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Abstract 

This work analyses the deactivation of activated carbon-supported Rh and Ru (both at 1 

wt.%) catalysts (Rh/C and Ru/C) in the hydrodechlorination (HDC) of dichloromethane 

(DCM) and chloroform (TCM). The deactivation can be mainly attributed to the coverage 

of active metal centres by organometallic species resulting from the chemisorption of 

reaction products, such as olefins, at the electro-deficient metal sites. With DCM, the 

activity of Ru/C decreased by more than 80% after 90 h on stream at 250 °C and with a 

space time of 1.7 kg h mol-1. Under the same conditions, with TCM, the Rh/C and Ru/C 

catalysts lost 75% of activity after 84 and 54 h on stream, respectively. A regeneration 

treatment with air at 250 °C allowed complete recovery of the catalytic activity. After 

each deactivation-regeneration cycle, the selectivity to olefins increased. Therefore, HDC 

with the catalysts tested provides a promising way for the upgrading of chloromethanes 

from waste gas streams into light olefins. 
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1. Introduction 

Dichloromethane (DCM) and chloroform (TCM) are harmful pollutants which can be 

found in waste gas streams from chemical and pharmaceutical industries, since they are 

widely used as solvents, for printing, dry cleaning, synthesis of adhesives, pesticides, 

pharmaceutical products or refrigerants [1]. The European Parliament (Regulation (EC) 

No 166/2006) establishes emission limits to air of 1000 kg/year and 500 kg/year for DCM 

and TCM, respectively [2]. Besides, maximum exposure limits in air for an 8-hour 

workday as low as 25 ppm of DCM [3] and 50 ppm of TCM [4] have been recommended. 



Since the release of these chloromethanes into the environment is subject to strict legal 

regulations, several technologies are being developed for their abatement. 

Hydrodechlorination (HDC) is a reductive treatment which operates at close to 

atmospheric pressure and relatively low temperatures, with the help of an appropriate 

catalyst, to transform these chlorinated pollutants into harmless chlorine-free 

hydrocarbons that could be recycled for chemical or energy applications [5, 6]. The main 

problem in HDC is catalyst deactivation, a crucial issue for the potential application of 

this technology. However, this problem has been barely addressed in the literature. The 

HCl produced upon HDC has been identified as a common catalyst deactivation agent in 

this process [7-11]. This byproduct can be adsorbed on the catalyst, favoring coke 

formation, with consequent deactivation by partial blockage of the active surface [10, 12-

14]. Electronic transformations may also occur in the catalysts, giving rise to changes in 

the oxidation state of the active metallic phase and/or in the nature of surface groups [17]. 

Another common cause of deactivation is the sintering of the active phase when higher 

temperatures are used to enhance catalyst activity [18-20]. 

In previous studies, the gas phase HDC of DCM and TCM was investigated using 

different metallic catalysts supported on activated carbon (Pt/C, Pd/C, Rh/C and Ru/C) 

[21-23]. While Pt/C yielded mainly methane and exhibited excellent stability [23, 25], 

the other three catalysts gave rise to significant relative amounts of higher hydrocarbons 

of more industrial interest, but suffered deactivation to different extents [21, 22]. It is 

important to understand the causes of these two different behaviors in order to enable the 

design of improved catalysts for HDC. In addition, because of the different selectivities 

observed, sometimes it is more convenient to use a specific catalyst in spite of it being 

less stable, and then investigate some suitable way of regenerating it. Deactivation of 

Pd/C has been widely studied [17, 22], being mainly attributed to the formation of a new 



PdCx phase, promoted by the HCl produced (in HDC of DCM), or to metal sintering (in 

HDC of TCM). However, despite suffering the greatest loss of activity, the causes of 

deactivation of Rh/C and Ru/C catalysts during HDC have not been clarified so far. Rh/C 

has shown a good ability for the production of valuable olefins and hydrocarbons higher 

than methane by HDC of chloromethanes [25]. Therefore, it is important to understand 

its deactivation and to design a method for its regeneration. 

The regeneration of catalysts used in HDC has been scarcely investigated in the literature, 

and mainly for Pd-based catalysts. Two different strategies have been followed: (i) in situ 

gas flow methods, and (ii) washing methods. Among the first, O2, air or inert gas flows 

at different temperatures have been used to remove carbonaceous deposits or coke [26, 

27]. In a recent study, we used air at 250 °C to successfully regenerate a Pd/C catalyst 

deactivated by PdCx [17]. On the other hand, H2 flow has been found to be useful for the 

removal of deactivating chlorine species [26, 27]. Other authors have combined oxidation 

and reduction steps for regenerating HDC catalysts [28-31]. Among the washing 

methods, NaOH and ammonia have been found to be suitable agents for the regeneration 

of different Pd, Pd-Pt and Pd-Rh catalysts deactivated by the deposition of different 

compounds [30, 32]. 

