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Abstract

Recently , considerable research has been conducted into solid -acid catalyzed
carbonylation of dimethyl ether (DME) to methyl acetate (MeOAc) , which can be further
used for the iodine  -free production of ethanol or acetic acid. The zeolite mordenite (H -MOR)
is known as a potent ial catalyst but is subject to a rapid deactivation that so far hinders the
process commercialization. The objective of the current study is to find a simple and

effective means by whichH  -MOR can be stabilized for DME carbonylation.

The bimetallic liquid -based ion-exchange ( IE) of Cu?" and Zn # onto MOR was used
to enhance its stability. Compared to the original H -MOR (Si/Al ratio of 6.5) , 1Cu -4Zn/H -
MOR (Cu:Zn ratio of 0.25) had 3 times the lifetime and produced 4 times the total MeOAc
before deactivation  at 438 K . High selectivityto  MeOAc was also maintained on catalyst
deactivation.  Cu and Zn occupied around 55% of the acid sites on MOR but there was no
decrease in activity compared to the H -MOR. Despite Cu being a known carbonylation
catalyst, it did not enhance the catalyst activ ity. It was determined that, due to the

competitive IE of Cu? and Zn #* over MOR, the two metals were forced into blocking

different unselective acid sites that would normally have cont ributed to coking reactions.
This was shown by quantum chemical model ing of the potential IE locations for Cu # and
Zn?", which was in agreement with catalyst characterization results. Specifically,

competitive IE at the T1 acid site was responsible for the unique behaviour of the 1Cu -
47n/H -MOR. The use of Zn also stabili  zed Cu in its monovalent state and prevented any

sintering from occurring. Thus, it is shown that the selectivity and stability of H -MOR can be
substantially improved by selective poisoning of acid sites. This has important implications

for Cu/H -MOR cata lysts that have found increasing use, such as in methane -to -methanol

processes.

Dealumination of MOR via acid leaching was also used in an attempt to increase its

stability and to understand the relative contributions of different acid sites . Gradual



dealumination from the original Si/Al ratio of 6.5 resulted in activity loss , but also increased
H-M O R ésslectivity to  MeOAc during deactivation. At a Si/Al ratio of 15.4, the H-MOR was
substantially deactivated by the dealumination. The catalys t characterization  showed that
the acid leaching was preferably removing the T3 acid site . This acid site had been

previously theorized to be the only site at which DME carbonyla tion selectively occurred.

This work provided substantial experimental evide nce supporting this theory. Mild
dealumination to a Si/Al ratio of 8.6 did improve H -MOR performance and it was determined
that, while the other acid sites may contribute to coking, they were not solely responsible

for the catalyst deactivation. Too high an acid site density  near to the T3 acid site is also

detrimental to the performance of the catalyst.

Applying t he principle of selective site poisoning derived from the bimetallic Cu -

Zn?" |E study, Fe ?* was placed onto MOR via oxidative solid -state IE (Fe(l)/H -MOR). The
resultant catalyst had 2 times the lifetime and produced over 3 times the MeOAc compared

to acidic MOR. H igh selectivityto  MeOAc was maintained even with catalyst deactivation

The use of monometallic Fe 2" on MOR is preferable to  the use of monometallic Cu ~ ?* orzn #
placed onto mordenite via IE. When combined with Zn  ?*, the bim etallic 3Fe(ll) -1Zn/H -
MOR catalyst (Fe:Zn ratio of 3 ) had very similar performance to the bimetallic 1Cu -4Zn/H -

MOR catalyst.

Thus, three potentia | cataly sts were identified for possible use in industrial DME
carbonylation: Fe(ll)/H -MOR, 1Cu -4Zn/H -MOR, and 3Fe(ll) -1Zn/H -MOR. All of these
catalysts have high peak activity levels and maintain high selectivity to MeOAc for the
entirety of the catalyst lifetim e, and are significant improvements over H-MOR alone. ltis
still required that the reaction conditions be optimized as well as suitable regeneration

procedures put in place to restore the catalysts after deactivation.
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Chapter 1

Introduction

Education is not training but rather the process that equips you to

entertain yourself, a friend, or an idea.
-- Wallace Sterling

1.1 Green Chemistry and Sustainable  Development

Modern chemistry and chemical engineering have evol
done?0 t o fc amettéert safer, and maoree efficiently ?0. While industrial companies
have always been interested in the minimization of costs, attention towards the reduction of
pollution and hazardous substances is a more recent development. It could be argued that
this move began in 1990, with the implementation of the Pollution Prevention Act in the
United Sta tes (U.S.) [1,2] . Instead of waiting for incidents with pollution and waste to
happen, the in tent of the act was to prevent this waste from being formed in the first place.
While many fields of study were involved and initiatives set up in the decade after the
Pollution Prevention Act, the most relevant to the subject at hand would be the Alterna tive
Synthetic Pathways research soli citation , set up by the U.S. Environmental Protection
Agency (EPA) in1991 [274]. Two years later, the EPA changed the name of the program to
the ALU.Green Chemi stry Pr ogr athe toe ramh i ficchheeing ad t ed i n

becoming official [4,5] .

Green chemistry came to be formally defined as the development of chemical

products and processes that either reduce or completely eliminate the use or generation of



hazardous substances. It is framed by 12 guiding principles [6] . These principles are easily
found online or in literature and will not be listed in detail here [7,8] . Even at the time the
12 principles were finalized, none of them was new individu ally, but together gave

researchers a more formalized approach for developing inherently safer products and

processes. Many of the principles involve the minimization of waste and the avoidance of
the use of feed stocks that do not end up in the final product , which is commonly referred to
as the atom economy  [9] . The seventh principle of green chemistry states that the raw
material or feedstock should be renewable, which is the principle that most directly

addresses the issue of sustainable development.

The idea of sustainable development was introduced in 1987 by G.H. Brundtland in a
report to the United Nations [10] . I n this document, it was stated t he
development that meets the needs of the present without compromising the ability of future
generations to meet tikeagiean chemistry, sust@nd s . hility had its own key
concepts. Th e most notable of these concepts was that no impact to the environment
should be irreversible, the most recent scientific knowledge should be used when designing
new processes, and it is a scientistdéds duty to aid in
knowledge [5] . Strictly speaking, green chemistry and sustainabl e chemistry are notth e
same. Green chemistry focuses on ways to make products in a way that is less harmful to
human health and the environment , and it does this  through chan ges to feedstocks,
solvents, synth esis and processing. G reen chemistry principl es are focused more on
syntheses as opposed to industrial processes [5,11] . Sustainable chemistry takes a more
comprehensive approach . It includes green chemistry and engineering concepts but strives
to strike a balance between economic growth and development, promotion of society , and

environmental preservation [12] .

Regardless of which term is used, catalysis is fundamentally important to both green
and sustainable chemistry. Catalysis is directly included in the 12 principles of green
chemistry as the ninth principle, which states that catalytic reagents are superior to
stoichiometric reagents [7,8] . This thought is shared by advocates of sustainable chemistry
and, going along with their more holistic approach, also state that catalysis allows for
intensification  of a reaction. Through reaction intensification, catalysis can allow for the
development of continuous processes with smaller reactors and less severe reaction
conditions . Catalysts will also allow for the maximization of the desired product, reducing
the need for downstream separation. This lowers costs, minimizes the environmental

impact, and reduces waste [5,8,13,14] . Catalysts are absolutely fundamental fro m the



point of view of industry not only for the above reasons , but also just to make some

reactions even feasible at an industrial scale. As a point of reference, more than 90 % of
industrial processes use a catalyst [15] .
The principles of green chemistry and general concepts of sustainable chemistry

have permeated most areas of industrial manufacture. These principles are not necessarily

forced on producers. Producers embrace them, as abiding by these concepts usually results

in a reduction of overall costs as well as providing opportunit ies for improvement of public
relations.
1. 2 Using every last little bit i gasification and pyrolysis

One of the more difficult principles of green chemistry to adhere to is principle seven
which states that feedstocks should come from renewable sourc es rather than depleting
natural resources. Of course , this principle does also state that this should be accomplished
only whenever technically and economically practicable [7,8,11] . Any renewable source
must be highly available if it is ever to have any hope of industrial implementation. Of the
resources available now, biomass is one of the few showing great potential for green
chemistry , and is even considered as a candidate for the replacement of crude oil [16] .
U.S. Department of Energy (DOE) set the goal of deriving 20% of transportation fuel from
biomass by the year 2030 [17] . Biomass is a rather broad term, and includes any organic
matter (specifically cellulosic or lingo -cellulosic) that is available on a recurring basis. This
includes wood and wood residues, plant fiber, aquatic plants, other plants and their
associated resi dues, animal wastes, some industrial waste, and dedicated energy crops
[17,18]

Obviously the use of biomass raises some ethical and environmental issues. The first
generation of biofuels was derived from sugars, grains, or se  eds [19] . This created the
food -versus -fuel debate, considered to be the primary disadvantage of the first generation
biofuels [20] . Issues such as rising food costs and la nd use were raised. Of the grown
crops, only a small fraction of the total plant biomass was used to produce the biofuel ,
which significantly reduced land use efficiency [19,21] . The goal of the second generation
of biofuels was to utilize the residual non -food parts of current crops as well as to expand

the feedstock sourcesto  municipal, industrial, and construction waste  [19,22] . Despite

The

resolving the food -versus -fuel debate, second generation biofuels introduce d challenges not

present with the first generation biofuels. While the feedstock is less costly and highly

available, the cost of processing the materials is significantly higher [19,22,23] . ltis noted



here that research is  also being conducted into  third and fourth generation biofuels. The
third generation uses algae and cyano -bacteria as feedstock , where as the fourth g eneration

attempts to make biohydrogen and bioelectricity by photosynthetic mechanisms [19,22] .

