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Abstract: The adsorption characteristics and mechanisms of modified sepiolite as an adsorbent to recover Pd(II) from
acidic solutions were studied. The Pd(II) adsorption properties were analyzed through isotherm, kinetic and
thermodynamic models. In addition, SEM—EDS, TEM and XPS were applied to investigating the Pd(Il) adsorption
mechanisms onto modified sepiolite. The equilibrium data were well fitted to Langmuir isotherm model with maximum
Pd(II) adsorption capacity of 322.58 mg/g at 30 °C. The kinetic data could be satisfactorily simulated by the pseudo-
second order model, indicating that the rate-controlling step was chemical adsorption. 99% of Pd(II) could be recovered
using 1 g/L modified sepiolite when initial concentration of Pd(II) was 100 mg/L. The results of reusability studies
indicated the modified sepiolite had an acceptable stability and reusability. This study indicated that the modified
sepiolite might be an efficient and cost-effective material for Pd(Il) recovery.
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1 Introduction

The platinum group metals are widely used
in petrochemical industry catalysts, electronics
industry and other industry fields due to their high
strength, good corrosion resistance and catalytic
performance [1—4]. Additionally, the demands for
precious metals, especially platinum group metals,
have been steadily increasing, but their deposits are
mainly stored in only a few countries, such as South
Africa (63000 t), Russia (3900 t), USA (900 t), and
Canada (310 t) [5]. Therefore, from an economic

point of view, the effective Pd(I) recovery from
abandoned resources is of great economic interest.
There were several methods available in the
literature for recovering precious metals from
aqueous solutions such as ion exchange, membrane
filtration, evaporation, solvent extraction, foam
separation, precipitation, and adsorption [6—10].
The choice of these methods to treat precious
metals wastewater depended on factors such as the
initial concentration of noble metals, environmental
protection issues and operating costs [9]. Compared
with other methods, adsorption was a more
promising method for the recovery of noble metals
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from aqueous solutions due to its higher
effectiveness, lower cost and easier operation [11].
Additionally, this method could effectively recover
noble metals at lower solution concentrations and
reduce or even eliminate the secondary wastes
produced in existing processes. However, treatment
efficiency greatly depended on the capacity of the
adsorbent. Therefore, it was very important to
develop effective and abundant adsorbents for
palladium recovery from wastewater.

In recent decades, clay minerals have been
widely utilized as adsorbents for wastewater
treatment, mainly due to their high efficiency
and regeneration [12,13]. Sepiolite is a naturally
fibrous clay mineral and a complex magnesium
silicate with a typical unit cell formula
of (Slleg803o(OH)4(H20)48H20) [14,15] The
mineral reserves of sepiolite are also abundant
throughout the world, such as in China, USA, Japan,
Spain and India [16,17]. Sepiolite is widely used as
an adsorbent to recycle uranium, nickel, copper,
zinc and cadmium in wastewater because of its
specific structure, large surface area, and various
functional groups, which are responsible for metal
adsorption [18,19]. However, to our knowledge, to
date, no studies have been reported on the
adsorption mechanism of palladium using sepiolite.

Therefore, the objectives of the current study
are as follows: (1) to characterize the microscopic
properties of sepiolite by XRF, XRD, and FTIR;
(2) to describe the Pd(II) adsorption behavior under
equilibrium experimental conditions using various
kinetic, isotherm and thermodynamic models; (3) to
investigate the effects of time, ionic strength,
temperature on Pd(II) recovery and adsorption—
desorption on sepiolite; and (4) to explore the
mechanisms of Pd(II) adsorption to sepiolite by
SEM-EDS, TEM and XPS.

2 Experimental

2.1 Materials

Raw sepiolite was obtained from the Jingui
Mining Industry Co., Ltd. (Shijiazhuang, China). In
order to obtain the modified sepiolite, firstly, raw
sepiolite was purified by incubation with 0.1 mol/L
acetic acid overnight; secondly, the obtained
product was washed three times with distilled water,
and the solid was dried at 220 °C. The chemical
composition (in mass fraction) of raw sepiolite

measured by XRF was 49.48% SiO,, 27.66% CaO,
15.29% MgO, 3.71% Al,0;, 0.93% Na,O, 0.64%
K,0 and 0.27% Fe,0;. The stock Pd(II) solutions
were prepared by dissolving PdCl, (99.99% purity)
into a concentrated HCI solution. Other reagents
were analytic grade.

