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In this research, the effect of different potassium loading over HY100 zeolite
catalysts at 0, 2, 4, 6 and 8 wt.% prepared by incipient wetness impregnation method
was studied. In addition, the effect of Si/Al molar ratios (15, 100 and 500) of HY zeolite
modified with potassium at 6 wt.% was also investigated. Furthermore, the effect of
support ratios of Al,O3; and HY zeolite modified with potassium 6 wt.% was studied as
follows: 3:1, 1:1 and 1:3. All catalysts were tested in lactic acid dehydration reaction
at 340 °C of reaction temperature under atmospheric pressure and characterized by
various techniques. From the results, it was found that HY zeolite modified with
different potassium loading, Si/Al molar ratios of HY zeolite and support ratios of Al,O5
and HY zeolite affected the catalytic activity in lactic acid dehydration reaction,
evidenced by characterization results. Among all the catalysts, the HY zeolite with Si/Al
molar ratios of 100 and modified with potassium at 6 wt.% represented the best
catalyst for lactic acid dehydration with 100% conversion and 45.5% selectivity for
acrylic acid as well as the lowest acetaldehyde selectivity due to the suitability of total
acidity and basicity of the catalyst. However, the catalyst with too high Al,05; content
caused the structural collapse, high strong acid sites and high coke deposition resulting
in the lowest catalytic performance. The catalytic results indicated that potassium
modification of HY zeolite could improve acrylic acid selectivity and reduce

acetaldehyde selectivity.
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CHAPTER |
INTRODUCTION

1.1 General introduction

Acrylic acid (AA) and its esters are produced from petrochemical industry by
two-step gas phase partial oxidation of propylene [1] and acrylic acid (AA) and its esters
are widely used in the manufacture of adhesives, paint additives, textile, leather
treating agents, raw materials for polymers, drugs and other products [2, 3]. Recently,
the partial oxidation of propane to AA through a one-step process has been more
attention [4-7]. Despite that multicomponent metal oxides are catalytically active for
one-step process but metal oxides are sensitive to preparation and not efficient
enough for practical application. In addition, both propylene and propane are
produced from non-sustainable sources in the petrochemical industry. With the ever
rising demand for petroleum, it has been costly to use propylene as feedstock. As a
sustainable, alternative route, acrylic acid (AA) can be synthesized by dehydration of
lactic acid (LA), which is one of the mass fermentation products. However, the
dehydration of LA to produce AA is also accompanied by other competing reactions

such as condensation, decarboxylation and reduction, are showed in Figure 1.1 [8].

o

)J\ CO + HyO
Decarbonylation +
[ Decarbonylation

HaC H
Decarboxylation 3 COp, + Hp
acetaldehyde

e}

. Condensation H3C)Y\CH3 + CO, + HyO

o
2,3-pentanedione
o
HiC Dehydration
\Hk OH ¥ HyCm— oH + H,0

OH acrylic acid
Lactic acid (H)
(o]
Reduction
HaC
OH
propanic acid
OH
Hydrogenation OH
e J—
HiC

1,2-propanediol

Figure 1.1 Reaction pathways for LA conversion [8].



The decarboxylation of LA to acetaldehyde (AD) is one of the key side reactions
and should take main responsibility for the low selectivity for AA. The selective
conversion of LA to AA in the gas phase requires the usage of suitable catalyst by

means of which the side reactions can be inhibited kinetically.

Typical inorganic salt catalysts have been the focus of research into the
conversion of LA such as phosphates, silicates, carbonates, nitrates and sulfates [9-11].
However, the research and development of suitable catalysts for the industrials of AA
production by the dehydration of LA is still important. However, zeolites are a solid
acid/base properties, can be wused as catalysts for biorenewable molecular
transformation such as dehydration, hydronenolysis and hydrogenoration [12-14].
Recently, NaY zeolites based catalysts with unique acid/base characteristics and widely
used in industrial processes have been investigated and used in the dehydration of LA
to AA [15, 16]. It have been found that modification by alkaline or rare earth metal to
NaY zeolites could improve catalytic performance, especially the selectivity to acrylic
acid. Generally, dehydration over zeolites has always been considered to be a process
catalyzed by acidic sites, which could be modified by surface cations. Alumina (ALLO3)
widely used in the dehydration process. This beneficial effect is ascribed to the

dilution of the strong acid sites of zeolite in the alumina matrix [17].

In this research, we focused on the effect of different potassium loading over
HY zeolite catalysts were prepared by incipient wetness impregnation method and the
HY zeolites with different Si/Al ratios and the effect of Al,O; and HY zeolite ratios were
prepared by sol-gel method and the modification of HY zeolite and AlL,Os-HY zeolite
catalysts by potassium. The catalysts have been characterized by various techniques,
and the catalytic performance for the dehydration of lactic acid to acrylic acid were

investigated.



1.2 Research objectives

1.2.1  To study the effect of different potassium loading over HY zeolite
catalysts to compare with unmodified on the catalytic performances and
acidity/basicity for lactic acid dehydration.

1.2.2  To study the effects of Si/Al molar ratio on acidity/basicity and catalytic
performances of HY zeolite catalysts for lactic acid dehydration.

1.2.3  To investigate the effect of Al,O; and HY zeolite ratios on catalytic

performance for lactic acid dehydration.

1.3 Research scopes

1.3.1  Preparation of HY zeolite catalysts modified with different potassium
loading at 0, 2, 4, 6 and 8 wt.% by incipient wetness impregnation method.

1.3.2  Preparation of HY zeolites catalysts with different Si/Al ratio (15, 100
and 500) and modified with potassium at the best percent loading from the 1.3.1.

1.3.2  Preparation of ALOs-HY zeolite with ratios of 3:1, 1:1, and 1:3 by sol-gel
method and modified with potassium at the best percent loading from the 1.3.1.

1.3.3  Characterization of AlLOs;, HY zeolite and AL Os-HY zeolite catalysts
modified with potassium by using various techniques:

- Nitrogen physisorption to determine BET surface area, pore size and pore volume.

- X-ray diffractometry (XRD) to determine crystallite phase.

- Ammonia temperature program desorption (NHs-TPD) to determine acidity of
catalysts.
- Carbon dioxide temperature program desorption (CO,-TPD) to determine basicity of
catalysts.

- Scanning Electron Microscopy (SEM-EDX) to study morphology of catalysts.

- Thermogravimetric analysis (TGA) to study carbon deposition on spent catalyst.



1.3.4  Investigation the catalytic performances of HY zeolite modified with
different potassium loading and HY zeolites catalysts with different Si/Al ratio and
ALOs-HY zeolite ratios modified with potassium for lactic acid dehydration reaction
under temperature 340 °C and atmospheric pressure. The products were analyzed by

GC equipped with a DB-WAX UL column and FID detector.

1.4 Research methodology

1.4.1 Part I: Investigate the effect HY zeolite catalysts modified with different

potassium loading at 0, 2, 4, 6 and 8 wt.% by incipient wetness impregnation method.

Preparation of HY zeolite catalysts

A 4

Preparation K over HY zeolite with different
potassium loading at 0, 2, 4, 6 and 8 wt.%

by incipient wetness impregnation method.

A 4

Dried at 110 °C and

calcined at 550 °C for 2 h

v v

Catalysts characterization

Lactic acid dehydration

- XRD - NHs-TPD
l - CO,-TPD - N, physisorption
- TGA - SEM-EDX

GC-FID

|

v

Discussion and

conclusions




1.4.2 Part Il: Comparative HY zeolite catalysts with different Si/Al molar ratio
of 15, 100, and 500 and modified with potassium.

Preparation of HY zeolite catalysts with

different Si/Al ratios of 15, 100 and 500

|

Preparation of K over HY zeolite with different Si/Al ratios by incipient

wetness impregnation method using potassium loading from part | that

give the highest selectivity for AA

A 4

Dried at 110 °C and

calcined at 550 °C for 2 h

v v

Lactic acid dehydration Catalysts characterization
l - XRD - NH5-TPD
- CO,-TPD - N, physisorption
GC-FID ; 2 PRYSEOTP
l - TGA - SEM-EDX

Discussion and

conclusions




1.4.3 Part lll: Investigate the effect of ALOs-HY zeolite with ratios of 3:1, 1:1,

and 1:3 by sol-gel method and modified with potassium.

Preparation of Al,Os-HY zeolite catalysts with
ratios of 3:1, 1:1 and 1:3 by sol-gel method

Preparation of K over Al,Os-HY zeolite catalysts with ratios of 3:1, 1:1
and 1:3 by incipient wetness impregnation method using percent

loading of potassium from part | that give the highest selectivity for AA

A 4

Dried at 110 °C and

calcined at 550 °C for 2 h

v \

Lactic acid dehydration Catalysts characterization
- XRD - NHs-TPD
l - CO,-TPD - N, physisorption
GC-FID - TGA - SEM-EDX

,, l

A4

Discussion and

conclusions




CHAPTER Il
THEORY AND LITERATURE REVIEWS

2.1 Theoretical
2.1.1 Acrylic acid production

Acrylic acid (AA), an important monomer of synthetic resin, is a versatile
compound for organic synthesis. It has been widely used to fabricate a variety of
functional materials such as water absorbent polymer, adhesives and textile-treatment
agents [18]. Acrylic acid is typically produced through a two-stage propylene-based
oxidation process using acrolein as a fast-acting intermediate. The first step is the
oxidation of propylene to acrolein and the second step is itself oxidized to acrylic acid,

as depicted below in Eqg.1 and Eq.2 [19].
H,C=CHCH; + O,  —» H,C=CHCHO + H,0 ; AH=-340 kJ/mol ... (Eq.1)
H,C=CHCHO + 0.50, — H,C=CHCOOH ; AH=-254.1 kl/mol ... (Eg.2)

However, due to the high demands for fossil fuel and the relative low reserves
of oil, the prices of propylene and its downstream products go up dramatically, leading
to increasing pressure to the production line of AA from propylene. What is more, it is
challenging to solve the issues of groundwater pollution and air pollution caused by
extraction. In 1958, Holmen first demonstrated that AA could be synthesized by the
dehydration of lactic acid in Eqg.3. They are using a mixture of sodium sulfate and
calcium sulfate as catalysts. Therefore, dehydration of LA provides a promising and
environmentally friendly route to produce AA product [20].

Dehydration
CH;CHOHCOOH ~————» H,C=CHCOOH + H,O .. (Eg.3)



2.1.2 Lactic acid dehydration

With both hydroxyl and carboxylic acid functions, lactic acid offers novel routes
to a variety of commodity chemicals (Fig. 2.1) through the reactions of dehydration,
dehydrogenation, condensation, reduction, decarbonylation, esterification and

polymerization [21].
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Figure 2.1 Lactic acid conversion pathways [21].



L Lactic acid conversion to acrylic acid

The first intramolecular reaction mechanism they considered involved an
internal attack on a 3-hydrogen by a basic group, together with the loss of the Q-OH
group Vvia an E2 elimination mechanism (Fig. 2.2). During the elimination, the carboxyl
proton may be transferred to the departing hydroxyl, thereby making it a better leaving

group [22].

H :0: OH

Figure 2.2 Elimination mechanism for dehydration of lactic acid

in supercritical water [22].

® Lactic acid conversion to pyruvic acid

This method requires two additional processes besides the oxidative
dehydrogenation process, that is, esterification of lactic acid and hydrolysis of
produced alkyl pyruvate. It is naturally favorable to produce pyruvic acid by an
oxidative dehydrogenation process only, are showed in Eq.4. However, it still seemed
to be difficult to obtain pyruvic acid directly from lactic acid, because the major part
of lactic acid is converted to form acetaldehyde and CO, by the oxidative C-C bond
fission rather than to form pyruvic acid by oxidative dehydrogenation over V,O5 or

MoOj3 based mixed oxide catalysts, are showed in Eq.5 [23].

CH5-CH(OH)-COOH + 0.50, —— CH;-CO-COOH + H,0 ....(Eq.4)
CH3-CH(OH)-COOH + 0.50, ——— CH5-CHO + CO, + H,0 ....(EQ.5)
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L Lactic acid conversion to 2,3-Pentanedione

The discovery of this pathway came about because the reactions were
conducted at higher pressure (0.5 MPa) and lower temperatures (280-320 °C).
The possibility was tested that pentanedione might arise via a condensation
between these fragments, with loss of water because propanoic acid and
acetaldehyde are both products of lactic acid conversion (Fig. 2.3). Alternatively,
pentanedione might be the primary product, which gives rise to the two low-

molecular-weight species via hydrolytic fragmentation [24].