The advantage to second generation biofuels is that they use waste materials that
are already produced and normally just disposed of in a landfill or by some other means.
Unfortunately, there was a reason these feedstocks were normally just tossed aside . they
were difficult to process. Second generation biofuels are usually processed by
thermochemical methods. While thermochemical methods are far more flexible with
feedstock accommodation as opposed to biochemical methods, it comes at the cost of more
extreme operating conditions. Thermochemical methods require extreme temperature s and
pressures and include combustion, gasification, pyrolysis, liquefaction, and hydrothermal
upgrading [19,22,23] . Of these methods, the two primary approaches used today are
gasification and pyrolysis [24] .

Both gasification and pyrolysis involve the thermal destruction of biomass into more
basic molecules. Pyrolysis is conducted in the absence o f oxygen, usually starts at 350 -
550°C butcan go as highas 10 00°C, and has potentially very short reaction times [2571 27] .
Pyrolysis alw ays produces three products: char, bio -0il, and fuel gas. The proportions of
these products can be altered by adjusting the process conditions [26] . Three different sets
of process conditions have been established, and have come to be known as slow pyrolysis,
fast pyrolysis, and flash pyrolys is. Slow pyrolysis occurs at 5 -7°C/min, and usually results
in the production of more char . Fast pyrolysis occurs at 10 -200°C/s and favours the
formation of bio -oil. Flash pyrolysis involves very h igh heating rate (<1000°C/s), only a
few seconds reaction time, and favours the formation o f fuel gas , which is primarily
comprised of CO, CO ,, and CH ,. Many other components may also be present, including H 2
[2571 27] . Conse quently, the reaction schemes for the pyrolysis o f biomass are extremely

complex since there may be over a hundred intermediate products [27].

One of the biggest differences between gasification and pyrolysis is that gasification
is conducted in the  presence of a gasifying agent that promotes partial oxidation. The
gasifying agent used is  commonly oxygen , but may also be air, steam, CO 2, Or a mixture of
all of them. Gasification of biomass results in the formation of a gaseous product called
synthesis gas, which is more concisely  referred to as syngas. Syngas consists largely of H,
and CO, but may also contain some CO 2, No, CH,4, H,0, oth er ashes, tars, and oils [28 T 30] .
Gasification takes place between 500 and 1400°C and at pressures anywhere between

atmospheric and 33 bar [28] . Gasification likely takes places in several stages. Firstly, the



solids are heated and dried, followed by a pyrolysis step. This pyrolysis step occurs

between 150 and 400°C, resulting in char. The pyrolysis step is followed by oxidation or
partial combustion of some gases, steam, and char by the gasification agent. The final step

is reduction or gasification of the char to produce CO, CH s and H , [31] . Interestingly,
although many view  gasification and pyrolysis as competing technologies, they are not

necessarily. The bio -oil from fast pyrolysis can be gasified to produce syngas for further use

in Fischer -Tropsch synthesis or alcohol synthesis [24,26] .
Both gasification and pyrolysis processes can be modified to use a catalyst. Pyrolysis
catalysts are usually zeolites used for the cracking of biomass and bio  -oil [24] . Of all

zeolites, ZSM -5isused most often asit provides a balance between activity, limited
deactivation by coking, and high thermal stability. ZSM -5 also has reasonable selectivity to
<C 1, hydrocarbons [32] . The use of catalysts, zeolites or otherwise, in pyrolysis is mostly

to assist in the change of composition of the products. The purpose of catalyst sin
gasification is to mostly assist in th e clean -up of the tars or methane that is formed. These

catalysts also need to be resistant to deactivation, simple to regenerate, and be inexpensive

[33] . The minerals dol omite and olivine have been used extensively for gasification [34 1
36] , along with alkali salts , which may be added directly , [37] and nickel -based catalysts
[33,38] .

1.3 Syngas to methanol and dimethyl ether

The syngas from either direct gasification of biomass or gasification of bio -oil from
fast pyrolysis must be valorized by upgrading. Ther e a few means by which syngas is
upgraded. Syngas is often converted to methanol , ethanol, and other alcohols [26,39] .

Alcohols, s pecifically ethanol,  possess considerable value as  biofuel s. Even though ethanol
does not possess the same energy equivalence as petroleum fuel, the combustion of ethanol

is cleaner [40] . Methanol is often further upgraded to other products, some of which are

biofuels. Rather than going through a multi -step process, syngas can  also be converted

more directlyto  methane, gasoline, diesel, and kerosene via Fischer -Tropsch synthesis  [26] .
Fischer - Tropsch synthesis is instrumental in the biomass -to-liquids process, utilizing either

Co- or Fe-based catalysts [41] . While on the surface Fischer  -Tropsch syntheses sound ideal

for upgrading of biomass to liquid fuels, there are many challenges. Cataly st performance
remains an issue,  with catalysts being highly vulnerable to impurities and deactivation . This
means that Fischer -Tropsch processes typically involve a large, costly cleaning section for

purification of the synth  esis gas before upgrading itin the presence of the catalyst [42] .



The conversion of syngas to methanol is already a very old technology and has been
imple mented at an industrial scale for some time now . Syngas to methanol (known as

hydrogenation of CO) is performed typically using a Cu -ZnOJ/Al ,0O3 catalyst (though some

variants exist)  which gives over 99% yield and very high production rate [437145]. The
dehydration of methanol to dimethyl ether is also very well understo  od. This is typically
done u s-AlyOg catalyst, or, much more recently, solid -acid catalysts in the form of
zeolites and related materials [46 T 49] .

Dimethyl ether synthesis directly from syngas has received much attention in the

past decade. As faras feedstocks go, methanol is quite expensive and adds substantially to

the cost of ma nufacturing dimethyl ether [50,51] . Removing dependence on methanol as a
feedstock can greatly increase the viability of dimethyl ether synthesis. There are two types
of catalysts for direct dimethyl ether synthesis fr om methanol: hybrid catalysts and

bifunctional catalysts  [51] . Both types of catalysts involve the presence of two different

active sites . These sites allow for the formation of methanol from COand H , and the
immediate dehydration of methanol to dimethyl ether. Hybrid catalysts typically consist of a

physical mixture of the well -known Cu -ZnOJ/Al ,0; catalyst for methanol synthesis and an
acidic zeolite for the dehydration step [52 1 54] . It has been found by researchers that the
mechanical mixture of the two catalysts is not stable, with  methanol synthesis  activity
gradually deteriorating with reaction time . This is thought to be due to the interaction
between Aland Cu [50,55,56] . This catalyst deactivation issue has spurred on resear ch
into bifunctional catalysts [51] . A bifu nctional catalyst is one where, instead of a

mechanical mixture of the two catalysts, the Cu and ZnO are the supported metals and the

solid -acid isused asasupport (t hough s o m&hQd;isstdl uséd) , making one catalyst
with two catalytical ly different active sites. While some investigation has been performed

into metal precursor selection and synthesis technique [57 7 59], there is still a considerable
amount of work to be done before these catalysts are considered for industrial

implementation

Dimethyl ether has become quite a valuable commod ity. From the perspective of
green chemistry, it is a great feedstock as it is non -toxic, non -corrosive, non -carcinogenic,
environmentally friendly and, unlike other homologous ethers, does not form explosive
peroxides [60] . Dimethyl e ther can be used directly as a diesel fuel substitute or for
domestic heating. Like methanol, dimethyl ether is also used as a feedstock for the
production of other valuable olefins, such as ethylene, propylene, methyl acetate,

formaldehyde, and ethanol [51,60] . Dimethyl ether is also normally an intermediate in the



methanol to gasoline process for producing gasoline, diesel fuel, and aromatics, and can be

used directly in place of methanol for producing these highly valuable commodities [61,62]
The process there fore exists, albeit with some complexity, to convert inedible an d waste
biomass to syngas and  highly valuable dimethyl ether, shown in Figure 1 A,

Biomass Pyrolysis

Bio - Oil
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Figure 1 .1. Processes for conversion of inedible biomass to valorized products.
1.4 Current methods for producing acetic acid

Acetic acid is used primaril  y in the production of polymers but is also used in foods,
pharmaceuticals, detergents , and other organic synthes  es. Total world production  of acetic
acid currently exceeds 12 x 10 °® t/a [63,64] . Of all the processes for synthesizing acetic
acid, methanol carbonylation is the dominant technology and accounts for over 65% of

global capacity [65] . Thetwo leading processes in methanol carbonylation at present are



the Monsanto and BP Cativa ™ processes [63] . Monsanto commercialized their process in

1970, uti lizing a rhodium -based homogeneous catalyst which required an iodide promoter.

