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Abstract: The catalytic mechanism and activation energies of metal chlorides RuCl;, AuCls, and
BaCl, for 1,2-dichloroethane (DCE)-acetylene exchange reaction were studied with a combination of
density functional theory (DFT) calculations and experiments. Two reported reaction pathways were
discussed and acetylene-DCE complex pathway was supported through adsorption energy analysis.
The formation of the second vinyl chloride monomer (VCM) was proven to be the rate-determining
step, according to energy profile analysis. Activity sequence of BaCl, > RuCl; > AuCl; was
predicted and experimentally verified. Furthermore, reversed activity sequences of this reaction
and commercialized acetylene hydrochlorination reaction were explained: the adsorption abilities of
reactants are important for the former reaction, but chlorine transfer is important for the latter.

Keywords: DFT study; metal chlorides; DCE-acetylene exchange reaction; acetylene
hydrochlorination; catalytic mechanism

1. Introduction

Poly vinyl chloride (PVC) is one of the most versatile plastics synthesized by radical polymerization
of vinyl chloride monomer (VCM). China is the biggest PVC production country in the world, and
over 80% of VCM is produced through the acetylene method (also called calcium carbide method) [1,2].
Acetylene hydrochlorination is the core reaction in the process [3,4]:

Catalyst 1
CH=CH + HC1 — CH; =CHCIAH = -124.8 k]-mol

Mercury chloride that is loaded on carbon is the traditional industrial catalyst for this reaction,
while the high toxicity and volatility can be a great threat to human and environment [5]. A
worldwide Minamata Convention came into effect in 2017, which regulates specific policies on mercury
inhibition [6]. New reaction routes and non-mercury catalysts for VCM production is urgently needed
for future green PVC industry.

1,2-dichloroethane (DCE) is an important intermediate for organic synthesis, which is also the
by-product of the coal-based industrial VCM process. However, its use is avoided in daily life and a
further conversion is preferred due to toxicity and carcinogenicity. Therefore, the exchange reaction
between DCE and acetylene to produce VCM is attractive in the academic field. This new process has
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been firstly reported by Jiang and Zhong et al. [7], and is therefore also called the “Jiang-Zhong VCM
process”. The core reaction in this new process can be written as [4]:

CH = CH + CICH,CH,Cl 5™ 2CH, — CHCI AH = —29.7 kJ-mol™!

When comparing with traditional acetylene hydrochlorination process, the newly reported
Jiang-Zhong VCM process has outstanding advantages: (1) higher yield of main product due to reuse
of byproduct DCE; (2) lower heat effect due to good balance of endothermic (DCE decomposition) and
exothermic (acetylene hydrochlorination) reactions; (3) avoidance of corrosive HCl; and, (4) halved
acetylene consumption and corresponding waste generated from coal-based acetylene production.
The new route can be regarded as a combination of the coal and petroleum chemical industry and it
opens up new possibilities for greener VCM production. However, the published results on this new
route are notably limited and an instructive understanding is of great importance.

Density functional theory (DFT) is becoming a very useful tool for computational material science
and chemistry [8]. However, to the best of our knowledge, no DFT study has been reported for the
new Jiang-Zhong VCM process, and the experimental exploration is also in the early stage. It is
highly useful for guiding the rational development of novel DCE-acetylene exchange catalysts with
the assistance of computational chemistry.

In this work, the catalytic reaction mechanisms of RuCls, AuCls, and BaCl, for DCE-acetylene
exchange reaction were studied in detail by DFT calculation. The experiments were further carried
out and a high consistency between DFT calculations and experimental results was achieved. When
comparing with the traditional acetylene hydrochlorination reaction, the reversed activity sequence was
anticipated, which was explained by the differences in mechanisms. The work provided guidance for
the deep understanding and screening methodology of catalysts for DCE-acetylene exchange reaction,
which can accelerate the development of this green and highly efficient route for VCM production.

