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Synthesis and Application of
Porous Kaolin-Based ZSM-5 in the
Petrochemical Industry
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Abstract

Zeolites are advanced chemical materials that play a significant role in many
petrochemical applications. In recent years, research interest in improving and
enhancing the effectiveness of ZSM-5 as a catalyst has grown immensely. In particu-
lar, finding cheaper, environmentally friendly alternative starting materials for the
synthesis of ZSM-5 has gained much attention. Kaolin has been widely investigated
as a zeolite precursor as it comprises the required constituents for an aluminosilicate
zeolite material; ubiquitous nature and its benefit in synthesising zeolites are well
known as an inexpensive way of obtaining catalysts. This chapter deals with the
factors affecting ZSM-5 synthesis when utilising a kaolin precursor. The effects of
kaolin crystallinity, kaolinite content and synthesis parameters on ZSM-5 formation
and its physicochemical properties are discussed. The potential of kaolin-based
ZSM-5 as an oligomerisation catalyst is investigated. Pure, crystalline ZSM-5 could
be successfully synthesised from a kaolin precursor. Physicochemical properties
such as morphology, porosity and acidity are affected by the kaolin precursor and
optimum synthesis conditions are required for synthesis of ZSM-5 from particular
kaolin. Kaolin-based ZSM-5 catalyst showed good activity and selectivity to valu-
able fuel range hydrocarbons.

Keywords: kaolin, ZSM-5, synthesis, oligomerisation, cracking

1. Introduction

Access to a variety of energy sources has been fundamental in driving human
development. Fossil fuels have been a major source of energy for mankind for more
than 5000 years. Today, crude oil continues to be a significant contributor to the
energy sector; it accounts for a large percentage of the world’s energy consump-
tion. The production of chemicals has also continued to play a pivotal role in our
daily activities. Interestingly, the amount of chemicals produced and used for
both domestic and industrial purposes is very much related to the growth in global
population. However, energy sources such as crude oil are non-renewable sources
of fuel and current estimations show that world oil supplies will be depleted in the
next century. Apart from the uncertainties in crude oil reserves, a major cause for
concern is the impact crude oil extraction and its refining has on the environment;
the combustion of fossil fuels leads to a net increase in greenhouse gases (GHG)
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leading to global warming. These concerns among others have led researchers in
the recent past to explore alternative energy sources to the traditional crude oil for
the production of fuels and petrochemicals. Various practises such as the use of
efficient catalysts and augmented reactor technology are currently being employed
towards ensuring that production technologies are eco-friendly and sustainable.

Nanoporous materials are a large class of materials which consist of either an
organic or inorganic framework structure containing ordered porous networks.
They are generally classified by having pores sizes less than 100 nanometres and
may be subdivided into three categories i.e. Microporous (<2 nm), Mesoporous
(2-50 nm) and Macroporous (>50 nm). Their ability to interact or discriminate
molecules depending on size has granted them scientific and technological impor-
tance. Research interest in nanoporous materials continues to grow as researches
attempt to understand structure—property relations and design materials tailored
for certain applications. Dependent on the properties of the nanoporous materials,
applications range from purification and separation, sorption and drug delivery
to energy storage, solar and fuel cells as well as electronic and magnetic devices.
Typical examples include activated carbon, metal organic frameworks, ceramics,
various polymers, aerogels, silicates and zeolites to name a few. Zeolites are micro-
porous aluminosilicate materials that possess a 3-dimensional pore structure and
play a prominent role in the petrochemical industry as ion exchangers, adsorbents,
in separation and catalysis [1-4]. Their shape selective properties permit control of
product distribution in chemical reactions and as such have become indispensable
catalysts in many petrochemical processes [5]. Of particular importance to the pet-
rochemical industry is zeolite ZSM-5. ZSM-5 because of its unique channel struc-
ture, acidity, and hydrothermal stability has been used as a shape selective catalyst
in isomerization, alkylation, oligomerisation and catalytic cracking reactions [6-9].
It is conventionally synthesised using chemical sources such as sodium silicate solu-
tions or silica gels and aluminium salts as the starting materials. Commercial syn-
thetic zeolites are preferred over their naturally occurring analogues due to higher
purity and uniform particle size which makes them more suitable for scientific and
industrial applications [10]. However, zeolite synthesis using conventional meth-
ods leads to large amounts of waste being produced and chemical sources may be
expensive, leading to high costs of zeolite production which limit commercialisation
and use in many industrial applications [11]. Recently there have been increased
efforts to explore the use of more affordable, natural raw materials possessing the
necessary requirements for the synthesis of zeolites. ZSM-5 has been synthesised
from natural silica and alumina sources such as rice husk ash [12-14], expanded
perlite [15], palygorskite [16], fly ash [17], and kaolinite [18-21]. The main drive to
utilise these rich aluminosilicate minerals is their relative abundances, cost effec-
tiveness and overall more environmentally friendly synthetic procedures. Although
many natural minerals and manufacturing wastes have been utilised to synthesise
a wide variety of zeolite structures, this chapter will focus on kaolin-based ZSM-5
synthesis and possible application in the petrochemical industry.

Kaolin is a white clay composed mainly of kaolinite, a hydrous aluminosilicate
mineral containing silica and alumina in a 1:1 ratio as well as impurities such as quartz
and mica. Kaolin may require beneficiation to remove impurities depending on its
application. Due to its low Si/Al ratio it has been extensively use in the synthesis of
low silica zeolites [22, 23]. High silica zeolites such as ZSM-5 have also been synthe-
sised with the addition of supplementary silica sources as well as through dealumina-
tion of kaolin via acid treatment [24-26]. Of the extensive range of aluminosilicate
minerals used as zeolite precursors, kaolin has been favoured due to its ubiquitous
nature. However, the studies of kaolin from different areas are significant since
kaolin varies in composition depending on its geological occurrence. The chemical
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compositions of materials affect their properties and variations in the kaolin structure
and composition can thus affect its subsequent chemical reactivity [27, 28].