The objectives of the current work are to elucidate the deactivation of Rh/C and Ru/C 

catalysts during the HDC of DCM and TCM, and then to find a feasible regeneration 

treatment. 

 

 

 



2. Experimental 

2.1. Catalysts preparation 

Carbon-supported Rh and Ru catalysts were prepared by incipient wetness impregnation 

of a commercial activated carbon (Erkimia S.A., the fraction with a particle size between 

0.25 and 0.50 mm), whose description has been reported elsewhere [22], using aqueous 

solutions containing the appropriate amounts of either RhCl3 or RuCl3 (supplied by 

Sigma-Aldrich) to give a final metal loading of 1 wt%. After drying overnight at room 

temperature, followed by heating at 100 °C for 2 h (heating rate: 20 °C h-1), the catalysts 

were activated by reduction under continuous H2 flow (50 ml min-1) at 250 °C for 2 h (10 

°C min-1). Hydrogen was supplied by Praxair with a minimum purity of 99.999%. The 

as-prepared catalysts (in all cases reduced at 250 °C) were named Rh/C and Ru/C. 

2.2 Catalysts characterization 

The surface composition of the catalysts was analyzed by X-ray photoelectron 

spectroscopy (XPS) with a 5700C Multitechnique System (Physical Electronics), using 

Mg-Kα (1253.6 eV) radiation, scanning up to a binding energy (BE) of 1200 eV for the 

determination of the elements present and their concentrations (general spectra). The C 

1s peak (284.8 eV) was employed as an internal standard to correct the shift in BE caused 

by sample charging. The BE of the C 1s, O 1s, Cl 2p, Rh 3d and Ru 3d core levels and 

the full width at half maximum values were used to assess the chemical state of the 

elements at the catalyst surface (partial spectra). The peaks were deconvoluted according 

to literature procedures, by using mixed Gaussian–Lorentzian functions and a least-

squares method [33]. The X-ray diffraction (XRD) patterns of the catalysts were obtained 

in an X’Pert PRO Panalytical diffractometer, using Cu Kα monochromatic radiation (of 

wavelength 0.154056 nm), a 2θ scanning range of 10° to 100° and a scan step size of 

0.04°. Scanning Electron Microscopy (SEM) images were obtained using a Jeol 6700F 



instrument with Field Emission Gun, in back-scattered electron mode, where the intensity 

is related approximately to the square of the average atomic number at each point of the 

image. This allows compositional information to be obtained since phases of different 

densities may be distinguished. An accelerating voltage of 15 kV and a working distance 

of 8.6 mm were used. Transmission electron microscopy (TEM) images were obtained 

using Jeol JEM 2011 and Jeol JEM 2100 instruments, operating with a LaB6 filament at 

an accelerating voltage of 200 kV (0.18 nm point resolution), both equipped with an EDS 

unit (Oxford INCA) and a Gatan (in Jeol JEM 2011) or Orius SC1000 (in Jeol JEM 2100) 

CCD camera. The samples for TEM were ground, suspended in ethanol and deposited 

onto holey carbon-coated Cu grids. Thermogravimetric analysis (TGA) were performed 

using a TGA Q-500 thermo-balance. Powder samples were heated at 10 °C min-1 up to 

900 °C in both air and nitrogen atmospheres. N2 adsorption-desorption isotherms at -196 

°C were obtained using a Tristar II 3020 (Micromeritics) to characterize the porous 

structure of the catalysts. The samples were previously outgassed for 12 h at 150 ºC at a 

residual pressure of 10-3 Torr (VacPrep 061, Micromeritics). The specific surface areas 

(SBET) were calculated using the BET equation and the t-method was used to obtain the 

micropore volume (Vmicro). 

2.3. Hydrodechlorination experiments 

The activity of the catalysts in the HDC was evaluated in a continuous flow reaction 

system (Microactivity Pro, PID Eng & Tech) equipped with a quartz fixed bed micro-

reactor (internal diameter 0.95 cm). The analysis of the reaction products was performed 

using a gas chromatograph (CP-3800, Varian), equipped with a flame ionization detector 

(FID) and a 60 m capillary column (CP-Silica Plot, Varian), coupled on-line to the 

reactor. Long-term (90 h) experiments were performed to examine the evolution of the 

catalytic activity as a function of time on stream. The experiments were performed at 



atmospheric pressure, using a total gas flow rate of 100 Ncm3 min-1, a H2/chloromethane 

(CM) molar ratio of 100, a reaction temperature of 250 °C and a space-time (τ, ratio 

between the mass of catalyst used and the CM molar flow) of 1.7 kg h mol-1. The gas 

feed, with a CM concentration of 1000 ppmv, was prepared by mixing the commercial 

