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Uptake and desorption of nickel(II) using polymerised tamarind
fruit shell with acidic functional groups in aqueous environments
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The sorption potential of formaldehyde polymerised tamarind fruit shell (FPTFS) containing acidic func-
tional groups for the treatment of Ni(II) ions from aqueous solutions has been investigated. The adsorbent
was characterised by infrared spectroscopy and scanning electron microscopy. Operating parameters affect-
ing Ni(II) adsorption were investigated by the batch technique. Maximum Ni(II) sorption was found to
occur at an initial pH of around 6. Kinetic studies showed that the amount adsorbed increased with ini-
tial Ni(II) concentration and the equilibrium was established in 180 min. The kinetic data were analysed
using the Lagergren pseudo-first-order, Ritchie second-order and modified Ritchie second-order equations,
and showed better fit with the modified Ritchie second-order equation. Equilibrium data were analysed
by Langmuir, Freundlich, Sips and Toth isotherm models and the Sips model best defined the isotherm.
The adsorption of Ni(II) was endothermic in nature (�Hads: 45.93 kJ/mol) with an increase in entropy
(�Sads: 245.67 J/mol/K) and a decrease in Gibbs free energy (�Gads: −28.52 to −35.67 kJ/mol) in the
temperature range 30–60 ◦C. The reduction in adsorption capacity with an increase in ionic strength and
isosteric heat of adsorption (�Hx: 24.85 kJ/mol) revealed an ion exchange mechanism for Ni(II) adsorp-
tion. The adsorption efficiency of FPTFS towards Ni(II) removal from a nickel-plating industry wastewater
sample was investigated and quantitative removal of 100 mg/L of Ni(II) in 1 L of industrial wastewater
was possible with 6 g of FPTFS. The spent, nickel-laden FPTFS was regenerated by 0.1 M HCl and four
adsorption/desorption cycles were performed. The results indicated that FPTFS exhibited considerable
potential for application in the removal of Ni(II) ions from aqueous solutions.

Keywords: tamarind fruit shell; nickel(II); adsorption kinetics; isotherm; thermodynamics; regeneration

1. Introduction

The discharge of toxic heavy metal ions into aquatic environments is nowadays causing serious
health hazards to both human beings and animals. The high mobility of these metal ions in water
streams and the bioaccumulating nature of these metal ions in animal bodies create a serious
impact on aquatic and terrestrial organisms. Nickel is a toxic heavy metal present in industrial
wastewaters, and significant amounts of nickel-containing wastewaters are discharged into aquatic
streams from Ni-plating plants, silver refineries, nickel battery production plants, mining areas and
metal finishing industries [1]. The concentration of nickel ions in industrial wastewaters usually
ranges from 3.40 to 900 mg/L [2]. Higher concentrations of nickel cause lung cancer, dizziness,
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cyanosis, nausea and vomiting [3]. Recently, the Environmental Protection Agency has fixed the
maximum contamination limit of nickel in potable water as 50 μg/L [4]. Ni concentrations in
highly contaminated freshwater may reach as high as several hundred to 1000 μg/L [5]. Hence,
there is a great need to treat industrial effluents containing Ni(II) ions before discharging into
aquatic streams so as to reduce the Ni(II) ion concentration to below the permissible limits.

Although many established conventional wastewater treatment technologies are available,
adsorption is an effective and simple technique for removing metal ions from aqueous solutions.
Wastewater treatment using activated carbon or ion exchange resin, although effective, is not
economic, and this constraint has caused the search for cost-effective adsorbents for wastewater
treatment. Recently, Bailey et al. [6] reviewed the utility of low cost natural materials as sorbents
for wastewater treatment. In recent years the use of agricultural by-products for the removal of
toxic metals from wastewater has attracted many studies because they are cheap, simple, sludge-
free and involve small initial cost. The major component of these agricultural waste by-products
includes cellulose, a natural biopolymer having ion exchange properties [7]. Since the adsorption
process involves numerous surface interaction mechanisms and diffusion processes, the surface
functional groups play a major role in the adsorption process [8]. Chemical conversion of the
existing functional groups on the agricultural biomass is generally employed to improve the sorp-
tive potential of many agricultural by-products. Shukla et al. [9] reported the adsorption of Ni(II),
Zn(II) and Fe(II) on oxidised coir fibres, and Ali Kara et al. [10] studied the adsorption of Ni(II)
ions onto phenolated wood resin. Ewecharoen et al. [11] compared the adsorption of Ni(II) from
electroplating rinse waters by coir pith and modified coir pith and showed a high adsorptive capac-
ity for alkali-treated coir pith. Adsorption of Ni(II) using HCl treated oak (Quercus coccifera)
sawdust was reported by Mehmet Emin Argun et al. [12]. Chitosan modified with Reactive Blue
2 dye was used for the adsorption of Cu(II) and Ni(II) ions [13].

Tamarind (Tamarindus indica) is a common tree found in most parts of India. It is basically
cultivated for its sour fruit pulp. Tamarind fruit shell (TFS), a byproduct of the tamarind pulp
industry, is an underutilised waste material. These waste materials create increasing disposal and
potentially severe pollution problems. A large amount of TFS is burnt in situ, generating CO2

and other forms of pollution. Any attempt to reutilise the TFS would be worthwhile. In this study,
we attempted to develop a TFS-based cation exchanger possessing a –SO3H functional group
for water treatment. The feasibility of the modified TFS for removing Ni(II) ions from water
and wastewater was investigated, and operational parameters affecting adsorption process were
optimised through a batch process.

