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Abstract The abundantly available industrial waste
product Morus alba L. pomace (MAP) is one of the
cost-effective biosorbent for removal of metal ions
from aqueous solutions. Hence, in the present study,
we aimed to test the ability of MAP to remove Cd(II)
ions through batch biosorption process. Firstly, MAP
was characterized using several techniques, and then
the influence of various experimental parameters such
as initial pH of the aqueous solution, initial Cd(II)
concentration, contact time, MAP concentration, and
temperature were evaluated upon the biosorption pro-
cess. It was found that the maximum uptake of Cd(II)
ions occurred at initial pH 6.0 and optimum contact
time was observed as 60 min. Cd(II) ions adsorption
on MAP analyzed by the Langmuir and Freundlich
isotherm models and the maximum monolayer bio-
sorption capacity of MAP was found to be 21.69 mg
g−1 by using the Langmuir isotherm model. The

pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion models were employed to de-
scribe the biosorption kinetics. In order to investigate
the thermodynamic properties of the biosorption pro-
cess, the changes in the Gibbs free energy (ΔG), en-
thalpy (ΔH), and entropy (ΔS) were also evaluated and
it has been concluded that the process was feasible,
spontaneous, and endothermic in the temperature
range of 5–40 °C.
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Introduction

High industrial activity is a sine qua non for a healthy
economy, but this comes with a price; one of which is
heavy metal pollution. Most of the industrial processes
including milling, textile, metal plating, stabilizers,
battery manufacturing, metallurgical alloying, and
mining operations discharge heavy metals into the
environment, namely rivers, lakes, streams, and
groundwater. In addition to the toxic and other harm-
ful effects to the living organisms in water, heavy
metals can also enter the food chain and may affect
human health as well (Akar et al. 2009; Bhat et al.
2008; Ozdes et al. 2011; Forstner and Wittman 1981).

Cadmium is one of the most common toxic metals
that take place in various industrial processes. The
half-life of cadmium is in the range of 10–30 years.
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The accumulation of cadmium in human body affects
kidney, bones, and causes acute and chronic metabolic
disorders, such as itai-itai disease, renal dysfunction, lung
damage, emphysema, hepatic injury, hypertension and
testicular atrophy, and teratogenic effects (Verougstraete
et al. 2002; Megateli et al. 2009). According to the World
Health Organization (WHO) recommendation, the max-
imum permissible limit for Cd(II) ions in drinking water
is as low as 5 μgL−1 (WHO 1993). Because of its high
toxicity, the Cd(II) levels in drinking water and wastewa-
ter should be reduced to below the maximum permissible
concentration (ATSDR 1999).

Since the heavy metals may be valuable resources for
some other industrial applications, their recovery from
the pollutants and recycling of them would be a signif-
icant contribution. In addition, strict environmental reg-
ulations obligate industries to choose cleaner production
methods. As a result of these restrictions, development
of non-polluting, cost-effective, and efficient treatment
techniques for metal rich wastes has been an attractive
field of research (Nagpal et al. 2011).

Biosorption is a recently raising and attractive tech-
nology which is based on the process of sorption of a
dissolved substance using a biomaterial. It has been
shown that this technique has a strong potential for
removal of heavy metals from aqueous solutions as
well as recovery of precious metals (Guillen-Jimenez
et al. 2009; Rehman and Anjum 2011).

Several methods such as chemical precipitation,
ion-exchange, reverse osmosis, filtration, electro-
chemical treatments, solvent extraction, membrane
processes, and adsorption have been developed for
removal of organic and inorganic pollutants from
aqueous environment (Chong and Volesky 1995;
Elouear et al. 2009; Ozcan et al. 2005; Aci et al.
2008). The adsorption processes have proven many
advantages over the conventional methods. The main
advantages of this technique are the recyclability of
the sorbents, relatively low operating cost, high selec-
tivity for the metal of interest, removal of heavy metals
from effluent disregarding their toxicity, shorter pro-
cessing time, and no production of secondary toxic
agents (Ahluwalia and Goyal 2007; Liu et al. 2007).
Various plant-derived materials including orange peel
(Li et al. 2008), mushrooms (Vimala and Das 2009),
eucalyptus bark (Ghodbane et al. 2008), and papaya
wood (Asma et al. 2005) have been evaluated for their
biosorption capability in removal of Cd(II) ions from
aqueous solutions.

