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A platinum catalyst with activated carbon-support (Pt/C) was prepared and showed a high activity for the
deep gas-phase hydrodechlorination (HDC) of dichloromethane (DCM) and chloroform (TCM), with con-
versions of up to 70% and 100%, respectively (operating conditions: atmospheric pressure, reaction tem-
peratures of 150-250 °C, and space-times of 0.08-1.7 kg h mol~!). The catalyst was highly selective to

methane (the only non-chlorinated product) with selectivities of up to 85% for HDC of DCM and 93%
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for HDC of TCM. The catalyst showed exceptional stability with no loss of activity after 26 days on stream
in the HDC of DCM. This can be ascribed to its high resistance to poisoning by organic compounds com-
pared to Pd/C catalysts previously studied. This can be attributed to re-dispersion of Pt during the reac-
tion and to the high proportion of metal in the zero-valent state (Pt®) which disfavors the stabilization of
chlorocarbon compounds at the active centers of the catalyst.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The release of chloromethanes to the atmosphere constitutes a
significant environmental problem. These compounds have harm-
ful effects on human health and their emission contributes to the
destruction of the ozone layer, to global warming and to photo-
chemical smog formation [1-3]. In particular, dichloromethane
(DCM) and chloroform (TCM) are included in the list of the 17
highly dangerous chemicals targeted in the emissions reduction ef-
fort (33/50 Program) of the US Environmental Protection Agency
(EPA). Despite their high toxicity, DCM and TCM are widely used
in industry. Because of their particular properties (high stability,
low flammability, and solvent properties) suitable substitutes for
many of their applications have still not been developed. In
consequence, the chloromethanes are some of the most common
chlorinated compounds in residual gas streams. Their emission is
submitted to progressively more stringent regulations, and devel-
opment of suitable technologies for the treatment of these com-
pounds has become necessary. Catalytic hydrodechlorination
shows potential economic and environmental advantages when
compared with other techniques and is a subject of growing inter-
est. Incineration has high energy requirements and can generate
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even more toxic compounds than the original chlorocarbon, such
as dioxins and furans [4-6]. Catalytic combustion is less energeti-
cally demanding but does not avoid the contamination problem
completely [6,7]. Treatments based on photochemical, biotechno-
logical or electrochemical processes result in low conversion or dif-
ficult scale-up [8-10].

A growing bibliography is devoted to the hydrodechlorination
of organochlorinated compounds by catalysts based on different
metals and supports, including some reviews focused on the chem-
istry of catalytic dehalogenation of chlorocarbons and chloroflu-
orocarbons [11,12]. Nevertheless, little attention is paid to
hydrodechlorination of chloromethanes other than carbon tetra-
chloride (TTCM), probably due to their lower reactivity (the reac-
tivity of chloromethanes decreases in the order TTCM > TCM >
DCM > MCM [13,14]). Moreover, in the few studies devoted to
the gas-phase, deep hydrodechlorination of chloroform and dichlo-
romethane with metal supported catalysts either a rapid deactiva-
tion has been reported or long-term experiments were not
performed [13,15-24]. To the best of our knowledge, catalysts
which do not suffer significant deactivation in the hydrodechlori-
nation of chloromethanes after more than two days on stream have
not so far been reported, which is a limiting issue for the applica-
tion of this technology. In the growing number of studies dealing
with the causes of deactivation of the catalysts in hydrodechlorina-
tion reactions, this phenomenon has been attributed to poisoning
by HCl and chlorine species, coke formation (in some cases includ-
ing chlorine in its composition), loss of metal through the
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formation of volatile compounds and metal sintering, depending
on the catalyst components, changes in the oxidation state of metal
and metal migration [21,25-31]. Pt is commonly reported to be
less active than Pd but shows a better stability [32,33,28,29]. The
support also plays a significant role in the deactivation of the cat-
alysts. Materials like SiO,, Al,03, MgO, TiO,, ZrO,, AlF;, and modi-
fied zeolites can be attacked by the HCI formed in the HDC reaction
leading to an increase in surface acidity and/or a decrease in sur-
face area which would exacerbate the effects of both HCI poisoning
and coke deposition [26,34-37].