2.2 Batch adsorption experiments

The pH edge experiments were carried out by
contacting 0.1 g of modified sepiolite with 100 mL
of palladium solutions at an initial Pd(II)
concentration of 100 mg/L and different pH values.
Then, the modified sepiolite-containing solutions
were stirred for 3 h at 170 r/min and 30 °C.

The adsorption kinetic experiments were
conducted using the same method as above, except
that the pH was set to be 2 and the samples were
collected at different time intervals for analysis.

Biosorption isotherm experiments were carried
out by contacting 0.05 g of modified sepiolite
with 50 mL of Pd(Il) solution. The initial Pd(II)
concentration was varied from 50 to 400 mg/L and
pH was maintained to be 2. Then, the suspensions
were stirred for 2 h at 170 r/min and 30 °C.

The adsorption thermodynamic experiment
was performed as follows: 50 mL of 200 mg/L
Pd(II) solution was transferred into 150 mL conical
flasks containing 0.05 g of modified sepiolite, and
the initial pH was maintained to be 2. The resulting
suspensions were stirred for 2 h at 30, 40 and 50 °C,
respectively.

After adsorption, the samples were centrifuged,
and the supernatants were separated for analysis.
Inductively coupled plasma optical emission
spectrometry (ICP—OES, Shimadzu, ICP-7510,
Japan) was used to measure the concentration of
Pd(Il) remaining in the aqueous phase after
adsorption. The adsorption capacity of the sorbent
for Pd(II) (g., mg/g) was calculated as follows:

C,—-CV
g ()
m
where Cy (mg/L) and C. (mg/L) are the initial and
final concentrations of Pd(I), respectively, V' (L) is
the working volume, and m (g) is the mass of

modified sepiolite.

2.3 Desorption and reusability
In the desorption operation, firstly 100 mL of
200 mg/L Pd(II) solution was mixed with 0.1 g of
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modified sepiolite and adsorption operation was
completed under optimum conditions. After 2 h
of adsorption, the sample was centrifuged for
solid—liquid separation, and then an equal volume
of acidified thiourea (0.1 mol/L HCI1 and 0.1 mol/L
thiourea) was added to the system. Finally, the
Pd(Il) released from the adsorbent into aqueous
phase was collected and analyzed at different time
to obtain the desorption curve for Pd(II).

In reusability operation, 100 mL of acidified
thiourea (0.1 mol/L HCI and 0.1 mol/L thiourea)
was used as the eluent to desorb Pd(II) from
sepiolite. After 2 h of adsorption, the sample was
centrifuged, and the supernatant was separated for
analysis. The sepiolite remaining after elution was
reused in the sorption procedures, and the process
was repeated for five cycles to investigate the
reusability of sepiolite for Pd(II) adsorption. The
amount of desorbed Pd(II) was analyzed, and the
desorption efficiency was calculated according to
the following equation:

=" %100% )
my
where # is the desorption efficiency, m; is the

amount of the desorbed Pd(I1), and m is the amount
of the initially adsorbed Pd(II).

2.4 Analytical methods

The mineralogical compositions of raw and
modified sepiolite were identified by XRD
(Scanting GLP—-10195/07—S, Japan). The powder
samples were scanned in the 26 range of 5°-80°
using a Ni-filtered Cu K, radiation source at 40 kV
and 150 mA. FTIR spectra were recorded in the
wavenumber region of 400—4000 cm ™' on a KBr
disc and measured on a Nicolet 6700 (USA) Fourier
transform infrared spectrometer to identify the
functional groups on the sepiolite surface. The
surface morphologies of the samples were analyzed
by SEM (Quanta—200, FEI, UK) at an accelerating
voltage of 10 kV. Samples for SEM observations
were prepared by coating with a thin film of gold
before analysis. In addition, elemental analysis of
the collected samples was conducted by EDS
equipped on the Quanta—200. TEM analysis was
performed using a Hitachi—7650 (Japan) at 100 kV.
Ultrathin samples
obtained using an ultramicrotome and then placed
onto a copper grid. XPS analysis was carried out by

sections of biomass were

a Thermo Scientific ESCALAB 250 spectrometer
(UK) using a monochromatic Al K, X-ray source
and a hemispherical analyzer.

