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Abstract 

Two Ag-Pd (nominal 1% wt each) bimetallic catalysts supported on commercial activated 

carbon were synthesized and tested, for the first time, in the hydrodechlorination (HDC) 

of trichloromethane (TCM) to obtain light olefins. Two different Pd precursors were used, 

PdCl2 and Pd(NO3)2, being the resulting catalysts denoted as AgPdCl/C and AgPdN/C, 

respectively. A monometallic Ag catalyst was also prepared for comparison purposes. 

The two different Pd precursors led to different metal particle sizes and zerovalent to 

electrodeficient metal ratios. The monometallic Ag catalyst showed a poor 

dechlorination, in contrast with the bimetallic ones. AgPdN/C yielded high selectivity to 

paraffins, while AgPdCl/C was more selective to olefins (mostly ethylene), the desired 

reaction products. This better behavior of AgPdCl/C in terms of selectivity to ethylene 

and propylene was probably due to the existence of smaller Pd nanoparticles as 

monometallic sites. These Pd sites are active for the conversion of chloromethanes into 

light unsaturated hydrocarbons, while larger Pd clusters present higher hydrogenation 

ability. AgPdCl/C allowed complete TCM conversion, with high overall dechlorination 

and outstanding 75 % selectivity to olefins, showing very high stability at a reaction 

temperature of 350 °C for almost 35 h on stream. These results represent a significant 

improvement respect to those obtained with monometallic Pd on activated carbon 

catalysts reported in our previous studies. To the best of our knowledge, for the first time 
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it is reported such high selectivity to olefins as the above indicated from HDC of a 

chloromethane. 

Keywords: Hydrodechlorination; Tricloromethane; Palladium; Silver; Olefins; 

Paraffins. 
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1. Introduction 

Chloromethanes are widely used as solvents, intermediates or products in 

different industries. As a consequence, important amounts of these compounds are easily 

released to the atmosphere as a result of leaking from wastes, continuous evaporation or 

emissions [1–3]. Due to their health risk [4] and the role they play on atmosphere 

pollution, different European and worldwide regulations try to limit their release to the 

environment by restricting their use in industrial processes avoiding their presence on 

some consumables like cosmetic and foodstuffs [5–9], and applying remediation 

techniques. Although there are several available techniques to remove these species, only 

some solutions can transform them into valuable hydrocarbons, such as light paraffins 

and olefins. These are valuable compounds in the petrochemical industry because of their 

wide use as key intermediates for the manufacture of numerous products. Light olefins 

are mainly produced by steam and fluid-catalytic cracking [10,11], which are intensive 

energy-demanding processes working under severe conditions. Therefore, the 

development of complementary technologies is of interest. In this sense, catalytic 

hydrodechlorination (HDC) of chloromethanes appears as a promising way of obtaining 

valuable light hydrocarbons at mild conditions of pressure and temperature [12]. While 

the direct production of olefins can be of higher interest [13–15], most studies available 

obtain methane as the main reaction product of the HDC of chloromethanes. Recently, 

good results were reported for the dechlorination of monochloromethane in terms of 

selectivity to ethylene, propylene and butylene, using zeolite catalysts [16–19]. 

Nevertheless, those catalysts were only stable for the first few hours, hereafter, activity 

dropped rapidly because of coke deposition and changes of surface acidity. In previous 

studies of our group [13,20], significant values of selectivity to olefins were obtained with 

