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ABSTRACT

A series of CuO-ZnO-Al,O; nanoparticles over HZSM-5 were successfully prepared using
different methods of batch co-precipitation, semibatch co-precipitation and combined co-
precipitation-ultrasound. Nitrates of copper, zinc and aluminum were used as precursors, while
Na-ZSM-5 was employed as composite support and sodium carbonate was used as precipitant
agent. The effects of preparation methods on physicochemical properties of synthesized
nanoparticles were studied using XRD, BET, FESEM, FTIR and TGA-DTG techniques.
Furthermore, the formation mechanism of nanosized CuO-zZnO-Al,O; over HZSM-5 was
proposed. The formation of nanosized CuO-ZnO-Al,O; over HZSM-5 with homogeneous grain
size was addressed after calcination at 350°C for 5 hr. The results indicated that the crystalline
structure, thermal gravimetric behavior and surface morphology of the nanocomposite were
strongly dependent on preparation methods. The combined co-precipitation-ultrasound method
had superior control in crystallite size and CuO-ZnO-Al,O; dispersion. This method resulted in
many small grains with almost spherical shapes and narrow particle size distribution.

Keywor ds: ZnO-CuO-Al,O3;, HZSM-5, Nanoparticle, Co-precipitation, Ultrasound.

1. INTRODUCTION

An increasingly growing interest in
nanostructured inorganic materials has
been reported because of their distinct
properties from bulk materials. The
nanocomposite material can prove
optical, electronic and chemical proper-
ties in various applications [1-4]. The
nanotechnology influenced many che-
mical engineering fields such as
catalysis, separations, drug delivery
systems and integration of miniaturized
systems such as microreactors [5], fuel
cells [6], batteries and sensors [3, 7-9].
Among nanoparticle materials, CuO-
Zn0O-Al,03/HZSM-5 has a great ate-
ntion because of its wide applications in
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chemical engineering industries espe-
cially in catalytic direct conversion of
syngas to dimethyl ether [10-15].
Reported literature reveals that in the
most cases this nanoparticle can be
prepared via physically mixing of CuO-
Zn0O-Al,O3 nanoparticle with HZSM-5
zeolite, co-precipitation and impreg-
nation methods [16-20].

Many applications require nanoparticles
with a very exact nano and narrow size
distribution. Therefore, development of
innovative synthesis methods to control
size, morphology and assembly of
desired nanostructured material becomes
a challenge in this field. Thus, a great
number of efforts have been reported to
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accurate controlling of nanoparticles size
with a narrow size distribution. There are
many methods of deposition of nano-
sized materials over a support such as
precipitation [21-24], nitrate combustion
[25, 26], sol-gel [27] and sonochemical
techniques [28]. Among these methods,
the sonochemical technique is considered
as an efficient method, since it can
produce homogeneous and dispersed
nanoparticles without need for expensive
instruments and extreme conditions [29-
31].

The effect of ultrasound waves can be
attributed to the generation, growth and
collapse of micro bubbles in the
solution [32, 33]. If the cavitations
takes place close to the surface of the
particles, a jet of liquid penetrate inside
the bubble perpendicular to the
particles surface leading to formation
of high velocity microjet of liquid
toward the surface [34, 35].

The aim of this work is a systematic and
comparative  synthesis of  CuO-
ZnOAIl,03/HZSM-5 nanoparticles using
three different methods of batch co-
precipitation, semibatch co-precipitation
and combined co-precipitation-ultra-
sound methods. The effect of pre-
cipitation method and ultrasound on
structural properties of nanoparticle was
addressed using XRD, BET, FESEM,
FTIR and TGA-DTG techniques.

2. EXPERIMENTAL

2.1 Materials

Analytical grade chemicals of copper,
zinc, aluminum nitrates, as well as
sodium carbonate, ammonium nitrate
were supplied by Merck and used
without further treatment. Na-ZSM-5
with Si/Al = 21 and 300 m?/g surface
area was obtained from SPAG and used
after ion exchanged with NH;NO:s.

2.2 Nanoparticle Preparation and
Procedures

As shown in Figs. 1-3, preparation of
nanoparticle in all methods can be
divided into 3 steps. In all methods a

HZSM-5 sample was prepared from an
original NaZSM-5 powder by repeated
ion exchange with NH4NO3 solutions
followed by drying overnight and
calcination under air flow at 550°C for 5
hr (step b in all methods in Figs. 1-3).