The process operated at  a temperature of 150 -200°C and pressure of 30 -60 atm. These
conditions were much milder as compared to the previously widely used BASF process and

gave a selectivity of 99% to acetic acid based on methanol consumption [66,67] . However,
the process did not come without some disadvantages. The rhodium catalyst was unstable

when in CO -deficient areas of the  process and could form inactive and insoluble Rhl 3, Which
had to be removed from the process. Conditions in the reactor had to be maintained within
certain narrow limits to prevent  catalyst precipitation. L imits were placed on water, methyl
acetate, met hyl iodide, and rhodium concentrations [68,69] . After acquiring the licensing
rights to the Monsanto process in 1986, BP Chemicals Ltd. further developed the process

and in 1996 announced their new BP Cativa ™ process . This new process was based on the
use of aniridium homogeneous catalyst with iodide promoter [69] . Researchers at
Monsanto had known iridium was an alternat ive to rhodium for the catalyst , but chose to
develop the rhodium  -based catalyst as it gave higher activity under the conditions used

[70] . The advantage to using iridium was that it had much higher stability as compared to

the rhodium -based catalyst , allowing for a much broader range of process conditions

without having to worry abou t the precipitation of Irl 3 [67,69,70] . Atthe time, iridium was
also much cheaper than rhodium. Due to the stability of the iridium catalyst, much less

water was required in the process , which translated into reduced stress on the distillation
columns and decreased  separation and purification costs [68,69] . The temperature and
pressure of the reaction was not changed significantly with the development of the iridium

catalyst. Detailed mechanistic studies were conducted with both the iridium and rhodium -
based cataly sts and the main reaction mechanism was theorized to be the samef or both
cases, shownin scheme 1.1 forthe Ir -based catalyst [69,71] . As shown in the mechanism,
the methanol reacts with hydrogen iodide to form me thyl iodide , which interacts with the Ir -

based catalyst.
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Both the Monsanto and BP Cativa ™ processes share several disadvanta ges.
Hydrogen iodide is very corrosive in the presence of moisture and requires special materials
of construction so as to prevent excessive corrosion. Rhodium and iridium are also
expensive metals. In the past three months, the average prices of rhodium and iridium
were $709.05 and $520.00 per ounce respectively  [72] . The use of a homogeneous
catalyst also brings with it several disadvantages. While homogeneous ¢  atalysts do provide
an increased area of contact and more intimate mixing as opposed to heterogeneous
catalysts, homogeneous catalysts (especially those synthesized from expensive precious
metals) need to be separate  d from the rest of the solution , and thi s may require expensive
distillation columns as in the case of the Monsanto and BP Cativa ™ processes [69,73] .
Distillation columns introduce additional capital and operational expenditures and may not
provide for complete reclamation of the catalysts. The separation process may also harm
the catalyst, as was the case of the Monsanto process where excess removal of water
resulted in the formation of Rhl 3. From an industrial perspective, it is much simpler to
separate a solid catalyst from gaseous or liquid reac tants and products, whether it is by

filtration or by keeping the catalyst in a packed bed or floating bed reactor.

The Monsanto and BP Cativa ™ processes are both in violation of some of the

principles of green chemistry. Specifically, the synthesis of acetic acid by both the

processes is quite hazardous due to th e use of a halide co -catalyst , which vi olates the third
! Reprinted from Catalysis Today, Vol. 58 Issue 4, G.J. Sunley, D.J. Watson, High productivity methanol
carbonylation catalysis using iridium: The Cativa ™ process for the manufacture of acetic acid, 293 -307, 2000, with

permission from Elsevier.



principle. The use of a homogeneous catalyst inevitably creates additional energy
requirements due to the operation of distillation columns and separation vessels, violating
the sixth principle. The halide co - catalyst also brings with it various safety concerns,

violating the twelfth principle.
1.5 Methanol carbonylation on heterogeneous catalysts

Though sporadic, there have been groups that have attempted to perform vapor -
phase methanol carbonylation over a hete rogeneous catalyst , with most of the research
resulting in the same issues. In the case of using a rhodium -based heterogeneous catalyst,
dependent on the support used, metal leaching led to rapid catalyst deactivation. Even if a
support more capable of affixing rhodium in place was used, it was found that to obtain
reasonable rates, methyl iodide still had to be used [74] . Without methyl iodide, it was
found that hardly a  ny acetic acid was produced. W ith increasing partial pressure of methyl
iodide , acetic acid slowly became the most selectively p roduced product [75] . The
selectivity towards acetic acid was not very high in this scenario, with more dimethyl ether
and methyl acetate produced. Nickel catalysts were als o used with activated carbon as a
support. Many of these studies still used methyl iodide as a catalyst promoter ,and
selectivity towards acetic acid was again poor , with the most produced product being methyl
acetate [76,77] . The nickel catalyst swere alsofoundto rapidly deactivate, likelyduet o
strongly adsorbed species, sintering of nickel , or potentially  even nickel leaching  [77,78]
The formation of methyl acetate also implies that water is als o produced, which is known to
promote the sintering of metal nanoparticles and subsequently leadto faster catalyst
deactivation [79,80] . Metal ion -exchanged heteropoly acids have also been used for
vapour -phase carbonylation of methanol, giving mostly dimethyl ether with some methyl

acetate as products  [81] .

The research into methanol carbonylation over heterogeneous Rh or Ni catalysts (or
variants thereof) has shown that, regardless of support, methyl iodide is hecessary for both
increased activity and inc ~ reased selectivity towards acetic acid. Otherwise, mostly dimethyl
ether or methyl acetate is produced. In abiding by the principles of green chemistry, the
use of methyl iodide is discouraged. However, the studies have shown the importance of
having an activated methyl group present for the reaction to occur. Fujimoto et al. [82]
performed methanol carbonylation over solid -acids Y, mordenite, and ZSM  -5. While again
finding that dimethyl ether was the most produced product (due to acid catalyzed
dehydration of methanol), some methyl acetate and ace tic acid were produced. However,

Fuji mot o [&] results.séemed to confirm earlier results from Ono et al. [83] that
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active methyl groups would form at acid sites on zeolites  without an iodide promoter
Water formation was also observed with metha nol carbonylation over zeolites and was
hypothesized to be a probable reason for the low activity of the zeolites . Zeolites with a
high Al con tent are inherent |y hydrophilic and have high capacity for water adsorption.
Adsorbed wa ter can block acid sites and cover the surface of the zeolite, preventing reaction
[84] .

Fujimoto et al.  [82] hypothesized that, to re solve the issue of adsorbed water,
dimethyl ether should be used as a reactant , instead of methanol , for carbonylation using

zeolite catalysts
1.6 Carbonylation of dimethyl ether

As shown in E quation 1 .1, the carbonylation of dimethyl ether produces methyl
acetate. Methyl acetate can be converte d to acetic acid and methanol via hydrolysis and is
known to occur over acidic catalysts, specifically Amb erlyst, and most research these days is
focused on the determination of kinetics and equilibrium as well as developing technologies

for the efficient separation of the products [857188].

’,fjwo—»y,z«‘*‘i

CH;OCH; + CO A CH3;COOCH; (1.1)

Thereactionismil dly exot her mi c-1t64tkhmoly H,A SOAf -@40.4J mol *
K' and §-@¥% kbniol ! (evaluated at 25°C). This indicates that the reaction should
be spontaneous and equilibrium highly favours the products, and for all intents and
purposes the reaction can be considered irreversible at the temperatures of interest in this
study. In an ideal scenario, there s hould be no water produced during this reaction and no
other products formed , minimizing the need for regeneration of a zeolite catalyst and

purification of the products

The carbonylation of dimethyl ether to methyl acetate, despite the thermodynamics,

does not o ccur without a catalyst present, indicating high activation energy.
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1. 7 Objectives of the current study

There has been a considerable amount of research in the past decade regarding
dimethyl ether carbonylation. Approximately 10 years ago, t he zeolite mordenite was
shown to have both high activity and very high peak selectivity (>99%) towards the desired
methyl acetate product [89] . Aside from the high peak activity and selectivity, the
mordenite catalyst does not require an iodide co -catalyst for promotio  n. Therefo re, the use
of mordenite removes the need for expensive distillation as a means to separating the
catalyst from the products . Italso removes the need for special materials of construction
for the process that were required in the past to deal with the iodide co-catalyst . With high
selectivity, it also means the need for separation and purificat ion of the product is
minimized. This again provides economic benefit over current technologies for producing
methyl acetate and  its subsequent conversionto ac  etic acid. These improvements over the
Monsanto and BP Cativa ™ processes make it quite an attractive idea from an economic
perspective, never mind that the developed process would be in line with all 12 of the
principles of green chemistry. Despite the many advantages to using mordenite as a means
of producing methyl acetate, the disadvantage isthatitisu nstable. Within the first 10
hours of reaction , dependent on the conditions used, the mordenite catalyst already shows
signs of deactivation  [90 7 92] . The mordenite would have to be regenerated after
deactivation, which adds to the cost and complexity of the process and makes industrial

implementation  unattractive . T here has been a considerable amount of research by various

groups around the world attempting to find a solut ion to the deactivation issue , but a simple
solution that is easily sca  lable to an industrial level while being cost - effective  rem ains
elusive . |tis the objective of the current study to find a simple and effective me ans

for stabilizing mordenite for the carbonylation of dimethyl ether to methyl acetate

and make its use industrially a more att ractive venture

Two methods were  employed in  to accomplish this objective . Thefirstwa sto
attempt to use partial bimetallic liquid -based or solid -state ion-exchange as a means to
increasing the activ ity of the mordenite and reducing the probability of side reactions which
may lead to ¢ atalyst poisoning . The second method was to remove some of the Al pre sent
in the zeolite via an acid leaching procedure. While potentially decreasing the activity of the
catalyst, it may also reduce th e likelihood of side reactions that lead to deactivat ion, as well
as introduce additional pathways for reactants to get to active sites. The increase in
accessibility of active sites also means the formed products can leave the mordenite crystal

more easily, preventing successive reactions of the products
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Chapter 2

State of the Art

A great many people think they are thinking when they are merely

rearranging their prejudices.
-- William James

2.1 Zeolites and Zeotypes

2.1 .1 What are zeolites?

