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CuO, MgO, and ZrO: Loading on HZSM5 by Deposition-precipitation:
Study of Crystallinity, Specific Surface Area, and Morphology
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* Corresponding author: Abstract: Bifunctional catalysts are often used in multiple reactions to synthesize certain
products. The catalytic activity of bifunctional catalysts is influenced by parameters such
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as crystallinity, specific surface area, metal distribution, and morphology. Bifunctional
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Accepted: March 23, 2022 support often affects these parameters. Therefore, this research was conducted to
DOI: 10.22146/ijc.72255 determine the effect of CuO, MgO, and ZrO; addition to HZSM5 on these parameters.

The often-used loading method was deposition precipitation. The pH of the metal-support
precursors’ solution was increased to basic (pH of 8) to deposit the metal on the support.
The loading effect was investigated by producing the following materials: CuO/HZSM35,
CuO/ZrO,/HZSM5, CuO/MgO/HZSM5, and CuO/MgO/ZrO,/HZSM5. Each material
was characterized using XRD, SAA, SEM, Mapping, EDS, and XRF. The results showed
that all metal oxides could be embedded in the HZSM5. The loading of CuO, MgO, and
ZrO, to HZSM5 did not affect the crystallinity (structure) and morphology, increased the
specific surface area, and was evenly distributed inside the pore of HZSM5. Further
research is needed to determine the effect of crystallinity, specific surface area, and
morphology on other metals and support types.
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m INTRODUCTION area, and morphology. Meanwhile, several studies
showed an excellent catalyst gives a good performance

The application of catalysts in the industry is
related to the high crystallinity [3], high surface area [4],

essential. Most of the chemical industry uses catalysts for S
porous morphology [5,6], and metal distribution on
support [5,7]. Therefore, it is crucial to study the effects
of metal addition to support the bifunctional catalyst of
direct DME synthesis.

CuO, MgO, and ZrO, have impressive abilities as

certain product formations. Sustainable production
requires suitable chemical processes and catalysts [1]. One
of the uses of catalysts is in the DME manufacturing
industry. Several industries use two reactors with the help
of two catalysts, namely metal (for the CO/CO,
hydrogenation reaction to methanol) and solid acid (for
the methanol dehydration reaction to DME). However,

metal catalysts to synthesize methanol. CuO is a catalyst
for methanol synthesis from CO, [8-9] or CO [10].
Adding MgO or ZrO, can increase the formation of
methanol [11-12]. One of the solid acids often used in
the dehydration reaction of methanol to DME is
HZSM5. The selection of HZSM5 is based on a high
acidic site on the surface [13-14], high stability [11],
large surface area, and pore diameter (5 to 7 A) [15].

this method requires a lot of costs [2]. Therefore, many
studies have combined metals and solid acids to produce
bifunctional catalysts so that reactions in two reactors can
occur instantly in one reactor assisted by this catalyst.
However, the metal addition to the support (solid acid)
often affects the catalyst's crystallinity, specific surface
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Deposition-precipitation involves a metal precursor
precipitation onto a suspended support material by
increasing the pH of the metal salt solution [16]. The
addition of NH,OH (as precipitant) at room temperature
is one method to increase pH steadily [4]. The metal
nucleation process is induced under primary conditions,
so compounds with low solubility are formed [17].

Several studies on metal addition on the support
have been published. CuO, ZnO, and MgO were loaded
on Y-ALQ; via the deposition-precipitation method at a
pH of 7. The increase in specific surface area from 79 m*/g
to 95.9 m*/g occurred with 20% Mg. Magnesium reduced
Cu agglomeration so that the metal surface area was
increased. However, the loading of 20% Mg decreased the
crystallinity of the catalyst by 30%. The catalyst morphology
showed degradation and distortion [12]. The MgO loading
into the Cu-mordenite via deposition-precipitation method
at pH of 8 showed a decrease in the specific surface area
proportional to the Mg loading percentage from 0.1 to
0.4% [4]. The Mg loading did not affect the crystallinity of
the catalyst because Mg was maximally dispersed. Analysis
using FESEM showed that the catalyst morphology was
not significantly affected by the loading of MgO [4]. The
CuO, ZnO, ZrO,, and ALOs loading to y-ALOs by the
deposition-precipitation method at a pH of 7 was carried
out by Ren et al. [11]. The ZrO, loading to the support
caused a decrease in the specific surface area, from 128
m’/g to 109 m*/g. In addition, the ZrO, loading increased
the Cu dispersion from 16.3% to 18.9% [11].

