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Abstract:
glow discharge plasma technology. Compared with a conventional calcined sample, the plasma remarkably improved

Novel Cu-Co/SiO, catalysts were prepared by conventional impregnation methods with the assistance of

the specific surface area of the catalyst and increased the concentration of active cobalt species on the catalyst’s
surface. The reducibility of the cobalt was effectively improved as well. Catalytic test results showed that comparison
to the conventional 673 K calcined sample, the CO hydrogenation activity of the two plasma enhanced samples (one
treated only by plasma and the other assisted by plasma followed by calcination) increased by 30.46% and 65.30%,
respectively. Their time space yields of higher alcohols also increased by 58.22% and 76.11%, respectively, under 5.0

MPa, 6000 h™, 563 K and a Hy/CO volume ratio of 1.6.
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Cu-Co based catalysts are considered as one of the most
promising catalyst systems for the synthesis of higher alcohols".
The application of this technology is mainly determined by the
development of catalyst with excellent performance™™ . In plas-
ma field, there are full of energetic species, such as ions, elec-
trons, and free radicals. The thermal effects and chemical effects
of these species could modify the interaction between supports
and active components. They were widely used for the activa-
tion of reactant molecules, and the modification and strengthen-
ing preparation of the catalysts"'™". The glow discharge plasma
assisted Co/A1,0; catalyst showed much higher catalytic perfor-

CO hydrogenation;

Copper-cobalt based catalyst; Higher alcohol

mance in Fischer-Tropsch synthesis, the cobalt dispersion was
significantly enhanced, and the number of active cobalt sites
were increased™ ™. Liu et al."™ " focused on the effects of pre-
treatment with glow discharge plasma on Pd/HZSM-5 catalyst.
They found that both the dispersion and acidity of the catalyst
were enhanced, the reaction temperature for methane catalytic
combustion was evidently decreased, and the stability of the
catalyst was improved. The plasma assisted Ni-based catalyst
and Ni-Fe based catalyst were prepared by the same methods
mentioned in references™™"", the low-temperature reaction activ-
ity and stability were improved. These results suggested that the
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plasma treatment could effectively improve the activity of sup-
ported metal catalysts. Therefore, glow discharge plasma had a
wide promising application in catalyst preparation.

Since glow discharge plasma belongs to a kind of non-thermal
plasma, it owns high electron temperature (10000—100000 K) and
relatively low gas temperature. In this special condition, the cat-
alyst crystal structure can be avoided to damage at high tem-
perature, meanwhile, the integrate force between the active
component and support can be changed. Therefore, the catalytic
performance can be effectively improved.

In our previous work, Cu-Zn-Al based catalysts for the
methanol synthesis"® and Cu-Co-Zr based catalysts for the syn-
thesis of higher alcohols"” were prepared and modified with glow-
discharge plasma. In this article, we mainly focused on the ef-
fects of catalyst pretreated with glow discharge plasma. The
catalytic perforrmance, catalyst crystal structures, surface ele-
ments as well as reducibility of the Cu-Co/SiO, catalysts were
investigated. The catalysts were characterized by N, adsorption/
desorption, X-ray diffraction (XRD), Hytemperature programmed
reduction (TPR), Fourier transform infrared (FT-IR) spectrome-
try, and X-ray photoelectron spectroscopy (XPS).

1 Experimental
1.1 Catalyst preparation

The traditional impregnated method and glow discharge plas-
ma treatment method were adopted to prepare the catalysts. Silica
was used as the carrier (Qingdao Haiyang Chemical Co., Ltd.).
The mixed solution of Cu(NO;),*3H,0 (AR, Tianjin Bodi Chemi-
cal Co., Ltd.) and Co(NO,),*6H,O (AR, Fine Chemical factory,
Shandong Yutai sino) was prepared according to a certain per-
centage. The isometric impregnation method was used to pre-
pare the Cu-Co/SiO, catalyst precursor. Parts of the precursor
were calcined at 573 K for 4 h in air and obtained the CuCoS-
C573 sample; parts of the precursor were calcined at 673 K for 4
h in air and obtained the CuCoS-C673 sample; rests of the pre-
cursor were treated by the plasma. The treatment progress was
carried in the GP062 DL3 capacitive coupling high frequency
plasma generator using the following processing parameters: 60
Pa pressure, 13.56 MHz radio frequency, 100 mA anode current,
and 50 mA gate flow. After treating in the atmosphere of nitro-
gen and hydrogen for 45 min separately, the sample was cal-
cined in air at 573 K for 4 h, and the sample marked as CuCoS-
PC. The sample which was treated with plasma but without cal-
cination was recorded as CuCoS-P. The mass percentages of
copper and cobalt in these catalysts were 20% and 8%, respec-
tively.
1.2 Characterization methods

