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ABSTRACT: One of the problems of catalytic water treatment systems is that sulfur-containing species present in
contaminated water have a detrimental effect on the catalytic performance because of strong interactions of sulfur species with
active metal sites. In order to address these problems, our research has focused on developing a poison-resistant catalytic system
by using a novel material, namely, swellable organically modified silica (SOMS), as a catalyst scaffold. Our previous
investigations demonstrated that the developed system was resistant to chloride poisoning, active metal leaching, and carbon
deposition under reaction conditions. This study examines the sulfur tolerance of the developed catalytic system for
hydrodechlorination (HDC) of trichloroethylene (TCE) by subjecting Pd-incorporated samples to different sulfur species,
including sulfates (SO,*7), bisulfides (HS™), and hydrogen sulfide (H,S). The pristine and sulfur-treated catalysts were then
tested for aqueous- and gas-phase HDC of TCE and characterized by several techniques, including N, physisorption, X-ray
photoelectron spectroscopy (XPS), extended X-ray absorption fine structure spectroscopy (EXAFS), and temperature-
programmed reaction (TP,,) with H,. The investigations were also performed on Pd/AL,O; a commercially used HDC
catalyst, to have a basis for comparison. The activity and characterization results revealed that Pd/Al,O; underwent deactivation
due to exposure to sulfur-containing compounds. Pd/SOMS, however, exhibited better resistance to aqueous sulfates, bisulfides,
and gas-phase H,S. In addition, the removal of sulfur species from completely poisoned catalysts was found to be more facile in
Pd/SOMS than Pd/Al,O;. The tolerance of Pd/SOMS to sulfur poisoning was attributed to stem from the novel characteristics
of SOMS, such as swelling ability and extreme hydrophobicity.

1. INTRODUCTION

Supported metal catalysts are sensitive to sulfur and readily
deactivate on the basis of the duration of the exposure, the
concentration, and the chemical form of the sulfur species.l_4
For this reason, developing deactivation-resistant catalytic
systems has been one of the important topics of catalysis

groundwater because of the sulfur-containing species that
strongly adsorb on the catalytically active sites.”>~” It has been
reported that even ppm levels of the sulfur species are enough
to deactivate the HDC catalysts."*'" These sulfur species can
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be in different chemical forms, such as SO,*~, SO;*~, HS™, or
$>7, at varied concentrations."”® They originate from improper
sulfur-containing discharges and dissolution of sulfate-contain-
ing minerals in groundwater.'" Although sulfate molecules are
less deleterious than reduced sulfur species, such as bisulfides
and sulfites, the conversion of sulfates to reduced sulfur species
is thermodynamically favorable under HDC reaction con-
ditions.”’*"> In addition, the transformation of sulfates to
sulfur species naturally occurs in groundwater by anaerobic
bacterial activities."'”

The deactivation effects due to sulfur compounds can be
minimized by altering the operating parameters of HDC
systems. One approach is to adjust the pH of groundwater."*
Angeles-Wedler et al. studied the deactivation characteristics of
Pd/AlO; at different pH values of the reaction solution. They
found that the degree of deactivation was higher for acidic
groundwater, indicating that the pH of the water is an essential
parameter to mitigate the deactivation effects due to sulfur
compounds. At high pH values, the Pd—S interaction can be
suppressed.”® Munakata and Reinhard obtained a rate
expression that takes the acidity of water and the concentration
and types of sulfur species into account in describing the
catalyst deactivation." Another approach is to oxidize the
reduced sulfur compounds to sulfates that do not have a high
affinity for Pd sites.”®'>"> In 2008, Angeles-Wedler et al.
added permanganate to the feed stream of a HDC reactor to
protect the Pd sites by oxidizing the reduced sulfur species
before they enter the reactor and poison the catalyst. Although
addition of permanganate was successful in oxidizing the
reduced sulfur species and ceasing the microbial activity,
inhibition of Pd and oxidation of TCE were observed at high
concentrations of permanganate.g’12

The deactivation effects due to sulfur compounds can also
be minimized by developing poison-resistant catalytic materi-
als. Wong and co-workers designed a highly active and stable
bimetallic catalyst with a Pd-shell/Au-core structure.'*' The
Pd—Au nanoparticles exhibited improved resistance to sulfides
due to the electronic effects of Au on Pd and the formation of
Pd—Au catalytic sites.'® Hydrophobic materials were also used
to circumvent the deactivation issues. Schiith et al. developed a
Pd-based catalytic system by altering the pore size and
hydrophobicity of zeolite-Y, which exhibited better poison-
resistance than other studied catalysts, including Pd-containing
alumina, MCM-41, and ZSM-5.""'® Kopinke and co-workers
reported that Pd-based hydrophobic materials are more
resistant to sulfur poisoning.”'” However, polydimethylsilox-
ane, which was used to coat Pd/AlL,O; to increase its
hydrophobicity, was degraded by the unavoidable reaction
product HCI due to silicone hydrolysis. The resultant catalyst
became more susceptible to sulfur poisoning.”'**’