Pd based catalysts in the HDC of TCM, though they require to be improved.  In contrast, 

as the process is simplified because coupling of two molecules is not necessary, a wide 

diversity of studies concerning the selective production of olefins from C2 chlorinated 

hydrocarbons can be found in the bibliography [21-30]. Regardless the reactant 

investigated, HDC studies focused on improving the selectivity to light olefins have 

commonly used noble or transition metals, like Pd and Ni, as active phases, due to their 

well-known hydrogenation ability, as well as supports of different nature, such as zeolites, 

metal organic frameworks and carbon materials [13,20–22,33]. However, Ni-based 

catalysts are prone to coke formation leading to rapid deactivation. 
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An interesting approach to modulate the selectivity of the HDC reaction is the use 

of bimetallic catalysts looking for synergistic effects. Among them, the most commonly 

studied are based on Pd-Pt [25,26,34,35]. Kovalchuk and d’Itri [26] postulated that 

bimetallic Pd-Pt catalysts are interesting for the HDC of chlorocarbons, since one metal 

promotes the dechlorination reaction while the other modifies the reactivity shifting the 

reaction towards the formation of olefins. Bimetallic catalysts try to combine the 

advantages of both active phases. Pd has shown a higher selectivity to C1+ alkanes, such 

as ethane and propane, and, under certain reaction conditions, high selectivity to 

unsaturated hydrocarbons [35,36]. Meanwhile Pt-based catalysts usually present higher 

resistance to deactivation by carbon deposition or chlorine adsorption [25,35,37]. The 

combination with other secondary active phases, such as Cu, Ag, Fe and Co, has shown 

significant improvements on the selectivity distribution, mainly for the HDC of C2 

chlorinated hydrocarbons [23,24,27–32,38–40], besides a cost reduction. Job et al. [40] 

studied Pd-Ag bimetallic catalysts supported on a porous carbon xerogel in the HDC of 

1,2-dichloroethane. They observed that the presence of Ag significantly increased the 

selectivity to ethylene compared with monometallic Pd catalyst. This increase was more 

significant at higher temperatures, reaching 100 % selectivity to ethylene at 250 °C, 

although with relatively low activity (maximum conversion of 1,2-dichloroethane of 40 

% at 350 °C). Sun et al. [31] obtained 94.6% selectivity to ethylene in the 

hydrodechlorination of 1,2-dichloroethane at 250 °C, also with a Pd-Ag catalyst but 

supported on γ-Al2O3. In this case, the catalyst showed poor stability, and only 5% 

conversion was maintained after 40 hours on stream. Han et al. [32] reported high 

selectivity to ethylene (94 %) for the HDC of 1,2 dichloroethane after 40 h with a Pd-Ag 

catalyst supported on Al2O3, and slightly better results using Ag-Pd on ZrO2 [41]. Despite 

the high selectivities obtained in these studies, none of them reported high conversion of 

the chlorinated reactant, which in all cases was 1,2-dichloroethane, a widely used 

chlorinated hydrocarbon, but less than chloromethanes. Most of the studies ascribe the 

good performance of Pd-Ag catalyst to the ability of forming small isolated Pd active 

sites, centers that we also found to promote the production of olefins from TCM HDC. 

There are very few reported works with this kind of bimetallic catalysts aimed to address 

high selectivity to olefins from trichloromethane and particularly none using Pd-Ag 

bimetallic catalysts. 

4 



 

 

       

    

        

   

    

   

   

     

 

 

 

 

   

        

       

  

 

       

      

     

   

      

    

      

     

 

 

     

       

     

The interest of this contribution is related with three main aspects: (i) the higher 

industrial importance of olefins versus other hydrocarbons commonly obtained from the 

HDC of chloromethanes; (ii) the suitable properties showed by Ag in order to modify the 

performance of Pd towards the formation of olefins in other hydrodechlorination 

reactions and (iii) the absence of studies devoted to the production of olefins from the 

HDC of trichloromethane. Therefore, the present study is focused on the synthesis and 

characterization of Ag-Pd catalysts supported on activated carbon and their application to 

produce selectively light olefins from the HDC of trichloromethane, reaching a value not 

yet reported in the literature to the best of our knowledge. 

2. Experimental procedure 

2.1. Materials and chemicals 

A commercial activated carbon was used as support, as received from Merck. 

PdCl2 (>99 %), Pd(NO3)2 and AgNO3 (>99%) were supplied by Sigma-Aldrich, and HCl 

(37.5 %) by Panreac. Trichoromethane (0.4 % mol in N2), H2 and N2 (both 99.999 % 

purity) were provided by Praxair. 

