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Abstract: A series of catalysts, including Ru/AC, ¢-P-Ru/AC, ¢-P-Ru/AC-HCl, and ¢-P-Ru/AC-HNO;3,
were prepared and evaluated for the hydrochlorination reaction of acetylene. The test results reveal
that the ¢-P-Ru/AC-HNOj; catalyst shows superior catalytic performance with an initial acetylene
conversion of 97.2% and a relative increment of 87.0% within 48 h in comparison with that of the
traditional RuClj; catalyst. The substitution of inorganic RuCl; precursor by organic ¢-P-Ru complex
species in the catalysts results in more active species and tends to confine them in the micro-pores;
the modification of carbon support by nitric acid in ¢-P-Ru catalyst may produce an interaction
between the functional groups on modified support and Ru species, which is favorable to anchor and
then reduce the loss of active species during the reaction, further increasing the amount of dominating
Ru species, and greatly improving the reactants adsorption ability on the catalysts, thus enhancing the
performance of the resultant catalysts. The as-prepared ¢-P-Ru catalysts are shown to be promising
mercury-free candidates for the synthesis of vinyl chloride monomer.

Keywords: tris-(triphenylphosphine) ruthenium dichloride; acetylene hydrochlorination; mercury-free
catalysts; enhanced interaction

1. Introduction

Currently, around 75% of vinyl chloride monomer (VCM) is produced in an area rich in coal
resources by a direct process in which acetylene and hydrogen chloride are reacted with carbon-supported
HgCl, as a catalyst. However, HgCl, is highly volatile and toxic, causing serious environmental pollution
and personnel hazard. Therefore, the research and development of mercury-free catalyst is urgent,
and scientists have put a lot of effort into finding alternative catalysts.

Hutchings was the first to show that carbon-supported Au catalysts have great potential for
acetylene hydrochlorination. In his initial study the activity of metal catalysts is found to be related with
the associated metal ions’ standard electrode potentials [1] and AuCl3 has a higher electrode potential.
Subsequently, there was a great deal of research on gold catalysts [2-15]. However, Au-based catalysts
do not have their advantages of economic performance because of the high price of Au. Therefore, it is
essential to search a simple-prepared non-mercury catalyst for acetylene hydrochlorination, which is
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characteristic of high activity, long-term stability and is more economic. According to the previous
works by Hutchings, we found that RuCl; also has a higher electrode potential and it may be one of the
probable alternatives. Zhu et al. calculated that the activation barrier via the DFT method for acetylene
hydrochlorination, and found that the activation energy barrier is 9.1, 11.9 and 16.3 kcal/mol over
RuCl3, AuCl; and HgCly, respectively [16]. In our previous works, we found that the RuCl3 /SAC (SAC,
spherical activated carbon) catalyst also had a good catalytic activity for acetylene hydrochlorination,
but it needed to be improved; the catalyst RulCo(III)3 exhibited a conversion more than 95% within
48 h, which was close to that of the Au catalysts with the same loading. To explore what Ru species
accounted for a major role in the reaction, the RuCl3/SAC catalyst was treated under different
temperatures and atmospheres, and the results showed that the activity of catalyst was significantly
increased after being treated; the presence of high valent ruthenium species was more beneficial to
the hydrochlorination reaction of acetylene [17]. To further study the catalytic behavior of Ru-based
catalysts, the effect of using carbon nanotubes as carriers and the addition of KCI on the catalytic
performance were separately investigated; it was found that the confinement of Ru species in the
electron-deficient inner tube and the addition of KCl can improve the dispersity of active species in the
catalyst preparation process and promote the formation of more oxidation state ruthenium species, thus
improving the catalytic activity [18]. Recently, we prepared the Ru-Co(III)-Cu(Il) tri-metallic catalysts
and revealed that the content of active components was low, and the dispersion was poor in Ru/SAC;
it was easy to deactivate due to carbon deposition and the loss of active components; Cu(II) and Co(III)
additives could synergistically make the most Ru exist in the form of high oxidation state ruthenium
species, thus significantly improving the catalytic performance [19]. Gu et al. concluded that the
loading of ammonium hexachlororuthenate precursor resulted in more active species and the catalyst
performed higher activity for the hydrochlorination reaction of acetylene with an acetylene conversion
of 90% when the reaction temperature was 170 °C, gas hourly space velocity (GHSV) of C;H, = 180 h~!
and Vycy/Veomn = 1.1 [20]. Shang et al. concluded that TPPB IL (tetraphenylphosphonium bromide
ionic liquid) could improve the dispersion of ruthenium species, reduce the coking deposition on the
catalysts, and suppress the reduction of Ru species, as a consequence, carbon-supported Ru@TPPB
catalyst exhibited a superior performance with almost 100% conversion reached within 48 h [21].
In our recent work, it is unmasked that oxidation modification could generate an enhanced interaction
between the support and active species, resulting in an improved performance over the modified
Ru-O/AC-O (AC, activated carbon) catalyst [22].

