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Herein, the role of swellability and hydrophobicity of swellable organically modified silica (SOMS) in
shielding Pd against deactivation due to HCl produced during hydrodechlorination (HDC) of trichlor-
oethylene (TCE) is investigated. The extent of surface derivatization during sol gel synthesis of SOMS
was found to directly impact the extent of hydrophobicity, swellability and surface area, as confirmed
by infrared spectroscopy and N2 physisorption, respectively. Furthermore, after Pd impregnation, the
resultant particle size, location, and atomic environment of Pd were also dictated by the extent of support
derivatization such that the least derivatized material provided lowest protection to Pd from HCl. Post
HCl-treatment, the batch activity rate constants decreased by 66% for the least derivatized sample and
17% for the most derivatized one, suggesting that hydrophobicity and swellability are essential for
obtaining high resistance to HCl which could potentially impact the economic viability of HDC of TCE
process.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Swellable organically modified silica (SOMS), a novel catalyst
scaffold, belongs to the class of bridged polysilsesquioxanes which
are hybrid organic–inorganic materials synthesized by sol–gel
technique via co-polymerization of a monomer consisting of an
organic group covalently bonded to alkoxysilyl groups. [1–4]. In
case of SOMS, bis(trimethoxysilylethyl)benzene (BTEB) is used as
the monomer which consists of diethylbenzene (the bridging
organic group) which is covalently bonded to two -Si(OCH3)3
groups (two trifunctional silyl groups) [5,6]. The covalent bonds
between the Si atoms and the terminal atoms of diethylbenzene
are non-hydrolyzable which allows the polymerization to occur
only at the methoxy groups attached to the trifunctional Si atoms
[1–3]. Owing to the hydrolysis and condensation of the alkoxysi-
lane groups occurring during polymerization, the resulting
material often consists of surface silanol groups which are steri-
cally prohibited to condense to SiAOASi which makes it hydrophi-
lic in nature.

Typically, a silica surface is comprised of isolated, geminal or
vicinal silanol groups that are acidic in nature [7,8]. Two major
ways of removing or hydrophobizing these groups are thermal
treatment and chemical functionalization [7,9,10]. Thermal treat-
ments cause surface dehydration (removal of H-bonded water
molecules) followed by dehydroxylation (removal of AOH groups)
[7]. This removal of AOH groups from the surface leads to
hydrophobization which is why a completely dehydroxylated
siloxane surface is hydrophobic [9,10]. Alternatively, chemical
modification of the silica surface by replacing AOH groups with
long-chained alkyl groups has also been used for surface
hydrophobization [7,11]. However, the steric hindrance caused
by these long-chained groups does not allow all SiAOH groups to
be covered during functionalization. Therefore, a silylating agent
with a smaller organic group such as trimethylchlorosilane or

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2022.04.031&domain=pdf
https://doi.org/10.1016/j.jcat.2022.04.031
mailto:ozkan.1@osu.edu
https://doi.org/10.1016/j.jcat.2022.04.031
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


S. Ailawar, A. Hunoor, D. Basu et al. Journal of Catalysis 411 (2022) 15–30
similar aminosilane is used to ‘end-cap’ the residual SiAOH groups
and the process is referred to as derivatization [7,11]. For example,
silylation of the surface silanol groups was performed to impart
hydrophobicity to Co supported catalysts used for Fischer-
Tropsch synthesis and preferential oxidation (PROX) of CO from
an H2-rich environment [12–15]. The silylation performed on the
silica supports for FT synthesis led to a more reducible Co species
which resulted in better selectivity of the reaction. Furthermore,
the hydrophobization prevented the poisoning of Co sites by water
molecules [16,17]. In case of SOMS, derivatization of its surface
silanol groups (Si-OH) using hexamethyldisilazane (HMDS) was
performed to obtain hydrophobicity [5,6]. Besides being hydropho-
bic, SOMS is a mesoporous material which can swell to almost 3–4
times its original volume [5,6]. Its application as an absorbent for
many organic chemicals has been demonstrated, owing to its high
porosity and surface area [18–20].

Our group has investigated the role of SOMS as a support for Pd
catalyzed hydrodechlorination of trichloroethylene (HDC of TCE)
[21–28] which is an efficient, selective and environmentally
friendly route for degradation of TCE [29–34]. TCE, a common
industrial solvent [35,36], is a toxic volatile organic contaminant
found in groundwater [37–40] and is strictly regulated by US E.P.
A. [41,42]. Although Pd catalyzed HDC of TCE is an efficient tech-
nique, it suffers from deactivation via leaching (loss of expensive
Pd particles) by HCl, an unavoidable by-product [23,32,43,44]. To
suppress inhibition by HCl, use of hydrophobic materials to sup-
port Pd [45,46], addition of another metal (Fe, Au, Ni) to alter the
electronic structure of Pd [47–49] and use of bases such as NaOH
or KOH to scavenge the deactivating Cl- ions in the reaction med-
ium have been explored in the literature [50–52]. Our research
group has focused on the use of SOMS (a swellable and hydropho-
bic material) to support and protect Pd [21–26]. In gas phase, Pd/
SOMS was found to be more resistant to deactivation by H2O and
H2S than the commercial Pd/Al2O3 catalyst [21,22,24]. Similarly,
in liquid phase, Pd/SOMS showed higher deactivation resistance
towards chlorine and sulfur species than Pd/Al2O3 [23–26]. The
main aim of this paper is to investigate the cause of high deactiva-
tion resistance of SOMS towards HCl (an unavoidable by-product),
i.e., to investigate whether the deactivation resistance stems from
hydrophobicity or swellability or a combination of these properties
of SOMS.