0]

(@]
Condensation
2 H)C
3 \[)-LOH . + 2 H,O + CO,

OH O

Figure 2.3 Condensation reaction of lactic acid to 2,3-pentanedione [24].

L Lactic acid conversion to propanoic acid

The reduction of the lactic acid with hydrogen provides the propionic acid. The
propanoic acid may also be formed by hydrogenation of acrylic acid. The
decarboxylation of lactic acid to acetaldehyde induces the formation of hydrogen
which the hydrogen can turn to react with the lactic acid and / or acrylic acid to

produce propanoic acid (Fig. 2.4) [25].

0
H,C Hy
OH
OH \,‘H2O o
NN
OH
0
H c\_)k Ha
PASNS OH

Figure 2.4 Hydrogenation reaction of LA and acrylic acid to propanoic acid [25].
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L Lactic acid conversion to 1,2-Propanediol

The proposed direct hydrogenation of lactic acid would provide an alternative
green process for the production of 1, 2-propanediol from feedstocks, not from oil.
The production of 1,2-propanediol from lactic acid required hydrogenation of the
carboxyl group to an alcohol without removal of the O-hydroxyl group, while
reduction of the Ol-hydroxyl group resulted in the formation of propionic acid (Fig. 2.5).
The first propanediol formation from lactate was described in the 1930s and 1940s, in
which converted pure ethyl lactate to propanediol over Raney Ni with yield of
exceeding 80% at very high pressures (> 25 MPa) [26].

O HO
2H,

H,C
3 o 0= + H,0

OH OH

Figure 2.5 Hydrogenation reaction of lactic acid to 1,2-Propanediol [26].

® Lactic acid conversion to acetaldehyde

Lactic acid can be converted into acetaldehyde via two mechanisms of the

decarboxylation (1) and the decarbonylation (2) to present below (Fig. 2.6) [27].

0
J_k + H, + CO,
\HL i
H,C
3 OH —
0
OH (2) JL + HO + co
7 HsC H

Figure 2.6 decarboxylation (1) and the decarbonylation (2) of lactic acid to
acetaldehyde [27].
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The formation of acetaldehyde is the main reaction in competition with the
dehydration. It is done on acid sites [27]. Gunter et al. showed by a test on silica-
alumina as the main lactic acid decomposition product is acetaldehyde but the
addition of phosphate salts inhibit very strongly the reaction [9]. Therefore, as it was
reported by Sawicki et al. and Mok et al., the decarbonylation reaction can be avoided

on less acidic catalysts [22].

L Lactic acid conversion to Poly (Lactic Acid)

Polymerization of lactic acid to high molecular weight PLA can be achieved in
two ways (Fig. 2.7). First (i), direct condensation which involves solvents under high
vacuum and temperatures for the removal of water produced in the condensation.
Secondly (ii), formation of the cyclic dimer intermediate (lactide) which is solvent free.
It is produced and purified by distillation. Catalytic ring-opening polymerization of the
lactide intermediate results in PLA with controlled molecular weight [28, 29]. By

controlling residence time and temperatures in combination with catalyst type and

CHs 0 CH3
0 OH
HO 0
n
0] CH; 8]

Low molecular weight prepolymer Chain coupling agents
Condensation Mw = 2,000 -- 10,000

CHz
i\/mlruplc dehydrative
OH CO”CCT“I"\"OI’I OoH
HO o
0]

High molecular weight PLA
Muw == 100,000

concentration.

Lactic acid

Condensation . .
Ring opening

polymerization

CH, 0 CH, o o CHs
o OH_ o
HO 0
n
0 CHs 0 HsC o 0

Low molecular weight prepolymer

Mw = 1,000 -- 5,000 Lactide

Figure 2.7 Synthesis of polylactic acid [28, 29]
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2.1.3 Alumina catalyst (A,O5)

Alumina or aluminum oxide is a chemical compound of aluminium (Al) and
oxygen (O) with the chemical formula AL,Os. It is the most commonly occurring of
several aluminum oxides and specifically identified as aluminium (lll) oxide. It is
commonly called alumina and may also be called aloxide, aloxite, or alundum

depending on particular forms or applications.

The structure of Aluminum Oxide has two types of sites, hexagonal and
octahedral in which it holds the atoms. Hexagonal sites are the corner atoms in the
cell while the octahedral sites are present between two layers of vertical stacking.
Aluminum cations are in 2/3 of the octahedral sites, and oxygen anions are in 1/3 of
the octahedral sites. Each oxygen is shared between four octahedra. The oxygen
presence in octahedral sites permits strong bonding and, therefore, gives rise to the

characteristics of the properties of alumina [30].

The crystal structures, physical and chemical properties of alumna depend on
preparation, purity, dehydration and thermal treatment history. From different
crystalline structure, there are many forms of AlLO; such as beta phase (y-AlL,Os),
gamma phase (y-Al,0s), alpha phase (a-Al,0s), theta phase (8-Al,05), kappa phase (K-
ALL,Os), chi phase (x-ALLO3), eta phase (n-Al,03) and delta phase (6-Al,05) [31]. Alumina
phases, present as a function of temperature, are illustrated in Fig. 2.8, and the
structure and properties of alumina at different calcination temperature are listed in

Table 2.1 [31].
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Figure 2.8 The structure transformation of alumina and aluminum hydroxides [31].

Table 2.1 Physical and structural characteristic of common aluminum oxides.

Calcination Pore
Surface Pore diameter
temperature Alumina phase volume
area (m?%/g) (nm)
(°0) (cm?/g)
250 pseudoboehmite 390 0.50 52
450 Y-alumina 335 0.53 6.4
650 Y-alumina 226 0.55 9.8
850 Y-alumina 167 0.58 14
950 &-alumina 120 0.50 16.6
1050 B-alumina 50 0.50 28
1200 Q-alumina 1-5 - -
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2.1.4 Y-Zeolite

Zeolites are microporous, aluminosilicate minerals commonly used as
commercial adsorbents and catalysts. About 40 natural zeolites have been identified
during the past 200 years; the most common are analcime, chabazite, clinoptilolite,
erionite, ferrierite, heulandite, laumontite, mordenite, and phillipsite. More than 150
zeolites have been synthesized; the most common are zeolites A, X, Y, and ZMS-5.
Natural and synthetic zeolites are used commercially because of their unique

adsorption, ion-exchange, molecular sieve, and catalytic properties [32].

Y-Zeolite (Faujasite) is a mineral group in the zeolite family of silicate minerals.
The group consists of faujasite-Na, faujasite-Mg and faujasite-Ca. They all share the
same basic formula: (Na,,Ca,Mg)s; s[AL;Si;7045]-32(H,0) by varying the amounts of sodium
(Na), magnesium (Mg) and calcium (Ca). The faujasite framework consists of sodalite
cages which are connected through hexagonal prisms. The pores are arranged
perpendicular to each other. The pore, which is formed by a 12-membered ring, has a
relatively large diameter of 7.4 A. The inner cavity has a diameter of 12 A and is
surrounded by 10 sodalite cages. The unit cell is cubic which having lattice constant

24.7 A [33].

Zeolites are solid acids effective for the catalytic dehydration of alcohols and
hydroxy-carboxylate acids/esters [34]. It is believed that due to enrichment of reactant
in the channels of zeolites, there is enhancement of reactivity. The FAU topology and
supercage structure of Y zeolite are beneficial for molecule accessibility and diffusion,

showing high selectivity to small molecule product [35].


https://en.wikipedia.org/wiki/Microporous_material
https://en.wikipedia.org/wiki/Aluminosilicate
https://en.wikipedia.org/wiki/Mineral
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Catalysis
https://en.wikipedia.org/wiki/Zeolite
https://en.wikipedia.org/wiki/Silicate_mineral
https://en.wikipedia.org/wiki/Sodalite
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Figure 2.9 The different cation sites in the faujasite structure [36].

The diffusion efficiency of the reactants in the conversion of LA to AA is also
an important factor that affects the reaction in addition to the characteristics of the
surface cation clusters mentioned above. The diffusion resistance for LA and AA
depends on the channel size (super cage < sodalite cage < hexagonal prism) and the
location of the cations over the zeolites. A diagram of the different cation sites in the

faujasite structure is shown in Fig. 2.9 [36].

2.1.5 Potassium (K)

Neutral potassium atoms have 19 electrons, one more than the extremely
stable configuration of the noble gas argon. Because of this and its low first ionization
energy of 418.8 kJ/mol, the potassium atom is much more likely to lose the last
electron and acquire a positive charge than to gain one and acquire a negative charge

(though negatively charged alkalide K™ ions are not impossible) [37].
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Peng Sun et al. [38] introduced various potassium salts into NaY zeolites to

study the effect of counteranions on the catalytic performance of NaY zeolites.

Lactic acid

Acrylic acid

0z

Figure 2.10 Mechanism proposed for dehydration of lactic acid to acrylic acid over

the KX-modified NaY zeolites [38].

As illustrated in Fig 2.10, NaY zeolites formed a cyclic transition state with the
C2 and C3 atoms of the lactic acid molecule. The introduced halogen anions with
strong electronegativity could reduce the electron density and promote the basicity
of the framework oxygen atoms that interacted with hydrogen at C3 atoms of the lactic
acid molecule and the replacement of Na+ with K+ could reduce the acidity of NaY
zeolites could restrain the formation of acetaldehyde and coke deposits and maintain

the high selectivity for acrylic acid.



Physical Properties

Table 2.2 Physical properties of Potassium.
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Parameters Value
Name Potassium
Symbol K
Phase solid
Atomic number 19

Atomic mass
Density
Melting point
Boiling point
Heat of fusion
Heat of vaporization

Molar heat capacity

39.0983 g/mol
0.862 g/cm’
336.7 K
1032 K
2.33 kJ/mol
76.9 kJ/mol
29.6 J/(mol.K)

2.1.5 Sol-gel method

The sol-gel process is a formation of an oxide

network through

polycondensation reactions of a molecular precursor in a liquid. The advantages of

sol-gel processing include precise control of chemistry and structure at the molecular

level, nano-sized porosity, and use of lower processing temperatures resulting in

unique structures and lower associated costs [39].

A sol is a stable dispersion of colloidal particles or polymers in a solvent. The

particles may be amorphous or crystalline. An aerosol is particles in a gas phase, while

a sol is particles in a liquid.
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A gel consists of a three dimensional continuous network, which encloses a
liquid phase in a colloidal gel, the network is built from agglomeration of colloidal
particles. In a polymer gel the particles have a polymeric sub-structure made by
ageregates of sub-colloidal particles. Generally, the sol particles may interact by van
der Waals forces or hydrogen bonds. A gel may also be formed from linking polymer
chains. In most gel systems used for materials synthesis, the interactions are of a

covalent nature and the gel process is irreversible [40].

Sol-gel synthesis may be used to prepare materials with a variety of shapes,

such as porous structures, thin fibers, dense powders and thin films, are illustrated in

Fig. 2.11.
f@
00 0o
A o®8o o
0960 _—»
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o 800
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Sol Fibers Solvent Supercritical
evaporation extraction
Powders Gelation
Evaporation
Xerogel film
l Heat
Dense ceramic film Dense glass or ceramic

Figure 2.11 Sol-gel processing options [40].

If the gel is dried by evaporation, then the capillary forces will result in
shrinkage, the gel network will collapse, and a xerogel is formed. If drying is performed
under supercritical conditions, the network structure may be retained and a gel with
large pores may be formed. This is called an aerogel, and the density will be very low

about 0.005 g/cm? [40].
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2.2 Literature reviews
2.2.1 Y zeolites catalyst for lactic acid dehydration reaction.

Hongjuan Wang et al. (2008) [41] studied catalytic dehydration performance of
lactic acid to acrylic acid over NaY zeolites modified by rare earth metals (lanthanum,
cerium, samarium, and europium) to compare with unmodified NaY catalyst. The
catalytic performance results showed that La was the most effective modifying ion and
the optimum addition amount was 2 wt%. The structure characterization results
showed that the addition of lanthanum ion had changed catalyst physical performance
such as decreased surface acidity density, increased specific surface area, enlarged
pore size and changed the charge effect of lanthanum ion specific location (solidate

cage), which might induce the improved coke resistance and restrain the side reaction.

