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Palladium is an industrially important precious metal and its recovery is of utmost significance in miscel-
laneous applications. Polystyrene divinylbenzene resins are known for their high surface area and poros-
ity to effectively capture metal ions after suitable modification. In this work, we report the anchoring of
2-mercaptobenzothiazole onto the amine functionalized Amberlite XAD-1180 resin for the effective
adsorption of palladium. The macroreticular resin serves as a good host to welcome palladium (guest)
and the proof of concept was established comprehensively using FT-IR, SEM, EDX and optical imaging
analysis. The Langmuir adsorption capacity of the functionalized resin for Pd2+ acquired through the lin-
ear isotherm model was found to be 50.00 mg g�1. Kinetics of the adsorption process synchronized well
with the pseudo-second order model and furthermore the exergonic and endothermic nature of the
adsorption process was quantified through the negative free energy and positive enthalpy values.
Regeneration of the resin surface was done using thiourea and the method was tested in recovering pal-
ladium from a spent catalyst containing 5% Pd on activated carbon.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Nobel Prize awarded to Suzuki, Heck and Negishi in 2010
has evoked considerable interest to understand and explore the
prospective applications of palladium [1]. The favorable chemical
and physical properties of platinum group metals have attracted
widespread applications in jewellery, electronics, catalysis and
pharmaceuticals [2]. The rapid industrial development resulting
in the increasing demand for palladium has further enhanced the
significance towards recovering this valuable metal [3–5]. Tech-
niques such as solvent extraction, ion exchange, chemical precipita-
tion and adsorption [6] are known for the recovery of palladium.
Among these, solid phase extraction [7] is an effective strategy for
the recovery of metal ions from aqueous solution and the selection
of adsorbent plays a key role in it. Therefore, research on novel
adsorbents has attracted considerable attention in analytical
chemistry [8]. Modification of adsorbents through functionalization,
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grafting and impregnation techniques are quite appropriate for the
adsorption of palladium [9].

Polymeric resins have attracted huge attention due to their
macroreticular nature that enhances the adsorption capacity and
chelating site accessibility for various metal ions [10,11]. Ligands
with functional groups or suitable donor atoms containing sulfur
and nitrogen have been developed for the adsorption of various
metal ions including palladium.

Amberlite XAD series of resins endowed with a polystyrene
divinyl benzene matrix have proven to be an efficient support for
anchoring chelating ligands due to their porosity, high surface area
and excellent chemical and physical stability [10]. The resin in the
native form does not possess any vital functional group and hence
requires suitable modification in order to create active sites that
would augment the interaction with metal ions.

Mladenova et al. [12] have reviewed the utility of diverse
adsorbent materials for the recovery of precious metal ions such
as gold(III), platinum(IV) and palladium(II), respectively.
Amberlyst-A 21 and Amberlyst-A 29 anion exchange resins are
known to adsorb palladium as its chloro-complex from acidic
medium [13]. Similarly, Amberlite XAD-7 modified with ligands
such as dimethylglyoxal bis-(4-phenyl-3-thiosemicarbazone) and
glyoxal dithiosemicarbazone [14] also show good potential to
adsorb palladium.

Amberlite XAD-16 functionalized with 2-acetyl pyridine group
has been studied for the solid phase extraction and recovery of pal-
ladium from high level waste solution [15]. Cross-linked chitosan
resin chemically modified with L-lysine has been utilized to exam-
ine the adsorption of Pt(IV), Pd(II), Au(III) from aqueous solutions
[16]. Precious metals such as Pd, Au and Pt have been recovered
using p-amino benzoic acid modified waste newsprint paper
[17]. The interaction between chitosan and an ionic liquid such
as Aliquat-336 has also proven to be effective for the adsorption
of palladium [18].