In this chapter the synthesis of kaolin-based ZSM-5 and the factors affecting syn-
thesis are discussed. The work presented will focus on the synthesis of ZSM-5 using
kaolin of South African origin. Most studies of kaolin derived ZSM-5 is performed on
commercial kaolin. Only few have been done using raw kaolin. Chemical reactivities
of kaolins obtained from different geological areas and the need to optimise synthe-
sis conditions tailored to particular kaolin are highlighted. The effects of kaolinite
content and synthesis parameters such as crystallisation time and temperature are
discussed. The work is extended to include the effects of silica to alumina ratio on
the physicochemical properties of ZSM-5 and is the main focus of this chapter.
Furthermore, the application of kaolin-based ZSM-5 in important petrochemical pro-
cesses such as the oligomerisation of olefins to fuel range hydrocarbons is evaluated.

2. Kaolin in zeolite synthesis

In the search for cheaper and more environmentally friendly alternatives to
chemical sources, much research has been conducted on the feasibility of kaolin.
By converting kaolin to the more reactive metakaolin via thermal activation and
subjecting it to hydrothermal treatment in a NaOH medium, zeolite is produced.
The use of kaolin as a source of silica and alumina was reported by Barrer [29] after
it was calcined between 700 and 1000°C to form metakaolin. However due to the
variations in kaolin composition and structure its subsequent chemical reactivity
may be affected. Synthesis of zeolites from kaolin is affected by factors such as
degree of crystallinity of the kaolin [23], kaolin composition [30], mineralogical
impurities [23, 31], calcination temperature of kaolin [32], specific surface area of
kaolin [33], synthesis parameters such as crystallisation temperature, time [30] and
silica alumina ratio.

2.1 Factors affecting kaolin-based zeolite synthesis
2.1.1 Kaolin crystallinity

Many studies have been performed employing kaolin as the starting material
for zeolite synthesis [34]. Investigations on the effects of kaolin crystallinity are
contradictory as some researchers have shown that differences in the reaction
kinetics of zeolite formation are observed for kaolin with different crystallinities
or structural ordering [23] whereas others have reported that no significant differ-
ences were established when synthesising zeolites from kaolin of different crystal-
linity and reported that reactions of metakaolinites are independent of defects in
the original crystal structure [22]. When two kaolins of South African origin from
different geological areasi.e. Grahamstown (BK) and Fishoek (SK) were analysed
it was shown that they differed in their structural order as well as composition
and SK was more crystalline than BK [35]. The ZSM-5 synthesised using the two
kaolin precursors resulted in differences in the crystallisation kinetics. The more
disordered kaolin (BK) showed faster crystallisation kinetics than the more ordered
SK. The physical and chemical properties of the reactive metakaolin of BK and SK
were compared. The morphology obtained from SEM analysis shown that BK was
composed of highly disordered loose kaolin plates compared to SK which possessed
highly ordered stacked layers. The ordering remained even after calcination to
form metakaolin. It was suggested that the highly disordered kaolin dissolved at a
faster rate into the gel solution compared to SK in which the stacking layers were
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preserved. The chemical properties of the kaolin samples were analysed using /Al
and *Si NMR MAS spectroscopy. The different coordination’s of aluminium and
the relative amounts of each coordination type were correlated with the differences
in reactivity of the two kaolins. These were determined for the kaolin before and
after thermal activation, in the starting gels and products in order to observe the
transformation of the Al environment as the zeolite was formed. After calcination
of the precursors to form metakaolin, three distinct coordination’s of Al i.e. tetra-
hedral (AlO,), penta (AlOs) and octahedral (AlOg) species were observed however
the relative amount of each differed between the two kaolins. The AlOg in kaolin
was converted to more reactive AlOs and AlQj sites via dehydroxylation of kaolinite
[36]. Metakaolin SK contained a larger amount of AlOs coordinated Al whereas
metakaolin BK contained a larger amount of tetrahedrally coordinated Al at higher
chemical shifts indicating the Aluminium existed in different environments of
AlO, coordination. The peak occurring at higher chemical shift in A1 MAS NMR
suggested the Al atoms are surrounded by different neighbouring atoms. Both q*
and q’ groups were identified. The q* group has 4 neighbouring Si atoms and the ¢’
Al has 3 Si and 1 OH neighbouring group and is a highly reactive species [37]. It had
been reported that metakaolins containing larger amounts of AlO, species due to
metakaolinisation at the optimal thermal activation temperature showed increased
chemical reactivity. The optimum thermal activation temperature however differed
for kaolins of different structural order [38]. In the case of BK and SK the thermal
activation temperatures were identical. Therefore, the results suggested that the
amount of reactive q° AlO, species in particular may influence kaolin chemical reac-
tivity and that chemical reactivity of the kaolin is indeed related to its crystallinity
when thermally activated at the same temperature. ’Si NMR also showed that Si
atoms existed in different environments. Q* and Q* groups were identified. The Q"
groups refer to the number of neighbouring Si atoms [39, 40]. The relative amount
of Q” and Q* groups showed that metakaolin of SK possessed more Q* (74%)
species compared to metakaolin BK having more Q" (79%) species. This indicated
that the Al and Si environments of BK and SK were different after calcination at the
same temperature. The higher amount of neighbouring Si atoms in SK confirmed

a higher degree of networking between Si atoms. This may therefore be related to

a higher degree in structural order which may affect dissolution of metakaolin into
the gel and the hence the crystallisation kinetics. When the dried gels of the zeolite
batch mixtures were analysed by ’Si NMR it was noticed that the gels were very
similar and both exhibited a high degree of networking between Si atoms. However
the Al NMR differed as shown in Figure 1.

The dried gel spectra of BK and SK both show broad peaks in the tetrahedral
coordination range with peak maxima at ~55 ppm corresponding to q* Al atoms.
Dried gel BK however, possesses a shoulder peak at ~65 ppm indicating the presence
of the reactive q° Al species. Therefore the q° Al from the calcined kaolin dissolves
into the gel mixture and provides more reactive aluminium species to the starting
gel of BK. The results also indicate that since the Si NMR spectra are similar the dif-
ference in chemical reactivity is mainly due to reactive alumina. The presence of the
q Al species may quickly form aluminosilicate species and govern the incorporation
of Al into the framework and is most likely responsible for the faster crystallisation
kinetics observed in ZSM-5 derived from BK.

