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Abstract A CuO-ZnO-Al,0O; catalyst was synthesized by an ultrasound assisted
co-precipitation method and compared with the one synthesized by a conventional
co-precipitation method. The characterization results of XRD, BET, FESEM and
FTIR indicated that the physicochemical properties of the catalysts are strongly
influenced by the formulated precursor and the synthesis method. The morphology
of the catalyst precipitated under ultrasound irradiation was well-defined and ag-
glomoration-free with average size particle of 32.3 nm. The dispersion of CuO and
the surface area of the catalyst exhibited an improvement in acetate based catalyst.
The high degree of synergism effect between CuO and other components in CuO-
ZnO-Al,O5 catalyst was expected in the acetate-based catalyst synthesized with
ultrasound assisted co-precipitation method due to low crystallinity and small size
of copper species. The catalytic performance for the synthesis of methanol was
examined at 200-300 °C and 10-40 bar in a stainless steel reactor. The CuO-ZnO-
Al,O5 catalyst synthesized from acetate precursor precipitated under ultrasound
irradiation exhibited a supreme catalytic activity at 275 °C, 40 bar, 18,000 cm3/g h
and H,/CO = 2 in terms of CO conversion and methanol yield.
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Introduction

The methanol synthesis using copper-containing catalysts has received considerable
attention in recent years, because of the importance of methanol as a common
chemical feedstock for several important chemicals and also methanol as a potential
alternative energy to fossil fuels [1, 2]. The main reactions involved in the formation
of methanol from syngas are the methanol synthesis from CO and CO, and water
gas shift (WGS) reactions [3, 4]:

CO + 2H, — CH;OH AHSys = —90.8 kJ/mol
CO + 2H,0 « CO, + 2H, AHSs = —41.0 kJ/mol
CO, + 3H, & CH;0H + H,0 AHSy, = —49.4 kJ/mol

Although new catalysts such as noble metal doped copper based catalysts have
been recently investigated for methanol synthesis [5, 6], common Cu/ZnO/Al,O3
based catalysts are employed in wide range of methanol synthesis processes [7—
10]. The advantages of the CuO/ZnO systems include low cost and high
selectivity to methanol, and the system is mature and well-developed [11]. To
date, the best catalytic performance has been achieved over Cu/ZnO/Al,O3
catalysts prepared by the co-precipitation method [8, 12-14]. One of the major
drawbacks of this method is the inability to control the size of the precipitating
particles and their subsequent aggregation [15]. Cu—ZnO-Al,O; catalysts also
were prepared by supercritical fluid drying, vacuum freeze-drying, flame
combustion synthesis, microwave irradiation and organic complex decomposing
[16-18]. Hybrid methods in which de-agglomeration of the synthesized nano-
material control the size of particles should be considered. The precipitated gel
experiences ultra-high shear forces and cavitational heating under ultrasound
irradiation which leads to the formation of nano-phase particles and high-phase
purity in complex metal oxides. Moreover, in liquids irradiated with ultrasound,
acoustic cavitation drives bubble collapse producing intense local heating, high
pressures, and very short lifetimes; these transient, localized hot spots facilitate
chemical reactions [19-24] during synthesis which can enhance and promote
nucleation rate and dispersion of the fine active metal particles on the carrier. To
the best of our knowledge, there is no extensive study for the application of
ultrasound during co-precipitation of CuO-ZnO-Al,O5 catalyst. Bearing the
afore-mentioned aspects, the present investigation is focused on understanding
the influence of ultrasound irradiation on properties of co-precipitated CuO-
ZnO-Al,O;5 catalyst with different precursors of copper and zinc. The charac-
terization of the catalyst was carried out using various methods such as nitrogen
adsorption Brunauer—Emmett-Teller analysis (BET), X-ray diffraction (XRD),
Fourier-transformed infrared (FTIR) and field emission scanning electron
microscopy (FESEM). Additionally, the influences of ultrasound irradiation
and type of precursor on the performance of the synthesized catalysts were
investigated.
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Materials and methods
Materials

Copper(Il) nitrate (Cu(NOs3),-:3H,0), copper(Il) acetate ((CH3COO),Cu-H,0),
zinc(Il) nitrate (Zn(NO3),-3H,0), zinc acetate ((CH5;COO),Zn-2H,0), alumi-
num(III) nitrate (AI(NO3);-9H,0) and ammonium carbonate ((NH4),CO3), were
supplied by Merck, Germany. All of the materials were used as received without
any further purification. H,, argon and CO were all of high purity and were
purchased from Technical Gas Services in Ajman, UAE.