In this research, CuO, MgO, and ZrO, were loaded
on HZSMS5 for bifunctional catalysts manufacture, namely
CuO/HZSM5, CuO/ZrO,/HZSM5, CuO/MgO/HZSM5,
and CuO/MgO/ZrO,/HZSM5.
compared to determine the effect of adding CuO, MgO,

Each material was

and ZrO,. The impact of loading on crystallinity, specific
surface area, and morphology was studied to obtain the
high performance of bifunctional catalyst with high
crystallinity, largest specific surface area, well-dispersed
metals, and porous morphology.

m EXPERIMENTAL SECTION
Materials
Zeolite type HZSM5 99% (Si/Al = 26) from ACS
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material was used as catalyst support. Cu(NOs),:3H,O
99%, MgCl-6H,O 99%, and ZrOCL-8H,O 99% from
Merck were used as the CuO, MgO, and ZrO,
precursors.

Instrumentation

Materials  were  characterized by X-ray
(XRD) Rigaku Miniflex 600 to
investigate the effect of metal oxides loading on the
crystallinity and X-ray Fluorescence (XRF) BRUKER §2

Ranger to determine the metal oxide content (wt.%).

Diffractometer

Crystallinity was determined using the XRD spectra of
each material. Calculation of crystallinity was performed
using Eq. (1):

area of crystalline peaks

% Crystallinity = (1)

Total area (crystalline and amorphous)

XRD analysis was conducted at a Bragg angle of 5-
90° (20) at room temperature. Refinement analysis was
performed using Le Bail Methods with Rietica software
to find the best fitting with the ICSD standard. The
similarity between XRD Data and ICSD standard was
represented as Rp and Rwp.

The nitrogen adsorption-desorption technique
measured the material's surface area. The instrument
used was Quantachrome NovaWin Version 11.04. The
multi-point BET method was used to calculate the
specific surface area using Eq. (2):

4.355
intercept + gradient

(2)

Sper (m”/g)=

The metal oxides loading effect on the morphology
of materials was characterized by Scanning Electron
Microscopy-Mapping-Energy Dispersive Spectroscopy
(Phenom Desktop ProXL). The use of SEM images to
determine porosity and particle diameter distribution.
Surface porosity analysis was determined by the
literature using SEM data [18-20]. Porosity can be
calculated by Eq. (3).

Volume of pores

Porosity (%)= %100 (3)

Total volume

The diameter of each particle depicted in the SEM
image was measured by Image] software and processed
by OriginPro 2021 software to determine the diameter
distribution of particles [20].
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Procedure

The mixture of metal and HZSM5 precursors was
prepared according to Table 1. Firstly, each metal
precursor was dissolved in the distilled water and placed
in a 250 mL beaker glass over a hot plate heater with
stirring. After the solution was dissolved entirely, HZSM5
was added to the solution. The solution pH was adjusted
to 8 by adding NH,OH 0.05 M. The solution was stirred
at 400 rpm, 85-90 °C for 2 h. A slurry solution was cooled
to room temperature and filtered by a Buchner filter. An
evaporator dried the wet solid at 60 °C for 6 h. Then, the
dry solid was calcinated at 550 °C for 4 h.

m  RESULTS AND DISCUSSION

The impregnation of CuO, MgO, and ZrO, on
HZSM5 was performed using the deposition-precipitation
technique. The loading scheme is explained in Fig. 1. The
effect of these metal oxides loading was tested for
crystallinity, specific surface area, and morphology.

XRD and XRF Analysis

Fig. 2 shows the XRD spectra of the support before
and after loading. The peaks at 26 (°) 7.95, 8.79, 23.01,
23.84, 24.54, and 45.18° support XRD spectra are identical
to HZSM5 [21-23]. After metal oxides loading, there was
no change in these peaks because metal oxides loading did
not damage the structure of HZSM5.

