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Abstract—The feasibility of employing Tamarindus indica (tamarind) fruit shell (TFS) as low-cost biosorbent for
removal of Cu(Il) from aqueous solutions was investigated. Batch experiments were carried out as function of initial
solution pH (2-7), contact time (10-240 min), initial Cu(II) concentration (20-100 mg L™"), biosorbent dose (0.5-5 g)
and temperature (293-313 K). Biosorption equilibrium data were well described by the Langmuir isotherm model with
maximum biosorption capacity of 80.01 mg g™ at 313 K. Biosorption of Cu(Il) followed pseudo-second-order kinetics.
Gibbs free energy (AG®) was spontaneous for all interactions, and the biosorption process exhibited endothermic enthalpy
values. To ascertain the practical applicability of the biosorbent, fixed-bed column studies were also performed. The
breakthrough time increased with increasing bed height and decreased with increasing flow rate. The Thomas model
as well as the Bed Depth Service Time (BDST) model was fitted to the dynamic flow experimental data to determine
the column kinetic parameters useful for designing large-scale column studies. The Thomas model showed good agree-
ment with the experimental results at all the process parameters studied. It could be concluded that TFS may be used
as an inexpensive and effective biosorbent without any treatment or any other modification for the removal of Cu(II)

ions from aqueous solutions.
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INTRODUCTION

In the past few decades, rapid industrialization and unplanned
urbanization have resulted in an increased flux of heavy metals into
the aquatic environment. The persistence of heavy metals in the
aquatic ecosystems have emerged as a severe environmental problem
due to their reported toxic and harmful effects towards aquatic life,
human beings and the environment [1,2]. Copper is one of the most
widely used heavy metals. Copper and its compounds are exten-
sively used in various important industrial applications such as elec-
trical wiring, plumbing, gear wheel, air conditioning tubing, and
roofing [3]. Its potential sources in industrial effluents include metal
cleaning and plating baths, fertilizer, refineries, pulp, paper board
mills, printed circuit board production, wood pulp production, wood
preservatives, paints and pigments, municipal and storm water run-
off, etc [3-6]. Intake of excessively large doses of copper by human
beings leads to severe mucosal irritation and corrosion, stomach
upset and ulcer, wide-spread capillary damage, hepatic and renal
damage, central nervous system irritation followed by depression,
gastrointestinal irritation, and possible necrotic changes in the liver
and kidneys [7]. Chronic copper poisoning can also result in Wil-
son’s disease, leading to brain and liver damage [8]. Therefore, re-
moval of copper from effluents is essential not only to protect the
water sources but also human health.

Techniques presently in existence for removal of heavy metals
from contaminated water bodies include reverse osmosis, electrodi-
alysis, ultrafiltration, ion-exchange, chemical precipitation etc. [9].
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However, their practical application is restricted because of techni-
cal or economical constraints. Hence, there is a crucial need for a
method that will be efficient and cost-effective for the existing con-
taminated water treatment facilities. In this light, biosorption - the
removal of materials (compounds, metal ions, etc.) by inactive, non-
living biomass (materials of biological origin) - has been intensively
studied worldwide as an efficient and economically sustainable tech-
nology for the removal of heavy metals from industrial effluents
[1,2]. A number of inexpensive and abundant biosorbents, particu-
larly agricultural waste materials which cost less and can be used
as such or after some minor treatment, have been tested and used
for removal of heavy metal ions from aqueous solutions [1,10].
Tamarindus indica (Tamarind) is a multipurpose tropical fruit
tree grown mainly for its sour fruit pulp [11]. The acidic pulp has a
wide variety of domestic and industrial uses [12]. At present, tama-
rind is cultivated in 54 different countries, with India as the largest
producer of tamarind in the world [13]. Its annual production is about
300,000 tons. Tamarind fruit pulp is manufactured and marketed
wherever tamarind is cultivated; however, much of the trade is local
and carried out in small towns and villages. The seed and the shell
are byproducts of the commercial utilization of the fruit and are con-
sidered as waste materials with little or no practical value. Utiliza-
tion of these waste materials as biosorbent is an attractive approach
both economically and environmentally. In our previous study, tama-
rind seeds were shown to be excellent biosorbent for removal of
Cu(Il) from aqueous media [9]. Therefore, the primary objective
of this research was to investigate the Cu(Il) biosorption potential
of tamarind fruit shell (TFS). Batch experiments were performed
to study the effect of various operational parameters such as pH,
temperature, contact time, biosorbent dose and initial metal con-
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centration on the biosorption process. Equilibrium biosorption data
were modeled using Langmuir, Freundlich and Dubinin-Radush-
kevich (D-R) isotherm models, while the pseudo-first-order, pseudo-
second-order and intraparticle diffusion models were used to study
the biosorption kinetics. The underlying thermodynamics of the bio-
sorption process was also investigated. To ascertain the practical
applicability of the biosorbent for treatment of real industrial waste-
waters, fixed-bed column studies were also performed. The effect
of important design parameters such as feed flow rate and column
bed height was studied using a laboratory scale fixed-bed column.
The Thomas model and Bed Depth Service Time (BDST) model
were used to analyze the column biosorption data.