The support for the catalysts also plays a key role in acetylene hydrochlorination. AC has the
benefit of interactive functional groups on the surface and developed texture properties, suggesting
that it may be a promising support for this reaction. In addition, modification of surface chemistry
can also influence the catalytic behavior of catalyst. Wang et al. successfully synthesized an N-doped
activated carbon catalyst and found that the N-doping could enhance the adsorption capacity of HCl on
the catalyst, which is favorable for acetylene hydrochlorination [23]. Li et al. also synthesized an active
Au catalyst via grafting the P-containing group on the support and found that modulation of P-dopants
in AC was beneficial to interact with Au, resulting in an enhanced activity [3]. Liu et al. discussed
the relationship between the catalytic activity/stability and the electronic properties, adsorption,
and reducibility of the catalysts; they also addressed the modification strategies (e.g., heteroatom
modification of support) and explorations of support/preparation method in their work, and these
will enlighten the researchers to conduct the study on the modification of the support and active
species [24].

According to the understanding of previous works: (i) The poor dispersion of Ru species is not
favorable for acetylene hydrochlorination; (ii) The lower the content of the high-oxidation ruthenium
species, the less active the catalyst. Hetero-atoms with lone pairs of electrons can stabilize Ru in
the form of high-oxidation species, and the complexation of hetero-atomic groups with ruthenium
species can also anchor and disperse the active species on the support. In this paper, the Ru
catalysts were prepared with tri-(triphenylphosphine) ruthenium dichloride [RuCl,(PPh3)3] (¢-P-Ru,
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Scheme 1) supported on AC or acid-modified AC, and their catalytic performance was evaluated and
characterized, aiming to explore an effective, economic, and easily prepared mercury-free catalyst.
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©/ P\© ©/ P\©
Scheme 1. The molecular formula of tris-(triphenylphosphine) ruthenium(II) dichloride.

2. Results and Discussion

2.1. Results of the Catalytic Performance Test

Figure 1 shows the catalytic performance of different catalysts for hydrochlorination of acetylene.
In our previous work, the supports exhibit relatively lower catalytic activity with 7.1%, 6.4%, and 5.7%
acetylene conversions over bare AC, AC-HCI, and AC-HNOQO;j catalysts, respectively (Figure S1) [25].
Under the same reaction conditions, there is a ca. 50% conversion reached over the original Ru/AC
catalyst (Figure 1la). In comparison, the activity of ¢-P-Ru/AC catalyst is greatly improved, and a
63.7% (yield of vinyl chloride = 63.3%) conversion is achieved within 48 h. The treatment of support by
hydrochloric acid has a negligible effect on the catalytic performance of ¢-P-Ru/AC catalyst. However,
the modification of support by nitric acid is favorable for Ru-based catalysts to catalyze the synthesis of
VCM, an initial conversion of 97.2% can be reached over ¢-P-Ru/AC-HNOj catalyst, which decreases
to 87.0% (yield of vinyl chloride = 86.6%) after 48 h reaction. The catalyst was also prepared by
complexing aliphatic phosphine (P(Cy)s3, Cy, cyclohexyl) ligand with RuCls precursor (Ru:P(Cy)s = 1:1,
molar ratio) and the catalytic activity of the catalyst was assessed for acetylene hydrochlorination
(Figure S2). It can be seen that a 51.8% conversion can be achieved over the Ru-P(Cy)s/AC catalyst,
lower than that of the ¢-P-Ru/AC catalyst. In addition, the selectivity to VCM in all the catalysts
exceeds 99.0% (Figure 1b). The above results indicate that the modification, especially by nitric
acid, of support may generate an interaction between the support and ¢-P-Ru species, significantly
promoting the synthesized Ru catalysts’ catalytic performance.



Catalysts 2018, 8, 276 40f 16

—
Q
-~
N
o
o

ldd g ad g s 2=

ldagqggad

—v— Ru/AC
20+ —— ®-P-Ru/AC
—«— @-P-Ru/AC-HCI
—»— @-P-RU/AC-HNO,
0 1 1 1 1 1

0 10 20 30 40 50

Time on stream (h)

Conversion of acetylene (%)

(b) 100
i‘ :'
< 951
=
@]
>
2 90+
>
=
© —v— RU/AC
L g5L
[} —&— @-P-Ru/AC
@ —<— @-P-Ru/AC-HCI
80 —>— @-P-Ru/AC-HNO,
0 10 20 30 40 50

Time on stream (h)

Figure 1. The acetylene conversion (a) and selectivity to VCM (b) over the synthesized catalysts.
Reaction conditions: temperature (T) = 180 °C, GHSV (C,H,) = 180 h~1and Vuc1/ Ve = 1.15.

