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In this study, effect of ethanol on the performance of Pd supported on swellable organically modified silica
(SOMS) for hydrodechlorination (HDC) of trichloroethylene (TCE) is investigated. SOMS is a hydrophobic ma-
terial that swells to 3-4 times its original volume when contacted with organic solvents. Catalytic HDC of TCE
suffers from inhibition due to HCI which is worsened by the slow removal of HCI from the hydrophobic pores of
SOMS. Addition of ethanol resulted in swelling of SOMS matrix causing expansion of pores, thereby facilitating
the removal of HCL. The inhibitory effect of HCl was alleviated by ethanol, without altering the HDC reaction
pathway. Characterization using near-ambient pressure X-ray photoelectron spectroscopy and extended X-ray
absorption fine structure showed the effect of ethanol on swellability and HCI removal, respectively. Lastly, a

mechanism has been proposed for the uninhibited reaction, which exhibited first order kinetics with respect to

TCE.

1. Introduction

Heterogeneous catalysis research has primarily focused on the use of
inanimate materials as catalyst scaffolds for small active metal particles.
Animated materials possessing textural properties that are responsive to
the environmental conditions is an emerging class of materials in
catalysis [1]. Swellable organically modified silica (SOMS) is one such
animated material which responds to the presence of organic solvents
through expansion up to four times its original volume [2].

SOMS is a type of hybrid organic-inorganic materials, which are
commonly referred to as bridged polysilsesquioxanes [2-4]. The pre-
cursors used for these materials typically contain two or more trifunc-
tional silyl groups such as -Si(OCHgs)3 (trimethoxysilyl) or - Si(OCoHs)3
(triethoxysilyl), which are covalently bonded to an organic functional
group (also known as spacers) such as aryl, alkyl, alkenyl groups etc
[5-8]. The covalent bonds between the Si atoms and the terminal C
atoms of the spacer are non-hydrolyzable, allowing polymerization to
occur only at the alkoxy groups attached to the trifunctional Si atoms [6,
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8]. SOMS is synthesized using base-catalyzed sol-gel technique with bis
(trimethoxysilylethyl)benzene (BTEB) as the precursor. It is hydropho-
bic, mesoporous and possesses high surface area as well as high sorption
capacity [2-4,9].

Although, bridged polysilsesquioxanes are frequently studied, their
‘swellable’ counterparts are rarely encountered. During drying of the
SOMS gel, flexibility of the ethyl bonds between the aryl and the silyl
groups of BTEB aids in the self-assembly of aromatic rings in the struc-
ture resulting in - stacking. Interestingly, the elasticity of SOMS allows
potential energy to be stored in the matrix in its shrunken form which is
released upon solvent induced swelling, generating force [4]. It has been
proposed that swelling is induced by organic solvents disrupting the
non-covalent interactions (van deer Waals, n-n stacking) between
collapsed interacting pore walls, causing matrix relaxation and rapid
expansion of the material to ~2—4x in volume. Derivatization of the
surface silanol groups with non-condensable -Si(CHg)s groups is neces-
sary to obtain the necessary flexibility in the organosilica matrix by
preventing Si-O-Si crosslinking when SOMS gel dries. Swelling is
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regarded as a mechanical phenomenon instead of a chemical process [2,
4,10,11]. As the matrix expands, the pore size increases accommodating
the solvent molecules that are used to trigger swelling.

Swellable materials have applications in various fields such as
chemical and optical sensing, membrane-based gas separation, drug-
delivery systems, environmental remediation and catalysis [12-17].
Swellable materials studied in catalysis include polyionic liquids (PILs),
polysiloxanes and cross-linked functional polymers (CFPs) among which
CFPs have been largely studied [1,18-20]. Homo-polymerization or
co-polymerization of vinyl monomers such as styrene, divinylbenzene
(DVB) etc., forms cross-linked polymers generally known as CFPs [1].
These polymers have been used as catalyst scaffolds for reduced nano-
clusters of metals such as Pd, Au, Cu, Pt etc., for liquid phase hydroge-
nation and oxidation reactions [1,21,22]. These swellable materials are
functional under fully swollen conditions in the liquid phase where the
solvation-ability of a solvent determines the extent of swelling [1]. To
that end, polarity of the solvent and the hydrophobic/hydrophilic nature
of the CFPs is largely found to affect the solvation-ability [23,24]. Upon
solvation of the polymeric chain, these materials behave as a ‘viscous
pseudosolution or suspension’ rather than as solid material providing
accessibility to internal surface area. Extensive characterization of these
materials aided in quantitatively studying the relation between
morphology of the swollen CFPs and mobility of different solvents inside
them [25-27]. These materials are known to suffer from low mechanical
and thermal stability. For CFPs, the range for temperature of thermal
decomposition under inert atmosphere is (200—300 °C) [1]. Recently,
thermal decomposition performed during thermogravimetric analysis
revealed that SOMS possessed a higher thermal stability (450 °C) as
compared to CFPs [28]. Furthermore, in-situ characterization of metal
particles incorporated in CFPs, under swollen conditions, is rarely
performed.

Pd impregnated on SOMS was recently shown to be active for
hydrodechlorination (HDC) of trichloroethylene (TCE) performed in
both, gas and liquid phase environments, with commercial Pd/Al;03
catalyst used for comparison [29-33]. TCE is one of the most toxic
volatile organic contaminants found in groundwater with very low
solubility (1200 ppm at room temperature) [34,35]. The maximum
allowable concentration limit of TCE in drinking water is 5 ppb and it is
listed as a priority contaminant by US. E.P.A. [36]. Although, catalytic
HDC of TCE is found to be more effective than other remediation tech-
niques such as, adsorption on activated carbon, oxidation and microbial
degradation, it suffers from slow kinetics due to low concentration of
TCE available in groundwater, deactivation due to dissolved anions and
inhibition due to HCI produced during HDC [37,38].