3 Results and discussion
3.1 Characterization of adsorbent
XRD patterns of raw and modified sepiolite

were presented in Fig. 1(a). The reflections indexed
to the (331), (341), (530), (441) and (541) planes
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Fig. 1 XRD patterns (a), FTIR spectra (b) and adsorption
capacities (c) of raw and modified sepiolite (pH 2,
Co=100 mg/L, V=100 mL)
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appearing at 20 values of 28.19°, 29.31°, 30.35°,
33.51° and 40.12°, respectively, were consistent
with the standard XRD data for the orthorhombic
unitcell of sepiolite based on comparison with the
standard pattern of sepiolite (JCPDS card No.
13-0595) [20,21]. The peak at 26 value of 10.8°
might be assigned to the (210) plane of talc (JCPDS
card No. 19-0770) [22]. The peaks at 26 values of
58.21° and 66.12° could be attributed to the (122)
and (300) plane of calcite, respectively (JCPDS
card No. 05-0586) [23]. After sepiolite was
modified, the characteristic peaks of talc and calcite
disappeared. The results showed that the raw
sepiolite was purified by acetic acid.

Figure 1(b) showed the FTIR spectra of raw
and modified sepiolite. The peaks of the raw
sepiolite could be summarized as follows. The band
at 3695cm ' was attributed to the octahedral
Mg—OH groups [11]. The wide band around
3425 cm' was due to the O—H stretching vibration
of zeolitic water [24]. The peak at 1645 cm™' was
represented the OH stretching vibration of the
absorbed water [25]. The peak at 1428 cm ' was
corresponding to the calcite impurity [23]. The peak
at 1018 cm™' could be due to the Si—O—Si plane
vibration [26]. The peak at 655 cm™' was assigned
to Mg—OH bending vibration [20]. The peak at
442 c¢m™' could be assigned to the Si—O—Mg
groups [24]. After acid treatment, the intensities of
these peaks at 3695, 1645, and 655 cm™' increased,
respectively. At the same time, the peak at
1428 cm ' representing calcite disappeared. These
results also demonstrated that the raw sepiolite was
purified by acetic acid.

As shown in Fig. 1(c), under the
adsorption conditions, the Pd(II) adsorption
capacity by raw sepiolite was 79 mg/g, and that of
the modified sepiolite was 103 mg/g. The results
indicated that the modified sepiolite could increase
the adsorption amount for Pd(II).

same

3.2 Effect of pH on adsorption of Pd(II) by

modified sepiolite

The effect of pH on the adsorption
performance of Pd(II) on modified sepiolite was
shown in Fig. 2. The adsorption capacity of Pd(II)
on modified sepiolite was significantly affected by
the pH value of the system. The adsorption capacity
of Pd(Il) increased from 5.12 mg/g (pH 1) to
101.89 mg/g (pH 3), which was increased by

approximately 20 times. The reason might be that at
higher pH, the amount of negative charges on the
surface of sepiolite also increased, which enhanced
the adsorption capacity of the modified sepiolite
through electrostatic attraction.
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Fig. 2 Effect of pH on adsorption capacity of Pd(Il) by
modified sepiolite

3.3 Adsorption behavior of modified Pd(Il) and
sepiolite
3.3.1 Adsorption isotherms
Empirical models such as the Langmuir and
Freundlich models could verify the biosorption
mechanisms, and they were useful for estimating
the maximum adsorption capacity. In these models,
the isothermal adsorption curves were expressed as
follows [27]:

Langmuir model: &=LC6 + ! 3)
9de  9m quL
Freundlich model: Ing.,=InK; + lln C, 4)
n

where ¢.1is the amount of adsorbed metal (mg/g), C.
is the concentration of metal ion at equilibrium
(mg/L), ¢m is the maximum adsorption capacity
(mg/g), Ky is the Langmuir constant (L/mg), K¢ is
the Freundlich constant related to adsorption
capacity (mg/g), and # is the Freundlich constant.
The linear Langmuir and Freundlich isotherms
of Pd(Il) were shown in Fig. 3, and the parameters
of isotherm were presented in Table 1. The
correlation coefficient (R?) of Langmuir model was
0.995, which was higher than that of Freundlich
model (0.972). The maximum uptake capacity (gm)
according to the Langmuir model was 322.58 mg/g.
In addition, the experimental data of Pd(II)
adsorption on modified sepiolite fitted better to the
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Fig. 3 Fitted curves of Langmuir (a) and Freundlich (b)
models for Pd(II) adsorption by sepiolite