Since Al2O3 is neither hydrophobic nor swellable, it cannot be
used for comparison with SOMS which is both, hydrophobic and
swellable. Therefore, for a better comparison, we synthesized dif-
ferent versions of SOMS using the same precursor (BTEB) such that
each of them possessed different combinations of hydrophobicity
and swellability. This was achieved by altering the derivatization
method used for surface silylation during the synthesis of SOMS.
Activity tests and characterization techniques performed with Pd
supported on SOMS and its counterparts revealed that not only
hydrophobicity but swellability is also essential for high deactiva-
tion resistance towards HCl. Such studies which involve the use of
animated materials for catalytic applications are quite rarely found
in the literature; moreover, those investigating the relationship
between the structure of these animated materials and their cat-
alytic performance are even more scarce.
2. Experimental

2.1. Support synthesis

Synthesis of SOMS was previously reported by Edmiston and
co-workers [5,6]. Briefly, SOMS is synthesized using the sol–gel
method with bis-(trimethoxysilylethyl)benzene (BTEB) as the pre-
cursor dissolved in a suitable water miscible organic solvent (te-
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trahydrofuran), followed by addition of water (with 3:1 mol ratio
of water:BTEB) containing 0.155 M tetrabutylammonium fluoride
as the catalyst. After gelation and ageing for 6 days at room tem-
perature and ambient pressure, the resulting material is broken
into 0 � 0.5 cm pieces while being kept wet with solvent and
washed with acetonitrile followed by derivatization of the surface
silanol groups with 5% v/v hexamethyldisilazane (HMDS) in ace-
tonitrile for 48 h at 25 �C. The gel is then rinsed to remove excess
HMDS, dried at room temperature followed by grinding in a ball
mill at 200 rpm. The ground particles were sieved to obtain a par-
ticle size of less than 74 lm. This particle size was chosen to ensure
absence of internal mass transfer limitations [23].

Multiple batches were synthesized and mixed prior to impreg-
nation. Following the same method, another sample was synthe-
sized wherein no derivatization was performed after washing
with acetonitrile. This sample was named as SOMS-UD where UD
stands for un-derivatized. The third type of support material was
synthesized by drying the sample for 48 h after washing it with
acetonitrile and then derivatizing with HMDS. This sample was
named as SOMS-PDD (PDD: post-drying derivatized).

2.2. Impregnation of Pd on support

Supported Pd catalysts with � 1.25% (w/w) Pd loading (here-
after written as Pd/SOMS or Pd/SOMS-UD or Pd/SOMS-PDD for
brevity) were synthesized using incipient wetness impregnation
(IWI) technique wherein, a solution of 10.6 mg Pd(II) acetate
(Sigma-Aldrich, 99.9%) in 8 mL acetone was added dropwise to a
thin layer of ground 1 g support particles. Intermittent drying of
the support was carried out to remove excess acetone, at room
temperature. After the entire solution was taken up by the support,
it was dried overnight at room temperature. For reduction, a 0.05 g
of NaBH4 was dissolved in 15 mL of 95% (v/v) ethanol–water solu-
tion. The quantity of NaBH4 was added in excess to ensure com-
plete reduction of Pd acetate. This solution was slowly added to
the unreduced catalyst powder and a color change from pale
orange to black was observed. Post reduction, the catalyst was fil-
tered using a Whatman filter paper with 11 lm pore size and
washed several times with ethanol to get rid of residual impurities.
The catalyst was dried at 60 �C, overnight prior to use. This method
was used to support Pd on all three support materials reported in
this study.

Lastly, Pd content of the synthesized samples was verified using
inductively coupled plasma mass-spectrometry (ICP-MS). Pow-
dered sample weighing 0.05 g was digested with 5 mL concen-
trated ultrapure HNO3, 3 mL HCl, 2 mL HF at 220 �C to achieve
complete digestion. Samples were diluted to 100 mL and then an
aliquot was diluted an additional 50 times for analysis. Quantita-
tive measurements were performed on a Perkin-Elmer Sciex Elan
DRCii Inductively Coupled Plasma Dynamic Reaction Cell Mass
Spectrometer. Standards for calibration were prepared using com-
mercial Pd stock solution and 3 replicates were analyzed for each
sample and standard. Additionally, no detectable Pd was found in
the filtrate obtained after washing the sample several times with
ethanol.

2.3. Fourier transform infrared spectroscopy (FTIR)

Sample weighing 200 mg was mixed with KBr in the (w/w) ratio
1:10 to form self-supporting pellets. These pellets were mounted
on a sample holder of a Thermo Scientific 6700 Nicolet FTIR Trans-
mission IR cell which is equipped with a KBr beam splitter and a
liquid N2-cooled MCT-A. A Michelson interferometer was used to
collect Fourier transformed IR spectra within a range of 600 cm�1 -
to 4000 cm�1. The cell environment was purged with N2 to mini-
mize the presence of other gases. OMNIC 8.1 software was used
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to determine and assign peak positions while analyzing the col-
lected spectra. Data was collected on two batches of each sample
using KBr as background.
2.4. N2 Physisorption

N2 physisorption was used to determine the textural properties
of the catalysts with an accelerated surface area and porosimetry
instrument (ASAP 2020) by Micromeritics. Catalyst powder weigh-
ing 100 mg was degassed overnight at 120 �C, followed by cooling
at 77 K and dosing N2. Once saturated with N2, the material was
degassed again to remove the physisorbed N2. The surface area
was determined using Brunauer-Emmett-Teller (BET) method
within 0.06–0.2 times the relative pressure [53]. The desorption
branch of the isotherm was used to obtain the pore size distribu-
tion and pore volume by Barrett-Joyner-Halenda (BJH) method
[54]. Data was collected using singular approach. It should be
noted that SOMS is a thermally stable up to 400 �C [15] and hence,
degassing at120 �C is considered to cause no structural alteration.
2.5. Transmission electron microscopy (TEM)

TEM images were obtained on a Jeol 2010 LaB6 microscope
operating at 200 kV. The samples were prepared by mixing the cat-
alyst powder with ethanol followed by dispersing this slurry on
standard holey carbon-covered copper TEM grids. The particle size
distribution analysis was made using FIJI, an open-source platform
for biological-image analysis [55]. Data was collected using singu-
lar approach.
2.6. Ex-situ treatment with HCl

To investigate the interaction of HCl, the unavoidable HDC pro-
duct, with Pd, the pristine catalysts were soaked in an aqueous
solution of HCl. Due to the reversible nature of adsorption of HCl
with Pd particles, ex-situ treatment was found to be a valid
methodology to test catalyst’s deactivation tolerance [23,28].
Organics such as ethanol or TCE were added to the aqueous HCl
solution for determining their influence on the interaction of HCl
and Pd. No H2 was used to avoid the occurrence of HDC reaction
during soaking experiments. A catalyst amount of 0.35 g was stir-
red in a 300 mL aqueous solution of 0.35 M HCl and 1000 mg/L of
TCE or 10% (v/v) ethanol, in a 0.5 L three-necked flask. The concen-
tration of organics was chosen to mimic those in the feed. Prior to
adding the catalyst, the flask was flushed with inert gas and the
soaking was performed at ambient pressure and room tempera-
ture. The concentration of HCl was chosen based on the total HCl
concentration produced during the HDC reaction conducted in
batch reactor if complete conversion of TCE was obtained. The
slurry was filtered post soaking, and the catalyst was thoroughly
rinsed with D.I. water. The filtered solid was dried overnight at
110 �C.
2.7. Inductively coupled plasma-mass spectrometry (ICP-MS)