Peng Sun et al. (2009) [42] were investigated potassium modification
significantly improved the selectivity and durability of NaY zeolites during lactic acid
dehydration reaction. The results showed that the selectivity of 2.8 K/NaY zeolites
improved from 14.8% to 50.0% over NaY catalyst because potassium modification
could impair the acidity of NaY zeolites. A carbenium ion mechanism is proposed for
the formation of acetaldehyde under acidic condition. The acidic sites in Y zeolites are
induced for carbenium ion formation, further facilitate the decarbonylation to
acetaldehyde. Adding potassium also increase catalyst life. After 22 h the acrylic acid
selectivity of NaY zeolites reduced to less than 10% while that of 3.5K/NaY retained
35.6% due to the weaker adsorptive strength between lactic acid/acrylic acid and
K/NaY surface could reduce side reaction and coke formation. The changed chemical
adsorption between adsorbate and K/NaY surface because of potassium electronic
promoter effect. The presence of K" with less electronegativity that decreases the
electron field induced by the cations and weaken the interactions of the adsorbate

with the electron field.
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YAN Jie et al. (2010) [43] studied the NaY zeolites modified by two kinds of
metals. In our study, a series of La®>* and Ba®* modified NaY zeolites were synthesized
through different impregnation procedures. Lactic acid dehydration to acrylic acid was
selected as a probe reaction to test the catalytic performance of these zeolites
synthesized. The effects of synthesis details on their pore structures and surface
acid/base properties were investigated by means of techniques such as N, sorption,
NH,-TPD and CO,-TPD. The characterization results demonstrated that the samples
synthesized by two-step impregnation had more medium acid and base sites inducing
better catalytic performance. Moreover, compared with successive impregnations,
calcination between two impregnations could endow the NaY zeolites with much more
acid amount. Additionally, the special surface properties resulted in the improvement

of selectivity to acrylic acid during lactic acid dehydration.

Dinghua Yu et al. (2010) [38] reported the NaY zeolite catalyst with and without
potassium salt modifications were studied lactic acid dehydration to acrylic acid. The
selectivity for acrylic acid could be enhanced by modification of the NaY catalysts with
potassium salts. The KI-modified NaY catalyst exhibited the best catalytic performance
for lactic acid dehydration reaction, over which 97.6% conversion and 67.9% acrylic
acid selectivity could be gained at 598 K because the halogen anions with strong
electronegativity could reduce the electron density and promote the basicity of the
framework oxygen atoms that interacted with beta-hydrogen at C3 atoms of the lactic
acid molecule. As illustrated in our previous paper, the replacement of Na* with K
could reduce the acidity of NaY zeolites. Hence, both increased basicity and decreased
acidity of KX-modified NaY zeolites could restrain the formation of acetaldehyde and

coke deposits and maintain the high selectivity for acrylic acid.
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YAN jie et al. (2011) [36] investigated various NaY zeolites modified by alkaline
earth metals (Mg, Ca, Sr and Ba). They were synthesized and used as catalysts for the
dehydration of lactic acid to acrylic acid to investigate the effects of cationic species
on the structure and surface acid/base distribution of the NaY zeolites catalyst. The
yields of acrylic acid were found to increase as follows: 2%Mg/NaY < 2%Ca/NaY <
2%BaNaY. This order is consistent with the basicity of the respective cation clusters
and the amount of medium basic sites on the catalysts. The yield of acetaldehyde
gave the following sequence: 2%Ba/NaY > NaY > 2%Ca/NaY > 2%Sr/NaY > 2%Mg/NaY.
This is similar to the amount of medium acidic sites on the catalysts. Moreover, the
sequence for the yields of acrylic acid over the Ba/NaY zeolites containing various
amounts of Ba was similar to that of the amount of medium basic sites. The higher
amount of Ba can inhibit the formation of acetaldehyde because the generation of
acetaldehyde can be affected by the acidic sites. Among the studied catalysts,
2%Ba/NaY gave the highest yield of acrylic acid at up to 44.6% because it contained

the most medium basic sites and a suitable Ba®" cluster character.

2.2.2 Others Catalyst for lactic acid dehydration reaction.

Junfeng Zhang et al. (2013) [44] investigated the catalytic conversion of lactic
acid to acrylic acid and 2,3-pentanedione over sodium nitrate supported mesoporous
SBA-15 and fumed silica was studied. The yields of acrylic acid, 2,3-pentanedione and
acetaldehyde are 44.8%, 25.1% and 13.3% respectively, over the 23%NaNO,/SBA-15
catalyst. The performance of the catalysts is strongly affected by NaNO; loading,
catalyst texture and porosity and product diffusion efficiency. A proper control of
NaNO; loading can result in modification catalyst structure and tune the size of
mesopores for improvement of 2,3-pentanedione selectivity. The three-dimensional
pore texture of the NaNO3/FS catalyst may favor AA diffusion and hence suppress AA

post-disintegration. The result of IR investigation revealed that NaNOs-silica interaction
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is weak and under certain working conditions the surface NaNO; can readily transform

to sodium lactate that functions as active component to catalyze the target reactions.

Congming Tang et al. (2013) [45] studied dehydration of lactic acid to acrylic
acid was carried out over the barium phosphate catalysts at various conditions. Barium
phosphate catalysts were prepared by a precipitation method. The catalysts were
calcined at 500 °C for 6 h in air atmosphere. The dibarium pyrophosphate catalyst was
found to have the best catalytic performance, ascribing to weak acidity on the surface.
Under the optimal reaction conditions, 99.7% of the lactic acid conversion and 76.0%
of the selectivity to acrylic acid were achieved over the dibarium pyrophosphate
catalyst. It is not astonishing that the highest selectivity to propionic acid was observed
from Bas(POy),. The reason is that the alkalinity of catalyst favors for the hydrogenation
reaction and under the steam atmosphere Bas;(PO,), has the strongest alkalinity.
Therefore, Ba,P,O; is an excellent catalyst for formation of acrylic acid from
dehydration reaction of lactic acid although plenty of acetaldehyde was also produced

in the catalytic process.

E. Blanco et al. (2013) [46] investigated gas phase dehydration of lactic acid
over alkaline-earth phosphates were prepared by co-precipitation method using
sodium free or sodium containing precursors. After checking the stability of catalysts
under feed, it was shown that selectivity to acrylic acid strongly depended on reaction
temperature but not on contact time. At temperature of 380 °C, values ranging from
19 to 49% were measured for the different prepared catalysts. In optimized conditions,
the highest conversions were measured for hydroxyapatites, which exhibited the
highest surface areas whereas the best AA selectivities (40-50%) were obtained for
ortho and pyrophosphates. The highest value was reached with Bas(PO,), (55% for C3
products) but selectivity rather close were obtained with different other phosphates
suggesting kinetic limitation. Acid-base properties measurements revealed that

alkaline-earth phosphates exhibited high proportion of acidic and basic sites with same
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weak strength. Furthermore, correlation between acrylic selectivity of alkaline earth
phosphates and the acid-base balance were clearly established for the first time:
selectivity was 50% for balance close to 1 and decreased by factor two increasing this
parameter to 2. Finally, FTIR spectra of spent catalysts showed alkaline-earth lactates
adsorbed over the catalysts which could be reaction intermediates for dehydration of

lactic acid.

Yumiko Matsuura et al. (2013) [47] prepared substituted hydroxyapatite
catalysts such as Ca;o(POg)s(OH),, Srig(PO4)s(OH),, Pb;o(PO4)s(OH),, Caio(VO4)s(OH), and
Sr16(VO4)g(OH), and carried out conversions of lactic acid over the prepared catalysts.
The hydroxyapatite catalysts had stabilities for the reaction media under flowing gas
including lactic acid and water at 623K. The catalytic activities of prepared
hydroxyapatite catalysts scarcely decreased during time on stream for 6 h. The
hydroxyapatite catalysts exhibited markedly higher acrylic acid yields than those of
P,0s/SIO, and MgO catalysts. In the lactic acid conversions, the relatively acidic
catalysts such as P,0s5/SiO,, Ca;o(VO4)s(OH), and Srio(VO,)s(OH), catalysts, accelerated
the formations of acetaldehyde and propionic acid, whereas the relatively basic
catalysts, such as MgO and Pb;o(PO,)s(OH), catalysts, gave large amounts of unidentified
products. On the other hand, the moderate acid-base catalysts, such as
Ca;o(PO4s(OH), and Sr;o(PO4)s(OH), catalysts, selectively accelerated the dehydration

of lactic acid into acrylic acid.

Chuan Yuan et al. (2015) [48] investigated the effect of cationic species on the
structures and surface acid-base distribution of the lactic acid dehydration over ZSM-
5 zeolites modified with alkali metals (Li, Na, K, Rb and Cs) were prepared using ion-
exchange. The catalysts were used to enhance the catalytic dehydration of lactic acid
(LA) to acrylic acid (AA). The results show that the acid-base sites that are adjusted by
alkali-metal species, particularly weak acid-base sites, are mainly responsible for the
formation of AA. The KZSM-5 catalyst, in particular, significantly improved LA

conversion and AA selectivity because of the synergistic effect of weak acid-base sites
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and increase in the number of Lewis acid sites, which was caused by metal-cation
modification of ZSM-5, was beneficial to LA dehydration to AA. The KZSM-5 zeolite
had excellent stability in catalytic LA dehydration because of its shape selectivity and
the absence of strong acidity and three-dimensional supercages. The reaction was
conducted at different reaction temperatures and liquid hourly space velocities
(LHSVs) to understand the catalyst selectivity for AA and trends in byproduct formation.
Approximately 98% LA conversion and 77% AA selectivity were achieved using the
KZSM-5 catalyst under the optimum conditions (40 wt% LA, aqueous solution, 365 °C

and LHSV = 2 h'h).
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CHAPTER IlI
EXPERIMENTAL

This chapter describes about the experimental procedures which consists of
three sections. The first, support and catalysts were prepared. Second, catalysts were
characterized by various techniques. Finally, the lactic acid dehydration reaction was
studied and analyzed by gas chromatograph equipped with DB-WAX UL column and

flame ionization detector (FID).

3.1 Catalyst preparation

3.1.1 Chemicals

- HY zeolites (Si/Al ratio = 15, 100 and 500, from TOSOH)
- Alumina isoproproxide (>98%, from Sigma-Aldrich)

- Ethanol (99%, from Merck)

- Hydrochloric acid (37.7 %, from RCI Labscan)

- Potassium nitrate (KNOs, from Sigma-Aldrich)

- Distilled water

- Lactic acid (analytical grade, from Sigma-Aldrich)

3.1.2 The preparation of Al,O; catalysts by sol-gel method

Alumina isoproproxide (AIP) and ethanol were used as a precursor and organic
solvent, respectively. Firstly, alumina isoproproxide was dissolved in a mixture of
deionized water and ethanol with volume ratio of 1:1 and stirring at 80 °C for 1 h.
Then, increased the temperature of solution to 90 °C. After that, hydrochloric acid was

dropped to adjust pH value of the solution equal to 2.5 and aged with stirring at 90
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°C, until eliminating solvent. After this step the sol was became so viscous. The formed

gel was dried overnight at 110 °C and calcined under air flow at 550 °C for 2 h.

3.1.3 The preparation of AlL,Os-HY zeolite catalysts by sol-gel method

Alumina isoproproxide (AIP) and ethanol were used as a precursor and organic
solvent, respectively. Firstly, alumina isoproproxide was dissolved in a mixture of
deionized water and ethanol with volume ratio of 1:1 and stirring at 80 °C for 1 h.
Then, increased the temperature of solution to 90 °C and added HY zeolite into the
solution with varied compositions of AlL,Os-NaY zeolite weight ratio 1:3, 1:1 and 3:1.
Finally, hydrochloric acid was dropped to adjust pH value of the solution equal to 2.5
and aged with stirring at 90 °C, until eliminating solvent. After this step the sol was
became so viscous. The formed gel was dried overnight at 110 °C and calcined under

air flow at 550 °C for 2 h.

3.1.4 The preparation of catalysts by incipient wetness impregnation method

The K/HY zeolite and K/AlL,Os-HY zeolite catalysts of all ratios were prepared by
the incipient wetness impregnation method using KNO; as metal precursors with
different potassium loading of 2, 4, 6 and 8 wt.%. First of all, KNO5; was dissolved in
deionized water in equal volume to pore volume of the support. An aqueous solution
of KNO; was dropped to the support. After that, the impregnated catalysts were kept
at room temperature for 4 h to assure adequate distribution of metal complete.
Finally, the catalysts were dried overnight at 110 °C and calcined under air flow at 550

°C for 2 h.
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3.2 Catalyst characterization

3.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis were characterized to determine the crystallite
phase of the catalyst by using X-ray diffractometer SIEMENS D 5000. It was
connected to a personal computer with Diffract AT version 3.3 program for fully control
of XRD analyzer. The XRD analysis was conducted to Cu-KQ radiation between 20° and
80° with a generator voltage and current of 30 kV and 30 mA, respectively. The scan

step was 0.04°.

