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Fig. 2: XRD patterns of samples 1, 4, 5, 6, 7 and 9.

which are characteristics of CeO, cubic phase with face
centered (Fluorite) structure (Ref. JCPDS card 34-394) [20].
Crystallite size of the metal oxide samples may be obtained
using the Scherrer equation. The Scherrer equation is
used frequently in X-ray analysis of materials, particularly
powder diffraction of metal oxides [21]. It relates the peak
breadth of a specific phase of a material to the mean
crystallite size of that material. From the full width at
half-maximum (FWHM) of the diffraction peaks, the
average size of the particles (crystallite) can be estimated
from the Scherrer equation. The crystallite size of CeO,
was estimated from the XRD line widths obtained for
faces (hkl) of (111), (220) and (311). The lattice parameter
(a) was calculated by the following well known Eq. (4):
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where ‘a’ refers to the CeO, FCC lattice parameter

a

4)

and h, k, [ are the crystalline face Miller indexes
and ‘d’ is the crystalline face spacing [22].
The wunit cell volumes calculated for the ceria

particles remained uniform for different samples.
The theoretical density, 7, is calculated using the

Eq. 5[23]:
ZMc
T, =
A (5)
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Table 4: XRD data obtained on CeO, powder

Sample no. d (A, from 26~28°) Unit Cell parameter ‘a’ (A) Unit cell volume (A%) Crystallite size (nm) Theoretical density (g/cc)
JCPDS 34-394 3.111 5.389 156.5 - 7.303
1 3.102 5.373 155.1 15.4 7.369
4 3.167 5.485 165.0 21.5 6.927
5 3.142 5.442 161.2 30.1 7.090
6 3.172 5.494 165.8 44.7 6.893
7 3.099 5.368 154.7 11.5 7.388
9 3.105 5.378 155.5 26.5 7.350
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Fig. 3: TGA graph of the sample 0

where ‘Z” is the number of chemical species in the unit
cell, ‘Mc’ is the molar mass of a single chemical species
corresponding to the chemical formula (gmol™), V¢’ is
the unit cell volume (A®) and ‘N,’ is Avogadro’s number
(6.022 x 10® mol"). The results are reported in the
Table 4.

The results reveal that the size of CeO, nanoparticles
depends on the calcination temperature. By increasing
CeO, particles
have been prepared also crystallinity are increased.
By decreasing the sonication time, the broadening of
CeO, peaks decreases which shows growing of the CeO,
nanocrystals.

The thermogravimetric (TGA) analysis (Figure 3)
show the weight loss of synthesized CeO, sample. It has
been observed that continuous weight loss was occurred
for sample 0. As it can be seen, the rate of weight loss is
very high up to 230°C which is attributed to evaporation
of absorbed water and dehydration of the dried gel.
With removing the water and hydroxyl groups the rate of
weight loss decreases with increasing the temperature.
The weight loss after 230°C is due to the remaining
volatile components, such as nitrate components and
CeO, formation. The total weight loss of 16.5% appears in
the gel after heat treatment at 900°C. No significant weight
loss occurs after 470°C that shows all volatile components
has left the gel after this temperature.

calcinations temperature, the larger
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For investigating the effect of sonication time on the
particle size of the ceria, the reactions were carried out at
0, 15 and 30 min (The powders heat treated at 650°C).
The SEM micrographs (Figures 4 and 5) of the samples 2,
5 and 8 support the obtained results from the XRD
patterns. Comparison of the SEM images results of CeO,
samples at the SEM magnification of 5000 and 20000X
indicates that an increasing the sonication time the
synthesized CeO, shows not only comparatively
smaller particle size but also considerably less
agglomeration. Here, we have interestingly observed that
the structure of sample 2 consists of small particles
aggregated with larger particles but this is not observed
for samples 5 and 8.

The energy dispersive spectrometry (EDS) analysis
was employed to determine the composition of CeO,
(sample 8), nanoparticles (Figure 6). According to the
obtained results which are reported in Table 5, the EDS
clearly identify that the nanoparticles are composed of O
and Ce, with the molar ratio of about 2:1 (O/Ce), they
should therefore be attributed to CeO, and confirming the
purity of nanoparticles.

The BET surface area of samples 1, 7 and 9 are
reported in Table 6. The surface area increased by
sonication time increasing, due to decrease of CeO,
particle sizes. But, as the calcination temperature
increases from 500 to 800°C, the surface area of CeO,
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Amirkabir University AIS2100C SEI WD =84 27.00

Fig. 4: SEM micrograph of synthesized CeQ, at 5000X for 2 and 5 samples

Amirkabir University
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Fig. 5: SEM micrograph of synthesized CeO, at 20000X for 2, 5 and 8 samples

decreases due to the higher size of the formed particles
and the subsequent loss of microporosity and increasing
the pores volume on the surface of particles.

