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A B S T R A C T   

Herein, the dual role of trichloroethylene (TCE) in liquid-phase hydrodechlorination with Pd catalysts supported 
on swellable organically modified silica (SOMS), is investigated. Batch experiments with TCE-soaked Pd/SOMS 
showed 45% higher conversion after 4 h than dry Pd/SOMS, suggesting that TCE acts as a reactant and as a 
swelling-agent. Flow experiments performed with and without ethanol (external swelling-agent) exhibited 
similar steady-state activities, confirming that TCE itself can cause swelling. Moreover, flow experiments, 
regardless of whether the SOMS-supported Pd catalysts were pre-reduced or not, yielded similar steady-state 
conversions, suggesting that Pd(2+) is rapidly reduced by H2 dissolved in water during approach to steady- 
state. In-situ characterization performed under reaction conditions using time-resolved X-ray absorption spec
troscopy confirmed the reduction of Pd(2+) species to Pd(0) by dissolved H2. Overall, this study shows economic 
viability of hydrodechlorination of TCE using Pd/SOMS by eliminating the need for an external swelling-agent as 
well as a catalyst pre-reduction step.   

1. Introduction 

Polychlorinated ethylenes is an important class of organic contami
nants; among which, trichloroethylene (TCE) is most commonly found 
in groundwater with very low solubility (1200 ppm at room tempera
ture) [1,2]. 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. [3]. Pd catalyzed hydrodechlorination of trichloroethylene (HDC of 
TCE) is commonly studied owing to its high activity for the cleavage of 
C-Cl bonds present on chlorinated alkanes, chlorinated alkenes and 
chlorinated aromatics [4–22]. Also, several studies have explored the 
use of dissolved molecular H2 or organically sourced H2 for HDC of TCE 
[11,14,5–22]. Both gas-phase and aqueous-phase reaction studies have 
been performed to investigate the role of Pd supported on Al2O3 in 
hydrodehalogenation reactions [23–25]. Furthermore, in an effort to 
prevent catalyst deactivation and enhance the catalyst activity, various 

bimetallic configurations such as, Pd-Au, Pd-Fe and Pd-Cu have also 
been used in the recent years for HDC of TCE. [26–31]. Besides Al2O3, in 
recent years, Pd supported on microporous and hierarchical zeolites, 
carbonaceous supports, CeO2, MCM-41 have also been investigated [16, 
17,32,33]. These studies have mainly focused on the textural and 
chemical properties of the support material and the role they play in Pd 
distribution and deactivation. However, studies utilizing an animated 
support have been rarely performed. To that end, our group has recently 
reported the catalytic performance of Pd supported on swellable 
organically modified silica (SOMS) in gas-phase and liquid-phase HDC 
of TCE [34–39]. 

SOMS is an animated material which belongs to the class of bridged 
polysilsesquioxanes [40–42]. It is hydrophobic, mesoporous and swells 
to 4 times its original volume in the presence of organic solvents 
[40–42]. SOMS is synthesized using sol-gel method wherein the gel is 
formed by tetrabutylammonium fluoride(TBAF)-catalyzed hydrolytic 
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condensation of bis(trimethoxysilylethyl)benzene (BTEB). After gel 
ageing and syneresis, the residual silanol groups are derivatized using 
hexamethyldisilazane (HMDS) to impart hydrophobicity and prevent 
excessive crosslinking [40–43]. Along with hydrophobicity, high surface 
area and porosity make SOMS highly absorptive towards organic com
pounds [42]. Besides being used a catalyst support, application of SOMS 
as a sorbent for organic contaminants present in waste-water has been 
demonstrated [40,44]. 

The studies performed by our group (HDC of TCE) focus on investi
gating the potential of SOMS for serving as a better catalyst scaffold than 
Al2O3 [34–39]. Liquid phase batch experiments showed that Pd/SOMS, 
in its completely swollen state, yielded higher conversion of TCE (0.95) 
than Pd/Al2O3 (0.8) for identical operating conditions [38]. Further
more, Pd/SOMS treated with aqueous solutions containing chloride and 
sulfate anions exhibited better deactivation resistance than Pd/Al2O3 
[36,37]. In particular, experiments involving soaking in HCl solutions 
revealed that negligible Pd was leached out from Pd/SOMS as compared 
to Pd/Al2O3. This resistance to leaching, displayed by Pd/SOMS, was 
attributed to its hydrophobicity which allows in repelling the HCl 
molecules away from Pd particles [36]. In case of gas-phase studies, 
Pd/SOMS was found to resist deactivation by H2O that was added to the 
feed stream, whereas Pd/Al2O3 showed a marked loss in activity [35]. 

Recently, we also discussed the influence of ethanol (used as a 
swelling agent) on kinetics and mechanism of HDC of TCE through 
swelling of SOMS [45]. It was found that ethanol-induced swelling of 
SOMS allows faster removal of HCl from the pores causing a decrease in 
reaction inhibition. Moreover, the reaction was found to be pseudo first 
order in TCE after the addition of ethanol. 

Our studies have often focused on the use of ethanol as a swelling 
agent for SOMS. However, in the present study, the role of TCE as a 
swelling agent (and as a reactant) during HDC reaction is investigated. 
Experiments performed in both batch and flow reactor set-ups are used 
to assess the effect of swelling induced by TCE on the catalytic perfor
mance. Comparisons with ethanol containing experiments have been 
drawn to aid in determining the extent of swelling obtained by TCE. 
Overall, in this study, we aim to determine whether an external swelling 
agent (such as ethanol) is truly required during HDC of TCE using Pd/ 
SOMS. Activity results, which showed that almost identical steady-state 
activity could be obtained while starting with either an unreduced or a 
pre-reduced catalyst are significant since they signal that the require
ment of the latter can be eliminated. 

2. Experimental 

2.1. Catalyst synthesis 

Synthesis of SOMS was previously reported by Edmiston and co- 
workers [41,42]. Briefly, SOMS is synthesized using sol-gel method 
with 0.52 M (BTEB) in tetrahydrofuran as the precursor, followed by 
addition of water (at a fixed mole ratio 3:1 H2O:BTEB) and 5.1 mM 
tetrabutylammonium 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 rinsed with acetone and 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 μm. 

