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the following separation processes. Alkylation reaction has been used to remove
olefins with acid catalysts. In this study, clays and zeolites were screened for further
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properties of catalysts were determined by XRD, XRF, N, adsorption, TPD-NH3,
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CHAPTER 1
INTRODUCTION

Aromatic hydrocarbons, benzene, toluene, and xylene (BTX), are important
raw materials and products in the refinery and petrochemical industry. They can be
obtained from cracking and/or reforming processes. However, most aromatic
hydrocarbon streams from industries always contain impurities, i.e. mono-olefins,
diene, styrene etc. Pu et al. (2012)reported that olefins can cause negative effects on
following processes. In order to prevent that, the product streams need to have a
bromine index (BI) lower than 20 mg/100g. Normally, hydrogenation and alkylation
can be used to remove olefins. However, hydrogenation involes the use of hydrogen,
resulting in the loss of aromatic products and high operating cost. Therefore,
alkylation is used in most commercial processes. In the alkylation, olefins react with
aromatics by using acid catalysts such as clays and zeolites to form alkyl aromatics
with no further loss of aromatics.

Clays, like bentonite and illite, are used in alkylation reaction to remove trace
olefins from aromatics. Clays are large pore size materials, which have cation
impurities in the interlayer leading to low acid sites, which affect catalytic activity and
its lifetime. Normally, the lifetime of clay is approximately 2-3 months, which is short
resulting in a high operating cost. In addition, pollution and non-reusable issues are
also drawbacks of using clays. In order to alleviate the challenges of using clays, acid
activation of clays by mineral acids has been considered. In the acid activation, acids
are used to attack in the clay structure leading to partial dissolution of the clay
minerals resulting in the increase in the surface area and acidity of the material
(Komadel, 2016). Sidorenko et al. (2018) treated illite for isomerization of a-pinene
oxide with hydrochloric acid and claimed that the treated illite had lower impurity and
increased acidity, which enhanced the catalytic activity for isomerization. Bendou and
Amrani (2014) reported that calcium in the bentonite reacted with sulfuric acid during
the acid activation to form calcium sulfate leading to pore blockage. Rabie et al.
(2018) treated bentonite for catalytic cracking process of biofuel production with
hydrochloric acid. They reported that the treated bentonite had higher cracking

activity due to the increased in the total acidity in bentonite.
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MCM-22, USY, and beta zeolites are acid catalysts, which are more efficient
than clays because zeolites can be regenerated. Chen et al. (2009) compared MCM-
22, USY, beta, and ZSM-5 zeolites for alkylation reaction. They reported that the
activity of all zeolites was similar but MCM-22 had the highest lifetime because it had
large pore size. However, the price of USY is the lowest compared with MCM-22
and beta zeolites. In order to improve USY, dealumination has been used to increase
the activity of catalyst.

Dealumination can be accomplished with organic or mineral acids to leach
alumina from the structure of zeolites resulting in the change in the silica to alumina
ratio, surface area, and acidity. However, the drawbacks of this method are the loss of
crystallinity. Li et al. (2017) reported that the structure of modified beta zeolite with
mineral acids was destroyed at a higher extent than using organic acids in the
treatment. Yan et al. (2003) modified USY with 0.5 M citric acid for the catalytic
cracking to produce LPG and diesel. They reported that the modified USY enhanced
the strong acid and mesoporous property leading to the increase the catalytic activity
of cracking process.

In this work, bentonite and USY zeolite were used in the alkylation reaction.
The catalytic activity was investigated. In order to enhance the performance of these
catalysts, bentonite was modified by acid activation by hydrochloric acid at 1 M, 3 M,
and 6 M to increase acidity. USY zeolite was modified by dealumination with citric
acid at 0.075 M, 0.15 M, and 0.3 M to increase surface area and proportion of strong

acid to total acid sites.
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CHAPTER 2
LITERATURE REVIEWS

2.1 Trace Olefins Removal from Aromatics

Olefins, as shown in Figure 2.1, are a group of compounds made up of
hydrogen and carbon that contains one or more pairs of carbon atoms linked by a
double bond. Olefins are examples of unsaturated hydrocarbons (compounds that
contain only hydrogen and carbon and at least one double bond). They are classified
into: (1) as cyclic or acyclic (aliphatic) olefins, in which the double bond is located
between carbon atoms forming part of a cyclic (closed-ring) or of an open-chain
grouping, and (2) as mono-olefins, di-olefins, tri-olefins, etc., in which the number of
double bonds per molecule is one, two, three, respectively. Olefins are produced via
fluid catalytic cracking, hydrocracking and reforming (Sadeghbeigi, 2012).

Aromatic hydrocarbons, as shown in Figure 2.2, are a hydrocarbon with O
bonds and =m electrons between carbon atoms forming a circle. The configuration of
six carbon atoms in aromatic compounds is known as a benzene ring, after the
simplest possible such hydrocarbon, benzene (Sadeghbeigi, 2012).

However, trace olefins are harmful to the following processes for aromatic
production. In order to protect the adsorbents, which are very expensive and sensitive
to olefins, the product stream must have a bromine index, which is an indicator of the
presence of olefinic bonds, less than 20. Therefore, impurities must be removed with
suitable treatment technologies (Pu et al., 2013).

The bromine index (BI) is the number of milligram bromine (Br2) bound by
100 grams of sample. Normally, this method is relevant to olefin-free hydrocarbons
with a bromine index lower than 1,000. Products with a bromine index greater than
1,000 are usually determined through potentiometric titration as the bromine number.
To determine bromine, the element is directly generated by colometric titration. This
current then releases the stoichiometrically corresponding amount of bromine from

the bromide-containing reagent through electrolysis (Taylocra et al., 1991).
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Ethylene Propylene
III H IIIH
|
H-C-C=C-C-H
H H

Butene-2

Figure 2.1 Structure of olefins (Sadeghbeigi, 2012).

CH, NH,

Benzene Toluene Aniline

Figure 2.2 Structure of aromatics (Sadeghbeigi, 2012).

2.2 Processing for Olefins Removal

There are two processes for trace olefins removal from aromatic hydrocarbons

which are catalytic hydrogenation and catalytic alkylation (Li et al., 2011).
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2.2.1 Catalytic Hydrogenation

Hydrogenation plays a key role in chemical synthesis for olefins removal
from aromatic hydrocarbons. hydrogenation is a chemical reaction between molecular
hydrogen and another compound or element, usually in the presence of a catalyst such
as nickel, palladium or platinum as an active catalyst. This process is commonly
employed to reduce or saturate organic compounds. The reaction is shown in

Equation 2.1 (Pettinari et al., 2004).

(2.1)

The mechanism of hydrogenation of alkene with nickel as a catalyst at
150°C can be described in three different steps, as shown in Figure 2.3. Firstly,
hydrogen molecules react with the metal atoms at the catalyst surface. Secondly, the ©
bond of the alkene interacts with the metal catalyst weakening the bond. Lastly, the
bond of the alkene interacts with the metal catalyst weakening the bond (Penttinari et

al., 2004).

Figure 2.3 Mechanism of hydrogenation reaction (Penttinari et al., 2004).
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2.2.2 Catalytic Alkvylation

The alkylation of aromatic compounds, as shown in Equation 2.2, is
used in the petrochemical and refinery processes. The essential feature of the reaction
is the replacement of a hydrogen atom of an aromatic compound by an alkyl group
derived from an alkylating agent. If the replaced hydrogen is on the aromatic ring, the
reaction is an electrophilic substitution and is carried out in the presence of an acid

catalysts.

i / cat

— = (2.2)

The alkylation of aromatic with olefins over solid acid catalyst obeys the
generally accepted carbocation mechanism. The reaction mechanism between 1-
octene and aromatics is illustrated in Figure 2.4. The olefins molecule is protonated
by the Bronsted acid sites or Lewis acid sites to form carbonium ion by electrophilic
attack on the aromatic & electrons. The desorption process and the loss of the proton
give the alkylated aromatic and restore the Bronsted acid sites and the Lewis acid sites

(Liu et al., 2013).

C6H|3CH=CH2 + H+'~=-"' C6H13éH_CH3

-
R~ ) +CgH) 3CH —CHy——=R~_)— ?H —CH,

H
RI-I--"CHg —_— R—@—?H —CH; + H*
RO-E

Cetliz C6H13
1
CgH1a

RH{_) + CeH13CH,CH=CH,

Figure 2.4 Reaction mechanism between 1-octene and aromatics (Liu et al., 2013).
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In consideration of catalytic hydrogenation, hydrogen is used as a raw
material in this reaction resulting in loss of aromatic products because of reactivity
between aromatics and hydrogen. Therefore, alkylation is used commercially.
Properties of catalyst for olefins removal in alkylation reaction will be discussed in

section 2.3.

2.3 Propeties of Catalyst for Olefins Removal in Alkylation Reaction

The properties of catalyst for alkylation reaction are pore diameter and acidity
of catalyst. For the pore diameter of catalyst, Figure 2.5 shows that the mesoporous
materials have the longest lifetime of catalyst due to they largest pore diameter (3-5
nm). On the other hand, ZSM-5 has the smallest pore diameter (0.5-0.6 nm).
Therefore, it has the shortest lifetime. Table 2.1 gives the pore diameters of several

catalysts (Chen et al., 2009).