2.2. Synthesis of the catalysts 

The Ag monometallic catalyst was prepared by incipient wetness impregnation of 

the activated carbon with AgNO3 aqueous solution to obtain 1.0 % of Ag in weight. The 

solid was then dried for 24 h at 70 °C in an oven. In the case of bimetallic catalysts, the 

support was firstly impregnated with AgNO3 and dried as abovementioned. Then, Pd was 

incorporated by incipient wetness impregnation with PdCl2 or Pd(NO3)2 in HCl aqueous 

solutions (1 M), to obtain also a nominal 1 %wt. Pd, and the resulting solid dried again 

for 24 h at 70 °C. The catalysts were denoted as Ag/C, AgPdCl/C and AgPdN/C, 

corresponding to, respectively, monometallic Ag and bimetallic Ag-Pd prepared with 

Pd(NO3)2 and PdCl2 as palladium precursors,  

2.3. Characterization 

Before every characterization study, the catalysts were reduced under continuous 

H2 flow (50 Ncm3·min-1) at 250 °C for 2 h, in order to analyse them under the operating 

conditions of the hydrodechlorination experiments. The porous texture was assessed by 
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N2 adsorption-desorption at -196 °C in a Tristar II 3020 equipment (Micromeritics). The 

samples were previously degassed for 12 h at 150 °C until residual pressure of 5·10−3 

Torr with a VacPrep 061 equipment (Micromeritics). The specific surface area (ABET) 

was calculated from the BET equation [42]. The micropore volume (Vmicro) and the 

external or non-microporous surface area (Aext) were obtained by the t-method [43]. The 

total pore volume was estimated from the amount of N2 adsorbed at P/Po ≈ 0.99 converted 

to liquid volume (Vpore). The bulk content of Ag and Pd present on the catalysts was 

quantified by total reflection of X-ray fluorescence (TXRF), with a Bruker S2 PICOFOX 

apparatus, operated at 50 kV and 600 µA. The X-ray diffraction (XRD) patterns of the 

catalysts were obtained with a X’pert PRO PANalytical diffractometer. The powdered 

samples were scanned using a CuKα monochromatic radiation of λ = 0.15406 nm and a 

Ge monofilter. The scanning range of 2θ = 20-90o was obtained with a scan step size of 

0.020o using a collection time of 5 s. X-ray photoelectron spectroscopy (XPS) was 

performed to analyse the external surface composition of the reduced catalysts with a 

Thermo Scientific equipment with Al Kα radiation (1486.7 eV). The general spectra of 

the samples were recorded by scanning binding energy (BE) from 0 to 1200 eV. C 1s 

peak at 284.5 eV was taken as an internal standard to correct the changes in BE caused 

by sample charging. The deconvolution was performed using smooth Shirley background 

and mixed Gaussian–Lorentzian functions fitting by a least-squares method. The 

morphologies and mean particle size of the metallic particles (Pd and Ag) were analyzed 

by transmission electron microscopy (TEM). All the micrographs were acquired with a 

JEM 2100 microscope (JEOL, Akishima, Tokyo, Japan) with an accelerating voltage of 

200 kV. More than 100 particles were measured for the calculation of the mean particle 

size. 

2.4. Gas-phase HDC experiments 

The HDC experiments were carried out in a continuous flow reaction system 

(Micro-Activity by PID) described in more detail elsewhere [36], using a quartz fixed bed 

microreactor (4 mm internal diameter). The catalysts were reduced “in situ” under a H2 

flow (50 Ncm3·min-1) at 250 °C for 2 h. The runs were conducted at atmospheric pressure, 

inlet total flow rate (TCM+H2+N2) of 100 Ncm3·min-1 with trichloromethane (TCM) 

concentration of 1000 ppmv and H2/TCM molar ratio of 100:1. The catalyst weight was 

0.213 g, resulting in a space time of 0.8 kgcat·h·mol-1 TCM. The reaction temperatures 
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tested covered the range 125 to 400 ºC. A gas chromatograph (Varian 450-GC) was 

coupled at the exit of the reaction system, equipped with a capillary column (Varian, CP-

SilicaPLOT, 60 m) and a flame ionization detector (FID). 