Pd/SOMS was synthesized using incipient wetness impregnation 
(IWI) technique wherein, a solution with desired concentration (0.059 
M for 1% Pd loading) 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 (0.09 M for 1% Pd loading) NaBH4 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. 

2.2. Activity testing 

Activity experiments were performed in batch reactor as well as a 
packed bed reactor. 

2.2.1. Batch reaction experiments 
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. Two-hundred 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 impellor speed was set to 
2000 rpm and the temperature was stabilized at 30 ◦C. The impellor 
speed was optimized such that external mass transfer limitations were 
not present. The reactor was pressurized in two steps. Initially, 45 bar of 
pure H2 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 H2 through a 
customized catalyst 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 were collected 
at intervals of 40 min. In this study, this method is referred to as ‘dry 
catalyst introduction to TCE-containing feed’. 

Another set of experiments were performed where the reactor was 
pressurized in one-step. In this case, use of CAD was bypassed and the 
catalyst was contacted with TCE for 2 h, in the presence of He. After the 
temperature was stabilized at 30 ◦C, the reactor was pressurized to 50 
bar of H2. The reactor was operated at 50 bar to maintain the concen
tration of H2 in excess. Samples were collected at intervals of 40 min and 
this method is referred to as ‘catalyst pre-contacted with TCE-containing 
feed solution’. 

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. 

2.2.2. Flow reaction experiments 
Packed bed reactions were performed in a home-made reactor sys

tem. The packed bed assembly consisted of a gas sparger which was used 
to bubble H2 through de-ionized (DI) water. H2 bubbling also ensured 
removal of dissolved gaseous impurities from the DI water. The H2- 
saturated DI water stream was sent to the reactor at 1 mL/min using an 
ISCO Teledyne 260D syringe pump. A solution of 5000 ppm of TCE 
dissolved in methanol was added at a rate of 0.25 mL/h to the H2 
saturated water using an NE-1000 Single Programmable syringe pump. 
The combined streams were stabilized while bypassing the reactor for 30 
min. The reactor was made up of a 0.25′ quartz tube with a constriction 
that supported 30 mg of catalyst powder immobilized using two quartz- 
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wool plugs. The exit stream was sent to a flow cell connected to a con
ductivity monitor (Pharmacia Biotech) to measure the concentration of 
HCl produced during HDC of TCE. The concentration of HCl evolved 
during the reaction served as a measure of catalytic activity which was 
previously reported by Sohn et al. [35]. The temperature and pressure 
were maintained at ambient conditions. 

2.3. TCE equilibrium adsorption measurements 

Adsorption of TCE was measured by adding 100 mg of SOMS to 24 
mL of 1200 mg/L TCE solution in a sealed vial and shaking the mixture 
for 3 h. After equilibration, the solutions were filtered with 0.45 μm 
PTFE syringe filters to remove adsorbent and then sealed zero headspace 
vials. Concentration of TCE was measured by gas chromatography mass 
spectrometry (GC–MS) using direct aqueous injection [46]. A 10m ×

0.53 mm HydroGuard® column in series with a Restek 60m × 0.32 mm 
× 1 μm Stabilwax® column installed in Agilent 6890/5973 GC–MS was 
used for all direct injection measurements. Selected ion monitoring at 
95, 132 m/z was performed. Calibration curves were run using standards 
diluted in Type I water. The amount of TCE adsorbed was determined by 
the depletion of analyte from the solution compared to untreated solu
tion. Experiments were repeated 5 times. Adsorption of TCE was eval
uated by SOMS in the dry (unswollen) state and after being 
pre-equilibrated with 20% or 100% ethanol. SOMS was 
pre-equilibrated with 20% v/v ethanol in water for 24 h and removed by 
filtration, and then added to TCE solution. SOMS becomes fully swollen 
(~6 mL/g) upon addition of 100% ethanol. Dry SOMS was added to a 24 
mL vial and a minimal amount of ethanol was applied dropwise until full 
swelling was observed by the appearance of free liquid. Aqueous TCE 
solution (24 mL)was then applied to the ethanol swollen SOMS. 

2.4. Ethanol adsorption isotherm 

Dry SOMS (20 mg) was added to 2 mL of aqueous ethanol solutions 
and shaken for 8 h to reach equilibrium. Solutions were then filtered 
with 0.45 μm PTFE syringe filters and ethanol concentration (Ce) 
measured by direct injection GC–MS using the selected ion monitoring 
using 45 m/z ion. The same combination of HydroGuard®/ Stabilwax® 
columns were used for all direct injection measurements. Detection was 
done with an Agilent 5973 MS using selective ion monitoring using the 
45 m/z ion. Calibration curves were run using ethanol standards diluted 
in Type I water. Amount of ethanol adsorbed was determined by 
depletion compared to untreated controls and used to determine the 
mass loading qe (gethanol/gSOMS). Initial concentrations of ethanol (C0) 
ranged from 0.05 to 0.1 g/mL. Experiments were run three times for 
reproducibility. 

2.5. Transmission electron microscopy (TEM) 

TEM images were obtained on a Jeol 2010 LaB6 microscope oper
ating at 200 kV. The samples were prepared by mixing the catalyst 
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 [47]. 

2.6. 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. A known amount of catalyst was 
degassed overnight at 120 ◦C. After degassing was complete, N2 was 
dosed on the sample while maintaining it at −196 ◦C. Once saturation 
was reached, the material was degassed again to remove the physisorbed 
N2. The surface area was determined using Brunauer-Emmett-Teller 
(BET) method within the range 0.06−0.2 of the relative pressure [48]. 

The desorption branch of the isotherm was used to obtain the pore size 
distribution and pore volume by Barrett-Joyner-Halenda (BJH) method 
[49]. These experiments were performed for bare and impregnated 
supports. 