Elemental analysis of the HCl solution collected after chloride
treatment of the catalysts was performed to determine the extent
of leached Pd. The HCl solutions were filtered and diluted 10 times
with a 10% v/v ultrapure aqua regia prior to analysis. Solutions
with Pd concentrations of 0, 10, 50, 100, 200, 500 lg/L were used
as standards. Samples were measured on a ThermoFinnigan Ele-
ment2 ICP-SFMS at resolution (R) = 300. 5 isotopes of Pd (104Pd,
105Pd, 106Pd, 108Pd, 110Pd) were analyzed and averaged, all isotopes
agreed well.
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2.8. CO pulsing using mass spectrometry

Catalyst weighing 50 mg was packed in a quartz glass reactor
(0.5 in. ID) fitted with a frit to support the catalyst. The packed
reactor was placed in a Carbolite MTF 10/15/130 furnace and
was treated under He, at 110 �C for 1 h to remove physisorbed
moisture, CO2, and other loosely bound impurities. Post heat-
treatment, the temperature was lowered to 40 �C. During adsorp-
tion, pulses of 3% CO/He gas was passed through a six-port valve
assembly consisting of a 100 lL sample loop and the exit CO (m/
z = 28 signal) was detected using an MKS Cirrus II mass spectrom-
eter operated in scanning ion mode.

2.9. X-ray photoelectron spectroscopy (XPS)

Surface analysis of the synthesized and HCl soaked catalysts
was performed by XPS using a Kratos Axis Ultra instrument oper-
ated under ultra-high vacuum (UHV) i.e., 10-9 torr. The X-rays were
generated from a monochromated Al K / source (12 kV, 10 mA).
The samples were loaded on carbon tape and outgassed under
UHV overnight and a charge neutralizer (2.1 A, 1.3 V) was used
while collecting spectra. Survey spectra were collected in the range
1200–0 eV and the high-resolution scans of O1s, Pd 3d, C1s, Cl2p
and Si2p regions were collected with 16 sweeps and varied dwell
times. C1s peak at 284.5 eV was used for internal calibration. Data
was collected using singular approach and analyzed using CasaXPS
software.

2.10. Extended X-ray absorption near edge structure (EXAFS)

EXAFS experiments were performed at the insertion device (ID)
beamline of the Materials and Research Collaborative Access Team
(MRCAT), sector 10 of the Advanced Photon Source, Argonne
National Laboratory [56]. While collecting transmission data of
pelletized samples supported in a ‘six-shooter’, a cryogenically
cooled Si(111) monochromator with a Pt coated mirror was used
for harmonics rejection. A hole-width of 0.12 cm2 with � 500 mg
gave an edge step (Dlx) of 0.5 for the Pd/SOMS samples and 1.6
for the Pd foil (used for energy calibration). Data was collected
using singular approach and analyzed was performed using WIN-
XAS97 software following the standard procedure [57]. First
derivative spectra were used to determine the threshold energy
of the calibrated samples. Least square fits in R-space and k-
space of the isolated nearest neighbor were used to determine
EXAFS parameters such as the coordination number (CN) and
interatomic bond distance (R). References such as Pd(II)chloride
and Pd foil were used for obtaining phase shifts and backscattering
amplitudes. For fitting purpose, CN and R associated with Pd-Cl
scattering in Pd(II)chloride was 4 and 2.31 Å, respectively whereas,
with Pd-Pd scattering in foil were fixed at 12 and 2.75 Å,
respectively.

2.11. Catalytic activity experiments

Batch reactions were performed at 30 �C and 50 bar, using a
300 mL 4560 mini-benchtop stirred reactor from Parr Instruments
Co. equipped with 4848-controller (PID) for temperature and stir-
ring speed. A 200 mL feed solution consisting of 1000 mg/L of TCE,
and 450 mg/L of tetrahydrofuran (THF) dissolved in water was
added to the reactor vessel. Losses occurring due to volatilization
of TCE were accounted for by noting the losses in THF (internal
standard) concentration. Furthermore, the low THF concentration
and its high solubility in water does not allow any significant
absorption of THF in SOMS thereby avoiding any swelling of SOMS
by THF. Prior to reaction, pure He, at 30 mL/min for 30 min was
bubbled through the solution to remove dissolved gases. The reac-



Fig. 1. Transmission IR spectra of structurally altered SOMS samples in the (a) low-,
(b) mid- and (c) high-frequency region.
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tor was pressurized in two steps. Initially, 45 bar of pure H2 was
introduced into the reactor and a sample (�1 mL) was drawn out
from the liquid phase to obtain the initial concentration of TCE
(time = 0 sample) which was reduced to 250 mg/L. As soon as
the initial sample was collected, the total pressure of the reactor
was raised to 50 bar by introducing H2 through a customized cat-
alyst addition device (CAD) and the reaction was started. CAD is an
internal Teflon-sealed chamber holding 5 mg of powdered catalyst.
As the reaction progressed, liquid phase samples (�1mL) were col-
lected at intervals of 40 min (total reaction time 240 min) in a
sealed vial fitted with a rubber septum. These samples were sha-
ken and allowed to equilibrate prior to injecting them into the
HPLC. Reaction runs were validated by running reference reaction
before and after a test sample. The error in measurement was less
than 5%.

The concentration of the organic educts was determined using
high-performance liquid chromatography (HPLC). During the oper-
ation, the solvents (water and acetonitrile, Sigma Aldrich, HPLC
grade) were pumped using a gradient mode with a starting 95:5
(v/v) ratio of acetonitrile:water changed to 50:50 (v/v) over
38 min. A C18 column obtained from Grace Alltima was operated
in reverse phase and used for separation of compounds. Finally, a
UV–vis detector obtained from Shimadzu (SPD-20A) with a D2
lamp, and a dual-chamber mode (220/200 nm) was used for com-
pound detection.

For this experimental set up, impellor speed is maintained at
1700 rpm to avoid external mass transfer limitations [23]. Further-
more, internal mass transfer limitations do not exist in presence of
10% ethanol as shown by the use of Madon-Boudart criterion in our
previous study [28].

3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was used to determine the structural changes
occurring in SOMS caused by derivatization of the surface silanol
groups. These FTIR spectra were collected in transmission mode
and were divided in three regions: low-frequency (650–
1250 cm�1), mid-frequency (1250–1700 cm�1) and high-
frequency (1700–4000 cm�1), shown in Fig. 1a, b and c
respectively.