Ligands containing sulfur and nitrogen as donor atoms are
known to chelate with metal ions such as palladium and platinum
[12]. The adsorption of palladium using sulfur containing ligand-
biopolymer combinations such as 2-mercaptobenzothiazole
impregnated cellulose [19] and 2-mercaptobenzimidazole
anchored chitosan [20] has also been investigated and these sor-
bents show adsorption capacities of 5.0 and 19.2 mg g�1 respec-
tively. However, the interaction of functionalized macroreticular
Amberlite XAD resins with the above ligands has not been reported
as on date. Hence, in order to enhance the adsorption capacity we
report an effective novel method for the adsorption of an
industrially important and precious metal palladium by coupling
of the amine functionalized Amberlite XAD-1180 resin with
2-mercaptobenzothiazole. The method was also tested to recover
palladium from a catalyst. The resin was thoroughly characterized
using different analytical techniques followed by the optimization
of vital adsorption parameters.
2. Materials and methods

2.1. Reagents and instrumentation

Analytical grade reagents were used in all the experiments.
Milli Q water was used in the preparation of the working aqueous
solutions of Pd(II) of different concentrations. Amberlite XAD-1180
resin (surface area of 450 m2/g and pore volume 1.4 mL/g) and
2-mercaptobenzothiazole (MBT) were obtained from Sigma
Aldrich and used as such without further purification. Nitric acid,
sulfuric acid and hydrochloric acid were procured from Himedia,
India. Stannous chloride (SnCl2) and sodium hydroxide (NaOH)
were obtained from S.d. fine Chemicals Limited, India. Sodium
nitrite and palladium(II) chloride were procured fromMerck, India.
A working concentration of 40 mg L�1 Pd(II) was prepared by
appropriate dilution from 1000 mg L�1 stock palladium solution.

The pH adjustments of the aqueous solutions were done after
calibration with pH 4.0 and 7.0 buffer solutions using an Elico
Li-127 model pH meter procured from Elico, India. Batch studies
in conical flasks kept in an incubator shaker (Biotechnics, India)
were equilibrated for the required time period. A Jasco 4200
FT-IR spectrometer was used to account for the various functional
groups in resin functionalized mercaptobenzothiazole in the range
400–4000 cm�1. The optical images of the resin surface were cap-
tured using an Olympus CH20i optical microscope using
diphenylthiocarbazone as a color reagent for palladium. A Hitachi
S-3400 model instrument was used to observe the morphological
changes in the resin adsorbent through SEM and energy dispersive
X-ray spectrum (EDX) from batch studies after the adsorption of
palladium. The concentration of palladium in the aqueous phase
was quantified using flame Atomic absorption spectrophotometry
(Shimadzu, AA 7000; air-acetylene flame at wavelength 247.6 nm).

2.2. Functionalization of Amberlite XAD-1180 resin and synthesis of
MBT-AXAD-1180

Amberlite XAD-1180 resin was functionalized using the method
reported earlier [11,21]. A 5.0 g weight of Amberlite XAD-1180
resin was taken in a round bottom flask and concentrated nitric
(10 mL) and sulfuric (25 mL) acid were added and the reaction
mixture was kept for stirring at 60 �C for 1 h on a water bath. Next,
the reaction mixture was poured into an ice–water mixture. The
nitrated resin was filtered, washed with water until it was acid free
and further added to a reducing mixture of 40 g of SnCl2, 45 mL of
concentrated HCl and 50 mL of ethanol. The system was refluxed
for 12 h at 90 �C on an oil bath. The solid precipitate was filtered,
washed with water and 2.0 mol L�1 NaOH. The aminated resin
was firstly washed with 2.0 mol L�1 HCl and finally with distilled
water to remove excess of HCl. For diazotization, the amino resin
was suspended in 50 mL of a 6.0 mol L�1 HCl solution at 0–5 �C.
A solution of 2.1 g of sodium nitrite in 20 mL of water was added
drop wise. The mixture was stirred and kept at 0–5 �C for 1 h.
The diazotized resin was filtered off and washed with ice-cold
water.

