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PEMANGKIN PENGOKSIDAAN UNTUK AIR SISA

MENGANDUNGI AKRILIK ASID

ABSTRAK

Akrilik asid (AA) adalah salah satu sebatian organik berbahaya yang boleh ditemui
di air sisa industri yang boleh menyebabkan kerosakan yang serius kepada alam
sekitar dan kesihatan.. Dari Kajian ini, pemangkin pengoksidaan (CWO) telah
digunakan dengan kehadiran pemangkin Mangan Serium oksida untuk
mengoksidakan acid akrilik dalam keadanan operasi yang kurang ketat. Dalam
penyelidikan ini, pemangkin Mangan Serium Oksida (Ce-Mn-1) telah disediakan
oleh co-pemendakan dan dicirikan dengan menggunakan pembelauan sinar-X
(XRD), X-ray flusoncen (XRF), Brunauer, Emmett, dan Tellerteori (BET) dan
Barrett, Joyner, dan Halenda (BJH) analisis. Di samping itu, prestasi pemangkin
dalam CWO air sisa mengandungi Asid Akrilik telah diperolehi dengan
memanipulasi parameter operasi yang berbeza, yang suhu dan kepekatan Asid
Akrilik. Aktiviti pemangkin telah dianalisis oleh chemical oxygen demand (COD)
kaedah analisis. Pemangkin dengan nisbah mangan / serium 67/33 telah berjaya
disintesis dengan kawasan permukaan tertentu, 83,1155 m2g-1 dan isipadu liang
0.3031cm3g-1. Walaupun pemangkin yang disintesis menunjukkan ciri-ciri fizikal
yang baik tetapi data sastera pengurangan COD yang diperolehi adalah tidak
sismatik disebabkan oleh tindakbalas sampingan, pempolimeran dan pembentukan
asid karbonik semasa eksperimen. Kesimpulan, walaupun ciri-ciri pemangkin
menunjukkan hasil yang baik tetapi disebabkan reaksi sebelah berlaku semasa

eksperimen, aktiviti pemangkinan tidak dapat ditentukan.
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CATALYSTIC WET OXIDATION OF WASTEWATER

CONTAINIG ACRYLIC ACID

ABSTRACT

Acrylic acid (AA) is one of the hazardous organic compounds that can be found in
industrial wastewater which can cause serious damage to the environment and
health. From this research, catalytic wet air oxidation (CWO) process has been used
with the presence of Manganese-Cerium Oxide catalyst in order to oxidise acrylic
acid in the less severe operating condition. In the present research, the Manganese-
Cerium Oxide catalyst (Ce-Mn-1) was prepared by co-precipitation and
characterized by using X- ray diffraction (XRD), X-ray flusoncen (XRF), Brunauer,
Emmett, and Teller theory (BET) and Barrett, Joyner, and Halenda (BJH) analysis. In
addition, performance of the catalyst in CWO of wastewater containing Acrylic Acid
was obtained by manipulating different operating parameters, which are temperature,
and the concentration of Acrylic Acid. The catalytic activity was analyzed by
Chemical Oxygen Demand (COD) analysis method. The catalyst with
manganese/cerium ratio 67/33 was successful synthesized with specific surface area,
83.1155 m’g™” and pore volume 0.3031cm’g™. Although the synthesized catalyst
showed good physical characteristic but the literature COD reduction data obtained
is fluctuating due to the side reaction polymerization and formation of carbonic acid
during the experiments. As the conclusion the characteristics of catalyst shown a
good result but due to the side reaction occur during the experiments, the catalytic

activity can’t be determined.

xiii



CHAPTER 1

INTRODUCTION

1.1 Background of the Proposed Study

Water is used in industrial plants frequently and in large quantities. The spent
water (wastewater) may be contaminated with toxic and hazardous organic
compounds which cause serious damage to the environment and health. Acrylic acid
(AA) is one of the hazardous organic compounds that can be found in industrial
wastewater. Acrylic acid is by product of many industries (painting, chemical fibers,
adhesives, detergents) and can cause serious damage to the environment when it is
released into industrial effluents due to its highly toxicity to aquatic organisms (Silva

et al, 2003).

Due to the increased awareness to environmental and health risks, several
techniques such as esterification, adsorption, and wet oxidation have been developed
to remove acrylic acids from the wastewater but most of the treatment methods are
ineffective or uneconomical. Wet oxidation (WQO) process is one of the early
methods used for the treatment of toxic wastewater. By generation of active oxygen

species such as hydroxyl radicals, takes place at high temperatures and pressure, the



refractory compounds can break down into simpler, easily treated material before
released into the environment (levec & Pintar, 2007). However, WO process is
prohibitively expensive due to the severe operating condition; catalytic oxidation
process which is an improvement of wet oxidation process by use of catalyst was

developed (Hendricks, 2006 &Wolfovich, 2006).

The presence of catalyst accelerates the oxidation rate and reduces the severe
operating condition (levec & Pintar, 2007). However, the operating condition for
CWO remains severe and not economical (Hendricks, 2006). Therefore a
development of new catalyst is highly desirable. In the present, metal oxide catalyst

was developed to and tested in the catalytic wet oxidation of acrylic acid.

1.2 Research Objectives

There are two objectives for this research.
1.2.1 To synthesize and characterize the Manganese — Cerium Oxide catalysts.
1.2.2 To determine the activity of the synthesized catalyst in the catalytic wet air

oxidation of wastewater containing acrylic acid.



1.3 Scope of the Proposed Study

The Manganese - Cerium Oxide catalyst was prepared by co-precipitation
method and characterized using X- ray diffraction (XRD), X-ray Fluorescence
(XRF), Brunauer, Emmett and Teller method (BET) and Barrett, Joyner, and
Halenda (BJH). In addition, the performance of the catalyst in various parameters
was determined at the end of the experiment. Two operating parameters, initial
concentration of acrylic acid and temperature were studied in this research. The
catalyst activity was evaluated by calculating the reduction of acrylic acid and the
organic compounds amount after the experiments. The analysis methods used to

determine the concentration of acrylic acid will be chemical oxygen demand (COD).

1.4 Significance of the Proposed Study

The significance of the present study is to develop a metal oxide catalyst
which is more eco friendly, economical and reduce the severity of the operating
condition for the wet oxidation of acrylic acid. This catalyst can be used to reduce
the cost of wastewater treatment and the treated water is less hazardous to the

environment. This will give a very great impact to the environment and the industry.



CHAPTER 2

LITERATURE REVIEW

The background of wastewater containing acrylic acid and its’ wastewater
treatment techniques including catalytic wet oxidation (CWO), heterogeneous

catalysts for wet oxidation and catalyst synthesis method were review in this chapter.

2.1 Acrylic Acid in Industrial Wastewater Containing Acrylic Acid

Treatment of wastewater containing acrylic acid is extensively studied in
recent years, due to it widely use in industry and toxicity. According to the National
Pollutant Release Inventory (NISH), the industrial sectors contributing to acrylic
acid emissions are the chemical products sector and the plastic products industries
(NISH, 2012). The chemical products sector includes industries producing industrial
organic chemicals, plastics, resins, soaps, cleaning compounds, adhesives, plastic
products and other chemical product (NISH, 2012). The plastic products industries
include the foamed and expanded plastic products industries and other plastic
products industries (NISH, 2012). National Institute of Health Sciences reported that

acrylic acid might occur in wastewater effluent from industrial facilities at



concentrations not exceeding 0.5 mg/litre, whereas effluent levels of 2500 mg/litre
were reported at a methyl acrylate production facility in India and treated acrylic
acid concentration was below the limit of detention (0.1 mg/litre) in wastewater from

a production facility in Europe.

