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The word catalyst comes from the Greek κατα’λυσις, which means dissolution and was introduced in
1836 by the Swedish Berzelius. All chemists know that the availability of an efficient catalyst is extremely
valuable to enhance the reaction rate and optimize the regio- and stereoselectivity. The discovery of novel
catalysts is based on different approaches, like simulation of different catalyzed reactions, trial and error
procedures, screening of existing libraries of catalysts, and last but not least, good chemical intuition and
knowledge. More often, a combination of these ways is employed, and serendipity plays an important
role too. Anyway, the highly ambitious goal is the control of chemical reactions using accurately designed
catalysts (i.e., molecules or materials that not only are efficient but also may have additional important
requirements, like low cost and low environmental impact).

To quantify the importance of rationally tailored catalysts, a search in the Scopus database was
performed, which returned 43,897 entries associated with the string “Catalyst AND Design” in the period
from 1928 to 2021; among these, 20,838 entries belong to the period 2016–2021, clearly suggesting that the
interest and the effort in catalyst design have been rapidly increasing in the last 5 years (Figure 1a). When
strategy is included in the search by typing the complete string “Catalyst AND Design AND Strategy,”
4087 entries are found in the period 2016–2021 (Figure 1b). Importantly, in both graphs in Figure 1, the
number of works is increasing year after year, indicating the interest of the scientific community in the
rational and guided search for novel catalytic systems. In this scenario, computational methods represent
a valid support for different reasons. First, in the last 2 decades, accurate quantum chemistry protocols
have provided mechanistic details of elementary and complex reactions, thus providing quantitative
energetic and kinetic insight. Taking advantage of the impressive silicon technology development, chemical
reactions involving complex systems can nowadays be investigated using (super)computers. Finally,
machine-assisted screening of large datasets of chemical compounds is considered a common good
practice to explore in silico the potential activity or extract those features that seem relevant to design a
functional molecule. All these observations let us foresee that, in the very near future, chemists will be
able to design efficient catalysts and then prepare them in the lab, minimizing synthetic effort and costs.

In this Special Issue, 11 contributions dealing with different problems of catalysis are gathered, and
the main topics are summarized here.

Lei Ma et al. [1] have reported on a strategy to protect palladium catalysts by sulfur species and have
applied it to the catalytic oxidation of methane.

The problem of asymmetric olefin epoxidation has been investigated and thoroughly discussed by
Zou et al. [2], who employed salenMn immobilized on graphene oxide as catalyst.

Catalysts 2021, 11, 38; doi:10.3390/catal11010038 www.mdpi.com/journal/catalysts
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(a) (b) 

Figure 1. Results of a search in the Scopus database limited to the period 2016–2021: (a) search string
“Catalyst AND Design”; (b) Search string “Catalyst AND Design AND Strategy.” Last access to the database
on 22 December 2020.

Kobayashi and Sunada have described the synthesis of a four coordinated Fe(II) digermyl complex,
inspired by the silicon analog, which is used as catalyst in the dehydrogenation of ammonia borane [3].

Contreras et al. have reported on improvements in the reduction of NOx using C3H8 and H2 by
adding Pt to the Ag/Al2O3-WOx catalyst [4].

The work by He et al. [5] deals with the removal of elementary mercury in the presence of SO2 using
Mn/Ti nanorods, showing how the coating with TiO2 protects Mn by the unwanted deactivation by SO2.

The review article by Zhang et al. [6] focuses on acetylene hydrochlorination catalyzed by activated
carbon-supported HgCl2 and the challenge of finding a nontoxic catalyst. Particularly, noble and non-noble
metal and nonmetal catalysts are considered alternative candidates, and advantages and issues are critically
discussed.

The paper by Zan et al. have reported on their research of substitutes for fossil fuel-based petroleum
products [7]. They have presented the synthesis of 22-carbon tricarboxylic acid and its ester via the
Diels-Alder reaction starting from PUFAs and their esters and fumaric acid and fumarate, respectively.
Iodine has been used as catalyst.

Carlucci et al. have been working on strategies to produce biofuels using as source waste cooking
oil, and they succeeded in optimizing the reaction conditions (acid catalysis) to reach high yields, up to
99% [8].

Dini and et al. have carried out a study on the disposal of chemical waste from wastewaters, proposing
the technique of contact glow discharge electrolysis (CGDE) with a promising low-cost implication [9].

Finally, Kim et al. and Orian et al. have contributed with two theoretical studies [10,11]. In the former,
the asymmetric cyanation of olefins with ethyl cyanoformate catalyzed by Ti(IV) has been explored, while
in the latter, the acetylene [2+2+2] cycloaddition to benzene catalyzed by Rh/Cr indenyl fragments has
been investigated. The accurate description of the reaction mechanisms combined with the activation
strain model nicely demonstrates that times are mature to perform a rigorous and quantitative catalyst
design in silico.

I wish to express my gratitude to all the authors who have contributed to this Special Issue,
demonstrating that a rational design of a catalyst can be pursued in very different approaches and
fields. Special thanks also to the editorial office for the efficient support.
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Abstract: Sulfur species (e.g., H2S or SO2) are the natural enemies of most metal catalysts, especially
palladium catalysts. The previously reported methods of improving sulfur-tolerance were to effectively
defer the deactivation of palladium catalysts, but could not prevent PdO and carrier interaction
between sulfur species. In this report, novel sulfur-tolerant SiO2 supported Pd4S catalysts (5 wt. %
Pd loading) were prepared by H2S–H2 aqueous bubble method and applied to catalytic complete
oxidation of methane. The catalysts were characterization by X-ray diffraction, Transmission
electron microscopy, X-ray photoelectron Spectroscopy, temperature-programmed oxidation,
and temperature-programmed desorption techniques under identical conditions. The structural
characterization revealed that Pd4S and metallic Pd0 were found on the surface of freshly prepared
catalysts. However, Pd4S remained stable while most of metallic Pd0 was converted to PdO during the
oxidation reaction. When coexisting with PdO, Pd4S not only protected PdO from sulfur poisoning,
but also determined the catalytic activity. Moreover, the content of Pd4S could be adjusted by changing
H2S concentration of H2S–H2 mixture. When H2S concentration was 7 %, the Pd4S/SiO2 catalyst was
effective in converting 96% of methane at the 400 ◦C and also exhibited long-term stability in the
presence of 200 ppm H2S. A Pd4S/SiO2 catalyst that possesses excellent sulfur-tolerance, oxidation
stability, and catalytic activity has been developed for catalytic complete oxidation of methane.

Keywords: sulfur-tolerance; Pd4S; catalytic oxidation of methane; sulfur poisoning

1. Introduction

Methane as the main component of natural gas is playing an increasingly important role in the
global energy structure [1,2]. Effective catalytic complete oxidation of CH4 can improve combustion
efficiency and reduce air pollutants, such as CO, NOx, and unburned hydrocarbon [3–8]. It has
therefore found great applications in modern industry, such as catalytic exhaust converters aimed
to reduce methane emission and catalytic gas turbine combustors designed to combust fuel under
mild conditions [9,10]. Supported PdO catalysts have shown excellent catalytic property in methane
oxidation, and currently are under extensive study [11–18]. However, once sulfur species (e.g., H2S or
SO2) are present in the reaction atmosphere, the poisoning of PdO catalyst which would lead to
inactive PdO-SOx is irreversible and the activity of the catalyst cannot be recovered at relatively low
temperature [19–25].

Hence, many efforts have been devoted in the past decade to enhance sulfur resistance of supported
PdO catalysts. Currently there are two primary approaches to improve the performance of palladium

Catalysts 2019, 9, 410; doi:10.3390/catal9050410 www.mdpi.com/journal/catalysts5
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catalysts against sulfur poisoning: the first is to use alkaline carriers (e.g., γ-Al2O3) and enhance
their adsorption ability toward acidic sulfur species to protect the active phase of PdO [23,26,27],
and the second is to introduce an extra active ingredient to form a catalyst system with dual activity,
such as Pd–Pt complex, to avoid sulfur poisoning [24,28]. However, these methods can only defer
the deactivation of palladium catalysts as neither the alkaline carrier nor the extra active ingredient
can prevent the interaction between PdO and sulfur species. In other words, sulfur poisons would
eventually encroach PdO and make it inactive. As such, these catalyst systems did not really possess
the ability of sulfur-tolerance.

The research on sulfur-tolerant palladium catalyst system in methane catalytic oxidation reaction
is rare and lack of substantial progress in the literature [20,26–28]. Therefore, development of a reliable
sulfur-tolerant catalyst system seems to be of great importance. In view of the great potential of
catalytic oxidation of methane, we decided to pursue a new catalytic system that could be of high
tolerance of sulfur poisons. We speculated PdxSy in combination with acidic carrier would be an ideal
system for methane oxidation based on the following two points. First, it would be the best scenario
for sulfur-tolerant catalysts that neither the support nor the palladium active phase itself could interact
with sulfur species. PdxSy and acidic carrier such as SiO2 would likely meet the requirement. Second,
seeing that sulfur and oxygen are located in the adjacent position of the same main group in the
periodic table, i.e., the chalcogen group, the designed PdxSy might possess similar catalytic activity
to PdO.

In the literature, the majority of PdxSy (Pd4S, Pd3S, Pd2.8S, Pd16S7, PdS or PdS2, etc.) were
prepared by gas sulfuration with H2S–H2 [25,29–35]. Herein, we would like to present a new procedure
for the preparation of PdxSy/SiO2 catalysts via aqueous bubble sulfuration of Pd/SiO2 with H2S–H2

with varied H2S concentration. Compared with the gas sulfuration, the aqueous bubble method was
performed in much milder conditions. Besides the sulfur resistance and catalytic activity, the stability
of PdxSy/SiO2 catalyst was the other focus of our investigation.

2. Results and Discussion

2.1. Fresh Catalysts

2.1.1. Catalyst Characterization

Freshly prepared catalysts were first tested by X-ray diffraction (XRD) as showed in Figure 1.
The freshly prepared catalyst is named (fV), where V represents H2S concentration. No other palladium
species were found except for metallic Pd0. The sulfuration of Pd to form Pd4S under H2S–H2

atmosphere was via the reaction: 4Pd + H2S↔ Pd4S + H2 [36–40]. This reversible reaction meant that
metallic Pd0 could not be fully sulfurized to Pd4S. Therefore, it was reasonable to detect metallic Pd0

on the surface of freshly sulfurized catalyst. However, it was worth noting that the intensity of the
diffraction peak of metallic Pd0 changed regularly with the increase of H2S concentration. The average
particle size of metallic Pd0 calculated by Scherrer formula was further shown in Table 1. With the
increase of H2S concentration, the change of average particle size of metallic Pd0 could be divided into
three stages. They were gradually reduced (0→ 5%), stable (5%→ 7%), and increased (7%→ 10%).
These results indicated the Pd/SiO2 precursor had been changed by sulfuration.

6
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Figure 1. X-ray diffraction (XRD) patterns of freshly prepared catalysts sulfurized with different
H2S concentration.

Table 1. Average particles size of freshly prepared catalysts sulfurized with different H2S concentration.

Catalyst FWHM Size (nm)

Pd 0.761 12.2
f0.2 0.803 11.5
f1 1.328 6.9
f3 1.297 6.7
f5 3.329 2.6
f7 3.262 2.6

f10 2.163 4.0

FWHM: full-width at half-maximum

Since XRD characterization could not directly provide evidence of the existence of PdxSy, the freshly
prepared catalysts were further characterized by high resolution transmission electron microscopy
(HR-TEM) and illustrated in Figure 2. The lattice spacing distance of Pd species particles on freshly
prepared catalyst are 0.225 nm and 0.245 nm, corresponding to the Pd(111) and Pd4S(102), respectively
[JCPDS No. 73-1387, JCPDS No. 46-1043]. In addition to the metallic Pd(111), the Pd4S(102) was found
on the surface of all the freshly prepared catalysts. The literature on the preparation of PdxSy under
H2S-H2 atmosphere showed that the Pd4S with the highest proportion of Pd/S was the first PdxSy

species [38,41]. Therefore, it was reasonable to firstly form the Pd4S under the condition of 60 ◦C
aqueous bubble sulfuration.

The subsequent characterization by X-ray photoelectron spectroscopy (XPS) could provide further
evidence for the existence of PdxSy, as shown in Figure 3. After curve fitting analysis, the S2p3/2

of freshly prepared catalyst could be deconvoluted into a large peak at 168.5 eV and a small peak
at 165.1 eV, which corresponded to S0 [42] and Pd4S [42–44], respectively. With the increase of
H2S concentration, the XPS peak intensity of sulfur species increased gradually. At the same time,
the Pd3d5/2 could be deconvoluted into two peaks at ~335.6 eV and ~337.5 eV which corresponded to
metallic Pd0 [45,46] and Pd4S [47,48], respectively. This indicated that Pd4S and metallic Pd0 were the
primary palladium species on the freshly prepared catalysts. These results are in good agreement with
the characterization results of XRD and HR-TEM. If the Pd4S had similar properties to PdO, the amount
of Pd4S would be the key factor influencing the performance of the catalyst. The XPS data (Figure 3)
were further analyzed to provide Table 2 that listed the composition ratio of palladium species of
freshly prepared catalysts. It could be noted that the sulfuration process was the transition of metallic
Pd0 to Pd4S. With the increase of H2S concentration, the change of Pd4S ratio could also be divided into

7
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three stages. They were gradually increased (0→ 5%), stable (5%→ 7%), and reduced (7%→ 10%).
Variation of metallic Pd0 content was opposite to that of Pd4S. This variation was entirely consistent
with the average particle size of metallic Pd0. It was obvious that the variation of the average particle
size of metallic Pd0 was caused by the change of metallic Pd0 content on the catalyst surface.

 

Figure 2. High resolution transmission electron microscopy (HR-TEM) images of freshly prepared
catalysts with different H2S concentration.
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Figure 3. X-ray photoelectron spectroscopy (XPS) Pd3d and S2p of freshly prepared catalysts with
different H2S concentration.

Table 2. Palladium species content of freshly prepared catalysts with different H2S concentration a.

Catalyst
Composition Ratio of Palladium Species (%)

Pd0 Pd4S

f0.2 68.9 31.1
f1 68.6 31.4
f3 61.6 38.4
f5 33.4 66.6
f7 32.1 67.9
f10 57.9 42.1

a: Calculated by Pd fitted peak area by XPS.

2.1.2. Activity Studies

In order to test whether the Pd4S possessed the desired sulfur-tolerance and catalytic activity,
its catalytic property for methane oxidation in the presence of 200 ppm H2S was then examined by
measuring methane conversion against the reaction time at different reaction temperatures. As shown
in Figure 4, when the temperature was 500 ◦C, the presence of H2S had no impact on all the catalysts.
However, once the reaction temperature dropped to 400 ◦C, the compared PdO/SiO2 catalyst was

9
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deactivated very rapidly. We estimated that at this temperature sulfur species could turn the active
PdO into inactive PdO–SOx species, which could then hardly decompose at low temperature [23,24,49].
In contrast, under the same conditions, all the catalysts prepared by our own procedure did not show
any deactivation at 400 ◦C. This clearly stated that the combination of Pd4S and SiO2 was effective in
resisting sulfur poisoning. At the same time, the activity of the catalyst with 7% H2S concentration
was even equal to that of PdO catalyst. This further stated that the combination of Pd4S and SiO2

had high enough catalytic activity. Furthermore, it was found that the methane conversion of all
catalysts decreased to less than 10% at 370 ◦C. This dramatic decrease in catalytic activity was not
due to sulfur poisoning, but the high reaction temperature required for methane activation [50–52].
Therefore, it was best to set the reaction temperature at 400 ◦C. This temperature could not only reflect
the sulfur-tolerance, but also compare the catalytic activity.

Figure 4. Catalytic performance of freshly prepared catalysts with different H2S concentration. Gas
composition: CH4 (v% = 2%), O2 (v% = 8%), H2S (v% = 0.02%), and N2 (v% = 89.8%); Flow rate =
200 mL/min; and GHSV (gas hourly space velocity) = 60000 mL/(g·h).

Meanwhile, it should be pointed out here that although all the sulfurized catalysts exhibited
the similar sulfur-tolerance, the catalytic activity at 400 ◦C was not same. As the H2S concentration
increased from 0.2% to 7%, the catalytic activity increased gradually. However, when the H2S
concentration increased to 10%, the catalytic activity decreased. This variation was very similar to the
variation of Pd4S content on the surface of freshly prepared catalyst. However, we could not simply
assume that catalytic activity depended solely on Pd4S. The reason was that the stability of Pd4S and
metallic Pd0 on the surface of freshly prepared catalyst was still undiscovered under high reaction
temperature and presence of oxygen. Under such reaction condition, metallic Pd0 was liable to be
oxidized to PdO. Therefore, palladium species on the surface of freshly prepared catalyst might not be
the true palladium species involved in the reaction. Next, we would characterize the used catalyst to
determine the actual palladium species on the catalyst surface.

2.2. Used Catalyst

2.2.1. Catalyst Characterization

The XRD patterns of used catalysts were given in Figure 5. The used catalyst is named (uV), where
V represents H2S concentration. The characteristic diffraction peak attributed to sulfur species was
found on the compared PdO/SiO2 catalyst. However, no diffraction peaks attributed to sulfur species
were found in all sulfurized catalysts after the reaction. The reason should be that the sulfurized
catalyst had the ability to resist sulfur poisoning. Not surprisingly, almost all the diffraction peaks
observed in the sulfurized catalyst were attributed to PdO after the reaction. A weak diffraction peak
of metallic Pd0 could be observed only when H2S concentration was 0.2%. This implied that most of
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the metallic Pd0 on the freshly prepared catalyst had been oxidized to PdO under reaction conditions.
However, the above results did not show whether the most important Pd4S remains stable during the
reaction and this needed to be identified by other characterization.

Figure 5. XRD patterns of used catalysts with different H2S concentration.

The presence of PdO confirmed our previous speculation that the palladium species on the surface
of freshly prepared catalysts were not entirely stable during the vigorous oxidation reaction. However,
XRD characterization could only reveal that PdO species were formed during the reaction of freshly
prepared catalysts. However, whether the essential Pd4S species could stably exist in large quantities
would be the main factor affecting the sulfur-tolerance of the catalyst. Figure 6 shows HR-TEM images
of the used catalysts. It could be found that the palladium species on the surface of the used catalyst
were more complicated than the freshly prepared catalyst. Figure 6 clearly indicates that in addition
to Pd0(111), PdO(101) and PdO(110) also appeared in large numbers on the surface of all the used
catalysts [JCPDS No.06-0515]. At the same time, the most interesting thing was that Pd4S(102) species
could be found on all catalyst surfaces. This indicated that the Pd4S species could remain stable during
the high temperature and high oxygen reaction of methane oxidation.
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Figure 6. HR-TEM images of the used catalysts with different H2S concentration.

Owing to the lack of data on the relative content of PdO on the surface of used catalyst, when Pd4S
and PdO coexist, we could not distinguish whether Pd4S and PdO affect the catalytic activity alone or
in combination. Therefore, used catalysts were further analyzed by XPS characterization, as shown in
Figure 7. After curve fitting analysis, the Pd3d5/2 could be deconvoluted into three peaks at ~337.5 eV,
~336.9 eV, and ~335.6 eV, which were assigned to Pd4S [47,48], PdO [48], and metallic Pd0 [45,46],
respectively. The above characterization results revealed the fact that under the reaction conditions,
the actual palladium species on the used catalyst surface should be Pd4S, PdO, and metal Pd0. At the
same time, the S2p peak attributed to S0 was not observed (see Figure 3), only the very weak S2p peak
attributed to Pd4S could be observed. In contrast, the Pd3d peak at ~337.3 eV and S2p peak at 168.1 eV
of used PdO/SiO2 could be attributed to PdO–SOx. This comparison results indicated that Pd4S could
protect other palladium species from sulfur poisoning.
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Figure 7. XPS Pd3d and S2p of the used catalysts with different H2S concentration.

Table 3 listed the composition ratio of palladium species of used catalysts. Compared with the
relative content of palladium species on the surface of fresh catalyst (Table 1), it could be noted that a
large number of PdO species appeared on the surface of the used catalyst, while the Pd0 content of the
metal decreased significantly. This was clearly the oxidation of metal Pd0 to PdO during the reaction.
At the same time, the relative content of Pd4S was basically stable during the reaction. This indicated
that the PdO formed during the reaction was mainly derived from the metal Pd0, but not derived
from Pd4S. Temperature-programmed Oxidation (TPO) of fresh Pd/SiO2, f7 and u7 catalysts with the
same mass was investigated by thermogravimetric analysis. The oxidation stability of the catalyst was
examined by recording the mass change in the process of air oxidation. The results are presented in
Figure 8. Three samples had a similar dehydration process before 100 ◦C. However, with the increase
of temperature, the three samples showed completely different changes. Freshly prepared Pd/SiO2 had
the greatest mass increase, which should be related to the oxidation of metallic Pd0 to PdO. The mass
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increase of f7 with the same mass was significantly smaller than that of freshly prepared Pd/SiO2,
while u7 with the same mass had no significant mass increase. f7 was composed of metallic Pd0

and Pd4S, while u7 was mainly composed of PdO and Pd4S. This stated that the mass increase of
f7 was mainly related to the oxidation of metallic Pd0, while Pd4S maintained sufficient oxidation
stability even under temperature higher than 500 ◦C. This meant that Pd4S could not be oxidized into
palladium oxide nor into palladium sulfate. Therefore, it could be possible to conclude that in the
low-temperature catalytic oxidation of methane, Pd4S had sufficient stability to resist the oxidation
of oxygen.

Table 3. Palladium species content of used catalysts with different H2S concentration a.

Catalyst
Composition Ratio of Palladium Species (%)

Pd PdO Pd4S

u0.2 5.3 59.5 35.2
u1 4.0 60.4 35.6
u3 5.9 54.2 39.9
u5 2.7 40.4 56.9
u7 3.1 36.6 60.3

u10 3.6 48.9 47.5
a: Calculated by Pd fitted peak area by XPS.

Figure 8. Temperature-programmed Oxidation (TPO) profiles of the (u7, f7) catalyst and freshly
prepared Pd/SiO2.

2.2.2. Activity Studies

Figure 9 covered the evaluation of the used catalysts and the evaluation method was completely
consistent with the freshly prepared catalysts. To our delight, the sulfur-tolerance and catalytic
activity of each used catalyst was almost unchanged with the fresh catalyst at 400 ◦C, which indicated
that the composition of the catalyst had remained stable after the initial evaluation. The previous
characterization results had confirmed that Pd4S, PdO, and metal Pd0 were the three palladium species
actually involved in the reaction. In the case that PdO and metal Pd0 did not have sulfur-tolerance,
it was the existence of Pd4S that gave the palladium active component the ability to resist the poisoning
of sulfur species. Moreover, to our surprise, Pd4S was not merely resistant to sulfur itself, its presence
could even protect PdO and metal Pd0 from the poisoning of sulfur species.
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Figure 9. Catalytic performance of used catalysts with different H2S concentration. Gas composition:
CH4 (v% = 2%), O2 (v% = 8%), H2S (v% = 0.02%), and N2 (v% = 8 9.8%); Flow rate: 200 mL/min;
and GHSV = 60000 mL/(g·h).

The sulfur-tolerance of the catalyst depended on Pd4S, but it remained to be confirmed if catalytic
activity was related to the type of palladium species. To this end, we correlated the relative amounts
of Pd4S and PdO species on the used catalyst surface with the catalytic activity of the used catalyst.
The secondary reaction performance of the catalyst was selected at 400 ◦C and the results are shown in
Figure 10. It could be noted that the variation of catalytic activity at 400 ◦C was closely related to the
change of Pd4S content with H2S concentration increase. As the H2S concentration increased from 0.2%
to 7%, the relative content of Pd4S and the catalytic activity of the used catalyst gradually increased.
Compared with content change of (Pd4S + PdO) and PdO, the content of (Pd4S + PdO) did not change
with the concentration of H2S, but the change of PdO content was opposite to the catalytic activity of
the used catalyst. The above results showed clearly that not only the sulfur-tolerance, but also the
catalytic activity relied completely on Pd4S. Because the coexistence of PdO did not play any decisive
role, it was completely reasonable to use Pd4S/SiO2 as the catalyst prepared by the aqueous bubble
sulfuration method. The consequences of 72-hour stability test of the u7 catalyst with and without H2S
are shown Figure 11. It could be found that the catalyst could maintain long-term stability regardless
of the presence of H2S in the reaction atmosphere.

 
Figure 10. Relationship profile between composition ratio of Pd4S and PdO on used catalysts and
second evaluation of methane conversion. The composition ratio of palladium species was calculated
through Pd fitted peak area by XPS.
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Figure 11. Long-term stability test of the u7 catalyst with and without H2S. Gas composition:
CH4 (v% = 2%), O2 (v% = 8%), H2S (v% = 0.02%), and N2 (v% = 89.8%); Flow rate: 200 mL/min;
and GHSV = 60000 mL/(g·h).

2.3. Mechanism of Sulfur-Tolerance

Next, we turned to investigate the cause of sulfur-tolerance of the Pd4S/SiO2 using the technique
of hydrogen sulfide temperature-programmed desorption (H2S-TPD). The u7 catalyst and the freshly
prepared PdO/SiO2 catalyst were chosen for comparison and the results are presented in Figure 12.
SO2 and H2S were the primary desorption species detected in the study. The PdO/SiO2 catalyst released
SO2 in relatively large quantity, which suggested that PdO could readily assimilate H2S to form
PdO–SOx. As a result, PdO/SiO2 catalyst was poisoned and deactivated by H2S. In contrast, desorption
products were barely detected from the u7 catalyst. Seeing that Pd4S was the only discrepancy between
the two catalysts, i.e., the presence of Pd4S in u7 and its absence in PdO/SiO2, we were convinced that
Pd4S played a vital role in the sulfur-tolerance of u7 catalyst, as depicted in Scheme 1. Aside from not
adsorbing H2S, Pd4S also prevented PdO from adsorbing H2S onto its surface. Therefore, it was the
Pd4S that blocked the adsorption of H2S and endowed the catalyst with sulfur-tolerance.

Figure 12. Hydrogen sulfide temperature-programmed desorption (H2S-TPD)profiles of the u7 catalyst
and freshly prepared PdO/SiO2 catalyst.
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Scheme 1. Schematic diagram of methane catalytic oxidation on the surface of Pd4S/SiO2 and PdO/SiO2

in presence of H2S.

3. Materials and Methods

3.1. Catalyst Preparation

The PdO/SiO2 catalyst was prepared by isovolumetric impregnation. Typically, weigh a proper
quantity of 40~60 mesh SiO2 (M = 10 g Vg = 0.94 cm3/g, Rd = 10.6 nm, S = 353.0028 m2/g, Qingdao
Baisha Catalyst Factory, Qingdao, China) was dispersed in palladium acetate (Aladdin Industrial
Corporation, Shanghai, China) aqueous solution (VPd = 0.05 g/mL) overnight. Then the sample was
dried in an oven at 110 ◦C for 4 h and calcined at 500 ◦C for 4 h in the air. The theoretical loading of Pd
was 5 wt. %.

The PdO/SiO2 was first reduced to Pd/SiO2 by H2 at 500 ◦C for 1h. PdxSy/SiO2 catalyst was
prepared by using above Pd/SiO2 as precursor. 2.0 g Pd/SiO2 and 100 ml deionized water were stirred
at 350 rpm in a three-necked flask. Adjust the flow rate of H2S and H2 by flow controller (D07-19B,
Beijing Sevenstart Electronics Co. Ltd, Beijing, China) to configure different concentrations of H2S/H2

mixture. Then 30 mL/min of H2S–H2 (VH2S% = 0.2, 1, 3, 5, 7, 10) was fed into the suspension at 60 ◦C for
1 h. Afterwards, the sample was filtered and rinsed with distilled water till neutral. Finally, the sample
was dried at 110 ◦C for 4 h. The freshly prepared catalyst is named (fV), and the used catalyst is named
(uV), where V represents H2S concentration.

3.2. Catalyst Characterization

X-Ray Diffraction (XRD) was carried out on a Thermo ARL X’TRA diffractometer (PNAlytical
Co. Holland) using Cu K-a radiation (45 kV, 40 mA). Average particle size was determined from XRD
measurements using the Scherrer formula:

d =
Kλ
β cosθ

,

where d is the average particle size(nm), K is the Scherrer constant and the diffraction angle is denoted θ,
λ = 0.154 nm stands for the wavelength of Cu K-a radiation, β denotes the full-width at half-maximum
(FWHM) of diffraction peak.

High Resolution Transmission Electron Microscopy (HR-TEM) images were taken by a Philips-FEI
Tecnai G2 F30 S-Twin transmission electron microscope operated at 300 kV (Philips-FEI Co. Holland).

X-Ray Photoelectron Spectroscopy (XPS) was measured on a Thermo ESCALAB 250 Axis Ultra
(KRATOS, Kanagawa, Japan) using a monochromated Al Kα X-ray source (hv = 1485.6 eV) with
a fixed analyzer pass energy of 80 eV. The binding energy values were referenced to the Si 2p as
internal standard (Si 2p = 103.4 eV) and the maximum deviation value was 2.6 eV in the sample.
After subtraction of the Shirley-type background, the core-level spectra were decomposed into their
component with mixed Gaussian-Lorentzan lines by a non-linear least squares curve fitting procedure,
using the public software package XPSPEAK4.1. The corresponding atomic ratio in different chemical
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environment was obtained from the fitted XPS spectra of Pd 3d and S 2p. The XPS profiles were fitted
by the software named “XPS peak”. Then the fitting peak area was used to calculate the proportion of
different species.

Temperature-programmed Oxidation (TPO) was performed on a NETZSCH STA 409 PC/PG
instrument (NETZSCH Co. Selbc, Germany) The oxidation stability of the catalysts was investigated
by recording the mass change in the process of air oxidation. TPO was performed by heating 0.01 g
sample from room temperature to 600 ◦C in air atmosphere with a heating rate of 5 ◦C/min and a flow
rate of 40 mL/min.

Temperature-programmed Desorption (TPD) of hydrogen sulfide experiments were performed in
a self-made tubular quartz reactor (5mm i.d.). The sample (0.2 g) was first swept at 110 ◦C for 1 h using
pure He and cooled to room temperature in the same atmosphere. Then the sample was in situ treated
with H2S (0.2% in N2) at a flow rate of 30 mL/min for 0.5 h and swept 1 h to remove physisorbed and/or
weakly bound species. TPD was performed by heating the sample from room temperature to 800 ◦C
with constant increase of 5 ◦C/min in pure He. The TPD spectra were recorded by a quadrupole mass
spectrometer (QMS 200 Omnistar, Pfeiffer Co. Germany).

3.3. Evaluation of Catalysts

The catalytic activity of the freshly prepared and used catalysts was tested with 0.2 g sample in
a self-made continuous fixed bed reactor (8 mm i.d.) at atmospheric pressure. Gases consisting of
CH4 (v% = 2 %), O2 (v% = 8 %), H2S (v% = 0.02 %), and N2 were fed through the flow controller
(D07-19B, Beijing Sevenstart Electronics Co. Ltd., Beijing, China) at 200 mL/min and used in all the
experiments. Finally, the temperature control controller (AI808PK1L2, XiaMen YuDian Automation
Technology Co., Ltd., XiaMen, China) is used to control different reaction temperatures. The effluent
gases were sampled and simultaneously analyzed online by gas chromatographs (GC-9790, Zhejiang
Fuli Analytical Instruments Corp., Hangzhou, China). Exhaust gases were analyzed using a PoraPak
Q column and a thermal conductivity detector (TCD). Methane conversions were calculated for outlet
CO2 concentrations.

4. Conclusions

Through the characterization of freshly prepared catalyst and used catalyst, we confirmed that
Pd4S, PdO, and metallic Pd0 were the actual palladium species involved in the oxidation of methane.
Sulfur-tolerance and catalytic activity was completely dependent on Pd4S, and independent on
other palladium species. Moreover, Pd4S had sufficient oxidation stability under reaction conditions.
Therefore, even in the presence of PdO, there are enough reasons to represent the catalyst with
Pd4S/SiO2. In summary, we have developed a powerful sulfur-tolerant catalyst for methane oxidation
by incorporating Pd4S into SiO2, and to the best of our knowledge, this is the first report on Pd catalysts
with such property. In view of the excellent sulfur-tolerant property, the excellent oxidation stability
and the high catalytic activity, the Pd4S/SiO2 catalyst will definitely find valuable and versatile use in
catalytic chemistry.

At the same time, as the PdxSy species with the highest proportion of Pd/S, we cannot determine
whether the outstanding performance of Pd4S in methane catalytic oxidation is only a special case.
Furthermore, sulfur-tolerant mechanism of Pd4S needs further theoretical research.
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Abstract: Graphene oxide (GO) was used as a catalyst carrier, and after the hydroxyl group in GO
was modified by 3-aminopropyltrimethoxysilane (MPTMS), axial coordination and immobilization
with homogeneous chiral salenMnCl catalyst were carried out. The immobilized catalysts were
characterized in detail by FT–IR, TG–DSC, XPS, EDS, SEM, X-ray, and AAS, and the successful
preparation of GO-salenMn was confirmed. Subsequently, the catalytic performance of GO-salenMn
for asymmetric epoxidation of α-methyl-styrene, styrene, and indene was examined, and it was
observed that GO-salenMn could efficiently catalyze the epoxidation of olefins under an m-CPBA/NMO
oxidation system. In addition, α-methyl-styrene was used as a substrate to investigate the
recycling performance of GO-salenMn. After repeated use for three times, the catalytic activity and
enantioselectivity did not significantly change, and the conversion was still greater than 99%. As the
number of cycles increased, the enantioselectivity and chemoselectivity gradually decreased, but even
after 10 cycles, the enantiomeric excess was 52%, which was higher than that of the homogeneous
counterpart under the same conditions. However, compared to fresh catalysts, the yield decreased
from 96.9 to 55.6%.

Keywords: graphene oxide; 3-aminopropyltrimethoxysilane; heterogeneous catalyst; asymmetric
epoxidation

1. Introduction

Chiral salenMnCl catalyst (Jacobsen’s catalyst) has been proved to be one of the most effective
catalysts for asymmetric catalytic epoxidation of alkenes [1,2]. The chiral epoxides obtained are widely
used in the synthesis of fine chemicals including pesticides, flavorings, and pharmaceuticals, such as
the key intermediates for anti-hypertensive drugs and for the side chain of the anti-cancer drug
paclitaxel. In most cases, homogeneous catalytic reactions are highly efficient. However, because it
is difficult to separate and recycle the expensive chiral catalysts after the reaction, it is impossible
to realize continuous flow reactors and large-scale production, which increases operating costs and
wastes limited resources. Heterogeneity of homogeneous catalysts is an important strategy to enable
the reuse of expensive chiral catalysts and large-scale synthesis [3]. Common catalytic carrier materials
include organic polymer, inorganic solidseries, and organic polystyrene/inorganic hydrogen phosphate
(Zr, Al, Zn, Ca) [4–15]. Unfortunately, immobilized catalysts still have some deficiencies such as low
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catalytic efficiency and poor reusability. Therefore, developing a class of highly-efficient heterogeneous
catalysts is still the focus of current studies.

In recent years, GO has been widely researched as a promising catalyst carrier [16], mainly
because of its unique two-dimensional planar structure (which is beneficial to improve the dispersion
of catalytic active species on the surface), higher specific surface area (which is beneficial to increase its
forces with active species and, to a certain extent, prevent the migration and leaching of active species
in the reaction process), and the nanometer size effect (which can improve the catalytic reaction rate).
In addition, the surface of GO contains a large amount of oxygen-containing active groups, such as
carboxyl, hydroxyl, and epoxy groups, which are easy to chemically modify [17] and can react with
noble metal catalysts and homogeneous ligands to obtain various supported catalysts with different
coordination modes. Hence, GO is widely used in organic catalysis [18,19], photocatalysis [20,21],
and electrocatalysis [22]. Noble metal catalysts, such as Pd2+, Pd0 [18], and Au [19], can coordinate
with GO to obtain composite catalysts that can be used for a cross-coupling reaction and an addition
reaction between phenylacetylene and hydrogen, achieving efficient catalysis of the catalyst (up to
99%) with excellent catalyst stability. At the same time, GO successfully immobilizes Schiff-base
ligands [23] and L-proline [24] homologous ligands through covalent grafting and clever use of
hydrogen bonds and evaluates the catalytic activity of the Suzuki reaction in the water phase and the
asymmetric catalytic aldol reaction, respectively. GO/Schiff-base catalysts can efficiently catalyze the
Suzuki reaction of aryl halide in the water phase and aryl boric acid under mild conditions, and it
was observed that the activity of the catalysts remained nearly unchanged after five repeated uses.
GO/L-proline catalysts possess high catalytic activity and good reuse performance, and the asymmetric
selectivity of catalytic reactions increases compared with homogeneous catalysts due to the unique
layered structure of GO. It is considered that an obvious spatial confinement effect [25] appears in the
nanosphere, which enhances the chiral inducibility of heterogeneous asymmetric reactions.

To continue to study the potential performance of GO as a catalyst carrier and further develop a
simple heterogeneous epoxidation catalysts with good catalytic efficiency and high stability, we modified
the hydroxyl groups in GO that were functionalized by MPTMS. Then, axial coordination fixation
was carried out with the homogeneous chiral salenMnCl catalyst, to investigate in detail the catalytic
performance of the supported catalyst for asymmetric epoxidation of α-methyl-styrene, styrene,
and indene compared with the homogeneous catalyst. In addition, the catalytic oxidation of
α-methyl-styrene was used as a template reaction to investigate the cyclic performance of the
supported catalyst.

2. Results and Discussion

2.1. FT–IR Analysis

FT–IR spectroscopy results of GO, salenMnCl, and catalyst GO-salenMn are shown in Figure 1a–c.
Figure 1a shows the FT–IR spectrum of GO. A very wide and strong absorption peak appeared between
3100 and 3500 cm−1, which denoted the stretching vibration peak of hydroxyl groups (COO–H/O–H),
indicating that GO contained hydroxyl and carboxyl groups. The absorption peak at approximately
1724 cm−1 indicated the stretching vibration peak of the carboxyl group (C=O). In addition, the
absorption peaks at 1218 and 1050 cm−1 denoted the stretching vibration peaks of hydroxyl groups
(C–OH) and the C–O bond of epoxy groups (C–O–C), respectively. The results showed that GO
was successfully prepared by the Hummer method. Figure 1b shows the FT–IR spectrum of the
homogeneous salenMnCl catalyst, showing that 2963–2864 cm−1 are the stretching vibration absorption
peaks of methyl and methylene groups ν(C–H), respectively. Characteristic absorption peaks at 1610
cm−1 and 522 cm−1 were indicative of C=N and Mn–N bonds, respectively. In Figure 1c, 2936–2853 cm−1

were the stretching vibration absorption peaks of methyl and methylene groups ν(C–H), respectively.
The absorption peak at approximately 1620 cm−1 in GO-salenMn denoted the stretching vibration
of ν(C = N), which indicated that chiral heterogeneous catalysts possessed structures similar to those
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of homogeneous chiral catalysts [26]. These results preliminarily confirmed the heterogeneity of
homogeneous salenMnCl catalyst.

Figure 1. IR spectra of (a) GO, (b) salenMnCl, and (c) GO-salenMn.

2.2. TG–DSC Analysis

TG–DSC analysis of catalyst GO-salenMn is shown in Figure 2. Weightlessness was divided into
three stages. The first stage was the heat absorption process at 120 ◦C room temperature. In this stage,
the weight loss of water was approximately 15%, which was mainly due to the removal of water attached
to the surface of the catalyst. The second stage was the strong exothermic process at 120 ◦C–500 ◦C.
The weight loss of 32% during this stage was mainly due to the decomposition of oxygen-containing
groups on graphene oxide and the decomposition of salenMn complexes. After 500 ◦C, weight loss
slowed as the temperature increased. Finally, until 700 ◦C, the remaining mass of carbon skeleton and
manganese oxide was approximately 38%.

°

μ

Figure 2. TG–DSC spectra of GO-salenMn.

2.3. XPS Analysis

XPS is an important method for analyzing metal valence on the surface of materials. The binding
energy of the electrons in the center of the metal is affected by the differences in the electron environment,
such as the oxidation state or the spin state. Figure 3 shows the full spectra of XPS scans of salenMn and
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GO-salenMn. Figure 3a clearly shows the characteristic peaks of C1s, O1s, N1s, Mn 2p1/2, and Mn 2p3/2

in homogeneous salenMn catalyst. In Figure 3b, in addition to the characteristic peaks in homogeneous
salenMnCl, new-additional characteristic peaks, Si 2p and Si 2s, proved that GO successfully achieved
the support of homogeneous salenMn after MPTMS modification. In addition, as seen in Figure 4,
the electron binding energy of Mn2p3/2 in catalyst GO-salenMn was 641.4 eV, which was slightly higher
than that of Mn2p3/2 in the homogeneous salenMnCl complex. Thus, the electron cloud density of
manganese atoms decreased after support, which was similar with the reported value [8,27], possibly
because the micro environment changed after metallic Mn was immobilized with 3-aminopropyl
trimethoxy silane and modified GO. A similar observation has also been made for a chiral salenMnIII

catalyst, which was axially grafted on an amine (–NH2) group modified organic polymer/inorganic
zirconium hydrogen phosphate through N–Mn bonding [28].

p p

p3/2 p1/2

p1/2p3/2s

p
s

s

s

p
p

Figure 3. XPS spectra of (a) salenMn and (b) GO-salenMn.

Figure 4. XPS spectra of Mn 2p for (a) salenMn and (b) GO-salenMn.

2.4. SEM and EDS Analysis

SEM images of GO, GO-NH2, and GO-salenMn are shown in Figure 5a–c. As seen in Figure 5a, as a
specific feature of GO, a large number of overlapping and curled slice layers existed, which indicated
that GO had been successfully prepared. Figure 5b,c shows that the lamellar structure was damaged
to a certain degree, which may have occurred after the amine and salenMn catalyst were introduced
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on the surface of GO, and the inter-layer space subsequently increased. Under the influence of
ultrasonic dispersion, slices of GO would strip, and the same conclusion could be drawn from XRD.
To further confirm that chiral salenMnCl complexes were successfully immobilized on carrier GO,
which was modified by MPTMS, EDS analysis of GO-salenMn was carried out (Figure 5d–f). The
results showed that, compared with GO (Figure 5d), characteristic spectral lines of Si and N appeared
in GO-NH2 (Figure 5e), indicating that Si-containing amine functional groups were successfully
introduced in GO. Compared with GO-NH2 (Figure 5e), GO-salenMn (Figure 5f) exhibited obvious
characteristic spectral lines of Mn, which also proved that MPTMS-modified GO successfully achieved
axial immobilization with chiral salenMnCl complexes. In addition, according to Figure 6a–d, EDS
layers of GO-salenMn contained elements such as C, Oi, Mn, and Si, which further proved the
heterogeneity of chiral salenMnCl.

Figure 5. SEM photograph of (a) GO, (b) GO-NH2, and (c) GO-salenMn, and the measured EDS image
of (d) GO, (e) GO-NH2, and (f) GO-salenMn.
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Figure 6. EDS elementary mapping of (a) C, (b) O, (c) Si, and (d) Mn in GO-salenMn.

2.5. XRD Analysis

The XRD results of GO, GO-NH2, and GO-salenMn are shown in Figure 7. As seen in
Figure 7a, a sharp diffraction peak at 2θ = 10.76◦ indicated the (001) characteristic diffraction of
GO. A small diffraction peak appeared at 10◦–26◦, which was caused by the superposition of the
laminate crystallization of GO with different thicknesses. This further proved that GO had been
successfully prepared. Figure 7b,c shows no characteristic diffraction peak of GO, indicating that the
original layer-cumulative structure of GO had been changed in the process of amine functionalization.
In addition, after the homogeneous salenMn catalyst reacted with GO-NH2, possibly due to the
insertion of homogeneous salenMn catalyst between residual layers, the structure of GO-NH2 was
further destroyed, and the aggregation degree decreased. Combined with SEM analysis, these data
show that GO-NH2 and GO-salenMn became amorphous.
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Figure 7. X-ray spectra of (a) GO, (b) GO-NH2, and (c) GO-salenMn.

2.6. Asymmetric Epoxidation

Using m-CPBA/NMO as an oxidation system, the performance of salenMnCl and GO-salenMn
catalysts for asymmetric epoxidation of α-methyl-styrene, styrene, and indene under the same
conditions was compared. In addition, the performance of the catalytic reaction with or without the
participation of axial additive NMO was studied in detail. The results are shown in Table 1. The results
showed that the GO-salenMn catalyst could effectively catalyze epoxidation of alkenes (entries 2, 5,
and 8). Compared with homogeneous salenMnCl, the GO-salenMn catalyst significantly increased
the enantiomeric excess (ee) value of epoxides (entries 2, 5, and 8), The ee value of α-methyl-styrene
epoxide increased from 52.0 to 83.2%. Similar results were observed in epoxidation of styrene and
indene. The increase in chiral recognition was mainly attributed to the layered support effect [29]. In
contrast, anther GO-salenMn catalyst [26], where salenMnCl was immobilized on amino-modified GO
or imidazolium-based ionic liquid-functionalized GO with the methyl chloride group (–CH2Cl) at the
fifth position of the chiral salen ligand, gave a slightly lower ee value in the NaClO/PyNO oxidation
system. The results showed that the combined effect of the immobilization mode and the oxidation
system was beneficial to increase the ee value. Moreover, in our previous reports, the ZPS-PVPA-based
catalyst-effectively catalyzed epoxidation of styrene and α-methyl-styrene (ee: 50 to 78% and 86%
to >99%) with m-CPBA or NaClO. These results are significantly better than those achieved with
the homogeneous chiral catalysts under the same reaction conditions (ee: 47% and 65%). Moreover,
the immobilized catalysts could be reused at least 10 times without significant loss of activity and
enantioselectivity. Furthermore, a point worth emphasizing is that the ZPS-PVPA-based catalyst
resulted in remarkable increase of conversion and ee values in the absence of expensive NMO for the
asymmetric epoxidation of olefins, which is exactly opposite to the literature reported earlier for both
homogeneous and heterogeneous systems. This novel additive effect was mainly attributed to the
support ZPS-PVPA and the axial phenoxyl linker group [10], α-methyl-styrene. Regrettably in this
study, the ee values were sharply decreased when the epoxidation was carried out with GO-salenMn
in the absence of axial ligand NMO (entries 3, 6, and 9). The results demonstrated that the NMO
could coordinate with oxo-salenMn (V) and stabilize the generated intermediate oxo-salenMn (V)
complex [30], so that the substrates and catalysts could fully react.

29



Catalysts 2019, 9, 824

Table 1. Asymmetric epoxidation of different substrates by salenMnCl and GO-salenMn a.

Entry Substrate Catalyst Oxidant Time (h) Conv (%) b Sele (%) b ee (%) b TOFe × 10−4 (s−1)

1 salenMnCl m-CPBA/NMO 1 >99 >99 52.0 c 27.2
2 GO-salenMn m-CPBA/NMO 2 >99 97.9 83.2 c 13.5
3 GO-salenMn m-CPBA 2 65.9 76.5 8.6 c 7.0
4 salenMnCl m-CPBA/NMO 1 >99 98.7 46.2 c 27.1
5 GO-salenMn m-CPBA/NMO 2 92.5 93.1 67.8 c 12.0
6 GO-salenMn m-CPBA 2 73.2 72.9 5.9 c 7.4
7 salenMnCl m-CPBA/NMO 1 >99 >99 65.0 d 27.2
8 GO-salenMn m-CPBA/NMO 2 >99 >99 83.2 d 13.6
9 GO-salenMn m-CPBA 2 77.9 81.6 13.1 d 8.8

a Reactions were carried out in CH2Cl2 (3 mL) with alkene (0.5 mmol), m-CPBA (1.0 mmol), NMO (2.5 mmol,
if necessary), nonane (internal standard, 0.5 mmol), and GO-salenMn (0.010 mmol, 2.0 mol%), based on elemental
Mn at 0 ◦C. b Conversions, selectivity, and enantiomeric excess (ee) values were determined by GC with a chiral
capillary column (HP19091G-B233, 30 m × 0.25 mm × 0.25 μm) by integration of product peaks against an internal
quantitative standard (nonane), correcting for response factors. c Epoxide configuration R. d Epoxide configuration
1R, 2S. e Turnover frequency (TOF) is calculated by the expression of [product]/[catalyst] × time (s−1).