For coupling, 4.0 g of 2-mercaptobenzothiazole was added to
40 mL of 1.0 mol L�1 NaOH solution and the mixture was cooled
to 0–5 �C. This solution was added drop wise to the above
diazotized resin with vigorous stirring. The resulting mixture was
refrigerated at 0–5 �C. The dark-brown resin was filtered, washed
with water and dried in air.

2.3. Batch adsorption experiments

The batch studies were performed by equilibrating 0.1 g of the
amine functionalized resin-MBT adsorbent containing 30 mL of
40 mg L�1 palladium(II) solution at pH 4.0 in a conical flask at room
temperature (25 �C) for the desired time interval in an orbital incu-
bator shaker (Biotechnics, India) at 110 rpm. The concentration of
palladium in the aqueous phase was analyzed using flame atomic
absorption spectrophotometry (Shimadzu Model AA 7000) at
247.6 nm with an acetylene-air flame as the fuel-oxidant combina-
tion. The amount of palladium(II) adsorbed at equilibrium (qe) is
calculated using the relation

qe ¼ ðC0 � CeÞ � V
W

ð1Þ

where V is the volume of the solution (L),W is the weight of the resin
adsorbent used (g), and C0 and Ce are the initial and equilibrium liq-
uid phase concentrations of palladium respectively. Experiments
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were performed in triplicate and the adsorption process was studied
using first order and second-order kinetics and the isotherm was
evaluated using the Langmuir and Freundlich models.

3. Results and discussion

3.1. FT-IR characterization

The FT-IR spectra (Fig. 1) showed characteristic bands corre-
sponding to the various functional groups in nitrated, aminated,
Amberlite XAD-1180-MBT and Pd(II) treated resin adsorbent. The
study showed characteristic bands at 3420 and 3438 cm�1

(aromatic C–H stretching), 2892 and 2922 cm�1 (aliphatic C–H
stretching) [22]. In the spectrum of nitrated resin, the bands at
1573 and 1301 cm�1 are ascribed to asymmetric (N–O) and sym-
metric (N–O) stretching [23]. After the reduction of nitrated resin,
the peak at 1573 cm�1 disappeared due to the formation of amine
functional group [24]. A peak at 3400 cm�1 is attributed to the
water adsorbed to the resin and 1617 cm�1 could be ascribed to
the N–H vibrations in aminated resin. The nitro and amine groups
have a nitrogen atom attached to a carbon (C–N). However, nitro
group being more bulky than the amino group requires higher
energy to resonate. This explains the shift in frequency from
1301 to 1359 cm�1 [24]. When diazotized resin was treated with
2-mercaptobenzothiazole (2-MBT), the peak at 1359 cm�1 disap-
peared as the functional group is bulky. Peaks at 1625 and
1425 cm�1 arise due to modification of resin by the ligand and
are characteristic of N–H [25] and N@N vibrations respectively.
Peak at 752 cm�1 could be ascribed to C–S stretching in MBT.
The IR spectrum of the free chelating resin was compared with
the spectrum of palladium ion saturated resin. A shift is observed
in the N–H band from 1625 to 1694 cm�1 which suggests that
chelation through N–H group is probably responsible for palladium
sorption. Appearance of a peak due to C–S stretching is also evident
at 705 cm�1 [25]. All these features illustrate that Pd(II) exhibits
good interaction with the S and N atoms of MBT anchored onto
the amine functionalized resin surface.