2. Materials and methods

2.1. Materials

TFS collected from a local market was used for the preparation of the adsorbent. The chemicals
used throughout the study were of analytical grade. Formaldehyde, 39% (HCHO) and H2SO4 were
procured from E. Merck (India) and NiCl2, 6H2O for preparing the stock solution was obtained
from Fluka (Switzerland). Unless otherwise mentioned, all the working solutions were prepared
using distilled water. The pH of the working solutions was adjusted using 0.1 N HCl and 0.1 N
NaOH solutions.

2.2. Preparation of the adsorbent

TFS was washed with distilled water to remove the surface impurities and dried at 80 ◦C. The dried
mass was powdered and particles of 80–230 mesh size were collected for chemical treatments.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
0
3
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Chemistry and Ecology 95

Two parts of TFS was treated with 20 parts 0.2 N H2SO4 and five parts 39% HCHO. The reaction
mixture was stirred vigorously and heated in a water bath at 60 ◦C for 6 h. The formaldehyde
polymerised TFS containing sulphonic acid group (FPTFS) was washed repeatedly with distilled
water to remove unreacted HCHO and H2SO4, and dried at 60 ◦C.The dried product was powdered,
sieved, and particles of 0.096 mm were used for batch studies.

2.3. Equipment and methods of characterisation

The FTIR spectra of the TFS and FPTFS were obtained using the pressed disc technique in a
Perkin Elmer IR–180 spectrophotometer. The scanning electron micrographs (SEM) for adsor-
bents were obtained on a Philips XL-3CP scanning microscope at an accelerating voltage of 12 kV.
A potentiometric titration method [14] was used to determine the point of zero change (pHpzc). The
surface area of the adsorbent was determined using a Quantasorb surface area analyser (QS/7).
The cation-exchange capacity (CEC) was determined by the column process using 1.0 M NaNO3

as the eluent at a flow rate of 0.5 mL/min [15]. The apparent density of the adsorbents was also
determined by specific gravity bottle (10 mL capacity) using nitrobenzene as the displacing liq-
uid. A Systronic microprocessor pH meter (model μ 362; India) was used to measure the pH of
the suspension. The total number of acidic groups present in the adsorbents was estimated using
a conductometric titration method proposed by James and Parks [16]. A temperature controlled
water bath flask shaker (Labline, India) was used for shaking all solutions. The concentration
of metal ions in the solution was determined using a GBC Avanta A 5450 (Australia) atomic
absorption spectrophotometer (AAS).

2.4. Adsorption experiments

Batch adsorption experiments were carried out by shaking 100 mg of FPTFS in 50 mL of Ni(II)
solutions with different initial concentrations ranging from 25–600 mg/L in a 100 mL Erlenmeyer
flask at 200 rpm in a water bath flask shaker at fixed temperature. The effect of pH on Ni(II) adsorp-
tion was studied by varying the initial pH of the solution within the range 2.0–7.0 using 0.1 M
NaOH and HCl solutions. After equilibrium, the supernatants were removed by centrifugation and
the metal ion concentration was determined using AAS. The optimum lamp current, wavelength
and sensitivity of the AAS measurements were 4.0 mA, 232 nm and 0.04 μg/L, respectively. The
amount of Ni(II) adsorbed, qe (mg/g), was calculated using the equation:

qe = (Co − Ce)
V

m
(1)

where Co and Ce are the initial and equilibrium Ni(II) concentrations (mg/L), respectively, m is
the mass of FPTFS (g) and V is the volume of the solution (L). Kinetic studies were carried out at
constant pH, and at room temperature with Ni(II) concentrations ranging from 50–200 mg/L, and
at varying temperatures ranging from 30–60 ◦C using 200 mg/L Ni(II) solution. Samples were
withdrawn at different time intervals and the amount of Ni(II) ions in the solution was determined.
Isotherm experiments were conducted with 50 mL of different initial concentrations ranging from
50–600 mg/L at 30, 40, 50 and 60 ◦C.

2.5. Desorption experiments

To investigate the adsorption mechanism involving Ni(II) removal from aqueous systems using
FPTFS and also to make the adsorption process more economic, desorption and regeneration
studies were carried out. After adsorption experiments with 25 mg/L Ni(II) using 100 mg of
adsorbent in 50 mL aqueous phase, the Ni(II)-laden samples were separated from solutions by
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96 T.S. Anirudhan and P.G. Radhakrishnan

centrifugation and gently washed with distilled water to remove unadsorbed Ni(II) ions. The spent
adsorbent was agitated with 50 mL 0.1 M HCl for 3 h. The concentration of desorbed Ni(II) ions
in the solution was determined using AAS. The adsorbent thus regenerated was used for further
adsorption studies. The adsorption and regeneration cycles were reported four times.