2.7. Investigation of Reuse Performance of Supported Catalysts

The reuse performance of solid catalysts is an important standard to measure whether the
catalytically active center has effectively and stably immobilized on the carrier. The reuse performance
of GO-salenMn was studied in detail with α-methyl-styrene as the template reaction. The results
are listed in Table 2 and show that the catalytic activity and enantioselectivity of the catalyst were
not significantly changed after the catalyst was reused three times, and the conversion rate was still
greater than 99%. With the increase in reuse times, enantioselectivity and chemical selectivity gradually
decreased. However, even after the catalyst was reused 10 times, the ee value was still higher than
52%. However, compared with fresh catalysts, the yield dropped from 96.9 to 55.6%. A possible
reason for deactivation of the GO-salenMn is the decomposition of salenMnCl under NaOH aqueous
solution [31].

Table 2. The recycling of GO-salenMn in the epoxidation of α-methyl-styrene a.

Run Conv (%) b Sele (%) b ee (%) b,c TOF d × 10−4 (s−1)

1 >99 97.9 83.2 13.5
2 >99 97.0 83.0 13.3
3 >99 96.3 82.4 13.3
4 98.2 95.2 82.2 13.0
5 96.9 94.3 81.7 12.7
6 95.3 92.2 81.0 12.2
7 92.1 86.9 80.3 11.1
8 89.3 79.2 78.7 9.8
9 86.2 73.2 76.2 8.8
10 80.6 69.0 71.9 7.7

a,b,c The reaction conditions are the same as those for Table 1. d Turnover frequency (TOF) is calculated by the
expression of [product]/[catalyst] × time (s−1).

3. Material and Methods

3.1. Materials

The chemicals (1R,2R)-(-)-1,2-diaminocyclohexane, α-methyl-styrene, indene, n-nonane,
N-methylmorpholine N-oxide (NMO), m-chloroperbenzoic acid (m-CPBA), and γ-propyl
mercaptotrimethoxysilane (MPTMS) were purchased from Alfa Aesar. The other commercially
available chemicals that were procured were laboratory-grade reagents from local suppliers (Chuandong
Chemical Group Co., Ltd. Chongqing, China). Styrene was passed through a pad of neutral alumina
before use. Chiral salen ligand and chiral salenMnCl complex were synthesized according to previously
published procedures [1].
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3.2. Methods

Fourier transform infrared (FT–IR) spectra were obtained as potassium bromide pellets with
a resolution of 4 cm−1 in the range of 400–4000 cm−1 using a Bruker RFS100/S spectrophotometer
(Bruker, Karlsruhe, Germany). Atomic absorption spectroscopy (AAS) was used to determine the Mn
content of the catalysts using a TAS-986G (Pgeneral, Beijing, China), where 0.02 g of GO-salenMn
was calcined at 700 ◦C for 3 h, dissolved in 1:1 hydrochloric acid for 30 min, and the volume was
adjusted. The loading of Mn2+ was measured by standard addition method. To explore the success of
the GO-salenMn, high-resolution field emission scanning electron microscopy (FE-SEM, JSM 7800F,
Tokyo, Japan) operating at 5 kV was used to analyze the topographic microstructure. Environmental
SEM equipped with an energy dispersive (EDS) X-ray spectrometer was also used to investigate the
composition and spatial distribution of elements in the samples. Scanning electron microscope (SEM)
was carried out with a powder sample (100 mg) dispersed in alcohol (10 mL) and sonicated for 10 min.
The dispersion was dripped onto the conductive tape, and the tape was blown dry with a blower
and then tested. To carry out the EDS, the powder sample was put on a conductive adhesive cloth.
The interlayer spacings were recorded on a LabXRD-6100 automated X-ray power diffractometer
(XRD), using Cu Kα radiation and internal silicon powder standard with all samples (Shimadz, Kyoto,
Japan). The patterns were generally measured between 2.00◦ and 80.00◦ and X-ray tube settings of
40 kV and 5 mA. Thermogravimetry–differential scanning calorimetry (TG–DSC) analyses (5 mg)
were performed on a SBTQ600 thermal analyzer (TA, USA) with the heating rate of 10 ◦C·min−1

from 25 to 1000 ◦C under flowing N2 (100 mL·min−1). X-ray photoelectron spectroscopy (XPS) data
were obtained with an ESCALab250 instrument (MA, USA) electron spectrometer using 75 W Al Kα

radiation. The base pressure was about 1 × 10−8 Pa. The conversions (with n-nonane as an internal
standard) and the enantiomeric excess (ee) values were analyzed by gas chromatography (GC) with a
Shimadzu GC-2014 instrument (Shimadzu, Japan) equipped with a chiral column (HP19091G-B233,
30 m × 0.25 mm × 0.25 μm) and flame ionization detector; injector 230 ◦C, detector 230 ◦C. The column
temperature for a-methylstyrene, styrene, and indene was 80–180 ◦C. The retention times of the
corresponding chiral epoxides were as follows: (a) α-methyl-styrene epoxide: the column temperature
was 80 ◦C, tS = 12.9 min, tR = 13.0 min; (b) styrene epoxide: the column temperature was 80 ◦C,
tR = 14.7 min, tS = 14.9 min; (c) indene epoxide: the column temperature was programmed from 80 to
180 ◦C, tSR = 16.1 min, tRS = 17.1 min.

4. Preparation of Catalysts

4.1. Synthesis of GO and GO-NH2

The parent GO was prepared by the previously reported Hummers method [32,33]. Then, 0.50 g
of GO was dispersed in 20 mL of anhydrous toluene. After ultrasonication for 2.0 h, a certain amount
of APTES was added and stirred for 12 h under reflux [34] (Scheme 1). The solid was collected by
filtration, washed with dichloromethane, and vacuum-dried at 60 ◦C for 10 h. The final catalyst was
defined as amine-functionalized graphene oxide: GO-NH2, yield: 93.6%.
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Scheme 1. Synthesis of GO-NH2.

4.2. Synthesis of GO-salenMn Catalyst

In a 50 mL three-neck flask, 0.2 g amination carrier GO-NH2 was pre-added to 10 mL toluene for
undergoing ultrasonication for 30 min, followed by homogeneous chiral salenMnCl catalyst (543 mg,
1.0 mmol), Na2CO3 (120 mg, 3 mmol), and 20 mL toluene; the solution underwent reflux reaction
for 24 h (Scheme 2). After the reaction stopped, the mixture was cooled to room temperature. Then,
the solid mixture was soaked in methylene chloride, filtered by extraction, and centrifugally washed
in methylene chloride and ethanol successively until the filtrate was clarified. The final filtrate was
collected and tested by AAS, which showed no presence of Mn2+. The brown solid catalyst powder
was prepared by 60 ◦C vacuum drying to constant weight and the yield was 90.3%. AAS showed that
the loading of the supported catalyst Mn2+ was 0.39 mmol/g.

Scheme 2. Synthesis of the immobilized catalysts.
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4.3. Asymmetric Epoxidation

At 0 ◦C, substrate (0.5 mmol), NMO (337.5 mg, 2.5 mmol, 5 equiv., if necessary), nonane
(internal standard, 56.0 mL, 0.50 mmol), and a certain amount of GO-salenMn (0.010 mmol, 2.0%,
manganese-based) were successively added to 3 mL CH2Cl2 solution. The oxidant m-CPBA (138 mg,
1.0 mmol, 2 equiv.) was added to the thermostatic reaction system in four portions within two
minutes. After the reaction, NaOH aqueous solution (1 mol/L, 1.25 mL) was added to the system until
the pH value was slightly higher than 7. After n-hexane was added, organic phase was extracted
and dried by anhydrous sodium sulfate. Then column chromatography was conducted, and the
chromatography liquid was rotated–evaporated and directly injected into the gas chromatograph to
analyze the conversion rate and enantioselectivity. The racemic epoxides were prepared by epoxidation
of the corresponding olefins by m-CPBA in CH2Cl2 and confirmed by NMR, and the GC was calibrated
with the samples of n-nonane, olefins, and corresponding racemic epoxides.

4.4. Repeated Experiments of Supported Mn(Salen) Catalyst

In order to investigate the reuse performance of supported catalysts, α-methyl-styrene was used
as a substrate. After the initial reaction, n-hexane was added directly to the reaction system and
oscillated, and the organic phase at the top was separated after standing, and the supported catalyst at
the bottom was removed and successively washed by distilled water, dichloromethane, and ethanol,
and then dried for future use. Subsequent cycling with different amounts and product analysis was
performed according to Section 4.3.

5. Conclusions

In summary, a simple and effective heterogeneous catalyst, GO-salenMn, was developed in this
study and characterized in detail by FT–IR, TG–DSC, XPS, EDS, SEM, XRD, and AAS. The successful
preparation of GO-salenMn was confirmed. GO-salenMn can efficiently catalyze α-methyl-styrene,
styrene, and indene in m-CPBA/NMO as the oxidation system, and in particular, epoxides can be
obtained with higher enantioselectivity than those obtained by homogeneous salenMnCl catalyst.
However, enantioselectivity significantly decreased without the participation of axial promoter NMO.
After the supported catalyst was reused 10 times, the ee value of α-methyl-styrene epoxides was
still higher than that obtained by the homogeneous salenMnCl catalyst under the same conditions.
However, after the catalyst was reused six times, the selectivity of the catalyst significantly decreased.
The cause of catalyst deactivation still requires further investigation.
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Abstract: A coordinatively unsaturated iron(II)-digermyl complex, Fe[Ge(SiMe3)3]2(THF)2 (1),
was synthesized in one step by the reaction of FeBr2 with 2 equiv of KGe(SiMe3)3. Complex 1

shows catalytic activity comparable to that of its silicon analogue in reduction reactions. In addition,
1 acts as an effective precursor for the catalytic dehydrogenation of ammonia borane. Catalytically
active species can also be generated in situ by simple mixing of the easy-to-handle precursors FeBr2,
Ge(SiMe3)4, KOtBu, and phenanthroline.

Keywords: iron catalyst; organogermyl ligand; reduction; dehydrogenation

1. Introduction

Group 14 ligands stabilize coordinatively unsaturated transition-metal centers due to their strong
σ-donating properties and high trans-influence [1–5]. Among these, organosilyl ligands especially
are widely used as supporting ligands. The creation of coordinatively unsaturated complexes is
one of the most straightforward ways to develop efficient catalyst systems, especially in the field of
base-metal catalysis [6–11], as base-metal compounds are usually obtained as coordinatively saturated
species that exhibit low reactivity. The introduction of organosilyl ligands thus represents a potentially
effective strategy to develop base-metal catalysts. We have recently reported that the four-coordinated
iron(II)-disilyl complex Fe[Si(SiMe3)3]2(THF)2 (2) exhibits a coordinatively unsaturated character and
can thus act as an effective catalyst for reduction reactions [12]. Notably, 2 can be synthesized easily
via the reaction of a commercially available iron salt with silyl anions.

Recently, the use of heavier-group-14 elements other than silicon has also been identified as
a potentially effective strategy to develop highly active catalysts. For instance, Iwasawa and Takaya
have examined the catalytic activity of Pd complexes that bear PSiP or PGeP pincer-type ligands in
the hydrocarboxylation of allenes, and found that the latter exhibit superior catalytic performance
relative to the former [13–15]. However, examples of iron complexes that contain heavier-group-14
ligands, such as organogermyl ligands, remain scarce due to a lack of synthetic methods [16–20].
Most iron–organogermyl complexes have been obtained from the reactions of an iron precursor with
organogermanes that bear Ge–H moieties; however, coordinatively saturated species are often formed
via this route. Based on the synthetic route to Complex 2, we hypothesized that a structurally similar
coordinatively unsaturated iron(II)-digermyl complex could be accessed easily by using organogermyl
anions instead of organosilyl anions. Herein, we report the corresponding synthesis of the germanium
analogue of 2 and describe the catalytic performance of the resulting complex. Iron–digermyl Complex
1 was found to act as a good catalyst precursor for reduction reactions and the dehydrogenation of
ammonia borane (NH3·BH3).

Catalysts 2020, 10, 29; doi:10.3390/catal10010029 www.mdpi.com/journal/catalysts37
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2. Results and Discussion

2.1. Synthesis of Iron–Digermyl Complex 1

Based on a slight modification of the method reported by Marschner et al. [21], the potassium salt
of the tris(trimethylsilyl)germyl anion, KGe(SiMe3)3, was easily generated by treating Ge(SiMe3)4 with
1.05 equiv of KOtBu in THF. A THF solution of KGe(SiMe3)3 was then treated for 1 h with 0.5 equiv of
iron(II) bromide at room temperature to furnish iron(II) digermyl complex Fe[Ge(SiMe3)3]2(THF)2 (1)
in 74% yield as red-purple crystals (Scheme 1).

Scheme 1. Synthesis of Iron–Digermyl Complex 1.

Similar to its silicon analogue 2, 1 quickly decomposes upon exposure to air or moisture.
The molecular structure of 1 was determined by single-crystal X-ray diffraction analysis, and an ORTEP
drawing of the molecular structure of 1 is depicted in Figure 1. Complex 1 adopts a distorted tetrahedral
coordination geometry around its iron center, presumably due to the steric repulsion between the two
Ge(SiMe3)3 ligands. The Ge–Fe–Ge angle of 1 (134.77(4)◦) is comparable to the analogous Si–Fe–Si angle
in the silicon analogue 2 (135.23(3)◦). The Fe–Ge bond is slightly elongated (2.5589(8) Å) compared to
those of previously reported iron–organogermyl complexes [17–19,22–26].

Figure 1. Molecular structure of 1 with 50% probability ellipsoids. All hydrogen atoms were omitted
for clarity.

In the 1H NMR spectrum of 1, a broad singlet assignable to the SiMe3 group appeared at 8.67 ppm,
and two broad signals corresponding to two molecules of THF coordinated to the iron center were
observed at 24.02 and 29.42 ppm, respectively. These spectral features indicate that 1 is paramagnetic;
the magnetic moment of 1 estimated using the Evans method [27–29] is consistent with a high-spin S =
2 ground state (μeff = 4.85). Despite its high sensitivity toward air and moisture, the elemental analysis
of 1 was satisfactory.
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2.2. Catalytic Performance of 1 toward Reduction Reactions

In our previous paper, 2 was found to exhibit good catalytic performance in reduction reactions,
namely, the hydrosilylation of ketones and the reductive silylation of dinitrogen. A key aspect of these
catalytic reactions is the fact that the organosilyl ligands promote the creation of a reaction site on the
iron center owing to their high σ-electron donating ability and their strong trans-influence. In other
words, coordinatively unsaturated catalytically active species are effectively generated in situ via the
dissociation of THF. As 2 is a structural analogue of 1, we tested the catalytic performance of 1 in the
two reduction reactions mentioned above.

Initially, we examined the 1-catalyzed hydrosilylation of ketones with Ph2SiH2. 4-Acetylbiphenyl
and 4-phenyl-2-butanone were selected as representative aromatic and aliphatic ketones (Scheme 2).
The hydrosilylation of 4-acetylbiphenyl with Ph2SiH2 in the presence of 0.1 mol % of 1 in dioxane at
room temperature proceeded smoothly to afford the corresponding silyl-ether in quantitative yield
within 4 h. Similarly, complete conversion of cyclohexanone was confirmed within 4 h when the
reaction was conducted using Ph2SiH2 and 0.1 mol % of 1 at room temperature. It should be noted
here that the catalysis mediated by the silicon analogue 2 was carried out under the reaction conditions
shown in Scheme 2, indicating that the catalytic activity of 1 toward the hydrosilylation of ketones is
comparable to that of 2.

Scheme 2. Catalytic hydrosilylation of ketones catalyzed by 1.

Next, we examined the reductive silylation of dinitrogen catalyzed by 1. The reductive silylation
of atmospheric dinitrogen was achieved using an excess of SiMe3Cl and KC8 at room temperature in
the presence of 0.2 mol % of 1. During this reaction, the formation of 11.4 equiv of N(SiMe3)3 per Fe
atom was observed in THF, concomitant with the generation of byproducts including Me3Si–SiMe3

and mono- and bis-silylated ring-opened THF, i.e., Me3SiO(CH2)3CH2R (R =H or SiMe3). However,
the TON of the reaction catalyzed by 2 reached 22.9; thus, the catalytic performance of 1 seems to have
decreased slightly due to the replacement of silicon by germanium as the coordinating atom.

2.3. Catalytic Dehydrogenation of Ammonia Borane Catalysed by 1

These results indicate that catalytic performance of 1 in reduction reactions is decent. In addition
to these reduction reactions, we found that 1 also promotes a catalytic oxidation reaction, i.e.,
the dehydrogenation of NH3·BH3, when the appropriate reagents are used. NH3·BH3 has been identified
as an appropriate solid hydrogen-storage material due to its high hydrogen content, and accordingly,
the catalytic production of hydrogen via the dehydrogenation of NH3·BH3 has attracted great attention.
Recently, numerous transition-metal-mediated reactions have been developed based on the design and
synthesis of appropriate catalysts [30–32]. Among these, iron-based catalysts represent some of the most
promising candidates for the development of practical systems owing to their low cost, earth-abundance,
and low toxicity [33–42]. Thus, great efforts have been devoted to developing iron-mediated reactions
for the dehydrogenation of ammonia borane derivatives. For instance, Baker reported that the iron
catalyst (dcpe)Fe(N(Ph)CH2CH2(Ph)N) [dcpe= 1,2-bis(dicyclohexylphosphino)ethane], which contains
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a chelating diamide ligand, exhibits high catalytic performance and could complete the reaction within
15 min even at room temperature [33]. Several examples of iron catalysts that contain pincer-type
ligands have also been reported to show good catalytic performance for this reaction [43]. For
instance, the iron catalyst (PNP)Fe(H)(CO) [PNP =N(CH2CH2PiPr)2], which contains a PNP pincer
ligand, was reported by Schneider et al. and shows exceptionally high catalytic activity at room
temperature [34]. Complete consumption of NH3·BH3 was confirmed at catalyst loadings as low
as 0.5 mol %. A theoretical study revealed that the cooperative function between the iron center
and the nitrogen atom of the PNP ligand plays a crucial role in the activation of NH3·BH3 in
this catalytic reaction. Despite the large number of iron-catalyzed dehydrogenation reactions that
have been developed, almost all require the synthesis of iron catalysts that bear bespoke and often
difficult-to-synthesize auxiliary ligands or that are difficult to isolate due to their sensitivity toward
air and/or moisture. An exceptional example was introduced by Manners and co-workers, who
reported that the commercially available dinuclear iron catalyst [CpFe(CO)2]2 (Cp = η5-C5H5

−) can
effectively catalyze the dehydrogenation of Me2NH·BH3 under irradiation from a medium-pressure
mercury lamp [35,36]. The [CpFe(CO)2]2-catalyzed dehydrogenation of NH3·BH3 under irradiation
from an LED lamp was achieved by Waterman et al. [37]. However, in these catalytic reactions,
continuous irradiation is required.

We discovered that NH3·BH3 underwent dehydrogenation at 55 ◦C in the presence of a catalytic
amount of 1 and the appropriate auxiliary ligand and additive. Initially, we treated NH3·BH3 in THF
(0.1 M) at 55 ◦C with 5 mol % of 1 in the presence of tBuOH (5 mol %) and a series of auxiliary ligands.
As shown in Table 1, phenanthroline, bathophenanthroline, a diimine, an N-heterocyclic carbene
(NHC), N,N,N′,N′-tetramethylethylenediamine (TMEDA), and pyridine were examined. We found that
the addition of phenanthroline resulted in the highest conversion of NH3·BH3 (Entry 2), while the more
electron-withdrawing ligand bathophenanthroline was less effective. The reaction also proceeded with
lower conversion in the presence of the π-accepting diimine ligand. In contrast, the combination of 1

and the σ-donating nitrogen-based ligands TMEDA and pyridine resulted in negligible catalytic activity
(Entries 8 and 9), while the addition of the NHC iPr2IMMe furnished the dehydrogenated product in
32% (Entry 7). The reaction did not occur in the absence of an additional auxiliary ligand (Entry 1).
The optimal ratio of 1:tBuOH was found to be 1:1, and the conversion of NH3·BH3 decreased when the
amount of tBuOH was increased (1:tBuOH = 1:2; Entry 3). The conversion increased slightly when
the reaction time was extended to 72 h (Entry 4). 11B{1H} and 11B NMR spectroscopic measurements
revealed that NH3·BH3 was converted into 3, 4 and 5 in a ca. 3:5:8 molar ratio in each case [44].
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Table 1. Dehydrogenation of ammonia borane catalyzed by combination of 1, tBuOH, and ligands a.

Entry Ligand Time (h) Conv. (%) b

1 none 24 ~ 0
2 phenanthroline 24 50

3 c phenanthroline 24 37
4 phenanthroline 72 70
5 bathophenanthroline 24 9
6 Diamine d 24 24
7 iPr2IMMe e 24 32
8 TMEDA 24 ~ 0
9 pyridine 24 5

a All reactions were carried out with ammonia borane (0.5 mmol), catalytic amount of 1 (5 mol %), tBuOH (5 mol %),
and ligand (5 mol %) at 55 ◦C in THF (5 mL). b Conversion of ammonia borane was determined by 11B NMR. c

reaction was performed with 10 mol % of tBuOH. d diimine = 2,3-bis(2,4,6-trimethylphenylimino)butane. e iPr2IMMe

= 1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene.

After optimization of the auxiliary ligand, further screening of the other additives, except for
tBuOH, was performed. As noted above, NH3·BH3 has been reported to be effectively activated
in a cooperative fashion over the Fe-N bond in several iron catalysts. We therefore examined the
potential generation of catalytically active species with Fe-N bonds by using amine additives (Table 2;
Entries 4–8). As expected, the yield of the dehydrogenated product increased in the reactions shown in
Entries 4–7. Among these, tBuNH2 was identified as the most effective additive, which furnished 76%
conversion of NH3·BH3 into 3, 4, and 5. In contrast, the addition of 2,6-diisopropylaniline decreased
the conversion, presumably due to the increased steric hinderance around the Fe-N bond (Entry
8). The dehydrogenation of NH3·BH3 also occurred in the presence of an aliphatic carboxylic acid,
though the products were obtained in lower yield. It should be noted that the use of the iron complex 2

instead of 1 resulted in a slight increase in the conversion under the same reaction conditions (Entry 3).
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Table 2. Dehydrogenation of ammonia borane catalyzed by combination of 1, phenanthroline,
and additives a.

Entry Additive Conv. (%) b

1 none 5
2 tBuOH 50

3 c tBuOH 72
4 tBuNH2 76
5 diethylamine 64
6 diphenyamine 61
7 2,4,6-trimethylaniline 64
8 2,6-diisopropylaniline 30
9 2-ethylhexanoic acid 39

a All reactions were carried out with ammonia borane (0.5 mmol), a catalytic amount of 1 (5 mol %), phenanthrolne
(5 mol %), and additives (5 mol %) at 55 ◦C in THF (5 mL) for 24 h. b Conversion of ammonia borane was determined
by 11B NMR. c Complex 2 was used instead of 1.

The organogermyl anion KGe(SiMe3)3 can be quantitatively generated in situ by the reaction of
Ge(SiMe3)4 and KOtBu in THF. Thus, we hypothesized that the catalytically active species for the
dehydrogenation of NH3·BH3 could be easily generated in situ by simply mixing FeBr2, Ge(SiMe3)4,
KOtBu, and phenanthroline. In fact, NH3·BH3 could be dehydrogenated using this catalyst system,
and the conversion reached 26% (Scheme 3). Although the conversion was lower than that obtained
by the reaction catalyzed by isolated 1, it should be noted that all the reagents used in the present
catalysis are easily available and easy to handle. Thus, the catalysis shown in Scheme 3 should allow
for a practical and convenient catalytic dehydrogenation of NH3·BH3 via a base-metal catalyst.

Scheme 3. In situ generation of catalytically active species.

To gain some insight into the reaction mechanism of the dehydrogenation of ammonia borane,
a stoichiometric reaction between 1 and tBuOH was performed in THF at room temperature.
Although the isolated yield was relatively low (~5%), the dinuclear iron complex 6, which contains
a bridging OtBu group, was formed in this reaction (Scheme 4). Complex 6 was also obtained
from the reaction of FeBr2, KGe(SiMe3)3, and KOtBu in a 1:1:1 ratio in THF (details are shown
in the supporting information). The molecular structure was determined via single-crystal X-ray
diffraction analysis, and the structural parameters are summarized in the supporting information.
It is interesting to note that one of the two iron centers adopts three-coordinated trigonal planar
geometry. These results suggests that the catalytically active species may be the mononuclear iron
species “(phenanthroline)[Ge(SiMe3)3]Fe(OtBu),” which was generated in situ via the cleavage of the
Fe–O bond of 6, and the coordination of phenanthroline. The higher σ-electron-donating properties
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and the stronger trans-influence of the organosilyl ligand compared to the organogermyl ligand may
allow for a more effective cleavage of the bridging Fe–O bond, leading to the somewhat superior
catalytic activity of 2 compared to 1. However, it should be emphasized here that the structurally
similar silyl analogue of 6 could not be accessed via a reaction analogous to that shown in Scheme 4
starting from 2. The decomposition of the product might be ascribed to the high oxo-affinity of silicon.
Thus, the use of the organogermyl ligand contributed to the elucidation of the reaction mechanism by
stabilizing the intermediary species.

Scheme 4. Reaction of 1 and 1 equiv of tBuOH to afford the dinuclear complex 3.

3. Materials and Methods

Manipulation of air and moisture sensitive compounds was carried out under a dry nitrogen
atmosphere using Schlenk tube techniques associated with a high-vacuum line or in the glove box
which was filled with dry nitrogen. All solvents were purchased from Kanto Chemical Co. Inc.
(Tokyo, Japan), and were dried over activated molecular sieves. 1H, 11B, and 11B{1H} NMR spectra
were recorded on a JEOL Lambda 400 spectrometer at ambient temperature unless otherwise noted.
1H NMR chemical shifts (δ values) were given in ppm relative to the solvent signal, whereas 11B NMR
chemical shifts were given relative to the standard resonances (NaBH4). Elemental analyses were
performed by the Thermo Scientific FLASH 2000 Organic Elemental Analyzer. The starting compounds,
Ge(SiMe3)4 and potassium tris(trimethylsilyl)germanide, KGe(SiMe3)3 [21], were synthesized by
a method reported in the literature. All reagents were purchased from FUJIFILM Wako Chemicals
(Osaka, Japan), Tokyo Chemical Industries Co., Ltd. (Tokyo, Japan) or Sigma-Aldrich (St. Louis, USA),
and were used without further purification.

3.1. Preparation of Potassium Tris(trimethylsilyl)germanide

Potassium salt of germyl anion, KGe(SiMe3)3, was prepared from a reaction of Ge(SiMe3)4 (3.142 g,
8.6 mmol) with KOtBu (1.009 g, 9.0 mmol) in THF (40 mL) at room temperature. The solvent was
removed in vacuo, and the remaining crude product was then dried at 40 ◦C overnight to afford
KGe(SiMe3)3 as pale yellow powder in 58% yield (1.64 g). Formation of KGe(SiMe3)3 was confirmed
by 1H NMR spectra.

3.2. Synthesis of (THF)2Fe[Ge(SiMe3)3]2 (1)

In a 50 mL schlenk tube, FeBr2 (86.3 mg, 0.4 mmol) was suspended in THF (10 mL), and THF
(5 mL) solution of KGe(SiMe3)3 (278 mg, 0.84 mmol) was then slowly added to this solution at room
temperature. The solution was stirred at room temperature for 1 h. In the course of this reaction,
the color of the solution turned to dark red purple, and the solution was then centrifuged to remove
the insoluble materials. The mother liquid was evaporated in vacuo, and the obtained solid was
dissolved in pentane (20 mL). The solution was again centrifuged to remove the insoluble materials.
The supernatant was collected, and THF (1 mL) was added. The solvent was concentrated to ca. 3 mL,
and the remaining solution was cooled at −30 ◦C. Complex 1 was obtained as red-purple crystals in
74% yield (0.232 g). 1H NMR (400 MHz, r.t., C6D6): δ = 8.67 (brs, 54H, SiMe3), 24.04 (brs, 8H, THF),
29.43 (brs, 8H, THF). Magnetic susceptibility (Evans): μeff = 4.85 (in C6D6, 20.0 ◦C). Anal. Calcd. for
C26H70O2Ge2Si6Fe1: C, 39.81; H, 8.99. Found: C, 40.16; H, 8.93.
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3.3. General Procedure for the Reduction of Carbonyl Compounds Catalyzed by 1

Catalyst 1 (2.0 mg, 0.003 mmol, 0.1 mol %) was placed in a 10 mL flask, and the substrate, Ph2SiH2

(1.28 mg, 6.6 mmol), 4-acetylbiphenyl or 4-phenyl-2-butanone (3 mmol), and dioxane (0.5 mL) were
then added, in this order. The resulting mixture was stirred at room temperature for 4 h, and the
complete consumption of the substrate and the yield of the product were then confirmed by 1H NMR
spectrum with anisole as an internal standard.

3.4. General Procedure for the Catalytic Silylation of N2 Catalyzed by 1

The following procedure is analogous to those reported in previous papers [12]. A 10 mL flask
was charged with KC8 (270 mg, 2.0 mmol) and THF (5 mL), and Complex 1 (0.004 mmol, 0.2 mol
%) and Me3SiCl (0.25 mL, 2.0 mmol) was then added to this suspension. The remaining suspension
was vigorously stirred at room temperature for 24 h under successive supply of N2 (1 atm). After the
reaction, cyclododecane (60 mg, 0.36 mmol) was added as an internal standard, and the yield of the
formed N(SiMe3)3 was then determined by GC/GC−MS.

3.5. General Procedure for the Dehydrogeantion of Ammonia Borane Catalyzed by 1

Catalyst 1 (20 mg, 0.025 mmol, 5 mol %) was dissolved in THF (2 mL) in a 4 mL reaction vessel,
and the additives shown in Tables S1 or S2 in the supporting information were then added to this
solution. The obtained solution was stirred for 15 min at room temperature, and ligands shown
in Tables S1 or S2 were then added. After stirring this solution for 15 min at room temperature,
the obtained solution was added to THF (2 mL) solution of ammonia borane (15 mg, 0.5 mmol).
The resulting mixture was stirred at 55 ◦C for the time indicated in Tables S1 and S2. Conversion of
ammonia borane was confirmed by 11B and 11B{1H} NMR spectrum.

3.6. Synthesis of Dinuclear Iron Complex, [Ge(SiMe3)3]Fe(μ-OtBu)2Fe(THF)[Ge(SiMe3)3] (6)

In a 50 mL schlenk tube, Complex 1 (335 mg, 0.43 mmol) was dissolved in THF (2 mL), and tBuOH
(40 μL, 0.43 mmol) was added to this solution at room temperature. The solution was stirred at room
temperature for 1 h. In the course of this reaction, the color of the solution turned from dark red purple
to brown, and the solvent was then removed in vacuo. The crude product was dissolved in pentane
(1 mL), and the remaining solution was cooled at −20 ◦C. Complex 6 was obtained as brown crystals in
~5% yield. The molecular structure of 6 was exclusively determined by X-ray diffraction analysis.

Complex 6 was alternatively obtained from the reaction of FeBr2, KGe(SiMe3)3, and KOtBu.
Iron dibromide (216 mg, 1.0 mmol) was dissolved in THF (2 mL), and a KOtBu (112 mg, 1.0 mmol)
and THF (3 mL) solution of KGe(SiMe3)3, prepared in situ from the reaction of Ge(SiMe3)4 (385
mg, 1.05 mmol) and KOtBu (123 mg, 1.1 mmol), was added to this solution at room temperature.
The solution was stirred at room temperature for 1 h. The solution was centrifuged to remove insoluble
materials, and the mother liquid was dried under vacuum. The remaining crude product was dissolved
in pentane (5 mL), and centrifuged to remove a small amount of insoluble materials, and the mother
liquid was then concentrated to ca. 1 mL. After cooling this solution at −20 ◦C, Complex 6 was obtained
as brown crystals. The cell parameters of the obtained crystals were consistent with those found in
crystals of 6, which was synthesized in the procedure described above.

3.7. X-ray Data Collection and Reduction

X-ray crystallography for Complexes 1 and 6 was performed on a Rigaku Saturn CCD area
detector with graphite monochromated Mo–Kα radiation (λ = 0.71075 Å). The data were collected
at 183(2) K using a ω scan in the θ range of 3.01 ≤ θ ≤ 27.45 deg for 1 and 3.28 ≤ θ ≤ 27.48 deg for 6.
The data obtained were processed using Crystal-Clear (Rigaku) on a Pentium computer, and were
corrected for Lorentz and polarization effects. The structures were solved by direct methods [45],
and expanded using Fourier techniques. Hydrogen atoms were refined using the riding model.
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The final cycle of full-matrix least-squares refinement on F2 was based on 5750 observed reflections
and 188 variable parameters for 1 and 11,471 observed reflections and 388 variable parameters for 6.
Neutral atom scattering factors were taken from International Tables for Crystallography (IT), Vol. C,
Table 6.1.1.4 [46]. Anomalous dispersion effects were included in Fcalc [47]; the values for Δf’ and
Δf” were those of Creagh and McAuley [48]. The values for the mass attenuation coefficients are
those of Creagh and Hubbell [49]. All calculations were performed using the CrystalStructure [50]
crystallographic software package except for refinement, which was performed using SHELXL Version
2017/1 [51]. Details of the final refinement as well as the bond lengths and angle are summarized in
Tables S3 and S4, and the numbering scheme employed is shown in Figures S3 and S4, which were
drawn with ORTEP at 50% probability ellipsoids. CCDC numbers 1971242 (1) and 1971243 (6) contain
the supplementary crystallographic data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

4. Conclusions

In summary, we have described a facile synthesis of the four-coordinated iron–digermyl complex
1 via the reaction of FeBr2 and in-situ-generated KGe(SiMe3)3. Complex 1 shows high catalytic
performance in the hydrosilylation of ketones and in the reductive silylation of dinitrogen. Additionally,
1 acts as a good precursor for the catalytic dehydrogenation of ammonia borane (NH3·BH3) in the
presence of tBuNH2 and phenanthroline. It should be emphasized that the catalytic dehydrogenation
of NH3·BH3 was realized using a catalyst system consisting of stable and easy-to-handle precursors.
The use of the organogermyl ligand was found to contribute to both the generation of coordinatively
unsaturated reactive complexes and the isolation of a key intermediary species involved in the catalysis.
Efforts to develop efficient base-metal catalysts based on the introduction of heavier-group-14 ligands
are currently in progress in our laboratory.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/29/s1: CIF
and cif-checked files, detailed crystallographic data, detailed results obtained by the dehydrogenation of ammonia
borane catalyzed by 1 in the presence of various ligands and additives, the actual NMR charts of Complex 1,
and the crude product obtained from the hydrogenation ammonia borane catalyzed by 1.
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Abstract: The addition of Pt (0.1 wt%Pt) to the 2 wt%Ag/Al2O3-WOx catalyst improved the C3H8–
Selective Catalytic Reduction (SCR) of NO assisted by H2 and widened the range of the operation
window. During H2–C3H8–SCR of NO, the bimetallic Pt–Ag catalyst showed two maxima in conversion:
80% (at 130 ◦C) and 91% (between 260 and 350 ◦C). This PtAg bimetallic catalyst showed that it could
combine the catalytic properties of Pt at low temperature, with the properties of Ag/Al2O3 at high
temperature. These PtAg catalysts were composed of Ag+, Agn

δ+ clusters, and PtAg nanoparticles.
The catalysts were characterized by Temperature Programmed Reduction (TPR), Ultraviolet Visible
Spectroscopy (UV-Vis), Scanning Electron Microscopy (SEM)/ Energy Dispersed X-ray Spectroscopy
(EDS), x-ray Diffraction (XRD) and N2 physisorption. The PtAg bimetallic catalysts were able to
chemisorb H2. The dispersion of Pt in the bimetallic catalysts was the largest for the catalyst with the
lowest Pt/Ag atomic ratio. Through SEM, mainly spherical clusters smaller than 10 nm were observed
in the PtAg catalyst. There were about 32% of particles with size equal or below 10 nm. The PtAg
bimetallic catalysts produced NO2 in the intermediate temperature range as well as some N2O.
The yield to N2O was proportional to the Pt/Ag atomic ratio and reached 8.5% N2O. WOx stabilizes
Al2O3 at temperatures ≥650 ◦C, and also stabilizes Pt when it is reduced in H2 at high temperature
(800 ◦C).

Keywords: H2–C3H8–SCR–NO; PtAg/Al2O3; bimetallic clusters; Al2O3–WOx

1. Introduction

The conversion of nitrogen oxide emissions (NOx) from diesel machines can be carried out
through selective catalytic reduction (SCR) using reductants such as hydrocarbons, alcohols, NH3, H2,
and supported metal catalysts [1,2]. The exhaust atmosphere is oxidizing, which hinders the use of
three-way technology. Hydrocarbons, present in small amounts in emissions, can be used as a reducing
agent to react competitively with O2 or NOx, producing N2, CO2, and H2O and traces of N2O.

Among the NOx reduction technologies today, urea-based SCR is used in new heavy trucks
and some types of cars that run with diesel-type engines. The requirement to add a urea solution
into the gas emissions is inconvenient for bus operators and for passenger cars. The possibility of
using hydrocarbons to carry out the SCR of NOx (HC–SCR) or alcohols to decrease the contaminants
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continuously is still attractive [3]. For the SCR of NO using hydrocarbons (HC), catalysts based on Pt,
Cu, Ir, Rh, and Ag have been studied [1,2]. The latter metal supported on γ-Al2O3 is very interesting
because, during SCR using C3H6 or C8H18, the main product is N2 and not N2O [2]. It has also been
shown to have good stability in the presence of water vapor [4,5] and some tolerance to SO2 [6].

Hydrocarbons have been studied as reducers, but alcohols such as methanol, ethanol, and butanol
have also been considered [7–10]. The SCR of NO from Ag/Al2O3 catalysts in the presence of O2

depends on the concentration and structure of Ag moieties on the surface (i.e., Ag+ cations and
Agn (n = 8) nanoclusters). Ag0 nanoparticles have been reported to catalyze the total oxidation
of hydrocarbons or alcohols to CO2 and H2O [8]. In studies using reductants such as C3H6 and
impregnation of Ag precursor in Al2O3, it has been found that there is an optimum concentration in
Al2O3 between 1 and 3 wt% [3,11]. Studies on the nature and role of active Ag species during NOx
reduction in the presence of C3H6 and water have been done, and proposals for reaction mechanisms
in the presence of hydrocarbons using spectroscopic techniques have been made [12–24].

There are some drawbacks of the Ag/Al2O3 catalyst. The main one is that it is active in a
narrow range of high temperatures and has low activity below 400 ◦C in the case of SCR with light
hydrocarbons [7,8]. This is an issue because the exhaust gases of lean-burn diesel engines have low
temperatures during standard driving conditions.

This problem can be addressed because the operating temperature range has been expanded
with the addition of H2 [24–30], which results in the presence of two NO reduction zones: one at
low-temperature (80–180 ◦C) and the other at high temperature (180 to 480 ◦C). In the search for other
reducers, research has also been done using H2 and NH3 together [31,32] and on the coaddition of
NH3 and ethanol [33], obtaining good reduction results at low temperatures, although there may be
NH3 emissions.

The study of the effect of the hydrocarbon’s molecular weight has been carried out using propene
and octane [3]. There is one work about the use of gasoline and ethanol as reducing agents [34].
The results showed the presence of NH3, and both NO and ethanol began to react at low temperatures
(200–300 ◦C) on Ag/Al2O3. Studies with other metals such as In/Ag/Al2O3–TiO2 using CO showed an
improvement in yield to N2 when In was added to Ag [35].

The combined effect of CO and C3H8 was analyzed, and the temperature window was expanded,
but a 5 wt%Ag/Al2O3 catalyst was required [36]. In this case, the addition of noble metals such as
Pt to Ag is useful in obtaining high conversions of NO at low temperatures by using octane as a
reduction agent [37]. The catalyst composition showing the highest activity for NOx reduction was
a 2 wt%Ag/Al2O3 doped with 500 ppm Pt. This catalyst showed great capacity for adsorption and
partial oxidation of the hydrocarbon, where the Pt has a predominant role.

There have been studies of intermediate storage of NO (passive NOx trap) at low temperatures
and regeneration of the adsorbed compound (NO) at high temperatures when the Ag/Al2O3 catalyst
was active to reduce NOx. A Pt/Ba/Al2O3 catalyst proposed by Tamm et al. [38] in the presence of H2

demonstrated the importance of this to increase the amount of NO stored on the catalyst between 100
and 200 ◦C. Other noble metals such as the addition of Pd to the Ag/Al2O3 catalyst [39] showed that
the catalytic activity of the catalyst promoted with Pd was higher than the activity of the Ag single
metal catalyst in the oxidation of CO and hydrocarbon as well as in reducing NOx.

In another work [40], the Pd–Ag/Al2O3 catalyst showed higher activity than the Ag/Al2O3 catalyst
at temperatures of 300 to 450 ◦C. It was found that Pd catalyzed the formation of enolic species,
which were converted from C3H6. The superficial enolic species were quite reactive toward NO3− and
NO2 to form superficial species of –NCO. In the case of the addition of Rh to Ag, theoretical studies have
been done that mention the higher capacity of Rh than Ag for NO reduction reactions [41]. Another
study of NO reduction where C3H6, Pt, Rh, and Ag/Al2O3 were investigated showed that Ag was the
most active at higher temperatures, while Pt and Rh were at lower temperatures (200–250 ◦C) [42].

As has been observed, the SCR of NOx with hydrocarbons (HC–SCR–NOx) has been of great
interest until now, because in the presence of an oxidizing atmosphere, as diesel engines work, it is
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possible to reduce NOx to N2 [24,40]. In the case of Pt catalysts supported in WO3/ZrO2 and the presence
of H2 without Ag for the reduction of NO [43], the authors found high activity at temperatures below
200 ◦C and high selectivity to N2 (90%). Additionally, the catalyst showed outstanding hydrothermal
stability as well as SO2 resistance. Along these same lines, the exceptional stability of WOx has been
studied in Al2O3 and Pt/Al2O3 [44,45]. It was adopted for the present study, especially to preserve the
thermal stability of Pt species’, Ag0, Ag+ cations, and Agn nanoclusters.

As previously mentioned, the present study contributes to improving the Ag/Al2O3 catalyst by
adding minimal amounts of Pt and WOx in the presence of H2 and C3H8, which allows for improvement
in the SCR of NO. The PtAg/Al2O3-WOx catalysts were prepared in powder form with the optimal
amount of WOx that allows for a high metallic dispersion of Pt and Ag to be obtained, since it is
resistant to deactivation by sintering, stabilizing the porous structure of Al2O3. The study combined
H2 and C3H8 reducers and the presence of small amounts of Pt, which allows for a higher conversion
of NO at low temperatures.

2. Results and Discussion

Seven Ag and Pt catalysts supported on γ-alumina (with or without WOx) were prepared by the
incipient wetness impregnation method with AgNO3 and H2PtCl6 aqueous solutions. The preparation
method is reported in greater detail in the Materials and Methods section. The characterization section
is presented first and the catalytic evaluation section later.

2.1. Characterization

2.1.1. Textural Properties

The synthesized γ-Al2O3 (A) presented type IV isotherms, according to the International Union
of Pure and Applied Chemistry (IUPAC), the Brunauer Emmett and Teller (BET) area was higher than
some commercial alumina with an average unimodal pore diameter of 54 Å (Table 1). The impregnation
of Pt as well as Ag and WOx did not significantly modify the area and the other properties.

Table 1. Composition of Pt, Ag, and PtAg/Al2O3 catalysts with 2 wt% Ag and 0.5 wt% W (WOx)
prepared in powder. BET area, texture, Pt/Ag atomic ratio, H2 consumption by TPR, and Pt dispersion.

Catalyst
Name

Pt
(%)

Ag
(%)

Pt/Ag
Atomic
Ratio

BET
Area

(m2/g)

Pore Vol.
(cm3/g)

Pore
Diam.

(Å)

H2

Consumption
(μmol/gc)

Pt
Dispersion

(%)

A 0 0 0 267 0.36 54 0 0
0.4Pt/A 0.4 0 - 256 0.36 55 45.1 61

2Ag/AW 0 2 - 264 0.38 56 67 0
0.4Pt/AW 0.4 0 - 230 0.39 68 43 57
0.1PtAg/AW 0.1 2 0.027 226 0.37 66 2.5 60
0.25PtAg/AW 0.25 2 0.069 218 0.36 67 26 46
0.4PtAg/AW 0.4 2 0.110 225 0.37 66 41 38
1PtAg/AW 1 2 0.270 228 0.37 65 112 21

2.1.2. X-Ray Diffraction (XRD)

The powder x-ray diffraction pattern of all samples showed typical reflections of the g-alumina
phase (Figure 1a), with peaks at 2θ = 37◦, 46◦, and 67◦. The presence of another phase was not observed,
and the materials were amorphous [46]. According to Aguado et al. [47], these three main peaks
correspond to the reflections (311), (400), and (440).
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Figure 1. X-ray diffraction (XRD) patterns of the catalysts: (a) 0.4Pt/AW; (b) 2Ag/AW; (c) 0.1PtAg/AW;
(d) 0.25PtAg/AW; (e) 0.4PtAg/AW; (f) 1PtAg/AW.

Figure 1a–d,f show similar diffractograms of the samples calcined at 500 ◦C and reduced to 450 ◦C
and no Pt or Ag signals were observed due to their low concentration. However, it was reported that a
catalyst of 5 wt%Ag/Al2O3 showed reflections of metallic Ag [48].

Sample 0.4PtAg/AW (Figure 1e) showed a reflection at 2θ = 38.7◦, probably attributed to AlAg2O,
however, the other reflections of this compound (2θ = 50.5◦ and 66.8◦) were not noted or revealed the
presence of supported Ag2O particles with a size greater than 5 nm. The broad peaks of these samples
showed a stable amorphous and meta structure. The metallic compound Ag2O has been reported in
other studies [49] using Ag concentrations higher than 5 wt%.

2.1.3. Temperature Programmed Reduction (TPR)

In the case of 2Ag/AW silver catalyst reduction (Figure 2a), two peaks located at 100 ◦C and 340 ◦C
was observed, corresponding to the reduction of AgO and Ag2O clusters. This result has already been
reported using a 2 wt%Ag/Al2O3 catalyst by Bethke and Kung [11] and Maria E. Hernández-Terán [50].
In this last peak, the inflection point or maximum was not observed. These small reduction peaks could
be caused by part of the Ag compound already decomposed to metallic silver during calcination [50,51].

 
Figure 2. TPR of the catalysts: (a) 2Ag/AW; (b) 1PtAg/AW; (c) 0.4PtAg/AW; (d) 0.25PtAg/AW;
(e) 0.1PtAg/AW; (f) 0.4Pt/AW catalyst.
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In the case of the 0.4Pt/AW catalyst (Figure 2f), the Pt reduction peak could be observed due to the
Pt-oxychloride complexes (PtOxCly) located at 280 ◦C [52]. The H2 consumption for the reduction
of (PtOxCly) corresponds to the reduction from Pt+4 to Pt0. It is known that the temperature of
the reduction peak depends on the precursor of Pt [52]. If a chlorine-free Pt precursor such as
Pt(NH3)4(NO3)2 is used, the temperature is close to 70 ◦C (reduction of PtO2), whereas if H2PtCl6 is
used, the temperature is 290 ◦C.

In the case of the catalyst with the highest concentration of Pt (1PtAg/AW), two peaks located at
100 ◦C and 315 ◦C were observed (Figure 2b). Again, the first corresponded to the reduction of AgO,
while the second corresponded to the co-reduction of the two metals’ oxides, as has been reported in
the literature [50,53]. The maximum peak temperature of this catalyst was 35 ◦C higher than the peak
of the 0.4Pt/AW catalyst (Figure 2f).

This kind of peak has been mentioned in the literature; for example, the Pt–Ag/SiO2 catalyst has
been reported as an alloy when Ag is impregnated on the Pt/SiO2 catalyst [54]. It has been found that
in such alloys, the Pt and Ag can be secreted by high-temperature oxidation.