The difference in crystallinity of kaolins and hence the difference in crystallisa-
tion kinetics leads to variations in the physicochemical properties of the zeolite. The
synthesis parameters therefore have to be optimised to obtain a highly crystalline
ZSM-5 zeolite. In this case for the more ordered SK a longer crystallisation time
of 96 h compared to 48 h for BK was required to obtain a crystalline ZSM-5 with
well-developed micropores. Furthermore, the acidic properties are also affected
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Figure 1.
Al MAS NMR spectra of dried gels of BK and SK showing the presence of different tetrahedral species [35].

and ZSM-5 was noticed to increase in acidity with an increase in crystallisation time
when the more ordered SK was used a precursor.

2.1.2 Kaolinite content

The composition of kaolin varies greatly depending on its formation process and
also can affect the chemistry of the clay. The clay comprises mainly kaolinite as well
as impurities such as quartz, muscovite and feldspars. Other contaminants such as
iron oxide and titania may also be present. The purity of kaolin determines its use in
arange of applications. Kaolin if properly processed could be utilised in the produc-
tion of whiteware ceramics, paper and filler pigment [41, 42] as well as in catalysis
and cement production [43]. Highly contaminated kaolins such as those containing
high amounts of iron oxide are use in the manufacture of bricks. While most studies
have focused on the use of pure commercial kaolin in the synthesis of zeolites, only
a few studies on the use of raw or virgin kaolins have been reported. Synthesis of
ZSM-5 and zeolite A from kaolin of Nigerian origin containing a high amount of
quartz has been reported [20, 44]. The respective zeolites could be synthesised
after using beneficiation techniques (i.e. extensive settling and flocculation) or
a modified autoclave to separate impurities from the synthesis gel. However, the
ZSM-5 final product still contained quartz and mordenite impurities attributed to
unreacted metakaolin and similarities in the synthesis conditions for both ZSM-5
and mordenite. The zeolite A purity was affected by colloidal impurities in the
dispersion and the ‘virgin’ kaolin still required some treatment before use.

ZSM-5 was synthesised using highly impure kaolin with a high quartz content
of large and finely grained quartz and muscovite originating from Grahamstown,
South Africa [30]. Synthesis of ZSM-5 from raw (RK) and beneficiated kaolin
(BK) was performed and the effect of the kaolinite content was investigated.
Beneficiation was used to remove the majority of quartz and muscovite impurities
and increase the kaolinite content. The composition of the kaolin was shown to
play a significant effect on the formation of ZSM-5. From the beneficiated kaolin a
highly pure crystalline ZSM-5 could be obtained. A higher kaolinite content results
in more active silicate and aluminate species originating from the metakaolinite
being present, which easily dissolve into the gel medium and form the primary
building units necessary for nucleation and crystal growth in a shorter time period
[21]. The results suggested higher kaolinite content shortens the induction period,
increases the nucleation rate and hence the crystallisation of ZSM-5. However, from
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the raw kaolin ZSM-5 could only be synthesised under optimum synthesis condi-
tions i.e. crystallisation temperature and time which was established for the par-
ticular kaolin during the study. Even under optimum conditions ZSM-5 synthesised
from RK still contained small quartz impurities. The quartz impurities are difficult
to dissolve and are therefore undesirable in kaolin [45]. Substantial amounts of
alumina may also be required when kaolin is used in zeolite synthesis [46]. Thus,
utilising kaolin with low kaolinite contents (i.e. alumina source) and high quartz
content may result in the hindrance of ZSM-5 formation under certain crystallisa-
tion conditions. Furthermore, the results from this study suggested that beneficia-
tion is a necessary step for the synthesis of pure ZSM-5.

2.1.3 Crystallisation temperature and time

The synthesis parameters of crystallisation temperature and time are critical in
controlling the phase purity of ZSM-5. Temperature is a major factor in the forma-
tion of zeolites due to its strong effects on nucleation and crystal growth [47]. The
effect of crystallisation temperature on ZSM-5 formation from BK was studied
by holding the crystallisation time constant at shorter (24 h) medium (48 h) and
longer times (96 h) and varying the temperature from 120 to 190°C [30]. The
XRD diffractograms showed a large amorphous peak corresponding to amorphous
aluminosilicate in the gel mixture is present at 120°C. As the synthesis temperature
was increased to 150°C the amorphous gel is converted into pure, crystalline ZSM-5
phase as the nucleation rate increased. At 190°C the metastable ZSM-5 re-dissolves
into the gel and the intensity of the ZSM-5 peaks decreases as a more thermody-
namically stable quartz phase crystallises. At a high temperature of 190°C zeolite
synthesis follows the Ostwald’s law of successive reactions. The initial metastable
phase is replaced successively by more stable phases, in this case quartz. This trend
is also observed at shorter and longer crystallisation times. Therefore at all crystal-
lisation times studied, the optimum temperature for obtaining a highly crystalline
pure ZSM-5 was determined to be 150°C. Similar results were reported by for the
synthesis of ZSM-5 from Ahoko Nigerian Kaolin [48]. Although we might expect
increased nucleation and crystal growth with an increase in temperature to 190°C,
thermodynamic effects predominate over kinetic effects and favour the formation
of the thermodynamically more stable quartz phase rather than growth of meta-
stable ZSM-5 at 190°C.

Crystallisation time is critical in controlling the crystallinity of the synthe-
sised ZSM-5. It was also shown to have a major impact on the physicochemical
properties such as porosity and morphology of ZSM-5. The relative crystallinity
determined from XRD increased with time at optimum crystallisation temperature
of 150°C. SEM results showed different morphologies and crystal sizes could be
obtained by varying the crystallisation times between 24 and 96 h. ZSM-5 with high
external surface area and both micro and mesopores were obtained at 150°C 24 h
using BK and that micro-pore area increased with time as the relative crystallinity
increased. The studies on the effects of crystallisation temperature and time clearly
highlighted the need to determine optimum synthesis conditions to obtain pure well
crystallised ZSM-5.