2.7. In-situ X-ray absorption near edge structure (XANES) spectroscopy 

In-situ XANES spectroscopy was performed to investigate the change 
in oxidation state of Pd in Pd (II) acetate supported on SOMS, as a result 
of reduction by H2 dissolved in water at room temperature. The exper
imental set-up is described elsewhere [38,50,51]. Briefly, the set up 
consisted of the flow reactor made up of NMR tubes fused at both ends 
with 0.25′ quartz tubes with an OD of 0.197′ and an ID of 0.167′. The 
absorption of X-rays (edge-jump) at Pd K-edge (24,350 eV) was found to 
be 0.25 and 3.2, due to reactor material and the catalyst, respectively. 
An ISCO Teledyne 260D syringe pump was used to flow H2 saturated 
aqueous solution at a flow rate of 1 mL/min over 30 mg of powdered 
unreduced catalyst packed between two quartz plugs. The data was 
collected in quick-scan mode (at an interval of about 3 min), at the 
insertion device beamline of the Materials Research Collaborative Ac
cess Team (MRCAT-10ID) at Advanced Photon Source, Argonne Na
tional Laboratory [52]. A cryogenically cooled double-crystal Si(111) 
monochromator with a Pt-coated mirror was used. Multiple scans were 
obtained at the start of the experiment to ensure data-reproducibility 
and each spectrum was accompanied with a Pd foil spectrum used to 
calibrate the energy at every time-step. The edge energy was determined 
using first derivative of the absorbance vs energy plot. For data analysis, 
Athena software was used. 

2.8. Ex-situ treatment with HCl 

Pristine Pd/SOMS was soaked in aqueous solution of HCl and TCE to 
investigate the interaction of HCl with the catalyst under reaction me
dium. No H2 was used to avoid the occurrence of HDC reaction during 
soaking experiments. A catalyst amount of 0.35 g was stirred in a 400 mL 
aqueous solution of 0.2 M HCl and 1000 mg/L of TCE, 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 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. 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 and 1000 mg/L of TCE containing 
10% ethanol. All other parameters were maintained the same. 

2.9. Extended X-ray absorption fine edge structure (EXAFS) 

EXAFS experiments were performed at the bending magnet beamline 
of the Materials and Research Collaborative Access Team (MRCAT), 
sector 10 of the Advanced Photon Source, Argonne National Laboratory 
[53]. 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 cm2 with an optimal 
catalyst amount was used to obtain a maximum edge step (Δμx) 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 [54]. First de
rivative spectra were used to determine the threshold energy of the 
calibrated samples. Least square fits in R-space and k-space of the iso
lated 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 
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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. 

3. Results and discussion 

3.1. Transmission electron microscopy (TEM) and N2 physisorption 

Catalysts with different metal loading of Pd were synthesized, which 
resulted in different particle size distribution (PSD), as shown in Fig. 1. 
The PSD was obtained using TEM and the corresponding images are 
shown in Fig. 2. It can be seen that 0.5% and 1% Pd/SOMS have similar 
PSDs, whereas that of 1.5% is shifted towards larger values. Moreover, 
the PSD of 1.5% Pd/SOMS is broader than that of 0.5% and 1% Pd/ 
SOMS. This indicates that Pd particles have similar dispersion on 0.5% 
and 1% Pd/SOMS, however the dispersion is poor on 1.5% Pd/SOMS. 
TEM images with higher resolution comparing the particle size of 0.5% 
Pd/SOMS and 1% Pd/SOMS are shown in Figure S1. In each case, over 
400 particles were counted, and the mean particle sizes obtained were 
10, 10.5 and 18.6 nm for 0.5%, 1% and 1.5% metal loading, 
respectively. 

The changes occurring in the textural properties of SOMS after 
impregnation of Pd particles were investigated using N2 physisorption 
and the results are shown in Table 1. It can be seen that metal incor
poration decreased the BET surface area, pore size and pore volume of 
the pristine support. N2 adsorption-desorption isotherms shown in 
Figs. 3a and S2a belong to type IV (as per IUPAC nomenclature) indi
cating the presence of mesoporosity [55]. Specifically, the hysteresis 
type belonging to SOMS isotherm can be classified at H2(b) whereas, 
that belonging to the Pd incorporated samples can be classified at H5 
type [56]. The difference in the shapes of bare and Pd-impregnated 
supports mainly arises due to the presence of a shoulder in the desorp
tion branch of the latter ones (around a relative pressure of 0.45−0.5). 
H2(b) type isotherm indicates presence of disordered pore network 
whereas, H5 type indicates presence of partially blocked or narrow pores 
[55]. Both isotherms exhibit a forced loop closure at relative pressure of 
0.42, in their desorption branch. This behavior is caused due to tensile 
strength effect present during N2 desorption [57]. Moreover, the pres
ence of these effects in N2 physisorption isotherms further show up in 

the BJH pore size distribution at 3.7 nm. This means that features 
observed at 3.7 nm in the pore size distribution are merely artifacts of 
cavitation-controlled desorption of metastable N2 (instead of presence of 
actual pores) [57]. 

On comparing the pore size distributions shown in Figs. 3b and S2b, 
the population of the larger pores in bare support appeared to have 
vanished after Pd impregnation, indicating that Pd particles may have 
occupied these pores. This is consistent with the above mentioned fact 
that H5 type hysteresis loop shown by Pd impregnated samples indicate 
narrow pore neck widths. Finally, pore size distribution of Pd impreg
nated catalysts show the presence of pores of similar size in all catalysts. 
However, the average pore-size obtained after Pd impregnation for all 
catalysts, is smaller than the average size of Pd particles (obtained by 
TEM) in these samples. In order to reconcile this fact, swelling and 
shrinking phenomenon of SOMS must be taken into consideration. 
During impregnation of these particles, SOMS is in its swollen state 
which allows the particles to be deposited deep inside the pores; how
ever, SOMS is in its shrunken state during N2 physisorption, and hence, 
the observed textural properties may not be fully representative of the 
properties under its swollen conditions. Therefore, swelling obtained 
during synthesis can enable Pd particles, as large as 18.6 nm, to be sit
uated inside the pores of SOMS. 

Thus, SOMS can uptake these large particles inside its pores, despite 
a smaller pore size observed N2 physisorption. Besides, TEM is a bulk 
technique which can show particles that may not be accessible to N2 
during N2 physisorption. An evidence of this possibility was provided in 
our recent work, where heat-treatment of SOMS at 400 ◦C, led to an 
increase in the pore-size from 3.7 nm to almost 13 nm [56]. A significant 
increase in surface area and pore volume was observed after heat 
treatment. This shows that the flexible nature of the support can allow 
the accommodation of much larger Pd particles which cannot be directly 
correlated to its present textural properties. 