Table 2 shows the effect of CuO, MgO, and ZrO,
loading on crystallinity. The crystallinity did not
significantly change after metal oxides loading compared
with the support (HZSM5). It proves that the metal oxides
loading did not damage the structure of HZSM5.

The characteristic peaks of CuO, MgO, and ZrO, are
not visible in the XRD spectra (Fig. 2) because they were
evenly dispersed over the HZSM5 surface [23-24]. The

same results were also obtained by Tursunov et al. [23],
Din et al. [4], and Magomedowa et al. [24].

Refinement analysis was shown by The Le Bail plot
in Fig. 3. The similarity between the experimental XRD

M

3

M(OH)n

1. Originally, the metal precursors were ion.

2. Metal mixing was carried out at pH = 8 (base)
caused the formation of metal hydroxide.

M(OH)n

HZSM5
(as carier)

H,0

HZSM5
(as carier)

M(OH)n Calcination
H,0

H,0
3. Precipitation of metal
hydroxide on the carrier
occured due to decreasing
metal solubility.

4. Calcination caused the formation
of water vapor and metal oxides
(M-Ox).

Fig 1. Scheme of CuO, MgO, and ZrO, formation
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Fig 2. XRD spectra of materials: (a) HZSM5, (b)
CuO/HZSMS5, (c) CuO/MgO/HZSMS5, (d)
CuO/ZrO,/HZSM5, (e) CuO/MgO/ZrO,/HZSM5

Table 1. Composition of metal and HZSMS5 precursors

Materials Precursor
Cu(NO3)»3H,0 (g) MgCl-6H,O (g) ZrOClL-8H,O (g) HZSMS5 (g)
CuO/HZSM5 1.9 - - 10
CuO/MgO/HZSM5 1.9 0.8 - 10
CuO/ZrO,/HZSM5 1.9 - 0.4 10
CuO/MgO/ZrO,/HZSM5 1.9 0.8 0.4 10
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spectra and the tested ICSD

standard

Table 2. Crystallinity
Materials Crystallinity (%)
HZSM5 79
CuO/HZSM5 79
CuO/ZrO,/HZSM5 81
CuO/MgO/HZSM5 81
CuO/MgO/ZrO,/HZSM5 81

pattern data and standard ICSD data were analyzed using
the Le Bail method with Rietica software. The smaller
value of Rp and Rwp represented that the standard tested
is acceptable.

Each Le Bail plot in Fig. 3 shows a Rp and Rwp below
10. These results indicate a good fitting between the XRD

[25-26].

Refinement analysis exhibited a good fitting between
HZSM5 and ICSD 61010 (space group symmetry:
Pn21a, orthorhombic crystal system, lattice parameters:
a=20.09 A;b=19.97 A; c=13.36 A, angle between axes:
a=B=y=90°and Z = 1), CuO and ICSD 1381 (space
group symmetry: 141, tetragonal crystal system, lattice
parameters: a =b = 5.817 A;c=9.893 A, angle between
axes:a =P =y =90°and Z = 1), MgO and ICSD 159376
(space group symmetry: Fm-3m, cubic crystal system,
lattice parameters: a=b = c = 4.212 A, angle between axes:
a=p=y=90°and Z = 4), ZrO, and ICSD 57451 (space
group symmetry: C1, monoclinic crystal system, lattice
parameters: a =5.1459 A;b=5.2115A;¢c=5.3128 A, angle
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Fig 3. The Le Bails plot-supported XRD data with ICSD standard. XRD data (black); ICSD standard peaks (blue);
calculation result (red); difference experiment data and calculation result (green)
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Table 3. Lattice parameter and cell volume of HZSM5 before and after metal oxide addition

. Lattice parameter (&) Cell volume
Materials ) 5 C (A%
HZSM5 20.088 19.903 13.392 5340.515
CuO/HZSM5 20.098 19.891 13.387 5351.538
CuO/MgO/HZSM5 20.131 19.908 13.389 5365.801
CuO/ZrO,/HZSM5 20.127 19.893 13.372 5353.833
CuO/MgO/ZrO,/HZSM5 20.184 19.908 13.389 5370.292

between axes: o = 90°% B=99.222°% y = 90° and Z = 4).

