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Abstract−To investigate the effect of precipitation on physico-chemical and catalytic properties of Cu-Zn-Al catalyst,
the pH value and injection rate in the precipitation process were systematically changed, and the water-gas shift reac-
tion was carried out. The Cu-Zn-Al catalyst showed the highest CO conversion when the optimized synthesis parame-
ters (i.e., pH=10-10.5 and injection rate=30 ml/min) were employed. This is mainly due to the enhanced physicochemical
properties such as a high Brunauer-Emmett-Teller surface area, small crystallite size, high Cu dispersion, and easier
reducibility.
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INTRODUCTION

Ternary Cu-Zn-Al catalysts have been successfully employed in
important industrial processes such as the water-gas shift (WGS)
reaction and methanol synthesis [1-6]. The preparation of the Cu-
Zn-Al catalyst is still a subject of interest because the precursor mix-
ture and its evolution during the preparation processes seem to affect
the catalytic properties [7,8]. Several techniques for its preparation
have been reported, including the impregnation method [9], sol-
gel synthesis [10], hydrothermal synthesis [11], co-precipitation
method [4,12,13], and microemulsion method [14]. Among these,
the co-precipitation method is a commonly used method for the
synthesis of nanosized materials due to several benefits: it is an envi-
ronmentally benign method, it has a high reproducibility, and low
cost, and it enables easy handling of the microstructure [15]. The
synthesis parameters during the co-precipitation process, especially
temperature, pH, and ageing time, have been considered to signifi-
cantly affect the catalytic properties of the final catalyst. Further-
more, the optimal parameter values depend on the type of material
[16]. Many researchers have studied a series of samples by consid-
ering a few parameters or parts of the preparation process; how-
ever, these researches concentrated on the Cu/ZnO catalyst or
activities of Cu-Zn-Al catalysts in methanol synthesis reaction.

Cu-Zn-Al catalyst has been widely used for methanol synthe-
sis, and it has been reported that various synthesis parameters
affected the catalytic performance. Li et al. reported the effect of
pH and temperature in the precipitation process in Cu-Zn-Al cat-

alyst for synthesis of methanol, and concluded that both the pH
value and temperature were important factors determining the
interdispersion and catalytic activity for methanol synthesis [17].
Jung et al. reported that the pH changes during ageing play a sig-
nificant role in the production of a high specific surface area of the
Cu-Zn-Al catalyst as well as in increasing the porosity and cata-
lytic activity in methanol synthesis [18]. Baltes et al. investigated
the effect of temperature of precipitation, pH, and temperature of
calcination of the Cu-Zn-Al catalyst in synthesis of methanol and
found the optimum conditions for each process, such as tempera-
ture of precipitation, pH, and the temperature of calcination [19].
Bem et al. reported that the precipitation condition of the Cu-Zn
catalyst, especially in pH controlling, significantly affected micro-
structural properties of the catalyst [20]. Simson et al. reported that
control of pH value, temperature, and ageing time affected the physi-
cochemical properties of ternary Cu/ZnO/Al2O3 catalysts for meth-
anol synthesis [4]. Xiao et al. observed that BET surface area, Cu
surface area, particle size, and interaction between Cu and ZnO of
Cu-Zn-Al-Zr catalyst were affected by pH values in co-precipita-
tion process [8]. In our previous study [21], we observed that the
titration process affected significantly the properties of Cu based
catalyst in the WGS reaction, and investigated the time for titration
to produce highly active Cu/CeO2 catalyst. Although many researches
on synthesis parameters for preparing Cu-Zn-Al catalyst have been
performed [18,19,22-25], only a few on injection rate for synthesis
of Cu-Zn-Al catalyst have been reported. In addition, although the
use of Cu-Zn-Al catalysts for the WGS reaction has been extensively
researched, most of these studies utilized ideal reaction conditions
and did not probe the effects of both pH and injection rate on cat-
alyst performance. Therefore, it is necessary to investigate the effect
of pH and injection rate for synthesis of Cu-Zn-Al and influence of
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physicochemical properties of Cu-Zn-Al in the WGS reaction.
The purpose of this research was to find and optimize the effect

of the synthesis parameters (pH and injection rate in the precipita-
tion procedure) on the catalytic properties and catalytic activity of
the Cu-Zn-Al catalyst for the WGS reaction. We tried to find the
effect of pH and injection rate in precipitation process for synthe-
sis of Cu-Zn-Al catalyst; the higher injection rate resulted in the
higher catalytic activity in the WGS reaction. Furthermore, pH val-
ues in precipitation process significantly affected the catalytic prop-
erties of Cu-Zn-Al catalysts. The effect of synthesis parameters was
analyzed by using the Brunauer-Emmett-Teller (BET), hydrogen-
temperature programmed reduction (H2-TPR), N2O-chemisorption,
X-ray diffraction (XRD) and related to the activity tests in the WGS
reaction.