We have previously demonstrated the use of a swellable
organically modified silica (SOMS) to mitigate the deactiva-
tion problems of Pd-based HDC catalytic systems.”' ~>> SOMS
is a novel catalyst scaffold that has unique properties, such as
high affinity for adsorbing organic compounds, extreme
hydrophobicity, swellin§ ability upon contact with organics,
and high surface area.”' >’ By using SOMS as a scaffold, an
animated Pd-based catalyst, the characteristics of which change
upon exposure to organic compounds, was synthesized. These
unique characteristics led us design poison-resistant catalysts
by incorporating Pd NPs inside the matrix of a SOMS
scaffold.”** Pd/SOMS showed remarkable resistance to
chloride poisoning and Pd leaching by HCL**** In addition,
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due to its surface hydroxyl groups and low acidity, Pd/SOMS
was also shown to be resistant to coke deposition during gas-
phase HDC of TCE.”? In this contribution, Pd/SOMS was
studied further to evaluate its resistance to sulfur-containing
species. Pd/SOMS was exposed to different sulfur species,
including SO,”~, HS™, and H,S. Investigations were also
performed over the commonly used HDC catalyst Pd/Al,O; in
order to have a basis for comparison.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The synthesis procedure of
SOMS was previously described by Edmiston and co-
workers.””*~** Pd incorporation to SOMS was performed
by incipient wetness impregnation with a target metal loading
of 1 wt %. The required amount of Pd(II) acetate (Sigma-
Aldrich 99.9%) was dissolved in acetone and then added to the
SOMS support dropwise using a micropipet until the support
was saturated with the solution. The saturated SOMS was
dried at room temperature. The saturation—drying cycle was
repeated until the precursor solution was depleted. The
reduction of Pd nanoparticles was performed by NaBH,
dissolved in 95% ethanol. The reduced catalyst was filtered,
washed with ethanol several times, and dried in an oven at 70
°C overnight.

Pd/AlLO; (1 wt %) was purchased from Sigma-Aldrich and
reduced at 350 °C under H,.

2.2. Exposure to Aqueous-phase Sulfur Species. The
pristine Pd/SOMS and Pd/Al,O; samples were treated in the
aqueous solutions of Na,SO, and NaHS at varied concen-
trations at room temperature. These experiments were
conducted in a 500 mL three-neck flask in an inert
environment. The catalyst powders and the solution containing
sulfur species were subsequently introduced into the flask. The
poisoning treatment was performed for 1 h under vigorous
stirring. The solution was then filtered and the resultant
poisoned catalyst was dried. In the treatments where Pd/
SOMS was swollen, ethanol was used as an organic swelling
agent at different concentrations.

2.3. Nitrogen Physisorption. The textural properties of
the pristine and poisoned samples of Pd/Al,O; and Pd/SOMS
catalysts were examined by conducting N, physisorption
experiments on an accelerated surface area analyzer and
porosimetry instrument (Micromeritics ASAP 2020) at 77K.
Before the analysis, samples were degassed at 120 °C and 2
umHg. The Brunauer—Emmett—Teller (BET) isotherm was
used to determine the surface area. The Barrett—Joiner—
Halenda (BJH) method was used to determine the pore size,
pore volume, and pore size distribution.

2.4. X-ray Photoelectron Spectroscopy (XPS). The
nature of sulfur species accumulated on poisoned Pd/AlLO,
and Pd/SOMS catalysts was investigated by XPS. The
experiments were carried out in a Kratos Ultra Axis
spectrometer equipped with a monochromatized Al Ka X-ray
source operating at 12 kV and 10 mA. The samples were
loaded on a carbon tape and placed in the chamber. After
evacuation overnight, a survey scan, followed by high-
resolution region scans, was acquired. The charging effects
were corrected with respect to C 1s (284.5 eV). CasaXPS
2.3.16 software was used to perform deconvolution and data
analysis.

2.5. Extended X-ray Absorption Fine Structure
(EXAFS). The nature of Pd NPs and the changes in the
atomic environment of Pd due to poisoning by sulfur species
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were investigated by EXAFS spectroscopy. Experiments were
performed at Pd K-edge (24350 eV) in transmission mode
with quick scans on the insertion device beamline of the
Materials Research Collaborative Access Team (MRCAT-
10ID) at Advanced Photon Source at Argonne National
Laboratory. A cryogenically cooled double-crystal Si(111)
monochromator was used with a Pt-coated mirror to minimize
the presence of harmonics. Samples in powder form were
loaded into a cylindrical sample holder having six wells. Energy
alignment was performed with respect to a simultaneously
collected spectrum of a Pd foil. The Pd edge energy was
determined as the position of the maximum of the first peak in
the first derivative of the XANES region. Standard procedures
outlined by Ressler were followed to extract EXAFS data by
using WINXAS 3.2. software.® Pd foil, Pd oxide, and Pd
chloride trace-metal chemicals were used as reference materials
to obtain phase shifts and backscattering amplitudes for Pd—
Pd (12 at 2.75 A), Pd—O (4 at 2.05 A), and Pd—S (4 at 2.31
A), respectively.