MATERIALS AND METHODS

1. Biosorbent

Tamarindus indica fruit shells, used in this study, were collected
from the local markets of Durgapur, West Bengal, India. The shells
were first washed with distilled water to remove any adhering dust
and pulp and dried at 343+1 K for 24 h in an oven. The dried shells
were then crushed and ground to fine powder using ball mill and
sieved to a constant size (100-125 um). They were then stored in
sterile, closed glass bottles and used as biosorbent without any further
pretreatment.
2. Cu(II) Solutions

Stock solution of Cu(II) (500 mg L") was prepared by dissolv-
ing the required quantity of CuSO,-5H,O (analytical reagent grade)
in double-distilled water. Experimental Cu(Il) solution of different
concentration was prepared by diluting the stock solution with suitable
volume of double-distilled water. The initial pH was adjusted with
0.1 M) HCl and 0.1 (M) NaOH solutions using a digital pH meter
(LI 127, ELICO, India) calibrated with standard buffer solutions.
3. Batch Biosorption Studies

Batch biosorption experiments were carried out in 250 mL glass-
stoppered Erlenmeyer flasks with 100 mL of working volume, with
Cu(IT) concentration of 50 mg L. A weighed amount (3 g) of biosor-
bent was added to the solution. The flasks were agitated at a con-
stant speed of 150 rpm for 4 h in an incubator shaker (Innova 42,
New Brunswick Scientific, Canada) at 303%1 K. The influence of
pH (2.0, 3.0, 4.0, 5.0, 6.0, 7.0), initial Cu(IT) concentration (20, 40,
60, 80, 100 mg L"), biosorbent dose (0.5, 1, 2, 3, 4, 5 g), contact
time (10, 20, 30, 40, 60, 90, 120, 150, 180, 210, 240 min) and tem-
perature (293, 303, 313 K) was evaluated during the present study.
Samples were collected from the flasks at predetermined time inter-
vals for analyzing the residual Cu(II) concentration in the solution.
The residual amount of Cu(Il) in each flask was investigated colori-
metrically using UV/VIS spectrophotometer (U-2800, Hitachi, Japan).
1% w/v sodium diethyl dithiocarbamate solution (0.2 mL) and 1.5
N ammonia solution (20 mL) was added to the test sample (1 mL).
The absorbance of the resulting yellow colored solution was deter-
mined at 4,,,, of 460 nm. The amount of Cu(Il) adsorbed per unit
TFS (mg metal per g biosorbent) was calculated according to a mass
balance on the Cu(Il) concentration using Eq. (1):

Q= M 6]

m
The percentage (%) Cu(Il) removal was calculated using the fol-
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lowing equation:

% Removal= 2= 100 0)
G
4. Fixed-bed Biosorption Studies

Continuous flow biosorption experiments were conducted in a
glass column (3 cm internal diameter and 50 cm height). TFS was
packed into the glass column to yield the desired bed height. A porous
sheet was attached at the bottom of the column to support the bio-
sorbent bed and to ensure a good liquid distribution inside the col-
umn. The top of the bed was covered by a layer of glass beads (1
mm in diameter) to avoid the loss of biosorbent and also to ensure
a closely packed arrangement. Metal solution of known Cu(II) con-
centration (50 mg L") was pumped downward through the col-
umn by a peristaltic pump (PP-EX204C, Miclins, India). A series
of experiments were conducted to study the effect of feed flow rate
(10, 20, 30 mL min™") and bed height (3, 6 and 12 cm). All the ex-
periments were carried out at pH=6.00 and T=303+1 K. Samples
were collected at regular intervals and the concentration of Cu(Il)
in the effluent was analyzed using a UV/VIS spectrophotometer
(U-2800, Hitachi, Japan) as described before. Operation of the col-
umn was stopped when the effluent Cu(I) concentration exceeded
99.5% of its initial concentration.

The time for breakthrough appearance and shape of the break-
through curve are very important for determining the operation and
the dynamic response of a biosorption column. Therefore, break-
through curves, i.e., C/C, vs. time were plotted. The breakthrough
time (t,, the time at which Cu(Il) concentration in the effluent reached
1 mg L") and bed exhaustion time (t,, the time at which Cu(IT) con-
centration in the effluent reached 99.5% of initial Cu(II) concentra-
tion) were used to evaluate the breakthrough curves.

5. Statistical Analysis

To ensure the accuracy, reliability, and reproducibility of the col-
lected data, all biosorption experiments were performed in triplicate,
and the mean values were used in data analysis. Relative standard
deviations were found to be within +3%. Microsoft Excel 2007 pro-
gram was used for data processing, and linear regression analysis
was used to determine the model parameters and constants.

6. Characterization of Biosorbent
6-1. Scanning Electron Microscopy (SEM) Analysis

The surface structure of the biosorbent, before and after biosorp-
tion, was analyzed by a scanning electron microscope (S-3000N,
Hitachi, Japan) at an electron acceleration voltage of 25 kV. Prior to
scanning, the unloaded and Cu(Il)-loaded TFS samples were mounted
on a stainless steel stab with double stick tape and coated with a
thin layer of gold in a high vacuum condition.