The catalysts with lower Pt concentrations (Figure 2c–e) also showed two peaks at temperatures of
100 ◦C and 305 ◦C. This last peak was again found at 35 ◦C higher than the maximum of the 0.4Pt/AW
catalyst peak (Figure 2f). The ratio of μmoles of H2 consumed per g of catalyst (gc) for the Pt peaks is
shown in Table 1. It was observed that the bimetallic catalysts of PtAg consumed H2 as a function of
the concentration of Pt.

In the case of the reduction peak at 100 ◦C (reduction of AgO), for the 2Ag/AW catalyst (Figure 2a),
it was 68 μmol H2/gc. This value was almost constant for the other values of the reduction of AgO
of the bimetallic catalysts since the Ag content was constant (2 wt%Ag), and only in the 1PtAg/AW
catalyst did it decrease slightly (Figure 2b).

The ratio of moles of H2 consumed per g of catalyst (gc) for Pt is shown in Table 1. The bimetallic
catalysts of PtAg consumed H2 as a function of the concentration of Pt, as reported in the literature [53].
In general, reducing the Pt oxides was completed, while in the case of Ag oxides, it was not completed.
Only a part of Ag oxides seemed to be susceptible to reduction, because another part was already in a
metallic state after calcination, as has been reported in the literature [50,54].

2.1.4. H2 Chemisorption

The chemisorption of H2 was carried out mainly at the Pt sites. H2 chemisorption of part of the
Ag was not observed; even in the case of bimetallic catalysts, it is evident that the consumption of H2 is
proportional to the concentration of Pt (Table 1). For the Pt dispersion calculation, the stoichiometry
H/Pt was 1, as reported in the literature [55], the dilution state that Ag exerts on Pt atoms is evident,
as reported in the literature [53].

In the case of the catalyst with a high Pt content (1PtAg/AW), a large part of the Pt was reduced
to metal; however, only a fraction of it remained on the surface of the bimetallic PtAg particles, so it
showed a low dispersion (21%). On the contrary, in the case of the catalyst with a low Pt content
(0.1PtAg/AW) with a dispersion of 60%, there was a better ratio of surface Pt atoms to Pt atoms in
the bulk of the bimetallic. For the 0.25PtAg/AW and 0.4Pt/AW catalysts, there were intermediate Pt
dispersions (46 and 38%) that could explain the NO conversion profiles in terms of the activation of
C3H8 and H2.

Some authors have mentioned the presence of a “Pt–Ag alloy” [54]. However, this assertion is
doubtful because they did not check if there was a solid solution of Pt and Ag, which is why in our case,
we only speak of a bimetallic PtAg system that could have Ag particles decorated with Pt, (or bimetallic
core-shell structures), since in all our catalysts, the Ag was always higher in concentration.

On the other hand, there have been studies where the Ag chemisorbs O2, and it has been used
to determine its dispersion [56]. The authors validated the stoichiometry of chemisorption of O2

(O2/Ag = 2) by comparing the average particle size using the bright-field TEM, high angle annular
dark-field (HAADF), and O2 chemisorption techniques. The active Ag dispersion values they found
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were: 57.6% (for 1.28 wt%Ag), 51% (for 1.91 wt%Ag), 44.8% (for 2.88 wt%Ag), and 51.2% (for the
6 wt%Ag). The particle sizes were 2.63 nm, 2.62 nm, 3 nm, and 2.63 nm, respectively, at the percentages
of Ag, as above-mentioned.

2.1.5. SEM of the Catalysts

The calcined 0.4PtAg/AW catalyst showed spherical particles (Figure 3a) that could be related to
the presence of Ag2O [48]. The distribution of particle diameters indicates the predominance (31.64%)
of particles of 10 nm, followed by those of 25 and 30 nm (total 42%) (Figure 3b). Finally, those of 50 nm
represented 9.9%, and the particles of larger sizes decreased. These results approximate the results
reported by Richter et al. [48]. The presence of nanoparticles of different sizes that can vary depending
on the type of support has been mentioned. The diameters they found were between 2 to 40 nm with a
load of 5 wt%Ag, but predominantly between 5 and 10 nm.

  
(a) (b) 

 
(c) 

Figure 3. Morphological and chemical composition of the catalyst 0.4PtAg/AW calcined at 500 ◦C.
(a) SEM micrograph; (b) The distribution of particle diameters; (c) EDS analysis of the spherical cumulus
zone where Pt cannot be analyzed due to its low concentration.

The EDS analysis of the observed area is shown in Figure 3c, where we can observe the presence
of Ag and W in amounts approximately at the nominal ones. Richter et al. [48] also identified Ag2O
by convergent beam diffraction, where Ag2O was indexed, and the primary signal was attributed to
it when they were analyzed by temperature-programmed reduction (TPR). The authors found that
HAADF was more suitable because the contours of the Ag particles were better distinguished. We also
found this problem (Figure 3a) because the particles of Ag showed a dark silhouette that could be
confused with part of the alumina support.

Due to the TPR studies, the presence of AgO and Ag2O is possible, however it was not possible
to confirm them by other more advanced techniques. Arve et al. [56] found that both Ag metal and
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Ag2O phases were present in their catalysts, and did not find AgO and cubic Ag2O. The authors
concluded that in small particles, Ag2O is the predominant phase, while metallic Ag is more likely in
large particles.

2.1.6. UV–Vis Spectroscopy

2Ag/AW catalyst

The existence of different Ag oxidation states was demonstrated by ex situ UV–Vis analysis when
the 2Ag/AW catalyst was calcined at 500 ◦C (Figure 4a). In this case, ionic Ag (Ag+) species were
observed showing absorption peaks in the range between 200 and 230 nm [17,49]. The spectrum
of the 2Ag/AW sample with a band at 220–235 nm was attributed to the 4d10 to 4d9 5s1 electronic
transitions due to highly dispersed Ag+ ions [16,57]. A similar band was observed for the Ag/Al2O3

and Ag+/H-ZSM-5 catalysts [9,12,30].

Figure 4. Ex situ UV–Vis spectra of the catalysts: (a) Calcined 2Ag/AW; (b) 2Ag/AW after H2 reduction
in a flow of H2 (30 cm3/min) at 500 ◦C for 2 h (spectrum taken immediately after reduction in H2).

The absorption in the range of 240–288 nm is commonly ascribed to silver nanoclusters Agn
δ+

(n < 8) with a variety of cluster sizes and different oxidation states. After H2 reduction, an absorption
band at 340 and 423 nm (Figure 4b) was assigned to larger silver nanoclusters (n > 8) and metallic Ag
nanoparticles [16].

0.4Pt/AW Catalyst

The spectrum of the 0.4Pt/AW catalyst calcined at 500 ◦C showed a band with a maximum at
215–240 nm (Figure 5a). This band was very close to the band found by Lietz et al. [58] at 217 nm for a
Pt catalyst prepared by impregnation with H2PtCl6 in Al2O3. The authors attributed this signal to a
charge transfer band due to the presence of a compound of the type [PtCl5OH]2−, which compares
well with the literature data for octahedral Pt4+.

55



Catalysts 2020, 10, 1212

 
(a) (b) 

Figure 5. In situ UV–Vis spectrum of: (a) 0.4Pt/AW catalyst calcined at 500 ◦C; (b) 0.4Pt/AW catalyst
during the reduction process with 5 vol.% H2/N2, 0.5 cm3/s.

We found two bands located at 360 nm and 640 nm (Figure 5a). These bands were close with the
bands reported by Lietz et al. [58] for a Pt/Al2O3 catalyst calcined at 500 ◦C. Their bands were located
at 340, 450, and 550 nm, which were associated with the [PtOxCly]s complexes. We did not find the
band located at 450 nm.

The UV–Vis spectra of the 0.4Pt/AW catalyst during the “in situ” reduction with H2 (Figure 5b)
showed that with increasing reduction temperature, an increase in the values of the function F(R)
corresponding to the band at 320 nm were related to the formation of metallic Pt [58]. During this
“in situ” reduction with H2 from 100 ◦C to 500 ◦C of the 0.4Pt/AW catalyst, an increase in the F(R)
function was observed with respect to the F(R) function of the same calcined catalyst shown in Figure 5a,
over a whole spectrum wavelength range from 250 to 1000 nm.

This increase in absorbance due to the reduction of Pt oxychlorocomplexes to metallic particles
is responsible for the color change to dark gray of the catalysts. This is related to the so-called color
centers [59] and to the appearance of a spectroscopic signal of greater intensity that is due to a greater
electronic conduction on the surface of the solid that is associated with the formation of Pt crystallites
formed during this reduction process.

PtAg/AW Catalysts

For calcined PtAg/AW catalysts, a band at 220 nm corresponding to Ag+ was observed (Figure 6),
as previously reported (Figure 4). This band could also represent the Pt band located at a wavelength
of 215–240 nm, which can be attributed to [PtCl5OH] 2- related to octahedral Pt+4, as mentioned above.
This band was noticeable in the two catalysts with high Pt concentration; 1PtAg/AW and 0.4PtAg/AW
(Figure 6a,b), however it did not appear in the two catalysts with low Pt concentration; 0.25PtAg/AW
and 0.1PtAg/AW (Figure 6c,d).
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Figure 6. Ex situ UV–Vis spectra of the PtAg/AW catalysts calcined at 500 ◦C when the Pt concentration
changed from 0.1 to 1 wt% on Al2O3–WOx catalysts. (a) 1PtAg/AW; (b) 0.4PtAg/AW; (c) 0.25PtAg/AW;
and (d) 0.1PtAg/AW.

The broadband with a maximum at 255 nm could correspond to the signal of the Ag metal clusters,
(Agn

δ+), as already mentioned [30]. In this band, the spectroscopic contribution of the signal due to Ag
appeared to be higher than the small-signal at 360 nm, as shown by the 0.4Pt/AW catalyst (Figure 5).

2.2. Catalytic Activity

2.2.1. SCR of NO on Pt and Ag Catalysts

In Figure 7a, the conversion of the 2Ag/AW catalyst started at 370 ◦C and reached 80% at
around 450 ◦C, followed by a sharp decrease. This reaction temperature window has been previously
reported [3,20,30] to be narrow and dependent on the Al2O3 preparation method [3].

Figure 7. C3H8–SCR–NOx from (a) 2Ag/AW catalyst in the absence of H2; (b) 2Ag/AW catalyst in
the presence of H2; (c) 0.4Pt/AW catalyst in the presence of H2. Inlet gas composition: 500 ppm NO,
625 ppm C3H8, 200 ppm CO, 660 ppm H2, 2 vol.% O2, N2 balance; GHSV = 128,000 h−1.

The impregnation method is better than the sol-gel method when the Ag concentration is 2 wt%;
if the Ag concentration increases to 5 or 8 wt%, the lyophilized sol-gel method is better. In other words,
the method of preparation and the concentration of Ag could provide better catalysts. However, it has
been mentioned that the optimal amount of Ag is defined between 1 to 3 wt% [9–11,15,16].
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The drawbacks of the Ag/Al2O3 catalyst behavior when using hydrocarbons as a reducing agent
are that the operating temperature window to reduce NO is narrow as well as its low activity below
400 ◦C. These characteristics do not favor the reduction of NOx emitted by the diesel engines since
the temperatures of these emissions are low. Fortunately, when small amounts of H2 are added to
the emissions using the Ag/Al2O3 catalyst, advantages are obtained both in conversion and in the
operating window [26].

We could verify this effect when we added small amounts of H2 to our 2Ag/AW catalyst in the flue
gas stream (Figure 7b). It was observed that the temperature window in which the catalyst showed
activity widened from 130 ◦C to 500 ◦C. Additionally, a range of activity appeared at low temperatures
(130–200 ◦C) with medium conversions. The interval from 200 to 470 ◦C showed better conversions
(63%), in agreement with the literature [25–28,30,50].

The reaction interval of 130–200 ◦C has been the subject of debate on the participation of H2

and the nature of the active species capable of favoring the reaction at low temperatures [27,30].
Studies using Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of NO and
temperature-programmed desorption found two groups of surface NOx species: a less thermally stable
group of low temperature (LT) species and a more thermally stable group of high-temperature species
(HT). The existence of LT species was attributable to the decomposition of the superficial NOx species
formed in the active sites where there is elimination by the addition of H2 or thermal decomposition
related to higher oxidation of NO and NOx [27].

The 0.4Pt/AW catalyst in the presence of H2 (Figure 7c) showed a maximum conversion close to
50% at a temperature of 300 ◦C, starting at 250 ◦C, and this result coincided with that reported by
Lanza et al. [42]. These authors investigated Pt and Rh and found high conversions at low temperature
(200–250 ◦C), showing high selectivity to NO2. On the other hand, when they investigated Ag, a higher
temperature was required but with high selectivity to N2. In this study, it was found that the presence
of H2 triggered the conversion of NO.

In the case of the SCR of NO on the catalyst with the addition of H2 (2Ag/AW + H2), specifically
with 660 ppm H2, a decrease in the light-off temperature down to 150 ◦C was observed (Figure 7b).
This remarkable decrease (from 400 to 150 ◦C) was similar to that reported by Satokawa et al. [60],
and we observed two reaction zones. In the low temperature range (100–180 ◦C), H2 allows the
reactants (or reaction intermediates) to be activated, significantly reducing the activation energy (Ea)
of the entire global reaction [48].

According to some authors [48], H2 contributes to reducing oxidized silver species such as Ag2O
to Ag0 on which the nitrate adducts, as above-mentioned, will be adsorbed. The same authors
suggest that nano-sized Ag2O clusters can be reversibly reduced and reoxidized in the presence of
H2. These authors also found that the presence of H2O did not change the Ea. They also found that
more adducts or nitrate species were found adsorbed in the presence of H2, and attributed this to a
dissociative activation of O2 in the gas phase on the Ag0 particles.

Based on the studies by Azis et al. [27] using DRIFTS and TPD, it appears that there is a formation
of stable superficial NOx species that are related to the promoter effect of H2 on the Ag/Al2O3 catalyst.

2.2.2. SCR of NO with C3H8 on PtAg Catalysts

The SCR of NO with C3H8 on the catalyst 2Ag/AW (Figure 8d) in the absence of H2 showed
a volcano-like profile that has already been reported [2], where the starting temperature (light-off)
was 400 ◦C with a maximum at 470 ◦C. The possible presence of monodentate nitrate species at high
temperatures is feasible [27]. In contrast, the other bidentate and bridged species that are less stable
thermally may not be present.
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Figure 8. C3H8–SCR–NOx from (a) 1PtAg/AW catalyst; (b) 0.4PtAg/AW catalyst; (c) 0.25PtAg/AW
catalyst; (d) 2Ag/AW catalyst; (e) 0.1PtAg/AW catalyst. Inlet gas composition: 500 ppm NO, 625 ppm
C3H8, 200 ppm CO, 2vol.% O2, N2 balance; GHSV = 128,000 h−1.

In general, the addition of Pt to the Ag/AW catalyst did not contribute significantly to the NO
conversion at temperatures below 360 ◦C. In the case of the 1PtAg/AW catalyst (Figure 8a), it only
showed a 9% conversion at less than 300 ◦C. Despite the high Pt content, the NO conversion at 470 ◦C
was the lowest (45%). This behavior indicates that the bimetallic PtAg particles at a Pt/Ag atomic
ratio of 0.27 do not provide the best active sites for NO reduction reactions. On the other hand,
the Pt dispersion for this catalyst (21%) was the lowest (Table 1). The dilution effect of Pt by Ag
seemed evident.

As the Pt concentration decreased in the 0.4PtAg/AW catalyst (Figure 8b) and 0.25PtAg/AW
catalyst (Figure 8c), the NO conversion increased to 470 ◦C, approaching the catalyst conversion of
Ag without Pt (Figure 8d). Only when the Pt concentration was less than the 0.1PtAg/AW catalyst
(Figure 8e) for a Pt/Ag atomic ratio of 0.027 was the NO conversion slightly higher (75.3%) at 470 ◦C.

This behavior was similar to that found by Wang et al. [61] for the Pd–Ag bimetallic system.
The authors found a 0.01 wt%Pd-5 wt%Ag/Al2O3 catalyst with higher activity than the 5 wt%Ag/Al2O3

catalyst. The authors attributed this increase in NO conversion to the presence of enolic species of the
type [H2C = CH – O – M], which comes from the partial oxidation of C3H6 and are highly reactive with
NOx adsorbed forming –NCO and –CN. The authors proposed a new reaction mechanism different to
that proposed by Burch et al. [2], which helps us explain our results.

It was observed in our catalysts that the 1PtAg/AW catalyst with a high Pt content did not show a
high conversion of NO, nor a high dispersion of Pt (Table 1), which suggests that a large part of the
total Pt was diluted or covered by Ag atoms, despite showing high H2 consumption values by TPR in
Figure 2. It is probable that the addition of Pt (and Pd) to the Ag particles can produce changes of
an electronic and superficial type that favor the formation of enolic structures, as demonstrated by
Wang et al. [61].

2.2.3. H2 Assisted SCR of NO on PtAg Catalysts

The conversion values of NO versus the reaction temperature in the bimetallic PtAg catalysts
were dependent on the Pt concentration (Figure 9). The 0.1PtAg/AW catalyst (Figure 9a) with the
lowest concentration of Pt showed two high conversion regions (110–180 ◦C and 180–500 ◦C), having a
maximum conversion of 80% (at 120 ◦C) and 90% (at 250 ◦C). The conversion-temperature profile was
similar to that shown by the 2Ag/AW catalyst in the presence of H2 (Figure 7b).
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Figure 9. Bimetallic catalyst of PtAg for the C3H8–SCR–NO: (a) 0.1PtAg/AW; (b) 0.25PtAg/AW;
(c) 0.4PtAg/AW; (d) 1PtAg/AW in the presence of H2. Inlet gas composition: 500 ppm NO, 625 ppm
C3H8, 200 ppm CO, 660 ppm H2, 2 wt% O2, N2 balance; GHSV = 128,000 h−1.

The addition of Pt to the 2Ag/AW catalyst showed better conversions and a full temperature
window and was also more active at low temperatures (between 100 to 180 ◦C). These advantages
have also been reported in the literature by Gunnarsson et al. [37]. These authors used lower Pt
concentrations and reported as optimal a catalyst with 2 wt%Ag plus 500 ppm Pt, which showed the
highest activity at low temperature.

The authors attributed this behavior to an ability to adsorb hydrocarbons and partially oxidize
them on the surface of bimetallic Pt-Ag particles. The presence of Pt could produce a lower barrier for
dissociative hydrocarbon adsorption as well as a change in oxidation potential, which in turn, could be
attributed to the Pt doping.

The NO conversions of the catalyst 0.25PtAg/AW (Figure 9b) were 78% (at 150 ◦C) and 78%
(at 300 ◦C), while when we increased the Pt load in the 0.4PtAg/AW catalyst (Figure 9c), there was
perhaps a drop in the NO conversion to 54% (at 220 ◦C) and 80% (at 330 ◦C). Finally, when we increased
the Pt concentration to 1% with the 1PtAg/AW catalyst (Figure 9d), we observed a low conversion of
22% (at 240 ◦C) and 25% (at 300 ◦C).

Additionally, in the low temperature region (100–180 ◦C), the catalyst with 0.1PtAg/AW showed
a maximum conversion of 82% versus the 64% conversion of the 2Ag/AW catalyst (a difference of
18%) (Figure 10a). In the high temperature region (250 to 360 ◦C), the Pt catalyst showed a maximum
conversion of 90% compared to a maximum conversion of 65% without Pt. With these results, it was
demonstrated that the addition of Pt in low concentrations improved the activity of the 2Ag/AW catalyst.

 
(a) (b) 

Figure 10. NO and C3H8 conversion in the reaction C3H8–SCR–NO. (a) NO conversion with (•)
0.1PtAg/AW and (♦) 2Ag/AW; (b) C3H8 Conversion with (•) 0.1PtAg/AW and (Δ) 2Ag/AW catalysts.
Inlet gas composition: 500 ppm NO, 625 ppm C3H8, 200 ppm CO, 660 ppm H2, 2 vol.% O2, N2 balance;
GHSV = 128,000 h−1.
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During the combustion of C3H8 in the presence of Ag or (AgPt), we observed the effect of Pt in the
presence of Ag clusters (Figure 10b). The C3H8 conversion for the 0.1PtAg/AW catalyst was found to
be higher than the conversion of the catalyst containing only Ag (2Ag/AW). This experimental fact was
also reported by Gunnarsson et al. [37]. The presence of Pt in the Ag/Al2O3 catalyst modified the C3H8

conversion, (Figure 10b) presenting two regions, with a turning point of the C3H8 conversion at 300 ◦C,
which was related to the NOx reduction activity where two conversion regions were also observed.

The main factor that allows for the increase in NOx reduction at low temperatures is related to the
increase in C3H8 chemisorption due to the presence of small amounts of Pt on the Ag particles and its
corresponding oxidation from NO to NO2.

That is, the Pt–Ag catalyst appears to be able to convert more of the C3H8 species available on its
surface. This phenomenon could be related to a modification of the metallic Ag particles, in terms of
both the surface structure and the bulk of their crystal lattice.

Thus, for example, Bordley and El Sayed, [62] prepared Pt–Ag catalysts for electrochemical
reactions where the formation of Pt–Ag nano-boxes was reported. They found that the bimetallic
particles showed an expanded atomic mesh compared to the Pt atomic mesh. This resulted in the Pt–Ag
particles with the least amount of Pt showing improved catalytic activity in the O2 reduction reaction
due to a higher binding energy of Pt, which in turn favored an advantageous change in the decrease in
the adsorption energy of the intermediates containing oxygen on the surface of these alloyed particles.

According to Gunnarsson et al. [37] the addition of Pt to its Ag/Al2O3 catalysts produced a greater
adsorption of hydrocarbon and with this, an increase in the reduction of NOx at low temperatures.
The initial step in the activation of hydrocarbons (such as C3H8) is known to be the chemisorption and
dissociation of a hydrogen atom on the surface of Pt [57].

The dissociation energy of different molecules (or hydrocarbons) present on the surfaces of Ag
and Pt is always lower for Pt [49].

During the reaction experiments, the conversion of CO increased from low temperatures to about
375 ◦C (Figure 11). It was observed that the 0.1PtAg/AW catalyst showed slightly higher conversion
than the 2Ag/AW catalyst. These results are similar to those obtained by Shang et al. [36] in terms
of CO conversion versus temperature. The authors showed a steep 95% conversion at 200 ◦C for
a 5% Ag/Al2O3 catalyst. The combustion of both the CO fed to the reactor, and the CO from the
combustion of C3H8 in our case, was carried out in the temperature range from 150 ◦C to less than
400 ◦C. Additionally, our results of CO coincided with the study by Gunnarsson et al. [37], in which
they found a very low concentration of CO (<5 ppm) at temperatures of 350 ◦C at the outlet of their
reactor for their PtAg/Al2O3 catalyst.

Figure 11. CO conversion of catalysts: (a) 2Ag/AW and (b) 0.1PtAg/AW. Inlet gas composition: 500 ppm
NO, 625 ppm C3H8, 200 ppm CO, 660 ppm H2, 2 vol.% O2, N2 balance; GHSV = 128,000 h−1.
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The emissions of the nitrogen compounds as a function of the reaction temperature for the
0.1PtAg/AW catalyst are shown in Figure 12. It can be observed that NO2 formed in the interval
between 150 to 400 ◦C (with a volcano-like profile), as has been reported by other authors in the case
of Ag/Al2O3 catalysts [3,30,50] or also PtAg/Al2O3 [37]. In the latter case, the authors reported the
presence of NO2 between 250 to 350 ◦C.

Figure 12. Composition of (a) NO; (b) NO2 and (c) N2 (calculated) in the microreactor as a function of
temperature during the C3H8–SCR–NO with the catalyst 0.1PtAg/AW in the presence of H2. Inlet gas
composition: 500 ppm NO, 625 ppm C3H8, 200 ppm CO, 660 ppm H2, 2vol.% O2, N2 balance;
GHSV = 128,000 h−1.

Between 200 and 350 ◦C, the NO2 that did not react for the formation of nitrates was being
desorbed, as has been reported in the literature [26]. The oxidation of NO with O2 to NO2 is lower
than the overall conversion that occurs in the presence of hydrocarbon and NO to N2 [62].

Based on the mass balance of nitrogen compounds at the inlet and outlet of the micro reactor,
and Equation (1) proposed by Richter et al. [48], the concentration of N2 at the outlet of the reactor
(Figure 12) can be calculated as follows:

[N2] =
1
2

[[NO]o − [NO] − [NO2] − 2[N2O]] (1)

where [N2] is the calculated concentration of N2 (mol/L); [NO]o is the initial concentration of NO
(mol/L); [NO] is the present concentration of NO (mol/L); [NO2] is the present concentration of NO2

(mol/L); and [N2O] is the present concentration of N2O (mol/L).
The decrease in NO2 at 250 ◦C is related to the partial oxidation of C3H8, as can be seen in

Figure 10b. The formation of N2 showed a maximum at 350 ◦C and then decreased as a result of the
parallel and series reactions that were being carried out.

These bimetallic catalysts produced N2O at several temperatures. The results of the formation
of N2O in our study are shown in Table 2, and expressed in YN2O yield, which is defined as
YN2O = 2 × [N2O]/[NO]o × 100. These yields (YN2O) are reported for two temperatures: 200 ◦C and
400 ◦C.

62



Catalysts 2020, 10, 1212

Table 2. N2O yield (%) of the PtAg/AW catalysts in C3H8–SCR of NO with H2.

Catalyst Pt/W
Atomic Ratio

YN2O(%) at T(◦C)

200 400

Ag/Al2O3 0 7 5
0.1PtAg/AW 0.027 8.5 6.5

0.25PtAg/AW 0.069 9 6.5
0.4PtAg/AW 0.11 12 7
1PtAg/AW 0.27 14 6

The results at 200 ◦C showed that the 2Ag/AW catalyst produced a 7% yield to N2O while the
0.1PtAg/AW catalyst showed a 8.5% yield at the same temperature. For the 0.25Pt/AW catalyst, the N2O
yield was 9%, which was very similar to that observed for the 0.1PtAg/AW catalyst. In the case of
0.4PtAg/AW and 1PtAg/AW catalysts, the yields were 12.5 and 14%, respectively.

We observed that the formation of N2O was greater at 200 ◦C than at 400 ◦C, as has been found
by Shaieb et al. [25]. It was also observed that the formation of the Pt–Ag bimetallic was so strong,
probably in the form of the Pt–Ag alloy [54], that Ag decreased the selectivity of Pt to produce N2O,
as observed by Gunnarsson et al. [37] when studying catalysts of 2%Ag–0.05%Pt/Al2O3 in this reaction.

In the case of the 2%Ag/Al2O3 catalyst (without Pt), other authors such as Meunier et al. [14]
reported an 8% yield of N2O at 450 ◦C; Richter et al. [48] reported a 2.25% N2O yield at 267 ◦C;
and Shaieb et al. [25] reported a 6% N2O at 200 ◦C. Hernandez and Fuentes [30] reported 1% N2O,
Kannisto et al. [3] reported 1.6% at 250 ◦C, and finally Iglesias-Juez et al. [18] reported 12.5%.

2.2.4. Effect of H2O on H2–C3H8–SCR of NO

The effect of water in this reaction was studied with the catalyst 2 wt%Ag/γ-Al2O3 [50] by adding
6%vol. H2O. It was found that the addition of H2O decreased the NO conversion (9% on average)
at 150 ◦C compared to the NO conversion without H2O, but increased it (8.4% on average) in the
temperature range of 200 to 360 ◦C. The opposite happened with the C3H8 conversion. In this case,
the addition of H2O improved the conversion (6% on average) compared with the C3H8 conversion
without H2O in the range of 250 to 450 ◦C.

The presence of water vapor could decrease the concentration of carbonaceous deposits that block
adsorption sites on the catalyst surface [2], which could largely explain the increase in C3H8 conversion.
The authors studied the SCR of NO with 10 vol.%H2O on an In2O3/Ga2O3/Al2O3 catalyst. The authors
mentioned that the presence of water vapor partially inhibited the non-selective combustion of C3H8

with O2. As a result, more hydrocarbons could be available for the SCR reaction resulting in increased
activity and selectivity for this reaction.

This behavior has already been reported when small hydrocarbons such as C3H8 react. It has been
mentioned that one possible reason is the lower enthalpy of adsorption of the short alkanes compared
to the large chain alkanes.

3. Materials and Methods

3.1. Preparation of Catalysts

The synthesis of Al2O3 (A) was carried out by the precipitation of a 0.44 mg/mL solution of
Al(NO3)3·9H2O (Fermont, Mexico) to which a solution of NH4OH at 30 vol.% was added dropwise
(JT Baker, USA) under stirring, until a boehmite suspension with a pH of 9–10 was obtained, which was
left to stand for 12 h. The solid was filtered, dried at 110 ◦C for 24 h, and then calcined at 500 ◦C for 6 h.

The catalyst containing 0.4 wt%Pt/Al2O3 (0.4Pt/A) was prepared by the incipient wetness
impregnation method using 52.8 mL of an H2PtCl6 solution (Aldrich, USA) with a concentration of
0.38 mgPt/mL on 5 g of Al2O3. The impregnation started with a pH of 2.5 at 60 ◦C for 2 h, then dried at
110 ◦C for 12 h, and finally calcined at 500 ◦C for 6 h.
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The synthesis of the Al2O3 support promoted with WOx(AW) was carried out with the same
procedure as the Al2O3 (A) synthesis by adding the required amount of (NH4)12W12O40·5H2O (Aldrich,
USA) to obtain a nominal content of 0.5 wt%W during precipitation.

The 0.4 wt%Pt/Al2O3–WOx (0.4Pt/AW) catalyst was prepared using the same H2PtCl6 incipient
wetness impregnation method used in the 0.4Pt/Al2O3 catalyst.

The 2 wt%Ag/Al2O3–WOx (2Ag/AW) catalyst was also obtained by impregnation by the incipient
wetness method using 25 mL of a AgNO3 solution (Aldrich, USA) containing 4 mgAg/mL on 5 g of
Al2O3–WOx (AW) at 60 ◦C for 2 h. The solid was dried at 110 ◦C for 12 h and finally calcined in air at
500 ◦C for 6 h.

The Pt–Ag/Al2O3–WOx (PtAg/AW) bimetallic catalysts were prepared with the same incipient
wetness impregnation method used for the preparation of 0.4Pt/AW and 2Ag/AW monometallic
catalysts; however, they were impregnated sequentially, starting with the impregnation of Pt and then
the Ag to achieve strong contact between the two metals [53]. During the impregnation, 13.15, 32.89,
52.8, and 131.56 mL of H2PtCl6 solution in 5 g of Al2O3-WOx (pH = 2.5) were used to obtain solids
with a Pt content of 0.1, 0.25, 0.4, and 1 wt% Pt, respectively. The solids were dried at 110 ◦C for 12 h
and calcined at 500 ◦C for 6 h. Subsequently, 5 g of the calcined solids were impregnated with 25 mL of
a solution of AgNO3 (4 mgAg/mL) (Aldrich, USA) to obtain a concentration of 2 wt%Ag. This solution
was soaked at 60 ◦C for 2 h, dried at 110 ◦C for 12 h, and calcined at 500 ◦C for 6 h. All catalysts were
reduced in H2 flow (30 cm3/min) at 500 ◦C for 2 h.

3.2. Catalyst Characterization

The catalysts were characterized by adsorption-desorption of N2. The measurement of the
isotherms was carried out on ASAP-2460 Version 2.01 (Micromeritics, Norcross, GA, USA) equipment.
The samples received pretreatment in a vacuum (1× 10−4 Torr) at 300 ◦C for 14 h; after that, physisorption
with N2 was performed at −196 ◦C (77 K). The BET and BJH methods were used to determine the
specific area, diameter, and pore volume.

The crystalline phases were obtained in a Bruker diffractometer (D8FOCUS) (Bruker, Karlsruhe,
Germany) operated at 35 kV and 25 mA using Cu Kα radiation (λ = 0.154 nm) at a goniometer
speed of 2◦/min with a sweep of 10◦ ≤ 2θ ≤ 100◦. A special detector called “Lynx Eyes” was used.
The identification of the different crystalline phases was compared with the data from the corresponding
JCPDS diffraction cards.

Temperature programmed reduction (TPR) profiles of the calcined Pt/Al2O3 samples were obtained
under H2 flow (10 vol.%H2/Ar) by using a commercial thermodesorption apparatus (multipulse RIG
model, from ISRI) equipped with a thermal conductivity detector (TCD). Samples of 30 mg and a gas
flow rate of 25 cm3/min were used in the experiments. The TPR profiles were registered by heating the
sample from 25 to 600 ◦C at a rate of 10 ◦C/min, and a TCD monitored the rate of H2 consumption.
The amount of H2 consumed was obtained by the deconvolution and integration of the TPR peaks
using the Peak Fit program. The calibration was done by measuring the change in weight due to a
reduction in H2 of 2 mg of CuO using an electrobalance Cahn-RG. The TPR signal of CuO was made
and correlated with the stoichiometric H2 consumption.

Chemisorption measurements of H2 were performed using a conventional volumetric glass
apparatus (base pressure 1 × 10−5 Torr). The amount of chemisorbed H2 was determined from
adsorption isotherms measured at room temperature (25 ◦C). In a typical experiment, the catalysts
(0.5 g) were reduced in H2 at 500 ◦C for 1 h, then evacuated at the same temperature for 2 h and cooled
down under vacuum to 25 ◦C. After that, the first adsorption isotherm was measured. The catalyst was
then evacuated to 1 × 10−5 Torr for 30 min at 25 ◦C to remove the physisorbed species and back-sorption
isotherm. The linear parts of the isotherms were extrapolated to zero pressure. The subtraction of the
two isotherms gave the amount of H2 strongly chemisorbed on metal particles. These values were
then used to calculate the Pt dispersion (H/Pt ratio). In preliminary experiments, it was found that
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chemisorptions of hydrogen on the Al2O3 support were negligible at 25 ◦C. The uncertainty of the
reported uptakes was ±0.45 μmol H2/gcat.

The materials’ microstructure images were taken by scanning electron microscopy (SEM) with field
emission and high resolution in a Joel microscope (model JFM-6701-F) (JEOL Ltd., Tokyo, Japan) using
secondary electrons. The qualitative and quantitative chemical analyses and their corresponding images
were obtained by attaching an x-ray energy dispersion spectroscopy (EDS) probe to the microscope.

Ex situ UV–Visible spectra of the powder samples calcined at 500 ◦C were obtained with a UV–Vis
spectrophotometer (GBC model Cintra 20) (GBC Scientific Equipment, Braeside, Australia) with a
wavelength of 200 to 800 nm under ambient conditions.

In situ UV–Visible spectra of the powder 0.4Pt/AW catalyst calcined at 500 ◦C were collected using
an Agilent Cary 5000 spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a
Harrick Praying Mantis. During the experiment, 50 mg of the sample was packed in the sample holder.
The spectra were recorded in the range of 200–1000 nm with a resolution of 0.1 nm each 100 ◦C from 25
to 500 ◦C in a gas mixture of 5 vol.%H2/N2, with a flow of 0.5 cm3/s.

3.3. Catalytic Evaluation

The catalytic activity for C3H8–SCR was carried out in a quartz microreactor with a diameter
of 10 mm, which was operated under kinetic conditions where the phenomena of mass transfer by
internal and external diffusion were minimized, for which the value of the Weisz and Prater criterion
was calculated [63–65] (Supplementary Material SI.2).

The effect of the reducing agent, H2, was investigated at a gas hourly space velocity (GHSV)
of 128,000 h−1. The flow used was 400 cm3/min and a sample of 150 mg was placed (100 US mesh,
0.148 mm). Prior to each test, the samples were pretreated in a flow of 20 cm3/min with a mixture
containing 13.2 vol.% H2 with N2 at 500 ◦C for 2 h.

The temperature of reaction increased from 50 to 600 ◦C at 5 ◦C/min. The feed mixture to the
microreactor was: 500 ppm of NO, 625 ppm of C3H8, 200 ppm of CO, 660 ppm of H2, 2 vol.%O2,
and N2 (balance). The pure gases were chromatographic grade O2, H2, and N2 (99.90% Infra S.A.) and
a prepared mixture of NO, CO, and propane (Praxair, USA). The concentration of the gases in the
feed to the microreactor varied according to the reaction experiment (C3H8–SCR or H2–C3H8–SCR).
The gas flows were controlled by mass flow controllers (AALBORG, Repeatability: ±0.25% of full scale)
and the inlet and outlet gas composition was analyzed as described below.

The C3H8 was analyzed in a gas chromatograph (Gow-Mac, 550, GOW-MAC Instrument
Company, Bethlehem, PA, USA) with a flame ionization detector and six feet packed column using a
stationary phase, tri-cresyl phosphate in bentonite-34. The analysis of NO and NO2 was performed by
chemiluminescence with a Rosemount Analytical analyzer (Model 951A NO/NOx Analyzer, Rosemount
Analytical Inc., Anaheim, CA, USA). The N2O was analyzed in another gas chromatograph (Gow-Mac,
580) with a thermal conductivity detector using He as the carrier gas (52 cm3/min) with a 10 feet
packed column of Porapak Q at a temperature of 50 ◦C (note that this column can also analyze air, NO,
NO2, N2O, CO2 and H2O). Bridge current: 150 mA, Response time: 0.5 s, noise: 10 μVmax. (within
operating parameters), drift: 40 μV/hour max. The repeatability of the experiments carried out was
0.71, which means that it represents a moderate repeatability in the measurement of experiments
according to David G.C. [66], and the absolute error of ±5 ppm N2O. The average retention times were:
0.62 min (Air), 0.75 min (NO), 1.1 min (NO2), 2.1 min (CO2), 2.75 min (N2O), and 8.25 min (H2O).
The analysis of CO and H2 was made in a Gow-Mac, 580 gas chromatograph with a TCD detector
using He as the carrier gas and a 13×molecular sieve packed column (1/8 in × 8 ft).

The experiments of the combustion of C3H8 (see Supplementary Material SI.1 and Appendix A)
were made in a flow microreactor connected in-line to a gas chromatograph (Gow-Mac, 550) with a
flame ionization detector and six feet packed column using a stationary phase, tri-cresyl phosphate in
bentonite-34. The propane composition was 999 ppm in dry air (Linde). The total pressure within the
reaction system remained constant at 590 Torr and the gas flow used in all of the experiments was
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300 cm3/min. The amounts of catalyst evaluated were 20 mg. The samples were evaluated by scanning
temperatures from room temperature to 500 ◦C at a fixed time of 90 min. The deactivation tests were
carried out at the same final temperature and for 180 min, keeping all other variables constant.

The equations to calculate the conversion of NO(X) and the yield to a product (Yi) are as follows:

X = ([NO]o − [NO])/[NO]o) × 100 (2)

YN2O = 2 × [N2O]/[NO]o × 100 (3)

4. Conclusions

The addition of 0.1 wt%Pt to the 2 wt%Ag/Al2O3–WOx catalyst improved the C3H8–SCR of NO
assisted by H2 and widened the range of conversions with respect to the reaction temperature.

Bimetallic PtAg particles were formed, having a strong contact between the metals, and had the
capacity of adsorbing H2. Pt dispersion was more significant in the particles with a lower concentration
of Pt, and the Ag monometallic catalyst did not show H2 chemisorption.

After reduction with H2, Ag and PtAg particles were obtained in all the bimetallic catalysts.
It appears that the bimetallic PtAg particles have adsorption properties that explain the differences
with the Ag/Al2O3 catalysts.

Utilizing ex situ UV–Vis spectroscopy, species such as Ag+ and Agn
δ+ were found as well

as Ag0 nanoparticles after SCR of NO with C3H8 and H2 in a wide temperature range. By SEM,
mainly spherical clusters of small particles of less than 10 nm were found in the calcined Pt catalyst,
which was probably related to the presence of Ag2O. The distribution of particle diameters indicated
the predominance (31.64%) of particles of 10 nm or less.

The C3H8–SCR of NO from the PtAg/Al2O3 bimetallic catalysts promoted with WOx was
considerably improved by adding H2 to the combustion gases due to the formation of Ag clusters,
(or PtAg clusters), enolic species, and the decrease in nitrate self-poisoning, which is a stage before the
formation of N-containing species.

The addition of 0.5 wt%W to the Al2O3 and the Pt/Al2O3-WOx catalysts stabilized them in the
propane combustion reaction.
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Figure S1: C3H8 combustion in air over the (•) 0.4Pt/A; (�) 0.4Pt/AW catalysts reduced to 500 and 800◦C. (a) Effect
of reduction temperature on catalyst 0.4Pt/A without W; (b) Effect of reduction temperature on catalyst 0.4Pt/AW
with W; (c) Effect of WOx during catalyst deactivation 0.4Pt/A without W and 0.4Pt/AW with W reduced to 500◦C
and (d) Effect of WOx during deactivation of 0.4Pt/A catalysts without W and 0.4Pt/AW with W reduced to 800◦C.
Evaluation conditions: 300cm3/min of air mixture flow plus 999 ppm of C3H8, catalyst weight: 20 mg, Table S1:
Microreactor operating conditions to evaluate the SCR of NO at 250◦C (average temperature).
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Appendix A. Stabilization of Al2O3 and Pt/Al2O3 Catalysts

The addition of tungsten oxides (WOx) to the Al2O3 support means that at low concentrations of
W (0.5 wt%W), it is possible to thermally stabilize the Al2O3 structure at high temperatures (600 to
900 ◦C), as can be seen in Figure A1. The BET area of the Al2O3 samples calcined at 650, 800, and 950 ◦C
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was higher when more than 0.5 wt% of W was added. In other words, W acts as a structural promoter of
Al2O3, allowing the Ag/Al2O3 catalyst to more extensively withstand the inevitable thermal sintering
at high temperatures during reactions.

 
Figure A1. BET area against W concentration (in wt%W) named Al2O3–WOx, when the calcination
temperature increased: (a) 500 ◦C; (b) 650 ◦C; (c) 800 ◦C; (d) 950 ◦C for 6 h.

On the other hand, we studied the effect of the W/Pt ratio on the Pt’s dispersion for catalysts
supported in Al2O3 [44,45] when they were subjected to reduction in H2 at 500 ◦C and 800 ◦C (Figure A2).
It was observed that the catalyst reduced to 800 ◦C without W (ratio W/Pt = 0) showed a dispersion of
42%, while the catalyst with a W/Pt ratio of 3.28 showed a dispersion of 60%.

However, as Figure A2 shows, as the W/Pt ratio increases, the dispersion of Pt decreases, and it
can be observed that this trend is more pronounced in samples reduced to 500 ◦C than in samples
reduced to 800 ◦C. This behavior suggests that the presence of WOx in the presence of PtOxCly could
inhibit the formation of metallic Pt because a higher reduction temperature (800 ◦C) would be required
to obtain a better dispersion of Pt.

Figure A2. Dispersion of Pt in Pt/AW catalysts increasing the W/Pt atomic ratio when the reduction
temperature in H2 increased from (a) 500 to (b) 800 ◦C (for 4 h).
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Abstract: Sorbent ofαMnO2 nanorods coating TiO2 shell (denoted asαMnO2-NR@TiO2) was prepared
to investigate the elemental mercury (Hg0) removal performance in the presence of SO2. Due the
core-shell structure, αMnO2-NR@TiO2 has a better SO2 resistance when compared toαMnO2 nanorods
(denoted as αMnO2-NR). Kinetic studies have shown that both the sorption rates of αMnO2-NR
and αMnO2-NR@TiO2, which can be described by pseudo second-order models and SO2 treatment,
did not change the kinetic models for both the two catalysts. In contrast, X-ray photoelectron
spectroscopy (XPS) results showed that, after reaction in the presence of SO2, S concentration on
αMnO2-NR@TiO2 surface is lower than on αMnO2-NR surface, which demonstrated that TiO2

shell could effectively inhibit the SO2 diffusion onto MnO2 surface. Thermogravimetry-differential
thermosgravimetry (TG-DTG) results further pointed that SO2 mainly react with TiO2 forming
Ti(SO4)O in αMnO2-NR@TiO2, which will protect Mn from being deactivated by SO2. These results
were the reason for the better SO2 resistance of αMnO2-NR@TiO2.

Keywords: core-shell structure; αMnO2 nanorods; elemental mercury removal; SO2 resistance

1. Introduction

The emission of mercury from coal-fired power plants has drawn wide public concern in modern
society. Mercury emissions are a long-term threat to human health and the environment because
of extreme toxicity, persistence, and bioaccumulation. Therefore, controlling mercury emitted from
coal-fired power plants has practical significance. Mercury in coal combustion flue gas is mainly
present in three forms: Elemental mercury (Hg0), oxidized mercury (Hg2+), and particulate-bound
mercury (Hgp). Particulate-bound mercury (Hgp) can be removed by electrostatic precipitators (ESP)
and fabric filters (FF), while oxidized mercury (Hg2+) can be captured by wet flue gas desulfurization
system (WFGD). However, existing air pollution control devices can hardly remove Hg0 due to its
high volatility and low solubility.

Hg0 capture with specific adsorbents is a usual way to control Hg0 emissions from coal-fired
power plants [1]. Activated cabon (AC) has been widely used for the adsorption of Hg0 in coal-fired
flue gas [2,3]. However, a huge amount of AC needs to be injected into flue gas because of its low
Hg0 capture capacity, which leads to a high operating cost of this technology. Sulfur or halogen
modification can enhance adsorption ability of AC [4,5]. However, the injected AC is usually captured
together with fly ash by particulate control device, and the Hg0 adsorbed on AC will influence the
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fly ash utilization [6]. Therefore, alternative economic sorbents with high Hg0 removal efficiency
are necessary.

Oxides, such as CuOx [7,8], FeOx [9,10], CeOx [11,12] and MnOx [13–15], with high redox properties,
exhibit great potential for Hg0 adsorption. Among these oxides, MnOx is a commonly available and
inexpensive material has received extensive attention due to the redox couples of Mn2+/Mn3+ and
Mn3+/Mn4+ [16]. Electronic shift between the different valence states of Mn is active and leads to a
high redox capacity. Stefano Cimino et al. [14] investigated the Hg0 removal performance of Mn/TiO2

and found that Hg0 capture efficiency was about 57% at 70 ◦C. After modification by some other
transition metal oxides, Mn-based materials, such as Mn-FeOx [15], Mn-ZrOx [17], Mn-CeOx [18],
and Mn-CuOx [19] can remove Hg0 better. Furthermore, it has been reported that the shape and
crystallographic phases of Mn based sorbents have serious effects on Hg0 removal performance. Xu
et al. [20] synthesized three different crystallographic phases of MnO2 and found that α-MnO2 had
the highest capacity due to its larger surface area and oxidizability. Chalkidis et al. [21] pointed out
that MnO2 nano-rods possessed good Hg0 removal capacity owing to the higher surface adsorbed
oxygen species.

However, Mn-based sorbents usually have a poor SO2 resistance as SO2 can easily react with
Mn, thereby forming MnSO4 and leading to a largely suppressed Hg0 removal activity. Even a little
amount of SO2 will results in serious inhibited effects on Hg0 removal process. Our previous work
has indicated that Ce-Zr modified Mn sorbent will be totally deactivated in 1h after the introduction
of 50 ppm SO2 due to SO2 poisoning Mn forming MnSO4 [22]. TiO2 is a traditional way to enhance
the SO2 resistance of MnOx [23] as TiO2 can inhibit the deposition of sulfates on sorbents surface [24].
But the Hg0 removal activity of MnOx/TiO2 is unsatisfactory because the active component of Mn is
still exposed in SO2 atmosphere. Core-shell is a structure with active component core and supporting
components shell. The shell can inhibit the interaction between SO2 and sorbent surface and efficiently
protect active component core [25]. Therefore, synthesizing a core-shell structure with MnOx core and
TiO2 shell may obtain a better SO2 resistance.

Inspired by this, αMnO2 nanorods and αMnO2 nanorods coating TiO2 shell were synthesized in
the present work to investigate the Hg0 removal efficiency in the presence of SO2. Thermo-gravimetric
(TG) and X-ray photoelectron spectroscopy (XPS) were performed to determine the role of SO2 in the
Hg0 oxidation and adsorption processes and a probable mechanism of SO2 influence was deduced
based on XPS and TG results. The kinetic model of the Hg0 adsorption process was examined as well.

