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Kinetic studies of Cd (II) and Pb (II) ions biosorption from
aqueous media using untreated and chemically treated
biosorbents
G. K. Bakyayita, A. C. Norrström, M. Nalubega and R. N. Kulabako

ABSTRACT
Untreated and chemically treated Albizia coriaria, Erythrina abyssinica and Musa spp. were studied in
2þ

batch for uptake of Cd

2þ

and Pb

ions at pH 2.0–9.0 and agitation time of 30–390 min. Optimum

biosorption conditions were pH 4 for Pb2þ ions and pH 5 for Cd2þ ions, contact time was 3.5 hours at
24 ± 1 C for 10 mg/L biosorbent dosage and initial metal ions concentration of 20 mg/L. Chemical
W

treatment had a 10–17% biosorption efﬁciency enhancement for Cd2þ ions and a 1.6–2.3% reduction
effect for Pb2þ ions. The sorption capacities for Cd2þ and Pb2þ ions for treated biosorbents were
1.760–1.738 mg g1 compared to 1.415–1.539 mg g1 for untreated materials. The pseudo secondorder model suitably ﬁtted the Cd2þ and Pb2þ ions biosorption data with regression coefﬁcients (R 2) of
0.9784–0.9999. Fitting of the Ho model to the experimental data showed that the biosorption
mechanism for both metal ions studied was mainly a chemisorption process. Therefore, treated A.
coriaria, E. abyssinica and Musa spp. were potential biosorbents for remediation of Cd2þ ions and
the untreated materials suitable for removing Pb2þ ions from contaminated aqueous media.
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INTRODUCTION
Industrialization, urbanization, exploitation of mineral
resources and other anthropogenic activities have triggered
a rise in trace metal contamination of the environment. The
trace metals cadmium, lead, mercury, copper and zinc are
regarded as serious pollutants of aquatic ecosystems due to
their environmental persistence, toxicity and ability to be
incorporated into food chains (Kishe & Machiwa ).
Chronic exposure to cadmium poses health effects such as
kidney dysfunction, growth retardation, bone deformation,
testicular atrophy, hypertension and cancer while exposure
to lead manifests through nervous system disorders, anaemia,
loss of appetite, hypertension, and damage to the brain, liver
and kidney (Krishnani & Ayyapan ).
There are conventional remediation techniques with high
installation and operational costs, sludge disposal hazards
and non-selectivity for trace metals, whereas biosorption
studies have shown biosorbents to be effective remediation
alternatives for trace metals in minute concentrations. Biosorbents that have been studied in both modiﬁed and
unmodiﬁed forms include, among others: leaves, husks and
hulls, peels, barks, and sawdust. Biosorbents of plant origin
doi: 10.2166/wst.2014.147
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consist of hemicellulose, lignin, extractives, lipids, proteins
and starch (Bailey et al. ). Biosorbents release soluble
organics that are extractable with solvents such as hot
water, sodium hydroxide, diethyl ether and ethanol (Rowell
) to ensure that the ﬁltrate meets the water quality standards. Chemical modiﬁcations of biosorbents have been
done using base solutions and oxidizing agents, as well as
organic and mineral acids, to reduce soluble organics and
enhance biosorption performance. Chen and Wu, as well as
Zhao et al., attributed the high performance of modiﬁed biosorbents to increased binding sites, the surface oxygen groups
for metal ions (Chen & Wu ; Zhao et al. ), besides
the improved ion exchange properties.
The purpose of this study was to investigate the kinetics
of biosorption of Cd and Pb ions from contaminated aqueous media under batch conditions using Musa spp.
banana peels, the barks of Erythrina abyssinica and Albizia
coriaria. E. abyssinica and A. coriaria are common tropical
tree species that are grown for fuel and herbal medicine,
whereas Musa spp. are bananas grown for food. When E.
abyssinica and A. coriaria trees are harvested for wood
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Effect of chemical treatment on biosorption efﬁciencies.

and timber, waste bark materials, whose extracts by herbalists are used as local dermatological medications, have little
use. Green Musa spp. peels are removed from the banana
ﬁngers before cooking the food and they form an urban
waste burden with minimal potential for reuse.
The effects of initial pH and agitation time on the biosorption performance for Cd (II) and Pb (II) ions were
evaluated for untreated and chemically treated biosorbents.
The resultant biosorption data for the metal ions were
ﬁtted to two kinetic models to evaluate the performance of
the biosorbents and predict the underlying biosorption
dynamics and mechanisms.

