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ABSTRACT

The ability of crab shell to biosorb two rare earth elements (REE), namely cerium(IIl) and europium(III)
from single and binary systems has been studied. Crab shell majorly comprised of calcium carbonate,
protein and chitin. Experiments to identify the role of these constituents in REE biosorption revealed that
calcium carbonate was mainly responsible for REE removal. Microprecipitation of REE by carbonate ions
and subsequent settling on the surface of crab shell was identified as major mechanism responsible for
crab shell biosorption performance. At optimum pH of 6, in single component system, crab shell exhib-
ited maximum Ce(III) and Eu(III) uptakes of 144.9 and 49.5 mg/g, respectively, according to the Langmuir
model. In binary systems, both Ce(III) and Eu(IIl) compete with each other resulted in decreased uptake. In
an attempt to model the binary biosorption data, Sheindorf-Rebhun-Sheintuch equation provided more
accurate prediction of isotherm data compared to extended Langmuir model with constant interaction
factor. Kinetic experiments revealed that equilibrium was attained in 60 min, followed by complete sat-
uration in 2 h, for both Ce(III) and Eu(III). Pseudo-first order model better predicted the kinetic data with

high correlation coefficients and low % error values than pseudo-second order model.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rare earth elements (REEs) are widely used in metallurgy [1],
ceramic industry [2], agriculture [3] and medicine [4] as well as
in the nuclear industries [5]. Both radioactive and stable REEs can
enter the food chain, resulting in their intake by humans. Consid-
ering the accumulation property of REEs and its relative toxicity
towards living organisms [6,7], there is a need to find a suitable
and economical treatment method for REE-bearing solutions.

In recent years, adsorption using biological materials has been
identified as a potential method for the remediation of metal-
bearing solutions. Biosorbents for the removal of metal ions mainly
come under the following categories: bacteria, fungi, algae, indus-
trial waste, agricultural wastes and other polysaccharide materials.
In general, all types of biomaterials have shown good biosorp-
tion capacities towards all types of metal ions. The inherent
advantages and applications of biosorption have been extensively
reviewed by several investigators [8,9]. Of the different types of
biosorbents, macroscopic and industrial/agricultural wastes are
generally preferred for successful biosorption processes. Microbial
biosorbents are basically small particles with low density, poor
mechanical strength and little rigidity. Even though they excel
with high biosorption capacity, they suffer with solid-liquid sepa-

* Corresponding author. Tel.: +65 65165135; fax: +65 67744202.
E-mail address: eserbala@nus.edu.sg (R. Balasubramanian).

1385-8947/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2010.08.012

ration, biomass swelling, impossibility of regeneration/reuse and
development of a high pressure drop when used in continuous
column mode [9]. Researchers also identified biosorbents which
showed good mechanical stability as well as good biosorption abil-
ity [9,10]. One such biosorbent is crab shell waste, obtained from
seafood industries. Due to its high calcium carbonate, chitin and
protein contents, crab shell performed well in sorption of several
heavy metalions and metalloids, including lead [11], cadmium [12],
chromium [13], copper [14], cobalt [14], nickel [15], zinc [16] and
arsenic [17]. A very good mechanical stability and ease in desorp-
tion enabled the biosorbent to be reused and regenerated up to 5
cycles [15].

Cerium and europium were used as model solutes in the present
study. Both are abundant and widely employed in many industrial
applications [18,19]. Despite their strategic and economical impor-
tance, these REEs have not been extensively studied for biosorption
processes. Of the limited literatures, Diniz and Volesky [20] inves-
tigated the ability of Sargassum polycystum to bind lanthanum,
europium and ytterbium from single and multicomponent batch
systems. The metal affinity sequence established was Eu>La>Yb.
Also, Sert et al. [21] demonstrated that lanthanum and cerium can
be recovered from single component synthetic solutions using Pla-
tanus orientalis leaf powder.