2. Results and Discussion

2.1. Selection and Structure of Metal Chlorides

As for DCE-acetylene exchange reaction, Jiang et al. first reported the activity of BaCl, in
2013 [7]. Future work suggested that the BaCl, catalyst demonstrates 70% acetylene conversion and
98% selectivity to VCM at the temperature of 200-230 °C and acetylene GHSV (gas hourly space
velocity) of 24 h™! [9]. In 2016, Zhao et al. reported a Ru-based catalyst for the reaction, which
showed 15% acetylene conversion and 99% VCM selectivity at 250 °C and 57 h~! acetylene GHSV [10].
Besides, AuClj also demonstrated unique adsorption and activation ability of acetylene, which is also
advantageous for this reaction [11]. Therefore, these three metal chlorides were adopted as initial
exploration in this work.

Metal chlorides were considered as the main active sites for this reaction, due to the fact that a
reduced catalyst with metal clusters/particles demonstrates significantly reduced activity (Figure S8).
A reasonable simplification was applied and the simplest structures of metal chlorides were selected
during calculation. First, metal chlorides in its original form were optimized and Figure S1 shows
the results. It can be concluded that RuCl; and BaCl, are non-polar molecules (zero dipole moment)
with regular plane triangular and linear structure, respectively, while AuCl; demonstrates an isosceles
triangular structure with a dipole moment of 0.0671 Debye. Other references also confirmed these
specific structures [12-16].

2.2. Possible Reaction Mechanisms

In this work, two possible reaction pathways were taken into consideration, which were also
discussed in previous work [17,18]. Figure 1 shows the illustration of two pathways, in which the
catalyst (Cat) is temporarily represented by a dummy atom for clarity. The first pathway is defined as
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the DCE decomposition pathway. In this pathway, DCE first gets adsorbed on the catalytic surface
and releases one VCM molecule, leaving one adsorbed HCl molecule. Afterwards, the catalyst further
adsorbs one C,H; molecule and another VCM molecule is formed. Finally, the catalyst returns to its
original form after the desorption of the second VCM molecule. The second pathway is defined as
the acetylene-DCE complex pathway. In the first step, CoH, rather than DCE gets adsorbed. Next,
one DCE molecule gets adsorbed, subsequently forming an acetylene-DCE complex. Subsequently,
one VCM molecule gets released and the rest HCI and C,H; molecules form another VCM. Finally,
the second VCM gets desorbed and the catalyst returns to its original form. It can be seen that the
most significant difference between the two pathways is the adsorption sequence in the first step: DCE
gets adsorbed prior to C,Hj in the first pathway and C,H; gets adsorbed prior to DCE in the second
pathway. Therefore, the adsorption ability of C;H, and DCE becomes a crucial criterion for the priority
of two pathways.
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Figure 1. Illustration of two possible reaction pathways for 1,2-dichloroethane (DCE)-acetylene
exchange reaction. (a) DCE decomposition pathway; (b) acetylene-DCE complex pathway.

2.3. Adsorption Energy on Metal Chlorides

The adsorption energy calculation of the important species in this reaction was carried out in the
optimized metal chloride systems. Figure S2 gives the structures and Table 1 lists the corresponding
adsorption energies. Besides, Table S1 lists important structure parameters of each species. It should
be noted that the adsorption of Co;H; is stronger than DCE for all catalysts, which indicates that
C,H; tends to be adsorbed on the catalytic surface prior to DCE. Therefore, the second pathway
(acetylene-DCE complex pathway) in Figure 1b is supported, as discussed in the previous part.
Furthermore, the adsorption of VCM is also stronger than HCI for all cases, which indicates that the
adsorbed HCI species tends to desorb prior to VCM. This conclusion is another evidence against
the first pathway (DCE decomposition pathway): VCM gets desorbed prior to HCl in this pathway,
contradicting with calculated adsorption energies. However, no VCM gets desorbed prior to HCI or
CyHy, respectively (rather than the co-adsorbed species), in the second pathway, and it is thus proved
to be more reasonable.

Table 1. Adsorption energies of DCE, C,H;, HCl, and vinyl chloride monomer (VCM) on the catalytic
surfaces. Unit: k] mol~1.