2.2. The Functional Groups on the Ru-Based Catalysts

To reflect the information of surface functional groups, FT-IR spectra of the different catalysts are
recorded, and the results are presented in Figure 2. For the fresh bare AC (Figure S3), four characteristic
bands centered at 1091, 1562, 2350, and 3400 cm ! appear, attributed to the absorption bands of
C-OH, COQOH, stretching vibration band of C=N, and stretching vibration band of phenolic hydroxyl,
respectively [26]. As mentioned in our previous work, compared with AC, the intensity of C=0,
C-OH, and phenolic hydroxyl bands in AC-HCI catalyst is reduced, however, that of C=N peak is
increased after the modification. Meanwhile, the intensity of phenolic hydroxyl and C=N bands
in the AC-HNOj; support is further reinforced, while that of C-OH peak is reduced, indicating the
successful modification of functional groups on the support [25]. This may improve the surface
hydrophilicity of the support to further improve the dispersity of the active species [22]. Compared
with the bare support, the intensity of C=N as well as the band of oxygen-containing functional groups
on the original Ru/AC catalyst have been reduced to varying degrees. Apart from the characteristic
bands that appear in the original Ru/AC catalyst, it also gives arise to the bands at 1080 cm™!,
1450-1600 cm ! and 3030 cm ™! in the ¢-P-Ru/AC catalyst, attributed to the C-P stretching vibration
band, C—C and C-H absorption vibration bands on the benzene ring, respectively [27]. This suggests
the successful loading of ¢-P-Ru on the carrier. For the ¢-P-Ru/AC-HNOj3, the above characteristic
bands are weakened; moreover, it is worth noting that the bands of some functional groups, especially
the C=N, are slightly shifted to higher values. These may also be due to the interaction between the
modified functional groups on the treated support and ¢-P-Ru species.
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Figure 2. FT-IR spectra of: (a) Ru/AC; (b) ¢-P-Ru/AC; (c) ¢-P-Ru/AC-HCL (d) ¢-P-Ru/AC-HNOj3;
(e) -P-Ru. The characteristic peaks are centered at: 1080 em~1: C-P; 1091 em~1: C-OH; 1562 cm ™1
COOH; 2350 cm~!: C=N; 3030 cm~!: C-H; 3400 cm~!: phenolic hydroxyl.

2.3. The Pore Properties of the Samples

The texture properties of all the related fresh and spent catalysts were revealed and listed in
Table 1. The type-I adsorption isotherms for all of the catalysts suggests the micro-pores in the catalysts
and the unchanged structure after the loading of Ru species (Figure S4) [28]. As can be seen from
Table 1, the bare AC sample shows a maximum BET surface area (Sggt) of 1238 m?-g~! and total pore
volume (Vp) of 0.69 cm> g’l. Both the Sgprs and Vps of the supports change with the loading of RuCls
or Ru complex species. It is not difficult to find that the loading of the Ru species significantly decreases
the Spprs and Vps, which ascribes to the so-called dilution effect [6]. The active species fill or block some
of the support pores, leading to a decrease of the BET surface areas and total pore volumes, and the
proportion of the support is reduced with the loading of the active components. However, the effects
of the inorganic Ru and organometallic complex precursors on the textural properties are not the same
(Table 1). For the Ru/AC catalyst, the loading of the active RuCl; species appears to decrease external
surface area indicated by the decrease in the Seyt. and Vex. and the almost unchanged Smicro., Vmicro.
and average pore diameter (Dp), which results from the loading of active species on the support’s
surface. In comparison, it is clearly that the loading of organometallic ¢-P-Ru complex also significantly
affects the Spgr and pore property of ¢-P-Ru/AC catalyst. After loading of ¢-P-Ru species, the Sggt and
Vp of ¢-P-Ru/AC catalyst decrease to 957 m? g~ ! and 0.53 cm® g1, respectively. But the difference is
that the loading of organometallic complex (¢-P-Ru) seems to significantly decrease micro-pore surface
area and pore volume indicated by the obvious decrease in the Smicro. and Viicro., and an increase in Dp,
which indicates that the active species tend to be loaded into micro-pores. Compared with ¢-P-Ru/AC,
the treatment of AC by hydrochloric acid slightly increases the active species anchored in the external
surface, and there is almost no change after modification of AC by nitric acid. The spent catalysts
exhibit lower Sgprs and Vps than those of the related fresh ones. Through the data analysis, it can
be seen that the relative differences of the fresh and spent catalysts” Sggrs (ASggr%) and Vps (AVp%)
decrease in the following order: ¢-P-Ru/AC-HNO; > ¢-P-Ru/AC-HCl > ¢-P-Ru/AC > Ru/AC > AC.
The significant increase of ASgpT% and AVp% of the Ru-based catalysts compared with those of bare
AC may be attributed to the metal-catalyzed reaction [29]. The decline of Sggt and Vp could attribute to
the carbon deposition resulted from the polymerization of acetylene or vinyl chloride monomer at high
temperature or the collapse of the pores during the reaction, leading to the decrease in the catalysts’
activity [28]. The substitution of inorganic RuCls precusor with organometallic ¢-P-Ru complex is
beneficial to anchor and further reduce the loss of the active species in the micro-pores, which can be
verified according to the ICP-AES results (Table S1). The acid modification of carrier in the ¢-P-Ru
catalysts may result in serious carbonaceous material deposition or collapse of the pores during the
reaction, which can also be indirectly confirmed by the increase of Dj, after the reaction.
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Table 1. Physical properties of the different Ru-based samples.

