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Concerns about the high-valued utilization of coal- and natural gas-based acetylene has provided particular

impetus for exploration of acrylic acid (AA) production via one-step hydrocarboxylation reaction. Motivated
by simple recovery, recycling and reuse of the catalyst, we report a high-performance NiO/AIOOH catalyst
with AA space-time-yield of 412 gaa geat - ™%, obtainable by a simple incipient wetness impregnation

method. Detailed kinetic and controlled experiments confirmed that nickel species on such a solid
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catalyst provide a heterogeneous—homogeneous—heterogeneous catalytic cycle where the chelates

formed between CO and leached nickel act as the active species. The thorough recovery of leached
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1. Introduction

With the depletion of petroleum reserves, it is highly desired to
study sustainable alternatives. Meanwhile, due to the discovery
of huge reserves of shale gas by fracking techniques as well as
the breakthrough development of coal- and natural gas-based
acetylene, the diverse utilization of acetylene to produce high
value-added chemicals has received renewed interest.”> As an
ideal atom economy reaction, the one-step hydrocarboxylation
of acetylene to acrylic acid (C,H, + CO + H,0 — C3H,0,)
provides a promising and alternative route to replace the partial
oxidation of propene method, especially in coal- or gas-rich
areas.>* However, the commercial production of AA using the
homogeneous NiBr,-CuBr, catalyst system developed by BASF
Co. remains problematic due to the difficulty in product-catalyst
separation, usage of expensive and sensitive ligands, and cor-
rosivity of acid assistants. Tremendous efforts were made in
recent years to solve these problems, such as new nickel or
palladium complexes,** water-soluble ligands® and even ligand
free catalyst,” but the outcomes were still in controversy. Nor-
mally, heterogeneous catalysis is an effective and efficient
method to overcome the above problems due to the facial
separation and recovery of catalysts. Bhattacharyya firstly
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nickel species improves the catalyst stability greatly. These preliminary findings indicate further prospects
for new heterogeneous catalyst design in traditional homogeneous catalytic systems.

investigated the acetylene carbonylation reaction with the aid of
metal halide/silica gel catalysts in detail, but unfortunately,
these supported catalysts showed very low AA yield (only 14.2%)
even under optimal conditions.? Recently, Shi and coworkers
studied the synthesis of AA via hydrocarboxylation of acetylene
over Ni- and Cu-exchanged Y-zeolite with the presence of cupric
salt and nickel salt as promoter respectively.>® They found that
the catalytic activity showed a pronounced dependence of the
reaction conditions and Ni** and Cu" ions in the zeolites were
responsible for the catalytic activity, being similar to the
homogeneous catalysts.

Significantly, question arises simultaneously when using
solid catalysts in the liquid phase (liquid-solid or gas-liquid-
solid system) because the active transition metals may leach
from the catalysts surface into the liquid.'®"* As a consequence,
it is very difficult to clarify the catalytically active species
whether homogeneous or heterogeneous, even if there is only
trance amount of active metals in the liquid.”™** For example,
the argument about the actual active species (palladium atoms
or complexes in solution," or palladium nanoparticles'®"’) in
heterogeneous Heck and Suzuki coupling reactions has still
been going on. Up to now, however, there are no data con-
cerning the problem of leaching about heterogeneous catalysts
for the hydrocarboxylation of acetylene and thereby not clear
whether this reaction is homogeneous or heterogeneous.
Correspondingly, it is highly desired not only to develop new
heterogeneous catalysts with excellent performance but also to
clarify the actual active species whether homogeneous or
heterogeneous.

In this work, a pseudoboehmite (AIOOH) supported nickel-
based catalyst (denoted as NiO/AIOOH) synthesized by
a simple incipient wetness impregnation was tested. Such

This journal is © The Royal Society of Chemistry 2020
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a catalyst showed a high AA space-time-yield (STY) of 412 gxa
g~ h™' and AA yield of 65.6%. During the hydro-
carboxylation reaction, the dissolution of nickel species was
observed due to the induction of CO and CuBr,. The leached
nickel species underwent a heterogeneous-homogeneous—
heterogeneous catalytic cycle.