Nanocatalysts preparation and procedures

Cu/ZnO/Al,0O3 (CZA) was used as the methanol synthesis catalyst. A 1.0 M
solution containing the appropriate weight ratios of metal salts with atomic ratio of
Cu:Zn:Al = 6:3:1 was prepared. This solution and a 1.0 M aqueous solution of
ammonium carbonate were simultaneously added into the baker at the pH range of
7-8 and temperature of 70-80 °C under irradiation of ultrasound. Sonication was
carried out on a SONOPULS HD 3200. The slurry irradiated with a high-intensity
ultrasonic employing a direct immersion titanium horn of 1 cm? (20 kHz, power
output 150 W/cmz) which was inserted 1 cm below the solution, under a flow of
argon for 60 min. The resulting precipitates were dried at 110 °C for 12 h after
filtration and washing, and then calcined at 350 °C for 5 h.

Boehmite (3 wt%) was used for shaping the catalysts. The diameter of the pellets
was 5 mm and the height was 5 mm. After shaping, the pellets dried at 110 °C and
calcined at 350 °C for 5 h. In this paper, the CZA catalyst synthesized from acetate
and nitrate precursors was named as CZA-A and CZA-N, respectively. P and U after
the name of catalyst was referred to synthesis method: P for co-precipitation CZA
and U for ultrasound assisted co-precipitation of CZA.

Nanocatalysts characterizations

XRD analysis was performed on Siemens diffractometer D5000 with a Cu Ko
radiation source operating at 40 kV and 30 mA in a scanning range of 20 = 5°-70°.
The diffraction peaks of the crystalline phase were compared with those of standard
compounds reported in the Joint Committee of Powder Diffraction Standards
(JCPDS) database files. The microstructure and morphology were studied by
FESEM (HITACHI S-109 4160). The specific surface areas of the samples were
determined by BET method on Quantachorom CHEMBET-3000 apparatus. FTIR of
the powders was recorded on UNICAM 4600 Fourier spectrometer in a range of
4,000-400 cm ™' by the KBr pellet method.

Nanocatalyst performance test toward syngas to methanol

The catalytic activity was evaluated in a fixed bed reactor made of stainless steel
with an inner diameter of 5 mm with 0.2 g of catalyst. The experimental setup is
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shown schematically in Fig. 1. A K-type thermocouple was inserted into the catalyst
bed to detect the temperature of reaction along the axial length of the reactor. The
reactor was set inside a conventional furnace. The exit line from the reactor to the
gas-sampling valve in GC was heated to prevent condensation of any volatile
products. Prior to the reaction, the catalyst was reduced by hydrogen under
atmospheric pressure at 275 °C for 3 h. After reduction, the synthesis gas was fed
into the reactor. Experiments were performed at temperatures ranging from 200 to
300 °C and pressures ranging from 10 to 40 bar. A mixture of carbon monoxide and
hydrogen (feed) at a H,/CO ratio of 2 was supplied through mass flow controllers
(Beijing Sevenstar Electronics Co., Ltd.) to a pre-heater at 120 °C, then to the
catalyst bed at the designated reaction temperature. Compositions of feed and
reactor effluent gas were monitored by a gas chromatograph (GC Chrom, Teif
Gostar Faraz, Iran) equipped with two electrical controlled six-port switching
valves, a 1 ml sample loop, a flame ionization detector (FID) and a thermal
conductivity detector (TCD). The GC column was packed with a HP plot-U column
(Agilent) was used for the separation of methanol and CO,, and a molecular sieve
5A column (Agilent) was used for separation of H,, N,, CH, and CO. The effect of
the operating variables such as reaction temperature, pressure and GHSV on the
catalytic performance of the CZA nanocatalysts was investigated to identify effect
of metal precursor and ultrasound irradiation during co-precipitation for synthesis of
the most active catalyst for methanol synthesis process.