Inhibition due to HCl has been the subject of many HDC studies
aimed at designing heterogeneous catalysts with enhanced deactivation
resistance. Some studies have employed Cl scavenging agents such as
NaOH and KOH [39-41]. The use of these strong bases is often delete-
rious, as the excess hydroxyl ions tend to alter the surface charge of the
support thereby altering the reaction rate [39,40]. Bimetallic configu-
rations such as, Pd-Au change the electronic structure of Pd and increase
the resistance to chloride deactivation [42,43]. Bimetallic nanoparticles
formed with Ni and Fe, stabilized using surfactants have also been re-
ported to exhibit good catalytic activity for HDC of TCE [44]. Several
other studies make use of hydrophobic zeolite materials as supports for
Pd as well as use of polymeric coating on Pd/Al,03 which was later
found to be degraded in the presence of HCI [45-48].

Our recent work demonstrated the deactivation resistance of Pd/
SOMS towards chlorine and sulfur containing species [31,33]. The
swelling ability of SOMS is crucial for depositing active Pd particles deep
inside the pores, as verified by the inaccessibility for gas phase CO
molecules [32]. It was also reported that the pore-size distribution of
SOMS shifted from 5.4 nm to 3.9 nm after impregnation of Pd suggesting
the deposition of Pd particles on the pore-walls [32]. However, the BET
surface area of bare and Pd impregnated SOMS was almost the same
[32]. Furthermore, bulk characterization such as X-ray absorption
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spectroscopy (XAS) revealed the absence of Pd-Cl and Pd-S interactions,
suggesting better protection from liquid phase chloride species and
gas-phase H,S. The hydrophobicity of SOMS along with deeper
impregnation of Pd particles inside the pores was considered responsible
for enhanced deactivation resistance [31,33]. Performing reactions in
presence of swelling agents such as ethanol, afforded swelling of SOMS,
leading to better TCE conversion. It was then suggested that, ethanol
may allow better accessibility to Pd species by swelling SOMS as well as
facilitate the removal of HCI formed in the reaction [32]. In the present
contribution, the role of ethanol during HDC of TCE on Pd/SOMS is
elucidated while discussing the reaction kinetics. Furthermore, the ef-
fect of concentration of ethanol on the extent of swelling is evaluated
using characterization and activity experiments. From the observed ki-
netics and mass-transfer results, a mechanism is also proposed.

2. Experimental section
2.1. Catalyst synthesis

Synthesis of SOMS was previously reported by Edmiston and co-
workers [2,4]. Briefly, SOMS is synthesized using sol-gel method with
bis-(trimethoxysilylethyl)benzene (BTEB) as the precursor, followed by
addition of water (at a fixed mole ratio with BTEB) and tetrabuty-
lammonium fluoride as the catalyst. After gelation and ageing, the
material is washed with acetonitrile followed by derivatization of the
surface silanol groups with hexamethyldisilazane (HMDS). The gel is
then dried at room temperature followed by grinding in a ball mill at 200
rpm. The ground particles were sieved to obtain a particle size of <74
pm. For studies investigating the mass transfer limitations, SOMS par-
ticles ground to a size of 100—150 pm were obtained.

Pd/SOMS with a nominal metal loading of 1% was synthesized using
incipient wetness impregnation (IWI) technique wherein, a solution
with desired concentration of Pd(II) acetate (Sigma-Aldrich, 99.9 %) in
acetone was added dropwise to a thin layer of ground SOMS particles.
Visual swelling of SOMS particles was noted upon addition of the pre-
cursor solution. 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 tempera-
ture. This catalyst was called unreduced Pd/SOMS in this study. For
reduction, a known quantity of NaBH, was dissolved in 95% (v/v)
ethanol-water solution. The quantity of NaBH4 was decided to be in
excess to ensure complete reduction of Pd acetate. This solution was
slowly added to the unreduced Pd/SOMS and a visual color change from
pale orange to black was observed. Post reduction, the catalyst was
filtered and washed several times with ethanol to get rid of residual
impurities. The catalyst was dried at 60 °C, overnight prior to use. 1%
Pd/Al,03 (commercial catalyst) was obtained from Sigma-Aldrich and
reduced under Hj for 3 h at 350 °C, prior to use.

2.2. Activity testing

Batch reactions were performed at 30 °C and 50 bar, using a 300 mL
4560 mini-benchtop stirred reactor from Parr Instruments Company.
The reactor was equipped with 4848-controller for temperature and
stirring speed with a PID program. 200 mL feed solution consisting of
known concentration of TCE and tetrahydrofuran (THF) dissolved in
water was added to the reactor vessel. THF was used as an internal
standard. Once the reactor was sealed, the solution was bubbled with
pure He in order to remove gaseous impurities present in the head-space
as well as dissolved in the solution. The reactor speed was set to 2000
rpm and the temperature was stabilized at 30 °C. The reactor was
pressurized in two steps. Initially, 45 bar of pure Hy was introduced into
the reactor and a sample was drawn out from the liquid phase to obtain
the initial concentration of TCE (time = zero sample). As soon as the
initial sample was collected, the total pressure of the reactor was raised
to 50 bar by introducing Hy through a customized catalyst addition
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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 were collected at intervals of 40 min.