2.6. Gas-Phase H,S Treatment. Pd/SOMS and Pd/Al,O,
catalysts were exposed to gas-phase H,S in a plug flow reactor
at 250 °C. The poisoning procedure was adapted from
Pazmino et al.’' The pristine sample was loaded into a reactor
and placed inside a furnace, where the temperature was
controlled. Following a flushing step at room temperature with
He at a flow rate of 80 mL/min, the temperature was increased
to 250 °C. After flowing He for 30 min, the catalyst samples
were exposed to a H,S-containing gas stream (800 ppm of
H,S, 25% H,, and balance He) for 3 h. This treatment was
performed in the presence of 25% H, to prevent the
agglomeration of Pd sulfide clusters. The effluent gas was
sent to an AgNO; bubbler and the precipitation of the AgS was
verified. The H,S treatment was followed with H, flow for 1 h
to remove reversibly adsorbed sulfur. Then, He was flowed
through the reactor for 1 h and the temperature was decreased
to room temperature.

2.7. Temperature-programmed Reaction (TP,,,) with
H,. Pd/SOMS and Pd/Al,O; samples treated with Na,SO, in
the aqueous phase and H,S in the gas phase were placed in a
quartz reactor (ID = 4 mm, OD = 0.25 in). The reactor then
was placed into a Carbolite MTF 10/15/130 furnace. The
outlet stream was connected to an online mass spectrometer
(MKS-Cirrus II) operating in scanning ion mode to monitor
the evolution of H,S (m/z = 34) from the reactor. A 5% H,/
He gas stream was introduced to the reactor at a flow rate of
30 mL/min at room temperature. After obtaining a stable m/z
= 34 signal, the temperature was increased at a ramp rate of 10
°C/min until 900 °C.

2.8. Catalytic Activity Experiments. 2.8.1. Aqueous-
phase Experiments. Pd/SOMS and Pd/ALO; catalysts in
their pristine and poisoned states were tested for aqueous-
phase HDC of TCE in a batch reactor operating at 50 bar and
30 °C. The operation of the reactor system was described in
our previous publication.”’ Briefly, a known amount of catalyst,
in powder form, was loaded into a catalyst addition device
(CAD), which was subsequently secured in the headspace of
the reactor. The reactor, which contained 200 mL reaction
solution, was flushed with He and the impeller was started.
After stabilization of temperature and pressure, the CAD was
activated to start the reaction. A sample was taken before the
reaction started to determine the initial concentration of TCE,
which was found to be approximately 250 ppm. The samples
taken from the reactor throughout the reaction were
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immediately analyzed using a high-performance liquid
chromatograph (HPLC) equipped with a UV/vis detector
(Shimadzu, SPD-20A) and a selective chloride electrode (Cole
Palmer, UX-27504-08).

2.8.2. Gas-phase Experiments. The pristine and H,S-
treated Pd/SOMS and Pd/AlL,O; catalysts were tested in gas-
phase HDC of TCE reaction using a bench-scale packed bed
flow reactor system. The catalysts were packed in a quartz tube
placed in a tubular furnace. The feed gas concentration was set
to 0.7% TCE (TCE vapor was generated by using a glass
bubbler that contained pure TCE), 21% H,, and balance He.
The reactor outlet was connected to an online gas chromato-
graph (Shimadzu Scientific 2010) equipped with a Q-bond
column and a flame ionization detector (FID) for quantifica-
tion of TCE conversion.

3. RESULTS AND DISCUSSION

3.1. Effect of Exposure to Aqueous Poisons.
3.1.1. Nitrogen Physisorption. The textural properties of
Pd/ALO; and Pd/SOMS catalysts before and after they were
exposed to aqueous-phase sulfur compounds were examined
by N, physisorption. Nitrogen adsorption—desorption iso-
therms and pore size distributions of pristine, Na,SO,-treated,
and NaHS-treated samples of Pd/Al,O; are shown in Figure
la. The pristine Pd/AL,O; exhibited a type-IV adsorption
isotherm with H3-type hysteresis caused by capillary
condensation of nitrogen.‘?’2 Shown in the inset of Figure la,
the pore size distribution of Pd/Al,O; centered around 10 nm.
Upon poisoning Pd/AlL,O; with sulfur-containing compounds,
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Figure 1. Nitrogen adsorption—desorption isotherms of pristine, 0.1
M Na,SO,-treated, and 0.1 M NaHS-treated (a) Pd/AL,O; and (b)
Pd/SOMS. Insets: BJH pore size distributions of pristine, 0.1 M
Na,SO,-treated, and 0.1 M NaHS-treated (a) Pd/Al,O; and (b) Pd/
SOMS.
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the type of the adsorption—desorption isotherm and hysteresis
remained unchanged. The quantity of adsorbed nitrogen,
however, decreased significantly. In addition, the pore size
distribution of Pd/Al,O; poisoned by sulfur-containing
compounds shifted to a lower pore diameter of around 6.5
nm, but this is likely due to a hydration effect, since a similar
observation was made after the sample was soaked in water.

The adsorption—desorption isotherm of pristine Pd/SOMS
(Figure 1b) exhibited monolayer adsorption at low relative
pressures and type-IV adsorption isotherm. Two types of
hysteresis were observed over pristine Pd/SOMS: (i) H2-type
hysteresis caused by capillary condensation and (ji) swelling
hysteresis observed at lower relative pressures.””*>* The pore
size distribution of Pd/SOMS centered at 5.4 and 3.7 nm. The
3.7 nm peak, however, was attributed to an artifact of nitrogen
physisorption measurements.” "> Exposure to sulfur species
did not result in any major changes in the adsorption—
desorption isotherms, the type of hysteresis, and the pore size
distribution. In addition, the swelling hysteresis was not
affected by the sulfur treatments, suggesting that the swelling
characteristic of Pd/SOMS was retained.

