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Abstract

The selective hydrogenation of acetylene is of industrially indispensable in the production of polymer-grade ethylene. The
design of non-precious metal catalysts with outstanding performance is of pivotal importance in order to replace the supported
Pd—Ag catalysts. Our previous work showed that a copper carbide (Cu,C)-containing catalyst exhibited high hydrogena-
tion activity and selectivity under mild conditions. In the present work, Mg(OH), was used to modify the Cu,C-containing
catalyst in order to improve its catalytic performance. Mg(OH),-modified Cu,C-containing catalyst was prepared from a
coprecipitate of Cu(OH), and Mg(OH),, which was obtained by precipitation of Cu(NO;), and Mg(NO;), solution with
dropwise addition of NaOH solution, by thermal treatment in C,H,/Ar (0.5%) at 120 °C followed by H, reduction at 150 C.
The introduction of Mg(OH), led to reduced Cu,C crystalline size and to increased amount of Cu,C crystallites. In addition,
the basic nature of Mg(OH), is favorable to suppress the undesired oligomerization. The prepared catalyst showed excellent
catalytic performance with complete acetylene conversion, low selectivity to unwanted ethane (24%), and high stability at
100 °C and atmospheric pressure in the presence of large excess ethylene in 100 h.
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1 Introduction

Ethylene is industrially used in the production of polymers,
and the ethylene produced by cracking of naphtha contains
about 1% acetylene impurity. A trace amount of acetylene in
the ethylene feedback results in poisoning the Ziegler—Natta
catalyst in the downstream ethylene polymerization, degrad-
ing the polymer product. As a consequence, the acetylene
content in ethylene must be reduced to less than 5 ppm.
Selective hydrogenation of acetylene to ethylene is regarded
as an efficient, economical, and environmentally friendly
method to remove acetylene impurity in industry [1-5].
Supported Pd—-Ag catalysts are widely used for selective
hydrogenation of acetylene due to their high activity and
reasonable selectivity [6—10]. However, at near complete
conversion of acetylene, an ethylene loss frequently occurs
without co-feeding CO, which adsorbs stronger than ethyl-
ene but weaker than acetylene, because of the over-hydro-
genation of ethylene to yield ethane. Moreover, supported
Pd—Ag catalyst often produces green oil, which is gener-
ated by oligomerization, leading to gradual deactivation of
the catalysts [8, 11-15]. Therefore, it is highly desirable to
develop high-performance catalysts with reduced selectivity
to undesired ethane and green oil.

To improve the performance of Pd-based catalysts, pro-
moters such as Ag [16-19], Cu [20-22], Mg [23-26], Zn
[27, 28], Ga [29, 30], Co [31, 32], and In [33, 34] are often
added. Most of them tune the catalytic performance by form-
ing intermetallic alloys with Pd, which have ordered crys-
tal structures and provide unique and uniform active sites
[16-20, 22, 27, 28, 30-33]. As for Mg species, they usually
act as supports in the form of MgO [23-25]. Yuan et al. [23]
prepared a 3D-Al-Pd/MMO catalyst derived from an Al-
LDH containing Mg species, which demonstrated high activ-
ity, excellent selectivity as well as long-term stability for
selective hydrogenation of acetylene to ethylene. Qin et al.
[24] prepared a Pd/MgO catalyst with low loading of Pd
(7.8 ppm) for selective hydrogenation of acetylene to ethyl-
ene, and the catalyst showed outstanding performance. Guo
et al. [25] developed a single-atom Pd catalyst supported
by MgO using a ball-milling method, and the prepared
catalyst showed good catalytic performance for selective
hydrogenation of acetylene to ethylene in excess ethylene.
He et al. [30] prepared Pd—-Ga/MgO-Al,O; catalysts with
high activity and high selectivity in selective hydrogenation
of acetylene, owing to high dispersion and synergistic effect
of bimetallic nanoalloys. Lomonosov et al. [26] synthesized
bimetallic Pd-Mg nanoparticles by partial galvanic replace-
ment of plasmonic Mg nano-particles, which exhibited a
much higher ethylene selectivity than Pd alone in selective
hydrogenation of acetylene. The improved catalytic behavior
was attributed to the well-separated Pd nanoparticles on Mg,
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due to the ability of suppressing Pd aggregation. However,
since Pd is scarce and expensive, there is ample room for
improving the cost-effectiveness in catalyst design by finding
a non-precious metal, such as Ni [35, 36] and Cu [37-39], to
replace Pd-based catalysts [40].