Acrylic acid (AA) is a moderately strong carboxylic acid which is colorless,
corrosive, flammable and miscible with water. A detail report done by the National
Institute of Health Sciences states that acrylic acid is low to moderate acute toxicity
by oral route. However, diluted acrylic acid is less harmful to human, but serious
damage to the environment when it is released into industrial effluents due to it’s
highly toxicity for aquatic organisms. Acrylic acid has moderate acute toxicity in
aquatic organisms; a toxicity value between >1 mg/L and 100 mg/L has been
reported (U.S. Environmental Protection Agency, 1994). Several wastewater
treatment techniques have been developed to remove acrylic acid from the waste

water.

2.2 Wastewater Treatment for the Waste Containing Carboxylic Acid

Nowadays, water scarcity becomes an increasingly severe problem all over
the world. Rapid economic growth and increasing urbanization cause a great
increasing amount of industrial wastewater containing toxic and hazardous organic
compounds. Because of the increasing awareness of environmental and health risks
combined with strict waste treatment regulations, many industrial treatment plants

were constructed in the 1970s and 1980s (Coppen, 2004), but still wastewater



treatment is an ardent issue today. There are a number of wastewater treatment
techniques available such as separation treatment, biological treatment, and

destruction treatment (Nor Habibah, 2006, and Wang et al, 2007).

2.2.1 Separation Treatment

In separation treatment, the carboxylic acids are removed from the
wastewater by using a variety of physical separation, such as adsorption (Wolfovich,
2006). But there is a lot of drawback of separation technique such as high cost and
require the additional stage to separate the additional chemicals or adsorbent which

are difficult to remove from the treated water.

Adsorption is one of the separation treatments use to treat wastewater
containing carboxylic acid. Carboxylic acids can be removal by adsorption method.
Various substances will adsorb on various adsorbents. Adsorbates include organic
compounds, particles, and metal ions (Hendricks, 2006). In a patent of Kawabata et
al. (1982), carboxylic acids were separated by using a polymer adsorbent of pyridine
skeletal structure and cross-linked structure. Ever though the carboxylic acids can be
removed by adsorption method but the cost of commercial adsorbents associated
with adsorbent regeneration for adsorption operation is very expensive, especially
when the concentration of carboxylic acids is high on the wastewater (Hendricks,

2006 & Kumar, 2006).



2.2.2 Biological Treatment

A wide variety of hazardous organic compounds can be removed using
biological treatment. The bacteria and other microorganisms are used to degrade
wastewater compounds (Hendricks, 2006). This method is highly effective for
organic and inorganic solutions and its operational costs are relatively low (Peavy,
1985). But still there are some short comings for biological treatment; it cannot
completely remove soluble components and taking long residence times (Nor

Habibah, 2006).

2.2.3 Destruction Treatment

The destruction treatments were advanced wastewater treatment techniques
which can achieve the high contaminants elimination levels by breakdown or
decompose the organic molecules to form carbon dioxide and water (Wolfovich,
2006 and Wang at el, 2007). Advanced oxidation process (AOP) on the basis of UV
and H202, supercritical water oxidation and wet air oxidation are including in
destruction treatments (Wolfovich, 2006). These approaches along with their

drawback are outlined in Table 2.1.

Table 2.1 Destruction Treatment method

Method Description Disadvantage Reference

Advanced Generation of very Requires long Hendricks. D.,

oxidation reactive species such as reaction time and 2006 &

process hydroxyl radical to large doses of Stasinakis. A.
oxidise organic chemical. S., 2008
pollutants.




Continue Table 2.1

Method Description Disadvantage Reference

supercritical Using supercritical fluids  Extreme severe Hendricks. D.,

water as a medium for operating condition 2006 & Eliaz.

oxidation oxidation of organic. and high energy cost. N. etal, 2003

Wet air Using high energy to No complete Hendricks. D.,

oxidation breakdown the complex  oxidation process and 2006 & Levec
organic compound. severe operating & Pintar, 2007

condition

2.3 Wet Air Oxidation

Wet air oxidation is a technology used to treat the waste water steams which
are too dilute to incinerate and too concentrated for biological treatment (Wang et al,
2007). WAO process takes place at high temperatures and pressures and breakdown
(oxidation) the toxic contaminants to low molecular weight oxygenated compounds
in liquid phase by using oxygen gaseous source as the oxidizing agent (Levec &
Pintar, 2007). Typical condition for WAO are 423-593K for temperature, 2-15 MPa
for pressure, and 15-10min for residence time (Luck, 1999 & Debellefontaine,
2000). A study of Levec and Pintar (2007) state that by taking place at temperature
around 473-593K and pressure above 20 bar, the extent of COD removal may
typically be about 75%-90%. But there are a lot of drawbacks for WAO process. The
drawbacks of WAO are severe operation conditions, non-complete oxidation process
and prohibitively expensive. In order to improve the efficiency of WAO, catalysts
have been used to reduce operating condition with higher oxidation rates
(Wolfovich, 2006). However, the operating condition for CWO still severe and not

economical.



2.4 Catalytic Wet Oxidation

Catalytic wet oxidation (CWO) process is a further development of the WAO
process which an active catalyst is used. The development of commercial CWAQO
processes started as early as the mid-fifties in the United States (levec & Pintar,
2007). Compare with WAO process, CWAO has lower energy requirement. The
presence of a catalyst increases the oxidation rate and consequently reduces the
severity of the operating conditions. CWAOQO process is capable to oxidize all organic
contaminants ultimately to carbon dioxide and water and preferred for wastewater
those are highly concentrated or contain component which are toxicity to biological
treatment system (Wang at el, 2007). CWAO process can be conducted by using
homogeneous and heterogeneous catalysts. The soluble homogeneous transition
metal catalysts are operating successfully to treat industrial effluent and being
applied in several wet air oxidation plant. But, the homogeneous transition metal
catalysts require a subsequent separation step to separate the homogeneous catalyst
from the treated water and recycle back to the reactor inlet (levec & Pintar, 2007).
Therefore, the application of solid heterogeneous catalysts is more viable. The
heterogeneous catalysts that have been employed in CWO can be divided into two
main groups, oxides of the transition metal (pure or mixed) and supported noble

metals (Silva, 2003)



2.4.1 Noble Metal

Noble metals provide high activity in oxidation effective in of different

pollutants such as phenols, carboxylic acids (including refractory acetic acid),

ammonia and aniline. Table 2.1 summarizes the application of noble metal catalysts

for different CWO reactions.

Table 2.2 Process Data of CWO using Noble Metal Catalysts

Noble Support Substrate T (°C) P (MPa) Reference
Metal
Pt, Pd, Al,O3, CeO,, P-chlorophenol 120 2.6 Qinetal, 2001
Ru AC
Ru, Pd, CeO; Aniline, Phenol, 200 0.69 Barbier et al,
Pt carboxylic acid 2005
Ru, Ir, Ce0,, TiO,,  Acetic Acid 200 2.0 Barbier et al,
Pd,Ag ZrO, 1998
Pt C Maleic acid, 120-170 1.5-1.8  Zacharia, 2004
malonic acid,
phenol
Pt Al,O3 Phenol 150 1.4 Lee D.K. et al,
2010
Pt C Phenol 120-180 1.5-2.0  Zacharia, 2004
Ru CeO,/ ZrO,  Phenol 170 3 Wang et al, 2007
Ru Ce0,, C, Phenol Acrylic 160 2.0 Oliviero, 2000
Ce/C acid

Table 2.2 shows that different substrate/pollutants and different metals may

present optimum result. Catalyst activity is based on pollutant. This is proven by the

reports of Barbier (1998) and Qin (2001). For acetic acid oxidation, Barbier et al

(1998) showed that the catalyst activity of Ru higher than Pd, whereas Qin (2001)

showed that for the p-chlorophenol oxidation, catalytic activity of Pt higher than Pd.