2. Experimental section
2.1 Catalysts preparation

The NiO/AIOOH catalysts were prepared using a simple incip-
ient wetness impregnation by impregnating pseudoboehmite
(AIOOH) with an aqueous solution of nickel nitrate (Ni(NO3),-
-6H,0) followed by calcining in air at 300 °C for 2 h. Both
AIOOH (purchased from Zibo Jiu Ru Industrial and Trading Co.,
Ltd) and nickel nitrate (purchased from Sinopharm Chemical
Reagent Co., Ltd) were used as received without further purifi-
cation or drying. Notably, nickel nitrate was dissolved in an
acetone solution (C3H¢O, purchased from Beijing Tong Guang
Fine Chemicals Company).

For comparison, some other supports with high surface area
like silicon dioxide (SiO,, purchased from Sinopharm Chemical
Reagent Co., Ltd), alumina (y-Al,O3, purchased from Sino-
pharm Chemical Reagent Co., Ltd), MCM-41 zeolite (purchased
from Tianjin Nanhua Catalyst Co., Ltd) and Mg-Al layered
double hydroxides (Mg-Al LDHs, purchased from Shanghai
Macklin Reagent Co., Ltd) were also investigated by same
method.

2.2 Characterization

The actual nickel content of NiO/AIOOH catalysts and the nickel
content in residue after reactions are measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES, Var-
ian Vista RL spectrometer). Specific surface areas of NiO/AIOOH
catalysts are determined by nitrogen adsorption carried out at
77 K on a Quantachrome Autosorb-6B analyzer. The data are
calculated by multipoint BET analysis method in the pressure
range of P/P, = 0.05-0.30. Prior to the measurement, the
samples are degassed in vacuum at 300 °C for 2 h. X-ray
diffraction (XRD) is performed on a Bruker D8 Advance equip-
ment with Cu Ko radiation (35 kV and 25 mA). 26 scans are run
from 20 to 80 at a rate of 0.5 degree per minute. The spectra are
identified with JCPDS database (Joint Committee of Powder
Diffraction Standards) and the ICSD database (Inorganic Crystal
Structure Database). The morphology of NiO/AIOOH catalysts
are characterized by JEOL JEM2010 high-resolution trans-
mission electron microscopy (HR-TEM) equipped with an
energy dispersive X-ray fluorescence spectrometer (EDX).

2.3 Reactivity tests

The catalytic reactions were carried out in a 0.5 L stainless steel-
316 autoclave reactor with a mechanical stirring device and
temperature controller. In a typical experiment, known quan-
tities of catalyst powders (0.1 g), CuBr, (0.12 mM L™ %), H,O (15
mL), and acetone (150 mL) were charged into the stirred pres-
sure reactor. The reactor was firstly flushed with nitrogen for
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several times and subsequently pressurized with acetylene to
0.5 MPa and then to 4.5 MPa of initial total pressure with CO
(both controlled by mass flowmeter) at room temperature. The
molar ratio of CO/C,H, was 1.75. The reactor was then heated to
250 °C and kept for 30 min under constant agitation (800 rpm).
After reaction, the autoclave was quickly cooled to room
temperature and the tail gas and liquid were collected, calcu-
lated and analyzed. For recycling experiments, the catalyst used
in the previous run was separated by centrifugation and washed
with acetone for several times and reused after drying in air.

The qualitative and quantitative analysis of the reactants and
products was performed by a Shimadzu GC 2014 gas chro-
matograph equipped with a P-N packed column for identifying
C,H,, C,H,, CO and CO, and a Stabilwax capillary column for
C,H,, aldehyde, acrylic acid, acetone and tetrahydrofuran
(THF). The conversion of acetylene, selectivity and yield of
acrylic acid and the space time yield (STY) are defined as
follows:

Conv. = 2" =M . 100% (1)
noy
NAA
Y = " 5 100% @)
no
S = Ylconv. (3)
STY = 2%+ 100% 4)
Weat, X t

where 1y, molar content of acetylene for feedstock before reac-
tion; ng, molar content of acetylene for tail gas after reaction; n,
molar content of acetylene for residue after reaction; rnaa,
amount of acrylic acid produced during reaction; Was, mass of
acrylic acid produced during reaction; W,,, mass of catalyst for
input before reaction; ¢, reaction time.