In previous studies [38-41], the gas-phase hydrodechlorination
of dichloromethane and chloroform using Pd/C catalysts was
investigated, showing high activity (conversion up to 95% for
DCM and 100% for TCM were obtained) and high selectivity to
non-chlorinated products (higher than 80%). The catalysts were
found to be resistant to HCI poisoning and metal sintering under
the test conditions, although they underwent significant deactiva-
tion due to the irreversible chemisorption of reactants and/or
reaction products at the active centers. In a recent paper,
Alvarez-Montero et al. [39] presented a comparative study of the
behavior of Pd, Ru, Pt, and Rh catalysts supported on activated car-
bon in the hydrodechlorination of DCM. Under the conditions used
in the experiments, the Pt/C catalyst showed, by far, the highest
stability, with no sign of deactivation after 65 h on stream. In the
current contribution, the performance of the Pt/C catalyst in the
gas-phase hydrodechlorination of DCM is investigated in depth.
The activity and selectivity of the catalyst are analyzed under dif-
ferent reaction conditions, a reaction scheme is proposed and the
value of the activation energy is given. The evolution of its activity
and selectivity to non-chlorinated products in very long-term
experiments (26 days) is studied and the causes of the high stabil-
ity of the catalyst are analyzed by means of XPS and TEM. In addi-
tion, the performance of the catalyst in the HDC of TCM is also
studied.

2. Experimental
2.1. Catalyst preparation

A platinum catalyst supported on a commercial activated car-
bon was prepared by incipient wetness impregnation using an
aqueous solution of H,PtClg-6H,0 (Sigma-Aldrich) of appropriate
concentration to obtain a nominal Pt loading of 1 wt.%. The acti-
vated carbon (described elsewhere [42]) was used with a particle
size of 0.25-0.5 mm. Impregnation was followed by overnight dry-
ing at room temperature and heating to 100 °C at a rate of 20 °C/h,
the final temperature being maintained for 2 h. The activation of
the catalyst precursor was carried out by reduction under a contin-
uous flow of H; at 250 °C for 2 h. A heating rate of 10 °C/min was
used to reach the activation temperature. Hydrogen was supplied
by Praxair with a minimum purity of 99.999%.

2.2. Catalyst characterization

The pore structure of the catalyst when fresh and after use in
the HDC reaction was characterized from the N, adsorption-
desorption isotherms at 77 K using a Quantachrome Autosorb 6B
apparatus. The samples were previously outgassed for 4h at
250 °C at a residual pressure of 103 Torr.

The bulk Pt content was determined via inductively coupled
plasma-mass spectroscopy (ICP-MS) in a Perkin-Elmer Elan 6000
Sciex system that was equipped with an autosampler (Perkin-
Elmer model AS-91). The samples were previously digested for
15 min in a microwave oven, using a strongly acidic mixture
(aqua regia) at 180 °C.

The surface of the catalysts was analyzed by X-ray photoelec-
tron spectroscopy (XPS) with a Physical Electronics 5700C Multi-
technique System, using Mg Ko radiation (h,=1253.6eV). To
determine all the elements present on the catalyst surface, general
spectra were recorded for the samples by scanning the binding en-
ergy (BE) from O to 1200 eV. The BE of the Pt 4f core level and full
width at half maximum (FWHM) values were used to determine
the chemical state of Pt. The BE of the Cl 2p peak was used to ana-
lyze the chemical state of Cl on the surface of the catalyst. Binding
energy values were corrected for the effects of sample charging by
taking the C 1s peak (284.6 eV) as an internal standard. The accu-
racy of the BE scale was 10.1 eV. The data analysis procedure in-
volved smoothing, a Shirley background subtraction, and curve
fitting using mixed Gaussian-Lorentzian functions by a least-
squares method. The atomic ratios of the elements were calculated
from the relative peak areas of the respective core level lines using
Wagner sensitivity factors [43].

A Micromeritics ChemiSorb 2705 pulse analyzer was used to
measure the dispersion of the fresh and used catalyst by H, chemi-
sorption at room temperature. The sample (0.15-0.30 g) was first
reduced at 250 °C for 2 h under hydrogen flow and then cooled un-
der helium flow to room temperature. Several pulses of 50 pL H,
were then introduced until saturation of the catalyst surface was
achieved. The number of exposed platinum atoms (Pt;) was calcu-
lated from H; chemisorption data (Hp,qs). The stoichiometry of the
adsorption of H, on platinum atoms (Pts/H;.4s) was assumed to be
2 [44-46]. The Supplementary information contains further infor-
mation on pretreatment of catalyst samples prior to chemisorption
and XPS measurements (S1).

Transmission electron microscopy (TEM) analysis was carried
out using a JEOL JEM-2100F microscope operating at 200 kV. The
instrument had a point resolution of 0.19 nm and was equipped
with a high-angle annular dark field (HAADF) detector, a 2 k x
2 k ULTRASCAN 1000 CCD camera, and an Oxford Instruments
INCA Energy TEM 250 for chemical analysis by Energy Dispersive
X-ray Spectroscopy (XEDS).