2.6. Nonlinear regression analysis

The kinetic and isotherm model parameters were evaluated by nonlinear regression using Solver
add-in with Microsoft Excel. The model parameters were determined by minimising the distance
between the experimental data points and the model predictions. The degrees of fitness of the
models with the experimental data were determined using the sum of the squares of errors (SSE),
defined as:

SSE =
∑

(qexp − qcal)
2, (2)

and by using the Chi-square test (χ2), given by:

χ2 =
m∑

i=1

(qexp − qcal)
2

qcal
, (3)

where qexp and qcal correspond to the experimental and model data, and m is the number of
observations in the experiment. If data from the models are similar to the experimental data, SSE
and χ2 will be a smaller number.

3. Results and discussion

3.1. Adsorbent characterisation

The functionalisation on TFS was followed through FTIR spectroscopy. The FTIR spectra of TFS
and FPTFS are shown in Figure 1. A strong absorption band at 3400 cm−1 shows the presence
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Figure 1. FTIR spectra of TFS and FPTFS.
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Chemistry and Ecology 97

of hydroxyl groups as part of the cellulose structure and polyphenols originally present in TFS
[17]. An absorption band at 2925 cm−1 in TFS appeared from the in-phase stretching vibration of
–CH2- alkane from cellulose and hemicellulose. A weak absorption band at 1730 cm−1 for FPTFS
corresponds to the C=O stretching of –COOH group. The characteristic band 1066 cm−1 originates
from the C–O stretching vibration of –C–OH group. Bands at 677 cm−1 for TFS and 673 cm−1

for FPTFS arise from β-glucosidic linkage. The FTIR spectrum of FPTFS shows additional peaks
at 1185, 1135 and 605 cm−1 showing the presence of –SO3H group [18]. The absorption band,
1066 cm−1 in TFS, shifts to 1033 cm−1 in FPTFS due to the reaction of formaldehyde at the
cellulosic hydroxyl group.

The surface charge density σ0 of TFS and FPTFS was determined by the potentiometric titration
method using the equation:

σ0 = F[(CA − CB) + (OH− − H+)]
A

, (4)

where F is the Faraday constant, and CA and CB are the concentrations of acid and base after each
addition during titration. H+ and OH− ions are the equilibrium concentration of H+ and OH−
ions bound to the suspension surface, and A is the surface area of the suspension. The plots of
σ0 versus pH for TFS and FPTFS are shown in Figure 2. The point of intersection of σ0 with the
pH curves gives the pHpzc (pH at which surface charge density σ0 is zero). The pHpzc of TFS and
FPTFS occurred at 7.4 and 5.4 respectively. The decrease in pHpzc after chemical modification
indicates that the surface became more negative due to the presence of sulphonate and carboxylate
functional groups in FPTFS, and it facilitates the uptake of Ni(II) ions from aqueous solutions
through electrostatic interaction.

The SEM photographs of TFS and FPTFS taken at magnitude 1000× are presented in Figure 3.
The FPTFS surface contains numerous scrappy regions which occurred as a result of formaldehyde
treatment. These patchy regions were not seen on the surface of TFS. The FPTFS surface was found
to have a more dispersed framework with a large number of grooves throughout the surface, which
occurred as a result of functionalisation.After formaldehyde treatment, TFS becomes more porous.
This porous appearance probably occurs due to the reduction in certain amorphous/crystalline
phases originally associated with the TFS.

The surface areas obtained for TFS and FPTFS using N2 sorption were found to be 13.3 and
25.7 m2/g, respectively. The increase in surface area of FPTFS is attributed to the reduction in
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Figure 2. Surface charge density as a function of pH in aqueous solution of NaNO3.
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98 T.S. Anirudhan and P.G. Radhakrishnan

Figure 3. Scanning electron micrographs of TFS and FPTFS.

crystalline domains, originally present in TFS, on formaldehyde treatment in the presence of 0.2
N H2SO4. Similar increase in surface area with chemical modification is reported in the literature
[19]. The amount of acid groups obtained from conductometric titration was found to be 0.53
and 1.48 meq/g for TFS and FPTFS, respectively. The cation exchange capacities were found
to be 0.43 meq/g for TFS and 1.33 meq/g for FPTFS, and this enhancement is consistent with
chemical modification, while apparent density was found to be 1.02 and 1.32 g/L for TFS and
FPTFS, respectively.

3.2. Effect of surface modification

The effect of surface modification on Ni(II) adsorption was studied by conducting batch experi-
ments using an initial concentration of 25 mg/L with varying adsorbent doses of TFS and FPTFS.
The percentage of adsorption increased with an increase in adsorbent doses, and for the complete
removal of Ni(II) ions from aqueous solution, an optimum adsorbent dosage of 3.0 g FPTFS or
4.5 g TFS was required (Figure 4). The increase in removal percentage with doses may be due to
the availability of more adsorption sites at high doses. The results clearly show that FPTFS is 1.5
times more effective than TFS for Ni(II) removal from aqueous solutions. The high percentage
removal obtained for FPTFS may be due to the stability provided by formaldehyde polymerisa-
tion and also due to the introduction of a –SO3H group on the FPTFS surface through chemical
treatment. The values of pHpzc of TFS and FPTFS were found to be 7.4 and 5.4 respectively. The
low pHpzc of FPTFS indicates that the FPTFS surface became more negative due to chemical
treatment and this increases the extent of Ni(II) adsorption onto FPTFS.
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Figure 4. Effect of adsorbent dose on the removal of Ni(II) from aqueous solution by TFS and FPTFS.