This study focuses on exploring the biosorption potential in the
recovery of cerium and europium using crab shell particles in sin-
gle and binary REE systems. In addition, the mechanism and the
components associated with removal of REE will be studied.
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2. Materials and methods
2.1. Sorbent preparation

Waste shells of Portunus sanguinolentus, commonly known as
three spot crabs, were collected from Marina beach, Chennai, India.
The shells were washed extensively with deionized water and sun
dried. The dried shells were crushed to particle sizes in the range of
0.5-1 mm. The shell particles were then treated with 0.1 M HCl at
solid-liquid ratio of 10 g/L for 4 h followed by washing several times
with deionized water and then dried in an oven at 60 °C overnight.
This pre-treatment process was carried out to ensure the removal
of excess calcium carbonate on the shell surface [22]. The pre-
treated crab shell particles will be designated as “CSP” from now
on in this paper. To elucidate the components responsible for REE
removal, CSP was further exposed to 1N HCl for 6 h to completely
remove mineral (calcium, sodium, potassium, zinc and magnesium)
constituents [23] of crab shell particles [24]. The residue (mainly
protein and chitin) was washed extensively with deionized water
and dried at 60 °C overnight. The product obtained was designated
as “DMCSP”. To produce chitin, DMCSP was further exposed to 1M
NaOH at 100 °C for 3 h to remove protein. After reaction period, the
residue was filtered and washed with deionized water to neutral.

2.2. Biosorption experimental procedure

Biosorption experiments were performed in a 250 mL Erlen-
meyer flasks containing desired concentration of 100 mL REE
solutions adjusted to desired pH using 0.1 M HCI or NaOH. A known
quantity of biosorbent (0.5 g) was added to each flask, and agitated
at 23+ 2°Cina 160 rpm rotary shaker. For binary systems, the REE
concentration ratio was always maintained at 1:1 (in weight basis).
During the binary isotherm study, initial total REE concentrations
varied from 200 to 2000 mg/L. The pH of the reaction mixture was
controlled at the desired value by the addition of 0.1 M HCl or NaOH
during the experiments. After 8 h, the reaction mixture was filtered
through a 0.45 um PTFE membrane filter and analyzed for Ce and
Eu concentrations using inductively coupled plasma-atomic emis-
sion spectrometer (ICP-AES; Perkin Elmer Optima 3000 DV). Kinetic
experiments were conducted using the same method as above,
except that the samples were collected at different time intervals
to determine the time point at which biosorption equilibrium was
attained.

The amount of REE sorbed by biosorbent was calculated from the
differences between the REE quantity added to the biosorbent and
the REE content of the supernatant using the following equation:

V(G - )

Q=—n

(1)

where Q is the REE uptake (mg/g); Co and Cyare the initial and equi-
librium REE concentrations in the solution (mg/L), respectively; V
is the solution volume (L); and M is the mass of biosorbent (g).

2.3. Models to fit biosorption isotherms and kinetics

Four equilibrium isotherm models were used to fit the single
component experimental data, as follows:
Langmuir model [25]:
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Freundlich model [26]:
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Redlich-Peterson model [27]:
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where Qmax is the maximum REE uptake (mg/g), b is the Langmuir

equilibrium constant (L/mg), Kr is the Freundlich constant (mg/g)

(L/mg)'/", n is the Freundlich constant, Kgp is the Redlich-Peterson

isotherm coefficient (L/g), agp is the Redlich-Peterson isotherm

coefficient (L/mg)gp, Brp is the Redlich-Peterson model exponent,

Ks is the Sips model isotherm coefficient (L/g)f, as is the Sips model

coefficient (L/mg)f and fs is the Sips model exponent.

The binary biosorption isotherms were described using an
extended Langmuir equation, with a constant interaction factor
[29], which can be represented for binary mixtures, as follows:

Qmax1b1(C1/m1)
Q= 6
=T /) + ba(Co/m) ©
Qumax2b2(C2/n2)
1+ b1(C1/m) + b2(Ca/12)

where Qmax1, Qmax2, b1 and b, are the single component Langmuir
parameters for the first (Ce) and second (Eu) REEs. Interaction fac-
tors, n1 and 1, are for the first and second REE, respectively. The
calculation of the interaction factor is based on minimizing the
following error function [30]:

n _ 2
100 Z [(Qe,meas Qe,cal) :| (8)
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Q= (7)

where n and p are the number of data points and parameters,
respectively.