Figure 2.5 Catalytic performance for alkylation reaction of different catalysts with

different pore sizes (Chen et al., 2009).
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Table 2.1 Pore diameters of ZSM-5, beta, USY, MCM-22, and sulfated zirconia
(Chen et al., 2009)

Catalysts Pore diameter (nm)
ZSM-5 0.5-0.6
Beta 0.75
USY 0.9
MCM-22 1.5
Sulfated zirconia 3-5

For acidity of catalyst, there are many kinds of definnitions for acid. Among
them, the definitions by Brensted Lowley and Lewis are widely accepted in relation to
the solid acid catalysts (Ouellette and Rawn, 2014).

Brensted acid is a proton donor, and a Brensted base is a proton acceptor.
When a surface site has a property of proton donation, the site is called Brensted acid

sites. Equation 2.3 shows the definition of Brensted Lowley.

HCI + NaOH — NaCl + H>0 (2.3)

Lewis acid is a chemical species being able to accept electron-pair (electron
acceptor). When a surface site has the property of electron pair acceptor, the site is

called Lewis acid site. Equation 2.4 shows definition of Lewis acid.

Ag" + 2:NH3 — [H3N:Ag:NH3]" 2.4
g g

In order to increase catalytic activity and lifetime of catalyst for alkylation
reaction, Brensted and Lewis acids of a catalyst must be optimized. If the catalyst has
high Bronsted acid site, the olefins removal is high causing the catalyst deactivation
(Pu et al., 2013). Therefore, sections 2.4 and 2.5 will discuss about types of catalyst

and modification of catalysts for olefins removal in alkylation reaction.



G€91€.218¢€

6T :bas / /€:yG:GT €9G2/00¢ :AJ®J [ S1SdY} €90220TLT9 S ISdYL! NO |||||||||||||||||||||||||

2.4 Types of Catalyst for Olefins Removal in Alkylation Reaction

There are many types of acid catalyst which are used in catalytic alkylation,
i.e., ionic liquids, sulfated zirconia, clays, and zeolites. The definition for acid catalyst

will be discussed in this section.

2.4.1 Ionic Liquid

An ionic liquid is a salt in the liquid state, which results in these solvents
being liquid below 100 °C or even at room temperature. At least one ion has a
delocalized charge and one component is organic, which prevents the formation of a
stable crystal lattice. Examples of ionic liquid are 1-(3-sulfopropyl)-3-
methylimidazolium (C3SO3;Hmim), n-butylpyridinium bromide ([BuPy]Br) and 1-
butyl-3-methylimidazolium bromide ([BMIm]Br). Tian et al. (2013) wused
1-(3-sulfopropyl)-3-methylimidazolium doped with bromochlorozincinate to increase
the acidity for olefins removal from aromatics in alkylation reaction. The olefins
conversion increased significantly when the molar fraction of zinc chloride increased
from 0 to 0.67, as shown in Table 2.2. That is because of the increase in the acidity.
Figure 2.6 presents the olefins conversion of 1-(3-sulfopropyl)-3-methylimidazolium
bromochlorozincinate with 0.67 molar fraction of zinc chloride at 100 °C and
atmospheric pressure. The olefins conversion was 30% at the reaction time of
3 h.

The olefins conversion of ionic liquids is low compared with other acid
catalysts. Morover, ionic liquids are a homogenous catalyst, which is difficult to
remove from the process. Therefore, ionic liquids may not be suitable for using in a

comercial scale.
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Table 2.2 Effect of molar fraction of zinc chloride in 1-(3-sulfopropyl)-3-
methylimidazolium bromochlorozincinate on olefins conversion for alkylation

reaction (Tian et al. 2013)

Mole fraction of zinc chloride Olefins conversion (%)
0 2.97
0.5 4.36
0.6 7.05
0.67 16.29
0.71 17.94
0.75 11.03

[ 7]
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Figure 2.6 Olefins conversion of 1-(3-sulfopropyl)-3-methylimidazolium

bromochlorozincinate on olefins removal for alkylation reaction (Tian et al. 2013).
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2.4.2 Sulfated Zirconia

Sulfated zirconia (SZ) is a superacid catalyst. It has a mesoporous
material, which is used in many reactions, i.e. isomerization, acylation, esterification,
and alkylation reaction of olefins removal from aromatics. Sulfated zirconia is
zirconium oxide or zirconia modified with sulfate ions. The structure of sulfated

zirconia is illustrated in Figure 2.7.

Figure 2.7 Structure of sulfated zirconia (Hino et al., 2006).

Yao et al. (2015) studied sulfated zirconia as a novel catalyst for trace
olefins removal from aromatics. Important factors for catalytic activity of sulfated
zirconia are high weak Lewis acid and mesoporous size (>2nm). Moreover, sulfated
zirconia is an acid catalyst, which can be regenerated. Figure 2.8 presents
regenerability of sulfated zirconia. The removal of olefins remains over 90% during
the first 6 h of reaction time using the recovered sulfated zirconia for the third time.
Figure 2.9 compares the performance of sulfated zirconia (black line), USY (red
line), and active clay (blue line). The results show that initial conversion of USY is
the highest due to the highest acidity, which is shown in Table 2.3, but the stability of

sulfated zirconia is the best becasuse of its high weak Lewis acid.
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Olefins Conversion (%)

Reaction Time (h)

Figure 2.8 Regenerability of sulfated zirconia for removal of olefins (Yao et al.,

2015).

Olefins Conversion (%)

Reaction Time (h)

Figure 2.9 Performance of sulfated zirconia for removal of olefins (Yao et al., 2015).
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Table 2.3 Acidity of sulfated zirconia, USY, and clay (Yao et al., 2015)

Acidity (x10** mol/g)

Sample
Total acid Weak Lewis sites Total Bronsted acid
SZ 92.7 39.1 35.6
USY 784.4 6.7 7717.3
Clay 31.8 8.6 19.5

However, cost of sufated zirconia is expensive compared with zeolites
and clays. Moreover, it has sulfur leaching in the process leading to environmental

problems. Therefore, sulfated zirconia is still not suitable for comercial scale.

2.4.3 Clay
Clay minerals are a group of hydrous aluminosilicates, sometimes with
variable amounts of iron, magnesium, alkali metals, alkaline earths, and other cations.
The composition of clay is shown in Table 2.4. These minerals are similar in chemical
and structural composition to the primary minerals originated from the Earth's crust.
Clay can be divided into mainly 4 types: kaolinite group, montmorillonite/smectite

group, illite group, and chlorite group (Murray, 2006).

Table 2.4 Components of clay (Pu et al., 2012)

Components Content (Wt%)
Si0; 60.3
ALO; 15.3
Fe,03 7.8
CaO 2.1
MgO 7.3
K20 1.6
NaxO 0.9

Others 4.7
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The kaolinite group, which is shown in Figure 2.10, composes of
polymorphs of formula ALSi>Os(OH)s. The repeat unit is a single silicate sheet
condensed with alumina octahedra and also includes dickite and nacrite, formed by
the decomposition of orthoclase feldspar (e.g. in granite) (Murray, 2006).

The general formula of illite group is (K,H)Al2(Si,Al)4010(OH)>-xH-O0,
where x represents a variable amount of water. The structure of this group, which is
shown in Figure 2.11, is similar to the montmorillonite group with a sandwich-type
structure and also includes glauconite and are the commonest clay minerals (Murray,
20006).

The montmorillonite/smectite group includes talc, vermiculite,
montmorillonite, and others. The general formula is (Ca,Na,H)(ALLMg,Fe,Zn)x(Si,
Al)4010(OH)2-xH20, where x represents a variable amount of water. These minerals
all have the sandwich structure with tetrahedral silicate layers strongly bonded to
octahedral aluminum or magnesium atoms i.e. bentonite and vermiculite. The
structure of montmorillonite is shown in Figure 2.12 (Murray, 2006).

The chlorite group also contains sandwich-type units. In many of these
minerals, there is another weakly attached, octahedrally coordinated Mg?" between
sandwiches. The general formula is X4.6Y4O10(OH, O)s. The X represents either
aluminum, iron, lithium, magnesium, manganese, nickel, zinc or rarely chromium.
The Y represents either aluminum, silicon, boron or iron but mostly aluminum and

silicon. The structure of chlorite is shown in Figure 2.13 (Murray, 2006).

1)
@9 Hydroxyls
. Alumimms

8 O Sllicons

Figure 2.10 Structure of kaolinite group (Murray, 2006).
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Figure 2.11 Structure of illite group (Murray, 2006).

Figure 2.12 Structure of montmorillonite/smectite group (Murray, 2006).

Shiorite (MggAl)(Si,ANO o(OH),

------- [Ma;AISi,0,,(0H), 1

-------

DX MgpAl(OH),)

Figure 2.13 Structure of chlorite group (Haydn et al., 2006).

15
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2.4.4 Zeolites

Zeolites are aluminosilicate materials, which are extensively used in
commercial and environmental applications due to their unique physical and chemical
properties. They are used in petrochemical industries and refineries because of the
low cost of the raw materials, extremely porous structure, robust physical properties
and useful chemical properties.