3.2. Morphological changes (optical images and scanning electron
microscopy) and energy dispersive X-ray analysis

The scanning electron microscopy (SEM) images show certain
morphological changes in the functionalized resin adsorbent and
Pd(II) treated adsorbent (Fig. 2). The SEM images were obtained
Fig. 1. FT-IR spectrum of nitrated (A), aminated (B), functionalized resin (C) and Pd
(II) treated resin adsorbent (D).
by applying an accelerating voltage of 20,000 V with 500� and
1000� magnification. In the SEM image of resin adsorbent, a solid
and consistent surface pattern is observed and after adsorption
of palladium, smaller agglomerated particles are visible in a
porous matrix indicating the plausible interaction between
2-mercaptobenzothiazole anchored onto amine functionalized
resin and Pd(II). This could be ascribed to the adsorption of Pd(II)
onto the surface of resin adsorbent. To further validate the
adsorption of palladium onto the porous resin matrix, optical
images and energy dispersive X-ray analysis were also recorded.
The optical microscopy images of the AXAD-1180-MBT
adsorbent (Fig. 2A) and adsorbent treated with Pd(II) (Fig. 2B) were
recorded by spreading the resin adsorbent and Pd(II) treated
adsorbent on a glass slide using 4� magnification. The difference
in the image was visualized by adding dithizone (a chelator for
palladium) before and after adsorption. The change in the surface
morphology (Fig. 2B) to a distinct pink-violet color (due to
Pd-chelate) signifies that palladium is adsorbed effectively on the
resin surface [19].

Supplementary evidence was ascertained through the EDX
analysis of the resin surface before and after palladium adsorption
(Fig. 3). The EDX spectrum of the resin surface (Fig. 3) indicates the
presence of carbon, oxygen, sulfur and chlorine. After adsorption
onto the MBT functionalized resin surface, the presence of
palladium could be observed in the range of 2.5–3.0 keV [18–20]
along with the other peaks (Fig. 3).

3.3. pH effect and amount of adsorbent

The pH of aqueous phase was varied over the range 2–7 prior to
equilibration. The optimum pH for the adsorption of palladiumwas
observed at pH 4.0 (Fig. 4A) favoring the effective interaction of
palladium through the sulfur and nitrogen donor atoms of MBT
in the resin surface. At pH values less than 4.0, the competition
from H+ ions for the active adsorption sites would reduce the liga-
tion interaction of S and N with the metal ion and hence the
percentage adsorption is quite less. Above pH 4.0, the percentage
adsorption of palladium showed a decrease and this could be
assigned to the competition of hydroxyl species such as PdCl2
(OH)2�, Pd(OH)2, and Pd(OH)42� for the active adsorption sites
[26]. The scheme illustrating the resin preparation and interaction
with palladium is shown in Fig. 4B.

The amount of resin adsorbent used in the batch study was
varied in the range 0.01–0.3 g (Fig. 4C). The percentage adsorption
was found to be maximum (93.0 ± 0.2%) with three replicate
measurements with the resin adsorbent in the range 0.1–0.3 g in
30 mL sample volume. Beyond 0.3 g, there was no appreciable
increase in the percentage adsorption which could be
attributed to the saturation of the active adsorption sites on
the AXAD-1180-MBT surface.

3.4. Adsorption isotherm studies

3.4.1. Langmuir adsorption isotherm
Langmuir isotherm model adopts uniform adsorption and

describes monolayer adsorption on a surface containing a limited
number of identical sites [27,28]. This isotherm portrays the rela-
tion between the equilibrium concentration of the palladium Ce
and the amount adsorbed at equilibrium (qe) on the resin surface).
The Langmuir isotherm model was used to acquire the maximum
adsorption capacity, which is calculated as the amount of palla-
dium(II) adsorbed per unit weight of the resin adsorbent. By fitting
the experimental data (Table S1 of Supporting Information) to
Langmuir isotherm model, various isotherm parameters were
obtained from the linear and non-linear Langmuir equations
expressed as



Fig. 2. SEM and optical images of (A) resin adsorbent and (B) Pd(II) treated resin adsorbent.

