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Significance

Chloroform is a common groundwater contaminant that is very difficult to remove. Chemically converting it into a less
toxic form through heterogeneous catalysis is an attractive approach over conventional physical removal methods if it
can be done economically. In this study, we explore the efficacy of supported precious metal catalysts for chloroform
hydrodechlorination. We find that Pd/AL,O is catalytically active for this reaction (6.4 L/g, /min) at room temperature,
atmospheric pressure, in buffered water, and in the presence of hydrogen gas, and that Pd deposited on commercial Au/
AL O, shows activities as high as 22.4 L/g, /min, suggestive of some Pd metal located on top of Au domains. The pri-
mary reacnon product is methane, with selectivity values exceeding 90%. Surface-enhanced Raman spectroscopy shows
evidence of chloroform adsorption and dechlorination on the catalyst surface under aqueous conditions. The results
highlight the potential of ambient-condition reductive catalysis to remove chloroform from water. © 2013 American
Institute of Chemical Engineers AIChE J, 59: 44744482, 2013
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Introduction rence, potential for human exposure, and toxicity."> The
Dept. of Health and Human Services (DHHS), International

ound in at least 717 of the 1430 current or former Agency for Research on Cancer (IARC) and the Environ-
FNational Priority List (NPL) sites, the groundwater mental Protection Agency (EPA) consider CF a probable
contaminant of chloroform (CF) is ranked 11th on the  human carcinogen assomated with colon, urinary bladder,
Comprehensive Environmental Response, Compensation, and liver and kidney cancers.>* CF belongs to the trihalomethane
Liability Act (CERCLA) List, based on frequency of occur-  family, which can be formed from chlorine reacting with
naturally occurring organic matter during the water disinfec-

tion process.5 The EPA maximum contaminant limit (MCL)

Additional Supporting Information may be found in the online version of this for trihalomethanes in dnnklng water is 80 ,ug/L, there is no

article. MCL value for CF.
Correspondence concerning this article should be addressed to M. S. Wong at Industrial SpiHS leaks and emissions are the principal
mswong@rice.edu. N . . 3 . .
sources of CF environmental contamination.” CF is relatively
© 2013 American Institute of Chemical Engineers water-soluble (7.43 X 10° mg/L), with a high-vapor pressure
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at 293 K (21278 Pa)®’ and a relatively low Henry’s law con-
stant (312081 atm-L/mol).® It hydrolyzes very slowly in
water (half-life = 1,850 years at pH=7).° Large quantities
of CF are released into the atmosphere and are washed out
by rain, thereby entering soil and water bodies. In the atmos-
phere, CF has a half-life of approximately 80 days, resulting
from its reaction with hydroxyl radicals in the stratosphere
to produce mostly carbon dioxide and water, and small
amounts of phosgene and hydrogen chloride.'®'? In ground-
water, CF contaminant plumes are large,13 due to its low soil
organic carbon sorption coefficient (K,.=45 or log
K,.= 1.65)14 and slow hydrolysis rate.

Several in situ and ex situ technologies have been success-
fully implemented at CF-contaminated sites. Ex situ technol-
ogies include soil vapor extraction,'>'® vacuum-enhanced
low temperature thermal desorption,'’ hydraulic contain-
ment,'® activated carbon adsorption,19 and air stripping.zo
The main disadvantages of ex situ technologies are the
energy cost associated with pumping water from the subsur-
face and the formation of a secondary waste stream contain-
ing CF, which requires a subsequent treatment step. In situ
technologies include phytoremediation,21 permeable reactive
barriers,22 soil capping,23 monitored natural attenuation,24
and bioremediation.”” The most common disadvantage of the
in situ technologies is the slow rates of CF decrease.

Precious metal catalysis has been studied for CF degrada-
tion through gas-phase reductive dechlorination to a limited
extent.>® Curiously, this chemistry was explored decades
ago to produce dichloromethane (DCM) using an alumina-
supported platinum catalyst at moderate temperatures (~473
K),*® even though DCM is a water contaminant (86th on the
CERCLA list).*°

Matheson and Tratnyek studied the water-phase reductive
dehalogenation of chlorinated methanes by iron metal (zero
valent iron, ZVI), finding that CF degraded to DCM.3! Ollis
and coworkers studied the water-phase (~313 K) photocata-
lytic degradation of chloroform over TiO,, with CO, and
HCI as the main products.*>**