The N, physisorption results of pristine, water-soaked,
Na,SO,-treated, and NaHS-treated Pd/AL,O; are given in
Table 1. The textural properties of pristine Pd/AlL,O; were

Table 1. Textural Properties of Pristine, Na,SO,-Treated,
and NaHS-Treated Pd/Al,O; and Pd/SOMS

adversely affected due to the treatments with aqueous
solutions. The textural properties of water-soaked Pd/Al,O;,
however, were not different from that of sulfur-exposed Pd/
Al O;, indicating that the changes in the textural properties
stemmed from soaking Pd/Al,O; in water, rather than
interactions of Pd/Al,O; with sulfur-containing molecules. In
our previous investigation, a similar behavior was observed
when the catalysts were exposed to chloride-containing
compounds. In that study, exposure to NaCl or HCl was
shown not to have an additional adverse effect on the textural
properties.”> The changes in the textural properties were
attributed to the surface hydration of Pd/AL,O; It was
reported that the formation of hydroxyl compounds easily
occurs on the surface of Pd/AlL,O; due to its hydrophilic
nature. The complete removal of the surface hydration requires
temperatures as high as 900 °C under atmospheric
pressure.ss’36

Table 1 also shows the textural properties of pristine, water-
soaked, and sulfur-treated Pd/SOMS. The BET surface area,
BJH pore volume, and BJH pore diameter of pristine Pd/
SOMS were found to be 590 mz/g, 0.73 cm3/g, and 3.9 nm,
respectively. Poisoning treatments did not affect the textural
properties of Pd/SOMS. Considering that the changes in the
textural properties of Pd/Al,O; stemmed from the surface
hydration due to soaking in water, it is conceivable that the
hydrophobic nature of Pd/SOMS suppressed the formation of
surface hydration, resulting in no changes in textural
properties.

ore ore
BET surface V(ﬁume] difmeter’ 3.1.2. X-ray Photoelectron Spectroscopy. X-ray photo-
samples aream’/g cm®/g nm electron spectra of the S 2p region obtained over pristine
Pd/ALO,  pristine 220 0.79 103 samples of Pd/AlL,O; and Pd/SOMS and those exposed to
water-soaked 97 0.25 7.4 aqueous—phase sulfur compounds are shown in Figure 2. The
0.1 M Na,SO, 92 0.24 7.4 spectra were deconvoluted by fitting S 2p;,, and 2p,,, peaks
0.1 M NaHS 97 0.26 7.5 into a doublet with a spin—orbit splitting ratio of 2:1 and a
Pd/SOMS  pristine 590 0.73 3.9 fixed doublet separation of 1.18 eV.”” The deconvolution
water-soaked 604 0.75 3.9 results including binding energies (BE) and percentage
0.1 M Na,SO, 598 0.78 4.0 composition of surface sulfur species are given in Table S1
0.1 M NaHS 612 0.74 42 of the Supporting Information.
As shown in Figure 2a, the S 2p spectrum of pristine Pd/
Al,O; does not have any spectral features, indicating that the
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Figure 2. S 2p XPS spectra of pristine, Na,SO,-treated, and NaHS-treated (a) Pd/Al,O; and (b) Pd/SOMS.
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k*-Weighted Fourier transform (FT) magnitudes of EXAFS spectra at the Pd K-edge. FT magnitudes of pristine and Na,SO,-treated (a)

Pd/AL,O; and (b) Pd/SOMS, and pristine and NaHS-treated (c) Pd/Al,O4 and (d) Pd/SOMS.

Table 2. Pd K-Edge EXAFS Fitting Results for Pristine, Na,SO,-Treated, and NaHS-Treated Pd/Al,O; and Pd/SOMS*

sample XANES energy, keV
Pd/ALO; pristine 24.3517
0.1 M Na,SO, 24.3521
1 M Na,SO, 24.3521
0.0001 M NaHS 24.3548
0.001 M NaHS 24.3544
Pd/SOMS pristine 24.3501
0.1 M Na,SO, 24.3502
1 M Na,SO, 24.3504
0.0001 M NaHS 24.3542
0.001 M NaHS 24. 3544

U Ak =29-12.1 A7, AR = 1-3 A; N +£10%, R +0.02.