2.4 Kinetic investigation

To explore the nature of catalysis, a detailed kinetic experiment
was carefully conducted. In a typical experiment, known quan-
tities of catalyst powders (0.1 g), CuBr, (0.12 mM L™ "), H,O (15
mL), and acetone (150 mL) were charged into the stirred pres-
sure reactor. The reactor was firstly flushed with nitrogen for
several times and subsequently pressurized with acetylene to
0.5 MPa and then to 4.5 MPa of initial total pressure with CO
(both controlled by mass flowmeter) at room temperature. The
molar ratio of CO/C,H, was 1.75. The reactor was then heated to
set temperature under constant agitation (800 rpm). Then, the
autoclave was quickly cooled to room temperature and the
liquid was collected and the nickel content was analyzed by ICP
measurement.

3. Results and discussion

In general, heterogeneous catalysts are composed of one or
more catalytically active components dispersed on functional
supports with high surface area, in which the physico-chemical
properties of the supports and catalytic components, as well as
the interaction between them can strongly affect the catalytic
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performance. Therefore the effect of different supports (i.e.,
Si0,, y-Al,0;, AIOOH, MCM-41 and Mg-Al LDHs) with high
surface area was investigated and the results were collected in
Table S1.1 Clearly, all the supports except Mg-Al LDHs exhibi-
ted similar AA yield while NiO/AIOOH showed highest STY. It is
reported that the abundant hydroxyl groups on the surface of
support (e.g., AIOOH) is beneficial for the dispersion of active
metals, which is crucial in CO coupling reactions."
Furthermore, the hydroxyl groups were also reported to
promote the adsorption and activation of CO.'' Thus, in the
following investigations we will focus on discussing the NiO/
AlIOOH catalyst with 11.5 wt% Ni loading, which was
measured by inductively coupled plasma-optical emission
spectroscopy.

Fig. 1 shows the structural features and morphology of the
NiO/AIOOH catalyst. The as-prepared catalyst presents a specific
surface area of 289 m> ¢~ * and the hysteresis loop indicates
a mesoporous feature with an average pore diameter of
approximately 6 nm (Fig. 1A). According to the X-ray diffraction
pattern shown in Fig. 1B, the NiO/AIOOH catalyst is dominated
by the phases of y-AlIOOH while no NiO or Ni signals are
observed, indicating the high dispersion of NiO or Ni nano-
particles.?® Furthermore, the transmission electron microscopy
and energy-dispersive X-ray spectroscopy element mappings
also reveal the homogeneously dispersed NiO species (Fig. 1C).
Unsurprisingly, uniform Ni nanoparticles with an average
diameter of 2.5 nm are formed on the NiO/AIOOH sample after
pre-reduction in H, at 400 °C for 1 h (Fig. 1D).

The performance of the NiO/AIOOH catalyst was initially
tested for the hydrocarboxylation of acetylene. As expected, such
a catalyst delivered a high acetylene conversion of 76% and AA
yield of 65.6% due to the high dispersion of Ni species. The STY
was calculated to be as high as 412 g Zeae. ' h™7, which is
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Fig. 1 (A) N, adsorption/desorption isothermal and Barrett—Joyner—
Halenda (BJH) mesopore size distribution (inset) of the fresh NiO/
AlOOH catalyst. (B) XRD pattern of fresh NiO/AIOOH catalyst with
actual Ni loading of 11.5 wt%. (C) TEM image and EDX element
mappings of the fresh NiO/AIOOH catalyst. (D) TEM image and size
distribution of Ni particles (inset) of the reduced NiO/AIOOH sample.
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much higher than other reported heterogeneous -catalysts
(Table S2t).>*2* Besides the high activity, stability is another
important factor for commercial process. After reaction the
used catalyst was recovered by a simple centrifugal separation
and then tested again without additional treatments.
Disappointingly, the performance of recovered NiO/AIOOH
catalyst was poor (Fig. S1f), which may be caused by the
leaching of nickel as discussed above. Then, special attention
was paid to the nickel leaching phenomenon and the results of
ICP-OES showed that a small amount of nickel ions indeed
existed in the liquid media after reaction. Next, of tremendous
interest is to clarify the following two questions: (a) Whether the
catalytically active species are homogeneous or heterogeneous?
(b) What is the leaching mechanism and actual active species?