Zeolites are microporous crystalline aluminosilicates, composed of TO4
tetrahedra (T = Si, Al) with O atoms connecting neighboring tetrahedra. For a
completely siliceous structure, combination of TO4 (T = Si) units in this fashion leads
to silica (Si0O2), which is an uncharged solid. Upon incorporation of Al into the silica
framework, the +3 charge on the Al makes the framework negatively charged and
requires the presence of extraframework cations (inorganic and organic cations can
satisty this requirement) within the structure to keep the overall framework neutral.

The framework of zeolites is illustreted in Figure 2.14 (Cejka et al., 2009).

TH a 0 OH 0
\T/ \@r'_ \\S|if0\\£/IH“
e
uu\\lf_,ﬂ G\TZ/O\\L"L Q\\ /u
0 0 C e
Dl“g( N r 7 s 4
L AR
T g

Figure 2.14 Two-dimensional representation of the framework structure of zeolites

(Auerbach et al., 2003).

2.3.4.1 Structure of zeolites
Zeolites can be classified by considering the topology of the
framework regardless chemical composition. All zeolites having the same topology

constitute a zeolite framework type. There are 191 known framework types
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recognized by the Structure Commission of the International Zeolite Association
(IZA) assigned with three-letter code. Table 2.5 shows examples of framework of

zeolites (Baerlocher et al., 2001).

Table 2.5 Examples of framework of zeolites (Baerlocher et al., 2001)

Silicate Phosphate

MWW ACO
MFI AEI
BEA SAO
FAU SAS

The basic building unit (BBU) for the framework in a zeolite is a
TO4 tetrahedron, where the central T-atom is typically Si or Al and the peripheral
atoms are O. It is sometimes convenient to discuss composite building unit s (CBUs)
formed by combining several BBUs. Three common ways of representing a CBU are
shown in Figure 2.15 (Flanigen et al., 2010).

Polyhedral CBUs are described using common names (such as
sodalite cage), three letter codes (such as d4r), or the descriptors [ n1™' n2™2 .. .],
where m1 is the number of nl-rings, m2 is the number of n2-rings, etc. Examples of
some polyhedral CBUs found in known zeolite framework types are shown in Figure

2.16. Examples of chains forming are shown in Figure 2.17 (Flanigen et al., 2010).

Figure 2.15 Three common ways of representing a CBU (Flanigen et al., 2010).
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Figure 2.16 Examples of some polyhedral CBUs found in known zeolite framework

types (Flanigen et al., 2010).

Figure 2.17 Examples of chains forming (Flanigen et al., 2010).

The n-rings (where n is the number of T atoms in the ring)
defining the face of a polyhedral CBU are called pores. Polyhedral whose faces are no
larger than six - rings are called cages, because the faces are too narrow to pass
molecules larger than H>O. Polyhedral with at least one face larger than a six-ring are
called cavities. Pores that are infinitely extended in one dimension and are large
enough to allow diffusion of guest species (i.e., larger than six-rings) are called

channels. Framework types can contain one-, two-, or three-dimensional channels.
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2.3.4.2 Structure of commercial zeolites

Commercially significant zeolites include the synthetic zeolites
type A (LTA), X (FAU), Y (FAU), L (LTL), mordenite (MOR), ZSM-5(MFI), beta
(*BEA/BEC), and MCM-22 (MWW) and the natural zeolites mordenite (MOR) and
chabazite (CHA).

The FAU framework type, as shown in Table 2.6, can be built by
linking sodalite cages through double 6 -rings. Structure of FAU is illustrated in
Figure 2.18.

Table 2.6 FAU structure (Flanigen et al., 2010)

Type material Faujasite
Chemical formula |(Ca,Mg,Na)29(H20)240|[ AlsgSi1340384]
Space group Cubic, Fd-3m, a=34.74 A
Pore structure Three-dimensional 12-ring
Mineral form Faujasite

Figure 2.18 Framework structure for FAU zeolite (Flanigen et al., 2010).

The BEA framework type, as shown in Table 2.7, can be built by
linking sodalite cages through 12 -rings. Structure of BEA is illustrated in Figure
2.19.
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Table 2.7 BEA structure (Flanigen et al., 2010)

Type material Beta
Chemical formula [Na7|[Al7Si570128]
Tetragonal, P4122,a=12.661 A,
Space group
c=26.406 A
Pore structure Three-dimensional 12-ring
Mineral form Tschernichite

Figure 2.19 Framework structure for BEA zeolite (Flanigen et al., 2010).
The MCM framework type, as shown in Table 2.8, contains 2
dimensional through 10-rings and 12-rings. Structure of MWW is illustrated in Figure

2.20.

Table 2.8 MCM-22 structure (Flanigen et al., 2010)

Type material MCM-22
Chemical formula |H2.4Na3.1|[Alo.4Bs.1S166.50144]
Hexagonal, P6/mmm, a = 14.208 A,
Space group ¢ =24.945 A
Pore structure Two-dimensional 10-ring

Mineral form Not Known
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Figure 2.20 Framework structure for MWW zeolite (Flanigen et al., 2010).

2.5 Modification of Solid Acid Catalysts

Clays and zeolites as an popular acid catalyst, which are used to remove
olefins from aromatics. In this section, clays and zeolites are modifed in order to

enhance pore size, mesoporous property, and acidity.

2.5.1 Modification of Clay
2.5.1.1 Clay modified with zeolite
Pu et al. (2012) studied comercial clay modified with MCM-22

for olefins removal in alkylation reaction. The ratio of commercial clay and MCM-22
was 4. The SiO2/Al,0O; ratio and pore diamerter of MCM-22 is 30 and 0.7 nm
respectively. Figure 2.21 shows that modified catalyst can increase lifetime 5.3 times
with the bromine index lower than 20 mgBr/100 g sample compared with comercial
clay because modified catalyst had higher acidity, especially weak Lewis acid, which

is shown in Table 2.9.
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Figure 2.21 Bromine index of aromatics after reaction (Pu et al., 2012).

Table 2.9 Acidity of catalyst (Pu et al., 2012)

22

Acidity (x10**mol/g)
Sample — — —
Total Lewis acid Strong Lewis acid Weak Lewis acid
Catalyst 3.17 0.24 2.93
Clay 0.32 0.14 0.18
MCM-22 25.39 18.69 6.70

2.5.1.2 Clay modified with metal halides

Li et al. (2011) modified commercial clay with metal halides

(AICI3, CeCls, and ZnCl2) by varying metal loading (1 — 10 wt%) for olefins removal

with alkylation. The result shows that the modified catalyst enhaced the acidity with

the increse in the metal loading leading to the increase in the olefins conversion,

as

shown in Table 2.10. Figure 2.22 shows that olefins conversion of modified catalyst

with 7 wt% is as same as with 10 wt%. Moreover, the modified catalyst increased its

lifecycle time 5 times with the bromine index lower than 20 mgB1/100 g sample

compared with commercial clay as, shown in Figure 2.23.
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Figure 2.22 Effect of commercial clay modified with different amounts of metal

halides (Li et al., 2011).

Figure 2.23 Bromine index of olefins removal from aromatics (Li et al., 2011).
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Table 2.10 Acidity of catalyst (Li et al., 2011)

Acidity (x10**mol/g)
Sample
Total Lewis acid  Strong Lewis acid Weak Lewis acid
Commercial clay 0.34 0.12 0.22
Clay+1 wt.%MH 0.68 0.30 0.38
Clay+4 wt.%MH 1.28 0.39 0.89
Clay+7 wt.%MH 3.11 0.15 2.96
Clay+10 wt.%MH 3.42 0.12 0.30

2.5.1.3 Acid activation of clays

Acid activation is a chemical treatment that is used on clays by
using mineral acid, i.e. hydrochloric acid or sulfuric acid. Normally, clays have
cations as an impurity on the interlayer. Cations will block the activie sites on clays
causing the low acid sites. In the acid activation, acids would attack cations leading to
partial dissolution of the clay minerals resulting in the increase in the surface area and
acidity (Komadel, 2016).

Sidorenko et al. (2018) treated illite for isomerization of a-pinene
oxide with hydrochloric acid by varying the acid concentration. They indicated that
when the acid concentration increased, the total acidity and L/B ratio increased, as
shown in Table 2.11. The source of Lewis acid of illite is aluminium ions located on
the surface of their tetrahedral layer but the source of Brensted acid of illite is the
water molecules associated with aluminium ions undergone polarization on their
octahedral layer. During acid activation of illite, the washing out of tetrahedral
aluminium ion occurred at the slower extent than octahedral aluminium ion resulting
in increasing the L/B ratio from 1.6 to 6.7 with the increase in the hydrocholic
concentration from 5 wt% to 30 wt%.

Yildiz et al. (2004) studied the surface properties of bentonite
after acid activation using different concentrations of sulfuric acid (0.5 - 4 M). Figure
2.24 shows that the adsorption isotherms of nitrogen on both bentonite and modified
bentonite are similar. Figure 2.25 shows the variation of BET surface areas and mean

pore diameter. The BET surface area of sample activated with 2 M was the maximum
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(240.9 m?/g) and decreased with the increase in the acid concentration up to 4 M
because higher acid concentration caused the structural change and partial

decomposition of montmorillonite.