In our previous work, it was found that a novel phase, cop-
per carbide (Cu,C), derived from copper acetylide showed
high hydrogenation activity at low temperatures, compa-
rable to Pd-based catalysts [41-47]. The Cu,C-containing
catalysts were prepared from a variety of copper precursors,
including Cu,0O [41], Cu(OH),CO; [42], Cu(OH), [43] and
CuO [44], by thermal treatment with acetylene-containing
gas followed by hydrogen reduction. Cu-based catalysts are
highly selective in hydrogenation of acetylene because the
adsorption of acetylene is significantly stronger than that
of ethylene [38, 48]. The precious-metal-like hydrogenation
activity is attributed to the interstitial Cu,C, whereas the
porous carbonaceous shell layer, generated from the thermal
decomposition of intermediate copper acetylide, blocked the
chain growth of linear oligomers, thus suppressing the for-
mation of green oil [41-44].

In the present work, Mg(OH), species was used to mod-
ify the Cu,C-containing catalyst. The prepared Mg(OH),-
modified catalysts were tested in selective hydrogenation of
acetylene with enhanced performance. The characterization
results confirmed that the introduction of Mg(OH), resulted
in increased amount and reduced size of Cu,C crystallites.
In addition, the presence of basic Mg(OH), decreased the
production of C,~, among which 1,3-butadiene is regarded
as the precursor of green oil.

2 Experimental
2.1 Chemical Reagents

Cu(NOy),-3H,0 was purchased from Guangdong Guanghua
Sci-Tech CO., Ltd, China. Mg(NO;),-6H,0O was purchased
from Tianjin Damao Chemical Reagent Factory, China. NaOH
was purchased from Tianjin Kemiou Chemical Reagent CO.,
Ltd, China. All reagents were of analytical grade and used
without further purification. Hydrogen gas was purchased from
Dalian Kena Science and Technology Co., Ltd, China. The
reaction gas (0.8% CH,, 0.5% C,H,, and 98.7% C,H,) and the
treatment gas (0.5% C,H,, 99.5% Ar) were purchased from
Dalian Guangming Chemical Research Institute, China.

2.2 Synthesis of Catalyst Precursors
The catalyst precursors were prepared by coprecipitation.

Cu(NO;),-3H,0 and Mg(NO;),-6H,0 (the total amount of
Cu** and Mg?* was 0.02 mol, and Mg**/Cu** =n/(10-n),
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n=0-4) were dissolved in 200 mL deionized water and
stirred for 30 min in an ice-water bath. Then 20 mL NaOH
solution (2 mol/L) was added dropwise to the above solu-
tion. The resultant suspension was stirred for 30 min. The
resultant blue suspension was filtered, and the solid was
washed with deionized water and dried in vacuum at room
temperature for 12 h to obtain the catalyst precursor, which
is denoted as Cu,,_,Mg,(OH) (n=0-4).

2.3 Catalyst Preparation

0.1 g Cu;;, Mg, (OH) precursor was treated in a flow of acet-
ylene-containing gas (0.5% C,H,/99.5% Ar, 30 mL/min) at
100-180 °C for 2 h, and then cooled down to room tempera-
ture. The obtained material was denoted as Cu,,_,Mg,(OH)
(Tx), where x represents the treatment temperature. Sub-
sequently, Cu,, Mg, (OH)(Tx) was reduced in H, (10 mL/
min) at 110-190 °C for 3 h to obtain the Cu,C-containing
catalyst, which is denoted as Cu,, Mg, (OH)(Tx-Ry), where
y represents the reduction temperature.