2.14 SZOZ/AZQO3 ratio

In the synthesis of ZSM-5 the Si/Al ratio is known to affect physical properties
such as crystal size and morphology as well as chemical properties such as acidity.
The acid site density, type and strength are affected by the presence of aluminium
and can be controlled by adjusting the Si/Al ratio. The acidity of the zeolite is
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Zeolite Atomic % Si Atomic % Al Si/Alratio
Si-A1 150 RK 11.67 0.30 39.0
Si-Al 70 RK 97.2 2.77 351
Si-Al 42 RK 91.51 6.48 141
Si-Al1150 BK 11.97 0.30 39.9
Si-Al70 BK 4218 2.51 16.8
Si-Al 42 BK 372 5.04 74
Table 1.

EDS vesults showing atomic composition (%) of synthesised ZSM-5 with different Si/Al ratios using RK and BK.

important as ZSM-5 is used in many acid catalysed petrochemical reactions such

as oligomerisation of olefins, cracking, isomerisation and alkylation. In this study
the Si/Al ratios were varied and its effects on the physicochemical properties of the
ZSM-5 are investigated. Raw kaolin (RK) and beneficiated kaolin (BK) are used as
alumina source. The study shows the effects of the kaolin compositions when the Si/
Al ratios are varied on the formation and properties of the zeolites. The ZSM-5 zeo-
lites were synthesised using RK and BK with molar SiO,/Al,O; ratios of 150, 70 and
42 in the batch mixture. The Si/Al ratios in the final product were determined using
EDS atomic analysis. (It must be noted that the term Si/Al is used interchangeably
but SiO,/Al,0s is meant when referring to the batch ratio and Si/Al is meant when
referring to the ratio in the product as determined by EDS analysis.) The atomic
percentages of Siand Al are shown in Table 1.

The Si/Al ratios of the final ZSM-5 product decrease as the initial Si/Al ratios
in the batch mixtures decrease for both RK and BK. The Si/Al ratios of ZSM-5
synthesised from batch mixtures 70 and 42 BK are lower, approximately half that
synthesised from RK of the same starting ratios respectively. This suggests that as
the Si/Al ratio decreases less silica may be incorporated into ZSM-5 formed from BK
compared to RK.

The effect of Si/Al ratio on the structure of ZSM-5 was confirmed by x-ray dif-
fraction. The diffractograms are shown in Figure 2(a) and (b). All patterns exhib-
ited the characteristic ZSM-5 peaks at 7.94° (011), 8.90° (020), 23.10° (051), 24.0°
(033) and 24.35° (313) 26. All samples synthesised from RK also showed a reflection
at 26.67° 26 corresponding to the presence of quartz. The intensity of this peak

—— Si-Al 150 RK (a) — Si-Al 150 BK (b)
— SiFAl 7T0RK —— Si-Al 70 BK
—— SiF-Al 42RK — S-A 42 BK
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Figure 2.

XRD powder patterns of ZSM-5 synthesised from (a) RK and (b) BK with different Si/Al ratios.
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Figure 3.
N, adsorption-desorption isotherms of the representative samples.

increased as the Si/Al ratio decreased. RK used as the aluminium source contains

a significant amount of quartz. Samples synthesised with lower Si/Al ratios thus
contained a larger amount of quartz which remained unreacted hence the increase
in intensity of the quartz phase. As the Si/Al ratio in the RK samples decreased

the intensity of the (011) and (020) reflections diminished and peaks shifted to
slightly lower angles. This is due to a change in the crystal size and an increase in

Al substitution in the framework structure. Peak intensity however increased from
sample Si-Al 150 BK to Si-Al 70 BK as the material became more crystalline but then
decreased in sample Si-Al 42 BK.

The specific surface area and porosity characteristics of the samples are shown
in Table 2 and N, adsorption-desorption isotherms in Figure 3. From Table 2 it is
noticed that the specific surface area increases as the Si/Al ratio decreases for the
RK samples. The micropore, external surface area as well as the micropore volume
increase as the Si/Al ratio decreases.

Zeolite BET Micropore External Avg. pore Micropore Avg. pore
sla area area vol. vol. size

m2/g m2/g m2/g m3/g m3/g nm

Si-Al 150 214 159 55 0.125 0.073 5.8

RK

Si-A170 RK 253 171 82 0.143 0.079 46

Si-Al 42 RK 274 189 85 0.155 0.087 4.8

Si-Al1150 223 137 86 0.133 0.063 6.8

BK

Si-Al70 BK 340 162 178 0.174 0.072 31

Si-Al 42 BK 265 121 144 0.162 0.055 4.2

Table 2.

Specific surface area and porosity characteristics of RK and BK samples with different Si/Al ratios.
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This indicates that the increase in aluminium content in the samples leads to a
well-developed internal microporous structure. The increase in external surface
area with lower Si/Al ratios is likely due to the decrease in crystal size and cor-
relates with the decreased intensity of the XRD reflections. The presence of more
quartz as the Si/Al ratio decrease may also result in a higher external surface area.
All samples possess a type 1 adsorption isotherm indicative of the microporous
nature of the synthesised ZSM-5. The samples also exhibit a H4 type hysteresis
loop in the relative partial pressure range 0.4-1.0, indicating capillary condensa-
tion occurred. This has been attributed to the presence of a mesoporous phase
associated with the slit shaped voids between packed crystals [49]. A large uptake
in the P/Po range 0.9-1.0 suggests the presence of larger macropores. This how-
ever decreases with decrease in Si/Al ratio. The hysteresis loop becomes wider as
the Si/Al ratio decreases. Similar results have been shown by Liu et al. [50] for
ZSM-5 synthesised from gel mixtures of varying polymerisation degrees. The
more depolymerised gel formed uniform aggregates of fine crystals. Therefore as
the Si/Al ratio decreased the gel became more depolymerized forming aggregates
of tiny crystals which when tightly packed form mesopores between them [51].
Si-Al 42 RK also showed a broad peak centred at approximately 12.4 nm in the
pore size distribution curves shown in Figure 4(a) not seen in the other RK
samples which is indicative of mesopores and hence the broader hysteresis loop.
Samples from BK had a lower micropore area and volume and higher external
surface area compared to those synthesised from RK. The crystallisation process
is different when using RK and BK as the compositions differ. This may suggest a
difference in the degree of polymerisation of silica and alumina in RK and BK. As
suggested, the N, isotherms and SEM images confirm the presence of aggregated
nanocrystals in RK samples which form well depolymerized gel mixtures form-
ing tetrahedral silica and alumina building blocks that form highly networked
aluminosilicate species leading to a highly crystalline microporous structure.
Zhang et al. [52] suggests a destruction of the microporous structure of ZSM-5
occurs with isomorphous substitution of Si with Al. This is possible as there is a
higher content of aluminium in the BK samples compared to RK for each particu-
lar ratio. It is more likely however that extra-framework aluminium is present
which blocks the micropores since Si-Al 70 BK has a higher micropore area and
volume than Si-Al 150 BK but Si-Al 42 BK containing the highest aluminium
content has the lowest microporosity. Therefore there is an optimum Si/Al ratio