scatter N R A Ac” (10%) E% eV
Pd-Pd 6.5 2.74 2.0 —-2.4
Pd-O 1.4 2.05 2.0 1.6
Pd-Pd 6.4 2.74 2.0 2.7
Pd-O 1.5 2.05 2.0 1.3
Pd-Pd 6.6 2.74 2.0 -3.0
Pd-O 1.4 2.0 2.0 1.2
Pd-S 32 2.31 3.0 —-0.4
Pd-S 32 2.31 3.0 -0.3
Pd-Pd 9.9 2.76 4.0 -1.1
Pd-Pd 9.7 2.76 4.0 -1.2
Pd-Pd 9.6 2.76 4.0 —-1.4
Pd-Pd 2.7 2.80 4.0 =51
Pd-S 2.4 2.30 4.0 -1.0
Pd-Pd 2.8 2.80 4.0 -5.8
Pd-S 2.3 2.30 4.0 -0.7

pristine catalyst does not have any sulfur-containing species on
its surface. Upon treating Pd/Al,O; with solutions containing
sulfur compounds, accumulation of sulfur species on its surface
was observed. The deconvolution results of Pd/Al,O; treated
with 0.1 M Na,SO, solution showed that sulfate species were
partially converted to reduced sulfur species, including HS™
(161.8 eV) and SO,>~ (165.3 eV).”’ 7> Conversion of sulfates
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to reduced sulfur species is undesired, since reduced sulfur
species are more deleterious than sulfates.”'>'® The S 2p
spectrum of Pd/AL,O; treated with 0.1 mM NaHS solution
also showed that different forms of sulfur were present on its
surface. The presence of SO,>~ and SO,*~ on the surface after
HS™ exposure indicates that oxidation of the sulfur species
occurred.

DOI: 10.1021/acs.iecr.8b05979
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The S 2p spectrum of pristine Pd/SOMS is shown in Figure
2b. No peaks were observed in the spectrum, indicating the
absence of sulfur species on the surface. This is expected, since
no sulfur-containing species were used in the synthesis and the
pretreatment steps during the synthesis of SOMS and Pd/
SOMS. The increase in the background signal is due to the
plasmon loss feature of Si.*>*" Similar to the pristine catalyst,
the spectrum of Pd/SOMS treated with a 0.1 M Na,SO,
solution did not exhibit any peaks due to the presence of sulfur
species on its surface. This shows that sulfate species were not
accumulated on the surface of Pd/SOMS. In the spectrum of
Pd/SOMS treated with a 0.1 mM NaHS solution, there was no
accumulation of sulfur on its surface, except that there was a
peak having a low intensity at a binding energy of 169.3 eV,
possibly indicating the presence of sulfate species.

3.1.3. Extended X-ray Absorption Fine Structure (EXAFS).
The pristine and sulfur-treated samples of Pd/Al,O; and Pd/
SOMS catalysts were examined by EXAFS spectroscopy at the
Pd K-edge (24350 eV) to determine the changes in the atomic
environment of Pd nanoparticles due to exposure to sulfur
species. The pristine samples were treated with aqueous
solutions of Na,SO, or NaHS at different concentrations. The
k*-weighted Fourier transform (FT) magnitudes and the
coordination parameters of pristine and poisoned samples
are given in Figure 3 and Table 2, respectively.

The EXAFS of pristine Pd/Al,O; consisted of Pd—Pd and
Pd—O scatterings with coordination numbers of 6.5 and 1.4,
respectively, indicating that Pd nanoparticles were slightly
oxidized. The coordination number of 1.4 for Pd—O scattering
corresponds to an average oxidation state of 0.7, since there are
four Pd—O bonds in fully oxidized PdO. The true coordination
number for Pd—Pd scattering was, however, approximately 10
since 65% of the Pd nanoparticles were metallic. A
coordination number of 10 for Pd—Pd scattering indicated
that the size of Pd nanoparticles on Al,O; was about 5 nm.*

The EXAFS of pristine Pd/SOMS only consisted of Pd—Pd
scattering (Figure 3b), indicating that Pd NPs incorporated
into SOMS are metallic. The coordination number of Pd/
SOMS was obtained as 9.9, similar to the true coordination
number of Pd/AL,O;. EXAFS fitting results also revealed that
the bond distance for Pd—Pd was larger than that of Pd foil
(2.75 A). The increase in the bond distance could be
attributed to formation of Pd—H species during the synthesis
of Pd/SOMS."***

Parts a and b of Figure 3 show the FT magnitudes of EXAFS
spectra for pristine and Na,SO,-exposed Pd/Al,O; and Pd/
SOMS, respectively. As can be seen from the figures, the
treatment with sulfate solutions at different concentrations did
not alter the atomic environment of Pd significantly. This was
also confirmed by the fitting results given in Table 2.

FT magnitudes for Pd/AlL,O; poisoned with NaHS-
containing solutions at different concentrations can be seen
in Figure 3c. Two major changes were noted in the spectra of
0.1 mM NaHS-treated Pd/ALO; in comparison to that of
pristine sample, a large decrease in the magnitude of Pd—Pd
scattering and the appearance of Pd—S scattering. The results
indicate that the sulfur atoms were able to enter the atomic
structure of Pd/Al,O; when the precursor for sulfur treatment
was bisulfide. The Pd—Pd and Pd—S scattering magnitudes did
not change noticeably as the concentration of the treatment
solution was increased to 1 mM. Small amounts of metallic Pd
could be present in these samples.
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The k*-weighted FT magnitudes of Pd/SOMS exposed to
bisulfide-solutions are shown in Figure 3d. The FT magnitude
of the pristine Pd/SOMS decreased significantly due to the
poisoning treatment. However, the decrease of Pd—Pd
scattering in the poisoned Pd/SOMS was less pronounced
than that in the poisoned Pd/Al,O;. The fitting results, shown
in Table 2, revealed that the coordination numbers for Pd—Pd
and Pd—S in Pd/SOMS treated with 1 mM NaHS were 2.8
and 2.3, respectively. Under the same treatment conditions, the
Pd—Pd scattering was retained in Pd/SOMS compared to Pd/
Al,Oj, indicating that Pd/SOMS is more resistant to bisulfides.