2. Results and Discussion

2.1. Structure Characterization

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed
to investigate the morphologic and structural properties of αMnO2-NR and αMnO2-NR@TiO2.
Figure 1a,a’ show SEM and TEM images of αMnO2-NR. It can be seen that αMnO2-NR has a
uniform nanorod structure with an average diameter of about 100 nm. As shown in Figure 1b, for
αMnO2-NR@TiO2, the uniform nanorod structure is well-retained after being coated with TiO2 and
the packing state of this sample is similar to αMnO2-NR. The surface of αMnO2-NR@TiO2 are rougher
when compared to αMnO2-NR, and the average diameter increases to 150 nm due to the TiO2 coating.
The average length of the αMnO2-NR@TiO2 is about 2–3 μm (shown in Figure 1c). As shown in
Figure 1b’, an obvious dividing line can be detected between MnO2 core and TiO2 shell, and the shell
with thickness of about 30 nm is well dispersed outside of the αMnO2-NR.
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Figure 1. Scanning electron microscopy (SEM), and transmission electron microscopy (TEM) images of
(a,a’) αMnO2-NR; (b,b’), and (c) αMnO2-NR@TiO2.

N2 sorption-desorption isotherms of the samples are shown in Figure 2. Both αMnO2-NR and
αMnO2-NR@TiO2 exhibit a type IV adsorption isotherm, according to the definition of IUPAC, which
means that αMnO2-NR and αMnO2-NR@TiO2 have a mesoporous structure. The surface areas, pore
volumes, and average pore diameters of the sorbents are illustrated in Table 1. BET surface areas of the
two sorbents are similar, suggesting that TiO2 coating does not change the structure of αMnO2-NR a
lot. This result consists with SEM results.
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Figure 2. N2 sorption-desorption isotherms for the sorbents.
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Table 1. Pore structure analysis of the sorbents.

Samples
BET Surface Area

(m2/g)
Pore Volume (cm3/g)

Average Pore Diameter
(nm)

αMnO2-NR 29.103 0.192 5.428
αMnO2-NR@TiO2 32.985 0.207 4.186

X-ray diffractometer (XRD) patterns of the two catalysts are shown in Figure 3. All the peaks
in XRD pattern of αMnO2-NR and αMnO2-NR@TiO2 were indexed to cryptomelane type α-MnO2

(JCPDS 44-0141, tetragonal, I4/m, a = b = 0.978 nm, c = 0.286 nm). The intensity of diffraction peaks
for the two samples is almost the same. It means that TiO2 shell does not influence the dispersion of
αMnO2-NR, which is great agreement with BET and SEM results.
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Figure 3. X-ray diffractometer (XRD) patterns of αMnO2-NR and αMnO2-NR@TiO2.

2.2. Hg0 Adsorption

2.2.1. Hg0 Adsorption Performance

Breakthrough experiments were performed to investigate the Hg0 adsorption performance of the
two sorbents. A blank test was also performed and the results is shown in Figure S1. It can be seen
that the outlet Hg0 concentration is stable when no sorbent was loaded in the fixed-bed reactor. As
shown in Figure 4, the Hg0 removal efficiency of αMnO2-NR is about 92% at the beginning of the test
and it decreases to 41% after 130 min reaction. When it comes to αMnO2-NR@TiO2, the Hg0 removal
efficiency at the beginning of the test is about 81% which is lower than that of αMnO2-NR. But it is
about 43% at the end of the test suggesting a more stable removal activity. These results indicate that
TiO2 shell does not inhibit the Hg0 diffusion from gas phase to the surface of αMnO2-NR.
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Figure 4. Hg0 breakthrough curves of αMnO2-NR and αMnO2-NR@TiO2 under pure N2 atmosphere.
Reaction condition: 150 ◦C, GHSV = 180,000 h−1.

Figure 5 shows the effects of SO2 on Hg0 adsorption performance. For αMnO2-NR, Hg0 removal
efficiency sharply declines from 55% to 14% during the 35 min reaction, when SO2 is injected into flue
gas. However, for αMnO2-NR@TiO2, the downward trend of Hg0 removal efficiency is much slower
and decreases from 76% to 43% in a 30 min test, and still has a Hg0 removal efficiency of 25% after
80 min. These results confirm that TiO2 shell can inhibit the direct interaction between SO2 and MnO2

surface, which will efficiently protect MnO2 core from SO2 poisoning.
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Figure 5. Hg0 breakthrough curves of αMnO2-NR and αMnO2-NR@TiO2 under 100 ppm SO2, N2

balanced. Reaction condition: 150 ◦C, GHSV = 180,000 h−1.

αMnO2-NR@TiO2 was used to investigate reusability for Hg0 removal. The results are shown in
Figure 6. After 10 h Hg0 adsorption test, αMnO2-NR@TiO2 reaches a Hg0 adsorption equilibrium. And
then, the sorbent was heated at 450 ◦C for 2 h to release the HgO on sorbent surface. It can be found
that, after heated treatment, the Hg0 adsorption efficiency and capacity of αMnO2-NR@TiO2 recovers
to its original level. After two recycling, it still shows a good Hg0 adsorption efficiency. Furthermore,
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SEM results of the fresh and used αMnO2-NR@TiO2 (shown in Figure S2) show that recycle have no
effect on the microstructure. These results suggest an outstanding reusability of αMnO2-NR@TiO2.
The Hg0 adsorption capacity of αMnO2-NR@TiO2 is 0.11 mg/g, it is good enough compared to other
sorbents (shown in Table S1). The surface areas of the sorbents in the present work are relatively low
thereby lowering the available surface active sites. αMnO2-NR@TiO2 with higher surface area will be
studied in our following works, and may give a better Hg0 adsorption capacity.
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Figure 6. Hg0 breakthrough curves of αMnO2-NR@TiO2 under pure N2 atmosphere. Reaction
condition: 150 ◦C, GHSV = 180,000 h−1.

Hg0 adsorption test of αMnO2-NR@TiO2 at different Hg0 concentration was also investigated
and the results are shown in Figure S3. With a doubled Hg0 concentration, the breakthrough curve
gets steep suggesting that αMnO2-NR@TiO2 will easily reach Hg0 adsorption equilibrium at a higher
Hg0 concentration.

2.2.2. Structure-Activity Relationship

Fourier Transform Infrared Spectrometer (FTIR) was used to confirm the kind of surface active
site for Hg0 adsorption. As can be seen in Figure 7, the peaks at 429, 503, and 700 cm−1 correspond
to Mn-O vibration [26], which becomes much weaker after reaction. It suggests that Mn-O group
participates in Hg0 adsorption process. According to previous work, the surface active oxygen species
in Mn-O group should be the active sites for Hg0 adsorption.
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Figure 7. FTIR spectrum of αMnO2-NR@TiO2 before and after test.

2.3. Models of Adsorption Kinetics

In order to better illustrate the Hg0 adsorption mechanisms of αMnO2-NR and αMnO2-NR@TiO2,
two popular models of pseudo-first order and pseudo-second order kinetic models, which have been
widely used to investigate the adsorption process [27], were employed to fit the above experimental
data. These two kinetic equations are displayed as follows [28]:

lg(qe − qt) = lgqe − k1

2.303
t pseudo-first order (1)

t
qt

=
1

k2qe2 +
1
qe

pseudo-second order kinetic (2)

where qe and qt are the adsorption capacity of Hg0 on the sorbents at equilibrium, and at reaction
time t (min), respectively. The parameters k1 (min−1) and k2 (g/(μg·min)) are the rate constants of the
pseudo-first order, and pseudo-second order models, respectively.

The fitting results are shown in Figure 8, and the obtained values of correlation coefficient (R2)
are summarized in Table 2. The values of R2 of the pseudo-second order model for αMnO2-NR
and αMnO2-NR@TiO2 are 0.991, and 0.995, respectively, which are higher than those of pseudo-first
order kinetic model (0.944 and 0.938 for αMnO2-NR and αMnO2-NR@TiO2). It indicates that the
pseudo-second order model can better fit the experimental data and Hg0 removal process are dominantly
controlled by chemisorption. After SO2 introduction, the values of R2 of the pseudo-second order
model for αMnO2-NR and αMnO2-NR@TiO2 are 0.997 and 0.992, which are still much higher than
those of the pseudo-first order model. These results show that Hg0 adsorption process in the presence
of SO2 atmosphere are also dominantly controlled by chemisorption.
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Figure 8. Kinetic analysis of Hg0 adsorption on αMnO2-NR and αMnO2-NR@TiO2 (a) pseudo-first
order kinetic model without SO2, (b) pseudo-second order kinetic model without SO2, (c) pseudo-first
order kinetic model with SO2, (d) pseudo-second order kinetic model with SO2.

Table 2. Kinetic parameters (R2) of pseudo-first order and pseudo-second order models.

Kinetic Models
αMnO2-NR
without SO2

αMnO2-NR@TiO2

without SO2

αMnO2-NR with
SO2

αMnO2-NR@TiO2

with SO2

Pseudo-first (R2) 0.944 0.938 0.954 0.941
Pseudo-second (R2) 0.991 0.995 0.997 0.992

2.4. The Mechanism of SO2 Effects on Hg0 Adsorption

XPS analysis was employed to explore the relative proportion of elements on the sample surface.
The XPS spectra of Mn 2p, O 1s and S 2p for the fresh and used samples are shown in Figure 9. The
surface atomic concentrations and surface atomic ratios are summarized in Table 3.
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Figure 9. XPS spectra of (a) Mn 2p, (b) O 1s and (c) S 2p.

Table 3. The surface atomic concentrations and the relative concentration ratios of samples based
on XPS.

Samples S Mn4+/Mn Oβ/O

αMnO2-NR (fresh) 3.17 37.8 26.0
αMnO2-NR@TiO2 (fresh) 2.27 33.4 24.7

αMnO2-NR (used) 4.97 34.0 22.8
αMnO2-NR@TiO2 (used) 2.66 33.0 20.0

Figure 9a shows the XPS spectra of Mn 2p. A doublet due to spin orbital coupling can be detected
which corresponds to Mn 2p3/2 (around 641.24 eV) and Mn 2p1/2 (around 652.82 eV). Due to the high
intensity of Mn 2p3/2, it was fitted to give detail information of valence state of Mn and it can be
separated into three peaks at 640.2–641.2 eV, 641.2–642.1 eV, and 642.2–643.4 eV corresponding to Mn2+,
Mn3+, and Mn4+, respectively [29,30]. As shown in Table 3, the ratio of Mn4+/Mn is about 37.8% for
the fresh αMnO2-NR and it decreases to 33.4% after the SO2 resistance test. Compared to αMnO2-NR,
Mn4+ content is almost constant for αMnO2-NR@TiO2 before, and after, SO2 resistance test. These
results indicate that, for αMnO2-NR, Mn4+ is easily reduced to Mn2+ during SO2 resistance process via
the reaction between SO2 and MnO2 [31]. For αMnO2-NR@TiO2, the interaction between SO2 and
MnO2 is inhibited by the TiO2 shell structure, which can efficiently protect active component Mn4+ in
the core.

Figure 9b shows O 1s XPS spectra. For the fresh catalysts, O 1s bands can be split into two peaks,
corresponding to lattice oxygen (peak at 529.5 eV, denoted as Oα) and chemisorbed oxygen (peak at
530.8 eV, denoted as Oβ), respectively [32]. Whereas, a new peak appears around 532.3 eV after SO2

81



Catalysts 2020, 10, 72

treatment, which corresponds to SO4
2− (denoted as Oγ) [33]. The intensity of the peak around 532.3 eV

for αMnO2-NR@TiO2 is weaker than that for αMnO2-NR suggesting a lower amount of SO4
2− on the

used αMnO2-NR@TiO2 surface. Furthermore, the peaks of Oα and Oβ in αMnO2-NR have an obvious
slight shift to higher binding energy after SO2 treatment. It might be due to the formation of sulfate
salts during the sulfating process [34].

To determine the above deduction, S 2p bands was further investigated and the results are shown
in Figure 9c. For the fresh αMnO2-NR and αMnO2-NR@TiO2, two peaks around 162.2 eV and 163.2 eV
attributed to S2− and S2

2− can be detected [35,36], which may come from MnSO4 (the precursor of
MnO2). But for the used αMnO2-NR and αMnO2-NR@TiO2, two new peaks at about 168.8 eV and
170.0 eV are observed, which may be assigned to SO4

2−, and HSO4
−, respectively [37,38]. The peak

intensity of the used αMnO2-NR is much higher than that of αMnO2-NR@TiO2. As shown in Table 3,
for αMnO2-NR, the surface atomic concentrations of S increases from 3.17% to 4.97% after SO2 teatment
while it increases from 2.27% to 2.66% for αMnO2-NR@TiO2. These results confirm that TiO2 shell can
inhibit the S accumulation on catalyst surface.

To obtain more information about the SO2 poisoning mechanism, Thermo-gravimetric-differential
thermos-gravimetry (TG-DTG) was performed to investigate the weight loss of αMnO2-NR and
αMnO2-NR@TiO2 after SO2 treatment, and the results are presented in Figure 10. It can be seen that
the used αMnO2-NR has an obvious weight loss step in the temperature range of 680−780 ◦C with a
weight loss of about 2.4%, which can be attributed to manganese sulfate decomposition [39–41]. There
is no weight loss step between 680−780 ◦C with respect to αMnO2-NR@TiO2, but there is a new weak
step around 780–850 ◦C can be detected, and it may be due to the decomposition of Ti(SO4)O [42]. This
result demonstrates that SO2 tends to react with titanium oxides instead of manganese oxides over
αMnO2-NR@TiO2. Based on these results, TiO2 shell can lead to the preferential adsorption of SO2 on
Ti surrounding forming Ti(SO4)O to protect Mn active component from being deactivated.
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Figure 10. Thermo-gravimetric (TG) and differential thermos-gravimetry (DTG) of spectras of
αMnO2-NR and αMnO2-NR@TiO2 after SO2 treatment.

3. Materials and Methods

3.1. Catalysts Preparation

The αMnO2 nanorods were synthesized through a hydrothermal method [43]. KMnO4 (2.5 g,
AR) and MnSO4·H2O (1.05 g, AR) were dissolved in 80 mL distilled water. The mixed solution was
transferred into a Teflon-line stainless steel autoclave, sealed, and kept in an oven at 160 ◦C for 12 h.
After cooling to room temperature, the precipitates were filtered off, washed several times using
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deionized water and dried at 110 ◦C overnight. Finally, the product was calcined at 400 ◦C in a muffle
furnace for 4 h and the obtained sample is denoted as αMnO2-NR.

MnO2@TiO2 core-shell nanorods were synthesized through a versatile kinetics-controlled coating
method [44]. αMnO2-NR (0.075 g) and aqueous ammonia (0.28 mL, 28 wt.%) were dispersed in 100 mL
absolute ethanol under ultrasound for 30 min. Afterwards, titanium tetrabutoxide (TBOT) (0.75 mL)
was added drop-wise into the mixture and then kept at 45 ◦C for 24 h. The mixed solution was filtered,
washed and dried at 60 ◦C for 12 h. Finally, the solid was calcined under flow air at 500 ◦C for 2 h to
obtain the sample (denoted as αMnO2-NR@TiO2).

ALL reagents are from Aladdin company, Shanghai, China.

3.2. Hg0 Adsorption Experiments

The Hg0 removal test has been described in detail in our previous work [45]. The experimental
reactor contains a gas distribution system, a Hg0 vapor generating device, a fixed-bed quartz reactor
(ID = 8 mm), an online mercury analyzer and a tail gas treating unit. The mercury permeation tube
was placed in a U-shape glass tube, which was immersed in a water bath at a constant-temperature
(38 ◦C) to ensure a constant Hg0 permeation rate. The total gas flow was 600 mL/min, and the sorbent
volume was generally 0.2 mL, resulting in a GHSV of 1.8 × 105 h−1. The concentrations of Hg0 and SO2

were monitored by a VM-3000 online mercury analyzer (Mercury Instruments, München, German),
and flue gas analyzer (KM950, Kane International Ltd., London, United Kingdom), respectively.

During each test, the Hg0 gas first bypassed the fixed-bed reactor, and then introduced into the
reactor for 2 h to obtain a stable Hg0 concentration. Hg0 breakthrough ratio was quantified by the
following formula,

Breakthrough ratio(%) =
C
C0
× 100% (3)

where C and C0 represent the inlet and outlet Hg0 concentrations (μg/Nm3) in the fixed-bed reactor.

3.3. Characterization

The morphology and microstructure of the samples were observed using SEM (Nova NanoSEM
450, FEI) and TEM (Tecnai G2 F30 S-Twin, FEI). The surface areas and pore parameters of the samples
were determined by Nitrogen adsorption/desorption method at liquid nitrogen temperature at −196 ◦C
on an automated gas sorption analyzer (Autosorb-iQ-C, Quantachrome Instruments, Boynton Beach,
FL, USA). The pore size and pore volume were derived from the desorption branches using the
Barrette-Joynere-Halenda (BJH) model. The crystal structures of the samples were characterized by
an XRD (XRD-7000S, SHIMADZU Corporation, Kyoto, Japan) operating at 40 kV and 100 mA using
a Cu Kα radiation. The scanning range (2θ) was from 10◦ to 90◦ with a scan speed of 5◦/min. The
element (Mn, O, and Hg) valence state was analyzed by XPS (ESCALAB250 Thermo Fisher Scientific,
Wilmington, DE, USA) with a monochromatic Al Kα source. The C 1s binding energy value of 284.8 eV
was used to calibrate the observed spectra. TG was performed on TGA/DSC1 analyser (METTLER
TOLEDO, Schwerzenbach, Switzerland), under a nitrogen flow of 20 mL/min, using a heating rate of
10 ◦C/min from room temperature to 900 ◦C (NETZSCH Corporation, Selb, Germany). DTG analysis
was obtained based on residual weight of the sample with respect to time. FTIR spectra were obtained
on a Nicolet Magana-IR 750 spectrometer to measure the surface groups of the samples (Thermo
Nicolet Corporation, Madison, WI, USA).

4. Conclusions

αMnO2-NR@TiO2 was prepared by versatile kinetics-controlled coating method to compare with
αMnO2-NR in the Hg0 removal process. SEM, BET, and XRD results showed that TiO2 shell did not
change the structure of αMnO2-NR. Therefore, the two sorbents had similar Hg0 removal performance
in N2 atmosphere. When SO2 was introduced, αMnO2-NR@TiO2 had a much better performance than
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αMnO2-NR. XPS and TG-DTG results showed thatαMnO2-NR@TiO2 had lower surface S concentration
after treatment of SO2, and no manganese sulfate could be detected in αMnO2-NR@TiO2. It suggests
that the TiO2 shell can effectively protect MnO2 from being deactivated by SO2. Adsorption kinetic
results showed that Hg0 adsorption process over both the two sorbents obeys pseudo-second order
model with, or without, SO2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/1/72/s1,
Figure S1: Outlet Hg0 concentration without sorbent, Figure S2: The image of αMnO2-NR@TiO2 after adsorption,
Figure S3: Breakthrough curve of αMnO2-NR@TiO2 with different Hg0 feed concentration, Table S1: Comparison
of the adsorption capacities of the sorbents.
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Abstract: Activated carbon-supported HgCl2 catalyst has been used widely in acetylene
hydrochlorination in the chlor-alkali chemical industry. However, HgCl2 is an extremely
toxic pollutant. It is not only harmful to human health but also pollutes the environment.
Therefore, the design and synthesis of mercury-free and environmentally benign catalysts with
high activity has become an urgent need for vinyl chloride monomer (VCM) production. This review
summarizes research progress on the design and development of mercury-free catalysts for
acetylene hydrochlorination. Three types of catalysts for acetylene hydrochlorination in the chlor-alkali
chemical industry are discussed. These catalysts are a noble metal catalyst, non-noble metal catalyst,
and non-metallic catalyst. This review serves as a guide in terms of the catalyst design, properties,
and catalytic mechanism of mercury-free catalyst for the acetylene hydrochlorination of VCM. The key
problems and issues are discussed, and future trends are envisioned.

Keywords: vinyl chloride monomer; acetylene hydrochlorination; mercury-free catalysts; noble metal
catalyst; non-noble metal catalyst; non-metallic catalysts

1. Introduction

Polyvinyl chloride (PVC) is one of the most important general purpose plastics. It is widely
used in daily necessities and industrial application. It has the advantages of cheap and affordable
features while also having superior comprehensive performance [1]. PVC is used in building materials,
floor leather, packing materials, wires and cables, commodities, and other aspects [2]. In 2016,
the global demand for PVC exceeded 45 million tons, among which China’s PVC production exceeded
23 million tons, making it the world’s largest producer and consumer of PVC [1]. PVC is a polymer
made from vinyl chloride monomer (VCM) through the free radical polymerization mechanism.
At present, the synthesis of VCM is mainly divided into three kinds: Ethane oxychlorination,
ethylene oxychlorination, and acetylene hydrochlorination, respectively. Ethane oxychlorination
started with natural gas resources, which is a new clean production process [1]. The lack of catalyst
with good performance, especially high selectivity, is one of the main limiting factors restricting the
method [3]. Ethylene oxychlorination is an environmentally benign process that depends on petroleum
fossil fuels. Acetylene hydrochlorination is an important alternative process for the production of
VCM in the coal-rich areas and the country [4–6]. In recent years, the increasing price of crude oil
has highlighted the economic advantages of acetylene hydrochlorination. In the reaction of acetylene
hydrochlorination to VCM, the atomic utilization of reactants is 100% [1]. The reaction process is
as follows:

CaO + 3C→ CaC2 + CO (1)
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CaC2 + 2H2O→ CH ≡ CH + Ca(OH)2 (2)

CH ≡ CH + HCl→ CH2 = CHCl (3)

This reaction is exothermic with high selectivity, and the optimum reaction temperature is
170–180 ◦C [6]. For more than 60 years, almost all the catalysts used in this process in industry
are mercury-containing catalysts, with the dosage of HgCl2 ranging from 5 wt % to 12 wt % [7].
However, Hg catalysts have several disadvantages. HgCl2 is a linear triatomic aggregate, which is
easily sublimed during the hydrochlorination reaction. The life cycle of the catalyst is correlated to the
amount of HgCl2 catalyst loaded on the support [8]. During the acetylene hydrochlorination reaction,
high temperature (180–220 ◦C) and pressure induces the desorption and sublimation of the HgCl2.

This not only causes a loss of HgCl2 from the support but also poses a serious pollution problem [7].
The high temperature generates hot spots that aggravate the situation, resulting in a significant amount
of mercury loss [9]. As a cumulative toxin, HgCl2 is extremely toxic and harmful. Therefore, the loss
of HgCl2 will not only lead to the deactivation of the catalysts but also cause serious environmental
issues [10]. Although efforts have been taken to recycle the losing mercury, about 25% of it is
released directly into the environment [11]. In order to solve this issue, worldwide, the Minamata
Convention has agreed on controlling the mercury emission reduction act in 2013 by the United Nations
Environment Protection Committee. The agreement came into effect on 16th August 2017.

In order to reduce the mercury compounds released from the hydrochlorination process, it is
urgent and of paramount importance to develop environmentally friendly green mercury-free catalysts
as substitutes. In this review, we discuss the recent research progress and challenges for mercury-free
catalysts (Scheme 1). Perspectives and future trends for the development of greener and cleaner
processes for VCM production with mercury-free catalysts are also discussed.

Scheme 1. Mercury-free catalysts for acetylene hydrochlorination.

2. Noble Metal Catalysts

The research of acetylene hydrochlorination catalysts supported by metal has been going on for
50 years. Smith et al. reported compound metal (Hg, Bi, Ni, Zn, Cd, Cu, Mn, and Ca) catalysts supported
on silica for acetylene hydrochlorination in 1968 [12]. In 1975, Shinoda prepared metal chloride catalysts
with activated carbon as the support. In their work, the results revealed that the catalytic activity of metal
chloride was well correlated to the electron affinity of metal cations (Figure 1) [13]. One class of metal
cations had its catalytic activity increase with the increase of electron affinity. Meanwhile, another class
of metal cations demonstrated the opposite trend, and this was considered to be due to cations forming
complexes with HCl of the type Hm[MCln +m], which were Friedel–Crafts-type catalysts [14].
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Figure 1. The relationship between acetylene hydrochlorination activity of metal chlorides and electron
affinities of metal cations. Adopted from Ref [13].

In 1985, Hutchings evaluated a series of supported metal chloride catalysts analyzed by Shinoda
and made different attribution associations. Hutchings reported that the interaction between acetylene
and metal chloride may involve the transfer of more than one electron. Therefore, the standard
reduction potential was considered to be a more appropriate parameter to correlate catalytic activity.
Except for a few metals such as K, Ba, Mg, and La, most of the metals showed a positive correlation
between its activity and the standard electrodes potential in acetylene hydrochlorination (Figure 2) [14].
The proposed correlation has certain guiding significance to the research of acetylene hydrochlorination.
Based on these results, a large number of studies on mercury-free catalysts are conducted on
noble metals.

Figure 2. The relationship between acetylene hydrochlorination activity of metal chlorides and standard
reduction potential [14].

2.1. Au Catalysts

In 1985, Hutchings predicted that Au might have good activity for acetylene hydrochlorination [14].
The prediction was verified in the article reported in 1988 [8]. Figure 3 further confirmed the correlation
with the standard electrode potential. Since then, studies on supported Au catalysts have been increasing.
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The earliest method for preparing Au catalysts was to dissolve the gold of high purity in aqua regia
and on the carbon support, which could minimize the introduction of impurities and avoid the adverse
effects of impurities on the catalysts [8,15,16].

 

Figure 3. The correlation between catalytic activity and standard electrode potential of metal cations in
acetylene hydrochlorination [16].

2.1.1. Aun+ Catalysts

Most studies on the catalytic mechanism of Au catalysts showed that the amount of Au3+

had a great correlation with the catalytic activity and was considered as the active species for
acetylene hydrochlorination. For Au species, the order of catalytic activity was Au3+ > Au+ > Au0.
Although it has also been reported that AuCl can be used as a catalytic active species [17], due to the
poor stability of AuCl in aqueous solution and reaction conditions, a disproportionation reaction occurs,
resulting in the formation of AuCl3 and elemental Au:

3AuCl→ AuCl3 + 2Au (4)

Since the equilibrium constant of the reaction is very large (1010 orders of magnitude), it can be
considered that there is almost no free Au+ in aqueous solution, and it is difficult to prepare supported
AuCl catalysts using conventional preparation methods. Therefore, Au3+ catalyst is the most studied
and applied catalyst.

Conte et al. demonstrated that exposure to HCl before reaction led to enhanced catalyst activity,
whereas exposure to acetylene resulted in a decrease of catalyst activity [5]. It was proposed that the
catalytic activity of Au3+ could be explained by two possible mechanisms: (a) a nucleophilic electrophilic
interaction between the Au3+ center and a triple bond of acetylene through π-coordination; and (b) the
acidic protons of the terminal alkyne facilitated σ-coordination [5,18,19]. The reaction mechanism
of HAuCl4 (Au3+) as the active species was proposed in Figure 4 [5]. This mechanism involved the
presence of both acetylene and HCl for a six-member ring. In the six-member ring, the alkyne axially
coordinated to the Au3+ center. Density functional theory (DFT) calculations implied that it was
unlikely that the simultaneous coordination of acetylene and HCl to the Au3+ center would occur.
The transition state for HCl addition to the π-complex of acetylene with AuCl3 by calculation predicted
that the stereochemistry of Cl addition was controlled by a hydrogen bond between HCl and a Cl
ligand of Au. The anti-addition of HCl observed experimentally was a consequence of a sequential
addition of Cl and H to the acetylene [5,6,20–23].
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Figure 4. Acetylene hydrochlorination model of Au3+ catalyst [5].

The preparation method of catalysts has an important influence on its performance and activity.
Conte et al. showed that Au could be highly dispersed on support with acid as the solvent [24].
They found that aqua regia was the most effective solvent for preparing the catalyst, while catalysts
prepared using HCl or HNO3 individually were less active. The superior activity of the catalyst
prepared in aqua regia was proposed to be a combination of the oxidizing effect of HNO3 and the
nucleating effect of HCl. Both of these are helpful to promote the high dispersion of Au [5,7,25].
Although aqua regia is an effective solvent, it is extremely corrosive and dangerous, causing negative
impacts on the environment and threatening the safety of the process. In addition, there are many
difficulties in the treatment, recovery, and disposal of the used aqua regia, so it is not suitable for
industrial application [26,27]. Therefore, researchers began to develop a similar activation protocol
that could be realized by using other environmentally friendly solvents.

The general mechanism of catalyst deactivation is the reduction of Au3+ to Au0. It is
urgent to improve the stability of active Au3+ species and extend the service life of the catalyst.
Zhao et al. reported that organic aqua regia (OAR, 1:10 SOCl2: DMF) could be used as a substituent for
conventional aqua regia to activate Au/AC catalyst with Au3+ as the active center. OAR could promote
Au oxidation and help achieve high disparity. The content of Au3+ species in Au(H2O)/AC(OAR) was
greater than that in the Au(aqua regia)/AC sample, indicating that OAR treatment could partially
promote the oxidation of Au0 into Au3+. Residual S and N stabilized the Au3+ species and generated a
more thermally stable catalyst by forming Au–S complexes, increasing the electron density of the Au
center through electron transfer, enhancing the reduction temperature of Au3+, and promoting the
effective adsorption of HCl on the Au catalyst (Figure 5) [28].

 

Figure 5. Au catalysts prepared by organic aqua regia [28].

Huang et al. studied the effect of the 1,10-phenanthroline ligand on Au catalyst performance.
With an appropriate ligand, the [AuCl2(phen)]Cl catalyst achieved excellent acetylene conversion
(90%) after 40 h of operation. The enhanced catalytic stability was attributed to the presence of
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the phen ligand; electron transfer from the phen species to the Au3+ center increased the Au3+

electron density, which inhibited the active Au3+ component deactivation [29].
Chao et al. prepared Au catalysts using activated carbon pretreated at different temperatures.

It was shown that thermal treatments can change the surface functional groups on activated carbon.
Ketone, lactone, and carbonyl tended to anchor Au on the surface with a good dispersion state.
The phenolic and alcohol groups can easily reduce Au3+ to Au0, which is not active for
the reaction. Surface functional groups may be a constituent part of the active sites adsorbing and
activating acetylene. This indicated that both Au3+ and the surface functional groups work in synergy
as the active sites [30].

2.1.2. Au0 Catalysts

There are some studies that have reported that Au0 is the active center of Au catalysts. The catalytic
efficiency of Au0 catalysts is closely related with the dispersion degree of Au nanoparticles (Au NPs).
Some researchers have demonstrated that the various edges or defects of multiple-twinned or
polycrystalline particles formed on the surface of the Au NPs catalyst have high surface stress and are
easily broken to reduce their surface energy, thus providing active sites for acetylene hydrochlorination.

Zhang et al. revealed that Au0 catalyst activity was strongly associated with the properties
of the used solvent. It was found that the catalyst’s activity increased with the decreased polarity
of solvents. Compared to polar solvents such as water and aqua regia, less polar solvent alcohols
would influence the formation of crystallization of Au NPs. The mean particle size in Au-x/AC
(x = alcohol) catalysts was determined to be 3.9–4.7 nm and showed peculiar characteristic of spherical
Au NPs, demonstrating good dispersity on the catalysts. Au NPs exhibited good catalytic activity.
Polycrystalline particles formed with various edges or defects could act as active sites. Weakly polar
alcohols facilitated the interfacial interaction between the support and Au0 species, made the active
species highly dispersed, and anchored and inhibited the agglomeration and loss during the reaction.
Moreover, the interaction also enhanced catalytic activity by increasing the adsorption capacity on the
catalyst’s surface [31].

Different preparation methods including ultrasonic, microwave, and incipient wetness
impregnation were also studied and compared for acetylene hydrochlorination. Wittanadecha et al.
investigated the catalytic performance of Au0 catalysts using different preparation routes. It was found
that the ultrasonic-assisted method improved the dispersion of the active component and increased
the pore volume and aperture of the support. Noticeably and interestingly, only the initial activity of
the catalyst was affected with different pretreatment processes, while the overall catalyst activity was
almost unaffected. They suspected that the active Au species is Au0. The Cl-containing substance is
chemically adsorbed and reacts with acetylene to form a VCM [32].

Tian et al. prepared an Au catalyst (MIV-1Au/C1) with significantly increased activity .
The catalysts were synthesized using mixed solvents and vacuum drying instead of the traditional
impregnation method. Au0 with a mean size of 5.2 nm was in the face-centered cubic form and was the
only active species of MIV-1Au/C1 at the initial/highest point of the testing. The active species of Au0

could be oxidized to Au3+ and became deactivated during the acetylene hydrochlorination reaction.
The particle size of Au NPs prepared by this method was much smaller than that by the immersion
method [33].

2.1.3. Modification of Au Catalysts

Efforts were devoted to improving the efficiency and enhancing the stability of active sites
of Au catalysts. Adding synergistic metals, forming ligand coordination, and support modification
have been attempted to solve the problems of catalysts deactivation, coke deposits, and Au particles
aggregation (Scheme 2).
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Scheme 2. Modification of Au catalysts.

Addition Synergistic Metal

Au3+ catalysts suffer from poor stability both during preparation and application. One way to
solve this problem is to dope Au with other elements so that the electronic state of the active sites can
be tuned. In 2008, Conte et al. studied the effect of different metal additives on the catalytic performance
of Au3+ catalysts. The metals used include Pd, Pt, Ir, Rh, and Ru. The results showed that dispersed pure
Au was actually the most active one for acetylene hydrochlorination in a long run. The addition of other
metals did not improve the catalytic reactivity [34]. However, in recent years, studies have shown the
opposite observations and conclusions when Au was doped with other elements, such as La, Cu, Bi, Sn,
Ce, Sr, etc. to modified Au catalysts, which may have higher catalytic stability due to synergy effects [35].
On the one hand, the loading capacity of Au can be reduced, which led to reducing the cost of catalyst
by adding metal additives. On the other hand, these metal additives provide electrons to Au3+,
absorb more oxidizing HCl, and slow down the reduction of Au3+. Table 1 lists some AuM catalysts
prepared with HAuCl4 in collaboration with other synergistic metal precursors. The results show that
the addition of metal additives can improve the dispersion of Au3+, stabilize the chemical valence of the
active center, enhance the electron cloud density of the Au3+ active center, inhibit carbon deposition,
and finally improve the catalytic efficiency for acetylene hydrochlorination.

Table 1. Performance of AuM catalysts for acetylene hydrochlorination.

Year Catalyst Synergistic Metal Au (wt %)
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time (h)

Ref.

2019 AuCe CeO2 0.1 60 180 99.9 70 [4]
2016 AuCe CeO2 1.0 852 180 98.4 20 [36]
2017 AuY YCl3 1.0 800 180 87.8 10 [37]
2016 AuSn SnCl2 0.9 720 170 95 48 [38]
2017 AuCu CuCl2 0.1 740 180 98.5 500 [39]
2016 AuCu CuCl2 0.1 120 150 97 4 [40]
2015 AuCu CuCl2 0.25 120 150 97 2 [41]
2017 AuCuK CuCl2/KCl 0.2 40 165 89 1600 [42]
2014 AuCoCu Co(NH3)6Cl3/CuCl2 1.0 720 150 99 5 [43]
2018 AuSr SrCl2 1.0 1806 180 99.7 180 [44]
2016 AuSr SrCl2 1.0 762 180 87.7 20 [45]
2015 AuBa BaCl2 1.0 360 200 98.4 50 [46]
2015 AuCs CsCl 1.0 740 180 94 50 [47]
2015 AuCs CsCl 1.0 1480 180 90.1 50 [48]
2015 AuInCs CsCl/InCl3 1.0 1480 180 92.8 50 [49]
2014 AuBi BiCl3 1.0 600 180 85 10 [17]
2014 AuBi BiCl3 1.0 120 150 96 10 [50]
2014 AuTi TiO2 1.0 870 180 92 10 [51]
2014 AuNi NiCl2 1.5 900 170 95.4 46 [52]
2013 AuCo Co(NH3)6Cl3 1.0 360 150 99.9 36 [53]
2012 AuLa LaCl3 1.0 360 150 98 50 [54]

Ligand Coordination

It is a common modification method to introduce suitable ligands to stabilize the high valence
Au3+ in Au catalysts. Results showed that the activity and stability of the Au3+ catalyst could be
significantly improved with the addition of chelating donors and N-containing ligands. The donor
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groups include thiosulfate, thiocyanate, thiourea, and cyanides [55,56]. The catalyst complexes can be
prepared by synthesizing complexes and then loading them on the support; or they can be formed
by directly adding the precursor of the complexes to the HAuCl4 during the preparation process and
then forming the Au complexes with catalytic activity in situ. Zhou et al. reported an Au catalyst
with thiocyanate (–SCN) donors with 0.25 wt % Au loading. The donor significantly decreased the
electrode potential of Au3+ from 0.926 to 0.662 V. Complexion prevented Au catalyst deactivation by
increasing the reaction energy barrier [57]. Table 2 shows some Au catalysts prepared with different
ligand precursors; Au3+ has high catalytic activity for acetylene hydrochlorination.

The catalytic activities of Au0 catalysts (Au NPs) could be influenced by many factors. These factors
include the Au cluster size and shape [58,59], the cluster charge [60,61], the structure of the support
material [62], and the ligand [63]. Recently, it was found that doped Au clusters can form distinctive
structures and achieve enhanced properties. Zhao et al. proposed a mechanism for pristine Au7 and
Au8 clusters catalysts and, on the Si-doped Au clusters, Au6Si and Au7Si based on DFT. The results
showed that the reaction process of acetylene hydrochlorination catalyzed by Au0 involved two steps.
In the first step, HCl disassociated and Cl was added, which was followed by H addition through the
transfer of protons from the Au cluster to acetylene chloride. Doping can not only change the size and
shape of Au clusters but also improve the efficiency for acetylene hydrochlorination [64].

Table 2. Au catalysts prepared with different ligand precursors.

Year Catalyst Ligand Au (wt %)
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time (h)

Ref.

2016 Au/TCCA Trichloroisocyanuric acid 0.2 90 180 98 24 [65]
2015 HAu(C3Cl3-N3O3)3Cl Trichloroisocyanuric acid 1.0 500 130 52 24 [8]
2015 Au(CS(NH2)2 Thiourea 0.1 500 130 95 24 [8]
2015 Au/SCN KSCN 0.25 1200 180 99 10 [57]
2014 [AuCl2(phen)]Cl 1,10–phenanthroline 0.49 603 180 90 40 [29]
2013 AuCl3/PPy-MWCNT Pyrrole 1.47 120 150 90 10 [66]

Support Modification

Support is an important component of catalysts and has a great influence on the performance of
Au catalysts. Choosing an appropriate support material is crucial under rigorous reaction conditions.
The catalysts need to be robust and stable enough at high temperature. Support is also critical in
view of stabilizing the highly dispersed metal chloride and preventing the agglomeration of active
components [7]. For supported metal catalysts, support modification is common to increase the
guest–host interaction. One example is to dope carbon support with heteroatoms such as N, B, and P.

The catalytic performance of supported metal catalysts is greatly dependent on the properties of
the support. Carbon materials are recognized as ideal supports because of their large surface area and
good electrical conductivity. Chen et al. observed that mesoporous carbon supports could increase the
activity of Au3+ catalysts prepared with an HAuCl4 precursor. The pore size of supports was important
because large pore sizes allowed rapid diffusion and suppressed coke formation [67]. Jia et al. reported
that the addition of a B species was favorable for the stabilization of active Au3+ species and the
inhibition of a transition from Au3+ to Au0. In addition, the B species also inhibited carbon deposition
and catalyst sintering during the reaction [68].

Zhang et al. reported several Au–bimetallic catalysts for acetylene hydrochlorination. The catalysts
were prepared with HAuCl4 and LaCl3 precursors on different supports. The results indicated that
compared with SiO2 and TiO2, coconut shell activated carbon and pitch-based spherical activated carbon
were desirable. These supports showed more developed pore structures and had larger specificity.
Pitch-based spherical activated carbon was found to be more desirable for acetylene hydrochlorination
than coconut shell activated carbon because it had a higher N content. Au particles’ aggregation and
the loss of Au3+ would decrease the catalyst activity. Furthermore, the valence change of Au3+ and
carbon deposition were also responsible for catalyst deactivation. The addition of La to Au can help
stabilize Au3+ by inhibiting the valence change and carbon deposition [54].
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N-doped carbon is one of the hot topics in support modification. N-doped carbon material
as a non-metal catalyst has shown promising properties for acetylene hydrochlorination [69,70].
The introduction of N species changed the electronic structure of the adjacent carbon atoms so to adsorb
HCl or acetylene easily, thereby enhancing the catalytic activity of carbon-supported catalysts. Dai et al.
reported AuCl3/PPy–multiwall carbon nanotubes (MWCNTs) with enhanced catalytic performance
compared with AuCl3/MWCNTs. This was attributed to electron transfer from polypyrrole to
the Au3+ center, which facilitated the adsorption of HCl (Figure 6) [66]. Zhao et al. incorporated
N-containing functional groups into carbon support by the post-modification of activated carbon
with urea. The results showed that electron transfer from N atoms to the Au3+ center accelerated the
adsorption of HCl by increasing the electron density of Au3+ [71].

 

Figure 6. AuCl3/PPy–multiwall carbon nanotube (MWCNT) catalyst for acetylene hydrochlorination [66].

ILs (Ionic liquids) are also used to stabilize Au3+ catalysts. Zhao et al. obtained Au3+ complexes,
Au ILs (1-propyl-3-methylimidazolium tetrachloroaurate ([Prmim]AuCl4)). The Au3+-IL/C catalyst
showed higher activity and stability than IL-free Au/C [72]. Zhao et al. reported that the reduced Au0

could be regenerated in situ to Au3+ by CuCl2 and further stabilized by the electron transfer from Cu2+

to these active species. The Au3+-Cu2+-IL/C catalyst demonstrated excellent activity. With this catalyst,
over 99.8% selectivity was achieved for the VCM product (Figure 7) [39].

 

Figure 7. Au3+-Cu2+–IL/C catalyst for acetylene hydrochlorination [39]. IL: Ionic liquid.

Modification of the support can also improve the activity of the Au0 catalyst. Tian et al. found
that amorphous silica could be dispersed on the carbon surface uniformly as spherical particles.
Silica deposition achieved a better distribution of Au NPs, which improved the catalytic activity
of the Au0 catalyst, although the surface area was decreased [73]. Dai et al. found that a
mesoporous carbon nitride material can control the Au NPs sizes and was active for acetylene
hydrochlorination [74]. Kang et al. reported that graphene substrate can improve the adsorption of
HCl and C2H2, and N-doping significantly weakened the interaction with the Au3 cluster for acetylene
hydrochlorination [75]. Gong et al. reported that adding the heteroatom N to Au embedded in
graphene (AuG) could reduce the reaction activation energy based on DFT calculations (Figure 8).
With N-doping in AuG-SAC, the adsorption ability was increased, and the interaction between the
starting materials HCl and acetylene was significantly enhanced. The energy band gap (ΔEg) between
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the Highest Occupied Molecular Orbital (HOMO) of AuG-Nn-acetylene and the Lowest Unoccupied
Molecular Orbital (LUMO) of the HCl, N-doped AuG-SACs decreased. Overall, this could reduce the
activation energy of acetylene hydrochlorination [76].

 

Figure 8. Energy diagrams of acetylene hydrochlorination on AuG and AuG–N4 spheric active
carbons (SACs) [76].

2.1.4. Deactivation and Regeneration of Au Catalysts

In 1988, Hutchings et al. investigated the reactivation by treatment of used catalysts in
situ in the reactor with HCl. This treatment was applied to Au3+ and Hg2+ catalysts (Figure 9).
The results indicated that the Hg catalyst cannot be reactivated, and 25% of the mercury had been lost
from the catalyst. However, the activity of Au catalysts treated with HCl can be restored to the initial
activity and the Au content of the deactivated catalyst did not decrease [16].

 

Figure 9. Effect of reactivation of catalyst with HCl treatment; � HgCl2/C, 9% Hg; � HAuCl4/C,
1.9% Au; (——–) HCl treatment [16].

The deactivation of a supported Au catalyst with Au3+ as the active species can be attributed to the
following factors: the reduction, aggregation of the active particles of the Au catalyst, and the carbon
deposition on the catalyst surface area, which may occur simultaneously [9,77]. Nkosi et al. reported that
at low temperature (60–100 ◦C), carbon deposition led to the deactivation of the Au catalyst. At higher
temperatures (120–180 ◦C), the active component Au3+/Au+ was reduced to Au0, resulting in the
deactivation of the Au catalyst (Figure 10) [78]. It was also observed that a minimum deactivation rate
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occurred at 100 ◦C. However, at this temperature, the activity of the Au catalyst was very low; it was not
the optimum reaction temperature [26,31,79]. The deactivation of Au catalysts caused by a reduction
of active components can be explained from the reaction mechanism of Au catalysts. Conte et al.
reported that AuCl3 could absorb acetylene and HCl, but the adsorption on acetylene was stronger.
Acetylene has higher reducibility, which was one of the reasons for catalyst deactivation [5].

 

Figure 10. Effect of reaction temperature on rate of Au3+ catalyst deactivation [78].

For catalysts with Au3+ as the active center, the reduction of Au3+ is observed to be detrimental
to catalyst activity [80]. One approach to improve the stability of Au3+ catalysts is to reactivate them.
A large number of studies have shown that the deactivated Au catalyst can be regenerated
by re-oxidation. Conte et al. demonstrated that a used catalyst can be regenerated by boiling aqua
regia and a deactivation of Au catalyst was due to a loss of Au3+, which was restored by the aqua regia
treatment [81]. Cl2, NO, and N2O have been found to be effective in re-oxidation. These oxidants could
alleviate the deactivation rate of catalyst [80]. Although Au3+ catalyst can be regenerated, the actual
industrial application is still limited for various reasons.

The main reason for the deactivation of Au NPs with Au0 as the active species is the aggregation
of Au NPs during acetylene hydrochlorination [82]. Malta et al. reported that single-site Au was the
active site, but the formation of metallic Au particles by single-site Au0 was one reason for catalyst
deactivation. Inelastic neutron scattering studies of Au0 catalysts exposed to acetylene showed that an
oligomeric acetylene species formed on the catalyst surface. These oligomers could be precursors for
carbon formation and become a deactivation process, thus significantly slowing down the reaction
process (Figure 11) [83].

 

Figure 11. Deactivation of a single-site Au0 catalyst [83].
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2.2. Ru Catalysts

The research on Ru catalysts has drawn considerable attention. In 2013, Zhu et al. calculated
the activity parameters of Au, Hg, and Ru for acetylene hydrochlorination by DFT. The results
showed that the calculated activation barrier was 16.3, 11.9, and 9.1 kcal mol−1 for HgCl2,
AuCl3, and RuCl3, respectively. These results indicated that RuCl3 was a good candidate for the
hydrochlorination of acetylene [84]. Table 3 summarizes and shows the performance of some Ru
catalysts for acetylene hydrochlorination.

Table 3. Performance of Ru catalysts for acetylene hydrochlorination.

Year Catalyst Material Ru (wt %)
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time (h)

Ref.

2018 Ru(III)-ChCl/AC RuCl3 + ChCl 0.2 900 170 99.3 25 [85]

2018 Φ-P-Ru/AC-HNO3

RuCl3 +
tris-(triphenylphosphine)

ruthenium dichloride
1 180 180 99.2 48 [86]

2018 RuCl3-A/AC RuCl3 + NH3·H2O 2 100 180 95.8 8 [87]
2017 (NH4)2RuCl6/AC (NH4)2RuCl6 1 180 170 90.5 12 [88]
2017 TPAP/AC-HCl C12H28NO4Ru 1 180 180 97 48 [89]
2016 Ru/N-AC RuCl3 1 57 250 95.2 180 [90]
2013 Ru1Co3/SAC RuCl3 + CoCl2 1 180 170 95 48 [91]
2014 Ru/SAC-C300 RuCl3 1 180 170 96.5 48 [92]

2016 Ru-Co(III)-Cu(II)/SAC RuCl3 + CuCl2+
Co(NH3)6Cl3

0.1 180 170 99 48 [93]

2017 Ru10%[BMIM]BF4/AC
RuCl3 +

1-Butyl-3-methylimidazolium
tetrafluoroborate

1 180 170 98.9 24 [94]

Zhang et al. reported a series of Ru catalysts for acetylene hydrochlorination. Monometallic Ru,
bimetallic Ru-Cu, and Ru-Co were prepared on spheric active carbon (SAC) support. It was proposed
that the addition of Co could enhance the catalytic activity and Ru species (RuO2, Ru0, RuOx, and RuCl3)
of the Ru catalyst [91]. It was found that the active ingredient of RuO2 was critical for improving the
catalytic performance of Ru catalysts [92]. A series of trimetallic Ru-Co3+-Cu2+/SAC catalysts were
synthesized and evaluated for acetylene hydrochlorination. Compared with the monometallic and
bimetallic catalysts, the trimetallic Ru-Co3+-Cu2+/SAC catalyst with 0.1 wt % Ru loading showed a
superior catalytic performance with the acetylene conversion of 99.0%. It was found that the addition
of Co3+ and Cu2+ can help form highly dispersed Ru on the support, and Cu2+ species can not only
inhibit the reduction of RuCl3 precursors but also facilitate the formation of Co3+ from Co2+ or Co0

(Figure 12) [93].