METHODS
Preparation of biosorbents
The samples of the tropical plants; Musa spp. peels and the
barks of E. abyssinica and A. coriaria were collected from a
rural farming district. The plant materials were thoroughly
washed with distilled water and dried in an oven (E series:
ED – E2 Binder, Germany) at 60 C for 72 hours to a constant weight. The dry materials were hammer-milled,
sieved to 2 mm and stored in air-tight plastic bags. For modiﬁcation, 100 g of the material was soaked in 0.25 M NaOH
for 2 hours and neutralized using 0.25 M HCl. The modiﬁed
biosorbent was generously washed with distilled water,
dried in an oven at 105 C for 24 hours and stored in plastic
bags.
W

W
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Preparation of reagents and biosorbates
Cadmium and lead standard solutions for atomic absorption
spectrometry containing 1,000 mg L1 were diluted using
distilled deionized water to required concentrations. The
initial pH of the aqueous solutions was adjusted using
drops of either 0.1 M HCl or NaOH.
Table 1

|

Comparison of biosorbents’ performance with other biomasses

% Biosorption
Biosorbent

Cd

Pb

Reference

Treated A. coriaria

98.3

96.6

Untreated A. coriaria

87.8

98.9

Treated Musa spp.

96.7

95

This study

Untreated Musa spp.

84

96.6

Treated E. abyssinica

98

93.3

Untreated E. abyssinica

80.9

95.2

Rice bran

98.3

99.3

Pine sawdust

90.2

95.3

Sphagnum peat

95.2

99.3

Kalmykova ()

98

Taty-Costodes et al.
()

Sawdust of Pinus
sylivestus

–

Chen et al. ()

Nile rose plant

61.4

98.7

Abdel-Ghani &
Elchaghaby ()

Marine green
macrofungus

98

97

Sari & Tuzen ()

Marine green macroalga

91

97

Dekhil et al. ()

–

80–93

Mota et al. ()

Cork residues
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Biosorption experiments
Biosorption experiments were carried out by agitating
0.5 mg of biosorbent with 50 mL of aqueous solution containing 20 mg L1 of either Pb2þ or Cd2þ ions in closed
bottles. The biosorption studies were done in triplicate at
24 ± 1 C. Agitation was done at 60 rpm at pH 2.0–9.0 for
0.5–6.5 hours. After agitation, bottles were centrifuged at
2,000 rpm for 25 min. A portion of the equilibrated solution
was then ﬁltered through 0.45 μm sterile non-pyrogenic
hydrophilic ﬁlters into polypropylene sample bottles to
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which a drop of concentrated HNO3 was added and
residual trace metal ions analysed using inductively coupled
plasma-mass spectrometry.
Biosorption capacity

W

Figure 2

|

Variation of biosorption capacities q (mg/g) for Cd2þ and Pb2þ ions with initial pH.
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The biosorption capacity, qe for trace metal ions at equilibrium was calculated according to the following Equation (1)
qe ¼

ðC0  Ce ÞV
m

(1)
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where C0 is the initial concentration, Ce is the equilibrium
concentration, V is the volume of solution (L) and m is the
mass of the biosorbent material (g).
Kinetic modelling of biosorption
The nature of the biosorption processes were analysed using
the pseudo ﬁrst-order (Lagergren ) and the pseudo
second-order (Ho & McKay ) kinetic models. The
linear form of the pseudo ﬁrst-order kinetic model is given
by expression (2)
lnðqe  qt Þ ¼ ln qe  k1 t