6 of 16

Samvles SBeT ? ASggT Smicro. Sext. € Vp d AVp Vmicro. © Vext. Dpore f
P (m? g~ (%) (m? g~ (m? g1 (cm3 g1 (%) (em® g (em® g (nm)
Fresh AC 1238 951 704 534 0.69 975 0.39 0.30 2.22
Used AC 927 ’ 514 413 0.50 ’ 0.29 0.21 217
Fresh Ru/AC 1160 317 698 462 0.64 313 0.39 0.25 2.22
Spent Ru/AC 792 ’ 401 391 0.44 ’ 0.23 0.21 222
Fresh ¢-P-Ru/AC 957 340 496 461 0.53 01 0.28 0.25 2.23
Spent ¢-P-Ru/AC 630 ) 255 375 0.36 ) 0.15 0.21 2.26
Fresh ¢-P-Ru/AC-HC1 845 519 462 382 0.47 511 0.26 0.21 2.20
Spent ¢-P-Ru/AC-HCl 406 ) 143 263 0.23 ’ 0.09 0.14 2.23
Fresh ¢-P-Ru/AC-HNO;3 927 56.6 478 449 0.52 55.8 0.27 0.25 2.24
Spent ¢-P-Ru/AC-HNO;3 402 ’ 144 258 0.23 ’ 0.09 0.14 2.27

2 Sper: BET specific surface area; P t-plot micropore area; © t-plot external surface area; ¢ Vp: total pore volume, Volume at p/pg = 0.98; ¢ t-plot micropore volume; f Adsorption average

pore width (4V/A by BET).
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2.4. The Coking Deposition on the Catalysts

The obtained TG and DTG curves of the ¢-P-Ru/AC-HNOj catalysts before and after the reaction
are presented in Figure 3. Neither the fresh nor the spent catalyst exhibits an obvious weight loss when
the temperature is lower than 150 °C, resulting from the negligible small molecules or water desorption
in the catalysts [30]. The prominent weight loss appears in the range of 150-410 °C, reflecting the
coking deposition on the ¢-P-Ru/AC-HNOj catalyst. A rapid weight loss for both the catalysts takes
place above 410 °C because of the burning of the activated carbon carrier under an air atmosphere.
Based on the above analysis, the amount of coking deposition should be calculated by the difference of
weight loss in the catalysts before and after reaction within the range of 150410 °C [31].

Accordingly, the calculated amounts of coking deposition on all the catalysts are listed in Table 2.
It decreases in the following order: ¢-P-Ru/AC-HNOj3; > ¢-P-Ru/AC-HCI > ¢-P-Ru/AC > Ru/AC
(Figure S5). The results are in accord with the measured results of texture parameters presented in
Table 1. The substitution of the inorganic RuCly precursor with ¢-P-Ru does not inhibit the occurrence
of carbon deposition, moreover, the treatment of the support by acid, especially by nitric acid, leads to
more serious carbon deposition instead.

100 f T ! 10
I
80+ I 18
| N
60 L Fresh @-P-RWAC-HNO, * 16 S
s} —---s;laent (D-P-Ru/AC-HI\lIOE 2
14 &
9 40 + | | 4 5
- | 1 3
20t | Y 12
| S
] 1
0 T | 0
0 200 400 600 800

Temperature (°C)
Figure 3. TG curves of the fresh and spent ¢-P-Ru/AC-HNOj catalysts.

Table 2. The amount of coke deposition on the spent Ru-based catalysts.

Catalysts Amount of Carbon Deposition (%)
Ru/AC 2.8 [25]
¢-P-Ru/AC 39
¢-P-Ru/AC-HCI 41
¢-P-Ru/AC-HNO; 7.2

2.5. The Dispersity of Ru Species on the Catalysts

Figure 4 shows XRD patterns of the catalysts, including the bare AC, original Ru/AC, ¢-P-Ru/AC,
¢-P-Ru/AC-HCl and ¢-P-Ru/AC-HNOj3. No characteristic Ru reflections are detected apart from the
amorphous diffraction reflections of carbon (Figure 4a), which indicates that Ru species are highly
dispersed in the support and the size is smaller than the XRD detection limit, or the active centers are
exist in the amorphous form in the catalysts [25,32]. For the spent catalysts, there still no discernible
Ru reflections are observed in the XRD patterns (Figure 4b), indicating that the active components
are not obviously agglomerated or sintered in the reaction. To further observe the size change of the
active particles, TEM images of the catalysts are also obtained (Figure S6). It can be seen that the
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active species are difficult to distinguish, predicting the good dispersity of them on the catalysts or the
amorphous form of the active species, in accord with the XRD analysis.
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Figure 4. XRD patterns of the fresh (a) and spent (b) Ru-based catalysts.