EXPERIMENTAL

1. Catalyst Preparation
The Cu-Zn-Al (CZA) catalysts were produced by a co-precipi-

tation method. The loading amounts of Cu and Zn were set at 65
wt% and 25wt%, respectively. Following the dissolution of Cu(NO3)3∙
xH2O (99% Aldrich), Zn(NO3)2∙6H2O (99% Aldrich), and Al(NO3)3∙
9H2O (99% Aldrich) in DI water, a 15 wt% potassium hydroxide
solution was injected (maintaining constant stirring at 80 oC and
using an injection rate of 30 ml/min) until a pH of x (x=9.5, 10,
10.5, 11) was realized. The injection rate of the 15 wt% potassium
hydroxide solution was systemically changed between 0.5 and 30
ml/min, and the precipitate was stirred at 80 oC for three days. The
as-obtained precipitate was washed by using DI water. After wash-
ing, the solid product was dried at 110 oC for 10 h and calcined at
400 oC for 6 h in air.
2. Characterization

The XRD measurements involved using a Rigaku D/MAX-IIIC
diffractometer with nickel-filtered Cu-Kα radiation and operation
at 100 mA and 40 kV. The prepared samples were scanned between
20 and 80o, with a step size of 0.02o. The crystallite size was calcu-
lated from the full width at half maximum (FWHM) of the (111)
line using Debye-Scherrer equation as shown in the following equa-
tion [26],

(1)

where K is the constant; λ is the radiation wavelength; β is the
FWHM; and θ is the peak position.

The BET surface area was calculated by measuring N2 iso-
therms at 77 K using an ASAP 2010 (Micromeritics) [26]. Prior to
BET analysis, catalysts were degassed for 10 h at 110 oC in a vac-
uum of 10−5 torr.

The Cu dispersion was measured by N2O-chemisorption (Auto-
chem 2920, Micromeritics) as earlier explained [27,28].

The hydrogen-TPR measurements were achieved by an Auto-
chem 2920 (Micromeritics) using a previously reported method
[29]. The measurement was carried out using 10% H2 in Ar gas
and a heating rate of 10 oC/min.

X-ray photoelectron spectroscopy (XPS) was carried out using
a K-Alpha (Thermo-Scientific) spectrometer with an Al Kα mono-

chromator. Before analysis, the catalysts was reduced at 400 oC for
1 h. XPS survey scans were obtained with a pass energy of 100 eV
and high resolution scanning was performed at a pass energy of
50 eV [30].
3. Catalytic Reaction

The activities of the prepared catalysts were performed over a
temperature range of 200 to 240 oC at 1 atm in a quartz type reac-
tor (I.D.: 4 mm) [30,31]. 0.1 g of the samples was packed and
mounted onto the layer of wool in the reactor. The quartz reactor
was located in a furnace. The temperature was observed using a
K-type thermocouple [32]. The composition of the reactant gas
was 9 vol% CO, 10 vol% CO2, 1 vol% CH4, 60 vol% H2, and 20 vol%
N2. The flow of feed gases was managed by mass flow controllers
(Brooks 5850E). Before the reaction, the prepared catalyst was
reduced in situ in a 2 vol% H2/N2 flow at 200 oC for 1 h. The feed
H2O/(CH4+CO+CO2) ratio was fixed at 2 : 1. A gas hourly space
velocity (GHSV) was 8,001-16,002 h−1. The effluent gas mixture was
analyzed using a micro-GC (Agilent 3000) equipped with dual chan-
nels: one with a molecular sieve and the other with Plot U and a
TCD detector [33].