To clarify the catalytically active species are whether homo-
geneous or heterogeneous, we firstly examined catalytic activity
of the filtrate. After centrifugal separation, the filtrate, promoter
(1.2 mM L' CuBr,) and reaction gases (CO/C,H, molar ratio of
1.75) were charged into the stirred pressure reactor and the
result was shown in Fig. S2.7 Clearly, the filtrate exhibited even
a little higher catalytic activity than the fresh catalyst, indicating
that the reaction was most likely to be homogeneous. Then, we
employed nickel nitrate as nickel resource to test its catalytic
performance (Fig. S3, details in ESIT). Notably, both the nickel
salt alone and nickel salt with clean AIOOH showed much lower
catalytic activity than the fresh NiO/AIOOH catalyst, suggesting
that the actual active species might be nickel complexes rather
than nickel ion. In order to provide more evidence for this
speculation, a detailed kinetic experiment was carefully con-
ducted by correlating the yield of AA and the amount of leached
nickel to the reaction time, which has been reported to be
a direct and unambiguous method to explore the nature of
catalysis.'”'>** As clearly shown in Fig. 2, the whole process can
be divided into three stages. First, large amounts of nickel
species were quickly dissolved from the surface of solid catalyst,
while the yield of AA was very low (less than ~1%) during the
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Fig. 2 Kinetic investigation and the amount of nickel leaching (X\;) as
a function of time over the NiO/AIOOH for the hydrocarboxylation of
acetylene to AA. Conditions: 150 mL acetone, 15 mL H,O, 1.2 mM L™t
CuBr,, 100 mg NiO/AIOOH catalyst, CO/C,H, molar ratio of 1.75 and
initial pressure of 4.5 MPa.
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heating stage (time of 0-20 min). Second, in the initial reaction
stage (time of 20-25 min) the amount of leached nickel in
solution reached a maximum of ~41% but the reaction rate was
still slow. After that (time of 25-47 min), the reaction rate
accelerated dramatically accompanied by a gradual decrease of
nickel leaching content in solution which illustrated that the
leached nickel species re-deposited onto the support. Clearly,
the changes of nickel concentration in solution synchronized
with the reaction rates. Third, after the AA yield reached
a maximum of ~66% (time of 47-150 min), the re-deposition
rate of dissolved nickel species reduced obviously while the
yield of AA almost remained unchanged. Thus, a reliable
correlation between the yield of AA and leaching content of
nickel species was obtained. Combined with the results of
filtrate and nickel salt experiments, we believe that the catalytic
activity originated from the dissolved Ni species, in the form of
nickel complex.

Furthermore, a series of comparison experiments (ESI{ for
details) were designed to further clarify the mechanism of how
the leaching process took place, with the results as shown in
Fig. 3. Firstly, the effect of gas atmosphere on the nickel
leaching was investigated. The amount of nickel in solution was
very low under different gas atmospheres (i.e., N,, CO or CO-
C,H, mixture) without the addition of CuBr,, indicating no
obvious phenomenon of nickel leaching. Then, the effect of
CuBr, additive under different gas atmospheres was studied.
When CuBr, was added into the N,-C,H, mixture, no leaching
enhancement was observed with a nickel content of only
~0.5%. As a contrast, the addition of CuBr, in the presence of
CO led to remarkable nickel leaching with the nickel content
increasing from ~1.5% to ~14.5% in the solution. These results
implied that both CO and CuBr, played a crucial role in the
leaching process. To further study the doubt that whether Cu**
or Br~ promoted the leaching of nickel, we employed Cu(NOj3),

Xyi (%)

Fig.3 Effects of gas atmosphere and additives on nickel leaching (Xy;).
Conditions: 150 mL acetone, 100 mg NiO/AIOOH catalyst, initial
pressure of 4.5 MPa, temperature of 250 °C for 30 minutes.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

and KBr as additives respectively under the atmosphere of CO.
Interestingly, both Cu®" and Br~ could promote the leaching
process. The nickel content in solution was ~8.9% and ~10.5%
respectively when Cu(NO;), and KBr were used, which was
slightly lower than the case of CO-CuBr, (~14.5%). As is re-
ported, Cu®" can active acetylene and favor the formation of
alkyne—Ni-complex intermediates (e.g., CH,=CH-Ni(CO),,Ly,
L-ligand)***** while CuBr, is conducive to high CO solubility.*
According to the above results, it can be concluded that only in
the presence of CO and CuBr,, large amount of nickel species
would dissolve into the solution.

