt1/2 (10)

Elovich kinetic model (Eq. (11)) is also considered where ˛ is the
nitial adsorption rate in mg/(g min), and ˇ (g/mg) is the desorption
onstant related to the extent of the surface coverage and activation
nergy for chemisorptions. Both kinetic constants (˛ and ˇ) will be
stimated from the slope and intercept of the plot qt versus ln t.

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln t (11)

. Results and discussion

.1. Factors affecting efficiency of metal adsorption on sawdust

.1.1. Effect of initial pH of suspension on sorption efficiency
In previous studies, pH has been referred as an important influ-

ncing factor for heavy metal adsorption on sawdust. In a certain
H range, most metal adsorption increases with increasing pH up
o a certain pH value and then decreases with further increasing pH.

herefore, there is a favorable pH range for the adsorption of every
etal on a specific adsorbent [4,16,18,20]. In this study, the effect of

H on Cd adsorption by Pinus halpensis sawdust is investigated by
arying the pH of Cd solution (5 mg/L)–sawdust (20 g/L) suspension
rom 1 to 12, and shaking the suspensions for varying contact times

Fig. 2. Effect of contact time on Cd removal using s
Fig. 1. Effect of pH variation on Cd removal through adsorption on P. halepensis
sawdust.

(30, 60, 120, and 180 min). Irrespective of allowed contact times,
the percent adsorption of Cd was minimal (<20%) at pH 1–2, sig-
nificantly increased to 90% in the pH range 2–5, and reached >95%
at pH range 6–11 with a maximum of >99% at pH 9–10, afterwards
Cd removal efficiency started to slightly decline to <95% from pH
11–12. Thus, the favorable pH for maximum Cd adsorption on the
adsorbent under study was at 9, and this pH value was selected to
further investigate the influence of other contributing parameters
on the sorption process. The effect of pH on Cd removal efficiency
at 30 min contact time is illustrated in Fig. 1.

The effect of pH may be explained in terms of pHzpc (zero point
of charge) of the adsorbent, at which the adsorbent is neutral. The
surface charge of the adsorbent is positive when suspension pH
is below pHzpc. Moreover at pH less than pHzpc, the predominant
metal species will be positively charged [Mn+ and M(OH)(n−1)+],
thus, the uptake of metals in the pH range below pHzpc is a H+–Mn+

(or M(OH)(n−1)+) exchange process. An increase in pH above pHzpc

will show a slight increase in adsorption as long as the metal species
are still positively charged or neutral even though the surface of
the adsorbent is negatively charged. When both the surface charge
of the adsorbent and metal species charge become negative, the
adsorption will decrease significantly. Decrease in removal of metal
ions at lower pH is apparently due to the higher concentrations of
H+ in the suspension, which compete with Mn+ ions for the adsorp-
tion sites of sawdust. Decrease in adsorption at higher pH is due to
the formation of soluble hydroxyl complexes. These observations
in the current study are in accordance with earlier observations
related to effect of varying pH on metal adsorption processes by
low-cost adsorbents [4,20].
3.1.2. Effect of contact time on sorption efficiency
The effect of contact time on efficiency of Cd adsorption on

sawdust is investigated to study the rate of Cd removal. For differ-
ent values of initial Cd concentrations ranging from 1 to 50 mg/L,
percentage removal of Cd by 10 g/L Pinus helepensis sawdust as a

awdust at varying initial Cd concentrations.
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ity of sawdust is calculated as 7.35 mg/g and Langmuir constant,
ig. 3. Effect of adsorbent dose on Cd removal using sawdust at 30 min contact time.

unction of contact time at pH of 9.0 is illustrated in Fig. 2. From the
lots, it is evident that for the investigated varying initial concen-
rations of Cd, maximum adsorption rates (97.7–100%) are achieved
lmost in the first 10 min of contact for Cd concentrations of 1, 5,
nd 10 mg/L, and in 20 min of contact for Cd concentrations of 20
nd 50 mg/L. A further increase in the contact time has a negligi-
le effect on the rate of Cd adsorption. The rate of metal removal

s higher in the beginning due to a larger surface area of the saw-
ust being available for metal adsorption. Later as the adsorbed
aterial forms a monolayer, the capacity of the adsorbent gets

xhausted and then the uptake rate is controlled by the rate at
hich the metal is transported from the exterior to the interior

ites of the adsorbent particles. The rate of adsorption decreases in
ater stages probably due to the slow pore diffusion of the solute ion
nto the bulk of the adsorbent. It is noted that after 24 h of mixing,
dsorption started decreasing as the capacity of the adsorbent was
xhausted.