3.3. Effect of pH on Ni(II) removal

The pH value of the solution plays an important role in the adsorption of metal ions from aqueous
solutions. The pH dependence of equilibrium adsorption data of Ni(II) ions in solution is shown
in Figure 5, which shows that the amount adsorbed increased with increase in pH and maximum
sorption was obtained at pH 6. This trend was attributed to the solution pH influencing both the
active sites of FPTFS and the Ni(II) chemistry in water. With increasing pH values, the carboxyl
and sulphonic acid groups, would be exposed producing negative charges on FPTFS surface
causing enhanced metal sorption [20]. For an initial concentration of 25 and 50 mg/L, the amount
adsorbed was found to be 12.39 mg/g (99.1%) and 23.33 mg/g (93.1%), respectively, at pH 6.
Lower sorption capacities at lower pH values can be attributed to the competitive sorption of
H3O+ ions and Ni2+ ions for the same adsorption sites. With the increase in pH, the competing
effect of H3O+ ions decreases, and hence the cationic Ni(II) ions can bind to the adsorption sites.
Ni(II) adsorption is more significant above pH 4. In the pH range 2–7, the major components in
the solution are Ni2+ species and the hydrolysed forms of NiOH+ and Ni(OH)2 species. The pHpzc

of FPTFS occurred at pH 5.4, which indicates that below pH 5.4, the FPTFS surface is positively
charged and the main species in the solution, such as Ni2+ and NiOH+ ions, get adsorbed on
FPTFS through the ion exchange process. A substantial decrease in the experimental pH occurs
during adsorption and this may be due to the release of H+ ions from the peripheral –COOH and

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8

pH

A
ds

or
pt

io
n 

(%
)

25

50

Figure 5. Effect of pH on the adsorption of Ni(II) onto FPTFS.
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100 T.S. Anirudhan and P.G. Radhakrishnan

–SO3H groups present in FPTFS. The removal of Ni(II) below pH 5.4 may be represented as:

2H − FPTFS + Ni2+ → (FPTFS)2Ni + 2H+, (5)

H − FPTFS + Ni(OH)+ → FPTFS − Ni(OH)+ + H+. (6)

At pH > 5.4, the FPTFS surface becomes negatively charged and the metal species in the solution
exist as NiOH+ ions. Under such conditions, a favourable electrostatic attraction between FPTFS
and NiOH+ ions is responsible for metal uptake. Similar adsorption mechanisms for metal removal
from aqueous solutions have been reported in the literature [21].

3.4. Effect of initial concentration and contact time

Figure 6 shows the effect of contact time on the removal of Ni(II) ions from aqueous solutions in the
concentration range 50–200 mg/L at pH 6 and 30 ◦C. For the different initial Ni(II) concentrations
(50–200 mg/L), almost 80–85% of the overall adsorption occurred during the 60 min contact time,
and subsequently the amount adsorbed slowly increased with time and equilibrium was established
at 180 min. The equilibrium time was independent of initial concentration and, for further batch
studies, the contact time was fixed as 3 h. The nature of the adsorbent and its compactness also
affected the equilibrium time for Ni(II) adsorption. The initial high sorption rate within 60 min
may partly be due to the presence of various functional groups on FPTFS, and Ni(II) ions having
easy access towards these active sites. For initial concentrations of 50, 100, 150 and 200 mg/L,
the equilibrium uptake was found to be 23.26 mg/g (93.1%), 43.28 mg/g (86.6%), 57.82 mg/g
(77.1%) and 68.50 mg/g (68.5%), respectively. The results showed that with a rise in initial Ni(II)
concentration, equilibrium uptake increased. The enhanced Ni(II) adsorption at higher initial
concentration occurs because at higher Ni(II) concentrations, more Ni(II) ions occupy the active
sites of FPTFS; further, the presence of a large number of Ni(II) ions in the vicinity of FPTFS
surface provides a larger concentration gradient in the liquid film, thus providing a higher driving
force for Ni(II) adsorption.

3.5. Adsorption dynamics

The kinetic study of metal ion adsorption on solid adsorbents provides valuable information
about the adsorption process and its mechanisms. The adsorption data were modelled using the
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Figure 6. Effect of contact time and initial concentration on the adsorption of Ni(II) onto FPTFS and comparison of
the Ritchie modified second-order model with the experimental data.
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Pseudo-first-order model [22], the Ritchie second-order model [23] and the Ritchie modified
second-order model [24], as shown by the following Equations (7–9):

qt = qe(1 − e−k1t), (7)

qt = qe

{
1 −

[
1

1 + k2t

]}
, (8)

qt = qe

{
1 −

[
1

β + k2m t

]}
, (9)

where qe and qt are the amounts of Ni(II) ion adsorbed (mg/g) at equilibrium and time, t, respec-
tively. k1, k2 and k2m are the pseudo-first-order rate constant, the Ritchie second-order rate constant
and Ritchie modified second-order rate constant, respectively. β is a constant representing the ini-
tial particle loading. The kinetic parameters of these models for different initial concentrations
were calculated through the nonlinear optimisation method and are given in Table 1. The Ritchie
modified second-order model adequately described the kinetics of sorption of Ni(II) for all con-
centrations with lower SSE and χ2 values. The applicability of the Ritchie modified second-order
model implies that one Ni(II) ion was adsorbed onto two surface sites of FPTFS; this adsorption
process could be represented as in Scheme 1.