6-2. Brunauer-Emmett-Teller (BET) Analysis

The BET surface area, pore volume and pore size of native and
metal bound TFS samples were measured by a surface area and
porosity analyzer (NOVA 2200, Quantachrome Corporation, USA).
A gas mixture of 22.9 mol% nitrogen and 77.1 mol% helium was
used for this purpose.

THEORY

1. Biosorption Isotherms
In the analysis and design of a biosorption process, isotherms
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provide the most important piece of information for understanding
the process. The equation parameters and the underlying thermo-
dynamic assumption of the isotherm models give some idea about
the underlying biosorption mechanism as well as the surface prop-
erties and affinity of the biosorbent [14]. Therefore, in the present
study, the Langmuir, Freundlich, and Dubinin-Radushkevich (D-
R) isotherm models were used to describe the equilibrium biosorp-
tion data [15].

C. C 1
_+_

Langmuir: — = 3

S 4T K, ®
Freundlich: logqulog_gKF+(l logC, 4)
Dubinin-Radushkevich (D-R): Ing,=Ing,,— 8¢ ®)

2. Kinetic Modeling

The knowledge of the kinetics of any biosorption process is crucial
in order to be able to design industrial scale separation processes.
Therefore, the data obtained from the contact time-temperature de-
pendent experiments were used to study the kinetics of the bio-
sorption process. The pseudo-first-order and pseudo-second-order
kinetic models were tested to obtain the rate constants and eluci-
date the underlying biosorption mechanism [16].

k,
Pseudo-first-order: log(q.—q,)=logq.— mt (6)
t 1 1
Pseudo-second-order: — = —— +—t @)
' kzqg qe

Since the models mentioned above cannot identify a diffusion mech-
anism, the intraparticle diffusion model was further used to deter-
mine the rate controlling step [17].

Intraparticle diffusion: g=kt** )
3. Activation Energy and Thermodynamic Parameters

The activation energy E, for biosorption of Cu(Il) by TFS was
calculated by the Arrhenius equation [18]:

Ea
RT ©)

Thermodynamic behavior of biosorption of Cu(Il) by TFS was eval-
uated by the thermodynamic parameters - Gibbs free energy change
(AG"), enthalpy (AH’) and entropy (AS’). These parameters were
calculated by using the following equations [19]:

AG*=—RT InK,. (10)
Ca

k=S a1

AG*=AH’-TAS’ (12)

4. Modelling of Column Data

The BDST model and Thomas model were fitted to the dynamic
flow experimental data to predict the breakthrough curves and to
determine the characteristic parameters of the column.
4-1. Thomas Model

The Thomas model is one of the most general and widely used
models to describe the behavior of sorption process in fixed-bed
columns. The model is based on the assumption that the process

follows Langmuir kinetics of sorption-desorption with no axial dis-
persion [20]. Its main limitation is that its derivation is based on
second-order kinetics and considers that sorption is not limited by
the chemical reaction but controlled by the mass transfer at the inter-
face [20]. This discrepancy can lead to errors when this method is
used to model sorption processes in specific conditions. The model
can be described by the following expression [21]:

oS- 5559

r

4-2. BDST Model

The BDST model states that the bed height and service time of
a column bear a linear relationship. This model was derived based
on the assumption that forces like intra-partcle diffusion and exter-
nal mass transfer resistance are negligible and that the adsorbate is
adsorbed onto the biosorbent surface directly [22]. The BDST model
is expressed as [22]:

t= @03 (O) { 1} (14)

RESULTS AND DISCUSSION

1. Characterization of Biosorbent
1-1. SEM Analysis
SEM micrographs of the biosorbent before and after Cu(Il) bio-
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Fig. 1. SEM micrograph of (a) TFS (b) Cu(Il) loaded TFS.
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sorption are presented in Fig. 1(a)-(b). Before metal uptake, the bio-
sorbent is characterized by irregular and porous structure (Fig. 1(a)).
However, as can be seen in Fig. 1(b), the porous textural structure is
not observed on the surface of Cu(Il)-loaded biosorbent. The sur-
face morphological change can be linked to precipitation/complex-
ation of Cu(II) on the biosorbent surface.
1-2. BET Analysis

The BET surface area, total pore volume and average pore diame-
ter of the biosorbent were found to be 435 m” g, 0.0179 cm® g
and 74 A, respectively. After Cu(Il) biosorption, the BET surface
area, total pore volume and average pore diameter of the biosor-
bent were found to be 471 m* g, 0.0113 cm® g and 34 A, respec-
tively. The increase in the surface area of the biosorbent indicates
that Cu(Il) ions were adsorbed onto the surface of the biosorbent.
The decrease in the total pore volume as well as the average pore
diameter of the biosorbent suggests that Cu(Il) interacts with the
functional groups present inside the pores.
2. Batch Studies
2-1. Effect of pH