3.2.2 Temperature programed desorption of ammonia (NH5-TPD)

The acid properties of catalysts were observed by Ammonia Temperature
Programmed Desorption (NH5-TPD) using Micromeritics chemisorp 2750 Pulse
Chemisorption System. 0.1 g of the sample was conducted in a quartz U-tube and
pretreated in a helium flow at 500 °C for 1 h and then ammonia was introduced with
helium about 1 h. The sample was heated from 40 °C to 600 °C with a heating rate of
10 °C/min. The desorbed ammonia was measured as a function of temperature using

TCD.

3.2.3 Temperature programed desorption of carbon dioxide (CO,-TPD)

The basicity of the catalysts were measured by temperature programmed
desorption of carbon dioxide (CO,-TPD) equipment by using Micromeritics Chemisorp
2750 Pulse Chemisorption System instrument. 0.1 ¢ of the sample was conducted in
a quartz U-tube and pretreated in a helium flow at 500 °C for 1 h and then carbon

dioxide was introduced with helium about 1 h. The sample was heated from 40 °C to
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600 °C with a heating rate of 10 °C/min. The desorbed carbon dioxide was measured

as a function of temperature using TCD.

3.2.4 Nitrogen physisorption (BET)

Brunauer-Emmett-Teller (BET) method is used to determine specific surface
area of the catalysts, and Barret-Joyner-Halenda (BJH) method is used to examine pore
diameter and pore volume of the prepared catalysts. 0.1 grams of each samples were
measured by N2 adsorption-desorption isotherm using Micromeritics ASAP 2020 at
liquid nitrogen temperature of -196 °C. Prior to the analysis, samples were dried to

eliminate moisture in the sample.

3.2.5 Scanning electron microscopy (SEM) and energy x-ray spectroscopy (EDX)

The morphology and elemental dispersion over the catalysts surface were
determined by scanning electron microscope (SEM) and energy X-ray spectroscopy
(EDX), respectively. The SEM model is JEOL mode JSM-5800LV and Link Isis Series 300

program was performed for EDX.

3.2.6 Thermogravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was used to study the thermal
decomposition of catalyst under the temperature range of room temperature to 1000
°C with a heating rate of 10 °C /min in nitrogen atmosphere using an STD analyzer

model Q600 from TA instrument.
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3.3 Lactic acid catalytic dehydration test

In this research, the catalytic activity of all catalyst was investigated by using

the experimental set-up apparatus as show in Figure 3.1.

3.3.1 Chemicals and reactants

- Ultra high purity nitrogen gas (99.999%) (TIG)

- Lactic acid (>85%) (Sigma-Aidrich)

3.3.2 Instruments and apparatus

|
—
=00
| S—
Temperature
Controller
3-Way Plug
Valve
Lactic Acid Vent ‘D(EQ 3-Way Join
Solution
E Vent
% .
\Bnd] Vaporizer Heater Bubble
Syringe Flowmeter
Pump | Glass Reactor
ﬁ 3-Way Plug
e
Pressure Ball Filter Flowmeter Check Valve
Controller Valve Sampling
Storage Gas

Figure 3.1 Experimental set-up for reaction test.

From Figure 3.1, the Experimental set-up for reaction tests consists of:

a) Reactor: The reactor is made from glass tube and inner diameter of 9 mm.
b) Vaporizer: The vaporizer is equipment to vaporize lactic acid from liquid phase

to vapor phase. It is operated at temperature of 230 °C at atmospheric pressure. This
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temperature is higher than the boiling point of lactic acid (218 °C), thus lactic acid can
be vaporized.
c) Syringe pump: The syringe pump is used to inject lactic acid into vaporizer at

fixed rate of 1 mU/h.

d) Furnace: The furnace is heated to the catalyst fixed-bed reactor tube. The

temperature of the furnace is controlled by temperature controller.

e) Temperature controller: - At furnace, the temperature of furnace is set at
temperatures in 340 °C.
- At vaporizer, the temperature is set at 230 °C. (Above the boiling point of lactic acid)

f) Gas system: Nitrogen is a carrier gas, which is used to carry lactic acid vapor
into the reactor or catalyst bed. The flow rate of carrier gas is controlled by mass flow
controller.

g) Sampling: The sample is collected at sampling with 1.0 ml of product to
analyze by GC.

h) Gas chromatography (GC): A Gas chromatography is used for investigating lactic

acid conversion and product selectivity. It equipped (Shimadzu GC-14B) with flame
ionization detector (FID) with DB-WAX UL column.

The operating condition for gas chromatography is reported,;
® Detector: FID

® Capillary column: DB-WAX

Carrier gas: Nitrogen (99.99 vol. %)

Column temperature
- Initial: 230 °C

- Final; 230 °C

Injector temperature: 230 °C

Detector temperature: 230 °C
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® Time analysis: 10 min

® Analyzed gas: lactic acid, acrylic acid, acetaldehyde, propanoic acid, and

2-3-pentanedione

3.3.3 Lactic acid dehydration reaction procedure

The lactic acid dehydration to acrylic acid over the catalysts was carried out in
a fixed-bed reactor with 9 mm inner diameter. The catalyst of 0.1 ¢ was placed in the
middle of glass tube and quartz wool was placed in both ends. The catalyst was
preheated at required reaction temperature at 340 °C for 0.5 h under high purity N,
(40 mU/min) before catalytic evaluation. The feedstock of 34% by volume (11% by
mole) of lactic acid was pumped into the preheating zone and driven through the
catalyst bed by nitrogen. The concentration of lactic acid after vaporization and
balance with nitrogen are 2% by mole. The products were analyzed by GC equipped

with a DB-WAX UL column and FID detector.
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CHAPTER IV

Results and discussion

In this chapter consists of three parts. The first part studies the effect of
different percent loading of K over HY zeolite catalysts at 0, 2, 4, 6 and 8 wt.% of
potassium. The second part investigates the effect of different Si/Al molar ratio of HY
zeolite (15, 100 and 500) on K over HY zeolite catalysts. The final part investigates the
effect of support ratio of AlLO; and HY zeolite on K over Al,Os-HY zeolite catalysts.
Support ratio of AL,O; and HY zeolite are as follows: 3:1, 1:1 and 1:3. All three part
shows the characterization of catalysts by X-ray diffraction (XRD), N, physisorption,
scanning electron microscope and energy dispersive X-ray spectroscopy (SEM-EDX) ,
ammonia temperature-programmed desorption (NHs-TPD), temperature programed
desorption of carbon dioxide (CO,-TPD), thermogravimetric analysis (TGA), and activity

in lactic acid dehydration reaction.

4.1 The effect of different potassium loading over HY zeolite catalysts at 0, 2, 4,
6 and 8 wt.%.

The catalyst nomenclatures are represent as below:

HY100 zeolite represents the HY zeolite having Si/Al molar ratio of 100

2%K/HY100 represents the catalyst which have 2 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 100

4%K/HY100 represents the catalyst which have 4 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 100

6%K/HY100 represents the catalyst which have 6 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 100

8%K/HY100 represents the catalyst which have 8 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 100
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4.1.1 Catalyst characterization
4.1.1.1 X-Ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of HY100 zeolite and HY100 zeolite
modified with potassium at 2, 4, 6 and 8 wt.% are shown in Figure 4.1. XRD was
performed regarding the crystallite phases of the samples. The XRD patterns of HY100
zeolite and HY100 zeolite modified with potassium at 2, 4, 6 and 8 wt.% were observed
at 20 = 20.3°, 23.7°, 27.0°, 31.8°, 34.2°, 38.4° and 54.6° which are typical of zeolite
faujasite [49]. Neither potassium nor any unidentified phase was observed on the XRD
patterns of HY100 zeolite modified with potassium. The identical XRD patterns of these
samples and the parent zeolites indicated that the large surface area of the HY zeolites
might contribute to good dispersion of potassium on HY100 zeolite. But, it is also
obvious that the intensities of peaks decrease dramatically with the increase of
potassium loading from 2, 4, 6 and 8 wt.%, respectively, indicating that the extent of
damage to the structure becomes severe. In Figure 4.1, showing that the potassium at

high percent loading seriously destroys HY100 zeolite structure.

L‘JJ HY100 zeolite
E
O
> LJJ 29K/HY100 zeolite
2
g
£ 4%K/HY100 zeolite
L}LA/LM/LM_AW . 6%K/HY100 zeolite
/LJLA/LA»/\,_,\M 8%K/HY100 zeolite
20 30 40 50 60 70 80

2 Theta (degree)

Figure 4.1 XRD patterns of HY100 zeolite and HY100 zeolite modified with potassium
at 2,4, 6 and 8 wt.%.
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4.1.1.2 Nitrogen adsorption-desorption

The textural properties of catalysts were investigated by nitrogen adsorption-
desorption technique using Brunauer-Emmett-Teller (BET) method and Barret-Joyner-
Halenda (BJH) method. The BET surface area, pore volume and pore size were
summarized in Table 4.1. The BET surface area of HY100 zeolite was 675 mz/g, while
the BET surface area of HY100 zeolite modified with potassium at 2, 4, 6 and 8 wt.%
were ranged between 513-604 m?/g. The BET surface area of HY100 zeolite catalysts
modified with potassium decreased significantly with increasing potassium content
from 2, 4, 6 and 8 wt.%, respectively. The pore volume of catalysts were range 0.16-
0.26 cm?/g. The decrease of BET surface area and pore volume may be due to the
pores of HY zeolite filled with potassium species, so that the pore may be blocked by
the metal [8]. The pore size of HY100 zeolite and HY100 zeolite modified with
potassium at 2, 4 and 6 wt.% were range 6.1-6.9 nm that it had no significant change,
while that of 8%K/HY100 zeolite was 8.9 nm because the potassium at high percent
loading seriously destroys HY100 zeolite structure, consistent with the XRD

investigation.

Table 4.1 The physiochemical properties of HY100 zeolite and HY100 zeolite
modified with potassium at 2, 4, 6 and 8 wt.%

BET surface area  Pore volume? Pore size®
Catalysts )
(m?/g) (cm?/g) (nm)
HY100 zeolite 675 0.26 6.1
2%K/HY100 zeolite 604 0.26 6.4
4%K/HY100 zeolite 541 0.21 6.7
6%K/HY100 zeolite 527 0.23 6.9
8%K/HY100 zeolite 513 0.16 8.9

* Determined from the Barret-Joyner-Halenda (BJH) desorption method.

The N, adsorption-desorption isotherm of HY100 zeolite and HY100 zeolite
modified with potassium at 2, 4, 6 and 8 wt.% are provided in Figure 4.2. The isotherms
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of all catalyst can be classified as a type IV isotherm with H3-shaped hysteresis loops

that are implied the mesoporous structures [50].
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Figure 4.2 N, adsorption-desorption isotherm of HY100 zeolite and HY100 zeolite
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37

4.1.1.3 Ammonia temperature program desorption (NHs-TPD)

Ammonia temperature program desorption (NH;-TPD) was used for evaluating
the acidity on surface of HY100 zeolite and HY100 zeolite modified with potassium at
2,4, 6 and 8 wt.%. The amount of desorbed ammonia corresponds to the total surface
acidity of the catalyst. In addition, the desorption temperature of desorbed ammonia
corresponds to the acid strength on surface of the catalysts.

NH;-TPD profiles of HY100 zeolite and HY100 zeolite modified with potassium
at 2, 4, 6 and 8 wt.% are shown in Figure 4.3. The temperature ranges of regions | (100-
200 °Q), Il (200-400 °C) and Il (400-600 °C) represent weak, medium and strong acid
sites, respectively [36]. Previous studies have shown that the surface acidity and
basicity of catalysts play key roles in lactic acid dehydration reaction [51]. The HY100
zeolite catalyst show higher acid strengths than HY zeolite modified with potassium in
view of the NHs;-desorption temperatures in Figure 4.3. There is a tendency that the
surface acidity and the fractions of medium and strong acid sites of HY100 zeolite
decrease with increasing potassium content from 2, 4, 8 and 6 wt.%, respectively. The
basic sites that were induced by the alkali cations species play a positive role in the
formation of acrylic acid. The surface basicity induced by cations has always been
explained using the trimer cluster model. The cations are sorted as trimer cationic
clusters and interact with the zeolite framework oxygen [38]. The framework oxygen
nearest the cation provides a basic site for catalyzing lactic acid dehydration to acrylic
acid.

