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Abstract: Gas catalytic hydrodechlorination (HDC) of trichloromethane (TCM) and dichloromethane
(DCM) was analyzed using Pd (1 wt.%) on different zeolites as catalysts. The aim of this study was
to know the surface properties of the catalysts and reaction conditions that promote the yield to
light hydrocarbons in this reaction. Five different zeolite supports were used from three commercial
zeolites (KL, L-type; NaY, Faujasite; H-MOR, Mordenite). KL and NaY were submitted to ionic
exchange treatments in order to increase their acidity and analyze the effect of the acidity in the
activity and selectivity of the HDC reaction. Exchanged zeolites (HL and HY) showed the highest
Pd dispersion due to their higher surface acidity. The best TCM/DCM conversion and selectivity
to light hydrocarbons was obtained using the two non-exchanged zeolite-catalysts, KL and NaY.
Low surface acidity seems to be the key aspect to promote the formation of light hydrocarbons. The
formation of these products is favored at high reaction temperatures and low H2: chloromethane
ratios. KL showed the highest selectivity to olefins (60%), although with a lower dechlorination
degree. Non-exchanged NaY catalyst showed high selectivity to paraffins (70% and 95% for the HDC
of DCM and TCM, respectively).

Keywords: hydrodechlorination; trichloromethane; dichloromethane; paraffins; olefins; zeolites;
palladium

1. Introduction

Chloromethanes are volatile organic compounds (VOCs) with one or more chlorine atoms. These
compounds are released to the environment as a result of their use in different industrial applications [1].
Due to their hazardous characteristics for human health and environment, the difficult substitution in
many industrial processes, and the increase in industrial emissions [2], governments are limiting their
emissions through more stringent environmental regulations [3,4]. In this context, there is a growing
interest in the research of the removal or degradation of chloromethanes from outlet gas streams. Most
of the published works are focused mainly on the elimination of chloromethanes, with little attention
to the selectivity of the reaction. However, the conversion of residual chloromethanes into high-value
hydrocarbons, such as light olefins and paraffins, is a very interesting technological solution [5].

Light hydrocarbons, especially light olefins, have an important role in the petrochemical and
pharmaceutical industries, as intermediates on the synthesis of many products. The main processes
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to produce them are steam cracking, fluid-catalytic cracking, and catalytic hydrogenation, all of
which are highly demanding on energy and capital [6]. In this context, there is much interest in
the research and development of cheaper synthesis strategies. Catalytic hydrodechlorination (HDC)
can be one of the alternatives considered to transform chlorinated compounds into more valuable
light hydrocarbons. HDC has been extensively studied for the removal of chloromethanes due to the
mild required conditions of pressure and temperature [7]. However, only a few works have reported
high selectivity to olefins in the HDC reaction, using different types of supports and metallic active
phases [8–12]. In most of those studies, deactivation and low concentration of chloromethane reactant
considerably limited the possible application of the results. HDC catalysts frequently use noble metals
as active phases because of their well-known high activity. The most commonly used are Pt, Pd, Rh,
and Ru, on activated carbons, modified silica, zeolites, alumina, and recently carbon nanofibers and
nanotubes [13–17].

Zeolites as supports have the advantage of tunable properties, such as acidity, textural porosity,
well-defined structure, and in some cases, high specific surface area. Furthermore, as catalytic HDC is
a sensitive structure reaction, the interest in using zeolite as support increases because of their capacity
to encapsulate metal nanoparticles (NPs), protecting them against aggregation and sintering, which
are very common phenomena when using noble metals active phases [18,19]. As the NPs are isolated
from others NPs due to their encapsulation on the zeolite cages and different channels, the catalytic
activity can be improved, as well as the stability [20]. Due to this, zeolites are commonly used in
liquid phase hydrodechlorination reactions [13,21,22], however, fewer studies have been applied to
gas phase HDC [23–26]. In those gas-phase studies, conversion usually decreased after a few hours
on stream, high selectivities to methane were obtained, and/or very low reactant inlet concentrations
(below 100 ppm) were used [23,27,28]. Hereunder, we summarize some of the results reported about
gas-phase HDC of different chlorine compounds (not necessarily chloromethanes) on zeolite catalysts,
which can be found in the literature. Srebowata et al. reported high selectivity to ethylene (75%) in the
HDC of 1,2-dichloroethane using bimetallic Ag-Cu particles supported on β-zeolites [23] and Ni on
BEA-zeolites [24]. Nevertheless, the stability of the catalysts was poor, and the conversion decreased
down to 6% after a few hours on stream, despite chloroethane molecules being usually more reactive
than chloromethanes in HDC reaction. Pd and Pt supported on zeolites were used as catalysts in
the HDC of carbon tetrachloride and dichlorodifluoromethane [25,26]. Pd-zeolites achieved higher
selectivities to C2–C3 hydrocarbons than the Pt ones. It was concluded that the bond between carbon
tetrachloride molecules and Pd atoms is stronger than with Pt. So, the probability of hydrogen insertion
into the same carbon tetrachloride fragment is higher when using Pd than with Pt, resulting in more
methane with Pt, and more ethane with Pd [26]. We have previously reported two studies about
trichloromethane (TCM) conversion into C2–C3 hydrocarbons by catalytic hydrodechlorination with
Pd supported on activated carbons obtained by the chemical activation of lignin [29,30]. These works
concluded that the KOH-derived carbon catalyst achieved the best results in terms of selectivity to
ethane and propane, with a selectivity to those compounds higher than 80% and a high dechlorination
degree at 300 ◦C. However, Pd containing ZnCl2- and FeCl3-derived carbon catalysts yielded the best
selectivity to olefins. Our research group has also compared catalytic HDC using different active
phases supported on activated carbon using simulation and experimental analysis [31]. This study
concluded that palladium yielded the best selectivity to C2–C3 hydrocarbons.