2.6. Valence Change of Ru Species in the Synthesized Catalysts

Figure 5 shows the H-TPR profiles of the synthesized catalysts. The broad peak appeared
in the range of 400-800 °C in fresh bare AC relates with the methanation of functional groups
(Figure 5a) [18,33]. As mentioned in our previous work, it can be seen that there appear three reduction
peaks located at ca. 150.3, 257.0, and 324.8 °C in the profile of fresh Ru/AC catalyst, corresponding
to the reduction of RuOy (x > 2), RuO,, and RuClj, respectively [25]. The reduction temperatures
in ¢-P-Ru/AC catalyst shift to ca. 192.6 °C for RuOy, 225.4 °C for RuO,, and 291.7 °C for RuCls,
respectively. The ¢-P-Ru/AC-HCl and ¢-P-Ru/AC-HNOj catalysts exhibit the curves similar to that of
the untreated catalyst ¢-P-Ru/AC, with temperatures shift to the higher values. Moreover, compared
with those of the original Ru/AC catalyst, these reduction peaks of Ru species in ¢-P-Ru catalysts are
connected with the reduction peaks of functional groups on activated carbon support, forming broad
shoulder peaks. The temperature shifts and the formed broad shoulder peaks indicate the enhanced
interactions between the modified functional groups on the support and Ru species, which in turn
affects the anchoring of Ru species (Table S1) and the relative content of them. Through comparing the
TCD signals with a standard (CuO), the fractions of different Ru species in these fresh catalysts can
be estimated (Figure S7 and Table S2). It can be calculated that the high-valence ruthenium species
(RuOy + RuOy) accounted for the percentage of total Ru loading in ¢-P-Ru/AC-HNOj catalyst is the
largest (44.4%), followed by the catalysts ¢-P-Ru/AC-HCl (29.9%), ¢-P-Ru/AC (20.0%), and the original
Ru/AC (10.8%). The high-valence Ru species are reported to be the crucial active ones in Ru-based
catalysts for this reaction [24,27]. Therefore, it may be inferred that the substitution of inorganic RuCls
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precursor by hetero-atomic organometallic complex ¢-P-Ru in the catalyst could lead to more active
species, and the modification of support, especially by nitric acid, could further increase the active
species in ¢-P-Ru catalyst, which is significant to improve the catalysts’ catalytic activity. In addition,
for the spent catalysts, ¢-P-Ru/AC-HNOj still has the maximum amount of active ruthenium species
after the reaction, much higher than that in the other catalysts (Figure 5b).

(@) [Fresh catalysts —AC
Ru/AC

—— @-P-RU/AC
—— @-P-RU/AC-HCI
—— ®-P-RU/AC-HNO,

A

0 200 300 400 500 600 700 800

H, consumption (a.u.)
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-~

Spent catalysts __ AC
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—— @-P-RU/AC-HCI
—— ®-P-RU/AC-HNO,

H, consumption (a.u.)
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Figure 5. TPR profiles of the fresh (a) and spent (b) Ru-based catalysts.

To further distinguish the valence change of the Ru species and the interactions between the
functional groups and active species, the chemical states of Ru were measured by XPS technique.
Since the Ru3d signal is overlapped with that of Cls, Ru 3p3,, spectra of the catalysts are recorded
and deconvoluted (Figure S8). In contact with the air, ruthenium species can’t stably exist in a single
form, but in many forms [34]. Therefore, as mentioned in our previous work, the Ru 3p signal in
the Ru/AC catalyst can be deconvoluted into four species, corresponding to metallic Ru’, RuCls,
RuO; and RuOy, at 461.7, 463.4, 464.6 and 466.1 eV, and the relative content of them is 14.0%, 49.6%,
19.0% and 17.4%, respectively (Table 3) [35-37]. The percentage of Ru species presented in the form of
ruthenium oxides (RuO, and RuOy) in the fresh catalysts decreases in the order: ¢-P-Ru/AC-HNO3
(53.6%) > ¢p-P-Ru/AC-HCI (48.4%) > ¢-P-Ru/AC (45.2%) > Ru/AC (36.4%). The amount of active
species in the fresh ¢-P-Ru/AC-HNOj is the largest, much higher than that in the original catalyst
Ru/AC, which is similar to the TPR results. For the catalysts after the reaction, the relative amount
of the oxidized state Ru species reduces, and that of the metallic Ru increases, indicating that the
reduction of high-valence Ru species occurred in the reaction, which can lead to the activity decline of
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the Ru-based catalysts [29]. The amount of ruthenium oxides in the spent catalysts also changes in the
same order: ¢-P-Ru/AC-HNOs (45.3%) > ¢-P-Ru/AC-HCl (44.3%) > ¢-P-Ru/AC (36.9%) > Ru/AC
(29.3%). In comparison with the data after the reaction, the relative amount of the active species in
¢-P-Ru/AC-HNOj3 catalyst is still higher than that of other catalysts after the reaction, which may
contribute to its sustaining higher activity after 48 h reaction. In addition, compared with Ru/AC,
it can also be seen from the shifts of the binding energy that an enhanced interaction may exist between
the modified functional groups on the support and hetero-atomic ¢-P-Ru species in the prepared
organic complex catalysts. Therefore, it can be proved that the substitution of RuCl; precursor by
¢-P-Ru leads to more active species in the catalyst, and the modification of support, especially by nitric
acid, generates an enhanced interaction between the modified functional groups on support and active
Ru species in ¢-P-Ru catalyst, which is favorable to further augment the amount of active species,
further improving the catalytic performance of the ¢-P-Ru catalyst.