Table 1 Isotherm parameters of Langmuir and
Freundlich models for Pd(II) adsorption by modified
sepiolite
Isotherm model Parameter Value
gm/(mg-g ") 322.58
Langmuir Ki/(L-mg ") 0.035
R 0.995
Ky/(mg-g ") 25.79
Freundlich n 2.01
R 0.972
Langmuir isotherm model. Therefore, these

evidences could provide that the Langmuir model
was more suitable for describing the adsorption of
Pd(I) on modified sepiolite. The results indicated
that the biosorption process was dominated by
monolayer adsorption [28].

Generally, high maximum adsorption capacity

(¢m) and affinity (R.) were regarded as good
qualities for an adsorbent. The value of Ry indicated
the affinity of the adsorption process, which could
be unfavorable (R >1), linear (R =1), favorable
(0<R;<1), or irreversible (R =0). All of the R_
values with the range of 0—1 were shown in Table 2,
meaning that the adsorption of Pd(II) on modified
sepiolite was favorable. In addition, the high
maximum adsorption capacity of modified sepiolite
for Pd(II) was compared with that of different
adsorbents reported in recent studies.

Table 2 R; values based on Langmuir equation
Co/(mg-L™) 50 100 200 300 400
Ry 036 021 0.12 0.08 0.06

Table 3 showed that the g, values of Pd(II) for
various adsorbents, such as Amberlite IRA 411,
PEI/PVC-CEF, S. oneidensis MR-1 and Enterococcus
faecalis  were 298.02, 146.03, 127.88 and
189.41 mg/g, respectively, which were lower than
that of the modified sepiolite. These results
indicated that the modified sepiolite could be
considered as an effective adsorbent for Pd(1I).

Table 3 Maximum adsorption capacities of Pd(II) for
different biosorbents

qn/ Temperature/
Sorbent - o Ref.
(mgg’h P C
Chitosan grafted = 30 [29]
persimmon tannin
Amberlite IRA 411  298.02 30 [30]
PEI/PVC-CF 146.03 25 [1]
S. oneidensis MR-1  127.88 30 [6]
Providencia 168.11 30 [31]
vermicola
Enterococcus
faccalis 189.41 30 [32]
Modified sepiolite 32258 3 30 This
work

3.3.2 Adsorption kinetics and thermodynamics

The kinetic experiments were performed to
identify the mechanism of adsorption reactions and
assess the adsorption performance in the adsorption
process [33]. The experimental data were described
by pseudo-first-order and pseudo-second-order
kinetic models. These models were expressed as
follows [34]:
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Pseudo-first-order model:

ln(Qe -4, ):11’1 de — klt (5)
Pseudo-second-order model:

LA 6)

qt que qe

where ¢, and ¢g. (mg/g) represent the adsorption
capacity at time ¢ and adsorption capacity in
equilibrium, respectively. 4, (min"') and &,
(g/(mg-min)) are the pseudo-first-order and pseudo
second-order rate constants, respectively.

The wvalues of kinetic parameters and
correlation coefficients (R?) from both models were
presented in Table 4. The correlation coefficient
(R*) of the pseudo-second-order model (0.98)
was higher than that of the pseudo-first-order
model (0.96). In addition, the value of ¢.
estimated through the pseudo-second-order model
(218.82 mg/g) was closer to the experimental g,
value (200.96 mg/g) than that of the pseudo-first-
order model (259.82 mg/g). Furthermore, Fig. 4
also showed that the simulated curve fitted the
experimental data well by pseudo-second-order
model. Therefore, the adsorption kinetics of Pd(Il)
on modified sepiolite could be better predicted by
pseudo-second-order model. This indicated that the
controlling step of Pd(II) adsorption by modified
sepiolite might be chemical adsorption, which could
involve valence forces through the sharing or
exchange of electrons between adsorbent and
sorbate [35].