Also, the Sheindorf-Rebhun-Sheintuch (SRS) equation [31] was
employed in the present study, which can be represented for binary
mixtures as follows [32]:

(Q)) = Kr, GG, + 05 111/m01 o)

where (Q)i. is the amount of solute, i, sorbed per unit weight of CSP
in the presence of solute, j, K, is the single component Freundlich
constant for solute i, n; is the Freundlich exponent for solute i and
0 is the competitive coefficient.

The experimental biosorption kinetic data were modeled using
pseudo-first and -second order kinetics, which can be expressed in
their non-linear forms, as follows:

Pseudo-first order model [33]:

Qr = Qe(1 — exp(—kqt)) (10)

Pseudo-second order model [34]:

Qezsz

Q& = 1+ Qekat (an
where Q. is the amount of REE sorbed at equilibrium (mg/g), Q;
is the amount of REE sorbed at time t (mg/g), ki is the pseudo-
first order rate constant (1/min) and k; is the pseudo-second order
rate constant (g/mg min). All the model parameters were evaluated
by non-linear regression using Sigma Plot (version 4.0, SPSS, USA)
software. The average percentage error between the experimental
and predicted values is calculated using:

le(Qexp,i - Qcal,i)/Qexp,i

(%) = N

% 100 (12)
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Fig. 1. Effect of equilibrium solution pH on the biosorption of Ce(Ill) and Eu(III)
from single component systems by CSP, DMCSP and chitin (conditions: initial REE
concentration =998 mg/L; biosorbent dosage =5 g/L; agitation rate =160 rpm).

where Qexp and Qc, represents experimental and calculated REE
uptake values, respectively, and N is the number of measurements.
All experiments were done in duplicates and the data are the aver-
age values of two experiments.

3. Results and discussion
3.1. Effect of pH on REE biosorption

The solution pH is one of the dominant parameters controlling
biosorption. Ce(Ill) and Eu(IIl) biosorption onto CSP as a function of
pH ranging from 2 to 6 are given in Fig. 1. The removal of both Ce(III)
and Eu(Ill) by CSP was highly dependent on pH. The biosorption
of Ce(Ill) increased from 49.2 mg/g (pH 2) to 144.4mg/g (pH 6),
whereas Eu(Ill) increased from 32.9mg/g (pH 2) to 52 mg/g (pH
6). The crab shell comprises mainly calcium carbonate and chitin
along with some proteins [14,35]. Calcium carbonate in CSP favors
microprecipitation of REE as CaCO3 dissociates to Ca2* and CO32~.
Also there was a rapid raise in solution pH when CSP was contacted
with both Ce(III) and Eu(III) solutions. For instance, the initial pH
6 was increased to 8.3 within 20 min of contact. This is due to the
following reaction:

Crabshell(CaCOs, chitin, protein) + H,O — crabshell

(chitin, protein) + Ca%* +C032~ (13)

C03%~ +H,0 — HCO3~ +OH~ (14)

The solubility of CaCO3 may vary with the solution pH. The speci-
ation of carbonate ions can be defined in three pH ranges, pK; =6.3
and pK; =10.3 [36]. Therefore, H,CO3, HCO3~ and CO3%~ species

predominate for pH<pKj, pK; <pH<pK;, and pH>pK,, respec-
tively [37]. Among these carbonate species, HCO3~ and CO3%~ could
be responsible for the formation of insoluble REE carbonates.

The hydrochemical behavior of REE is strongly influenced by
their solution speciation [38]. At acidic pH values (pH<5), lan-
thanides (Ln) exist in their trivalent form [39]. Under these pH
conditions, initial hydroxide concentration was negligible and
hence the concentration of LnOH* was minimal. Considering this
observation, the formation of LnCO3* and Ln(CO3 ), ~ is more likely
to occur at these high carbonate concentrations from CSP [40].

Ln3t + C0O3%~ — LnCO5* (15)
Ln3t +2C03%~ > Ln(CO3),~ (16)
Ln3* +2HCO3;~ — Ln(CO3),~ +2H* (17)

Pourret et al. [40] illustrated that the formation of LnCO3*
and Ln(CO3),~ strongly depends on the pH and carbonate con-
tent. LnCO3* concentrations decrease with pH increase, whereas
Ln(COs3);~ concentrations increase when pH increases. At weak
acidic values, the formation of LnCO3™ is more favorable [40]. This
species is likely to form strong Ln,(CO3 )3 precipitates, which were
then adsorbed to the chitinous material (chitin, protein and some
minerals) present on the surface of CSP. At low pH values, the H,CO3
tends to dominate and theoretically Ln3* cannot react with carbon-
ate, which therefore resulted in decreased REE biosorption.