Table 3. The relative content and binding energy of ruthenium species in the fresh and spent catalysts.

Samples Binding Energy (eV), (Area%) (Area%)

Ru RuClj3 RuO, RuO, RuO, + RuO,
Fresh Ru/AC 461.7 (14.0) 463.4 (49.6) 464.6 (19.0) 466.1 (17.4) (36.4)
Fresh ¢-P-Ru/AC 461.2 (14.9) 462.8 (37.9) 464.2 (24.5) 465.1 (22.7) (45.2)
Fresh ¢-P-Ru/AC-HNO;3 461.3 (9.9) 463.0 (38.5) 464.4 (34.9) 465.7 (16.7) (53.6)
Fresh ¢-P-Ru/AC-HCl 461.9 (12.5) 463.5 (39.1) 464.6 (28.2) 465.7 (20.2) (48.4)
Spent Ru/AC 461.0 (26.2) 463.0 (44.5) 465.1 (14.6) 466.5 (14.7) (29.3)
Spent ¢-P-Ru/AC 461.7 (18.6) 463.1 (44.5) 464.4 (19.8) 465.1 (17.1) (36.9)
Spent ¢-P-Ru/AC-HNO3 461.3 (19.4) 463.1 (35.3) 464.8 (31.1) 466.3 (14.2) (45.3)
Spent ¢-P-Ru/AC-HCl 4615 (16.2) 463.2 (39.5) 464.2 (27.8) 465.8 (16.5) (44.3)

2.7. The Adsorption Property of the Synthesized Catalysts for Reactants

In order to study the adsorption capacity of the synthesized catalysts for the reactants, the TPD
measurements were conducted and the results are shown in Figure 6. Specifically, the area of the
desorption peak reflects the active species amount in the catalyst; the desorption temperature correlates
with the adsorption strength of the adsorbed reactants on the catalyst [22]. A desorption peak for
C,Hj; is centered at ca. 400 °C for all the Ru-based catalysts (Figure 6a), and the desorption area for
CyH; gradually increases in the order: Ru/AC < ¢-P-Ru/AC < ¢-P-Ru/AC-HCl < ¢-P-Ru/AC-HNO;,
However, the desorption temperature for CoHj increases in a reverse order. This indicates that
the substitution of RuCl; precursor by ¢-P-Ru enhances the adsorption capacity of CoH,, which
is beneficial for the hydrochlorination of acetylene. Notably, the weakly bound species exhibits a
lower desorption activation energy and will then undergo the desorption at lower temperatures.
Therefore, the shift from the higher desorption temperature of C,H, to lower one may ascribe to the
interaction between the hetero-atomic ruthenium organic complex and modified functional groups on
the support, resulting in different C;H; chemisorption strengths [34]. The weakly bound acetylene is
also beneficial for the reaction to inhibit the coking deposition on the catalysts. In contrast, the peaks of
HCl desorption are broad bands located in the range of 200-800 °C for the fresh samples, suggesting the
presence of the multi-status adsorbed HCI. The area of HCI desorption peak also gradually increases
in the order: Ru/AC < ¢-P-Ru/AC < ¢-P-Ru/AC-HCl < ¢-P-Ru/AC-HNOj3. Moreover, the desorption
temperatures of HCl in the ¢-P-Ru-based catalysts are much higher than that in Ru/AC. These indicate
that the ¢-P-Ru-based catalysts exhibit the superior adsorption capacity and strength of HCI to those
of the original Ru/AC catalyst. In general, it can be inferred that the substitution of original RuCls
by hetero-atomic ¢-P-Ru organic species strengths the adsorption capacity of reactants, moreover,
the treatment of support, especially by nitric acid, in ¢-P-Ru catalysts, could produce an enhanced
interaction between the hetero-atomic ¢-P-Ru species and support to further enhance the adsorption
ability for reactants, improving the activity of the catalyst.
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Figure 6. C;Hj- (a) and HCI- (b) TPD profiles of the fresh Ru-based catalysts.