The purpose of this study is to analyze the effect of surface properties of Pd (1 wt.%)
zeolite supported catalysts and reaction conditions in order to maximize the yield of valuable
C2–C3 hydrocarbons by HDC of two model chloromethanes, namely, dichloromethane (DCM) and
trichloromethane (TCM).
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2. Results and Discussion

2.1. Characterization of the Catalysts

Figure 1 represents the nitrogen adsorption–desorption isotherms of the different catalysts at
−196 ◦C. According to IUPAC classification, HMOR and KL isotherms are of type I, with most of the N2

uptake at low relative pressure and negligible hysteresis cycles, characteristics of microporous materials.
On the other hand, the NaY catalyst showed type IV isotherm, characteristic of mesoporous materials
with the presence of microporosity. The NaY isotherm presented the H4 hysteresis cycle associated
with the capillary condensation of N2 in the mesoporosity [32]. Furthermore, this catalyst showed the
highest nitrogen adsorption capacities, and therefore, the most developed porous texture. The ionic
exchange with ammonium resulted in a significant decrease in the amount of N2 adsorbed, especially
at low relative pressures, indicative of a reduction of the micropore volume. This reduction in porosity
is a consequence of the cation interchange process, which according to inductively coupled plasma
(ICP) results, reduced the amount of Na from 7.50% down to 0.22% for NaY and HY, respectively, and
similarly reduced the K content from 11.81% down to 0.21% for KL and HL catalysts, respectively.
These results agree with those previously reported by Sato et al. [33], who studied the structural
changes of Y zeolites during ion exchange treatments, analyzing the effects of the initial Si:Al ratio
of the zeolite. They concluded that at low Si:Al ratios of 2.4 (like that of the NaY zeolite used in our
study) the zeolitic framework structure deteriorated during the successive ionic interchange steps,
as evidenced by the reduction in the nitrogen adsorbed volume and crystallinity (as we will show
later). Moreover, the lower reduction in the amount of nitrogen adsorbed in the ion-exchanged KL
zeolite when compared to the NaY one can be due to the higher Si:Al ratio of the former. In general,
the stability of the zeolitic framework during the ion exchange procedures decreased with increasing
the number of Al in the framework [33].
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Figure 1. N2 adsorption–desorption isotherms of the catalysts at −196 ◦C.

Table 1 shows the surface area, ABET, micropore area, Amicro, external surface area, AEXT, and pore
volume, Vpore, obtained from N2 adsorption–desorption isotherms. All the catalysts showed moderate
specific surface areas, ranging from 98 to 342 m2 g−1, which are similar or slightly lower than those
previously described in the literature [34–37]. Zeolites were impregnated with 1 wt.% of Pd, which
could block a small part of the porosity of the zeolite support. The ABET values confirm that those
zeolites treated by ionic exchange, HY and HL, suffered a significant reduction of their porosity. After
the ion exchange process, HY showed an ABET reduction close to 50%, very similar to the reduction
reported by Sato et al. [33] for the NaY zeolite with same Si/Al ratio after three cycles of ion exchange.
This indicates the deterioration of the zeolitic framework structure, which was corroborated later by
X-ray diffraction analyses (XRD). Table 2 shows the Pd concentrations of the catalysts determined by
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ICP. As can be seen, the amounts of Pd in the different catalysts were very close to the selected 1 wt.%,
confirming the successful incipient wetness impregnation.

Table 1. Characteristic parameters of the porous texture of the catalysts.

Catalyst ABET (m2 g−1) Vmicro (cm3 g−1) AEXT (m2 g−1) Vpore (cm3 g−1)

KL 145 0.075 28 0.109
NaY 342 0.177 67 0.287

HMOR 293 0.164 34 0.194
HL 98 0.043 33 0.094
HY 174 0.041 59 0.186

Table 2. Pd mean particle size and dispersion from TEM, total desorbed ammonia obtained from
TPD-NH3 and Pd metal mass content from ICP.