Catalyst Eads (DCE) Eads (Cg Hz) Eads HCD Eads (VCM)
RuClj -22.6 -149.3 36.0 -193.4
AuCl; -51.4 -106.0 39.1 -179.0

BaCl, -122.9 -161.9 -73.9 -215.0
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According to Table 1, BaCl, demonstrates the strongest adsorption ability for all four species.
Especially for HCI, BaCl, leads to moderate adsorption energy, while the adsorption of HCI is not
favorable on RuCl; and AuCl; (positive adsorption energy). This tendency can be explained by the
flexibility of BaCl,, since the linear structure can be easily deformed to suit for adsorbates, as shown in
Figure S2. The conclusion is also proved by the structure parameters listed in Table S1, since the bond
lengths of adsorbed species increase the most on BaCl, surface. The strong adsorption of reactant is a
great advantage of BaCl, to be the suitable catalyst for DCE-acetylene exchange reaction.

2.4. Energy Profiles

The energy profiles for two reaction pathways were calculated. Tables S2 and S3 list the original
energy values. Figures 2 and 3 shows the energy profiles and corresponding structures. It can be
seen that, in both pathways, the energies of transition states (TS1 and TS2 in Figures 2 and 3) have
the sequence of BaCl, < RuCl; < AuCl;. A sequence of BaCl, > RuCls > AuCl; can be expected for
assisting the reaction since lower energy leads to more stable reaction intermediates. This conclusion is
consistent with the discussion in the previous part and published experimental studies, in which BaCl,
gives the highest activity [9,10]. It is interesting that noble metals, such as Au and Ru, do not show
advantages for this reaction, despite their prominent performance for acetylene hydrochlorination
reaction (activity sequence of AuCls > RuCl; > BaCl, has been reported, Figure S3) [19-22]. Section 2.7
provides the explanation of reversed activity sequences for the two reactions.
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Figure 2. Energy profiles and corresponding structures of species for DCE-exchange reaction: DCE
decomposition pathway. Free molecules of DCE, C,H,, HCl, and VCM are omitted for clarity.
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Figure 3. Energy profiles and corresponding structures of species for DCE-exchange reaction:
acetylene-DCE complex pathway. Free molecules of DCE, C;H,, HCI, and VCM are omitted for clarity.

2.5. Activation Energy

Table 2 lists the energy barriers of metal chloride systems during the two reaction pathways. E,;
refers to E1g1-E 45 in DCE-decomposition pathway and Etsi-Epv in acetylene-DCE complex pathway;,
while E,, denotes E1sy-Epviz in both pathways. It can be seen that E;; > E,; in all cases, indicating
the formation of the second VCM is the rate-determining step for all catalysts in both pathways.
The activation energy AGgrps (at 473.15 K) was calculated as the Gibbs free energy difference of the
rate-determining step. It can be seen that the activation energy in two pathways are similar for all of
the metal chloride catalysts, which can be explained by the similarity of the last step in both reaction
pathways. The corresponding activation energies of RuClz, AuCls, and BaCl, are adopted to be 189.1,
141.4, and 167.3 k] mol~!, respectively, since the second pathway is proved to be favorable. These
values can be further compared with experimental activation energies (Ea(exp)), which will be shown
in Section 2.6.

Table 2. Activation energies for two reaction pathways at 473.15 K. Experimental values and the relative
errors are also listed. Energy unit: k] mol ™.

Catalyst DCE Decomposition Acetylene-DCE Complex Ea(exp)  Error (%)
Ex Ea AGrps Eqn Ex AGrps

RuCls 58.6 142.9 185.5 105.4 139.6 189.1 152.8 -19.2

AuClj 90.6 125.5 128.0 106.6 118.5 141.4 134.2 -5.1

BaCl, 49.0 159.7 176.6 64.8 165.8 167.3 141.3 -15.5

2.6. Comparison with Experimental Data

Experiments were carried out to further verify the predictions based on DFT calculations. All metal
chlorides were loaded on activated carbon support with a 10% weight content through impregnation
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in order to facilitate the dispersion of active metal chlorides and produce comparable results. The
support activated carbon was proved to show extremely limited activity in the DCE-acetylene exchange
reaction, as shown in Figure S8. Detailed evaluation process (Figure S4) and kinetic study can be
found in the Supplementary Information (Figures S5-S7). Figure 4 shows the logarithm of reaction
rate constant K vs the reciprocal of reaction temperature (1/T) results.
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Figure 4. Experimental results of metal chloride catalysts for DCE-acetylene exchange reaction at 220,
230, 240 and 250 °C. Reaction conditions: GHSV = 90 h~!, V(C,H,)/V(DCE) = 1:1.1. The slope of linear
fitting was used to determine the experimental activation energies according to the Arrhenius equation.