Organic chlorinated educts were analyzed using high-performance
liquid chromatography (HPLC). The samples were shaken and equili-
brated prior to injecting into the six-port valve of the solvent delivery
module which consisted of acetonitrile and water (Sigma-Aldrich, HPLC
grade) as solvents. These solvents were pumped in a gradient mode
starting with a 95:5 ratio (acetonitrile:water) proceeding to 50:50, at the
end. A C18 column (Grace Alltima), operated under reverse phase, was
used for separation of compounds. Lastly, a UV-vis detector (Shimadzu,
SPD-20A) with a deuterium lamp and a dual-channel mode (200/220
nm) was used to detect the compounds. A chloride selective electrode
(Cole Palmer, UX-27504-08) was used for detection of HCl in the liquid
samples. The fraction of Cl present in various chlorinated compounds
(reactants, intermediates and products) was calculated using the
following equation [32]:

0i(1)C;(1)
3 (CTCE (time = 0)'CTCE (t))

fraction of Cl in compound 'i’ =

where n;(t) and Ci(t) are the number of chlorine atoms and concentration
of compound ‘i’, respectively at time ‘t’.

2.3. Ex-situ treatment with HCI

Pristine Pd/SOMS was soaked in aqueous solution of HCI to inves-
tigate the interaction of HCl with the catalyst through a liquid medium.
A catalyst amount of 0.35 g was stirred in a 400 mL aqueous solution of
0.2 M HCl in a 0.5 L three-necked flask. Prior to adding the catalyst, the
flask was flushed with inert gas to remove air. The soaking experiments
were performed at ambient pressure and room temperature. The con-
centration of HCl was chosen based on the total HCl concentration
produced during the HDC reaction conducted in batch reactor if com-
plete conversion of TCE was obtained. After soaking, the slurry was
filtered, and the catalyst was washed with D.I. water to remove excess
anions left on the catalyst. The filtered solid was dried overnight at 110
°C. The same experiment was repeated with a solution of 0.2 M HCl
containing 10 % ethanol. All other parameters were maintained the
same.

2.4. Extended X-ray absorption fine structure (EXAFS)

EXAFS experiments were performed at the insertion device beamline
of the Materials and Research Collaborative Access Team (MRCAT),
sector 10 of the Advanced Photon Source, Argonne National Laboratory
[49]. A cryogenically cooled Si(111) monochromator with a Pt coated
mirror was used for harmonics rejection. Data collection was performed
in transmission mode with powder samples pressed into pellets which
were supported in a holder consisting of six cylindrical holes. A
hole-width of 0.12 ecm? with an optimal catalyst amount was used to
obtain a maximum edge step (Aux) of 0.5 for the 1 %Pd/SOMS samples
while that obtained for the Pd foil was about 1.6. Each sample spectrum
was accompanied by the foil spectrum that helped in energy calibration.
Data analysis was performed using WINXAS97 software following the
standard procedure [50]. 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 purposes, CN and R associated with Pd-Cl scattering in Pd(II)
chloride was 4 and 2.31 10\, respectively whereas, with Pd-Pd scattering
in foil were fixed at 12 and 2.75 A, respectively.
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2.5. Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)

NAP-XPS experiments were performed with a lab-based SPECS sys-
tem fitted with an in-situ cell and fitted with a Phoibos-HSA3500
analyzer. The system utilized an Al K-alpha source operated at 60 W
and 15 kV. The powdered sample (Pd/SOMS) was loaded on carbon
tapes and evacuated overnight under ultra-high vacuum conditions.
Survey spectra were obtained at 100 pass energy with a dwell time of 0.1
ms and a step size of 1 eV. High resolution spectra of dry Pd/SOMS were
collected with a 50 pass energy, 2.5 s dwell time at 0.1 eV steps. Cls,
O1ls, Pd 3d and Si 2p regions were selected for spectra collection.
Ethanol (Fischer Scientific, 99.9% proof) was purified with three freeze-
thaw cycles using liquid N while degassing the vapor-space. An online
mass spectrometer was used to confirm and monitor the composition of
exit stream from the NAP-XPS cell. Initially, high resolution spectra were
collected in absence of ethanol at a base pressure of lower than 5.0E-8
mbar followed by introducing ethanol at 1 mbar and raising the pres-
sure to 3 mbar pressure. Subsequently, the chamber was evacuated, and
another set of spectra were collected immediately post-evacuation to
assess changes observed due to ethanol addition.

3. Results and discussion
3.1. Effect of ethanol addition on HDC of TCE

Catalytic activity experiments were performed with different con-
centrations of ethanol in order to investigate its role in HDC of TCE using
Pd/SOMS. The results are shown in Fig. 1, wherein an increase in the
concentration of ethanol (1%-10%, v/v) showed an increase in the rate
of conversion of TCE. These results are consistent with those previously
reported by Celik et al. [32], however, in this study, it was also found
that increasing the concentration of ethanol further to 20% (v/v) led to a
decrease in the rate of TCE conversion. Several studies have reported a
drop in TCE conversion in presence of co-solvents such as, methanol and
ethanol wherein, the enhanced solubility of TCE in the co-solvent-water
mixture reduced its sorption in the catalyst [46,51]. This is consistent
with our findings for concentrations of ethanol higher than 10%. For the
rest of this study, ethanol concentration was fixed to be at its optimal
value (10% (v/v)).

The effect of ethanol on the availability of reactants in the liquid
phase is discussed in the next section.

3.1.1. Effect of ethanol on the availability of reactants
Fig. 2 shows the relationship between solubility of TCE in water-
ethanol mixtures and its partition coefficient in SOMS. Partition
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Fig. 1. Effect of concentration of ethanol on HDC of TCE using 1% Pd/SOMS; at
30 °C, 50 bar of pure H,, 25 mg/L of catalyst.
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Fig. 2. Effect of ethanol content on solubility of TCE in ethanol-water mixture
(Smix) and its partition coefficient (P) in SOMS.

coefficient of TCE dissolved in water-ethanol mixtures in SOMS is
defined as ratio of moles of TCE bound to SOMS per mg of SOMS to
concentration of TCE in the solution [3]. The log-linear model developed
by Li et al. [52], along with the log-log relationship developed from
results reported by Edmiston et al., was employed to calculate the
partition coefficient of TCE in SOMS while dissolved in water-ethanol
mixture [3,53].