The CuO, MgO, and ZrO, addition caused a
decrease in Rp and Rwp. Adding three metal oxides at
once to HZSM5 showed the most reduction in Rp and
Rwp. The reduction of residual factor value (Rp and Rwp)
indicates the metal oxides' existence and the stability of
the support (HZSM5) [25].

The metal oxides addition in HZSM-5 caused a
stretching and contraction of the lattice parameters
(Table 3). It indicates the presence of metal oxide
insertion in HZSM5. The lattice parameter value of
support before and after metal oxide loading was not
significantly different, indicating the stability of the
HZSM5 structure [25]. Meanwhile, the increase in cell
volume also suggests the occurrence of metal oxide
embedding in HZSM5 [25].

Table 4 represents a metal oxide content in HZSM5
and CuO/MgO/ZrO,/HZSM5. SiO, and ALO; contents
decreased because of the total mass increase after CuO,
MgO, and ZrO, loading. Based on XRF analysis, CuO,
MgO, and ZrO, were successfully added to HZSM5 in
10.62, 6.40, and 6.60%, respectively.

Surface Area Analysis

Fig. 4 shows the multi-point BET graph. Based on
Fig 4, it can be seen that each material has a linear graph.
Table 5 represents the support-specific surface area
(HZSM5) before and after metal oxides loading. The
CuO, ZrO,, and MgO loading to the support caused an
increase in the specific surface area. The Sggr value of the
support (HZSM5) is lower than other materials. The
increase in the specific surface area exhibits that metal
oxides did not cover the support’s pores [3,27], were
evenly distributed on the support [3], and did not cause
damage to the support [28-29].

The loading of MgO or ZrO, to CuO/HZSM5
produces in different specific surface areas. The specific
the surface area of CuO/MgO/HZSMS5 is larger than

Table 4. XRF data of HZSM5 and
CuO/MgO/ZrO,/HZSM5
HZSM5 CuO/MgO/ZrO,/HZSM5
Compounds
(wt.%) (wt.%)
Sio, 96.19% 74.4%
ALO; 2.81 % 0.98%
CuO - 10.62%
MgO - 6.40%
ZrO, - 6.60%
0.008 1
——HZMS5
0.007 1 CUO/HZSMS .
CuO/MgO/HZSM5 d
0.006 1 Cu0/Zr0./HZSM5
0,005 | CuO/MgO/ZrO,/HZSM5 /
s ,
n:'.i 0.004 4
,5_ 0.003 1
0.002 1
0.001 41
0 T v
0.05 0.15 0.25
Po/P
Fig 4. Multi-point BET Graph
Table 5. Surface area analysis
Material Sper (m?/g)
HZSM5 171.457
CuO/HZSM5 275.633
CuO/ZrO,/HZSM5 280.968
CuO/MgO/HZSM5 286.513
CuO/MgO/ZrO,/HZSM5 270.497
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CuO/ZrO,/HZSM5 due to the different sizes of MgO and
ZrO,. MgO has a smaller size than ZrO,, so MgO is more
evenly distributed than ZrO, and does not excessively
cover the pores of HZSM5. The CuO, MgO, and ZrO,
loading at once to the HZSM5 causes a lower specific
surface area  than = CuO/MgO/HZSM5  and
CuO/ZrO,/HZSM5 because more metal oxides were
deposited on the support surface, resulting in some of
them entering the pores.

Morphology Analysis

Fig. 5 shows SEM images of HZSM5 and
CuO/MgO/ZrO,/HZSM5. HZSM5 has a spherical
morphology. The CuO, MgO, and ZrO, loading to
HZSM5 did not affect its morphology because of the
unchanged morphology of CuO/MgO/ZrO,/HZSMS5, as
seen in Fig. 5(b) and 5(d). The same results were also
obtained by the research of Din et al. and Ren et al., in
which they have successfully loaded CuO, MgO, and ZrO,
to the support without damaging or affecting the material
morphology [4,11].