To obtain further insight into the active intermediate
species, we designed a gas replacement experiment described as
follows. During stage-1, the same conditions as a normal reac-
tion were conducted at first (as shown in the caption of Fig. 4).
In order to obtain large amount of leached nickel species, the
reactor underwent a rapid temperature-rising and -cooling
operation in which the temperature followed the tracks of
increasing reaction temperature gradually to 250 °C and
decreasing temperature immediately from 250 °C to room
temperature. During the stage-2, the reaction gas was replaced
with N,, N,-C,H, or CO respectively, with the temperature
increasing to 250 °C again and keeping for 30 minutes.
According to the ICP results, the content of leached nickel in
solution was ~41% at the end of stage-1 while a normal reaction
for 30 minutes led to a nickel amount of ~15.3%. However, the
amount of nickel in solution was very low (<1%) at the end of
stage-2 when the reaction gas was replaced with N, or N,-C,H,
(Fig. 4), indicating the leached nickel redeposited onto the solid
catalyst. In contrast, nickel leaching was still pronounced in the
case of CO replacement with a nickel content of ~18.3%,
illustrating that the leached nickel species coordinated with CO
to form stable chelates like the form of NiH(CO),Br.”*

20

18.3

151

0.75 0.46

0-

N, N,+C,H, CO Normal reaction
Fig. 4 Effect of gas replacement on nickel leaching (Xy;). Conditions:
(stage-1) 150 mL acetone, 15 mL H,0, 1.2 mM L~! CuBr,, 100 mg NiO/
AlOOH catalyst, CO/C,H, molar ratio of 1.75 and initial pressure of
4.5 MPa, temperature increased to 250 °C and then cooled to room
temperature immediately; (stage-2) gas replacement with N,, No—
C,H, or CO respectively, initial pressure of 4.5 MPa and temperature
increased to 250 °C and kept for 30 minutes.
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Combining with the above results of contrast experiments, we
can see that NiO was gradually dissolved from catalyst surface
and then coordinated with CO at the initial stage of the reac-
tion. With the consumption of CO during the reaction, the
leached nickel species redeposited onto solid catalyst again,
which was also demonstrated by the kinetic experiment.
Therefore, we can conclude a heterogeneous-homogeneous-
heterogeneous catalytic cycle for this reaction over the NiO/
AIOOH catalyst. More importantly, the stability of NiO/AIOOH
catalyst was improved significantly by the means of inert gas
replacement. After three recycles, a high acetylene conversion of
82% and AA yield of 46% still can be reached (Fig. S4%). It is
worth noting that the decrease of selectivity of AA is related to
the particle agglomeration during the re-deposition process
(Fig. S5t). Hence, inert gas replacement is a facile and efficient
method to recycle the leached nickel, which delivered useful
reference to the development of new heterogeneous catalysts for
traditional homogeneous liquid reactions. These preliminary
findings will open up further prospects for the hydro-
carboxylation of acetylene to AA.

4. Conclusions

In summary, a highly active NiO/AIOOH catalyst with AA space-
time-yield of 412 gaa gca. * h™" was developed for the hydro-
carboxylation of acetylene to AA. During the reaction, large
amount of NiO dissolved from solid catalyst surface into the
solution with the induction of CuBr, and CO. Detailed kinetic
and controlled experiments confirmed a heterogeneous—
homogeneous-heterogeneous catalytic cycle of the nickel
species while the chelates formed between CO and leached
nickel act as the actual active species for the hydrocarboxylation
of acetylene. The recovery of leached nickel onto the solid
catalyst by the means of inert gas replacement can dramatically
improve the stability of NiO/AIOOH catalyst.
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