.1.3. Effect of adsorbent concentration on sorption efficiency
The effect of sawdust concentration, varying from 1 to 50 g/L,

nto Cd adsorption is depicted in Fig. 3. It is apparent that the
ercent removal of metal ions increases with increasing weight of
awdust due to the greater availability of surface area and thus
xchangeable sites. However, once almost all Cd is adsorbed, the
ontribution of additional sawdust will be insignificant. Almost
omplete Cd removal was achieved within 30 min from a 5 mg/L Cd
olution at pH 9.0 in the presence of 10 g/L adsorbent. On the other
and, the adsorption capacity, the amount adsorbed per unit mass
f adsorbent, decreases mainly due to un-saturation of adsorption
ites through the adsorption reaction. Another reason may be due

o the particle interaction, such as aggregation, resulting from high
orbent concentration. Such aggregation would lead to decreases
n total surface area of the sorbent and an increase in diffusion
ath length [4]. It can be noted from Fig. 3 that adsorption capac-

Fig. 4. Effect of initial Cd concentration on Cd rem
Fig. 5. Langmuir isotherm model for Cd adsorption onto Pinus halepensis sawdust.

ity, q, decreased from 5.13 to 0.11 mg/g as sawdust concentration
increased from 1 to 50 g/L.

3.1.4. Effect of initial cadmium concentration on sorption
efficiency

The effect of initial Cd concentration (1–50 mg/L) was investi-
gated at pH of 9.0 in the presence of 10 mg/L sawdust, and recorded
outcomes are illustrated in Fig. 4. The plots reveal that for all con-
tact times, an increase in the Cd concentration from 1 to 50 mg/L
results in a decrease in the percent metal removal from 100% to
87%, and an increase in adsorption capacity from 0.11 to 5.36 mg/g.
The decrease in the percentage removal of Cd can be attributed to
saturation of available active sites on the adsorbent above a certain
concentration of metal. The increase in adsorption capacity may be
due to the higher adsorption rate and the utilization of all available
active sites for adsorption at higher metal concentration.

3.2. Adsorption isotherm study

As previously mentioned, adsorption isotherms aid in describ-
ing the adsorption mechanism of Cd on the surface of the adsorbent
under study. Adsorption isotherms are characterized by specific
constants that express the surface properties and affinity of adsor-
bent towards the adsorbed pollutant. In the present study, three
equilibrium models are analyzed and results are discussed in the
following sections.

3.2.1. Langmuir isotherm
The isotherm data have been linearized and plotted in accor-

dance to Langmuir equation given as Eq. (4) (Fig. 5). The Langmuir
constant, qm, which is a measure of monolayer adsorption capac-
b, which denotes adsorption energy, is calculated as 0.7818 L/mg.
The dimensionless parameter, RL is found in the range 0.1215–1.0
(0 < RL < 1) which confirms favorable Cd adsorption process using
P. halepensis sawdust. At low Cd concentration (1 mg/L), RL = 1 thus

oval using sawdust at varying contact times.
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Fig. 6. Freundlich isotherm model for Cd adsorption onto Pinus halepensis sawdust.
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Fig. 8. Pseudo-second-order plot for Cd adsorption onto Pinus halepensis sawdust.

Table 1
Kinetic parameters for pseudo-second-order and Elovich kinetic models for Cd
adsorption onto Pinus halepensis sawdust.

Ci (mg/L) Experimental qe (mg/g) Pseudo-second-order kinetic model

k2 qe R2

1 0.11 1.6 × 1015 0.11 1
5 0.30 −3.7 × 1014 0.30 1

adsorption processes [18]. The possibility of intra-particle trans-
port in the current study was explored by using the Weber–Morris
equation (Eq. (10)). Plots of t1/2 versus qt are shown in Fig. 9 for
the initial Cd concentration ranging from 1 to 50 mg/L. From these
ig. 7. Generalized isotherm model for Cd adsorption onto Pinus halepensis sawdust.

d adsorption is linear. The plot in Fig. 5 yields a high coefficient
f determination (R2 = 0.944) which indicates a good agreement
etween the experimental values and isotherm parameters, and
onfirms the monolayer Cd adsorption on P. halepensis sawdust.

.2.2. Freundlich isotherm
Freundlich equilibrium constants were determined from the

lot of log qe versus log Ce (Fig. 6) on the basis of the linear form
f Freundlich equation (Eq. (7)). The values for Kf and nF are 2.213
nd 4.194, respectively. A higher value of coefficient of determina-
ion (R2 = 0.960) is obtained compared to Langmuir isotherm which
ndicates a better agreement between the experimental values and
sotherm parameters for Cd adsorption on P. halepensis sawdust.