RESULTS AND DISCUSSION

1. Effect of pH
1-1. Catalyst Characterization

The pH is a crucial parameter that influences the properties of
nanoparticles in wet chemical methods [34-36]. Following the prepa-
ration of CZA catalysts using different pH values in the precipita-
tion process, the CZA catalysts were analyzed using various char-
acteristics and the results are in Table 1. The BET surface area in-
creases with pH from 9.5 to 10.5; however, a further increase in
pH causes a drastic decrease in the BET surface area. Therefore,
the CZA catalyst prepared with pH 10.5 exhibited the highest BET
surface area value of 60.7m2/g. Thus, in the pH in precipitation pro-
cess, the pH affects the BET surface area. According to the literature
[37], pH value affected the electrostatic repulsion, which is a force
to prevent aggregation. Thus, the lowest surface area of the CZA cata-
lyst prepared at pH value of 11 may due to weak (near to 0 mV)
electrostatic repulsion. It is generally known that high BET surface
area can enhance activity of the catalyst by yielding a higher number
of surface active sites that are accessible for adsorbing reactants.

Fig. 1 displays the XRD results of the CZA catalysts with various
pH values. For all the CZA catalysts, diffraction peaks of copper

D = 
Kλ

βcosθ
--------------

Table 1. Characteristics of CZA catalysts prepared by different pH

Catalyst BET surface
areaa (m2/g)

Crystallite size
of CuOb (nm)

Cu dispersionc

(%)
CZA (pH 9.5) 55.5 13.2 0.53
CZA (pH 10) 60.2 12.2 0.69
CZA (pH 10.5) 60.7 12.3 0.70
CZA (pH 11) 32.9 14.3 0.20

aEstimated from N2 adsorption at −196 oC
bCalculated from XRD
cEstimated from N2O chemisorption
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oxide (JCPDS 45-0937) [38] and zinc oxide (JCPDS 36-1451) [39]
crystallites are observed. In contrast, the diffraction peak of Al2O3

is not detected in all the CZA catalysts because of its low content
and peak overlapping with CuO and ZnO. XRD peak broadening
differs depending on the pH value. This indicates that the crystallite
size of the catalyst is strongly affected by the pH value in the pre-
cipitation process. For comparison of the crystallite size of CuO,
the crystallite size from the 39.2o peak was evaluated using Debye-
Scherrer equation. The CuO crystallite size varied from 12.2 to 14.3
nm. When the pH value was increased from 9.5 to 10, the crystal-
lite size of CuO decreased from 13.2 to 12.2 nm; however, a fur-
ther increase in pH resulted in an increase in the crystallite size of
CuO. Further, the CZA catalyst with a pH value of 10 exhibited
the smallest CuO crystallite size, while the catalyst with a pH value
of 11 showed the biggest CuO crystallite size.

Table 1 also summarizes the N2O-chemisorption results. It is
found that Cu dispersion of the prepared CZA catalyst is consis-
tent with the trend of the BET surface area. Therefore, the Cu dis-
persion of CZA catalyst was found to decrease in the following
order: pH 10.5>pH 10>pH 9.5>pH 11. Moreover, the CZA cata-
lyst with a pH value of 11 shows the lowest Cu dispersion (0.2%)
which is about 3.5-times lower than that of CZA catalysts with a
pH value of 10-10.5. This might be explained by the presence of
excess KOH that adversely affects Cu dispersion. Cu dispersion is
an important factor affecting the WGS reaction because higher Cu
dispersion provides a greater number of active sites. This phenom-
enon implies that the higher Cu dispersion should be realized to
enhance the catalytic activity for the WGS reaction.

H2-TPR analysis was carried out for evaluating the reduction
property of the CZA catalysts, as displayed in Fig. 2. All the pre-
pared catalysts show two reduction peaks at around 200 oC. Accord-
ing to the literature [3,18], these peaks can be attributed to the
stepwise reduction of Cu2+

→Cu1+
→Cu0. Cu0 is well known as the

main active site for the WGS reaction [44]. For pH values from 9.5
to 10, reduction peaks shifted to lower temperatures with increasing
pH value. However, a further increase in the pH value resulted in
a shift to a higher temperature. These results therefore suggest that
the CZA catalyst with a pH 10 exhibits easier reducibility than the

others, and that the pH in the process of precipitation can affect
not only physical properties of the catalyst but also chemical prop-
erties.

The valence states of Cu in the CZA catalyst and surface com-
position were investigated by XPS measurement. Fig. 3 shows the
Cu 2p spectra of the CZA catalysts reduced at 200 oC for 1 h. The
peak of the Cu 2p binding energy appeared at 932 eV for all the
samples, all of which could be deconvoluted into two main peaks.
These can be attributed to reduced copper species (Cu1+, Cu0) and
copper oxide (Cu2+), respectively, whereas the satellite peak at 942

Fig. 1. XRD patterns of CZA catalysts prepared by different pH. Fig. 2. TPR patterns of CZA catalysts prepared by different pH.