2.2.1 Batch Co-precipitation

As illustrated in Fig. 1a, a slurry of
HZSM-5 powder (obtained from sec-
tion b) and metal nitrates ([Cu®*] +
[Zn?*] + [AI**]=1.0 M) with molar ratio
of Cu:Zn:Al=6:3:1 was prepared. It
should be noted that the weight ratio of
Cu0O-Zn0-Al,03 to HZSM-5 was kept
at 2:1. Then in stage c, batch co-
precipitation of metal oxides over
HZSM-5 was carried out using drop-
wise addition of 1.0 M aqueous
solution of sodium carbonate into the
metal precursors/support slurry under
continuous stirring at 70°C, until pH of
solution reached 7. After aging the
mixture for 1 hr under stirring at the
same temperature, the resulting pre-
cipitates were filtered out and washed
three times. The obtained solid was dried
at 110°C overnight and then calcined at
350°C under air flow for 5 hr.

2.2.2 Semibatch Co-precipitation

The major difference between batch
and semibatch methods is in mixing
procedures. As shown in Fig. 2 at first
stage (a), an aqueous solution cont-
aining metal nitrates ([Cu®'] + [Zn*'] +
[AP*]=1.0 M) with molar ratio of
Cu:Zn:Al=6:3:1 was prepared. Then in
stage c, this solution and a 1.0 M
aqueous solution of sodium carbonate
were drop-wise added simultaneously
into the slurry of HZSM-5 powder at
constant pH =7.0+£0.2 and temperature
of 70°C while continuously stirring.
Again the weight ratio of CuO-ZnO-
Al,O3 to HZSM-5 was kept at 2:1. The
mixture had been aged for 1 hr under
stirring at the same temperature. The
drying and calcinations steps were
performed as mentioned before.
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Fig. 1. Schematic flow chart for the preparation steps of CuO-ZnO-Al,0;/HZSM-5

nanoparticle via batch co-precipitation method.
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Fig. 2. Schematic flow chart for the preparation steps of CuO-ZnO-Al,0;/HZSM-5

nanoparticle via semibatch co-precipitation method.
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2.2.3 Combined Co-precipitation-Ultrasound
In this method co-precipitation process
was combined with ultrasound method
to enhance metal oxide dispersion over
the support. As can be seen in Fig. 3, in
first stage (a) the metal oxide solid
mixture was prepared using semibatch
co-precipitation method. At this stage,
a 1.0 M aqueous solution of metal
nitrates ([Cu®*] + [Zn*] + [AI**] = 1.0
M) with molar ratio of Cu:Zn:Al=6:3:1
and 1.0 M aqueous solution of sodium
carbonate solution were drop-wise
added simultaneously into deionized
water at constant pH=7.0 £+ 0.2 and
temperature of 70°C while continuously
stirring. After the mixture had been
aged for 1 hr under stirring at the same

(a) Active phase synthesisvia co-precipitation: CuO/ZnO/Al,O4

temperature, the resulting precipitates
were filtered and washed out three
times. At final steps of this stage, the
solid obtained was dried at 110°C
overnight and then calcined at 350°C
under air flow for 5 hr. At this stage
Cu0O-Zn0-Al,03 nanoparticle was pre-
pared. At final stage (c), the synthe-
sized nanoparticle was added to the on
HZSM-5 slurry with 2:1 weight ratio
and treated by pulsed ultrasound probe
(Bandelin). The ultrasound irradiation
condition was: 90 W for 45 min in
which 600 seconds current pulse time
and 30 seconds rest time, in argon
atmosphere. The obtained solution was
dried at 110°C overnight and then
calcined at 350°C under air flow for 5 hr.

(b) Support treatment viaion exchange
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Fig. 3. Schematic flow chart for the preparation steps of CuO-ZnO-Al,0;/HZSM-5
nanoparticle via combined Co-precipitation-ultrasound method.