It can be seen that at a certain temperature, the InK value of catalysts follows the sequence
of BaCl, > RuCl; > AuCls, which also indicates the same catalytic activity sequence. Besides, the
experimental activation energies (E,(exp)) are also compared with the DFT calculation results (AGrps)
given in Table 2. The relative errors are less than 20% for all metal chlorides and the values among
different metal catalysts are in the same sequence, which indicates great consistency between the
experimental data and theoretical calculation. The successful prediction of catalytic activity can also be
greatly helpful for the further design of catalysts for this reaction.

2.7. Comparison with Acetylene Hydrochlorination Process

Further energy analysis of acetylene hydrochlorination reaction was carried out to explain the
reversed activity of metal chlorides for two reactions, as mentioned previously. Table 54 lists original
energy values. Figure 5 shows the energy profiles and corresponding structures. AuCl; and RuCls
undergo a chlorine transfer pathway reported in previous study [23], in which one Cl atom is transferred
from metal chloride to C;H; molecule during the reaction. This pathway significantly reduces the
energies of intermediates and facilitates the reaction, and the excellent chlorine transfer ability makes
AuClj the ideal catalyst for this reaction [23,24]. However, the energy of IM2 in chlorine transfer
pathway is so high (-27.8 k] mol~! for BaCl, compared with —136.7 for RuCl; and —167.7 for AuCl3)
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that the corresponding calculations do not give a converged structure of TS2, although BaCl, still
demonstrates the strongest adsorption of CoHj in the first step (formation of Ads). Therefore, the
chloride transfer pathway is not suitable for BaCl,, and a direct Co;H; and HCI combination pathway
is adopted, which gives unique IM1 and TS1 species. The energy of transition state in rate-determining
step has the sequence of BaCl, < RuCl; < AuCl; and the activation energy is calculated to be 349.4, 158.5,
and 122.3 k] mol~! for BaCly, RuCls, and AuCl; respectively, due to the difference in chloride transfer
ability. Therefore, the activity sequence AuCl; > RuCl; > BaCl, for this reaction can be explained.
This conclusion is crucial for catalyst design, because the screening criteria of metal chlorides for
DCE-acetylene exchange reaction are significantly different from those for acetylene hydrochlorination
reaction. Chlorides with higher adsorption energy of reactants are anticipated to be preferable for the
previous reaction, while the chlorine transfer ability is important for the latter.
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Figure 5. Energy profiles and corresponding structures of species for acetylene hydrochlorination
reaction. Free molecules of C;Hjp, HCl, and VCM are omitted for clarity.

3. Calculation Methodology

Gaussian 09 software (Gaussian, Inc., Wallingford, CT, USA) [25] was used in the entire calculation
process. B3LYP functional, which is also widely used in relevant DFT studies, was selected to achieve
the balance of accuracy and calculation expenses and produce data that can be easily compared with
other published results. Therefore, B3LYP functional with default electron spin was used throughout
the study [26]. Mixed electron basis set was adopted for calculation to make the best of calculation
expenses. Specifically, light atoms, including H, C, and Cl, were described by 6-31 g (d) basis set and
metal atoms were described by the Lanl2dz effective core potential (ECP) basis set. Energy minimum
was achieved for all optimized structures, except transition states (TS), and the energy of TS was
confirmed to be saddle point with one imaginary frequency.

Adsorption energies were used to quantify the adsorption strength of relevant species and defined,
as in Equation (1):

Eads = Ea-c —Ea —Ec (1)
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where Eag4s is the adsorption energy, Ea.c is the energy of adsorbed species together with catalyst, Eo
is the energy of free adsorbate, and Ec is the energy of catalyst in its original form.