Results and discussion
Effect of precursor and synthesis method on CZA properties
XRD analysis

Fig. 2 shows the XRD patterns of CZA catalysts with different precursors
synthesized by co-precipitation and ultrasound assisted co-precipitation methods.
CuO peaks are observed in all four catalysts with different metal precursors and
synthesis methods. No clear ZnO peaks are detectable. It seems CuO and ZnO peaks
are not finely resolved. It is found that the phase crystalline of the CuO markedly
depends on the type of synthesis method. CuO peaks are broader and consequently
more highly dispersed in ultrasound-assisted co-precipitated catalysts. The broad
reflections in these catalysts indicate that part of Cu may be dissolved in the Zn
matrix or the CuO phase is in intimate contact with the ZnO phase [25]. This result
also reveals that the particles size of CuO and ZnO are much smaller in the
sonochemical synthesis method and the copper and zinc exhibit amorphous-like or
less ordered structural features [26]. According to the Scherrer’s equation, the CuO
crystallite sizes in ultrasound assisted co-precipitated catalysts were almost similar;
5.6 and 5.8 nm for CZA-NP and CZA-AP, respectively. In non-sonicated catalysts,
larger crystallites of CuO were found which consequently influences the dispersion
of the CuO active phase. CuO crystallite sizes were 6.4 and 6.9 nm for CZA-AP and
CZA-NP, respectively. Acetate based catalyst showed smaller CuO crystallites.
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Fig. 1 Experimental setup for testing of catalytic performance of CZA nanocatalyst toward conversion
of syngas to methanol
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Fig. 2 XRD patterns of synthesized CZA using different precursors and methods: a CZA-AP, b CZA-
AU, ¢ CZA-NP and d CZA-NU

Reflections due to Al,O5 could not be observed in the both catalysts form. This is

due to the fact that Al,O; is present in small quantities and may be in the amorphous
state or might be due to low calcination temperature, i.e. 350 °C at which formation
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of this metal oxide crystalline species is improbable. This observation is in good
agreement with previous studies [27, 28]. There are controversies concerning the
role of ZnO, ranging from spill over model to morphology effect to active site
model [29]. High crystallinity of CuO or ZnO means that these materials form their
crystals independently without any interaction between them. Therefore, in the
highly crystalline CZA catalyst, the interaction between Cu and Zn and
consequently their synergetic effect will be weak. According to the XRD patterns
of CZA-NP, CZA-NU, CZA-AU and CZA-AP catalysts, we expect higher reactivity
of ultrasound assisted co-precipitated catalyst in methanol synthesis due to the low
crystallinity of components and hence higher dispersion of metals and stronger
interaction between CuO and ZnO. No diffraction peaks ascribed to ZnAl,O, or
CuAl,O, spinel-like structures were detected, which was probably due to the
moderate calcination conditions used.

FESEM analysis

FESEM micrographs of the CZA-AU, CZA-NU, CZA-AP and CZA-NP samples in
Fig. 3 reveal that the particles are of uniform shape almost spherical in all the
samples but the particles size are different. Ultrasound assisted co-precipitated
(CZA-U) samples independent of the precursor type showed more uniform
morphology with smaller particle size. This observation confirms high and
homogenous nucleation and limited particle growth during ultrasound irradiation.
In the CZA-AU catalyst, unlike in CZA-NP, CZA-NU and CZA-AP, no
agglomeration of particles has been observed. The CZA-AU particles lost their
spherical shape and smooth surface in other catalysts has been vanished. Individual
particles with rough surface and sharp corners can be observed in this catalyst,
which confirms the presence of defects and structural disorder in the catalyst in good
agreement with XRD results. The compact morphology disappeared in the CZA-AU
catalyst because of the synthesis method and precursor type. Fig. 4 shows the size
distribution histogram of the CZA catalyst synthesized with different methods and
different precursors. The CZA-AU catalyst has minimum size of 15.9 nm. The
maximum size of particles in the CZA-AU nanocatalyst was 66.5 nm and the
average particle size was 32.3 nm. The major part of particles is in the range of
20-30 nm. The worst results were attributed to CZA-NP catalyst with average,
minimum and maximum size of 48.3, 25.3 and 99.9 nm. The order of average
particle size can be arranged in this order: CZA-AU < CZA-NU < CZA-
AP < CZA-NP.