In order to confirm the importance of calcium carbonate in REE
biosorption, CSP was subjected to various chemical treatments. The
REE biosorption performance of CSP was compared with DMCSP
and chitin as shown in Fig. 1. After removal of CaCO3; from CSP,
the maximum REE removal efficiencies decreased drastically. The
DMCSP which comprises mainly of chitin and protein took only 57.6
and 20.6 mg/g of Ce(Ill) and Eu(lll), respectively, at pH 6. Further
removal of protein from DMCSP resulted in chitin, which performed
almost identical to that of DMCSP in REE removal. Chitin, a straight-
chain polymer composed of 3-1,4-N-acetylglucosamin, is a known
metal sorbent [41]. In chitin, hydroxyl and acetamido groups are
prevalent; in particular, acetamido group of chitin acts as a non-
specific chelator and establishes weak hydrogen bonds with REE
in solution. However, the performance of chitin on the removal of
Ce(IIT) and Eu(IIT) was only mediocre compared to the performance
of CSP. Thus, it can be inferred that CaCOs is the main component
responsible for the biosorption of REE by crab shell.

It is often useful to study the sorption behavior of a material
when there is more than one component in the solution, e.g., to
test a material in “more real” feed conditions. Thus, efforts were
made to study the performance of CSP in binary REE system. As
shown in Fig. 2, CSP performed well in the case of Ce(Ill) compared
to Eu(Ill). However, while comparing the single-solute systems, the
removal efficiencies of CSP decreased significantly. This is possi-
bly due to competition between two REES for carbonate ions from
CSP. Similar to single component systems, the REE removal effi-
ciency increased with increase in solution pH and maximum total
biosorptional uptake was observed at pH 6.

3.2. Single component Isotherms and modeling

Next, experiments were conducted to evaluate the full satura-
tion capacity of CSP. Experimental single component biosorption
isotherms at two different pH conditions are presented in Fig. 3.
CSP exhibited high Ce(III) and Eu(Ill) uptakes at pH 6, in the order of
magnitude of 2.9 and 1.6 times higher for Ce(III) and Eu(III), respec-
tively, compared correspondingly with pH 2. Among the two REEs,
CSP biosorbed more Ce(Ill) than Eu(lIll). For instance, at pH 6, CSP
biosorbed 144.4 mg Ce(lll)/g compared to 52 mg Eu(Ill)/g.

Single component biosorption isotherms were modeled using
the Langmuir, Freundlich, Redlich-Peterson and Sips equations.
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Fig. 2. Effect of equilibrium solution pH on the biosorption of Ce(Ill) and
Eu(lll) from binary systems by CSP (conditions: initial Ce(Ill) concentra-
tion =996 mg/L; initial Eu(Ill) concentration = 1000 mg/L; biosorbent dosage =5 g/L;
agitation rate=160rpm).

Fig. 3. Single component biosorption isotherms at different pH conditions (condi-
tions: biosorbent dosage =5 g/L; agitation rate = 160 rpm). Curves were predicted by
the Sips model.

The model constants, along with correlation coefficients (R?) and
% error values obtained from four isotherm models are presented
in Table 1. The Langmuir model served to estimate the maxi-
mum uptake values (Qmax ) when these could not be experimentally

obtained. The constant b represents the affinity between the sor-
bent and sorbate. For both Ce(IIl) and Eu(III), high Qmax and b values
were observed at pH 6. The biosorption capacities observed for
Ce(III) and Eu(Ill) in the present study were superior to the results
published in the literature. The leaf powders of Platanus orientalis
exhibited 32.1 mg Ce(Ill)/g [21] and Pinus brutia exhibited 17.2 mg
Ce(Ill)/g [42] compared to 144.9 mg Ce(Ill)/g by CSP in this study. In
Eu(Ill) biosorption, Mycobacterium smegmatis exhibited 19.1 mg/g
[43] and Pseudomonas aeruginosa showed 44.1 mg/g [44] and com-
pared to 49.5 mg/g by CSP in this study.