.2.3. Generalized isotherm equation
The generalized isotherm constants Nb and KG are calculated

rom the slope and intercept of the plot of log [(qm/qe) − 1] versus
og Ce as shown in Fig. 7. From the current experimental data, the
alues of Nb and KG are 0.432 and 2.042, respectively. The coef-
cient of determination obtained from the generalized isotherm
odel is 0.901 thus less than R2 values obtained with Langmuir and

reundlich isotherm equations. This denotes that the experimental
ata better obey the Freundlich and Langmuir isotherms.

.3. Adsorption kinetics study
The experimental data were tested with pseudo-second-order,
ntra-particle diffusion, and Elovich kinetic models in order to
nderstand the kinetics of Cd removal using P. halepensis sawdust
s an adsorbent.
10 1.08 2.14 × 1014 1.08 1
20 2.09 −7.38 2.09 0.999
50 5.30 0.736 5.32 0.999

3.3.1. Pseudo-second-order kinetics
Cadmium adsorption kinetics onto P. halepensis sawdust was

tested with the pseudo-second-order kinetic model by plotting t/qt

versus t as shown in Fig. 8. From this plot the second-order rate con-
stant, k2, the estimated equilibrium capacity, qe, and the coefficient
of determination (R2) were calculated for the initial Cd concen-
tration ranging from 1 to 50 mg/L as summarized in Table 1. The
calculated qe values show a very good agreement with the exper-
imental values with R2 values exceeding 0.999. This indicates that
the pseudo-second-order kinetic model describes well Cd removal
using the sawdust under study.

3.3.2. Intra-particle diffusion model
Adsorbate species are most likely transported from the bulk of

the solution into the solid phase through an intra-particle diffu-
sion process, which often may be the rate-limiting step in many
Fig. 9. Intra-particle diffusion plot for Cd adsorption onto Pinus halepensis sawdust.
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Fig. 10. Elovich model plot for Cd adsorption onto Pinus halepensis sawdust.

lots the intra-particle diffusion rate constant, kid were calculated
o range between −0.004 and 3 × 10−17 mg/(g min)1/2. It is observed
hat linearity is not applied for all Cd concentrations, even though
ome linearity is present when Cd concentration equals 1 mg/L,
hus it cannot be stated that the intra-particle diffusion process is
he unique rate-limiting step occurring during sorption of Cd onto
. halepensis sawdust. The deviation of plots from the origin indi-
ates that there are other sorption steps occurring in this adsorption
rocess [37].

.3.3. Elovich kinetic model
Cadmium adsorption kinetics onto P. halepensis sawdust was

lso tested with the Elovich kinetic model (Eq. (11)) by plotting
n t versus qt as shown in Fig. 10. Recorded R2 values are very low
−0.2 to 0.065) which indicates that the experimental data do not fit
he Elovich kinetic model and Cd removal using the sawdust under
tudy cannot be described using this model.

. Conclusions

Untreated sawdust of P. halepensis, a common pine tree in
ebanon, has proven to be a promising adsorbent for the removal
f cadmium from aqueous solutions. Metal sorption and removal
fficiency may be influenced by a number of factors, such as pH,
dsorbent dose, contact time, and initial metal concentration. Cad-
ium adsorption by P. halepensis sawdust is highly pH-dependent,

nd the favorable pH for maximum Cd adsorption on the adsor-
ent under study was at 9.0. For the investigated varying initial
d concentrations, maximum adsorption rates (97.7–100%) were
chieved almost in the first 10 min of contact for Cd concentrations
f 1, 5, and 10 mg/L, and in 20 min of contact for Cd concentra-
ions of 20 and 50 mg/L. A further increase in the contact time
ad a negligible effect on the rate of Cd adsorption. Also, it was
pparent that the percent removal of Cd increases with increas-
ng weight of sawdust due to the greater availability of surface
rea and thus exchangeable sites. However, once almost all Cd is
dsorbed, the contribution of additional sawdust will be insignifi-
ant. For all contact times, an increase in Cd concentration from 1
o 50 mg/L resulted in a decrease in the percent Cd removal from
00% to 87%, and an increase in adsorption capacity from 0.11
o 5.36 mg/g at pH of 9.0 in the presence of 10 mg/L P. halepensis
awdust. The equilibrium adsorption data were tested with three

sotherm models and were best fitted with the Freundlich isotherm
R2 = 0.960). The kinetics of Cd adsorption was very well described
y the pseudo-second-order kinetic model with R2 values exceed-

ng 0.999.
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