3. Results and discussion 

3.1. Characterization of the catalysts 

Figure 1 represents the N2 adsorption-desorption isotherms at -196 °C of the 

activated carbon used as support (Carbon Merck) and the catalysts. All of them show a 

similar shape associated to the activated carbon support, characteristic of microporous 

materials with some contribution of mesoporosity, as revealed by the smooth slope of the 

horizontal-like branch and the presence of a small hysteresis loop in all cases. The knee 

of the curves suggests a relatively wide distribution of micropores size. Some small 

decrease of the amount adsorbed can be observed in the catalysts respect to the bare 

support, indicative of low-significance pore blockage by the deposited metallic phase. 

Table 1 summarizes the textural characteristics of these materials, showing BET surface 

area and pore volume values typical of activated carbons, with most of the surface area 

corresponding to micropores and somewhat more than 10 % belonging to the so-called 

external or non-microporous area. These characteristics are quite similar to the previously 

reported for other activated carbon-supported Pd catalysts [44,45]. It is worth to mention 

that AgPdN/C catalyst yielded the lowest ABET and Vmicro values, probably due to larger 

metal particles associated to the use of nitrate as Pd precursor. It has been reported that 

PdCl2 leads to metal particles with higher dispersion than Pd(NO3)2, due to the stronger 

interaction of this last with the activated carbon surface [46,47]. 

Figure 1 

Table 1 

Figure 2 shows the XRD patterns of the three reduced catalysts, where it can be 

clearly observed the presence of two broad peaks centered at around 26.7 and 44.4°, 
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typical of turbostratic carbon materials. The pattern of Ag/C shows peaks at around 38.1, 

44.4, 64.4, 77.4 and 81.5° corresponding to (111), (200), (220), (311) and (222) planes of 

fcc metallic silver (JCPDS No.04-0783) [48,49], which can be also observed in AgPdCl/C 

and AgPdN/C spectra, although with much lower intensity. The higher intensity of these 

peaks in the monometallic Ag catalysts indicates a higher crystallinity of the Ag particles 

in this sample. The mean size of these Ag particles, calculated by applying the Scherrer 

equation to the (111) peak, was found to be 78.8, 56.6 and 43.5 nm for Ag, AgPdCl/C 

and AgPdN/C catalysts, respectively. Despite the method and precursor used for 

introducing Ag is the same for all the catalysts, clear differences can be observed in both 

dispersion and distribution of Ag particles. This can be explained by the dissolution and 

redispersion of metallic particles as a consequence of the later use of acid solutions (1 M) 

to dissolve the palladium precursor salts. The appearance of a new diffraction peak on 

AgPdN/C catalyst of lower crystallinity, adjacent to Ag (111), can be due to the presence 

of crystallites composed by Ag and Pd, bimetallic Ag-Pd particles [50,51]. The presence 

of AgCl cannot either be discarded since the AgPdCl/C pattern shows clearly diffraction 

peaks at around 27.8, 32.2, 46.2, 54.8º that can be associated to (111), (200), (220) and 

(311) planes of AgCl crystals respectively (JCPDS No. 31-1238) [48]. The incorporation 

of Pd resulted in the appearance of new peaks in the XRD patterns. AgPdN/C diffraction 

pattern show low intensity peaks at around 40.0, 46.7, 68.1 and 82.1º corresponding to 

the (111), (200), (220), and (311) atomic planes of fcc Pd (JCPDS No. 87-0641) [52]. The 

peak corresponding to the (200) plane at around 46.7º is not clearly observed because it 

is partially masked by the broad peak at 44.0º of the amorphous carbon support. The 

observation of these peaks in AgPdN/C catalyst indicates that Pd crystals are of relatively 

large size. The mean particle size, obtained by Scherrer equation, resulted to be 26.2 nm. 