Table 4 Kinetic parameters of pseudo-first-order and
pseudo-second-order models for Pd(II) adsorption by
modified sepiolite

Kinetic model Parameter Value
Experimental ¢./(mg-g™)  200.96
Pseudo- qo/(mg-g™) 259.82
first-order ky/min™" 0.086
R 0.96
g/(mg-g ™" 218.82
Pseudo-
seudo ko/(g'mg min)  4.88x107*

second-order

R 0.98

Thermodynamic parameters were used to
investigate the nature of the adsorption. The Gibbs
free energy change AG® (kJ/mol), enthalpy change
AH® (kJ/mol), and entropy change AS® (J/(mol-K))

were calculated according to the following
equations [36]:

AG®=—RTIn K (7
AG®=AH®-TAS® (8)

where R is the mole gas constant (8.314 J/(mol-K),
T is the temperature (K), K. is the equilibrium
constant of Langmuir, AH® is the enthalpy change,
and AS® is the entropy change.

(@)

In[(¢.-¢,)/(mg-g™)]
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Fig. 4 Fitted curves of pseudo-first-order (a) and pseudo-
second-order models (b) for Pd(I) biosorption on
modified sepiolite

Figure 5 showed a linear relationship in the
plot of AG® versus T. As can be seen from Table 5,
the AG® value was negative, meaning the feasible
and spontaneous nature of Pd(II) adsorption on
modified sepiolite. The positive value of AH®
(2.105 kJ/mol) demonstrated the present adsorption
was an endothermic process [37]. The AS® value
was 0.075 J/(mol-K), which indicated the increased
randomness at the solid—solution interface during
the adsorption process.
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Table 5 Parameters of thermodynamic model for Pd(Il)

by modified sepiolite
0
Tk (kJA~nG10{_1) (kJA'IIZZ_I) (J~m§15j) '/K"l) i3
203 -19.87 2.105 0.075 0.998
303 —20.82 - - -
313 -21.51 - - -
323 -22.19 - - -

3.4 Desorption and reusability

From an economic point of view, the
reusability of an adsorbent was a very important
parameter. According to recent literature, acidified
thiourea has been used to elute Pd(II) from sorbents
with high efficiency [38]. AWUAL et al [38,39]
used a mixed solution of 0.1 mol/L HCl with
thiourea to recover Pd(Il) from loaded adsorbent
with high efficiency (>95%) and without damaging
the material. Therefore, the desorption efficiency of
Pd-loaded sepiolite was investigated using acidified
thiourea (0.1 mol/L HCI and 0.1 mol/L thiourea).
As can be seen from Fig. 6(a), the released Pd(II)
concentration dramatically increased in the first
30 min. The desorption efficiency increased up to
99% at about 60 min. The results revealed that
mixed solution (0.1 mol/L HCI and 0.1 mol/L
thiourea) was suitable to desorb the Pd(Il) from the
adsorbent.

In the reuse study, the mixed solution
(0.1 mol/L HCl and 0.1 mol/L thioureca) was
selected to evaluate the reusability of modified
sepiolite. The adsorption—desorption experiment for

Pd(Il) on the modified sepiolite was performed
consecutively 5 times. The data clarified that the
adsorption efficiency decreased slightly after five
cycles as shown in Fig. 6(b). The result indicated
that modified sepiolite as an absorbent had high
mechanical  stability and functionality in
adsorption—desorption process.

2001 (a) —
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Released Pd(II) concentration/(mg-L™1)

Time/min
(b) T Adsorption B Desorption
100+ — S
80
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S 60f
2
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o 40r
201
0
1 2 3 4 5
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Fig. 6 Relationships of released Pd(I) concentration
versus time (a) and modified sepiolite adsorption/
desorption efficiency versus cycle number (b)

3.5 Adsorption mechanism for Pd(I) by

modified sepiolite
3.5.1 SEM—-EDS images and EDS spectra

The morphologies and microstructures of the
modified sepiolite before and after Pd(Il)
adsorption were characterized by SEM-EDS.
Figure 7(a) showed the smooth surfaces of modified
sepiolite. As shown in Fig. 7(b), the surfaces of the
sepiolite after Pd(II) adsorption became irregular
and rough. Figures 7(c) and (d) showed the EDS
spectra of the modified sepiolite before and after
Pd(II) adsorption, respectively. The sample treated
with PdCl, solution showed peaks of palladium and
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Fig. 7 SEM images (a, b) and EDS spectra (c, d) of modified sepiolite before (a, ¢) and after (b, d) Pd(II) adsorption

chloride, further confirming that Pd(Il) could be
adsorbed by the modified sepiolite. Additionally,
Table 6 indicated the mass fractions of palladium
and chloride reached 27.38% and 2.03%,
respectively. These results suggested the sediment
on the sepiolite surface might be a form of
palladium complexes.