CM/N2 starting mixture with N2 (both supplied by Praxair) in the appropriate ratios. Mass 

transfer limitations were experimentally determined by means of a series of experiments 

in which the total flow rate and the catalyst particle size were varied. No significant 

changes in activity were observed within the ranges of 0.02–0.06 m s-1 for gas velocity 

and 0.25-0.71 mm for particle size [34]. The behavior of the catalysts was evaluated in 

terms of overall CM dechlorination, CM conversion, and selectivity to the different 

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

2.4. Catalysts regeneration 

A second set of experiments was carried out to study the reusability of the catalysts after 

regeneration, operating as described in section 2.3. First, the catalysts were used during a 

90 h HDC experiment (at atmospheric pressure, with total gas flow rate of 100 Ncm3 

min-1, CM concentration of 1000 ppmv, H2/CM molar ratio of 100, space time of 1.2 kg 

h mol-1 and a reaction temperature of 250 °C). The resultant deactivated catalysts were 

regenerated at atmospheric pressure by flowing 50 Ncm3 min-1 of air (supplied by 

Praxair) into the system at 250 °C for 12 h. The activity of the catalysts was studied over 

three consecutive deactivation-regeneration cycles. 

 

 

 



3. Results and Discussion 

3.1. Catalytic activity 

Figure 1 shows the evolution of DCM conversion, selectivity to reaction products and 

global dechlorination during time on stream when using the Rh/C and Ru/C catalysts. 

Figure 2 presents the analogous results for the HDC of TCM. As can be observed, at the 

experimental conditions used, both catalysts showed high initial activities but different 

deactivation and selectivity patterns thereafter. Both catalysts suffered a dramatic 

deactivation with time on stream during the HDC of TCM, where Rh/C and Ru/C lost 

75% of their initial activity in 84 h and 54 h, respectively. On the other hand, in the HDC 

of DCM, Rh/C had lost only 15% of its activity after 90 h, whereas the Ru/C suffered a 

rapid deactivation in the same time period (82% in 90 h). 



 

FIGURE 1. Evolution of the activity, selectivity to reaction products and overall 
dechlorination during time on stream in the HDC of DCM with Rh/C (top) and Ru/C 

(bottom). 

 



 

FIGURE 2. Evolution of the activity, selectivity to reaction products and overall 
dechlorination during time on stream in the HDC of TCM with Rh/C (top) and Ru/C 

(bottom). 

The variability of selectivity to reaction products as a function of time on stream suggests 

important changes occur in the nature of the active centers during catalyst operation, 

particularly in the HDC of TCM. In this reaction, in the first hours of operation, an 

increase in the selectivity to olefins (CnH2n) and DCM can be observed with both 

catalysts, at the expense of alkanes (CH4 and C1+) and MCM. Nevertheless, when the 

catalyst deactivation becomes significant, the selectivity to olefins decreases again in both 

cases. An increase in the production of olefins with time on stream was also observed in 

the HDC of DCM when using the Ru/C catalyst, this time coupled with an increase in 

 



MCM, against a decreasing selectivity to alkanes. In contrast, when Rh/C was employed 

in the HDC of DCM - the catalyst that suffered the least deactivation - much smaller 

variations are observed in the selectivities with time on stream; the selectivity to methane 

increasing slightly at the expense of that to the higher alkanes (C1+). All the observed 

changes in the selectivity patterns of the catalysts may be caused by changes in the nature 

of the active centers occurring during catalyst operation. It is also clear that the 

dechlorination capabilities of both Rh/C and Ru/C were poorer in the HDC of TCM than 

of DCM, due to the higher concentrations of hydrogen needed for the total substitution of 

the chlorine atoms in TCM (three atoms) than in DCM (two atoms). The higher reactivity 

of the former makes this effect even more significant. 

3.2. Characterization of the catalysts 

In order to understand the differences in the catalysts activity observed, the physical and 

chemical properties of the catalysts were studied and compared before and after used in 

the dechlorination reactions. This will allow understanding the changes in the nature of 

the active centers that were suggested by the variability of selectivity with time on stream. 