Zeolites are naturally occurring crystalline materials that have been known for nearly
250 years as aluminosilicate minerals. The natural form s are not commonly used as they
usually contain undesired impurity phases, the chemical composition svary too widely, and
they are not optimized for use as adsorbents or cat alysts [93] . For this reason, aside from
the over 50 natural zeolite forms, there are over 140 synthesized zeolites , making for a
total of 176 unique zeolite frameworks (as of February 2007) [94,95] . One ofthe first
application s of a synthe sized zeolite was in 1962 when zeolites X and Y (of the faujasite
framework) were used in fluid catalytic cracking of heavy petroleum distillates [93] . The
framework and por e diameter are shown in Figure 2.1 for these two very important zeolites.
Zeolites X and Y were orders of magnitude more catalytically active than the previously
used amo rphous silica -alumina catalysts. They also brought about substantial

improvements in the process design and increased the overall vyield of gasoline [96] .
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Figure 2.1. The a) framework, and b) 12 -MR pore size (dimensions shown in A) viewed

along the (111) of Zeolite X and Y, one of the first zeolites to be used industrially

Zeolites are composed of Si and Al tetrahedra connected by O atoms to adjacent
tetrahedra to form a structurally distinct , three -dimensional microporous framework , with
channels and interconnected cavities that have dimensions ranging from 2 i 12 A. This
results in net formulae for the tetrahedra of SiO > and AlO ,” [93 1 95] . During the synthesis of
a zeolite, i ndividual tetrahedra combine to form diff el
There are currently 23 [9%]ni gquTeh eSsBeU 6B kdnso weno mbi ne t o f or nm
12,14,18,0r20 -memberedring (MR)  cages or cavities which further connect with other
SBUbds to form the unit cell of the zeolingtugitofa The wunit
zeolite that defines the structure. Unit cells assemble into the crystalline lattice, which
grows into recognizable crystals [94] . A purely siliceous zeolite (otherwise known as silica)
possesses no charge and is unsuitable for applications such as ion -exchange, though may
still find some use as an adsorben t. The introduction of Al into the siliceous zeolite makes
the framework negatively charged, and extraframework cations (either inorganic or organic)
are required to balance the charge and keep the overall framework neutral [97] . The
composition of the zeolite can therefore be described by the chemical structure shown in
2.1 below (from Payra and Dutta [97] ):

0 2 Y'Q 0 o0 2 €00
extraframework cations framework sorbed phase
2.1
2 Atlas of Zeolite Framework Types by Baerlocher, CH.; McCusker, L .B.; Olson, D.H.; Sixth Revised Edition, 2007;
with permission of Elsevier in the format Thesis/Dissertation via Copyright Clearance Center, Inc.
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The extraframework cations can be removed and replaced with other cations. This is

referred to as ion -exchange , and can result in the formation of Br gnsted acid sites. This  will
be discussed in further detail in a later section
The quantity of Al in the framework can vary significant ly, between Si/ Al of
The lower Si/Al limit of 1 is due to L Owe n st ei n avkichstatds e that tetrahedral Al bound
together thr ough an O atom (Al T O Al)are extremely unlikely in a zeolite framework due
to the electrostatic repulsion between t he negative charges . If two Al ions did share the

same O anion, one of those Al must have a coordination number larger than 4 (5 or 6)

towards oxygen [98,99] . Abinitio calculations have shown that the Al T O71 Alframework
bond is less stable as compared to Al I O Si, partly due to the Al I O71 Albondangle
being 180° , which is not easily accommodated in the zeolite framework [100] . There is also

Dempseybds rule, which st ah&i/al>1, thaftamdwork Al brswilltiyt es wi t

to maximize the distance between themselves due to electrostatic repulsion [101] .
Therefore, Al T O7T SiT O71 Allinkages should be minimized. Dempseyb6s rule is not
considered universally applicable, as there is evidence that such a linkage does provide for a

minimization of energy in the framework  [99] . In addition to these rule s, Takaishi et al.

[102] theorizedthata5 -MR could not contain more than two Al atoms, and in applying this

rule they were able to accurately predict the correct v alues for the maximum Al amounts in
ferrierite and mordenite. This rule may only be applicable to highly siliceous zeolit es and
may not be universally applicable. It may also be considered to be just another iteration of

Lowe n st e i n 6Thoughuhe di . scussion about the exact locations of Al in zeolite

frameworks is ongoing and many new frameworks have been synthesized ,Lobwensteinds rul

is still held to be true.

Based on Al content, zeolites can be divided into different classifications. Low silica

zeolites generally have Si/Al ratios of 1 -1.5. Intermediate Si/Al zeolites are classified as
having Si/Al ratios of  ~27 5. High Si/Al zeolites have Si/Al ratios of ~10-100 [103] . Early as -
synthesized zeolites rarely had high Si/Al ratios. Out of the desire to have a zeolite with

both a wider pore opening (to serve as a better cracking catalyst in the petroleum industry)

and a higher Si/Al ratio, ZSM -5 (and, subsequentl vy, the ZSM line of zeolites , sometimes
referred to as templated aluminosilicates ) was developed [104] . Zeolites witha  higher Si/Al
ratio also have increased thermal, hydrothermal, and acid ic stabili ty. To synthesize these

materials successfully , an organic cation , usually an alkylammonium cation or other organic
complex, was added to the synthesis mixture. It was found that the incorporation of an

organic cation in to the synthesis gel led to a more open crystal structure and ¢ ould also
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enhance the siliceous nature of the zeolites [105] . The template molecule could be later

burnt out by calcination at high temperatures ( ~500°C ), leaving an open framework.

Aluminum is not the only element that can be integrated into a framework with Si.

The general rule would be that the metal needs to be stable in a tetrahedral orientation. In

early literature, it was accepted that only Ga, P, and Ge ions could be potenti ally
incorporated into a zeolite framework [106] . Itw as later theorized that the metal cations
that could be included in a zeolite framework were Al ¥ Mn*, Ge*, VvV, Cr®, si*, po,

Se® , and Be #. This list was made based on Pauling criteria and was  only considered to be

an estimate since other metals, suchas B 3", had been previously  included in a tetrahedral

oxygen environment. However, these other metals may have greater instability in that

coordination compared to those included in the list [107] . The term Azeolited is oft
restricted to  describing conventional alu minosilicates . O thers may be referred to as

flzeotypeso, acknowl edging that they have 4gl08epeating f

Before proceeding, it is worthwhile to mention the definition of micropores,

meso pores, and macropores. As referred to in this work, these terms will follow the

definition outlined by  the International Union of Pure and Applied Chemistry [109] , which is:
micropores: 20A Od,
mesopores: 20A<d , O500A
macropores: d, >500 A

2.1 .2 AIPOs and SAPOs

In 1982, Wilson et al. [110] introduced the first family of molecular sieves that were
synthesized without silica. Aluminophosphates (AIPOs) consisted entirely of Al and P
tetrahedra connected by neighbouring O atoms. As was wi th zeolites, the aluminum centre S
carry a negative char  ge (AlO ,), but the phosphorous centre s carry a positive charge (PO ,").

In AIPOs, the Al and P tetrahedral centre s strictly alternate, meaning that the Al/P ratio is

always 1. This results in an overall neutral framework charge [111] . The chemical equation
representing th eir compo sition is given below (from Flanigen et al. [1112] ):
Q'Y o) 6 DO 2 (o))
template framework sorbed phase
2.2
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In the above chemical formula , R represents a template molecule that is used during
synthesis ( usually an amine  or quaternary ammonium template) while x and y represent the
amounts of each required to fill the microporous voids of the AIPO. The template molecule

is used as a structur  e-directing agent (SDA) and is required for successful synthesis of

AIPOs. The template and adsorbed water can be removed with calcination at high

temperature. While having high thermal and hydrothermal stability comparable with the

more stable zeolites,  AIPOs have no framew ork charge, noion -exchange capacity , and only

weakly acidic catalytic properties [111] .

To add more functionality to the AIPOs, silicon was added to form a
silicoaluminophosphate (SAPO) , which was first reported on in 1984 [112] . The molar
fraction of silicon in these materials varied between 0.04 and 0.20, dependent on the
conditions of synthesis and the structure type [111] . It was determined that the silicon was
introduced into the structure by two primary mechanism s. The first mechanism is
replacement of a phosphorous atom with a silicon atom. The second is where two silicon
atoms would s imultaneously substitute for an aluminum and phosphorous atom. In the first
mechanism, this would result in a negative framework charge, while the second mechanism
would again result in a neutral framework. The first mechanism was found to be the
predominant method of substitution [111] . SAPOs share many of the sam e properties as
AIPOs, havin g similar pore sizes, adsorptive properties, and thermal and hydrothermal
stability. With the introduction of a negative framework charge, which requires a cation to
compensate for it, ion  -exchange capability is added and the p otential for Br gnsted aci d
sites. Among the 13 different three -dimensional framework structu res introduced in 1984
for SAPO s, some were completely new, such as SAPO -41 which has an AFR fr amework and
is shown in Figure 2.2 . SAPO -34 was also introduced at the time, which was structurally

similar to chabazite and today is a popular methanol -to-olefins catalyst [112,113]
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Figure 2.2 . The a) framework, b) 8 -MR (viewed along (010) ) and ¢) 12-MR (viewed along
(010) ) of SAPO -41 with the AFR type ~ framework (dimensions shownin A ).3

Silico n was not the only metal which c ould be substituted into the AIPO framework.
AIPOs appear to be much more accepting of other metals into their framework, as in the
original report it was shown that Li, Be, B, Mg, Ga, Ge, As, Ti, Mn, Fe, Co, and Zn could all
be integrated into the framew ork [111] . Thelis twas later expanded to include V, Cr, Ni,
and Cu [114] . AIPO s with metals aside from silicon in their framework were called metal
aluminophosphates (MeAPOs). The molar fraction of metal in these MeAPOs varied between
0.01 and 0.25.