(2)

where qe and qt (mg/g) are the amounts of the trace metal
ions biosorbed at equilibrium and time t (min) respectively,
and k1 is the rate constant of the equation (min1). From the
plots of ln(qe  qt) versus t, the rate constant k1 can be calculated. The linear form of the pseudo second-order model is
deﬁned by Equation (3)
t
1
¼
þ
qt k2 q2e

 
1
t
qe

(3)
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Musa spp. and E. abyssinica, respectively. Moreover the
Pb2þ ions sorption competences were; 98.9, 96.6 and 95.2%
for untreated A. coriaria, Musa spp. and E. abyssinica respectively. The improvement in metal biosorption was comparable
to the 2–8% reported for alga spirogyra (Bishnoi et al. )
and the 10–20% improvement reported for waste materials
(Chen et al. ). The reduction was similar to that of the 5–
13% for Pb bioremoval by treated cork residues (Mota et al.
). Wan Ngah & Hanafiah () documented the chemical modiﬁcations that enhance metal ions sorption to the
biosorbent structural molecules as a result of NaOH treatment
(Wan Ngah & Hanafiah ). Cadmium is known to exist to a
large extent in the exchangeable fraction, whereas Pb is known
to bind strongly due to different adsorption mechanisms.
Comparison of selected biosorption efﬁciencies for
trace metals
The biosorption efﬁciencies of A. coriaria bark, E. abyssinica
bark and Musa spp. banana peels for the removal of trace
metal ions has been compared with other biomasses in literature in Table 1. The biosorbents under study showed high
biosorption efﬁciency values comparable to those for other

where k2 (g/mg min) is the rate constant of the second-order
equation, qt (mg/g) is the biosorption at time t (min) and qe
(mg/g) is the amount of metal ions biosorbed at equilibrium.

RESULTS AND DISCUSSION
Effect of chemical treatment on biosorption
The results of the effects of chemical treatment on biosorption efﬁciency are presented in Figure 1.
The results shown in Figure 1, were an average of three
replicas for each biosorbent with standard deviation in the biosorption efﬁciencies in the ranges of 0.07–0.22% for Cd (II)
ions and 0.06–1.03% for Pb (II) ions biosorption. Chemical
treatment improved Cd (II) ions biosorption in the order of
E. abyssinica bark (17.1%) > Musa spp. peels (12.7%) > A.
coriaria bark (10.5%). Reports of several studies reviewed by
Wan Ngah and Hanaﬁah showed that chemical treatment of
biosorbents improved biosorption (Wan Ngah & Hanafiah
) although in these studies, a slight reductive effect on
Pb (II) ions biosorption occurred in the order of A. coriaria
bark (2.3%) > E. abyssinica bark (1.9%) > Musa spp. peels
(1.6%). The highest Cd2þ ions biosorption competences
observed were 98.3, 96.7 and 98% for treated A. coriaria,

Downloaded from https://iwaponline.com/wst/article-pdf/69/11/2230/470754/2230.pdf
by guest
on 12 November 2018

Figure 3
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Variation of biosorption capacities q (mmol M2þ/g) with agitation time.
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biomasses in the literature and therefore, have potential for
the removal of Cd2þ and Pb2þ ions from aqueous solution.
Effect of pH on biosorption
The effect of the initial pH on the biosorption capacities of
untreated and treated biosorbents were studied and are
presented for pH 2.0–9.0 in Figure 2.
Biosorption capacities for Cd (II) ions increased
between pH 2.0 and 5, followed by a gradual decrease in biosorption an with increase in initial pH. The biosorption
performance for Cd2þ ions was in the order of A. coriaria >