High-resolution data were obtained on an aberration corrected
FEI-TITAN transmission electron microscope operated at 300 kV
with a resolution of 0.08 nm. The STEM images were obtained dur-
ing periods of 16-20 s using a HAADF detector in order to collect
only the high-angle scattered electrons.

For study in the electron microscopes, the samples were dis-
persed in ethanol and dropped onto holey carbon-coated Cu grids.
The characterization of the samples was performed by STEM-
HAADF imaging at various magnifications and XEDS for chemical
analysis.

2.3. Catalytic activity experiments

The activity of the catalyst for the hydrodechlorination of the
chloromethanes was evaluated in a continuous flow reaction sys-
tem (described elsewhere [38]), consisting essentially of a
9.5 mm i.d. fixed bed micro-reactor coupled to a gas chromato-
graph with a FID detector for the analysis of the reaction products.

The experiments were performed at atmospheric pressure using
a total flow rate of 100 NmL/min and a H,/chloromethane molar
ratio of 100. The gas feed contained a chloromethane concentration
of 1000 ppm, and was prepared by mixing appropriate proportions
of a commercial mixture of chloromethane and N, with pure N,.
Space-times in the range of T = 0.08-1.73 kg h mol~' and temper-
atures of 150-250 °C were employed. To ensure the absence of
mass transport limitations, a series of experiments were performed
at 250 °C in which the total flow rate and catalyst particle size were
varied. No significant changes were found in the chloromethane
conversion values at fixed t values for gas velocity and particle
size within the ranges of 0.02-0.06 m/s and 0.25-0.71 mm,
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respectively. The behavior of the catalysts was analyzed in terms of
the chloromethane conversion (X,) and selectivities to the different
reaction products (S;). The evolution of the catalytic activity as a
function of time on stream was also studied. The carbon mass
balance was checked and the closures were found to be 91-98%
in DCM experiments and 90-96% for TCM.

The experimental results were reproducible with less than 5%
error.

3. Results
3.1. Catalytic activity

3.1.1. Dichloromethane hydrodechlorination

Fig. 1 shows the evolution of DCM conversion (Fig. 1a) and
selectivity to the reaction products (Fig. 1b) as a function of
space-time at different reaction temperatures over the Pt/C cata-
lyst. Hydrodechlorination of dichloromethane yielded exclusively
methane and monochloromethane, with high selectivities to the
former in all cases. Dichloromethane conversion showed a signifi-
cant increase with increasing space-time up to a value of around
0.8 kg h mol~!. Beyond this value, no further significant increase
was observed. On the other hand, DCM conversion increased mark-
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Fig. 1. Effect of space-time on DCM conversion (a) and selectivity to CH, (b) in the

HDC of DCM with the Pt/C catalyst at different reaction temperatures: (l) 150 °C;
(O) 175 °C; () 200 °C; (A) 225 °C; (@) 250 °C.

edly and monotonically with increasing reaction temperature,
reaching a value just over 70% at 250 °C for the highest space-time
tested. Activation energy (E;) was calculated from the initial reac-
tion rate values from the Arrhenius plot. A value of E; = 45.1 kJ/mol
with a correlation coefficient of 0.997 was obtained. A similar value
of 41.1 kJ/mol was reported by Lépez et al. [16] for the hydrode-
chlorination of DCM with a Pd/Al,O5 catalyst. Lower values in the
range 22.1-31.3 kJ/mol were obtained by Gonzalez Sanchez et al.
[24] with Pd/Al,05 and Pd/TiO,, depending on the Pd content.

Reaction temperature also influenced the selectivity to the reac-
tion products. Increasing the reaction temperature favored the for-
mation of methane to the detriment of monochloromethane, thus
reducing the content of chlorinated compounds in the exit stream.
In contrast with Pd/C catalysts [41], the formation of hydrocarbons
of more than one carbon atom was not favored, even at the highest
reaction temperature.

No significant variations in the product distribution were ob-
served with changing space time (Fig. 1b). Methane and monochlo-
romethane were confirmed to be primary products since finite
values of selectivity were obtained for both reaction products
when extrapolating to zero space-time (Fig. 1b). Moreover, no de-
crease in MCM selectivity was observed when increasing the
space-time. As the dissociative adsorption of the chloromethane
reactant is generally accepted for gas-phase hydrodechlorination
reactions [11], the formation of methane appears to have taken
place exclusively from the adsorbed chloromethyl radical, without
desorption of the corresponding intermediate (monochlorome-
thane), by substitution of two chlorine atoms. This probably im-
plies a concerted mechanism as was proposed in previous studies
for the hydrodechlorination of TCM and tetrachloromethane
(TTCM) with Pd/C catalysts [41,47].

