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Study of CZA Catalysts Synthesized by Homogeneous Precipitation Method
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Abstract

Multi-composition Cu-Zn-Al catalyst system was synthesized by homogeneous precipitation
method. This method was anticipated to improve the homogeneity of metal mixing and to increase the
surface area of catalyst derived by conventional co-precipitation method. In the research, we successfully
synthesized Cu-Zn-Al catalyst with high activity by adjusting four experimental parameters -- urea
concentration, water amount, reaction temperature and reaction time. The better catalyst can be obtained
under urea concentration of 3M diluted by 3 times water, and the kinetics conditions of 95°C and 2h.
Compared with the co-precipitation method, homogeneous precipitation method derived Cu-Zn-Al
catalyst performed higher methanol conversion, hydrogen production rate and CO: selectivity under
methanol reforming reaction at 250°C. Modifying the support by addition of Ce and Zr might further
improve the activity of the catalyst. In the future, not only can this method apply on synthesizing other
multi-composition materials with high homogeneity, but also the high performance catalyst can be used to
do methanol reforming reaction in order to supply hydrogen on fuel cell.
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Abstract

In industry, high-activity catalyst is desirable for methanol reforming reaction in
order to generate hydrogen efficiently. In this project, multi-composition Cu-Zn-Al
catalyst was synthesized by homogeneous precipitation (HP) method with urea
treatment. In comparison with those obtained from conventional co-precipitation
method, our technique offers an opportunity to improve the homogeneity of metal
mixing and to increase the surface area of catalysts. By adjusting urea concentration,
water amount, reaction temperature and time, various hydrotalcite-like compounds are
obtained. The optimized catalysts having flower-like morphology, exhibited high
surface area (78.5 m”"2/g, as determined by Brunauer-Emmett-Teller method), and a
lower reduction temperature. The HP-method derived Cu-Zn-Al catalyst exhibited
higher methanol-conversion, hydrogen-production-rate and CO2-selectivity under
methanol reforming reaction at 523K compared with those derived by co-precipitation
method. To further improve the catalytic performance of the Cu-Zn-Al, Ce and Zr
were employed to modify the support. The Ce/Zr-modified catalysts did show higher
activity, as evidenced by a 20K lower reduction temperature and more than 85% of
methanol conversion. Our method can be generalized for the synthesis of other
multi-composition materials with high homogeneity.
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1. Introduction

Due to the energy crisis, an effective alternative energy is essential to replace the
dwindling supply of petroleum. In comparison with other energy generation
techniques, hydrogen fuel cell is one of the most environmentally cleaner sources;
however, the supply and storage of hydrogen are enormous obstacles for hydrogen
industry. In order to solve this problem, the reforming reaction of methanol is
considered as an attractive way for hydrogen supply, also thanking to its ease of
handling and synthesizing from various feedstock. For catalytic process, extracting
hydrogen from methanol can be performed by oxidative steam reforming, which
combines the endothermic steam reforming reaction and the exothermic partial
oxidation reactions. By appropriate system design, favorable hydrogen production
rate as well as no external heat can be achieved.

For methanol reforming reaction, copper based catalysts are the most
extensively used ones, such as Cu-Zn-Al (CZA) oxide system, due to the low cost and
high activity. The dispersion of active Cu metal and the surface area for such catalysts
play crucial roles on the catalytic activity and stability. Most groups adopted
co-precipitation (CP) method to prepare CZA catalysts. However, this method has
serious concentration gradient of hydroxide ions during the addition of base source,
which would result in the poor mixing of precipitates. In order to improve the
uniformity of precipitates, the homogeneous precipitation (HP) method was employed
in this research. Urea would hydrolyze and release hydroxide ions homogeneously in
the solution without concentration gradient. To obtain the better precipitation
conditions, four parameters -- urea concentration, water amount, heating temperature
and time -- were discussed. For CZA catalyst system, the correlations between the
morphologies and crystal structures of precipitate precursors and catalytic
performance would vary from different synthesized methods. CP-derived CZA
catalyst was, thus, prepared as a comparison. In addition, the possibility of applying
HP method on synthesizing multi-compositional compounds and improving the
catalytic performance of CZA catalyst were also discussed.



2. Experimental
2.1 Preliminary experiments

In order to observe the precipitation reactions under different pH value
conditions and reaction temperature, the features of metal ions were discussed. The
pH values of distilled water with different metal nitrates dissolved were controlled by
addition of NaOH, and the experiments of reaction temperature were carried out at
room temperature and 373K.