3.2. Effect of metal loading on HDC of TCE in batch reactor 

Considering that PSD and the mean particle sizes of 0.5% and 1% Pd/ 
SOMS were similar, activity tests were performed on these catalysts to 
circumvent the effects caused by metal particle size. Fig. 4a compares 
the catalytic performance for HDC of TCE with different metal loadings 

Fig. 1. Comparison of the particle size distribution measured for (a) 0.5% Pd/SOMS and 1% Pd/SOMS (b) 1% Pd/SOMS and 1.5% Pd/SOMS.  
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in the presence and absence of ethanol. It can be seen that in both cases, 
the rate increases with metal loading. However, as the reaction pro
ceeds, the rate of conversion of TCE slows down for both catalysts in 
absence of ethanol. At the end of 240 min, 30% conversion is obtained 
using 0.5% Pd/SOMS whereas, 51% conversion is obtained using 1% 

Pd/SOMS. The extent of HCl inhibition depends on the metal loading 
and conversion of TCE, such that, catalyst with higher metal loading is 
deactivated at higher conversion of TCE. The extent of conversion of 
TCE determines the concentration of HCl produced and hence, dictates 
the extent of inhibition. 

In the presence of ethanol, negligible deactivation was observed. 
This was confirmed by fitting the data to a kinetic model, first order in 
TCE as shown in Fig. 4b. The first order model was chosen based on the 
mechanism proposed recently (also shown in SI) [45]. This indicates 
that ethanol allows faster removal of HCl from the pores such that even 
the catalyst with lower metal loading was found to sustain its activity. As 
per the rate expression provided in the SI [45], the apparent rate con
stant obtained from fitting, should be directly proportional to the total 
amount of metal sites for catalysts with similar dispersion and/or par
ticle size. The ratio of the apparent rate constants for 0.5% and 1% 
Pd/SOMS was found to be 1.9, which is almost equivalent to the ratio of 
their metal content. 

According to the criterion proposed by Madon-Boudart for liquid 
phase reactions, the turnover frequency of a reaction is independent of 
the metal loading of the catalyst in absence of mass transfer limitations 
[58]. In other words, if catalysts with different metal loadings and 
similar dispersion were synthesized, the rate must be proportional to the 
metal loading. Furthermore, for liquid phase hydrogenation using a 
Pt/SiO2 catalyst, Singh et al. demonstrated that the accessibility of the 
active sites can be tested simply with two catalysts with different metal 
loadings but similar dispersion [59]. Our results satisfy the 
Madon-Boudart criterion suggesting that all metal sites are accessible in 
the presence of 10% ethanol. 

3.3. Sorption of TCE and ethanol in SOMS 

Equilibrium adsorption of TCE and ethanol in SOMS was used to 
determine their partition coefficients which are defined as ratio of moles 
of TCE bound to SOMS per mg of SOMS to concentration of TCE in the 
solution [40]. Partition coefficient of ethanol with respect to SOMS from 
an aqueous solution was found to be 55, as obtained from the ethanol 
adsorption isotherm shown in Fig. 5. This value is significantly lower 
than that of TCE which was found to be 5500. This indicates that po
larity of organic solvent plays an important role in determining its 
sorption in SOMS. This phenomenon is further elaborated on in the 
study conducted by Edmiston et al., where partition coefficients of 
several other organics were determined [40]. Similarly, Celik et al., 
compared the sorption of acetone and water on both SOMS and 
Pd/SOMS and confirmed that acetone being less polar than water, its 
sorption is favored on SOMS over that of water [38]. This also shows that 
even if the sorbate is polar, its organic nature allows its entry inside 
SOMS. 

Partition coefficient of TCE in SOMS was also determined after pre- 
treatment with varied concentrations of ethanol (0%, 20% and 100% 
ethanol) as shown in Table S1. It was found that an increase in con
centration of ethanol pre-treatment led to a decrease in the partition 
coefficient of TCE in SOMS. This trend is consistent with that observed 
from the theoretical calculations reported in the our previous study 
[45]. Since swelling would afford larger pore size and pore volume, the 
sorption of TCE would be expected to be higher for swollen SOMS 

Fig. 2. TEM images showing the distribution of Pd particles supported on 
SOMS with a loading of (a) 0.5% (b) 1% (c) 1.5% wt loadings. 

Table 1 
Effect of metal loading on textural properties of Pd impregnated SOMS.  

Sample BET Surface Area 
(m2/g) 

Pore volume 
(cm3/g) 

Average Pore size 
(nm) 

SOMS 615 0.9 5.4 
0.5% Pd/ 

SOMS 
513 0.6 3.7 

1% Pd/SOMS 589 0.7 3.9 
1.5% Pd/ 

SOMS 
560 0.6 3.7  
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(compared to unswollen state). However, that is not the case because, in 
the presence of ethanol, competitive binding will lead to the pores being 
partially occupied by ethanol molecules, resulting in a decrease in the 
pore volume/adsorption sites available for sorption of TCE. Thus, at 

higher pre-treatment concentrations of ethanol, lower apparent sorption 
affinity of TCE was observed. Furthermore, addition of ethanol to 
water-TCE mixture increased the solubility of TCE in that mixture, 
resulting in a decrease in its partition coefficient in SOMS [45]. This 
leads to a lower TCE sorption, even when SOMS is swollen by ethanol. A 
possible benefit of organic absorption capacity of SOMS can be to trap 
ethanol as it is released from the catalyst in order to remove it from the 
water. This is because, the ethanol added to the reaction media for 
swelling of Pd/SOMS, needs to be separated from the water. However, 
another strategy which can be used to bypass the use of ethanol for 
obtaining swelling of Pd/SOMS during reaction, is discussed in the up
coming sections. 