0.20- T w] (b) —#—Si-Al 150 BK
(a) o SiAI70RK ' . o SHAIT0BK
—a— Si-Al 42 RK ——‘—SI-AMZBK
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Figure 4.

Pore size distribution calculated using the BJH method for the representative samples synthesised from (a) RK
and (b) BK.
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when synthesising ZSM-5 using BK. Interesting to note is the shape of the Si-Al
70 BK isotherms. It is a combination of a type I isotherm typical of ZSM-5 with
a microporous framework and a type IV isotherm representative of mesoporous
materials. The hysteresis loop in the 0.4-1.0 P/Po range is much smaller than
other samples probably due to less space between packed crystals. However, the
steep uptake at approximately 0.2 P/Po with a second small hysteresis loop may
be due to the presence of uniform pores in the 2 nm range as shown in the pore
size distribution graph for BK samples in Figure 4(b). Isotherms of this type
have been reported in the literature for hierarchical zeolites [49, 53-55] and are
ascribed to filling of mesopores with a narrow pore size distribution between

3 and 4 nm. The pore size in this sample is smaller and similar to the size of
supermicropores described by Yang et al. [56]. From Figure 4(b) it is noticed
that the presence of 2 nm sized pores increase with decreasing Si-Al ratio and
exist even for Si-Al 42 BK which has the lowest Si-Al ratio although the amount
decreased probably due to the blockage of pores by extra-framework aluminium.
We consider that these are real pores and not physical phenomena observed in
gas adsorption such as fluid to crystalline transitions observed in MFI zeolite
structures on the basis that Si-Al 70 BK has a low Si/Al ratio. Fluid to crystalline
effects are usually observed on high Si/Al ratio MFI and silicalite-1 materials
due to the energetically homogenous surface created by the large amount of Si
atoms which result in a well-pronounced sub-step in a narrow P/Po range and an
increase in Al content induces energetic heterogeneity [57].

HRSEM studies revealed that the morphology and particle size is affected by the
change in Si/Al ratio. The images for the RK and BK samples are shown in Figure 5.
Si-A1150 RK has rounded boat shaped crystals that are highly inter-grown and agglom-
erated. There is also the presence of some amorphous material with no particular
morphology.

As the Si/Al ratio decreases the crystal size also decreases as shown in
Figure 5(a—c). This agrees well with results reported in literature [24] and cor-
relates with the increase in surface area and decrease of intensity of reflections as
shown by BET and XRD results respectively. The material also becomes less inter-
grown and aggregates with a uniform size distribution are noticed. Looking at the
insets of Figure 5(b) and (c) it can be clearly seen that the aggregates are made up
of nano-sized crystals that interlock and form an overall cross discus shape. ZSM-5
with similar morphology has been synthesised by Yue et al. [58] in the synthesis of
hierarchical zeolites from kaolin and rectorite using a nanoscale depolymerisation-
reorganisation approach and by Liu et al. [50] from highly depolymerised gel
mixtures which also show similar trends in gas adsorption analysis to our samples.
Thus an explanation of the change in morphology to aggregates of nano-crystals
with a decrease in Si/Al ratio is that the gel mixture becomes more depolymerised
with increased amount of the aluminium source. This trend is only observed in
RK samples and not BK. The formation of the aggregates is due to the difference in
composition of RK and BK in which the former contains a high quantity of quartz.
As the aluminium amount is increased to obtain lower Si/Al ratios the quartz
content in the gel mixture also increases and is present as shown in XRD. The quartz
is difficult to dissolve which means that the alkalinity may be higher for the more
soluble species i.e. that obtained from kaolinite and additional water-glass which is
readily consumed. As crystallisation proceeds it becomes more depolymerized and
leads to formation of fine crystals [50].

Si-Al150 BK had larger crystals than Si-Al 70 and 42 BK and followed the trend
of decreasing crystal size with lower Si/Al ratios. As noticed in Figure 5(d) the mor-
phology is hexagonally shaped crystals. Twinning is also apparent as the 100 face
protrudes from the 010 face and is commonly seen in ZSM-5 crystal twinning.
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Figure 5.

High resolution SEM images showing morphology and crystal size of (a) Si-Al 150 RK, (b) Si-Al 70 RK, (c)
Si-Al 42 RK, (d) Si-Al 150 BK, (e) Si-Al 70 BK and (f) Si-Al 42 BK.

Si-Al 70 BK and Si-Al 42 BK both have wide crystal size distributions of both
micrometre and sub-micrometre crystals that are highly intergrown with the for-
mer possessing smooth hexagonal crystals and the latter more rounded and rough
edged crystals. Thus the Si/Al ratio also has an effect on morphology which agrees
with work that has been reported in the literature [24].

The amount and strength of acid sites were determined by the NH; detected
during desorption and the peak maximum in the desorption profile respectively.
The results are summarised in Table 3.