Fig. 3. XPS spectra of CZA catalysts prepared by different pH (Cu 2p).

Table 2. Surface atomic ratios estimated by XPS

Catalyst
Cu species (%)

Reduced Cu CuO
CZA (pH 9.5) 64 36
CZA (pH 10) 80 20
CZA (pH 10.5) 74 26
CZA (pH 11) 50 50
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eV was attributed to the Cu2+ species of CuO. The relative surface
composition was determined from integrated peaks, and the con-
sequences are listed in Table 2. As shown, the major component
on the surface of prepared CZA catalysts was the reduced Cu spe-
cies. Note that the ratio of reduced Cu species was altered with the
pH value. The ratio of the reduced Cu species increased with the
pH value up to 10, while it decreased when the pH value increased
from 10 to 11. This result matches well with the TPR result, so it is
able to be decided that the easier reducibility of the catalyst helps to
maintain reduced Cu species that is the active phase in the WGS
reaction [40]. Thus, it is expected that the CZA catalyst that has a
higher amount of reduced Cu species shows a higher catalytic
activity for the WGS reaction.
1-2. Catalytic Performance

To find the effect of pH in the precipitation process, we tested the
WGS activity of CZA catalysts at the GHSV of 8,001 h−1. The CO
conversion over CZA catalysts is displayed in Fig. 4. The CO conver-
sion of CZA catalysts increased with the pH from 9.5 to 10, but a
further increase in the pH (over 10.5) caused a critical conversion
drop in the WGS reaction. Therefore, in all the reaction tempera-
ture ranges, the CZA catalyst with a pH value of 11 exhibited the
lowest CO conversion (<10%); in contrast, the CZA catalysts with
pH ranging from 10 to 10.5 showed the highest CO conversion
that was close to the thermodynamic equilibrium at above 220 oC.

The above-mentioned reaction results could be accounted for
as follows. First, a high surface area and the small crystallite size of
CZA catalysts were obtained at pH of 10-10.5, which are associ-
ated with high catalytic activity because these can help to increase
the surface active sites [30,41]. Second, Cu dispersion that results
in the small crystallite size and high BET surface area is promoted
by using a pH of 10-10.5 in precipitation process, which has a crit-
ical effect on the catalytic activity. In addition, easier reducibility of
the CZA catalyst is partly responsible for improved catalytic activity.

In this session, the optimal pH value in the precipitation pro-
cess was identified by using the catalytic activity test and the rea-
son was discussed with related characterization. In the next session,
we aim to focus on the best way to obtain a pH of 10.5 in the pre-

cipitation process for the synthesis of CZA catalyst.
2. Effect of Injection Rate
2-1. Catalyst Characterization

Titration is an important process in the co-precipitation method
because the titration method critically affects catalytic properties,
such as the crystallite size, BET surface area, and metal dispersion
[21]. To elucidate the effect of the injection rate on the CZA cata-
lysts for the WGS reaction, a number of characterizations were used.
As listed in Table 3, a decrease in the BET surface area with decreas-
ing injection rate is observed. This implies that the injection rate
affects significantly the BET surface area, which agrees with previ-
ous study results [21].

The XRD patterns displayed in Fig. 5 reveal diffraction peaks
corresponding to copper oxide (JCPDS 45-0937) [42] and zinc oxide
(JCPDS 36-1451) [43] crystallites of the CZA catalysts with differ-
ent injection rates. When the injection rate is decreased, the inten-
sity of the ZnO diffraction peak is also slightly increased. In case
of Al2O3, the diffraction peak is not found in all samples due to its
low loading amount and peak overlapping. To evaluate the effect
of the injection rate on the crystallite size of CuO, the size of crys-
tallite was determined by using the Debye-Scherrer equation and
summarized in Table 3. As shown, the crystallite size of CuO of the
CZA catalyst increases from 12.3 to 13.1 nm with increasing the
injection rate; therefore, the CZA catalyst with an injection rate of

Fig. 4. CO conversion with reaction temperature over CZA catalysts
prepared by different pH (H2O/(CH4+CO+CO2)=2.0; GHSV=
8,001 h−1).