According to Edmiston et. al. [3], the partition coefficient of an
organic solute with respect to SOMS (P) is dependent on its
octanol-water partition coefficient (Koy,) through a log-log relationship
as follows:

logP = (0.97 x logKow ) + 0.96 1.1n

The octanol-water coefficient is a measure of hydrophobicity/non-
polarity of the organic solute and is known to be dependent on the
aqueous solubility (Sy) of that organic compound as follows [53]:

logKow = -a x logSw + b (1.2)

where a, and b are constants which depend on the properties of the
absorbent material.

Eq. (1.1) and (1.2) show that changes to solubility of an organic
solute in the aqueous solution can cause changes to the octanol-water
partition coefficient thereby altering its partition coefficient with
respect to SOMS. The said changes in solubility of an organic solute in
aqueous medium can be brought about by addition of another organic
solvent. Thus, addition of ethanol can affect the partition coefficient of
trichloroethylene (TCE) with respect to SOMS. Li et. al. developed the
following log-linear relationship that allows the determination of solu-
bility of TCE in an ethanol-water mixture (Spix) using its solubility in
pure water and K,,, values at room temperature [52]:

Smix
log(s—) =

W

(1.274 +0.791 x Kow) X fethanol 1.3)

fethanol = volume fraction of ethanol
Thus, a log-log relationship similar to that shown in Eq. (1.2) was
determined from results reported by Edmiston et. al. [3]:

logP = (-0.852 x logSuiy )+ 3.37 (1.4)

Using Eq. (1.3) and Eq. (1.4), partition coefficient of TCE with
respect to SOMS was determined as a function of increasing ethanol
concentration in the solution and is plotted in Fig. 2. It can be seen that
high ethanol content in water suppresses the partitioning of TCE in
SOMS. Addition of ethanol to the reaction mixture changes the chemical
activity coefficient of TCE in the solution, thereby increasing its solu-
bility [52,53]. Typically, these changes are more prominent above
co-solvent (ethanol) concentrations of 10% (v/v) [53].

Along with TCE, the effect of ethanol on the concentration of dis-
solved hydrogen needs to be addressed. Due to the thermodynamically
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non-ideal conditions present in the liquid-phase system, rates are usually
determined by the activity of the reactant gases rather than pressure.
The activity of a gaseous component in a solvent is given by its solubility
at that temperature and pressure [54]. Thus, the solubility of hydrogen,
as affected by ethanol, was determined at a pressure of 50 bar using the
correlation obtained by Purwanto et al. with <10% error [55]. These
results are shown in Fig. 3 wherein, increasing the concentration of
ethanol in the reaction mixture increases the concentration of dissolved
hydrogen. However, it is important to elucidate the effect of the dis-
solved hydrogen concentration on the rate of TCE conversion in order to
ensure its availability in excess. Activity experiments were performed
with varied pressure of pure hydrogen in the presence and absence of
ethanol. The results shown in Fig. 4 indicate that the rate of TCE con-
version is not affected by the operating pressure of hydrogen from 20 bar
to 50 bar. The differences observed in TCE conversions for 20 bar and 50
bar Hj pressures are within experimental error (less than + 10%). This
implies that even if hydrogen is consumed in the reaction (as shown by
TCE conversion), its replenishment from the gas phase is fast enough to
maintain its quantity in excess, in the liquid phase.

3.1.2. Mass transfer limitations

Catalytic performance at different speeds (1400 and 2000 rpm) was
found to be the same, indicating the absence of external mass transfer
limitations [56,57]. The reactor was therefore operated at a speed of
2000 rpm during all runs. The Weis-Prater criterion was used to assess
the presence of internal mass transfer limitations. According to this
criterion, in the absence of internal mass transfer limitations, the rate of
reaction does not depend on the particle size of the catalyst [58].
Therefore, the effect of particle size of SOMS on catalytic performance
was investigated and, the results are presented in Fig. 5.

In the absence of ethanol, both catalysts showed similar conversion
at 40 min, however the conversion at longer reaction times was higher
with smaller particles. A possible explanation for this observation is that,
although mass transfer limitations in the larger particles may not affect
the transfer of the reactant (TCE) due to the high affinity of SOMS for
organics, these limitations may affect the diffusion of the product (HCI)
out of the pores. Also, this effect would be more pronounced at longer
reaction times since the concentration of HCl would increase as the
conversion increases. Hydrophobicity of SOMS can be responsible for
slower diffusion of HCI from the pores. Yuan et al. had a similar assertion
and suggested that, for a hydrophobic Pd/C catalyst, the slow HCl
transport could lead to stronger inhibition of the HDC reaction per-
formed in the liquid phase [39]. Mass transfer limitations can therefore
be more prevalent in the latter part of the batch reactor run due to higher
HCI concentration leading to higher inhibition. This aspect is further
elaborated on in later sections. It should be noted that, the slow outward
transport of HCl may restrict the inward transport of TCE. Therefore, the
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Fig. 3. Effect of ethanol content on concentration of H, dissolved in ethanol-
water mixture at room temperature.
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swelling caused by TCE entering SOMS would be lowered, resulting in
collapse of the pore-structure.