Besides that, the noble metal supports also influence catalyst performance. This has

10



been provin by the study of Oliviero (2000) on the oxidation of phenol and acrylic
acids under Ru noble metal catalyst based in carbon, cerium and carbon-cerium.
Oliviero et al (2000) stated that the catalyst performance affect by the support and
their result shown that the conversion of acrylic acid using cerium as the support of
rubidium is than the catalyst using carbon contain cerium supports, (Ru/C-Ce and
Ru/C).

In most reactions, supported noble metals catalysts are generally found to be
more active than metal oxide catalysts. However noble metal catalysts are expensive
and less resistant to poisoning, which may be due to the limited metal loading on the

support (Wolfovich, 2006).

2.4.2 Metal Oxides

The use of pure or mixed metal oxide is common in wastewater. Copper
oxide and manganese oxide, separate or combined with other oxides, have received
special attention in the CWO of aqueous effluents. Manganese oxide is reported to
exhibit good activity and much active than homogeneous copper catalyst (Imamura,

1999). Table 2.3 summarizes the applications of metal oxide catalyst in the CWO

process.

Table 2.3 Process Data of CWO using Metal Oxide Catalysts
Metal Oxide  Substrate T (°C) P (MPa) Reference
Ni/MgAIO Phenol 180 2.5 Vallet et al, 2012
CoO/BiO Acrylic acid 140-180 0.4 Kumar et al, 2006
CuO/MnOy,  Ethylene glycol 160-220 1.5-2.5 Silva et al, 2004
Ni/Al20; Ammonia 230 2.0 Kaewpuang et al, 2004
MnO/CeO Acrylic acid 140-180 0.4 Kumar et al, 2006
MnO/CeO 2,4-dichlorophenol 160 1.0 Lee et al, 2002

11



Continue table 2.3

Metal Oxide  Substrate T (°C) P (MPa) Reference

MnO/CeO Formaldehyde 190-220 1.5-3.5  Silvaetal, 2003
MnO/CeO Phenol 80-130 1.0 Wolfovich, 2006
MnO/CeO Acrylic acids 200 1.5 Silva et al, 2004

MnO/CeO Ethylene glycol 160-220 1.5-2.5  Silvaetal, 2004

Manganese/Cerium combined oxide catalyst is widely used for different
substrate/pollutants such as Formaldehyde, Phenol, Acrylic acid, Ethylene glycol
and 2,4-dichlorophenol in CWO process and showed an excellent performance
(Silva et al, 2003, Wolfovich, 2006 and Silva et al, 2004). The research of Silva et al
(2003) states that the catalytic wet oxidation efficiency of different cerium based
catalyst, Cobalt-Cerium(Co/Ce), Silver-Cerium(Ag/Ce) and Manganese-Cerium
(Mn/Ce) for waste water containing acrylic acid in 2 h increased by the order Co/Ce
< Ag/Ce < Mn/Ce. Therefore, manganese showed to be the best metal to be
combined with Cerium in terms of catalytic activity. Therefore, Manganese/Cerium
combined oxide catalyst which is an economical composite catalyst and widely used
for CWO process, showed the highest potential for CWAO of acrylic acid (Silva,

2003).

2.5 Catalyst Preparation Methods

Noble metal and metal oxide catalyst are the most important type of
heterogeneous catalysts in industrial practice. Therefore, the synthesis of noble metal
and metal oxide catalyst are significant in scientific and industrial. Many methods
can be use to synthesis heterogeneous catalyst such as co-precipitation, impregnation

12



and so gel synthesis, but the preference of the synthesis method is highly depend on
the physical (such as particle size and morphology) and chemical (such as catalyst
active site and chemical path way) characteristics desired in the catalyst (Perego &
Villa, 1997 and Haber et al, 1995). Basically, heterogeneous catalyst can classify
into three categories with respect to the synthesis method, there are supported
catalyst, bulk catalysts (unsupported catalyst) and mixed catalyst (Perego & Villa,

1997).

2.5.1 Bulk catalyst and supported catalyst

Bulk catalyst can define as unsupported catalyst. Generally, bulk catalysts are
comprised of active catalyst that do not require high surface or intrinsically have a
large surface area. Usually, bulk catalysts are used for high temperature applications
such as refractory aluminates for catalytic combustion (King, nd). Typically
synthesis methods for bulk catalyst are co-precipitation and sol-gel synthesis (Perego
and Villa, 1997). Supported catalyst is the combination of active catalyst and
supporter, co-catalyst. The co-catalyst which has a higher surface area is use to
support and disperse the primary catalyst (King, nd). Generally, the supporter is
prepared as the bulk catalyst synthesis method and then the active catalyst is
immersed on the supporter. Typically synthesis methods for support catalyst are
impregnation method (Perego and Villa, 1997). Mn/Ce oxide catalyst is categorized
as bulk catalyst and the catalyst synthesis method is co-precipitation due to

simplicity in composition control and high yield.

13



2.5.2 Co-precipitation

Co-precipitation is the most common method used to synthesis mixed metal
oxide bulk catalyst. Precipitation is accomplished by combining a selected cation in
solution with a suitable anion in sufficient concentrations to exceed the solubility of
the resulting salt (combination of cations and anions) and produce a supersaturated
solution. Nucleation occurs and growth of the crystalline substance then proceeds in
an orderly manner to produce the precipitate (MARLAP, 2004).

In this method, catalytically active mixed metal salt solution is mixed with a
precipitating agent. Generally, nitrates and chlorides metal salt are use due to their
high solubility and precipitating agent hydroxides and hydroxyl are common used to
form insoluble salt (precipitating). After a time hydroxides or hydroxyl salts start to
precipitate and form a homogeneous mixture is filtered off. The filter cake
(precipitate) is wash with ultra water to remove the excess precipitating agent and
then undergoes thermal treatment (drying and calcinations) to remove water and

activate the catalyst (Perego and Villa, 1997).

There are several factors affect the physical character and crystallite of the
precipitation. These factors are rate of precipitation, concentration of ion, solubility
of salts, temperature, pH, stirring and degree of superaturation. There are many
researchers using co-precipitation to synthesis transition metal catalyst. Table 2.4

Shown the catalysts synthesis by different researcher using co-precipitation method.

14



Table 2.4 Catalyst Synthesis by Different Researcher

Catalyst Researcher Reference

Manganese-cerium Wolfovich Wolfovich, 2006

Cobalt-Cerium Silva, Rita, Marques, Rose Silva et al, 2003

Silver-Cerium and Ferreira

Manganese-Cerium

Cobalt-Bismuth Kumar, Raghavendra and Kumar, 2006
Chand

Iron-Molybdate Soares, Portela, Soares et al, 2002

Kiennemann and Hilaire

2.5.3 Sol gel method

Sol gel method is an advance method using to synthesis bulk catalyst. Instead
of precipitation process, Sol gel synthesis method using flocculation and gelation to
form heterogeneous catalysts. Sol, a stable suspension colloidal solid particle in
liquid has been use to flocculate the precursors in the liquid and form a porous and

three dimensional solid networks (gel) in the liquid after a time (King , nd).