3.1.4. Exposure of Pd/SOMS to Sulfide Species in the
Presence of Ethanol. The interactions of Pd nanoparticles
with bisulfide molecules were investigated when Pd/SOMS
matrix was swollen to different extents by changing the
concentration of the swelling agent. Ethanol was chosen as the
organic swelling agent.

Figure 4 shows the FT magnitude of the EXAFS spectra at
the Pd K-edge of NaHS-treated Pd/SOMS samples in the

0.015 -
Pd/SOMS |
——0.1 mM HS" &0 % EtOH 1 Pd-S
——0.1mM HS & 1 % EtOH 4
0.010 +
=3
=
o
i
o
[
0.005 +
0.000 t t t i
0 1 2 3 4
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Figure 4. kz—Weighted Fourier transform magnitude of EXAFS
spectra at the Pd K-edge of NaHS-treated Pd/SOMS. The treatments
were performed in the presence of 0% and 1% ethanol in 0.1 mM
NaHS solution.

absence as well as in the presence of 1% ethanol in the sulfide
solution. The concentration of bisulfide was kept constant at
0.1 mM. The EXAFS spectra of Pd/SOMS show that swelling
of the SOMS matrix by ethanol did not facilitate the sulfidation
of the Pd species. In fact, the presence of ethanol seems to
alleviate the effect of the sulfide species.

As shown in Table 3, when aqueous NaHS solution
containing 1% ethanol was used, the coordination number of
Pd—S scattering decreased from 2.4 to 2.0 and that of Pd—Pd
scattering was increased from 2.7 to 3.6, compared to the
sample treated with NaHS in the absence of ethanol. This
result was somewhat surprising, since the swelling of the
SOMS matrix was expected to make the Pd sites more readily
accessible to the poisoning effect of the sulfide species. The
results, however, showed this not to be the case. Instead, the
poisoning of Pd NPs appeared to be suppressed, possibly
because of (i) the reducing ability of ethanol that slowed down
the transformation of Pd—Pd to Pd—S during the treatment
and (ii) changes in the pore solvent environment due to
ethanol adsorption in the pores that may affect the solvation of
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Table 3. Pd K-Edge EXAFS Fitting Results for NaHS-Treated” Pd/ soMs”

sample XANES energy, keV
Pd/SOMS 0% ethanol 24.3542
1% ethanol 24.3546

“The treatments were performed in the presence of 0.0% and 1% ethanol in 0.1 mM NaHS solution.

+10%, R +0.02.

scatter N R A Ac? (10°) E’, eV
Pd—Pd 2.7 2.80 4.0 =S5.1
Pd-S 2.4 2.30 4.0 —-1.0
Pd—Pd 3.6 2.78 4.0 —6.8
Pd-S 2.0 2.30 4.0 -0.3

b Ak =29-121 A", AR=1-3 A; N

bisulfide anionic species. This result is significant in showing
that the swelling of the SOMS matrix helps the accessibility of
the Pd sites for the reaction, but does not change the partially
protected nature of these sites from the deactivation effects of
the poisons dissolved in water.

3.1.5. Temperature-programmed Reaction (TP,,,,) with H.,.
Temperature-programmed reaction experiments with H, were
performed to examine how easily the sulfur species would be
removed from the surfaces of Pd/Al,O; and Pd/SOMS that
were treated with solutions of 0.1 M SO,*". The evolution of
H,S with respect to temperature was monitored by the m/z =
34 signal of a mass spectrometer.

TP,,, profiles of catalysts treated with NaSO, solution are
shown in Figure S. A broad H,S evolution at 605 °C was
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0.06

Pd/Al,O,
0.04

MS Signal m/z=34 (a.u.)

0.02

Pd/SOMS

s "
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Figure S. Temperature-programmed reaction with H, over Pd/Al, O,

and Pd/SOMS treated with 0.1 M Na,SO,. The m/z = 34 signal was
followed to monitor the evolution of H,S.

observed over Pd/AlL,O;, indicating that H, at high temper-
atures was able to remove the sulfur accumulated on the
surface of alumina. The H,S evolution over poisoned Pd/
AL, O, stemmed from the sulfur adsorbed on alumina rather
than Pd sites, since EXAFS results (section 3.2) clearly showed
that the sulfate exposure did not result in Pd—S scattering in
the atomic environment of Pd. It is, however, expected that
prolonged exposure of Pd/AlL,O; to the sulfate solution may
cause Pd nanoparticles to be poisoned as well due to formation
of reduced sulfur species and migration of these species to the
Pd sites. When the TP, with H, profile of Pd/SOMS
poisoned by 0.1 M Na,SO, was examined, no evolution of H,S
was observed, indicating that the sulfate molecules did not
adsorb on the surface of Pd/SOMS under the same
experimental conditions.
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3.1.6. Catalytic Activity Experiments. The aqueous-phase
HDC of TCE activities Pd/Al,O5 and Pd/SOMS samples were
tested before and after exposure to aqueous sulfur species to
examine the changes in the catalytic activity upon exposure to
sulfates and bisulfides. Catalytic activity experiments were
performed at SO bar and 30 °C in batch mode. TCE
conversions obtained over pristine catalysts are given in Figure
6. The pristine Pd/Al,O; outperformed the pristine Pd/SOMS
throughout the reaction duration on the basis of equal catalyst
amount. TCE conversions obtained over Pd/SOMS and Pd/
AL, O at the end of 6 h were 62% and 89%, respectively. The
differences in the catalytic activity of pristine catalysts were
examined in more detail in our earlier work.”> In the present
investigation, the scope of the study was focused on the
changes in the catalytic activity due to aqueous-phase
treatments with sulfur-containing compounds.