It is well known that pH is an important monitoring parameter
governing biosorption. Thus the effect of pH on the Cu(I) removal
efficiency was studied at different pH ranging from 2.0 to 7.0. Since
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Fig. 2. (a) Effect of pH on biosorption of Cu(Il) by TFS (experi-
mental conditions: C,=50 mg L', m=3 g/0.1 L, agitation
speed=150 rpm, T=303 K, contact time: 4 h, error bars rep-
resent the standard deviation at n=3) (b) Effect of initial Cu
(II) concentration on biosorption of Cu(Il) by TFS (experi-
mental conditions: pH=6.00, m=3 g/0.1 L, agitation speed
=150 rpm, T=303 K, contact time: 4 h, error bars repre-
sent the standard deviation at n=3).
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Cu(Il) precipitates at pH>8.0, no further experiments were per-
formed beyond pH 7.0. Results thus obtained are shown in Fig. 2(a).
The biosorption efficiency increases with increase in pH of the metal
solution, appreciably up to pH 6.0. With further increase in pH, no
significant change in metal removal efficiency is observed. Hence
all further experiments were carried out at pH 6.0. Similar results
were previously reported for biosorption of Cu(Il) from aqueous
solution onto chestnut shell [7].

TFS mainly contains -OH, -COOH and -CH, functional groups
on its surface [12]. At low pH values, the surface charge of TFS is
positive due to protonation of the surface functional groups. A sig-
nificant electrostatic repulsion exists between the positively charged
surface and the cationic Cu(Il) ions, which inhibits the biosorption
of Cu(II). Besides, a higher concentration of H in the solution com-
petes with Cu(Il) ions for the binding sites of TFS, resulting in reduced
uptake. As the pH of the system increases, the number of negatively
charged sites on the TFS surface gradually increases due to depro-
tonation of the functional groups. Obviously, a negatively charged
surface site favors the biosorption of cationic Cu(Il) ions due to elec-
trostatic attraction. Cu(Il) most likely binds on the surface of TFS
via ion exchange mechanism according to the following equations:

TFS—OH+Cu*'—TFS—OCu'+H"
TFS—COOH+Cw* —TFS—COOCu'+H"

where TFS denotes the biosorbent surface.
2-2. Effect of Initial Cu(II) Concentration

The effect of different initial Cu(IT) concentration on the bio-
sorption process was also investigated. As illustrated in Fig. 2(b),
the biosorption capacity at equilibrium increases from 65.81 to 84.29
mg g ' with increase in initial Cu(IT) concentration from 20 to 100
mg L. The initial concentration gradient provides an important
driving force which helps overcome all mass transfer resistance of
Cu(Il) ions between the aqueous and solid phases, resulting in an
increased biosorption capacity [23]. On the contrary, it can be seen
that percentage Cu(Il) removal decreases with increase in initial
metal ion concentration. At lower concentrations, all Cu(Il) ions
present in the solution interact with the binding sites of the biosor-
bent, facilitating about 96% biosorption. However, all biosorbents
have a limited number of binding sites, which become saturated at
a certain concentration [15]. Hence at higher concentrations, more
metal ions are left unadsorbed in the solution due to the saturation
of binding sites, resulting in decreased biosorption efficiency. A
similar trend was observed for biosorption of Cu(Il) by NaOH-modi-
fied rice husk [8].
2-3. Effect of Biosorbent Dose

Fig. 3(a) shows the biosorption profile of Cu(Il) versus different
biosorbent concentration in the range of 0.5 to 5.0 g. It is observed
that the Cu(Il) removal efficiency increases with increasing biosor-
bent dose. Such a trend can be attributed to an increase in the sorption
surface area and the availability of more sorption sites [18]. Maxi-
mum Cu(I) removal (98.17%) is observed at 3.0 g and further in-
crease in biosorbent dose does not significantly change the bio-
sorption yield. This is due to the binding of almost all Cu(1I) ions to
the biosorbent surface and the establishment of equilibrium between
the metal ions on the biosorbent and in the solution [18]. A similar
trend has been reported for biosorption of Cu(Il) by cotton bolls
[23]. All successive batch experiments were performed with a bio-
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Fig. 3. (a) Effect of biosorbent dose on biosorption of Cu(Il) by TFS
(experimental conditions: C,=50 mg L', pH=6.00, agita-
tion speed=150 rpm, T=303 K, error bars represent the stan-
dard deviation at n=3) (b) Time profiles for biosorption of
Cu(Il) by TFS at different temperatures (experimental con-
ditions: C,=50 mg L', pH=6.00, m=3 g/0.1 L, agitation speed
=150 rpm, error bars represent the standard deviation at
n=3).