Sol gel process occurs in several steps, there are formations of sol, gelation,
ageing and thermal treatment. First, prepare a sol by adjusting pH and Silicon
alkoxides. Then, the precursors are mixed into the organic solvent to form a colloidal
suspension and then the sol is introduced in moulds for casting operation. After that
the colloidal partials and condensed silica species (sol) link together to become a
three-dimensional network. At gelation point, the viscosity of the sol rapidly
increases and forms a gel. After a time for aging the gel, remove the solvent and
undergoes thermal treatment to obtain catalyst (Diizenli, 2010). Sol gel method is an

advance method and the preparation condition for each steps are no detailed.

15



2.6 Catalyst Characterisation

The technique for the characterisation of heterogeneous catalyst has been
improved during the past ten years. The physical techniques can be applied to the
real catalysts used in every industrial. The principal physical characterisation

techniques used by industry are listed in Table 2.5.

Table 2.5 Techniques Used In Industrial Catalyst Characterisation

Techniques Catalyst characterisation

e Gas adsorption
e Surface area

e BET model A

e HK model e pore size distribution
e Pore Volume

e BJH model .

) e Poresize

e Langmuir model

e X-ray Diffraction (XRD) e Chemical characterisation of

e X-ray Fluorescence (XRF) functional group

e Scanning Electron Microscopy (SEM) e Crystal structure

e Transmission Electron Microscopy e Phase structure

(TEM)

26.1 BET &BJH

Brunauer, Emmett and Teller (BET) analysis provides precise specific
surface area evaluation of material. Generally, BET analysis is used to determine the
specific surface area of solid by evaluate the physical adsorption of nitrogen onto the
surface of the solid at liquid nitrogen temperature. BET device dose the nitrogen gas
incrementally to the solid and the pressure is allowed to equilibrate for each dosed of

nitrogen gas and the quantity of nitrogen is recorded. The amounts of nitrogen at
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each pressure define an adsorption isotherm and using this isotherm to calculate
surface area by using BET equation (Norcross, nd).

Barrett, Joyner, and Halenda (BJH) device further increase the nitrogen gas
pressure until the monolayer of nitrogen gas condenses to fill all the pores with
nitrogen liquid and then the nitrogen gas pressure incrementally to evaporate the
condensed nitrogen liquid. The adsorption and desorption define isotherms and the
hysteresis between the isotherms is used to determine the pore size and volume by
using BJH calculation. The pore diameter limits for macroporous material is more
than 50nm and mesoporous material is pore between 50nm and 2nm, no suitable for
microporous material which the pore diameter is less than 2nm (Trunschke, 2007).
BET and BJH device has widely application in the study of catalyst, adsorbents,
zeolites, pharmaceutical and artificial bone material to determine the specific surface

area and pore volume (Norcross, nd).

2.6.2 XRF

X-Ray Fluorescence (XRF) was first proposed at 1928, X-ray fluorescence
has only become common in archaeological uses within the past few decades (Adan-
Bayewitz et al, 1999). XRF transfer high-energy gamma rays to the sample and
measures the secondary X-ray that pass through the sample, or fluorescent x-rays.
When sample is exposed to the gamma rays, their component atoms eject one or
more electrons in a process known as ionization. Electron ejection only takes place if
the atom is exposed to radiation with a greater energy than its ionization potential.
XRF measures the energy dispersed in the ejection of these electrons (Rice, 1987).

XRF has been successfully used for chemical analysis of major and trace- elemental
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concentration. In this research, XRF was used to analysis the metal oxide and trace
metal composition in the catalyst. In recently research, XRF has been used by Vallet

et al (2013) to characterize Ni and Fe catalyst supported over hydrotalcite.

2.6.3 XRD

X-ray diffraction (XRD) is one of the most importance technique used for
illumination of structural information relating to the crystalline. Diffraction was
occur when parallel X-rays passing through a sample and bent at a specific angle ().
The diffracted angle used by Bragg’s law to calculate the space distance between
adjacent layers of atom or ions. The space distance between adjacent layers of atom
determine the peak position and the peak intensity is determined by what atoms are
in the diffracted plane (Bruker, 2001). The diffracted angle and the intensities of the
diffracted X-ray were records and form a diffractogram to identify the characteristic
of the sample. The compounds in the sample were identified using software to
compare with the experimental diffraction date from the known compounds which is
match with the diffraction date in the diffractogram (Speakmen, nd). Generally, The
experimental diffraction dates from the known compound were compiled into PDF
database by the Joint Committee on Powder Diffraction Standard, (JCPDS) (Scintag

inc, 1999).
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CHAPTER 3

METHODOLOGY

3.1 Research Design

This research focuses on the catalytic wet air oxidation (CWAO) of acrylic
acid with presence of manganese - cerium oxide catalyst. The catalyst synthesis,

catalyst characterization and catalysts testing will be discussed in this chapter.

3.2 Manganese-Cerium oxide Catalyst Preparation

For this research, the manganese - cerium oxide catalyst was prepared by co-

precipitation to carry out the experiment.

3.2.1 Catalyst Reagents and Apparatus

Table 3.1 shows the chemical reagents that will be used in the catalyst
preparation. The table has also covered the chemicals’ purity, phase and its function

respectively in catalyst preparation.
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Table 3.1 The Chemical Reagent Used With Its Purity and Its Function.

Chemical reagent Phase Purity Function

Manganese (I1) Nitrate Solid 98% Raw material to prepare
Hydrate Manganese Oxide in catalyst.
Cerium (1) Nitrate Solid 99% Raw material to prepare
Hexahydrate Cerium oxide in catalyst.
Sodium Hydroxide Solid 99% Precipitating agent for

precipitation.

Figure 3.1 shows the system scheme and apparatus was used in the catalyst
preparation. Apparatus needed to synthesis manganese — cerium oxide catalyst are

volumetric flask, breaker, funnel, filter paper and conical flask.

. <——— Beaker
<—— Volumetric

Flask Q TFunnel
Filter paper
Aging
~<—— (Conical flask

<«— DBeaker

Figure 3.1: Catalyst preparation system scheme

3.2.2 Catalysts Synthesis Procedure

The manganese - cerium oxide catalyst with molar composites ratio for
Mn/Ce was 70/30 was prepared by co-precipitation from a mixed aqueous solution
of manganese (II) nitrates (Mn(NO3),*xH,0) and cerium (Ill) nitrates
(Ce(NO3)3*6H20) as described by Silva, et al (2003). The concentration with 15 g

of metal salt/100 ml of mixture solution was prepared using volumetric flask and
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poured at room temperature into 200 mL of 3 M aqueous sodium hydroxide (NaOH,
97%). After 30 minutes of aging, the resultant dense brown gel was separated by
filtration, washed with deioned water, and dried in air at 100°C for 16 h followed by

calcination at 350°C for 3 h in air using glass furnace.

