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We previously reported that the reductive conversion of 2-chloropropene (2-PEN) on y-alumina-supported pal-
ladium catalysts showed high activity at 348 K. However, 2-chloropropane (2-PAN), propylene, and propane
were produced non-selectively in this catalyst system, so industrial development would require separation process.
In the present study, an alumina-supported nickel catalyst achieved a highly selective conversion of 2-PEN to pro-
pylene. For example, the propylene selectivity reached 95.7 % and conversion of 2-PEN was 15.0 % on the cata-
lyst loaded with 10 % nickel at 473 K. However, the propylene yield was only 14.3 %, so the reaction was
examined at 623 K, which resulted in 75.6 % conversion of 2-PEN and 78.6 % selectivity to propylene, with an
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adequate 59.4 % yield.
separate propane and propylene.
pylene to propane could be suppressed.

Keywords

Importantly, no propane was produced under these conditions, eliminating the need to
We concluded that by using nickel as a catalyst, an excessive reduction of pro-

2-Chloropropene, Propylene, Dechlorination, Hydrogenation, Nickel catalyst

1. Introduction

Organic chlorides are widely produced in Japan, for
consumption by the thriving petrochemical and soda in-
dustries. For example, allyl chloride has various ap-
plications such as a raw material and intermediate for
the manufacture of industrial products, pharmaceuti-
cals, and agricultural chemicals, and is produced by
many companies in Japan"~>. One of the typical
methods for the production of allyl chloride utilizes the
reaction between propylene and chlorine, but various
by-products are also formed" ™. Our previous study
intended to effectively utilize such by-products focused
on 2-chloropropene, which is a major by-product®-?.
Reduction of 2-chloropropene (2-PEN) with a commer-
cially available alumina-supported palladium catalyst
proceeded well at a low temperature of 348 K for the
nonselective conversion of 2-PEN into 2-chloropropane
(2-PAN), propylene, and propane. However, propane
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obtained from 2-PEN can only be used as a fuel. Fur-
thermore, 2-PAN and propylene, which are common as
chemical product precursors”, could not be obtained
selectively with that catalyst system. In particular,
co-produced propylene and propane are extremely diffi-
cult to separate. Therefore, utilization of these
by-products will remain a difficult unless nonselective
co-production is resolved. Modern academic research
rarely considers the catalytic conversion of organic
chlorides. In contrast, industrial interests widely adopt
the catalytic conversion of organic chlorides, and pat-
ents are actively issued. Therefore, our group planned
further research.

Nonselective conversion was thought to originate
from the too high activity of the palladium catalyst, re-
sulting in the deep reduction of propylene to propane.
Therefore, reductive conversion of 2-PEN to propylene
on a y-alumina-supported nickel catalyst, which typi-
cally has low activity but is a promising reductive sub-
stance, was examined to suppress the deep reduction of
propylene to propane. Reduction of propylene to pro-
pane using palladium and nickel catalysts has long been
investigated® !9, Qur research identified the possibil-
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ity of suppressing the reduction of propylene to propane
from the preliminary experiments on nickel catalyst
supported on y-Al,O3. Based on this background, this
study investigated the reduction behavior of 2-PEN
with the alumina-supported nickel catalyst.

2. Experimental

2.1. Catalyst Preparation

In the present study, the catalysts are referred to as
Ni(x)/y-Al2O3 (x =35, 10, 15, and 20), in which “x” indi-
cates the Ni content by weight %, defined as 100 X Ni
[g]/(Ni [g] +7y-Al203 [g]). For example, Ni(10)/
7-AlO3s was prepared by the impregnation method.
An aqueous solution (30 mL) containing 2.310 g of dis-
solved Ni(NOz3),*6H,0 (FUJIFILM Wako Pure Chemi-
cal Corp.) was stirred with 4.196 g of y-ALO; (JRC-
ALO-9 reference catalyst, Catalysis Society of Japan).
The obtained suspension was evaporated at 353 K and
dried at 393 K for 12 h. Then, the resultant solid was
calcined at 773 K for 2 h. Before evaluation of the
catalytic activity, the solid was pelletized to 1.18-
1.70 mm and loaded into a reactor. Then, the solid
was reduced at 923 K for 1.0 h in the reactor using hy-
drogen (45 mL/min) diluted with nitrogen (15 mL/min),
which was followed by adjusting the reaction tempera-
ture under nitrogen flow.
2.2. Characterization