The relationship between the REE uptake capacity (Q) of CSP
and the residual REE concentration (C) at equilibrium can also be
described using the Freundlich equation. From Table 1, it was obvi-
ous that maximum Kr and n values were obtained at pH 6. High
Kr and n values indicate that the binding capacity has reached its
highest value; and the affinity between the biosorbent and REE was
also higher. The experimental n values were greater than unity in all
cases, indicating favorable biosorption [45]. The Redlich-Peterson
model incorporates the features of both the Langmuir and the
Freundlich isotherms into a single equation. There are two lim-
iting behaviors: the Langmuir form for Bgp=1 and the Henry’s
law form for Bgp=0. The isotherm constants (Kgp and agp) and
model exponent (Bgp) were recorded maximum at pH 6. Another,
three-parameter model (Sips model) was also used to describe the
REE isotherm data. At low sorbate concentrations, Sips isotherm
effectively reduces to the Freundlich isotherm. At high sorbate con-
centrations, it predicts a monolayer sorption capacity characteristic
of the Langmuir model. The isotherm constants were observed
maximum at pH 6 for both Ce(III) and Eu(Ill). The exponent s val-
ues were generally observed close to unity, except for Ce(IIl) at pH
6 (Table 1).

In general, for single component isotherm data, all the examined
isotherm models were able to simulate the experimental data with
very good accuracy. In particular, both three-parameter models
produced satisfactory simulation with high correlation coefficients
and very low % error values.

3.3. Binary biosorption isotherms

Experimental data of binary biosorption system of Ce(IlI) and
Eu(Ill) at different pH conditions are shown in Fig. 4. Compar-
ing the two REEs, the Ce(lll) biosorption isotherm is “L” shaped
without strict plateau [46]. To be precise, the ratio between the
concentration of Ce(Ill) remained in solution and sorbed on the

Table 1
Single component isotherm model parameters.
Models Cerium Europium
pH 2 pH 6 pH 2 pH 6

Langmuir Qmax (Mg/g) 55.1 144.9 34.99 49,53
b (L/mg) 0.011 0.043 0.014 0.062
R? 0.999 0.957 0.999 0.997
& (%) 0.89 335 1.01 1.03

Freundlich Kr (mg/g) (L/mg)!/" 5.85 33.37 5.46 15.23
n 3.03 3.89 3.66 5.34
R? 0.993 0.963 0.998 0.995
& (%) 3.95 334 1.01 2.16

Redlich-Peterson Kgp (L/g) 1.21 18.73 0.76 4.54
agp (L/mg)ﬁ,, 0.0089 0.39 0.0512 0.147
Bre 0.876 0.899 0.8745 0.924
R? 0.999 0.962 0.999 0.998
& (%) 0.19 326 0.12 0.56

Sips Ks (L/g)f 0.684 33.06 1.65 6.36
as (L/mg)f 0.0122 0.025 0.0393 0.119
Bs 0.961 0.279 0.674 0.714
R? 0.999 0.963 0.999 0.998
& (%) 0.62 334 0.07 0.66
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Fig. 4. Binary biosorption isotherms at different pH conditions (Conditions: biosor-
bent dosage =5 g/L; agitation rate=160rpm).

solid decreases when the Ce(IIl) concentration increases, provid-
ing a concave curve. On the other hand, the Eu(Ill) biosorption
isotherm at pH 6 is approximately “H” shaped [46]. It is one particu-
lar case of “L” shaped isotherm, where the initial slope is very high.
This implies the high affinity of Eu(Ill) to the sorbent. However, as
the concentration increases Ce(Ill) formed carbonates easily than
Eu(Ill) as explained very well by the high Ce(Ill) uptakes at high
concentrations. At pH 2, despite of decreased biosorption capacity,
same trend of competition was observed. In order to quantify the
competitive effect, the selectivity factor (8) of REEs was used and
can be defined by [47]:

_ Geq1 /Qeqz
Co,1/Co.2

where subscripts “1” and “2” represents Ce(lll) and Eu(III),
respectively; qeq and Cp represents REE uptake and initial REE
concentration, respectively. The selectivity factor is useful tounder-
stand the preference of a sorbent towards a particular solute in a
multi-solute system and the possibility of selective separation of
particular solute. Clearly, 8 for Ce(IIl)/Eu(III) system increases with
increasing their corresponding initial concentrations. This indicates
the influence of Ce(Ill) towards the carbonate ions of CSP. The selec-
tivity factor increased from 1.4 to 4.5 (pH 6) and 1.6 to 2.8 (pH 2)
as the initial concentration increased from 100 to 1000 mg/L. This
result supports the fact that at low solute concentrations there were
adequate carbonate ions for the precipitation process. However,
as the solute concentration increases, Ce(Ill) competed well and
reacted with more carbonate ions.