Earlier studies have successfully applied the Ritchie modified second-order model to the adsorp-
tion of cadmium ions onto bone char [24] and the adsorption of Cd(II) by acid-treated jackfruit
peel [25]. A comparison between the experimental and calculated values using a best fit Ritchie
modified second-order model is shown in Figure 6. The values of the Ritchie modified second-
order rate constant decreased from 6.02 × 10−2 to 4.76 × 10−2 g/mg/min for an increase in
initial concentration from 50 to 200 mg/L. The initial particle loading (β) and equilibrium sorp-
tion capacity (qe) also increased from 1.016–1.041 and 24.67–73.98 mg/g, respectively, as the
initial Ni(II) concentration increased from 50–200 mg/L.

Table 1. Kinetic parameters for the adsorption of Ni(II) onto FPTFS.

Concentration (mg/L)

50 100 150 200

qeexp (mg/g) 23.26 43.28 57.82 68.50

Pseudo-first-order model
K1 × 10−2 (min−1) 4.81 4.71 4.18 3.98
qe (mg/g) 22.30 41.38 55.67 65.75
SSE 10.05 39.24 58.59 97.88
χ2 1.29 2.47 3.52 4.23

Ritchie second-order model
K2 × 10−2 (g/mg/min) 6.22 6.13 5.28 4.99
qe (mg/g) 24.91 45.11 62.80 74.27
SSE 0.589 1.60 2.95 5.59
χ2 0.105 0.107 0.322 0.298

Ritchie modified second-order model
K2m × 10−2 (g/mg/min) 6.02 5.92 5.05 4.76
qe (mg/g) 24.67 46.41 62.54 73.98
β 1.016 1.023 1.033 1.041
SSE 0.461 1.103 1.523 3.457
χ2 0.025 0.070 0.035 0.122
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Scheme 1. Adsorption of Ni(II) onto FPTFS.

3.6. Effect of ionic strength

To explore the applicability of FPTFS for the removal of Ni(II) ions from industrial wastewaters,
and also to study the nature of FPTFS/Ni(II) interaction, adsorption studies were conducted
at different ionic strengths using NaCl as the electrolyte. The adsorptive removal at an initial
concentration of 100 mg/L with NaCl concentration of 0.001, 0.005, 0.01, 0.05, and 0.1 M was
found to be 85.1, 81.3, 76.3, 69.2 and 55.9%, respectively. The data clearly showed that FPTFS at
higher ionic strength conditions exhibited a slightly decreased sorption capacity and the decreasing
trend in sorption is a clear evidence for the role of electrostatic interactions in adsorption process
[26]. At high ionic strength conditions, the added electrolyte provides an electrostatic shielding
for Ni(II) ions at the FPTFS/solution interface through the occupation of large number of Cl− ions
in the vicinity of FPTFS, causing a reduction in sorption. Earlier workers [27] reported that Na+
ions compete with the metal ions for the binding sites of the adsorbent, which cause a decreased
sorption at higher ionic strength. The formation of certain chloro-complexes of nickel at higher
chloride concentrations is also responsible for the decreased metal uptake. Thus in general, both
ion exchange and electrostatic interaction mechanisms were considered to be the major factors
affecting Ni(II) adsorption on FPTFS.

3.7. Adsorption isotherm analysis

The adsorption of Ni(II) ions onto the FPTFS surface leads to a thermodynamically defined
distribution of Ni(II) ions on sorbent surfaces, and this distribution can be expressed in terms
of the adsorption isotherm. The experimental results for the adsorption isotherm of Ni(II) at
different temperatures are shown in Figure 7. Several isotherm models were used to describe
the experimental sorption data and the model parameters, along with the basic thermodynamic
assumptions underlying these models, provide some insight into the sorption mechanism, surface
properties and the affinity of the sorbent. Langmuir, Freundlich, Toth and Sips isotherm models
were used in the present work, as shown by the following equations:

Langmuir : qe = qmL
KLCe

1 + KLCe
, (10)

Freundlich : qe = KFC1/nF
e , (11)

Toth : qe = qmT
Ce

(1/KT + CmT
e )1/mT

, (12)
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Figure 7. Comparison of the model fit of the Sips isotherm to the experimental isotherm data for the adsorption of Ni(II)
onto FPTFS.

Sips : qe = qmS
(KSCe)

mS

1 + (KSCe)mS
, (13)

where qe is the adsorbed amount at equilibrium (mg/g), Ce the equilibrium concentration of the
adsorbate (mg/L), qmL is the Langmuir monolayer sorption capacity (mg/g) and KL is the Lang-
muir equilibrium constant (L/mg); KF is the Freundlich constant related to adsorption capacity
(mg1−(1/n)L1/ng−1) and nF is a constant indicative of intensity of adsorption; qmT is the Toth
maximum adsorption capacity (mg/g), KT the Toth equilibrium constant, and mT the Toth model
exponent; qmS is the Sips maximum adsorption capacity (mg/g), KS is the Sips equilibrium
constant (L/mg)mS and mS is the Sips model exponent.