The aim of this study is to explore the biosorption
efficiency of Morus alba L. pomace (MAP) in bio-
sorbing of Cd(II) ions. The conditions affecting the
biosorption process such as initial solution pH, contact
time, MAP dosage, initial Cd(II) concentration, and
temperature were investigated. The Langmuir and
Freundlich models were used to determine the equi-
librium isotherms. The kinetics and thermodynamic
parameters were also determined to describe the bio-
sorption process of Cd(II) ions onto MAP.

Materials and methods

Preparation and characterization of MAP

The plant ofM. alba L. is a common tree in East Black
Sea Region of Turkey. The M. alba L. pomace can be
processed as animal feed and undergoes aerobic or
anaerobic digestion to produce compost or energy. It
was used as a biosorbent without any previous physical
or chemical pretreatment for the biosorption of Cd(II)
ions. It was supplied from Doga Pestil Kome Factory in
Gumushane, Turkey. This factory processes 60 tons of
M. alba L. annually and 12 tons of MAP remains as an
industrial waste product. This industrial waste was
washed with deionized water to remove dust, surface
impurities and soluble materials. Then it was dried in an
oven (Nüve FN 400) at 40 °C for 4 days. The dried
waste was grounded to a fine powder in a grinding mill
and sieved to get size fraction of <150 μm, and stored in
a desiccator to be used in all biosorption experiments.

The surface acidic functional groups containing
oxygen were determined according to Boehm titration
(Boehm 2002). The other characterization parameters
such as self pH value of the MAP, pH of zero charge
(pHpzc), and moisture content were determined using
standard methods (APHA 1985) and the results were
given in Table 1.

Biosorption experiments

A batch technique was performed for the biosorption of
Cd(II) ions onto MAP. Stock solution of the Cd(II) ions
was prepared as 5,000 mgL−1 from Cd(NO3)2·4H2O by
dissolving appropriate amount of it in distilled/deion-
ized water. For biosorption tests, 10 mL of Cd(II) sol-
utions in the concentration range of 50–1,000 mgL−1 at
initial pH 6.0 (which was adjusted with 0.1 N HCl or
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0.1 N NaOH at the beginning of the experiments) was
added into the polyethylene centrifuge tubes. Then
50 mg of MAP (5.0 gL−1 suspension) was transferred
into the solutions, and then the mixture was shaken on a
mechanical shaker (Edmund Bühler GmbH) at 400 rpm.
After reaching the equilibrium (60 min), the suspension
was centrifuged at 3,000 rpm for 10 min, and the con-
centration of the dilute phase was analyzed for the Cd
(II) concentration using a flame atomic absorption spec-
trometer, FAAS (Perkin Elmer AAnalyst-400). The
amount of the biosorbed Cd(II) ions by the MAP was
calculated using the following equation:

qe ¼ Co � Ceð ÞV
ms

ð1Þ

where Co (mgL−1) is the initial concentration of Cd(II)
solution, Ce (mgL−1) is the equilibrium concentration of
Cd(II) in aqueous solution, V (L) is the volume of the
solution, ms (g) is the mass of the MAP, and qe (mgg−1)
is the calculated Cd(II) biosorption amount onto 1.0 g of
MAP.