Alvarez and coworkers demonstrated that a microbial-ZVI
system provides faster transformation (CF half-life ~1 day)
than a ZVI-only system (half-life ~7 days), yielding DCM
as main product.®® They showed that iron corrosion led to
the formation of hydrogen, which was then used by anaero-
bic bacteria as an electron donor for CF dechlorination. Fur-
ther improvement of ZVI technology was achieved by
adding Pd metal to ZVI nanoparticles (particle size ~80-100
nm), which resulted in higher CF degradation rates (CF half-
life ~30 min) and decreased DCM formation (up to ~70%
of degradation products was methane).*>=’

Supported Pd catalysts like Pd-on-alumina (Pd/Al,O3) are
an effective material for the ambient-pressure, room-temper-
ature hydrodechlorination (HDC) of many organochloride
compounds dissolved in water.****** We previously showed
that Pd metal supported on gold nanoparticles (Pd-on-Au
NPs) were much more active than Pd-only catalysts.**"
These NPs exhibit a clear catalytic activity volcano depend-
ence on Pd surface coverage (or equivalently, Pd content)
for trichloroethene and perchloroethene HDC reactions.’>>?
Recent calculations indicate that the Pd-on-Au catalysts are
less expensive than Pd-only catalysts,”® and that the metal
catalysis approach is no more expensive than granulated acti-
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vated carbon adsorption, air-stripping, or permeable reactive
barrier technologies.55

In this work, we explored Pd/Al,O; and Pd/Au/Al,O3 of
several compositions for room-temperature CF HDC in
water. We analyzed their reaction rate constants through
batch reactor studies, verifying that there were no mass-
transfer issues. In an effort to understand the mechanism
behind the reaction, which has not been studied in water
before, we performed surface-enhanced Raman spectroscopy
(SERS) to observe the CF HDC reaction occur over a Pd-on-
Au surface. By decorating Au nanoshells (NSs, a well-
studied SERS substrate) with Pd atoms to emulate the Pd-
on-Au NPs, we gained insights into how the CF HDC reac-
tion initiates and proceeds to form methane.

Experimental Methods

Oxide-supported Pd/Au bimetallic catalyst preparation

Au/Al,0O3 pellets (received from Mintek Johannesburg,
South Africa; commercially available from Strem Chemicals,
Newburyport, MA) were crushed and sieved into a powder
with particle sizes smaller than 300 um (US standard 50
mesh) (Figure 1). The powder was placed in a 50-mL glass
vial containing 22 mL of a H,PdCl, solution (2.4 mM, pH
~2.5) containing PdCl,(H,0O), as the predominant chemical
species.56 Adding the Au/Al,O; powder to the solution
increased the pH to ~6.5-8.0.

The Au/AlL,O5; support amount (2.57, 1.29, 0.86 and
0.51 g) was chosen such that the final Pd weight loadings
(0.02, 0.04, 0.06 and 0.10 wt %) were varied while the Pd
content in the vial was constant (2.8 X 10~° mol in 173-mL
reaction fluid, or 0.017 g/L). Hydrogen gas was bubbled vig-
orously through the suspension for ~5 min to ensure good
mixing, in a process similar to Pd-on-Au NP synthesis.***"
The catalyst suspension was dried afterwards overnight in a
drying oven at 338 K. The resulting materials were desig-
nated as “Pd/Au/Al,O5”. Detailed information about materi-
als used and nitrogen physisorption characterization is
provided online in Supporting Information.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) images were collected using a JEOL
2010 transmission electron microscope operating at 100 kV.
Au/Al,O3 supports and Pd/Al,O3 (~50 mg) were mixed with
~5 mL ethanol and stirred for 1 min. The supports were
deposited onto 200-mesh carbon/Formvar grids by evaporating
1 drop of the sample suspension at room temperature. The
number-average size distributions of 50+ particles were deter-
mined for each sample using ImageJ Software.

Chloroform hydrodechlorination reaction studies

CF HDC experiments were conducted in sealed batch
reactors. All reactions were conducted at ambient conditions
(296 K and 1 atm) at pH 7 under constant stirring. Head-
space gas samples were withdrawn periodically and analyzed
through gas chromatography (GC). Liquid-phase concentra-
tions were estimated from the measured gas-phase concentra-
tions of CF, dichloromethane (DCM), chloromethane (CM),
and methane. Additional details are provided in Supporting
Information.
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Figure 1. Example of Pd/Au/Al,0; prepared from Au/Al,0; pellets (1.2 wt% Au).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The reaction rate constants were approximated by assum-
ing pseudo first-order rate dependence with respect to chloro-
form concentration

_dCcr
dt

ey
@

in which kgpservea (min~ ') is the first-order reaction rate con-
stant, kgat (Lgp(f1 min~ ') is the Pd-normalized rate constant,
and C, is the catalyst charge concentration (0.017 gdefl).
Carbon balance was calculated as the sum of unreacted CF
(inside the reactor, which includes gas and liquid phase) and
detected products (DCM, CM, and methane) divided by the
initial CF amount. Selectivity values were calculated as total
amount of a reaction product divided by the sum of DCM,
CM, and methane products. All chromatograms were also
analyzed for the presence of two-carbon compounds. All
experiments were restricted to 60 min or less.