2.4 Catalyst Characterization

All of the catalysts for characterization were passivated in an
0.50 vol% O,/N, flow (10 mL-min~') at ambient temperature
for at least 2 h before exposure to air.

X-ray diffraction (XRD) patterns were acquired on a
Rigaku SmartLab diffractometer with Cu-Ka radiation
source (A=0.154 nm) at 200 mA and 45 kV. The XRD pat-
terns were collected in the range of 20—80° with a scanning
speed of 8°/min.

Surface morphology was observed by means of scanning
electron microscopy (SEM) on an SU8220 instrument with
a test voltage of 5.0 kV. Transmission electron microscopy
(TEM) images were taken on an FEI Tecnai G2 F30 model
with an accelerating voltage of 300 k'V.

X-ray photoelectron spectroscopy (XPS) measurement
was conducted on an Escalab 250 X-ray photoelectron
spectrometer equipped with Al-Ka as the excitation source
(1486.6 V). The binding energy was calibrated using the
binding energy of C 1 s at 284.6 eV.

The adsorption/desorption isotherms of nitrogen were
measured on a Micromeritics Tristar IT 3020 instrument at
-196 °C. The specific surface area was calculated from the
isotherms according to Brunauer—-Emmett—Teller (BET)
equation. Thermal gravimetric analysis and differential scan-
ning calorimetry (TG-DSC) were carried out on an instru-
ment (SDT Q600, TA) in a N, flow (50 mL/min) from room
temperature to 500 °C at 3 °C/min.

Hydrogen temperature-programmed reduction (H,-TPR)
was carried out on a Chembet-3000 analyzer equipped

with a TCD. The sample (0.2 g) was reduced in a stream of
H,-containing gas (10.0% H, in Ar, 50 mL/min) at 10 °C/
min up to 600 °C.

2.5 Catalytic Performance

The catalytic performance in selective hydrogenation of
acetylene was conducted in a tubular quartz fixed-bed reac-
tor. In a typical run, 0.1 g Cu,, Mg, (OH) precursor was
mixed with quartz sand (0.6 g, 40—80 mesh), and then
charged into the middle of the quartz tube reactor (inner
diameter: 10 mm). The catalyst bed in the quartz reactor
was placed in the constant temperature zone of a tubular
electric furnace. Cu;y , Mg (OH)(Tx-Ry) catalyst was pre-
pared by thermal treatment with C,H,/Ar gas followed
by H, reduction. Then, the reaction gas (0.8% CH,, 0.5%
C,H,, and 98.7% C,H,) at 10 mL/min and H, gas at 1.0 mL/
min were fed into the reactor. CH, was used as the internal
standard for gas chromatographic analysis. The outlet gas
was analyzed by an online chromatography (Panna A60),
equipped with a flame ionization detector and an Agilent
HP-AL/S capillary column (30 mx0.535 mm X 15.00 pm).
In addition to ethylene and ethane, a small amount of C,~
olefins, including trans-2-butene, 1-butylene, cis-2-butene,
and 1,3-butadiene, were detected. No green oil was observed
downstream of the quartz tube even in the 100-h run.

In the presence of large excess ethylene in the gas feed,
it is difficult to accurately measure the selectivity of ethyl-
ene. Therefore, the selectivity to undesired ethane was used
to determine the selectivity performance of the catalyst, a
measure of ethylene gain or loss. The conversion of acety-
lene and the selectivities to ethane and C,~ were calculated
as follows:

C,H,]. .. — [C,H
Cszconversion(%):[ 2 z]l["lcetHg 22 Joue X100 (1)
2+ 22 Jinlet
[CoHel o1
C,Hselectivity(%)= ouet x 100
Hgselectivity(%) [CoHs Jiniee = [CoHy L gyqree @
2% [C4=
C; selectivity(%)= [C4=Touse x 10 3)
[C2H2]inlel - [C2H2]outlel

where [C,H,]; .. and [C,H,] 4. Were the mole concentra-
tions of acetylene in the feed and in the effluent, respec-
tively. [C,Hgl uuer @and [Cy~ Touner Were the mole concentra-
tions of ethane and that of total C,~ olefins, respectively, in
the outlet.