3.2.1. Bulk metal content, specific surface area and metal dispersion 

The values of bulk metal content (Mbulk), specific surface area (SBET) and metal dispersion 

(D) of the catalysts as prepared and after the long-term experiments of Figures 1 (UDCM) 

and 2 (UTCM) were reported in a previous study [21] and are summarized in Table S1 of 

the Supplementary Information. Briefly, the bulk metal content does not vary during 

HDC. CO chemisorption results showed that the active metal phase in the synthesized 

catalysts were undoubtedly well dispersed, but that a significant loss of accessible active 

phase was observed after their use in HDC. This was especially pronounced in the case 

of Ru/C for both reactions, and Rh/C in the HDC of TCM. This is consistent with the fact 



that these cases were the ones in which the highest loss of activity was observed. Finally, 

both catalysts showed high initial BET surface area, ca. 1100 m2 g-1, which sharply 

diminished after the HDC of TCM, evidencing a severe blockage of the pore structure, 

which would explain their rapid deactivation. The blockage by carbonaceous deposits - 

sometimes including chlorine in its composition - has been reported in HDC by other 

authors [8, 10, 30, 35]. First, coke (mainly composed of polymerized hydrocarbons) may 

accumulate due to decomposition or condensation of hydrocarbons in the catalyst surface 

[36]. On the other hand, the HCl, or other chlorinated byproducts released during the 

reaction, may modify the oxidation state of the active phase, generating new electro-

deficient active centres. Consequently, besides the typical products obtained in the HDC, 

oligomers may be produced and deposited on the catalyst surface during the reaction [36]. 

3.2.2. X-ray photoelectron spectroscopy 

Table 1 shows the elemental surface composition of the catalysts as prepared and after 

use in the HDC of DCM (UDCM) and TCM (UTCM). The catalysts mainly present C (88-

95 %) and O (3-8 %) on their surfaces. In the catalysts prepared with Rh, this metal is the 

next most abundant element at the surface. However, the catalysts prepared with Ru 

showed none of this metal by XPS, revealing its preference to deposit in the internal pores 

of the support, which can be ascribed to a strong interaction between the Ru particles and 

the support, as was previously reported for a Ru/C catalyst by Álvarez-Montero et al. 

[37]. The different behaviour of Rh/C in the HDC of DCM (no dramatic loss of dispersion 

and smooth deactivation) may be related to the migration of the Rh species to the catalyst 

surface, as suggested by the increase in surface Rh concentration observed after the HDC 

of DCM (Table 1). It should be noted that the surface concentration of Cl increases 

significantly after the reaction, especially in the HDC of TCM. 



TABLE 1. Data obtained from XPS spectra for the catalysts as-prepared and after use in 

DCM (UDCM) and TCM (UTCM): surface compositions as elemental atomic concentrations 

and quantification of the chemical states of each element at the surface by deconvolution 

of M (Rh/Ru) 3d, Cl 2p, C 1s and O 1s regions. 

(%) Rh/C Rh/C 
UDCM 

Rh/C 
UTCM 

Ru/C Ru/C 
UDCM 

Ru/C 
UTCM 

atomic concentration C  89.95 88.15 89.22 94.88 94.56 93.88 
N  1.07 1.19 0.65 0.84 0.60 0.39 
O  6.87 7.95 2.96 4.12 4.62 3.35 
Cl  0.38 0.51 5.38 0.16 0.21 2.38 
M  1.72 2.19 1.80 - - - 

M (3d) M0  17.1 21.2 43.5 - - - 
Mn+  82.9 78.8 56.5 - - - 

Cl (2p) Clinorg.  54.9 48.5 4.7 18.7 7.2 1.2 
Clorg.  45.1 51.5 95.3 81.3 92.8 98.8 

C (1s) C=C  55.1 63.7 79.0 58.4 64.2 71.7 
C-C  28.3 22.7 10.7 24.6 22.0 15.7 
C-O  9.7 7.3 7.1 10.2 7.2 8.3 
C=O  7.0 6.3 3.2 6.8 6.6 4.3 

O (1s) C=O  53.7 50.1 32.9 49.8 36.9 36.6 
C-O  32.8 46.9 64.8 47.3 57.8 58.7 
Oads  13.5 3.0 2.4 2.9 5.3 4.8 

 

According to literature [38-40], the XPS signal for the Rh 3d5/2 orbital may be 

deconvoluted into three species, centred at 307.8 eV (corresponding to zero-valent Rh0), 

309.2 eV (electro-deficient Rhn+) and 311.2 eV (satellite of Rhn+), with their 

corresponding doublet peaks for the Rh 3d3/2 orbital at 312.5 eV (Rh0), 313.9 eV (Rhn+) 

and 115.9 eV (Rhn+) (see Figure S1 of Supplementary Information). In addition, the signal 

for the Cl 2p orbital may be also deconvoluted into three features, centred at 198 eV 

(inorganic Cl), 200 eV (organic Cl) and 202 eV (organic Cl). As can be seen in Table 1, 

the total amount of Rhn+ species decreases after the HDC, evidencing the selective 

poisoning of the electro-deficient sites, whilst the proportion of organic chlorine (Clorg) 

increases. This suggests that chlorinated organic compounds are being deposited on the 