Due to the competition between two REEs, the performance of
CSP in binary systems was significantly affected. On comparing the
binary biosorption system with the single component system for
the highest REE uptake, the decrease was 12 and 46.2% for Ce(III)
and Eu(Ill), respectively, at pH 6. This decrease was 8.1 and 50.2%
for Ce(Ill) and Eu(III), respectively, at pH 2.

B2 (18)

3.4. Binary biosorption modeling

In the present study an extended Langmuir equation, with a con-
stant interaction factor, was used to describe the binary isotherm
data. The conventional extended Langmuir equation assumes no
interaction between solutes; which is not valid in real conditions
[30]. To incorporate solute-solute interactions and competitions,
an interaction factor (1) has been introduced into the extended
Langmuir equation [29]. In the present study, n was assumed to be
constant and specific for each solute in the binary systems, and the
values are listed in Table 2. However, the model, in most cases, was

Table 2
Binary isotherm model parameters.
Models pH 2 pH 6
Extended Langmuir equation m 0.69 0.41
2 1.91 5.01
R? 0.814 0.914
RS 0.837 0.747
&1 21.3 47.6
& 335 35.4
SRS equation 012 0.17 0.12
021 2.28 33
R? 0.978 0.987
R’ 0.987 0.934
& 10.2 15.9
& 22 10.1

unable to describe binary isotherms resulted in poor correlation
coefficients and very high % error values. The reason for this discrep-
ancy may be due to competition and interaction between the REEs,
which was very significant; and the saturation capacity of each REE
in single-solute systems was also different [30]. It should be noted
that single component Langmuir isotherm model constants were
used to model the binary biosorption data, as described in Section
2.3.Also, the interaction factor, 77, does not have a strong theoretical
foundation, with several investigators having employed the model
with only limited success [30,48].

To improve the fitness, the SRS equation, which is a multicom-
ponent Freundlich type equation, was used to describe the binary
isotherm data. The model comprised of a competitive coefficient
(63, which is based on the assumption that there is an exponen-
tial distribution of adsorption energies available for each solute.
Interestingly, the model was able to predict the binary biosorp-
tion isotherm with relative success using the single component
parameters. High correlation coefficients and low % error values,
within the ranges of 0.934-0.987 and 2.2-15.9%, respectively, were
obtained. As already proved in our experiments, that the magnitude
of Ce(Ill) competition over Eu(Ill) was significant, and this data got
confirmed by the SRS equation yielding high competitive coeffi-
cients for Eu(Ill) over Ce(III) (Table 2). The accuracy of fitness by the
SRS equation to the binary REE system was represented in a three-
dimensional plot as shown in Fig. 5. Here, the experimental results
are shown by discrete points and the model prediction by the mesh
surface. As shown in Fig. 5, the SRS equation exhibits excellent
reproduction of the experimental data at the whole concentration
range.

3.5. Kinetic studies

The biosorption kinetics of Ce(Ill) and Eu(Ill) onto CSP at dif-
ferent initial REE concentrations was studied. Fig. 6 illustrates the
amount of REE sorbed onto CSP as a function of time. A close
examination of the curves reveals that 96% removal efficiency was
observed within 60 min for Ce(Ill) and 85 min for Eu(IIl). This ini-
tial quick phase was followed by slow attainment of equilibrium
as high amount of carbonate were initially available for micropre-
cipitation of REE, but thereafter, the formation of REE carbonate
would be difficult due to decrease in carbonate release from the CSP.
On changing the initial REE concentration from 250 to 1000 mg/L,
the uptake increased from 50.1 to 144 mg/g for Ce(Ill) and 36.2
to 52.4mg/g for Eu(lll). In contrary, the corresponding removal
efficiencies decreased from 97.9 to 85.6% for Ce(Ill) and 85.5 to
26.1% for Eu(Ill), while increasing the concentration from 250 to
1000 mg/L. This difference can be attributed to the fact that the
ratio of the initial moles of REE to the available moles of calcium
carbonate on the crab shell surface was low and subsequently the
fractional sorption became independent of initial concentration of
REE. However, at higher concentrations the available moles of cal-
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Fig. 5. Total REE uptake as the function of the equilibrium concentration in the
Ce(IIN)-Eu(IIl) binary biosorption system (conditions: biosorbent dosage =5 g/L; agi-
tation rate = 160 rpm). Mesh surface predicted by the SRS equation.