sorbent dose of 3 g.
2-4. Effect of Temperature and Contact Time

Like pH, temperature is also an important parameter affecting
biosorption. The temperature has two main effects. First, increas-
ing temperature is known to increase the diffusion rate of the ad-
sorbate molecules within the pores of the biosorbent as a result of
decreasing solution viscosity. Secondly, it will also modify the equi-
librium capacity of the biosorbent for a particular adsorbate [24].
Fig. 3(b) shows the biosorption of Cu(Il) by TFS at different tem-
peratures as a function of contact time. The Cu(Il) binding capacity
increases from 71.25mg g™ to 78.61 mg g with rise in tempera-
ture from 293 to 313 K at the same metal ion concentration, indicat-
ing that Cu(Il) removal by biosorption onto TFS was favorable at
higher temperatures. The increase in the metal uptake capacity with
increasing temperature is either due to the higher affinity of bind-
ing sites for Cu(Il) or due to an increase in kinetic energy of the
biosorbent. An increase in temperature also increases the mobility
of the metal ions and decreases the retarding forces acting on the
ions. These result in the enhancement in the biosorption capacity
of the biosorbent [9]. Cu(Il) shows a fast rate of biosorption during

the first 90 min of the Cu(Il)-biosorbent contact. The fast biosorp-
tion rate at the initial stage may be explained by an increased avail-
ability in the number of sorption sites on the biosorbent surface [9].
At higher contact time the rate of biosorption tends to slow down,
gradually leading to equilibrium. Such behavior can be attributed
to the decrease in the number of binding sites available for biosorp-
tion. The equilibrium time for maximum Cu(II) uptake is 180 min.
After this equilibrium period, the amount of Cu(Il) adsorbed does
not show time-dependent change. Similar results have been reported
in literature for biosorption of Cu(ll) by Tamarindus indica seed
powder [9].
2-5. Biosorption Isotherms

In the present investigation, the isotherm study for biosorption of
Cu(II) by TFS was conducted at different temperatures. The Freun-
dlich, Langmuir and D-R isotherm models were used to describe
the equilibrium biosorption data. The parameters obtained from the
Langmuir (C,/q, versus C,), Freundlich (logq, versus C,) and D-R
(Ing, versus &%) isotherm plots (figures not shown) are listed in Table
1. To quantitatively compare the accuracy of the models, the corre-
lation coefficients (R?) were also calculated and are listed in Table 1.
Analysis of the R* values indicates that the Langmuir isotherm model
provides the best fit to the equilibrium biosorption data than the other
isotherm models. The applicability of the Langmuir isotherm sug-
gests that biosorption took place at specific homogeneous sites within
the biosorbent and that once a metal ion occupied a site, no further

Table 1. Isotherm constants and kinetic parameters for biosorp-
tion of Cu(Il) by TFS at different temperatures

Temperature (K)

Model

293 303 313
Isotherm models
Langmuir
q, (mgg™) 73.497 76.387 80.013
K, (Lmg™") 1.467 1.782 1.931
R? 0.998 0.999 0.999
Freundlich
Ky (mgg") (L mg™")" 24.784 29.356 33.458
n 3.498 3.972 4.274
R? 0.952 0.957 0.948
Dubinin-Radushkevich
q. (mgg™) 61.821 63.669 65.245
B (mmol* J?) 426x10° 4.03x10° 3.92x107°
E (kJ mol™) 10.823 11.126 11.281
R? 0.938 0.931 0.933
Kinetic models
Qeep (Mg ) 71.267 74.389 78.624
Pseudo-first-order
Qe (mg g™ 55.104 58.735 61.298
k; (min™") 428x107 6.73x107% 9.68x107
R? 0.921 0.925 0.917
Pseudo-second-order
Qo.ca (Mg g7") 72.015 75.183 79.421
k, (g mg™' min™") 2.19x10™* 7.03x10* 1.29x107°
R’ 0.997 0.995 0.998

Korean J. Chem. Eng.(Vol. 30, No. 2)
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biosorption could take place at that site, thereby forming a mono-
layer [14]. The maximum monolayer biosorption capacity (q,,) in-
creases from 73.49 mg g at 293 K to 80.01 mg g at 313 K. The
Langmuir constant, K, also increases with increase in temperature.
These findings indicate an endothermic nature of the existing pro-
cess.

The magnitude of the Freundlich constant n gives a measure of
favorability of biosorption. Values of n between 1 and 10 represent
a favorable biosorption process [17]. For the present study the value
of n also presents the same trend at all the temperatures, indicating
favorable nature of biosorption of Cu(Il) by TFS.

The D-R isotherm model constant S gives an idea about the mean
free energy of biosorption E (kJ mol ") and can be computed using
the following relationship [16]:

po—L (15)

Table 2. Comparison of Cu(Il) biosorption capacity of TFS with
other reported low-cost biosorbents

Tem Sorption
Sorbent pH capacity Reference
(K) (mg g
gg)
Cinnamomum camphora 4.0 303.2 16.75 [25]
leaves powder 313.2 17.08
323.2 17.43
333.2 17.87
NaOH-pretreated 55 293 16.23 [26]
Marrubium globosum ssp.
globosum leaves powder
Pecan nutshell 5.5 298 85.9 [27]
Tea waste 55 295 48.00 [28]
Lentil shell 6.0 293 8.98 [29]
313 9.51
333 9.59
Wheat shell 6.0 293 7.39 [29]
313 16.08
333 17.42
Rice shell 6.0 293 1.85 [29]
313 2.31
333 2.95
Groundnut shell 5.24 308 7.60 [30]

Hazelnut shell activated 6.0 293 48.64 [31]

carbon 303 51.52
313 55.40
323 58.27
Rose waste biomass 5.0 3031 55.79 [32]
Pre-treated arca shell biomass 4.5 298+2  26.88 [33]
Tamarindus indica 5.5 303 82.97 [9]
seed powder 313 100.65
323 117.87
333 133.24
Tamarindus indica shell 6.0 293 73.49  Present
303 76.72 study
313 80.01
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The magnitude of E may characterize the type of biosorption as
chemical ion-exchange (E=8-16 kJ-mol™) or physisorption (E<8 k-
mol ") [16]. In the present study, the values of E were found to be
>8 kJ mol™' at all temperatures (Table 1), implying that biosorption
of Cu(Il) by TFS involves chemical ion-exchange.