=Tobserved =Kobserved CCF

kobserved = kcat Ccat

Surface-enhanced Raman spectroscopy (SERS)

Following the technique developed for analyzing dichlor-
oethene hydrodechlorination under real-time, in situ condi-
tions,”” SERS was used to identify adsorbed surface
intermediates during CF HDC using Pd-decorated gold nano-
shell (“Pd-on-Au NSs”) as a model for Pd-Au/Al,Os. The
NSs were silica particles of 120 nm coated with a gold shell
(2-3 nm thickness), further coated with Pd atoms at a calcu-
lated surface coverage of 60%. The method details are pro-
vided in Supporting Information.

Results and Discussion

Mass-transfer analysis

Several experiments were conducted to ensure proper consid-
eration of mass-transfer effects on observed reaction rates. The
kobserved Values collected at different 1 wt% Pd/Al,O5 catalyst
charges showed a linear relationship, indicating the collected
reaction rate data method did not require correction for mass-
transfer effects (Figure 2a). The slope of this line was 6.4
Lgp[f1 min~ ', equal to the rate constant calculated using Eq. 1
and 2 (Table 1), which indicated the rate determination proce-
dure using one catalyst charge was correct. A similar analysis
was conducted for Pd/Au/Al,O5 (0.04 wt% Pd and 1.2 wt%
Au), Wthh resulted in a straight line with slope of 22.0 Lgpy
min ', also equal to the rate constant calculated using Egs. 1
and 2. The reciprocal plots were linear and its extrapolated y-
intercept was zero, indicating the stirring rate was sufficiently
high for negligible gas-liquid mass-transfer effect (Figure 2b).>®

Catalyst structure

TEM analysis showed Au/Al,O; with a 1.2 wt% Au load-
ing to have NPs with an average size of 2.3 = 0.8 nm (Figure
3a), within one standard deviation of the 2.8 = 1.3 nm value
reported by others.”® Au/ALO; with a 0.9 wt% Au loading
had an average size of 2.5 = 0.7 nm (Figure S3). NPs Deposi-
tion of Pd appeared to increase negligibly the particle size
(Figure 3b). For comparison, the Pd/Al,O; material had an
average particle size of 2.7 = 1.1 nm. The Au/Al,O; materials
had larger BET surface areas (260 vs. 200 mz/g) and smaller
pore volumes and pore sizes than Pd/Al,O3 (Table S1).
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Figure 2. (a) Observed reaction rates (1/min) of 1 wt% Pd/Al,0; (M, solid line) and Pd/Au/Al,0; (0.04 Wt% Pd, 1.2 wt% Au)
(A, dashed line) for CF HDC determined at different catalyst charge amounts (gpq/L); (b) the same results plotted
as 1/(observed reaction rates) vs. 1/(catalyst concentration).
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Table 1. First-Order Rate Constants (L gpd_l min~!) CF
HDC Under Buffered Conditions

Pd loading (wt%)

Au loading (wt%)  0.00 0.02 0.04 0.06 0.10 1.0
0.0 — — — — — 6.4
0.9 0.0 17.9 125 9.7 12.8 —
1.2 0.0 15.0 224 13.5 21.1 —

The rate constants are the average of three reaction runs, with a relative
standard deviation less than 10%. Reaction conditions: room temperature, 1
atm, pH 7, bicarbonate buffer solution. An example calculation is provided
online in Supporting Information.

CF HDC Catalytic Activity. All materials containing Pd
metal were catalytically active for CF HDC, and Au/Al,O3 mate-
rials at both Au loadings were inactive (Table 1 and Figure S1
online). Pd/Au/Al,O3 had higher rate constants than Pd/Al,Os3,
with the most active catalyst having a composition of 0.04 wt%
Pd and 1.2 wt % Au. The pH of the reaction medium was main-
tained at 7 with the bicarbonate buffer (20 mL). Without the
buffer, the pH rapidly decreased to ~4 due to proton generation
(CHCI; + 3H, = CHy4 + 3HCI), resulting in a decrease of the
catalytic activity (see online in Supporting Information for Fig-
ure S2). Based on our experience with Pd-on-Au NP synthesis
(in which Pd° atoms deposited onto the Au NP surface during
the H, bubbling step of the catalyst preparation method),*”" we
presumed that some of the Pd” atoms formed via the reduction of
PdCl,(H,0), species also deposited on the Au surface.