 

Figure 12. Ru-Co3+-Cu2+/SAC catalyst for acetylene hydrochlorination [93].

In 2017, imidazolium-based ILs (IBILs) were reported. The optimal Ru10% [BMIM]BF4/C catalyst
achieved the acetylene conversion of 98.9% and the selectivity to VCM of 99.8%. It was proposed that
IBILs additives could improve the dispersion of Ru species and prevent coke deposition due to the
interactions between Ru species and [BMIM]BF4. Moreover, the O-containing functional groups on the
carbon support were involved in the interactions between Ru species and [BMIM]BF4 [94].
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2.3. Pt Catalysts

There are a few reports on the catalytic hydrochlorination of acetylene by Pt catalysts, and the
research mainly focuses on the catalytic mechanism. Mitchenko et al. conducted a series of studies
on Pt catalysts. In their study, K2PtCl6 salt was treated under acetylene, ethylene, or propylene
atmosphere to form a heterogeneous catalyst. It was shown that with this approach, the formation
of Pt2+ complexes and Pt complexes with vacancies were observed. It was hypothesized that the
active centers were defected in the form of impure Pt2+ ions in the K2PtCl6 matrix [95]. In 2004,
Mitchenko et al. found that trans-d-VCM was formed in the DCl atmosphere. According to the
established catalytic reaction mechanism on the active sites, a K2PtCl6 lattice that defected in the form of
topologically bound coupled PtCl42−–PtCl5− was formed by mechanical pre-activation under acetylene.
Acetylene chloroplatination started first by coordination with an unsaturated Pt4+ complex producing
an intermediate β-chlorovinyl Pt4+ derivative. The reduction of this intermediate yielded a Pt2+

organometallic derivative. The catalytic mechanism of acetylene hydrochlorination over the Pt catalyst
is shown in Figure 13 [96].

 

Figure 13. Catalysis mechanism of acetylene hydrochlorination over the Pt catalyst [96].

Mitchenko et al. also found that the catalytic reaction of acetylene chloroplatination proceeds in
the form of π-acetylene complexes. The limiting step of the reaction was acetylene chloroplatination.
It involved a π-acetylene complex and HCl, producing a new π-acetylene Pt2+ complex and an
intermediate β-chlorovinyl Pt2+ derivative. The protonolysis of the intermediates resulted in VCM
formation [23]. In 2014, Mitchenko et al. reported that HCl was involved in two steps of acetylene
hydrochlorination. With K2MCl4 (M = Pt or Pd) and K2PtCl6 catalysts, the intermediate β-chlorovinyl
derivative of Pt2+ was observed in protodemetallation over the Pt-containing catalysts [97].

2.4. Pd Catalysts

In 1985, Hutchings made Pd catalysts supported on carbon with relatively high initial activity for
acetylene hydrochlorination but also found that Pd catalysts would be rapidly deactivated due to Pd2+

being reduced into Pd0 and carbon deposition [14]. Nkosi et al. reported that Pd catalysts were found to
be as active as Hg catalysts on a mole basis. However, loadings of PdCl2 catalysts with durable stability
were very low (<1 wt %). At higher loadings, PdCl2 was rapidly lost from the catalyst presumably as a
result of the formation of a volatile Pd acetylene complex. The loss of the average rate of conversion was
6.8% conv. h−1 during the first 3 h [16]. Strebelle et al. reported that 57.3% yield and a 96% selectivity
for VCM was achieved with PdCl2 catalyst without a detailed description of catalyst stability [98].
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Table 4 shows the performance of some Pd catalysts for acetylene hydrochlorination, in which the Pd2+

species is the active species.

Table 4. Performance of Pd catalysts for acetylene hydrochlorination.

Year Catalyst Material Pd (wt %)
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time

Ref.

2016 Pd/PANI-HY H2PdCl4 + polyaniline 0.9 110 160 95 300 h [99]
2016 Pd-K/NFY PdCl2 + KCl + NH4F 0.9 110 160 99 50 h [100]
2015 Pd/NH4F-HY PdCl2 + NH4F 0.9 110 160 99.92 400 min [101]
2013 Pd/HY H2PdCl4 0.5 110 160 95 160 min [102]
2010 PdCl2-KCl-LaCl3/C PdCl2 + KCl + LaCl3 0.9 120 160 99 3 h [103]

Wang et al. reported that the presence of NH4F in Pd/HY catalysts can significantly improve the
catalyst performance (acetylene conversion >95% and VCM selectivity >90%). The hypothesis was
that NH4F could partially enhance the surface acidity, prevent carbon deposition, and slow down the
loss of Pd (Figure 14) [101]. Wang et al. prepared a Pd catalyst (Pd/HY) with Y zeolite (HY) support.
The catalyst exhibited excellent catalytic performance with >95% acetylene conversion and >90%
VCM selectivity. The results showed that with the aid of ultrasonic-assisted impregnation, Pd was
uniformly dispersed on the Y zeolite surface [102].

 

Figure 14. Pd/HY catalysts modified with NH4F for acetylene hydrochlorination. Adopted from Ref [101].

Song et al. reported that the deactivation of Pd catalysts were mainly from the loss of an
active component, surface carbon deposition, and decrease in specific surface area. The results showed
that the addition of KCl and LaCl3 can reduce the loss of PdCl2, increase the conversion of acetylene,
and improve the selectivity of VCM. When the used PdCl2-KCl-LaCl3/C catalyst was treated with
HNO3 and HCl, it can be re-activated to some extent by oxidation, but it is not as good as the
original one [103].

N-doped carbon materials and ILs were used to improve the catalytic performance of Pd catalysts.
Li et al. demonstrated that N doping can prevent carbon deposition and improve the catalyst stability.
The doped N atoms can act as a ligand, stabilizing PdCl2 and improving the surface activity [104].
Yang et al. reported IL-stabilized metal NPs (NPs@IL)–cosolvent liquid–liquid biphasic Pd NPs
catalysts with improved performance for acetylene hydrochlorination. The NPs@IL droplets served
as microreactors. The low viscosity organic phase enabled the rapid mass transfer. The acetylene
conversion of 98% and VCM selectivity of 99.5% were achieved with this type of Pd catalyst [105].
Zhao et al. chose 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) IL and activated carbon support
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to immobilize volatile catalytically active Pd complexes. The 0.5Pd-10IL/C catalyst showed superior
performance with 98.6% conversion of acetylene and above 99.8% selectivity to VCM. The influence
of IL on the catalyst properties such as activity and stability was mainly due to the stabilization and
dispersion of active Pd species in the IL layer, the possible coordination of the IL to the Pd atoms,
and the confinement of Pd complexes within the pore’s supports (Figure 15) [99].

Figure 15. Supported IL-Pd catalyst for acetylene hydrochlorination [106].

2.5. Challenge of Noble Metal Catalysts

For the noble metal catalysts, the main problems of their industrialization are the high cost
and short service life. There are mainly two problems that need to be solved: On the one hand,
reducing the load of noble metals, which needs to be optimized from the catalyst formulation, and on
the other hand, improving the stability of the noble metal catalyst. Therefore, the industrial application
of noble metal catalysts should consider the reduction of noble metal catalyst loading capacity; at the
same time, it should include a comprehensive consideration of support optimization, activated carbon
pretreatment, additives, and catalyst preparation methods.

3. Non-Noble Metal Catalysts

Supported noble metal catalysts have the characteristics of high price and poor stability. Even the
relatively good performance of Au catalyst is not able to meet the industrialization requirements for the
economy and effect. Non-noble metal catalysts have become one of the catalysts with great potential for
industrialization due to their advantages of being cheap and easy to obtain. At present, researches on
non-noble metals are mainly focused on supported catalysts with Cu, Bi, and Sn as active centers.

3.1. Cu Catalysts

Compared with noble metals, Cu has the advantage of low price and easy availability with
good thermal stability. Its price is relatively low, even in non-noble metals. In Hutchings’ study,
Cu2+ has a high potential of catalyzing acetylene hydrochlorination due to its high electrode potential.
Cu is often used as an auxiliary agent in the modification of other metal active center catalysts [14].
In fact, acetylene hydrochlorination with Cu as the main active center has been reported as early as
in 1933. US patent 1934324 first introduced CuCl catalyzed acetylene hydrochlorination as an active
component [107]. Table 5 shows the performance of some Cu catalysts for acetylene hydrochlorination.
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Table 5. Performance of Cu catalysts for acetylene hydrochlorination.

Year Catalyst Material Cu (wt %)
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time

Ref.

2018 Cu-Cs/AC CuCl2 + CsCl 1 50 200 92 200 [108]
2016 Cu-g-C3N4/AC CuCl2 + dicyan-diamide 4.15 72 180 79 450 min [109]
2015 Cu2P2O7/SAC Cu2P2O7 15 180 140 40.5 500 min [110]
2015 Cu400Ru/MWCNTs CuCl2 + RuCl3 4.24 180 180 51.6 6 h [111]

2014 Cu-NCNT CuCl2 + N-doped
carbon nanotubes 5 180 180 45.8 4 h [112]

Zhao et al. found that Cu-g-C3N4/AC significantly improved catalytic performance compared
to the catalyst without N doping. The authors hypothesized that after doping, pyrrolic N promoted
the adsorption of HCl and acetylene, and it inhibited the coke deposition on the catalyst surface [109].
Li et al. reported that the P-doped Cu demonstrated good stability and catalytic activity. The amount
of P used was critical and significantly influenced the catalyst activity. It was assumed that P doping
enhanced the interaction between metal and support, improved the dispersity of Cu, retarded the
reduction of the active components (Cu2+/Cu+) to Cu0, and effectively prevented the aggregation
of Cu particles [110]. Zhou et al. reported that N-doped carbon nanotubes (N-CNTs) improved the
electron conductivity ability of the carbon sheets as well as the interaction between Cu and N-CNTs,
and the improvement of the adsorption capacity of acetylene led to high catalytic activity and excellent
VCM selectivity. The active components were proposed to be a mixture of Cu+ and Cu2+. It was
speculated that acetylene hydrochlorination preferred to take place at binding sites of Cu and N
(Figure 16) [112].

 

Figure 16. Cu-N-CNT catalyst for acetylene hydrochlorination [112]. N-CNT: N-doped
carbon nanotubes.

In the preparation of Cu catalysts, the addition of promoters such as metal chlorides
and rare earth oxides can improve the catalytic performance. Shi et al. reported that the
catalyst La1.7K0.3NiMnO6-CuCl2/γ-Al2O3 doped with K had a large amount of Mn4+ and
surface-adsorbed oxygen. These species accelerated the oxidation of Cu+ and released Cl2 [3]. Xu et al.
reported a catalyst consisting of 400 ppm Ru and 4.24 wt % Cu. Carbon nanotubes were chosen as
the support. The synergistic effect between Ru and Cu led to a high activity (TOF = 1.81 min−1) [111].
Zhai et al. synthesized a perovskite-like catalyst for acetylene hydrochlorination. The CsCuCl3 NPs
were supported on activated carbon with 1 wt % Cu content, which exhibited superior performance
compared with a pure Cu catalyst without Cs. The formation of the perovskite-like CsCuCl3 complex
structure stabilized the active Cu2+ [108].

In order to improve the performance of Cu catalysts, efforts were attempted by modifying the
support and adding promoters for improving the dispersion of Cu. The modification did not change
the structure of the Cu active center. The preparation of a highly dispersed Cu catalyst is complex and
is limited for large-scale industrial production. The addition of expensive noble metals can increase the
catalytic activity of Cu catalysts; however, the advantage of cheap and easy availability of non-noble
metal catalysts has been lost.
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3.2. Other Non-Noble Metal Catalysts

Zhou et al. synthesized a Bi/Cu/H3PO4 catalyst supported by silica gel. The catalyst exhibited
acceptable initial activity (30% activity of Hg catalyst) and stability at 200 ◦C and GHSV 360 h−1.
The catalyst could be recovered by a two-step regeneration method [11]. Hu et al. found that the
doping of S increased the Brunauer-Emmett-Teller (BET) surface areas and decreased the active species
particle size of the Bi catalyst, which led to more accessible active sites and consequently boosted the
catalytic activity in hydrochlorination. The main active components of the catalyst is BiOCl crystal
particle, and the coke deposition was responsible for the deactivation of the Bi catalyst [113].

Dai et al. developed a series of transitional metal catalysts. In their work, Mo and Ti were chosen
as the active ingredients in a catalyst for acetylene hydrochlorination. With this catalyst, 89% acetylene
conversion and >98.5% VCM selectivity can be obtained. The doping of Mo and Ti reduced the
adsorption capacity for acetylene while increasing the adsorption of HCl [114]. The authors reported
three transition metal nitride VN/C, Mo2N/C, and W2N/C catalysts on activated carbon. With these
catalysts, 98% VCM selectivity was achieved [115]. For W2N, two catalysts were prepared. The first
was prepared by depositing W onto activated carbon, whereas the second was prepared in the same
procedure except for extra plasma treatment. The author claimed that plasma treatment increased the
interaction between active ingredients and support material. The results showed that plasma treatment
increased the number of W–N bonds and restricted the deposition of coke, thus enhancing the catalytic
performance [116]. They found that the Co-N-AC catalyst effectively improved the adsorption of HCl.
The presence of Co-Nx played a major role in acetylene hydrochlorination (Figure 17) [117].

 

Figure 17. Co-N-AC catalyst for acetylene hydrochlorination [117].

3.3. Challenge of Non-Noble Metal Catalysts

At present, the research of non-noble metals catalysts is largely confined to the laboratory stage.
Non-noble metal catalysts are constantly modified and improved to increase their activity and stability
by adding additives or using bimetallic or trimetallic catalysts. However, there are still challenges and
limitations, such as low monomer conversion rate, poor selectivity of VCM, severe carbon accumulation,
loss of catalytic activity over time, unsatisfactory stability, and short lifetime.

4. Non-Metallic Catalysts

An alternative approach to replace Hg catalysts is to develop the non-metallic catalysts.
Non-metallic catalysts are newly emerging green catalytic materials that have attracted much attention
in recent years due to their advantages of environmental friendliness and low cost.

4.1. Carbon Material Catalysts

The research of carbon catalysts is mainly about the structural defect sites, the regulation
of functional groups on the carbon materials surface, and the doping of heteroatoms.
Non-metallic nanocarbon materials for acetylene hydrochlorination have been intensively investigated
by many researchers (Table 6).
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Table 6. Performance of carbon material catalysts for acetylene hydrochlorination.

Year Catalyst Material
GHSV
(h−1)

Temp
(◦C)

Acetylene
Conv. (%)

Running
Time (h)

Ref.

2019 ND@G Nanodiamond + graphene 300 220 50 10 [118]

2018 ZIF-8/SAC ZIF-8 + spherical
activated carbon 30 220 81 2 [119]

2018 NS-C-NH3 S + N-doped carbon + NH3 35 220 80 9 [120]
2017 p-BN H3BO3 +melamine + NH3 - 280 99 50 [121]
2016 Z4M1 ZIF-8 +melamine 50 180 60 20 [122]

2015 B,N-G Graphene oxide +
H3BO3 + NH3

360 150 94.87 4 [123]

2014 N-OMC-700 N-doped ordered
mesoporous carbon - 200 77 100 [124]

2014 N-CNTs C2H4 + NH3 180 180 7.2 3 [125]

2014 g-C3N4
Activated carbon +

cyanamide 50 180 76.52 7 [69]

2014 PSAC-N Pitch-based spherical
activated carbon +melamine 120 250 68 - [126]

Efforts have been devoted to improving the activity and stability of catalysts by modifying
carbon-based catalysts. The most common materials studied are N-doped carbon materials.
N-containing carbon materials are often prepared by heating different N-containing precursors
under N2 atmospheres or direct carbonization [7,70]. It was hypothesized that the incorporation of N
atoms could tune the basicity of carbon materials surface. The N atoms could also provide available
lone pairs, which can facilitate a hydrochlorination reaction.

Li et al. prepared a series of zeolitic imidazolate framework (ZIF)-derived N-doped carbon
using melamine as N sources. Additions of melamine not only facilitated forming a special
morphological structure and pore structure but also adjusted the relative content ratio of three
N species in ZIF-derived N-doped carbon materials [122]. Li et al. reported that N-doped ordered
mesoporous carbon (N-OMC) with high surface areas processed high activity and stability. A 77%
acetylene conversion and 98% VCM selectivity was obtained over the 100 h test period. The N-OMC
activity increased with the increasing of the catalyst surface area and N content [124]. Wang et al.
prepared an N-doped pitch-based spherical activated carbon catalyst (PSAC-N) with melamine.
The active site of PSAC-N had a special N-6v structure in which quaternary N bonded between two
6-membered rings. Compared to controls, the adsorption capacity of HCl on PSAC-N was the highest,
which was beneficial for acetylene hydrochlorination. The reaction energy of N-6v(7) was calculated
as 236.2 kJ mol−1 [126]. Li et al. reported that the g-C3N4/C catalyst prepared with cyanamide as a
precursor displayed considerable catalytic performance. C3N4 was able to adsorb and activate
acetylene and HCl simultaneously, and the strong C(1)-C(2) interaction led to the formation of a stable
CHCl=CH-C3N4H unit that provided a rate-controlling step (Eact = 77.94 kcal mol−1 [69]). Qian et al.
synthesized a g-C3N4 framework with rich N defects using melamine formaldehyde as a precursor.
The fragmentary g-C3N4 showed high catalytic activity with 94.5% acetylene conversion, which was
30 times higher than that of pure g-C3N4. The improvements were attributed to the etching of the
g-C3N4 framework by O species in the melamine formaldehyde resin. Moreover, DFT calculations
showed that the N defects in the g-C3N4 framework greatly improved the adsorption of HCl and
acetylene and brought down the energy barrier from 62.0 to 38.1 kcal mol−1 [127]. Zhang et al. reported
that the N-doped carbon catalyst with polyaniline had significantly improved catalytic activity and
stability (Figure 18). The catalytic performance of this catalyst was closely related to pyrrolic N
(pyrrolic N > graphitic N > pyridinic N) [128].
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Figure 18. N-doped active carbon catalyst for acetylene hydrochlorination [128].

Lan et al., reported nanodiamond–raphene composed of a nanodiamond core and graphitic shell
with defects. The catalyst showed pretty high catalytic activity, which was comparable with metal
catalysts for acetylene hydrochlorination. Figure 19 shows that the defects on the carbon surface and
edge were assumed to be desirable for acetylene hydrochlorination [118]. Zhou et al. found that
N-CNTs featured good catalytic activity (TOF = 2.3 × 10−3 s−1) and high VCM selectivity (>98%).
There was an observable correlation between the quaternary N content and acetylene conversion. DFT
calculation revealed that N doping enhanced the interaction between acetylene and N-CNTs compared
with the CNTs without N [125]. Cyanamide and its derivatives are common raw materials for preparing
N-doped carbon catalysts. Li et al. reported ZIF-8-derived NPs featuring more active sites, which were
easily accessible for reactants HCl and acetylene. Bamboo-shaped CNTs promoted the efficiency of
active site N, changed the porosity of the catalyst, and inhibited the formation of coke deposition [119].
Zhao et al. proposed that the defects in graphene could be useful to improve the catalytic performance
for acetylene hydrochlorination based on the DFT calculated [129].

 

Figure 19. Defective nanodiamond–graphene catalyst for acetylene hydrochlorination [118].

Dual heteroatom doping was also attempted for catalyst design. Dong et al. reported that an S
and N co-doped carbon catalyst exhibited a higher acetylene conversion than the N-doped carbon.
The C atoms adjacent to pyridinic N were found to be active sites, and S improved the pyridinic N
content in N-doped carbon materials (Figure 20) [120]. Li et al. reported that porous boron nitride
(p-BN) was active for acetylene hydrochlorination. The activity of p-BN was originated from the
defects and edge sites. Particularly, the armchair edges of p-BN can polarize and activate acetylene,
which react with HCl to form VCM [121]. Dai et al. synthesized B and N heteroatoms dual doped
on a graphene oxide (B,N-G) catalyst. With this catalyst, acetylene conversion is near 95%, which is
significantly higher than that of singly B- or N-doped graphene. The authors proposed that the
synergistic effect of B and N doping promoted HCl adsorption (Figure 21) [123]. Li et al. reported an
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N-doped carbon nanocomposite derived from silicon carbide. It was found that the catalyst activated
acetylene directly in which C atoms bonded with pyrrolic N were the active sites [130]. Zhao et al.
found that the doping of C atoms on boron nitride (BN) cages can significantly promote the adsorption
ability of the acetylene molecule compared with the BN cages without doping. Acetylene was adsorbed
onto B12−nN11+nC (n = 0, 1) clusters prior to HCl and then formed three adsorption states: two trans
configuration and one cis configuration. The energy barrier of the minimum energy pathway based on
B11N12C catalyst was as low as 36.08 kcal mol−1 [131].

 

Figure 20. S and N co-doped carbon catalyst for acetylene hydrochlorination [120].

 

Figure 21. B,N-graphene catalyst for acetylene hydrochlorination [123].

The deactivation mechanism of N-doped carbon catalysts has been studied. Li et al. reported that
a PDA/SiC composite with high activity and stability can be prepared by coating silicon carbide with
polydopamine (PDA). The catalyst deactivation was caused presumably by the carbon deposition,
which can be regenerated with NH3 treatment at high temperature [132]. Chao et al. reported that C
atoms adjacent to the pyridinic N were the active sites of N-doped carbon catalyst derived from ZIF-8.
Coke deposition over pyridinic N was responsible for catalyst deactivation [133].

4.2. Other Non-Metallic Catalysts

Zeolites not only have a large specific surface area and unique pore structure, but also have
abundant active sites and acid centers. Therefore, zeolites are widely adopted as catalysts in
the chemical industry. Song et al. investigated the activity of faujasite (FAU) zeolite 13X for
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acetylene hydrochlorination without loading any metal. It was found that the FAU zeolite 13X
demonstrated observable activity presumably from its abundant micropores and unique supercage;
acetylene conversion was up to 98.5%. Na cations in the zeolite framework could facilitate
acetylene hydrochlorination. The deactivation of 13X was probably due to the collapse of its crystal
structure and severe carbon deposit. The spent catalyst could be partly regenerated by calcination [134].

ILs are well-known green solvents. They have unique physicochemical properties involving
high solubility, high thermal stability, and negligible volatility, and they have been applied
in many fields including catalysis, adsorption, and organic synthesis. Li et al. found that
tetraphenylphosphonium bromide (TPPB) ILs exhibited strong adsorption for HCl but weak
adsorption for acetylene. At the catalytic active site of TPPB, the activation energy of acetylene
hydrochlorination was 21.15 kcal mol−1, which is much lower than that without a catalyst
(44.29 kcal mol−1). During the reaction, the H-Cl bond was preferentially activated through the
electrons transfer from the anion of TPPB; then, acetylene was activated to undergo the addition of H
and Cl. Such unique preferential activation toward the H–Cl bond significantly promoted the catalytic
activity and the stability of TPPB catalysts. The catalyst has good catalytic activity and stability, and the
highest acetylene conversion rate was 97.1% [135]. Wang et al. investigated the catalytic performance
of imidazolium-based ILs 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF4]) (IL/CaX) for
acetylene hydrochlorination with a nearly 90% acetylene conversion. The reaction proceeded via a
two-site mechanism. HCl adsorbed on the Ca2+ in zeolite reacted with acetylene adsorbed on IL
cations to form VCM. The catalytic reaction occurred at the IL/CaX interface, while the IL/CaX in the
upper interphase had no activity. Catalyst deactivation was mostly caused by by-products dissolved
in the IL and can be reactivated by a simple vacuum process [136]. Moreover, Zhou et al. reported that
1-alkyl-3-methyimidazolium-based ILs as metal-free catalysts have to consist of the chloride anion due
to its participation in acetylene hydrochlorination with the formation of [HCl2]− by the activation of
HCl molecules. The structural modification of conjugated cation in ILs was the key to promote the
catalytic activity (Figure 22) [137].

 

Figure 22. ILs catalyst for acetylene hydrochlorination [137].

4.3. Challenge of Non-Metallic Catalysts

The design and development of non-metallic catalysts for acetylene hydrochlorination has been
widely studied in recent years. It is worth looking forward to the application of non-metallic catalysts in
industry as an economical and environmentally friendly approach. However, most of the non-metallic
catalytic materials reported at present have some intrinsic disadvantages, which limit the practical
industrial applications. Researchers are working vigorously to meet the needs and requirements
of viable catalysts in the production of the VCM industry. Although non-metallic doped catalysts,
especially N-doped carbon catalysts, have been used in many reactions, there are still some problems
and hurdles for acetylene hydrochlorination. The first is that the reaction mechanism of different
N species (pyridine N, pyrrole N, and graphite N) has not yet been determined. In addition, the highest
conversion rate of acetylene for N-doped carbon catalysts is about 95%, which reasonably matches
the industrial space velocity. Compared with the acetylene conversion rate of Hg or even Au catalyst
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approaching 100% at extreme space velocity, a significant amount of work needs to be done to improve
both acetylene conversion and VCM selectivity.

Compared with solid-phase catalysts, ILs have some advantages in activity and stability.
However, it is difficult to separate the reaction products from the catalysts, and there are also issues in
the recovery and reuse of deactivated catalysts.

5. Future Prospects

Acetylene hydrochlorination is an important reaction in the traditional coal (chlor-alkali)
chemical industry. The main problems of mercury-free catalyst with noble metals are the high
application cost and short catalyst life.

High cost has become the biggest issue to the industrial application of noble metal catalysts.
Reducing the content of noble metal alongside improving the stability and life of the catalysts are very
critical in the research and development of noble metal catalysts. The following aspects of research
need to be strengthened as well. The first is to develop or find better support materials. The commonly
used activated carbon has well-developed pores. The distribution of pores is very extensive, and the
existence of functional groups is very rich. At present, research on the microstructure and internal
properties of activated carbon are relatively few. It is necessary and meaningful to continue to
develop high-performance carbon supports that are suitable for acetylene hydrochlorination with a
large specific surface area, appropriate pore size, and suitable internal chemical properties. At the
same time, it is important to find ways to improve the reaction efficiency of noble metal catalysts by
actively developing new supports other than carbon materials. The second is to look for non-noble
metal additives that could be substituents of noble metal active components. By adding non-noble
metal active components or additives, one would expect to see coordination and collective effects in
improving catalyst performance. Meanwhile, the use of noble metals can also be reduced to lower
the cost of the catalyst. The third is to find a better way to support the noble metal components so
as to have dispersity at the nanometer level while maintaining durable stability and robustness. It is
easy for the traditional simple impregnation method to cause the aggregation and agglomeration of
the active components, which quickly bring down the catalytic activity of noble metal species and
limit their applications. A reasonable loading mode can provide more active centers for noble metal
components per unit mass, so as to improve the catalytic efficiency of noble metal particles and reduce
noble metal content. Finally, the regeneration and recycling of noble metal catalysts are also very
important. If the noble metal can be reused well, the problem of high price and high cost of catalyst
may be solved.

The problems of non-noble metal and non-metallic catalysts are that although they are cheap,
they suffer from poor stability and selectivity, low activity, and a low conversion rate. An in-depth
study of the reaction mechanisms of the catalytic process would be very helpful. The interaction
and collaboration between active components and supports, in other words, the multi-component
composite catalysts may be prepared to further improve the catalysts’ performance. Optimizing the
formula and loading process of active components with a well-established computational approach
and artificial intelligence is challenging and exciting. The traditional production process of VCM
adopts the fixed bed reaction technology, which is well established and mature; however, the catalysts
in this process suffer large loss, easily get pulverized, and suffer poor heat transfer, which limits the
catalytic performance of the catalysts.

With continuing efforts and deeper understanding of the catalytic mechanism, the design
and development of non-mercury catalysts with satisfactory performance is viable. The industrial
application of mercury-free acetylene hydrochlorination catalysts is expected to be realized in the
near future.
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Abstract: Here, 22-carbon tricarboxylic acid (C22TA) and its ester (C22TAE) were prepared via the
Diels–Alder reaction of polyunsaturated fatty acids (PUFAs) and their esters (PUFAEs) as dienes with
fumaric acid (FA) and dimethyl fumarate (DF) as dienophiles, respectively. The role of an iodine
catalyst for the synthesis of C22TA and C22TAE in the Diels–Alder type reaction was investigated
using a spectroscopic approach. The chemical structures of the products were characterized using
proton nuclear magnetic resonance (1H-NMR) and electrospray ionization mass spectrometry (ESI-MS)
analysis. Results showed that nonconjugated dienes can react with dienophiles through a Diels–Alder
reaction with an iodine catalyst, and that iodine transformed the nonconjugated double bonds of
dienes into conjugated double bonds via a radical process. DF was more favorable for the Diels–Alder
reaction than FA. This was mainly because the dienophile DF contained an electron-withdrawing
substituent, which reduced the highest and lowest occupied molecular orbital (HOMO–LUMO)
energy gap and accelerated the Diels–Alder reaction. By transforming nonconjugated double bonds
into conjugated double bonds, iodine as a Lewis acid increased the electron-withdrawing effect of the
carbonyl group on the carbon–carbon double bond and reduced the energy difference between the
HOMO of diene and the LUMO of dienophile, thus facilitating the Diels–Alder reaction.

Keywords: Diels–Alder reaction; 22-carbon tricarboxylic acid; iodine; 1H-NMR; ESI-MS

1. Introduction

With the dramatic decrease in global fossil fuels and the increasing environmental problems and
concerns, the use of renewable resources received great attention. Promoting sustainable environmental,
social, and economic development is now a global consensus [1]. Sustainable bio-based resources
are particularly desirable. One approach is the development and utilization of vegetable oil-based
lubricants to partially or even comprehensively substitute petrochemical resources. Mineral oil is
refined from natural crude oil, and its biodegradability is poor. Mineral oil cannot be used as the
base oil of biodegradable lubricating oil because it causes serious pollution when discharged into the
environment. It stays in water, soil, forest, and other ecosystems for a long time. It would be highly
desirable to develop biodegradable, environmentally benign lubricating oil and its derivatives from
plant oil and vegetable oil as raw materials [2].
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In 2018, the total output of China’s eight major plant oils and vegetable oils, including rapeseed,
peanut, soybean, cottonseed, sunflower seed, sesame, flaxseed, and Camellia oleracea, was about
60 million tons. With an abundant source of plant oil and vegetable oil, as well as low-cost and
well-established refining and processing technology, it could be an excellent renewable resource for
preparing biodegradable lubricating oil [3]. Vegetable oil is rich in polyunsaturated fatty acids (PUFAs);
PUFAs are hydrocarbon chains with a carboxyl group at one end and a terminal methyl group at
the other with two or more double bonds present [4,5]. PUFAs include linoleic acid (LA) with two
double bonds, linolenic acid, and eleostearic acid with three double bonds. Polyunsaturated fatty acid
esters (PUFAEs) are the products of esterification of PUFAs with alcohols. In particular, 22-carbon
tricarboxylic acid (C22TA) and its ester (C22TAE) have excellent lubricating properties which can be
prepared via a Diels–Alder reaction of PUFA with PUFAE as diene with dienophile, respectively.

C22TA and C22TAE are new types of bio-based chemicals with superior properties. C22TA and
C22TAE have low toxicity, they are environmentally benign with excellent biodegradability, and they
are obtained from renewable raw materials, allowing them to be used as substitutes for fossil fuel-based
petroleum products [6]. They can be widely used in lubricating oil, resin additive, printing ink, cutting
fluid, green surfactant, corrosion inhibitor, and many other chemical industrial products [7–9]. The
preparation of C22TA and C22TAE not only reduces the dependence on fossil fuels such as petroleum,
but also reduces the pollution to the environment. In addition, preparing value-added products such
as C22TA using bio-resources based on vegetable oil constitutes an important field in green chemistry
and sustainable engineering. The synthesis of C22TA and C22TAE can be carried out via two main
routes. One is a Diels–Alder reaction with vegetable oils, such as linoleic acid, linolenic acid, and
their esters which do not contain conjugated double bonds. This reaction is carried out under the
catalysis of iodine with a dienophile. Another type of Diels–Alder reaction uses starting materials
containing conjugated double bonds such as conjugated linoleic acid (CLA), eleostearic acid, and their
esters. In this route, compounds containing conjugated double bonds directly react with a dienophile
at high temperature. Both processes are safe and easy to operate, and they have great application
potential [10].

Huang et al. prepared C22TA via a Diels–Alder reaction using tung oil fatty acids with fumaric
acid (FA), and subsequently converted it to the corresponding C22TAE which was then used for epoxy
resins [7]. Vijayalakshmi et al. prepared C22TA via a Diels–Alder reaction of dehydrated castor oil fatty
acids (containing 48% conjugated and 42% nonconjugated dienes) with FA. The reaction temperature,
time, catalyst concentration, and molar ratio of reactants were varied to get maximum yield of the
C22TA. The conditions found for maximum yield of C22TA (82.2%) were as follows: temperature of
200 ◦C, reaction time of 2 h, molar ratio of the reactants of 1:1.1, and catalyst iodine concentration of
0.3% [8]. A Diels–Alder reaction was applied to fatty acids containing both CLA and LA, wherein the
nonconjugated portion of LA was also converted to C22TA in the presence of small amounts of iodine
in United States (US) Patent. No. 4,081,462. In this invention, the fatty acids were naturally occurring
fatty acids high in LA content (above 50%), such as distilled tall oil fatty acid, safflower fatty acid, and
sunflower fatty acid. This invention provided a process for making C22TA from available LA in a
fatty acid mixture [11]. Previous researchers prepared C22TA and C22TAE with excellent lubricating
properties via Diels–Alder reactions. However, no one conducted a systematic and in-depth study
on the reaction mechanism. How do PUFAs and their derivatives, dienophiles, and catalysts affect
the Diels–Alder reaction? What is the role of the iodine catalyst? Does it only act as a catalyst to
convert nonconjugated double bonds to conjugated double bonds? On the other hand, does it also
promote and facilitate the Diels–Alder reaction? In this study, C22TA and C22TAE were synthesized
and compared using the two routes discussed above. The effects of raw materials and catalysts on the
Diels–Alder reaction were compared and studied to further understand the reaction mechanism and to
provide theoretical guidance for the industrial production of C22TA and C22TAE.

Photoisomerization of linoleic acid alkyl esters or vegetable oils was suggested as a way of
introducing conjugation [12]. Jain et al. used iodine as a catalyst, whereby 22% conjugated linoleic acid
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was obtained via irradiation of undiluted oil with ultraviolet (UV) light at 48 ◦C for 12 h [13]. Andrew
et al. used a similar approach, whereby soy oil was converted to 25% total CLA [14]. There were other
reports on the preparation of CLA by photoisomerization [15–17], but the reported methods had strict
requirements on equipment, with a long reaction time and low conversion rate. Under the catalysis of
iodine and without the use of a light source, it remains to be studied whether nonconjugated double
bonds can be converted into conjugated double bonds by raising the reaction temperature, so as to
promote the preparation efficiency of C22TA and C22TAE. Therefore, in this study, conjugated dienes
were also used as raw materials to investigate the yield of C22TA and C22TAE with and without the
iodine catalyst, and the role of iodine in the Diels–Alder reaction was discussed based on the data.

Along these lines, in the work reported here, we focused on answering the following questions:
What is the role of iodine in the Diels–Alder reaction? What is the effect of substituents of reactants on
the reaction efficiency of dienophiles? What is the difference between conjugated double bonds
and nonconjugated double bonds when participating in the Diels–Alder reaction? We took a
spectroscopy approach by combining the results of 1H-NMR, 13C-NMR, and electrospray ionization
mass spectrometry (ESI-MS), and we systematically investigated the reaction processes of different
PUFAs, PUFAEs, and dienophiles under different catalytic conditions. To the best of our knowledge,
our work is the first attempt at answering these important questions, which have important theoretical
and practical significance for the value-added product development of vegetable oil.

2. Results and Discussion

2.1. Synthesis and Characterization

C22TA and C22TAE were prepared via the Diels–Alder reaction of PUFAs and PUFAEs as
dienes with fumaric acid (FA) and dimethyl fumarate (DF) as dienophiles, respectively, under various
experimental conditions (Table 1). LA and its ester have two double bonds located on carbons 9 and
12, while conjugated double bonds of CLA and its ester were in the 9,11 or 10,12 positions. Each of the
two double bonds can be in either cis or trans configuration [12]. In theory, the products of C22TA
and C22TAE have different configurations. However, the purpose of this study was to unveil the
mechanism of the Diels–Alder reaction; therefore, no attempt was made to separate the isomers. The
1H-NMR spectra of dienes, as well as C22TA and C22TAE samples, are shown in Figures 1–4. The
isomeric structures are displayed in the figures for dienes, C22TA, and C22TAE, respectively. The
attributions of chemical shifts of the protons are labeled in the figure in detail.

Figure 1 shows the 1H-NMR spectra of LA and the reaction compounds with dienophiles under
different catalyst loading. Compound 1 was the reaction product of LA and FA with iodine catalysis.
Compound 2 was the reaction product of LA and FA without iodine catalysis. Compound 3 was the
reaction product of LA and DF with iodine catalysis. Compound 4 was the reaction product of LA and
DF without iodine catalysis.
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Table 1. Preparation and yield of 22-carbon tricarboxylic acid (C22TA) and its ester (C22TAE) via
Diels–Alder reaction. FA—fumaric acid; DF—dimethyl fumarate; LA—linoleic acid; ML—methyl
linoleate; CLA—conjugated linoleic acid; CLAEE—conjugated linoleic acid ethyl ester.

Entry
Reaction Conditions Compounds

Dienes (1 mol)
Dienophiles

(1.1 mol)
Catalyst

(0.3 wt.%) 1 Category Yield (%)

1 LA FA Iodine 22-Carbon tricarboxylic acid (C22TA) 71.9

2 LA FA / / /

3 LA DF Iodine 22-Carbon tricarboxylic acid dimethyl
ester (C22TADME) 81.3

4 LA DF / / /

5 ML FA Iodine 22-Carbon tricarboxylic acid
monomethyl ester (C22TAMME) 65.4

6 ML FA / / /

7 ML DF Iodine 22-Carbon tricarboxylic acid trimethyl
ester (C22TATME) 76.3

8 ML DF / / /

9 CLA DF Iodine 22-Carbon tricarboxylic acid dimethyl
ester (C22TADME)

82.0
10 CLA DF / 79.4

11 CLAEE FA Iodine 22-Carbon tricarboxylic acid monoethyl
ester (C22TAMEE)

74.4
12 CLAEE FA / 71.4

13 CLAEE DF Iodine 22-Carbon tricarboxylic acid dimethyl
monoethyl ester (C22TADMMEE)

83.3
14 CLAEE DF / 77.5

1 The amount of iodine was the mass percentage of diene.

Figure 1. 1H-NMR spectra of linoleic acid (LA) and reaction compounds with dienophiles in
chloroform-d under different catalyst conditions: compound 1, reaction product of LA and fumaric
acid (FA) with iodine catalysis; compound 2, reaction product of LA and FA without iodine catalysis;
compound 3, reaction product of LA and dimethyl fumarate (DF) with iodine catalysis; compound 4,
reaction product of LA and DF without iodine catalysis.
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Compound 1 was obtained as C22TA. Its molecular formula C22H36O6 was established from
ESI-MS, m/z 395.24396 [M −H]−. The proton signals at δ H 5.85–5.58 (m) revealed the presence of a
double bond of cyclohexene, and δ H 2.95–2.57 (m) revealed the presence of a methine of cyclohexene.
The chemical shifts at 129.97, 44.16, and 39.29 ppm were correspondingly attributed to the carbons
in the cyclohexene (Figure S21, Supplementary Materials). These results implied that a Diels–Alder
reaction occurred between LA and FA in the presence of iodine catalysis. Compound 3 was obtained
as 22-carbon tricarboxylic acid dimethyl ester (C22TADME). Its molecular formula C24H40O6 was
established from ESI-MS, m/z 425.28860 [M + H]+, 447.27042 [M + Na]+, 463.24426 [M + K]+. The
proton signals at δ H 5.85–5.50 (m) revealed the presence of a double bond of cyclohexene. Signals
at δ H 3.04 (dd) and 2.63–2.46 (m) revealed the presence of a methine of cyclohexene. Signals at δ
H 3.82–3.53 (m) revealed the presence of a methoxy of dimethyl ester attached to cyclohexene. The
chemical shifts at 129.96, 46.92, and 39.68 ppm were correspondingly attributed to the carbons in the
cyclohexene (Figure S22, Supplementary Materials). These results implied that a Diels–Alder reaction
occurred between LA and DF with iodine catalysis. However, the 1H-NMR spectra of compound 2 and
compound 4 were similar to that of LA, and no new peak was generated. These results indicated that
no Diels–Alder reaction took place between LA and dienophiles (FA or DF) in the absence of iodine
catalyst under the same heating conditions. The 1H-NMR chemical shifts of C22TA and C22TADME in
this study were in agreement with the data reported in the literature [18].

Figure 2 shows the 1H-NMR spectra of methyl linoleate (ML) and the reaction compounds with
dienophiles under different catalyst conditions. Compound 5 was the reaction product of ML and FA
with iodine catalysis; compound 6 was the reaction product of ML and FA without iodine catalysis;
compound 7 was the reaction product of ML and DF with iodine catalysis; compound 8 was the
reaction product of ML and DF without iodine catalysis.

Compound 5 was obtained as 22-carbon tricarboxylic acid monomethyl ester (C22TAMME). Its
molecular formula C23H38O6 was established from ESI-MS, m/z 409.25961 [M −H]−. The proton signal
at δ H 5.85–5.50 (m) revealed the presence of a double bond of cyclohexene, and that at δ H 3.08–2.48
(m) revealed the presence of a methine of cyclohexene. The chemical shifts at 129.94, 44.15, and 39.20
ppm were correspondingly attributed to the carbons in the cyclohexene (Figure S23, Supplementary
Materials). These results implied that a Diels–Alder reaction occurred between ML and FA with iodine
catalysis. Compound 7 was obtained as 22-carbon tricarboxylic acid trimethyl ester (C22TATME). Its
molecular formula C25H42O6 was established from ESI-MS, m/z 439.30475 [M +H]+, 461.28638 [M +
Na]+, 477.26047 [M + K]+. The proton signal at δ H 5.99–5.50 (m) revealed the presence of a double
bond of cyclohexene, and that at δ H 3.04(dd), 2.67–2.43 (m) revealed the presence of a methine of
cyclohexene. The chemical shifts at 129.97, 46.91, and 39.67 ppm were correspondingly attributed
to the carbons in the cyclohexene (Figure S24, Supplementary Materials). These results implied that
a Diels–Alder reaction occurred between ML and DF with iodine catalysis. However, the 1H-NMR
spectra of compound 6 and compound 8 were similar to that of starting material ML, and no new
peak was observed. These results indicated that no Diels–Alder reaction took place between ML and
dienophiles (FA or DF) in the absence of iodine catalyst and under the same heating conditions.
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Figure 2. 1H-NMR spectra of methyl linoleate (ML) and the reaction compounds with dienophiles in
chloroform-d under different catalyst conditions: compound 5, reaction products of ML and FA with
iodine catalysis; compound 6, reaction products of ML and FA without iodine catalysis; compound 7,
reaction products of ML and DF with iodine catalysis; compound 8, reaction products of ML and DF
without iodine catalysis.

The results in Figures 1 and 2 showed that dienes without conjugated double bonds must have
iodine as a catalyst to facilitate the Diels–Alder reaction. Under heating conditions, without a catalyst,
the nonconjugated double bonds of dienes cannot be converted efficiently to conjugated double
bonds. In order to further investigate the role of iodine in the Diels–Alder reaction, more studies were
carried out by investigating the reaction of PUFAs containing conjugated double bonds as dienes with
dienophiles under different conditions.

Figure 3 shows the 1H-NMR spectra of CLA (conjugated linoleic acid) with conjugated double
bonds and the reaction compounds with dienophiles under different catalyst conditions. Compound 9

was the reaction product of CLA and DF with iodine catalysis; compound 10 was the reaction product
of CLA and FA without iodine catalysis.

Both compound 9 and compound 10 were obtained as C22TADME, the same as Compound 3.
Its molecular formula C24H40O6 was established from ESI-MS: compound 9, m/z 425.28876 [M + H]+,
447.27066 [M +Na]+, 463.24426 [M + K]+; compound 10, m/z 425.28879 [M +H]+, 447.27072 [M +Na]+,
463.24438 [M + K]+. The proton signal of compound 9 at δ H 3.13–2.98 (m) and the proton signal of
compound 10 at δ H 2.63–2.42 (m) revealed the presence of a methine of cyclohexene, while the proton
signals of compound 9 and compound 10 at δ H 3.72–3.61 (m) revealed the presence of a methoxy of
dimethyl ester attached to cyclohexene. The chemical shifts of compound 9 and compound 10 at 129.95,
46.91, and 39.67 ppm were correspondingly attributed to the carbons in the cyclohexene (Figures
S25 and S26, Supplementary Materials). These results implied that a Diels–Alder reaction occurred
between CLA and DF with and without iodine catalysis. Dienes containing conjugated double bonds
such as CLA can react with dienes under heating conditions.
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Figure 3. 1H-NMR spectra of conjugated linoleic acid (CLA) and the reaction compounds with
dienophiles in chloroform-d under different catalyst conditions: compound 9, reaction products of CLA
and DF with iodine catalysis; compound 10, reaction products of CLA and DF without iodine catalysis.

Figure 4 shows the 1H-NMR spectra of conjugated linoleic acid ethyl ester (CLAEE) with
conjugated double bonds and the reaction compounds with dienophiles under different catalyst
conditions. Compound 11 was the reaction product of CLAEE and FA with iodine catalysis; compound
12 was the reaction product of CLAEE and FA without iodine catalysis; compound 13 was the reaction
product of CLAEE and DF with iodine catalysis; compound 14 was the reaction product of CLAEE and
DF without iodine catalysis.

Both compound 11 and compound 12 were obtained as 22-carbon tricarboxylic acid monoethyl
ester (C22TAMEE). Its molecular formula C24H40O6 was established from ESI-MS: compound 11, m/z
423.27524 [M −H]−; compound 12, m/z 423.27551 [M −H]−. The proton signals of compound 11 at δ
H 5.74 (s) and compound 12 at δ H 5.76 (m) revealed the presence of a double bond of cyclohexene;
those of compound 11 at δ H 2.87 (d) and δ H 2.19–1.94 (m) and compound 12 at δ H 2.87 (d) and δ H
2.04–1.89 (m) revealed the presence of a methine of cyclohexene. The chemical shifts of compound 11 at
129.92, 44.14, and 39.53 ppm were correspondingly attributed to the carbons in the cyclohexene (Figure
S27, Supplementary Materials). The chemical shifts of compound 12 at 129.85 and 44.15 ppm were
correspondingly attributed to the carbons in the cyclohexene (Figure S28, Supplementary Materials).
These results implied that a Diels–Alder reaction occurred between CLAEE and FA with and without
iodine catalysis. Dienes containing conjugated double bonds such as CLAEE can react with dienes
under heating conditions.

Both compound 13 and compound 14 were obtained as 22-carbon tricarboxylic acid dimethyl
monoethyl ester (C22TADMMEE). Its molecular formula C26H44O6 was established from ESI-MS:
compound 13, m/z 453.31989 [M + H]+, 475.30170 [M + Na]+, 491.27563 [M + K]+; compound 14, m/z
453.32010 [M +H]+, 475.30191 [M +Na]+, 491.27591 [M + K]+. The proton signals of compound 13

at δ H 5.84–5.72 (m) and compound 14 at δ H 5.90 (m) revealed the presence of a double bond of
cyclohexene. Those of compound 13 at δ H 3.03 (m) and δ H 2.64–2.39 (m) and compound 14 at δ H 3.04
(m) and δ H 2.64–2.39 (m) revealed the presence of a methine of cyclohexene, while the proton signals
of compound 13 and compound 14 at δ H 3.72–3.61 (m) revealed the presence of a methoxy of dimethyl
ester attached to cyclohexene. The chemical shifts of compound 13 at 129.10, 46.91, and 39.67 ppm were
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correspondingly attributed to the carbons in the cyclohexene (Figure S29, Supplementary Materials).
The chemical shifts of compound 14 at 130.05, 46.91, and 39.67 ppm were correspondingly attributed
to the carbons in the cyclohexene (Figure S30, Supplementary Materials). These results implied that
a Diels–Alder reaction occurred between CLAEE and DF with and without iodine catalysis. Dienes
containing conjugated double bonds such as CLAEE can react with dienes under heating conditions.