Fig. 2 shows the evolution of DCM conversion as a function of
time on stream in a long-term experiment run at a space-time of
0.8 kghmol™! and at 250°C. It can be seen that there was no
appreciable loss of activity after 26 days of operation. Such long-
term stability implies that this catalyst has great potential for
industrial application. To the best of our knowledge, catalysts of
such stability for the hydrodechlorination of chloromethanes have
not previously been reported in the literature. The only reaction
products detected were methane and monochloromethane and
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Fig. 2. Evolution of dichloromethane conversion and selectivity to CH4 with time on
stream for the Pt/C at 250 °C and 0.8 kg h mol~! space-time: (M) Conversion; ()
Methane selectivity.
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no significant changes in selectivity were detected during the long-
term experiment.

3.1.2. Chloroform hydrodechlorination

Table 1 contains values for chloroform conversion and for the
selectivity to the reaction products obtained at a space-time of
0.8 kg h mol~! for a reaction temperature range of 125-200 °C. As
can be seen, the chloroform was completely converted at 200 °C,
a lower temperature than reported for other catalysts [17]. Meth-
ane was the only non-chlorinated reaction product detected, unlike
in the case of the Pd/C catalysts where the formation of ethane,
ethylene, propane, propene, and butane was observed [41]. The
selectivity to methane increased with temperature reaching al-
most 95% at 200 °C. As in the case of the Pd/C catalyst [41], the
hydrodechlorination activity was noticeably higher for chloroform
than for DCM. A 67% conversion was obtained for chloroform at
125 °C whereas no significant conversion was observed for DCM
under the same conditions (for this reason, these low temperature
data for DCM are not included in Fig. 1). The differences between
the reactivities of these two compounds have been explained by
other authors [14] by considering the values of the dissociation en-
ergy for the chlorine-carbon bond (325 kJ/mol for TCM and 339 kJ/
mol for DCM) [48].

As was found in the hydrodechlorination of DCM, the Pt/C
catalyst appeared to be very stable in the HDC of TCM since no
deactivation was observed after 167 h on stream at 200 °C and a
space-time of 0.08 kg h mol~'. High TCM conversion was obtained
with both a substantially lower space-time and a lower tempera-
ture than those used for DCM (Fig. 2 and Table 1). Again, no
significant changes were found in the selectivity to the reaction
products as a function of time on stream.

3.2. Characterization of the catalyst

Table 2 summarizes the BET surface area, pore volume, bulk Pt
content, and the Pt dispersion values of the fresh and used catalyst
for the hydrodechlorination of DCM (Fig. 2). Both showed a high
BET surface area, with fairly similar values of around 1200 m?/g,
which indicates that constriction or partial blockage of the pore
structure of the carbon-support did not occur during the reaction
at the relatively mild operating conditions.

The fresh catalyst showed a relatively good Pt dispersion (37%)
which was similar to that of the Pd/C catalyst reported previously
[41]. However, very marked differences were found between the
Pt/C and Pd/C catalysts in the evolution of metal dispersion after
their use in the HDC reaction. While in the case of the Pd/C catalyst
dispersion decreased by more than 75% - from 38% to 9% - [41], a

Table 1
Conversion (X) and selectivity values (S;) for the HDC of TCM using the Pt/C catalyst at
a space-time of 0.8 kg h mol~! and the reaction temperatures (T) indicated.

T(°C) X (%) Scu, (%) Smcm (%) Spem (%)

125 67.0 88.1 4.2 7.7

150 75.1 90.8 4.1 5.1

175 97.8 92.5 3.6 39

200 100.0 93.8 3.1 3.1
Table 2

Metal content, BET surface area, and metal dispersion (H, chemisorption) of the fresh
and used Pt/C catalyst.

Catalyst Bulk Pt content Sger (M?[g) Pore volume D (%)
(Wt.%) (cm’[g)

Fresh catalyst 0.85 1191 0.52 37

Used catalyst 0.83 1201 0.53 92

dramatic increase - from 37% to 92% - was observed for the Pt/C
catalyst after use under the same conditions.