Figure 4

|

Plots of Lagergren kinetic model ﬁtting of the sorption data for Cd and Pb ions.
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E. abyssinica > Musa spp. peels. The biosorption capacities
for Pb (II) ions increased between pH 2.0 and 4.0, then
decreased sharply with an increase in pH. Biosorption of
Cd2þ and Pb2þ ions was pH dependent and the optimal
pH was 4.0 for Pb (II) whereas it was pH 5.0 for Cd (II)
ions. The optimal pH values concurred with those
reported in the literature as pH 5.0 for Cd and pH 4.0 for
Pb (Kaewsam et al. ; Dekhil et al. ). The electrostatic
attraction between the negative biomass surface and the
positive metal ions increased with pH, although it reduced
above pH 5.0, probably due to complexation with OH
ions and chemical precipitation.
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Effect of agitation time on biosorption
The results of the effect of agitation time on biosorption are
presented in Figures 3.
The biosorption capacities of both treated and untreated
biosorbents increased gradually for Cd2þ and Pb2þ ions to
peak values at 210 min and then reduced for longer agitation times. The Pb2þ ions biosorption trends for treated
and untreated biosorbents were similar, although the treated
materials showed higher values. The biosorption capacities
increased with agitation time for treated and untreated biosorbents up to 3.5 hours at 24 ± 1 C. Therefore, the
optimum agitation time was selected as 3.5 hours for Cd2þ
W

Figure 5

|

Plots of Ho kinetic model ﬁtting of the sorption data for Cd and Pb ions.
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and Pb2þ ions biosorption at 24 ± 1 C for 10 mg/L biosorbent dosage (‘Biosorbtion experiments’ section).
W

Kinetic modelling of biosorption
The plots for the Lagergren and Ho kinetic models ﬁtting to
the sorption data are presented in Figures 4 and 5.
The pseudo ﬁrst-order (Lagergren) model did not ﬁt all
the experimental data for Cd2þ ions, although part of the
data for Pb2þ ions sorption gave good regression coefﬁcient
(R 2) values; 0.8183–0.9084. The Lagergren model could not
explain the Cd2þ ions sorption mechanisms but could
describe Pb2þ ions sorption for short durations of 30

2236
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minutes. The Ho model parameters give very satisfactory ﬁts
for both Cd2þ and Pb2þ biosorption data for all biosorbents
with regression coefﬁcient (R 2) values; 0.9978–0.9999 for
Cd2þ ions and 0.9995–0.9998 for Pb2þ ions. The qe values
were; 1.334–1.728 mg/g for Cd2þ ions and 1.306–
1.360 mg/g for Pb2þ ions. The Ho model parameters for
all the biosorbents were a very good representation of the
sorption process. Since the Ho model ﬁts all the Cd2þ and
Pb2þ ions experimental data, the biosorption mechanism
predicted was chemisorption. The Ho model ﬁtting of sorption data was in agreement with other studies (Kalmykova
; Sari & Tuzen ; Dekhil et al. ).

CONCLUSIONS
Chemical treatment of biosorbents enhanced Cd2þ ions
removal but had a reductive effect on Pb2þ ions biosorption
efﬁciencies. Maximum biosorption was achieved at pH 4 for
Pb2þ ions and pH 5 for Cd2þ ions for 3.5 hours of contact
time at 24 ± 1 C. The biosorption data were adequately
described by the Ho model with regression coefﬁcient (R 2)
values; 0.9978–0.9999 for Cd2þ ions and 0.9995–0.9998 for
Pb2þ ions, which indicated that the chemisorption reaction
mechanism governed the sorption process. The treated biosorbents were more appropriate for Cd2þ ions removal, whereas
the untreated materials were more suitable for Pb2þ ions sorption. Biosorption performance for trace metal removal was in
the order of A. coriaria, Musa spp. and E. abyssinica. The plant
wastes; A. coriaria, E. abyssinica and Musa spp. have been
found to be potential biosorbents for the removal of Cd2þ
and Pb2þ ions from aqueous solutions.
W
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