A comparative study of the maximum Cu(II) uptake capacity of
TFS was performed with other reported sorbents. Note that the maxi-
mum amount of metal uptake by various sorbents varies as a func-
tion of experimental conditions. Especially, the pH and temperature
have a very important effect on the estimation of the maximum a-
mount of metal uptake per unit sorbent. Therefore, for a direct and
meaningful comparison, the maximum amount of Cu(Il) adsorbed
by TFS has been compared to the maximum Cu(Il) sorption capac-
ity of other reported sorbents under different experimental condi-
tions (Table 2). In Table 2 the maximum sorption capacity of TFS
for Cu(Il) is comparable and moderately higher than that of many
corresponding sorbent materials. Differences in metal uptake capac-
ity are due to the properties of each sorbent material such as struc-
ture, functional groups and surface area. The easy availability and
cost effectiveness of TFS are some additional advantages, which
make it better biosorbent for treatment of copper wastes.

2-6. Biosorption Kinetics

As already mentioned, the pseudo-first-order and pseudo-second-
order kinetic models were used to obtain the rate constants and equi-
librium biosorption capacity at different temperatures. The values
of the pseudo-first-order model constants, k, and q,, were calcu-
lated from the slope and intercept of the plots of log (q,—q,) versus
t, while the pseudo-second-order model constants, k, and q,, were
calculated from the slope and intercept of the plots of t/q, versus t.
The calculated model parameters along with the R* values are listed
in Table 1. The low R* values (<0.93) for the pseudo-first-order model
indicate that this model is not suitable for describing the biosorp-
tion kinetics of Cu(Il) onto TFS. However, the relatively high R
values (>0.99) for the pseudo-second-order model suggest that the
ongoing sorption process obeys pseudo-second-order kinetics. Also,
the calculated q, values (q, ;) show good agreement with the exper-
imental q, values (q,,,) (Table 1), further confirming that biosorp-
tion of Cu(I) by TFS follows the pseudo-second-order kinetic model.
The applicability of the pseudo-second-order kinetic model indi-
cates that the biosorption process of Cu(Il) onto TFS is chemisorp-
tion and the rate-determining step is probably surface biosorption.
The pseudo-second-order rate constant, k, increases with increase
in temperature, suggesting endothermic nature of the existing bio-
sorption process. Similar results have been reported for biosorption
of Cu(Il) by peanut hull [3].

The possibility of intra-particle diffusion resistance affecting the
biosorption process was explored by using the intra-particle diffu-
sion model (Eq. (8)). According to Eq. (8), a plot of g, versus t**
should be a straight line passing through the origin when the bio-
sorption mechanism follows the intraparticle diffusion process. How-
ever, if the data exhibit multi-linear plots, then the process is gov-
ermed by two or more steps. The plots for biosorption of Cu(Il) by
TFS at different temperatures were multimodal with three distinct
regions: an initial curve portion followed by a linear portion and
then a plateau (Fig. 4). The initial curved region is attributed to the
external surface biosorption in which the adsorbate diffuses through
the solution to the external surface of the biosorbent. The second
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Fig. 4. Weber and Morris plots for biosorption of Cu(Il) by TFS
at different temperatures (experimental conditions: C,=50
mg L', pH=6.00, m=3 g/0.1 L, agitation speed=150 rpm,
contact time: 4 h).

stage relates the gradual uptake reflecting intraparticle diffusion as
the rate limiting step. The final plateau region refers to the gradual
biosorption stage and the final equilibrium stage, in which the intra-
particle diffusion starts to slow down and level out. The present find-
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Fig. 5. (a) Arrhenius equation plot for biosorption of Cu(Il) by TFS
(b) Plot of Gibb’s free energy change versus temperature
for biosorption of Cu(Il) by TFS.

ing implies that although intraparticle diffusion is involved in the
biosorption process, it is not the sole rate-controlling step and that
some other mechanisms also play an important role. A similar multi-
linearity was observed for biosorption of Cu(Il) by pecan nutshell
[27].
2-7. Activation Energy and Biosorption Thermodynamics

The activation energy for biosorption of Cu(Il) by TFS as deter-
mined from the slope of the linear plot of Ink, versus 1/T (Fig. 5(a))
was 67.93 kJ mol™'. The magnitude of E, gives information on the
nature of the biosorption process, i.e., whether it is physical or chemi-
cal, with value of E, less than 40 kJ mol™ corresponds to physisorp-
tion, and higher value represents chemical reaction process [16].
Hence, it can be said that biosorption of Cu(I) by TFS is chemi-
sorption, as already inferred from the D-R isotherm model.