The nitrogen adsorption isotherms of the catalysts
pretreated at 473 K for 5 h were measured using a BEL-
SORPmax12 (MicrotracBEL Corp.) at 77 K to estimate
the specific surface area of Ni(5)/y-Al:0s, Ni(10)/
Y-ALOs, Ni(15)/7-AlO3, and Ni(20)/y-Al,Os at 198,
138, 172, and 155 m?/g, respectively. A smartLab/R/
INP/DX (Rigaku Corp.) with a Cu Ko radiation mono-
chromator at 45 kV and 150 mA was used for X-ray
diffraction (XRD) analysis. An EXSTAR6000 (Seiko
Instruments Inc.) under air flow (100 mL/min) at a heating
rate of 8 K/min from 298 to 1073 K was employed for
thermogravimetric (TG) analysis. A PHI-5000Versa-
Probe II (ULVAC-PHI Inc.) was used for the X-ray
photoelectron spectroscopy (XPS) analysis of the cata-
lyst surface using Al Ko radiation that were calibrated
based on a C I s peak at 284.6 eV. Argon ion sputter-
ing was carried out at 2 kV for 2 min.
2.3. Evaluation of Catalytic Performance

The catalytic experiments were performed in a fixed-
bed continuous-flow quartz reactor at atmospheric pres-

sure. The reactor consisted of a quartz tube with an
I.D. of 9 mm and a length of 35 mm that was sealed at
each end to a 4 mm L.D. quartz tube for a total length of
25 cm. The catalyst (W=1.0 g or 1.4 g) was held in
place in the enlarged portion of the reactor by two
quartz wool plugs. The reactant (2-PEN) was intro-
duced to the main flow of mixed hydrogen and nitrogen
gases by saturating a separate stream of nitrogen with
2-PEN at 263 K. The partial pressure of 2-PEN was
estimated using the Antoine equation'V. In all experi-
ments, the temperature of the catalyst was raised to
923 K while maintaining a continuous flow of nitrogen.
Then, pretreatment was performed for 1.0 h using a
gaseous mixture of hydrogen (45 mL/min) and nitrogen
(15 mL/min). After pretreatment, the H> flow was
stopped and the temperature was adjusted to a reaction
level. Then, a reactant gaseous mixture consisting of
2-PEN, H», and N, was introduced into the reactor at
each partial pressure of P(2-PEN) =8.8 kPa, P(H2) =
13.5 kPa or 20.3 kPa, and P(N>) =79.0 kPa or 72.2 kPa
with a total flow rate of =90 mL/min. Under these
conditions, homogeneous reactions were not detected.
The reaction was monitored using two gas chromato-
graphs (GC-8A and GC-2014, both Shimadzu Corp.)
fitted with a flame ionization detector (FID) and a ther-
mal conductivity detector (TCD), respectively. The
columns in the FID-GC consisted of a Gaskuropack 55
(2 mX® 3 mm) for the detection of 2-PEN, 2-PAN,
and 1-PAN at a column temperature of 393 K. The
columns in the TCD-GC consisted of a Porapak Q (6 m
X @ 3 mm) for the detection of propane and propylene
at a column temperature of 423 K. For the detection
of Hy, the column in the TCD-GC consisted of a Shin-
carbon-ST (4 m X ® 3 mm) with a column temperature
of 313 K. The conversion, the selectivity and the yield
were estimated on a carbon basis. Typical estimation
equations for the conversion of 2-PEN together with the
selectivity and the yield to a target product of propylene
are given. In those equations, 2-PEN(P) and 2-PAN(P)
were moles of 2-PEN and 2-PAN in the product gas,
and 1-PAN, CsHs, C3Hg, CoHs, and CH4 were moles of
the corresponding products. Therefore, the contribu-
tion of carbon deposition was not reflected by those pa-
rameters in the present study.

3. Results and Discussion

To select a suitable loading of nickel, Table 1 com-

3x 2-PEN(P)

Conversion of 2-PEN= [1

" 3%[2-PEN(P) +2-PAN(P) +1-PAN +C;H, +C3Hg ] +2 x C,H, +CH,]

:|><100

3xC;H,

Selectivity to propylene = {

3 x [2-PEN(P) +2-PAN(P) + 1-PAN +C,H, +C;H]+2 xC,H, +CH,]