Rhn+ species of the catalysts, so explaining the increase observed in surface chlorine 



concentration. What is more, after the HDC of TCM, the Rh peaks shift to lower binding 

energies, especially the peaks related to Rhn+ (Rh peaks appear at 307.6, 308.6 and 310.8, 

respectively) (Figure S1). This suggests structural changes are occurring, particularly in 

the Rhn+ species, probably due to the formation of new bonds with the reactants and/or 

the reaction products formed during the HDC of TCM. Rh can exist in several oxidation 

states, being able to form many different organometallic Rh complexes. Due to the 

previously-reported efficiency of Rh/C to produce olefins by HDC [25], it seems 

plausible that [RhCl(C2H4)]2 or [RhCl(C2H4)2]2 olefinic complexes are being formed [41-

43]. Moreover, the named study [25] pointed out the high-energy barrier needed for olefin 

desorption from Rh active sites, in contrast to the low adsorption energy, which supports 

its likely contribution to catalyst poisoning. 

For the Ru catalysts, XPS data on Cl content and chemical state showed the higher 

proportion of organic chlorine in all cases, close to 100 % for the used samples. This 

points to a similar deactivation mechanism in the Ru/C catalyst as that discussed above 

for Rh/C, were chlorinated organic compounds are deposited on the active phase of the 

catalysts. The formation of heavy halogenated carbonaceous deposits has been reported 

previously as the main cause of deactivation for Ru/C catalysts used in HDC [44]. 

Table 1 also provides information on the different functional groups identified by 

deconvolution of the C 1s and O 1s regions of the XPS spectra. For C 1s, four signals 

were observed: (1) the peak at BE ∼284.8 eV is attributed to the C=C bonds (sp2 

structures); (2) at BE ∼285.8 eV, the peak is assigned to C–C (sp3 carbon species); (3) 

BE ∼287.7 eV corresponds to C–O (epoxy and hydroxyl groups); and (4) BE ∼290.7 eV 

is attributed to C=O (carbonyl, carboxyl and carboxylate groups) [45]. On the other hand, 

the O1s spectra show the presence of three different components: (1) BE ∼531.4 eV is 

assigned to C=O (carbonyl and carboxyl groups); (2) BE ∼533.3 eV corresponds to C–O 



(phenolic, ether and hydroxyl groups); and (3) BE ∼535.5 eV is attributed to adsorbed 

atomic O [45]. Considering the C1s region, both catalysts show very similar initial surface 

carbon compositions, with ca. 55 % as unsaturated C=C, ca. 25 % as C-C and ca. 20 % 

as oxygenated species. After the HDC there is an increase in the surface concentration of 

sp2 structures, especially in the catalysts used in TCM, which supports the hypothesis of 

the chemisorption of olefins suggested before. Looking now at the O1s region, the 

proportion of oxygenated C=O groups decreases in favour of other oxygenated 

phenolic/hydroxyl and ether groups. This can be attributed to the reducing environment 

experienced by the catalysts during the HDC. 

3.2.3. X-ray diffraction 

Figure 3 shows the XRD profiles of the catalysts as prepared and after use in HDC (UDCM, 

UTCM). There are no peaks attributable to Rh in any of the diffractograms. However, after 

using Ru/C in the HDC of DCM, two peaks were observed at 40° and 46.4°, 

corresponding to different Ru-containing phases. These peaks did not appear in the 

catalysts before the reaction, indicating that Ru particles increased in size during the 

HDC, in agreement with the strong decrease of dispersion, from 20% to 2%, observed 

previously. Moreover, these peaks appear at values of 2θ ca. 2° higher than is typical for 

metallic Ru, implying a decrease of its lattice parameter, which may be caused by the 

generation of new stronger bonds formed with different elements during the reaction, 

probably due to the formation of new organochlorinated Ru complexes. The peaks 

appearing at 36.8° in Rh/C and 36.1° in Ru/C match to the corresponding metallic 

chlorides (according to Powder Diffraction Files References 96-153-4199 and 96-153-

5288, respectively). Under the reducing environment of the HDC experiments, these 

peaks decrease in size, although they do not completely disappear, and a peak at ca. 35.5° 



appears, which may be related to a new organometallic phase, for each metal, containing 

chlorine, and even other heteroatoms like oxygen (coming from the surface of the 

support), produced from the chemisorption of reactants and reaction products on the Mn+ 

species of the catalysts. This reflection has been reported before for several chlorinated 

Rh and Ru organometallic complexes, e.g. Rh8Cl8O8H224C136 [46], Rh4Cl4C84H80 [47], 

Rh2Cl2N4C34H56 [48], Rh4Cl8N8O16C104H156 [49], Ru4Cl4C48H68O8 [50], 

Ru2Cl4O2N4C70H80 [51]. 