The total acidity of different samples were quantified based on the area of NH;
desorption peaks in the TPD profiles, and the results are shown in Table 4.2. The total
acidity of catalysts decreased in the following order: HY100 zeolite > 2%K/HY100
zeolite > 4%K/HY100 zeolite > 8%K/HY100 zeolite > 6%K/HY100 zeolite. The results
shown that total acidity decreased with increasing potassium content from 2, 4 and 6
wt.%, while the total acidity of 8%K/HY100 zeolite was 5.46 mmol NH./¢.cat because
the potassium at high percent loading destroys HY100 zeolite structure. It is known
that the catalysts with high surface acidities can catalyze lactic acid dehydration to

undesirable products such as acetaldehyde.
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Figure 4.3 NH;-TPD profiles of HY100 zeolite and HY100 zeolite modified with

potassium at 2, 4, 6 and 8 wt.%.

Table 4.2 Total acidity of HY100 zeolite and HY100 zeolite modified with potassium

at 2, 4, 6 and 8 wt.%.

Catalysts

Total acidity (mmol NH/g.cat)

HY100 zeolite
2%K/HY100 zeolite
4%K/HY100 zeolite
6%K/HY100 zeolite
8%K/HY100 zeolite

17.95
14.42
573
2.01
5.46
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4.1.1.4 Carbon dioxide temperature program desorption (CO,-TPD)

Carbon dioxide temperature program desorption (CO,-TPD) was used for
evaluating the basicity on surface of HY100 zeolite and HY100 zeolite modified with
potassium at 2, 4, 6 and 8 wt.%. The amount of desorbed carbon dioxide corresponds
to the total surface basicity of the catalyst. In addition, the desorption temperature of

desorbed carbon dioxide corresponds to the base strength on surface of the catalysts.

CO,-TPD profiles of HY100 zeolite and HY100 zeolite modified with potassium
at 2, 4, 6 and 8 wt.% are shown in Figure 4.4. HY100 zeolite modified with potassium
have one large peak at around 100 C ascribed to the weak basic sites of the catalysts.
The HY100 zeolite modified with potassium show higher basic sites than HY100 zeolite
catalyst in view of the CO,-desorption temperatures in Figure 4.4. There is a tendency
that the surface basicity of HY100 zeolite increase with increasing potassium content
from 2, 4, 8 and 6 wt.%, respectively. The total basicity of different samples were
quantified based on the area of CO, desorption peaks in the TPD profiles, and the
results are shown in Table 4.3. The total basicity of catalysts increased in the following
order: HY100 zeolite < 2%K/HY100 zeolite < 4%K/HY100 zeolite < 8%K/HY100 zeolite
< 6%K/HY100 zeolite. 6%K/HY100 zeolite catalyst had a higher total basicity than the

other catalysts, which might be the reason for the higher selectivity to AA over it.

Table 4.3 Total basicity of HY100 zeolite and HY100 zeolite modified with potassium
at 2, 4, 6 and 8 wt.%.

Catalysts Total basicity (umol CO,/g.cat)
HY100 zeolite 0.01
29%K/HY100 zeolite 3.97
49%K/HY100 zeolite 4.81
6%K/HY100 zeolite 5.18

8%K/HY100 zeolite 5.14
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Figure 4.4 CO,-TPD profiles of HY100 zeolite and HY100 zeolite modified with
potassium at 2, 4, 6 and 8 wt.%.

4.1.1.5 Scanning electron microscope and energy dispersive X-ray spectroscopy

(SEM-EDX)

The morphology of HY100 zeolite and HY100 zeolite modified with potassium
at 2, 4, 6 and 8 wt.% studied by Scanning Electron Microscopy (SEM) are shown in
Figure 4.5. All catalysts have similar surface morphology and uniform in size
distribution. It was found that potassium over HY100 zeolite did not affect the

morphology of catalysts.

The elements and potassium dispersion over the HY100 zeolite catalysts
surface were determined by energy dispersive X-ray spectroscopy (EDX) in Table 4.4
and Figure 4.6. The results show that 8%K/HY100 zeolite catalyst had a highest
potassium content with 7.76 wt.% and all catalyst have a good dispersion of potassium

on the surface of HY100 zeolite catalyst, consistent with the XRD investigation. The
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HY100 zeolite modified with potassium from EDX results shown higher amount of

potassium than initial loading because EDX can detect only the surface of catalysts.

Y100 zeolite™, | 2%K/HY100.zeolite

g
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49%K/HY100 zeolite 16%K/HY 100 zeolite
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Figure 4.5 SEM images of HY100 zeolite and HY100 zeolite modified with potassium
at 2,4, 6 and 8 wt.%.



a2

2%K/HY100 zeolite 4%K/HY100 zeolite

6%K/HY100 zeolite 8%K/HY 100 zeolite

Figure 4.6 EDX images of potassium on the surface of HY100 zeolite catalysts

modified with potassium at 2, 4, 6 and 8 wt.%.

Table 4.4 The elemental dispersion over the surface of HY zeolite catalyst modified

with potassium at 2, 4, 6 and 8 wt.%.

Percent by weight (wt.%)

Catalysts
@) Al Si K
HY100 zeolite 42.20 1.26 56.54 0
2%K/HY100 zeolite 47.02 1.17 49.40 2.41
4%K/HY100 zeolite 43.46 1.13 51.07 4.34
6%K/HY100 zeolite 46.95 1.18 45.55 6.32

8%K/HY100 zeolite 44.99 0.96 46.29 7.76
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4.1.1.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used for study carbon deposition of the
spent catalysts are investigated in Figure 4.7. The slightly weight loss of all spent
catalyst around 100 °C could be assigned to the evaporation of moisture in catalysts.
Figure 4.7, the weight loss were observed at around 300-400 °C in the following order:
8%K/HY100 zeolite > 4%K/HY100 zeolite > 6%K/HY100 zeolite > 2%K/HY100 zeolite >
HY100 zeolite which should be attributed to the carbon deposits over spent catalyst
[52]. These results demonstrated that potassium modification affect to increase of
carbon deposits. The 6%K/HY100 zeolite catalyst had a lower carbon deposition than
the 4%K/HY100 zeolite and 8%K/HY100 zeolite, respectively, which might be the

reason for the higher selectivity to acrylic acid over it.
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Figure 4.7 TGA results of spent HY100 zeolite and HY100 zeolite modified with

potassium at 2, 4, 6 and 8 wt.% after 180 min of reaction.
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4.1.2 Activity in lactic acid dehydration reaction

The activity of HY100 zeolite and HY100 zeolite modified with potassium at 2,
4, 6 and 8 wt.% were test in lactic acid dehydration reaction. The catalyst 0.1 ¢ was
packed in glass reactor with quartz wool and preheated at 340 °C for 30 min. After
that, the lactic acid solution with concentration 34%volume were injected into the
vaporizer at flow rate 1 ml/h and the vapor was carried through the catalyst bed by
nitrogen. The gas products were analyzed by GC with a DB-WAX capillary column and
FID detector.

The lactic acid conversion and product selectivity in lactic acid dehydration
reaction at reaction temperature 340 °C and 90 min are shown in Figure 4.8 and Table
4.5. The lactic acid conversion of HY100 zeolite and HY100 zeolite modified with
potassium at 2, 4, 6 and 8 wt.% were shown 100% and acrylic acid selectivity were
ranged between 0-45.5%. Acetaldehyde is the main byproduct competing with acrylic
acid over HY100 zeolite without modification, while all the HY100 zeolite modified
with potassium could result in an increase in selectivity for acrylic acid, indicating that
the potassium played an essential role [48]. The 6%K/HY100 zeolite catalyst was the
best for lactic acid dehydration with 100% conversion and 45.5% selectivity for acrylic
acid. From table 4.5, it also seen that with increasing the potassium loading from 2
wt.% to 6 wt.%, the formation of acetaldehyde is obviously suppressed with its
selectivity decreasing from 100% to 49.5% and AA selectivity increasing from 0% to
45.5%. The decline of acetaldehyde selectivity should be ascribed to decrease of total
acidity of HY100 zeolite as shown in NHs;-TPD result since the formation of
acetaldehyde from lactic acid reactant is preferred over acidic catalysts. However, the
catalysts with high surface basicity can catalyze lactic acid dehydration to propionic
acid via reduction reaction of lactic acid [42]. For 8%K/HY100 zeolite catalyst, the
acrylic acid selectivity decreased, indicating that the catalyst modified with high
potassium loading is liable to cause damage of its structure and high coke deposition
resulted in the blocking and packing of the micro channel, which is in agreement with
XRD and TGA results. The catalytic results indicated that potassium modification could

improve acrylic acid selectivity and reduce acetaldehyde selectivity.
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Figure 4.8 Lactic acid conversion and product selectivity of HY100 zeolite and HY100

zeolite modified with potassium at 2, 4, 6 and 8 wt.% at reaction temperature 340 °C

Table 4.5 The catalytic performance of HY100 zeolite and HY100 zeolite modified

and t = 90 min.

with potassium at 2, 4, 6 and 8 wt.%.

Lactic acid Product Selectivity ? (%)
Catalysts

Conversion (%) AA AD PA

HY100 zeolite 100 0.0 100 0.0
2%K/HY100 zeolite 100 18.3 80.4 1.3
4%K/HY100 zeolite 100 35.9 60.3 3.8
6%K/HY100 zeolite 100 45.5 49.5 5.0
8%K/HY100 zeolite 100 41.3 54.4 4.3

¢ AA-Acrylic acid, AD-acetaldehyde, PA-propionic acid. Reaction time 90 min, T=340°C



a6

50
(E)
40 1 (D)
3 ©
2 30 4
=
)
(@]
@
g o0 - (B)
o
(@]
(g0
v
=, 10 1
(@]
g
04 e ° ° I ° o (A)
20 40 60 80 100 120 140 160 180 200

Reaction time (min)
Figure 4.9 Acrylic acid selectivity of (A) HY100, (B) 2%K/HY100 zeolite, (C) 4%K/HY100
zeolite, (D) 6%K/HY100 zeolite and (E) 8%K/HY100 zeolite at T = 340 °C.
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Figure 4.10 Acetaldehyde selectivity of (A) HY100, (B) 2%K/HY100 zeolite, (C)
49%K/HY 100 zeolite, (D) 6%K/HY100 zeolite and (E) 8%K/HY100 zeolite at T = 340 °C.
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Figure 4.11 Propionic acid selectivity of (A) HY100, (B) 2%K/HY100 zeolite, (C)
49%K/HY100 zeolite, (D) 6%K/HY100 zeolite and (E) 8%K/HY100 zeolite at T = 340 °C.
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4.2 The effect of different Si/Al molar ratios of HY zeolite (15, 100 and 500) in K

over HY zeolite catalysts.

The catalyst nomenclatures are represent as below:

6%K/HY15 represents the catalyst which have 6 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 15

6%K/HY100 represents the catalyst which have 6 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 100

6%K/HY500 represents the catalyst which have 6 wt.% K over HY zeolite with
HY zeolite having Si/Al molar ratio of 500

4.2.1 Catalyst characterization
4.2.1.1 X-Ray diffraction pattern (XRD)

The X-ray diffraction (XRD) patterns of HY15 zeolite, HY100 zeolite and HY500
zeolite modified and unmodified with potassium at 6 wt.% are shown in Figure 4.12.
The XRD patterns of all catalysts were observed at 20 = 20.3°, 23.7°, 27.0°, 31.8°, 34.2°,
38.4° and 54.6° which are typical of zeolite faujasite [49]. Neither potassium nor any
unidentified phase was observed on the XRD patterns of HY15 zeolite, HY100 zeolite
and HY500 zeolite modified and unmodified with potassium. The identical XRD
patterns of these samples and the parent zeolites indicated that the large surface area
of the HY zeolites might contribute to good dispersion of potassium on the surface.
For HY zeolite different Si/Al ratios, its is also obvious that the intensities of peaks
decrease with loading of potassium at 6 wt.%. The result indicated that a potassium
cations affect on the HY zeolite structure with different Si/Al molar ratios (HY15, HY100
and HY500).
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Figure 4.12 XRD patterns of HY15 zeolite, HY100 zeolite and HY500 zeolite modified

and unmodified with potassium at 6 wt.%.