3.1.1. Groups originating from BTEB (precursor)
All spectra show several similar bands due to functional groups

common to all three samples. For example, bands at 694 cm�1 in
the low frequency region can be assigned to out of plane C-H bend-
ing vibrations associated with mono- and meta-substituted ben-
zene rings [58], while bands in the mid-frequency region, 1407
to 1606 cm�1 can be assigned to in-plane bending vibration modes
of the mono- andmeta-substituted benzene rings [58]. These peaks
belong to aryl groups originating from BTEB, have similar relative
intensities in all three samples indicating that their concentration
is similar in all three samples. Another set of bands, having similar
positions and relative intensities across all samples were 2858–
2863 cm�1 and 2931–2933 cm�1 belonging to symmetric and
asymmetric stretching, respectively, of the C-H bonds in methylene
group arising from BTEB [58–60].

3.1.2. Groups formed by derivatization with HMDS
The spectral differences among the three samples arise due to

differences in their extent of derivatization. For example, peaks
18
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observed at 755, 802, 844, 862 cm�1 (Fig. 1a); 1253, 1263 cm�1

(Fig. 1b); 2960 and 2892–2984 cm�1 (Fig. 1c) were present in
SOMS and SOMS-PDD samples but absent in SOMS-UD, indicating
that these peaks belong to -Si-(CH3)3 groups formed only as a
result of derivatization. Among these peaks, 755, 802, 844, and
862 cm�1 (low-frequency region) could be assigned to rocking
vibrations of Si-CH3 groups [61–64]; peaks at 1253 cm�1 and
1263 cm�1 (mid-frequency region) could be attributed to symmet-
ric deformation of Si-C bonds [65] and, peaks at 2960 cm�1 and
2892–2984 cm�1 (high-frequency region) can be ascribed to the
asymmetric and symmetric stretching of CH3 groups bound to Si
atoms, respectively [58,60,66]. Although SOMS and SOMS-PDD
showed similarity peak positions, their relative intensities were
different. This is because, silanol groups on the gel decrease after
drying due to condensation. However, SOMS being derivatized
prior to drying, it has abundant (non-condensed) silanol groups
available for derivatization. In contrast, the SOMS-PDD is deriva-
tized after drying during which, most of the silanol groups might
have already condensed. This difference in concentration of silanol
groups available for derivatization in case of SOMS and SOMS-PDD,
eventually results in different concentration of -Si-(CH3)3 groups
present on the final samples.

Furthermore, the peaks corresponding to 1189–1193 cm�1 and
2840–2842 cm�1 can be attributed to rocking and stretching vibra-
tions of C-H bonds in Si-OCH3, respectively [64,67–70], which orig-
inate from BTEB. SOMS displayed high concentrations of Si-CH3

and Si-OCH3 groups implying that derivatization of Si-OH groups
imparts hydrophobicity to the matrix while preventing the con-
densation of Si-OCH3 groups. On the other hand, SOMS-UD being
underivatized, Si-OH was dominant on that sample, as shown by
high intensities of peaks at 1000 cm�1 and 3614 cm�1 [25,71–73].

Finally, the band at 3432 cm�1 was assigned to H-bonded OH
groups of loosely bound ambient moisture [25,71], as it disap-
peared after heating the sample at 110 �C under He (shown in
Fig. S1). In summary, SOMS-UD predominantly comprised of
hydrophilic Si-OH groups, whereas SOMS and SOMS-PDD com-
prised of the hydrophobic Si-CH3 groups. Visual evidence of this
difference in hydrophobicity was also obtained by mixing these
powders in water as shown in Fig. 2. SOMS-UD is dispersed to a
Fig. 2. Visual representation of hydrophobicity of 1) SOMS-UD; 2) SOMS-PDD; 3)
SOMS.
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higher extent in water whereas, SOMS and SOMS-PDD (the deriva-
tized samples) could not be dispersed as easily.

3.1.3. Si-O-Si linkages
In case of Si-O-Si groups, a broad peak was observed in the low-

frequency region of the spectra (1120 to 1040 cm�1). Pure silica,
with an ordered arrangement of Si-O-Si bonds with similar bond
angles (h = 144�) exhibits a Gaussian shaped IR absorption peak
which is often broadened due to random arrangement of SiAOASi
bonds [74]. In case of SOMS, SOMS-UD and SOMS-PDD, two regions
were formed containing these broadened Si-O-Si peaks with differ-
ent relative intensities (Fig. 1a). The peaks around 1120 cm�1 and
1037 cm�1 can be assigned to the asymmetric stretching of the lin-
early (bond angle � 180�) and obliquely (bond angle between 120�
to 130�) bonded Si-O-Si [59,63,66,75–77]. Materials with higher
concentration of low bond angle Si-O-Si species (1037 cm�1) rela-
tive to the linearly bonded Si-O-Si species are more flexible [76]. In
Fig. 1a, the relative intensity of the strained Si-O-Si bond peak
decreases in the order: SOMS > SOMS-PDD > SOMS-UD, thereby
implying that flexibility decreases in that order. This can be further
supported by results reported in our previous study wherein ther-
mal treatment of SOMS (at 600 �C), was found to cause a loss in
swellability accompanied by a decrease in the intensity of the
low-angle Si-O-Si species relative to the linear ones [18,21]. Thus,
it can be concluded that swellability of the materials in this study
decreases in the order: SOMS > SOMS-PDD > SOMS-UD.

3.2. N2 Physisorption

N2 physisorption was performed to determine the textural
properties of SOMS, SOMS-UD and SOMS-PDD and the results are
shown in Table 1. In general, all the samples were found to possess
high surface areas probably due to the presence of organic groups
(such as the aryl group) in their structure [1,2]. The BET surface
areas of SOMS and SOMS-PDD were similar but that of SOMS-UD
was slightly lower, possibly due to lack of derivatization. This is
consistent with the observations made by Mariscal et al., who
reported that silylated (derivatized) titania-silica xerogels pos-
sessed higher BET surface area as compared to their non-silylated
counterpart [78]. As reported by Celik et al., the surface area and
pore size obtained from N2 physisorption may not be the true val-
ues as the material is in its shrunken form during the physisorption
process [26]. After swelling it is expected that the values of these
textural properties (surface area and pore sizes) will increase
because it is only conceivable that volumetric expansion due to
swelling will increase the surface area and pore size. However,
characterizing these materials in their dry form under identical
conditions revealed differences that are discussed below.