The increase in Pt dispersion in the used catalyst is related to a
decrease in metal particle size and a better distribution of Pt on the
support. Figs. 3 and 4 display the aberration corrected STEM-
HAADF images at low magnification (Fig. 3) and at high magnifica-
tion, with resolution of the atomic columns (Fig. 4), for the fresh
and used catalyst. In this mode, only the electrons scattered at very
high angle are employed to form the image, and as a consequence,
the intensity signal is strongly related to the atomic number of the
element analyzed making it very easy to distinguish between hea-
vy elements such as Pt and light atoms such as the carbon of the
support. The distributions of Pt particles on the C support in the
fresh and used Pt/C catalyst are compared in low magnification
images in Fig. 3a and b, respectively. In the fresh sample, the large
majority of these particles have unusual elongated shapes. In
Fig. 3b, the Pt particles appear significantly smaller and have more
spherical morphologies. This confirms the improvement in disper-
sion of the Pt nanoparticles during time on stream. We propose
that the initial elongated particles represent a metastable
morphology since at this point the sample had not suffered any
high-temperature or otherwise aggressive treatment capable of
restructuring the particles and allowing a more energetically stable
morphology to occur. This initial elongated shape may be caused by
the nature of the solvent evaporation processes or by interactions of
the crystalising material with anisotropies in the surface of the car-
bon-support during impregnation. After prolonged exposure to an
aggressive chemical environment at elevated temperatures, how-
ever, it is reasonable to expect that the metastable morphology
might be replaced by the most thermodynamically stable, spherical
shape. This process is indeed observed and appears to be promoted
or driven by the attack by Cl-containing species on the elongated Pt
particles which results in both the re-dispersion of Pt and the
relaxation of the particle morphology to the most stable state (see
Supplementary information, S2, for further details).

At higher magnification, Fig. 4a (before reaction) shows a typi-
cal, irregularly-shaped, elongated Pt particle of about 4 x 10 nm.
Only part of this crystal is in focus, where the atomic distribution
can be identified, an effect that is attributed to its formation by
the agglomeration of smaller Pt particles with diameters of about
3-7 nm. However, such particles were not observed in the Pt/C cat-
alyst after it was used in the HDC reaction. Fig. 4b and ¢ shows
atomic resolution images of two nanoparticles typical of the used
catalyst with diameters of 3 and 4 nm, respectively. The mean
diameter is slightly smaller than that of the few isolated nanocrys-
tals of the fresh catalyst since particles larger than 5 nm were not
observed in the used sample. Fig. 3b shows a Pt nanoparticle orien-
tated in the [1 1 0] zone axis of the fcc crystal structure while the Pt
particle in Fig. 4c is viewed along the [0 0 1] zone axis (again, re-
lated to the fcc structure expected for metallic Pt). The morphology
of the Pt particles in the used sample is typically close to spherical
(although facetted), as would be expected in particles where sur-
face energy relaxation had been allowed to occur. Some atomic
vacancies were seen in the nanoparticles, as indicated in Fig. 4c,
but these were caused by irradiation in the strong electron beam
used in the STEM study. Fig. 5 shows the particle size distributions
of the fresh (Fig. 5a) and used (Fig. 5b) catalyst obtained by mea-
suring over a hundred particles for each material. These particle
size distributions confirm the decrease in the average metal parti-
cle size during the reaction.

The dispersion values in Table 2, the STEM images, and the par-
ticle size distribution obtained by this technique (Fig. 5) provide
good evidence for the significant re-dispersion of Pt in the Pt/C cat-
alyst during time on stream, even though the average particle size
values obtained by the STEM and H, chemisorption methods were
not coincident (average values of 5.8 and 3.6 nm were obtained for
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Fig. 4. Cs-corrected STEM-HAADF images of the Pt/C catalyst (a) as-prepared, showing agglomerated nanoparticles; (b) high-resolution image of a Pt nanoparticle in the used
catalyst recorded along the [1 1 0] orientation and (c) high-resolution image of a Pt nanoparticle in the used catalyst recorded along the [0 0 1] orientation. The white arrow
indicates an atomic vacancy created by the electron beam. An example of features identified as small Pt clusters or single Pt atoms is also circled.

the fresh and used catalyst, respectively, by STEM, while values of
2.9 nm and 1.2 nm, respectively, were obtained by chemisorption).
The quantitative identification of very small metal particles by TEM
or STEM is not reliable below a certain diameter (approximately
<1 nm). Clusters of small particles may also occasionally be identi-
fied as single, larger particles. Nevertheless, a dispersion of 92%
suggests that a considerable proportion of the Pt was present in
clusters of a few atoms and even as single Pt atoms. Indeed, a num-
ber of bright features around the particle in Fig. 4c may be inter-
preted as such structures (marked by a circle in Fig. 4c). These
limitations would inevitably give rise to mean particle sizes that
were higher than the true value. On the other hand, in certain cir-
cumstances, estimation of mean particle sizes from chemisorption
data may give slightly smaller values than the true ones. The car-
bon used as the support in this work is highly microporous and
contains a significant proportion of surface functional groups
which may allow significant adsorption of H, on the carbon-
support and so allow spillover of hydrogen species from the Pt
particles onto the support. This would exaggerate the specific sur-
face area values obtained and give smaller mean Pt particle size
values than the real ones.