The values of AG’ were estimated using Eq. (10) and were found
to be —13.57, —15.85 and —18.01 kJ mol™ at T=293, 303 and 313 K,
respectively. The negative value of AG® at different temperatures
indicates the spontaneous nature of the biosorption process. Fur-
thermore, increase in the negative value of AG® with increasing tem-
perature suggests that the biosorption process is more favorable at
higher temperatures. AH® and AS° were determined from the inter-
cept and slope of the plot of AG® versus T (Fig. 5(b)). The value of
AH? was calculated as 51.44 kJ mol™, and 222.17 J mol™ K™ for
AS’. The positive value of AH’ is indicative of the fact that the bio-
sorption reaction is endothermic. The positive value of AS’ reflects
the affinity of TFS for Cu(Il) ions and an increased randomness at
the solid-solution interface during biosorption [33]. It also implies
an increase in degree of freedom of the adsorbed species [34]. Similar
results have been reported for biosorption of Cu(Il) onto palm kernel
fiber [35].
3. Column Studies
3-1. Effect of Flow Rate

The effect of flow rate on biosorption of Cu(Il) by TFS was studied
by varying the flow rate from 10 to 30 mL min™' and keeping the
initial Cu(IT) concentration (50 mg L"), pH (6.00) and bed height
(5 cm) constant. The breakthrough performance at the above oper-
ating conditions is depicted in Fig. 6(a). It can be seen that the break-
through time as well as the biosorption efficiency is higher at lower
flow rates. This can be explained by the fact that at lower flow rate,
the residence time of the metal solution is more, and hence the Cu
(I) ions get more time to capture the available binding sites around
or inside the biosorbent [36]. The metal ions also have more time
to diffuse into the pores of the biosorbent through intra-particle dif-
fusion. However, the breakthrough curve becomes steeper when
the flow rate increases with which the breakthrough time and the
Cu(Il) removal efficiency decreases. As the flow rate increases, the
residence time of the metal solution in the column decreases and
hence the metal ions do not have enough time to capture the binding
sites on the biosorbent surface or diffuse into the pores of the bio-
sorbent, leaving the column before equilibrium occurs [37]. A simi-
lar trend was previously reported for fixed-bed biosorption of Cu(Il)
onto sunflower shells [38].
3-2. Effect of Bed Height

To investigate the effect of bed height on the breakthrough curve,
metal solution having influent Cu(IT) concentration 50 mg L', pH
6.0 and flow rate 10.0 mL min™' was passed through the column
by varying the bed height. Fig. 6(b) represents the performance of
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Fig. 6. (a) Effect of flow rate on breakthrough curve (C,=50 mg
L™, pH=6.00, T=303 K, Z=5 cm, error bars represent the
standard deviation at n=3) (b) Effect of bed height on break-
through curve (C,=50 mg L', pH=6.00, F=10 mL min',
T=303 K, error bars represent the standard deviation at
n=3).

breakthrough curves at bed heights of 3 cm, 6 cm, and 12 cm. As
illustrated in Fig. 6(b), the breakthrough time varied greatly with
bed height. The breakthrough time increases from 150 min to 550
min, with increase in bed height from 3 to 12 cm. The bed capac-
ity and biosorption efficiency also increases with increasing bed
height. As the bed height increases, the metal ions have more time
to contact with the biosorbent, resulting in higher Cu(Il) removal
efficiency [39]. Maximum uptake was observed at the highest bed

height due to an increased availability of binding sites for the bio-
sorption process. Such behavior was observed previously by Quek
and Al-Duri for biosorption of Cu(Il) on coir in a fixed-bed column
[40].
3-3. Application of Thomas Model

The experimental data were fitted to the Thomas model to deter-
mine the Thomas rate constant (k;,,) and bed capacity (q,). The con-
stants, k;, and q,, were calculated from the slope and intercept of
the plot between In(C,/C—1) versus t at different flow rates and bed
heights. The calculated values of k;, and g, along with the R* values
are presented in Table 3. The relatively high R? values (>0.98) at all
the operating conditions suggest that the Thomas model was suit-
able for describing the column biosorption data of Cu(I) by TFS.
The calculated g, values show good agreement with the experimen-
tal q, values (q, .,,), further confirming the suitability of the Tho-
mas model for column design and analysis. The good fit of the ex-
perimental data on the Thomas model indicates that the external
and internal diffusion were not the rate limiting steps. Based on the
g, values, the maximum Cu(Il) uptake capacity is 110.47 mg g' at
the highest bed height of 12 cm and at the minimum flow rate of
10 mL min™, respectively. This value of column biosorption capac-
ity is significantly high when compared to the biosorption isotherm
capacity of 80.01 mg g'. This difference may be due to the differ-
ent operating conditions between batch and column experiments
[41]. In addition, the dissimilarity between the adsorption capacities
might be due to the longer contact time required to reach equilibrium
in the adsorption isotherm studies (180 min) compared with the con-
tinuous column experiments (<10 min).
3-4. Application of BDST Model