These peaks associated to metallic Pd are not observed in the XRD pattern of AgPdCl/C 

catalyst, suggesting a high dispersion and consequently a lower palladium crystal sizes 

due to the utilization of PdCl2 precursor in the synthesis of this catalyst [46].  

Figure 2 

Figure 3 shows representative TEM images beside to the mean metal particle size 

of the different catalysts. Metal particles with spherical shape and different sizes can be 
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clearly observed for the different catalysts. In the case of monometallic silver catalysts, 

AgC, big silver particles are observed, with a mean size of 58.4 nm. Lower metal particles 

sizes are observed for the two palladium monometallic and bimetallic catalysts. However, 

bimetallic catalysts show an intermediate metal particles size, with values between the 

monometallic ones prepared from the same precursor, namely, 1.8, 3.6, 10.7 and 17.8 nm 

for PdCl/C, AgPdCl/C, PdN/C and AgPdN/C, respectively. It can be concluded that Ag 

nanoparticles are in general trend of bigger size, although the Pd deposition seems to 

produce a reduction of the Ag particles sizes, besides to well-dispersed Pd particles. The 

use of PdCl2 as palladium precursor results in a significantly lower particle size than the 

use of Pd(NO3)2. These results agree well with the XRD observations. 

Figure 3 

Table 2 includes the Ag and Pd bulk content of the catalysts. The contents are 

close to the nominal 1.0%, with general deviations lower or equal to 10%, which confirms 

the proper deposition of the metals during the synthesis stage. Table 2 also summarizes 

the surface concentration of Ag and Pd on the catalysts, and the relative contribution of 

zerovalent and electrodeficient metallic species as obtained by deconvolution of their 

corresponding XPS profiles (Figures 4 and 5). Ag/C, PdCl/C and AgPdCl/C catalysts 

yielded values comparable to the nominal bulk ones, indicating a more or less 

homogeneous distribution, while in the case of the PdN/C and AgPdN/C catalysts egg-

shell distributions of both metallic phases can be inferred, particularly accused for Pd. 

The Ag3d XPS of Figure 4 shows the doublet corresponding to Ag 3d5/2 and 3d3/2 

contributions separated by 6.0 eV [53,54]. Deconvolution of the Ag 3d5/2 signal of the 

bimetallic catalysts gives two contributions one located at around 368.2 eV, and the other 

at approximately 367.5 eV, related to the presence of Ag0 and Agn+, respectively [55]. 

The monometallic Ag catalyst showed only the zerovalent species. AgPdCl/C shows a 

small contribution of Agn+ while AgPdN/C contains Ag mainly in electrodeficient state. 

The presence of Agn+ in the bimetallic catalysts can be explained by the charge 

redistribution between metallic Ag and Pd, because of the higher electronegativity of Pd 

respect to Ag [56–58]. It is mainly observed in AgPdN/C because of the significant higher 

amount of surface metallic species in this sample. The higher concentration of Ag and Pd 
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on the AgPdN/C surface (1.8 and 7.5 %, respectively) in comparison with AgPdCl/C (0.8 

and 0.9 %, respectively) would favor the contact between both active phases, promoting 

the formation of AgPd bimetallic particles. Figure 5 represents the Pd 3d XPS profiles of 

the Pd-containing catalysts. Those spectra can be deconvoluted on the basis of doublets 

corresponding to Pd 3d5/2 and 3d3/2, separated by 5.3 eV, due to the spin orbital splitting 