Results and discussion

Effect of initial pH

Since the pH of the aqueous media is one of the most
important parameters affecting the biosorption process,
the effects of initial pH on the biosorption of Cd(II) ions
onto MAP were evaluated by changing the initial pH
values over a range of 2.0–7.0. The experiments were
conducted with initial Cd(II) concentration of 50 mgL−1

and MAP concentration of 5.0 gL−1. The biosorption
amount of Cd(II) ions increased with the increase in
initial pH from 2.0 to 7.0 (Fig. 1). The pHPZC of any
adsorbent is a very important characteristic that deter-
mines the pH at which the surface has net electrical

neutrality (Khan andWahab 2007). The effects of initial
pH can be explained by considering the surface charge
of MAP at different pH values. The surface of MAP is
negatively charged when pH value is higher than pHPZC,
whereas when pH value is lower than pHPZC, the surface
charge ofMAP becomes positive. Because of the pHPZC

value of MAP was found to be 5.60, the Cd(II) ions can
bind easily to the surface of MAP at pH values higher
than 5.60. At lower pH values, the Cd(II) removal was
inhibited, possibly due to the competition with the hy-
dronium ions for metal binding sites on the surface of
the MAP. As the pH increasing, more negatively
charged and deprotonated MAP surface become avail-
able thus facilitating greater Cd(II) biosorption. As a
result, the optimum initial pH for Cd(II) biosorption
onto MAP was found to be 6.0.

Effect of contact time and biosorption kinetics

In order to evaluate the effect of contact time on the
biosorption of Cd(II) ions ontoMAP, a solution of initial
Cd(II) concentration of 50 mgL−1 and MAP suspension
of 5.0 gL−1 was used within the contact time range of 1–
360 min. At the initial phase of the biosorption process,
since the active biosorption sites were more available
and the metal ions could interact easily with these sites,
the rate of uptake of Cd(II) ions was high for the first
10 min of the contact time. After this initial phase, the
uptake continued at a slower rate and finally the equi-
librium was reached through the saturation of the bio-
sorption sites in 60 min. Therefore, the following

Table 1 Characteristics of MAP

pH 5.85

pHpzc 5.60

Moisture content (%) 7.06

Surface functional groups (mmolg−1)

Carboxylic 0.52

Phenolic 1.04

Lactonic 0.17

Total acidic value 1.73
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Fig. 1 Effect of initial pH on Cd(II) biosorption onto MAP
(initial Cd(II) concentration, 50 mgL−1; biosorbent concentra-
tion, 5.0 gL−1)
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biosorption experiments were carried out for a contact
time of 60 min (Fig. 2(a)). The mechanism of the bio-
sorption process was estimated by applying the pseudo-
first-order, pseudo-second-order, Elovich and intrapar-
ticle diffusion models to the experimental data.

The pseudo-first-order equation can be written as
follows (Lagergren 1898):
lnðqe � qtÞ ¼ ln qe � k1t ð2Þ
The pseudo-second-order model is in the following

form (Ho and McKay 1999):

t

qt
¼ 1

k2qe2
þ t

qe
ð3Þ

The Elovich equation is given as follows (Cheung
et al. 2001):

qt ¼ ð1=bÞ lnðabÞ þ ð1=bÞ ln t ð4Þ
where qe (mgg−1) and qt (mgg−1) are the amounts of
the metal ions biosorbed on the biosorbate at equilib-
rium and at any time t, respectively, k1 (min−1) is the
rate constant of the first order equation, k2 (gmg−1

min−1) is the rate constant of the second-order equa-
tion, α (mgg−1min−1) is the initial sorption rate, and β
(gmg−1) is related to the extent of surface coverage
and activation energy for chemisorption.

The pseudo-first-order model constants, k1 and qe,
can be obtained from the slope and intercept of the linear
plot of ln(qe–qt) versus t, respectively. The value of qe
(qe cal), calculated by applying the model, is not in a
good agreement with the experimental value of qe
(qe exp). The Elovich model constants, α and β, were
also calculated from the intercept and slope of the plot of
qt versus ln(t), respectively. The lower values of the
correlation coefficients lead to a conclusion that the
pseudo-first-order and Elovich models are not suitable
for modeling the biosorption of Cd(II) ions onto MAP
(Table 2). As in the previous models, the pseudo-second-
order kinetic model constants, k2 and qe, were determined
from the intercept and slope of the plot of t/qt versus t
(Fig. 2(b)), respectively, and the calculated values were
presented in Table 2 along with the corresponding corre-
lation coefficient. It can be easily seen that the qe
value, calculated from the model as described
above, and the experimental value of it are very
close to each other. The correlation coefficient
value obtained from the pseudo-second-order ki-
netic model seems to be relatively high. Therefore,
it can be easily claimed beyond any speculation

that the pseudo-second-order adsorption mecha-
nism is predominant for the biosorption of Cd(II)
ions onto MAP.

