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Catalytic Performance of H3PO4-Modified
Cerium Oxide as Catalyst for Ethylene
Production from Ethanol Dehydration
SooLing Chong, JiahChee Soh and ChinKui Cheng


renewable energy resources have attracted increased
interest in recent research. In the view of potential
limitations of ethylene availability from the current
sources, catalytic dehydration of ethanol (especially
bioethanol) to ethylene has become a completely renewable
process for producing ethylene [2].
Ethanol dehydration is a process in which water
molecules are removed, or the equivalent of water
molecules removed from ethanol to produce ethylene when
heated together with catalyst. There are two reactions that
occur in parallel during catalytic dehydration of ethanol as
in Eqns. (1) to (2):

Abstract—Production of ethylene from ethanol
dehydration was investigated over H3PO4 (10wt% to
30wt%)-modified cerium oxide catalysts synthesized by
wet impregnation technique. The physicochemical
properties of the fresh catalysts of cerium oxide and
H3PO4-modified cerium oxide were investigated using N2
adsorption-desorption, SEM, FTIR, NH3-TPD and XRD.
The ethanol catalytic dehydration was carried out in a
fixed-bed reactor at 673-773 K and at ethanol partial
pressure of 33 kPa. The effects of phosphorus loading on
catalyst and reaction temperatures were investigated in
terms of catalytic activity towards conversion and product
selectivity. Overall, the selectivity of ethylene increased
with the temperature and phosphorus loading. The highest
ethylene selectivity and ethanol conversion were 99% and
60%, respectively, at 773 K and 33 kPa over the 30wt%
H3PO4-modified cerium oxide.

C2H5OH↔C2H4+H2O
(1)
2C2H5OH ↔ C2H5OC2H5 + H2O
(2)

Keywords— ethylene production, ethanol dehydration,
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The low temperature favours the side reaction to produce
diethyl ether; in contrast, higher reaction temperature is
theoretically favouring the main reaction (ethanol
dehydration). The dehydration reaction is endothermic and
need 390 calories per gram of ethylene produced. The
temperature of diethyl ether formation is mainly between
423 K and 573 K, while ethylene formation is favoured
between 593 K and 773 K.
Acidic catalysts are often used in ethylene production
from ethanol dehydration. The traditional homogeneous
catalysts used are sulphuric acid or phosphoric acid in
almost all industrial scale processes. The former usually
requires higher reaction temperatures and yields lower
ethylene selectivity [3]. Due to the low yield and
byproducts formation, sulphuric acid and phosphoric acid
have been replaced by heterogeneous catalysts such as
alumina.
Many studies have been carried out with different
technologies and using various acidic heterogeneous
catalysts such as alumina, silica, zeolites, metal oxides and
heteropolyacids [4]–[6]. Among those studied catalysts,
gamma alumina (γ-Al2O3) and HZSM-5 zeolite have
drawn the most attention for their high activity and
selectivity. HZSM-5 has been widely used in alcohol

I. INTRODUCTION
The increasing demand of ethylene is due to its uses in
producing polyethylene, one of the primary components in
the most of the plastic and in petrochemical industry [1].
Besides that, ethylene acts as precursors for surfactant
chemicals such as ethylene oxide or ethylene glycol. With
increased demand, global ethylene production has grown at
an average rate of almost 4.5% per year from 2009-2014.
Currently steam cracking of hydrocarbon from fossil fuel is
still dominating the production market because of the high
production cost and energy consumption associated with
catalytic dehydration pathway. Due to the increasing
demands for energy, stricter environmental regulations,
and continued depletion of fossil feedstock, alternative and
SooLing Chong
Faculty of Chemical & Natural Resources Engineering
JiahChee Soh
Centre of Excellence for Advanced Research in Fluid Flow
ChinKui Cheng
Universiti Malaysia Pahang, Lebuhraya Tun Razak, 26300
Gambang Kuantan, Pahang, Malaysia
chinkui@ump.edu.my