Catalysts TEM NH3-TPD ICP

Mean Pd Particle
Size (nm) Dispersion (%) Desorbed NH3

(mmol g−1)
Pd (%)

KL 6.3 18 0.37 1.02
NaY 4.2 26 1.49 0.97

HMOR 1.9 57 2.29 0.98
HL 1.4 79 1.75 0.99
HY 2.3 48 1.96 1.03

Figure 2 shows the temperature programmed reduction (TPR) profiles of the non-reduced catalysts.
The evolution of Pd species upon H2-TPR is well-described in the literature [38,39]. Bulk PdO reduces
in H2 atmosphere at room temperature (around 25 ◦C or even lower) and forms palladium hydrides,
β-PdHx [40]. In our experimental set-up, we assumed that all the accessible PdO was reduced during
the initial step of the TPR at 30 ◦C for 30 min in the H2 mixture before the heating up. Subsequently,
reduced Pd formed palladium hydrides. When heating began, these hydrides decomposed at higher
temperatures as negative peaks in the H2-TPR profiles. Position and intensity of the peaks are related
to the size and dispersion of supported Pd metal. Bigger accessible particles show higher storage
capacities than the smaller ones, showing clear negative peaks at low temperatures. In contrast, in
smaller Pd particles the decomposition of β-PdHx occurs at higher temperatures [41]. The H2-TPR
profiles of NaY and KL catalysts clearly showed the presence of negative peaks at temperatures
of 107 ◦C and 80 ◦C, respectively, indicative of the presence of larger Pd particles, which have a
greater capacity for hydride formation and therefore give a negative peak of H2 desorption when the
temperature increases. These negative peaks were not observed in HMOR or interchanged zeolites
HY and HL, which suggests that these catalysts present smaller palladium particles. These facts
were corroborated further in this study by the analysis of the palladium particles sizes by TEM.
Further increase of the reaction temperature produced the reduction of the oxides, with the consequent
positive peaks in the H2-TPR profiles. As can be seen, most of the more intense peaks in the profiles
were located between 120 ◦C and 200 ◦C, although there were also other peaks at higher reduction
temperatures, between 350 ◦C and 450 ◦C. The peaks at lower reduction temperatures are associated
with the reduction of the oxides of Pd located inside cavities of the zeolite of good accessibility, while
those at higher temperatures are related to the reduction of the oxides in places of more difficult access,
like subsurface PdO species [42,43]. It is noticeable that the patterns at lower reduction temperature
suggest the presence of two different Pd phases. KL showed a single peak displaced at slightly higher
temperatures than those of ion-exchanged zeolites, while NaY showed both phases. The higher and
only presence of the phase in the KL pattern around 170 ◦C, in comparison with NaY, may indicate
a higher interaction of Pd with the zeolitic support. This phase can be related not only with the Pd
species formed, but also with the localization of these Pd particles in the zeolitic structure. The position
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and accessibility of this phase can represent relevant differences in the catalytic activity and selectivity
distribution, as was observed further in this study. On the basis of TPR results, it can be concluded
that the reduction temperature of 400 ◦C is sufficient to reduce the Pd species in the catalysts.
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Figure 2. TPR-H2 profiles of the different catalysts in 4.8% H2/Ar, 10 ◦C/min.

XRD patterns of the five catalysts are represented in Figure S1 in the Supplementary Information.
The main reflections of mordenite in the HMOR patterns were identified at 9.6◦, 13.4◦, 25.6◦, and
27.7◦, corresponding to (2 0 0), (1 1 1), (2 0 2), and (5 1 1) planes, respectively [44,45]. KL and HL
showed characteristic diffraction peaks at 5.5◦, 11.8◦, 15.2◦, 19.3◦, 22.7◦, 28.0◦, and 30.7◦, associated
with (1 0 0), (0 0 1), (1 1 1), (2 2 0), (2 2 1), and (2 1 2) planes, respectively [46,47]. Finally, the main
diffraction peaks associated with NaY and HY zeolites were confirmed by the peaks at 6.3◦, 10.3◦,
12.1◦, 15.9◦, 23.5◦, 26.9◦, and 31.3◦ corresponding to (1 1 1), (2 2 0), (3 1 1), (3 3 1), (5 3 3), (6 4 2) and (5
5 5) planes, respectively [33,37,48]. As can be seen, all the samples showed well-defined diffraction
peaks, confirming the high crystallinity of the zeolites. Despite this, certain differences were found
between the exchanged and the non-exchanged zeolites. The ammonium exchanged zeolites, HL and
HY, showed lower crystallinity and a slight shift in the diffraction peaks in relation to those of the
non-exchanged zeolites, KL and NaY, respectively. These results support those previously obtained
when analyzing the nitrogen adsorption–desorption isotherms. After three cycles of ion exchanges
the porous texture was affected by the removal of the compensating cation (Na in NaY and K in KL)
out of the zeolite, causing a deterioration of the zeolitic framework, resulting in a lower porosity, as
indicated in N2 isotherm analysis, and corroborated by the loss of crystallinity observed by XRD. These
results are in agreement with those reported in the literature [33,46]. It is also worth mentioning that
Pd diffraction peaks were not observed in any of the zeolite spectra. This suggests that Pd particles
should be of relatively low size and therefore a high dispersion was obtained, as confirmed below by
TEM results.