In order to accurately determine the selectivity to ethyl-
ene, a gas feed of acetylene in N, (0.5% C,H,/99.5% N,) was
used. The selectivity to ethylene was determined by
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[C,Hy]
[C,H,]

outlet % 100 (4)

C,H,selectivity(%)= TN
— 12y

inlet outlet

where [C,H,],qe Was the mole concentration of ethylene

in the effluent.

3 Results and Discussion

To investigate the effect of Mg(OH), addition on the structure
and morphology of the Cu(OH), precursor, XRD measure-
ment was conducted, as shown in Fig. 1. In the XRD patterns
of Cu,,,Mg,(OH), the diffraction peaks at 20=23.8, 34.1,
35.9, 38.0, 38.2, 39.8, and 53.2° corresponded to the (021),
(002), (111), (041), (022), (130), and (150) planes of Cu(OH),
(PDF 13-0420), respectively. It is indicated that the intensity
of diffraction peaks ascribed to Cu(OH), was decreased as
the amount of Mg(OH), was increased, indicating reduced

crystalline size and lower crystallinity of Cu(OH), phase.
No distinctive diffraction peaks of Mg(OH), species were
detected in the patterns of all the samples, suggesting that the
size of Mg(OH), was below the detection limit.

Figure 2a and b illustrate the SEM images of Cu(OH),
and Cu;Mg;(OH), respectively. It is demonstrated that the
Cu(OH), was in bundles of nanowires, whereas the mor-
phology of Cu;Mg;(OH) became a mixture of shorter
nanowires and nanosheets, indicating that the introduc-
tion of Mg(OH), significantly changed the morphology of
the obtained catalyst precursor. In the HRTEM images of
Cu,;Mg;(OH) (Fig. S1), the lattice spacings of 0.250 and
0.225 nm corresponded to the (111) and (130) planes of
Cu(OH),, respectively, whereas that of 0.273 nm corre-
sponded to the (100) plane of Mg(OH),. It is shown that
Cu,Mg;(OH) was composed of Cu(OH), and Mg(OH),
while the introduction of Mg(OH), facilitated the disper-
sion of Cu(OH),.

Fig. 1 XRD patterns of
Cu,, Mg, (OH) precursors
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Fig.2 SEM images of (a)
Cu(OH), and (b) Cu;Mg;(OH)
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Fig.3 SEM images of (a) Cu;Mg;(OH), (b) Cu;Mg;(OH)(T120) and (¢) Cu;Mg;(OH)(T120-R150)

Figure 3 presents the SEM images of Cu;Mg;(OH),
after thermal treatment with C,H,/Ar at 120 °C, and after
subsequent H, reduction at 150 °C. It is displayed that
Cu;Mg;(OH) was in nanosheets, and the nanosheets were
covered with cauliflower-shaped materials after the ther-
mal treatment with C,H,/Ar at 120 °C. When Cu;Mg;(OH)
(T120) was reduced in H, at 150 °C, the cauliflower shapes
shrank in Cu;Mg;(OH)(T120-R150). It implies that the
reaction of Cu(OH), with acetylene occurred in the thermal
treatment, producing fabrics on the surface. The subsequent
hydrogen reduction did not change the morphology signifi-
cantly but reduced the length of the hydrocarbon fabrics.