The pristine Pd/Al,O; and Pd/SOMS catalysts were treated
by 0.1 M Na,SO, for 1 h. Figure 6a shows conversions of TCE
over pristine and Na,SO,-treated Pd/AL,O;. The catalytic
activity of the pristine and Na,SO,-treated Pd/ALO was
observed to be the same throughout the reaction time.
Similarly, the treatment with 0.1 M Na,SO, solution did not
affect the catalytic activity of Pd/SOMS, as shown in Figure
6b. The activity experiments revealed that the catalytic
performance of neither Pd/Al,O; nor Pd/SOMS was
negatively affected by sulfate exposure. Our results are in
agreement with previously performed studies that showed
sulfates to have little to no effect on the catalytic activity of Pd/
ALO; for HDC of chlorinated ethylenes.”'®** This was
attributed to the high oxidation state of sulfur and the shielding
effect of the four oxygen atoms surrounding the sulfur atom.”’
It should, however, be mentioned that further exposure to
sulfates, either by higher concentrations or by longer durations,
may cause a decrease in the catalytic performance. XPS results
presented in section 3.2 showed that sulfates were converted to
reduced sulfur species such as SO;*” and HS~, which are
known catalyst deactivators."””*'?

The treatment with 0.1 mM bisulfide solution caused a
dramatic decrease in the catalytic activity of Pd/Al,O;. Figure
6¢ shows the TCE conversions over pristine and bisulfide-
treated Pd/Al,O;. Upon the bisulfide treatment, TCE
conversion achieved at the end of the reaction duration
decreased from 89% to 35%. The catalytic activity decrease
observed over Pd/SOMS due to bisulfide-poisoning, however,
was not as pronounced as seen in Figure 6d. Although TCE
conversions observed over pristine and NaHS-treated Pd/
SOMS were similar in the first 90 min of the reaction, TCE
conversion over bisulfide-treated Pd/SOMS showed a plateau,
possibly due to inhibition of the Pd sites by the reaction
product HCL. The inhibition due to HCI is expected to be
more prominent on the sulfur-free metallic Pd sites in the
treated sample compared to the Pd sites available in the
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pristine Pd/SOMS, since the extent of the inhibition depends
on the concentration of metallic Pd sites

3.2. Effect of Exposure to Sulfur Species in the Gas
Phase. 3.2.1. EXAFS Analysis. Due to its relevance to gas-
phase HDC of TCE, sulfur treatment experiments were also
performed in the gas phase by using concentrated H,S as the
source of sulfur. As described in the experimental section,
sulfur exposure experiments were performed over Pd/ALO;
and Pd/SOMS at 250 °C by using a gas stream of 800 ppm of
H,S, 25% H,, and balance He. The changes in the Kronig
structure of Pd due to the sulfur treatment were examined by
EXAFS spectroscopy at the Pd K-edge. Figure 7 shows the k*-
weighted Fourier transform magnitude of EXAFS spectra of
pristine and H,S-treated Pd/AL,O; and Pd/SOMS. The
EXAFS coordination parameters are tabulated in Table 4.

The sulfur treatment converted all of the Pd scatterings
(Pd—Pd and Pd—O) present in the pristine Pd/ALO; into a
single Pd—S scattering. The H,S-treated Pd/Al,Oj; lost almost
all of Pd—Pd scattering. In the case of Pd/SOMS, however,
most of the magnitude of the Pd—Pd scattering was intact.
Some of the Pd nanoparticles were bound to sulfur, as
evidenced by the appearance of a Pd—S scattering in Figure 7.
The fitting results revealed that the coordination numbers of
Pd—Pd and Pd—S scattering in H,S-treated Pd/SOMS were
8.2 and 1.4, respectively. The interatomic bond distance of Pd
NPs shifted to 2.82 A. The increase of the bond distance was
attributed to formation of PdH, species that possibly formed
during the sulfur treatment.””** No information was obtained
about the PdH, formation over Pd/AlL,QO;, since the sulfur
treatment converted all of the metallic Pd to sulfur-bound Pd.

The results are significant to show the sulfur-resistant
characteristics of Pd/SOMS in the gas phase. The high sulfur
resistance can be attributed to the polarity of the H,S
molecule, which may be considered as too polar to enter the
hydrophobic matrix of Pd/SOMS.

3.2.2. Temperature-programmed Reaction (TP,,,,) with H,.
Pd/AlL,O; and Pd/SOMS catalysts exposed to H,S in the gas
phase were subjected to TP, with H,. As shown by the m/z =
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Figure 7. k*Weighted Fourier transform magnitude of EXAFS
spectra at the Pd K-edge of pristine and gas-phase H,S-treated (a)
Pd/AlL,O; and (b) Pd/SOMS.