It is clearly seen from Table 3 that the total amount of acid sites increase with
decreasing Si/Al ratio for RK samples as the higher the Si/Al ratio the lesser amount
of total acid sites is [59]. This is true for the BK samples with the exception of Si/Al
42 BK which has the lowest Si/Al ratio but has lesser amount of acid sites than Si-Al
70 BK. This is most likely due to a larger amount of extra-framework aluminium
and thus less Bronsted acid sites. This is supported by the fact that it has the least
amount of strong acid sites (206 pmol/g), which are mainly due to NH; desorption
from Bronsted sites. The decrease in the amount and strength of acid sites when a
batch ratio of 42 is used may be due to the aluminium atom being in close proxim-
ity to each other forming Al pairs which reduce the amount of acid sites. Both the
amounts of weak and strong acid sites in general increase with decreasing Si/Al
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Samples Peak (°C) Acidity distribution (pmol NH3/g)

Low temp High temp Weak Strong Total
Si-A1 150 RK 191 395 230 225 455
Si-Al70 RK 192 408 269 279 548
Si-Al 42 RK 200 421 536 500 1036
Si-Al1150 BK 200 413 354 279 633
Si-Al70 BK 210 440 689 519 1208
Si-Al 42 BK 203 423 584 206 790

Table 3.

Distribution of acidity on the ZSM-5 samples as determined by NH;-TPD.

ratio. The RK samples have an almost 1:1 ratio of weak and strong acid sites. The BK
samples however possess more weak acid sites than strong ones which may be due to
NH; desorption from the silanols caused by the defects in the crystalline structure.
The strength of the acid sites varies with aluminium content and seems to increase
with decreasing Si/Al ratio. The maxima of the peaks shift with decreasing Si/

Al ratio to higher temperatures indicating that the NH; molecule is more strongly
bound to the acid sites. The maximum peak temperatures as shown in Table 3
indicate that ZSM-5 synthesised from BK have stronger acid sites when compared
to those synthesised from RK with similar aluminium content. This may be due to
the difference in aluminium environment as those synthesised from RK are more
crystalline whereas those synthesised from BK contain more defects.

It is well known that the aluminium content is directly related to the acidic
properties of aluminosilicates. The presence of different Al species or coordination
types leads to the formation of both Bronsted and Lewis acid sites. Therefore ZSM-5
samples with different Si/Al ratios synthesised from RK and BK were studied in
order to determine the aluminium state, coordination, stability and degree of
incorporation. The data obtained from /Al MAS NMR investigations are presented
in Table 4.

Two peaks are commonly noticed in the ”Al NMR spectra of ZSM-5 zeolites. The
major peak occurring at a chemical shift of approximately 55 ppm corresponding
to the tetrahedrally coordinated Al in the zeolite framework and another smaller
peak at approximately O ppm is related to the presence of octahedrally coordinated
Al and is usually referred to as extra-framework aluminium [60]. This notion has
been disputed, however, as evidence for octahedrally coordinated Lewis Al present

Sample Alframework (% Al extra-framework (% PW at1/2max (~55 ppm
Alg) Aleg) Alg)
Si-Al 150 RK 100 nd 4.9
Si-A170 RK 92 8 5.5
Si-Al 42 RK 92 8 57
Si-Al1150 BK 93 7 53
Si-Al70 BK 89 11 5.8
Si-Al 42 BK 83 17 5.6
Table 4.

Framework and extra-framework Al contents and line widths at half height for the representative ZSM-5
samples.
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as Al-(0OSi)3(H,0); in the framework has been confirmed by Woolery et al. [61].
The relative amounts of the two species have been obtained by integration of

the two peaks and are shown in Table 4. It is noticed that Si-Al 150 RK contains
only tetrahedrally coordinated framework aluminium (Alg) and any presence of
extra-framework aluminium (Al.,) is negligible. It is common for highly siliceous
ZSM-5 to possess only Alg,. Si-Al 150 BK which has a similar Si-Al ratio as Si-Al 150
RK as shown in Table 1 does have a small amount of Al.g. This may be due to the
difference in the composition and hence solubility of RK and BK. A slight increase
in Al is seen as the aluminium content increases for RK samples although there is
not much difference between Si-Al 70 and Si-Al 42 RK. The increase in Al.s with
increase in aluminium content however, is drastically enhanced for the BK samples.
EDS analysis shows that Al content is almost double in Si-Al 70 and Si-Al 42 BK
compared to that synthesised from RK with the same staring gel ratios confirming
that more Al is incorporated into ZSM-5 from BK due to a more abundant supply
of reactive aluminium. However, NMR suggests that the Al is not necessarily all

in framework positions and Al available from RK is better incorporated into the
framework structure as it has a greater amount (92%) compared to Si-Al 70 BK
and Si-Al 42 BK only having 89 and 83% Al, respectively. This result correlates
with that obtained from N, physisorption and SEM analysis which showed a larger
micropore area and nano crystal aggregates respectively for the RK samples com-
pared to BK. This suggests a well-structured crystalline material made up of tetra-
hedrally coordinated Si and Al. It must be noted that quantitatively the BK samples
form more Al-rich ZSM-5 even though the Al.s amounts are greater. BK samples
had a large external surface area greater than its micropore area due to mesoporos-
ity. Larger amounts of aluminium may therefore be present at the external surface
of the zeolite in a less stable octahedral form as suggested by Serrano et al. [53] for
materials with more than 1 type of porosity such as hierarchical zeolites. They may
also be present in different environments with more than 1 type of neighbouring
atom as the resonances observed are broad and Si-Al 42 BK also shows a shoulder
peak at ~6 ppm as shown in Figure 6.

From the /A1 NMR spectra of the RK and BK samples, The RK samples and
Si-Al 150 BK all have a peak max at ~55.7 ppm. Si-Al 70 BK shows a slight shift to a
lower value ~54 ppm and Si-Al 42 BK a larger shift to ~58.3 ppm. The peak width
values shown in Table 4 are an indication of the uniformity of the Al environments
in zeolite materials [53, 62] and crystallinity [63]. Si-Al 150 RK has the smallest
peak width indicating high crystallinity and correlates with the XRD results and
a more uniform Al environment. The peak width increases for all other samples
indicating different environments of Al. The base of the peak begins at ~50 ppm
and ends at ~62 ppm for all samples except Si-Al 42 BK which shows a shift of
approximately ~4 ppm towards higher ppm values. Previous studies by Dedecek
et al. [37] have shown that different environments for AlO, tetrahedra exist after
deconvolution and simulation of the tetrahedral peak. Peaks observed at 50, 53,
and 58 ppm correspond to Al atoms with only Si neighbours, while resonances at
62 ppm corresponds to Al atoms with 3 Si and 1 neighbouring OH group which are
highly reactive. Thus the resonances fall within the range of the peak observed for
the ZSM-5 samples. The resonances at 50, 53 and 58 ppm reflect the difference in
environment of the AlO, tetrahedra in the sample which is due to the effect of the
vicinity of second Al atom in the sample [37]. The closeness of the next Al atom in
sequences such as Al-O-(Si-O),-Al can change the observed shift of the Al atom by
~4 ppm. Thus the peak observed for Si-Al 42 BK at 58.3 ppm suggests that the Al
atoms are in close proximity to each other and has been reported for Al rich zeolites
[37, 64]. Si-Al 42 BK also more likely has more Al atoms with a neighbouring OH
which are highly reactive as the resonance shifts towards 62 ppm. Therefore it is
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Figure 6.
7Al MAS NMR spectra of the RK and BK samples with different Si/Al ratios.