Table 3. Characteristics of CZA catalysts prepared by different injec-
tion rate

Catalyst BET surface
areaa (m2/g)

Crystallite size
of CuOb (nm)

Cu dispersionc

(%)
CZA (30 ml/min) 60.7 12.3 0.70
CZA (15 ml/min) 56.8 12.7 0.64
CZA (1 ml/min) 49.1 13.0 0.55
CZA (0.5 ml/min) 48.1 13.1 0.50

aEstimated from N2 adsorption at −196 oC
bCalculated from XRD
cEstimated from N2O chemisorption

Fig. 5. XRD patterns of CZA catalysts prepared by different injec-
tion rate.
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30 ml/min has the smallest crystallite size of CuO, while the CZA
catalyst with an injection rate of 0.5ml/min exhibits the biggest crys-
tallite size of CuO.

The Cu dispersions of the CZA catalysts are exhibited in Table
3. As indicated, an increase in the injection rate caused an increase
in the Cu dispersion. Note that the Cu dispersion result of the CZA
catalysts shows a trend similar to that of the BET results.

Hydrogen-TPR was carried out to analyze the characteristics of
reduction of the CZA catalysts, as displayed in Fig. 6. All CZA cat-
alysts exhibit two reduction peaks at around 200 oC caused by the
stepwise reduction of Cu2+

→Cu1+
→Cu0 [3,18]. Reduction peaks of

CZA catalysts with different injection rates are shifted to a higher
temperature with decreasing injection rate. This implies that CZA
catalyst with an injection rate of 30 ml/min exhibits easier reduc-
ibility than the others.
2-2. Catalytic Performance

To elucidate the relationship between the injection rate and the
activity of the catalyst, the WGS reaction data obtained from the
CZA catalysts prepared with different injection rates are shown in

Fig. 7. CO conversion with reaction temperature over CZA catalysts
prepared by different injection rate (H2O/(CH4+CO+CO2)=
2.0; GHSV=8,001 h−1).

Fig. 8. CO conversion with time on stream over CZA catalyst (H2O/
(CH4+CO+CO2)=2.0; GHSV=16,002 h−1; T=240 oC).

Fig. 7. When the injection rate was increased, the CO conversion
of the CZA catalyst was also increased. As a result, the injection
rate of the CZA catalyst significantly affected the CO conversion
of CZA catalysts.

The high catalytic activity of the CZA catalyst with a high injec-
tion rate is due to its large surface area, high dispersion of copper,
and small crystallite size. With a higher injection rate, a larger sur-
face area, higher dispersion of copper, and smaller size of crystal-
lite are obtained. This can be explained through the crystallization
of the CZA catalyst. When crystallization occurs in the precipita-
tion procedure, the higher injection rate causes higher amounts of
local supersaturation, which increases the chance of nucleation
and decreases size of crystallite because the nucleation is more advan-
tageous than crystal growth in the supersaturation condition [21,
44,45]. In addition, the larger BET surface area and smaller size of
crystallite cause promoted dispersion of copper on the CZA cata-
lysts, which provides further active sites for the WGS reaction.
Furthermore, the injection rate also affects the reducibility of CZA
catalysts. Enhanced reducibility of the CZA catalyst obtained with
an injection rate of 30 ml/min enhances the catalytic activity for
the WGS reaction [46].

To evaluate the stability of the CZA catalyst, the GHSV was dou-
bled to 16,002 h−1 and the WGS reaction was performed at 240 oC
for 200 h. Fig. 8 exhibits the stability test results of the optimized
CZA catalyst (pH=10 and injection rate=30 ml/min). In spite of
the higher GHSV, the optimized CZA catalyst showed stable CO
conversion that was close to the thermodynamic equilibrium at
240 oC during 200 h. As a result, it can be concluded that the opti-
mized CZA catalyst possessed excellent catalytic stability as well as
the highest catalytic activity.

CONCLUSIONS

We determined the effect of pH and injection rate in the pre-
cipitation process and optimized them for CZA catalysts for the
WGS reaction. Controlling the pH and injection rate was antici-
pated to have a critical effect on the physicochemical properties of
CZA catalysts: we optimized the pH and injection rate to enhance

Fig. 6. TPR patterns of CZA catalysts prepared by different injection
rate.
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the catalytic activity for the WGS reaction. Among the prepared
catalysts, the CZA catalyst with a pH value of 10-10.5 and injection
rate of 30ml/min showed the highest CO conversion. The remark-
able catalytic activity of the CZA catalyst was mainly dependent
on the high Cu dispersion resulting from a high surface area and
small size of crystallite and partly on the easier reducibility.
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