Fig. 5 also shows that, in the presence of 10% ethanol, particle size
did not have an effect on the activity. Thus, as per the Weis-Prater cri-
terion, internal mass transfer limitations are absent with 10% ethanol.
Ethanol concentration was constant during the course of the reaction.
This is consistent with the studies performed in the literature where
ethanol is used as a solvent for HDC with Pd [51,59]. Sorption of ethanol
in SOMS could keep the matrix swollen throughout the reaction time,
thereby maintaining a constant temporal accessibility to Pd sites. Pre-
sumably, the swelling due to ethanol can also lower inhibition by
facilitating the removal of HCl from pores.

3.1.3. Effect of ethanol on reaction intermediates

As solvents are known to affect the reaction pathway by solvating the
activated complex in kinetically relevant steps, it is important to address
the effect of ethanol on the intermediates produced during HDC of TCE
using Pd/SOMS [54]. Pd is known to form negligible intermediates
owing to its high selectivity towards ethane and HCI, in aqueous phase at
room temperature [47,60]. Besides, in case of Pd/SOMS, results ob-
tained by in-situ Raman spectroscopy performed during HDC of TCE
revealed no formation of carbonaceous deposits. However, for the
commercial Pd/Al,O3 catalyst, carbonaceous deposits were found to be
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present on the surface, which was attributed to its high surface acidity
[61]. During the synthesis of SOMS, the surface silanol groups (Si—OH),
which could have been a potential source of any surface acidity, were
capped using hexamethyldisilazane, leading to the formation of Si-O-Si
(CH3)3 [4,61]. The absence of surface silanol groups was further
corroborated by 295i solid-state nuclear magnetic resonance (SS-NMR)
spectra, reported by Basu and Ailawar et al. [28]. Thus, it can be inferred
that hydrocarbons produced as a result of HDC using Pd/SOMS do not
strongly bind to the surface. However, the Pd surface could be covered
with Cl species arising from partially or completely dechlorinated in-
termediates formed during HDC reaction.

Fig. 6 shows the Cl balance (closed up to 95%) of the HDC reaction on
Pd/SOMS performed in the presence and absence of ethanol. Cl species
removed from TCE appear in the partially dechlorinated compounds
(DCE isomers and vinyl chloride) and HCI formed during the reaction.
The fraction of Cl in each of the species in the reaction medium was
calculated using the formula mentioned in Section 2.2. It is evident that
the maximum fraction of Cl is present in the form of HCl (>95 %).
Although, the absence (Fig. 6a) and the presence of ethanol (Fig. 6b)
show marked differences in the consumption of intermediates, cis-
dichloroethylene was the major intermediate in both cases. This obser-
vation is consistent with that of Lowry et al., who also reported a similar
product distribution during liquid phase HDC of TCE [62]. The addition
of ethanol causes further conversion of intermediates which otherwise
accumulate, probably due to strong competitive adsorption of Cl species
on Pd surface. This suggests that inhibitory effects caused due to strong
adsorption of HCl on Pd surface could be abated by the presence of
ethanol, allowing further conversion of TCE as well as intermediates on
the catalyst surface. The above rationale is consistent with the that
proposed by Celik et al. [32].

Due to the absence of surface-charge on SOMS (Si-CHs groups), Pd
particles can be bound to the surface by non-specific interactions as

[=+—TCE —=— HCI—— VC—e— Cis-DCE ——trans-DCE —— 1,1-DCE]
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Fig. 6. Intermediates formed during HDC of TCE using 1% Pd/SOMS; at 30 °C,
50 bar H,, 25 mg/L of catalyst performed in a) the absence of ethanol, b) the
presence of 10% ethanol; TCE: trichloroethylene; VC: vinyl chloride; DCE:
dichloroethylene.
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opposed to strong electrostatic interactions and/or chemical in-
teractions [61]. Hence, to address whether ethanol can leach Pd parti-
cles from SOMS matrix, Pd/SOMS was washed several times with
ethanol after the synthesis. The filtrate obtained was tested with
inductive plasma optical emission spectrometry (ICP-OES) which
showed that no Pd leaching occurred during washing with ethanol. This
indicates that ethanol is highly unlikely to cause any leaching of the Pd
active sites.

3.1.4. Kinetics of HDC of TCE in the presence of ethanol

As mentioned above, the similarity in product distribution, with and
without ethanol, suggests that ethanol does not affect the pathway for
the HDC reaction. There are two pathways suggested for HDC of TCE in
the literature, namely, sequential pathway and direct pathway. Ac-
cording to the sequential pathway, during HDC, an adsorbed TCE
molecule undergoes H addition accompanied by Cl removal resulting in
production of partially chlorinated ethenes such as dichloroethylenes
(cis-DCE, trans-DCE, 1,1-DCE) and vinyl chloride which eventually get
converted to ethane. Thus, Cl removal and H addition occur simulta-
neously for the sequential pathway. On the other hand, according to the
direct pathway, an adsorbed TCE molecule loses all its chlorine atoms
without any H addition. Thus, for the direct pathway, H addition is
considered to occur after dechlorination resulting in the formation of
ethane/ethylene [62-65]. Since, the direct pathway primarily favors
complete dechlorination on the surface prior to H addition, the con-
centration of partially dechlorinated ethylenes (DCEs and VC) is ex-
pected to be negligible. Therefore, the occurrence of low concentration
of partially dechlorinated intermediates, has prompted several re-
searchers to conclude that HDC of TCE occurs via the direct pathway
[62,65].

Besides product distribution, spectroscopic evidence in the literature
also suggests the occurrence of the direct pathway. To that end, studies
utilizing in-situ surface enhanced Raman spectroscopy and NMR spec-
troscopy have shown that polychlorinated ethylenes are likely to un-
dergo rapid dechlorination upon adsorption on Pd, prior to H addition
[60,66]. These dechlorinated surface species form radical-like in-
termediates which later interact with surface hydrogen producing
ethane and HCI. Recently, theoretical studies using density-functional
theory (DFT) and kinetic Monte Carlo simulations have also shown
direct pathway to be the most probable pathway for HDC of TCE [63,
67].