As shown in Fig. 4a, after the thermal treatment with
acetylene-containing gas, the XRD pattern of Cu,;Mg;(OH)
(T120) remained similar to that of Cu;Mg;(OH), suggesting
that the reaction with acetylene took place on the external
surface of the precursor. The weaker diffraction peaks char-
acteristic of Cu(OH), in the XRD pattern of Cu;Mg,(OH)
(T120) than Cu;Mg;(OH) was attributed to reduced parti-
cle size of the precursor and to the presence of amorphous
hydrocarbon fabrics on the external surface. In the XRD
pattern of Cu;Mg;(OH)(T120-R150) (Fig. 4b), the intense
peaks at 20=43.3, 50.4, and 74.1° were ascribed to the
(111), (200), and (220) planes of metal Cu (PDF 04-0836),
indicating that the core of the precursor was reduced to gen-
erate metal Cu particles at temperature as low as 150 °C.

An additional weak peak at 20 =37.2° was indicative of the
formation Cu,C crystal [41-47]. The intensity of this charac-
teristic peak attributed to Cu,C in Cu,Mg;(OH)(T120-R150)
was lower than that of Cu(OH),(T120-R150) [43], indicating
that the crystalline size of Cu,C derived from Cu;Mg;(OH)
was smaller, probably because of decreased size of Cu(OH),
particles in the precursor.

In the HRTEM image of Cu;Mg;(OH)(T120-R150)
(Fig. 5), three kinds of crystallites were observed. The lat-
tice spacing of 0.208 nm corresponded to the (111) plane
of Cu, whereas that of 0.273 nm corresponded to the (100)
plane of Mg(OH),. It implies that Mg species existed in
the form of Mg(OH), instead of MgO in Cu;Mg;(OH)
(T120-R150), which was in agreement with the TG-DSC
measurement of Mg(OH), (Fig. S2).The lattice spacing
of 0.240 nm corresponded to that of Cu,C crystallite [41].
Fig. S3 shows the EDS elementary mapping analysis of
Cu;Mg;(OH)(T120-R150). It is demonstrated that Cu spe-
cies, Mg(OH), and C species were homogeneously distrib-
uted in Cu;Mg;(OH)(T120-R150). Moreover, the specific
surface areas, calculated from the N, adsorption—desorption
isotherms (Fig. S4) using Brunauer—-Emmett-Teller (BET)
methods, indicated that, after treatment with acetylene-con-
taining gas and subsequent hydrogen reduction, the surface
area increased from 84, to 117, and to 123 m2/g, respec-
tively (Table S1). The significant increment after thermal

Fig.4 (a) XRD patterns of
Cu;Mg;(OH)(T120-R150),
Cu,;Mg;(OH)(T120) and
Cu;Mg;(OH) (b) XRD pattern
of Cu;Mg;(OH)(T120-R150)

(@)

Intensity (a.u.)

Cu;Mg,(OH)(T120-R150) (b)
Cu;Mg,(OH)(T120)
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V Cu,C
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Fig.5 HRTEM image of
Cu;Mg;(OH)(T120-R150)

treatment with acetylene might be due to the formation of
external fabrics and amorphous carbonaceous materials [41].
Therefore, it is concluded that Cu,Mg,(OH)(T120-R150)
was composed of Cu,C, Cu and Mg(OH), nanoparticles,
which were embedded in the matrix of amorphous carbo-
naceous materials.

Figure 6 illustrates the XPS spectra of Cu,;Mg;(OH)
(T120-R150). The absence of a satellite peak at~943 eV
in the Cu 2ps, spectrum suggests that there was no Cu**
species [49], corroborating that the surface Cu(OH), was

Mig(OH)3.0.273 nm

transformed by reacting with C,H, followed by hydrogen
reduction (Fig. 6a). The major peak was centered at bind-
ing energy of 932.6 eV (Fig. 6a), which fell between that
of Cu?* and that Cu’/Cu™. Since it is not possible to dis-
tinguish Cu® and Cu* in the Cu 2p;3, spectrum, Cu LMM
spectrum of Cu;Mg;(OH)(T120-R150) was measured, and
is presented in Fig. 6b. It is indicated that the peak was cen-
tered at 917.7 eV, which was between that of Cu® (918.7 eV)
[50] and that of Cu* (916.8 eV) [51]. It implies that the
major contribution to this peak came from partially positive