Some of the frameworks of A IPOs and SAPOs were identical to that of zeolites while
several new frameworks were introduced with them. The number of different compositi on
for these materials is incredibly large , due simply to the number of different metals that
could be included in  the framework. This also meant that there were many new

opportunities for catalysis with these materials.
2.1 .3 Other zeotypes

In 1983, the successful isomorphous substitution of Ti * for Si ** in a zeolite
framework was shown by Enichem in Italy. The material was labelled as TS -1

(titanosiliciate -1) and had an MFIl topology  [115 7 117] . Asthe Ti was tetrahedrally oriented

S

in the framework and carried a +4 charge, its incorporation into t he zeolitic framework
introduced no neg ative charges , and as such titanosilicates had limited to no  applicability as
3 Atlas of Zeolite Framework Types by Baerlocher, CH.; McCusker, L.B.; Olson, D.H.; Sixth Revised Edition, 200 7;
with permission of Elsevier in the format Thesis/Dissertation via Copyright Clearance Center, Inc.
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Brgnsted acid catalysts. However, Ti can act as a Lewis acid and, when combined with the
hydrophobic nature of sili  cates, makes these materials very useful for oxidation reactio ns of
hydrocarbons that use hydroge n peroxide as an oxidizing agent [115,116] . While being
quite revol utionary, TS -1 had a significant limitation: it had relatively small diameter pores
at ~5.5 A. This meant that larger organic molecules suffered from severe steric restrictions
and TS -1 could not be used in processes that involved bulkier molecules [118] . For this
reason, Ti was introduced into the framework of zeolite Beta, which has a larger 12 -MR with
7.7 A diameter  [95,119] . The synthesized molecular sieve also had Al present, making it a
titanoaluminosilicate polymorph of zeolite Beta. The Al had a negative effect on epoxidation
reaction rates and a synthesis proce dure was later developed for aluminum -free Ti -Beta
[118 ]. Research continues in titanosilicates and, as these materials have weak to no

Brognsted acidity, they will not be discussed in further detail here. Interested readers are

directed to the review paper by Moliner and Corma [118] .

The demand for larger pore size, ion -exchange capability, and dif ferent coordinati on
environments of the Ti centre s led to the discovery of ETS  -10and ETS -4in 1989 i 1991
[120,121] . Inthese materials, Ti ** is octahedrally oriented, meaning that the framework
consists of negatively charged TiO ;> and neutral tetrahedrally oriented SiO >. The ETS
framework sthus have a substantial negative charge which must be balanced with
extraframework cations [122] . ETS-4is structurall y related to the mineral zorite and, while
possessing larger openings in its structure, structural disorder  means that access is only
through narrow 8 -MRs. Besides beingar elatively disordered structure, ETS -4 does not
possess high thermal stability due to water thatis containedinthe framework structure of
the channel system. Upon heating to temperatures of 200°C, this water is removed at
which point the structure collap ses. With properion -exchange (Sr, for example), this
temperature may be increased to 300°C [123 1 125] . Due to the water loss upon heating,
the pore size could be systematically decr e @hssed
had many implications for the selective adsorption of smaller molecules over larger
molecules [124] . ETS-10 has a three -dimens ional 12-MR large pore system (the large
micropores have dimensions  ~14.3 A x 7.6 A) and is considerably more stable than ETS -4,
maintaining its crystallinity even after calcination at 550°C [122,126] . Though ETS -10 has
been investigated for use as a cracking catalyst, the acidity of ETS-10 is known to be
modest , and it exhibits only low acidic catalytic activity [127] . ETS-10 has been shown to
make an excell ent base catalyst for reforming chemistry [128,129] . Aluminum may be

added to the ETS -10 framework to introduce additional acidity.
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One of the limiting factors of the materials presented thus far is that they are
microporous. This  limits the accessibilit y of catalytically active sites and, in some cases,
may introduce additio  nal mass transfer limitations. This spurred the development o f
ordered mesoporous silicate and aluminosilicate molecular sieves. The first member of this
family, commonly called M41S materials, was MCM -41, successfully synthesized by Beck in
1991 [130,131] andshown in Figure 2.3. In order to develop a silicat e with ordered

mesoporous structure, a surfactant was used. The choice of the surfactant led to different

pore sizes, and as such MCM  -41 could be tailored to have pore openings between 16 A and,
potentially, greater than 100 A [132] . The surfactant could be removed from the as -
synthesized product via calcination. The original MCM -41 possessed a hexagonal array, and

shortly after the initial d iscovery , MCM-48 and MCM -50 were synthesized with a cubic and
laminar array  respectively . While t he purely siliceous materials may be used as adsorbent s
and catalyst support s, they donot contain Al or any other metals , and therefore have

limited acidity. MCM  -41 containing Al has been synthesized and used as a cracking catalyst

with some success [133,134] . The Al -MCM-41 has some advantages over US -Y but h as
been foundto hav e comparatively very| ow activity . Thisis due to the larger number of
Brgnsted acid sites on US  -Y and their much higher acid strength . To attempt to enhance

th e catalytic activity of the M41s materials, the isomorphous substitution of Ti, Zr, V, Fe,

Co, B, Sn, and Pt has bee n conducted , with some promising results from Ti -MCM-41 for
oxidation reactions. Incorporation of the other metals did not meet expectations [134] . For
further information regarding these materials, the reader is referred to the reviews by Ciesla

and Schith (1999) and Corma (1997) [133,134]

Hexagonal

array
Surfactant

micelle

Micellar rod

Calcination

=

MCM-41

Silicate
e @

Figure 2.3 . Mesoporous siliceous MCM  -41 with hexagonal array synthesized from silica and

a surf actant species .*

4 Reprinted from Applied Surface Science, Vol. 282, F. Raji, M. Pakizeh, Study of Hg(ll) species removal from
aqueous solution using hybrid ZnCl 2-MCM-41 a dsorbent, 415 -424, Copyright 2013, with permission from Elsevier.
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The past few sections were intended only to give a very brief overview of zeolites
and should in no way be considered a comprehensive review of these ma terials. The
intention of the author is that enough information is provided so that, if the reader
encounters these materials in a paper, this background provides sufficient understanding
about what that material is and its potential advantages and disadv antages in a very
general sense. There are several thousands of publications available on these materials,
and the reader is encouraged to find the referenced papers and books if further information

is needed.
2.2 Zeolite acidity and use in catalysis
2.2 .1 The nature of zeolite acid sites

Zeolites (and some zeotypes) are known for their Br gnsted acidity  (proton donor)
In many scenarios , they may also possess limited Lewis acidity (electron pair acceptor)
[108] . As stated earlier, Br  gnsted acid sites are generated in a zeolite with the
isomorphous substitution of Al 3 . This introduces negative framework charge which requires
a compensating extraframework cation. During zeolite synthesis, the extraframework
cation is typically Na ¥ [135] . It is very important to note that the extraframework cati on
does not bind to the Al atom itself. Rather, it binds to a bridging oxygen between the Si

and Al [136] . These are also the points where ion -exchange occurs. From the synthesized

material, the Na ¥ (or other compensating cation) may be ion -exchanged with NH ,*. After
heating the zeolite, the ammonia desorbs, leaving the H* bound to the brid ging O atom as
shownin 2.3 a below. These are known as bridging hydroxyl groups , and in chemical

notation are referredtoas SiOHAI [137] . These types of acid sites are not exclusive to
conventional zeolites and may also be presentin SAPOs and Al -substi tuted M41S materials
(in similar fashion to 2.3a ). They may also be present when different tetrahedral ly
coordinated metals aside from Al (as presented in earlier sections) are substituted into the

zeolite framework  [136] . However, it has to be remembered that the strength of the

Brgnsted acid site is dependent upon the local configuration, and substitution of Al with a

different metal will have a significant influence on t he acid strength and any associat ed
catalytic activity  [138] . Not only the composition, but the Si -O-T (where T is a tetrahedral
oriented metal)  angle will have an influence on the partial charge and a cid strength of the

hydroxyl group  [136,137,139] . For mordenite, the Si  -O-T angle may vary from 143° to
180° [140] . Itis quite impo rtant, especially from a cataly tic perspective, to realize that not

all Brgnsted acid site s on a particular zeolite have  equal strength  (acid site heterogeneity)



H
I
NN N AN S /N /N s
Si Al Si Si Si Si* Al Si
/' N/ N/ N/ \ /' N/ N/ N/ \
Brgnsted acid site Lewis acid site
2.3a 2.3b

In addition to the immediate environment surrounding the framework Al atom, it has
also been theorized that the distribution of framework Al may be the primary factor in
determination of the Br  gnsted acid site strength [141] . Dueto Léwenst eruleyd s
framework Al will be co  nnected to four  Si atoms via bridging O atoms. These four Si atoms
are the nearest neigh  bours. The Al or Si atoms connected to the nearest neighbours are
called the next nearest neighbours (NNNs). It is theorized that the acid strength of SIOHAI
groups in conventional zeolites is dependent on the number of framework Al atoms at these
NNN po sitions. Based on electronegativity (Si has electronegativity of 1.9, Al has 1.61), it is

assumed that the lower the number of Al atoms at these NNN positions, the higher the acid

strength is of the site in question [136,1 42,143] . While this theory has considerable

evidence, others have observed that , past the point where there is no Al in the NNN

positions, the turnover numbers do not stay constant as would be expected [144] . Catalytic
activity is therefore concluded to not just be a function of the aci  dity of the zeolite  used.

The hydrophilic or hydrophobic nature of zeolites mentioned earlier can also be suitably
explained by the electrostatic differences between Si and Al. With purely siliceous

frameworks, the electrons are balanced between the oxyg en atoms and silicon atoms with

el ectronegativityds of 3.44 and 1.9 respectively.

oxygen atoms are not excessively polarized, meaning the polar water molecule is not

attracted to the zeolite. However, with the introduction of Al , which has a comparatively
low electronegativity of 1.61, the electrons are drawn much more strongly to the oxygen

atoms . The zeolite framework thus becom es increasingly polarized with increasing Al
content . The polar water molecules are then drawn to the framework by van der Waals

forces.