Fig. 2 a Effect of contact time on Cd(II) uptake by MAP (initial
Cd(II) concentration, 50 mgL−1; biosorbent concentration, 5.0 g
L−1; initial pH 6.0). b Pseudo-second-order kinetic model
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The intraparticle diffusionmodel equation is expressed
as (Weber Jr and Morriss 1963);

qt ¼ kidt
1=2 þ c ð5Þ

where qt (mgg−1) is the amount of sorption at time t (min)
and kid (mgg−1min−1/2) is the rate constant of intrapar-
ticle diffusion model. The biosorption process usually
occurs in three stages, which are film diffusion, intra-
particle or pore diffusion, and sorption onto interior
sites. Thus, the plot of qt versus t

1/2 may present multi-
linearity. In most cases, the sorption of a biosorbate onto
interior sites of a biosorbent occurs rapidly, and there-
fore, the sorption process is controlled by film diffusion
or pore diffusion, depending on the rate of each stage.
Two distinct phases were observed in the intraparticle
mass transfer curve of Cd(II) biosorption (Fig. 2(c)). In
the first phase, Cd(II) ions diffuse into the external
surface of MAP and the intraparticle diffusion of Cd
(II) ions into the pores of MAP occurs in the second
phase. The rate constants of the first (kid,1) and the
second phase (kid,2) can be obtained from the slope of
the plot of qt versus t

1/2. The obtained results were given
in Table 2. Since the value of kid,2 is smaller than kid,1, it
can be concluded that the intraparticle diffusion occurs
slower than the film diffusion. Therefore, it can be
claimed that the rate of the intraparticle diffusion is the
limiting factor for Cd(II) biosorption process. However,
the line corresponding to the intraparticle diffusion
phase does not pass through the origin, and hence the
Cd(II) biosorption onto MAP can be considered as a
complex process, where both intraparticle diffusion and
surface sorption contribute to the rate-limiting step
(Masamune and Smith 2004).

Effect of initial Cd(II) concentration and biosorption
isotherms

The effects of initial Cd(II) concentration on the biosorp-
tion process were evaluated by using the solutions in
which the initial Cd(II) concentration changes in the

range of 50–1,000 mgL−1 at initial pH 6.0. The availabil-
ity of the active biosorption sites on the biosorbent surface
and the ability of these sites to bind metal ions are the
important factors which may be effective on the metal
uptake efficiency at different initial metal ion concentra-
tions. As the initial Cd(II) concentration was increased
from 50 to 1,000 mgL−1, the equilibrium concentration
increased from 6.8 to 21.2 mgg−1 due to the increased
driving force of the Cd(II) ions towards to the active
biosorption sites, whereas the biosorption percentage de-
creased from 76.3% to 11.4% due to the saturation of the
available biosorption sites on the biosorbent surface
which prevents further Cd(II) ions binding (Fig. 3(a);
Reddad et al. 2002). The possible biosorption mecha-
nisms of Cd(II) ions onto MAP were evaluated in terms
of Langmuir and Freundlich isotherm models.

The Langmuir isotherm model in linear form is
(Langmuir 1918);

Ce

qe
¼ Ce

qmax
þ 1

bqmax
ð6Þ

where qe (mgg−1) is the amount of the metal ions
biosorbed per unit mass of biosorbent, Ce (mgL−1) is
the equilibrium metal ion concentration in aqueous so-
lution, qmax (mgg−1) and b (Lmg−1) are the Langmuir
constants related to the biosorption capacity and free
energy or net enthalpy of biosorption, respectively. The
linear plot of Ce/qe versus Ce shows that sorption obeys
the Langmuir model and the constants qmax and b are
evaluated from slope and intercept of the linear plot,
respectively. According to the Langmuir isotherm mod-
el, the maximum monolayer biosorption capacity of
MAP for Cd(II) was found to be 21.69 mgg−1.