The specific surface area of catalysts was determined by ni-
trogen adsorption isotherms at 77 K, using an automated gas
sorption system (Quantachrome NOV A 1000e apparatus). Before
the measurement, the samples were degassed in vacuum at 573
K for 3 h in order to remove the humidity. The XRD patterns
were recorded on a DX-1000 diffractometer using Cu K, radia-

tion between 20° and 80° with a continuous mode. The voltage
and anode current were 40 kV and 25 mA, respectively, and the
scanning rate was 0.06 (°) *s™. XPS were recorded on a XSAM 800
spectrometer with an Al K, (hv=1486.6 eV) X-ray source. Charg-
ing effects were corrected by adjusting the binding energy of C 1s
peak from carbon contamination to 284.6 eV. TPR experiments
were carried out in a fixed-bed reactor at atmospheric pressure.
Typically, 50 mg sample was loaded, and a mixture of Hy/N,
(p(Hp)=5%) with a flow rate of 30 mL -min~ passed through. The
temperature of the reactor was increased linearly from 400 to
800 K with a ramping rate of 5 K -min~. The hydrogen con-
sumption was determined by a thermal conductivity detector
(TCD). Infrared tested sample firstly mixed with KBr and fully
pressed, then tested in the Bruker Tensor 27 infrared spectrome-
ter.
1.3 Catalytic test

The CO selective hydrogenation to higher alcohol was con-
ducted in a continuous fixed-bed reactor. A stainless steel reactor
with 300 mm length and internal diameter of 4 mm was used.
500 mg catalyst was loaded and reduced in situ at 593 K for 4 h
under a flow of H, (30 mL-min™) prior to each reaction test. Af-
ter the reactor cooling down to 473 K, the reaction pressure was
increased to 5.0 MPa by feeding the syngas (V(H,)/V(CO)=1.6).
The weight hourly space velocity (WHSV) was set at 6000 h™.
Then the reaction temperature was increased from 473 to 563 K
at a rate of 1 K-min™. The continuous reaction was performed at
563 K. The outlet gases (Hs, CO, N,, CO,, and CH,) were ana-
lyzed on-line by a SC-200 model gas chromatograph with ther-
mal conductivity detector (TCD) equipped with a 601 column.
The hydrocarbons were analyzed by flame ionization detector
(FID) with a GDX103 column. The liquid products were ana-
lyzed by a GC112A gas chromatography with FID and SE-30
capillary column (0.33 mmx30 m). Using methane associated
with the products, the conversion rate of CO as well as the se-
lectivity of the products was obtained by the carbon balance cal-
culation.

2 Results and discussion
2.1 Texture of catalysts

Properties of pore structure of different catalysts were listed in
Table 1. Specific surface area of the catalysts were calculated by
BET method, and pore volume and average pore size were ob-
tained by the BJH method. It can be seen from the Table 1 that
with the increase of the calcination temperature, the catalyst sur-
face area and pore volume decreased, and the average pore size
increased. This was because the high-temperature heat treatment
of the sample leads to the collapsing of parts of the small pore in

Table 1 Texture of various copper-cobalt-silicon catalysts

Catalyst Sper/(m?+g™) Vi (cm?* g7) dpor/nm
CuCoS-C573 198.4 0.0776 1.37
CuCoS-C673 189.7 0.0672 1.41
CuCoS-P 228.7 0.0940 1.35
CuCoS-PC 231.0 0.0886 1.37
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the samples. The plasma treatment could enhance the specific
surface area of the catalyst and form micropores. The specific
surface areas of the CuCoS-P and CuCoS-PC samples were
20.6% and 21.8% higher than that of the CuCoS-C673 sample,
respectively. Larger surface area could bring a higher dispersion
of active phase, and result in an enhanced activity of catalyst"**!,
The pore volume of the plasma treatment samples was aug-
mented, while the pore diameter was minished. This might be
due to the migration of metal particles from support vector chan-
nel to outer surface by the electrostatic effect of plasma. That
means parts of the metal particles attached on the pore wall,
which induced the decrease of pore diameter; meanwhile the
metal particles were enriched on surface of the support, leading
to an increase of pore volume"”. CuCoS-PC, which was combined
with the effects of plasma pretreatment and calcination, exhibited
a medium pore volume and pore size distribution.
2.2 Crystal phase analysis of catalysts