Sila nol groups, as shown in 2.4 a, terminate the zeolite crystal at the external
surface and are also present at framework defects. These have a low acid strength.
Defects in the structure can be introduced by a variety of means, but usually occur from

calcination, steaming, or treatment with strong acids. At the higher temperatures of
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calcination, protons are quite mobile and can be lost as water molecules. This typ ically
results in the formation of Lew is acid sites, shownin 2.3 b [137] . Steaming or acid
treatment result s in dealumination , which can lead to the creation of a few other types of

sites [136] . In some occasions,t he framework may actually heal itself by migration of

silicon. In the cases where the framework does not heal its elf, silanol groups (2.4 a) or
hydroxyl groups at ext  raframework Al species ( 2.4 b) may be created [145] . Lewis acid

sites are also likely to form ou t of dealumination treatments.

N2 Vs NP
/Si /Si\ /Si /AI\
2.4a 2.4b
As a final note, there might be some interaction between Lewis acid sites and

Brgnste d acid sites on  zeolites in certain scenarios. This may resul tin the formation of what
are referredto as superacidic Brgnsted sites [146] . Inthe case of a mildly steamed ZSM -5,
it was found that it had significantly improved catalytic activity for the cracking of n -hexane
[147] . It was reasoned that framewo rk Al could be partially hydrolyzed during the steaming

treatment. These partia  Ily hydrolyzed Al might serve as strong electron -withdrawing

centre s for nearby SIOHAI g roups, and consequently create very strong Br gnsted acid site s.
2.2.2 The zeolitic catalytic cycle

Zeolites and zeotypes can be used in catalysis  as either a support material  for other
catalytically active materials or directly for their Br  gnsted or Lewis acidit y. In the context of

this thesis, only the direct use of a zeolite for a reaction will be discussed.

Catalysis proceeds through several elementary reaction steps. Very generally,
reactants must diffuse to the catalyst surface, chemisorb on a catalytically active site, react,
desorb from the active site , and finally diffuse aw  ay from the catalyst surface. The catalytic
cycle over a zeolite is not significantly different from this, though there are a few addition al
steps as shown in Figure 2. 4. The reactants must first travel  to the zeolite surface  at which
point they adsorb w ith in the zeolite mouth and occupy a micropore. These adsorbed
reactant s must diffuse through the channels and pockets that make up the micropore
volume and travel to a catalytically active site (whether itis a B rgnsted or Lewis acid site).
Here it can chemisorb to the site and react. This step can be very complex, dependent

upon the reaction that is occurring. Regardless, once the reaction is complete the new
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product desorbs from the active site, diffuses away and occupies the micropore again. The

product must then travel to the external surface of the zeolite crystal and desorb [94,135]
desorption empty pore a{!sa!'ptiun
from the within the
zeolite mouth zeolite mouth
Zeolite
occupied Catalytic occupied
mCropore Cycle micropore
diffusion diffusion
within the within the
micropores micropores
pecupied reaction
center
reaction
Figure 2.4 . The catalytic cycle of a zeolite -catalyzed reaction .°

From the catalytic cycle, it can be seen that diffusion is a large aspect of practical

zeolite catalysis, and can be a control ling factor in  both the selectivity and activity for many

reactions. If the zeolite micropore channels and cavities are substanti ally larger than the
molecular dimensions of the reactants, diffusion will typically be of the Knudsen type [94] .
However, especially with zeolites, this is not typically the case as the pore dimensions may

be very similar to the dimensions of the molecule. In this case, configurational diffusion will

be the primary means by which the reactants reach the active sites , though the size of the
molecule has to be very near to the pore di ameter for this type of diffusion to come into

effect [148] . Configurational diffusion may also be referred to as intracrystalline diffusion or
micropore diffusion  [149 1 151] . There may also be  single -file diffusion, which is a special

case of configurational diffusion in a zeolite where the channels are one -dimensional. This
type of diffusion occurs when molecules cannot pass one another in the channel due to the

size-constraints [94] . Figure 2.5 shows the generally accepted transitions between

5 Handbook of Zeolite Science and Technology by Auerbach, Scott M.; Carrado, Kathleen A.; Dutta, Prabir, K; CRC
Press, 2013. Reproduced with permission of Taylor and Francis in the format T hesis/Dissertation via Copyright
Clearance Center.
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molecular diffusion, Knudsen diffusion, and configurational diffusion as a function of pore
diameter. It is shown that, below 10 A, configurational diffusion dominates. This is the

case for most zeolites.

Diffusion: 373K, 1 bar

D, m2.s~!
1074 -
Molecular
108 Knudsen E., kJ-mol™
100
10—12 -
Intracrystalline 501
10716 |-
1 | ] 0 BN R R R

1000 100 10 1 0.1 1000 100 10 1 0.1
Pore diameter, nm

Figure 2.5 . Decrease in diffusivity and incr ease in diffusional activation energy associated
with the t ransition from molecular to Knudsen to intracrystalline (or configurational)
diffusion as a func tion of pore diameter ~ .°
This thesis is not intended as an in -depth review of the diffusion processe sin
zeolites. This very brief introduction was meant to simply introduce the various modes of

diffusion in zeolites. When studying reaction kinetics, especially with zeolites, the

researcher has to ensure that it is actually the reaction kinetics being studied and not  the
diffusion kinetics. It is important to realize that both are important for zeolite catalysis and
need to be considered . For further information, the reader is directed to the referred

textbooks and publications.
2.2 .3 Shape selectivity of zeolites in catalysis

While the pore structure of the zeolite may impose diffusional constraints with
regards to the reactants and products, these con  straints may be an advantage. This

invariably involves principles of configurational diff usion. While the pore and channel size

® Reprinted from Al ntroduction to Zeol il.e |Mojl lean Bekkaim, A orma; le Sobith( Eds.),
Vol. 168 of Studies in Surface Science and Catalysis, D.M. Ruthven, Chapter 21 Diffusion  in Zeolite Molecular
Sieves , pp. 737 -786, 2007, with permission from Elsevier.
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(and dimensions ) will impede the effective diffusion of reactants and products, they will also
restrict what reactants can get into the zeolite , have access to active sites , and what
products can leave the zeolite. This is commonly known as shape selectivity, and is an

attribute that is quite attractive in zeolites , especially in adsorptive separations [152] .

There are many shape -selective effects known today, the three main categories o f
which are displayed in Figure 2. 6. All ofthe known effects today can usually be classified as

one of the three categories.

i Reactant shape selectivity : This occurs when there are two reactants in the feed with

different molecular dimensions. If there is a bulkier reactant, meaning that it has
more b ranches or is perhaps a larger cyclic molecule, its diffusion into the pores will
be hindered as compared to the smaller, less bulky molecules. The less bulky
molecules, due to reduced diffusion constraints, will react preferentially. It may be
the case where the bulkier molecule is completely excluded [93] ;

il Product selectivity : Thisis again a selectivity rooted in diffusion constraints. This
type of selectivity occurs when a product is formed within the pores of the zeolite
that is simply too bulky to diffuse out and be observed as products. Two situations
may occur in this scenario. The bulk y product may continue to react and eventually
leave the zeolite as smaller products. The other situation may be that it does not
react or, when it does, it simply gets even more bulky, eventually blocking the pores
and leading to deactivation of the catalyst [153] ; and

iii. Restricted transition  -state selectivity : This type of selectivity is not grounded in
diffusion constraints, but rather in the spatial configuration around the reaction. It
occurs when the formation of transition states and/or reaction intermediates are
sterically limited due to the shape and size of the rigid microporous framework of the

pore/channel of the zeolit  e. Therefore, undesired side reactions that lead to coke

formation may be suppressed [137,153] . Steric limitations may be necessary in
order for a particular reaction to even occur. Energetically, areaction may be less
favourable as opposed to other reactions, but due simply to the steric limit ations , it

may be the only reaction that is allowed to occur.
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Figure 2.6 . Different types of selectivity imposed on reactions by the rigid pore struc ture of
a zeolite .’
Proper consideration of these three basic shape selective effects can give a go od
impression of the products that are likely to form in a particular situation . However, this is

only a simple set of criteria that can aid in the selection of the proper zeolite for a reaction.

There are many other aspects to consider. For example, this set of criteria does not

necessarily address thermodynamics directly. Of all the possible transition states that may
form, it must be remembered that those molecules with the lowest free energy of formation

in their adsorbed phase will be favoured . Those molecules with the highest free energy of
adsorption are more likely to desorb and leave the zeolite framework as the products. The
same logic may be applied to the reactants. Those reactants with the lowest free energy of

adsorption will preferentially adsorb and undergo reaction [154] .

Aside from the th  ree basic types of selectivity, there are many other effects which

have been observed

" Reprinted from Zeolites, Vol. 4, July, S.M. Csicsery, Shape -selective catalysis in zeolites, 202 -213, 1984, with
permission from Elsevier.
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i Inverse shape selectivity  : In some situations with some molecular sieves, it seemed
that preferential adsorption was given to the bulkier molecules rather than the less
bulky molecules [155] . This behaviour is likely due to stabilizing interactions
between the zeolite walls and the more highly branched hydrocarbons as opposed to
linear hydrocarbons  (not unrelated to the thermodynamics arguments presented
earlier);

ii. Molecular traffic control  : This is another very specific type of reactant selectivity. It
occurs when a molecular sieve with two or more pore systems with different sizes
and shapes inter sect [156] . In this scenario, the reactants can enter into one type of
pore, react, and diffuse out through the other pore type. Product molecules may be
able to exit the zeolite through the larger pore , While the reactant molecules enter
through the smaller pore, enhancing overall diffusivity [157] ;

iii. Pore mouth and key -lock selectivity : This is highly specific to the interactions of
normal and branched paraffins in medium -pore molecular sieves with unidimensional
pores [158] . It applies to the highly selective hydroisomerization of longer chain

normal paraffins  over certain molecular sieves;

iv. Window effect : Normally observed in chabazite and zeolite -T, the diffusivity of n -
paraffins seemed to increase and subsequently decrease with increasing carbon
number [159] ;

V. Nest effect : This type of selectivity specifically deals with the non -shape - selective

active sites on the external sur face of the zeolite crystals. It has been postulated
that acid sites in the pores and channels of the zeolites have a different shape

selectivity than those at the cavities on the external surface of the crystal [157] .