2.2 Preparation of the catalysts

The precursors of the catalysts with varying composition are prepared by urea
method. Aqueous solution of metal nitrate and urea were mixed at room temperature
and followed by heating at appropriate temperature for hours. During the preparation
progress, the urea was forced to hydrolyze and resulted in generation of the hydroxide.
Since the effect of the concentration gradient may be reduced, it is highly expected the
homogeneous precipitation method can afford catalysts with high homogeneity than
the conventional precipitation method. The reflux method was adopted during the
heating process as reducing the influence of boiling in the precipitation. The
precipitates were then separated, washed with distilled water and finally dried at 363K
for overnight. Calcination of the precursors was performed at 573K for 3h in air, and
the oxides were then pressed, crushed and sieved. For the reactions above, the ratio of
weight percent for metal oxides was kept constant as 45/45/10.

As controls, the solutions were mixed together and added dropwise to a
continuously stirred solution of Na,CO,. Later the obtained precursors were crushed
into powder, dried at 363K for overnight and finally calcined in air at 573K for 3h.

2.3 Characterization of the catalysts
2.3.1 X-ray diffraction

X-ray powder diffraction patterns were collected in the 60° and 0.0164 step size.
In order to understand the state of catalyst after calcination and reaction, the peak

position was compared to XRD reference book. The line broadening at half-height of
maximum reflection was used to calculate the average crystallite thickness.



2.3.2 BET Surface Area Measurement

The BET apparatus determined the surface area by employing the
technique of adsorbing one component from a flowing mixture. Before the experiment,
the sample must be degassed for 2 hrs (<5 ummHg) to get rid of water and impurity
at catalyst. The process of adsorption and desorption were monitored by measuring
the change in the thermal conductivity of the gas cell, and then a mixture of gas was
passed the cell.

2.3.3 Temperature-Programmed Reduction (TPR)

The appropriate amount of sample was held between two quartz wools. The
reactor effluent was monitored immediately downstream by using a thermal
conductivity detector (TCD), which was stabilized to a linear baseline following
changes in carrier gas. Temperature-programmed reduction experiments were
conducted to compare the reducibility of the fresh catalyst. Next, 20 mg of sample
was placed in a quartz fixed bed reactor and a high-purity flow of 10 vol.% H,/Ar
mixtures was passed through the bed. The consumption of hydrogen was monitored
by TCD cell and the result was recorded by a computer.

2.3.4 Equipment for the Reaction

The methanol solution (H,O/MeOH=1.25) were fed into the evaporator unit and
thereby methanol solution could be vaporized and fully mixed; then carrier gas,
Helium (He), is able to carry vapors into reaction tube to process methanol steam
reforming. The feed rate was kept 2 mL/hr. After the reaction unit, analyzed on-line
by means of the Gas Chromatography (China Chromatography 9800), equipped with
thermal conductivity detector (TCD).



3. Results and discussion

3.1 Precipitation of the metal ions

Table. 1 pH values of reacted
solutions under different concentration of
urea and amount of water prepared by
homogeneous precipitation method.

Urea 20 mL 10 mL+ 5mL+
conc
(added)
10 mL H,0O 15 mL H,0
initial|reactedfinitialreacted|initial reacted

1M |[3.43| 5.13 | 3.64] 532 | 3.80 5.48
2M |3.68| 6.33 | 3.88| 6.69 | 4.05 6.90
3M [3.84]| 6.72 | 4.01| 6.96 | 4.16 7.11
4M | 390| 7.28 | 4.08) 7.43 | 4.19 7.46

Table. 2 pH values of reacted
solutions under different concentration of
urea and amount of water prepared by
homogeneous precipitation method.

5mL +15mL 90°C 2h 90°C 5h 95°C 2h 95°C 3h 100°C 0.5h 100°C 1h 100°C 2h
H,0
2M 7.15 8.53
3M 7.11 7.97 7.63 8.09 7.53 8.22 8.56
4iM 8.6




For the preliminary experiments of copper, zinc and aluminum ions, amount of
precipitates increase with the pH values, and shows a significant declination as the pH
values are above 8(data are not shown). Hence, it was confirmed that the pH between
7 and 8 are the most suitable values for the precipitation progress, which can allow the
complete precipitation.

3.2 Conditions of urea concentration and water amount

In our study, the influence of the catalysts under high urea concentration was
discussed as the concentration of metal ions were kept constant. However, since the
water both has its pH values higher than the initial solutions and works as the reactant
in the hydrolyzation, it is expected that the pH values can be efficiently adjusted by
addition of water with varying quantity. Also, addition of water may be favorable way
for adjusting pH values thanks to its ease of handling. For the reasons above, the
precipitation processes for different urea concentration and water amount were carried
out at 363K for two hours.