We did not observe a clear dependence of catalytic activ-
ity on Pd content nor did we observe the volcano-shape
activity dependence that Pd-on-Au NPs show.’>** The lack
of a trend may be due to the presence of monometallic Pd
domains and Au domains decorated with variable amounts
of Pd. Nevertheless, the higher per-gram-Pd activities for the
Pd/Au/Al,0O; samples (compared to Pd/Al,O3) strongly
implied the presence of Pd-decorated Au domains.

We observed that the reaction rates increased when the Au
loading increased from 0.9 wt % to 1.2 wt %, for all but the
0.02 wt % Pd case. The 1.2 wt % Au/Al,O3; material con-
tained ~33% more Au than the 0.9 wt % material in terms of
metal mass, volume, and (because the Au domains of both
materials were essentially the same size) particle number. A
simple scaling analysis (surface area oc mass’’) suggests the

a) b)

1.2 wt % Au/Al,O5 has ~21% more surface area onto which
Pd can deposit, leading to a lower coverage of the Au surface
by Pd metal for a given Pd loading. That the higher Au-
content samples were more active than the lower Au-content
samples suggests the Pd atoms are more dispersed on the Au
domains in the 1.2 wt % Au-containing materials.

CF HDC product distribution

All catalysts produced methane with >90% selectivity, cal-
culated at a CF conversion of 32% (all catalysts showed a min-
imum of 32% conversion by end of reaction run). Carbon
balances (accounting for measured gas- and liquid-phase con-
centrations of CF, DCM, CM, and methane) were reasonably
close to 100%. Monometallic Pd/Al,O5 produced methane and
DCM as products, with selectivities of 90 and 10%, respec-
tively (Figure 4a). No CM was detected. The Pd/Au/Al,O;
materials produced methane, CM and DCM, with selectivities
of 94.4%, 0.1% and 5.5%, respectively; Figure 4b shows the
typical product concentration profiles. Nonzero CM concentra-
tions were observed below 0.2 umol/L, roughly the detection
limit of our instrumentation. Trace amounts of ethane byprod-
uct were also detected with all catalysts.

Spectroscopic observations of CF HDC surface reaction

To gain insights into how CF hydrodechlorinates over the
Pd/Au/Al,O5 catalyst, we next studied the reaction spectro-
scopically using Pd-deposited Au NSs, a structure engineered
to give strong SERS enhancement.’’®® The noble nature of
Au makes it an excellent SERS substrate, stemming to the
small imaginary part of its dielectric function as compared to
transition metals such as Pd. The Pd-on-Au NSs were prepared
and immobilized onto a silicon substrate, which was then
placed in a sealed, flow-through chamber for SERS analysis.

Initially, we analyzed the HDC reaction by adding dis-
solved CF and H, together in water to the analysis chamber.
The baseline spectra changed and the Raman intensity
increased significantly in the 200-300 cm ™' and 800—1600
cm™ ! regions, but few peaks could be distinguished (Figure
S4 online). Due to the rapidity of the reaction, we then car-
ried out an experiment in which CF and H, were added sep-
arately. The SERS chamber was filled with water containing
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Figure 3. Size distribution of metal particles contained in (a) Au/Al203 (1.2 wt% Au), (b) Pd/Au/Al,0, (0.04 wt% Pd, 1.2 wt%

Au), and (c) 1 wt% Pd/AL,0,.

Each bar represents the fraction of NPs with a diameter within £0.25 nm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 5. (a) Surface-enhanced Raman spectra collected (a) over a period of 2 hr, (b) at 51 min, (c) at 55 min, and (d) at
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80 min.

SERS conditions: Pd-on-Au NSs immobilized on silicon, room temperature, liquid-phase CF concentration = 0.503 mM (60 ppm).
CF-containing water was introduced at t = 45 min, after H2- and N2-containing water was introduced at t = 0 and 15 min, respec-
tively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Scheme 1. Proposed CF HDC reaction pathway to methane.

CCIH; (aq)

CH, (aq)

| .

CCH; CH, I CH,

i | H I !