2.3 Nanoparticle Characterizations

i [NazSM-5 | [ NH,NO,(1M ag. solution) |
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Structural identification and morpho-
logical analysis were addressed using
powder X-ray diffraction patterns in 260
range from 5 to 70° using Siemens
diffractometer D5000 with monochro-
matized Cu-Ka radiation at 40 kV and
30 mA. The diffraction pattern was
identified using those included in the
Joint Committee of Powder Diffraction
Standards (JCPDS) data base. The
crystal sizes were evaluated from full
width at half maximum of the XRD
peaks by using Scherrer equation. The
microstructure and morphology was
studied by field emission scanning
electron microscopy (HITACHI S-
4160). The surface area of nano-
particles was characterized by nitrogen
adsorption and desorption isotherms
obtained at -196°C using a Quanta-
chorom apparatus. Furthermore, the
carbonate and nitrate content in each
sample was determined gravimetrically
by a thermal analysis system (pyris
diamond TGA/DTA). The sample
temperature was linearly raised from
room temperature to 500°C at a rate of
10°C/min under air flow. The carbonate
and nitrate content of the testing sample
was estimated from the weight loss in
the TGA profiles. Finally, FTIR analy-
ses were done by UNI-CAM 4600
Fourier Spectrometer in the range of
400-4000 cm™ using a KBr pellet
containing the corresponding sample.

3. RESULTSAND DISCUSSION

3.1 XRD Analysis

XRD patterns and average crystallite
size of the nanoparticle prepared using
different methods are shown in Fig. 4
and Table 1, respectively. Crystallo-
graphic analysis showed that intensity of
peaks varied in three samples addressing
different amount of crystallite phase
formed using different methods. Results
indicated that the HZSM-5, CuO and
ZnO were main components of the
nanoparticle, while there were no peaks
that can be assigned to Al,O3. This

5

observation is suggested that Al,O3; was
highly dispersed and/or was amorphous
that is in good agreement with previous
studies [36].

The HZSM-5 diffraction pattern had
peaks at 26=7.93° and 23.15° indicated
that the support had few defects, and a
high degree of crystallinity. In the XRD
patterns, there were rather strong peaks
at 26=35.6° and 38.9° that can be
assigned to CuO and can be indexed to
the monoclinic phase of CuO (JCPDS
01-080-1268). The peaks at 26 =31.96°
and 36.25° are ascribed to hexagonal
phase of ZnO (JCPDS 01-076-0704). It
is observed that the peaks are the most
diffused and the peaks of CuO and ZnO
had overlap. For example, the peak of
ZnO at 26 of 36.25° is severely covered
by the peak of CuO at 26 of 35.6°.

The width of the diffraction lines of
CuO phases in the CuO-ZnO-Al,04/-
HZSM-5 nanoparticle changed with
utilization of different preparation met-
hods. The copper diffraction peaks of
the nanoparticles synthesized using
combined co-precipitation-ultrasound
method became wider and smaller than
copper diffraction peak in other
preparation methods. This result indi-
cated that the average crystallite size of
CuO in this method (7.75 nm) was
smaller than those of batch (21.3 nm)
and semibatch (14.3 nm) methods. The
average crystallite size of ZnO in
semibatch co-precipitation and comb-
ined co-precipitation-ultrasound met-
hods were very close (~29-32 nm),
while using batch co-precipitation
method led to increase of average
crystallite size (36.1 nm). However, the
average crystallite size of ZSM-5 didn’t
change in all of the methods. In
addition, the peak intensity of line in
XRD patterns of semibatch co-pre-
cipitation and combined co-precip-
itation-ultrasound methods were less
than batch co-precipitation method.
These results showed that CuO and
ZnO phases in the samples synthesized
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using semibatch co-precipitation and
combined co-precipitation-ultrasound
methods were well interacted and
dispersed. According to Figueiredo et
al. [37], the interaction between CuO
and ZnO is an important parameter to
determine the catalytic activity of these
nanoparticles.

3.2FESEM Analysis

The morphology of calcined nanoparticles
prepared by different methods is shown
in Fig. 5. Since morphology of HZSM-
5 is cubic, it can be concluded that the
CuO-Zn0-Al,O3 nanoparticle prepared
by batch and semibatch co-precipitation
methods contains big grains and had

lower dispersion in compare of the
sample was prepared by combined co-
precipitation-ultrasound method. When
the ultrasound energy was applied,
each particle consists of many small
grains whose shapes are almost
spherical. The FESEM image of the
nanoparticle shows a close contact of
CuO-Zn0O-Al,03 and HZSM-5. This
indicates that the ultrasound plays an
important role on controlling the mor-
phology of the nanoparticles. Without
ultrasonic processing, a mixture of
spherical and leaf-like morphology was
obtained.