 
Figure 4. 1H-NMR spectrum of conjugated linoleic acid ethyl ester (CLAEE) and the reaction compounds
with dienophiles in chloroform-d under different catalyst conditions: compound 11, reaction products
of CLAEE and FA with iodine catalysis; compound 12, reaction products of CLAEE and FA without
iodine catalysis; compound 13, reaction products of CLAEE and DF with iodine catalysis; compound
14, reaction products of CLAEE and DF without iodine catalysis.

The results of 1H-NMR, 13C-NMR, and ESI-MS supported the successful synthesis of C22TA
and C22TAE. All C22TAs and their esters, C22TADME, C22TAMME, C22TATME, C22TAMEE, and
C22TADMMEE, were liquid at room temperature, which would be desirable for many applications.

2.2. The Role of Iodine in Diels–Alder Reaction

The reaction yields of C22TA and C22TAE prepared via Diels–Alder reaction under different
experimental conditions, calculated according to the 1H-NMR spectra, are shown in Table 1.

Under heating conditions, a Diels–Alder reaction did not take place between dienes and dienophiles
in the absence of iodine catalyst, while Diels–Alder reactions occurred with iodine catalysis. These
results indicated that the isomerization catalyst was necessary to transform the dienes of nonconjugated
double bonds into a suitable configuration for the reaction [19]. The iodine catalyst was important for
conjugated double bond formation. There are many methods of making conjugated double bonds;
however, iodine was selected in this study, because iodine can minimize side reactions and unnecessary
double-bond migrations [20].

In general, the Diels–Alder reactions occur with dienophiles containing conjugated double
bonds [7,20–22]. Therefore, the participation of LA and its esters in the Diels–Alder reaction was due
to the conversion of the nonconjugated double bonds into conjugated double bonds. The Diels–Alder
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reaction could occur on the conjugated double bonds at C9 and C11 for 9t,11t CLA and its ester or
at C10 and C12 for 10t,12t CLA and its ester [23,24]. Herein, the reactions of PUFAs and dienophiles
without catalysts were used as the reference reaction for the discussion of subsequent mechanisms
with iodine catalysts and PUFA. No attempt was made to separate the isomers in this study.

Diels–Alder reactions can occur between LA and its ester with dienophiles under the catalysis
of iodine [11,25]. The possible mechanism of iodine converting nonconjugated double bonds into
conjugated double bonds of LA and its ester, along with the traditional alkali isomerization mechanism,
is shown in Scheme 1. It was proposed that iodine turned nonconjugated double bonds into conjugated
double bonds via radical processes. The mechanism of iodine isomerization of LA was possibly
the same as that of photoisomerization in the presence of iodine [23]. However, the process was
initiated via heat source. As shown in Scheme 1, under heating, iodine formed two I• radicals, which
in turn reacted with the unsaturated molecule. When I• abstracted an allylic hydrogen, positional
isomerization occurred, and the conjugated product was formed [23,26,27]. In the traditional alkali
isomerization process, the main bases used include inorganic bases NaOH and KOH, and organic
bases sodium ethoxide, sodium methoxide, tetraethyl ammonium hydroxide, etc. [28–30]. The essence
of alkali isomerization involves the process of a carbon anion, and its reaction mechanism features
the base grabbing the protons of the allylic hydrogen of LA and its ester to generate a carbon anion,
followed by the carbon anion rearranging to form a stable conjugated structure, thereby achieving a
conjugated product [31,32].

Scheme 1. Mechanism of iodine and alkali isomerization of LA.

As can be seen from the results of entries 1–8 in Table 1, it was difficult for nonconjugated dienes
and dienophiles to react without a catalyst. In addition, with iodine catalysis, the substituent on
dienes and dienophiles had an effect on the efficiency of the Diels–Alder reaction. The yields of C22TA
(C22TAE) in the reaction of LA with FA and DA were 71.9% and 81.3%, respectively. The yield of the
latter was 13.1% higher than that of the former. The yields of C22TA (C22TAE) from ML in the reaction
with FA and DF were 65.4% and 76.3%, respectively. The yield of the latter was 16.7% higher than
that of the former. The yield of C22TA (C22TAE) prepared via the reaction of dienes with FA was
lower than that with DF. The same trend was observed for entries 11–14 in Table 1. The yield of C22TA
(C22TAE) prepared via reaction with FA was lower than that with DF with and without catalyst. With
catalyst, the yields of CLAEE reacting with FA and DF were 74.4% and 83.3% respectively, while the
yields were 71.4% and 77.5%, respectively, without the catalyst.

This was mainly because DF, the dienophile with an electron-withdrawing group, was more
favorable for the Diels–Alder reaction than FA [33]. According to frontier molecular orbital theory
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(FMO), the Diels–Alder reaction is controlled by the suprafacial in-phase interaction of the highest
occupied molecular orbital (HOMO) of one component and the lowest unoccupied molecular orbital
(LUMO) of the other [34,35]. The reactivity of a Diels–Alder reaction depends upon the HOMO–LUMO
energy gap of the components: a lower energy difference results in a lower transition state energy of
the reaction. Electron-withdrawing substituents lower the energies of both HOMO and LUMO, while
electron-donating groups increase their energies [36]. In general, a normal Diels–Alder reaction is
accelerated by electron-donating substituents in the diene and by electron-withdrawing substituents in
the dienophile [37].

As can be seen from the results of entries 9–14 in Table 1, Diels–Alder reactions between dienes
and dienophiles containing conjugated double bonds could occur without a catalyst. However, the
iodine catalyst had a certain positive effect on the efficiency of the Diels–Alder reaction. The yields of
C22TAE were 82.0%, 79.4%, 74.4%, 71.4%, 83.3%, and 77.5%, respectively, under the conditions of CLA
and DF, CLAEE and FA, and CLAEE and DF with and without catalyst. The results showed that the
yields of C22TAE with iodine catalyst were higher than those without catalyst.

This was mainly because iodine is a mild Lewis acid. Lewis acids can greatly accelerate
cycloaddition [38]. The catalytic effect is explained by FMO theory, considering that the coordination
of the carbonyl oxygen by a Lewis acid increases the electron-withdrawing effect of the carbonyl group
on the carbon–carbon double bond and lowers the LUMO dienophile energy [39]. It reduces the
energy difference between the HOMO of dienes and the LUMO of dienophiles, thus facilitating the
Diels–Alder reaction [37].

3. Materials and Methods

3.1. Materials

Linoleic acid (LA, 60%, Acros Organics) was purchased from Beijing Innochem Co., Ltd., Beijing,
China. Fumaric acid (FA, 99%) was purchased from Shanghai Shanpu Chemical Co., Ltd., Shanghai,
China. Dimethyl fumarate (DF, 97%, Accela) was purchased from Shanghai Shaoyuan Co., Ltd.,
Shanghai, China. Methyl alcohol (99.5%), sulfuric acid (98%), potassium hydroxide (95%), and iodine
(99.5%) were purchased from Tianjin Chemical Reagent Co., Ltd., Tianjin, China. Conjugated linoleic
acid (CLA, 85%) and conjugated linoleic acid ethyl ester (CLAEE, 70%) were obtained from Xinjiang
Technical Institute of Physics and Chemistry (Xinjiang, China.). All chemicals were used without
further purification unless notified. Deionized water was used throughout the experiments.

3.2. Synthesis of Methyl Linoleate (ML)

A typical procedure for the synthesis of ML was as follows: firstly, 100 g of LA, 70 g of methyl
alcohol, and 1.4 g of sulfuric acid as catalyst were mixed in a 250-mL three-neck round-bottom flask
and refluxed at 80 ◦C for 6 h. The flask was equipped with a mechanical stirrer, a thermometer, and a
condenser. The reaction products were separated with by-product glycerol using a separating funnel
for standing stratification. The supernatant was crude ML. Then, the crude ML was washed with
deionized water (50 ◦C) to a neutral pH. The crude product was transferred into a 250-mL three-neck
round-bottom flask for vacuum distillation at 60 ◦C to remove the residual water and methyl alcohol.
Finally, the product ML was obtained.

3.3. Synthesis of 22-Carbon Tricarboxylic Acid (C22TA) and 22-Carbon Tricarboxylic Ester (C22TAE)

C22TA and C22TAE were synthesized using the method of Vijayalakshmi et al. [8]. Firstly, 1 mol
of PUFA or PUFAE and 1.1 mol of dienophiles were mixed in a 250-mL three-neck round-bottom flask.
To this one-step process, catalytic amounts of iodine were 0 wt.% or 0.3 wt.% based on the amounts of
PUFA or PUFAE. The flask was equipped with a mechanical stirrer, a thermometer, and a condenser.
The reaction mixture was heated up within 30 min to 200 ◦C and maintained at 2 h. The unreacted
dienophile was removed by vacuum distillation in steam (<15 MPa, 200 ◦C). PUFAs used in this study
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were LA and CLA. PUFAEs used in this study were ML and CLAEE. Dienophiles used in this study
were FA and DF. The typical synthesis routes of C22TA and C22TAE are shown in Scheme 2.

 

Scheme 2. The typical synthesis routes of 22-carbon tricarboxylic acid (C22TA) and its ester (C22TAE).

3.4. Characterization

NMR spectra were recorded on an NMR spectrometer (Varian, Palo Alto, CA, USA) at 400 (1H)
or 100 (13C) MHz in deuterated chloroform (CDCl3) or deuterated dimethyl sulfoxide (DMSO-d6).
Chemical shifts relative to that of chloroform (7.24) or DMSO (2.47) were reported. ESI-MS spectra
were determined on a Waters UPLC-Quattro Premier XE UPLC–MS/MS (Ultimate 3000/Q-Exactive,
Thermo Fisher Scientific., Waltham, MA, USA). The ESI flow rate of the electrospray ion source was
1–2000 μL·min−1.

4. Conclusions

1H-NMR, 13C-NMR, and ESI-MS spectrometry were used to investigate the efficiency of
Diels–Alder reactions under different reaction conditions. PUFAs (PUFAEs) such as LA, ML, CLA,
and CLAEE were used as dienes, fumaric acid and dimethyl fumarate were used as dienophiles, and
iodine was used as a catalyst to investigate the yield of C22TA (C22TAE) with or without catalyst.
Results showed that, for dienes without conjugated double bonds to participate in a Diels–Alder
reaction, iodine was necessary as the catalyst. Under heating conditions, without iodine catalyst, the
nonconjugated double bonds of dienes cannot be converted effectively to conjugated double bonds.
For dienes with conjugated double bonds, Diels–Alder reactions can occur with dienes under heating
conditions without catalyst. However, the yield of C22TAE with iodine catalyst was higher than that
without iodine catalyst. The yield of C22TA (C22TAE) prepared via the reaction of diene with DF
was higher than that with FA. The mechanism of the Diels–Alder reaction for the synthesis of C22TA
(C22TAE) is proposed below.

(1) The catalyst iodine plays two roles in the synthesis of C22TA (C22TAE). On the one hand,
it transforms the nonconjugated double bonds of diene into conjugated double bonds via radical
processes. Then, the conjugated diene participates in a Diels–Alder reaction to form C22TA (C22TAE).
On the other hand, iodine can indeed improve the yield of C22TA (C22TAE), which is beneficial to
the reaction. Compared with the Diels–Alder reaction system without the catalyst, iodine as a Lewis
acid increases the electron-withdrawing effect of the carbonyl group on the carbon–carbon double
bond and lowers the LUMO dienophile energy. It reduces the energy difference between the HOMO of
diene and the LUMO of dienophile, thus facilitating the Diels–Alder reaction.

(2) The type of diene determines whether an iodine catalyst needs to be added for the synthesis of
C22TA (C22TAE). For dienes without conjugated double bonds, iodine must be added as a catalyst to
prepare C22TA (C22TAE). However, for dienes with conjugated double bonds, C22TA (C22TAE) can
be obtained without iodine, but the product yield can be improved by adding iodine to the reaction
system. However, one should keep in mind that, with the addition of iodine, the prepared product
usually has a deep brown color and an extra decolorization procedure is usually needed.

(3) The type of substituent in the dienophile directly affects the yield of C22TA (C22TAE). When
the dienophile has electron-withdrawing substituents, the efficiency of the Diels–Alder reaction is
higher, and the yield of C22TA (C22TAE) is higher. The electron-withdrawing substituents in the
dienophile reduce the HOMO–LUMO energy and accelerate the normal Diels–Alder reactions. C22TA
(C22TAE) synthesized in this study has excellent biodegradability, superior properties, and great
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market potential. The spectroscopic data and proposed mechanism of the Diels–Alder reaction could
be useful for the design and preparation of C22TA (C22TAE) and cyclohexene derivatives.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/12/972/s1:
Figure S1: ESI-MS spectrum of compound 1 C22TA; Figure S2: ESI-MS spectrum of compound 3 C22TADME;
Figure S3: ESI-MS spectrum of compound 5 C22TAMME; Figure S4: ESI-MS spectrum of compound 7 C22TATME;
Figure S5: ESI-MS spectrum of compound 9 C22TADME; Figure S6: ESI-MS spectrum of compound 10 C22TADME;
Figure S7: ESI-MS spectrum of compound 11 C22TAMEE; Figure S8: ESI-MS spectrum of compound 12 C22TAMEE;
Figure S9: ESI-MS spectrum of compound 13 C22TADMMEE; Figure S10: ESI-MS spectrum of compound 14
C22TADMMEE; Figure S11: 1H-NMR spectrum of compound 1 C22TA; Figure S12: 1H-NMR spectrum of
compound 3 C22TADME; Figure S13: 1H-NMR spectrum of compound 5 C22TAMME; Figure S14: 1H-NMR
spectrum of compound 7 C22TATME; Figure S15: 1H-NMR spectrum of compound 9 C22TADME; Figure S16:
1H-NMR spectrum of compound 10 C22TADME; Figure S17: 1H-NMR spectrum of compound 11 C22TAMEE;
Figure S18: 1H-NMR spectrum of compound 12 C22TAMEE; Figure S19: 1H-NMR spectrum of compound 13
C22TADMMEE; Figure S20: 1H-NMR spectrum of compound 14 C22TADMMEE; Figure S21: 13C-NMR spectrum
of compound 1 C22TA; Figure S22: 13C-NMR spectrum of compound 3 C22TADME; Figure S23: 13C-NMR
spectrum of compound 5 C22TAMME; Figure S24: 13C-NMR spectrum of compound 7 C22TATME; Figure S25:
13C-NMR spectrum of compound 9 C22TADME; Figure S26: 13C-NMR spectrum of compound 10 C22TADME;
Figure S27: 13C-NMR spectrum of compound 11 C22TAMEE; Figure S28: 13C-NMR spectrum of compound 12
C22TAMEE; Figure S29: 13C-NMR spectrum of compound 13 C22TADMMEE; Figure S30: 13C-NMR spectrum of
compound 14 C22TADMMEE.
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Abstract: The production of biodiesel at the industrial level is mainly based on the use of basic
catalysts. Otherwise, also acidic catalysis allowed high conversion and yields, as this method is not
affected by the percentage of free fatty acids present in the starting sample. This work has been useful
in assessing the possible catalytic pathways in the production of fatty acid methyl esters (FAMEs),
starting from different cooking waste oil mixtures, exploring particularly acidic catalysis. It was
possible to state that the optimal experimental conditions required concentrated sulfuric acid 20% w/w
as a catalyst, a reaction time of twelve hours, a temperature of 85 ◦C and a molar ratio MeOH/oil of 6:1.
The role of silica in the purification method was also explored. By evaluating the parameters, type of
catalyst, temperature, reaction time and MeOH/oil molar ratios, it has been possible to develop a
robust method for the production of biodiesel from real waste mixtures with conversions up to 99%.

Keywords: transesterification; catalysis; acidity; waste cooking oil; biodiesel

1. Introduction

The World Energy Forum has estimated that fossil fuels will run out in less than a century if they
are not replaced by an alternative energy source. Emissions from combustion of fossil fuels, containing
CO2, CO, nitrogen and sulfur oxides, organic and particulate compounds, as well as being extremely
harmful, are the main cause of the greenhouse effect and acid rainfall. Therefore, alternative energy
resources such as solar energy, geothermal energy and biomass have captured the attention of the
scientific community, including biodiesel, which is a widely used energy source. The valorization of
waste materials is a viable alternative to traditional disposal systems, including in the field of renewable
energy and bio-fuels [1]. The discovery of alternative fuels that can replace conventional resources has
therefore become a goal of scientific research [2]. Biodiesel is a non-oil variant, consisting of a mixture
of fatty acid methyl esters (FAMEs), obtained through the transesterification reaction of triglycerides
catalyzed by acids, bases, enzymes [3–5] or by using supercritical fluids [6–9], starting from vegetable
oils, fats, algae and all kinds of suitable raw materials and waste products [10], including recycled frying
oil. Therefore, any source of fatty acids can be used to produce the biodiesel [11,12]. The advantages
related to its use as fuel are numerous, starting from the low environmental impact, as it represents a
renewable and biodegradable source of energy. The current trend is not to use edible raw materials
preferring waste ones, which still must comply with the quality standards as essential prerequisites for
the commercial use of any fuel [13–16]. The disposal of waste vegetable oil represents an important
issue, especially due to the widespread incorrect dumping in urban wastes, which influences and
increases costs for treating sewage plants and polluted waters [17–20]. Biodiesel can be produced from
vegetable oils through a transesterification reaction that converted triglycerides into fatty acid methyl
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or ethyl esters using the low molecular weight alcohols (Scheme 1). This reaction can be carried out in
different conditions and with different types of homogeneous and heterogeneous catalysts [3–5].

 
Scheme 1. Transesterification reaction.

Basic catalysis represents the most widely used industrial approach towards biodiesel
production [21–23].

The advantages in using this type of catalysis concern reduced reaction times, moderate operating
temperatures, the easy recovery of glycerol and the use of cost-effective catalysts. The main
disadvantages relate to the saponification reaction, which entails lower yields and difficult washing of
biodiesel, with excessive loss of product due to the formation of emulsions. Furthermore, an initial
high content of free fatty acids (FFA) allows saponification reaction to undermine the final yield.
The reaction was also conditioned by the water content of the sample, which can be reduced through
an easy pretreatment such as the heating of the starting oil [24].

Otherwise, the advantage in using homogeneous acidic catalysis is related to the insensitivity to
high levels of FFA, simultaneously promoting both the transesterification and the FFA esterification
reactions, resulting into an improved biodiesel conversion yield [25,26].

The acidic catalysis results to be much more effective than the basic one when the vegetable oil
contains more than 1% of free fatty acids. The transesterification process catalyzed by Brønsted acids,
as sulfuric acid, allows very high yields in alkyl esters, however, the drawbacks are related to longer
reaction times and higher temperatures [27,28].

Although the use of H2SO4 as a catalyst in biodiesel production was largely investigated, the
transesterification of a highly pollutant starting material as waste cooking oils (WCO), catalyzed by
sulfuric acid, was less explored.

Nye and coworkers reported that it is possible to produce biodiesel from exhausted frying oil
using 0.1% of H2SO4 as a catalyst, methanol as a solvent, with a methanol/oil molar ratio of 3.6:1, at
25 ◦C, but the product was recovered with a yield of 72% after a reaction time of 40 h [29].

Canakci and Van Gerpen investigated the transesterification of food grade soybean oil, catalyzed
by sulfuric acid, with a MeOH/oil molar ratio of 6:1, a reaction temperature of 60 ◦C, a catalyst amount
of 3%, after a reaction time of 48 h. Nevertheless, the acid catalyst required a concentration of water
lower than 0.5% to yield 88% of biodiesel [30].

Guana and Kusakabe developed the synthesis of biodiesel from waste oily sludge (WOS) with
high free fatty acids (FFA) content. H2SO4 and Fe2(SO4)3 were used as catalysts for the esterification of
FFA, yielding biodiesel in 86% for both catalysts under suitable condition. The H2SO4 concentration
was 3 wt% and MeOH/oil molar ratio was 10:1. The reaction rate was greatly enhanced by increasing
the reaction temperature to 100 ◦C. However, this method required a preliminary extraction of oil from
WOS containing water, using hexane [31].

In addition to homogeneous catalysis, the heterogeneous catalysis, according to the objectives
of green chemistry, provides the facility of separation of the product and the catalyst, allowing the
recovery and reuse of the catalyst [32]. The active catalytic material is often dispersed on the surface of a
support that can be catalytically inert or can contribute to the overall catalytic activity. Typical supports
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include different materials such as activated carbon, black carbon and carbon nanotubes, many types
of porous inorganic solids such as silica, zeolites, titanium dioxide and mesoporous materials [33].

In this work the main objective concerned the optimization of the transesterification reaction with
a focus on acidic catalysis, using different waste cooking oils as starting material. In this study we
offer complementary approaches towards biodiesel production from real and unknown mixtures of
exhausted frying oils. The advantage of the proposed procedure consists in the robustness of the
method with respect to mixtures of very different exhausted oils.

2. Results and Discussion

2.1. Basic Catalysis

We firstly explored the transesterification reaction using basic catalysis, to evaluate the composition
of the fatty acids in the starting mixture. The experiments were carried out on six samples, two of
which consisted exclusively of waste olive and seed oils, while four consisted of unknown waste oil
mixtures. The WCO blends were heated for five hours at a temperature of 65 ◦C to eliminate impurities
and excess of water [24].

The heated samples were then subjected to the transesterification reaction with methanol using
NaOH 1% w/w as catalyst, stirring the mixtures at a temperature of 50 ◦C for 1 h, with a molar ratio of
MeOH/oil of 6:1. All the methyl esters were obtained with very high conversion and the separation of
glycerol from the methyl esters mixture easily occurred. The results are shown in Table 1.

Table 1. Optimization study of the transesterification in homogeneous basic catalysis.

Entry Source
Crude weight 1

(g)
Conversion 2

(%)

1 WCO olive oil 68.4 a 94
2 WCO seed oil 65.4 a >99
3 WCO mix 1 73.0 a 97
4 WCO mix 2 62.0 a 91
5 WCO mix 3 4.4 b >99
6 WCO mix 4 73.0 a >99

Conditions: NaOH 1% w/w, MeOH/oil ratio 6:1, 50 ◦C, 1h. 1 Weight of recovered biodiesel: a weight of the initial
waste cooking oil (WCO) = 100 g; b weight of the initial WCO = 10 g. 2 Calculated by 1H-NMR.

2.2. Acidic Catalysis

A screening was performed using concentrated H2SO4 (20% w/w) as a catalyst. Therefore, various
reaction parameters were modified to test their influence on biodiesel yield. Table 2 showed the
experiments performed using all the waste oils as the starting material.

At first the reaction was carried out on all the WCO mixtures, at a temperature of 65 ◦C, for 12 h,
with MeOH/oil molar ratios of 6:1, reaching moderate biodiesel conversion (entries 1–6). Using WCO
mix 2 as the model mixture, the temperature was raised to 85 ◦C and the reaction time was reduced
to 6 h, while the MeOH/oil ratio was also modified. As a result, higher temperature enhanced the
conversion of WCO mix 2 into biodiesel. Setting MeOH/oil ratio to 3:1 and 6:1 (entries 7–8) biodiesel
was afforded with comparable conversion, which dropped when 12:1 MeOH/oil ratio was used (entry
9). By increasing the reaction time to 12 h at 85 ◦C, conversion has reached optimum levels up to 99%
(entries 13 and 20). To investigate the scalability of the process, the reaction was scaled up using 100 g
of the starting WCO mix 2 with MeOH/oil ratio of 3:1 and 6:1, and in both cases (entries 14 and 21) the
conversion was found to be excellent (96% and 99% respectively). Furthermore, all the WCO mixtures
were transformed into biodiesel by changing MeOH/oil ratios and temperature. The alcohol/oil molar
ratio is one of the main factors that influence transesterification. An excess of the alcohol promotes the
formation of the biodiesel, but the ideal alcohol/oil ratio must be established empirically, considering
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each individual process [30]. As a result, biodiesel was obtained with the highest conversion from all
the mixtures, heating the samples at 85 ◦C, with a reaction time of 12 h and 6:1 MeOH/oil ratio.

Table 2. Optimization study of the transesterification in homogeneous acidic catalysis.

Entry Source
Temperature

(◦C)
Time

(h)
MeOH/Oil

Ratio
Crude Weight 1

(g)
Conversion 2

(%)

1 WCO olive oil 65 12 6:1 8.3 a 66
2 WCO seed oil 65 12 6:1 6.3 a 63
3 WCO mix 1 65 12 6:1 7.5 a 45
4 WCO mix 2 65 12 6:1 6.2 a 48
5 WCO mix 3 65 12 6:1 7.2 a 34
6 WCO mix 4 65 12 6:1 7.1 a 40
7 WCO mix 2 85 6 3:1 7.4 a 75
8 WCO mix 2 85 6 6:1 4.2 a 72
9 WCO mix 2 85 6 12:1 9.6 a 42
10 WCO olive oil 85 12 3:1 5.4 a 79
11 WCO seed oil 85 12 3:1 6.3 a 74
12 WCO mix 1 85 12 3:1 9.3 a 68
13 WCO mix 2 85 12 3:1 7.2 a 98
14 WCO mix 2 85 12 3:1 72.0 b 96
15 WCO mix 3 85 12 3:1 7.5 a 69
16 WCO mix 4 85 12 3:1 7.9 a 85
17 WCO olive oil 85 12 6:1 6.8 a 92
18 WCO seed oil 85 12 6:1 8.5 a 85
19 WCO mix 1 85 12 6:1 8.4 a 91
20 WCO mix 2 85 12 6:1 6.6 a 99
21 WCO mix 2 85 12 6:1 88.0 b 99
22 WCO mix 3 85 12 6:1 9.9 a 86
23 WCO mix 4 85 12 6:1 8.9 a 91
24 WCO olive oil 85 12 12:1 8.0 a 61
25 WCO seed oil 85 12 12:1 7.5 a 63
26 WCO mix 1 85 12 12:1 8.1 a 35
27 WCO mix 2 85 12 12:1 7.6 a 70
28 WCO mix 3 85 12 12:1 7.4 a 37
29 WCO mix 4 85 12 12:1 7.2 a 60

1 Weight of recovered biodiesel: a weight of the initial WCO = 10 g; b weight of the initial WCO = 100 g. 2 Conversion
calculated by 1H-NMR.

From the experimental point of view, the acid catalyzed reactions presented several problems
related to the recovery of glycerol and product washing, compared to the basic catalyzed ones.
The addition of concentrated H2SO4 to the reaction mixture caused a change of color, from yellow
to black. It was hypothesized that this variation could be attributable to the formation of polymeric
products [34]. In each transesterification reaction catalyzed by H2SO4, the formation of the dark
amorphous residue was observed after some hours. This residue was insoluble in the reaction mixture
and in water, whereas it was found to be soluble in acetone. Biodiesel washing represented another
problem related to the use of this acid catalyst. The presence of the dark residue, in fact, makes it
difficult to observe the phase separation during the work up procedure. Furthermore, an evaluation of
acidic catalysis was carried out, reporting the role of silica as an element introduced directly into the
reaction mixture [34]. In recent years, the development of new catalytic strategies in the production
of biodiesel has witnessed an increase in the use of silica as a support for charging acid sulfonic
catalysts, which have shown promising catalytic activity [35]. The use of silica was evaluated to cope
with a further problem arising during the catalyzed acid transesterification reactions with H2SO4.
These reactions were characterized by the formation of black residues, water-insoluble and hard to
remove. The tests were conducted using WCO mix 2, as reference, with the addition of 50% w/w of
silica (Table 3).
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Table 3. Optimization study of the transesterification of WCO mix 2 in the presence of silica.

Entry Catalyst
Time

(h)
Crude weight 1

(g)
Conversion 2

(%)

1 SiO2 6 - -
2 SiO2/Amberlyst 15 (3%) 6 - -
3 SiO2/HCl 4M in dioxane 6 5.3 a 16
4 SiO2/H2SO4 (20%) 6 8.7 a 23
5 SiO2/H2SO4 (20%) 12 8.5 b 92
6 SiO2/H2SO4 (20%) 12 10.5 + 5.3 b,c 85

1 Weight of recovered biodiesel: a weight of the initial WCO = 10 g; b weight of the initial WCO = 20 g; c after
extraction with CH2Cl2. 2 Calculated by 1H-NMR.

At first the reactions carried out with silica and a cation exchange resin such as Amberlyst 15 at
3% w/w (after activation with HCl 6N) were tested (entries 1 and 2), without any biodiesel conversion.
Afterwards, using silica with HCl 4M in dioxane and H2SO4 20% w/w (entries 3 and 4) after 6 h, low
conversions were observed while the best result was obtained stirring the reaction for 12 h (entry 5).
However, part of the obtained biodiesel was still retained by silica, therefore supplementary extraction
of the retained material on silica with CH2Cl2 allowed the recovery of additional 5.3 g of biodiesel
(entry 6). These results were accompanied by the good ability of silica to retain the residues formed
during the reaction.

2.3. Characterization

2.3.1. Acidity of WCO

The acidity of the waste oils was a fundamental parameter, as it influenced the yield of the
transesterification reaction. By titration of WCO samples, it was possible to verify that free fatty acids
content was lower than 3%, except of WCO mix 1 that showed an acidity of 3.16%. The analyzed
samples were heated to 65 ◦C for 5 h and the acidity percentage was measured before and after heating.
The percentage acidity values calculated for different oil mixtures are shown in Table 4.

Table 4. Percentage acidity values.

Entry Source Acidity % 1 Acidity % 2

1 WCO olive oil 1.79 1.47
2 WCO seed oil 1.73 1.61
3 WCO mix 1 3.16 2.80
4 WCO mix 2 0.68 0.84
5 WCO mix 2 3 0.68 0.57
6 WCO mix 3 2.05 2.22
7 WCO mix 3 3 2.05 2.02
8 WCO mix 4 0.34 0.31

1 Before heating. 2 After heating. 3 Dried with anhydrous Na2SO4 before heating.

The acidity decreased after heating, except in two cases (entries 4 and 6) where the acidity was
higher with respect to the starting sample. To justify these results, it was hypothesized that the presence
of a high amount of water in the starting WCO may increase the concentration of acidic species after
heating. To eliminate the excess of water, WCO mix 2 and WCO mix 3 were preliminarily dried with
anhydrous Na2SO4. In this case, repeating the titration after the thermal treatment (entries 5 and 7), the
acidity percentage decreased. Consequently, it was possible to state that water could have a significant
role in lowering the transesterification reaction yield, due to the thermal promoted hydrolysis of
triglycerides of WCO mixtures.
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2.3.2. NMR Characterization

The starting material was analyzed by NMR spectroscopy and the analysis of 1H-NMR spectra is
reported in Figure 1. The signal at 5.35 ppm corresponds to the olefinic hydrogen of unsaturated fatty
acids. The signal at 5.20 ppm corresponds to glycerol protons while glycerol methylene protons showed
a signal at 4.19 ppm. Allylic protons showed a signal at 1.88–2.02 ppm and 2.63–2.77 ppm, signals
at 2.15–2.31 and 1.47–1.62 ppm corresponded to methylene protons in α e β in the carboxy group,
while the saturated groups exhibited a signal at 1.14–1.26 ppm. Signals at 0.75–0.88 and 0.95 ppm
corresponded to the methyl protons of the aliphatic chains of fatty acids. A peak at a chemical shift
value of 2.78 ppm, corresponding to the signal of linoleic acid and particularly abundant in seed oil,
was also detected. All the mixtures were analyzed and a comparison of the composition of starting
oil blends was performed, as shown in Figure 2. The transesterification reaction was verified from
the analysis of the 1H-NMR spectra of the corresponding biodiesel samples and the conversion was
calculated according to the literature [36]. In fact, it was possible to detect the presence of a peak at
a chemical shift value of 3.67 ppm (A1), identifying the presence of the methoxy group of fatty acid
esters while the signals of the methylene groups at 5.20 and 4.19 ppm (A2) disappeared (Figure 3).

Figure 1. 1H-NMR spectra of a general WCO mixture.

WCO mix 4

WCO mix 2

WCO mix 1

WCO olive oil

WCO seed oil

WCO mix 3

Figure 2. 1H-NMR spectra of WCO mixtures.
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Entry 6

Entry 4

Entry 3

Entry 1

Entry 2

Entry 5

Figure 3. 1H-NMR spectra of fatty acid methyl esters (FAMEs) obtained with basic catalysis (Table 1).

2.3.3. FT-IR Analysis

FT-IR spectroscopy represented a rapid and precise method for the recognition of functional
groups of fatty acids deriving from WCO and biodiesel [37].

The main difference between the two FT-IR spectra was related to the transformation of the
exhausted oil ester groups into the methyl esters of the produced biodiesel (Supporting Information).
The exhausted vegetable oils showed an absorption that appears at 722 cm−1, representative of the
rocking band of the –CH2 and the other at 1746 cm−1 typical of the stretching of the C=O of the ester.
Biodiesel absorptions appeared at 1464 and 1437 cm−1, representing the methyl ester groups, and at
1196 cm−1, corresponding to –(C–O)– of the ester. The peak at 1163 cm−1 of the oil sample compared to
the 1195 cm−1 peak of the biodiesel sample demonstrated the successful conversion.

2.3.4. Gas Chromatographic Analysis

Gas chromatography allowed the estimation of peaks obtained by the analysis of the methyl esters
derived from the fatty acids after transesterification. Consequently, it was also possible to trace the
composition of the fatty acids present in the triglycerides of the starting material [38].

In fact, the area underneath these peaks provided information about the related content of a
specific methyl ester in the mixture (Table 5).

Table 5. Composition of FAMEs.

Entry Source Palmitoleate Palmitate Linoleate Oleate Stearate

1 WCO olive oil 1.441 12.284 8.701 75.255 2.319
2 WCO seed oil 1.324 12.015 13.430 70.655 2.574
3 WCO mix 1 - 6.908 53.366 35.618 4.108
4 WCO mix 2 - 7.484 37.064 52.017 3.434
5 WCO mix 3 2.400 13.046 10.163 71.785 2.515
6 WCO mix 4 - 9.027 55.759 29.864 5.350

3. Materials and Methods

3.1. Chemicals and Material

All the reactions were performed on a series of samples of waste oils for domestic use: waste
olive oil, waste seed oil, mixture of different waste oils (WCO mix 1, WCO mix 2 and WCO mix 3), and
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mixture of different waste oils used at a constant temperature of 180 ◦C (WCO mix 4). All the other
chemicals were commercially available and used without further purification.

3.2. General Reaction Procedures

The molecular weight of the WCO mixtures was estimated considering the composition of the
lateral chains R1, R2 and R3 deriving from oleic, linoleic and palmitic acid respectively, as confirmed by
Gas Chromatographic analysis.

3.2.1. Homogeneous Basic Catalysis

In a 250 mL round bottom flask, 100 g of WCO (117 mmol) were refluxed at 65 ◦C for five hours.
Of MeOH (624 mmol) 20 g was mixed with 1 g of NaOH (25 mmol), the solution was added to the oil
and the reaction was refluxed at 50 ◦C for one hour. The organic phase was washed with NH4Cl and
distilled water, dried with Na2SO4, filtered and finally concentrated under vacuum.

3.2.2. Homogeneous Acidic Catalysis

In a 50 mL round bottom flask, 10 g of WCO (11.7 mmol) were mixed with 2 g of MeOH
(62.4 mmol). Finally, 1.08 mL of concentrated H2SO4 (20 mmol) was added. The reaction was refluxed
at a temperature of 85 ◦C for of twelve hours. The organic phase was extracted with water and diethyl
ether, dried with Na2SO4, filtered and finally concentrated under vacuum.

3.2.3. Acidic Catalysis Supported by Silica

In a 100 mL round bottom flask, 20 g of WCO mix 2 (23.3 mmol) were mixed with 4 g of MeOH
(125 mmol) and 10 g of gravitational SiO2 (166 mmol). Finally, 2.17 mL (41 mmol) of concentrated
H2SO4 were added. The reaction was refluxed at a temperature of 85 ◦C for 12 h. The product was
filtered under vacuum by using a Gooch filter. The organic phase was washed with CH2Cl2, filtered
and finally concentrated under vacuum.

3.3. Acidity Percentage

The mixture of oil (10 g), ethanol 95◦ (100 g), diethyl ether (300 g) and phenolphthalein (2 mL) was
titrated with KOH (0.1 M), until a color change from colorless to pale pink. The mL of KOH needed to
reach the color change point is included in the following formula to calculate percentage acidity:

%A =
M×V×MWOL

P× 10
× 100 (1)

V = volume of KOH at the turning point;
M = KOH molarity;
MWOL =molecular weight of oleic acid;
P =weight in g of oil used for titration.

3.4. Analysis Methods

The 1H-NMR spectra were recorded with a VARIAN INOVA 500 MHz or Bruker 700 MHz
spectrometer; all chemical shift values are reported in ppm (δ); CDCl3 was used as solvent.

The conversion was calculated from the ratio between the selected areas of A1 (methoxy group of
FAME, 3.67 ppm, singlet) and A2 (methylene group of WCO, 5.20 or 4.19 ppm, dd) according to the
following equation [36]:

Conversion (%) = 100 × (2Al/3A2). (2)

FT-IR spectra were performed with a PERKIN ELMER 283 spectrophotometer. The gas
chromatograms were obtained with a HP6890 plus gas chromatograph equipped with HP1 column.
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4. Conclusions

Hence, it could be concluded that WCO, which is economic and easily available, is a very useful
raw material for biodiesel production. The optimization of a transesterification reaction of six different
waste oil mixtures was carried out. The results obtained have shown that the basic catalysis allowed us
to evaluate the composition of the fatty acids in the starting mixture. The conditions of acidic catalysis
have therefore been widely explored. Under optimized conditions all the mixtures show very high
conversions. However, the recovery of glycerol and crude washing were difficult, due to the formation
of insoluble products probably deriving from oxidation processes. To overcome this drawback, the use
of silica was tested. As a result, in the presence of silica as supporting material, biodiesel was prepared
with high conversion, whereas the insoluble material was retained on the silica surface. Furthermore,
the role of silica facilitated the purification process because the formation of polymeric materials can
contaminate the purity of the formed biodiesel.
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WCO seed oil (Table 2), Figure S3: 1H-NMR spectra of FAMEs from WCO mix 2 (Table 2), Figure S4: 1H-NMR
spectra of FAMEs from WCO mix 1 (Table 2), Figure S5: 1H-NMR spectra of FAMEs from WCO mix 3 (Table 2),
Figure S6: 1H-NMR spectra of FAMEs from WCO mix 4 (Table 2), Figure S7: 1H-NMR spectra of FAMEs from
WCO mix 2 (Table 3), Figure S8: 1H-NMR spectrum of standard biodiesel, Figure S9: FT-IR spectrum of WCO
olive oil, Figure S10: FT-IR spectrum of WCO seed oil, Figure S11: FT-IR spectrum of WCO mix 1, Figure S12:
FT-IR spectrum of WCO mix 2, Figure S13: FT-IR spectrum of WCO mix 3, Figure S14: FT-IR spectrum of WCO
mix 4, Figure S15: FT-IR spectrum of Entry 1 (Table 1), Figure S16: FT-IR spectrum of Entry 2 (Table 1), Figure S17:
FT-IR spectrum of Entry 3 (Table 1), Figure S18: FT-IR spectrum of Entry 4 (Table 1), Figure S19: FT-IR spectrum of
Entry 5 (Table 1), Figure S20: FT-IR spectrum of Entry 6 (Table 1), Figure S21: Chromatogram of Entry 1 (Table 5),
Figure S22: Chromatogram of Entry 2 (Table 5), Figure S23: Chromatogram of Entry 3 (Table 5), Figure S24:
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Abstract: Contact glow discharge electrolysis (CGDE) can be exploited in environmental chemistry for
the degradation of pollutants in wastewater. This study focuses on the employment of cheap materials
(e.g., steel and tungsten) as electrodes for experiments of CGDE conducted in electrochemical cells
with variable electrolytic composition. A clear correlation between breakdown voltage (VB)/discharge
(or midpoint) voltage (VD) and the conductivity of the electrolyte is shown. Regardless of the chemical
nature of the ionogenic species (acid, base or salt), the higher the conductivity of the solution, the lower
the applied potential required for the onset of the glow discharge. Concerning practical application,
these salts could be added to poorly conductive wastewaters to increase their conductivity and thus
reduce the ignition potential necessary for the development of the CGDE. Such an effect could render
the process of chemical waste disposal from wastewaters more economical. Moreover, it is evidenced
that both VB and VD are practically independent on the ratio anode area to cathode area if highly
conductive solutions are employed.

Keywords: contact glow discharge electrolysis; electrochemical plasma; water treatment; glycerol

1. Introduction

Plasma generated through a process of CGDE constitutes an unconventional product of electrolysis.
Starting from the electrolysis in a water solution under DC conditions, it makes the development of a
luminescent plasma layer at the electrode/electrolyte interface feasible [1]. Plasma can be formed either
at the cathode or at the anode, depending on the operative conditions [2–4]. The glow discharge follows
water electrolysis (with production of H2 and O2 at the cathode and the anode, respectively) and is
further promoted by the formation of radical species (and their derivatives) at the interface between
the plasma and the solution [5]. To date, CGDE has been proved to be a valid and cost-effective metal
surface treatment technique: the method significantly and effectively increase hardness and corrosion
resistance of the metal [4,6].

The CGDE phenomenon occurs for the application of a high voltage (in the order of several
hundred of volts) and is characterized by a critical value of onset for the formation of the plasma [3].
Such a voltage onset mainly depends on the physical properties of the electrolyte. Once reached, a
gaseous layer surrounding the electrode is formed. The gas of the layer is partly formed by water
steam, due to the heating of the solution in proximity of the electrode (Joule effect) and by the products
of water electrolysis [4,5]). The profile of the current intensity is characterized by the reaching of a
maximum that is followed by decrease. Such a current decrease sets the end the ordinary electrolysis.
The critical ignition voltage is called breakdown voltage (VB). A further increase in the voltage leads to
the stabilization of the gaseous layer around the electrode in concomitance with the continuous and
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slow decrease of current. The simplified mathematical model reported in ref. [1] describes the time
evolution of the current in CGDE conditions through the equation:

I(t) =
U −Ud

Rk

(
1− et/τ

)
(1)

being Rk the total electrical resistance (mainly constituted by the ohmic drop in the interelectrode
space), Ud the water decomposition potential and τ a time constant depending on the system. It is
also possible to calculate the time required for the formation of the gas film around one of the two
electrodes, using the following expression:

t f =
2π2h2kρc

I2 2b2(Tc − To) (2)

where b is the radius of the cylindrical electrode, h the depth of the cylinder–electrode immersed
in the electrolyte, I the current intensity, Tc the boiling temperature of the solvent (reached at the
electrode surface) and To is the bulk temperature of the electrolyte having electrical conductivity k,
density ρ and specific heat capacity c. This vapor film successively undergoes a transformation into a
brilliant, continuous plasma which represents the peculiarity of CGDE. As previously outlined, this
phenomenon occurs once the voltage is high enough to trigger the development of plasma. Plasma
triggering is characterized by small and quick intermittent glow discharges that are located on the
electrode surface with a spotty appearance. The electrode on which plasma is generated is indicated as
active electrode [1]. The voltage required for the generation of luminescence is called midpoint voltage
or discharge voltage (VD), and the potential region between VB and VD is called partial CGDE. When
VD is exceeded, the current intensity starts to rise again, but with a significantly lower slope than the
increase observed at voltages lower than VB. Such a regime is called ohmic region. Complete CGDE
can be formed at any valued of voltage comprised in the range delimitated by the breakdown and
the midpoint voltage. The occurrence of the formation of the latter event depends on the operating
conditions of the cell and the polarity of the electrode. The CGDE phenomenon can occur during the
electrolysis of aqueous solutions with high conductivity, non-aqueous electrolytes or melts [4,7]. In the
present work, we considered prevalently aqueous electrolytes.

Recently, several studies reported on the potential application of CGDE in other sectors, such
as the synthesis of tailored nanoparticles [8–10], organic compounds [11], steam generation [12],
polymers [13,14] and super-adsorbent compounds [15], mineralization of water [16–32] and hydrogen
production [33]. Another interesting application consists in the employment of CGDE in the synthesis
of amino acids [34]. The versatility of CGDE in the fields of environmental chemistry, electrochemistry,
plasma chemistry, organic and inorganic chemistry, coupled with its modest cost compared to other
plasma method, fully justifies its in-depth study. Furthermore, a relatively simple experimental
apparatus is required. The current–voltage characteristic curves of CGDE have a general typical shape,
regardless of the electrode material or the electrolyte used [25,29,35–39].

Again, all curves have two values of fundamental practical interest: the ignition voltage, called
breakdown voltage (VB)—at which the collapse of the normal electrolysis occurs—and the midpoint
voltage or discharge voltage (VD), i.e., the voltage required for the formation of the actual luminescence,
(Figure 1). Since the achievement of the VB is always followed by a rapid decrease of the current, it is
easy to identify this value as the maximum in the I–V curves of the CGDE. On the other hand, VD is
always followed by a sudden increase of the current (and it is associated with a relative minimum
of current in the characteristic curve). Therefore, it is relatively handy to identify the two voltage
parameters that determine the development of CGDE. In the present work, these parametric values
were systematically analyzed as a function of the variables involved in each type of experiment
(conductivity and concentration of the electrolyte, electrode active area, chemical nature of the electrode
material, electrolyte solvent).
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Figure 1. Individuation of VB and VD in a typical current–voltage characteristic curve of a contact glow
discharge electrolysis (CGDE) experiment. From zero to VB voltage, the electrolysis proceeds with the
current increasing in a nonlinear fashion as expected for a faradaic regime. This initial portion of the
curve is associated with the formation of gas bubbles. Once the VB value is surpassed, the water vapor
(formed because of Joule heating) plus the electrolytic gas coalesce to form a layer surrounding the
active electrode. This coalescence causes a sudden drop of current intensity (I) for the increase of the
electron transfer resistance at electrode–electrolyte interface. When the applied potential Vappl is larger
than VD this gaseous layer turns into an electrochemically generated plasma for the occurrence of a
local dielectric breakdown.

Due to the complexity of CGDE phenomenon, further studies are still required to understand the
mechanisms of electrolyte plasma formation. In this context, the present work focuses on the analysis of
the operative conditions for the realization of CGDE. The work deals with the dependence of discharge
voltage and the breakdown voltage on electrolyte conductivity and the influence that the difference of
the immersed areas of anode and cathode exerts on the two characteristic voltages. As far as we are
aware, there is not any study investigating both a so large range of conductivity (up to 600 mS m−1) and
a plethora of different electrolytic solutions, also considering a hybrid organic–aqueous environment.

2. Results and Discussion

The present study aims to define the optimal experimental conditions for the development of
CGDE in both aqueous and aqueous/organic mixed solvents (namely water and glycerol mixture).
Various solutes, at different concentration, were employed in order to evidence any eventual common
trend of the voltage parameters with electrolyte conductivity and the area of the active electrode.

An interesting—and almost unique—feature of the CGDE is the tendency to produce molecules
(originating from the plasma electrolysis), the faradaic yields of which deviate in excess from theoretical
values [4,5,13,40–42]. Indeed, more than 80% of the electrolyzed molecules originate in the liquid
phase at the interface close to the plasma (i.e., at the electrode surface) where H2O+gas reacts with
water molecules leading to the formation of both hydroxyl and proton radicals (H• e OH•). The latter
are responsible for a higher gas evolution than expected [41]. Common reactions are briefly recalled
hereafter:

H2O+gas + nH2O→ (n + 1) H• + (n + 1) OH• (3)
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OH• + OH• → 1
2

O2 + H2O (4)

H• + H• → H2 (5)

OH• + OH• → H2O2 (6)

OH• + H2O2 → HOO• + H2O (7)

HOO• + OH• → O2 + H2O (8)

The presence of a radical scavenger—such as an aliphatic alcohol—will further promote these
reaction (vide infra).