Based on the direct pathway, a mechanism is proposed for HDC of
TCE in the presence of ethanol, using Pd/SOMS (presented in section
S1). The assumptions and derivation of the rate expression are provided
in section S1. In this derivation, Hy concentration in the reaction me-
dium is considered to be constant, since it is replenished from the gas
phase continuously. Also, the absence of internal and external mass
transfer limitations with ethanol allows a kinetic analysis of the data
obtained from batch-studies. In this case, kinetic analysis (linearized
plots of conversion vs time shown in Fig. 7) showed that the rate appears
to be first order in TCE and zero order in Hy (refer Section 3.1.1), in
presence of ethanol. This first order kinetics has been frequently
encountered in the literature (refer Table S1) [62,65,68-72] and, in-
dicates the absence of chloride inhibition.

Concerning the chloride inhibition, it should be noted that, the pri-
mary source of Cl on the Pd surface is adsorbed TCE molecules, i.e., upon
adsorption, the TCE molecule is considered to undergo rapid dechlori-
nation resulting in the formation of Pd-Cl species [60,63,67]. Thus,
higher the extent of TCE dechlorination, higher is the extent of Pd
chlorination. Therefore, the [TCE]y/Pd ratio is important while exam-
ining aspects associated with chloride inhibition. To that end, several
batch studies reported pseudo-first order behavior (no inhibition) while
dealing with low initial TCE concentrations (1—10 ppm) per mg of Pd
[62,65,68-72]. However, several other studies have shown that at
higher initial concentration of TCE (20—100 ppm), competitive
adsorption between TCE and Hy may cause the observed order for TCE to
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50 bar Hy, 25 mg/L of catalyst with different concentrations of ethanol where
Xrcg is the fractional conversion of TCE.

deviate from one [72-74]. With further higher concentrations of TCE
(900 ppm), addition of a base/proton-scavenger is essential for the re-
action to proceed with minimum deactivation at room temperature
[72]. The operating conditions used in this study are more aggressive
than those mentioned above (refer Table S1), yet pseudo-first order
behavior with ethanol concentrations above 10% was observed indi-
cating negligible inhibition due to HCL

In order to reconcile this aspect, Hy concentration relative to that of
HCI must be considered. As per the proposed mechanism (Section S1),
the surface Cl species can be removed by its reaction with adsorbed H
atoms. During gas phase HDC of TCE, high temperature is crucial for the
removal of surface Cl in the form of HCl, whereas in liquid phase, this
removal is thermodynamically favored even at room temperature [63,
75]. Such a removal of Cl from the Pd surface is formulated through a
reversible process as follows [76,77]:

H, + 2% & 2H % (@D)]

H# + Clx < HCl + 2% (2

The above reactions show that surface H species formed after
dissociative adsorption of Hy interacts with surface Cl species formed by
C-Cl cleavage in TCE. This interaction results in the formation of HCl
which is in equilibrium with the surface Cl and H species [76,77]. For Pd
particles containing H and Cl adatoms, the recombinative desorption of
Hy and HCI are found to compete on the surface [78]. The rate of re-
action between H and Cl adatoms to form HCl increases with an increase
in [Hy] present in the reaction medium. It follows, that under Hy-lean
environment, adsorption of HCl is favored, resulting in inhibition [78].
Therefore, if the reaction is conducted in presence of excess Ho, deac-
tivation of Pd can be suppressed. Thus, deactivation can be severe when
Cl species is the most abundant surface species.

This assumption is valid mainly under high [HCI]/[Hy] ratio (in
other words, low Hy concentration) and this ratio can be decreased by
increasing the solubility or chemical activity of HCI in liquid phase
(adding ethanol). SOMS being hydrophobic (non-polar), outward
diffusion of HCI (polar) from collapsing pores could be decelerated in
absence of ethanol, further leading to an increase in the local concen-
tration of HCl. This may increase the [HCl]/[H;] ratio near the active
sites. Consequently, Pd surface can be dominated by Cl species which
may suppress the adsorption of reactants and intermediates. This is
evident from distribution of chlorinated intermediates (Fig. 6a) during
HDC of TCE, in absence of ethanol, wherein, the concentrations of TCE,
HCI and intermediates change sluggishly. However, with addition of
ethanol, the removal of HCl may continue unobstructed due to swelling,
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resulting in higher local Ho/HCI concentrations. This explanation aids in
the understanding of the observed pseudo-first order in presence of 10%
ethanol.

It should be noted that, in Fig. 7, although first order behavior is not
observed with 1% ethanol, the conversion of TCE shows a slow increase
at longer reaction times indicating reduction in deactivation. This can be
explained by considering that 1% ethanol may not be enough to swell
SOMS entirely and exhibit a first-order behavior. Ethanol being easily
soluble in water, its absorption in SOMS could be limited and hence,
concentrations as high as 10% may be required for complete swelling.

Lastly, as shown in Fig. 7, the rate constant decreases with an in-
crease in ethanol concentration from 10% to 20%. However, solubility
of TCE in the liquid phase increases with an increase in concentration of
ethanol (Fig. 2) thereby lowering the adsorption of TCE on the catalyst
surface. This decrease in adsorption of TCE can result in slower reaction
kinetics. Thus, concentration of ethanol affects the observed order and
rate constant of the reaction.