Table 1 also reports the C value (also known as the BET con-
stant) of the support material, which is typically used to gauge
the strength of interaction of the adsorbent with the adsorbate
[12,15,78]. Magnitude of C value is directly proportional to the
strength of N2 adsorption and inversely proportional to surface
hydrophobicity [12,78]. Table 1 shows that both SOMS and
SOMS-PDD have significantly smaller C values than SOMS-UD indi-
cating its low surface hydrophobicity. These findings are consistent
Table 1
Textural properties of SOMS, SOMS-UD and SOMS-PDD.

Samples BET Surface Area
(m2/g)

C value* BJH Pore size
(nm)

SOMS 546 58 4.6
SOMS-UD 458 151 2.5
SOMS-PDD 574 88 3.0

* C value refers to the BET constant.



Fig. 3. TEM images of 1.25 %Pd supported on structurally altered SOMS: a) Pd/
SOMS; b) Pd/SOMS-PDD; c) Pd/SOMS-UD.
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with the FTIR results which showed that the surfaces of SOMS and
SOMS-PDD, consist of ‘hydrophobic’ SiA(CH3)3 groups, whereas
that of SOMS-UD mainly consists of ‘hydrophilic’ SiAOH groups.

Lastly, the average pore size calculated by BJH method applied
during desorption of N2 (Table 1) show that, although, all samples
have mesopores as per IUPAC [79], SOMS-UD has smaller pores
than the other samples. Due to lack of derivatization of the silanol
groups, SOMS-UD undergoes more cross-linking than its deriva-
tized counterparts which may result in its smaller pore-size [80].
Furthermore, SOMS-PDD possessed smaller pore size than SOMS
which could be due to its derivatization being performed after dry-
ing the gel (as opposed to SOMS where it is performed prior to dry-
ing), causing more crosslinking than SOMS. In summary, it can be
said that the sequence of derivatization during support synthesis
is an important factor affecting their textural properties.

3.3. Transmission electron microscopy (TEM)

TEM was performed to obtain the size and distribution of Pd
particles supported on SOMS, SOMS-UD and SOMS-PDD samples.
The TEM images in Fig. 3, show that Pd was better dispersed on
SOMS-UD than other supports. The corresponding particle size dis-
tributions (PSDs), shown in Fig. 4, display a narrower distribution
of Pd particles on SOMS_UD than other supports. The mean particle
sizes of Pd supported on SOMS-UD, SOMS-PDD and SOMS were 5.6,
8.6 and 10.5 nm, respectively. The trend observed with the average
size of Pd particles is consistent with that observed with the pore
sizes of their supports: SOMS-UD < SOMS-PDD < SOMS (discussed
in the previous section). It should be noted that all three supports
were impregnated with Pd using identical synthesis procedure
which ensures that the Pd particle size is primarily dictated by
properties of the support. As shown in Fig. 3, the TEM images,
though collected with same resolution, show particles with differ-
ent contrasts. The darker particles appear closer to the pore mouth
whereas the ones with low contrast, could be located deeper in the
pores. This difference in contrasts is more apparent in the images
of Pd/SOMS and Pd/SOMS-PDD than Pd/SOMS-UD. It can be said
that more particles are situated closer to the pore mouth in case
of Pd/SOMS-PDD than other samples. This aspect is further dis-
cussed in the sections that follow.

It can be noticed that particle size of Pd obtained from TEM is
higher than the pore size for all catalysts reported in the previous
section. The occurrence of larger particles inside smaller pores can
be explained by considering the swellable nature of these supports.
During catalyst synthesis, ethanol is used as the solvent which
causes swelling and hence, expansion of pore-size. Consequently,
size of the Pd particles formed inside the swollen pores will be lar-
ger than that if the pores had not swollen. This explains why Pd
particle size from TEM analysis appears to be higher than the pore
size obtained by N2 physisorption because the latter belongs to
non-swollen support. A similar phenomenon was observed in our
earlier study wherein swellability of SOMS allowed the encapsula-
tion of externally synthesized CoMn oxide particles as large
as � 13 nm, inside its pores [15]. In summary, the sequence of
derivatization affects the textural properties and swellability of
the support, thereby influencing the particle size of Pd.

3.4. Inductively coupled plasma - mass spectrometry (ICP-MS):

HCl, an unavoidable byproduct of HDC of TCE, is known to cause
leaching of supported Pd particles [23]. The results shown in Fig. 5
convey that all catalysts yielded similar Pd leaching by HCl in pres-
ence of ethanol; however, in presence of TCE the leaching resis-
tance was in the order: Pd/SOMS > Pd/SOMS-PDD > Pd/SOMS-UD
(same as the order of their hydrophobicity per Section 3.2). This
suggests that the difference in polarities of TCE and ethanol could
20
also have played an important role during leaching. Ethanol being
polar, can carry water and dissolved HCl inside the pores of all
three catalysts. In contrast, TCE being non-polar, it is more selec-
tively partitioned inside these catalysts such that majority of water
and HCl (both polar species) are obstructed outside the pores. The



Fig. 4. Particle size distribution obtained from analysis of TEM images of Pd supported on structurally altered SOMS.
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catalyst’s affinity to TCE is directly proportional to its degree of
hydrophobicity [19,27,81]. Therefore, with SOMS being the most
hydrophobic material, it is conceivable that it should have the
highest affinity to TCE. Thus, Pd can be shielded to a greater extent
on SOMS than other supports.

Moreover, these experiments suggest that TCE (the main reac-
tant), by virtue of its non-polar nature, can act as a protective agent
from HCl. It can be argued that during the reaction, TCE concentra-
tion in the pores can decrease and its protection effect against
external HCl molecules may decline. In this case, the swellability
of these catalysts is expected to play an active role leading to clo-
sure of the pores with decreasing organic content. Recently, using
21
near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS), we have demonstrated that the extent of swelling is directly
proportional to the concentration of organics absorbed in SOMS
[28]. Therefore, when the concentration of TCE depletes as reaction
progresses, the swellable pores of SOMS can close, thereby protect-
ing the Pd particles inside. Moreover, Edmiston and co-workers
have reported that swelling is an instantaneous phenomenon,
which implies that as soon as TCE concentration decreases, the
pores of SOMS can close preventing the inward diffusion of HCl.
If swelling was a slow process, the pores would have closed slowly
after depletion of TCE giving HCl molecules enough time to diffuse
in and cause more leaching. Support swellability decreases in the