https://doi.org/10.17758/EAP.U0317207

+44.9kJ/mol

193

5th International Conference on Advances in Chemical, Biological & Environmental Engineering (ACBEE-17)

dehydration reactions due to its uniform pore structure,
high surface area, and adjustable acidity. Low reaction
temperature (>473 K) favours the reaction towards
ethylene production from ethanol dehydration over HZSM5. HZSM-5 can achieve 60-80% ethylene yield at relatively
low reaction temperature (473-573 K) [7]. Besides of the
reaction temperature, the catalyst surface acidity is a
significant catalytic performance factor. HZSM-5 has high
concentration of strong acidic sites, which exist at low
Si/Al ratios helps in ethylene production. However, the
high acidity also leads to render HZSM-5 zeolite unstable
and low anti-coking property [8]. On the contrary, γAl2O3 has high surface area (50-300 m2 g-1) and thermal
stability up to 873 K that make it widely used in industrial.
The ethanol dehydrate over γ-Al2O3 can achieve greater
than 90% to form ethylene. The disadvantage of γ-Al2O3
is high reaction temperature needed for ethanol catalytic
dehydration. Another problem is that water can deactivate
active sites on γ-Al2O3 and inhibit the formation rate of
ethylene and diethyl ether [9].
The weak acid centers and relatively strong acid centers
of the catalyst are the active sites of ethanol intramolecular
dehydration to ethylene [5]. However, the strong acid
centers can easily lead to ethylene polymerization. Hence,
surface acidity of catalyst need to adjust using additives to
improve catalyst stability and high ethylene selectivity. In
continuation of discovering new catalyst for ethanol
catalytic dehydration, we report the use of ceria-based
catalysts for the aforementioned reaction. The use of
cerium oxide as a support offers advantages such as its
high oxygen mobility associated with oxygen vacancies
and oxygen storage capacity. Due to the high effectiveness
of cerium oxide as a support (and the phosphoric acid),
many studies have been carried out by employing cerium
oxide as catalyst for ethanol conversion reactions especially
steam reforming reactions [10]–[13].
As mentioned
earlier, the surface acidity of catalyst is important in this
reaction. Thus, pure CeO2 as well as phosphoric acid
(H3PO4) doped CeO2 catalysts were prepared to investigate
the behaviour of CeO2 towards kinetics of ethanol
dehydration.
Therefore, the aim of this study is to study the
feasibility of ethanol dehydration over H3PO4-modified
cerium oxide catalysts. The synthesized catalysts were
characterized using SEM, N2 adsorption-desorption
method, XRD, FTIR and NH3-TPD for the
physicochemical properties.

90wt% of the ceria support followed immediately by
magnetic stirring for 3 h. The solution was then magneticstirred for 3 h under ambient condition. Thereafter, the
impregnated catalyst was oven-dried for 12 h at 373 K.
During the first 6 h of the drying process, the catalyst was
manually stirred using a glass rod for each hour to
maintain relative homogeneity of the slurry. Post 12 h, the
calcination of the dried catalyst was carried out in a
muffled furnace model Carbolite RHF1400 for 5 h at 773 K
with heating rate of 5 K min-1. The catalyst was then
cooled to room temperature and ground for
physicochemical characterization and reaction studies. The
resulting 20PA-CeO2 and 30PA-CeO2 were prepared by
the similar procedure with 20wt% and 30wt% of
phosphoric acid, respectively.
B. Catalyst Characterization
The phase structure of the catalysts was characterized by
X-ray diffraction (Rigaku Miniflex II instrument) using Xray source from CuKα (λ=1.542 Å) at 30 kV and 15 mA.
N2 physisorption was conducted to determine the textural
property of the synthesized catalysts. The information
about the surface morphology of the catalyst was
determined using SEM analysis employing Hitachi
TM3030Plus with a magnification of 5 kX. Fourier
Transform Infrared Spectroscopy (FTIR) (Perkin Elmer
Spectrum 100) was also employed to determine the nature
of chemical bonding of the catalysts. Ammonia
temperature-programmed desorption (NH3-TPD) was
carried out in a Thermo Finnigan TPDRO 1100 to
determine the acid properties of fresh catalysts.
C. Catalytic Activity
The reaction was conducted in a fixed-bed reactor at
ethanol partial pressure of 33 kPa with WHSV of 240 h-1,
in the temperature range of 673-773K. The reactor was
loaded with 0.3 g of catalyst and pure ethanol (≥99.9%)
was introduced to the reactor with a HPLC pump. The
gaseous products were collected and identified using GC to
identify the quantity of targeted product. The GC
instrument used was Shimadzu GC-2014 with two packed
column, column temperature and flame ionizer detector
temperature at 333 K and 473 K, respectively. Ethanol
conversion and products selectivity were calculated by
Eqns. (3) and (4):