Fig.6 XPS spectra of
Cu;Mg;(OH)(T120-R150). (a)

(a)

, (b)

Cu LMM

Cu 2y, (b) Cu LMM spec- Cu2pyr, cu |
trum, (¢) C 1 s,and (d) Mg 1s

—_ 2 0 + =

- Cu?%, Cu"J 1,Cu’/Cu 5

© Lo

> 2

= [72]

g 8

z S
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species of Cu (Cu®"), which is characteristic of interstitial
copper carbide (Cu,C) [41, 52]. In the C 1 s spectrum of
Cu;Mg,(OH)(T120-R150) (Fig. 6¢), the large peak was ten-
tatively deconvoluted into three peaks at binding energies of
284.9, 286.5, and 284.2 eV. The peak at 284.9 was attrib-
uted to the C—C bond [52], whereas the shoulder peak at
286.5 eV corresponded to the C—OH species [53]. Kim et al.
[52] concluded that the simultaneous appearance of the two
peaks at 932.6 eV in the Cu 2p;, spectrum and at 284.2 eV
in the C 1 s spectrum was due to the formation of copper
carbide. In the XPS spectrum of Mg 1 s (Fig. 6d), the peak
at binding energy of 1302.8 eV was attributed to Mg(OH),
in Cu;Mg;(OH)(T120-R150) [54], which is in agreement
with the HRTEM observation (Fig. 5).

In our previous investigation [43], the catalysts derived
from Cu(OH), showed an excellent performance in acety-
lene selective hydrogenation. It was found that Cu,C served
as the catalytic site for hydrogen dissociation whereas
acetylene hydrogenation mainly occurred on Cu site. The
addition of Mg(OH), may affect the fraction of Cu,C in
the preparation. Therefore, the effect of the composition
of Cu and Mg in the precursor on acetylene conversion
and ethane selectivity was investigated. Figure 7 compares
the catalytic performances of catalysts prepared from vari-
ous Cu,, Mg, (OH) (n=0.5, 1, 2, 3, 4) precursors, which
were treated with acetylene-containing gas at 120 C for
2 h and then reduced in H, at 150 °C for 3 h. With the
addition of Mg(OH),, all Cu;,. Mg, (OH)(T120-R150)
(n=0.5, 1, 2, 3, 4) showed higher hydrogenation activ-
ity than Cu(OH),(T120-R150) at 100 “C, probably due to
increased amount of Cu,C crystallites in Cu,, ,Mg,(OH)
(T120-R150). CugMg,(OH)(T120-R150) exhibited the

highest hydrogenation activity, implying that more Cu,C
crystallites were present. However, a considerably higher
amount of unwanted ethane was produced on CugMg,(OH)
(T120-R150), leading to a marked ethylene loss. For
CugMg,(OH)(T120-R150), acetylene conversion decreased
slightly whereas the selectivity to ethane was reduced sig-
nificantly. Cu;Mg;(OH)(T120-R150) showed the best per-
formance with extremely high hydrogenation activity and
an ethylene gain (ethane selectivity < 30%). The outstanding
catalytic performance of Cu;Mg;(OH)(T120-R150) might
be related with the optimal composition of Cu,C and Cu
phases. Therefore, Cu;Mg;(OH) was chosen the catalyst
precursor in the subsequent investigation.

The influence of acetylene treatment temperature on the
catalytic performance of Cu;Mg,(OH)-derived catalysts in
acetylene selective hydrogenation is shown in Fig. 8. The
Cu;Mg,(OH) precursor was treated with acetylene-contain-
ing gas at various temperature in the range of 100-180 °C
for 2 h and then reduced in H, at 150 °C for 3 h. Acetylene
conversion increased at first and then decreased with the
treatment temperature. On one hand, higher acetylene treat-
ment temperature might enhance the decomposition of the
in situ generated copper acetylide (CuC,). On the other hand,
less amount of intermediate CuC, was formed at lower treat-
ment temperatures, leading to less formation of Cu,C active
phase in the subsequent hydrogen reduction.