(a) ZSM-5
(b) Batch co-precipitation
(c) Semibatch co-precipitation

Intensity

(d) Combined semibatch co-precipitation-ultrasound
A

A ZSM-5
e Copper oxide
4 Zinc oxide

5 10 15 20 25 30

40 45 50 55 60 65 70

260 (degree)
Fig. 4. XRD patterns of ZSM-5 (a) and synthesized CuO-ZnO-Al,05/HZSM-5 nanoparticles
via batch co-precipitation (b), semibatch co-precipitation (c) and combined co-precipitation-
ultrasound (d) methods.
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Fig. 5. FESEM images of ZSM-5 (a) and synthesized CuO-ZnO-Al,0s/HZSM-5 nanoparticles
via batch co-precipitation (b), semibatch co-precipitation (c) and combined co-precipitation-
ultrasound (d) methods.
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Table 1. Structural properties of CuO-ZnO-Al,0,/HZSM-5 nanoparticles synthesized via batch co-
precipitation, semibatch co-precipitation and combined co-precipitation-ultrasound methods.

Method Sger?  Crystallite size® (nm) Crystallite phase
(m’lg) ZSM-5 CuO  ZnO ZSM-5° Cu0® Zn0°

Support 247 21.6 - - Monoclinic - -
Batch co-precipitation 128.8 20.4 213 36.1 Monoclinic  Monoclinic  Hexagonal
Semibatch co- 140.4 21.3 143 321 .. Monoclinic

o Monoclinic Hexagonal
precipitation
Combined Co- 1096 198 7.75 292  Monoclinic Monoclinic Hexagonal

precipitation-ultrasound

a. Crystallite size estimated by Scherre’s equation.

b. Reference code (JCPDS): 00-042-0024
¢. Reference code (JCPDS): 01-080-1268
d. Reference code (JCPDS): 01-076-0704

Fig. 6 shows the size distribution of the
nanoparticles prepared using combined
co-precipitation-ultrasound method.
The analysis was carried out using
ImageJ software. It can be seen that the
majority of nanoparticles have a small

30

size around 30-60 nm with narrow size
distribution. Using this analysis the
mean size distribution of metal oxide
phase over HZSM-5 is estimated 48.67
nm.

Average = 48.7 nm
Min =25.2 nm
o5 | Max =126.4 nm

20.8

= N
6] o

Frequency (%)
o

Particles < 100 nm: 98.6%

=
o
®
o
=
I
—

90-100 |,
100-110;
110-120|;

Active phase size (nm)

Fig. 6. Estimation of active phase size distribution of synthesized CuO-ZnO-Al,03;/HZSM-5
nanoparticle via combined co-precipitation-ultrasound method using FESEM image.
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3.3BET Analysis

Table 1 compares the surface area of
synthesized nanoparticle using different
preparation methods. The HZSM-5 has
shown high surface area of 300 m%g,
however loading of CuO-ZnO-Al,0Os
decreases the specific surface area of
synthesized samples in all methods.
Results indicated that the surface area of
the sample synthesized via semibatch
co-precipitation method is 140 m?g,
which is the highest obtained surface
area among used methods in this
research. In the batch co-precipitation
method, the surface area is 129 m?/g and
smallest surface area is obtained when
combined  co-precipitation-ultrasound
method was used (110 m%g). The
lowest value of surface area of the
nanoparticle prepared via combined co-
precipitation-ultrasound method can be
attributed to small particle size of CuO-
Zn0O-Al,O3 and strong contact of them
to ZSM-5. This can be addressed by
plugging the pore structure of ZSM-5
with CUO-ZHO-A'zog.

34TG-DTG Analysis

Fig. 7 shows TGA-DTG analysis of
non-calcined CuO-ZnO-Al,03/HZSM-5
nanoparticles synthesized via batch co-
precipitation (a), semibatch copre-
cipitation (b) and combined co-pre-
cipitation-ultrasound (d) methods. Fur-
thermore, TGA-DTG analysis of cal-
cined nanoparticle which was synth-
esized via semibatch copre-cipitation is
shown in Fig. 7c. In all methods the
decomposition started at 100°C and was
completed at 400°C.