3.2.3 Catalysts Characterization

Catalyst will be characterized by using X- ray diffraction (XRD), X- ray
Fluorescence (XRF) and BET & BJH analysis methods. Catalyst surface and pore
volume were obtained using conventional BET method and BJH, while elemental
composition was by XRF and crystalline structure was identify by XRD. 0.4365g of
Mn-Ce catalyst sample was degassed under vacuum at 180 °C and became 0.4326g
of degassed catalyst sample before BET and BJH analyst. The isotherms were
measured at liquid nitrogen temperature with Thermo Scientific Surfer instrument.
The Surface area was calculated using BET modal whereas the pore volume and
pore size were calculated using BJH. For XRF, 10g of catalyst sample required for
the XRF analysis. XRF measurements were performed using a Quantexpress
method, with software for data acquisition and analysis. For XRD, 2g of catalyst was
operated at 30 kV and 150 mA and the data were collected in the range of 260=3°.90°

with a step size of 0.005°.

3.3 Catalyst Testing and Sampling

The catalyst was tested in batch reactor at atmospheric pressure.
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3.3.1 Reagents and Apparatus

Table 3.1 shows the chemicals that will be used in the catalyst testing. The

table has also covered the chemicals’ purity and its function respectively in catalyst

testing.
Table 3.2 The Chemicals Used With Its Purity and Its Function.
Reagents Phase Purity Function
Acrylic acid Liquid 99.7% To be used as chemical
component remove by CWO
Manganese-Cerium Solid - To be used to removal acrylic
catalyst acid in the CWO

Figure 3.1 shows the batch reactor system scheme and apparatus was used in

the catalyst testing. The apparatus and their function are listed in Table 3.3

i

L
e

S|

M| +— Condenser
\ )

4

~

\ )
> 4f

=

Thermocouple

) I ]
(@) “"EA"l 0 ([
B ~1 |l lo o ‘Q/A
Air compressor  Air regulator Heater Temperature Controller

Figure 3.2 Batch reactor system scheme



3.3.2 Experimental Procedure

The initial testing of catalysts was performed in a batch reactor for wet air
oxidation of acrylic acid (CH,=CHCO;H, 99%) solution. The oxidation was carried
out at 50°C (x2°C), 1 bar, 40000ppm acrylic acid, 4 L/min oxygen flow rate in a
complete magnetic stirrer three-necked flask (reactor). The reactor initially was
charged with deionized water and agitation will be started. The reactor will be
heating by using modifier heating mantle. The temperature inside the reactor was
measured by type J thermocouples and the temperature was controlled by
temperature controller. As soon as temperature was attained, the catalyst and acrylic
acid were injected in to reactor to attain a concentration of desired ppm. Experiment
was repeated by varying the temperature and initial concentration of acrylic acid. All
catalyst experiments were carried out with 2.5g/l of catalyst. 2ml of samples was
taken periodically through the three-necked flask by syringe. 2ml of the samples
with reaction times of 1, 5, 10, 20, 30, 60, 90, 120, 150, 180, 240, 300 minutes were
taking out and the catalyst will be separated by using syringe filter. The filtrate was

analyzed by chemical oxygen demand.

3.3.3 Range of Parameter

For the temperature manipulation experiment, temperature 50°C, 60°C, 70°C,

and 80°C was carried out. For the initial concentration acrylic acid manipulation

experiment, different concentration 4000ppm, 20000ppm and 40000ppm of arylic

acid was carried out.
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3.4 Performance Analysis Methods

Sample was analysis by COD instrument.

3.4.1 Reagents and Apparatus

Reagents needed to determine performance of manganese - cerium oxide
catalyst are:

l. COD Digestion Reagent Vial High Range

Il. Test tube

Apparatus needed to determine manganese — cerium oxide catalyst are:

l. COD Digester Reactor

. Spectrophotometer, HACH DR/2400

Il. COD rack

3.4.2 Analysis Procedure

In this procedure, 2ml of water sample is pours into vials containing the pre-

measured reagents (strong oxidant, potassium dichromate). Then, the vials are heated
under 150°C for 3hour until digestion is complete and then cooled. The COD value

was determined using the spectrophotometer.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Catalysts characterization

The catalytic properties of synthesised Mn-Ce catalyst were determined and
compared with the Mn-Ce catalyst synthesis by other researchers. The surface area,
pore volume, microstructures Mn-Ce atomic ration of synthesised catalyst were

compare with the Mn-Ce catalyst prepared by Wolfovich (2006).

4.2 Atomic ratio of Mn/Ce catalyst revealed by XRF

The atomic ratio of Mn/Ce catalyst (Mn-Ce-1) was analysed using XRF. 10 g

of the Mn/Ce catalyst was used for the XRF analysis. Table 4.1 shows the major and

trace element and their weight percent.
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Table 4.1 XRF result for major and trace element weight percent of Mn/Ce catalyst

No Metal/Metal oxide Mass percent, %
1 Cerium Oxide 52.92
2 Manganese Oxide 44.52
3 Sodium Oxide 0.72
4 Europium Oxide 0.53
5 Calcium Oxide 0.39
6 Silicon Dioxide 0.26
7 Neodymium Oxide 0.23
8 Magnesium Oxide 0.14
9 Sulphur Trioxide 0.09
10 Aluminium Oxide 0.08
11 Rhodium 0.04
12 Nickel Oxide 0.04
13 Cobalt Oxide 0.02
14 Vanadium Oxide 0.02
15 Copper Oxide 0.01

The XRF result show that 97.43 weight percent of the catalyst is desired
component, manganese Oxide and cerium oxide. The other metal oxide, which is
2.565 weight percent in the catalyst is due to the trace metal in the raw material,
Mn(NO3),.6H,0O (sigma) with 2% of trace metal inside and the impurity in the
deionized water (magnesium, calcium and sodium). The XRF result shows the
atomic ratio of Mn/Ce is 67/33 which is about 12% error compare to the desired
Mn/Ce with atomic ratio 70/30. The reason of 12% error is due to the raw material
Mn(NO3),.6H,0 is a strong moisture absorbent and having unpredicted hydrate state
(Sigma, year). Low storage temperature (2-8°C) has caused the water moisture in air
condenses. The condensate was adsorbed by Manganese Nitrate surface and

decreasing the purity of Manganese in the metal salt.
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4.3  Crystal structural characteristics of Mn/Ce catalyst revealed by X-ray

diffraction analysis

The crystal structural characteristics of Mn/Ce catalyst with atomic ration
67/33 were analysis by using XRD. Figure 4.1 show the comparison between the
XRD intensity graph of the synthesized catalyst in the present study, Mn-Ce-1 with
the catalysts synthesized by Wolfovich (2006) with atomic ratio 60/40 by
calcinations in air (Mn-Ce-WA) at atmospheric pressure and calcinations in vacuum
at 85 mbar (Mn-Ce-WV). The figure show the graph profile and the peaks of
represent on the XRD intensity graph of Mn-Ce-1 is similar to the XRD intensity
graph of Mn-Ce-WV. The sharp peaks indicated the dispersion of manganese oxide

and cerium oxide phase.
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Figure 4.1 X-ray diffractograms of Mn/Ce catalysts: Mn-Ce-WV(a), Mn-Ce-WA(b),

Mn-Ce-1 (c).(source: Wolfovich, 2006)
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4.4 Surface area and pore volume of Mn/Ce catalyst revealed by BET & BJH

The surface area and pore volume of Mn-Ce-1 (Mn-Ce catalyst with atomic
ratio 67/33) were derived from Nitrogen adsorption-desorption isotherms using BET

and BJH method. Figure 4.2 is the Isotherm graph for the Nitrogen adsorption-

desorption.
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Isotherm
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Figure 4.2 Nitrogen adsorption- desorption Isotherm

The sharp of adsorption isotherm shown in Figure 4.1 is similar to the type
IV isotherm. The intermediate flat region in the isotherm (around p/p°® from 0 to

0.01) corresponds to monolayer formation. The low slope region in the middle of the

isotherm corresponds to the formation of multilayer and the hysteresis at the end of
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the graph was correspond to the gases condensation in capillary pore and indicate the

presence of mesopores.