The Freundlich isotherm model in linear form is
(Freundlich 1906);

ln qe ¼ lnKf þ 1

n
lnCe ð7Þ

where Kf is a constant related to the sorption capacity
(mgg−1) and 1/n is an empirical parameter related to

Table 2 Parameters of pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion models

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe exp (mgg−1) k1 (min−1) qecal (mgg−1) R2 k2 (gmg−1min−1) qe cal (mgg−1) R2

7.04 −0.0182 1.03 0.6367 0.153 7.05 0.9999

Intraparticle diffusion model Elovich model

kid,1 (mgg−1min−1/2) R2 kid,2 R2 C β (gmg−1) α (mgg−1min−1) R2

1.331 0.9999 0.026 0.7949 5.68 0.422 1.4×105 0.7223
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the sorption intensity. The value of n varies with the
heterogeneity of the sorbent and gives an idea for the
favorability of the sorption process. The value of n
should be less than 10 and higher than unity for
favorable sorption conditions. The Freundlich con-
stants Kf and 1/n can be determined from the intercept
and slope of the linear plot of lnqe versus lnCe, re-
spectively. According to the Freundlich isotherm mod-
el, n value was found to be 4.21 which implies that the
adsorption process is favorable under the studied ex-
perimental conditions.

The equilibrium data obtained from the biosorption
of Cd(II) ions onto MAP were fitted to the Langmuir
and Freundlich isotherm models (Fig. 3(b)). All of the
isotherm constants and correlation coefficients were
calculated from the linear equations of the models and
the results were displayed in Table 3. Comparison of

the correlation coefficient values obtained from the
models leads to a conclusion that the experimental
data are fitted well to Langmuir isotherm model which
reflects the homogeneous distribution of the active
biosorption sites on the surface of the MAP.

Effect of temperature and thermodynamics
of biosorption

The effect of temperature on the biosorption amount of
Cd(II) ions was tested by conducting the experiments
in the temperature range of 5–40ºC. In these experi-
ments, the initial Cd(II) concentration and MAP sus-
pension were kept at 50 mgL−1 and 5.0 gL−1,
respectively. It was concluded that the biosorption of
Cd(II) ions onto MAP was endothermic, since the
biosorption capacity of Cd(II) ions increased from
6.3 (73.2 % removal) to 6.9 mgg−1 (80.0 % removal)
with the increase in temperature from 5 °C to 40 °C
(Fig. 4). The following two reasons may be attributed
to this observation: either the number of active bio-
sorption sites on the MAP surface increased or the
mobility of Cd(II) cations increased with the increase
in temperature (Briand et al. 2000).

The thermodynamic parameters including Gibbs
free energy (ΔG), enthalpy (ΔH), and entropy (ΔS)
changes were calculated using the following equations
(Smith and Van Ness 1987);

ΔG ¼ �RT ln Kdð Þ ð8Þ
where R is the universal gas constant (8.314 Jmol−1

K−1), T is the temperature (K), and Kd is the distribu-
tion coefficient. The Kd value is calculated using fol-
lowing equation;

Kd ¼ qe=Ce ð9Þ
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Fig. 3 a Effect of initial Cd(II) concentration on Cd(II) bio-
sorption onto MAP (initial pH 6.0; biosorbent concentration,
5.0 gL−1; contact time, 60 min). b Comparison of equilibrium
isotherms between the experimental and theoretical data for Cd
(II) uptake

Table 3 Langmuir and Freundlich isotherm parameters for the
biosorption of Cd(II) onto MAP

Langmuir isotherm model

qmax (mgg−1) 21.69

b (Lmg−1) 0.025

R2 0.9964

Freundlich isotherm model

Kf (mgg−1) 4.52

n 4.21

R2 0.9213
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where qe (mgL−1) and Ce (mgL−1) are the equilibrium
concentration of Cd(II) ions biosorbed onto MAP and
remained in the solution, respectively. The enthalpy
(ΔH) and entropy (ΔS) changes of the process were
estimated from the following equation:

ΔG ¼ ΔH � TΔS ð10Þ
This equation can be written as;

lnKd ¼ ΔS

R
� ΔH

RT
ð11Þ

The slope and intercept of the plot of ln(Kd) versus
1/T was used to estimate the ΔH and ΔS values, re-
spectively. Equation (8) was utilized to determine the
ΔG values within the temperature range of 5–40 °C.
The present biosorption process was feasible and
spontaneous in nature as indicated by the negative
ΔG values (Table 4). The endothermic nature of the
biosorption process of Cd(II), as was pointed out
earlier, was clearly indicated by the positive value of

ΔH. In addition, the randomness of the solid/solution
interface during the biosorption of Cd(II) ions onto
MAP increased as indicated by the positive ΔS value.

Effect of MAP concentration

The effects of MAP concentration on the removal of Cd
(II) ions were investigated with a series of experiments in
which theMAP concentrations were varied in the range of
1–30 gL−1. In these experiments, the contact time, initial
Cd(II) concentration, and initial pH value of the aqueous
solution were kept as 60 min, 50 mgL−1, and 6.0, respec-
tively. The influence of the MAP concentration on the
removal of Cd(II) was displayed in Fig. 5. The results
pointed out that the percentage biosorption amount of Cd
(II) ions increased with the increase in MAP concentra-
tion. This observation could be explained by the increase
in active biosorption sites on the MAP surface, and there-
foremaking penetration of the Cd(II) ions into the sorption
sites easier. However, there is an inverse ratio between the
adsorbent dosage and the amount of adsorbate uptaked by
the sorbent such that the Cd(II) ions biosorbed per unit
mass of theMAP (qe) decreased with increasing the MAP
concentration because of the aggregation of the biosorbent
particles (Ozer et al. 2012; Walker and Weatherley 2001).

Conclusions

The removal of Cd(II) ions with a batch biosorption
process from an aqueous solutions by utilization of M.

Table 4 Thermodynamic parameters of Cd(II) biosorption onto
MAP at different temperatures

Thermodynamics parameters

T (°C) ΔG (kJmol−1) ΔS (Jmol−1K−1)ª ΔH (kJmol−1)ª

5 −2.32 36.09 7.59
25 −2.91
35 −3.28
40 −3.59

ªMeasured between 278 and 313 K
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Fig. 4 Effect of temperature on Cd(II) uptake (initial Cd(II)
concentration, 50 mgL−1; biosorbent concentration, 5.0 gL−1;
initial pH 6.0; contact time, 60 min)
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alba L. pomace (MAP), which was an agricultural
byproduct, has been examined. The study is important
from environmental point of view because it provides
an economically viable means to recycle of an unused
resource which presents serious disposal problems.
The MAP was used without any previous activation
treatment which decreased the biosorption costs. The
efficiency of the MAP in removing of Cd(II) ions was
tested with respect to equilibrium, kinetics and ther-
modynamics parameters. The kinetics of Cd(II) bio-
sorption onto MAP surfaces was followed by the
pseudo-second-order model. The best results for the
equilibrium were obtained with the Langmuir iso-
therm model and the monolayer biosorption capacity
of MAP was found to be 21.69 mgg−1 by using the
Langmuir isotherm model. The investigation carried
out on thermodynamic parameters indicated that the
biosorption of Cd(II) ions onto MAP was feasible,
spontaneous, and endothermic in nature. Taking into
account of the findings of this study, it can be con-
cluded that the natural MAP can be used as an effec-
tive, economical and easily available biosorbent in
removal of Cd(II) ions from aqueous solutions by
using the present biosorption process.

References

Aci, F., Nebioglu, M., Arslan, M., Imamoglu, M., Zengin, M., &
Kucukislamoglu, M. (2008). Preparation of activated car-
bon from sugar beet molasses and adsorption of methylene
blue. Fresenius Environmental Bulletin, 17(8A), 997–
1001.

Ahluwalia, S. S., & Goyal, D. (2007). Microbial and plant
derived biomass for removal of heavy metals from waste-
water. Bioresource Technology, 98, 2243–2257.