[55]. The Pd 3d5/2 peak of the metallic palladium signal (Pd0) is located at around 335.5 

eV, while that of electrodeficient palladium (Pdn+) is close to 338.0 eV. The catalysts 

from the Pd(NO3)2 salt, AgPdN/C and PdN/C, showed a higher proportion of Pd0 than 

those from PdCl2, AgPdCl/C and PdCl/C (Table 2), which is in agreement with other 

results reported in the literature concluding that Pd nitrate gives higher proportion of 

zerovalent Pd species than chloride [59,60]. Álvarez-Montero et al. [60] observed that an 

acid solution of Pd chloride precursor, as in the case of PdCl2 solution, strongly interacts 

with the activated carbon surface, leading to the formation of small Pd particles, 

homogeneously distributed in the pores of the catalysts. In contrast, Pd(NO3)2 interaction 

with the carbon surface seems to be weaker, favoring aggregation with other Pd particles, 

thus decreasing Pd dispersion [46,47,61]. On the other hand, AgPdCl/C catalyst shows 

higher Pd0 proportion (71 %) than that of previously reported for monometallic Pd 

catalyst supported on the same activated carbon (57 %) [62]. This higher concentration 

of zerovalent Pd in AgPdCl/C can be due to electronic transference from Ag sites to Pd 

because of the higher electronegativity of the latter. 

Figure 4 

Figure 5 

Table 2 

3.2. HDC results 

Figure 6 depicts the TCM conversion at different temperatures with the two 

catalysts tested and the two monometallic PdCl/C and PdN/C ones, which have been 

included for comparison purposes. The monometallic Ag catalyst showed low 
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dechlorination ability and suffered a very rapid deactivation even at low reaction 

temperatures. Moreover, a quite significant carbon imbalance was observed (around 

50%), suggesting the formation and deposition of condensation oligomeric species, that 

could block the Ag active sites. In contrast, both Pd monometallic and Ag-Pd bimetallic 

catalysts allowed complete TCM conversion at temperatures beyond 175-200 ºC, with 

high overall dechlorination, which is almost complete above 300 ºC. These results are 

quite similar to the obtained in our previous studies with monometallic Pd catalysts 

supported on activated carbon under the same working conditions [12,20]. Besides, the 

current catalysts showed slightly higher conversion than those reported by other authors 

on the HDC of tetrachloromethane (TTCM) with AgPd-based catalysts at low 

temperatures (125 ºC) [30,63]. According to the literature, Ag is able to adsorb TCM and 

to break C-Cl bonds, while Pd in the vicinity promotes dissociative chemisorption of H2, 

providing H atoms to the Ag sites [30,64].  

Figure 6 

Figure 7 shows the selectivity to the different reaction products from the 

experiments of Figure 6 with the AgPdN/C, AgPdCl/C, PdN/C and PdCl/C catalysts. The 

reaction products were methane, other light alkanes (ethane and propane) and light olefins 

(ethylene and propylene), besides the resulting from incomplete dechlorination of TCM, 

namely, monochloromethane (MCM) and dichloromethane (DCM) (difference up to 

100% in the Figure). The catalysts allowed a high dechlorination, which increases with 

reaction temperature, but significant differences can be observed between them. As a 

general trend, the selectivity to olefins increases at increasing temperature but the 

AgPdCl/C is much more selective to those reaction products, which are the objective of 

our work. Above 250 ºC, this catalyst describes a dramatic increase of the selectivity to 

ethylene plus propylene, reaching 76 % at 350 ºC with 100 % TCM conversion and almost 

complete overall dechlorination. The addition of Ag to Pd catalysts was found to enhance 

the selectivity to ethylene in the hydrodechlorination of 1,2-dichloroethane [40,65]. 

However, it has been reported that larger Pd clusters favor the hydrogenation of 

unsaturated hydrocarbons, while lower sized Pd clusters facilitate their desorption, thus 

increasing the selectivity to olefins [32,38,40,66]. As indicated before, the mean size of 
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metal particles in the AgPdN/C and AgPdCl/C catalysts were 17.8 and 3.6 nm, 

respectively. Formation of larger Pd clusters is more likely as the concentration of Pd on 

the catalyst surface is higher. That is the case of AgPdN/C, in contrast with AgPdCl/C 