The Langmuir model state the surface is of Mn-Ce catalyst is 219.13 m?g™.
The Langmuir theory was based on the assumption that adsorption is monolayer in
nature but in the true picture of adsorption, multilayer formation has to be considered
(Hwang & Barron, 2011). Therefore, this theory is only applicable under the
conditions of extreme low pressure where monolayer formation on the solid surface.

Therefore the result of Langmuir is inaccurate.

BET theory extends the Langmuir theory to multilayer adsorption. BET
theory states that multilayer adsorption would occur under the condition of high
pressure and low temperature due to the thermal energy of gaseous molecules
decreases and more gaseous molecules available per unit surface (Hwang & Barron,
2011). Therefore BET model is well fits to type IV isotherm which isotherm shows
the formation of monolayer followed by formation of multiplayer. Besides that,
Hwang & Barron (2011) state that type IV isotherm gives the characterization of

mesoporus material (pore diameter between 2 to 50nm).
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Figure 4.3 B.E.T Plot

The surface area was calculated by using BET method. Figure 4.3 is the BET
plot. The calculation used adsorption branch from initial p/p® = 0 to final p/p°® = 0.4

due to the monolayer formation and multilayer formation occur and no gases
condensation occur at this region. The calculated specific surface area of the Mn/Ce
catalyst with atomic ratio 67/33 is 83.155m2/g, which is lower than the Mn/Ce
catalyst synthesis by Wolfovich with atmic ratio 60/40. The reason of the surface
area of synthesized catalyst in the present study is lower than the Mn/Ce catalyst
synthesis by Wolfovich with atmic ratio 60/40 is due to the dispersion of manganese

oxide on the cerium oxide and been discussed at the section 4.1.4.

The pore properties of Mn-Ce catalyst with atomic ration 67/33 was

calculated by using mesopores BJH method. The Figure 4.4 is the mesopores B.J.H
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plot (Groen et al 2003). The calculation used desorption branch from initial p/p° =

0.3 to final p/p® = 0.95. The calculated cumulative Pore volume is 0.3031cm*/g™ and

the median pore radius is 8.507nm. BJH method is the most widely used for

calculation of the pore properties of mesopores material.
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Figure 4.4 Mesopores B.J.H plot

The pore properties of Mn-Ce catalyst with atomic ration 67/33 was

calculated by using mesopores BJH method. The Figure 4.4 is the mesopores B.J.H

plot (Groen et al 2003). The calculation used desorption branch from initial p/p° =

0.3 to final p/p°® = 0.95. The calculated cumulative Pore volume is 0.3031cm*/g™ and

the median pore radius is 8.507nm. BJH method is the most widely used for

calculation of the pore properties of mesopores material.
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4.5 Comparison of catalytic properties of Mn-Ce base catalyst

Table 4.2 show the comparison of catalyst properties between Mn-Ce catalyst
with atomic ratio 67/33 (Mn-Ce-1) and Mn/Ce catalyst synthesis by Wolfovich
with atomic ratio 60/40 by calcinations in air (Mn-Ce-WA) at atmospheric pressure

and calcinations in vacuum at 85 mbar (Mn-Ce-WV).

Table 4.2 Comparison of Catalytic Properties of Mn-Ce Base Catalysts

Catalyst Mn-Ce-1 Mn-Ce-WV Mn-Ce-WA
Surface area (m°g™) 83.155 98 128

Pore diameter (nm) 17.014 14.8 11.5

Pore volume (cm®g")  0.3031 0.36 0.37

Mn/Ce atomic ratio 67/33 60/40 60/40

From Table 4.2, Mn-Ce-1 has the smallest surface area (83.155m?g™) follow
by Mn-Ce-WV (98m?g™) and Mn-Ce-WA (128m?g™) and the pore volume show the
similar trends that Mn-Ce-1 has the smallest pore volume (0.30 cm®g™) follow by
Mn-Ce-WV (0.36cm°g™) and Mn-Ce-WA (0.37cm3g™). However the pore diameter
of Mn-Ce-1 show the highest value, 17.014nm follow by Mn-Ce-WV, 14.8nm, and
Mn-Ce-WA, 11.5nm. From the trends, the surface area of Mn-Ce catalyst is directly
proportional to the pore volume but inversely proportional to the pore diameter. The
pore volume is derived from the amount of vapour adsorbed at a relative temperature
close to unity and calculated by using BJH method. The results obtain are line with
the theory, the pore volume is directly proportional to the surface area of the catalyst
because larger the volume, higher the porosity of the catalyst and bigger the surface
in the pore (Peng & Wang, nd). The pore diameter is inversely proportional to the
surface area of catalyst because the pore diameter is estimate from the pore volume
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by assuming cylindrical pore geometry and using the equation below (Leddy N.

2010):

Where ry, is average pore radius
Viiq is the volume of saturated liquid nitrogen in pores
S is the surface area of the catalyst
Therefore, the surface area is inversely proportional to pore diameter but directly

proportional to the pore volume.

The study of Cu-Mn-Si catalysts, which done by Zheng et al (2007) was
stated that there are two reasons for the high surface area. First is that the silica itself
has large surface area, Second is that the copper or manganese are well dispersed on
silica leading to the increase of BET surface areas of Copper or manganese.
Wolfovich (2006) also state that the relatively high surface area of mixed oxides is
determined mostly by CeO, phase that displayed a much higher dispersion and
comprised of the catalyst by weight. The catalyst synthesized by Wolfovich (2006),
Mn-Ce-WA catalysts content 60% weight of CeO; and the result of XRF shows that
the weight of CeO, comprised in Mn-Ce-1 catalyst is 54% only. This explains the

reason of Mn-Ce-1 has smaller surface area compare with others.

The preparation method and the raw materials used may affect the catalytic

properties of Mn-Ce catalyst. Table 4.3 show the preparation step for each Mn-Ce

catalyst.
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Table 4.3 Comparison of Synthesis Step of Mn-Ce Based Catalysts

Catalyst Mn-Ce-1 Mn-Ce-WV Mn-Ce-WA
Synthesis method  Co-precipitation Co-precipitation Co-precipitation
Raw material
Manganese Salt Mn(NO3)2.XH,0 MnCl,.4H,0 MnCl,.4H,0
Cerium Salt Ce(NO3)3.6H,0 CeCl3.7H,0 CeCl3.7H,0
Mn/Ce ratio 67/33 60/40 60/40
Precipitation agent NaOH NaOH NaOH
Aging
Temperature (°C) Room temperature  Room temperature  Room temperature
Time (hr) 0.5 0.5 0.5
Stirrer (rpm) 0 0 0
Separation method  Filtration Filtration Filtration
Drying
Temperature (°C) 100 100 100
Time (hr) 16 16 16
Calcination
Temperature (°C) 350 350 350
Time (hr) 3 3 3
Pressure (atm) 1 0.85 1

The Mn-Ce-1 catalyst was prepared by using similar synthesis method and

the synthesis condition state by Wolfovich’s (2006)research, only the raw material

used is different. The difference anion size of nitrate salt and chloride salt may affect

the size of crystal formed. However there is no detail study on the effect of anion salt

on the co-precipitation method.