3.1.5. Extended X-ray absorption fine structure (EXAFS)

Ex-situ EXAFS spectra were collected to determine the effect of
ethanol on the adsorption of HCl on Pd/SOMS. Fig. 8 shows the Fourier
transformed magnitude of k2 weighted chi(k) (not corrected for phase-
shift) of three Pd/SOMS catalysts. These samples were treated with
aqueous solution of 0.2 M HCl in presence and absence of 10% ethanol.
For comparing the changes occurring in the atomic environment of Pd,
the spectra belonging to the pristine sample is also shown. Table 1 re-
ports the EXAFS fitting results corresponding to the spectra mentioned
in Fig. 8. The coordination numbers (CN) and bond distances (R) ob-
tained are within the error-limits typically prescribed for EXAFS data-
analysis [79].

The pristine sample showed presence of reduced Pd species with a
CN of 8.5 and a Pd-Pd bond distance of 2.74 A. Soaking this sample in
aqueous solution of HCl led to bulk transformation of Pd particles as
evidenced by the formation of Pd-Cl bonds. Pd-Pd CN decreased from
8.5-6.4 while a new Pd-Cl CN could be obtained at 1.6. Similar results
were reported by Celik et al. wherein Pd/Al,O3 catalyst soaked in 0.01 M
HCl showed formation of Pd-Cl bonds [31]. It is worth noting that, Celik
et al., also reported that 0.01 M HCl led to almost complete chlorination
of Pd/Al»03 catalyst whereas, Pd/SOMS showed no Pd-Cl bonds. In the
present study, twenty times higher HCI concentration than that used by
Celik et al., was employed [31]. Therefore, it can be said that even with
twenty times higher HCI concentration, only partial chlorination of Pd
was observed when it was supported on SOMS (as opposed to Pd/Al;,O3
which was completely chlorinated with only 0.01 M HCI) [31]. This
difference in the extent of chlorination can be attributed to the hydro-
phobicity of SOMS which prevents the HCI dissolved in water to access
Pd particles situated deep inside the pores. It can be further seen that,
addition of ethanol during HCI treatment led to a decrease in the Pd-Cl
CN from 1.6 to 1.1 with a concomitant rise in the Pd-Pd CN from 6.4-7.0,
indicating that ethanol curbed the chlorination of Pd by HCI. It should be
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Fig. 8. Changes in the atomic environment of Pd supported on SOMS after
soaking in 0.2 M HCl as well as 0.2 M HCl and 10% ethanol contain-
ing solutions.
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Table 1
EXAFS fitting results showing effect of HCl on Pd/SOMS in presence and absence
of ethanol.

Sample E, Threshold Scattering CN R Ac? Eo-
energy (eV) Path &) A% shift
x10° (eV)
Pd/SOMS 24350.5 Pd-Pd 8.5 2.74 3.5 -1.7
pristine
Pd/SOMS 0.2 24352 Pd-Pd 6.4 2.75 2.6 -35
M HCl Pd-Cl 1.6 2.30 4.5 -0.2
Pd/SOMS 0.2 Pd-Pd 7.0 2.78 4.2 -3.2
MHCI10% 24352 Pd-Cl 11 233 40 05
Ethanol

noted that the slightly higher Pd-Pd bond distance obtained for ethanol
containing HCI soaked sample indicates the presence of Pd hydride
formed due to the reducible action of ethanol [31,32,80]. Thus, it can be
concluded that the degree of chlorination was lowered by the presence
of ethanol in the solution.

These results support the assumptions made while proposing the
mechanism for HDC of TCE in presence of ethanol. It was mentioned that
addition of ethanol lowers the adsorption of HCI on the catalyst surface
resulting in lesser deactivation. It should be noted that the presence of
ethanol did not restrict the chlorination of Pd completely, yet, when
added to the reaction medium complete suppression of deactivation was
observed (indicated by pseudo first order behavior). This could be
attributed to the presence of Hy during the reaction which further sup-
presses the adsorption of HCl on Pd particles. The reversible relationship
established between adsorption of Hy and HCl further supports the
conclusion that ethanol and Hy prevent the deactivation behavior.

3.1.6. Effect of externally added chloride species

Besides local concentration of Hy, solution pH and surface acidity are
reported to affect the HDC of TCE reaction. Acidic environment is found
to promote the formation of Pd-Cl species through stabilization of the
oxidized Pd by chloride ions [68,72]. Thus, chloride ions by themselves,
may not be responsible for deactivation rather, low pH environment
may abet inhibition [31]. In this study, addition of HCI to the reaction
demonstrated the deleterious effect of HCI on the activity (Fig. 9). Owing
to its low hydrophobicity, the commercial Pd/Al,O; was found to
deactivate. Presence of NaCl did not affect the conversion of TCE,
indicating the significance of pH on catalyst deactivation (Fig. 9). In
presence of chloride ions, Heck et al. employed a pH of 5.5 and reported
decrease in HDC rate for Pd/Al,03 [68]. However, for the same catalyst,
Lowry et al. employed a pH of 9.6 and reported no change in the activity
for HDC of TCE [64]. Also, our recent work investigated the difference in
the activity of Pd/SOMS and Pd/Al,O3 treated with chloride ions,
ex-situ, under different pH environments [31]. It was reported that 76%
of Pd was leached from Pd/Al,O3 when the pH was lowered from 6.6 to
2.1. [31]. Thus, Pd/SOMS showed high deactivation resistance due to its
hydrophobic nature which allowed the repulsion of these ions thereby
protecting the active sites. These findings are consistent with the results
reported in the current study where chloride ions were added to the
reaction medium.