In batch and semibatch co-precipitation
methods (Fig. 7a and b, respectively)
the decomposition of the precursor

9

proceeded in one step. Before decom-
position step, the nanoparticles lost 3-
5% of their weight between 100 and
150°C due to desorption of physisorbed
and chemisorbed water. At decom-
position stage, the weight loss took
place between 150 and 400°C and
precursor lost 12-16% of its weight in
this step. It can be attributed to the
decomposition of carbonate precursors,
so that the decomposition at these high
temperature regions produces water and
carbon dioxide simultaneously. Since
consumption of the sodium carbonate in
batch co-precipitation method was
higher than semibatch co-precipitation
method, the weight loss due to
carbonate decomposition in batch co-
precipitation was higher than semibatch
co-precipitation method.

In combined co-precipitation-ultraso-
und method (Fig. 7d), there was only
one weight loss step between 100 and
150°C. This step can be attributed to
the evaporation and removal of the
surface adsorbed water. According to
the synthesis procedure, in this method
firstly CuO-ZnO-Al,0; metal oxides
were synthesized by co-precipitation
method, then sonochemically dispersed
over HZSM-5 after calcination at
350°C. Therefore, there were no pre-
cursor carbonates in sonochemical
treated slurry. This is the reason why
there was no decomposition stage for
this nanoparticle. TGA analysis shows
that carbonates have been decomposed
before 350°C, which indicates that this
temperature is suitable for calcination
of synthesized nanoparticles.



R. Khoshbin, M. Haghighi /CSM Vol.1 No.1, 2013 pp.1-16

10
100 — 1000
(a) Batch co-precipitation
(b) Semibatch co-precipitation (before calcination)
(c) Semibatch co-precipitation (after calcination)
(d) Semibatch co-precipitation-ultrasound —
95 A 800.£
E
~~
(@]
=)
— ~
§ 0
~ 90 - 600 ©
0 i)
%)
i) T ) b=
= N P g 2
Dxlig T T : o
'% 85 A 2 —"&gz’“‘”-f‘ﬂ‘”’”"' 400 =
= o ‘ ‘ ‘ ‘ 1\ TGA: Weight loss (%) ()
0 60 80 100 120 140 160 i \ DTG: Derivative weight loss (ug/min) - E
: ©
2
| e (b) 5 E
o0l P 1o
T B (©) "
75 ';":i‘:ltft'.'-‘ Sols .'..:‘:;:::“n-- ; RS SX TP TITRT LN e PPN dideniiiisn syl ol ‘ 0
0 50 100 150 200 250 300 350 400 450 500

Temperature (°C)
Fig. 7. TG-DTG analysis of synthesized CuO-ZnO-Al,0s/HZSM-5 nanoparticle via batch co-
precipitation (a), semibatch co-precipitation (b-c) and combined co-precipitation-ultrasound
(d) methods. (a, b, d: before calcinations, c: after calcinations)

3.5FTIR Analysis

Fig. 8 shows FTIR spectrum of synth-
esized CuO-ZnO-Al,03/HZSM-5 nano-
particles via different methods. As can
be seen in Fig. 8, FTIR patterns of
synthesized nanoparticles have similar
trend in all of methods. Results proved
that CuO and ZnO phases were formed
and HZSM-5 structure was not dam-
aged during nanocomposite synthesis
steps. The FTIR spectrum of HZSM-5
showed bands at 455, 555, 800, 1095
and 1240cm™, which are assigned to
different vibrations of tetrahedral and
framework atoms in HZSM-5 [38].

The strongest absorption peak at 1095
cm™ is assigned to the framework
stretching vibration band of Si(Al)-O in
tetrahedral Si(Al)O4 in raw HZSM-5 .