3.4. Effect of pre-contacting with TCE on the performance of Pd/SOMS 
(batch reactor) 

Catalytic performance of a material such as Pd/SOMS is dependent 
on the extent of swelling as noted in studies performed with animated 
support materials [60,61]. In our case, absorption-induced swelling can 
be achieved only by organics due to hydrophobicity of SOMS [40,41]. As 
discussed in the previous section, polarity and concentration of the 
dissolved organic solute collectively determines its extent of absorption 

Fig. 3. Textural properties of SOMS, 1% Pd/SOMS and 1.5% Pd/SOMS, (a) N2 adsorption-desorption isotherm; (b) BJH pore size distribution.  

Fig. 4. Effect of metal loading on HDC of TCE in the presence and absence of 
ethanol. 
(a) Conversion vs time (b) Linearized plots of TCE conversion (XTCE) vs time. 

Fig. 5. Adsorption isotherm of ethanol on SOMS at room temperature where qe 
is the amount of ethanol absorbed by 1 g of SOMS. 

S. Ailawar et al.                                                                                                                                                                                                                                 



Applied Catalysis B: Environmental 291 (2021) 120060

7

into SOMS thereby governing the extent of swelling [40,42]. This im
plies that a constant supply of organics can saturate SOMS thereby 
allowing complete swelling [40,62]. Therefore, batch experiments were 
performed to swell Pd/SOMS with TCE prior to addition of H2 since the 
concentration of TCE in the bulk solution can be maintained at a high 
value in absence of reaction. 

The results of pre-contacting the catalyst with TCE solution and those 
of adding dry catalyst to the TCE and H2 solution are compared in 
Fig. 6a. During the entire reaction, higher conversion was obtained 
when the catalyst was pre-contacted with TCE. Absorption of TCE in 
SOMS, prior to reaction may result in swelling of the matrix which can 
allow faster removal of HCl formed in the reaction. Thus, the catalyst 
may suffer from little or no inhibition if pre-contacted with TCE. In order 
to investigate the extent of deactivation, mole fraction of cis- 
dichloroethylene (cis-DCE), was monitored and is depicted in Fig. 6b. 
The mole fraction of cis-DCE, shown here, is defined as the ratio of moles 
of cis-DCE to the total moles of chlorinated species present in the system. 
Our recent study reported that, among the partially dechlorinated in
termediates, concentration of cis-DCE was higher than others [38]. 
Cis-DCE being an intermediate, its occurrence during the course of the 
reaction is a net result of its formation as well as consumption. The 
overall trend associated with the occurrence of cis-DCE shows a 
plateau-type behavior in absence of ethanol. However, in presence of 
ethanol, no such plateau-type behavior is observed indicating that 
cis-DCE is eventually consumed in the reaction. After pre-contacting the 
catalyst with TCE, occurrence of cis-DCE was observed to go through a 
maximum as opposed to a plateau (Fig. 6b). Thus, following a rationale 
similar to the ethanol containing case, inhibition due to HCl may have 
significantly reduced by pre-contacting the catalyst with TCE. Thus, 
swelling can be considered to aid in the removal of HCl. To assess the 
extent of swelling obtained by pre-contacting the catalyst with TCE, 

effect of metal loading was investigated. 
Effect of pre-contacting catalysts containing different metal loadings 

(1% and 0.5%), with TCE is shown in Fig. 7a. For both the metal load
ings, a significant improvement in the final conversion of TCE is ob
tained after pre-contacting the catalyst with TCE. The linearized plots of 
conversion vs time (Fig. 7b) show that, after 40 min, the reaction ex
hibits pseudo-first order behavior. Initially, there is an abundance of 
TCE in the vicinity of Pd sites on SOMS and as H2 is introduced in the 
reaction system, TCE is rapidly converted. As the HDC reaction pro
ceeds, the local concentration of TCE decreases significantly relative to 
that of H2, since H2 is supplied constantly. The reaction can then become 
pseudo-first order in TCE, with H2 as the most abundant surface species. 

Higher pseudo-first order rate constant was obtained for 1% Pd/ 
SOMS than 0.5% Pd/SOMS, however the ratio of their rate constants 
(3.07) is not equivalent to the ratio of their metal loading (~2). This 
does not satisfy the Madon-Boudart criterion for accessibility of active 
sites. However, as mentioned in previous section, even without pre- 
contacting, presence of 10% ethanol ensured complete accessibility to 
active sites by satisfying the Madon-Boudart criterion. This could be due 
to swelling of SOMS which allows complete accessibility to active sites. 
The extent of swelling depends on the concentration of swelling agent, 
as mentioned in Section 3.3. The concentration of TCE in the feed 
mixture (250 ppm) is significantly lower than that of 10% ethanol 
(79,000 ppm) which implies swelling induced by adsorption of TCE 
alone (dissolved in water) can be significantly lower than that obtained 
by 10% ethanol. Additionally, the concentration of TCE decreases due to 
reaction but that of ethanol stays constant. This can explain the low 
accessibility to active sites obtained by pre-contacting the catalyst with 
TCE. In order to maintain a constant supply of TCE while performing the 

Fig. 6. Effect of pre-contacting 1% Pd/SOMS with TCE; at 30 ◦C, 50 bar H2, 25 
mg/L of catalyst; a) Conversion of TCE vs time b) Mole fraction of cis- 
dichloroethylene (cis-DCE) where mole fraction is defined 
as moles of cis−DCE

moles of all chlorinated species. Fig. 7. Effect of metal loading while pre-contacting Pd/SOMS with TCE; at 30 
◦C, 50 bar H2, 25 mg/L of catalyst; a) Conversion of TCE vs time b) Linearized 
plot of TCE conversion (XTCE) vs time. 
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HDC reaction, experiments were performed in a flow system as discussed 
below. 

3.5. Aqueous phase HDC of TCE performed in a flow reactor 

Continuous supply of TCE can maintain Pd/SOMS in swollen state 
throughout the reaction time. Activity experiments were therefore per
formed in a flow system under ambient temperature and pressure, with 
excess H2, where TCE was supplied in a continuous mode. We have 
recently shown that Pd acetate supported on SOMS can be reduced by H2 
dissolved in water at room temperature and ambient pressure [38]. 
Therefore, activity tests were performed starting with an unreduced 
catalyst. 