Akar, T., Kaynak, Z., Ulusoy, S., Yuvaci, D., Ozsari, G., &
Tunali-Akar, S. (2009). Enhanced biosorption of nickel
(II) ions by silica-gel-immobilized waste biomass: biosorp-
tion characteristics in batch and dynamic flow mode. Jour-
nal of Hazardous Materials, 163, 1134–1141.

APHA, American Public Health Association. (1985). Standard
methods for the examination of water and wastewater
(18th ed.). Washington, DC: American Public Association.

Asma, S., Waheed, A. M., & Muhammed, I. (2005). Removal
and recovery of heavy metals from aqueous solution using
papaya wood as a new biosorbent. Separation and Purifi-
cation Technology, 45, 25–31.

ATSDR. (1999). Agency for toxic substances and disease reg-
istry, toxicological profiles. Atlanta: Department of Health
and Human Services, Public Health Service.

Bhat, S. V., Melo, J. S., Chaugule, B. B., & D’Souza, S. F.
(2008). Biosorption characteristics of uranium (VI) from

aqueous medium onto Catenella repens, a red alga. Journal
of Hazardous Materials, 158, 628–635.

Boehm, H. P. (2002). Surface oxides on carbon and their anal-
ysis: a critical assessment. Carbon, 40, 145–149.

Briand, L. E., Farneth, W. E., & Wachs, I. E. (2000). Quantita-
tive determination of the number of active surface sites and
the turnover frequencies for methanol oxidation over metal
oxide catalysts: I. Fundamentals of the methanol chemi-
sorption technique and application to monolayer sup-
ported molybdenum oxide catalysts. Catalysis Today, 62,
219–229.

Cheung, C. W., Porter, J. F., & McKay, G. (2001). Sorption
kinetic analysis for the removal of cadmium ions from
effluents using bone char. Water Research, 35, 605–612.

Chong, K. H., & Volesky, B. (1995). Description of two-metal
biosorption equilibria by Langmuir-type models. Biotech-
nology and Bioengineering, 47, 1–10.

Elouear, Z., Bouzid, J., & Boujelben, N. (2009). Removal of
nickel and cadmium from aqueous solutions by sewage
sludge ash: study in single and binary systems. Environ-
mental Technology, 30, 561–570.

Forstner, U., & Wittman, C. T. W. (1981).Metal pollution in the
aquatic environment. New York: Springer.

Freundlich, H. M. F. (1906). Über die adsorption in lösungen.
Zeitschrift für Physikalische Chemie, 57, 385–470.

Ghodbane, I., Nouri, L., Hamdaoui, O., & Chiha, M. (2008).
Kinetic and equilibrium study for the sorption of cadmium
(II) ions from aqueous phase by eucalyptus bark. Journal
of Hazardous Materials, 152(1), 148–158.

Guillen-Jimenez, F. M., Netzahuatl-Munoz, A. R., Morales-
Barrera, L., & Cristiani-Urbina, E. (2009). Hexavalent
chromium removal by Candida sp. in a concentric drafttube
airlift bioreactor. Water Air Soil Pollution, 204, 43–51.

Ho, Y. S., & McKay, G. (1999). Pseudo-second-order model for
sorption processes. Process Biochemistry, 34, 451–465.

Khan, M. N., & Wahab, M. F. (2007). Characterization of
chemically modified corncobs and its application in the
removal of metal ions from aqueous solution. Journal of
Hazardous Materials, 141, 237–244.

Lagergren, S. (1898). About the theory of so-called adsorption
of soluble substance. Kung Sven. Veten. Hand., 24, 1–39.

Langmuir, I. (1918). The adsorption of gases on plane surfaces
of glass, mica and platinum. Journal of the American
Chemical Society, 40, 1361–1403.

Li, X., Tang, Y., Cao, X., Lu, D., Luo, F., & Shao, W. (2008).
Preparation and evaluation of orange peel cellulose adsorb-
ents for effective removal of cadmium, zinc, cobalt and
nickel. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 317, 512–521.