Figure 3 displays representative TEM images of the different catalysts and their Pd particle
size distributions. The images show Pd particles of different sizes depending on the catalysts, with
quasi-spherical shape and relatively good homogeneous distribution. Non-exchanged zeolites, KL
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and NaY, resulted in catalysts with the most heterogeneous particle size distributions, even more
heterogeneous in the case of KL catalysts. In contrast, exchanged zeolites, HL and HY, resulted in
catalysts with a very homogeneous particle size distribution with lower mean size. HMOR catalysts
also showed a homogeneous particle size distribution. Table 2 reports Pd mean particle size and
dispersion values obtained from TEM analysis. The highest mean Pd particle sizes were those of KL
and NaY catalysts (6.3 nm and 4.2 nm, respectively), while the rest of the catalysts showed similar
mean sizes in the range 1.4–2.3 nm.Catalysts 2020, 10, 199 6 of 17 
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The different values of mean particle size can be explained by the surface acidity of the zeolites,
which was analyzed by temperature programmed desorption of ammonia (NH3-TPD). Figure 4 depicts
the NH3-TPD profiles of the five different catalysts. The desorption temperature of the peaks and
their intensity can be associated with the strength and number of the acidic sites, respectively. The KL
catalyst had the lowest acidity, with only one low intensity peak at 210 ◦C associated with low-strength
acid sites. This catalyst also showed the biggest mean particle size (6.3 nm), which was around five
times the mean particle size of HL catalyst (1.4 nm). NaY and HY followed the same tendency, showing
a higher particle size than non-exchanged zeolite (4.2 nm), although the difference between these two
catalysts was lower. According to NH3-TPD results, NaY desorption peaks were more intense below
400 ◦C, showing a higher number of acid sites but still weak. On the contrary, HY and HL showed
higher acidity according to their desorption profiles, and both samples showed the presence of acid
sites that desorbed at higher temperatures than 400 ◦C (stronger acid sites). It seems clear that higher
acidity yields Pd particles with smaller size. HMOR showed the highest acidity of the five catalysts,
identified by the presence of intense peaks of NH3 desorbed at 200 ◦C, 550 ◦C, and 775 ◦C, related to
the presence of acid sites of heterogeneous strength. Table 2 summarizes the total desorbed ammonia
obtained from TPD-NH3 spectra by integration of the area under the curve. The surface acidity of
the five catalysts followed the order HMOR > HY > HL > NaY > KL. With the objective of clarifying
the relationship between Pd particle size and catalyst acidity, Figure 5 represents the total amount of
NH3 desorbed by the catalysts during the NH3-TPD tests versus Pd mean particle size obtained from
TEM. The correlation between acidity and particle size is clearly visible. The catalysts with higher
surface acidity yielded lower mean Pd particle sizes. This behavior has been already observed in the
literature for Pd on different supports, and it is ascribed to different reasons, such as reduction of pore
volume and surface area and hindering of anchorage of the Pd precursor [29,49]. These results are also
in agreement with the TPR results, where non-exchanged catalysts showed lower hydride capacity
due to their smaller Pd particle size.
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The Pd external mass content and the oxidation state distribution were studied by X-ray
photoelectron spectroscopy (XPS). Table 3 displays the Pd mass surface concentration. It can be
observed that in all the catalysts the external surface concentration of Pd was significantly lower
than the bulk one (1% Pd). This indicates that the Pd was more concentrated in the interior of the
support particles (“egg-yolk” distribution). In the Pd3d XPS regions the doublet corresponding to
Pd 3d5/2 and Pd 3d3/2 was visible, separated by 5.26 eV [50]. The Pd 3d5/2 signal at 335.5 eV was
assigned to metallic palladium (Pd0), while electro-deficient palladium (Pdn+) appeared around at
338.0 eV [19,29]. Table 3 represents the Pd3d oxidation state distribution obtained from Pd3d XPS
spectra deconvolution (Figure S2). In all the cases, the catalysts showed predominantly Pd in the
metallic state as a consequence of the reduction step in H2.
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Table 3. Pd external mass content, Pd0 and Pdn+ obtained from XPS.