Fig. 3. EDX spectrum of the resin adsorbent and Pd(II) treated resin adsorbent.
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Ce

qe
¼ 1

q0b
þ Ce

q0
ð2Þ
qe ¼
q0bCe

1þ bCe
ð3Þ

where Ce is the equilibrium concentration of palladium in mg L�1, qe
is the amount of Pd(II) adsorbed at equilibrium in mg g�1, q0 is the
maximum adsorption capacity in mg g�1, and b is a constant
(L mg�1) related to the adsorption energy. The maximum adsorp-
tion capacity, q0 and the constant b were obtained from the Lang-
muir linear and non-linear plots (Fig. 5A and C). The regression
coefficient obtained from the linear and non-linear plot was found
to be 0.99 and 0.93, respectively and the respective isotherm
parameters are shown in Table 1. The implication of linear isotherm
model is quite obvious from the higher adsorption capacity
(50.0 mg g�1) as well as the larger correlation coefficient. In order
to forecast the suitability of an adsorption system, an important
parameter called the dimensionless separation factor RL was calcu-
lated [29] using the equation (RL = 1/1 + bC0), where C0 is the initial
concentration (40 mg L�1) of palladium(II) and b is the Langmuir
constant (L mg�1). If RL value is zero, then it accounts for irre-
versible adsorption while values greater than 1 indicate poor or
unfavourable adsorption. The value of RL for the adsorption of pal-
ladium on the Amberlite XAD-1180-MBT adsorbent was found to
be less than 1 for linear and non-linear plots and this is an index



2 3 4 5 6 7

85

86

87

88

89

90

91

92

93

94

%
 A

d
so

rp
ti

o
n

pH

A

R
HNO3/H2SO4

600C
R

NO2

SnCl2/HCl in C2H5OH

NaOH, 900C
R

NH2

NaNO2+HCl 0-5 0C

R

N2Cl

R

N

N

1 M NaOHR

N

N

Pd2+

Pd2+

0.00 0.05 0.10 0.15 0.20 0.25 0.30
72

74

76

78

80

82

84

86

88

90

92

94

%
 A

d
so

rp
ti

o
n

Amount of adsorbent (g)

C

B

Fig. 4. Effect of (A) pH, (B) scheme illustrating the resin preparation and interaction
with palladium and (C) dosage of adsorbent.

S. Sharma, N. Rajesh / Chemical Engineering Journal 283 (2016) 999–1008 1003
to the good fit to Langmuir isotherm as well as effectiveness of
interaction between palladium(II) and the resin adsorbent surface
under the given experimental conditions.

3.4.2. Freundlich isotherm
The Freundlich isotherm based on sorption on a heterogeneous

surface [30] also serves as an alternative useful model to assess the
adsorption from dilute solutions. The linear and non-linear expres-
sion correlating equilibrium adsorption capacity can be expressed
as

log qe ¼ log KF þ 1
n
log Ce ð4Þ

qe ¼ KFC
1=n
e ð5Þ

where Ce is the equilibrium concentration of the Pd(II) ion in
mg L�1, qe is the amount of palladium(II) adsorbed at equilibrium
in mg g�1, KF and n are the Freundlich constants for adsorption
capacity and the adsorption intensity respectively. The values of
KF and n were obtained from the Freundlich linear and non-linear
plots (Fig. 5B and C). The linear isotherm model has a higher corre-
lation coefficient (0.80) as compared to the non-linear fit. The Ce
and qe data for the plots is given in Table S1 of Supporting Informa-
tion and the isotherm parameters are presented in Table 1. For a
constructive or favorable adsorption process the Freundlich con-
stant n would be in the range 1–10 and larger the value, more effec-
tive is the resin adsorbent-palladium interaction [31,32].

3.5. Kinetics of adsorption

The kinetics of the palladium adsorption onto the resin surface
was studied using first-order [33] and pseudo-second order [34]
models and the linearized equations are expressed as