4.6 Catalysts performance in acrylic acid oxidation

Mn-Ce catalyst was tested in a batch reactor. The catalysts tested in

atmospheric pressure with optimal CWO Mn/Ce atomic ratio of 7:3 as established in

study of (Silva, 2003). This operating condition was selected to test the catalyst



activity. The operating conditions include temperatures and initial concentrations of

acrylic acid amounts were varied during the study.

4.7 Comparison between Wet Oxidation and Catalytic Wet Oxidation

The catalyst efficiency was measured taking into account the COD
concentration of the solution as principal parameter, since the COD is a measure of
total quantity of oxygen required to oxidize organic material. Figure 4.5 represents
the COD reduction as a function of time for non catalytic wet oxidation and catalytic
wet oxidation. Even thought the graph for wet oxidation (without catalyst) and
catalytic wet oxidation (5g/L catalyst) are very fluctuating but the COD reduction
with catalytic wet oxidation showed slightly increase in COD reduction compare
with wet oxidation. The result show that wet oxidation reach to a highest COD
reduction of 31.7% at 150 minutes and catalytic wet oxidation reach highest COD
reduction 34% at 120 minutes. The research done by Silva et al (2003) reported there
is no conversion of Acrylic acid inside a 200°C and 15bar Batch reactor without
using catalyst, but the result show that the COD reduction happen in the wet
oxidation. By compare the highest COD reduction of catalytic wet oxidation and wet
oxidation the COD reduction rate of catalytic wet oxidation are slightly higher than
wet oxidation, which mean the activity of Mn-Ce catalyst for conversion of acrylic
acid is very low under atmospheric pressure with 50°C. The result is similar as the
research done by Kumar et al (2006), which conclude that the catalytic wet oxidation
of acrylic acid under atmospheric pressure is not encouraging due to low COD

reduction. The study of Kumar et al (2006) also states the maximum 16% COD
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reduction at atmospheric pressure at 80°C with a reaction time of 30 h. However, the

COD reduction for both reactions are too fluctuating which mean there are side

reactions were happen during the experiment.
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Figure 4.5 COD reduction of wet oxidation and catalytic wet oxidation.

4.8 Side Reaction

The fluctuation of COD reduction for the catalytic wet oxidation in the
experiment is abnormal phenomenon was due to the side reactions were happen
during the experiment. In heterogeneous oxidation, hydrocarbon molecules activate
by adsorption of hydrogen and form an activated hydrocarbon molecular present at
the surface of catalyst. The present of oxygen in the gas phase dissolve in the

solution became electrophilic oxygen and present at the surface of catalyst to oxidize

36



the hydrocarbon (Wolfovich, 2006). The Full oxidation of hydrocarbon is show

below

R* +02 - CO2 + H20

Therefore the COD reduction for catalytic wet oxidation should be slowly increased

due to the acrylic acid degradation.

4.8.1 Polymerization

Polymerization is one of the undesired reaction may happen in the
experiment. Acrylic acid polymerizes easily when exposed to heat, light or metals.
Acrylic acid reacts readily with free radicals and electrophilic or nucleophilic agents.
Commonly, acrylic acid polymerization involves the following typical steps
initiation, propagation and termination. In initiation step, the acrylic acid activates by
free radical, electrophilic or nucleophilic agents to initiate a live chain. In
propagation step, acrylic acid units add to the live chain the activated acrylic acids,
where the hydrogen of one radical is transferred to another added acrylic acid and
acrylic acid can be continues added until form a long live polymer chain. The last
step is termination step, where the live polymer combines with another free radical
or live polymer to form one saturated dead polymer (Li & Schork, 2006). The

initiation step was occur when acrylic acid molecules activate by present of catalyst.

However, the polymerization is still happen during the reaction, the figure

4.6(a) show there is a grey colour gluey solid stick on the three necked flask after the

37



experiment. The figure 4.6(b) show that the syringe filter used for filter sample at 30
minutes, 2 hour and 5 hour (from left to right). The amounts of solid on the syringe

filter become large from time to time. Both figures prove that the polymerization was

happen during the experiment.

(b)

Figure 4.6(a) Gluey solid on the three necked flask; (b) Syringe filter syringe filter

used for filter sample at 30 minutes, 2 hour and 5 hour

The acrylic acid (Sigma Aldrich, 99% purity) was stabilized by 200ppm
monomethyl ether of hydroquinone (MEHQ) as polymerization inhibitor and used
along the experiments. Acrylic acid is miscible in the water and organic solvent, but
MEHQ only miscible in organic solvent and partly dissolves in water. The solubility
of MEHQ is very low in water, only 40g/L under 200°C (Chemiblink, 20013).
Therefore, polymerization was happened during experiment due to the absence of

MEHQ in the solution.

The present of polymer, the product of acrylic acid polymerization was
affected the COD test. Chemical oxygen demand is a measure of the oxygen

equivalent of the organic matter content of a sample that is susceptible to oxidation
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by a strong chemical oxidant (Boyles, 1997). Chemical oxygen demand (COD) test
uses dichromate, a strong chemical oxidant in an acid solution and heat to oxidize
organic carbon. However, some organic compounds are only partially oxidized and
some of the organic compounds are not oxidized (Boyles, 1997). A polymer with
long carbon chain is partially oxidized in the dichromate; therefore less green
chromic ion (Cr3+) is form and spectrophotometer show low COD value. This
explain the high conversion (30% ~ 40%) occur within 30 minutes compare with the

research done by Kumar et al (2006), the maximum 16% COD reduction at
atmospheric pressure at 80°C with a reaction time of 30 h. Besides that, oxidative

polymerization may happen during the two hour digestion time and more oxygen is

required to polymerise the acrylic acid.

4.8.2 Formation of Carbonic Acid

Carbon dioxide is one of the products produce from the full oxidation of
acrylic acid (Wolfvich, 2003). Carbon dioxide is the most common source of acidity
in water. Carbon dioxide dissolves in water and form carbonic acid, which is the
organic compound with the formula H,CO3; (Peavy et al, 1985). Therefore the
increasing of COD value does not mean acrylic acids are generated during the

experiment, is the formation of carbonic acid occurs during the experiment.
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4.9 Comparison between Various Temperatures

The effect of temperature on COD reduction of acrylic acid was studied.

Figure 4.7 show the result of COD reduction of Acrylic acid under atmospheric

pressure with 5g/L catalyst for different temperature (50°C, 70°C and 80°C).
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Figure 4.7 COD Reduction with Different Temperature

Figure 4.7 shows that higher temperature would lead to higher conversion.

The highest COD conversion for 50°C, 70°C and 80°C was achieved at 10 minutes.

The highest COD conversion for operating temperature at 50°C is 22.4%, for 70°C is

36.9%, and for 80°C is 42.1%. However, the trends show that the COD values are

increasing rapidly after 10 minute and reduce again after 60 minutes. The second

highest COD conversion was achieved at 90 minutes. The COD values are then
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increasing again. The COD value increase may due to the effect of the formation of
carbonic acid during the experiment. Carbon dioxide is one of the products produce
from the full oxidation of acrylic acid (Wolfvich, 2003). The increasing of COD

value was due to the formation of carbonic acid occurs during the experiment.