Fig. 8 shows the effect of addition of ethanol to the reaction per
formed using unreduced and pre-reduced Pd/SOMS. Pre-reduction was 
performed at room temperature, using NaBH4 dissolved in 95% ethanol 
solution. The measure of activity was determined using HCl concen
tration produced in the reaction. Similar steady state HCl concentration 
was obtained in presence and absence of 10% ethanol. However, with 
addition of 10% ethanol to a feed containing ppm levels of TCE, the 
overall concentration of organics is increased to an extent that rapid 
swelling of Pd/SOMS occurs. This supports the observation that steady- 
state is reached faster in presence of 10% ethanol. This indicates that, 
swelling obtained in either case is similar. Had the catalyst been swollen 

to lesser extent in absence of 10% ethanol, less Pd particles would have 
been accessible, resulting in lower steady state activity. Since that is not 
the case, it can be said that swelling obtained by TCE is similar to that 
obtained by 10% ethanol, thereby removing the mass transfer limita
tions. Furthermore, swelling by TCE (in absence of ethanol) can be 
achieved through its absorption into the pores of SOMS. This phenom
enon was previously reported by our group wherein, HCl production was 
observed for a significantly long time on Pd/SOMS, even after stopping 
the supply of TCE (keeping H2 supply ON), during an ongoing flow re
action experiment [35]. Thus, H2 molecules that were being supplied, 
reacted with the TCE absorbed in the catalyst alone. In order to ensure 
that this reaction was indeed with the absorbed TCE (as opposed to that 
present in the lines) the same experiment was performed with the 
commercial Pd/Al2O3 catalyst, which showed a rapid drop in HCl pro
duction as soon as the TCE supply was stopped [35]. This, demonstrated 
the superior absorption capacity of Pd/SOMS than Pd/Al2O3. This is also 
consistent with the fact that Pd/SOMS has high affinity for organics and 
has higher porosity than Pd/Al2O3 [38]. 

The effect of ethanol was found to be more prominent for unreduced 
Pd/SOMS (Pd acetate impregnated on SOMS). It can be seen from Fig. 8 
that, for unreduced catalysts, presence of ethanol not only led to rapid 
reduction, but it also helped achieve the same steady-state HCl con
centration as that of the reduced catalysts. The performance of unre
duced Pd/SOMS in absence of ethanol showed a slow yet increasing 
production of HCl with time. This implies that H2 molecules entering the 
catalyst pores reduce the impregnated Pd acetate, resulting in the for
mation of active Pd particles. Subsequently, the incoming TCE molecules 
can react with rest of the H2 molecules on these active Pd particles, 
producing HCl. The theoretical demand of H2 required for reduction of 
Pd acetate with given operating conditions can be fulfilled in 3.5 min 
after starting the reaction; however, this reduction can be slowed 
because H2 is simultaneously required for the HDC reaction as well. 
Thus, H2 is being utilized for two processes simultaneously: reduction of 
Pd acetate and HDC reaction with TCE. 

As mentioned previously, excess availability of H2 in the pores is 
required for suppression of inhibition by HCl; however, as H2 is being 
shared for Pd acetate reduction and HDC reaction, its excess availability 
for HDC reaction alone cannot be maintained. It is therefore possible 
that, in absence of ethanol, inhibition due to HCl may slow down the 
HDC reaction until the incoming H2 is entirely available for HDC reac
tion. This inference is consistent with our explanation provided for the 
batch reactor studies mentioned previously [45]. 

A visual observation of the unreduced catalyst bed in absence of 
ethanol is depicted in Fig. 9. It was found that the pale orange color of Pd 
acetate transformed into black, indicating reduction to form metallic Pd. 
The reduction phenomenon is further demonstrated in the Section 3.6. 

Fig. 8. HCl evolution during HDC of TCE performed at room temperature and 
ambient pressure in a flow reactor system; NaBH4 reduction was used for pre- 
reduced catalyst; 30 mg of 1% Pd/SOMS; 1 mL/min of feed containing [H2]/ 
[TCE] = 5. 

Fig. 9. Visual changes occurring during HDC of TCE in absence of ethanol starting with unreduced 30 mg of 1% Pd/SOMS; 1 mL/min of feed containing [H2]/[TCE] 
= 5. 
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In presence of ethanol, faster access to all active sites for H2 may be 
caused due to rapid swelling. Furthermore, ethanol may itself act as a 
reducing agent allowing even faster reduction of Pd acetate [63]. The 
assisted reduction by ethanol can allow most of the H2 to participate in 
the HDC reaction instead of being shared for Pd acetate reduction. Thus, 
the combined effect of rapid swelling and aided reduction of Pd acetate 
can result in faster achievement of steady-state. These results show that 
even without any pre-treatment, Pd/SOMS can be reduced, in-situ, 
while the reaction occurs. 

The effect of ethanol concentration on HDC reaction with unreduced 
Pd/SOMS was also explored and, the results are shown in Fig. 10. Steady 
state was not reached with 0% and 1% ethanol case, in the experimental 
duration of this study. However, when the concentration was increased 
further, steady-state was achieved. It was observed that for 5% and 10% 
ethanol, the steady-state HCl concentration was higher than that for 
20%. This decrease in activity could be due a significant increase in the 
solubility of TCE in 20% ethanol resulting in lower sorption of TCE in 
SOMS. This is consistent with our findings about the effect of ethanol on 
the sorption of TCE in SOMS as mentioned in Section 3.3. 

Lastly, in order to determine whether Pd losses occurred during the 
flow reaction, an experiment was conducted with 10% ethanol in the 
system (Figure S3). This concentration of ethanol was chosen so that all 
Pd particles in the catalyst can be exposed during reaction, through 
rapid and complete swelling of SOMS (and if any Pd losses were to occur, 
they can be easily observed). In this experiment, TCE supply was 
stopped (while keeping H2 supply on) after 90 min of reaction time and 
the HCl was allowed to elute out of the system (Figure S3). After 180 
min, the supply of TCE was restarted and the HCl production was 
monitored. It was found that HCl production similar to that in cycle 1 
was observed, indicating that hardly any Pd losses had occurred during 
the reaction. This is expected because, the hydrophobic pore-structure of 
SOMS repels HCl from Pd thereby shielding it. This stable behavior is 
consistent with our earlier results, where Pd/SOMS was soaked in an 
aqueous solution containing known concentration of HCl and the 
resulting filtrate was analyzed using inductively coupled plasma optical 
emission spectrometry (ICP-OES) [36]. It was found that less than 1% of 
Pd was leached out of Pd/SOMS. When the same experiment was 
repeated with Pd/Al2O3, the commercial catalyst, more than 75% Pd 
was leached out. Thus, Pd/SOMS was found to be more resistant towards 
deactivation by HCl. This behavior suggests that Pd/SOMS has a high 
potential to serve as a catalyst for HDC of TCE. 