:|><100

Yield of propylene = [Conversion of 2-PEN] X [Selectivity to propylene] / 100
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pares the catalytic activity for reductive conversion of
2-PEN over 1.0 g of Ni(x)/y-Al203 (x=35, 10, 15, and
20 %) at 473 K, with P(2-PEN) of 8.8 kPa, and P(H>»)
of 13.5 kPa. Under these conditions, 2-PAN and pro-
pylene were detected, whereas 1-PAN, methane, and
propylene were not detected as by-products.  Selectiv-
ities to propylene were between 81.3 % and 98.3 %, re-
gardless of the time-on-stream (TOS). Therefore,
these conditions might eliminate the need to separate
propane and propylene. As shown in Table 1, the
best yield of C3Hg was detected on Ni(10)/y-AlOs.
Therefore, Ni(10)/y-Al2O3 was used in this study.
Figure 1 shows the effect of the reaction tempera-
ture on the reductive conversion of 2-PEN on Ni(10)/
Y-ALOs. Increasing the reaction temperature from
473 to 623 K, improved the propylene yield from 18.8
to 59.4 % at 0.75 h on-stream. On the other hand, the
selectivity to propylene was suppressed from 95.7 to
78.6 %. When the reaction temperature was further
increased to 673 K, the conversion of 2-PEN was de-
creased and the selectivities to methane and ethylene
increased, resulting in lower propylene yield. No pro-
pane was detected at any reaction temperature. As
shown in Fig. 1, the selectivities to methane and eth-
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ylene increased with the reaction temperature. There-
fore, even if propane is produced at a high temperature,
it is cracked to methane and ethylene, and propane can-
not be detected”. The catalytic activity tends to de-
crease with time-on-stream and the yield of propylene
was also inadequate. Therefore, P(H2) was increased
from 13.5 to 20.3 kPa, and the amount of catalyst was
increased from 1.0 to 1.4 g for up to 4.25 h on-stream at
623 K.

Figure 2 shows the effect of the catalyst amount and
P(H>) on the reductive conversion of 2-PEN on Ni(10)/
Y-ALO; at 623 K. Using 1 g of catalyst, an increase
in P(Hz) from 13.5 to 20.3 kPa resulted in higher selec-
tivity to propylene from 79.2 to 87.2 % and higher yield
of propylene from 43.1 to 49.2 % at 0.25 h on-stream.
Unfortunately, the catalytic activity decreased with
time-on-stream. At 4.25 h on-stream, selectivity to
propylene was 70.5 % and yield of propylene was
21.4 % at P(H») of 13.5 kPa, but 77.6 % and 25.6 % at
20.3 kPa, respectively. Using 1.4 g of catalyst, an in-
crease in P(H»z) from 13.5 to 20.3 kPa improved the se-
lectivity to propylene to 84.3 % at P(H») of 13.5 kPa
and the yield of propylene was improved to 76.3 % at
P(H2) of 20.3 kPa, both at 0.25 h on-stream. Again,
the catalytic activity decreased with time-on-stream.
However, as clearly shown in Fig. 2, the catalytic

Table 1 Reductive Conversion of 2-PEN on Ni(x)/y-Al,Os at473 K activity decreased significantly at the beginning of time-
. o5 Conv. (%] Selectivity [%] Yield [%] on-stream, and. remained relatively stable. Also, no
(%] [h] propane formation was detected under the reaction con-
2-PEN ZPAN G CsHs ditions shown in Fig. 2.
5 0.25 12.0 3.8 96.2 115 XRD was used for the characterization of Ni(10)/
1.25 10.9 31 96.9 10.5 y-Al,03 before and after the reduction and the results
10 0.25 15.0 4.3 95.7 14.3 . bsets (A) and (B) in Fig. 3 tivel
195 187 15 93.3 18.3 appear in subsets (A) an in Fig. 3, respectively.
15 0.25 12.8 17 083 12.6 Furthermore, XRD patterns of the catalyst previously
1.25 17.4 18.7 81.3 14.1 used for obtaining the results shown in Fig. 1 at 473 K
20 0.25 14.6 5.5 94.5 13.8 and 623 K are featured in subsets (A) and (B) in Fig. 4,
125 172 3.6 9.8 16.5 respectively, and that in Fig. 2 at W of 1.4 g and P(H»)
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of 20.3 kPa appeared in Fig. 4(C). Comparing sub-

sets (A) and (B) in Fig. 3 confirmed that NiO (PDF 01-
071-6719) on y-AlOs (PDF 00-050-0741) was reduced
to metallic Ni (PDF 01-078-7536) by the reduction
treatment employed in the present study.

Under the present reduction conditions, formation of
NiAlO4 (PDF 01-078-6959) was possible. However,
since the XRD peaks of y-AlbO; and NiAl>O4 overlap,
the presence or absence of NiALOy is difficult to deter-
mine formation based on the results of XRD. Howev-
er, since NiO and metallic Ni were clearly detected in
subsets (A) and (B) in Fig. 3, respectively, any forma-
tion of NiAl2O4 seemed to have little effect.