Table 2.11 Acidity of clays (Sidorenko et al., 2018)
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Aluminosilicate Brensted Lewis L/B
Weak  Medium Strong Weak  Medium Strong 10tal
5 wt% HC1 0.08 0.06 0 0.08 0.14 0 0.36 1.6
10 wt% HCI 0.05 0.05 0.02 0.22 0.09 0.04 0.47 2.9
20 wt% HCI 0 0.01 0.03 0.11 0.07 0.04 0.26 5.5
30 wt% HCI 0.01 0.02 0 0.10 0.10 0 0.23 6.7
200
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Figure 2.24 Adsorption isotherms of nitrogen of the bentonite and modified bentonite

(Yildiz et al. 2004).
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Figure 2.25 Variation of BET surface area and pore diameter with change in acid

concentrations (Yildiz et al., 2004).

2.5.2 Modification of Zeolite by Dealumination

Dealumination is a post-synthesis method, which can be used to remove
aluminium species from zeolite framework to increase secondary mesopore. There are
three methods for dealumination, which are hydrothermal, acid-leaching, and

chemical agent. The process of dealumination is shown in Figure 2.26 (Beyer, 2002).

Figure 2.26 Process of dealumination (Beyer, 2002).

Xin-Mei and Zi-Feng (2001) modified USY with 0.5 M citric acid in
fluid catalytic cracking (FCC) process. Figure 2.27 shows that the adsorption
isotherms of nitrogen on both USY and modified USY are type IV. The result shows
that the USY modified with citric acid increased pore volume on both of micropore

and mesopore, as shown in Figure 2.28. Increasing the micropore produced more



G€91€.218¢€

6T :bas / 1g:v5:ST £952200z :n2a1 / sisayy £90zz01219 s 1sauL 1 o [N

27

LPG and gasoline products resulting in increasing the catalytic activity. Moreover,
increasing the mesopore reduced the coke formation in the fluid catalytic cracking, as

shown in Table 2.13.
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Figure 2.27 Isotherms of the USY and modified USY zeolite (Xin-Mei and Zi-Feng,
2001).
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Figure 2.28 Profile of the mesopore distribution of USY zeolite (Xin-Mei and Zi-
Feng, 2001).
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Table 2.12 MAT result of USY and USY modified with citric acid (Xin-Mei and Zi-
Feng, 2001)

Sample Acitivity LPG Gasoline Diesel Coke
(%) (wt%) (wWt%) (wt%) (wt%)
UsSy 60 14.39 35.19 18.38 5.75
USY-0.5M 70 17.70 19.30 20.92 3.01
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CHAPTER 3
EXPERIMENTAL

3.1 Materials and Equipment

3.1.1 Chemicals
1. Citric Acid monohydrous (AR grade, 99.8% purity, Loba Chemie,
India)
. USY, MCM-22, Beta, Mordenite (Nankai University, China)
. Bentonite (Ceramic R US Co., Ltd, Thailand)
. [lite (Thailand)
. Bleaching earth (India)
. Heavy reformate (Thai Oil Public Co., Ltd, Thailand)
. Potassium bromide (AR grade, 99.5% purity, Loba Chemie, India)

0 I O Wn B~ W

. Glacial acetic acid (AR grade, Quality Reagent Chemical, New
Zealand)

9. Methanol (AR grade, Macron, US)

10. Hydrochloric acid (AR grade, 37% w/w, Merck, Germany)

11. Toluene (AR grade, 99.9% purity, Merck, Germany)

12. Deionized water

3.1.2 Equipment
. High pressure reactor (PARR reactor)

—_—

. Bromine index analyzer (Titrando 851 Metrohm)
. Controlable water bath
. Hot oil bath

. Magnatic stirrer

. Oven

2
3
4
5
6. Vacuum pump
7
8. Calcination furnance
9

. Surface area analyzer (Quantachrome, Autosorb 1-MP)
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10. X-ray diffractometer (XRD Rigaku, Smartlab)

11. Temperature-programmed desorption /oxidation analyzer (TPDRO/
BELCAT II)

12. X-ray fluorescence spectrometer (XRF BRUKER S8 TIGER)

13. Simultaneous thermal analysis (NETZSCH STA 449F3)

3.2 Experimental Procedures

3.2.1 Catalyst Preparation
3.2.1.1 Dealumination of USY zeolite

The modified USY was prepared by dealumination method. 15 g
of USY zeolite and 150 ml of citric acid were placed into a three-necked flask
equipped with a reflux condenser. The solution was stirred for 4 h at 90 °C. Then, the
sample was filtered and washed with deionized water. Finally, the sample was dried
in an oven at 120 °C overnight. The series of modified USY zeolite were prepared
with an acid solution (0.075, 0.15, and 0.3 M). If the sample was treated by 0.075 M
citric acid, it is denoted by USY-0.075.

3.2.1.2 Acid activation of bentonite clay
The modified bentonite was prepared by acid activation method. 20 g of bentonite and
100 ml of hydrochloric acid were placed into beaker. The solution was stirred for 1 h
at room temperature. Then, the sample was washed and centrifuged until no chloride
ion in the solution was detected. Finally, the sample was dried in an oven at 120 °C
overnight. The series of modified bentonite were prepared with an acid solution (1, 3,

and 6 M). If the sample was treated by 1 M hydrochloric acid, it is denoted by Ben-1.

3.2.2 Characterization
3.2.2.1 X-ray diffractometer (XRD)
The X-Ray diffraction (XRD) patterns of samples were obtained

using a Bruker X-Ray diffractometer system (D8 Advance) with a CuKa radiation
(1.5405 A). XRD was operated at 40 kV and 100 mA. The measurement conditions
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were in the range of 20 = 5° to 55° with the scan speed of 4°/min and the scan step of
0.02 °.
3.2.2.2 X-ray fluorescence spectrometers (XRF)

The chemical composition and the silica alumina (Si02/A1203)
ratio in a sample were determined by X-ray fluorescence (WDXRF) using a Bruker
S8 Tiger spectrometer.

3.2.2.3 Surface area analyzer

The Brunauer-Emmett-Teller (BET) technique was used to
determine the specific surface area, pore diameter, and total pore volume of catalysts
using the surface area analyzer (Quantachrome, Autosorb-1MP). Before the
measurements, the samples were degassed under vacuum at 250 °C for 16 h. Then,
the sample was placed in the analysis station and operated with nitrogen gas at -196
°C.

3.2.2.4 Temperature-programmed desorption/reduction/oxidation

analyzer (TPDRO/BELCAT II)

The temperature programmed desorption/reduction/oxidation
analyzer (TPDRO), BELCAT II, was employed to determine the acidity from the
temperature desorption of ammonia. In a typical procedure, 0.1-0.15 g of the catalyst
was pretreated at 300 oC for 1 h under the helium flow (30 cm3/min) to remove the
adsorbed components. Then, the sample was cooled to 100 oC and saturated with
100% of ammonia gas for 60 min. Subsequently, the sample was flushed with helium
gas at 100 oC for 30 min to remove the physiosorbed ammonia. Finally, the
temperature was ramped from 100 oC to 800 oC at the heating rate of 10 oC/min,
which was held for 30 min at 800 oC, before the evolved ammonia was quantified by
using a thermal conductivity detector.

3.2.2.5 Simultaneous thermal analysis

Simultaneous thermal analysis (NETZSCH STA 449F3) was
used to estimate an amount of coke. Five milligrams of catalysts were burned to
remove moisture by placing into the machine. The sample was heated from 30 °C to
800 °C. Subsequently, the sample was cooled to 30 °C. The mass change between 250

°C - 600 °C was an amount of coke.
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3.2.3 Catalytic Activity

The catalytic activity of olefins removal from aromatics was tested in a
batch-type PARR reactor that was equipped with flow controller and a heating
system, as shown in Figure 3.1. The composition of the reaction mixture was 150 ml
reformate and 9 g catalyst. The catalytic activity was carried out with the stirring rate
of 30 rpm at 195°C for 6 h under 12 barg. The liquid product was analyzed for its

composition using the bromine index analyzer.

Figure 3.1 Parr reactor.

3.2.4 Product Analysis
The Liquid products were collected at 30 min, 1 h, 1.5 h, 2 h, 3 h, and 6

h of the reaction time. The samples were analyzed using a bromine index analyzer
(Titrando 851 Metrohm), as shown in Figure 3.2.

When a sample was injected into the injection port, bromine, which are
generated from electrode, reacted with olefins in the sample until titration reached at
the end point. Bromine index and olefins conversion were calculated from Equation

3.1 and 3.2, respectively.
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Figure 3.2 Bromine index analyzer.