Again, these types of selectivit y typically only apply in highly specific scenarios and
can usually be classified under the three more general types. It is these shape selective
characteristics that make zeolites (and molecular sieves in general) attractive for catalysis,
never mind the ir high acidity and thermal stability. While the images of zeolite frameworks
and pore dimensions shown thus far have been quite circular and cylindrical in nature, this
is not always the case. Ferrierite, for example (shown in Figure 2.7 ), has a10-MR and 8 -
MR, both of which are more rec tangular in shape. M any more examples are present ed in
the Atlas of Zeolite Framework Types [95] . While to some extent zeolites can be specifically
selected for a react ion of interest based on the selectivity theories presented, it is usually
necessary totesta large number of zeolites for one reaction. Not only are the size and

shape of the channels important, but also the acidity and locations of the active sites.
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Figure 2.7 . The a) framework, b) 10 -MR (viewed along (001)) and c¢) 8 -MR (viewed along

(010) ) of ferrier ite with the FER type framework (dimensions shownin A) .8

While on the discussion of shape selectivity, it is worthwhile to mention the size of
the molecules of interest in this study. Frequently , a kinetic diameter is reported for
molecules and used as a gauge of whether or not the molecules will enter the zeolite
framework. Kinetic diameter is a measure of the likelihood th at a molecule in a gas will
collide with another molecule. It is similar to reporting the size of a target. This is not
necessarily the most representative value for determination of whether or not a molecule is
able to enter into the zeolite framework. The best example of this may be the kinetic
diameter of a linear long  -chain alkane with minimal branching. This molecule would be able
to enter a zeolite end  -on (like a piece of string being threaded through a needle) but not in
any other orientation. A further example is a comparison of the kinetic diameter of carbon
monoxide and dimethyl ether (DME) . Carbon monoxide has a kinetic diameter of 3.8 A
[153] while dimethyl ether has kinetic diameter of 4.4 A [160] . Thisis arelatively small
difference despite dimethyl ether being a signi ficantly larger molecule. For this reason, the
dimensions of the molecules of interes tin this study are shown by structures 2.5a for
dimethyl ether, 2.5b for carbon monoxide, and 2.5c for methyl acetate . These dimensions
were determined from  density fun ctional theory (DFT)  optimized models using the 6 -
31G(2d) basis set  implemented in  the Gaussian 09 program (the methods used in the
Gaussian 09 program are detailed in a later chapter). In these structures, gray atoms are

carbon, white atoms are hydrogen, and red atoms are oxygen.

8 Atlas of Zeolite Framework Types b y Baerlocher, CH.; McCusker, L.B.; Olson, D.H.; Sixth Revised Edition, 2007;
with permission of Elsevier in the format Thesis/Dissertation via Copyright Clearance Center, Inc.
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2.2 .41on -exchange in zeolites

The concept of ion -exchange has been very briefly mentioned in several of the earlier
sections of this thesis. When referring to ion -exchange with zeolites, it simply means that

+

the extraframework cations (typically Na in as -synthesized zeolites) that are required to

balance the negative charge of the framework are not permanently affixed to the

framework , and can be exchanged for other cations or cationic complexes [97,161,162] . As
the amount of positive charge required to balance the negative charge of the framework is

determined by the amount of Al in the framework, the cation exchange capacity (CEC) is a

3+

function of the amount of Al substi tution for Si ** in the framework  [161] . The CE C will

vary with the structure of the zeolite and the exchange cation to be used [163] .

Quite generally, there a re five factors that will affect the ion -exchange behaviour of a

zeolite [164] :

1. The framewo rk topology, meaning the size and dimensions of the channels and their
configuration

2. The anionic charge density of the framework ,
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3. The ion size and shape (polarizability ),
4. The ionic charge of the cation to be exchanged, and

5. The concentration of the ion to be exchanged in the electrolyte solution.

With regards to the framework topology impacting the effective ion -exchange, this is mostly
explained by the shape selectivity inherent to zeolites already discussed in the previous

section. Some cations are just too la rge to fit into some zeolites. This means that certain

cati ons or cationic complexes  cannot be ion -exchanged into a particular zeolite framework

no matter the conditions used [163] .

A very simplified representation of aqueous , monovalent ion-exchange is shown in
Scheme 2.1 . Inthe simplest terms, ion -exchange is just the exchange of ions , and can be

explained with the following equation:

0 0w PO 0 & (2.1)
where C* can potentially be Na ¥, NH,", H", or any other monovalent cation. The
extraframework cations balancing the negative charge of the zeolite framework are simply
swapped for the metal cations in the surrounding aqu eous solution at proper stoichiometric

ratios . A solid soluble salt -form of the metal to be exchanged is usually used and dissolved

in the solution. The Na  * form of the zeolite, or potentially other forms of the zeolit e such as
its NH ,© or H™ forms, is added to the liquid mixture and stirred [93,161,165] . Regardless of
the form, when the zeolite powder is immersed in the aqueous metal -cont aining solution,

the cations in the zeolite communicate with the external solution, and cations are

exchanged between the solid zeolite phase and the solution [163] . The rate at whichion -
exchange occurs is influenced by only a few factors. It is primarily dependent upon the

concentration of ions capable of entering the pores of the zeolite a swell as the temperature
at which the ion -exchange is conducted. Based on these factors, it can be considered that

ion -exchange is an equilibrium limited process. The equilibrium obtained is unique for each
zeolite and the cations used for ion -exchange [163,166] . Whileion -exchange can be
conducted at ambient temperature, performing it at an elevated temperature increase s the
rate at which it occurs. It does this by increasing the diffusion rate of the metal tobeion -
exchanged. At ambient temperature, the metal cations may also be come hydrated
complexes and, therefore, larger in size . At higher temperatures, the water is stripped from

the ions, decreasing their size and increasing the rate at which they ma y enter the zeolite

crystal [163] .
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Scheme 2.1. Schematic of monovalent ion -exchange of the extraframework cations in a
zeolite (where  Z is the zeolite, C is the current cation on the zeolite, and M is the metal to

be ion -exchanged).

The concentration effect is not as straight -forward as the temperature effect on the
equilibri um of the ion -exchange. Asion -exchange is still an equilibrium limited process, if

the concentration of metal ions in solution is significantly higher than the number of metal

ions in the zeolite, the maximum amount of ion -exchange will very likely occur, given
enough time [161,163,166,167] . Atlower concentrations  of metal ions in solution , there
are a couple of effects that may occur. lon -exchange will follow several different types of

isotherms, most of which will not be discussed here as it is beyond the scope of this thesis.

An ion -exchange isotherm is a representation of how much ion -exchange occurs at differing
concentrations of the metal in solution. It fully defines the equilibrium that is achieved at a

certain temperature and solution normality [161] . For the following arguments, the metal

to be ion -exchanged is denoted as M, while the current metal on the zeolite is specifi ed as
C. Specific zeolites may be more selective towards the metal to be exchanged (the metal in

the solution), and even at very low M/C, ion -exchange will readily occur. Other zeolites

may be unselective towards M, and it will take high M/C for ion -exch ange to occur. Some
zeolites may exhibit no selectivity, and in such a case the amount of ion -exchange will vary
linearly with the concentration of M [161,167] . In other cases, the selectivity may vary

This means that selectivity towards M may be initially high, but then a selectivity -reversal
occurs at higher concentrations and selectivity becomes lower, or vice -versa. Interestingly,
there is also what is called a concentration -valency effect. This effect applies specifically to
when the valency of C is not equal to the valency of M. In the case of M being divalent and

C being monovalent, the selectivity towards M may actually be higher at lower M
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concentrations [161] . This rule generally applies at lower concentrations where the amount

of metal ions in solution does not exceed the number of possible ion -exchange sites on the
zeolite. T o reiterat e, if the concentration of M is suitably high, the maximum amount of ion -
exchange will occur. In this thesis, the thermodynamics of ion -exchange was not studied
and very high concentrations of metal in solution were used for ion -exchange inord er to
achieve the maximum amount of ion -exchange possible. For more information on the
thermodynamics of ion  -exchange, and discussions on the kinetics of ion -exchange, the

reader is r eferred to the following references [161,163,164,166,167]

To some extent the pH also affects the amoun t of ion -exchange that occurs, though
this is not as well understood as the other effects. In some cases, it has been f ound that
increasing the pH  of the electrolyte solution (to ~9 -10) increases the amount of cation
exchange that can take place [168] . However, in many cases the pH cannot be increased
without precipitation of the metal ions in the electrolyte as hydroxides, as would be the case
with Cu [169] . Inthese cases, it was found that decreasing the pH was actually beneficial.
In other cases, still with Cu, it was found that pH had nearly no effect at all [170,171] . Itis
likely that there is no universal rule that may be applicable with regards to the effect of pH
on the effective ion  -exchange levels . No conclusions will be made here as to the effect of
pH, and rather it is intended here that the reade r be aware that pH may have some

influence on theion -exchange behaviour thatis observed.