2.8. The Reusability of the Catalyst with 0.1% Ru Loading

In fact, the ruthenium catalyst with low metal loading (0.1 wt% Ru) has better activity than
that with high metal loading (1.0 wt%), but it can’t be accurately characterized due to its low metal
content [19]. To investigate the reusability of catalyst, the spent ¢-P-Ru/AC-HNO;3 (0.1 wt% Ru, 2 mL)
was transferred to a beaker, then 20 mL HNOj3 (5 mol-L~!) solution was added; the catalyst was
placed at room temperature for 6 h under stirring, then it was filtered and washed to pH = 7 with
distilled water, followed by desiccation at 140 °C for 24 h. The yield catalyst was reused to catalyze the
reaction for another 48 h. Figure 7 shows the reusability of the catalyst. A stable acetylene conversion
of 99.2% could be achieved over the catalyst in the first run. Compared with the ruthenium-based
catalysts reported in the literatures, it also has a considerable activity (Table S3). After recycling 5 times,
the conversion of acetylene was still able to be stabilized at 92.5%.
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Figure 7. Catalytic performance of the recycled ¢-P-Ru/AC-HNOj catalysts. Reaction conditions:
temperature (T) = 180 °C, GHSV (C,H;) = 180 h~! and Vye1/ Voo = 1.15.

3. Experimental

3.1. Chemicals and Catalyst Preparation

Ruthenium chloride (Ru content > 48.7%), hydrochloric acid, nitric acid (65.0-68.0 wt%) and
tri-(triphenylphosphine) ruthenium dichloride (purity > 97%) were purchased from Alfa Aesar
Chemical Co., Ltd. (Shanghai, China), and used without further purification. The coconut AC
was purchased from S. S. Activated Carbon Industry Science and Technology Co., Ltd. (Nanping,
China). The modification of AC was carried out according to the previous method with 5 mol-L ! nitric
acid or 12 mol-L~! hydrochloric acid [38-40], and the resulted samples were denoted as AC-HNO; or
AC-HCL Ru catalysts were synthesized by a wetness impregnation method [17,29]. For the synthesis of
tris(triphenylphosphine) ruthenium dichloride catalyst, 0.324 g of tris-(triphenylphosphine) ruthenium
dichloride was accurately weighed and dissolved in 300 mL of ethanol, followed by the addition of 3 g
of AC. The mixture was stirred at ambient temperature for 24 h, and then adjusted the temperature
to 40 °C with a rotary evaporator to remove ethanol, finally the solid residue was held at 140 °C
for 24 h to obtain the catalyst, which was named ¢-P-Ru/AC. For comparison, the Ru/AC catalyst
was also synthesized by quantitatively impregnating 3 g AC with 6.4 mL RuCl; ethanol solution
(0.01 g mL~1!), then the mixture was dipped while stirring for a whole day at ambient temperature.
Subsequently, the resultant sample was desiccated at 140 °C for a day to obtain the catalyst. In the
same way, the carrier was substituted by the acidification pretreated AC, and ¢-P-Ru/AC-HNO; and
¢-P-Ru/ AC-HCl catalysts were obtained. Ru-P(Cy);/AC catalyst was also prepared by complexing
aliphatic phosphine (P(Cy)3, Cy = cyclohexyl) ligand with RuCl; precursor (Ru:P(Cy); = 1:1, molar
ratio). The loading of Ru in Ru catalysts was all calculated as 1.0 wt%.

3.2. Catalyst Characterization

The fourier transform infrared spectroscopy (FI-IR) spectra of the catalysts were obtained by a
Nicolet NEXUS 470 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to distinguish
the functional groups information on the surface; the catalyst is ground into powder and evenly
mixed with potassium bromide in a certain proportion during the preparation process, and the
pellet is formed. Low-temperature N, physical adsorption-desorption at —196 °C were conducted
by a Micromeritics ASAP 2020 instrument (Micromeritics Instrument Ltd., Atlanta, GA, USA) to
measure the texture physical properties of the samples, prior to the test, the catalysts need to be
degassed at 150 °C for 6 h. Inductively coupled plasma-atomic emission spectrometry (ICP-AES)
was utilized by a Varian 725-ES instrument (Varian, Palo Alto, CA, USA) to evaluate the absolute
content of Ru in catalysts, prior to the test, the samples need to be digested by aqua regia solution.
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Thermogravimetric analysis (TGA) was performed by a METTLER TOLEDO TGA /DSC 2 analyzer
(METTLER TOLEDO, Zurich, Switzerland) under a 30 mL-min~! air flow, and the sample was heated
from 25 to 800 °C with an increment of 10 °C-min~! to assess the coking deposition on the spent
catalysts. X-ray diffraction (XRD) patterns of the catalysts were obtained by a D8 Advance Bruker
diffractometer (Bruker, Karlsruhe, Germany) at the wide angles (10-90° in 20) to indirectly elucidate
the dispersion of the Ru species. Transmission electron microscopy (TEM) experiments were conducted
with a JEM2010 electron microscope instrument (JEOL Ltd., Tokyo, Japan), before the images were
obtained, the sample powders need to be firstly dispersed in absolute ethanol and then supported on
copper grids to obtain the images. Hy Temperature-programmed reduction (H,-TPR) profiles were
obtained by a ChemBET Pulsar™ TPD/TPR instrument (Quantachrome, Boynton Beach, FL, USA);
prior to each test, 100 mg sample was treated with high-purity N, gas at 100 °C for 1 h; after being
cooled, the sample was heated from 30 to 800 °C with a rate of 10 °C-min~—! under 40 mL-min~—! flow
of 10.0% Hj / Ar. X-ray photoelectron spectroscopy (XPS) was performed on an Axis Ultra spectrometer
(Shimadzu, Kyoto, Japan); the spectral regions of Ru 3p and C 1s levels were recorded for each sample.
The spectra were calibrated with the Cls peak (284.6 eV). Temperature-programmed desorption (TPD)
profiles were obtained by a ChemBET Pulsar™ TPD/TPR instrument (Quantachrome, Boynton Beach,
FL, USA); 100 mg sample was placed in a C;H, or HCI flow at 180 °C for 6 h; then, C;H,-TPD or
HCI-TPD profiles were recorded as the sample was heated from room temperature to 800 °C with a