XRD patterns of the oxidized samples were presented in Fig.1.
Crystal phases of CuO (JCPDS card No.48-1548) and CuCO,0,
(JCPDS card No.01-1155) were coexisted in all the three cata-
lysts. The diffraction peaks at 26 of 43.46° and 50.36° attributed
to metallic Cu phase (JCPDS card No.65-5840) were detected in
CuCoS-P catalyst, since the plasma treatment had some reduc-
tive effect. The CuO crystallite sizes were calculated from the
width at half maximum of CuO(111) phase (20=38.69°) using
the Scherrer equation. The plasma treatment showed significant
effects on the crystallite size of CuO crystallites. The crystallite
size of CuO in CuCoS-C573, CuCoS-C673, CuCoS-P, and Cu-
CoS-PC samples was 15.7, 18.9, 4.7, and 8.6 nm, respectively. The
remarkable decrease of CuO crystallite size after plasma treat-
ment was due to the effect of a large number of high-energetic
species in the plasma field bombarded on the catalyst surface. It
made the catalyst precursor decompose under mild conditions,
avoided the destruction of catalyst structure and sintering of
crystallite during high temperature calcination®", and thus re-
sulted in an improvement of the dispersion of active compo-
nents.
2.3 XPS characterization
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Fig.1 XRD profiles of various copper-cobalt-silicon
catalysts
(2) CuCoS-C573, (b) CuCoS-C673, (c) CuCoS-P, (d) CuCoS-PC

Table 2 Element analysis of various copper-cobalt-silicon

catalysts by XPS
x (%)

Catalyst o Co S 5 XeoXsi
CuCoS-C573 14.95 2.84 21.98 60.24 0.129
CuCoS-P 14.24 5.51 24.12 56.14 0.228
CuCoS-PC 14.91 4.57 19.65 60.87 0.233

To study the effect of plasma treatment on the surface distri-
bution of active components, the samples were first reduced in
hydrogen and then transferred into the XPS spectrometer for
analysis under the protection of high-purity nitrogen. Surface
composition of the samples was summarized in Table 2. The
surface Co contents of CuCoS-PC and CuCoS-P increased by
94.01% and 60.92%, respectively, and the surface atomic ratio
of cobalt-silicon increased by 76.92%, compared with that of the
CuCoS-C573 catalyst. This suggested that plasma treatment led
to the enrichment of active Co species and enhancement of the
dispersion on the catalyst surface. However, the surface Cu con-
tent of CuCoS-PC and CuCoS-P samples did not change signifi-
cantly.

2.4 H,TPR measurement

The influence of plasma treatment on the reducibility of the
various catalysts was studied by temperature programmed re-
duction. The H,-TPR profiles of conventional calcined and plas-
ma assisted samples were shown in Fig.2. Two reduction peaks
were exhibited at 400—800 K. The reduction peak at lower tem-
perature could be attributed to the reduction of small CuO clus-
ter or high dispersed surface CuO particles to metallic Cu. CuO
“floated” to the surface was especially prone to the Jahn-Teller
effect. During heating process, Cu* preferential entered into the
gap of the octahedral spinel. The electron configuration of Cu**
outer layer was 3d” arrangement. The octahedral sub-lattice was
twisted and elongated along the d5 as a result of the Jahn-Teller
effect. The rejected lattice oxygen ions moved toward to the Co
ions, leading to the redistribution of the charge, and meanwhile
the system energy was increased, finally induced CuO “floated”
to the surface. The reduction peak at higher temperature was at-
tributed to the reduction of highly-interacted Cu-Co species. The
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Fig.2 H,-TPR profiles of various copper-cobalt-silicon
catalysts
(a) CuCoS-C573, (b) CuCoS-C673, (¢) CuCoS-P, (d) CuCoS-PC
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Table 3 Catalytic activity of the catalysts for higher alcohols synthesis from CO+H,

Product distribution (x, %)

Catalyst Xeo (%) Swon (%) Yeo(g-kg'+h) MeOH EtOH PrOH BuOH C:OH
CuCoS-C573 12.82 33.64 75.1 52.59 25.68 11.25 8.97 1.52
CuCoS-C673 14.61 32.90 96.7 46.28 29.62 14.53 7.16 241
CuCoS-P 19.06 35.41 153.0 37.41 37.24 14.89 771 2.76
CuCoS-PC 24.15 34.54 170.3 36.55 35.38 14.91 10.22 2.94