possible that BK forms more Al rich ZSM-5 than RK for two reasons. The first being
that RK causes a higher degree of depolymerisation due to the presence of quartz
(as discussed above) of the remaining Na-silicate which is broken down to silicate
species. This then forms more networked silicate and aluminosilicate and has less
formation of close Al atoms resulting in higher ratios. Second for the BK samples,
which were prepared with a smaller amount of additional Na-silicate, was not well
depolymerised due to a lower alkalinity i.e. the silicate remained non-transformed
and balanced by the Na* and only a much lower concentration of Si was available for
the highly reactive Al species resulting in aluminosilicate with a much lower

Si/Al ratio having also more Al and in the case of Si-Al 42 BK, in a high probability
of aluminosilicate species with close Al atoms [37].

3. Potential application of kaolin-based ZSM-5
3.1 Catalytic oligomerisation

The performance of the zeolites as catalysts was tested in the transforma-
tion of 1-hexene, used as a model compound for the oligomerisation of alkenes;

reaction was performed at the following conditions: T = 350°C, pressure = 1 atm,
WHSYV = 8 h™L. The activities of the catalysts were determined by assuming all
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1-hexene present in the product was due to unconverted feed. The graph showing
activity as a function of time on stream is shown in Figure 7.

The catalytic tests were conducted over a time period of 420 min. All cata-
lysts showed some deactivation over the total time on stream although some
were more rapidly deactivated than others. All catalysts had a conversion not
less than 90% in the first hour on stream. The highest conversion achieved was
approximately 98%. It is clearly noticed that the conversion of the catalysts is
highly dependent on the acidity, in particular the Bronsted acidity. Si-Al 42 RK
and Si-Al 70 BK with similar acidities and possessing the highest acidities of
the catalysts had the highest conversions and both showed only slight deactiva-
tion as the conversion remained above 90% for the duration of the reaction.
Si-Al170 RK and Si-Al 150 BK having identical amounts of strong acid sites and
tetrahedral alumina (Tables 3 and 4 respectively) have the same conversion and
deactivation for the time on stream. Si-Al 42 BK which had the least amount of
Bronsted sites showed the lowest conversion and the most rapid deactivation.
Interestingly, Si-Al 150 RK having a much lower acidity compared to Si-Al 42
RK and Si-Al 70 BK has a very similar activity and shows even better stability
(Figure 7). This was attributed to the effect of quartz coating the surface of the
ZSM-5 which prevents deactivation. Therefore it is seen that this catalyst func-
tions better than catalysts with more than double its acidity and further validates
the influence of quartz on the performance of the catalyst.

The catalysts tested in the transformation of 1-hexene all possess a wide product
distribution. The products are grouped accordingly: (C,—Cs) range, (C4—Cs) gaso-
line range and (Cj+) diesel range. This indicates multiple types of reactions may
occur at the set reaction conditions such as oligomerisation, cracking, isomerisation
and alkylation to name a few. The selectivities to these ranges however change with
time on stream and it is noticed that small changes in conversion can have large
changes in selectivity to products. The selectivities of the catalysts are discussed
further and correlated with their physicochemical properties.

Si-Al 150 BK and Si-Al 70 RK are compared to each other since they have similar
acidities as well as conversions over time on stream as shown in Figure 7. The
selectivities however differ from each other. The selectivities to gasoline (C¢—Cy)
and diesel (Cyo+) ranges are shown in Figure 8(a) and (b) respectively.
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Figure 7.
Graph showing hexane conversion over different catalysts (P = 1 atm, T = 350°C, WHSV =8 h™").
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Selectivity of Si-Al 150 BK and Si-Al 70 RK to gasoline (C4~C,) (a) and diesel (C,o+) (b) range products over
time on stream.

Both catalysts have a similar trend to selectivity of diesel range products as
noticed in the graph and decrease with time as the conversion decreased. However
Si-Al 150 BK has a slightly higher selectivity throughout the reaction. Both show
good selectivity (40-55%) to gasoline products with the selectivity of Si-Al 70 RK
possessing a steady increase over the reaction time. Si-Al 150 BK was more unstable
and the selectivity varied over time and was slightly less than Si-Al 70 RK. It was
thought Si-Al 70 RK was more selective to reactions pertaining to chain growth such
as oligomerisation and alkylation but a closer look at the product selectivity of the
gasoline range revealed that Si-Al 70 RK was highly selective to C¢ hydrocarbons as
compared to Si-Al 150 BK as shown in Figure 9. An increase from ~12% to above
30% was observed. The C,—Cs selectivity trend is also shown and decreases over
time for the Si-Al 70 RK catalyst but shows an overall increase in the C,—Cs products
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Figure 9.