Experimental data obtained from the column studies were fur-
ther fitted to the BDST model. The values of k and N, as estimated
from the slope and intercept of the plot of In(C,/C—1) versus t at
different experimental conditions are given in Table 3. The R* val-
ues are also listed in Table 3. Analysis of the R* values suggests
that the BDST model was not suitable for describing the experi-
mental column biosorption data. However, as the bed height increases,
the rate constant (k) decreases while the volumetric sorption capacity
of the bed (N,) increases. A reverse trend is observed with increas-
ing flow rate.
4. Desorption and Regeneration Studies

To make the biosorption process more effective and economi-
cally feasible, biosorbent regeneration and metal recovery must be
evaluated. Desorption of adsorbed Cu(I) ions onto TFS was carried

Table 3. Thomas and BDST model parameters for continuous fixed-bed biosorption of Cu(Il) by TFS

Thomas BDST
Parameter
kp (mLmg'min™)  q,(mgg’) Q.. (mgg’) R* k(mLmg'min™) N, (mgL™) R*

Flow rate (mL min™")
10 0.6145 103.362 104.013 0.982 0.3826 9489 0.924
20 0.6726 95.278 95.913 0.987 0.4148 8357 0.913
30 0.7253 91.349 92.231 0.985 0.4562 7046 0.917
Bed height (cm)

3 0.1298 97.378 98.234 0.991 0.3671 8261 0.926

6 0.1337 105.815 106.543 0.986 0.3248 10523 0.922
12 0.1490 109.429 110.472 0.987 0.2917 11786 0.938
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out by using 0.5 M HCI, and it was observed that >90% of Cu(1I)
is desorbed. However, the re-use of TFS was not possible due to
its pastry nature after being imbibed in water. The incapability of
the regeneration/recycle of the biosorbent would be no severe draw-
back since the biosorbent is very cheap and readily available.

CONCLUSION

The present study showed that TFS is an effective biosorbent
for removal of Cu(Il) from aqueous solutions. Operational parame-
ters such as pH, initial metal concentration, biosorbent dose and
temperature were found to have an effect on the biosorption effi-
ciency of TFS. Percentage Cu(Il) removal decreased with increase
in the initial Cu(Il) concentration, while it increased with increas-
ing temperature and biosorbent dose. Maximum biosorption was
observed at pH 6.0. The biosorption kinetic data showed excellent
fit to the pseudo-second-order model indicating chemisorption. Intra-
particle diffusion was not the sole rate controlling step. The Lang-
muir isotherm model provided best fit to the experimental equilibrium
data, indicating monolayer sorption on a homogeneous surface. The
maximum monolayer biosorption capacity was estimated to be 80.01
mg g at 313 K. According to D-R isotherm model, the Cu(IT) bio-
sorption process was chemisorption involving chemical ion-exchange.
The calculated thermodynamic parameters indicated endothermic
and spontaneous nature of the biosorption process. The maximum
Cu(Il) biosorption capacity of TFS was comparable and moderately
higher than that of many corresponding sorbent materials under quite
similar conditions. The breakthrough time increased with increas-
ing bed height, while it decreased with increasing flow rate. The
Thomas model showed good agreement with the dynamic flow ex-
perimental data. Thus, it can be concluded that TFS should be a
promising and cost-effective biosorbent for treatment of copper wastes.

NOMENCLATURE

>

: arrhenius constant

: equilibrium Cu(IT) concentration on the biosorbent [mg L™']
: equilibrium Cu(IT) concentration in solution [mg L]
: initial Cu(IT) concentration [mg L™']

: Cu(Il) concentration in the liquid phase at time t [mg L™']
: mean free energy [kJ mol™']

: activation energy [kJ mol™']

: feed flow rate [mL min™']

: gibbs free energy change [kJ mol™']

: enthalpy of reaction [kJ mol™']

: distribution coefficient for biosorption

: freundlich constant [mg g '] (L g")""

: langmuir constant [L mg™']

: rate constant

: sorption rate constant [L mg™' min']

: intraparticle diffusion rate constant [mg g™' min *’]

: thomas rate constant [mL mg™' min™']

: pseudo-first-order rate constant [min ']

: pseudo-second-order rate constant [g mg™' min']

: mass of biosorbent [g]

: volumetric sorption capacity [mg L™']

: freundlich adsorption isotherm constant

N

«

mOO0A0

Tt

el

7

= ~
Z3rrr

Qo :equilibrium Cu(IT) uptake per g of the biosorbent [mg g™']
q. :equilibrium Cu(Il) uptake per g of the biosorbent [mg g™']
q, :maximum biosorption capacity [mg g ']

g, :amount of Cu(I) adsorbed at time t [mg g']

R :universal gas constant [8.314 J mol ' K]

R*  : correlation coefficient

AS® : entropy of reaction [J mol ' K]

: temperature [K]

: breakthrough time [min]

: bed exhaustion time [min]

: linear velocity [cm min™']

: volume of the solution [L]

: bed height [cm]

N< s S

Greek Alphabet

S :D-Risotherm constant [mmol® J~*]

& :polanyi potential [J mmol ']=RT In(1+1/C,)
Avee  : Wavelength of maximum absorbance

max
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