X: conversion, S: selectivity, Y: space time yield; conditions: 563 K, 5.0 MPa, 6000 h™', V(H,):V(CO)=1.6
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Fig.3 FT-IR spectra of various copper-cobalt-silicon

catalysts
(a) CuCoS-C573, (b) CuCoS-C673, (c) CuCoS-P, (d) CuCoS-PC

plasma treatment promoted the reducibility of catalysts evident-
ly. For the CuCoS-C573 sample, the temperature of two reduc-
tion peaks were 535 and 573 K. And for the CuCoS-C673 sam-
ple, the temperature of two reduction peaks were 503 and 566
K, while in CuCoS-P sample, they were 506 and 554 K, respec-
tively. For CuCoS-PC sample, the temperature of the reduction
peaks was the lowest among these three samples, only 484 and
545 K. This may be due to the combined effects of calcination
and plasma treatment greatly improving the dispersion of the
catalyst. This phenomenon was consistent with the results of
catalytic combustion of methane over Pd-based catalysts re-
ported by Liu et al.'™.
2.5 FT-IR analysis

FT-IR spectra of these catalysts were shown in Fig.3, the ab-
sorption band at around 460 cm™ was assigned to O—Si—O bend-
ing vibrations, and the absorption band at around 800 cm™ was
attributed to Si—O—Si bending vibrations. The broad band be-
tween 1100 and 1200 cm™ corresponded to Si—O—Si stretching
vibrations, while the absorption band at 946 cm™ corresponded
to stretching vibrations of isolated oxygen groups in Si—O~ %,
The bands at around 525 and 663 cm™ corresponded to stretch-
ing vibrations of Cu—0O™ and Co—O in Co;0,*", respectively.
Since the calcination temperature of the CuCoS-C573 sample
was lower, the absorption band between 1300 and 1400 cm™
might be attributed to stretching vibrations of N=—O0, for the in-
complete decomposition of nitrate species. The band at 1660 cm™
was assigned to stretching vibrations of adsorbed H;O'®!. The
traditional calcinatied CuCoS-C573 sample and CuCoS-C673
sample showed the characteristic absorption peak of Cu—O at

525 cm™, which was disappeared in the plasma treatment sam-
ples (CuCoS-P, CuCoS-PC), dictated that the crystallite size of the
active component was decreased and the dispersion was improv-
ed. With the decrease of the crystallite size and the enhancement
of the surface area, the cell structure of crystal phase was con-
tracted, and the surface atoms and bulk atoms were in different
chemical environment, which resulted in the widening or even
disappearance of infrared absorption frequency. The disappear-
ance of bands at around 1300-1400 and 1660 cm™ on the plas-
ma assisted samples showed that the catalyst precursor were
completely decomposed by plasma treatment and water was dif-
ficult to adsorbed on the plasma assisted samples. The FT-IR re-
sults were consistent with the results of XRD and N, adsorption
desorption, in which the crystallite size of the active component
was minished and the surface area was improved by plasma
treatment.
2.6 Catalytic performance

The catalytic performance of CO hydrogenation to higher al-
cohols over the Cu-Co/SiO, catalysts was listed in Table 3. As
expected, plasma treatment remarkably enhanced the catalytic
activity and the space time yield of alcohols. The activity of the
plasma treated catalyst (CuCoS-P, CuCoS-PC) was 30.46% and
65.30% higher than that of the conventional calcined CuCoS-
C673 sample, and the space time yields of alcohols enhanced by
58.22% and 76.11%, respectively. Combined with the character-
izations, it could be conclude that the plasma treatment could
decrease the grain size of the active components, enhance the
dispersion and increase the number of active sites in the surface
of the catalysts. After the introduction of plasma technology, the
methanol content in product was decreased, while the content of
C; content in higher alcohols increased significantly. This was
due to the enrichment of surface active Co species, which accel-
erated the formation of CH, species, and was beneficial to the
carbon chain growth, which could be confirmed from the XPS
characterization.

3 Conclusions

The thermal effect and chemical effect of glow discharge
plasma could effectively promote the interaction between active
component and support, and improve the dispersion, the surface
concentration as well as the reducibility of the active compo-
nent. Compared with the traditional calcined catalyst, the activity
of CO hydrogenation and the space time yields of alcohols were
obviously increased in the plasma treated catalyst.
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