Catalyst Pd External Mass Content (%) Pd0 (%) Pdn+ (%)

KL 0.38 72 28
NaY 0.67 95 5

HMOR 0.55 85 15
HL 0.27 87 13
HY 0.11 87 13

2.2. HDC Tests

Figure 6a,b represent the initial DCM and TCM conversion, respectively, with reaction temperature
using the five catalysts. All the catalysts showed significant activity on the HDC reaction with
conversions of both DCM and TCM increasing with reaction temperature. In the case of HDC of
DCM (Figure 6a), the KL catalyst showed the lowest conversion values (≈40% at 300 ◦C), probably
as a consequence of its higher Pd mean particle size. On the contrary, the HMOR catalyst drove the
highest DCM conversion values. This high activity can be explained by the combination of different
characteristics, such as a well-developed porous texture, high surface acidity, and low Pd mean particle
size. DCM conversion using NaY, HL, and HY catalysts was very similar along the whole reaction
temperature range, which can be explained by the similarities found in their total surface acidity. The
activity of the catalysts in the HDC of DCM seemed to follow the same order as the total surface acidity.
This behaviour has been previously observed for other reactions on zeolite catalysts [51]. On the other
hand, the HDC of TCM showed higher conversion values than DCM with all the catalysts. This is
due to the higher reactivity of the TCM molecule, as a consequence of the additional Cl atom in the
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chloromethane molecule. In this case, total conversion of TCM was reached at a lower temperature
(175 ◦C) with HY, NaY, and HMOR catalysts. Like in the case of DCM, KL showed the lowest conversion
values, probably due to its higher Pd particle sizes.
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To establish more clearly the possible influence of Pd particle size on the conversion of DCM and
TCM with all the catalysts, Figure 7 depicts the turnover frequency (TOF) values at isoconversion
(X = 50%) versus particle size for the HDC of TCM and DCM. The HDC of TCM and DCM appears to
be a structure-sensitive reaction, with activity increasing with the Pd particle size. We have observed a
similar behavior when analyzing the HDC of TCM using Pd supported on activated carbons catalysts
at similar reaction conditions [29]. Taking into account the good correlation between TOF values and
Pd mean particle size (Figure 7), it seems that the different nature of the catalytic sites (with different
reduction temperatures, as can be seen in Figure 2) has lower significance in the HDC behavior using
the different catalysts. Bonarowska et al. [15] reported TOF values on the HDC of tetrachloromethane
in the range of 25–1650 h−1 at 90 ◦C, with silica- and alumina-supported Pt catalysts. This research
group also reported TOF values in the range of 7.3–619 h−1 with Pd, Au, and Au-Pd on Sibunit carbon
catalysts [52]. Sánchez et al. [53] reported TOF values of 0.9 h−1 at 120 ◦C on the HDC of DCM
using alumina and sol–gel titania-supported Pd catalysts. Ramos et al. [49] obtained TOF values of
around 10,080 h−1 for the HDC of TCM at 100 ◦C and a H2/TCM ratio of 12. Pt-Pd bimetallic particles
supported on sulfate zirconia catalysts showed TOF values in the range of 25.2–75.6 h−1 in the HDC
of DCM at 150 ◦C [54]. Similar results to our work were obtained also by Martin-Martinez et al. [55],
where TOF values were in the range of 98–1173 h−1 between 125 and 250 ◦C, using Pd supported on
carbon material.