Although FESEM micrographs indicate the particle size and XRD patterns reveal
crystallite sizes, which are independent concepts, but the trend observed in XRD
was almost repeated in FESEM as well.

BET analysis
The specific surface area of the CZA catalysts with different precursors and

synthesis methods has been illustrated in Fig. 5. Ultrasound irradiation results in the
formation of small and well-dispersed particles, which lead to a higher surface area
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Fig. 3 FESEM images of synthesized CZA using different precursors and methods: a CZA-NP, b CZA-

AP, ¢ CZA-NU and d CZA-AU

of ultrasound irradiated catalysts. Acetate precursors have higher surface area in
similar samples compared to nitrate based catalysts. The lower vapor pressure of
acetates leads to a higher nucleation rate that produces smaller and more dispersed
particles which result in higher surface area for acetate based catalysts. Moreover,
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the sonochemical synthesis of a volatile precursor occurs in cavity region in which
the cooling rate is high. Therefore, the crystallinity of metal oxide formulated from
the acetate precursor will be low (as evidenced by XRD) and higher surface area
will be observed.

FTIR analysis

Fig. 6 shows the FTIR spectra of synthesized CZA nanocatalysts via the co-
precipitation and ultrasound assisted co-precipitation method with different

precursors. The bending around 512 cm™'

@ Springer

is the signature of ZnO [30, 31];



Reac Kinet Mech Cat (2014) 112:101-116 109

-3
~©

3450
2420
2290
2150
1480
1400
1235
1105

930
860
802
700
510
450

(a)

(b)

|

Transmittance (a.u.)

2 A5

(a) CZA-NP
(b) CZA-AP
(c) CZA-NU
(d) CZA-AU

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-)

Fig. 6 FTIR spectra of synthesized CZA using different precursors and methods: a CZA-NP, b CZA-AP,
¢ CZA-NU and d CZA-AU

0-Cu-0 bonding causes bending close to 500 and 1,384 cm™' [32] and the bending
near 582 cm~! is identified to be the characteristic of Al,O3 [33]. The broad
absorption bands at 3,450 cm™ " are attributed to the hydroxyl groups, which are
extensively hydrogen bonded. The band at ca. 1,645 cm™' is assigned to the
bonding vibration mode of the interlayer water molecules [34-37]. Furthermore, no
characteristic bond was observed for other impurities such as Cu(OH), or Zn(OH),
in the FTIR patterns. These results support and complement the XRD data. The peak
at 2,370 cm™' is associated with the C—H stretching mode of atmospheric
hydrocarbons on the surface of the catalysts [38]. The bands at 1,490 cm~ ! are

corresponding to C=0 and C=C groups [39].
Catalytic performance of CZA toward syngas to methanol
Effect of precursor

The CO conversion and methanol yield as a function of temperature is presented in
Table 1 using CZA catalysts formulated from two different precursors: acetate
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based and nitrate based catalysts. The temperature was increased at an interval of 25
from 200 to 300 °C. As shown in Table 1, when the reaction temperature increased
from 200 to 275 °C, the CO conversion increased gradually for both precursors. A
further increase in reaction temperature to 300 °C decreased the CO conversion.
The existence of optimum is partly due to the declining equilibrium value of CO
conversion with temperature increasing. It was observed that the catalytic activity of
the acetate-based catalyst was higher than the activity of the nitrate-based catalyst
almost at all temperature ranges on the basis of our experimental results. Kim et al.
[40] confirmed the catalysts formulated from the acetate-based precursors show
better activity in conversion of CO rather than nitrate based catalysts. The reason
caused the difference of reactivity between CZA-A and CZA-N was related to XRD,
FESEM and BET results. It seems the crystallinities of CuO, surface area and
overall morphology of the catalyst would exert an influence on the reactivity of
catalyst. The higher crystallinity of CuO in nitrate based catalyst indicates the
independency of crystals, lower interaction between them and less degree of
synergism. Therefore, the lower reactivity is expected at the higher crystallinity as
observed for nitrate based catalysts.