Selectivity of Si-Al 150 BK and Si-Al 70 RK to Cg (black curves) and C,—Cs (blue curves) range products over
time on stream.
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for Si-Al 150 BK. Thus there may be a greater selectivity to isomerisation reactions
over cracking reactions for the Si-Al 70 RK catalyst whereas Si-A1 150 BK has a
better selectivity to chain growth reactions as its total selectivity to C;+ hydrocar-
bons is higher. This may suggest a slight difference in strength of acid sites available
as oligomerisation and cracking occur on stronger acid sites than isomerisation
reactions which occur on sites of intermediate acidity [65]. The main difference
between the two catalysts however is the crystal morphology and size. The Si-Al 70
RK possessing nanocrystals as shown in HRSEM, this may reduce the effects of dif-
fusion limitation. As shown by Buchanan et al. [66] larger crystals showed a higher
selectivity to C3/C,4 products and a lower isomerization/cracking of olefin ratio due
to diffusion limitation. Therefore it is possible that as the strength of the acidic
sites are reduced over time due to deactivation which happens more in Si-Al 70 RK,
isomerization reactions which occur faster than cracking reactions [66], increase
and due to the nanocrystals, the isomers which form are able to diffuse out before
any secondary cracking leading to more Cq isomers, less cracked C,—Cs products
and a better gasoline selectivity. Therefore the physical properties of the catalyst
synthesised from RK are shown to affect its catalytic performance.

Figure 10 shows the selectivity of Si-Al 150 RK, Si-Al 42 RK, Si-Al 70 BK and
Si-Al 42 BK to diesel and gasoline range hydrocarbons. The three catalysts with
similar conversionsi.e. Si-Al 150 RK, Si-Al 42 RK and Si-Al 70 BK can be compared
in terms of selectivity.

From Figure 10 it is noticed that after the first hour on stream the selectivity to
Cjo+ is the highest for the catalyst Si-Al 42 RK showing ~16% selectivity. This may
indicate that oligomerisation to long chain hydrocarbons largely depends on the
acidity since Si-Al 42 RK which has a high Bronsted acidity had the highest selectivity.
The more acidic catalysts have better selectivity over the first 3 h on stream. As the
reaction proceeds however, all catalysts show a large decrease in selectivity to Cyo+
hydrocarbons except Si-Al 150 RK which shows a greater stability. The decrease for
Si-Al 42 RK is almost linear over the reaction time and drops to ~3%. The decrease in
selectivity to Cyo+ suggests the deactivation of certain acid sites which are most likely
strong Bronsted acid sites as oligomerisation reactions are favoured at these catalytic
centres [65]. Si-Al 70 BK which has similar acidity to Si-Al 42 RK shows a slightly bet-
ter selectivity to Cyo+ hence less deactivation of Bronsted sites. This is most likely due
to the higher surface area and increased mesoporosity which may inhibit the build-up
of carbonaceous deposits usually responsible for deactivation and hence further
highlights the effects of the physicochemical properties of the zeolites on its catalytic
behaviour. As mentioned in our previous work [30], the effect of quartz deposits on
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Figure 10.
Selectivities to diesel range (C,o+) and gasoline range (Cs—C,) hydrocarbons of catalysts Si-Al 150 RK, Si-Al 42
RK, Si-Al 70 BK and Si-Al 42 BK as a function of time.
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Figure 11.
Selectivity to Cg hydrocarbons and C,—C; selectivity of Si-Al 42 RK (blue curve) as a function of time.

the external surface of the crystals in Si-Al 150 RK plays a major role in inhibiting the
formation of carbonaceous material causing deactivation. Thus even when compared
to catalysts with greater acid site density and strength (almost double its acidity),
Si-A1150 RK possesses greater stability and selectivity is almost double that of the
more acidic catalysts. This clearly suggests that the acid sites are prevented from being
deactivated by the deposition of quartz and continue to catalyse oligomerisation
reactions for the duration of the reaction. Si-Al 42 BK had the lowest selectivity to
Cio+. This is most likely due to its low Bronsted acidity but also the high content of
extra-framework aluminium may cause pore blockage and prevent access to acid sites
for oligomerisation. The closeness of Al atoms in the structure may also have an effect
on the acidity and types of catalytic reactions that are favoured.

All catalysts showed good selectivity to the gasoline range. Si-Al 42 RK shows the
opposite trend for selectivity to gasoline as this increase over the reaction time. The
selectivity spikes in the last 2 h from 45 to 74%. Figure 11 shows the selectivity to Cq
and C,—C;s products.

The spike in gasoline activity is again due to an increase in Cg selectivity. This
further confirms our observations with the Si-Al 70 RK catalyst. The decrease
in Cyo+ selectivity indicates deactivation of strong acid sites. Thus isomerisation
reactions are then favoured when only less acidic site are available and due to Si-Al
70 RK and Si-Al 42 RK possessing the same morphology the isomerisation products
diffuse out before cracking. Figure 11 clearly shows the contrasting selectivities
between isomerisation (Cg) and cracking reactions (C,—Cs) for the Si-Al 42 RK
catalyst. Si-Al 42 BK also shows good isomerisation activity which further indicates
the reaction occurring on weaker acid sites.

4. Conclusion

In conclusion, this chapter discusses some of the key factors affecting the
synthesis of kaolin-based ZSM-5 such as kaolin crystallinity, kaolinite content,
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crystallisation parameters and Si/Al ratio. Additionally, the catalytic performance
of the ZSM-5 derived from kaolin was evaluated. These factors are important
considerations when attempting to synthesise ZSM-5 with high purity and crystal-
linity. However, ZSM-5 can also be synthesised from impure kaolin sources and
these impurities may act as poisons or promoters during synthesis and catalytic
application. The requirements to develop synthesis conditions that are optimised
for specific sources of kaolin are established. The physicochemical properties such
as porosity, morphology and acidity of ZSM-5 can be controlled by choosing the
right synthesis procedures. Kaolin-based ZSM-5 zeolites are promising as catalysts
for petrochemical reactions such as oligomerisation. High activity and selectivity to
gasoline and diesel range hydrocarbons was attainable. The activity of the catalysts
correlated well with the acidity of ZSM-5 samples. The catalytic performance of
the zeolites also correlated well with the physical properties such as morphology
and surface area which were shown to influence selectivity to certain products by
favouring isomerisation and oligomerisation reactions respectively. Impurities in
the kaolin precursor may also have positive effects on catalytic performance, in this
case quartz deposition on ZSM-5 inhibiting deactivation and increasing catalyst
stability. Therefore, ZSM-5 zeolites can be successfully synthesised from cheaper,
more environmentally friendly alternative starting materials that have satisfactory
performances in catalytic application.
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