Several authors ascribe the re-dispersion of metallic particles to
the effect of HCl which they report to provoke the formation, vol-
atilization, and re-deposition of unstable metallic chlorides [26,49].
These chlorides would be reduced in the high concentration of H,

introduced as a reactant. Ordofiez et al. [26] observed re-dispersion
of Pd and Pt in the hydrodechlorination of tetrachloroethylene
with commercial catalysts, while in the work of Mori et al. [49]
on the hydrodechlorination of CFC-113 with Pd, Pt, Rh, and Ru cat-
alysts, re-dispersion was only observed for Pt. In our case, this phe-
nomenon only occurred with Pt [39]. The stronger interaction of Pd
with the carbon-support (as will be explained below) probably dis-
favors its reaction with the surrounding HCI.

Fig. 6 shows Pt 4f XPS spectra of the Pt/C catalyst as-prepared
(“fresh”), after reduction and after use in the HDC of DCM. The
band at a binding energy of 72.0 eV for Pt 4f;;, corresponds to
Pt° while the band at around 73.4 eV corresponds to Pt"™. In con-
trast with the Pd/C catalyst, where similar amounts of electro-
deficient (Pd™) and zero-valent (Pd®) species were found [38,41],
in the reduced fresh Pt catalyst, most of the Pt appears to be in
the reduced state (Table 3). On the other hand, the concentration
of Pt on the outer surface of the catalyst is closer to the bulk
concentration than is the case for Pd in the Pd/C catalyst (Table 3)
suggesting than Pt is more homogenously distributed than Pd
throughout the catalyst.

The use of acid solutions of Pd chloride for the preparation of
the Pd/C catalysts leads to the formation of tetrachloropalladic acid
which strongly interacts with the surface of the activated carbon
through the adsorption equilibrium PdCLZ{ +A— PdCl(4in)(z,n>,A+
nCl™. The H* and CI~ remaining on the carbon surface after
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reduction of the catalyst promote the formation of a significant
amount of electro-deficient palladium. The resulting structure is
stabilized by the Cl~ ions on the catalyst. This mechanism can be
depicted in a simple manner as:

Pd’ + H" +CI” — Pd™ ... H!™*...CI” (1)

According to the mechanism reported in the literature [42,50,51],
Pd™ species can be formed in catalysts prepared from H,PdCly, even
after careful reduction at about 723 K, by interaction of electron-
donating Pd® atoms with the neighboring electrophilic protons,
which arise from both the tetrachloropalladic acid and the reduc-
tion of Pd?*. The small amount of electro-deficient metal species
in the as-prepared Pt/C catalyst suggests a weaker interaction of
the Pt precursor with the carbon surface.

The Pt 4f XPS spectrum of the used Pt/C catalyst reveals a smal-
ler difference between the relative amounts of zero-valent and
electro-deficient Pt than that observed for the reduced fresh cata-
lyst (Table 3): the proportion of electro-deficient Pt increased
slightly. In contrast, the proportion of electro-deficient species in
the Pd/C catalyst decreased markedly upon use in the HDC process
(Table 3).

The CI 2p XPS spectra of the reduced and used Pt/C catalyst are
shown in Fig. 7. Three main bands were observed at binding ener-

Pt 4f Pt Pt

(b)

| | | | | |
80 78 76 74 72 70

Binding energy (eV)

Fig. 6. Pt 4f core level XPS spectra of Pt/C catalyst: (a) fresh unreduced; (b) after
reduction in H; at 250 °C; (c) after use in the HDC of DCM.

gies of 198.6, 200.2, and 202.1 eV for the fresh catalyst and 198.0,
200.4, and 202.1 eV for the used one. Binding energies of 198.6 and
198.0 eV correspond to inorganic chlorides while the others corre-
spond to organic chlorides. Whereas the Pd/C catalyst showed a
significant increase in the amount of organic chloride (37%) upon
use in HDC, no significant corresponding change was found for
the Pt/C catalyst (compare results for reduced fresh and used Pt/
C catalysts in Table 3). This suggests a greater resistance of this cat-
alyst to poisoning by organochlorine species.