log ðqe � qtÞ ¼ log qe �
k1t

2:303
ð6Þ

t
qt

¼ 1
k2q2

e
þ t
qe

ð7Þ

where qe and qt refers to the amount of palladium adsorbed at equi-
librium and time t with the first and second-order rate constants k1
and k2, respectively. By fitting the experimental data (Table S2 of
Supporting Information) through the linear plots of log (qe � qt)
and t/qt against t (Fig. 6A and B), respective kinetic parameters were
obtained for the above models. The adsorption data synchronized
well with the pseudo-second-order model because of the higher
regression coefficient (Table 2). The qe values obtained experimen-
tally and from the second-order kinetic model were found to be
11.304 and 11.176 mg g�1 respectively. The proximity of the exper-
imental and calculated qe values testifies the applicability of
second-order model in understanding the adsorption kinetics of
palladium onto the functionalized resin surface. The overall rate
of adsorption of palladium on the AXAD-1180-MBT adsorbent could
be influenced by (a) film or surface diffusion, where Pd(II) is trans-
ported from the bulk solution to the external resin adsorbent sur-
face (b) intraparticle or pore diffusion, where the adsorbate Pd
molecules move into the interior of the resin adsorbent particles
and (c) Pd(II) adsorption on the interior sites of the resin adsorbent
[35,36]. Since, the adsorption step is fairly rapid, it is assumed that
it does not bear profound influence on the adsorption kinetics.
Therefore, the overall rate of palladium adsorption onto the func-
tionalized resin could be controlled by either surface or intraparticle
diffusion. The Weber-Morris [37] intraparticle diffusion model is
appropriate to conclude whether intraparticle diffusion is the
rate-determining step. According to the W–M model, a plot of qt
versus t½ would be linear if intraparticle diffusion is implicated in
the adsorption process and furthermore, if the plot cuts through
the origin then intraparticle diffusion is the only rate-limiting step.
The plot of qt against the square root of time yields a finite intercept
(Fig. 6C) and this indicates that boundary layer mechanism [38]
could also be involved in following the adsorption kinetics of
Pd(II) onto the AXAD-1180-MBT interface.

3.6. Thermodynamics of adsorption

The thermodynamics that influences the transport of Pd(II) onto
the functionalized resin surface is governed by the concentration
gradient across the resin adsorbent-solution interface. This results
in the difference in the free energy between the resin surface and
solution phase as

DG0 ¼ �RT ln
½Pd�resin surface

½Pd�solution phase
ð8Þ
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Fig. 5. (A) Langmuir isotherm, (B) Freundlich isotherm and (C) non-linear Langmuir and Freundlich isotherm plots.

Table 1
Equilibrium isotherm models.

Isotherm model Parameters Values

Langmuir Linear q0 (mg g�1) 50.00
b (L mg�1) 0.240
RL 0.094
R2 0.98

Non-linear q0 (mg g�1) 44.58
b (L mg�1) 0.158
RL 0.136
R2 0.93

Freundlich Linear KF (mg1�1/n g�1 L1/n) 10.125
n 2.941
R2 0.80

Non-linear KF (mg1�1/n g�1 L1/n) 15.225
n 4.3642
R2 0.67
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The [Pd]resin surface is greater than [Pd]solution phase at equilibrium.
The overall free energy would be negative. This results in the spon-
taneous adsorption and a higher K value. Furthermore in terms of
chemical potential, l
lPdðIIÞ ¼ lo
PdðIIÞ þ RT ln aPdðIIÞ ð9Þ

For dilute solutions, a a C, therefore

lPdðIIÞ ¼ lo
PdðIIÞ þ RT lnCPdðIIÞ ð10Þ

Now ½Pd�solution phase � ½Pd�resin surface

Hence,

DGads ¼ DGo
ads þ RT ln½Pdresin surface � Pdsolution phase� ð11Þ

At equilibrium,

DGads ¼ 0; DG0
ads ¼ �RT ln

½Pd�resin surface

½Pd�solution phase
ð12Þ

Therefore,

DG0
ads ¼ �RT lnK

In order to comprehend the spontaneity and energetics of the
adsorption process, the adsorption studies were carried out at
varying temperatures (Table S3 of Supporting Information) and
thermodynamic parameters including free energy, enthalpy and
entropy changes were obtained from the following equations [39]
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Table 2
Kinetic parameters for the adsorption of palladium(II).