2.1. CGDE in Aqueous Environment: Dependence on Solution Conductivity

In this section, the breakdown and the discharge voltage are analyzed as a function of electrolyte
conductivity. Although KCl is a very well-known standard electrolyte in electrochemistry due to its
large availability, low cost, negligible toxicity and high solubility in water, it presents the disadvantage
of being electroactive with the anodic evolution of Cl2 under the harsh conditions of CGDE. In fact,
Cl2 can react spontaneously with steel-based electrodes leading to the formation of iron chloride with
the consequent deactivation of the electrode. For this simple reason, in the series of experiments
we conducted, tungsten (W) electrodes were employed. The choice of W as electrode material was
motivated by its high corrosion resistivity, the high conductivity and availability.

It has been recognized that the conductivity of the solution plays a decisive role in the determination
of the value of the potential necessary for the transition from normal electrolysis to CGDE [39,43].
Lower specific conductivities of the electrolyte are associated with higher triggering voltages, while
extremely high conductivities lead to a flattening of the VD-k curve. This is observed for both VB

and VD. Straightforwardly, we analyze VB and VD values obtained from different experiments using
different solutions and different electrodes, as a function of the specific conductivities (mS cm−1)
of the fresh solutions. This approach allows to evidence any possible common trend in different
starting conditions (i.e., different solutes and concentrations). In Figure 2 we reported the trend of
the breakdown voltage with respect to the conductivity of the solution for cathode/anode immersed
area ratio ranging from 0.05 to 0.9. In doing so we investigate the electrolytic plasma developed at the
cathode surface. Under the adopted conditions, the formation of plasma was always observed at the
cathode (Video S1—see Supplementary Materials).

From Figure 2 (top), one notices a rapid increase of VB upon the decrease of k, and when electrolyte
conductivity approaches the zero value there is a corresponding exponential augmentation of VB.
Highly conductive solutions, namely in the range 80–600 mS cm−1, lead to a quasi-constant value of
VB with the latter showing an asymptotic behavior towards a minimum of 30 V. The latter could be set
as a threshold value for the occurrence of CGDE phenomenon. This behavior is poorly dependent
on the nature of the employed electrolyte, i.e., if this is acid, basic or a salt. Such a behavior could be
profitably used for the optimization of the conditions under which CDGE breakdown is conducted for
practical applications, e.g., wastewater purification.

The trend of VD vs k shows a larger dispersion of the midpoint voltage with respect to the averaged
profile (Figure 2, bottom). The solutions with similar conductivity display comparable VD values.
Similar to VB (Figure 2, bottom), also VD tends asymptotically to a minimum upon increase of the
conductivity. The asymptotic value of VD is 90 V when conductivity surpasses 80 mS cm−1.
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Figure 2. (top) Breakdown voltage VB and (bottom) VD vs. electrolyte conductivity (mS/cm). In
the insets, the colored numbers represent the values of the ratio of the cathode area/anode area for
each experiment.

As one can see from Figure 3 and Figure S1 (see supporting information), when the analysis
is focused on the experiments of cathodic plasma formation (this is achieved when the ratio of the
cathode area/anode area is lower than one, the value of VB is dependent on the conductivity of the
solution regardless the nature of the supporting electrolyte. The observed trend recalls what was
previously found when only one type of electrolyte is used: the higher values of VB are determined
when k diminishes. This is a finding that can be exploited in the practical application of CGDE when
the operator must choose a supporting electrolyte with low or null toxicity. For example, wastewater
with a low conductivity would prevent the formation of the electrochemical plasma, but the addition
of acidic, basic of salt-based supporting electrolytes will allow the application of CGDE, with possible
avoidance of toxic/harmful chemicals formation. Similar trends have been recorded when anodic
plasma is formed (see Figure S2—see supporting information).
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The effect of the ratio of the cathode area/anode area is investigated in detail in the next section.
Here, we anticipate that a clear influence of this geometric parameter on VB and VD values was not
observed. Generally speaking, a lower/higher cathode-to-anode ratio will preferentially allow the
plasma evolution at the cathode/anode being (obviously) larger the current density experimented by
the electrode having the minor contact area with the electrolyte. K2CO3

Figure 3. Breakdown voltage VB as function of electrolyte conductivity when different supporting
electrolytes are used. In this series of experiments cathodic plasma is formed. Types of electrolytes:
acid (i.e., H2SO4, diamonds), base (KOH, squares), salt with a weak base as anion (K2CO3, triangles)
and salt (KCl, circles).

2.2. CGDE in Aqueous Environment: Dependence on Active Electrode Area

A peculiar feature of the CGDE is its dependence on the asymmetry of the areas of the two
immersed electrodes. The ratio of the cathode area/anode area determines which of the two electrodes
will generate the electrolytic plasma. CGDE can take place also if the ratio between the immersed areas
of the electrodes is 1:1, but this represents a special case that usually requires higher voltages with
respect to a cell with asymmetrically immersed electrodes. To study this correlation, breakdown and
discharge voltages are compared with respect to the electrodes immersed area ratio.

CGDE is formed preferentially at the cathode, unless the anode area is large enough [4]. In
fact, when the immersed area of the anode is higher than the one of the cathode only anodic CGDE
occurs (case of active anode). For comparing the two types of electrolytic plasma, we conducted also
experiments in which the anode area/cathode area ratio is equal to or higher than one. In the cases of
active anode (Figure 4), a quasi exponential trend is observed with a rapid increase of VB values at low
conductivities and an asymptotic decreasing behavior at higher values of conductivity. In both cases of
cathodic and anodic CGDE a quasi exponential decrease of VB with k is found. When solutions with
relatively low conductivity are employed (k < 10 mS cm−1), the effect of the ratio of the immersed areas
slightly influenced the breakdown voltage: VB decreases if the anode experiences a larger current
density (i.e., if the immersed area of the anode is smaller than the one of the cathode). On the other
hand, when the solution conductivity is higher than 20 mS cm−1, VB becomes practically independent
on the immersed electrode areas.
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Figure 4. Breakdown voltage VB (V) vs. conductivity (mS/cm) with anode and cathode areas-ratio that
equal to or higher than 1 (case of CGDE active anode). Electrolyte is the same for all experiments.

The reported behavior can be explained considering the physical nature of the breakdown voltage
in conventional electrolysis that is usually associated with the formation of a layer of vapor around
the electrode [44,45]. Steam formation is caused by the local heating of the solution in proximity of
the electrode experiencing the highest current density (Joule effect). The vaporization temperature
of an aqueous solution poorly varies with the molar concentration of the electrolyte and, neglecting
the effect of the ebullioscopic constant, it can be considered as almost constant. This can explain the
similarity of VB values in different electrolytes beyond a certain conductivity and somehow justifies
the correlation between the breakdown voltage and the conductivity of the solution, which, in turn,
directly affects the extent of the electrical current passing through the cell and the consequent electrode
overheating. When the trend of VD as a function of solution conductivity is analyzed (Figure 5), this
results in more scattered values, as largely expected, being the voltage at which discharge occurs more
influenced by the surface characteristics of the electrode/electrolyte interface.

Figure 5. Discharge voltage, VD, as a function of the conductivity of the solution. Different colors refer
to different ratios of cathode-to-anode immersed area. Electrolyte was the same for all experiments.
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2.3. CGDE in Aqueous Environment: Effect of the Supporting Electrolyte

In the previous sections, we show how the evolution of electrolytic plasma mainly depends on
the conductivity of the electrolyte and not on its chemical composition. This implies that the choice of
an electrolyte is not crucial for the occurrence of CGDE and the electrolyte can be chosen in a way
that this mitigates the reactivity of a system under investigation for a CGDE treatment. The relevant
example of the treatment of industrial wastewater with acidic characteristics can be tackled utilizing a
basic electrolyte for avoiding the acidic corrosion of the constituents of the pipelines that carry these
waste liquids. Indeed, an extremely acid or basic solution can severely damage tubes, tanks as well as
the electrodes of the CGDE electrolyzer. In this context, we employed H2SO4, KCl, KOH and K2CO3

solution at different concentration to modulate both pH and conductivity. The pH values varied from
0.4 to 13 whereas k was comprised in the approximate range 5–580 mS cm−1. Values of pH lower than
0.4 were avoided due to the excessive development of H2 (an explosive gas). It must be pointed out
that pH and k values refer to fresh solutions and relatively large variations of these parameters must be
expected during and after plasma generation (Equations (3)–(8)).

Figure 6 resumes the trend of both VB and VD of H2SO4 (top), KOH (middle top), K2CO3 (middle
bottom) and KCl (bottom), respectively. In general, a higher conductivity leads to a lower VB and a to a
faster kinetics of plasma production as evidenced for 1 M and 0.1 M H2SO4 and 0.1 M K2CO3 (Figure 6,
left column). In the case of 1 M H2SO4, when the ratio of the immersed areas of cathode to anode is
lower than 0.5, we were not able to record the voltage values due to the generation a huge plasma
that caused severe electric interferences at the electrode surface. The experiments conducted with
electrolytes having relatively low conductivity (lower than 40 mS cm−1) did not produce electrolytic
plasma and the determination of VB was difficult. In these cases, characteristic curves of a conventional
electrolysis are obtained, which (partially) obeys to Ohm’s law, with a linear current-to-voltage trend.

As already evidenced in the former sections, the cathodic plasma is relatively easier to form with
respect to anodic plasma. On the other hand, a complete anodic CGDE is formed only for 1 M H2SO4

solutions. For other cases, it could be observed only a faint glow that was insufficient to set a stable
plasma. This means that for the occurrence of anodic CGDE a discharge voltage higher than 320 V (our
detection limit) is necessary. In both diluted acid (0.01 M H2SO4) and basic (0.01 M KOH) solutions, a
dependence of CGDE on the ratio of the cathode-to-anode-immersed areas was observed. In acidic
solutions upon increase of the ratio of the cathode-to-anode-immersed areas from 0.2 to 1, a roughly
linear increase of VB is evidenced whereas a ratio larger than 1 gives a practically constant value. Both
KCl and K2CO3-based solution showed a clear independency of the generation of the cathodic (or
anodic) plasma on the ratio of the cathode-to-anode-immersed areas.
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Figure 6. Trend of the characteristic CGDE parameters (VB, left y-axes in blue and VD, right y-axes in
red) as a function of the cathode-to-anode ratio with different supporting electrolytes: H2SO4 (top),
KOH (middle top), K2CO3 (middle bottom) and KCl (bottom). Different symbols refer to variable
electrolyte concentration.
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2.4. CGDE in Aqueous–Organic Environment: Water/Glycerol Mixture as Case Study

Equations (3)–(8) (vide supra) refer to a series of electrochemical and radical reactions that occur
in water for generating electrolytic plasma. Similar reactions occur when an alcohol or more generally
an organic hydrogen donor, is added to the aqueous media (Equations (9) and (10)) [41]:

RCH2OH + H• → RC•HOH + H2 (9)

RCH2OH + OH• → RC•HOH + H2O (10)

With respect to pure aqueous media, the addition of an organic co-solvent leads to a higher faradaic
efficiency for the H2 evolution preceding the glowing discharge. Among different (poly)alcohols, we
decided to employ glycerol due to the presence of three alcoholic groups per molecule and the high
miscibility in water (this avoids the formation of different phases in the same system). Glycerol/water
mixture was considered a meaningful case-study since it mimics the behavior of organic-contaminated
wastewater [46–48]. In order to do this, we prepared a 0.5 M glycerol solution in deionized water with
0.1 M KCl Such a solution displayed k = 23.2 mS cm−1 (for sake of comparison the conductivity of a
0.1 M aqueous solution of KCl is 25.6 mS cm−1). The slightly lower conductivity could be ascribed
to an increase of the viscosity of the solution due to the presence of glycerol. In this context, we
limited our analyses on just one supporting electrolyte. Figure 7 shows that the addition of glycerol
in the electrolytic solution seems does not influence the evolution of CGDE being both the VB and
VD equal to the one experimented in pure water when the nature of the supporting electrolyte was
the same and the solution had an analogous conductivity. Furthermore, the ratio of cathode to anode
immersed areas is practically irrelevant in the determination of VB. This is not longer the case when
VD is analyzed—indeed, plasma does not develop when the electrode area ratio is lower than 0.6 (i.e.,
for an anode with larger surface area with respect to the cathode) as verified also in case of aqueous
electrolytes. This was mainly attributed to the relatively low conductivity of the solution in the adopted
conditions of electrode immersion. In fact, plasma evolution at cathode-to-anode area ratios higher
than 0.6 is expected also at low levels of conductivity.

Figure 7. Breakdown voltage, VB (in green) and discharge voltage, VD (in orange) as a function of the
ratio of the cathode-to-anode-immersed areas, with 0.1 M KCl in water (triangles) and glycerol/water
mixture (circles).
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3. Materials and Methods

All the reagents used were obtained from Sigma-Aldrich (Saint Louis, MO, USA) and are,
respectively: glycerol (assay 86–89%), H2SO4 (assay 95–98%), K2CO3 (assay ≥ 99%), KCl (assay ≥
99%). Every aqueous solution was prepared using distilled water. The circuital scheme depicted
in Figure 8 describes the electronic circuit of the apparatus used to power the electrolysis and the
subsequent CGDE. The power supplying system consisted of a current rectifier circuit connected to the
laboratory electrical network, and was able to supply a voltage between 0 and 400 V, with a maximum
current of 13 A. The circuit consisted of a variable autotransformer (Model Number TDGC2-3KVA,
WOSN, Zhejiang, China, 50–60 Hz, 13 A, 3.51 KVA); a Graetz rectifier diode bridge (KBPC-3510, DC
Components Co., Ltd., Taichung, Taiwan 400 V, 35A); six capacitors (Ducati Energia S.p.A. Bologna,
Italy, 50–60 Hz, 100 μF); two HoldPeak digital multimeters; one resistance, (0.1 Ω, 100 W). The latter
element was inserted in order to protect the digital multimeter which was used as an ammeter. This
arrangement was motivated by the unavoidable fluctuations of current which were associated with
the formation of plasma. In this way, in the frequent cased in which the plasma caused current peaks
that could damage the internal resistance of the instrument, the external safety resistance acted as
sacrificial element.

The electrochemical cell was made of borosilicate glass (Marbaglass S.n.c., Roma, RM, Italy), and
it had the shape of a tube with a ground stopper (also in glass), equipped with a side spout having an
approximate diameter of 1 cm. The latter essentially performed two functions: it allowed the gases
generated by the electrolysis and the vapor produced by the overheating of the operating electrode to
escape out from the reactor. This kept the pressure inside the cell practically constant and equal to
the ambient value. On the other hand, it allowed filling the cell with the electrolyte with a Pasteur
pipette, once closed with the upper cap (which also acted as a support for the electrode clamps). Such
an experimental setup was designed to minimize the parallax error during the preparation operations
of each experiment. Indeed, the cell had an indelible linear calibration mark on its external glass, the
level of which coincided with the point of attachment of the terminals. Therefore, for each experiment,
we could control finely the area of the immersed electrodes. The electrode support clamps were coated
with a high-temperature-resistant, insulating and inert resin in order to avoid the shunting of the
electrolyte and/or any parasitic contribution to the measured current. A thermometer was used to
control the temperature of the solution. A high definition (HD) digital camera, was used to record
each experiment and to qualitatively evaluate the behavior of the plasma (if observed) throughout the
measurement time and especially during the transition range from the normal electrolysis to CGDE.

Figure 8. Diagram of the electrical circuit and the elements constituting the experimental apparatus.

For the measurements of the conductivity of the various solutions, a conductivity cell with a cell
constant (K) of 10 cm−1 was used. This was connected to a potentiometer/galvanometer source meter
Agilent E5262A (Agilent Technologies Ltd., Santa Clara, CA, USA) as a measuring instrument. The
potentiometer/galvanometer, in turn, was connected to a computer on which it was installed Nova 1.9
(Metrohm Autolab B.V., Utrecht, NH) as data recording software. The conductivity of the solutions
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was measured both before and after each experiment in order to highlight any modification in the
electronic properties.

Data on the conductivity of KOH and H2SO4 solutions were taken from the literature [49,50] and
were not measured directly. This precaution avoided the damage of the experimental setup because
of the corrosive power of these two reagents (strong base and strong acid). Each conductivity value
is expressed in mS cm−1, while the concentration (c) is expressed as molarity. The ratio between the
electrode areas is a pure number, and it is always the relationship between the area of the cathode and
the area of the anode immersed in the solution.

Since the conductivity of the solutions varied considerably with the temperature, in each
measurement, the cell was equipped with a thermostat set at the plasma-triggering temperature (Ti)
measured in the corresponding experiment. Temperatures higher than 80 ◦C were reached because the
evaporation of the aqueous solution under analysis was no longer negligible: if evaporation occurs and
the concentration of the electrolyte increased, the conductivity values recorded were overestimated.
For this reason, when the electrolyte in the CGDE formation tests reached these values, the reference
was made to this limit as the maximum temperature, and it was at this value that the conductivity of
the electrolyte was measured.

The electrodes used during the experiments were of two types: rectangular plates in steel (alloy
304), 1 cm wide, 0.4 cm thick and of variable length; cylinders in pure tungsten, with a diameter of
1 mm and variable length. All the electrodes were purchased from A.G. METAL, Civita Castellana
(VT) Italy.

The solutions used were: aqueous solutions of H2SO4 (c: 1 M, 0.1 M, 0.01 M); aqueous solutions
of K2CO3 (c: 0.1 M, 0.01 M, 0.001 M); aqueous solutions of KOH (c: 0.1 M, 0.01 M, 0.001 M); aqueous
solutions of KCl (c: 0.1 M, 0.01 M, 0.001 M); solutions 0.1, 0.001 M of KCl in mixture H2O + C3H8O3

(glycerol).
The reagents were chosen to study CGDE in both acidic, basic and neutral environments, with

various cations and anions, in aqueous solutions and, limited to KCl—also in mixed aqueous/organic
environment. Glycerol was chosen as an organic compound because of its high miscibility with water,
its low cost, its ease of used and handling. Additionally, as mentioned before [5,41], the production
of H2 exploiting the non-faradaic effects of CGDE, in H2O and alcohol solutions, was a promising
energetic alternative and glycerol, having three OH alcoholic groups, was of great interest for this.

The experimental procedure executed in each test was as follows: for the preparation of the
solutions, the hygroscopic salted (KCl, K2CO3) were first dried for one hour in an oven at 105 ◦C.
H2SO4, being liquid, was added with a calibrated pipette. The electrodes were then fixed to the
cell terminals: the operator checked the length of the electrodes once they were fixed. Then, the
solution was injected into the cell: once the cap of the reactor was closed, the electrolytic solution was
fed, by means of a Pasteur pipette, through the lateral spout. After having prepared and filled the
electrolytic cell and having activated the digital multimeters, the electronic circuit was closed. The
voltage was then slowly increased: initially, the voltage that passed through the cell was still practically
zero—and so was the current. Thanks to the knob on the variable autotransformer, the voltage was
constantly increased. Then, when possible, the plasma striking occurs as soon as VD was reached, the
development of a glow discharge took place. Once this happens, the experiment was interrupted, and
the circuit was open for safety. Once the circuit was opened, the cell was opened and a small aliquot of
solution was taken from the region next to the active electrode, in order to subsequently determine its
conductivity. The temperature reached by the solution was also noted. It was worth mentioning that
the electrode did not suffer any irreversible modification during the plasma and the replacement was
due to allow a fairer comparison between the different experiments.

4. Conclusions

Throughout this article, we reported on the study of the properties and the optimal conditions
necessary for the formation of the glow discharge by contact electrolysis (universally known as contact
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glow discharge electrolysis (CGDE)), using cheap materials and moderately high currents. These
conditions were adopted to verify its applicability at both the household and the industrial level.
Regardless of the chemical nature of the electrode, electrolyte or solvent, the development of the
plasma glow discharge generates characteristic curves always shows the same shape, with a maximum
current value associated with the breakdown voltage (VB) that is of the electrolysis collapse, and
a plasma-triggering voltage (VD) that is associated with a sudden current resurgence. From the
experiments performed, a clear dependence of the features of CGDE on the conductivity of the solution
was found. Indeed, low conductivity values required very high plasma trigger voltages, even higher
than 350 V. On the other hand, highly conductive solutions require extremely low potentials that could
be reached with a relatively low energy costs. CGDE preferentially develops on the electrode with the
highest charge density (usually coupled with the smaller surface area immersed in the electrolytic
solution). When the immersed areas of cathode and the anode are the same, CDGE preferably develops
at the cathode, as expected from the lower potential needed for the occurrence of the cathodic plasma.
Remarkably, the dependence of VB on the difference of the areas of the two immersed electrodes
decreases upon increase of electrolyte conductivity. Finally, it was evidenced how the formation of a
continuous layer of vapor around the active electrode is a necessary—but not sufficient—condition for
the formation of the electrolytic plasma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1104/s1,
Figures S1–S4: VB and VD as a function of solution conductivity. Table S1. List of the more interesting experiments
with relative values of VB, VD and Conductivity. Type of electrode, area ratio and electrolytic solution is specified
as well. Video S1: Example of plasma formation.
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Abstract: The reaction mechanism and origin of asymmetric induction for conjugate addition
of cyanide to the C=C bond of olefin were investigated at the B3LYP-D3(BJ)/6-31+G**//B3LYP-
D3(BJ)/6-31G**(SMD, toluene) theoretical level. The release of HCN from the reaction of ethyl
cyanoformate (CNCOOEt) and isopropanol (HOiPr) was catalyzed by cinchona alkaloid catalyst.
The cyanation reaction of olefin proceeded through a two-step mechanism, in which the C-C bond
construction was followed by H-transfer to generate a cyanide adduct. For non-catalytic reaction,
the activation barrier for the rate-determining C-H bond construction step was 34.2 kcal mol−1,
via a four-membered transition state. The self-assembly Ti(IV)-catalyst from tetraisopropyl titanate,
(R)-3,3′-disubstituted biphenol, and cinchonidine accelerated the addition of cyanide to the C=C
double bond by a dual activation process, in which titanium cation acted as a Lewis acid to activate the
olefin and HNC was orientated by hydrogen bonding. The steric repulsion between the 9-phenanthryl
at the 3,3′-position in the biphenol ligand and the Ph group in olefin raised the Pauli energy (ΔE�Pauli)
of reacting fragments at the re-face attack transition state, leading to the predominant R-product.

Keywords: asymmetric conjugate addition; cinchona alkaloid catalysis; cyanation reaction of olefin;
self-assembly Ti(IV)-catalysis; density functional theory calculation

1. Introduction

The asymmetric catalytic cyanation of C=X bond (X =O, N or C) provides an outstanding method
to obtain various optically active nitriles [1–6]. Compared to the intensively studied cyanation of
aldehydes [1,2,5], ketones [1,2,5] and imine (Strecker reaction) [3], reports on the conjugate addition of
cyanide to the C=C bond are limited [4,6]. Since the products from cyanide addition to C=C double
bonds in the α,β-unsaturated carbonyl compounds could conveniently convert to the enantioenriched
intermediates with great synthesizing value and pharmaceutical importance (e.g.,γ-aminobutyric acids),
developing straightforward synthetic procedures and exploring the relevant reaction mechanisms are
in high demand.

Jacobsen’s group reported the first catalytic asymmetric cyanation of α,β-unsaturated imides,
using Al(III) complex with chiral salen ligand as a catalyst. Based on the kinetic analyses,
they proposed that the reaction involved a bimetallic, dual activation process. The salen–Al(III)
complex-activated cyanide was delivered to the electrophile bound as an imidate complex for
highly enantioenriched cyanide adducts [7]. In a heterobimetallic system with (salen)Al and
(pybox)Er complexes (pybox = 2,6-bis(2-oxazolinyl) pyridine), two catalysts operated cooperatively
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in the rate-determining step, promoting the conjugate addition in a highly enantioselective
manner [8]. The poly(norbornene)-supported (salen)AlCl catalyst could also realize this transformation.
The proximity of catalytic sites in polymeric Al-catalyst facilitated the reaction to occur via a bimetallic
pathway [9]. Shibasaki et al. developed chiral gadolinium complex catalysts for the cyanation
of α,β-unsaturated N-acylpyrroles [10,11] and enones [12]. Mechanistic studies suggested that the
reaction is carried out through an intramolecular cyanide transfer from the gadolinium cyanide
to the activated N-acylpyrrole substrate. The protic additive (e.g., HCN) efficiently facilitated both
catalyst activity and enantioselectivity. Other metal complexes containing Sr(II) [13], Ru(II)/Li(I) [14,15],
Mg(II) [16,17] and Li(I) [18] were also active catalysts for this kind of reaction. The bifunctional catalysis
model was proposed to interpret the activation mode as well as the stereochemical outcome [15,16].
Besides, the reaction could be realized by organocatalysis [19,20] or a phase-transfer process [21,22].
The spectroscopic studies by Khan et al. verified that the N-oxide additive participated in the cyanation
of nitroalkenes as a ligand and activator of trimethylsilylcyanide (TMSCN) [23]. Experiments and
density functional theory (DFT) calculations by Minakata and co-workers revealed that the cyanation
of the boron enolates generated from α,β-unsaturated ketones with p-toluenesulfonyl cyanide (TsCN)
proceeded through a six-membered ring transition state (TS) [24]. Based on the NMR spectroscopy
results, Khan et al. proposed that imidazolium cations interacted with the substrate, facilitating the
attack of cyanide ions generated by the activation of acetone cyanohydrin by the acetate counter
ion in 1-butyl-3-methylimidazolium (BMIM)-based ionic-liquid-catalyzed conjugate cyanation of
CF3-substituted alkylidenemalonates [25].

In 2010, Feng’s group developed a modular catalyst generated in situ from cinchona alkaloid,
tetraisopropyl titanate (Ti(OiPr)4) and achiral 3,3′-disubstituted biphenol, achieving the efficient
asymmetric cyanation of N-p-toluenesulfonyl aldimines and ketimines, as well as ketones and
aldehydes [26,27]. Interestingly, this self-assembled catalyst system also exhibited excellent performance
in the asymmetric cyanation of C=C bonds, using ethyl cyanoformate (CNCOOEt) as a cyanide
source [28]. The enantioenriched cyanide adducts could be obtained with high yield (97%) and
enantiomeric excess (ee) (up to 94%). In the reaction, the axial chirality of the biphenol ligand was
induced in the formation of the complex to achieve asymmetric activation [29]. Based on previous work,
they proposed that the catalytic species was (R)-biphenol, and chiral cinchonidine ligand coordinated
to the Ti(IV) center simultaneously.

In this work, we employed DFT calculations to understand the mechanism for the asymmetric
cyanation of activated olefin in detail (Scheme 1). The key factors controlling the enantioselectivity
could be revealed to expedite the rational design of new Ti(IV)-complex catalysts.

 

 
Scheme 1. Asymmetric cyanation of activated olefin catalyzed by Ti(IV)-complex.
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2. Computational Details

DFT calculations were performed using the Gaussian 09 package [30] at the
B3LYP-D3(BJ)/6-31G**(SMD, toluene) theoretical level. Geometries were optimized in toluene solvent
and characterized by calculating the harmonic vibrational frequencies. The self-consistent reaction
field (SCRF) method and SMD solvation model [31] were adopted to evaluate the effect of the
solvent. The transition states were verified by the intrinsic reaction coordinate (IRC) calculation [32].
The optimized structures are summarized in the Supporting Information. Activation strain model
(ASM) analysis [33–35], also known as distortion–interaction model calculation [36–39], was used to
analyze the factors affecting the enantioselectivity of the catalytic reaction, in which the potential energy
(ΔE) was decomposed into the distortion (ΔEstrain) and interaction (ΔEint) energies using the Gaussian
09 program. Besides, four energy contributors (i.e., electrostatic interaction (ΔVelstat), Pauli repulsion
(ΔEPauli), dispersion effect (ΔEdisp) and orbital interaction (ΔEoi)) in ΔEint were partitioned by energy
decomposition analysis (EDA) [40] using the Amsterdam Density Functional (ADF) program [41] at
the B3LYP-D3(BJ)/TZ2P level. The energy of the optimized structure was re-evaluated by single-point
calculations at the B3LYP-D3(BJ)/6-31+G**(SMD, toluene) level, in which dispersion correction was also
included using Grimme’s D3(BJ) method [42,43]. Unless specified, the Gibbs free energies obtained at
the B3LYP-D3(BJ)/6-31+G**//B3LYP-D3(BJ)/6-31G**(SMD, toluene) level at 273 K were used.

3. Results and Discussion

3.1. Release of HCN or HNC Species from CNCOOEt

The previous experimental and theoretical investigations suggested that HCN was the real
cyanation reagent in the cyanation of imines with TMSCN catalyzed by Ti(IV)-complex [29]. Moreover,
isopropyl alcohol (HOiPr) had a positive effect on the release of HCN from TMSCN, consequently
accelerating the reaction [26,27,29,44]. Based on these results, we first studied the formation of HCN or
HNC species from the reaction between HOiPr and the cyanide source, ethyl cyanoformate (CNCOOEt).
Four possible pathways were considered, in which HCN was formed along paths 1 and 3, while its
isomer HNC was afforded along paths 2 and 4. As shown in Scheme 2, when CNCOOEt approached
HOiPr, the H atom of HOiPr transferred to the C and N atoms of CNCOOEt, yielding HCN and
HNC species, respectively. The potential energy surfaces for these pathways are shown in Figure 1.
The activation energies were 54.9 and 56.5 kcal mol−1 via 1-TS1 and 2-TS1, respectively. Besides,
the reaction could also occur via other stepwise mechanisms along paths 3 and 4, in which the H atom
transferred initially to the O atom of the carbonyl group in CNCOOEt having a more negative charge
(−0.548 at the O atom vs. −0.501 at the CN moiety) via a four-membered ring transition state TS1.
Then, this H atom transferred to the C and N atoms of the CN group through transition states 3-TS2
and 4-TS2, producing HCN (path 3) and HNC (path 4), respectively. The calculations indicated that
the ΔG associated with the generation of HCN along path 3 and HNC along path 4 were 39.6 and
40.1 kcal mol−1, respectively, which were lower than those along paths 1 and 2.
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Scheme 2. Formation of HCN or HNC from the reaction between HOiPr and CNCOOEt.

 
Figure 1. Potential energy profiles for the formation of HCN or HNC by the reaction between HOiPr
and CNCOOEt (R1) without a catalyst and in the presence of cinchona alkaloid (L1).

For comparison, the formation of HNC assisted by cinchona alkaloid (L1) was studied (Figures 1
and 2). In the initial complex (C-I-COM), the cinchona alkaloid activated HOiPr by the N atom of the
tertiary amine ring and OH group simultaneously with (O)H···O and N···H distances of 1.858 and
1.834 Å, respectively. These hydrogen bonds could be verified by atoms-in-molecules (AIM) analysis,
with the positive Laplacian (∇2ρ) on (3, −1) bond critical points (BCPs) (Figure S1). In the next step,
the O atom of HOiPr approached the C atom of CNCOOEt, accompanied with H transfer from the O
atom to N atom via C-I-TS1. Then, HNC was formed by breaking the C-C bond via C-I-TS2, with a ΔG
of 20.0 kcal mol−1. From the viewpoint of energy, cinchona alkaloid could promote the transformation
of CNCOOEt to HNC by organocatalysis.
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Figure 2. Optimized geometries of reactants (R1 and HOiPr), cinchona alkaloid (L1), molecular complex
(C-I-COM), transition states (TSs) (C-I-TS1 and C-I-TS2) and intermediates (C-I-IM1–C-I-IM3) for the
HNC formation catalyzed by cinchona alkaloid (some H atoms in cinchona alkaloid are omitted for
clarity) and their relative Gibbs free energies. The intermolecular distance is in Angstroms (Å). The color
definitions of atoms are red = oxygen, blue = nitrogen, gray = carbon and white = hydrogen.

3.2. Reaction Mechanism

3.2.1. Noncatalytic Reaction

The isomerization between HCN and HNC can occur quickly in the presence of cinchona
alkaloid [29], establishing rapid HCN–HNC equilibrium. Then, HNC can act as an active cyanide
species to construct a C-C bond by interacting with an olefin in the cyanation reaction. Based on
these results, we first studied the mechanism of the noncatalytic cyanation of olefins with HNC
(Figure 3). The reaction occurred through a two-step process: C-C bond formation followed by C-H
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bond construction. In the initial step, HNC interacted with the COOEt moiety through hydrogen
bonding, forming a molecular complex b-IM1. Then, the CN group attacked the olefin to form a C-C
bond via a seven-membered ring transition state b-TS1. In the final step, the product P-S was formed
by shifting an H atom to a C atom (tautomerization of enol to keto), with a ΔG� of 34.2 kcal mol−1.
This H-transfer step was predicted to be the rate-determining step (RDS) in the background reaction.
We also located the TS involving HCN as a proton donor (b-TS1-1, Figure S2). The relative Gibbs energy
of b-TS1-1 was higher than that of b-TS2 (the highest point in the energy profile) by 8.4 kcal mol−1.
These results indicated that the noncatalytic reaction was difficult to achieve owing to a higher barrier.

 
Figure 3. Potential energy profile for the noncatalytic cyanation reaction of olefin.

3.2.2. Catalytic Reaction

A previous study indicated that aldimine and HOiPr could coordinate to the Ti(IV), forming a
reactive hexacoordinated Ti(IV)-complex in the Strecker reaction catalyzed by Ti(IV)-complex catalyst
with cinchona alkaloid and achiral 3,3′-disubstituted 2,2′-biphenol ligands [29]. Based on experimental
observation [28], a cinchonidine(L1)/Ti(IV)/(R)-biphenol (L2a) catalyst was employed as an active
species in the reaction. Considering that there were two O-donors in the olefin substrate, a bidentate
model was first studied in the present work, in which two carbonyl groups of olefin coordinated to
the Ti(IV) center simultaneously, forming three possible hexacoordinated Ti(IV)-complexes (d-I–d-III).
For comparison, the monocoordinated models (m-I–m-VI) were also investigated (Scheme 3). Nine
low-energy Ti(IV)-complexes in mono- and bidentate models were located to allow the favorable si-face
attack pathway observed in the experiment (see Table 1 and Figure S3). Table 1 shows that a bidentate
Ti(IV)-complex (d-I-COM-si) had the lowest Gibbs free energy among nine models. In other words,
this complex was the only starting species available in the reaction mixture.

 
(a) 

Scheme 3. Cont.
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(b) 

Scheme 3. Nine possible hexacoordinated Ti(IV)-complexes formed by coordinating olefin to Ti(IV) ion
in a (a) bidentate and (b) monodentate fashion.

Table 1. Relative Gibbs free energy for the formation of hexacoordinated Ti(IV)-complexes.

Model Species ΔG (kcal mol−1) 1

Monodentate

m-I
m-I-COM-si 12.2
m-I-COM-re 7.5

m-II
m-II-COM-si 12.6
m-II-COM-re 6.9

m-III
m-III-COM-si 12.6
m-III-COM-re 16.0

m-IV
m-IV-COM-si 14.4
m-IV-COM-re 13.5

m-V
m-V-COM-si 16.1
m-V-COM-re 20.0

m-VI
m-VI-COM-si 16.2
m-VI-COM-re 11.0

Bidentate

d-I
d-I-COM-si 0.0
d-I-COM-re −2.5

d-II
d-II-COM-si 5.5
d-II-COM-re −0.6

d-III
d-III-COM-si 2.7
d-III-COM-re 7.4

1 The energy of d-I-COM-si was set to zero.

The reaction mechanisms of the cyanation of olefins in the presence of Ti(IV)-complex catalyst
could be very similar for the nine coordination models, although the reaction might begin with
different hexacoordinated Ti(IV)-complexes: C-C bond construction followed by H-shift. The potential
energy surfaces for the si-face and re-face attack to produce R- and S-configuration enantiomers from
d-I-COM-si and d-I-COM-re are shown in Figure 4.
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Figure 4. Gibbs free energy profiles for the catalytic cyanation of olefin mediated by Ti(IV)-complex
along si- and re-face attack pathways and schematic catalytic cycle along si-face attack pathway as
a representative.

Like the noncatalytic reaction, the catalytic process occurred via a stepwise mechanism. Firstly,
HNC was coordinated to the tertiary amine of cinchona alkaloid through hydrogen bonding, with
an H···N distance of 1.612 Å. Then, the C-C bond was constructed by the attack of the CN group to
olefin, with ΔG� of 5.1 kcal mol−1 via the TS d-I-TS1-si. Finally, the catalytic cycle was finished when
the H atom was transferred from the N to C atom, via the TS d-I-TS2-si. A protonic reagent (e.g.,
HOiPr) could accelerate proton shift by hydrogen-bonding [29], and the H-shift barrier for HOiPr
via the TS d-I-TS2-si-HOiPr was decreased by 3.4 kcal mol−1 (Figure S4). The activation barrier in
the chiral-controlling step (C-C bond formation step) in the catalysis was lower than that for the
noncatalytic process by 14.2 kcal mol−1. We also optimized the TSs in the chiral-controlling C-C bond
construction along with the si-face attack in the d-II and d-III models (Figure S5). As expected, the
activation free energies via d-II-TS1-si (ΔG� = 10.4 kcal mol−1) and d-III-TS1-si (ΔG� = 7.9 kcal mol−1)
were higher than that via d-I-TS1-si (ΔG� = 5.1 kcal mol−1) in the d-I model. As shown in Figure 5, the
ΔG of d-I-TS1-si was lower than that of d-I-TS1-re in a chiral-controlling step by 2.3 kcal mol−1 at 273 K,
indicating the product with R-configuration was predominant. The theoretical enantioselectivity (ee
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%) was 96% using the Curtin–Hammett principle, which was close to that obtained experimentally
(93% ee) [28].

Figure 5. Optimized structures of the monodentate Ti(IV)-complex (m-I-COM-si) and TS (m-I-TS1-si)
in the C-C bond construction step in the catalytic cyanation reaction of olefin along the si-face attack
pathway and their relative Gibbs free energies. The intermolecular distance is in Angstroms (Å). The
color definitions of atoms are red = oxygen, blue = nitrogen, gray = carbon and white = hydrogen.

We also studied the catalytic mechanism starting from the monodentate Ti(IV)-complex m-I-COM-si
for comparison, and the corresponding C-C bond construction TS (m-I-TS1-si) in the chiral-controlling
step was located (Figure 5). Compared with d-I-COM-si, the olefin substrate in m-I-COM-si was slightly
weakened, with a large Wiberg bond index of 1.664 for the C1=C2 bond. Accordingly, m-I-TS1-si
was less stable than d-I-TS1-si by 11.6 kcal mol−1. Thus, olefin tended to participate in the cyanation
reaction in a bidentate fashion.

3.3. Origin of Stereoselectivity

The hexacoordinated Ti(IV)-complexes d-I-COM-si and d-I-COM-re had a pocket-like chiral
cavity, with the dihedral angles formed by the 9-phenanthryl groups at the 3,3′-position in L2a of
93.7◦ and 87.3◦, respectively. The topographic steric maps [45–47] of d-I-COM-si and d-I-COM-re are
shown in Scheme 4, which characterizes the surface that the ligand L2a offers to the olefin substrate.
The percentage of buried volume (%VBur) quantified the first coordination sphere around the Ti center
occupied by L2a ligand. For d-I-COM-re, %VBur was 39.7, which was larger than that of d-I-COM-si
(35.8). Importantly, the 9-phenanthryl groups provided stronger hindrance in the north-western and
south-eastern quadrants (yellow colored area). Consequently, the unfavorable steric repulsion between
the Ph group of olefin and 9-phenanthryl group of ligand L2a (in the south-eastern quadrant) became
more significant in d-I-COM-re as well as in the corresponding C-C bond formation TS.

Then, we further analyzed the structures of d-I-TS1-si and d-I-TS1-re (Figure 6). The Ph group of
the olefin moiety in d-I-TS1-re was in proximity to the neighboring 3-substituted group in the biphenol
ligand, with a Ph···Ph distance of about 2.5 Å. Accordingly, the steric repulsion raised the Pauli energy
(ΔE�Pauli) of the reacting fragments at d-I-TS1-re (139.0 vs. 130.4 kcal mol−1) (Table 2). Consequently,
the ΔG of d-I-TS1-re was higher than that of d-I-TS1-si (7.4 vs. 5.1 kcal mol−1). This steric repulsion
was also visualized by noncovalent interaction analysis using Multiwfn software [48], in which the
larger yellow area between the Ph of olefin and phenanthryl group of L2a (Figure S6) in d-I-TS1-re
was observed. In contrast, this unfavorable steric interaction was avoided efficiently in d-I-TS1-si
because the Ph groups were located far away. Consequently, two reacting fragments could interact
easily, with a more stabilizing ΔE�int (−5.6 kcal mol−1) and low reaction barrier of 5.1 kcal mol−1 in the
C-C bond formation step.
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Scheme 4. Topographic steric maps for d-I-COM-si and d-I-COM-re. %VBur is the percentage of buried
volume, obtained by SambVca 2.1 software [45–47].

Figure 6. Optimized geometries of TSs in the C-C bond formation step (d-I-TS1-si and d-I-TS1-re) and
H-transfer step (d-I-TS2-si and d-I-TS2-re) in the cyanation reaction of olefins catalyzed by Ti(IV)-complex
along two competing pathways for R- and S-configuration products, respectively, associated with the
relative Gibbs free energies (kcal mol−1). The intermolecular distance is in Angstroms (Å). The color
definitions of atoms are red = oxygen, blue = nitrogen, gray = carbon and white = hydrogen.
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Table 2. Activation strain model (ASM) 1 analysis and energy decomposition analysis (EDA)2 for the
catalytic cyanation reaction of olefins via d-I-TS1-si and d-I-TS1-re. The energies are given in kcal mol−1.

TS ΔE�strain ΔE�int ΔE�Pauli ΔE�oi ΔV�elstat ΔE�disp

d-I-TS1-si 8.8 −5.6 130.4 −77.9 −99.9 −28.7
d-I-TS1-re 8.6 −4.9 139.0 −82.6 −104.0 −29.4

1 ASM calculations were done at the B3LYP-D3(BJ)/6-31+G**(SMD, toluene) level of theory; 2 EDA calculations were
done at the B3LYP-D3(BJ)/TZ2P level of theory.

The influence of the 3,3′-substitute of biphenol on the stereoselectivity was further studied.
When the 9-phenanthryl group in L2a was replaced by a 3,5-dimethyl phenyl group (L2b), an opening
chiral pocket in d-I-COM-si-L2b was observed, with the dihedral angle of the two substituent groups
at the 3,3′-position of 109.6◦. The relative energy of the two competing TSs (d-I-TS1-si-L2b and
d-I-TS1-re-L2b) in the chiral-controlling step (i.e., C-C bond construction step) was comparable (7.3
vs. 7.2 kcal mol−1), affording racemic products (Figure 7). These results indicated that the bulky
substituent at the 3,3′-position of the biphenol ligand was essential for asymmetric induction in the
Ti(IV)-complex-catalyzed cyanation of activated olefins.

Figure 7. Optimized geometries of TSs in the C-C bond formation step (d-I-TS1-si-L2b and
d-I-TS1-re-L2b) in the cyanation reaction of olefins catalyzed by Ti(IV)-complex with L2b along
two competing pathways for R- and S-configuration products, respectively, associated with the relative
Gibbs free energies. The intermolecular distance is in Angstroms (Å). The color definitions of atoms are
red = oxygen, blue = nitrogen, gray = carbon and white = hydrogen.

4. Conclusions

DFT calculations on the reaction mechanism of asymmetric cyanation of activated olefin-catalyzed
Ti(IV)-complexes revealed the following results:

(i). Cinchona alkaloid facilitated the reaction between HOiPr and ethyl cyanoformate (CNCOOEt)
to release the reacting species HCN (or HNC) by organocatalysis with free energy barrier of
26.0 kcal mol−1.

(ii). The cyanation reaction of olefin proceeded via a two-step mechanism, in which the C-C bond
construction was followed by H-transfer to generate a cyanide adduct. For noncatalytic reaction,
the ΔG� for the rate-determining C-H bond construction step was up to 34.2 kcal mol−1, through
a four-membered TS. In the catalytic reaction, the olefin coordinated to the self-assembly
cinchonidine/Ti(IV)/(R)-3,3′-disubstituted biphenol catalyst in the bidentate model, forming a
highly reactive hexacoordinated Ti(IV)-complex. The HNC activated by the quinuclidine tertiary
amine moiety of cinchonidine ligand performed a nucleophilic attack towards the activated C=C
bond of olefin, generating a cyanide adduct. The catalytic reaction required about 19.9 kcal mol−1

lower energy barrier compared to the noncatalytic reaction.
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(iii). EDA showed that the steric repulsion between the bulky group (e.g., 9-phenanthryl substituent)
at the 3-position in the biphenol ligand and the phenyl group in olefin raised the Pauli energy
(ΔE�Pauli) of the reacting fragments at the re-face attack TS, leading to the predominant R-product
through the si-face attack, as observed in the experiment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/9/1079/s1,
Figure S1: Laplacian (∇2ρ) and electronic density (ρ, in parentheses) of selected bond critical points (BCP) for
molecular complex C-I-COM were obtained by AIM analysis, using Multiwfn software. Figure S2: Optimized
geometry of transition state b-TS1-1. The intermolecular distance is in Angstroms (Å). The color definitions of
atoms are Red = oxygen, blue = nitrogen, gray = carbon, and white = hydrogen. Figure S3: Optimized geometries
of low-energy hexacoordinated Ti(IV)-complexes formed by coordinating olefin to metal center in (a) bidentate
(b) monodentate fashion along si-face attack pathway. The intermolecular distance is in Angstroms (Å). The
color definitions of atoms are Red = oxygen, blue = nitrogen, gray = carbon, and white = hydrogen. Figure S4:
Optimized geometries of hexacoordinated Ti(IV)-complexes and H-shift transition state in the presence of HOiPr
along si-face attack pathway. The intermolecular distance is in Angstroms (Å). The color definitions of atoms are
Red = oxygen, blue = nitrogen, gray = carbon, and white = hydrogen. Figure S5: Optimized geometries of two
competing transition states in C-C bond formation step in d-II and d-III models as well as their relative Gibbs
free energies (in kcal mol−1). The intermolecular distance is in Angstroms (Å). The color definitions of atoms
are Red = oxygen, blue = nitrogen, gray = carbon, and white = hydrogen. Figure S6: Visualization of the main
noncovalent interaction described by contour plots of the reduced density gradient isosurfaces (density cutoff of
0.7 au) for transition states d-I-TS1-si and d-I-TS1-re. The surface color code is blue for strongly attractive, green
for weakly attractive, and red for strongly repulsive interactions.
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Abstract: Metal-catalyzed alkyne [2+2+2] cycloadditions provide a variety of substantial aromatic
compounds of interest in the chemical and pharmaceutical industries. Herein, the mechanistic
aspects of the acetylene [2+2+2] cycloaddition mediated by bimetallic half-sandwich catalysts
[Cr(CO)3IndRh] (Ind = (C9H7)−, indenyl anion) are investigated. A detailed exploration of the
potential energy surfaces (PESs) was carried out to identify the intermediates and transition states,
using a relativistic density functional theory (DFT) approach. For comparison, monometallic parent
systems, i.e., CpRh (Cp = (C5H5)−, cyclopentadienyl anion) and IndRh, were included in the analysis.
The active center is the rhodium nucleus, where the [2+2+2] cycloaddition occurs. The coordination
of the Cr(CO)3 group, which may be in syn or anti conformation, affects the energetics of the catalytic
cycle as well as the mechanism. The reaction and activation energies and the turnover frequency
(TOF) of the catalytic cycles are rationalized, and, in agreement with the experimental findings, our
computational analysis reveals that the presence of the second metal favors the catalysis.

Keywords: acetylene [2+2+2] cycloadditions; DFT calculations; rhodium; chromium; half-sandwich
catalysts; turnover frequency (TOF); activation strain analysis; indenyl effect; metal slippage; slippage
span model

1. Introduction

The [2+2+2] cycloadditions of small unsaturated molecules, such as alkynes and nitriles, afford a
variety of aromatic, heterocyclic and polycyclic compounds of paramount importance in the chemical
and pharmaceutical industries [1]. In 1867, the synthesis of benzene by thermal cyclotrimerization
of acetylene was reported for the first time [2]. Despite the reaction being highly exothermic, it is
strongly disfavored by entropic factors, and this limits its synthetic utility. Reppe and Schweckendieck
demonstrated that low valent metal nuclei catalyze these [2+2+2] cycloadditions [1]. Further studies
assessed that a wide variety of metals such as Ti, Zr, Ru, Co, Rh, Ir, Ni, and Pd may play an important
role as catalysts in the synthesis of benzene and its derivatives and, in the past decades, experimental
results and theoretical insight have been reported to establish the correct mechanism and tune the
efficiency and regioselectivity [3–7].