cium carbonate become less compared to the moles of REE present.
Hence, the percentage removal efficiency is dependent upon the
initial solute concentration.

The experimental kinetic data were modeled using the pseudo-
firstand -second order kinetics. The model rate constants, predicted
equilibrium REE uptakes, along with correlation coefficients and %
error values are presented in Table 3. The pseudo-first order model
successfully predicted the equilibrium uptake values with low %
error values. On the other hand, the pseudo-second order model
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Fig. 6. Biosorption kinetic plots at different initial REE concentrations (Conditions:
pH=6; biosorbent dosage =5 g/L; agitation rate=160rpm). Curves were predicted
by pseudo-first order model.

over predicted the Q. values and also resulted in high % error values
compared to pseudo-first order model. The curves predicted by the
pseudo-first order model for biosorption kinetics data at different
initial REE concentrations are shown in Fig. 6.

4. Conclusions
From the present study, the following conclusions can be made:

e Crab shell was identified as a potent biosorbent for the removal
of Ce(Ill) and Eu(Ill) from single and binary systems.

e An examination on the role of calcium carbonate, protein and
chitin revealed that calcium carbonate was mainly responsible
for REE biosorption through microprecipitation of REE ions onto
the surface of crab shell.

e At optimum pH of 6, crab shell exhibited maximum Ce(IIl) and
Eu(Ill) uptakes of 144.9 and 49.5 mg/g, according to the Langmuir
model.

Table 3
Kinetic model parameters at different initial REE concentrations.
REEs Initial concentration (mg/L) (Qe)exp (Mg/g) Pseudo-first order model Pseudo-second order model
kq (1/min) Q. (mg/g) R? £ (%) kz (g/mg min) Q. (mg/g) R? £ (%)
Ce(III) 250 50.1 0.058 49.7 0.999 0.04 0.0015 54.8 0.998 2.41
500 92.8 0.067 92.6 0.999 0.96 0.0009 101.5 0.995 3.10
750 118.8 0.054 118.5 0.999 0.66 0.0006 1313 0.996 3.08
1000 144.0 0.052 1433 0.999 1.33 0.0004 159.5 0.996 3.94
Eu(III) 250 36.2 0.038 349 0.999 1.61 0.0012 39.7 0.998 1.10
500 47.0 0.048 45.5 0.999 0.53 0.0013 50.9 0.998 2.01
750 49.1 0.049 47.4 0.999 1.14 0.0013 52.8 0.999 1.25
1000 524 0.053 49.8 0.998 0.82 0.0013 55.5 0.999 0.92
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e In binary systems, both Ce(lll) and Eu(Ill) compete with each
other for carbonate ions from crab shell. As a result, decreased
biosorptional uptake of Ce(Ill) and Eu(Ill) was observed, com-
pared to their respective single component systems. Binary
biosorption isotherms were modeled using the extended Lang-
muir equation with constant interaction factor and the SRS
equation. The extended Langmuir equation was not able to
predict the experimental data satisfactorily, whereas the SRS
equation better predicted the binary isotherms with high cor-
relation coefficients and low % error values.

e Kinetic studies revealed that Ce(Ill) and Eu(IIl) biosorption rate
was fast for about 96% of Ce(Ill) and 85% of Eu(Ill) were removed
within 60 min. Among the two kinetic models, viz., pseudo-first
and -second order, the pseudo-first order kinetic equation pre-
dicted the experimental data accurately with high correlation
coefficients and low % error values.

e Overall, this study provides insight into the uptake mechanism
and sorption behavior of crab shell for Ce(IllI) and Eu(IIl) in single
and binary systems.
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