Conc. of Pd(II) solution (mg L�1) qe (mg g�1) Pseudo first order kinetic model Pseudo second order kinetic model Intraparticle diffusion model

k1
(min�1)

q1
(mg g�1)

R2 k2
(g mg min�1)

q2
(mg g�1)

R2 kint
(g mg�1) (min0.5)�1

40 11.304 0.0194 4.5149 0.78 2.004 11.176 0.99 0.0012
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Table 4
Adsorption capacity comparison against other matrices.

SL.
No.

Adsorbent material Adsorption
capacity
(mg g�1)

References

1. 2-Mercaptobenzothiazole
impregnated cellulose

5.00 [19]

2. 2-Mercaptobenzimidazole
impregnated chitosan

19.26 [20]

3. Immobilized tannin 27.50 [43]
4. Activated carbon 35.70 [44]
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lnK ¼ �DH0

RT
þ DS0

R
ð13Þ

DG0 ¼ �RT lnK ð14Þ
where DH0 and DS0 are enthalpy and entropy changes, R is the
universal gas constant (8.314 J mol�1 K�1) and T is the absolute
temperature (Kelvin). The equilibrium constant K is obtained from
the ratio of concentration of Pd(II) adsorbed on the adsorbent
material to that in the solution. The slope and intercept of the Van’t
Hoff plot of ln K against 1/T (Fig. 6D) gives the enthalpy and entropy
values. The affinity of palladium towards the functionalized resin
adsorbent and the feasibility of adsorption process are ascertained
through the equilibrium constant K and the Gibb’s free energy val-
ues. The results are presented in Table 3 and the negative free
energy value implies a spontaneous exergonic adsorption process.
The magnitude of DH0 serves as a benchmark to know more about
the adsorption mechanism and for physical adsorption the value is
by and large below 80 kJ mol�1 while for strong chemical adsorp-
tion the value would fall in the range 80–400 kJ mol�1 [40]. The
equilibrium constant (Kads) becomes more positive along with the
more negative DG values at higher temperatures. Consequently, it
is evident from these values that higher temperatures augment
the adsorption of palladium. The entropy of adsorption was found
to be positive and this reflects the increase in randomness at the
resin-solution interface. Further, the positive enthalpy change indi-
cates the endothermic interaction between the resin adsorbent and
the adsorbate. These values show the efficacy of the AXAD-1180-
MBT adsorbent material as a useful adsorbent for palladium(II).
The energy of activation (Ea) at different temperatures and the
enthalpy of adsorption can be correlated as Ea = DHads + RT for
adsorption from aqueous solutions [41]. The average energy of acti-
vation was found to be 21.1067 kJ mol�1 and the positive activation
energy value also supports the endothermic nature of adsorption
process.

3.7. Column study

After optimizing the parameters in batch study, the adsorbent
reusability was checked. A glass column 2.5 cm in diameter and
30 cm in length was used for the column adsorption study and
1.0 g of the resin adsorbent material was packed in the glass col-
umn. Palladium(II) solution, at a concentration of 40 mg L�1 was
loaded on to the column while maintaining a flow rate of
6 mL min�1. Pd(II) was effectively adsorbed on the column at pH
4.0, and this was determined using atomic absorption spectropho-
tometry in the solution phase. From Fig. 6E, it can be seen that
beyond 200 mL there is a decline in the percentage of palladium
retained in the column. In an adsorption process, regeneration is
a crucial aspect and the eluent selected should be able to desorb
palladium in a facile manner. Since, palladium is classified as a soft
acid, thiourea was selected as an eluent for the desorption [18–20].
Palladium reacts with thiourea to form a stable complex and this
reagent effectively disturbs the equilibrium between the resin sur-
face and the adsorbate and this was evident from the yellow color
obtained in the eluate. Desorption of palladium from the resin
Table 3
Enthalpy, entropy and free energy changes for palladium adsorption.