EPx0.1

Bromine index(mg/100 g sample) = m
EP = Bromine, which was produced to reach the end point

0.1 = Calculation factor mg/100 g

BIy-BI
Olefins removal (%) = E;)I x100 %
0

Blp = Bromine index of raw aromatic hydrocarbon

BI = Bromine index of product
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3.1)

(3.2)
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CHAPTER 4
RESULTS AND DISCUSSION

In this chapter, the catalytic activity of olefins removal from aromatics in
alkylation reaction was investigated. The olefins removal of catalysts was determined
by a bromine index. In addition, the properties of catalysts were characterized by x-
ray diffraction (XRD), x-ray fluorescence (XRF), Brunauer-Emmett-Teller surface
area analyzer (BET), temperature programmed desorption (TPD), and simultaneous
thermal analyzer (STA). There are two groups of solid acid catalysts used in this
work, zeolites and clays. In section 4.1, various zeolites were screened in order to
select a suitable zeolite for modification. The selected zeolite was then modified by
dealumination with citric acid in order to enhance the performance of zeolite. The
properties and catalytic activity of modified zeolite with citric acid were discussed in
section 4.2. Similarly with zeolites, in section 4.3, various clays were screened in
order to select a suitable clay for modification by acid activation with hydrochloric
acid. The properties and catalytic activity of modified clay with hydrochloric acid
were discussed in section 4.4. Finally, section 4.5 compares the catalytic activity of
olefins removal between modified zeolite and modified clay. Moreover, advantages

and disadvantages of zeolite and clay were considered in this section.

4.1 Zeolites

MCM-22, beta, USY, and mordenite were used in this study. In order to select
suitable zeolites for alkylation reaction. MCM-22, beta, USY, and modenite were
screened by considering their catalytic activity and cost. Details of properties and

catalytic activity of zeolites were discussed in sections 4.1.1 and 4.1.2, respectively.



G€91€.218¢€

6T :bas / /€:yG:GT €9G2/00¢ :AJ®J [ S1SdY} €90220TLT9 S ISdYL! NO |||||||||||||||||||||||||

35

4.1.1 Properties of Zeolites

MCM-22, beta, USY, and mordenite are a large pore size group of
zeolites, which have different structures. The silica to alumina ratio (SiO2/Alx03)
plays an important role on the properties of zeolites, especially the number of acid
sites and acid strength. For the same type of zeolite, an increase in the silica to
alumina ratio results in a decrease in the number of acid sites, but an increase in the
acid strength. The silica to alumina ratio of zeolites was determined by x-ray
fluorescence (XRF). The silica to alumina ratio of MCM-22, beta, USY, and

mordenite are 30, 22, 7, and 17, respectively, as shown in Table 4.1.

Table 4.1 Silica to alumina ratio (Si02/Al,03) of MCM-22, beta, USY, and mordenite

Sample Si02/AL203 ratio
MCM-22 30
Beta 22
USY 7
Mordenite 17

The specific surface area and average pore size of zeolites were obtained
from the Brunauer-Emmett-Teller surface area analyzer (BET). Table 4.2 summarizes
the surface area and average pore size of zeolites. The surface areas of MCM-22, beta,
USY, and mordenite are 504, 508, 556, and 395 m?/g, respectively. The average pore
sizes of MCM-22, beta, USY, and mordenite are 1.4, 1.4, 3.8, and 1.4 nm,
respectively, indicating that they are categorized as a large pore size group of zeolites.
In addition, USY exhibits the largest average pore size (3.8 nm) because the structure
of USY is three-dimensional 12 ring (Flanigen et al., 2010). In addition, the acidity of
zeolites was determined by temperature programmed desorption with ammonia (NH3-
TPD). The total acid sites of MCM-22, beta, USY, and mordenite are 1,098, 1,301,
2,056, and 1,555 pmol/g, respectively, as shown in Table 4.3.
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Table 4.2 Textural properties of MCM-22, beta, USY, and mordenite

Surface area Average pore size
Sample . .
(m*/g)™ (nm)™
MCM-22 504 1.40
Beta 508 1.40
USY 556 3.80
Mordenite 395 1.40

*a calculated from multipoint BET.

*b calculated from BJH desorption.

Table 4.3 Acidity of MCM-22, beta, USY, and mordenite

Weak acid sites Strong acid sites Total acid sites

Sample (umol/g) (umol/g) (umol/g)
MCM-22 610 488 1,098
Beta 594 707 1,301
USY 1,124 932 2,056
Mordenite 856 699 1,555

4.1.2 Catalvytic Activity of Zeolites

In order to investigate the catalytic activity of the zeolites on the olefins
removal from aromatics with alkylation reaction, MCM-22, beta, USY, and mordenite
were tested in the batch reactor (Parr reactor) at 195 °C and 12 barg for 6 h. The feed
used in the reaction is heavy reformate, which has an approximate bromine index of
700 mg/100g sample. At the start of the experiment, the reaction temperature was
increased from the room temperature to the desired operating temperature within 35
min.

Figure 4.1 presents the olefins removal from aromatics with alkylation
reaction by MCM-22, beta, USY, and mordenite. At the first hour of the reaction, the

olefins removal of all zeolites drastically increases because the reaction temperature
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increases rapidly to the operating temperature (195 °C). Therefore, this experiment
shows the results of initial olefins removal (at 1.5 h reaction time) or how fast of
olefins removal and final olefins removal (at 6 h reaction time) or the performance of
olefins removal for each zeolite.

The initial olefins removals of MCM-22, beta, USY, and mordenite are
82, 82, 76, and 77%, respectively. The final olefins removals of MCM-22, beta, USY,
and mordenite are 87, 87, 84, and 86%, respectively, as shown in Table 4.4. From the
results, the initial olefins removal of MCM-22 and beta are similar, which is slightly
higher than USY and mordenite, but the final olefins removal of all zeolites is
insignificantly different. In addition, the olefins removal does not depend on the total
acidity of zeolites. However, the cost of USY is the cheapest one compared with
MCM-22, beta, and mordenite. Therefore, USY will be selected for modification by

dealumination with citric acid in section 4.2.
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Figure 4.1 Olefins removal from aromatics in alkylation reaction by MCM-22, beta,

USY, and mordenite at 195 °C and 12 barg for 6 h.
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Table 4.4 Initial and final olefins removal by MCM-22, beta, USY, and mordenite

Sample Initial olefins removal (%) Final olefins removal (%)
MCM-22 82 87
Beta 82 87
USY 76 84
Mordenite 77 86

4.2 USY Modified by Dealumination with Citric Acid

USY was modified by dealumination with 0.075, 0.15, and 0.3 M citric acid. The
properties of USY and modified USY were characterized by x-ray diffraction (XRD),
x-ray fluorescence (XRF), Brunauer-Emmett-Teller surface area analyzer (BET), and
temperature programmed desorption (TPD), as discussed in section 4.2.1. In addition,
the catalytic activity of USY and modified USY was mentioned in section 4.2.2.
Finally, in section 4.2.3, the spent catalysts were analyzed for the amount of coke by

simultaneous thermal analyzer (STA).

4.2.1 Characteristics of USY and Modified USY

The chemical composition and silica and alumina ratio (Si02/Al,03) of
the USY and USY modified with citric acid were determined by x-ray fluorescence
(XRF). Table 4.5 presents the silica to alumina ratio (S102/Al203) and the amount of
aluminum (Al,03) of USY and modified USY by dealumination with 0.075 — 0.3 M
citric acid. From the results, the amounts of aluminum of USY, USY-0.075, USY-
0.15, and USY-0.3 are 19, 14, 12, and 10 wt%, respectively, while the amount of
silica does not change resulting in the increase in the silica to alumina ratio
(Si02/Al203), which is 7, 9, 11, and 14 for USY, USY-0.075, USY-0.15, and USY-
0.3, respectively. The increase in the ratio is due to aluminum leaching from the

framework of USY by citric acid.



G€91€.218¢€

6T :bas / L vG ST £952.00z r9a1 / sisauy g90zzotzte s tsaur t ro (NN

39

Table 4.5 Chemical compositions and crystallinity of USY and USY modified with

citric acid

Sample SiO2/AL20s ratio Crystallinity (%) ALO3 (Wt%)
UsSy 7 100 19
USY-0.075 9 98 14
USY-0.15 11 91 12
USY-0.3 14 81 10

Figure 4.2 presents the XRD patterns of USY and modified USY
obtained by dealumination with 0.075, 0.15, and 0.3 M citric acid. The relative
crystallinities of the USY and USY modified with citric acid were calculated from the
intensity of the characteristic peaks at 26 of 11.9, 15.7, 18.7, 20.4, 23.7, 27.1, and
31.4. The percentages of relative crystallinity of USY, USY-0.075, USY-0.15, and
USY-0.3 are 100, 98, 91, and 81%, respectively, as shown in Table 4.5. The relative
crystallinity of modified USY decreases with the increase in the concentration of
citric acid, implying that the crystal structure of modified USY is destroyed by
aluminum leaching out from the framework. Therefore, using higher citric acid
concentration leads to the collapse of the USY structure. However, the peaks of USY
and modified USY are similar, which can be inferred that the extraframework of

aluminum (EFAL) presents in the form of amorphous material (Pu et al., 2015).
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Figure 4.2 XRD patterns of USY and USY modified with 0.075, 0.15, and 0.3 M

citric acid.