 

FIGURE 3. XRD profiles of the Rh/C and Ru/C catalysts as prepared and after use in 
the HDC of DCM and TCM. 

 

 



3.2.4. Electron microscopy 

Figure 4 shows TEM and SEM images of Rh/C before and after the HDC of DCM and 

TCM. As was presented in Table S1, the Rh/C catalyst possesses the highest metal 

dispersion (32 %). The comparison between the bulk Rh content (from Table S1) and the 

surface Rh concentration (by XPS, Table 1), indicates that Rh particles are mainly 

deposited on the outer surface of the catalyst (when expressed as atomic concentrations, 

RhXPS/Rhbulk ≈ 18). Nevertheless, these particles were difficult to find even by SEM, 

probably due to their small sizes (Figure 4a). On the other hand, the high proportion of 

Rh in an electro-deficient state detected by XPS, perhaps present in the form of RhCl3, as 

suggested by XRD, appears to result in the irregularly-shaped Rh particles detected in 

TEM (Figure 4b). According to temperature programmed reduction results (TPR) from a 

previous study [37], at the reduction temperature used, the catalyst should be completely 

reduced. However, in the prepared catalyst (reduced at 250 °C), both reduced Rh0 and 

electro-deficient Rhn+ species are detected by XPS (Table 1, Figure S1). This suggests 

that Rhn+ are not unreduced species. What is more, reduction temperatures of up to 450 

°C were employed in a recent study of this catalyst, but no significant differences were 

found either in the Rh0/Rhn+ ratio or in the metal dispersion, over the range of reduction 

temperatures studied (250-450 °C) [23]. The mean particle size calculated for this catalyst 

is 1.3 nm. After the catalyst was used in the HDC of DCM the mean particle size increased 

to 6.8 nm, with an observed size range of about 2 to 14 nm (Figure 4c). Particles were 

also imaged in the catalyst used in the HDC of TCM (Figure 4d), and these had a mean 

particle size of 5.3 nm. Their EDS analysis reveals a significant amount of Cl, which is 

in agreement with the XRD and XPS results presented above. 

Turning now to the Ru/C catalyst (Figure 5), since the Ru particles are mainly located in 

the interior of the support particles, it was not possible to detect them by SEM. Therefore, 



only TEM images are shown here. The images of the as prepared catalyst show a large 

number of round Ru particles of around 2 nm diameter (Figure 5a), but also bigger Ru 

clusters (up to 14 nm) in which large amounts of Cl were detected by EDS (Figure 5b) 

and attributed to the precursor used in the catalyst synthesis (RuCl3). The TPR profile of 

Ru/C presented in a previous study [37] showed three peaks of H2 consumption at 114, 

184 and 248 °C, attributed to the reduction of different precursor phases [52]. This could 

explain the presence of Ru-Cl-C clusters in the catalyst. The mean Ru particle size found 

for this catalyst, including these clusters, is 3.3 nm. The catalyst used in the HDC of DCM 

(Figure 5c) also contain rounded particles, but bigger in size, with a mean particle size of 

10.9 nm, over a detected range of 5.7 to 24 nm, in agreement with the XRD (Figure 3) 

and chemisorption (Table S1) results presented above. For the catalyst used in the HDC 

of TCM (Figures 5d and 5e), finding well-defined particles was a challenge. Figure 5e 

presents a particle of 2 nm, showing interplanar spacings of 2.31 Å (±0.05 Å), consistent 

with the (100) planes of the hexagonal close packed Ru structure. The EDS analysis of 

selected areas reveals the presence of large amounts of Cl (Figure 5d), supporting the 

hypothesis concerning the poisoning of the active sites by organochlorine species. 



 

FIGURE 4. FEG-SEM (a) and TEM (b-d) images of the Rh/C catalyst before (a,b) and 
after the HDC of DCM (c) and TCM (d) with corresponding metal particle size 

distribution histograms. 
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FIGURE 5. TEM images of the Ru/C catalyst before (a,b) and after the HDC of DCM 
(c) and TCM (d,e), with particle size distribution histograms. 
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3.2.5. Thermogravimetry 

Figures 6 and 7 present the TGA spectra of Rh/C and Ru/C, before and after the HDC 

reactions, obtained under oxidizing (Air) and inert (N2) atmospheres, respectively. Figure 

6 shows significant weight loss at temperatures above 400 °C, corresponding to the 

combustion of the activated carbon itself. At the end of each TGA run in air, a small mass 

remains, which is related to the ash content of each catalyst, around 6% in all the cases. 