3.6. Time resolved in-situ X-ray absorption near-edge structure (XANES) 
spectroscopy 

When starting with an unreduced catalyst, its reduction is essential 
to generate Pd species active for HDC of TCE [11]. The aqueous phase 
reduction of Pd acetate supported on SOMS, performed with dissolved 
H2 under ambient conditions, was reported by Celik et al., wherein a 
comparison was made with Pd oxide supported on Al2O3 [38]. The re
sults showed that faster reduction was obtained on Pd oxide supported 

Fig. 10. Effect of concentration of ethanol on HCl evolution during HDC of TCE 
performed at room temperature and ambient pressure in a flow reactor system 
with 30 mg of unreduced 1% Pd/SOMS; 1 mL/min of feed stream containing 
[H2]/[TCE] = 5. 

Fig. 11. In-situ XANES spectra collected during reduction of Pd acetate/SOMS 
under ambient conditions: a) H2 dissolved in water; b) H2 dissolved in 5% 
ethanol; c) 5% ethanol without H2. Solid lines represent sample; Dotted lines 
represent the standards; 30 mg of unreduced 1% Pd/SOMS with 1 mL/min of 
feed (saturated with H2 when H2 was used). 
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on Al2O3 possibly due to higher accessibility of sites. In this study, in-situ 
reduction of Pd acetate on SOMS by H2 dissolved in aqueous streams 
under varied ethanol concentrations, was investigated. The XANES 
spectra (Pd K-edge: 24320–24370 eV) shown in the normalized absor
bance vs energy plot (Fig. 11) depict the temporal reduction of Pd in 
absence and presence of 5% ethanol. In order to observe the transient 
reduction profile, 5% ethanol was chosen as opposed to 10%. In-situ 
reduction in presence of 1% ethanol is shown in Figure S4. Pd foil 
(Pd0) and Pd acetate (Pd2+) were used as references to determine the 
extent of reduction and, the XANES spectra corresponding to these 
compounds are depicted by dashed lines. The energy thresholds corre
sponding to Pd0 and Pd2+ were found to be 24,350 eV and 24,354 eV, 
respectively [64]. As reduction occurred, the spectra shifted towards 
that of the foil showing formation of Pd0 species. Along with the shift in 
the spectra, changes were also observed in the intensity of white line, 
which is a feature obtained just after the edge region [65,66]. It can be 
seen that, as time progresses, the white line intensity decreases showing 
formation of reduced species, which is evident from the fact that in
tensity of white line for the reference metallic Pd is lower than Pd 
acetate. 

The contribution from oxidized and reduced Pd species to the overall 
oxidation state of Pd was determined using linear combination analysis. 
The overall oxidation state of Pd particles was then used to obtain 
conversion of Pd2+ to Pd0. Fig. 12 shows the effect of concentration of 
ethanol on the rate of conversion of Pd2+ sites to Pd0. It can be observed 
that an increase in the concentration of ethanol from 0% to 1% did not 
affect the rate of Pd2+ conversion significantly. However, faster rate of 
reduction was obtained with 5% ethanol. It should be noted that addi
tion of 5% ethanol to water does not lead to any significant increase in 
the solubility of H2 [67]. This ensures that the faster reduction in pres
ence of 5% ethanol is not due to higher concentration of dissolved H2. 
Therefore, ethanol can be considered to swell the catalyst and increase 
the accessibility of active sites during reduction. 

In literature, ethanol is known to be a reductant itself (forming 
acetaldehyde) [63], however, in-situ characterization pertaining to the 
liquid phase reduction of supported metal ions under ambient condi
tions has been rarely reported. Hence, a control experiment was run to 
assess the reducibility of 5% ethanol without H2. XANES spectra shown 
in Fig. 11a and b involve dissolved H2 and ethanol as reductants, how
ever, spectra shown in Fig. 11c involve only 5% ethanol (without any 
H2) as the reductant. Fig. 12b quantitatively compares the reduction of 
Pd2+ with 5% ethanol in presence and absence of H2. It can be clearly 
observed that in the first 6 min, negligible reduction with 5% ethanol 
was obtained whereas, with the addition of H2, almost 70% of the sites 
were reduced. This demonstrates that the reduction ability of ethanol is 

much lower than that of H2; however, it is not negligible. It should be 
noted that all Pd sites were not found to be reduced in either case, 
however, higher fraction of Pd sites are reduced with H2 dissolved in 5% 
ethanol. Thus, fraction of reduced Pd sites is proportional to the con
centration of ethanol used. This indicates that, as higher ethanol con
centrations are employed, more absorption of ethanol can occur leading 
to better swelling and higher accessibility to Pd. It is also conceivable 
that above a certain concentration of ethanol (which allows complete 
swelling) further Pd reduction may not be observed. 

Furthermore, the activity data shown in Figs. 8 and 10 indicate that, 
the steady-state concentration of HCl obtained in presence of 5% ethanol 
starting with an unreduced catalyst, is the same as that without ethanol 
but a pre-reduced catalyst. This implies that the unreduced catalyst 
could be completely reduced in presence of 5% ethanol during HDC 
reaction. However, in-situ XANES show that 84% of Pd is reduced with 
dissolved H2 in presence of 5% ethanol (Fig. 12a). One explanation for 
this difference could be that TCE present during HDC reaction condi
tions may also aid in swelling SOMS and hence provide more accessi
bility to H2 for reduction. Hydrophobicity of TCE being higher than 
ethanol, its partition coefficient and hence absorption in SOMS could be 
higher. Thus, the swelling induced by TCE can be responsible for 
reduction of the remaining Pd2+ species that could not be reduced in 
presence of 5% ethanol alone. 