(see Table 2). In addition, AgPdN/C also yielded higher Ag+/Ag0 and lower Pdn+/Pd0 

ratios, suggesting a higher interaction between Ag and Pd, which denotes that they are 

closer to each other. This limits the existence of single Pd sites. On the contrary, the 

presence of single Pd nanoparticles deposited on AgPdCl/C surface appears to be 

significant. The selectivities to olefins obtained with AgPdCl/C improve considerably 

compared to those obtained with monometallic Pd catalyst. We have observed in previous 

studies that Pd0 favors the formation of olefins, while Pdn+ leads to the formation of 

saturated hydrocarbons in the HDC of chloromethanes with Pd on activated carbon 

catalysts [12,13]. The high proportion of Pd0 (71%, Table 2) combined with the low metal 

particle size (3.6 nm, Figure 3) of AgPdCl/C justify the higher selectivities to olefins 

achieved with this catalyst. The high proportion of Ag0 of this catalyst compared to 

AgPdN/C may also influence its high selectivity to olefins. 

As indicated before, with both bimetallic catalysts higher temperatures within the 

range tested favored overall dechlorination, in addition to the higher selectivity to olefins 

In that respect, AgPdN/C behaved somewhat better than AgPdCl/C, but this last gave also 

fairly good results, with complete conversion of TCM and selectivities to chlorinated 

byproducts (MCM and DCM) around 5 % at 300 ºC and almost negligible at 400 ºC (see 

Figure 6). However, these high temperatures usually affect to the carbon unbalance, 

which was in every case lower than 20 %, probably provoked by the production of 

condensation products at 350 °C. This can limit the stability of the catalysts by 

deactivating them in long-term experiments. 

Figure 7 

The long-term stability of the AgPdCl/C catalyst was tested, and the results can 

be seen in Figure 8, where the evolution of TCM conversion and the selectivities to the 

reaction products upon time on stream at 350 °C are presented. The catalyst maintained 

quite stable TCM conversion, close to 100 % for almost 35 h and afterwards a rapid 
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deactivation was observed up to what appears some residual activity of no more than 20 

%. However, the selectivities to the different lumps of reaction products remained almost 

unchanged during the whole experiment (65 h on stream). Despite that deactivation, this 

catalyst behaved more stable than other AgPd catalysts reported in the literature for the 

HDC of 1,2-dichloroethane [31,32,41] and some of the monometallic Pd on activated 

carbon catalysts prepared and tested by our group in the HDC of TCM [13]. The observed 

loss of activity while maintaining the selectivity to olefins suggests that deactivation may 

proceed through partial inhibition of both Pd and Ag sites. The deactivation may be due 

to the formation of stable chlorides and deposition of oligomeric byproducts [23,31,41] 

and to the inability of Pd sites to provide H atoms to the Ag sites. Meanwhile, single Pd 

sites are still capable of maintaining some residual HDC dechlorination into ethylene 

without the presence of near Ag sites. 

Figure 8 

Conclusions 

Bimetallic AgPd catalysts prepared by incipient wetness impregnation on 

activated carbon showed good ability for the HDC of TCM at relatively mild temperature 

and ambient-like pressure. The use of PdCl2 and Pd(NO3)2 as Pd precursors gave rise to 

different surface concentrations of Pd and Ag as well as ratios of zerovalent to 

electrodefficient metallic species and metal particles sizes. Pd(NO3)2 led to larger Pd 

particles than those obtained from PdCl2 due to the different interactions with the carbon 

support. The monometallic Ag catalyst showed significantly lower TCM conversion, with 

higher relative proportions of chlorinated species (DCM and MCM) among the reaction 

products in addition to very rapid deactivation. In the absence of Pd, dissociative 

chemisorption of H2 does not take place and therefore atomic hydrogen is not provided 

to Ag sites. In contrast, both AgPd bimetallic catalysts allowed closely high TCM 

conversions, up to almost 100 % even at relatively low temperature of around 175 °C, 

accompanied also of very high overall dechlorination. However, the resulting selectivity 

distribution differed notably with both catalysts. AgPdCl/C yielded significantly higher 

selectivity to light olefins (ethylene and propylene), which were the objective of the 
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current work. That selectivity reached somewhat more than 75 % at 350 °C. This catalyst 

seems to present smaller well-distributed Pd particles than the AgPdN/C one, according 

to the XRD profiles, with most Pd as single metal sites and mainly in the zerovalent state. 