According to Table 1, the extent of methanol yield over CZA-AU was higher
than that of CZA-NU. With increasing temperature, a maximum in methanol yield
was observed at 275 °C. At temperatures higher than 275 °C, the methanol yield
decreased. Interestingly, the highest methanol yield is accompanied by the highest
CO conversion on these catalysts. According to the results, it is clear that acetate
based catalysts demonstrates excellent catalytic performance in terms of product
yield as well. These results are in good agreement with FESEM; BET and XRD
analyses that showed acetate based catalysts have more uniform morphology, higher
surface area, higher interaction and dispersion. It appears that the feed conversion
and product yield are proportional to catalyst surface area and crystallinity of the
CZA catalysts, which are dependent on the formulated precursors. Two important
regions in sonochemistry reactions are inside the cavity and interfacial region,
which surrounds the collapsing bubble. While the implosive collapse raises the local
temperature to 5,000 K and the pressures to a few hundred atmospheres in first
region, the temperature reached after collapse 1,900 K in the second region [19].
The sonochemical synthesis of volatile precursors like acetates occurs in the first

Table 1 Effect of precursor (metal nitrate/acetate) on CO conversion and methanol yield over nano-
structured CuO-ZnO-Al,Oj; catalyst at different temperatures

Run T (°C) P (bar) (cm3/g h) H,/CO  CO conversion Methanol yield

CZA-NU CZA-AU CZA-NU CZA-AU

1 200 40 18,000 2 2.6 5.07 2.12 4.96
2 225 40 18,000 2 2.97 7.06 2.45 6.63
3 250 40 18,000 2 7 7.78 5.74 7.78
4 275 40 18,000 2 9.62 10.14 6.37 9.1

5 300 40 18,000 2 8.19 6.77 5.5 5.37
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region, but sonochemical reactions of non-volatile compounds occur in the area
closer to the second region. The synthesis of catalyst particles in the high
temperature region cause higher cooling rates, which creates CZA particles with
lower crystallinity and hence higher interaction. The strong interaction between
CuO and ZnO improves the synergism effect in CO conversion over CuO and
hydrogenation over ZnO according to the mechanism of methanol synthesis and
increases the reactivity of the catalyst.

Effect of synthesis method

Figs. 7 and 8 indicate the effect of pressure on catalytic reactivity in terms of CO
conversion and methanol yield with co-precipitated and ultrasound assisted co-
precipitated CZA catalysts. The CO conversion increased with pressure for all CZA
catalysts. According to thermodynamics, pressure has a positive effect on the
methanol synthesis. The synthesis of methanol reaction caused the decrease in
volume; the reactivity was enhanced as the pressure was increased. The
sonochemicaly synthesized CZA catalyst exhibited better reactivity in terms of
CO conversion and methanol yield at all pressure ranges compared with co-
precipitated CZA catalyst. In liquids irradiated with ultrasound, acoustic cavitation
drives bubble collapse producing intense local heating, high pressures and very
short life times. These transient, localized hot spots facilitate chemical reactions
[19-24, 40] during synthesis which can enhance and promote nucleation rate and
dispersion of the fine active metal particles on the support. Acoustic cavitation can
induce extraordinary local heating and can provide enormous cooling rates (>10° K/
s), which produces amorphous metal powders using the sonochemical decompo-
sition of volatile organometallics. The sonochemically synthesized amorphous
powders may have important catalytic applications, especially due to very high
surface areas and nanometer cluster size.

14
- T =275°C
L] cza-AP H,/CO = 2 molar ratio

12 CZA-AU GHSV = 18000 cm¥g.h
T 10
5
(]
2
S 6
O |
8 ¢ \\ \

2

10 20
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Fig. 7 Effect of the synthesis method on the CO conversion over the nanostructured CuO-ZnO-Al,0;
catalyst at different pressures
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Fig. 8 Effect of the synthesis method on the methanol yield over the nanostructured CuO-ZnO-Al,0;
catalyst at different pressures

Table 2 Different copper based catalysts evaluated in CO hydrogenation to synthesis of methanol

Catalyst Synthesis method T (°C) P (bar) Xco (%) Scuson (%) Ref.