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

To determine the effect of ethanol in absence of H2, Pd/SOMS sam
ples were soaked in aqueous solution of 0.2 M HCl and 1000 ppm TCE 
(in presence and absence of 10% ethanol). EXAFS spectra were obtained 

Fig. 12. In-situ reduction profile of Pd acetate impregnated on SOMS (a) Effect of ethanol concentration on reduction with dissolved H2; (b) Effect of presence and 
absence of H2 on reduction with 5% ethanol. 

Fig. 13. Changes in the atomic environment of Pd supported on SOMS after 
soaking in HCl containing aqueous solution of TCE in presence and absence 
of ethanol. 
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to investigate the atomic environment of Pd after the soaked samples 
were dried. Fig. 13 shows the Fourier transform (FT) magnitude of k2 

weighted chi(k) (not corrected for phase-shift) of three Pd/SOMS cata
lysts. Spectra belonging to the pristine sample are also shown for com
parison. Table 2 shows the coordination numbers (CN) and bond 
distances (R) obtained after fitting the spectra (Fig. 13). 

Pd-Pd scattering with a CN and R of 8.5 and 2.74 Å respectively, was 
observed in the pristine samples. When this sample was soaked in so
lution containing HCl and TCE, changes occurred in the bulk of Pd 
particles giving rise to Pd-Cl interactions. This can be seen by the 
presence of additional features obtained in the k2 weighted FT magni
tudes corresponding to Pd-Cl bonds [68]. Formation of Pd-Cl bonds (CN: 
2.1) was accompanied by a decrease of Pd-Pd CN (CN for pristine: 8.5 
and CN for HCl and TCE soaked sample: 6.5). In our previous work, it 
was reported that complete chlorination of Pd/Al2O3 was observed with 
soaking in 0.01 M HCl whereas, Pd/SOMS was found to be unaffected 
[36]. These results support that in absence of H2, bulk chlorination of Pd 
is probable in presence of HCl. However, in this study, even after 
employing twenty times higher HCl concentration with the additional 
presence of TCE, during ex-situ soaking, only partial chlorination of Pd 
supported on SOMS was observed [36]. It can be said that even in 
presence of TCE, the externally added HCl could not access all the active 
Pd sites, possibly due to its polar nature and less solubility in TCE. 
Furthermore, hydrophobicity of SOMS could additionally prevent the 
influx of HCl in the pores thereby shielding the internally situated Pd 
particles. 

With addition of ethanol, the decrease in Pd-Pd CN was from 8.5 to 
7.2 with a corresponding Pd-Cl CN of 1.2. This indicates that, ethanol 
prevented the bulk chlorination of Pd leading to the presence of more 
reduced species in the catalyst. This can be attributed to two factors: 
high surface coverage and reducibility of ethanol. As mentioned previ
ously, ethanol being an organic its absorption into SOMS is preferred 
over that of water and HCl. However, once inside SOMS, ethanol tends 
to adsorb on the surface of Pd leading to high surface coverage [45]. This 
decreases the probability of interaction between HCl and Pd which could 
ultimately result in low Pd chlorination. Moreover, in Section 3.6 
(in-situ XANES), it was shown that ethanol itself can act as a reducing 
agent, suggesting that the oxidative chlorination of Pd by HCl could also 
be prevented by the reductive action of ethanol. 

Lastly, these observations support the explanation regarding the ef
fect of ethanol on activity of unreduced Pd/SOMS (Section 3.5). In that 
case, during the HDC reaction, the incoming H2 molecules could be 
interacting with the unreduced Pd species to form reduced Pd particles. 
Subsequently, further incoming H2 molecules can react on this newly 
formed Pd surface (with TCE) to produce HCl molecules which may, in 
turn, inhibit the reaction. However, when ethanol is added to this sys
tem, inhibition due to HCl can be prevented because ethanol facilitates 
transfer of HCl out of the catalyst pores and suppresses its adsorption on 
Pd sites. 

4. Conclusion 

The role of TCE during the HDC reaction was found to be more than 
just of a reactant. TCE sorption into the pores of SOMS led to swelling of 
SOMS which aided in removing HCl from the pores. This further 
bolstered the findings that swelling is necessary for faster removal of HCl 

from pores along with higher H2 concentrations. However, batch data 
suggested that swelling obtained due to TCE under transient conditions 
is not reliable as the number of active sites exposed in each case was 
different. Experiments performed in continuous mode showed that 
steady state HCl concentration did not differ with and without addition 
of ethanol. These results led to the conclusion that TCE itself can swell 
the catalyst. 

Besides being able to swell the catalyst with TCE, another operating 
condition eased during the flow experiments was the requirement of a 
pre-reduced catalyst. It was found that in-situ reduction of Pd acetate 
could be performed by H2 during the HDC reaction. For an unreduced 
catalyst, although a slow rise to steady-state was observed in absence of 
ethanol, the addition of ethanol accelerated the achievement of steady- 
state. The faster achievement of steady-state was found to be related to 
swelling and reduction ability of ethanol. In-situ characterization of the 
reduction of Pd acetate by H2 revealed that presence of ethanol speeded 
the reduction process in two ways: (i) ethanol facilitates swelling of 
SOMS, (ii) ethanol acts as a reductant itself. However, it was found that 
complete reduction could not be obtained with 5% ethanol, although, it 
was enough to yield similar HDC activity as that of the pre-reduced 
catalyst. This further suggests that, in addition to ethanol, TCE could 
play a role in swelling SOMS. 
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Table 2 
EXAFS fitting results for effect of HCl soaking on Pd/SOMS in TCE and ethanol containing solutions.  

Sample Eo Threshold energy (eV) Scattering Path CN Coordination number R (Å) Δσ2 (Å2)x103  Eo-shift (eV) 

Pd/SOMS pristine 24350.5 Pd-Pd 8.5 2.74 3.5 −1.7 

Pd/SOMS 0.2 M HCl TCE 24352.5 Pd-Pd 6.5 2.75 1.5 −2.2 
Pd-Cl 2.1 2.30 4.5 0.3 

Pd/SOMS 0.2 M HCl TCE 10% Ethanol 24352 Pd-Pd 7.2 2.76 2.5 −3.3 
Pd-Cl 1.2 2.33 4.0 3.2  
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measurements. 
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