4,10 Comparison between Various Acrylic Acid Concentrations

The effect of acrylic acid initial concentration on COD reduction of acrylic
acid was studied. Figure 4.8 show the result of COD reduction of Acrylic acid under
atmospheric pressure with 5g/L catalyst for various acrylic acid initial concentrations

(40000ppm, 20000ppm and 4000ppm).
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Figure 4.8 COD Reduction with Different Acrylic Acid Initial Concentration
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Figure shows that the higher the initial concentration of acrylic acid slower
reaches the highest COD reduction could be obtained. For the 40000ppm Acrylic
acid concentration, the reaction reaches highest COD reduction at 120 minutes which
is slower than 20000ppm concentration of Acrylic acids, 90 minutes and followed by
4000ppm, 10 minutes. This reason of this phenomenal happen is the deactivation of
catalyst occurs more rapidly at high acrylic acid concentration (Fogler, 2006). The
surface area of catalyst block with carbonaceous matter formed in the pore due to the
polymerization of acrylic acid (wolfvoch, 2003). Therefore, higher acrylic acid
concentration, expedite the formation of carbonaceous matter and hence accelerate
the deactivation of catalyst. Hence, more catalyst might be needed to achieve the

same conversion if the initial concentration of AA is higher.
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CHAPTER 5

CONCLUSION AND RECOMMENTATION

51 Conclusion

The manganese cerium oxide catalyst with Mn/Ce ratio 67/33 was
synthesized and characterised. Specific surface area, pore volume, crystal structural
and Mn/Ce ratio were determined and compared with the manganese cerium oxide
catalyst synthesized by Wolfovich at 2006. The specific surface area and pore
volume of the catalyst is 83.155m?g™ and 0.3031cm’g™. The synthesized catalyst

was tested at temperature range, 50 to 80°C and various initial concentrations of

acrylic acid, 4000ppm, 20000ppm and 40000ppm. Althought the synthesized
catalyst show a good physical characteristic but the literature COD reduction data
was fluctuating due to the side reaction, polymerization and formation of carbonic

acid in the reaction.
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5.2 Recommendation

There are many others characteristics of the catalyst such as oxidation state,
thermal stability and leaching of catalyst can be studied for manganese cerium oxide
catalyst. High temperature and water soluble polymerization inhibitor should be used
during the experiment to reduce the rate of side reaction. The analysis method such
as total organic carbon (TOC) analysis, high performance liquid chromatography

(HPLC) and gas chromatography (GC) should be used to obtain more data.
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APPENDIX A

X-Ray Fluorescence Result

No Metal/Metal oxide Result Unit Test method
1 Cerium Oxide (CeO2) 58.74 % Quantexpress
(Best Detection)
2 Manganese Oxide (MnQ) 49.42 % Quantexpress
(Best Detection)
3 Sodium Oxide (NaO2) 0.80 % Quantexpress
(Best Detection)
4 Europium Oxide (Eu203) 0.59 % Quantexpress
(Best Detection)
5 Calcium Oxide (CaO) 0.43 % Quantexpress
(Best Detection)
6 Silicon Dioxide (SiO2) 0.29 % Quantexpress
(Best Detection)
7 Neodymium Oxide 0.26 % Quantexpress
(Nd203) (Best Detection)
8 Magnesium Oxide (MgO) 0.15 % Quantexpress
(Best Detection)
9 Sulphur Trioxide (SO3) 0.10 % Quantexpress
(Best Detection)
10 Aluminium Oxide (Al203) | 0.09 % Quantexpress
(Best Detection)
11 Rhodium (RH) 0.04 % Quantexpress
(Best Detection)
12 Nickel Oxide (NiO) 0.04 % Quantexpress
(Best Detection)
13 Cobalt Oxide (CoO) 0.02 % Quantexpress
(Best Detection)
14 Vanadium Oxide (V205) 0.02 % Quantexpress
(Best Detection)
15 Copper Oxide (CuO) 99 ppm Quantexpress
(Best Detection)
16 Rubidium Oxide (Rb20) 45 ppm Quantexpress
(Best Detection)
17 Zirconium Oxide 32 ppm Quantexpress

(Best Detection)

52




APPENDIX B

X-ray Diffraction Analysis Results

General Information

Analysis date 11/6/2012 9:57:11 AM

Sample name XRD Analysis

Measured time

10/21/2012 4:10:33
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APPENDIX C

BET and BJH result

Analytical Conditions
Blank done with: Helium
Adsorbate: Nitrogen

Adsorption data

p/p° V ads cm3/g-1
8.80E-05 7.3463
0.00015 9.4406
0.0041 15.236
0.0234 17.702
0.0707 20.051
0.1248 21.949
0.1814 23.759
0.2364 25.532
0.2934 27.416
0.3494 29.337
0.4052 31.362
0.461 33.588
0.5158 36.188
0.5697 39.235
0.6203 42.857
0.671 47.471
0.7181 53.204
0.7646 60.904
0.807 70.737
0.8451 81.216
0.881 95.754
0.9069 112.04
0.9197 122.76
0.9328 136.64
0.9397 146.25
0.9486 159.52
0.9575 172.95
0.9647 182.22
0.982 194.09
0.9996 205.83
1.0001 217.83
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Desorption Data

p/p° V ads cm3/g-1

210.18 0.9989
201.61 0.9928
197.19 0.9767
193.89 0.9436
185.41 0.9255
178.19 0.9198
169.19 0.9144
160.81 0.9074
152.8 0.903
144.14 0.8975
135.95 0.892
128.04 0.8856
120.43 0.8803
113.15 0.8711
106.64 0.8632
100.22 0.852
94.632 0.8413
89.126 0.8293
84.17 0.8162
79.408 0.8034
74.949 0.7897
70.388 0.7764
66.214 0.7612
61.838 0.7439
57.906 0.7257
54.031 0.7045
50.303 0.6803
46.546 0.65

42.984 0.614
39.836 0.5747
37.175 0.5317
34.836 0.4877
32.624 0.4396
30.707 0.39

28.932 0.3396
27.238 0.289
25.573 0.2371
23.923 0.1847
22.231 0.1321
20.999 0.0942
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APPENDIX D

COD value
Concentration AA 4000ppm
Temperature 70°C
Time COD COD reduction %
0 17350 0
5 11050 36.31124
10 10950 36.88761
20 17350 0
30 17350 0
60 17350 0
90 13900 19.88473
120 17350 0
150 17350 0
180 17350 0
240 17350 0
300 17350 0
Concentration AA 4000ppm
Temperature 80°C
COD COD reduction %
0 19950 0
5 11750 41.10276
10 11550 42.10526
20 12950 35.08772
30 14150 29.07268
60 15550 22.05514
90 11900 40.35088
120 18500 7.26817
150 14950 25.06266
180 12550 37.09273
240 14850 25.56391
300 15650 21.55388
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Concentration AA

4000ppm

Temperature 50°C
Time COD COD reduction %
0 19600 0
5 16000 18.36735
10 15200 22.44898
20 19600 0
30 19600 0
60 19600 0
90 18000 8.163265
120 19600 0
150 19600 0
180 19600 0
240 19600 0
300 19600 0
Concentration AA 40000ppm
Temperature 50°C
Time COD COD reduction %
0 65700 0
5 65700 0
10 65700 0
20 58100 11.56773
30 57900 11.87215
60 51100 22.22222
90 60700 7.61035
120 55900 14.91629
150 44900 31.65906
180 53800 18.11263
240 51100 22.22222
300 50700 22.83105
Concentration AA 20000ppm
Temperature 50°C
Time COD COD reduction %
0 27200 0
5 27200 0
10 25000 8.088235
20 27200 0
30 27200 0
60 24800 8.823529
90 21900 19.48529
120 22600 16.91176
150 27200 0
180 22700 16.54412
240 27200 0
300 27200 0
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