Cu/ZrO, Co-precipitation 250 30 1.73 94.2 [41]

Cu/ZrO, Co-precipitation 260 60 8.7 82 [42]

Cu/ZrO, Alco-gel 260 60 12.7 86 [42]

Cu/ZnO/ZrO, Co-precipitation 250 34 7 15 [43]

CuO/ZnO/ Ultrasound co-precipitation 275 40 10.1 90 This work
Al,O3

The selectivity in all pressure ranges were in the range of 90-100 %. Small
amounts of CO, and DME are side products and no methane and ethanol was
detected. So the methanol yield followed the CO conversion trend. Increasing
pressure enhanced the methanol yield and ultrasound assisted catalysts showed
better reactivity in producing methanol.

Table 2 illustrates different copper based catalysts evaluated in CO hydrogena-
tion to synthesize methanol. CO conversion and methanol selectivity are criteria to
compare the results obtained to that of investigated in literature to ascertain the
effect of ultrasound irradiations during precipitation. Pokrovski et al. [41] revealed
that the substitution of Ce for Zr into the ZrO, lattice results in significantly
enhanced methanol synthesis activity. Their synthesis method was co-precipitation
and the CO conversion increased from 1.73 % in the case of Cu/ZrO, to 5.30 % in
the case of Cu/Ce(3Zr( -0, catalyst.

Bai et al. [42] examined two different synthesis methods and founded CO
conversion increased from 8.7 to 12.7 % with changing the synthesis method from
co-precipitation to the alcogel/thermal treated with nitrogen method. The selectivity
of methanol also changed from 82 to 86 %. In the work of Suh et al. [43], the Cu/
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Fig. 10 Effect of the synthesis method on the methanol yield over the nanostructured CuO-ZnO-Al,0;
catalyst at different GHSVs

7Zn0/Zr0O, catalysts with 5 wt% ZrO, showed 7 % CO conversion. With increasing
ZrO, content, CO conversion increased and in 35 wt% ZrO,, the CO conversion
descends to 10 %. Comparing results with the literature shows that the CZA catalyst
synthesized with the ultrasound assisted co-precipitation method has simultaneously
highly desirable product selectivity and also high feed conversion.

The effect of GHSV on the CO conversion and the methanol yields with the
differently synthesized CZA catalysts was studied and the results are presented in
Fig. 9. As shown, a progressive decrease in the conversion of CO was observed with
an increase in the space velocity, especially from 36,000 to 45,000 cm®/g h. When
the space velocity was increased from 36,000 to 45,000 cmS/g h, the CO conversion
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was decreased significantly from 7.7 to ca. 3.8 % for the sonochemically
synthesized CZA catalyst and from 2.2 to ca 0 % for the co-precipitated catalyst.
Higher space velocity means shorter reaction time, which accounts for the lower
conversion of syngas. The effect of GHSV on methanol yield is illustrated in
Fig. 10. Increasing GHSV decreased methanol yield from 9.1 to 3.2 % for the CZA-
AU catalyst. The selectivity of methanol (not shown) even at high GHSVs is high
for these catalysts but due to less amount of syngas conversion, methanol yield
follows up the previous trend for CO conversion. From Figs. 9 and 10, it can be
concluded that ultrasound assisted synthesized CZA catalyst shows better activity in
all GHSV ranges than that of co-precipitated CZA catalyst.

Conclusions

The ultrasound method offers several advantages over the conventional precipita-
tion routes, such as well-defined structure, small CuO crystals, high CuO dispersion,
high interaction and high BET surface area. Moreover, the investigation about
precursors showed better physiochemical properties of acetate formulated CZA
catalyst compared with nitrate based catalyst. We evaluated the activity of
investigated methanol synthesis catalysts in a stainless steel fixed bed reactor at
200-300 °C and 10-40 bar. The acetate based catalysts precipitated under
ultrasound irradiations exhibited excellent CO conversion and methanol yield;
10.1 % CO conversion and 9.1 % methanol yield was found at 275 °C and 40 bar
for CZA-AU catalyst.
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