4.2.1.2 Nitrogen adsorption-desorption

The BET surface area, pore volume and pore size of catalysts were determined
by nitrogen adsorption-desorption technique using Brunauer-Emmett-Teller (BET)
method and Barret-Joyner-Halenda (BJH) method and there are given in Table 4.6. The
BET surface area of HY zeolite for all Si/Al ratios were ranged between 617-717 m%/g
and increased with increasing Si/Al molar ratios, while the BET surface area of HY
zeolite modified with potassium at 6 wt.% were ranged between 526-528 m?/g that it
had no significant change. The BET surface area of HY zeolite catalysts modified with
potassium decreased compare to the HY zeolite for all Si/Al ratios. The pore volume
of catalysts were range 0.16-0.23 cm?/g. The decrease of BET surface area and pore
volume may be due to the metal can access to the pores of HY zeolite, so that the
pore may be blocked by the metal [8]. The pore size of HY15 zeolite, HY100 zeolite

and HY500 zeolite modified with potassium at 6 wt.% were range 6.9-8.9 nm.
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Table 4.6 The physiochemical properties of HY15 zeolite, HY100 zeolite and HY500

zeolite modified with potassium at 6 wt.%.

BET surface area  Pore volume*® Pore size®
Catalysts
(m%g) (cm?/g) (nm)
HY15 zeolite 617 0.19 9.4
HY100 zeolite 675 0.26 6.1
HY500 zeolite 717 0.26 7.5
6%K/HY15 zeolite 526 0.16 8.9
6%K/HY100 zeolite 527 0.23 6.9
6%K/HY500 zeolite 528 0.22 8.9

? Determined from the Barret-Joyner-Halenda (BJH) desorption method.

The N, adsorption-desorption isotherm of HY zeolite and 6%K/HY zeolite

catalysts with different Si/Al molar ratios of HY zeolites are provided in Figure 4.13 and

Figure 4.14, respectively. The isotherms of all catalyst can be classified as a type IV

isotherm with H3-shaped hysteresis loops that are implied mesoporous structures [50].
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HY500 zeolite modified with potassium at 6 wt.%.
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4.2.1.3 Ammonia temperature program desorption (NHs-TPD)

Ammonia temperature program desorption (NH;-TPD) was used for evaluating
the acidity on surface of HY15 zeolite, HY100 zeolite and HY500 zeolite modified with
potassium at 6 wt.%. The amount of desorbed ammonia corresponds to the total
surface acidity of the catalyst. In addition, the desorption temperature of desorbed

ammonia corresponds to the acid strength on surface of the catalysts.

NH4-TPD profiles of HY15 zeolite, HY100 zeolite and HY500 zeolite modified
with potassium at 6 wt.% are shown in Figure 4.15. The temperature ranges of regions
| (100-200 °Q), I (200-400 °C) and Il (400-600 °C) represent weak, medium and strong
acid sites, respectively [36]. The 6%K/HY15 zeolite catalyst show higher acid strengths
than 6%K/HY100 zeolite and 6%K/HY500 zeolite in view of the NHs;-desorption
temperatures in Figure 4.15. There is a tendency that the surface acidity and the
fractions of medium and strong acid sites were decreased with increasing Si/Al molar
ratios of HY zeolite (from HY15 to HY500). The total acidity of 6%K/HY zeolite catalysts
with different Si/Al molar ratios were quantified based on the area of NH; desorption
peaks in the TPD profiles, and the results are shown in Table 4.7. The total acidity of
catalysts decreased in the following order: 6%K/HY15 zeolite > 6%K/HY100 zeolite >
6%K/HY500 zeolite and it was ranged between 0.75-25.9 mmol NHs/g.cat. The results
shown that total acidity decreased with increasing of Si/Al molar ratio of HY zeolite.
However, the catalysts with higher or lower acidity can catalyze lactic acid dehydration

to acetaldehyde, and propionic acid, respectively.
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Figure 4.15 NH5-TPD profiles of HY15 zeolite, HY100 zeolite and HY500 zeolite

modified with potassium at 6 wt.%.

Table 4.7 Total acidity of HY15 zeolite, HY100 zeolite and HY500 zeolite modified

with potassium at 6 wt.%.

Catalysts

Total acidity (mmol NH/g.cat)

6%K/HY15 zeolite
6%K/HY100 zeolite
69%K/HY500 zeolite

259
201
0.75
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4.2.1.4 Carbon dioxide temperature program desorption (CO,-TPD)

Carbon dioxide temperature program desorption (CO,-TPD) was used for
evaluating the basicity on surface of HY15 zeolite, HY100 zeolite and HY500 zeolite
modified with potassium at 6 wt.%. The amount of desorbed carbon dioxide
corresponds to the total surface basicity of the catalyst. In addition, the desorption
temperature of desorbed carbon dioxide corresponds to the base strength on surface

of the catalysts.

CO,-TPD profiles of HY15 zeolite, HY100 zeolite and HY500 zeolite modified
with potassium at 6 wt.% are shown in Figure 4.16. 6%K/HY100 zeolite and 6%K/HY100
zeolite have one large peak at around 100 C ascribed to the weak basic sites of the
catalysts, while 6%K/HY15 zeolite have slightly part of peak at around 200-300 C
ascribed to the medium basic sites of catalysts. The 6%K/HY500 zeolite show higher
basic sites than 6%K/HY100 zeolite and 6%K/HY15 zeolite catalyst in view of the CO,-
desorption temperatures in Figure 4.16. There is a tendency that the surface basicity
of HY zeolite increase with increasing Si/Al molar ratios from 15, 100 and 500,
respectively. The total basicity of different samples were quantified based on the area
of CO, desorption peaks in the TPD profiles, and the results are shown in Table 4.8.
The total basicity of catalysts decreased in the following order: 6%K/HY500 zeolite >
6%K/HY100 zeolite > 6%K/HY15 zeolite. It is known that the catalysts with higher
basicity can catalyze lactic acid dehydration to undesirable products such as propionic

acid.
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Figure 4.16 CO,-TPD profiles of HY15 zeolite, HY100 zeolite and HY500 zeolite

modified with potassium at 6 wt.%.

Table 4.8 Total basicity of HY15 zeolite, HY100 zeolite and HY500 zeolite modified

with potassium at 6 wt.%.

Total basicity (umol CO,/g.cat)

Catalysts
6%K/HY15 zeolite 4.13
6%K/HY100 zeolite 5.18

5.23

6%K/HY500 zeolite
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4.2.1.5 Scanning electron microscope and energy dispersive X-ray spectroscopy

(SEM-EDX)

The morphology of HY15 zeolite, HY100 zeolite and HY500 zeolite modified
with potassium at 6 wt.% studied by Scanning Electron Microscopy (SEM) are shown in
Figure 4.17. All catalysts have similar surface morphology and uniform in size
distribution. It was found that potassium over HY15 zeolite, HY100 zeolite and HY500

zeolite and Si/Al molar ratio of HY zeolites did not affect the morphology of catalysts.

The elements and potassium dispersion over the HY zeolite catalysts surface
for all Si/Al molar ratios were determined by energy dispersive X-ray spectroscopy
(EDX) in Table 4.9 and Figure 4.18. The results show that all catalyst have a good
dispersion of potassium on the surface of HY zeolite catalyst, consistent with the XRD
investigation. The HY15 zeolite, HY100 zeolite and HY500 zeolite modified with
potassium at 6 wt.% from EDX results shown higher amount of potassium than initial

loading because EDX can detect only the surface of catalysts.

6%K/HY15 zeolite

L.

$3400 15,0kV 8.4mm x15.0k SE

6%K/HY500 zeolite'y

§3400 15.0kM6.2mm x15.0k SE

Figure 4.17 SEM images of HY15 zeolite, HY100 zeolite and HY500 zeolite modified

with potassium at 6 wt.%.
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Figure 4.18 EDX images of potassium on the surface of HY15 zeolite, HY100 zeolite

and HY500 zeolite modified with potassium at 6 wt.%.

Table 4.9 The elemental dispersion over the surface of HY15 zeolite, HY100 zeolite

and HY500 zeolite modified with potassium at 6 wt.%.

Percent by weight (wt.%)

Catalysts
) Al Si K
6%K/HY15 zeolite 45.29 6.22 42.16 6.34
6%K/HY100 zeolite 46.95 1.18 45.55 6.32
6%K/HY500 zeolite 43.67 0.18 49.17 6.97
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4.2.1.6 Thermogravimetric analysis (TGA)

TGA analysis that was used for study carbon deposition of the spent catalysts
are investigated in Figure 4.19. The slightly weight loss of all spent catalyst around 100
°C was occurred that was assigned to the evaporation of moisture in catalysts. Figure
4.19, the weight loss were observed at around 300-400 °C in the following order:
6%K/HY15 zeolite > 6%K/HY100 zeolite > 6%K/HY500 zeolite which should be
attributed to the carbon deposits over spent catalyst [52]. Moreover, the 6%K/HY15
zeolite shown weight loss at around 600-700 °C that was assigned to two kinds of

carbon deposit sites on the surface [42].
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Figure 4.19 TGA results of spent HY15 zeolite, HY100 zeolite and HY500 zeolite

modified with potassium at 6 wt.% after 180 min of reaction.
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4.2.2 Activity in lactic acid dehydration reaction

The activity of HY15 zeolite, HY100 zeolite and HY500 zeolite modified with
potassium at 6 wt.% were test in lactic acid dehydration reaction. The catalyst 0.1 ¢
was packed in glass reactor with quartz wool and preheated at 340 °C for 30 min. After
that, the lactic acid solution with concentration 34%volume were injected into the
vaporizer at flow rate 1 ml/h and the vapor was carried through the catalyst bed by
nitrogen. The gas products were analyzed by GC with a DB-WAX capillary column and
FID detector.

The lactic acid conversion and product selectivity in lactic acid dehydration
reaction at reaction temperature 340 °C and 90 min are shown in Figure 4.20 and Table
4.10. The lactic acid conversion of HY15 zeolite, HY100 zeolite and HY500 zeolite
modified with potassium at 6 wt.% were shown 100% and acrylic acid selectivity were
ranged between 4.7-45.5%. The 6%K/HY100 zeolite catalyst was the best for lactic acid
dehydration with 100% conversion and 45.5% selectivity for acrylic acid. The acrylic
acid selectivity of catalysts decreased in the following order: 6%K/HY100 zeolite >
6%K/HY500 zeolite > 6%K/HY15 zeolite catalyst. From table 4.10, it also seen that with
increasing Si/Al molar ratio from 15 to 100, the formation of acetaldehyde is obviously
suppressed with its selectivity decreasing from 90% to 49.5% and AA selectivity
increasing from 4.7% to 45.5%. The decline of acetaldehyde selectivity should be
ascribed to decrease of total acidity of 6%K/HY100 zeolite as shown in NH-TPD result
since the formation of acetaldehyde from lactic acid reactant is preferred over acidic
catalysts. The decrease of total acidity caused the suppression decarbonylation and
decarboxylation reaction of lactic acid to acetaldehyde. The 6%K/HY500 zeolite higher
propionic acid selectivity than 6%K/HY15 zeolite and 6%K/HY100 zeolite because the
6%K/HY500 zeolite with high surface basicity can catalyze lactic acid dehydration to
propionic acid via reduction reaction of lactic acid [52]. The catalytic results indicated
that the HY zeolite catalyst should suitable Si/Al molar ratio for catalyze lactic acid

dehydration to acrylic acid.
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Figure 4.20 Lactic acid conversion and product selectivity of HY15 zeolite, HY100

zeolite and HY500 zeolite modified with potassium at 6 wt.% at reaction

temperature 340 °C and t = 90 min.

Table 4.10 The catalytic performance of HY15 zeolite, HY100 zeolite and HY500

zeolite modified with potassium at 6 wt.%.

60

Lactic acid Product Selectivity ? (%)
Catalysts
Conversion (%) AA AD PA
6%K/HY15 zeolite 100 a.7 90.0 53
69%K/HY100 zeolite 100 455 49.5 5.0
6%K/HY500 zeolite 100 24.4 60.3 15.3

¢ AA-Acrylic acid, AD-acetaldehyde, PA-propionic acid. Reaction time 90 min, T=340 °C
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Figure 4.21 Acrylic acid selectivity of (A) 6%K/HY15 zeolite, (B) 6%K/HY100 zeolite,
and (C) 6%K/HY500 zeolite at T = 340 °C.

100

90 -
S
>
S 80
> .
= (A)
Q
()]
wm
o 70 -
O
>~
_C
3
= 607 (B)
4
(]
(@)
<C

50 -

©
40 T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Reaction time (min)
Figure 4.22 Acetaldehyde selectivity of (A) 6%K/HY15 zeolite, (B) 6%K/HY100
zeolite, and (C) 6%K/HY500 zeolite at T = 340 °C.
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Figure 4.23 Propionic acid selectivity of (A) 6%K/HY15 zeolite, (B) 6%K/HY100
zeolite, and (C) 6%K/HY500 zeolite at T = 340 °C.
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4.3 The effect of support AlLO; and HY100 zeolite ratios from the second part
modified with potassium at 6 wt.%.