One important class of catalysts for alkyne [2+2+2] cycloadditions are the half-sandwich complexes,
i.e., metal-cyclopentadienyl (CpM) or metal-ligand complexes in which the metal is coordinated to the
Cp moiety of larger polycyclic ligands. These compounds possess peculiar structural features and
reactivity properties; for this reason, and for their synthetic versatility, they are largely used [8–13].
They are denoted here with the general formula Cp’MLn, where Cp’ = Cp, Ind, and Ln are the ancillary
ligands coordinated to the metal center (M), so that the 18-electrons rule is satisfied. Group 9 metals,
i.e., cobalt, rhodium, and iridium, have been largely employed and, particularly, cobalt and rhodium
have revealed significant catalytic efficiency [14–17]. The bonding mode of the metal to the Cp
moiety (hapticity) is not perfectly symmetric (η5), but typically exhibits a distortion toward allylic (η3)
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coordination [18,19], and eventually to an extreme structure in which a σ metal-carbon bond forms (η1).
This phenomenon is called metal slippage, and the different bonding modes are shown in Scheme 1a.

Scheme 1. (a) Different coordination modes (hapticities) of a metal (M) to a Cp ring. (b) Labelling
scheme used in the definition of Δ and LISP (Equations (1) and (2)). (c). Definition of θ angle for
LISP calculation.

To quantify the slippage, Basolo and coworkers [20,21] introduced the geometrical parameter Δ
(Equation (1)).

Δ =
(M-C4 + M-C5) − (M-C1 + M-C3)

2
(1)

As shown in Scheme 1b, M-C4 and M-C5 are the longest distances between M and two adjacent C
atoms of the Cp ring, and M-C3 and M-C1 are the distances between M and the C atoms adjacent to C4
and C5, respectively.

The slippage variations occurring during the catalytic cycle can be quantified referring to the value
of Δ, which changes from 0 Å (η5) to nearly 0.3 Å (η3) till 0.6 Å or even higher values (η1). Some of us
have recently pointed out that this definition suitably applies to symmetric systems [22], and thus have
introduced another descriptor, i.e., the label independent slippage parameter (LISP) (Equation (2)).

LISP
(
Å
)
=

d
N

N∑
i=1

∣∣∣∣∣sin
(
θi − π2

)∣∣∣∣∣ (2)

LISP is actually the sum of the five average minimum distances from a normal vector passing
through the centroid and the metal; d is the distance between the metal and the centroid of the ring of
N atoms (Scheme 1c). Importantly, LISP is also suitable for describing non-symmetric displacements.
In the same paper [22], a relationship between the catalytic activity of several half-sandwich group
9 metal complexes for alkyne [2+2+2] cycloadditions and the slippage span expressed in terms of
LISP (computed as the difference between the maximum and the minimum value of LISP along the
catalytic cycle) was established. The slippage span ΔLISP was then related to the turn-over frequency
(TOF) values, calculated with the energy span model [23], and it emerged that the lower the ΔLISP is,
the higher the TOF is. Finally, in order to improve the sensitivity of ΔLISP, ΔLISP∗ was introduced:

ΔLISP∗
(
Å
)
=

N−1∑
i=1

∣∣∣LISP1 − LISPi+1
∣∣∣+

N−1∑
i=1

∣∣∣LISPi − LISPi+1
∣∣∣+ |LISPN − LISP1| (3)

In this descriptor (Equation (3)), the first term indicates how far/close each intermediate/transition
state of the catalytic cycle is from/to the starting point. The second term accounts for the slippage
difference between two consecutive states along the whole catalytic cycle. The last term includes the
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slippage variation between the last intermediate and the initial state. The availability of a flexible
parameter to quantify the metal slippage, which intuitively influences the catalytic activity, and of
a relationship between the metal slippage and the turn-over frequency is a valuable tool. So far,
the slippage span model has been applied to monometallic Co and Rh half-sandwich catalysts for
alkyne [2+2+2] cycloadditions [22]; in this work, we apply it to bimetallic Rh/Cr indenyl catalysts to
assess its general validity.

Different strategies have been developed to tune the regioselectivity and the efficiency of the
half-sandwich catalysts. Ingrosso et al. [24,25] experimentally studied the influence of organic moieties,
i.e., cyclopentadienyl (Cp), indenyl (Ind) and fluorenyl (FN), in Rh(I) half-sandwich catalysts on alkyne
[2+2+2] cycloadditions. Booth et al. [26] reported that IndRh initiates the reaction ten times faster as
compared to CpRh, and this was related to the so-called indenyl effect (a phenomenon firstly reported
by Adam J. Hart-Davis and Roger J. Mawby in 1969 [27], it was thoroughly explored and named by
Fred Basolo [28]; it consists in an enhancement of the rate of the substitution reactions at the metal
when indenyl is used instead of cyclopentadienyl aromatic ligand). It was also observed that the
presence of an electron withdrawing group in the Cp ligand reduces the catalytic activity at low
temperature [29,30]. Based on these studies, it emerged that structural and electronic modifications to
the aromatic moiety of the half-sandwich catalyst influence its efficiency.

Changing the metal also plays a role. For example, considering group 9 metals, Co is highly
preferred when compared to Rh and Ir [31,32].

Finally, another modification to a half-sandwich catalyst is the coordination of a second metal to
form a bimetallic complex [1] when the aromatic ligand is polycyclic; the second metal can be in syn or
anti position. A very nice example, reported by Ceccon et al. [33–35], is [Cr(CO)3IndRh]L2 (Scheme 2).
The idea behind the design of these compounds was that the presence of two metal centers within the
same molecule may profoundly affect both the physical properties and the reactivity of the catalyst.
In fact, it was found that the presence of a second metal in the anti position strongly enhances the
reactivity as compared to monometallic complexes (extra-indenyl effect) [36].

Scheme 2. Anti-(a) and syn-(b) [Cr(CO)3IndRhL2].

Nowadays, DFT computational methodologies make it possible to investigate the mechanistic
details of catalytic reactions, defining with accuracy their thermodynamic (reaction energies) as
well as their kinetic (activation energies) features. After the pioneering work by Albright and
co-workers on CpCo catalyzed acetylene [2+2+2] cycloaddition to benzene [37], several important
computational studies were carried out by Calhorda and Kirchner on CpRuCl [38–40], Orian and
Bickelhaupt on CpRh and IndRh [41–43] and analogous heteroaromatic Rh(I) catalysts [44], Koga
and co-workers on CpCo [31,45,46], and Hapke et al. on CpIr [45]. To the best of our knowledge,
no theoretical mechanistic investigation on the use of bimetallic half-sandwich catalysts has been
reported so far. The use of bimetallic complexes as catalysts in organic synthesis is interesting,
because the reaction rate and selectivity can be tuned via possible inter-metal cooperative effects.
Ceccon et al. have provided rather complete information on anti-and syn-[Cr(CO)3IndRhL2]. Particularly,
they studied the cyclotrimerization of methylpropriolate (MP) and dimethyl-acetylenecarboxylate
(DMAD) with mono and bimetallic catalysts, i.e., IndRh(COD), p-NO2-IndRh(COD) and bimetallic
anti-[Cr(CO)3IndRh(COD)]. They found that the Rh/Cr catalyst leads to a greatly enhanced catalytic
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efficiency compared to the monometallic one. This increase of catalytic activity was ascribed to a synergic
or “cooperative” interaction between the two metals in activating the substrate of interest [33–35].

The main goal of this study is the detailed investigation of the mechanism of acetylene [2+2+2]
cycloaddition catalyzed by Rh/Cr indenyl fragments, particularly focusing on (i) the presence of the
second metal, i.e., Cr, on the mechanism and energetics; (ii) the relationship between rhodium slippage
and catalytic activity, and (iii) the outline of general guidelines for the design of Rh(I) half-sandwich
catalysts based on the slippage span model. Points (i) and (ii) will be presented in the Results section,
while point (iii) will be treated in the Discussion.

2. Results

The computational mechanistic investigation of acetylene [2+2+2] cycloaddition to benzene
catalyzed by the monometallic catalysts CpRh and IndRh was first reported in 2006 [41]. In Scheme 3a
(Path I), the well-known and widely accepted mechanism, proposed by Albright for CpCo
catalysis [47,48] is shown. The catalytic cycle begins with the replacement of the ancillary ligands L
of the catalyst precursor, i.e., Cp-or Ind-RhL2 (L = CO, PPh3 or COD (1,5-cyclooctadiene)) by two
molecules of acetylene, leading to the bis-acetylene complex Z-1. The coordinated acetylene molecules
undergo oxidative coupling and the unsaturated 16-electrons rhodacycle Z-2 forms. This elementary
step typically has the highest activation energy and was recently discussed in detail for group 9
metal-Cp fragments [49]. The subsequent coordination of a third acetylene molecule occurs without
an appreciable activation energy and leading to Z-3, and, after its addition to the π-electron system
of the rhodacycle, the intermediate Z-4 is obtained, which is characterized by an unsaturated bent
six-membered ring. By further stepwise addition of two acetylene molecules, the intermediate Z-5 first
forms and then the initial catalyst is regenerated with the cleavage of benzene.

An alternative mechanism was postulated by Booth and co-workers [26] on the basis of their
experimental findings, which implies that a ligand of the catalyst precursor remains bonded to the
metal center throughout the whole catalytic cycle; this is shown in Scheme 3b (Path II). This mechanism
was rationalized by Orian et al. [43] in a recent systematic study on the indenyl effect and its connection
to metal slippage. The presence of an ancillary ligand imposes strong hapticity variations in both CpRh
and IndRh catalysis. In addition, the bicyclic CO-Z-b, and the heptacyclic CO-Z-h were located along
this catalytic path, which resembles the one described for CpRuCl catalysis [38].
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Scheme 3. Mechanism of acetylene [2+2+2] cycloaddition to benzene catalyzed by ZRh (Z = Cp,
Ind and anti or syn-Ind) (Path I) (a) and by CO-ZRh fragments (Z = Cp, Ind and anti-Ind; L = CO)
(Path II) (b).

Inspired by the experimental work by Ceccon et al. [33–35], we chose the bimetallic catalyst
[Cr(CO)3 IndRhL2], where the second metal group Cr(CO)3 can be coordinated both in anti and syn
conformations and examined both paths I and II of Scheme 3. The optimized molecular structures
(ZORA-BLYP/TZ2P) of anti- and syn-[Cr(CO)3IndRh(CO)2] (Figure S1) are in good agreement with
the X-ray crystallographic structures (labelled as HEXPOP [50] and HAPPOD [34] in the Cambridge
database (CSD) [51]). Significant geometry parameters are compared in Table S1.

For simplicity, in the ongoing discussion, anti-and syn-[Cr(CO)3IndRh] fragments are abbreviated
as anti-or syn-IndRh (Scheme 3).
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2.1. Acetylene [2+2+2] Cycloaddition Catalyzed by Anti-[Cr(CO)3IndRh] Fragment: Reaction Mechanism and
PES (Path I)

The intermediates and transition states found for acetylene [2+2+2] cycloaddition catalyzed by
the bimetallic anti-IndRh along Path I (Scheme 3a), are shown in Figure 1. Those found on the PESs
of the parent monometallic catalysts, i.e., CpRh and IndRh, are in Figures S2 and S3, respectively.
The computed energy profile for anti-RhInd is shown in Figure 2a.

Figure 1. Optimized structures with selected interatomic distances (Å) and angles (deg) of the
intermediates and transition states located on the PES of the anti-IndRh catalyzed acetylene [2+2+2]
cycloaddition to benzene (Path I, Scheme 2a). Level of theory: ZORA-BLYP/TZ2P.
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Figure 2. (a) Energy profiles of acetylene [2+2+2] cycloaddition to benzene catalyzed by CpRh (black),
IndRh (red), and bimetallic anti-IndRh (blue) (Scheme 3a, Path I). (b) Profiles of the slippage parameters
Δ (dashed line) and LISP (solid line) for the acetylene [2+2+2] cycloaddition cycles catalyzed by
CpRh (black), IndRh (red), and bimetallic anti-IndRh (blue) along Path I (Scheme 3a). Level of theory:
ZORA-BLYP/TZ2P.

The catalytic cycle mediated by anti-IndRh is very similar to the cycle described for the
monometallic parent catalysts CpRh and IndRh [41] since the Cr(CO)3 group is coordinated in
anti, and thus there is no steric effect. It begins with replacement of the ancillary ligands L by two
acetylene molecules to form a bis-acetylene complex labelled anti-Ind-1 (Scheme 3a). This process
usually occurs experimentally by thermal or photochemical activation and might be dissociative or
associative depending on the nature of the metal, on the electrophilicity of the ligands and on the
substituents on the Cp ring [21,28,52]. In anti-Ind-1, the acetylene molecules are slanted with respect
to the plane of the indenyl ring and the C-C bond length is 1.26 Å. The Rh-Cα and Rh-Cβ bond lengths
are 2.11 Å and 2.13 Å, respectively; they are shorter as compared to those of Ind-1 (2.13 Å and 2.16 Å).
This suggests that acetylene is more tightly bonded, likely due to the electron withdrawing effect of the
second metal group Cr(CO)3. Additionally, the Rh-Cp coordination is more distorted in anti-Ind-1

than in the parent Cp-1 and Ind-1, as also quantified by the metal slippage parameters Δ and LISP,
which were calculated for the intermediates and the transition states along the whole catalytic cycle
(Figure 2b).

By inspecting the frontier molecular orbitals of Cp-1, Ind-1 and anti-Ind-1 shown in Figure 3,
theπ-antibonding character between Cp’-π system and valence d orbitals of Rh is found to increase in the
order Cp-1 < Ind-1 < anti-Ind-1, leading to a corresponding increase of metal slippage. Calhorda et al.
have reported the same observation in their pioneering work on the nature of indenyl effect, which
was related to the nodal characteristics of Cp’-π orbitals of CpRh and IndRh [19,44]. Herein, it is found
that the metal-π anti-bonding nature with Ind-π system is further enhanced in the presence of Cr(CO)3

in anti-Ind-1 compared to the parent Ind-1, leading to extra slippage of rhodium in the former.

Figure 3. Kohn-Sham HOMOs of Cp-1, Ind-1, and anti-Ind-1; level of theory: ZORA-BLYP/TZ2P.
The isodensity value is 0.03.

The oxidative coupling of the two coordinated acetylene molecules in anti-Ind-1 leads to the
16-electrons unsaturated rhodacyclic intermediate anti-Ind-2 (Figure 2), crossing an activation
barrier of 15.5 kcal mol−1, which is higher than those computed for the formation of Ind-2
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(15.1 kcal mol−1) and Cp-2 (12.4 kcal mol−1). This reaction step is exothermic by 20.6 kcal mol−1. These
metallacycles are generally described by two resonating structures, i.e., a metallacyclopentadiene,
as found for CpCo-(C4H4) [37,49] and CpRh-(C4H4) [41,49], and a metallacyclopentatriene, as for
CpRuCl-(C4H4) [38]. In anti-Ind-2, the Cα-Cβ and Cβ-Cβ’ distances are 1.35 Å and 1.47 Å, respectively,
which are rather well matched to the length of the ethylene double bond and to the length of the
σ-bond between two carbon atoms, respectively. This suggests the character of rhodacyclopentadiene
of anti-Ind-2.

A third acetylene molecule easily coordinates to anti-Ind-2, which is converted into anti-Ind-3.
This step is barrierless and exothermic by 22.8 kcal mol−1, about 5 kcal mol−1 less exothermic than the
formation of CpRh-3; this value is almost identical to the reaction energy computed for the formation
of IndRh-3. Subsequently, by Diels-Alder-like [4+2] addition of the coordinated acetylene to the
rhodacycle, anti-Ind-4 forms, with an activation energy of 5.3 kcal mol−1 (Figure 2a). This step is
strongly exothermic by 68.6 kcal mol−1, 8.4 kcal mol−1 more exothermic than the same step in the
IndRh catalytic cycle; conversely, the energy barriers are very similar. Structurally, anti-Ind-4 (Figure 1)
is characterized by the presence of a six-carbon arene ring coordinated to rhodium in η6 fashion, while
η3 coordination is found in the Cp-Rh moiety. A similar bonding mode of rhodium is found in Ind-4;
conversely, in Cp-4, η4 hapticity is observed with the arene ring and η3 +η2 coordination to Cp moiety.
This pronounced slippage in Ind-4 and anti-Ind-4 explains the spikes in the profiles of Δ and LISP
(Figure 2b). The coordination of another acetylene leads to the formation of anti-Ind-5 (Figure 2a),
accompanied by a variation of hapticity from η3 to η3 + η2 in the anti-IndRh fragment and by the
release of 11.5 kcal mol−1. The cleavage of benzene by the incoming second acetylene completes the
cycle with the regeneration of the catalyst. The released energy is 16.4 kcal mol−1. Summarizing,
the η3 + η2 coordination is found along the whole cycle catalyzed by anti-IndRh except in intermediate
anti-Ind-4, where η3 coordination is predicted.

Consistently with CpRh and IndRh catalysis, the first step Z-1→ Z-2, that is the oxidative coupling
of the acetylene molecules, has the highest energy barrier along the cycle (Figure 2a). To gain insight
on the origin of this barrier, an activation strain analysis (ASA) has been carried out and compared
to those already reported for CpRh and IndRh [49]. For this purpose, the complexes were divided
into two fragments, i.e., Cp’Rh (Cp’ = Cp, Ind, and anti-[Cr(CO)3Ind]) and the C4H4 moiety. Being an
intramolecular reaction, the activation energy ΔE� is conveneintly given as the change, upon going
from the reactant to the TS, in strain within the two fragments plus the change, upon going from the
reactant to the TS, in the interaction between these two fragments [53].

ΔE‡ = ΔΔEstrain + ΔΔEint (4)

The results are shown in Table 1. The ΔΔEstrain contributions increase from CpRh to IndRh
and to anti-IndRh and are very similar for the Cp’Rh fragments (ranging from 2.4 to 2.7 kcal mol−1),
but increase significantly for the C4H4 fragment going from 33.2 to 37.0 and 37.3 kcal mol−1, respectively.
Since ΔΔEint are very similar, varying from -23.2 kcal mol−1 (CpRh) to −24.6 kcal mol−1 (IndRh) and
−24.5 kcal mol−1 (anti-IndRh), the increase of the barrier in the indenyl catalysts is mainly due to
the strain effects localized on the bis-acetylene moiety. Based on the identical ΔΔEint for IndRh and
anti-IndRh, no influence of the second metal of the latter is found in the barrier of this oxidative coupling.
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Table 1. Activation strain analysis for the oxidative coupling Z-1 → Z-2 (Path I); all values are in
kcal mol−1. The fragments are Cp’Rh (Cp’ = Cp, Ind, and anti-[Cr(CO)3Ind]) and the C4H4 moiety
(the reference are two acetylene molecules).

ΔΔEstrain ΔΔEint ΔE�

2(C2H2) Cp’Rh Total

Cp-1/Cp-TS (1,2) 33.21 2.36 35.57 −23.16 12.41
Ind-1/Ind-TS (1,2) 37.02 2.66 39.68 −24.59 15.09

anti-Ind-1/anti-Ind-TS (1,2) 37.31 2.72 40.03 −24.52 15.51
syn-Ind-1/syn-Ind-TS (1,2) 39.67 46.98 86.65 −71.47 15.18

We also examined Z-4, which was found to be more stable in the case of anti-IndRh than in the
cases of IndRh and CpRh. ASA was carried out on Z-4, by considering these two fragments: Cp’Rh,
where (Cp’ = Cp, Ind, and anti-[Cr(CO)3Ind]) and the C6H6 moiety; the results are listed in Table 2.
A very high total ΔEstrain is found in Cp-4 compared to Ind-4 and anti-Ind-4, which comes out from
the benzene fragment and reflects the structural differences. In fact, benzene is bent in Cp-4 with η4

coordination (Figure S2), while in Ind-4 and anti-Ind-4, the ring is almost planar and coordinated to
rhodium in η6 fashion and η3 coordination is found for the Rh coordination to the Cp ring. On the
other hand, the large ΔEstrain of Cp-4 is well balanced by a large negative ΔEint, which leads to larger
ΔE by about 12.2 kcal/mol than Ind-4 and anti-Ind-4.

Table 2. Activation strain analysis for Cp-4, Ind-4, and anti-Ind-4; all values are in kcal mol−1.
The fragments are Cp’Rh (Cp’ = Cp, Ind, and anti-[Cr(CO)3Ind]) and C6H6 moiety (the reference
is benzene).

ΔEstrain ΔEint ΔE

C6H6 Cp’Rh Total

Cp-4 39.14 4.95 44.09 −83.44 −39.35
Ind-4 1.86 1.45 3.31 −30.44 −27.13

anti-Ind-4 1.64 1.26 2.90 −31.60 −28.70

Although the catalytic center is rhodium, we also investigated the coordination of Cr(CO)3 in
all the intermediates and transition states of the anti-IndRh catalyzed cycle. ASA was carried out
using as fragments Cr(CO)3 and IndRhXi (Table 3). Significantly larger ΔEstrain values are found for
anti-Ind-TS (1,2) and anti-Ind-TS (3,4); the biggest contribution comes from the IndRhLn fragment,
reflecting the changes occurring at the Rh center. The ΔEstrain of Cr(CO)3 fragment remains almost
equal along the path, reflecting the fact that no important structural changes occur within the Cr(CO)3

moiety. ΔEint values fluctuate in the range~47–54 kcal mol−1. In anti-Ind-4, a sudden increase of ΔEint

is computed. In fact, on the opposite side of the indenyl ligand, Rh-Cp coordination is highly slipped
(Figure 2). Therefore, in order to compensate for the weakening of Rh-Cp coordination, Cr(CO)3 binds
more tightly the benzene moiety of the aromatic ligand. In anti-Ind-4, the increased ΔEint is due to a
larger electrostatic contribution which is not sufficiently counterbalanced by an increase of ΔEPauli.
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Table 3. Activation strain analysis (ASA) of all the intermediates and transition states of the anti-IndRh
catalyzed cycle (Path I); all the values are in kcal mol−1. The fragments are Cr(CO)3 and IndRhXi.

ΔEstrain ΔEint ΔE

Cr(CO)3 IndRhXi Total ΔVelstat ΔEPauli ΔEoi

anti-Ind-1 1.23 2.29 3.52 −76.47 129.17 −101.20 −48.50 −44.98
anti-Ind-TS(1,2) 1.26 17.17 18.43 −73.37 124.90 −99.39 −47.86 −29.43

anti-Ind-2 1.67 1.78 3.45 −73.03 130.93 −105.13 −47.24 −43.79
anti-Ind-3 1.36 1.85 3.21 −73.99 129.02 −102.09 −47.06 −43.85

anti-Ind-TS(3,4) 1.28 7.77 9.05 −73.38 125.83 −100.03 −47.58 −38.53
anti-Ind-4 1.23 1.17 2.40 −80.45 128.03 −101.74 −54.16 −51.76
anti-Ind-5 1.25 1.65 2.90 −73.39 123.39 −97.75 −47.75 −44.85

2.2. Acetylene [2+2+2] Cycloaddition Catalyzed by Syn-[Cr(CO)3IndRh] Fragment: Reaction Mechanism and
PES (Path I)

As stated above, the coordination of the Cr(CO)3 group to the benzene moiety of IndRh catalyst may
occur in anti or syn conformation [54]. Ceccon and co-workers have illuminated the stereochemistry
of the syn catalyst, i.e., syn-[Cr(CO)3IndRh], and found that it is kinetically more stable because of a
Rh-Cr interaction.

First, we investigated the acetylene [2+2+2] cycloaddition to benzene catalyzed by syn-IndRh
catalyst along Path I (Scheme 3a). The structures of the intermediates and transition states found on
the PES with their relevant parameters are shown in Figure S4, while the computed energy profile
is in Figure 4a. Like for anti-IndRh catalysis, at the beginning of the cycle, the ancillary ligands L
are replaced by two molecules of acetylene, leading to the formation of the bis-acetylene complex
syn-Ind-1 (Figure S4). In syn-Ind-1, the Rh-Cα bond length is 2.15 Å, the distance Cβ-Cβ’ of two
acetylenes coordinated to rhodium is 2.91 Å, and the angle Cα-Rh-Cα’ is 91◦. To quantify the Rh-Cp
slippage along the catalytic cycle, Δ and LISP parameters were computed for all the intermediates
and transition states and are shown in Figure 4b. In syn-Ind-1, their values are 0.40 Å and 0.37 Å,
respectively, with no appreciable difference with respect to anti-Ind-1; this might be ascribed to Rh-Cr
interaction, despite high steric effects are present.

Figure 4. (a) Energy profile of acetylene [2+2+2] cycloaddition to benzene catalyzed by syn-IndRh
(Scheme 3a, Path I). (b) Profiles of the slippage parameters (dashed line) and LISP (solid line) along the
acetylene [2+2+2] cycloaddition cycle catalyzed by syn-IndRh (Scheme 3a, Path I). Level of theory:
ZORA-BLYP/TZ2P.

The oxidative coupling in syn-Ind-1 leads to the formation of the five-membered ring rhodacycle
syn-Ind-2 with an activation energy of 15.2 kcal mol−1, nearly the same as found for anti-IndRh.
Notably, in syn-Ind-2 complex, one CO of Cr(CO)3 interacts with Rh. In fact, the distance between
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the CO ligand and rhodium is 2.30 Å, and the distance between Cr and Rh center is smaller by 0.34
Å than in syn-Ind-1, implying stabilization of syn-Ind-2. In this situation, the rhodacycle syn-Ind-2

is a nearly 18-electron saturated complex, in contrast to anti-Ind-2 and the parent Ind-2 and Cp-2.
The conversion of syn-Ind-1 into syn-Ind-2 is exothermic by 26.4 kcal mol−1, about 6 kcal mol−1 more
than in the anti-catalyst and in the parent IndRh (Figure 3a). Finally, in this step, an hapticity shift
from η3+η2 to η3 occurs (Figure 4b).

The coordination of the third acetylene to syn-Ind-2 occurs from the upper side with a low barrier
of 0.7 kcal mol−1, via syn-Ind-TS (2,3) (Figure S4) and a large slippage variation (LISP changes by
approximately 0.6 Å) leading to almost η1 coordination. The conversion syn-Ind-2→ syn-Ind-3 occurs
only with a slight modification in the carbon-carbon bonds of the rhodacycle. The reaction is exothermic
by 15.6 kcal mol−1. In the next step, syn-Ind-4 forms, crossing a barrier of 4.6 kcal mol−1. The LISP
value drops from 1.09 Å to 0.42 Å (Figure 4b). syn-Ind-4 has a six-carbon arene ring coordinated to
rhodium in η4 fashion, while in Rh-Cp the coordination is η3 +η2. Thus, the bonding mode of rhodium
is different from anti-Ind-4 (Figure 2), where η6 coordination and η3 coordination are found between
the six-carbon arene ring and rhodium and the Cp ring and rhodium, respectively. However, syn-Ind-4

resembles the case of the parent Cp-4 [41]. This step is exothermic by 62.3 kcal mol−1.
Finally, the coordination of another acetylene leads to the formation of syn-Ind-5 with no

appreciable activation energy and with the release of 16.8 kcal mol−1 (Figure 4a). It is less exothermic
than the formation of Ind-5 but more exothermic by 5 kcal/mol than the formation of anti-Ind-5.
The cleavage of benzene promoted by another acetylene completes the cycle and leads to the regeneration
of the catalyst. The energy released in this last step is 18.8 kcal mol−1. During the catalysis, the Rh-Cr
distance varies in the range 3.05–3.51 Å, but remains close to the crystallographic value of 3.1 Å [34].

The hapticity variations along the catalytic cycle are definitively more pronounced in syn-IndRh
catalysis than in the anti-IndRh one.

By inspecting the energy profile (Figure 4a), in the syn-IndRh catalyzed process the oxidative
coupling Z-1 → Z-2 has the highest energy barrier. From ASA (Table 1), a very high ΔΔEstrain

contribution to the barrier ΔE� has been found compared to anti-IndRh and also to the parent catalysts
IndRh and CpRh. However, ΔΔEint is a pretty strongly stabilizing term and compensates for the strain,
resulting in a lowering of ΔE�. In contrast to anti-IndRh, the strain arising from the Cp’Rh fragment is
very high (Table 1) because of the steric effects and because Cr(CO)3 undergoes deformation to interact
with the Rh center.

To further assess the interaction and the role of Cr(CO)3 in the syn-IndRh catalyzed process, ASA was
carried out for the intermediates and transition states of the whole catalytic cycle, considering Cr(CO)3

and IndRhXi fragments; the results are reported in Table 4. ΔEint are in the range ~49–58 kcal mol−1,
larger than those computed for the anti-IndRh molecular species (Table 3), suggesting Rh-Cr stabilizing
interaction in the former case. On the other hand, ΔEstrain is also larger. This is mainly ascribed to
steric factors. In particular, the contribution of Cr(CO)3 to ΔEstrain in syn-Ind-2, syn-Ind-TS (2,3) and
syn-Ind-3 is higher, suggesting some structural differences from the anti-analogous species. In fact,
in these structures one carbonyl ligand is coordinated to Rh (Figure S4). This feature also leads to larger
ΔEint in syn-Ind-2.
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Table 4. Activation strain analysis (ASA) of all the intermediates and transition states along the
syn-IndRh catalyzed cycle (Path I); all the values are in kcal mol−1. The fragments are Cr(CO)3

and IndRhXi.

ΔEstrain ΔEint ΔE

Cr(CO)3 IndRhXi Total ΔVelstat ΔEPauli ΔEoi

syn-Ind-1 1.65 5.02 6.67 −80.49 132.33 −102.88 −51.04 −44.37
syn-Ind-TS (1,2) 1.62 20.29 21.91 −79.52 130.84 −102.42 −51.10 −29.19

syn-Ind-2 2.25 4.31 6.56 −117.69 195.36 −133.21 −55.54 −48.98
syn-Ind-TZ (2,3) 2.57 7.56 10.13 −117.3 188.69 −129.83 −58.45 −48.32

syn-Ind-3 2.52 11.78 14.30 −87.65 141.15 −109.59 −56.09 −41.79
syn-Ind-TS (3,4) 1.82 12.54 14.36 −81.06 135.13 −105.64 −51.57 −37.21

syn-Ind-4 1.15 4.50 5.65 −79.61 129.57 −99.01 −49.04 −43.39
syn-Ind-5 1.56 5.28 6.84 −78.6 128.78 −99.76 −49.58 −42.74

As an example of an existing favorable inter-metal interaction, in Figure 5, we show HOMO-3 of
syn-Ind-1, which is formed by the contributions of the HOMOs of Cr(CO)3 and IndRh(C2H2)2 fragments,
whose metal d-based molecular orbitals (MOs) indicate stabilizing d-d bonding between Rh-Cr.

Figure 5. HOMO-3 of syn-Ind-1; the isodensity value is 0.03.

2.3. Acetylene [2+2+2] Cycloaddition Catalyzed by Anti-[Cr(CO)3IndRh] Fragment: Reaction Mechanism and
PES (Path II)

According to the alternative mechanistic path by Booth et al. [26], an ancillary ligand of the
catalyst precursor remains bonded to rhodium during the catalytic cycle; this mechanism is denoted
Path II (Scheme 3b). For CpRh(CO) and IndRh(CO), this path has been thoroughly explored, making
it possible to give an interpretation of the higher efficiency of the indenyl catalyst observed in the
experiment [35]. Thus, here we considered the same hypothesis for anti-IndRh(CO) catalyzed acetylene
[2+2+2] cycloaddition. The structures of the intermediates and transition states found on the PES with
their relevant parameters are in Figures S5–S7. The energy profile of the process is shown in Figure 6a.

CO-anti-Ind-1 is characterized by η1 coordination which is due to the presence of two acetylenes
and the CO ligand, as observed for CpRh(CO) and IndRh(CO) catalysis [43]. Δ and LISP values are
0.92 Å and 1.60 Å, respectively (Figure 6b). The initial oxidative coupling leads to the formation of
CO-anti-Ind-2, in which rhodium is coordinatively saturated due to the presence of CO. The energy
barrier required to cross CO-anti-Ind-TS (1,2) is 13.9 kcal mol−1 slightly higher if compared to those
computed for CpRh(CO) and IndRh(CO) catalysis (by about 1–2 kcal mol−1). This is the same energy
trend observed along Path I. The conversion of CO-anti-Ind-1 into CO-anti-Ind-2 is accompanied
by the hapticity change from η1 to distorted η5 and is exothermic by 43.1 kcal mol−1 (Figure 6a),
4.5 kcal mol−1 and 23.0 kcal mol−1 less than the analogous step in IndRh(CO) and CpRh(CO) catalysis,
respectively. The addition of the third acetylene leads to the formation of the η1 CO-anti-Ind-3 with an
activation energy of 9.8 kcal mol−1. The barriers for this step are much higher in the cases of IndRh(CO)
and CpRh(CO) catalysis, i.e., 28.5 and 43.6 kcal mol−1, respectively. Thus, this step is kinetically
favored with the bimetallic anti-IndRh(CO). In addition, the formation of CO-anti-Ind-3 is endothermic
by 4.4 kcal mol−1, that is overall less endothermic if compared to the same step in IndRh(CO) and
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CpRh(CO) catalysis, for which 9.3 kcal mol−1 and 22.5 kcal mol−1 are computed, respectively. Thus,
the bimetallic catalyst has also a thermodynamic advantage. In the next step, the activation energy
of 2.4 kcal mol−1 is necessary to cross CO-anti-Ind-TS (3,b) and generate the bicyclic intermediate
CO-anti-Ind-b (Figure S7), with negligible difference from the IndRh(CO) catalyzed step and lower
by 1.2 kcal mol−1 than in CpRh(CO) catalyzed step. The formation of CO-anti-Ind-b is accompanied
by the release of 19.1 kcal mol−1, being 3.8 kcal mol−1 more exothermic than the formation of the
parent CO-Ind-b but 1.8 kcal mol−1 less exothermic than CO-Cp-b. One can notice that the bicyclic
intermediate in CpRh(CO) catalysis has an higher energy while in bimetallic anti-IndRh(CO) and
IndRh(CO) catalysis it lies at a lower energy (Figure 6a), suggesting a better catalytic efficiency in
these latter cases. By crossing a modest barrier of 1.2 kcal mol−1, the bicyclic CO-anti-Ind-b readily
transforms into the heptacyclic intermediate CO-Ind-h; this step is accompanied by the haptotropic
shift η1 → distorted η5 and by the release of 28.0 kcal mol−1, a value lower than those computed for
the parent catalysts, i.e., −37.4 kcal mol−1 in the case of IndRh(CO) and −37.8 kcal mol−1 in the case of
CpRh(CO), respectively. CO-anti-Ind-h undergoes reductive elimination with an activation energy of
1.7 kcal mol−1. CO-anti-Ind-4 forms and 46.4 kcal mol−1 are released. Finally, benzene is cleaved from
CO-anti-Ind-4 by stepwise addition of two acetylene molecules and the catalyst is regenerated.

Figure 6. (a) Energy profiles of acetylene [2+2+2] cycloaddition to benzene catalyzed by CpRh(CO)
(black), IndRh(CO) (red), and anti-IndRh(CO) (blue) (Scheme 3b, Path II). (b) Profiles of the slippage
parameters Δ (dashed line) and LISP (solid line) along the acetylene [2+2+2] cycloaddition cycles
catalyzed by CpRh(CO) (black), IndRh(CO) (red), and anti-IndRh(CO) (blue) (Scheme 3b, Path II).
Level of theory: ZORA-BLYP/TZ2P.

With the formation of the 18-electron intermediate CO-Z-2, a rather flat portion of the PES
begins (Figure 6a). ASA was carried out on CO-Z-2 considering CO-Cp’Rh (Cp’ = Cp, Ind and
anti-[Cr(CO)3Ind]) and the C4H4 moiety as fragments; the results are listed in Table 5. The similar
strain in fragment C4H4 computed for CO-Cp-2, CO-Ind-2, and CO-anti-Ind-2 (Table 5) revealed that
the structure of this moiety is very similar in the three catalysts (see also Figures S5–S7). The strain
contribution of the fragment CO-Cp’Rh is much higher in CO-anti-Ind-2 and CO-Ind-2 than in
CO-Cp-2. This is related to the least slippage predicted for this last species. The stronger interaction
ΔEint in CO-Ind-2 and CO-anti-Ind-2 does not counterbalance their strain term and thus CO-Cp-2

results the most stabilized among the three.
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Table 5. Activation strain analysis (ASA) of CO-Cp-2, CO-Ind-2, and CO-anti-Ind-2; all values are in
kcal mol−1. The fragments are: CO-Cp’Rh (Cp’ = Cp, Ind, and anti-[Cr(CO)3Ind]) and the C4H4 moiety
(the reference are two acetylene molecules).

ΔEstrain ΔEint ΔE

C4H4 CO-Cp’RhLn Total

CO-Cp-2 50.63 6.08 56.71 −138.15 −81.44
CO-Ind-2 50.96 34.04 85.00 −153.65 −68.65

CO-anti-Ind-2 50.89 36.06 86.95 −149.23 −62.28

In the subsequent step, i.e., the addition of third acetylene to the 18-electrons rhodacycle CO-Z-2,
an energy barrier is found along the catalytic Path II (Figure 6a). CO-Z-TS (2,3) was divided into two
fragments, i.e., CO-Cp’Rh(C4H4) (Cp’ = Cp, Ind and anti-[Cr(CO)3Ind] and acetylene and ASA was
performed. The results are shown in Table 6. The acetylene in all cases is only slightly deformed,
whereas CO-Cp’Rh(C4H4) is highly strained.

Table 6. Activation strain analysis (ASA) of the transition states CO-Cp-TS (2,3), CO-Ind-TS (2,3) and
CO-anti-Ind-TS (2,3); all values are in kcal mol−1. The fragments are CO-Cp’RhLn (Cp’ = Cp, Ind,
and anti-[Cr(CO)3Ind]) and acetylene.

ΔEstrain ΔEint ΔE

C2H2 CO-Cp’RhLn Total

CO-Cp-TS (2,3) 0.18 43.96 44.14 −0.50 43.64
CO-Ind-TS (2,3) 0.06 28.83 28.89 −0.34 28.55

CO-anti-Ind-TS (2,3) 0.12 14.27 14.39 −4.58 9.81

To summarize, we found that most of the steps are kinetically as well as thermodynamically more
favored in the bimetallic anti-IndRh(CO) catalysis. At a glance, this can be seen also from the energy
profile (Figure 6a), which is flatter in the case of anti-IndRh(CO) than in the parent IndRh(CO) and
CpRh(CO) catalyzed processes. Alternatively, the slippage variations quantified with Δ and LISP
(Figure 6b) are less pronounced in anti-IndRh(CO) than those computed for the parent monometallic
catalysts. Thus, the smaller slippage variations and the flatter potential energy profile of the bimetallic
anti-IndRh(CO) suggest an higher catalytic efficiency than the monometallic IndRh(CO) and CpRh(CO),
which is consistent with the experimental findings [26]. The phenomena of indenyl effect for IndRh and
extra-indenyl effect for the bimetallic anti-IndRh can be fully explained when considering the mechanism
of path II.

Notably, path II has been excluded for syn-IndRh(CO) because in this particular case the rhodium
center would be too much crowded.

3. Discussion

To quantify the catalytic efficiency, we calculated the turnover frequencies (TOFs) for the studied
catalytic cycles by using the energy span model [23,55]. Calculations were run at standard room
temperature (298.15 K), as well as at the reflux temperature of toluene, i.e., 383.65 K, which is occasionally
used in alkyne [2+2+2] cycloadditions as solvent [25,26,29]; the values are listed in Table 7.

Following the catalytic Path I (Scheme 3a), the TOFs are in the order CpRh > IndRh > anti-IndRh,
suggesting that the bimetallic catalyst anti-IndRh is worse than the monometallic parent catalysts IndRh
and CpRh. This is in contrast with the experimental results [36]. Also, no appreciable difference in
terms of TOF is found between IndRh and anti-IndRh, suggesting that the influence of the second metal
group, i.e., Cr(CO)3, on the efficiency of the catalyst is negligible. In all these cases, the TOF determining
intermediate (TDI) is the bis-acetylene intermediate Z-1 and the TOF determining transition state
(TDTS) is the subsequent transition state Z-TS (1,2) (Figure 2a).

186



Catalysts 2019, 9, 679

Conversely, along the catalytic Path II (Scheme 3b), in terms of TOF, a significant enhancement of
the catalytic activity of the bimetallic anti-IndRh(CO) is found compared to those of the parent catalysts
IndRh(CO) and CpRh(CO). On the basis of the TOF values reported in Table 7, the following trend can
be established anti-IndRh(CO) > IndRh(CO) > CpRh(CO), which is consistent with the experimental
observation [26]. In this case, the intermediate CO-Z-2 is the TDI and the subsequent transition state
CO-Z-TS (2,3) is the TDTS (Figure 6a). We can thus confirm that the coordination of Cr(CO)3 favors
the catalytic activity.

As recently reported [22], the slippage variations in intermediates and transition states along the
catalytic cycle may be related to the chemical activity of the half-metallocene catalysts in this class of
reactions. For this purpose, the slippage span ΔLISP∗ was calculated. Along Path I (Scheme 3a), ΔLISP∗
values follow the trend anti-IndRh > IndRh > CpRh. Since TOFs’ trend is reverse, i.e., anti-IndRh <
IndRh < CpRh, this indicates that the higher the slippage span along the catalytic cycle is, the lower
the performance of the catalyst is [22]. When following Path II, ΔLISP∗ values follow the trend
anti-IndRh(CO) < IndRh(CO) < CpRh(CO), while TOFs follow the reverse trend anti-IndRh(CO) >
IndRh(CO) > CpRh(CO), in agreement with the presence of extra indenyl and indenyl effect in the
bimetallic and monometallic Ind catalysts, respectively.

The mechanism for syn-IndRh catalyzed acetylene [2+2+2] cycloaddition is different, and so we
cannot directly compare the TOF values. However, the higher energy barriers and higher slippage
variations certainly do not favor the syn catalyst.

Table 7. Calculated TOF (s−1) and slippage span ΔLISP∗ (Å) for the catalytic Path I and II of the [2+2+2]
cycloaddition of acetylene to benzene.

TOF298.15 K (s−1) Ratio298.15 K TOF383.65 K (s−1) Ratio383.65 K ΔLISP* (Å)

Path I
CpRh 4.83 × 103 1.82 × 102 6.66 × 105 5.79 × 101 0.85
IndRh 5.23 × 10 1.97 2.00 × 104 1.74 1.75

anti-IndRh 2.66 × 10 1 1.15 × 104 1 1.81
syn-IndRh 4.57 × 10 _ 1.78 × 104 _ 3.42

Path II
CpRh(CO) 6.10 × 10−20 1 1.07 × 10−12 1 15.59
IndRh(CO) 6.41 × 10−8 1.05 × 1012 2.35 × 10−3 2.20 × 109 14.11

anti-IndRh(CO) 3.97 × 102 6.51 × 1021 9.55 × 104 8.93 × 1016 10.54

4. Materials and Methods

All the equilibrium and transition state geometries were fully optimized (i.e., without any
constraint) in gas-phase using density functional theory (DFT) approach as implemented in the
Amsterdam Density Functional (ADF 2016, SCM, Vrije Universiteit: Amsterdam, The Netherlands,
2016) program [56,57]. The BLYP [58–61] function in combination with the TZ2P basis set was applied
for all elements. The scalar relativistic effects were accounted for within the zeroth-order regular
approximation (ZORA), which is an excellent approximation of the relativistic Dirac equation [62–64].
The TZ2P basis set [65] is a large uncontracted set of Slater-type orbitals (STOs) of triple-ζ quality and
has been augmented with two sets of polarization functions on each atom: 2p and 3d for H, 3d, and 4f
for C and O, 4p and 4f for Cr, and 5p and 4f for Rh. The frozen-core approximation was adopted for
core electrons: up to 1s for C and O, up to 2p for Cr and up to 3d for Rh. This level of theory has been
applied with success in previous studies [22,41–44,49].

Frequency calculations were computed to confirm that all the intermediates have positive
frequencies, whereas the transition states have one imaginary frequency. The character of the normal
mode associated with this imaginary frequency was carefully examined to verify that the correct
transition state was found.

Activation strain analyses (ASA) were performed on selected geometries [66,67]. ASA is an
approach based on molecule fragmentation, useful to understand the properties of the chemical
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bonding. For this purpose, the total energy of a complex can be decomposed as the sum of a strain
contribution (ΔEstrain) and an interaction contribution (ΔEint) (Equation (5)):

ΔE = ΔEstrain + ΔEint (5)

ΔEstrain is the energy required for the geometrical deformation of the fragments when they are brought
from infinite distance to the geometry they acquire in the complex, while ΔEint is the actual energy
change when the deformed fragments are combined to form the overall complex. ΔEint can be further
decomposed into electrostatic interaction (ΔVelstat), Pauli repulsion (ΔEPauli) and orbital interactions
(ΔEoi) in the framework of Kohn-Sham molecular orbital (MO) theory (Equation (6)):

ΔEint = ΔVelstat + ΔEPauli + ΔEoi (6)

According to Fernandez et al. [53], who proposed an extension to the activation strain model for
unimolecular reaction steps, the activation barrier can be given as the change, upon going from the
reactant to the TS, in strain within the two defined fragments plus the change, upon going from the
reactant to the TS, in the interaction between the same two fragments:

ΔE‡ = ΔΔEstrain + ΔΔEint (7)

This situation is encountered in the present study, when the five-membered rhodacycle is formed
from the bis-acetylene precursor.

The turnover frequency (TOF) was calculated by using the energy span model proposed by
Kozuch and Shaik [23,55]. The expression is:

TOF =
kBT

h
e
−ΔGr

RT − 1∑N
i, j=1 e(TSi−Ij−δGi, j)/RT

(8)

where ΔGr is reaction Gibbs free energy, Ti and Ij are Gibbs free energies of the ith transition state and
intermediate, respectively. δGi, j, called the energy span, is equal to ΔGr if i > j or to 0 if i ≤ j. Instead of
Gibbs free energies, electronic energies were used, as it was demonstrated that there are no significant
differences in the energy profiles and corresponding TOF ratios for analogous catalytic cycles [44].

5. Conclusions

We performed a theoretical investigation of the bimetallic system [Cr(CO)3IndRh]-mediated
[2+2+2] cycloaddition of acetylene to benzene. Through a detailed exploration of the potential energy
surfaces (PESs), the intermediates and transition states were located using density functional theory
(DFT) methods following two mechanistic paths, i.e., Path I and II (Scheme 3a,b). The bimetallic
catalysts anti- and syn-[Cr(CO)3IndRh] were tested in silico and compared to the monometallic parent
catalysts CpRh and IndRh. The anti or syn coordination of Cr(CO)3 affects the energetics of the cycle
and also to the mechanism. The reaction energies and barriers, the turn over frequency (TOF) and the
change of the slippage parameters along the catalytic cycles are discussed.

Considering Path I, the established trend for the slippage span ΔLISP∗ is anti-IndRh > IndRh >
CpRh while TOF values follow the opposite order, i.e., CpRh > IndRh > anti-IndRh. This leads to the
conclusion that the lower slippage span along the catalytic cycle, the higher the catalytic performance.
In any case, this does not explain the highest catalytic efficiency of the bimetallic Rh/Cr compound
(extra-indenyl effect).

Conversely, if we follow the catalytic cycle along Path II, a dramatic TOF enhancement of the
bimetallic system anti-IndRh(CO) relative to the parent CpRh(CO) and IndRh(CO) is found. On the
basis of the TOF, the following trend of catalytic efficiency can be established anti-IndRh(CO) >
IndRh(CO) > CpRh(CO), in agreement with experimental findings. In this case, the slippage span is
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inverted, too, i.e., CpRh(CO) > IndRh(CO) > anti-IndRh(CO), which again leads us to conclude that
the lower the slippage span is, the higher the catalytic efficiency is. We can thus conclude that the
coordination of Cr(CO)3 in the bimetallic indenyl catalyst improves the efficiency along Path II.

The hapticity variations of intermediates and transition states along the catalytic cycle are highly
pronounced in the syn bimetallic conformer, implying low TOF values and leading to the conclusion
that the syn-[Cr(CO)3IndRh] catalyzed process is not favored.
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