As mentioned previously, surface acidity may also play an important
role in determining the chloride inhibition. Ordonez et al. reported that
even after maintaining excess Hy concentration, Pd/Al;03 was found to
deactivate [72]. Reactions performed on 5% Pd/Al,O3; and 5% Pd/C
with similar Pd particle size (18—21 nm), under identical operating
conditions, showed that the former suffered from severe deactivation
[72]. This could be due to high surface acidity of Al;O3 promoting the
inhibition due to chloride. Moreover, the reaction of HCl with Al,O3 may
enhance its surface acidity, further abetting deactivation. As far as sur-
face acidity of SOMS is concerned, our earlier work showed that SOMS
does not possess surface acidity, which could also be responsible for its
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Fig. 9. Effect of externally added chloride ions on HDC of TCE using (a) 1% Pd/
SOMS and (b) 1% Pd/Al,03; at 30 °C, 50 bar H,, 25 mg/L of catalyst with
different pH.

better deactivation resistance [61].

3.2. Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS)

In order to further investigate the effect of concentration of ethanol,
on the accessibility of Pd sites, NAP-XPS technique was used. In this
case, ethanol vapors introduced into the pores of SOMS are considered
to swell the catalyst through condensation in its confined porous
structure. A similar behavior was previously reported by our group,
using in-situ infrared spectroscopy during adsorption of vapor-phase
TCE molecules [61]. In that study, the bond vibrations for adsorbed
TCE molecules in SOMS, resembled those of the liquid phase molecules
[61]. Studies reporting static-vapor adsorption of organics such as
acetone and phenol into SOMS also support the occurrence of conden-
sation of these molecules inside the pores to yield swollen SOMS [9,28,
30].

Our previous work with NAP-XPS served as a proof of swelling of
SOMS in presence of ethanol, however, the dependence of ethanol
concentration on swelling was not investigated [32]. In this study,
Pd/SOMS was subjected to different pressures of ethanol and the surface
atomic fraction of Pd, Si, C and O species at each ethanol pressure were
determined. The spectra corresponding to Pd and Si are shown in Fig. 10
and, the changes in the atomic fractions are shown in Fig. 11. and the
spectra corresponding to C and O are shown in Figure S1 and, the
changes in the atomic fractions are shown in Table S2.
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SOMS being an insulator, significant surface charging effects were
observed under UHV conditions. Due to surface charging, the peaks
were found to be shifted to higher binding energies as compared to their
actual positions [81,82]. The surface charging effects did not, however,
lead to any peak broadening as confirmed by comparing the FWHM
(full-width at half maximum) values obtained before and after ethanol
introduction (see Figure S2). Therefore, the shifts in binding energies
were corrected for, by using adventitious Cls as the internal standard
[83,84]. Furthermore, during addition of ethanol, surface charging ef-
fects were significantly lowered, as is commonly observed for gases/-
vapors introduced during AP-XPS experiments [81,84,85]. The surface
charging caused by the photoelectrons was found to be neutralized by
those emitted from ethanol vapors.

The surface atomic fractions are normalized with that of Si, since
addition of ethanol was expected to cause changes in surface composi-
tion of O and C species and, swelling therein was expected to reveal
more Pd species. The surface content of Si in this process was assumed to
be constant. The signal attenuation of Pd and Si caused due to electron
scattering from ethanol molecules was also considered. To that end, the
total electron scattering cross section (TCS) of ethanol was found to be
almost similar at higher energies (450—500 eV) which may suggest that
at even higher energies the difference could be negligible [86,87]. Signal
attenuation from a quasi-liquid phase of ethanol forming on the surface
is also a possibility. Hence, the changes in the surface Pd/Si ratio re-
ported here are most likely to occur due to swelling.

The results show that, as the ethanol pressure was increased, the total
signal intensity for all the species was reduced. This is due to the com-
bined effect of presence of ethanol molecules that adsorb on the surface
and gas phase scattering of photoelectrons. It can be observed that the
increase in ethanol pressure from 1 mbar to 3 mbar increased the Pd/Si
ratio, showing that the ethanol content is directly proportional to the
exposed metal species. After exposure to 3 mbar of ethanol, the envi-
ronment was switched back to vacuum and spectra were collected
immediately. Pd/Si ratio decreased; however, it was still higher than
that prior to exposure to ethanol. Despite the fact that signal attenuation
occurs from both the gas phase ethanol and ethanol molecules adsorbed
onto the surface, together with the fact that photoelectrons coming from
Pd 3d orbitals travel with kinetic energies slower than Si 2p orbitals
(1140 eV and 1373 eV respectively) and therefore are more likely to be
scattered, the ratio of Pd 3d to Si 2p continues to rise with increasing
pressures of ethanol. This also confirms that with increasing concen-
trations of ethanol, SOMS matrix swells further and the Pd sites become
more accessible to the reactant molecules.

Thus, it can be concluded that swelling of SOMS is a function of the
concentration of swelling agent which further justifies the activity re-
sults reported in the previous sections.

4. Conclusion

In this study, role of ethanol in aqueous-phase HDC of TCE per-
formed using Pd/SOMS was investigated. SOMS being a dynamic cata-
lyst scaffold, addition of ethanol causes swelling of the matrix,
influencing significant aspects such as accessibility to Pd sites and in-
hibition due to HCl. The absorption-induced swelling of the matrix
caused by ethanol allowed the Pd sites deeply situated in the pores to be
available for the reaction. This was ascertained by the Weisz-Prater
criterion for investigating mass transfer limitations. Ethanol addition
did not affect the product distribution; however, it altered the reaction
kinetics such that the rate was observed to be pseudo-first order in TCE.
Swelling of SOMS is crucial for unobstructed outward diffusion of HCl
formed in the reaction, thereby increasing the ratio of Hy/HCI in the
local environment of active sites. The extent of swelling, and hence, the
extent of inhibition due to HCI, is directly related to the concentration of
ethanol used. However, an optimal concentration of ethanol seems to
exist, beyond which, rate decreased due to lower sorption of TCE on Pd
sites.
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