The influence of acetylene treatment time on the cata-
lytic performance is shown in Fig. 9. The acetylene conver-
sion reached nearly 100% when the precursor was treated at
120 °C for 2 or 3 h. However, at longer treatment time (4 h),
the conversion decreased, probably because the decomposi-
tion of intermediate CuC, was enhanced at a long thermal

Fig.7 Effect of Mg(OH), 400
amount on the acetylene selec- 100 + — _
tive hydrogenation performance |:| X(Csz) [
catalyzed by Cu,, Mg, (OH) I:] S(CZHB) —
T120-R150) at 100 °C = .
( ) go b C1S(Cy) 320
S _ S
S ol 4 240 é‘/
fZ 2
() O
> ()
c 1160 ©
40 | ©
8 n
20 | 4180
0 0.5 1 2 3 4

nin Cu,y,Mg,(OH)
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Fig. 8 Effect of acetylene 100
treatment temperature on the B - .
acetylene selective hydrogena- |:| X(Csz)
tion performance catalyzed by — —
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treatment time, which is in agreement with our previous
results [43].

Under the optimal treatment conditions (120 °C for
2 h), the influence of hydrogen reduction temperature
on the catalytic performance in selective hydrogenation
of acetylene was investigated (Fig. 10). Cu;Mg;(OH)
(T120) was reduced in H, at various temperatures in the
range of 110-190 °C for 3 h. The catalysts prepared by
hydrogen reduction in the temperature range of 130 to

@ Springer

Treatment time (h)

170 °C exhibited significantly high activity for acetylene
hydrogenation with nearly 100% acetylene conversion at
100 °C, while the catalyst obtained by hydrogen reduction
at 190 °C showed a slightly lower acetylene conversion
(91%) under the same conditions. Although the rate of
CuC, reduction to yield Cu,C was high at higher reduc-
tion temperatures, the parallel decomposition of CuC, was
enhanced as well, resulting in less production of Cu,C.
Interestingly, the catalysts prepared by hydrogen reduction
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Fig. 10 Effect of reduction tem-
perature on the acetylene selec-
tive hydrogenation performance
catalyzed by Cu,;Mg;(OH) —
(T120-Ry) at 100 °C X
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Table 1 Product selectivity in hydrogenation of acetylene in large excess
of ethylene catalyzed by Cu(OH),(T120-R150) and Cu,Mg;(OH)
(T120-R150)

110

Catalysts Reaction tem-  Acetylene con-  Product selec-
perature /'C version /% tivity /%
C,Hg C,
Cu(OH), 100 63 5 3
(T120-R150) 110 100 19 16
120 100 42 15
Cu,Mg;(OH) 90 10 3 0
(T120-R150) 100 97 23 14
110 100 98 10

at 130 and 170 ‘C both showed full acetylene conversion,
probably due to a balanced reduction and decomposition
of CuC, in the catalyst preparation. Nevertheless, both
catalysts showed high selectivity to undesired ethane, and,
as a consequence, the optimal reduction temperature was
chosen to be 150 °C.