Fig. 5. Pd leaching caused due to HCl treatment in presence of TCE and ethanol
using ICP-MS.
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order: SOMS > SOMS-PDD > SOMS-UD (refer Section 3.1) suggest-
ing that use of SOMS is more advantageous for preventing entry of
HCl inside the pores than the other supports. Also, as seen in Sec-
tion 3.3, the smaller and well-dispersed Pd particles in Pd/SOMS-
UD could mean that majority of them are adhered to the support
surface more strongly than in case of Pd/SOMS-PDD and Pd/SOMS
(which have higher Pd size) [82]. However, leaching being worse in
case of Pd/SOMS-UD under non-polar environment (i.e., in pres-
ence of TCE) the polarity of solution seems to be a more decisive
factor than the particle size of Pd in determining the extent of
leaching. This is also consistent with the fact that in presence of
ethanol (a more polar solvent), the leaching is similar in all three
cases irrespective of the difference in their particle sizes. This sug-
gests that SOMS, owing to a combination of its high hydrophobicity
and swellability, can possess high resistance to Pd leaching.
3.5. CO-pulsing during mass spectrometry

CO pulsing was used to reveal information regarding the total
accessible sites on the catalyst surface [23]. Our previous studies
have shown that SOMS has a closed pore-structure which restricts
the entrance of CO inside the pores; however, when treated ther-
mally, its pores open up allowing CO access to the internal surface
where majority of the active sites are situated [15,21,26]. Adsorp-
tion profiles belonging to Pd/SOMS are published elsewhere and no
CO consumption was observed as mentioned above [26]. The
results shown in Fig. 6a convey that CO consumption was observed
on pristine Pd/SOMS-UD and Pd/SOMS-PDD. It should be noted
that CO consumption on these samples does not necessarily indi-
cate that all Pd sites are accessible. Because of the swellability of
these catalysts, a fraction of Pd sites might dwell inside closed
22
pores where CO cannot enter. Furthermore, CO consumption was
higher on Pd/SOMS-UD than Pd/SOMS-PDD, indicating that more
Pd sites are accessible in case of the former catalyst. These results
complement the TEM analysis (Section 3.3), where Pd/SOMS-UD
was found to have better dispersion of Pd than Pd/SOMS-PDD.

Fig. 6b shows CO chemisorption performed on HCl-treated cat-
alysts. A significant drop in CO consumption for both the samples
was observed, indicating that most of the accessible Pd sites were
leached. As mentioned earlier, corrosive action of HCl results in
leaching of supported Pd particles [23,50]. Moreover, CO adsorp-
tion was higher on HCl-soaked Pd/SOMS-PDD than Pd/SOMS-UD
suggesting that more leaching of Pd sites occurred on the latter
sample which is consistent with the ICP-MS results mentioned pre-
viously. Thus, CO pulsing performed in gas phase can probe the
exterior surface and reveal the extent of Pd leached.

3.6. X-ray photoelectron spectroscopy (XPS)

XPS was used to investigate the changes occurring on the sur-
face of Pd/SOMS, Pd/SOMS-UD and Pd/SOMS-PDD after soaking
them in HCl. The Pd 3d region of spectra shown in Fig. 7a, revealed
that pristine Pd/SOMS-PDD and Pd/SOMS-UD exhibited higher sur-
face Pd signals than Pd/SOMS. This is consistent with the fact that
negligible CO chemisorption was observed on Pd/SOMS (Sec-
tion 3.5). Thus, XPS data also suggests that Pd is located well inside
the closed pores of SOMS. Similarly, our previous study reported
that etching the surface of Pd/SOMS with Ar- ions revealed Pd sig-
nals with increasing intensity implying that the Pd particles situ-
ated deeper inside the pores were exposed after etching [26].
Fig. 7a shows that Pd species on Pd/SOMS-PDD and Pd/SOMS-UD
could be situated closer to the surface than on Pd/SOMS. It follows
that, during XPS, kinetic energy (K.E.) of the photoelectrons (of Pd)
evolving from Pd/SOMS, is attenuated after their collision with the
closed matrix of SOMS. The matrix of Pd/SOMS-UD and Pd/SOMS-
PDD being more open, the photoelectrons ejected from these cata-
lysts may face less hindrance by the support matrix and hence, can
reach the XPS detector with higher K.E revealing the presence of
surface Pd.

Furthermore, the Pd surface atomic concentration (refer Table 2)
is higher on pristine Pd/SOMS-PDD than Pd/SOMS-UD which
seems to be contradictory to the CO chemisorption results. This
can be reconciled by considering the difference in their Pd particle
size distribution. As mentioned in Section 3.3, Pd particles are more
uniformly distributed on Pd/SOMS-UD than Pd/SOMS-PDD. There-
fore, for Pd/SOMS-PDD, non-uniform distribution of Pd particles
could mean that some particles are situated close to the pore
mouth resulting in high intensity of surface Pd spectra.

When these catalysts were soaked in HCl, Pd signals dropped
drastically indicating the occurrence of Pd leaching (Fig. 7b). As a
result of leaching, the decrease in the atomic concentration of sur-
face Pd species was in the order: Pd/SOMS-UD > Pd/SOMS-PDD > P
d/SOMS (refer Table 2), same as their relative hydrophobicities.
Although Pd particles seem to be concentrated near the pore
mouth of Pd/SOMS-PDD than Pd/SOMS-UD, the latter suffered
from more Pd loss, post-HCl-soaking. This shows that low
hydrophobicity of Pd/SOMS-UD allowed HCl to penetrate deeper
in its pores resulting in significant decrease in the overall surface
Pd signals. This is also consistent with CO chemisorption results
wherein CO consumption decreased significantly on Pd/SOMS-UD.

The intensity of Cl 2p signals (Fig. S2) of these samples can be
correlated to the intensity of their Pd 3d signals after HCl soaking
suggesting that chloride is more likely to be bound to the Pd sur-
face than the support. Thus, HCl soaking primarily led to leaching
of Pd particles, but, it also caused chlorination of the remaining



Fig. 6. CO chemisorption on pristine and HCl treated Pd/SOMS-UD and Pd/SOMS-PDD using mass spectrometry.

Fig. 7. XPS spectra showing Pd 3d region of pristine and HCl soaked Pd/SOMS, Pd/SOMS-PDD and Pd/SOMS-UD.

Table 2
Surface atomic concentration of Pd on pristine and HCl treated catalysts.