X ethanol 

II. EXPERIMENTAL

S ethylene 

A. Catalyst Preparation
Cerium nitrate salt Ce(NO3)2 was procured from SigmaAldrich, USA. The ceria support was prepared by thermal
decomposition of Ce(NO3)2.6H2O at 873 K for 2 h and
then crushed to powder. The modified cerium oxide
phosphate catalyst (10PA-CeO2) was prepared by
impregnating the 10wt% aqueous solution of H3PO4 into
https://doi.org/10.17758/EAP.U0317207

FPi
2Fethanol in

Fethylene
FPi

100

(3)

 100

(4)

where F = molar flow rate
P = Gas products produced
i = C1, C2, C3, C4 and C5 species
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III. RESULTS AND DISCUSSION
A. Catalyst Characterizations
Fig. 1 illustrates XRD spectra of CeO2 and 10, 20,
30PA-CeO2. Based on Fig. 1, the high intensity peaks
recorded at 2θ readings of 28.6°, 33.1°, 47.48° and 56.36°.
This indicated that the CeO2’s structure maintained well
for all modified catalysts. The structure of catalysts became
less crystallinity as affected by H3PO4 loading. There are
additional small peaks found for 20PA-CeO2 and 30PACeO2 at 2θ readings of 21°, 27° and 43° which can be
ascribed to CeP2O7 species. CeP2O7 is a crystalline
product in which every Ce atom is joined to six oxygen and
every P to four oxygen, with a connectivity of four and six.
The P atoms are joined in pairs through shared O atom to
form P2O74- units, each of it shared its six remaining
oxygen with the CeO6 octahedral. The appearance of
CeP2O7 is normally occurred when cerium oxide reacted
with phosphoric acid at temperature around 623 K to 1073
K. In this case, the modified cerium oxide phosphate
catalysts were prepared at 773 K in a furnace which causes
the formation of CeP2O7 species [14].

Fig. 1: X-ray diffraction profiles of CeO2 and H3PO4- modified CeO2
catalysts

SEM micrographs of modified cerium oxide phosphate
catalysts at 20 µm resolution are shown in Fig. 2. Based on
the Fig. 2, most of the samples were agglomerated
together. The SEM images shown in Fig. 2 reveal the
morphology of all samples is similar with formation of
irregular and bulky surface which is typical of thermallysynthesized wet impregnated catalyst. Meanwhile, it is
clearly proved that the addition of H3PO4 did not alter the
surface morphology of the catalysts.

https://doi.org/10.17758/EAP.U0317207

Fig. 2: SEM images of (a) CeO2, (b) 10PA- CeO2, (c) 20PA- CeO2 and (d)
30PA- CeO2 with magnification of 5K obtained from all fresh catalysts