The main purpose of this work was not only the treatment of chloromethanes, but also the
transformation into valuable hydrocarbon products, such as light olefins and paraffins. With this
objective, we studied the selectivity distribution of the different reaction products. Figures S3 and S4
represent the evolution of selectivity with the reaction temperature for all the catalysts, on the HDC of
DCM and TCM. The reaction products obtained were methane, ethane, and propane, accompanied by
monochloromethane (MCM) and dichloromethane (DCM), as result of incomplete hydrodechlorination
of the reactants. Significant production of propane was only observed in the HDC of TCM, while very
small amounts of partially-chlorinated compounds were found for this reaction. Traces of ethylene
were also detected with the KL catalyst. In the HDC of DCM (Figure S3) at low temperatures, the main
product obtained with all the catalysts was methane. As reaction temperature increased (and therefore
DCM conversion increased) a very significant reduction in the selectivity to MCM was observed,
accompanied by increasing selectivities to the desired products, the light paraffins ethane and propane.
Furthermore, in the case of KL catalysts, ethane was the main reaction product of HDC of DCM at
300 ◦C. It is worth mentioning the high dechlorination degree of the catalysts, indicated by the low
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selectivity obtained for MCM at high temperatures (when the DCM conversion begins to be significant).
The selectivities in the HDC of TCM (Figure S4) followed similar trends, although some differences
should be pointed out. Higher selectivities to the light paraffins (ethane and propane) than in the
HDC of DCM were obtained, favored at the highest temperatures analyzed. Ethane was the main
reaction product at reaction temperatures equal to or higher than 250 ◦C with all the catalysts. Propane
selectivity was significantly higher in the HDC of TCM than DCM. High dechlorination degree was
also obtained in the HDC of TCM with all the catalysts, with total amounts of MCM + DCM even
lower than those of MCM alone in the HDC of DCM.
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Figure 8a,b represent the selectivity distribution for the different reaction products in the HDC of
DCM and TCM, respectively, at 300 ◦C. In the HDC of DCM (Figure 8b) HY, NaY, and HL showed
similar selectivities to the different products, with ethane and propane selectivities around 33%, and
high dechlorination (selectivity to MCM < 6%). The HMOR catalyst showed the lowest selectivity to
ethane and propane (around 17%) and the highest selectivity to methane (78%). In contrast, the KL
catalyst showed the highest selectivity to the preferred products (selectivity to ethane and propane
around 60%), and the lowest selectivity to methane, around 38%. As can be seen in Figure 8a, the
HDC of TCM yielded significantly higher selectivities to ethane and propane than the HDC of DCM,
with also very high dechlorination degrees (low selectivities to DCM and MCM). The NaY and KL
catalysts showed the most promising results, with selectivities to ethane and propane of 82% and 84%,
respectively. In a general trend, it can be seen that the KL catalyst, with the lowest surface acidity,
showed the lowest conversion values but the best results in terms of selectivity to ethane and propane
in the HCD of both DCM and TCM. In contrast, the HMOR catalyst, which had the highest and
strongest surface acidity, showed very high conversion values but the lowest selectivities to ethane and
propane. These results suggest that surface acidity has an enormous effect not only in the activity but
also in the selectivity of the HDC reaction. We obtained similar conclusions when analyzing the HDC
of TCM using Pd on activated carbon catalysts [29]. In that study, the most acid catalyst, prepared
from lignin by chemical activation with phosphoric acid, also yielded the lowest selectivities to ethane
and propane. Comparing the results of both studies (this work with zeolites and the previous one with
activated carbons), the highest selectivities to ethane and propane were very similar at 300 ◦C.
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Figure 8. Selectivity distribution in the HDC of DCM (a) and TCM (b) with the different catalysts
(reaction temperature = 300 ◦C, τ = 0.8 kg h mol−1, H2/CM molar ratio = 100).

Hydrogen concentration has been reported to have a substantial impact on the selectivity of the
HDC reaction [30]. Decreasing the H2:CM ratio generally increases the selectivity to olefins, although it
can also reduce the chloromethanes conversion and even reduce the stability of the catalyst. Figure 9a,b
depict conversion and selectivity distribution in the HDC of DCM and TCM, respectively, with NaY
and KL catalysts at H2:CM ratios of 10 and 100. We selected these catalysts because they showed the
highest selectivities to light paraffins (ethane and propane). The conversion values decreased slightly
when reducing the H2/DCM molar ratio from 100 to 10. Regarding the effect of the H2/CM ratio
on the selectivity values, it can be clearly observed that a reduction of the H2:CM ratio significantly
enhances the selectivity towards light hydrocarbons, paraffins, and in the case of KL catalysts, olefins
(ethylene and propylene). NaY catalysts produced outstanding selectivities to paraffins in the HDC of
DCM and TCM (around 70% and 95%, respectively) when using the lower H2/CM ratio. In the case
of KL catalysts, a clear increase in the selectivity to C2–C3 hydrocarbons was also observed with a
very significant proportion of olefins, especially in the HDC of TCM, reaching a selectivity to olefins
close to 60%. However, this latter excellent result was negatively affected by the high selectivity
to chloromethanes (22%) as incomplete dechlorination by-products. Slightly lower selectivity to
chlorinated products was obtained with NaY catalysts, confirming that more and smaller active sites
enhance the hydrodechlorination capability of the catalysts.

The use of higher reaction temperatures (up to 400 ◦C) was also analyzed for the HDC of DCM at
a H2:DCM molar ratio of 10 using both catalysts—NaY and KL. Despite better results being obtained
in terms of conversion and selectivities (selectivities to olefins 75% with KL), the carbon balance in the
reaction failed by 20%. This carbon shortage was probably caused by the generation and adsorption of
condensation by-products on the surface of the catalysts, which decrease olefin yields and provoke the
deactivation of the catalysts.
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3. Materials and Methods