XRD patterns showed an clear conversion, particular-
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Fig. 4 XRD of Ni(10)/y-Al,O5 after Use to Obtain the Results
Shown in Fig. 1 at (A) 473 K and (B) 623 K, Together with
Fig. 2 at(C) W= 1.4 g and P(H,;) =20.3 kPa

ly of the Ni species in the reaction on Ni(10)/y-Al>O3
shown in Fig. 3(B). Subsets (A) and (B) in Fig. 4
feature the XRD patterns of Ni(10)/y-Al.O3, which
gave the lowest and the highest yields of propylene at
473 K and 623 K, respectively, as shown in Fig. 1. As

Vol. 66, No.6, 2023



Table 2 Carbon Deposition Rates per 1.0 g of Ni(10)/y-Al,03 Used
to Obtain the Results Shown in Fig. 2

Carbon deposition

Wigl P(H) [kPa] rate per 1 g of
Ni(10)/v-AlLO; [g/g]
1.0 13.5 0.162
1.0 20.3 0.108
1.4 13.5 0.163
1.4 20.3 0.157

shown in subsets of (A) and (B) in Fig. 4, after use of
the catalyst at 473 K and 623 K for 1.25 h on-stream
(Fig. 1), the XRD signals due to metallic Ni had disap-
peared. This indicates the conversion of metallic Ni to
NiALO4. Furthermore, the use at 623 K, W=1.4 g,
and P(H») =20.3 kPa resulted in the formation of car-
bon (PDF 00-026-1080). The formation of NiAl>O4
accompanying the disappearance of metallic Ni togeth-
er with the detection of carbon was further clarified in
Fig. 4(C). Since the catalyst shown in Fig. 4(C) pro-
vided the highest propylene yield (Fig. 2), formation of
NiALO4 in particular contributes greatly to the catalytic
activity on Ni(10)/y-Al>Os.

Catalytic activity decreased with time-on-stream as
shown in Fig. 2. Such a catalyst deterioration is influ-
enced by carbon deposition and, in the present case,
chlorine-poisoning. Therefore, thermogravimetric
analysis was performed to quantify the amount of car-
bon deposition. Carbon deposition rates per 1.0 g of
Ni(10)/y-Al,O3 (CDR) previously used for obtaining
the results shown in Fig. 2 are listed in Table 2.

Comparison of the values for CDR at W of 1.0 g and
1.4 g suggest the larger CDR is reasonable since the
propylene yield was higher at W of 1.4 g than that at W
of 1.0 g. In both cases, higher P(H>) resulted in lower
CDR, indicating that the presence of excess hydrogen
suppresses carbon deposition. The amount of carbon
deposition observed in the present study was approxi-
mately 1/10th that in the dehydrogenation of alkanes
using the same catalyst'?!). Therefore, compared
with the dehydrogenation of alkanes, in which carbon
deposition drastically reduces the activity of the cata-
lyst, the reductive dechlorination reaction of 2-PEN did
not have a strong effect on catalyst deterioration due to
carbon deposition.

The effect of chlorine-poisoning on Ni(10)/y-Al203
was examined by XPS of the catalyst, which showed
the highest activity at 623 K in Fig. 1. Figure 5(A)
shows the results of XPS of Cl 2p on the surface of
Ni(10)/y-Al2Os3, both fresh and used for reaction at
623 K in Fig. 1, and Fig. 5(B) reveals that after argon
ion sputtering, the CI 2p signal was clearly detected
from the unused catalyst due to chlorine-contamination
in y-AlbOs3. Atomic ratios of CI/Al before and after
argon ion sputtering were 0.035 and 0.024, respectively,

J. Jpn. Petrol. Inst.,
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Fig. 5 XPS (A) before and (B) after Argon Ion Sputtering due to Cl
2p from Unused and Used Ni(10)/y-AL,Os

for fresh unused Ni(10)/y-Al2O3. After use for the re-
action, the atomic ratios were increased to 0.071 and
0.066, respectively. Therefore, we concluded that
chlorine-poisoning contributed to the catalyst deteriora-
tion as shown in Figs. 1 and 2.

3. Conclusions

We reported that y-alumina-supported metallic palla-
dium catalyst promoted nonselective conversion of
2-PEN®-7.  However, the present study found that the
y-alumina-supported metallic nickel catalyst showed
excellent activity for the selective dechlorination of
2-chloropropene to propylene. Decrease in catalyst
activity was observed due to carbon deposition and
chlorine poisoning at 2.25 h on-stream. However, the
catalytic activity remained relatively stable from 2.25 to
4.25 h on-stream. Using the present catalyst system,
no propane was observed, which eliminates the need for
the difficult separation of propylene and propane in the
refining process.
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