The results of precipitation progress over series of the precursors are shown in
Table. 1. The pH values of the initial solutions increases with the amount of water and
the concentration of urea, and also for the reacted solutions. After two

Table. 3 Inductively coupled plasma (ICP) results for the
hp-CZA and cp-CZA prepared under different synthesis conditions.

Urea M 2M 3M 4M 3M CP

T/Ct/h 90°C 2h 95°C | RT
2h 2h

H,0 20-0 10-10 5-15 5-15

Cu 82.3 73.7 64.2 43.2 41.9 40.1 45.7 | 431

Zn 16.3 20.7 29.7 46.8 47.3 48.3 44.8 | 46.2

Al 1.4 5.6 6.1 10.0 10.8 11.6 9.5 10.7

series of reactions, significant enhancements of the solutions in the pH values were
both observed, and the pH values are up to 7 as solutions with four molar ratio of urea



and when 3 times water was added to the 3M solution. In comparison, the addition of
water is more sensitive than under different urea concentration, suggesting a better
way for adjusting the pH values. Also, the blue solutions were observed as 4M urea is
added under varying water quantity while the condition of 3M urea diluted by 3 times
water shows colorless.

Precursors prepared under urea of 3M and diluted by 3 times water, was
considered to be the better one for reasons below: First, it was reported that the
aurichalcite and hydrotalcite-like compounds are favorable phases in comparison with
other structures formed in the hydrolysis reactions, owing to the higher dispersity.
Secondary, compared with the two reacted 3M and 4M solutions with favorable pH
values, intense blue colors was observed over the solution of 4M. The feature strongly
suggested the reduction in the copper level, owing to the formation of copper
complexes in the solution proved by UV visible (data are not shown). Third, the ICP
results (Table. 2) further proved that the ratio of metal precipitates close to the initial
value, which was reported as the better one. Thus, the chosen synthesis condition was
used in the following experiments.

3.3 Conditions of reaction temperature and reaction time

Experiments for reaction temperature and reaction time were performed as the
conditions of water amount and urea concentration were kept constant as the chosen
one. The results of precipitation progress over series of the precursors are shown in
Table. 3. The pH values of reacted solutions both increase with long reaction time and
high reaction
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Fig. 1 X-ray diffraction (XRD) figure

of precursors prepared under different
concentration of urea and amount of water.
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Fig. 2 X-ray diffraction (XRD) figure

of precursors prepared under different
reaction temperature and time.



temperature. In addition, it is also observed that reaction temperature is more
sensitive to the pH values in comparison with reaction time. Results of the reacted
solutions indicated that the pH values were above 8 mostly when the blue solution
colors are obtained, which were unfavorable for the precipitation. Also, it is also
suggested that reactions performed under 373K are inconvenient for our catalysts due
to the difficulty of handling over the water amount in liquid state. Thus, heating at
363K for two hours is chosen to be the better synthesis condition.

3.4 Structure of the CZA precursors and the catalysts

X-ray diffraction (XRD) patterns of the precursors synthesized by different urea
concentration and water amount were shown in Fig. 1. The peaks of aurichalcite and
hydrotalcite-like compounds were observed under initial solution of 3M urea diluted
by three times water, suggesting preferable structures with high dispersity can be
obtained from the chosen condition. Moreover, a significant increase of the intensity
was showed in the precursors prepared from 1M urea.

® CuO ® 0 [} ﬂ 7HP'CZA
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Fig. 3 X-ray diffraction (XRD) Fig. 4 X-ray diffraction (XRD)
figure of compounds prepared under figure of compounds prepared by HP and
different concentration of urea and CP method before and after heat

amount of water after heat treatment of treatment of 573K.
573K.



The phases formed after the experiments for varying reaction temperature and
reaction time were shown in Fig. 2. Among the precursors obtained from different
reaction temperature and reaction time, better structures were observed under 363K
for 5 hr, 368K for 2 hr and 368K for 3 hr due to the dispersity reason; however, 368K
for 2 hr was chose as the preferable condition both due to the appropriate pH values
and colorless solution.

XRD pattern of compounds after heat treatment was shown in Fig. 3.  After
calcination for three hours, the diffraction lines indicated the formation of copper, zinc
and aluminum oxide. A phase of zinc oxide was absent in compounds prepared from
1M urea diluted by three times water, which may due to the lower pH value. For the
Fig. 4, structures of hp-CZA are similar to cp-CZA both before and after the
calcination, while the broader peaks of hp-CZA were observed.