> —_—
C,H¢ (aq)
I N T
TS =< [ CH
oMWl R e
—

The detected chemical species (from SERS using Pd-on-Au NSs and batch reactor studies using Pd/Au/Al;,03) are shown in bold.

The dashed arrow shows the minor pathway to ethane.

H, and sealed at = 0 min and then repeated with water con-
taining N, at =15 min to flush away any H, remaining in
solution. No spectral features appeared under either condi-
tion (Figure 5a). After CF-containing water was introduced
and the chamber was sealed, sharp Raman features emerged.

In comparison, no peaks appeared when CF-containing
water was introduced into the chamber without the H, pass-
ing through first (Figure S4). These observations suggested
that some H, remained on the Pd surface (as H atoms from
the dissociative adsorption of H,) after it was swept out of
the chamber, and that these species were important to caus-
ing CF to react.

There have been spectroscopic studies focusing on the
adsorption of halogenated methanes on single crystal surfaces,
but none have focused on the transformation of CF in
water.’"%% At t=51 min, a possible adsorbed CF molecule
was detected with a stretching mode of C—Cl; at 690 cm ™'
and a CH bend at 1210 cm ™', close to the gas phase values of
760 and 1217 cm ™! of free CF.®* Dechlorination and chemi-
sorption of the C atom to the surface of the the catalyst was
apparent, with a broad band for Cl-metal bonding in the 200—
300 cm ™! range,®® and a broad C-metal peak near ~400
cm™ ', There is some evidence of these species reacting with
H atoms chemisorbed to the surface; peaks at ~1100 cm™!
and ~1400 cm ™! could be due to C—Cl, torsion and C—H,
scissor modes of dichloromethane, respectively.®® In addition
to being the hydrogen and electron donor for the CF HDC
reaction, H, (in the form of surface H atoms) appeared to ini-
tiate the dechlorination of adsorbed CF.®®

At t=155 min, hydrogenated species were found with
bands at 857 and 1300 for C—H vibrational modes and 1416
cm ! for CH; deformation.®> Bands at ~1500 cm ™' and
~1100 cm™! appeared and grew, which were similar to
characteristic modes of pi- and di-sigma- bound ethylene,
respectively.66 These bands are evidence of coupling
between carbon atoms which occur under the low-hydrogen
content compared to the bulk experiment, as observed previ-
ously in our dichloroethene hydrodechlorination SERS
study.”” Ethane was detected in trace amounts in our CF

AIChE Journal December 2013 Vol. 59, No. 12
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HDC reactor studies, as noted before. At the end of the
experiment (=80 min), almost all modes that could be
associated with C—Cl stretching disappeared, perhaps indica-
tive of complete dechlorination of the CF. The peaks ~1500
and ~1100 cmfl, and a new peak at ~1300 cmfl, and the
C—C stretching band at ~1100 cm ! suggested the umbrella
mode of ethylidyne.®® Based on our spectroscopic findings
and batch reactor results, we propose that CF dechlorinates
into methane through a sequence of surface reaction steps,
forming very small amounts of DCM, CM and ethane
(Scheme 1).

Conclusions

Supported Pd catalysts are active for the degradation of
CF in water at room temperature and atmospheric pressure.
The presence of hydrogen gas is necessary as the reducing
agent for this catalytic reaction, which converts CF into near
quantitative amounts of methane. Rigorous kinetics analysis
properly assess and account for mass transfer effects on
observed kinetic rates. Pd/Al,O3 containing 1 wt% Pd was
active (Ko = 6.7 Lgpd_1 min~ ), although quite slow com-
pared to HDC reactions of other chlorinated contaminants.
The reaction rate is increased by the presence of Au metal,
in the form of Pd/Au/Al,O3 prepared by depositing Pd metal
onto commercially available Au/Al,Os3. A library of Pd/Au/
Al,O5 samples containing different amounts of Pd and Au
metals revealed that all bimetallic catalysts were more
active, with the most active one containing 0.04 wt % Pd
and 1.2 wt % Au (ke =22.4 Lgpaf1 min~"). Further work
to assess the Pd-on-Au nanostructure in Pd/Au/Al,O3 and to
improve the synthesis method is needed. Through in aquo
surface-enhanced Raman spectroscopy, the CF HDC reaction
appears to start with the chemisorption of chloroform, which
occurs only in the presence of H,. Detection of surface inter-
mediates are consistent with the stepwise dechlorination of
CF into methane and coupled species. These findings point
to the usefulness of Au as a promoting metal in water-phase
catalytic reactions, especially in water clean-up applications.
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