ESR Optimization for High H,/CO: According to the
design of experiments based on Taguchi method
(Table 3), experiments 1-9 were performed. The analysis of
the results (Table 7) carried out using QUALITEK-4
software. In Taguchi method the main effect of control
factors indicates the trend of influence of a factor.

82

The results (Figures 7-10) indicate the average effects of
sonication time, calcination temperature, H,O/EtOH ratio
and reactor temperature on H,/CO values.

Another technique for optimization of the results
suggested by Taguchi method is analysis of variance
(ANOVA). This information displays relative influence
of factor and interaction to the variation of results.
The analysis of variance by QUALITEK-4 for this work is
listed in Table 8. The numbers on the right hand side of
the table indicate the “contribution” that a factor or



Table 5: EDS data obtained on sample 8
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Element W% A% Formula
o 16.46 64.25 -

Ce 72.09 32.12 CeO,
Au 11.45 3.63 Au
Total 100.00 100.00 -

Table 6: BET surface area

Sample no. Surface area (m?/g)
1 62.3

7 83.9

9 7.4

Table 7: The obtained experimental results

Experiment no. Xeon S H, Sco H,/CO
1 85 77.2 0.025 3082

2 5.6 52.2 0.338 154.5

3 5.5 489 0.012 4351

4 5.1 33.6 0.677 49.7

5 12.6 58.8 0.014 4129

6 2.0 73.5 0.017 3125

7 7.0 52.5 1.086 48.3

8 13.9 34.8 0.010 3374

9 1.6 44.0 0.012 3703
Table 8: Analysis of variance (ANOVA) for high H,/CO values

Factors DOF Sum of squares Variance F-ratio Pure sum Percent
A 2 36319.3 18159.7 - 36319.3 0.14
B 2 10713927.6 5356963.8 - 10713927.6 40.43
C 2 6069583.5 3034791.8 - 6069583.5 2291
D 2 9677200.0 4838600.0 - 4838600.0 36.52
Error 0 - - - - -
Total 8 26497030.4 - - - 100
Table 9: Modified ANOVA for for high H,/CO

Factors DOF Sum of squares Variance F-ratio Pure sum Percent
A 0 - - - - 0

B 2 10713927.6 5356963.8 295.0 10677608.3 40.30
C 2 6069583.5 3034791.8 167.1 6033264.2 22.77
D 2 9677200.0 4838600.0 266.5 9640880.6 36.38
Error 2 36319.3 18159.7 - - 0.55
Total 8 26497030.4 - - - 100
Table 10: Optimum condition and estimate of performance at any arbitrary condition

Factor Level description Level Contribution
A pooled - -

B 800°C 3 1280.5

C 3 1 747.8

D 300°C 1 1190.8
Total contribution from all factors 3219.2
Current grand average of performance 2445.8
Expected result at optimum condition 5665.0
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interaction makes to the improvement of the expected
performance. According to the results of Table S8,
the factor that can be pooled and reach to the results of
Table 9.
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Fig. 10: Average effects of reactor temperature on H,/CO
values

After ANOVA, the optimum conditions for the
experiment can be reported. The QUALITEK-4 software
calculates the performance at the optimum condition.
Optimum conditions and best performance for our case
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study are listed in Table 10. According to the Taguchi
method, calcination temperature has the highest
contribution in high H,/CO ratio. The best setting for
control factors are:

*  Sonication time = 0 min

+  Calcination temperature = 800°C
«  H,O/EtOH ratio =3

* Reactor temperature = 300°C

Current grand average for H,/CO ratio is around 2445.
However at optimum conditions, the H,/CO ratio is
improved to around 5665. At the optimum conditions, the
obtained results are:

o S,.=64.46
e Se=0.011
«  H,/CO=5860

CONCLUSIONS

The effects of some different factors (sonication time,
calcination temperature, Water/EtOH ratio and reactor
temperature) on ceria (CeQ,) catalytic activity in ethanol
steam reforming (ESR) to produce high H,/CO ratio, were
investigated. The Taguchi L, experimental design method
was used to investigate the effect of these parameters on
maximization of H,/CO value. To identify the catalyst
characteristics XRD, SEM, EDS, BET and TGA analysis
were done. It was established that a face centered cubic
crystal forms of nanoparticles of CeO, were formed.
Also, by increasing calcination temperature or reducing
the sonication time, the nanoparticle size was increased.
The reactor tests showed that the optimum conditions for
maximization of H,/CO ratio are: sonication time zero,
calcination temperature 800°C, H,O/ethanol ratio 3 and
reactor temperature 300°C. The mole percent of H, and CO
in these conditions were 64.46% and 0.011%, respectively.
According to the Taguchi method, cacination temperature
has the highest contribution in maximization of H,/CO
ratio.
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