The energy of catalysts and reactants in original form was set to zero (symbol R in reaction
coordinate) in the illustration of energy profiles in order to keep clarity. Subsequently, the energy of
each species in reaction pathways was corrected by Equation (2):

Es = Egp — Ec — Epce — Ecom )

where Eg is the corrected energy of species S and it is shown in energy profiles, Egy is the original
calculated energy of species S, and Ec, Epcg, and Ecppypp refer to the energy of catalyst, 1,2-dichloroethane,
acetylene in the original form, respectively.

The calculated activation energy E, was determined by the Gibbs free energy difference in the
rate-determining step of corresponding reaction pathway, as shown in Equation (3):

E,= AGRDS = Z GProduct - Z GReactant (3)

In Equation (3), the Gibbs free energy of each species was derived from thermal correction of
electronic energies through frequency calculation. The typical temperature of 473.15 K (200 °C), which
is most commonly used for this reaction, was applied throughout the calculation.

4. Conclusions

Two possible reaction pathways for DCE-acetylene exchange reaction, namely the DCE
decomposition pathway and the acetylene-DCE complex pathway, were proposed and the second
pathway was proved to be more favourable through adsorption energy calculation. The combination
of C;H, and HCI to form the second VCM molecule was proved to be the rate-determining step.
An activity sequence of BaCl, > RuCl; > AuCl; was predicted, and the activation energies were
determined to be 189.1, 141.4, and 167.3 k] mol~! for RuCl;, AuCl;, and BaCl, respectively. These
calculation results were confirmed by experiments, and it is quite interesting that non-noble metals are
more suitable than noble metals for this reaction, which can be an obvious cost advantage for practical
applications. The different performances of the metal chlorides for two VCM producing reactions
were successfully predicted and explained by revealing corresponding mechanisms, in which the
adsorption ability is important for DCE-acetylene exchange reaction, while chloride transfer ability is
important for acetylene hydrochlorination reaction. The results give instructions for catalyst design
and preparation before the experimental study, which can accelerate the development of catalysts in
the environmentally friendly new DCE route for VCM production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/204/s1,
Figure S1: Structures of metal chlorides, (a) RuCls, (b) AuCls, (c) BaCl,. Unit of length and angle are A and
degree respectively, Figure 52: Optimized structure of adsorbed species on metal chloride surfaces, Figure S3:
Catalytic turnover frequency of three metal chlorides for acetylene hydrochlorination reaction, Table S1: Main
structure parameters of important species after adsorption. M stands for the metal atoms in metal chlorides. Bond
length unit: A, angle unit: degree. Value in parentheses are corresponding values in free molecules, Table S2:
Absolute energies in Hartrees of calculated species in DCE decomposition reaction pathway for DCE-acetylene
exchange reaction, Table S3: Absolute energies in Hartrees of calculated species in acetylene-DCE complex reaction
pathway for DCE-acetylene exchange reaction, Table S4: Absolute energies in Hartrees of calculated species for
acetylene hydrochlorination reaction, Figure S4: Diagram of the experimental equipment (1) Controlling valve; (2)
Rotor flowmeter; (3) Mass flowmeter; (4) Preheating furnace; (5) Reaction furnace; (6) Condenser; (7) Dryer; (8)
Gas chromatography; (9) Exhausted gas absorption bottle; (10) High pressure liquid sampling pump, Figure S5:
Reaction evaluation of BaCl, catalysts with different catalyst loadings at constant GHSV. Reaction conditions:
T =220 °C, GHSV =90 h™!, V(C,H,)/V(DCE) = 1:1.1, Figure S6: Reaction evaluation of BaCl, catalysts with
different average sizes of support. Reaction conditions: T =220 °C, GHSV =90 h~!, V(C,H,)/V(DCE) = 1:1.1,
Figure S7: Reaction evaluation of BaCl, catalysts with different CoH; and DCE gaseous volume flux. Reaction
conditions: T =220 °C, Figure S8: Reaction evaluation of activated carbon support and reduced zero-valance metal
catalysts. The reduction process was realized by treating prepared catalysts with sodium borohydride solution
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with excessive NaBH, reduction capability. Reaction conditions: T = 260 °C, GHSV = 90 h™1, V(C,H,)/V(DCE) =
1:1.1. The acetylene conversion was significantly lower than metal catalysts with high valances of metals.
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