4. Discussion

The Pt/C catalyst was shown to be highly effective for the deep
hydrodechlorination of dichloromethane and chloroform. The cat-
alyst has shown a high activity (Fig. 1, Table 1), high selectivity to
methane (>80%) and an exceptional stability, with no significant
signs of deactivation after 26 days of operation in the hydrodechlo-
rination of DCM.

The overall activity and TOF of the Pt/C catalyst are somewhat
lower than those of Pd/C [40]. TOF values of 11,476 h~' and
16,236 h! were obtained for the Pt/C and Pd/C catalysts, respec-
tively, from the initial reaction rate at a temperature of 250 °C in
the HDC of DCM. Further details on the estimation of TOF values
are provided in Supplementary information (S3). This can be ex-
plained by the higher local density of non-occupied states at the
Fermi level, N(Ey), of Pd as a consequence of its specific electronic
structure, as has been found in other hydrodechlorination reac-
tions [42,52-54] but also by the larger amount of electro-deficient
species in the Pd/C catalyst (Table 3) which is usually reported to
improve the activity of these metallic catalysts [55-60]. However,
the Pt catalyst also showed a high activity. This can be attributed to
the high Pt dispersion on this catalyst and to the more homoge-
neous distribution of the metallic particles throughout the support
(discussed below), as observed by XPS (Table 3) and TEM (Figs. 3-
5).

As suggested above, zero-valent Pt (Pt°) appears to be the main
active species in the hydrodechlorination of chloromethanes using
the Pt/C catalyst. This interpretation is supported by the high
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Table 3
Atomic surface compositions of metal and chloride in the Pt/C and Pd/C catalysts (see text for details).
Catalyst Mexps (at.%) Me® (at.%) Me™ (at.%) Mexps/Meguyii Clxps (%) Clinorg™ (%) Clorg™ (%)
Pt/C as-prepared 0.06 52.1 47.9 1.1 0.43 37.6 62.4
Pt/C reduced 0.07 74.5 25.5 15 0.18 14.9 85.1
Pt/C used 0.04 68.9 311 0.8 0.15 134 86.6
Pd/C as prepared 0.17 4.5 95.5 1.7 0.57 49.2 50.7
Pd/C reduced 0.32 52.9 471 33 0.11 46.7 533
Pd/C used 0.25 62.3 37.7 2.6 0.13 29.2 70.8
@ Referred to total chlorine detected by XPS.
) Another important factor which may contribute to the inhibi-
g;?a’]'c ) tion of the formation of hydrocarbons higher than CH, is the high
orides '(':1:" 9?;“" dispersion and homogeneous distribution of Pt particles on the
orides

(c)

(b)

(@

T T T T T
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Fig. 7. Cl 2p core level XPS spectra of Pt/C catalyst: (a) fresh unreduced; (b) after
reduction in H; at 250 °C; (c) after use in the HDC of DCM.

proportion of this species in the Pt/C catalysts (Table 3) and the
marked difference observed between the reaction product distri-
butions for the Pd and the Pt catalysts. In contrast with Pd/C, the
Pt/C catalyst is not active for the formation of hydrocarbons of
more than one carbon atom. This can be partially attributed to
the differences in the electronic state of the metal. The formation
of higher hydrocarbons than CH, seems to be related to the nature
of the electro-deficient metal species. In previous work on the hyd-
rodechlorination of chloromethanes using Pd/C catalysts [1,16,32]
where the active centers were dual in nature, constituted by the
association of neighboring zero-valent and electron-deficient pal-
ladium species: [Pd®+Pd™], the chloromethane was found to
chemisorb predominantly on the Pd™" sites while hydrogen chem-
isorbed and homolytically dissociated on Pd°. On the other hand,
the extent of formation of hydrocarbons of more than one carbon
atom in the HDC of DCM was considerably lower with a Pd/C cat-
alyst prepared from Pd nitrate, which possessed a smaller propor-
tion of electro-deficient Pd species [41]. In the same way, a wider
diversity of hydrocarbons of more than one carbon atom was ob-
served in the HDC of DCM with a Rh/C catalyst which contained
a large proportion of Rh in the oxidized state (Rh™/Rh®~ 1 after
reduction) [39]. Thus, the formation of hydrocarbons higher than
CH4 seems to require the reaction of two organochloride radicals
adsorbed on neighboring electro-deficient metal sites. The low
concentration of these sites in the Pt/C catalyst would inhibit the
formation of these compounds. Zero-valent Pt (Pt°) seems to be
the main active species for the dissociative adsorption of the chlo-
romethanes in the Pt/C catalyst.

support as revealed by XPS (Table 3) and TEM (Figs. 3-5), which,
moreover, improve during the HDC reaction. Re-dispersion of Pt
during the reaction leads to very small and homogeneous Pt parti-
cles showing very little agglomeration. This probably leads to a
higher concentration of H in the vicinity of metallic active centers
and higher spillover of H,, thus favoring the reaction of adsorbed
organochloride radicals with the surrounding H, and impeding
the reaction with other adsorbed organochloride radicals. Other
authors have reported a significant influence of metal particle size
on the selectivity in other hydrodechlorination reactions with Pd
and Pt catalysts [60-62].