The isotherms of nitrogen adsorption of USY and USY modified with
citric acid are shown in Figure 4.3. The isotherms of nitrogen adsorption and
desorption in both USY and modified USY are similar to type IV, which has a distinct
hystersis loop. The hystersis loop is the presence of mesopore with the capillary
condensation of liquid nitrogen on its surface (Pu et al., 2015). However, the region
below hystersis loop is the micropore. Figure 4.3 illustrates that the increase in the
citric concentration from 0.075 — 0.3 M tends to increase the amount of nitrogen
adsorption. It indicates that higher citric acid concentration of modified USY results
in the increase in the pore volume. Moreover, the pore size distribution of USY and
modified USY are shown in Figure 4.4. Table 4.6 shows that the pore volumes of
USY, USY-0.075, USY-0.15, and USY-0.3 are 0.09, 0.139, 0.162, and 0.19 cm’/g,
respectively. The surface areas of USY, USY-0.075, USY-0.15, and USY-0.3 are 556,
730, 780, and 895 m?/g, respectively. From the results, the average pore sizes of USY
and modified USY are similar (3.8 nm), but the pore volume and surface area in both
micropore and mesopore areas of modified USY are higher than the USY. It indicates
that the micropore and mesopore are effectively generated during the dealumination

with citric acid by leaching out aluminum framework in the structure of USY from the
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outer to the inner surface (Xin-Mei and Zi-Feng, 2001). Therefore, the USY modified
by dealumination with citric acid increases the surface area and pore volume in the

parts of micropore and mesopore.
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Figure 4.3 Isotherms of nitrogen adsorption of USY and USY modified with 0.075,
0.15, and 0.3 M citric acid.
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Figure 4.4 Pore size distribution of USYand USY modified with 0.075, 0.15, and 0.3

M citric acid.
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Table 4.6 Surface area and pore distribution of USY and USY modified with citric

acid
Surface area Pore volume Micropore area Mesopore area
Sample (m?/g)™ (cm?/g)™ (m?/g)’ (cm?/g)™
USY 556 0.09 501 55
USY-0.075 730 0.139 647 83
USY-0.15 780 0.162 664 116
USY-0.3 895 0.19 735 160

*a calculated from multipoint BET.
*b calculated from BJH desorption.
*c calculated from t-plot method.

*d calculated from surface area — micropore area.

The acidity of USY and USY modified with citric acid was characterized
by temperature programmed desorption with ammonia (NH3-TPD), as shown in
Figure 4.5. Table 4.7 shows the weak, strong, and total acid sites of USY and USY
modified with different citric acid concentrations. The peaks below 200 °C in the
USY and modified USY are due to the desorption of ammonia at low temperature,
which exhibits weak acid sites. On the other hand, the peak around 430 °C exhibits
strong acid sites. The total acid sites of USY, USY-0.075, USY-0.15, and USY-0.3
are 2,056, 1,729, 1,745, and 1,343 pumol/g, respectively. The results demonstrate that
the modification with citric acid decreases the total acid sites of the USY, especially
the weak acid sites, leading to the increase in the proportion of strong to total acid
sites. That is again due to aluminum leaching from the structure of USY resulting in

the increase in the silica to alumina ratio (Xin-Mei and Zi-Feng., 2001).
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Figure 4.5 NH3-TPD analysis of USYand USY modified with 0.075, 0.15, and 0.3 M

citric acid.

Table 4.7 Acidity of USY and USY modified with citric acid

Weak acid sites Strong acid sites Total acid sites

Sample (nmol/g) (umol/g) (umol/g)
USY 1,124 932 2,056
USY-0.075 947 782 1,729
USY-0.15 921 824 1,745
USY-0.3 657 686 1,343

4.2.2 Catalytic Activity of Modified USY
In this section, the catalytic activity of USY and USY modified by

dealumination with citric acid for olefins removal from aromatics with alkylation
reaction are considered. Figure 4.6 presents olefins removal from aromatics in the
alkylation reaction of USY and modified USY, both initial (at 1.5 reaction time h) and
final olefins removal (at 6 h reaction time). Table 4.8 shows the initial and final
olefins conversion of USY and modified USY. The initial olefins removals of USY,

USY-0.075, USY-0.15, and USY-0.3 are 76, 81, 87, and 87%, respectively. The final
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olefins removals of USY, USY-0.075, USY-0.15, and USY-0.3 are 84, 86, 90, and
88%, respectively.

Considering the olefins removal of USY and USY modified with citric
acid, the modified USY increases the olefins removal because of the increase in the
surface area, both micropores and mesopores, leading to enhance the activity of
olefins removal from aromatics in alkylation reaction. Normally, the olefins removal
from aromatics with alkylation reaction mainly occurs in the micropores, but
alkylation reaction has some large aromatic molecules (Cs"), which occurs in the
mesopores. In addition, the USY modified with citric acid also increases the
proportion of strong to total acid sites resulting in the increased olefins removal,
especially the initial olefins removal. Therefore, it can be concluded that the
dealumination with citric acid enhances the catalytic activity of olefins removal from
aromatics in alkylation reaction. However, the olefins removals of USY-0.15 and
USY-0.3 are similar in both initial and final olefins removal. Consequently, the USY
modified with 0.15 M citric acid has higher potential than the USY modified with 0.3

M because of the low citric acid concentration involved.
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Figure 4.6 Olefins removal from aromatics in alkyation reaction by USY and USY

modified with citric acid at 195 °C and 12 barg for 6 h.
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Table 4.8 Initial and final olefins removal by USY and USY modified with citric acid

Sample Initial olefins removal (%) Final olefins removal (%)
USYy 76 84
USY-0.075 81 86
USY-0.15 87 90
USY-0.3 87 88

4.2.3 Deactivation of USY and Modified USY

The main cause of deactivation in the catalytic alkylation for olefins
removal from aromatics is coke. Coke is aggregated during the alkylation reaction to
block the active sites in the acid catalyst. The temperatures required to burn coke
depend on types of coke. Normally, there are two types of coke. First, coke, which is
burned at low temperature (>250 °C ), is called soft coke. Second, coke, which is
burned at high temperature (<700 °C), is called hard coke. Therefore, in order to
comprehend the amount of coke, the burning temperature range for estimating the
amount of coke is 250 °C to 700 °C (Mukarakate et al., 2014).

In this study, the amount of coke deposition was characterized by
simultaneous thermal analyzer (STA). Therefore, in this section, spent USY and spent
USY modified with 0.15 M citric acid were analyzed to estimate the amount of coke.
Figure 4.7 illustrates the mass change (wt%) of spent USY and USY modified with
0.15 M citric acid. It indicates that the amount of coke of spent USY between
temperature 250 °C to 700 °C is 5.7 wt%, which it is lower than the spent USY
modified with 0.15 M citric acid (6.9 wt%) because the modified USY has higher

proportion of strong to total acid sites.
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Figure 4.7 Mass change of spent USY and USY modified with 0.15 M citric acid.

4.3 Clays

Illite, bentonite, and bleaching earth were used in this experiment to study the
catalytic activity of catalysts in alkylation reaction. In order to select suitable clays for
alkylation reaction. Illite, bentonite, and bleaching earth were screened by considering
their catalytic activity and cost. Details of properties and catalytic activity of clays

were discussed in sections 4.3.1 and 4.3.2, respectively.

4.3.1 Properties of Clays

Illite, bentonite, and bleaching earth are 2:1 layered dioctahedral
aluminosilicate. Normally, the interlayer of bentonite and bleaching earth always
mainly contain water molecule and a little of cation, which is called swelling clay.
However, the interlayer of illite is abundant with potassium oxide, which it is called
non-expanding clay. Therefore, clay minerals on aluminosilicate sheets and interlayer
of clay affect physicochemical properties, i.e., interlayer space, surface area, and
cation exchange (Dutta, 2018).

The chemical compositions of clays were determined by x-ray

fluorescence (XRF). Table 4.9 presents the clay minerals of illite, bentonite, and
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bleaching earth. From the table, illite, bentonite, and bleaching earth compose of
aluminosilicate and metal cation as an impurity, i.e., potassium oxide, iron(III) oxide,
magnesium oxide, etc. The silica to alumina ratios (SiO2/Al>03) of illite, bentonite,
and bleaching earth are approximately 4, 5, and 6, repectively. In addition, potassium
oxide is a mainly metal cation as an impurity in the illite. Therefore, illite is a non-
expanding clay. However, the other metal cations, i.e., iron(Ill) oxide, magnesium

oxide, and calcium oxide do not affect to swelling or non-expanding clay.