Temperature
(Kelvin)

DG0

(kJ mol�1)
DS0

(J mol�1 K�1)
DH0

(kJ mol�1)
Ea
(kJ mol�1)

298 �6.4161 +83.5039 +18.5045 +21.1067
308 �7.2731
318 �7.9447
328 �9.0227
adsorbent column was quantitative with 10 mL of 2% thiourea.
The functionalized resin adsorbent could be regenerated and
reused for 3 cycles without any drastic reduction in the percentage
adsorption (Fig. 6F).
3.8. Application study in a catalyst

A 5% palladium on activated carbon (spent catalyst) was chosen
to study the recovery of palladium. In order to leach palladium, a
knownweight (0.05 g) of the spent catalyst was taken and digested
slowly [42] using a mixture of 10% HCl and 5% H2O2 under mag-
netic stirring. The reaction was carried out for 3 h at 90 �C. The
mixture was filtered and the concentration of palladium was
checked in the leachate using Atomic absorption spectrophotome-
try. The pH was adjusted to the optimum value and Pd(II) could be
effectively adsorbed onto the adsorbent. The concentration of pal-
ladium after adsorption was measured by using AAS. It was
observed that Pd(II) could be completely adsorbed onto the surface
of the adsorbent. The percentage of palladium adsorbed onto
AXAD-1180-MBT was found to be 90.5 ± 0.02% from spent catalyst.
3.9. Adsorption capacity comparison against other matrices

The efficiency of 2-mercaptobenzothiazole impregnated amine
functionalized resin was correlated with regard to its adsorption
capacity against some of the recently reported solid phase
adsorbents [19,20,43–48]. As evident from Table 4, the results
demonstrate that 2-mercaptobenzothiazole impregnated amine
functionalized resin sorbent has good adsorption capacity as
compared to some of the other adsorbents reported in literature.
However, in contrast to glycine modified cross linked chitosan
and chitosan-tannin extract, the adsorption capacity of AXAD-
1180-MBT adsorbent is relatively lower and this could be attributed
to the fact that chitosan has NH2 and OH groups which facilitate
good interaction with palladium. Langmuir adsorption capacity is
one of the factors that serve as a measure to assess the adsorption
efficiency. Nevertheless, several other factors such as reusability,
stability and application to real samples are also equally important
to judge the performance of the adsorbent. The MBT-resin adsor-
bent has a reasonably high adsorption capacity of 50 mg g�1 and
also in the adsorbent preparation, the functionalization of the resin
is simple and ensures good reproducibility in the adsorption data.
Furthermore, in terms of stability, regeneration and practical
5. Biopolymer modified activated
carbon

43.50 [44]

6. Racomitrium lanuginosum biomass 37.20 [45]
7. Murexide functionalized halloysite

nanotubes
42.86 [46]

8. Glycine modified cross linked
chitosan resin

120.39 [47]

9. Chitosan grafted persimmon tannin 330.00 [48]
10. 2-Mercaptobenzothiazole

impregnated amine functionalized
resin

50.00 Present
study
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application to a real catalyst, the functionalized resin has proven to
be very effective for the adsorption of palladium.

4. Conclusions

The work described has shown the utility of a sulfur containing
ligand anchored onto a macroreticular amine functionalized resin
for the sequestration of an industrially useful precious metal. The
sorption characteristics of palladium were examined through the
study of pH effect, adsorbent dosage, contact time and tempera-
ture. The optimum pH for the adsorption of Pd(II) was found to
be 4.0. The resin adsorbent exhibits an adsorption capacity of
50.00 mg g�1 and the experimental data were explained well with
a high regression coefficient through the linear Langmuir adsorp-
tion isotherm model and pseudo second order kinetics. The exer-
gonic, increased randomness at the resin-solution interface and
endothermic nature of adsorption were ascertained through the
sorption thermodynamics. The functionalized resin adsorbent
could be effectively regenerated by treating with 2% thiourea and
was checked for its applicability to test the adsorption of palladium
from a spent catalyst. In addition, this resin-sulfur ligand combina-
tion would also be quite useful to recover palladium from elec-
tronic components such as printed circuit boards and in nuclear
industry for the sequestration of palladium from high level
radioactive waste generated from spent nuclear fuel processing.
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