The weight losses observed in the experiments under inert atmosphere (Figure 7) 

correspond mainly to the decomposition of the compounds adsorbed on the catalysts. As 

can be seen, the weight loss detected in the used catalysts at temperatures below 500 °C 

is considerably greater than that observed in the reduced catalysts, especially in the 

samples used in the HDC of TCM. The oligomerization of the (chlorinated) compounds 

chemisorbed on the active sites might be more favourable when treating TCM than DCM, 

due to the higher amount of chlorine available in the former. This is consistent with the 

sharp drop in the BET area observed in the catalysts after the HDC of TCM (Table S1). 

On the other hand, when the gas released in each TGA run is analysed with a mass 

spectrometer and the mass/charge ratios (m/e) examined, a large number of signals 

characteristic of the decomposition of hydrocarbons are detected. The series m/e = 43, 

57, 71…, which identify linear alkanes, m/e = 41, 55, 69, 83…, which identify alkenes, 

and characteristic signals of chlorinated hydrocarbons such us those typical for MCM 

(m/e = 15, 35, 50, 52), DCM (m/e = 49, 51, 84, 86, 88) and TCM (m/e = 35, 41, 47, 58, 

83, 85), were detected only in the used catalysts. This supports the hypothesis that the 

catalysts are poisoned by the production of olefinic complexes and the deposition of 

(chlorinated) hydrocarbons. Figure 8 shows some of the signals obtained by TGA-MS 

identifying alkanes and alkenes in the Ru/C catalyst used in the HDC of TCM. 



 

FIGURE 6. Weight loss (solid lines, left axis) during the TGA under air atmosphere of 
Rh/C and Ru/C before and after use in the HDC reactions, with the corresponding first 

derivatives (dashed lines, right axis). 

 

 



 

FIGURE 7. Weight loss (solid lines, left axis) during the TGA under inert atmosphere of 
Rh/C and Ru/C before and after use in the HDC reactions, with the corresponding first 

derivatives (dashed lines, right axis). 

 

FIGURE 8. Dependence on temperature of selected m/e signals (as indicated) 
corresponding to alkanes and alkenes evolved during the TGA-MS in inert atmosphere 

performed on the Ru/C catalyst after use in the HDC of TCM. 
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In a previous work, the kinetics of the HDC of CMs with Rh/C and Ru/C catalysts were 

studied [34]. It was found that the HDC of DCM and TCM were well described by the 

Langmuir-Hinshelwood-Hougen-Watson (LHHW) model with chemical reaction and 

desorption of reaction products being the rate-controlling steps, respectively. In the HDC 

of DCM, the lower capacity of these two catalysts, Rh/C and Ru/C, for hydrogenolysis 

and hydrodechlorination, when compared with similar catalysts prepared with different 

active phases (e.g. Pd/C, Pt/C), explains their reaction step being slower than the 

adsorption step. That would lead to the formation of a higher diversity of byproducts, as 

has indeed been observed here (section 3.1). On the other hand, in the HDC of TCM, the 

overall rate appeared to be determined by the desorption of reaction products. Slow 

desorption would favour the accumulation of carbonaceous deposits on the catalyst 

surface, which is consistent with the strong decrease in BET area observed in Table S1 

and the weight loss observed in Figure 7 for the used catalysts. Alvarez-Montero et al. 

[34] considered that different sets of complex reactions may occur on the catalyst surface 

during the HDC of TCM because of the formation of oligomeric coke-like deposits. This 

agrees with the hypothesis of the production of new organometallic phases containing 

chlorine and carbon on the catalyst surfaces. 

3.3. Regeneration of the catalysts 

Due to the stronger deactivation found for TCM, this reactant was selected as the target 

feedstock in order to study catalyst regeneration. After each regeneration treatment, the 

catalysts recovered their activity, being able to convert 100% of TCM, but suffered again 

a dramatic deactivation with time on stream. Nevertheless, as can be seen in Figure 9, it 

is remarkable that the selectivity to valuable hydrocarbons (C1+ + CnH2n) increases after 

each regeneration treatment, particularly for olefins, while selectivity to CH4 diminishes. 



Thus, it seems plausible to use this process, in short deactivation-regeneration cycles, to 

recycle chloromethanes in order to obtain valuable hydrocarbons. 

 

FIGURE 9. Initial conversion of TCM and selectivity to CH4, other alkanes (C1+) and 
olefins (CnH2n) obtained after three consecutive 5-day HDC cycles with Rh/C and Ru/C 

catalysts. 

 

The characterization of the regenerated catalysts reveals a partial recovery of catalyst 

porosity after the oxidizing treatment (Table 2), which may be related to the removal of 

the carbonaceous deposits generated during HDC. The regenerated Rh/C and Ru/C 

catalysts present a highly microporous nature, with average pore diameters smaller than 

1.5 nm (Figure 10). 

 

 



 

FIGURE 10. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of 
the regenerated catalysts. 