3.1. Materials and Chemicals

Three commercial zeolites were used in the preparation of the catalysts, namely K-LTL, Na-Y,
and H-MOR. The K-LTL (Lynde Type L) zeolite has a three-dimensional channel distribution with a
composition of K6Na3Al9Si27O72 21H2O (SK-45, Si/Al = 3), and was purchased from Union Carbide
(Houston, TX, USA). The NaY zeolite (Faujasite type) has a three-dimensional channel distribution and a
composition of (Na2)3.5[Al7Si17O48] 32H2O (Si/Al = 2.4, UOP-Y 54), and was purchased from Universal
Oil Products (Des Plaines, IL, USA). Finally, the H-MOR zeolite (Mordenite) has a two-dimensional
channel distribution, its composition is H2[Al2Si10O24] 7H2O (Si/Al = 7, Zeolon 900 H), and it was
obtained from Norton International. PdCl2 (99.9%), used as the active phase precursor, was supplied
by Sigma-Aldrich (St. Louis, MO, USA). All the gases were supplied by Praxair (Pinto, Madrid,
Spain): trichloromethane (0.15% vol. in N2), dichloromethane (1.5 % vol. in N2), H2, and N2 (both
99.999% purity).
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3.2. Synthesis of the Catalysts

All zeolites were initially calcined, prior to use, in a vertical quartz reactor under dry air flow
(60 mL min−1) at 450 ◦C (heating rate 5 ◦C min−1) for 4 h. In order to obtain catalysts with different
chemical properties, K-LTL and Na-Y supports were submitted to ion exchange steps. Five grams of
the calcined zeolites were dispersed in 100 mL of 1 M NH4NO3 solution under stirring at 90 ◦C for 6 h.
The solid was recovered by filtration, washed with distilled water, dried in an oven overnight, and
calcined again in the same previous conditions. The operation was repeated three times to ensure the
correct ion exchange between Na+/K+ cations and NH4

+. During calcination, NH4
+ was decomposed

into H+ and NH3 was released.
Subsequently, Pd was added as active phase on the zeolite by the incipient wetness impregnation

method. Aqueous solutions of PdCl2 with adjusted concentrations to achieve a Pd bulk concentration of
1% in weight were prepared and deposited dropwise on the dried zeolite supports. After impregnation,
the catalysts were dried at room temperature for 24 h, and later dried in an oven. Finally, the resulting
catalysts were calcined again at 450 ◦C in air (60 mL min−1) for 4 h. The obtained catalysts impregnated
with Pd (1 % wt) were identified as HL (K-LTL interchanged with NH4

+), KL (K-LTL zeolite), NaY
(Na-Y zeolite), HY (Na-Y interchanged with NH4

+), and HMOR (H-MOR zeolite).

3.3. Characterization

All catalysts were reduced prior to any characterization (except for TPR analyses). The reduction
was performed at 400 ◦C for 1 h under H2 atmosphere (100 mL min−1). The porous texture of
the catalysts was studied by N2 adsorption–desorption at −196 ◦C on an ASAP 2020 equipment
(Micromeritics, Norcross, GA, USA). All the samples were previously outgassed at 200 ◦C under
vacuum (10−6 Torr) for 6 h. The BET equation was used to calculate the specific surface area; meanwhile,
the t-method was used to find the external surface area and micropore volume. Total pore volume was
quantified by the N2 at P/Po = 0.99, transformed in liquid volume (Vpore). Crystalline structure was
studied by X-ray powder diffraction (XRD) and performed on a PANalytical X’Pert PRO diffractometer
(Malvern, Worcestershire, UK). The powdered samples were analyzed using CuKα, voltage of 45 kV,
and current 40 mA. The scanning range of 2θ = 4−90◦ was set up, with a scan step size 0.04 rad and
20 s counting time.

The acidity of the catalysts was analyzed in an Autochem II 2920 apparatus (Micromeritics,
Norcross, GA, USA) by temperature-programmed desorption of ammonia (NH3-TPD). The catalysts
(0.190 g) were saturated with 25 mL min−1 of 5% NH3/He at 100 ◦C. Subsequently, the feebly adsorbed
NH3 was desorbed in helium flow (25 mL min−1) at the same temperature, until no outlet of NH3 was
detected. The NH3-TPD was obtained by increasing the temperature up to 940 ◦C (10 ◦C min−1). The
NH3 desorbed was monitored with a thermal conductivity detector (TDC). Temperature-programmed
reduction (TPR) analyses were carried out on an Ohkura TP2002 equipment (Sakado, Saitama, Japan)
using also a thermal conductivity detector. The non-reduced catalyst (0.1 g) was situated in a quartz
tube and under dry air (20 mL min−1) at 450 ◦C for 1 h and then cooled down to room temperature.
Afterwards, a mixture of H2 (4.8%) with Ar was passed (20 mL min−1) at 30 ◦C for 30 min. Then,
the temperature was increased up to 650 ◦C at 10 ◦C min−1 and maintained for 30 min. Chemical
analyses were performed by inductively coupled plasma (ICP) on an ICP-OPTIMA 2100 DV-Perkin
Elmer (Waltham, MA, USA). The solid samples were digested on microwave by using proper acid
mixture solution.