The catalyst nomenclatures are represent as below:

6%K/3A,05-1HY100 represents the catalyst which have 6 wt.% K over Al,Os-
HY100 zeolite with AlL,O5; and HY100 zeolite ratio of 3:1

6%K/1AL,05-1HY100 represents the catalyst which have 6 wt.% K over Al,Os-
HY100 zeolite with Al,O5; and HY100 zeolite ratio of 1:1

6%K/1AL,05-3HY100 represents the catalyst which have 6 wt.% K over Al,Os-
HY100 zeolite with Al,Os; and HY100 zeolite ratio of 1:3

4.3.1 Catalyst characterization
4.3.1.1 X-Ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of Al,0s;, 6%K/HY100 zeolite and
6%K/Al,O5-HY100 zeolite with different Al,O5and HY100 zeolite ratios (3:1, 1:1 and 1:3)
are shown in Figure 4.24. The XRD patterns of ALO; shown two peaks at 20 = 45.5°
and 66.7°, which are ascribed to alumina crystalline phases. The XRD patterns of
6%K/HY100 zeolite catalysts were observed at 20 = 20.3°, 23.7°, 27.0°, 31.8°, 34.2°, 38.4°
and 54.6° which are typical of zeolite faujasite [49]. Neither potassium nor any
unidentified phase was observed on the XRD patterns of HY100 zeolite modified with
potassium. The identical XRD patterns of these samples and the parent zeolites
indicated that the large surface area of the HY100 zeolites might contribute to good
dispersion of potassium on HY100 zeolite. The mixed Al,O; and HY100 zeolite had
similar pattern alumina and zeolite faujasite except 6%K/3Al,05-1HY100 zeolite
catalyst. The intensities of peaks decrease with increasing of Al,O; content, indicating
that the higher of AlL,O; content and potassium modification affect to destroy the

HY100 zeolite structure.
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Figure 4.24 XRD patterns of Al,Os, 6%K/HY100 zeolite and 6%K/Al,05-HY100 zeolite
with different ALO5; and HY100 zeolite ratios (3:1, 1:1 and 1:3).

4.3.1.2 Nitrogen adsorption-desorption

The textural properties of catalysts were investigated by nitrogen adsorption-
desorption technique using Brunauer-Emmett-Teller (BET) method and Barret-Joyner-
Halenda (BJH) method. The BET surface area, pore volume and pore size were
summarized in Table 4.11. The BET surface area of 6%K/AL,Os-HY100 zeolite with
different ALOs and HY100 zeolite ratios (3:1, 1:1 and 1:3) were ranged between 75-447
m?/g. The BET surface area of mixed Al,O5; and HY100 zeolite modified with potassium
at 6 wt.% decreased significantly with increasing Al,O; content. The pore volume of
catalysts were range 0.18-0.24 cm®/g. The decrease of BET surface area and pore
volume may be due to the pores of Al,0s-HY100 zeolite filled with potassium species,

so that the pore may be blocked by the metal [42] and the higher Al,O; content that
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cause seriously destroys HY100 zeolite structure by dealumination [53], consistent with
the XRD investigation. The pore size of 6%K/Al,05-HY100 zeolite with different AlL,Os
and HY100 zeolite ratios (3:1, 1:1 and 1:3) were range 4.6-7.0 nm.

Table 4.11 The physiochemical properties of 6%K/Al,05-HY100 zeolite with different
AlL,Os and HY100 zeolite ratios (3:1, 1:1 and 1:3).

Catalysts BET surface area Pore volume ® Pore size®
(m?%/g) (cm’/g) (nm)
6%K/3A1,05-1HY100 75 0.18 7.0
69K/ 1ALO5-1HY100 321 0.21 4.6
69%K/1ALO5-3HY100 447 0.24 5.9

? Determined from the Barret-Joyner-Halenda (BJH) desorption method.

The N, adsorption-desorption isotherm of 6%K/Al,05-HY100 zeolite with
different ALOs; and HY100 zeolite ratios (3:1, 1:1 and 1:3) are provided in Figure 4.25.
The isotherms of all catalyst can be classified as a type IV isotherm with H3-shaped

hysteresis loops that are implied the mesoporous structures [50].
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Figure 4.25 N, adsorption-desorption isotherm of 6%K/Al,05-HY100 zeolite with
different ALO5; and HY100 zeolite ratios (3:1, 1:1 and 1:3).

4.3.1.3 Ammonia temperature program desorption (NH5-TPD)

Ammonia temperature program desorption (NH;-TPD) was used for evaluating
the acidity on surface of 6%K/Al,Os-HY100 zeolite with different Al,O; and HY100
zeolite ratios (3:1, 1:1 and 1:3). The amount of desorbed ammonia corresponds to the
total surface acidity of the catalyst. In addition, the desorption temperature of
desorbed ammonia corresponds to the acid strength on surface of the catalysts.

NH4-TPD profiles of 6%K/Al,05-HY100 zeolite with different Al,Os; and HY100
zeolite ratios (3:1, 1:1 and 1:3) are shown in Figure 4.26. The temperature ranges of
regions | (100-200 °C), Il (200-400 °C) and Ill (400-600 °C) represent weak, medium and
strong acid sites, respectively [36]. The 6%K/1Al,05-3HY100 zeolite catalyst shown only
one peak around 100-300 °C indicating the presence of weak and medium acid sites,
whereas 6%K/1AL,Os-1HY100 and 6%K/3A,05-1HY100 zeolite catalyst exhibited two
desorption peaks at low temperature represent weak acid site and high temperature
indicating the presence of medium and strong acid sites for 6%K/1Al,05-1HY100 and
6%K/3A1,05-1HY100, respectively. There is a tendency that the fractions of medium
and strong acid sites decrease with decreasing Al,O; content in 6%K/AlL,O5-HY100
zeolite catalyst. The total acidity of different samples were quantified based on the

area of NH; desorption peaks in the TPD profiles, and the results are shown in Table
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4.12. The total acidity of catalysts decreased in the following order: 6%K/1Al,05-
3HY100 zeolite > 6%K/1ALL,05-1HY100 zeolite > 6%K/3Al,05-1HY100 zeolite but the
6%K/3A,05-1HY100 had more strong acid sites than other catalyst. The results shown
that total acidity decreased with increasing Al,O; content due to the Al,O5; have more
weak and medium acid sites than strong acid sites which can reduce the total acidity
by potassium addition. However, it is known that the catalysts with high strong acid

sites can catalyze lactic acid dehydration to undesirable products such as

acetaldehyde.
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Figure 4.26 NHs-TPD profiles of 6%K/Al,05-HY100 zeolite with different Al,O5; and
HY100 zeolite ratios (3:1, 1:1 and 1:3).

Table 4.12 Total acidity of 6%K/Al,05-HY100 zeolite with different Al,O; and HY100
zeolite ratios (3:1, 1:1 and 1:3).

Catalysts Total acidity (mmol NH/g.cat)
6%K/1AL,O5-3HY100 11.82
6%K/1AL,O5-1HY100 9.10

6%K/3AL,05-1HY100 7.25
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4.3.1.4 Carbon dioxide temperature program desorption (CO,-TPD)

Carbon dioxide temperature program desorption (CO,-TPD) was used for
evaluating the basicity on surface of 6%K/Al,05-HY100 zeolite with different Al,O3and
HY100 zeolite ratios (3:1, 1:1 and 1:3). The amount of desorbed carbon dioxide
corresponds to the total surface basicity of the catalyst. In addition, the desorption
temperature of desorbed carbon dioxide corresponds to the base strength on surface

of the catalysts.

CO,-TPD profiles of 6%K/AlL,Os-HY100 zeolite with different Al,O5; and HY100
zeolite ratios (3:1, 1:1 and 1:3) are shown in Figure 4.27. All catalysts have one large
peak at around 50-250 C ascribed to the weak basic sites of the catalysts. The
6%K/3A,05-1HY100 zeolite show higher basic sites than 6%K/1A,05-3HY100 zeolite
catalyst in view of the CO,-desorption temperatures in Figure 4.27. There is a tendency
that the surface basicity of 6%K/Al,05-HY100 zeolite with different Al,O; and HY100
zeolite ratios (3:1, 1:1 and 1:3) increase with increasing AlLO; content. The total basicity
of different samples were quantified based on the area of CO, desorption peaks in the
TPD profiles, and the results are shown in Table 4.13. The total basicity of catalysts
decreased in the following order: 6%K/3Al,05-1HY100 zeolite > 6%K/1AL,O05-1HY100
zeolite > 6%K/1A,05-3HY100 zeolite. The 6%K/3Al,05-1HY100 zeolite catalyst had a
higher total basicity than the other catalysts due to it high ALO; content affect to

increase interaction between potassium and Al,Os.
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Figure 4.27 CO,-TPD profiles of 6%K/Al,05-HY100 zeolite with different Al,0; and
HY100 zeolite ratios (3:1, 1:1 and 1:3).

Table 4.13 Total basicity of 6%K/Al,0s-HY100 zeolite with different Al,O; and HY100

zeolite ratios (3:1, 1:1 and 1:3).

Total basicity (umol CO,/g.cat)

Catalysts
6%K/3A,05-1HY100 13.01
6%K/1AL,05-1HY100 8.05

5.80

69%K/1AL,05-3HY100
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4.3.1.5 Scanning electron microscope and energy dispersive X-ray spectroscopy

(SEM-EDX)

The morphology of 6%K/Al,O5-HY100 zeolite with different Al,O; and HY100
zeolite ratios (3:1, 1:1 and 1:3) studied by Scanning Electron Microscopy (SEM) are
shown in Figure 4.28. All catalysts have similar surface morphology and uniform in size
distribution. It was found that potassium over Al,Os-HY100 zeolite with different Al,O;
and HY100 zeolite ratios (3:1, 1:1 and 1:3) did not affect the morphology of catalysts.
The elements and potassium dispersion over Al,05-HY100 zeolite with different Al,05
and HY100 zeolite ratios (3:1, 1:1 and 1:3) were determined by energy dispersive X-ray
spectroscopy (EDX) in Table 4.14 and Figure 4.29. All catalyst have a good dispersion
of potassium on the surface of Al,0s-HY100 zeolite, consistent with the XRD
investigation. The catalyst modified with potassium from EDX results shown higher
amount of potassium than initial loading because EDX can detect only the surface of

catalysts.

Cid

6%K/3ALOFLHY100 ' 696K /TALO,-1HYT00

83400 15.0kV 6. 2mm.x15.0k SE

6%K/1ALOs-3HY 100

S3400:15.0kV65mm x15.0k SE

Figure 4.28 SEM images of 6%K/Al,05-HY100 zeolite with different Al,O;and HY100
zeolite ratios (3:1, 1:1 and 1:3).
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6%K/1ALO5-3HY 100

Figure 4.29 EDX images of potassium on the surface of 6%K/Al,05-HY100 zeolite with

different AlLOz and HY100 zeolite ratios (3:1, 1:1 and 1:3).

Table 4.14 The elemental dispersion over the surface of 6%K/Al,05-HY100 zeolite

with different Al,O5; and HY100 zeolite ratios (3:1, 1:1 and 1:3).

Percent by weight (wt.%)

Catalysts
) Al Si K
6%K/3A1,05-1HY100 43.96 24.15 25.6 6.29
6%K/1AL,05-1HY100 43.56 11.96 37.65 6.83
6%K/1A,05-3HY100 46.66 1.94 45.31 6.09
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4.3.1.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used for study carbon deposition of the
spent 6%K/AL,05-HY100 zeolite with different Al,Os; and HY100 zeolite ratios (3:1, 1:1
and 1:3) after 180 min of reaction are investigated in Figure 4.30. The slightly weight
loss of all spent catalyst around 100 °C could be assigned to the evaporation of
moisture in catalysts. The weight loss were observed at around 300-400 °C in the
following order: 6%K/3AL,05-1HY100 zeolite > 6%K/1ALOs-1HY100 zeolite >
6%K/1AL,03-3HY100 zeolite which should be attributed to the carbon deposits over

spent catalyst [52].
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Figure 4.30 TGA results of spent 6%K/Al,05-HY100 zeolite with different A,O; and
HY100 zeolite ratios (3:1, 1:1 and 1:3) after 180 min of reaction.
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4.3.2 Activity in lactic acid dehydration reaction

The activity of 6%K/Al,05-HY100 zeolite with different Al,O;and HY100 zeolite
ratios (3:1, 1:1 and 1:3) were test in lactic acid dehydration reaction. The catalyst 0.1 ¢
was packed in glass reactor with quartz wool and preheated at 340 °C for 30 min. After
that, the lactic acid solution with concentration 34%volume were injected into the
vaporizer at flow rate 1 ml/h and the vapor was carried through the catalyst bed by
nitrogen. The gas products were analyzed by GC with a DB-WAX capillary column and
FID detector.