The Langmuir model is based on the assumption that all the adsorption sites have equal affini-
ties for adsorbate molecules and that the presence of adsorbed molecules on one site does not
affect the adsorption of molecules at an adjacent site [28]. The Freundlich isotherm is an empir-
ical equation and is satisfactory for low concentrations. The Freundlich isotherm is derived by
assuming a heterogeneous surface with a non-uniform distribution of heat of adsorption over the
surface [29]. The Toth isotherm is derived from the potential theory, and is applicable for a het-
erogeneous adsorption system [30]. The application of this equation is best suited to multilayer
adsorption, similar to BET isotherms. This model also assumes that most adsorption sites have
adsorption energies lower than the mean adsorption energy value. When the adsorbate molecule
occupies two sorption sites, the Sips isotherm model (Langmuir–Freundlich) can be applicable
[31]. At low sorbate concentrations it reduces to the Freundlich isotherm, and at higher sorbate
concentrations, it predicts a monolayer sorption capacity characteristic of the Langmuir isotherm.
All the isotherm parameters as determined by the nonlinear regression method and the ‘goodness
of fit’ as manifested by SSE and χ2 are shown in Table 2.

The Langmuir monolayer sorption capacity qmL and the equilibrium constant KL were
found to increase from 87.56 to 102.95 mg/g and 0.079 to 0.116 L/mg, respectively, as the
temperature increased from 30–60 ◦C. The qmL value can be used to evaluate the adsorption
capacity of FPTFS with other adsorbents. A comparison of the qmL value of FPTFS used in the
present study with those obtained in the literature shows that FPTFS is more effective for the
removal of Ni(II) ions from aqueous solutions (Table 3). The relatively higher monolayer adsorp-
tion capacity of FPTFS compared to the reported adsorbents may be due to the presence of active
acidic functional groups on FPTFS. The favourable nature of adsorption can be expressed in
terms of a dimensionless equilibrium parameter called separation factor RL, which is defined as
RL = 1/(1 + KLCo), where KL is the Langmuir equilibrium constant and Co is the initial concen-
tration of the Ni(II) ions in the solution. For favourable adsorption, 0 < RL < 1, as reported by
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Table 2. Adsorption isotherm constants for Ni(II) adsorption onto FPTFS.

Temperature (◦C)

Isotherm models 30 40 50 60

Langmuir
qmL (mg/g) 87.56 93.13 97.93 102.95
KL(L/mg) 0.079 0.091 0.109 0.116
SSE 55.23 71.68 109.37 129.64
χ2 1.56 1.88 2.73 3.27

Freundlich
KF (mg1−(1/n)L1/ng−1) 23.25 25.47 27.76 29.25
nF 4.35 4.40 4.57 4.71
SSE 220.41 269.94 298.56 349.09
χ2 4.35 5.09 5.39 6.11

Sips
qmS (mg/g) 96.94 103.34 110.51 116.24
KS (L/mg)mS 0.055 0.062 0.067 0.071
mS 0.714 0.694 0.658 0.647
SSE 0.577 0.192 0.165 0.211
χ2 0.008 0.002 0.002 0.002

Toth
qmT (mg/g) 100.17 106.94 115.19 121.33
KT 0.339 0.389 0.501 0.522
mT 0.591 0.578 0.533 0.530
SSE 1.402 0.902 0.917 1.333
χ2 0.033 0.023 0.218 0.036

Table 3. Comparison of the adsorption capacities of FPTFS with various adsorbents.

Adsorbate Adsorbent Modifying agent qmL Reference

Ni(II) Sawdust Sodium hydroxide 10.47 [32]
Jute fibres Hydrogen peroxide 5.57 [33]
Ground nut shell Reactive orange 13 7.49 [34]
Rice bran Phosphoric acid 102 [35]
Bagasse fly ash Water washed 1.12 [36]
FPTFS Formaldehyde 86.74 Present study

Hall et al. [37]. The RL value for Ni(II) adsorption at 30, 40, 50 and 60 ◦C within the concentration
of 50–600 mg/L varied between 0.201 and 0.020, 0.178 and 0.017, 0.154 and 0.015 and 0.146
and 0.014, respectively, indicating favourable Ni(II) adsorption on FPTFS. Freundlich adsorption
constants KF and nF increased from 23.25 to 29.25 and 4.35 to 4.71, respectively, with an increase
of temperature from 30–60 ◦C. The magnitude of nF indicates the adsorption favourability, and
previous studies [38] have shown that values of nF in the range 2–10 indicate good adsorption
characteristics of the adsorbent. The reported nF value for Ni(II) adsorption (4.35 < nF < 4.48)
confirms favourable adsorption on FPTFS. When the temperature increased from 30–60 ◦C, the
values qmT and KT increased from 100.17 to 121.33 mg/g and 0.339 to 0.522, respectively. The
Toth model exponent, mT, decreased from 0.591 to 0.530 with an increase in temperature from
30–60 ◦C. The values of qmS and KS increased from 96.94 to 116.24 mg/g and 0.055 to 0.071
(L/mg)mS , respectively, with an increase in temperature from 30–60 ◦C. The Sips model exponent
mS indicates surface heterogeneity and for a highly heterogeneous system, the deviation of the mS