These are the ones promoting conversion of TCM preferably into light olefins. The 

synergistic behavior of AgPdCl/C bimetallic catalyst can be explained as follows: Ag 

sites are able to adsorb TCM and to break C-Cl bonds, while Pd sites in the vicinity can 

promote dissociative chemisorption of H2, providing H atoms to the Ag sites, yielding 

unsaturated hydrocarbons. On the other hand, the electronic transference from Ag sites to 

Pd, because of the higher electronegativity of the latter, leads to a high concentration of 

zero-valent Pd which in addition to the small size of Pd particles inhibit further 

hydrogenation of olefins. In contrast, the use of palladium nitrate, led to significantly 

higher surface concentration of Pd with larger particle size, promoting hydrogenation, 

thus leading mainly to ethane and propane. AgPdCl/C showed highly stable performance 

upon 35 h on stream, followed by a rapid loss of activity for TCM hydrodechlorination 

although maintaining the high selectivity towards olefins. To the best of our knowledge, 

for the first time it is reported such a high selectivity to olefins as the above mentioned 

from HDC of trichloromethane. 
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Tables and figures 

Table 1. Characterization of the porous texture of the catalysts and carbon support. 

Catalysts 

Carbon Merck 

ABET 

(m2·g -1) 
897 

Vmicro 

(cm3·g -1) 
0.376 

AEXT 

(m2·g -1) 
114 

Vpore 

(cm3·g -1) 
0.547 

Ag/C 
AgPdN/C 
AgPdCl/C 

858 
757 
823 

0.353 
0.329 
0.341 

97 
84 
86 

0.522 
0.487 
0.507 

Table 2. Surface and bulk contents of metallic species of the catalysts. 

Surface content Bulk content 
(XPS) (TXRF) 

Catalysts Ag 
(%) 

Ag0 

(%) 
Ag+ 

(%) 
Pd 

(%) 
Pd0 

(%) 
Pdn+ 

(%) 
Ag 
(%) 

Pd 
(%) 

Ag/C 0.7 100 0 -- -- -- 0.9 --
PdN/C -- -- -- 9.2 96 4 -- 0.8 
PdCl/C -- -- -- 1.1 57 43 -- 0.9 

AgPdN/C 1.7 35 65 7.5 91 9 0.9 0.9 
AgPdCl/C 0.7 80 20 0.9 71 29 1.0 1.1 

Figure 1. N2 adsorption-desorption isotherms of the catalysts and carbon support at -
196 ºC. 
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Figure 2. XRD patterns of the catalysts reduced at 250 ºC. 
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PdN/C 
dp = 10.7 nm 

AgPdCl/C 
dp = 3.6 mn 

AgPdN/C 
dp = 17.8 nm 

PdCl/C 
dp = 1.8 nm 

Ag/C 
dp = 58.4 nm 

Figure 3. Representative TEM images and mean metal particle size (dp) of the different 
catalysts. 
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Figure 4. Ag 3d deconvoluted XPS profile of reduced catalysts. 
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Figure 5. Pd 3d deconvoluted XPS profile of reduced catalysts. 
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Figure 6. TCM conversion at different temperatures with the catalysts tested (τ= 0.8 
kg·h·mol-1, H2/TCM molar ratio = 100). 

Figure 7. Selectivities to methane, olefins and other paraffins in the experiments of 
Figure 6. 
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Figure 8. Evolution of TCM conversion and selectivities to reaction products upon time 
on stream at 350 ºC with the AgPdCl/C catalyst (τ= 0.8 kg·h·mol-1, H2/TCM molar ratio 

= 100). 
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