The fresh catalysts were also subjected to the FTIR
scanning and the spectra collected are shown in Fig. 3. The
spectra were recorded in the wave number that ranged 4004000 cm-1. Significantly, transmission band representing
N-O stretch which normally can be found at wavenumber
3000 cm-1 is absent in Fig. 3. This indicates that the entire
nitrate group was successfully removed during the thermal
decomposition of nitrate-salt to yield pure CeO2. The
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transmission band at wave number 550.73 cm -1 represents
the Ce-O stretch. In addition, the bands at wavenumber
around 900-1000 cm-1 represent the O=P=O asymmetric
stretching modes of phosphate or polyphosphate species
[15]. As shown in Fig. 3, the intense band found around
1000-1600 cm-1 increase with the loading of phosphorus.
This is due to the introduction of phosphorus onto the
CeO2 catalyst whereby the O=P=O asymmetric stretching
increases. The same results observed in previous study
[16].

Thermo-desorption profiles of NH3 were carried out to
determine the acid properties of the as-synthesized
catalysts. The acid strength can be categorized into weak
acidic site (373-523 K), moderate acidic site (523-673 K)
and strong acidic site (673- 823 K), respectively, based on
the desorption temperature. Table 2 shows the resulting
acid amount of CeO2 and H3PO4-modified CeO2 catalysts.
From Table 2, it can be observed that there are three types
of acid sites with variable amounts, at 819 µmol g-1, 188
µmol g-1 and 548 µmol g-1, respectively, for weak,
moderate and strong acids found in CeO2 catalyst. The
introduction of H3PO4 generates moderate acid sites by
suppressing the strong acid sites of CeO2. The amount of
moderately-strong acid site has increased substantially,
increasing incrementally to 837 µmol g-1 for 10PA- CeO2,
1238 µmol g-1 for 20PA- CeO2 and 1532 µmol g-1 for
30PA- CeO2, respectively. This may be due to the nature
of H3PO4, which is a moderately-strong acid with pKa
value of 6.9 x 10-3. Moreover, the strong acid site which
was inititally present on the surface of pure CeO2 was
dimishing with the H3PO4 loading, decreased from 548
µmol g-1 for pure CeO2 to just 284 µmol g-1 for 30PACeO2 catalyst. As the loading of phosphoric acid on CeO2
increases, the total acid amount increases.

Fig. 3: FTIR result of cerium nitrate, CeO2 and H3PO4-modified CeO2
catalysts

TABLE II:
THE TOTAL SURFACE ACIDITY AND ACID STRENGTH
DISTRIBUTION OF CEO2 AND H3PO4-MODIFIED CEO2 CATALYSTS

Table 1 provides the BET specific surface area,
mesopore volume and pore diameter of pure CeO2 and
H3PO4-modified CeO2 catalysts that were obtained from N2
physisorption. Both the BET specific surface area and
mesopore volume decreased with H3PO4 loading, to the
tune of nearly 90% reduction for the 30wt%H3PO4 loading.
The reduction of pore dimension or pore blockage of the
CeO2 by the introducing of phosphoric acid in the
treatment [17]. In contrast, the pore diameter recorded an
increment, from 14.0 nm improved to 18.8 nm when the
H3PO4 weight was increased. This could be due to the
creation of wider pore mouth on the surface of CeO2
resulting from the acid attack that occurred at the
employed calcination temperature.

CeO2
10PACeO2
20PACeO2
30PACeO2

TABLE I:
TEXTURAL PROPERTIES OF THE CEO2 AND H3PO4-MODIFIED
CEO2 CATALYSTS.