Table 6 Surface elemental compositions of Pd(II)-loaded
modified sepiolite by SEM—EDS analysis

Element Content/wt.% Content/at.%
C 9.65 21.91
o 25.68 43.77
Mg 7.09 7.95
Si 13.77 13.37
Au 9.92 1.37
Cl 2.03 1.56
Pd 27.38 7.02
Ca 4.48 3.05

3.5.2 TEM images
The morphology changes of modified sepiolite
before and after Pd(Il) adsorption were analyzed by

TEM (Fig. 8). As shown in Figs. 8(b) and (c), the
metal precipitates could be clearly observed on the
modified sepiolite surface after Pd(II) adsorption. In
addition, small particles were detected on the
modified sepiolite surface (Fig. 8(d)). This
phenomenon could be explained that hydroxyl
group on modified sepiolite surface was capable
of reducing Pd(II) to Pd(0) through the
strong reduction power. In other research studies a
similar adsorption—reduction mechanism was also
reported [40—42].

Therefore, the Pd(II) adsorption on modified
sepiolite could occur in two steps: (1) the initial
adsorption of Pd(Il) trapped by apertures on the
sepiolite fiber; (2) Pd precipitates (Pd nanoparticles)
formed by reduction and surface complexation by
functional group on the modified sepiolite fiber.
3.5.3 XPS spertra

The elemental compositions of samples before
and after Pd(II) adsorption and the chemical status
of recovered palladium on the modified sepiolite
surface were determined by XPS analysis. As
shown in Figs. 9(a) and (b), C, N, O, Mg, Ca, K and
Si could be found in the survey spectrum of
modified sepiolite, and Pd element was detected on
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Fig. 8 TEM images of modified sepiolite (a), Pd-loaded modified sepiolite (b, ¢) and Pd nanoparticles (d)
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Fig. 9 XPS spectra of modified sepiolite fiber: (a) Modified sepiolite; (b) Pd-loaded modified sepiolite; (c) Pd 3d

the modified sepiolite fiber surface after adsorption.
Figure 9(c) illustrated the Pd 3d photoelectron peak.
The curve fitting of the Pd 3d core-level spectrum
was performed by two spin-orbit split Pd 3ds, and
Pd 3d;, components [43]. The characteristic peaks
corresponding to Pd 3ds, and 3d;, appeared at
337.8 and 343.2 eV, respectively. Each peak was
divided into two different palladium states of Pd(II)
and Pd(0). From Fig. 9(c), two Pd 3ds, components
appeared at binding energies of 335.8 and 337.2 eV,
which were assigned to Pd(0) and Pd(Il) species,
respectively [44]. The binding energies of two Pd

3d;, components were at 341.3 and 342.8 eV, which
were assigned to Pd(0) and Pd(Il) species,
respectively [45]. There was only one way to
produce Pd(0) during the adsorption process: Pd(II)
anchored on the surface of the modified sepiolite
was reduced to Pd(0) by a functional group. This
explanation was consistent with the result of
TEM-EDS.

4 Conclusions

(1) Through the Langmuir isotherm analysis,
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modified sepiolite showed the maximum Pd(II)
adsorption capacity of 322.58 mg/g.

(2) Kinetic studies indicated the experimental
data were fitted well by pseudo-second-order
model.

(3) The results of reusability studies
demonstrated that the mixed solution (0.1 mol/L
HCI and 0.1 mol/L thiourea) was an excellent eluent
for desorbing Pd(II) from modified sepiolite.

(4) The results of SEM—EDS, TEM and XPS
confirmed that the mechanism of Pd(Il) adsorption
by modified sepiolite might complicated, and ion
exchange, electrostatic adsorption and reduction
were involved in the adsorption process.
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