The key factor in the performance of the Pt/C catalyst studied
here is its high stability. In contrast with the Pd/C catalyst, where
significant deactivation was observed with time on stream
[38,39,41], no deactivation was observed for Pt/C after 26 days
on stream at 250 °C and a space time of 0.8 kg h mol~'. This can
be attributed to a greater resistance of the active centers to poison-
ing by chlorinated hydrocarbons as a consequence of re-dispersion
of Pt during the reaction and the different nature of the active
metallic species. Re-dispersion of metal particles during the reac-
tion in the Pt/C catalyst, revealed by TEM and H, chemisorption,
leads to smaller metallic particles with a more homogeneous size
distribution, showing very little agglomeration and with a uniform
distribution over the support. It is proposed that this uniform dis-
tribution could contribute to inhibit the formation and stabiliza-
tion of chlorocarbons with more than one C atom at the active
centers. On the other hand, an increase in conversion would be ex-
pected as the dispersion of the active component increased. How-
ever, this is not observed here. In fact, the Pt catalyst shows a
higher initial activity (Fig. 2). A compensating effect could take
place in which the small particles could be intrinsically less active
but as the dispersion increases the activity remains very high. The
higher initial conversion could be partially due to other phenom-
ena. For example, the adsorption of the reactants on the active cen-
ters could be favored by the larger particles and by the higher
concentration of Pt in the outer surface of the catalyst, as observed
by XPS (Table 3). Further studies are required to gain a deeper
understanding of these phenomena. Nevertheless, it seems that a
small particle size has a larger positive influence on the selectivity
and stability than on the activity.

As explained above, electro-deficient Pd has a higher capacity to
stabilize chlorocarbon radicals which may facilitate poisoning by
chlorinated hydrocarbons of one or more carbon atoms. This inter-
pretation is supported by the variation of the proportion of zero-
valent and electro-deficient species in the used Pd/C and Pt/C
catalysts, as determined by XPS. While the proportion of Pd™
decreases significantly in the used Pd/C catalyst - which has been
ascribed to poisoning by reactants, intermediates, or reaction
products [41] - only a slight decrease in the proportion of Pt°
was observed in the used Pt/C catalyst. This supports the proposed
difference in the nature of the active centers.
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It is worth noting that neither carbon deposition nor HCl poi-
soning is likely to take place in the Pt/C catalyst. Pore blockage is
not likely to have occurred, since no significant changes were ob-
served in either the surface area or the pore volume measurements
(Table 3). In other studies, where formation of carbonaceous
deposits was reported, the surface area and pore volume of the cat-
alyst decreased significantly [26]. In addition, no increase in the
surface concentration of inorganic chloride was observed by XPS
analysis in the Pt/C catalyst after use in the current study (Table 3).

5. Conclusions

The Pt/C catalyst investigated has been shown to be very effi-
cient for the deep hydrodechlorination of chloromethanes at low
concentrations within the temperature range investigated (150-
250 °C). It is highly selective to methane, reaching selectivities up
to 85% and 93% in the HDC of DCM and of TCM, respectively. The
most important feature of the catalyst is its high stability. It
showed no significant loss of activity after 26 days on stream in
the hydrodechlorination of DCM. The high stability of the Pt/C cat-
alyst can be ascribed to its resistance to coke formation, metal sin-
tering, and poisoning with HCl and organochlorine compounds.
The higher resistance to poisoning of these compounds when
compared to other catalysts, like Pd/C, can be attributed to re-
dispersion of Pt during the reaction which leads to much smaller
metal particles which are very homogeneous in size, show very lit-
tle agglomeration and are well distributed over the support. It is
proposed that these factors would inhibit the formation and stabil-
ization of higher hydrocarbons than CH4 at the active centers.
Moreover, a higher Pt°/Pt"™ ratio favors the stability of the catalyst
since Pt° appears to be more resistant than Pt"™ to poisoning by
chloromethane adsorption.
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