Sample Pristine
(%)

Treated with HCl
(%)

Decrease after HCl treatment
(%)

Pd/SOMS 0.16 0.11 31
Pd/SOMS-UD 0.38 0.05 87
Pd/SOMS-PDD 0.68 0.24 65
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Pd particles. Overall, derivatization of the support can help repel
majority of HCl dissolved in water by imparting hydrophobicity
to the material, thereby preventing Pd leaching.
23
3.7. Extended X-ray absorption fine edge structure (EXAFS)

Changes occurring in the atomic environment of Pd in Pd/SOMS,
Pd/SOMS-UD and Pd/SOMS-PDD after soaking them in HCl, were
investigated using EXAFS. Fourier transform (FT) magnitudes of
k2 weighted Chi(k) (uncorrected for amplitude and phase shifts)
for catalysts soaked in HCl solutions containing ethanol and TCE
are shown in Fig. 8 and Fig. 9 respectively. The corresponding fit-
ting results provided in Table S1, were within the error range of
EXAFS analysis [83]. These results show that, the co-ordination
numbers (CNs) of Pd-Pd scattering for all the catalysts were in
the order: Pd/SOMS-UD < Pd/SOMS-PDD < Pd/SOMS which is



Fig. 8. Pd K-edge spectra showing changes in the atomic environment of 1.25 %Pd supported on SOMS, SOMS-UD and SOMS-PDD after soaking in HCl solutions with and
without ethanol.

S. Ailawar, A. Hunoor, D. Basu et al. Journal of Catalysis 411 (2022) 15–30
consistent with the trend shown by TEM (Section 3.3.), as the CN of
reduced transition metal nanoparticles is generally found to be
directly proportional to its average particle size [83].

From the FT magnitudes, Pd-O and Pd-Pd interactions can be
observed in case of pristine Pd/SOMS-UD and Pd/SOMS-PDD
whereas only Pd-Pd interactions are seen in case of pristine Pd/
SOMS (for convenience, a comparison of the pristine samples alone
is shown in Fig.S3). Also, the threshold energy value of Pd/SOMS
matched more closely to that of Pd0 (24,350 eV) whereas for Pd/
24
SOMS-UD and Pd/SOMS-PDD they shifted towards higher values
(indicating the presence of oxidized species). The Pd-O species
observed on Pd/SOMS-UD and Pd/SOMS-PDD could be due to oxi-
dation of reduced Pd upon exposure to atmosphere. Such an oxida-
tion was not observed on Pd/SOMS because majority of the Pd
particles are situated deep inside the closed pores of SOMS (shown
by XPS and CO pulsing above). In fact, these Pd particles were not
accessible to gas phase CO molecules (Section 3.5) which also
implies that they may not be accessible to gas phase O2 molecules



Fig. 9. Pd K-edge spectra showing changes in the atomic environment of 1.25 %Pd supported on SOMS, SOMS-UD and SOMS-PDD after soaking in HCl solutions with and
without TCE.
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in air. This protection offered by the flexible SOMS matrix to
embedded metal particles makes its application as a catalytic sup-
port material desirable from a stability point of view.

When these samples were soaked in an aqueous solution of HCl,
new Pd-Cl bonds were observed (accompanied by a decrease in Pd-
Pd), accompanied by a shift in the threshold energy towards higher
values, indicative of an increase in the Pd oxidation state [84]. The
FT magnitudes of the chloride containing samples shown in Fig. 8
agree with those reported for a chlorinated Pd/Al2O3 catalyst by
25
Newton et al [85]. Moreover, maximum Pd-Cl formation was
observed on Pd/SOMS-UD, showing that the least hydrophobic cat-
alyst (Pd/SOMS-UD) was most prone to chlorination by HCl.

When HCl soaking was performed in presence of TCE, Pd-Cl CNs
of Pd/SOMS-UD and Pd/SOMS-PDD were similar, whereas they
were slightly higher for Pd/SOMS (Fig. 9). This behavior can be
explained by considering that, during soaking, selective sorption
of TCE inside the pores of Pd/SOMS may restrict the entry of water
and HCl however, the cleavage of C-Cl bonds of TCE on Pd may



Fig. 10. Catalytic performance of pristine (a) Pd/SOMS-UD, (b) Pd/SOMS-PDD and
(c) Pd/SOMS. Hollow symbols: In the presence of 10% ethanol and Solid symbols: In
absence ethanol; 5 mg catalyst, 1.25 %Pd, 30 �C and 50 bar of pure H2.
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itself contribute to Pd-Cl formation in Pd/SOMS [28,86,87]. There-
fore, in this study, the slightly higher chlorination on Pd/SOMS
compared to the other two catalysts could be due to high TCE sorp-
tion rather than HCl sorption. In case of Pd/SOMS-UD, the Pd-Cl
interactions formed after HCl-soaking, with and without TCE, were
almost similar. As mentioned above, sorption of TCE in the pores
can lower the sorption of water and HCl around the active sites.
Therefore, though Pd chlorination caused by HCl may decrease, it
can be compensated by chlorination caused by TCE itself (thereby
showing a no net change in the Pd-Cl CN).

Addition of ethanol during HCl soaking decreased the extent of
Pd chlorination for all samples (Fig. 9) despite swelling caused by
the presence of ethanol, which would be expected to cause a
higher degree of chlorination. In our previous study, in-situ X-ray
absorption near edge structure (XANES) spectroscopy showed that
ethanol dissolved in water can reduce Pd2+ species under atmo-
spheric conditions [27]. Owing to this reducing nature of ethanol,
chlorination of Pd by HCl was suppressed for all three catalysts,
even though swelling due to ethanol may have exposed all Pd sites
to HCl. Moreover, the Pd-O species originally present in the sample
were also reduced, further increasing the Pd-Pd interactions [88].
Lastly, Pd chlorination was found to be the highest on the least
hydrophobic catalyst i.e., Pd/SOMS-UD, even in presence of etha-
nol, underscoring the importance of catalyst hydrophobicity.

3.8. Catalytic activity experiments

3.8.1. Activity of pristine catalysts
Fig. 10 shows TCE conversion obtained during HDC reactions

performed in the presence and absence of ethanol. In absence of
ethanol, the catalytic activity is in the order: Pd/SOMS-UD > Pd/S
OMS-PDD > Pd/SOMS, which can be inversely related to the mean
particle size of Pd on these samples. As shown by EXAFS analysis, a
small fraction of Pd/SOMS-UD and Pd/SOMS-PDD was found to be
oxidized; however, that small fraction might undergo rapid reduc-
tion by H2 at the beginning of the reaction. A proof of this phe-
nomenon was reported in our earlier study where in-situ X-ray
absorption near edge structure (XANES) revealed that H2 dissolved
in water could reduce oxidized Pd species supported on SOMS even
under ambient conditions [27]. In the batch experiments per-
formed in this study, the operating H2 pressure is much higher
than ambient conditions (i.e., 50 bar), that could result in acceler-
ated reduction of residual oxidized Pd species in Pd/SOMS-UD and
Pd/SOMS-PDD.