34 signal in Figure 8, Pd/Al,O; showed a strong H,S evolution
around 365 °C, followed by a smaller peak at around 725 °C,
suggesting that there were two types of sulfur species on the
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Table 4. Pd K-Edge EXAFS Fitting Results for Pristine and Gas-Phase H,S-Treated Pd/Al,O; and Pd/SOMS*

sample XANES energy, keV scatter N R A Ac* (10%) E° eV
Pd/AlZO3 pristine 24.3517 Pd-Pd 6.5 2.74 2.0 -2.4
Pd-0 14 2.05 2.0 1.6
H,S-treated 24.3550 Pd-S$ 3.7 231 1.8 -0.5
Pd/SOMS pristine 24.3501 Pd—Pd 9.9 2.76 4.0 -11
H,S-treated 24.3550 pd—pd 8.2 2.82 2.5 2.0
Pd-S 1.4 2.31 4.0 3.4
k2 Ak = 29-12.1 A™, AR = 1-3 A; N +10%, R +0.02.
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Figure 8. Temperature-programmed reaction with H, over Pd/Al,O;
followed to monitor the evolution of H,S.

Temperature (°C)

and Pd/SOMS treated with H,S in the gas phase. The m/z = 34 signal was

Pd/Al,O;, one weakly bound and one much more strongly
bound. In case of Pd/SOMS, however, there is only the low-
temperature H,S evolution peak, but with a much lower
intensity. The high-temperature peak seen over Pd/AlO; is
not present in the case of Pd/SOMS, showing that the extent
of interaction of the Pd sites with the sulfur species is much
higher over Pd/AL,O;. This is consistent with the EXAFS
results (Figure 7), wherein interaction with H,S led to the
formation of very few Pd—S bonds in Pd/SOMS, whereas Pd/
Al,O; showed almost complete sulfidation.

3.2.3. Catalytic Activity Experiments. Figure 9 shows the
catalytic activity of pristine and H,S-treated Pd/SOMS and
Pd/ALO; catalysts in the gas-phase HDC of TCE reaction at
100—300 °C. As can be seen, while the activities of pristine and
H,S-treated Pd/SOMS were very close to each other even at
low temperatures, the deactivation effect of H,S treatment was
very significant over Pd/Al,O;, which did not show any TCE
conversion until the reaction temperature reached 250 °C.
This is consistent with EXAFS and TP, results, where sulfur
was found to be bound to the Pd sites over Pd/AL,O; to a
much larger extent than over Pd/SOMS. Although the
evolution of the H,S signal from the Pd/Al,O; surface does
not start until a temperature higher than 250 °C is reached in
the H,-TP,,, experiment, this is expected because activity data
are collected under isothermal conditions at the steady state,
whereas in the TP, experiment the temperature is ramped
using a linear temperature program.

4062

4. CONCLUSIONS

The sulfur-resistance characteristics of Pd/SOMS and Pd/
Al,O; were investigated both in the liquid phase and in the gas
phase. The textural properties of Pd/Al,O; were seen to
change after aqueous-phase exposure to sulfate and bisulfide
species; however, this is found to be due to exposure to water
and not necessarily to sulfur compounds. A significant amount
of sulfur-accumulation was observed on the surface of alumina
when the treatment was performed with sulfates or bisulfides.
Unlike sulfate poisoning, bisulfide poisoning lowered the
catalytic activity of Pd/Al,O; and resulted in chemisorption of
sulfur on the active Pd sites. Pd/SOMS, however, exhibited
better resistance to sulfur deactivation than Pd/ALO;. The
textural properties remained unaffected by the sulfur treat-
ments. Treatment of Pd/SOMS with sulfates did not result in
sulfur accumulation on the surface and did not lower the
catalytic activity. Although exposure to bisulfides led to partial
sulfidation of Pd NPs on SOMS, the extent of deactivation was
much less prominent compared to that of Pd/AlLO;.

Furthermore, Pd/SOMS exhibited remarkable resistance to
sulfur in the gas phase, while all of the metallic Pd
nanoparticles on H,S-treated Pd/Al,O; were found to be
bound to sulfur. Gas-phase TCE hydrodechlorination experi-
ments showed no deactivation effect over Pd/SOMS, while the
deactivation was very pronounced over Pd/Al,O; The
removal of sulfur from H,S-treated Pd/SOMS was shown to
be more facile than that over Pd/Al,O; suggesting easier
regeneration of the catalysts.
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Figure 9. Comparison of catalytic activities over pristine and H,S-
treated Pd/Al,O; and Pd/SOMS. Effect of gas-phase H,S treatment
over (a) Pd/AL,O; and (b) Pd/SOMS.

In conclusion, the unique characteristics of the SOMS
scaffold, such as hydrophobicity and high affinity for organics,
allow the formulation of a Pd-based water treatment catalyst
with better resistance to deactivation with sulfur species than
its commercially used counterpart Pd/Al,O;. The sulfur
resistance could be further improved by designing bimetallic
catalysts in which Pd sites are stabilized in an electron-deficient
state.
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