Table 4.9 Chemical compositions of illite, bentonite, and bleaching earth

Chemical compositions (wt%)

Sample
SiOz A1203 KzO Fe203 MgO TiOz CaO NazO SO3 PzOs

Ilite 66.40 1830 6.01 227 143 027 - - - -
Bentonite 70.70 15.70 0.74 294 261 052 095 135 - -

Bleaching
earth 56.5 10.1 242 107 5.02 142 481 - 3.53 0.136

The specific surface area and average pore size of clays were obtained

from the Brunauer-Emmett-Teller surface area analyzer (BET). Table 4.10 summarizes

the textural properties of illite, bentonite, and bleaching earth. The average pore size
of illite, bentonite, and bleaching earth are similar (3.8 nm). It indicates that they are
mesoporous materials. In addition, the surface areas of illite, bentonite, and bleaching
earth are 5.6, 40, and 100 m?/g, respectively. Since, illite is a non-expanding clay
resulting in the lowest surface area (5.6 m?*/g) compared with bentonite and bleaching
earth, which are swelling clay (Sidorenko et al., 2018). In addition, the acidity of
illite, bentonite, and bleaching earth was determined by temperature programmed
desorption with ammonia (NH3-TPD). Table 4.11 shows that the total acid sites of
illite, bentonite, and bleaching earth are 651, 1,531, and 1,954 pmol/g, respectively.
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Table 4.10 Textural properties of clays

Surface area Average pore size
Sample (m¥g)* (nm)™
Illite 5.60 3.80
Bentonite 41 3.80
Bleaching earth 100 3.80

*a calculated from multipoint BET.

*b calculated from BJH desorption.

Table 4.11 Acidity of illite, bentonite, and bleaching earth

Weak acid sites Strong acid sites Total acid sites

Sample (nmol/g) (umol/g) (umol/g)
Illite - 651 651
Bentonite 12 1,519 1,531
Bleaching earth 983 971 1,954

4.3.2 Catalytic Activity of Clays

Similar with the zeolites, the catalytic activity of clays on the olefins
removal from aromatics with alkylation reaction was investigated. Illite, bentonite,
and bleaching earth were tested in the batch reactor (Parr reactor) at 195 °C and 12
barg for 6 h. At the start of the experiment, the reaction temperature was increased
from the room temperature to the desired operating temperature within 35 min.
Therefore, clays were screened in order to select a suitable clay for modification by
acid activation with hydrochloric acid.

Figure 4.8 presents the olefins removal from aromatics with alkylation
reaction of illite, bentonite, and bleaching earth. During the first hour of the reaction,
the rapid increase of reaction temperature to 195 °C results in the significant increase
in the olefins removal. Therefore, in this experiment, the olefins removal at 1.5 h

reaction time is the initial olefins removal, which shows how fast of olefins removal
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is. On the other hand, the olefins removal at 6 h reaction time is the final olefins
removal, which shows the performance of olefins removal for each clay.

Table 4.12 shows initial and final olefins removals of illite, bentonite,
and bleaching earth. The initial olefins removals of illite, bentonite, and bleaching
earth are 52, 77, and 81%, respectively. The final olefins removals of illite, bentonite,
and bleaching earth are 69, 87, and 87%, respectively. From the results, the initial and
final olefins removals in both bentonite and bleaching earth are slightly different, but
the initial and final olefins removals of bentonite and bleaching earth are higher than
illite. Since, the acidity of illite is much lower than bentonite and bleaching earth
resulting in the lowest olefins removal of illite. However, the costs of illite and
bentonite are inexpensive and cheaper than bleaching earth. Therefore, bentonite was
selected for modification by acid activation. The properties and catalytic activity of

bentonite and modified bentonite were discussed in section 4.4.
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Figure 4.8 Olefins removal from aromatics in alkyation reaction by illite, bentonite,

and bleaching earth at 195 °C and 12 barg for 6 h.
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Table 4.12 Initial and final olefins removal by illite, bentonite, and bleaching earth

Sample Initial olefins removal (%) Final olefins removal (%)
Illite 52 69
Bentonite 77 87
Bleaching earth 81 87

4.4 Bentonite Modified by Acid Activation with Hydrochloric Acid

Bentonite was modified by acid activation with 1, 3, and 6 M hydrochloric
acid. The properties of bentonite and modified bentonite were characterized by x-ray
diffraction (XRD), x-ray fluorescence (XRF), Brunauer-Emmett-Teller surface area
analyzer (BET), and tempeature programemed desorption (TPD), as discussed in
section 4.4.1. In addition, the catalytic activity of bentonite and modified bentonite
was mentioned in section 4.4.2. Finally, in section 4.4.3, the spent catalysts were

analyzed for the amount of coke by simultaneous thermal analyzer (STA).

4.4.1 Characteristics of Bentonite and Modified Bentonite

X-ray fluorescence was used to determine the chemical composition of
the bentonite and bentonite modified with hydrocloric acid. Table 4.13 and Figure 4.9
summarize the chemical composition and the relative contents of metal oxides
(M/Mo) of bentonite and bentonite modified with hydrochloric acid, respectively,
where Mo and M are the mass in percent of element oxides in bentonite and modified
bentonite. The contents of Fe O3, MgO, CaO, Al,O;, and Na,O decrease after
treatment with 1 — 6 M hydrochloric acid. After acid activation with 6 M hydrocloric
acid, the Fe;O3, MgO, CaO, and Na>O contents decrease by 23.8%, 54.4%, 60%, and
40.7% respectively. Therefore, it indicates that the acid activation of bentonite with
hydrochloric acid removes some metal oxides as impurities. However, the acid
activation with hydrochloric acid increases the amount of SiO», K»O, and TiO»

because these cations are not dissolved by acid activation with hydrochloric acid
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resulting in remobilization of these cations. Therefore, the relative contents of

undissolved elements, i.e., SiO2, K20, and TiO; increase (Bergaya et al., 2006).

Table 4.13 Chemical composition of bentonite and bentonite modified with

hydrochloric acid

Chemical compositions (Wt%)

Sample SiO2  ALO3s Fex03 MgO Na:O CaO K20 TiO2
Bentonite 70.70  15.70 2.94 2.61 1.35 0.95 0.74 0.53
Ben-1 7430  14.50 2.56 1.74 0.71 0.56 0.83 0.68
Ben-3 78.60  12.50 2.29 1.24 0.83 0.41 0.98 0.69
Ben-6 76.90  12.80 2.24 1.19 0.80 0.38 1.02 0.72
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Figure 4.9 Relative contents of metal oxides (M/Mjo) of bentonite and bentonite

modified with hydrocloric acid.

The x-ray diffraction patterns of bentonite and bentonite modified with

hydrocloric acid are given in Figure 4.10. The bentonite and modified bentonite are

composed mainly of montmorillonite with characteristic peaks at 20 of 5.7 with basal
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spacing (doo1). The other peaks are quartz and feldspars. From the figure, it can be
observed that acid attacks the structure of bentonite causing a decrease intensity of
first montmorillonite peak (20 = 5.7) during acid activation with hydrochloric acid.
However, hydrochloric acid cannot destroy quartz and feldspars resulting in the peak

of quartz and feldspars unchanged (Zhirong et al., 2011).
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Figure 4.10 XRD patterns of bentonite and bentonite modified with 1, 3, and 6 M

hydrochloric acid.

The isotherms of nitrogen adsorption of bentonite and bentonite
modified with hydrochloric acid are shown in Figure 4.11. The isotherms of nitrogen
adsorption and desorption, in both bentonite and modified bentonite, are similar to
type 1V, which has a distinct hystersis loop. The hystersis loop is the presence of
mesopore with the capillary condensation of liquid nitrogen on its surface, but the
region below hystersis loop is the micropore (Yildiz et al., 2004). From Figure 4.11,
the increase in the hydrochloric acid concentration from 1 — 6 M tends to increase the
amount of nitrogen adsorption. It means that the increase in the hydrochloric acid
concentration in modified bentonite increases the pore volume of the bentonite.

The pore size distributions of bentonite and modified bentonite are
shown in Figure 4.11. Table 4.14 shows that the pore volumes of bentonite, ben-1,

ben-3, and ben-6 are 0.136, 0.138, 0.14, and 0.19 cm?/g, respectively. The surface
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areas of bentonite, ben-1, ben-3, and ben-6 are 40, 41, 46, and 68 m?/g, respectively.
It is clear that the averagre pore sizes of bentonite and modified bentonite are similar
(3.8 nm), but the pore volume and surface area of modified bentonite are higher than
the bentonite. In addition, from Figure 4.12, the main parts of surface areas of
bentonite and modified bentonite are mesopore. The increase in the surface area and
pore volume during acid activation of bentonite occurs because of the removal of

impurities in the structure of bentonite.
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Figure 4.11 Isotherms of nitrogen adsorption of bentonite and bentonite modified

with 1, 3, and 6 M hydrochloric acid.
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Figure 4.12 Pore size distribution of bentonite and bentonite modified with 1, 3, and

6 M hydrochloric acid.

Table 4.14 Surface area and pore distribution of bentonite and bentonite modified

with hydrochloric acid

Surface area Pore volume Micropore area Mesopore area

Sample (m%g)" (em®/g)™® (m%/g)’c (em®/g)™
Bentonite 40 0.136 59 34.1
Ben-1 41 0.138 8.8 32.2
Ben-3 46 0.14 10 36
Ben-6 68 0.19 16.7 51.3

*a calculated from multipoint BET.
*b calculated from BJH desorption.
*c calculated from t-plot method.

*d calculated from surface area — micropore area.