rate of 10 °C min—! under a N flow of 45 mL min~!.

3.3. Catalytic Performance Test

The catalytic performance test was carried out in a steel reactor (i.d. of 10 mm). A 20 mL min~!

N; was flowed through the whole pipeline to remove the water vapor and other moisture. Then, a HCI
flow of 20 mL min~! was then passed through the bed to activate the 2 mL filled catalyst. When the
reaction began, C,Hj (6 mL-min~!) and HCl (6.9 mL-min~!) continuous flows controlled via mass
flow controllers were passed through the heated reactor under atmospheric pressure. Viicy/Veomn
and GHSV(C,H,) were maintained at 1.15 and 180 h~!, respectively. The gas products were analyzed
in situ with a Shimadzu gas chromatography (GC-2014C).

4. Conclusions

Carbon-supported Ru-based catalysts were synthesized for the direct synthesis of VCM,
and the effects of the hetero-atomic ruthenium precursor and modification of the support on the
reaction were also studied in detail. The results of performance test elucidate that the superior
performance can be reached over ¢-P-Ru/AC-HNOs catalyst, with a more slowly decline of conversion
from the initial 97.2% to 87.0% within 48 h, and there is a relative increment of 87.0% in acetylene
conversion compared with the original catalyst Ru/AC. The characterization results of FT-IR, BET,
ICP-AES, TGA, XRD, TEM, TPR, XPS, and TPD reveal that the substitution of original RuCls inorganic
precursor by the hetero-atomic ¢-P-Ru organic species in the catalysts results in more amount of active
species; the treatment of support in ¢-P-Ru/AC catalysts could produce an enhanced interaction
between the modified functional groups on the support and hetero-atomic ¢-P-Ru organic species.
The enhanced interaction is favorable to anchor and further reduce the loss of Ru species during the
reaction, greatly strengths the adsorption ability of C;H,; and HCl reactants, and further augment
the amount of active components in the catalysts, thereby improving the activity and stability of
the resultant catalysts. However, the treatment of support by acid leads to more carbon deposition,
which is unfavorable for the catalysis of the reaction, and this needs to be improved in the future
studies. In brief, the obtained results can also provide an effective strategy to explore the economic
and environmentally benign mercury-free catalysts for acetylene hydrochlorination.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8/7/276/s1,
Table S1: Ru content in the fresh and used Ru-based catalysts, based on the ICP analysis, Table S2: The Ru
species accounted for the percentage of total Ru loading in each fresh catalyst, determined by TPR profiles,
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Table S3: Comparative study for the catalytic efficiency of this catalytic system over the literature reported
ruthenium-based catalysts, Figure S1: The acetylene conversion (a) and selectivity to VCM (b) over the supports,
Figure S2: The acetylene conversion of the Ru-P(Cy)s/AC catalyst, Figure S3: FI-IR spectra of the supports:
(a) AC, (b) AC-HNOg3, (c) AC-HC]I, Figure S4: Nitrogen adsorption-desorption isotherms of the fresh (a) and spent
(b) catalysts, Figure S5: Thermogravimetric analysis (TGA) curves of fresh and spent catalysts recorded in air
atmosphere, Figure S6: Particle size distribution of Ru-based catalysts, Figure S7: The deconvoluted H,-TPR
profiles of the fresh catalysts: (a) Ru/AC, (b) -P-Ru/AC, (c) ¢-P-Ru/AC-HCI, (d) ¢-P-Ru/AC-HNOs, Figure S8:
High-resolution XPS spectra of Ru 3p for the fresh and spent catalysts, Figure S9: The activity of the catalyst
regenerated by HCl and nitric acid.
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