The position of this bond remains
almost unchanged in all of nano-
composites, indicating that HZSM-5
structure is not destroyed even after it
is loaded with CZA nanoparticles.
Furthermore, not any characteristic
bond was observed for other impurities
such as Cu(OH), or Zn(OH), in FTIR
patterns. These results support and
complement the XRD data. Further-
more, the broad absorption band at
3450 cm™ was attributed to the
hydroxyl groups, which were exten-
sively hydrogen, bonded. The band at
ca. 1645 cm™ was assigned to the
bonding vibrational mode of the
interlayer water molecules [39].
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Fig. 8. FTIR spectrum of ZSM-5 (a) and synthesized CuO-ZnO-Al,03/HZSM-5
nanoparticles via batch co-precipitation (b), semibatch co-precipitation (c) and
combined co-precipitation-ultrasound (d) methods.

3.6 Reaction Mechanism of CuO-ZnO-
Al,O; Nanoparticle Formation over
HZSM-5

Fig. 9 shows the effect of calcination
process on structural properties of the
synthesized nanoparticle via semibatch-
co-precipitation method. As can be
seen in Fig. 9, after calcinations many
bands related to organic materials were
eliminated. The IR spectrum of
noncalcined sample indicates the
presence of carbonate ions. The strong
absorption band at 1400 and 1500cm™
originates from the COs* ion. The IR
bands observed below 1000 cm™ can
be attributed to carbonate and the metal

hydroxyl modes (M = Cu, Zn and Al)
[40, 41].

As can be seen in Fig. 7b, there is a
major weight loss step in non-calcined
sample. It may be due to decomposition
of carbonate to CO, and H,O. How-
ever, in calcined sample (Fig. 7¢) there
is only one weight loss step of water
desorption between 100-200°C. This
result is confirmed by FTIR analysis

(Fig. 9)
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Fig. 9. FTIR spectrum of synthesized CuO-ZnO-Al,03/HZSM-5 nanoparticle via semibatch
co-precipitation method before (a) and after calcination (b) at 350°C.

According to the results of FTIR and
TG-DTG analysis, the mechanism of
the formation of CuO-ZnO-Al,0;
nanoparticle over HZSM-5 is suggested
by reactions steps of (1)-(4) and
reaction network shown in Fig. 10. As
can be noted, the process composed of
four steps. Firstly, sodium carbonate
was hydrolyzed and sodium hydroxide
and carbonic acid was obtained. Then
CO5* was formed from decomposition
of carbonic acid according to reaction
(2). In the metal nitrate solution, the
positive ions are copper (Cu), zinc (Zn)
and aluminum (Al) while the nitrate
(NO3) is the negative ion. It can be
noted that in the sodium hydroxide
solution, the sodium (Na) is the
positive ion and the (OH) is the

negative ion. When metal nitrate
solution and sodium hydroxide was
mixed, an ion exchange was carried out
and the metal and sodium ions were
exchanged in the compounds. One of
the products formed after this ion
exchange are metal hydroxides Cu(OH),
,Zn(OH), and AI(OH); which are in-
soluble, green gelatin-like solid and was
precipitated on HZSM-5 to form [CuZn-
Aly(OH)10] HZSM-5 (CO3)s (H20),. The
other products are soluble in water and
remain in the liquid phase. Finally,
nanosized CuO-ZnO-Al,O3 /HZ-SM-5
was synthesized after the calcination of
[CuznAly(OH)10]HZSM-5(CO3)s
(H20)nl.
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Fig. 10. Reaction mechanism of formation of CuO-ZnO-Al,O; nanoparticle over HZSM-5
synthesized via semibatch co-precipitation method.

4, CONCLUSION

CuO-ZnO-Al,05/ZSM-5  nanoparticle
was prepared employing batch co-
precipitation, semibatch co-precipitation
and combined semibatch co-precip-
itation-ultrasound methods followed by
calcination at 350°C for 5 hr succ-
essfully. XRD patterns and FTIR ana-
lysis were addressed the formation of
Cu0O-Zn0-Al,03 nanoparticle over HZS-
M-5. Results indicated that the ultra-
sound energy affected the physic-
chemical features of synthesized nano-
particles. Therefore, the sample prepared
by this method has favorable chara-
cteristics such as small grain size and
small crystallite size. A possible pathway
of precipitation process is proposed
based on the FTIR and TGA analysis.
TGA-DTG analysis showed that 350°C
was a suitable temperature for calci-
nations of synthesized nanoparticles.
Further investigations of the other

preparation methods for synthesis of
nanoparticle are currently underway.
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