Table 1 presents acetylene conversion and selectivities
to ethane and C,~ as a function of reaction temperature
in hydrogenation of acetylene in excess ethylene over
Cu(OH),(T120-R150) and Cu;Mg,(OH)(T120-R150). It
can be seen that both catalysts gave low selectivities to
ethane and C,~ when acetylene was not completely con-
verted at low temperatures. However, when acetylene
was 100%, large amounts of ethane and C,~ were yielded.
When the reaction temperature was further increased,
both catalysts showed reduced selectivity to C,~ at 100%

130 150 170
Reduction temperature (°C)

190

acetylene conversion because high temperature led to
enhanced hydrogen dissociation, thus increasing ethane
selectivity while decreasing the selectivity to C,~, in
agreement with the published results [55-57]. Table S2
compares the results in hydrogenation of acetylene in
nitrogen (0.5% C,H,/99.5% N,) over Cu(OH),(T120-
R150) and Cu;Mg;(OH)(T120-R150). Similarly, high tem-
perature was unfavorable to the production of C,~ at com-
plete conversion of acetylene. Additionally, Cu;Mg;(OH)
(T120-R150) yielded less C,~ than Cu(OH),(T120-R150)
in the investigated temperature range, probably because
the presence of Mg(OH), in Cu;Mg;(OH)(T120-R150)
might suppress significantly the production of C,~ and
undesired oligomers [56, 58, 59].

Figure 11 displays the dependence of acetylene con-
version and ethane selectivity on H,/C,H, ratio in acety-
lene selective hydrogenation catalyzed by Cu,Mg;(OH)
(T120-R150) at 100 °C and atmospheric pressure. In the
range of 14-30, the acetylene conversion and ethane selec-
tivity increased gradually with H,/C,H, ratio. At H,/C,H,
ratio of 22, complete acetylene conversion was obtained
with an ethane selectivity of 24%. In the range of 2430, the
ethane selectivity markedly increased with H,/C,H, ratio,
causing an ethylene loss. Compared with Cu(OH),(T120-
R150) [43], Cu;Mg;(OH)(T120-R150) exhibited higher
hydrogenation activity, with complete acetylene removal
in ethylene stream at 100 °C and atmospheric pressure.

Copper-based catalysts are known to deactivate quickly due to
the formation of green oil, which was accumulated on the catalyst
surface [55]. In our investigation, there was no green oil down-
stream of the quartz tube in the course of a 100-h reaction. The
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variation of acetylene conversion and ethane selectivity with time
on stream in selective hydrogenation of acetylene catalyzed by
Cu;Mg;(OH)(T120-R150) are demonstrated in Fig. 12. It is indi-
cated that Cu;Mg;(OH)(T120-R150) was stable in a 100-h run at
100 °C and atmospheric pressure, achieving complete removal
of acetylene in ethylene with low selectivity to undesired ethane
(24%). The high stability with an ethylene gain might be attrib-
uted to the formation of the porous carbonaceous matrix formed
by the decomposition of intermediate CuC, on the external sur-
face of the catalyst, which suppressed the chain growth of linear
hydrocarbons because of steric hindrance [41-45]. Additionally,
Mg(OH), in Cu;Mg;(OH)(T120-R150) helped to suppress the

@ Springer

Time on stream (h)

production of C,~, among which 1,3-butadiene is considered to
be the precursor of green oil.

4 Conclusions

In summary, a catalyst for selective hydrogenation of acety-
lene was prepared from copper and magnesium hydroxides
through thermal treatment with acetylene-containing gas fol-
lowed by hydrogen reduction. The catalyst was composed
of Cu,C, Cu, and Mg(OH), enwrapped in a porous carbon
matrix. Among them, Cu,C was considered to be the highly
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active site for hydrogen dissociation, Cu mainly acted as
the site for selective hydrogenation of acetylene, and the
porous carbon layer helped to block the chain growth of
linear hydrocarbons. Mg(OH), facilitated the formation of
highly dispersed Cu,C crystallites with enhanced hydrogena-
tion activity, and its basicity was favorable to suppress the
formation of C,~. The prepared catalysts exhibited remark-
ably high performance with complete acetylene conversion,
low ethane selectivity (24%), and high stability in removal of
acetylene impurity of ethylene stream at 100 °C and atmos-
pheric pressure in a 100-h run. This work provides a new
approach to preparing non-noble catalysts for a variety of
hydrogenations under mild conditions.
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tary material available at https://doi.org/10.1007/s10562-024-04686-y.
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