The CuO/MgO/ZrO,/HZSM5 EDS spectra show the

Indones. J. Chem., 2022, 22 (3), 835 - 844

appearance of new peaks from Cu, Mg, and Zr compared
to the HZSM5 EDS spectra (Fig. 6). These results prove
the success of loading CuO, MgO, and ZrO, on HZSM5
(presented as total metal). The decrease in Si, Al, and O
content was caused by an increase in the total mass of
the material after adding Cu, Mg, and Zr. Based on EDS
analysis, Cu, Mg, and Zr were deposited at 48.56, 0.14,
and 0.55%, respectively.

SEM images of HZSM5 and CuO/MgO/Zr/HZSM5
in Fig. 5 (with 10000x magnification) were used to
calculate surface porosity. Table 6 shows the surface
porosity of HZSM5 and CuO/MgO/Zr/HZSMS5, i.e., 55
and 53%, respectively. There was no significant change
in the material's surface porosity after CuO, MgO, and
ZrO, loading. Therefore, it can be concluded that the
loading of CuO, MgO, and ZrO, to HZSM5 did not
change the morphology or excessively close up the pores.
The result follows the description of the surface area
analysis, which shows that the metal oxides did not enter
the support pores. The insignificant change in surface
porosity indicates the absence of volume and pore
diameter expansion. Therefore, metal oxides loading does

Fig 5. SEM Images of HZSM5 (a) 10000x, (b) 20000x; and CuO/MgO/ZrO,/HZSM5 (c) 10000x, (d) 20000x
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Table 6. Surface porosity analysis by SEM images

Materials Porosity (%)
HZSM5 55
CuO/MgO/ZrO,/HZSM5 53

not cause isomorphic substitution with Si*' in the

framework [30].

The measurement of particle diameter distribution
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Fig 7. Diameter Distribution of (a) HZSM5 and (b) CuO/MgO/ZrO,/HZSM5
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Fig 6. EDS Spectra: (a) HZSM5 and (b) CuO/MgO/ZrO,/HZSM5

was done by Image] software using SEM images. Fig. 7
shows the diameter distribution for HZSM5 and
CuO/MgO/ ZrO,/HZSM5. Each image has a peak that
shows the highest diameter value. The peak of HZSM5
ranged from 0.5-0.55 um. The loading of CuO, MgO, and
ZrO; to HZSM5 caused the peak to shift to 0.7-0.8 pm.
The peak shifting shows an increase in HZSMS5 size due
to CuO, MgO, and ZrO; on its surface.
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Fig 8. Elemental Mapping of CuO/MgO/ZrO,/HZSM5

Fig. 8 shows the elemental mapping in the
CuO/MgO/ZrO,/HZSM5. According to Fig. 8, CuO,
MgO, and ZrO, are evenly dispersed over HZSM5. In
addition, these metal oxides did not form the clusters,
indicating metal agglomeration on the carrier [31]. The
metal oxides do not form agglomerates because they are
dispersed on the support (HZSM5), thereby establishing
metal oxides-support interactions and reducing metal
oxides-metal oxides interactions. Therefore, the metal
oxides will from their

separate group (reduced

agglomeration) [32].
m CONCLUSION

CuO, MgO, and ZrO, have been successfully loaded
to HZSMS5, evidenced by the shifts of highest diameters
particles, from 0.5-0.55 m to 0.7-0.8 m. XRF, XRD
refinement, Mapping, and EDS analysis also exhibited the
success of these metal oxides loading on the HZSMS5.
These metal oxides did not close the HZSM5’s pores and
were evenly distributed over the HZSM5 surface. Hence,
the specific surface area increased, and HZSM5’s porosity
did not change drastically after the loading (the porous

material still exists). According to the XRD data, metal
oxides loading did not affect the crystallinity of HZSM5.
The similarity in the XRD pattern before and after
loading proved that the metal oxide addition did not
damage the HZSM5 structure. XRD refinement also
confirmed the stability of the HZSMS5 structure by the
decrease in the Rp and Rwp value after metal oxide
loading. Further research can be carried out with other
support and types of metal.
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