TABLE 2. Textural and surface composition data for the regenerated Rh/C and Ru/C 
catalysts. 

 Rh/C regen. Ru/C regen. 
SBET (m2 g-1) 616 795 
Vpore (cm3 g-1) 0.28 0.36 
MXPS M0 (%) 19.5 - 
 Mn+ (%) 80.5 - 
ClXPS Clinorg. (%) 18.1 5.9 
 Clorg. (%) 81.9 94.1 
CXPS C=C (%) 56.8 55.7 
 C-C (%) 27.1 29.5 
 C-O (%) 13.8 10.1 
 C=O (%) 2.3 4.7 
OXPS C=O (%) 59.6 47.2 
 C-O (%) 30.2 38.5 
 Oads (%) 10.2 14.3 

 

 



 

TEM images show highly dispersed Rh particles of mean size 2.8 nm (Figure 11); that is, 

only slightly bigger than those of the as prepared catalyst. By contrast, and as was the 

case with the Ru catalyst used in the HDC of TCM, metal particles could not be found by 

TEM in the regenerated Ru/C catalyst. 

 

FIGURE 11. TEM image of the regenerated Rh/C catalyst and particle size distribution 
histogram. 

 

XRD profiles (Figure 12) confirm the absence of large metal particles in both regenerated 

catalysts. In addition, the signal at 35.4° (#), attributed to the organometallic complexes 

formed, decreases substantially after the regeneration treatment. To allow direct 

comparison, XRD patterns of the catalysts used under TCM are included in the figure. 

 



 

FIGURE 12. XRD profiles of the used and regenerated Rh/C and Ru/C catalysts. 

 

Other changes occurring to the catalyst’s surfaces during regeneration, which seem to be 

key for the recuperation of catalytic activity and for the increased selectivity to valuable 

hydrocarbons observed, are determined by XPS (Table 2). Although the proportion of 

Clorg species remains remarkably high for both catalysts, because of the oxidizing nature 

of the treatment, the concentration of Rhn+ species increases to ca. 80 %, returning to the 

initial proportion found in the as prepared catalyst. The same recovery is observed for 

oxygenated species. The signals attributed to sp2 and sp3 carbon species also return to 

their initial proportions. However, the oxidizing treatment produces an increase in the 

proportion of epoxy and hydroxyl groups (C-O groups), and does not affect the 

concentration of carbonyl, carboxyl and carboxylate groups (C=O groups). Therefore, the 

proportions of these groups in the original and regenerated catalysts are different: the 

regenerated catalysts contain higher concentrations of epoxy and hydroxyl groups, and 

lower concentrations of carbonyl, carboxyl and carboxylate groups than the original 

 



catalysts. The different distribution of oxygenated groups seems to be the cause of the 

different selectivities observed between the original and regenerated catalysts. In a 

previous study [21], the reaction scheme for the HDC of TCM with Rh/C and Ru/C 

catalysts was elucidated, showing that olefins are intermediate products in HDC, and that 

these may be hydrogenated to the corresponding saturated hydrocarbons. The presence 

of C=O surface groups seem to favour the hydrogenation of olefins to paraffins, whilst 

C-O groups have lower hydrogenation ability. Thus, when using the regenerated catalysts, 

which contain a higher proportion of C-O groups, the selectivity to olefins increases. By 

contrast, when using the original catalyst, with a higher concentration of C=O groups, the 

intermediate olefins may be hydrogenated, so increasing the selectivity to saturated 

hydrocarbons. 

 

4. Conclusions 

Rh/C and Ru/C catalysts showed high initial activities in the HDC of chloromethanes, but 

different stability depending on the metal and reactant involved. Rh/C lost only 15% of 

its activity after 90 h in the HDC of DCM, while during the HDC of TCM the same 

catalyst suffer a severe deactivation, losing 75% of activity in 84 h. The deactivation of 

Ru/C is even more dramatic, it losing 75% of activity in ca. 55 h in both HDC reactions. 

The severe deactivation observed is attributed to the formation of new organometallic 

complexes, which block the pore structure. In addition, metallic sintering is observed in 

Ru/C during the HDC of DCM. The higher resistance to deactivation observed in Rh/C 

during the HDC of DCM may be attributed to the migration of Rh particles to the catalyst 

surface, becoming more accessible for the reaction, and the lower chlorine concentration 

available for the oligomerization reactions in this case. A regeneration treatment with air 

at 250 °C successfully recovers the initial activity of these catalysts. Due to the changes 



in the surface chemistry of the catalyst, after each deactivation-regeneration treatment, 

the selectivity to valuable olefins increases. These catalysts and the regeneration 

procedure described therefore provide a promising route for the upgrading of waste 

chloromethanes to light olefins, using this process in short deactivation-regeneration 

cycles. 
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