Acidity of bentonite and bentonite modified with hydrochloric acid was

determined by temperature programmed desorption with ammonia (NH3-TPD).
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Figure 4.13 illustrates that there are peaks at low temperature (150 °C) and high
temperature (650 °C) of ammonia desorption, which are weak and strong acid sites,
respectively. Table 4.15 presents weak, strong, and total acid sites of bentonite and
bentonite modified with different hydrochloric acid concentrations. The total acid
sites of bentonite, ben-1, ben-3, and ben-6 are 1,531, 1,867, 1,588, and 1,279 umol/g,
respectively. The results show that bentonite modified with 1 M hydrochloric acid has
the strong acid sites. Normally, negative charge of aluminosilicates layer in bentonite
requires cations in the interlayer to balance the charge, which is the source of acidity.
However, washing out of impurities with hydrochloric acid in the bentonite structure
resulting in the increase in the negative charge. Therefore, the proton intercalates in
the interlayer of bentonite to balance the charge leading to the increase in the strong
acid sites (Dutta, 2018). However, bentonite modified with 3 and 6 M results in a
greater extent in the aluminum leaching out from the structure; hence, the acidity

decreases in bentonite.

2500
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——Ben-3
S ——Ben-6
1500 +
=
=
20
n
a1000 +
@)
[
500 +
0 4

0 100 200 300 400 500 600 700 800
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Figure 4.13 NH3-TPD analysis of bentonite and bentonite modified with 1, 3, and 6
M hydrochloric acid.
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Table 4.15 Acidity of bentonite and bentonite modified with hydrochloric acid

Weak acid sites Strong acid sites Total acid sites

Sample (nmol/g) (nmol/g) (nmol/g)

Bentonite 12 1,519 1,531
Ben-1 17 1,850 1,867
Ben-3 11 1,577 1,588
Ben-6 11 1,268 1,279

4.4.2 Catalytic Activity of Modified Bentonite

In this section, the catalytic activity of bentonite and bentonite modified
by acid activation with hydrochloric acid for olefins removal from aromatics with
alkylation reaction is considered. Figure 4.14 presents the initial olefins removal (at
reaction time 1.5 h) and the final olefins removal (at reaction time 6 h) from the
alkylation reaction. The results show that the initial olefins removals of bentonite,
Ben-1, Ben-3, and Ben-6 are 74, 81, 78, and 86% respectively. The final olefins
removals of bentonite, Ben-1, Ben-3, and Ben-6 are 86, 90, 86, and 85%, respectively,
as shown in Table 4.16.

Considering the olefins removal of bentonite and bentonite modified
with hydrochloric acid, the bentonite modified with 1 M hydrochloric acid slightly
increases the initial and final olefins removal because of the increase in the acidity.
However, the olefins removals of bentonite modified with 3 and 6 M hydrochloric
acid slightly decrease from the bentonite modified with 1 M hydrochloric acid
because of decreasing in the acidity. Therefore, the bentonite modified with 1 M

hydrochloric acid has the potential for olefins removal in alkylation reaction.
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Figure 4.14 Olefins removal from aromatics in alkylation reaction by bentonite and

bentonite modified with hydrochloric acid at 195 °C and 12 barg for 6 h.

Table 4.16 Initial and final olefins removal by bentonite and bentonite modified with

hydrochloric acid
Sample Initial olefins removal (%) Final olefins removal (%)
Bentonite 74 86
Ben-1 81 90
Ben-3 78 86
Ben-6 76 85

4.3.3 Deactivation of Bentonite and Modified Bentonite

Similar to section 4.1.3, in order to estimate the amounts of coke in
bentonite and bentonite modified with hydrochloric acid, spent bentonites were
analyzed to estimate the amount of coke by simultaneous thermal analyzer (STA).
Figure 4.15 illustrates the mass change (wt%) of spent bentonite and bentonite
modified with 1 M hydrochloric acid. It indicates that the amount of coke of spent

bentonite between temperature 250 °C to 700 °C is 4.7 wt%, which it is lower than
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the spent bentonite modified with 1 M hydrochloric acid (5.5 wt%) because of the

increase in the strong acid sites in the modified bentonite.
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Figure 4.15 Mass change of spent bentonite and bentonite modified with 1 M
hydrochloric acid.

4.5 Comparasion of Modified USY and Modified bentonite

In this section, the properties and catalytic activity of modified USY and
modified bentonite were compared. Normally, the structures of USY and bentonite
compose of aluminosilicate, but the arrangement of structure in USY and bentonite is
different leading to various properties. The framework in the zeolite is a TO4
tetrahedral, where T-atom is typically Si or Al. However, clays structure are layerd
aluminosilicate, which composes of tetrahedral layer and octahedral layer.

Table 4.17 presents the properties and final olefins removal of modified USY
and modified bentonite. From the table, the surface area of modified USY (780 m?/g)
is much higher than modified bentonite (41 m?/g). The total acidity of samples is
insignificantly different, but mainly acidity of modified bentonite is strong acid sites,

which is different from modified USY. Therefore, in the view point of olefins



G€91€.218¢€

6T :bas / /€:yG:GT €9G2/00¢ :AJ®J [ S1SdY} €90220TLT9 S ISdYL! NO |||||||||||||||||||||||||

59

removal, the performance of modified USY and modified bentonite for removal

olefins from aromatics in alkylation reaction is similar.

Table 4.17 Properties and olefins removal of modified USY and modified bentonite

Acidity
(nmol/g)
Sample  Surface area Weak Strong Final olefins removal
(m?/g) acid sites  acid sites (%)
USY-0.15 780 921 824 90
Ben-1 41 17 1,850 91
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In this work, USY and bentonite were selected for modification to enhance the
catalytic activity of olefins removal from aromatic in alkylation reaction.
Dealumination of USY modified with 0.15 M citric acid is the suitable condition
resulting in suitable proportion of strong acid sites to total acid sites to increase the
olefins removal, especially initial olefins removal. The initial and final olefins
removal of USY modified with 0.15 M citric acid increase from 76 to 87% and 84 to
90%, respectively. In addition, the acid activation of bentonite modified with 1 M
hydrochloric acid increases the total acid sites resulting in the increase in the olefins
removal. The increase in the initial and final olefins removal is from 74 to 81% and
86 to 90%, respectively. In the viewpoint of olefins removal, the catalytic activity of
USY modified with 0.15 M and bentonite modified with 1 M hydrochloric acid is
similar. However, the increase in the strong acid in both of modifed USY and
modified bentonite increases the amount of coke. The amount of coke of spent
modified USY is 6.9 wt%, which is higher than the spent USY (5.7 wt%). The
amount of coke of spent modified bentonite is 5.5 wt%, which is higher than the spent

bentonite (4.5 wt%).

5.2 Recommendation

In order to select the best catalysts for industry, stability should be tested in a
fixed bed reaction. In addition, Bronsted and Lewis acid should be determined by
FTIR-pyridine because Bronsted and Lewis acid are parameters affecting the activity

and stability.
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Figure A1 X-ray diffraction (XRD) of MCM-22.
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Figure A2 X-ray diffraction (XRD) of Beta.
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Figure A3 X-ray diffraction (XRD) of Mordenite.
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Figure A5 X-ray diffraction (XRD) of bleaching earth.

Bleaching eart|

45

1400

1200

1000 -

800 -

600 -

400 -

200 -

MCM-22

0

2-Theta (deg)

Figure A6 TPD-NH3 of MCM-22.

100 150 200 250 300 350 400 450 500 550 600

63



G€91€.218¢€

6T :bas / /€:yG:GT €9G2/00¢ :AJ®J [ S1SdY} €90220TLT9 S ISdYL! NO |||||||||||||||||||||||||

1200 -
1000 -
800 -
600 -
400 -

200 -

100 150 200 250 300 350 400 450 500 550 600 650
2-Theta (deg)

Figure A7 TPD-NH; of beta.
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Figure A10 TPD-NH3 of bleaching earth.
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Appendix B Relative crystallinity (%) calculation

From X-ray diffraction data; the intensity of the characteristic peaks at 26 of
11.9, 15.7, 18.7, 20.4, 23.7, 27.1 and 31.4 of USY and modified USY is showed in
Table B1. Total intensity of USY, USY-0.075, USY-0.15, and USY-0.3 is 446,273,
437,783, 399,822, and 354,453 respectively.

Step 1: Given the total intensity of USY is 100 %

Total Intensity of modified USY
Total Intensity of parent USY

x 100 %

Thus; The relative crystallinity =

Step 2: Substituted in formula

437,783
446,273
399,822
446,273

354,453
446,273

The relative crystallinity of USY-0.075 = x 100 % =98%

The relative crystallinity of USY-0.075 = x 100 % =91%

The relative crystallinity of USY-0.075 = x 100 % = 81%

Table B1 Intensity of the characteristic peaks at 26 of 11.9, 15.7, 18.7, 20.4, 23.7,
27.1 and 31.4 of USY and modified USY

Intensity
% USY USY-0.075 USY-0.15 USY-0.3
11.9 56,571 57,214 55,286 47,500
15.7 100,988 94,500 95,286 83,929
18.7 47,500 46,461 41,500 36,500
20.4 54,750 54,000 48,500 44,214
23.7 85,714 81,429 73,250 66,000
27.1 55,250 55,429 46,500 41,429

314 45,500 48,750 39,500 34,881
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