value from unity will be higher. The mS value decreased from 0.714 to 0.647 as the temperature
increased from 30–60 ◦C, indicating that the increase in temperature made the FPTFS surface
more heterogeneous, and this ultimately led to enhanced Ni(II) sorption on FPTFS.
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The minimum SSE and χ2 values for the Sips isotherm model compared to the other three
models (Table 2) showed that the Ni(II) sorption on FPTFS could be best described by the Sips
isotherm model. The experimental adsorption isotherms at temperatures 30, 40, 50 and 60 ◦C along
with best fit Sips model curves are depicted in Figure 7.A number of investigators, Ko et al. [39] for
example, have used the Sips isotherm model for the adsorption of metal ions onto bone char. Since
the divalent Ni(II) ion usually prefers a 1 : 2 binding stoitiometry, as reported by earlier workers
[40], the suitability of the Sips isotherm model was more obvious, because the most popular
Langmuir model usually assumes a 1 : 1 binding stoitiometry for the adsorbate molecules, and
when the adsorbates were divalent metal ions, this assumption suffers experimental limitations.
The surface heterogeneity of FPTFS (shown by SEM photography) was another contributing
factor for the misapplication of the Langmuir model for the present system because this model
is best suited for homogeneous surface adsorption sites only. The aptness of the Sips isotherm
model further reflects the likelihood that more than one sorption reaction/process was involved
in the adsorption mechanism [41].

3.8. Thermodynamic parameters

The thermodynamic parameters such as Gibb’s free energy (�Gads), enthalpy (�Hads) and entropy
changes (�Sads) for Ni(II) adsorption on FPTFS can be determined on the basis of the Sips
equilibrium constant KS (L/mmol)mS at different temperatures using the following relations:

�Gads = −RT ln KS, (14)

ln KS = �Sads

R
− �Hads

RT
, (15)

where R is the gas constant and T is the temperature (K). A plot of ln KS versus 1/T should
be a straight line. �Hads and �Sads values were obtained from the slope and intercept of this
plot, respectively. The negative values (−28.52, −30.74, −33.81 and −35.67 kJ/mol) of �Gads

indicate the feasibility of the adsorption process and the spontaneous nature of adsorption of Ni(II)
at 30, 40, 50 and 60 ◦C. The increase in negative values of �Gads with temperature clearly showed
that the Ni(II) adsorption on FPTFS was favourable at higher temperatures. Similar results were
reported for the adsorption of Ni(II) ions onto various sorbents, including hazelnut shell activated
carbon [42] and wine processing waste sludge [1]. The values of �Gads for physical adsorption
were < −20 kJ/mol and for chemisorption the values were in the range −80 to −400 kJ/mol
[43]. The magnitude of adsorption free energy ranging from −28.52 to 35.67 kJ/mol suggests
that the adsorption can be considered as a physical process, which was enhanced by chemical
effect. The positive value of the enthalpy change �Hads (45.93 kJ/mol) implies that the interaction
between Ni(II) and FPTFS is endothermic in nature. Positive value of �Sads (245.67 J/K/mol)
corresponds to the increase in the degree of freedom at the FPTFS/Ni(II) solution interface during
the adsorption process, and this also indicates that as a result of interaction between Ni(II) ions and
active sites on FPTFS, some structural changes may have taken place for the latter. The isosteric
heat of adsorption can be calculated using the Clausius–Clapeyron equation:

d(ln Ce)

dT
= −�Hx

RT2 . (16)

Here �Hx is the isosteric heat of adsorption (kJ/mol) at specific Ni(II) loading qe (mg/g); Ce

(mg/L) is the equilibrium Ni(II) concentration in the aqueous phase at temperature T. The aqueous
phase Ni(II) concentrations (Ce) at different temperatures were calculated for a constant amount
adsorbed in the FPTFS (qe) using the best-fit Sips isotherm parameters listed in Table 2. The
�Hx values were calculated from the slopes of the plots of ln Ce versus 1/T for different surface
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loadings. At surface loadings of 30, 40, 50, 60, 70 and 80 mg/g, the values of �Hx were found to
be 20.64, 20.85, 21.76, 23.67, 27.32 and 34.85 kJ/mol, respectively. The increase in the values of
�Hx with increasing Ni(II) loading would be attributed to surface heterogeneity of FPTFS and
some lateral interactions between the adsorbed Ni(II) ions [43].