Fresh
Catal
yst

BET Specific
Surface Area
(m2 g-1)

Pore
Volume
(cm3 g-1)

Pore
Diameter
(nm)

CeO2

71.6

0.2545

14.0

10PA
CeO2
20PA
CeO2
30PA
CeO2

35.5

0.1461

16.3

20.2

0.0833

16.3

9.9

0.0461

18.8
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Acid amount (µmol g-1)

Fresh
Cataly
st

Total
acid
amount
(µmol
g-1)

Weak acid
site (373523 K)

Moderate
acid site
(523-673 K)

819
850

188
837

Strong
acid site
(673-823
K)
548
413

838

1238

385

2461

823

1532

284

2639

1555
2100

B. Catalyst Peformances of Modified Cerium Oxide
Phosphate Catalysts
Fig. 4 shows the product distribution over CeO2 and 10,
20, 30PA- CeO2 catalyst at different reaction temperature
and ethanol partial pressure 33 kPa. Cerium oxide catalyst
presented lowest catalytic performance among all
synthesized catalysts. The pure CeO2 catalyst, under the
same reaction condition as aforementioned, the
conversions recorded were 1.25%, 2.45% and 6.89%,
respectively. This reveals that the acidity amount found in
CeO2 cannot protonate the hydroxyl group of C2H5OH
which explains its low activity. The selectivity decreases
with the increasing reaction temperature. This is due to
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higher hydrocarbons formation with almost 35% at 773 K.
CeO2 presents highest number of strong acidic sites which
lead to the higher hydrocarbons formation [17], [18].
Hence, there were over 45% of hydrocarbons formed over
CeO2 catalyst at high temperature.
Upon doping with H3PO4, the ethylene selectivity and
ethanol conversion increase as the loading of H3PO4
increase. The addition of H3PO4 into CeO2 catalyst causes
the amount of strong acidic sites decrease. This change
suppresses the formation of higher hydrocarbons and
improves the ethylene production. Although 10PA-CeO2
did not present a high catalytic performance with low
ethanol conversion 4.79%, 8.96% and 29.90% for 673 K,
723 K and 773 K, respectively, but it showed increasing
trend in terms of catalytic performance as compared to
pure CeO2. This indicates that the surface acidity of 10PACeO2 was unable to catalyze the formation of products.
Among all CeO2 and H3PO4-modified CeO2 catalysts, the
30PA-CeO2 catalyst showed the best catalytic performance.
On this catalyst, the products are dominated by ethylene
under all reaction condition with over 95% of ethylene
selectivity. The presence of moderate weak acidic sites in
this catalyst helps to suppress the formation of higher
hydrocarbons. Besides that, the blockage of pore volume
after the addition of H3PO4 helps in reducing the multiple
adsorptions of ethanol whereby results in the improvement
in ethylene selectivity.
In addition, 10, 20 and 30PA-CeO2 present an
increasing trend in both ethanol conversion and ethylene
selectivity as the temperature increases. Among all the
CeO2 and H3PO4-modified CeO2 catalysts, 30PA-CeO2
catalyst showed the best catalytic performance. With
increasing reaction temperature, both ethanol conversion
and ethylene selectivity increased, viz. conversion of
ethanol increased from 15.97% at 673 K to 59.74% at 773
K, whilst the ethylene selectivity improved from a low of
96.14% at 673 K to 99% at 773 K. This showed that the
dehydration activity of 30PA-CeO2 catalyst improved with
reaction temperature. This indicates that H3PO4 functioned
more effectively with reaction temperature, i.e. its acidity
property can be tailored to the reaction temperature and
thus, able to protonate the hydroxyl group of C 2H5OH
molecule.

Fig. 4: Catalytic performance (a) ethanol conversion and (b) ethylene
selectivity of CeO2 and H3PO4-modified CeO2 catalysts at 673 to 773K and
ethanol partial pressure 33kPa.