X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Scientific with Al Kα radiation
(1486.7 eV). The wide spectra were acquired by scanning binding energy (BE) in the 0–1200 eV range.
The C1s peak (284.6 eV) was considered as an internal standard and used for corrections of changes
occurring in BE caused by sample charging. The morphologies and size distribution of the Pd particles
were studied by transmission electron microscopy (TEM). The micrographs were acquired with a
JEM 2100 microscope (JEOL, Akishima, Tokyo, Japan) at 200 kV of accelerating voltage. At least 100
particles were measured for the particle size distribution analysis.
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3.4. Gas-Phase HDC Tests

All the tests were carried out in a continuous flow Micro-Activity equipment (PID Eng & Tech,
Alcobendas, Madrid, Spain), described elsewhere [11], with a quartz microreactor (4 mm). Initially,
the sample were in situ reduced in a H2 atmosphere (50 mL min−1) at 250 ◦C for 2 h prior to any
reaction test. The HDC experiments were performed at atmospheric pressure, with 100 mL min−1

of total flow (TCM/DCM + N2 + H2), a TCM/DCM inlet concentration of 1000 ppmv, space time of
τ = 0.8 kg h mol−1, different H2:TCM/DCM molar ratios (100:1–10:1 range), and reaction temperatures
from 75 to 300 ◦C. The reactor exit was connected to a gas chromatograph (Varian 450-GC) equipped
with a capillary column (CP-SilicaPLOT, 60 m) and an FID detector. The activity of the catalysts was
evaluated, quantifying TCM and DCM conversion (X), and the selectivity to the different products (Si)
was determined by:

XTCM (%) = (TCMinlet − TCMoutlet)/TCMinlet × 100,

XDCM (%) = (DCMinlet − DCMoutlet)/DCMinlet × 100,

Si (%) = (ni
outlet NC,i)/(ni

outlet NC,i + nj
outlet NC,j + . . . ) × 100,

where ni
outlet and ni

inlet are the concentration of the product i at the reactor exit and inlet, respectively,
NC,j and NC,j are the number of carbon atoms in the compounds j and i, respectively. The carbon mass
balance of every experiment was checked and did not showed deviations higher than 10%. Turnover
frequency (TOF) was also evaluated and calculated as the moles of reactants converted per mole of
surface-exposed active phase atoms (Pd atoms). Dispersion of Pd particles was estimated, supposing a
spherical shape, utilizing the equation [29]:

D (%) = (6 105 Mw)/(ρM σM NA d),

where Mw stands for the Pd atomic mass (106.42 g mol−1), ρM is the density of the metal (12.02 g cm−3

for Pd), σM corresponds to the effective surface area of Pd atoms (7.87 × 10−20 m2 per atom), NA is
Avogrado’s number, and d is the mean metal particle size (obtained by TEM) in nm. The number of
metal atoms exposed was estimated using the bulk Pd content (µmol per gram) multiplied by the
dispersion values.

4. Conclusions

Pd supported by incipient wetness impregnation on commercial zeolites type K-LTL, Na-Y, and
Na-MOR, synthesized in basic form or modified to protonic by ion exchange with ammonium, resulted
in catalysts with good performance in the HDC of DCM and TCM. The ion exchange process allowed
the modification of surface acidity, porosity, and Pd particle size. The catalysts with higher surface
acidity yielded lower mean Pd particle size, which in turn reduced the intrinsic activity of the catalysts.
This confirmed the HDC of TCM and DCM as a structure-sensitive reaction. The best results in
terms of selectivity to the desired products (C2–C3 hydrocarbons) were obtained with NaY and KL
catalysts, due to their lower surface acidity. The NaY catalyst showed a total conversion of both DCM
and TCM, with selectivities to paraffins of 70% and 95%, respectively. In the case of the KL catalyst,
the conversion achieved with DCM was significantly lower (around 27% at 300 ◦C), and a higher
temperature was needed to obtain complete TCM conversion, although with excellent selectivities to
C2–C3 hydrocarbons. Surface acidity had an outstanding influence on the selectivity to olefins. KL
catalysts, with a considerably lower acidity than the other catalysts, led to selectivities to olefins up
to 37% and 60% for DCM and TCM HDC, respectively. In contrast, NaY did not produce significant
amounts of olefins. Catalysts with low surface acidity are recommended for getting high selectivities
of C2–C3 hydrocarbons by HDC of chloromethanes, and especially to yield olefins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/199/
s1, Figure S1: XRD patterns of the catalysts, Figure S2: XPS Pd3d deconvoluted spectra Pd 1%, Figure S3:
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Selectivity versus reaction temperature on the HDC of DCM with the catalysts (τ = 0.8 kgcat h mol−1, 1000 ppmv,
H2/DCM = 100), Figure S4: Selectivity versus reaction temperature on the HDC of TCM with the catalysts
(τ = 0.8 kgcat h mol−1, 1000 ppmv, H2/TCM = 100), Table S1: XPS analysis of the fresh catalysts at high resolution.
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