3.9. Tests with nickel-plating industry wastewater

To explore the applicability of FPTFS for Ni(II) removal, batch studies were conducted at differ-
ent doses of FPTFS using nickel-plating industry wastewater samples [44]. The composition of
wastewater before and after treatment with an adsorbent dose of 6 g/L is given in Table 4. For com-
parison, batch studies were also carried out at different doses of FPTFS using 100 mg/L Ni(II) test
solution. The nickel-plating industry wastewater contains a very high concentration of Ni(II) ions
and hence it was diluted to a solution containing 100 mg/L during the batch process. The effect of
the adsorbent dose for Ni(II) removal from the nickel-plating industry wastewater and Ni(II) test
solution is shown in Figure 8. For Ni(II) test solution containing 100 mg/L Ni(II) ions, at a dose
of 2 g/L, 86.6% of Ni(II) adsorption occurred, while from the nickel-plating industry wastewater,
73.2% removal was achieved. A reduction in the percentage of adsorption for the nickel-plating
industry wastewater clearly implied that other ions present in the industrial wastewater were also
competing for the adsorption sites on FPTFS. Almost complete removal (≈100%) for the test
solution was possible at an adsorbent dose of 4 g/L, and for nickel-plating industry wastewater

Table 4. Results of nickel-plating industry wastewater treatment (adsorbent dose, 6 g/L).

Water quality parameter Before treatment After treatment

pH 3.3 2.7
Conductivity (ms/cm) 13.14 7.02
Turbidity (NTU) 4.3 3.1
Chemical oxygen demand (mg/L) 51.7 27.6
Iron (mg/L) 35 28.4
Sodium (mg/L) 325 265.7
Potassium (mg/L) 5 Nil
Calcium (mg/L) 45 15.3
Chloride (mg/L) 565 500.6
Nickel (mg/L) 996 <0.050
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Figure 8. Comparison of the effect of adsorbent dose on the removal of Ni(II) from nickel-plating industry wastewater
and test solution.
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complete removal was possible at an adsorbent dose of 6 g/L. The data clearly shows that Ni(II)
concentration in nickel-plating industry wastewater can be reduced to less than the permissible
limit (50 μg/L) using FPTFS.

3.10. Desorption and regeneration studies

Desorption studies were conducted to check the extent of recovery of the adsorbent so that it
could be used in subsequent adsorption/desorption cycles. The desorption studies also provide
evidence on the reversibility of the adsorption process. The desorption of Ni(II) from FPTFS
was studied by utilising 0.1 M HCl. Hydrochloric acid was selected because this eluent was
reported to have the best desorption efficiency compared to many other chemical reagents [45].
Repeated adsorption/desorption cycles were performed to examine the reusability and metal
recovery efficiency of the sorbent, and the results are shown in Figure 9. As shown in Figure 9
the Ni(II) adsorption capacity of the FPTFS decreased from 99.3 to 90.8% within four cycles.
The recovery also decreased from 98.5–89.3% within four cycles. The results indicated that in
addition to the ion exchange mechanism, certain complexation mechanisms were also involved
in the adsorption process. Within four adsorption/desorption cycles no loss of the adsorbent was
noticed, thus making FPTFS very suitable for the design of a continuous batch reactor.

3.11. Cost estimation

Although expenditure on low-cost adsorbents may be negligible, further cost-benefit analysis
needs to take into account any spending associated with regeneration or operation, including chem-
icals, electricity, labour, transportation and maintenance. The fiscal feasibility of the adsorption
process for the removal of metal ions from water and wastewater depends on its cost effectiveness
as well as the availability of adsorbents. The TFS used in the present study was collected from
a local market and cost nothing. After considering the expenses for transportation, chemicals,
electrical energy and labour, the final developed adsorbent would cost approximately $13.0/kg.
The cost of commercially available cation exchanger Dowex (Aldrich, WI, USA) is $38.0/kg.
The overall cost of treatment with FPTFS is cheaper than commercial resins. FPTFS may also be
used for the removal of other metals from aqueous solutions, as the H+ ions in the FPTFS can
exchange with toxic metal ions and are thus expected to bring down the cost factor. Further work
is ongoing to determine the effectiveness of FPTFS at removing Pb(II), Cd(II) and Zn(II) ions
from aqueous solutions. This confirms the viable application of FPTFS as a low cost adsorbent.
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Figure 9. Four cycles of Ni(II) adsorption/desorption with 0.1 M HCl as the desorbing agent.
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4. Conclusions

Chemically modified tamarind fruit shell can be used as a potential adsorbent to remove Ni(II)
ions from aqueous solutions. The sorption of Ni(II) showed a maximum value at pH range 5–7.
The adsorption kinetic data followed the Ritchie modified second-order model. The decrease of
sorption capacity with increase of ionic strength showed that electrostatic interactions are mainly
responsible for the adsorption process. The equilibrium data followed the Sips isotherm model
and the sorption capacity increased with increase in temperature. A 1 : 2 binding stoitiometry
between Ni(II) and FPTFS was followed during adsorption. The positive value of �Hads indi-
cated the endothermic nature of the adsorption. The magnitude of �Gads ranged from −28.52 to
−35.67 kJ/mol, which suggested that Ni(II) adsorption onto FPTFS occurred through physical
interaction, and was enhanced by chemical effect. The increase in the values of the isosteric heat of
adsorption with increasing Ni(II) loading on FPTFS surface evidenced the surface heterogeneity
of FPTFS and some lateral interactions between the adsorbed Ni(II) ions. The complete removal of
Ni(II) ions from 100 mg/L nickel-plating industry wastewater was possible with 6 g/L of FPTFS
dose. Four adsorption/desorption cycles were carried out with 0.1 M HCl as the desorbing agent
without loss of adsorbent or appreciable reduction in adsorption capacity.
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