A plateau was observed in the conversion (XTCE) vs time plot of
Pd/SOMS at 240 min (Fig. 10c) because HCl produced during HDC
gets accumulated inside the pores while the H2 concentration is
depleted, resulting in plateau or catalyst deactivation (Fig. 10c)
[28].This catalyst deactivation can be avoided by maintaining high
[H2]/[HCl] ratio which discourages the adsorption of HCl on the Pd
sites [28]. The plateau is much less prominent for Pd/SOMS-UD and
Pd/SOMS-PDD. Pd/SOMS-UD being hydrophilic, allows water
molecules to reach inside the pores and act as a medium for HCl
removal while maintaining high H2 supply. For Pd/SOMS-PDD,
XPS and CO chemisorption results suggested that a fraction of Pd
particles might be situated closer to the pore mouths where they
are easily accessible to H2 even under less swollen conditions
(causing less HCl accumulation).

Addition of ethanol proved to be beneficial for all three catalysts
resulting in higher XTCE at the end of 240 min for all catalysts
(Fig. 10). Pd/SOMS being the most swellable support, effect of etha-
nol was most prominent on its performance. Pd/SOMS-UD and Pd/
SOMS-PDD both being partially swellable, addition of ethanol ben-
efited their catalytic performances as well. Had the pores of these
catalysts been completely rigid, the enhancement in their perfor-
mance by ethanol addition may not have been observed like Pd/
26
Al2O3 (non-swellable catalyst), which showed no change in activity
after the addition of ethanol [26]. Lastly, in our recent study focus-
ing on the mechanism of HDC of TCE, it was shown that ethanol
does not alter the reaction pathway using Pd [28].
3.8.2. Activity of HCl-treated samples
When these catalysts were soaked in aqueous solution of HCl

prior to their addition to the reactor, their performance was lower
(Fig. 11) compared to their pristine counterparts. The decrease in
TCE conversion was in the order Pd/SOMS > Pd/SOMS-PDD > Pd/S
OMS-UD (same order as their resistance to leaching by HCl). The
behavior of Pd/SOMS-UD is similar to Pd/Al2O3 which also showed
high pristine activity initially but deactivated more than Pd/SOMS
after HCl treatment (both ex-situ and in-situ) [2328]. Furthermore,
as shown in Fig. 11, the activity trend in presence of ethanol for
catalysts treated ex-situ with HCl was: Pd/SOMS > Pd/SOMS-PD



Fig. 11. Catalytic performance HCl soaked (a) Pd/SOMS-UD, (b) Pd/SOMS-PDD and
(c) Pd/SOMS. Hollow symbols: In the presence of 10% ethanol and Solid symbols: In
absence ethanol; 5 mg catalyst, 1.25 %Pd, 30 �C and 50 bar of pure H2.

Fig. 12. Linearized plots of activity data in presence of ethanol with and without
HCl treatment; 5 mg catalyst, 1.25% Pd, 30 �C and 50 bar of pure H2.
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D > Pd/SOMS-UD. Pd/SOMS-UD having high hydrophilicity and low
swellability, was observed to have the highest drop in activity
compared to its pristine counterpart. Pd/SOMS-PDD having inter-
mediate swellability and hydrophobicity, displayed an intermedi-
ate drop in activity. The activity of ex-situ HCl-treated Pd/SOMS
(highest hydrophobicity and swellability) was slightly lower than
its pristine counterpart revealing that majority of its Pd sites were
protected. The swellable nature of SOMS helps in creating a phys-
ical protection for the Pd particles from HCl molecules during ex-
situ soaking in aqueous solution.

Lastly, in our earlier studies, it was found that addition of etha-
nol led to first order behavior with respect to TCE, on Pd/SOMS
[28]. It should be noted that kinetic analysis cannot be performed
for the reactions without ethanol, because the matrix cannot be
kept swollen throughout the reaction which changes the availabil-
ity of active Pd sites constantly. Therefore, for both pristine and
27
HCl-treated samples, linear plots of conversion vs time in presence
of ethanol were obtained (Fig. 12). The pseudo first order rate con-
stants were obtained from the slopes of the linear fits. Upon com-
paring the pristine and HCl-treated catalysts, decrease in the rate
constant was observed after HCl treatment by 66%, 56% and 17%
for Pd/SOMS-UD, Pd/SOMS-PDD and Pd/SOMS respectively. This
trend is consistent with that corresponding to the deactivation of
Pd sites from each sample as shown by XPS and EXAFS analysis.
Thus, Pd/SOMS-UD and Pd/SOMS-PDD performed better than Pd/
SOMS in their pristine and only marginally better in their swollen
form, however, they lacked the deactivation resistance displayed
by Pd/SOMS.
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4. Conclusions

Derivatization performed during synthesis of SOMS determi-
nes its extent of hydrophobicity and swellability. Derivatized
samples were more hydrophobic than the underivatized
(SOMD-UD) one; however, when derivatization was performed
prior to drying (SOMS), the material obtained was more swellable
than the one where derivatization was performed post-drying
(SOMS-PDD).

When Pd was deposited on these supports, the resulting Pd par-
ticle size was found to follow the same trend as the swellability of
these catalysts: Pd/SOMS > Pd/SOMS-PDD > Pd/SOMS-UD. Pd par-
ticle distribution was also dictated by the support: uniform distri-
bution on SOMS-UD, deep inside the pores on SOMS and, near pore
mouth on SOMS-PDD.

Pristine catalytic activity tests showed that the hydrophilic
and least swellable catalyst (Pd/SOMS-UD) was most active due
to its smaller Pd particle size and open pore structure. However,
after HCl treatment, Pd/SOMS-UD showed the highest loss in
activity. Pd/SOMS, on the other hand, was found to be the most
active catalyst post HCl-treatment. The closed pore structure
and hydrophobicity of SOMS allows the Pd particles to be
shielded from HCl molecules dissolved in water. Addition of etha-
nol during the activity testing led to swelling of these catalysts
and first order kinetics. On comparing the first order rate con-
stants of pristine and HCl treated catalysts, the highest decrease
in rate constant was found for Pd/SOMS-UD (hydrophilic and
least swellable) whereas the least drop was found on Pd/SOMS
(hydrophobic and most swellable). This led to the conclusion that,
not only hydrophobicity but, swellability is also a key factor in
imparting deactivation resistance from HCl. These properties
make SOMS a more attractive choice as a catalyst support for
HDC of TCE.
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