3.5 Morphology of the CZA precursors and the catalysts

The SEM images of the precursors prepared from different conditions are shown
in figure 5. Observation of the precursors clearly shows the formation of the bar-shape
structure were obtained from three molar urea. Fracture surface of the structures were
indicated when the molar ratio increase. For the precursors prepared from large
amount of water addition, the particles are assembly of plate-like structures, which is
unfavorable for the larger specific surface area. Under the conditions of 373K, the
particles showed fracture surface when reaction time is variable. After the calcination
at 573K, catalysts prepared by homogeneous precipitation showed flower-like shapes
on its surface, which may responsible for the larger specific surface area, while the
particles of control groups obtained from conventional precipitation method showed
serious aggregation. Thus, it is strongly proved that the serious aggregation during the
sintering can be reduced by preparation of homogeneous precipitation method.



(A) (B)

Fig. 5 SEM figures of catalysts prepared by conventional precipitation method (A)
and homogeneous precipitation method (B).
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3.6 The temperature programmed reduction process of CZA catalysts

The TPR profile of the catalysts prepared by HP and CP method was shown in
Fig. 6. Catalysts prepared by HP method show obvious lower reduction temperature
than the control groups, which may result in higher activity. Compared with hp-CZA,
wider temperature range was needed for cp-CZA during the reaction, strongly
suggesting a decrease of the homogeneity over the particles. Over the reduction
processes, the systems over the catalysts prepared both by CP and HP method were
complicated.

3.7 Dispersity for the CZA catalysts

Since the HP method can be used to generate the hydrolysis ions homogeneously,
it is highly expected that catalysts prepared by homogeneous precipitation method can
exhibit high homogeneity. The SEM mapping figures (Fig. 7) of CZA and CZCZA
both indicated that the homogeneous precipitation method is able to afford highly
dispersed metal particles, which may result in stable activity over the reforming
reaction of methanol.

Fig. 7 The SEM mapping of CuzZnCeZr precursors.



3.8 Methanol reforming reaction over the CZA catalysts
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Fig. 8 Steam reforming of methanol over HP-CZA (A) and CP-CZA (B).

The results of the steam reforming of methanol over the CZA catalysts prepared
by CP and HP method were shown in Fig. 8. Over the reactions, catalysts prepared by
HP method showed obvious higher methanol conversion than the control groups. The
phenomenon may refer to the effect of aggregation during the sintering were reduced
as the particles are highly dispersed HP method. Significant enhancements of the yield
of hydrogen production and selectivity of carbon dioxide were also exhibited,
suggesting the homogeneous precipitation method can afford highly catalytic activity
over the methanol reforming reaction.

3.9 Addition of cerium and zirconium for the CZA catalysts

In order to reduce the carbon monoxide side-product which can cause the
catalyst poisoning, cerium and zirconium were incorporated to the supports of the
CZA catalysts in the methanol reforming reaction. As a result, catalysts with varying
compositions were synthesized by homogeneous precipitation method.

For precursors without Al components and for catalysts with cerium and
zirconium, apparently lower reduction temperature was exhibited (Fig. 9), which may



result in higher activity. The yield of hydrogen production and methanol conversion
increased in the absence of aluminum over the catalysts modified by cerium and
zirconium (Fig. 10), owing to the formation of spinel structure with inherently high
thermal stability. Modification of cerium can greatly enhance the conversion of
methanol and yield of hydrogen production, and also for catalysts with zirconium
added. In addition, catalysts with cerium exhibit obvious lower selectivity of CO,
which may due to the oxygen storage capacity.

Incorporation of zirconium can further improve the catalytic ability, for the yield
of hydrogen production up to 98% and methanol conversion up to 96%. In addition,
apparent decrease in the selectivity of carbon monoxide is observed, owing to the
inhibition of the thermal sintering of CeO, by Ce-Zr mixed oxides formation.
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Fig. 9 Temperature programmed reduction (TPR) profiles of different catalysts
prepared by HP method.
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4. Conclusion

Under adequately controlled conditions, the reactivity of catalysts prepared by
homogeneous precipitation method was studied over the reforming reaction of
methanol. CZA catalysts obtained by homogeneous precipitation method exhibit
higher dispersity, lower reduction temperature as well as favorable structure in
comparison with the conventional precipitation method. In particular, presence of
flower-like shape suggests that the homogeneous precipitation method can afford
larger specific surface area. For the catalytic reaction over reforming of methanol,
catalysts prepared by homogeneous precipitation method perform better in methanol
conversion, yield of hydrogen production and higher carbon dioxide selectivity in
comparison with conventional precipitation. In the absence of aluminum, lower
reduction temperature and better performance over reforming of methanol was
observed. Further modification of cerium and zirconium can also improve the
catalytic ability; for 20 milligrams catalysts loading, higher methanol conversion and
yield of hydrogen production were exhibited.
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