IV. CONCLUSION
This project focuses on the catalytic performance of ethanol
to ethylene on H3PO4-modified CeO2 (various loadings of
H3PO4) catalysts and the influences of H3PO4 on ethanol
conversion over the synthesized catalysts. The addition of
phosphoric acid to the CeO2 catalyst improves the catalytic
performance and catalyst stability for ethanol dehydration to
ethylene. These improvements are due to the tuned acid.
The H3PO4-modified CeO2 catalysts showed increasing
trend in ethanol conversion and ethylene selectivity with the
loading of phosphorus.
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Estimating Emission Factors of Fifteen
Categories of Meats from Thai-Style Barbeque
Activities
Saranya Manatsakarn and Nares Chuersuwan


compounds (VOCs), aldehyde, polycyclic aromatic
hydrocarbons (PAH), and total hydrocarbons (THC) [2-5].
During charcoal burning air pollutants can be absorbed in
food and degrade air quality in the surrounding
environment [6]. Regarding these pollutants, their adverse
effects on human health are a great of concern, increasing
hazard of the nearby people exposed to pollutants with
potential health risks [6]. The pollutant emissions from the
combustion such as, PM, NOx and CO have contributed
substantially to the regional environment pollution
problem [7-8] and meat grilling has the potential to
produce net global warming especially CO2, the main
driving force for the past global climate change [9-11].
However, the emission factors from meat grilling activities
in Thailand are not available.
To evaluate the emissions from meat grilling by
charcoal, emission factors are normally used to estimate
the emissions. These estimations relate to the quantity of
pollutants released into the atmosphere by such activities.
The emission factor (EF) represents the quantity of a
compound emitted per quantity of fuel consumed (g/kg),
per kilogram of meat (g/kg meat) or per unit energy. In
this context, the objective of this study is to determine
emission factors of gases and particulate matters emitted
from grilling activities in Thailand.

Abstract— This study aims to determine air emission
factors from meats grilling activity commonly found in
Thailand. The major air pollutants included CO, NOx,
SO2, particulate matter (PM10) and two greenhouse gases
(CO2 and CH4). Measurements were conducted in a
chamber to collect air emission in stack. Eucalyptus
charcoal was solely used as the fuel during the grilling of
meats. Gases pollutants were analyzed real-time while PM
and CH4 were collected and subsequently analyzed in the
laboratory. CH4 concentrations were quantified by a Gas
Chromatograph while PM concentrations were quantified
by gravimetric methods. Each of meat grilling was
replicated nine times for the total of 15 types of meats (n =
135 tests). The average emission factors of all meats
ranged from 756.49-3,343.91 g/kg of meat for CO, 0.423.58 g/kg of meat for NOx, 0.009-0.042 g/kg of meat for
PM10, 10,587.62-47,236.79 g/kg of meat for CO2 and
30.39-171.12 g/kg of meat for CH4. SO2 was not detected.
Results from this study was intended to provide insight for
emission estimates from food stalls found across the
country. These emission factors can be used to generate
more realistic emission inventories and therefore improve
the results of estimate emissions of meat grilling in
Thailand.
Keywords— meat grilling, major air pollutants, greenhouse
gas, emission factors.

II. METHODOLOGY
All meats were purchased locally from markets in the
area, including pork, chicken, fish, squid, shrimp, Thai
sausage, Thai sour pork and meatball. Charcoal derived
from eucalyptus woods was used exclusively as the solely
fuel. Charcoal was also purchased from local production.
This study selected meats that were commonly sale or
consumed locally. The grilling tests and results were based
on wet weight basis.
Combustion testing equipment has been designed and
installed in a laboratory at Suranaree University of
Technology. The equipment is in the form of an inverted
funnel with a cylinder bottom, 1.20 m. in diameter and
0.80 m. in high. From the top of the cylinder, the tower
decreases to 0.28 m. in a length of 0.50 m., and is topped
with a stack 1.70 m. in height. Surface area of the stack is

I. INTRODUCTION
Meat grilling is commonly found along the urban street
food stalls in Thailand. Charcoal meat grilling is a source
of anthropogenic greenhouse gas and major air pollutant
released into the atmosphere. Cooking emissions are
influenced by the fuel used and the food being cooked [1].
During incomplete combustion of charcoal meat grilling
emits particulate matters, carbon dioxide (CO2), carbon
monoxide (CO), nitrogen oxides (NOx), volatile organic
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