Liu, Y. G., Wang, X., Zeng, G. M., Qu, D., Gu, J. J., Zhou, M.,
& Chai, L. Y. (2007). Cadmium-induced oxidative stress
and response of the ascorbate–glutathione cycle in Bech-
meria nivea (L.) Gaud. Chemosphere, 69, 99–107.

Masamune, S., & Smith, J. M. (2004). Adsorption of ethyl
alcohol on silica gel. AICHE Journal, 11(1), 41–45.

Megateli, S., Semsari, S., & Couderchet, M. (2009). Toxicity
and removal of heavy metals (cadmium, copper, and zinc)
by Lemna gibba. Ecotoxicology and Environmental Safety,
72, 1774–1780.

Nagpal, U. M. K., Bankar, A. V., Pawar, N. J., Kapadnis, B. P.,
& Zinjarde, S. S. (2011). Equilibrium and kinetic studies

6010 Environ Monit Assess (2013) 185:6003–6011



on biosorption of heavy metals by leaf powder of paper
mulberry (Broussonetia papyrifera). Water, Air, and Soil
Pollution, 215, 177–188.

Ozcan, A., Ozcan, A. S., Tunali, S., Akar, T., & Kiran, I. (2005).
Determination of the equilibrium, kinetic and thermodynamic
parameters of adsorption of copper(II) ions onto seeds of
Capsicum annuum. Journal of Hazardous Materials, 124,
200–208.

Ozdes, D., Duran, C., & Senturk, H. B. (2011). Adsorptive
removal of Cd(II) and Pb(II) ions from aqueous solutions
by using Turkish illitic clay. Journal of Environmental
Management, 92, 3082–3090.

Ozer, C., Imamoglu, M., Turhan, Y., & Boysan, F. (2012). Re-
moval of methylene blue from aqueous solutions using phos-
phoric acid activated carbon produced from hazelnut husks.
Toxicological and Environmental Chemistry, 94, 1283–1293.

Rehman, A., & Anjum, M. S. (2011). Multiple metal tolerance
and biosorption of cadmium by Candida tropicalis isolated
from industrial effluents: glutathione as detoxifying agent.
Environmental Monitoring and Assessment, 174, 585–595.

Reddad, Z., Gerente, C., Andres, Y., & Le Cloirec, P. (2002).
Adsorption of several metal ions onto a low-cost biosorbent:

kinetic and equilibrium studies. Environmental Science and
Technology, 36(9), 2067–2073.

Smith, J. M., & Van Ness, H. C. (1987). Introduction to chem-
ical engineering thermodynamics (4th ed.). Singapore:
McGraw-Hill.

Verougstraete, V., Lison, D., & Hotz, P. (2002). A systematic
review of cytogenetic studies conducted in human popula-
tions exposed to cadmium compounds.Mutation Research,
511, 15–43.

Vimala, R., & Das, N. (2009). Biosorption of cadmium(II) and
lead(II) from aqueous solutions by using mushrooms: a
comparative study. Journal of Hazardous Materials, 168,
376–382.

Walker, G. M., & Weatherley, L. R. (2001). Adsorption of dyes
from aqueous solution—the effect of adsorbent pore size
distribution and dye aggregation. Chemical Engineering
Journal, 83, 201–206.

Weber, W. J., Jr., & Morriss, J. C. (1963). Kinetics of adsorption
on carbon from solution. Journal of Sanitary Engineering
Division, American Society of Civil Engineers, 89, 31–60.

World Health Organization. (1993). Guidelines for Drinking
Water Quality, second ed., vol. 1., Geneva.

Environ Monit Assess (2013) 185:6003–6011 6011


	Biosorption properties of Morus alba L. for Cd (II) ions removal from aqueous solutions
	Abstract
	Introduction
	Materials and methods
	Preparation and characterization of MAP
	Biosorption experiments

	Results and discussion
	Effect of initial pH
	Effect of contact time and biosorption kinetics
	Effect of initial Cd(II) concentration and biosorption isotherms
	Effect of temperature and thermodynamics of biosorption
	Effect of MAP concentration

	Conclusions
	References