The lactic acid conversion and product selectivity in lactic acid dehydration
reaction at reaction temperature 340 °C and 90 min are shown in Figure 4.31 and Table
4.15. The lactic acid conversion of 6%K/Al,05-HY100 zeolite with different Al,O5 and
HY100 zeolite ratios (3:1, 1:1 and 1:3) were shown 100% and acrylic acid selectivity
were ranged between 6.4-22.7%, in the following order: 6%K/1Al,05-3HY100 zeolite >
6%K/1ALO5-1HY100 zeolite > 6%K/3AL,05-1HY100 zeolite. The 6%K/1AL,05-3HY100
zeolite catalyst was the best for lactic acid dehydration with 100% conversion and
22.7% selectivity for acrylic acid to compare with 6%K/1AL,O5-1HY100 zeolite and
6%K/3A,05-1HY100 zeolite catalyst. From table 4.15, it also seen that with decreasing
the AlL,O; content, the formation of acetaldehyde is obviously suppressed with its
selectivity decreasing from 84.3% to 67.6% and AA selectivity increasing from 6.4% to
22.7%. From NHs-TPD result, there is a tendency that the fractions of medium and
strong acid sites increase with increasing Al,O; content in 6%K/Al,05-HY100 zeolite
catalyst. The decline of acetaldehyde selectivity should be ascribed to decrease strong
acid site of 6%K/AlL,O5-HY100 zeolite as shown in NH5-TPD result. For 6%K/3Al,05-
1HY100 zeolite catalyst, the acrylic acid selectivity decreased, indicating that the
catalyst with high Al,O3; content is liable to cause damage of its structure, high strong
acid site and high coke deposition resulted in the blocking and packing of the micro
channel, which is in agreement with XRD, NH;-TPD and TGA results. The catalytic results
indicated that 6%K/Al,05-HY100 zeolite with high Al,O; content had increased strong
acid site. Also, the catalysts with high strong acid sites can catalyze lactic acid

dehydration to undesirable products such as acetaldehyde.
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Figure 4.31 Lactic acid conversion and product selectivity of 6%K/Al,05-HY100
zeolite with different ALOs; and HY100 zeolite ratios (3:1, 1:1 and 1:3) at reaction

temperature 340 °C and t = 90 min.

Table 4.15 The catalytic performance of 6%K/AlL,O5-HY100 zeolite with different
ALO5 and HY100 zeolite ratios (3:1, 1:1 and 1:3).

AA selectivity AD selectivity PA selectivity
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Lactic acid Product Selectivity ? (%)
Catalysts
Conversion (%) AD PA
6%K/3AL,05-1HY100 100 84.3 9.3
6%K/1ALO5-1HY100 100 77.1 8.9
6%K/1AL,05-3HY100 100 67.6 9.7

? AA-Acrylic acid, AD-acetaldehyde, PA-propionic acid. Reaction time 90 min, T=340°C
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Figure 4.32 Acrylic acid selectivity of (A) 6%K/3AL,05-1HY100, (B) 6%K/1AL,05-
1HY100, and (C) 6%K/1AL,04-3HY100 at T = 340 °C.
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Figure 4.33 Acetaldehyde selectivity of (A) 6%K/3A,05-1HY100, (B) 6%K/1ALOs-
1HY100, and (C) 6%K/1A,05-3HY100 at T = 340 °C.
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Figure 4.34 Propionic acid selectivity of (A) 6%K/3A,05-1HY100, (B) 6%K/1AL,05-
1HY100, and (C) 69%K/1ALO5-3HY100 at T = 340 °C.



14

CHAPTER V
CONCLUSIONS AND RECOMMENDATION

5.1 Conclusion

In this study, the effect of different percent loading of K over HY100 zeolite
catalysts at 0, 2, 4, 6 and 8 wt.%. Among these catalysts, HY zeolite modified with
potassium at 6 wt.% was selected to study the effect of different Si/Al molar ratio of
HY zeolite (15, 100 and 500) in 6 wt.% of K over HY zeolite catalysts were investigated.
After that, HY zeolite with Si/Al molar ratio of 100 was selected to study effect of Al,Os-
HY100 zeolite with different Al,O; and HY100 zeolite ratios (3:1, 1:1 and 1:3) modified

with potassium 6 wt.%. The results can be concluded as follows:

1. The catalytic results indicated that potassium modification could improve
acrylic acid selectivity and reduce acetaldehyde selectivity. The catalyst
modified with high potassium loading is liable to cause damage of its structure
and high carbon deposition resulted in the decreasing selectivity of acrylic acid.
The 6%K/HY100 zeolite catalyst was the best for lactic acid dehydration with
100% conversion and 45.5% selectivity for acrylic acid.

2. The 6%K/HY15 zeolite catalyst has more formation of acetaldehyde than other
catalyst because the catalyst with lower the Si/Al molar ratio should be
ascribed to high total acidity. On the other hand, the 6%K/HY500 zeolite
catalyst affected the decrease selectivity of acrylic acid and increase selectivity
to propionic acid due to the catalyst have highest total basicity and very low
acidity on surface. The catalytic results indicated that the HY100 zeolite catalyst
should suitable Si/Al molar ratio for catalyze lactic acid dehydration to acrylic

acid.
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3. The catalyst with high Al,O; content is liable to cause damasge of its structure,
high coke deposition and high amount of strong acid sites. The catalysts with
high strong acid sites can catalyze lactic acid dehydration to undesirable

products such as acetaldehyde.

5.2 Recommendations

1. Study stability in long term of catalysts for lactic acid dehydration reaction.
2. Study the catalytic performance in different calcination temperature of
catalyst that is the one factors of influence the activity of reaction.

3. Study the catalytic performance in different preparation of catalyst.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

A.1 Preparation of the mixed Al,0; and HY zeolite by sol-gel method

The preparation of AlL,Os-HY100 zeolite with different Al,O5; and HY100 zeolite

ratios (3:1, 1:1 and 1:3) by sol-gel method are shown as follow:

Example The calculation for the preparation of 3Al,05-1HY100 zeolite by sol-gel

method are shown as follow:

Reagent: HY zeolite Si/Al molar ratio = 100
Aluminum isoproproxide (>98%) Molecular weight = 204.24 g/mol

Ethanol (99%) Molecular weight = 46 g/mol
Deionized water Molecular weight = 18 g/mol
Hydrochloric acid (37.7%) Molecular weight = 36.46 g/mol

Calculation: For ALLOs-HY100 zeolite ratio 3:1
Based on 15 g of Aluminum isoproproxide
So, HY100 = 15¢/3
= 5¢
For molar ratio of Al,05:H,O = 0.1:15
Aluminum isoproproxide = 0.1 mol
= 0.1 mol x 204.24 ¢/mol
= 20.424 ¢
H,O = 15 mol

= 15 mol x 18 g/mol

= 270 ¢

Required aluminum isoproproxide = 15¢

So required H,0 = (15 ¢ x 270 g)/20.424 ¢
= 1983 ¢

For volume ratio of H,O:Ethanol = 1:1

Density of H,0 = 1¢/cm’
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H,O

198.3 ¢ x 1 g/cm’
So required ethanol = 198.3 cm’
In case of AlLO5-HY100 zeolite with different Al,O5 and HY100 zeolite ratios

(3:1, 1:1 and 1:3), the method of preparing uses the same calculation.

A.2 Preparation of HY zeolite and AL,O5-HY100 zeolite modified with potassium

by incipient wetness impregnation method

Example The preparation of 6%K/HY100 zeolite catalyst by incipient wetness
impregnation method are shown as follow:
Reagent: Potassium nitrate Molecular weight = 101.10 g/mol

Potassium Molecular weight = 39 g/mol
Calculation: Based on 1 g of catalyst, 6%K/HY100 zeolite catalyst contains 10 wt.%
metal.

So, K

0.06 ¢
HY100 zeolite required = 1-0.06 ¢ =094 ¢
6%K/HY100 zeolite catalyst were prepared using KNO3 as metal precursors.

KNO; required K required x MW of KNO;

MW of K x 0.99

0.06 g x 101.1 ¢/mol
39 ¢/mol x 0.99

0.157 ¢ of KNO4

A.3 Calculation of lactic acid concentration before driven through the reactor

- Mole of Ny ny, = PV/RT = (2 bar x 0.04 L/min) / (0.08314 L.bar/K.mol x 303 K)
N2 = 0.0032 mol/min

- Mole of LA: ni, = (0.34 ml/h x 1.209 ¢/ml) / (60 min/h x 90.08 ¢/mol)
NiA = 0.000076 mol/min

- Mole of H,0:np = (0.66 ml/h x 1 ¢/ml) / (60 min/h x 18 ¢/mol)

No = 0.00061 mol/min
So, Concentration of lactic acid before and after vaporization are (0.000076 / 0.000686)
= 0.11 = 11 mol.% and (0.000076 / 0.003886) = 0.02 = 2.0 mol.%, respectively.
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APPENDIX B
CALIBRATION CURVES

The calibration curves are used for calculation the mole of lactic acid reactant,
and acrylic acid as main product and byproduct include acetaldehyde, propionic acid

in lactic acid dehydration reaction.

The reactant and all product gas were analyzed by gas chromatography

Shimudzu, GC-14B with flame ionization detector (FID) and DB-WAX Ul column.

The calibration curves exhibit area and mole of gas in x-axis and y-axis,
respectively. The curves of lactic acid, acrylic acid, acetaldehyde and propionic acid

are illustrated in Figure B1-B4.

4.5

a Y = 1.69E-05X + 0.7303

35 4

Mole of lactic acid (umole)

15 ,

40000 60000 80000 100000 120000 140000 160000 180000 200000 220000

Area

Figure B.1 The calibration curve of lactic acid



Mole of acrylic acid (umole)

Mole of acetaldehyde (umole)
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Figure B.2 The calibration curve of acrylic acid
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Figure B.3 The calibration curve of acetaldehyde
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Figure B.4 The calibration curve of propionic acid
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APPENDIX C
CALCULATION OF TOTAL ACID SITES OF CATALYST

Calculation of total acid sites of catalyst which were measured by Ammonia

Temperature Programmed Desorption (NH;-TPD) is shown as follows:

0.12
01 J Y = 0.294X
() 2_
—g R?= 0.9999
E 0.08 4
.©
5 0.06
g 0
S
18]
5 0.04
Q
=
0.02 4
O T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Area

Figure C.1 The calibration curve of ammonia from Micromeritics Chemisorp 2750.

The acidity of all catalysts can be calculated from

The acidity of catalyst = 0.294 x Area of NH5-TPD profile ; mmolNH/¢ catalyst
Weight of catalyst (g)
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APPENDIX D
CALCULATION OF TOTAL BASIC SITES OF CATALYST

Calculation of total basic sites of catalyst which were measured by

Carbondioxide Temperature Programmed Desorption (CO,-TPD) is shown as follows:

45

40 Y = 16.342X

35 A R?= 0.9999

30+

Mole of carbondioxide (umole)

O T T T T T
0 0.5 1 15 2 25 3

Area

Figure D.1 The calibration curve of carbondioxide from Micromeritics Chemisorp 2750.

The basicity of all catalysts can be calculated from

The basicity of catalyst =  16.342 x Area of CO,-TPD profile ; umolCO,/g catalyst

Weight of catalyst (g)
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APPENDIX E
CALCULATION OF CONVERSION AND SELECTIVITY

The lactic acid conversion was calculated as defined equations as follows:

Lactic acid conversion

Area of lactic acid in feed - Area of lactic acid in product

XLA (%) = x 100

Area of lactic acid in feed

The product selectivity based on mole of acrylic acid, mole of acetaldehyde,

and mole of propionic acid were calculated as defined equations as follows:

Acrylic acid selectivity

Mole of acrylic acid in product
San (%) = x 100

Total mole of product

Acetaldehyde selectivity

Mole of acetaldehyde in product
Sap (%) = x 100
Total mole of product

Propionic acid selectivity

Mole of propionic acid in product
San (%) = x 100

Total mole of product

Total mole of product are the summation of mole of acrylic acid, mole of

acetaldehyde, and mole of propionic acid.
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