It is important to realize that achieving 100% of the theoretical CE C is not always
possible , especially in the case of ion -exchange with divalent cations , shown in E quation 2.2
below [161,167,170 17 172]:

0 O Pco 0 ® (2.2)
where C* can potentially be Na ¥, NH,", H", or any other monovalent cation. The amount of
possible ion -exchange is again dependent on the zeolite used as well as the cation s to be

used for ion -exchange. While this may have to do with the size of the cation to be

exchanged, it may also have to do with the orientation of Al in the framework. It has been
theorized that in an ion  -exchange solution (and mentioned earlier) that transition metals in

solution may form hydroxides [170] . These large transition metal hydroxide complexes

may n ot be able to access every part of the zeolite due to steric restrictions, and therefore

only a certain level of ion ~ -exchange is possible. This limitation may not be observed for the
alkaline earth metals , which can participate in higher level s of ion -exchange as they are less

inclined to form  these large hydroxyl complexes  [172] . In the opinion of this author, while
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steric limitations may be likely if hydroxyl complexes are formed, the amount of ion -

exchange possible with divalent (and, for that matter, trivalent and beyond) metals and

complexes may depend strongly on the distribution of Al in the framework [167] . Adivalent

cation wil/l require two Adcildate aproperéoh o seechgnge,cshowmin t y t o f
Scheme 22. | f the framework Al &ds are not c¢close enough, whi

higher Si/Al ratios, ion  -exchange would be unlikely , shownin Scheme 2.3a . Ifthe
framework Al d&ds are not i n t-éxehangenmypatso bequite difficdltat i on, i on
(Scheme 2.3 b). Ifion -exchange does occur with two Al 6s, another

position where it  cannot be used forion -exchange. Inthis case, the maximumion -

exchange amount that could occur is ~67% (assuming every 2 out of 3 Al 6s
ion -exchange) . Regardless, complete divalent ion -exchange may be impossible over a

zeolite for certain metals . For mordenite, this has been known for many decades [161,170 ¥

172] .
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Scheme 2.2 . Successful ion -exchange of a divalent metal onto a zeolite, displacing two

monovalent cations.
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Scheme 2.3 . Unsuccessful ion -exchange of a divalent metal onto a zeolite, where a)

framework Al are too far apart, and b) Al are not in the proper orientation.
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lon -exchange may also be conducted in the solid - state with little to no aqueous

medium involved. The two solids involved in the ion -exchange could be a zeolite and a
metal salt, or two zeolite samples. Solid state ion -exchange may be conducted for several
reasons. It could be that the cation with its hydrate shell is  too large to enter the pores of

the zeolite, or the cation salt with the desired valence state may be unstable or insoluble in

water [93] . Solid -state ion -exchange is quite simple, though energy intensive. The zeolite

is usually physically mixed with the  solid metal salt containing the ion. It is very important

to ensur e th at the two are thoroughly mixed. This can be done either by milling or by
suspending both the solids in a volatile solvent, mixing thoroughly, and then allow ing the
solvent to evaporate  [167] . Thisis followed by a thermal treatment, perfor med usually in a
vacuum or under a flow of inert gas, at temperatures of 300 to 400°C. The solid -state ion -
exchange typically requires a few hours at these conditions for maximum exchange. The

starting form of the zeolite is usually the NH ,* orH™ forms [173] .

In terms of when  ion-exchange may be useful, there are a few applications where it
may be used directly. Zeolites are very often used in detergent s, where they are used to

2 and Mg %", thereby soften ing the water [93,167] . Zeolites, specifically

remove Ca
clinoptilolite and chabazite, may also be used to remove radio -nuclei fromlow - and

medium -level nuclear waste. Zeolites also find use in the treatment of agricultural and

municipal wastewater, where they are used to remove amm onia and ammonium ions [167] .
lon -exchange is also used to create many zeolite catalysts in use today, where a transition

metal (or any other metals, for that matter) is exchanged onto the zeolite and used directly

for catalysis. The applications are too numerous to mention here. Typically, there are two
ways in which anion -exchanged metal may be used for catalysis. A metal may be left at its

ion -exchanged position, in which case it will act as a metal oxide cata lyst. The zeolite may
serve to enhance the metal stability and help to prevent sintering of the metal. In other
cases the metals may be reduced and form nanoparticles, the size of which would be

constrained by the pores and channels of the zeolite. Int his case , the zeolite is used mostly

as a support for the creation of metal nanoparticles with constrained size [174] .
2.2 .5 Mesoporosity in a microporous framework T the hierarchical zeolites

One of the advantages  which can simultaneously be a disadvantage of conventional
zeolites is their microporous channels and pores. The microporous nature of zeolites
presents many opportunities for shape selectivity for catalysts, a nd, along with their acidity
and thermal stability, is the chief reason they are finding increasing usage in catalysis. One

of the reasons for wanting mesoporosity in these materials has already been discussed.
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Many larger molecules cannot access the aci d sites of the zeolite, which spurred the creation
of the M41S family with large mesopores. Indeed, Al -MCM-41 has seen increasing interest
for many applications . Unfortunately these materials do not have as strong acidity when
compared to conventional ze  olites, which may be due in part to the rather amorphous
nature of the walls of the mesopores [133,134] . Research continues into resolving this
issue. The second reason mesopores are desired in a zeolite is due to the diffusion al
limitations imposed by the microporous framework. As previously shown, below ~10A
configurational diffusion takes over (if diffusion into the zeolite can occur at all) [175] . In
some cases , the low diffusivity in the micropores limits the reaction rate , and, due to the
longer time that reactants and products spend in the framework, may give more

opportunity for secondary reactions that lead to coke formation or cracking [176,177]
Therefore, to have the best of both worlds, it would seem that introducing mesoporosity into

the microporous zeolite frameworks may be the solution. This should increase site

acces sibility, allowing larger molecules to react. It should remov e diffusion limitations as

well , and reduce the likelihood of product cracking or other secondary reactions that may

lead to catalyst deactivation. The zeolites with added mesoporosity, whether synthesized
that way or via post  -synthesis treatment, have been given the term  fhierarchical zeolites 0
[178] .

One of the more well  -known methods of dealumination of zeolites (increases the
Si/Al ra tio) is by steaming the zeolite at high temperature. Typically , either the ammonium
or hydrogen form of the zeolite is steamed at temperatures in excess of 450 -500°C. The
mechanism of steaming and dealumination is quite simple. The Al -O-Si bonds are
hyd rolyzed, with the aluminum eventually being removed from the framework . This leaves
a vacancy or creates a partial amorphization of the framework [176] . If amorphization does
take place, the Si species contained in the amorphous material may be mobile, and some of

the vacancies created by  the aluminum removal may be repaired . Those vacancies that are
not repaired are allowed to grow to form mesopores [163] . Mesoporous channels may be
formed in regions of the zeolite crystal where there is a higher concentration of defects ,
though this may require a significant amoun t of dealumination  [179] . During steaming, the
removed Al may be deposited onto ot her parts of the framewor k, and any mesopores that
are formed may be filled with this extraframework Al or other debris. This extraframework

material is typic  ally removed by a mild acid leaching procedure after the steaming
[180,181] . If no acid leaching is performed, the bulk Si/Al ratio remains the same but the
framework Si/Al increases. The zeolite ultra -stable Y , used in fluid catalytic cracking, is

typically created through the steaming and mild acid leaching of zeolite Y , and is shown in
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Figure 2.8. Large mesopores are typically only created with significant dealumination of a
low Si/Al ratio zeolite , as only in this occasion are the vacancies close enough in the
framework to ¢ ombine and grow to form the m. While mesopore creation is useful, steaming

does resultin partial  framework amorphization and subsequent crystallinity loss. Combined

with the Al removal, the number and the strength of the acid site s are changed , which can
have a significant effect on the use of the zeolite as a catalyst [163,176] . However, the
higher Si/Al r atio also means the zeolite is more stable and acid sites might be created that

have higher strength [182] .
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Figure 2.8 . TEM image of severely steamed and acid -leached zeolite Y (on left). On right is

a 3D - TEM reconstruction of the sa  me crystal .°

Acid leaching can be used to clean up the extraframework Al on a zeolite that are
created either by steaming or as a result of a thermal  treatment. Acid leaching can also be
used directly to remove framework Al. Typically , strong inorganic acids are used for

dealumination (as opposed to the milder, diluted acids used for washing) and the

effectiveness of acid leaching is dependent on the zeolite, with mordenite being one of the

more successful cases of mesoporosity being induced directly by acid leaching [176,183 i
185] . A great variety of acids have been used for acid leaching, such as acetic, oxalic,

nitri ¢, sulfuric, and hydrochloric acids, with different concentrations leading to differing

amounts of dealumination [182] . The disadva ntage to acid leaching is that removal of
framework Al (and increase of Si/Al ratio, changing the acidity) and introduction of

mesopores happens simultaneously, meaning the impact to catalytic activity is a summation

o Reprinted from Catalysis Reviews, Vol. 45, No. 2, Generation, Characteriaatiompact of Mesopores in
Zeolite Catalysts, S. van Donk, A.H. Janssen, J.H. Bitter, K.P. de Jong3p, 2973, with permission of Taylor &
Francis.
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of both effects. It is usually desired to study each effect separately. Crystallinity can also
be significantly decreased by acid leaching, which could again result in changes to acidity
(most likely decreases) [182,184]

Desilication has recently attracted significant attention as a means to introducing
mesoporosity in zeolites. The mesopores that are formed from dealumination, both by
steaming or acid treatment, may not extend through the entirety of the zeolite crystal and
may exist only as cavities inside the crystals. While some mesoporosity may be created, it
may not be extensive and it may not be particularly effective at removing diffusion
limitations [186] . Given that the minimum for Si/Al ratio is 1, and there is almost always
substantially more Si than Al in a zeolite (mordenite, for exa mple, has a minimum Si/Al
ratio of 5 [140] ), the creation of mesopores that extend throughout the entire crystal may
be more readily accomplished by desilication.  Where as acid s are used to remove Al,
treating the zeolites in an alkaline media ( using a base) removes Si, though not necessarily
selectively [187,188] . Desilication usually involves a one - step treatment with
approximately 0.2 M NaOH at elevated temperature (25 1 80°C) for a minimum of 30
minutes [182] . A m ore intense treatment conducted over a longer period will result in
increased mesopore  creation. However, early studies of desilication showed that the
extraction of silica  in this manner was limited to Si/Al ratios of 25 to 50 [177,182,184,187]
Below Si/Al of 25, the negatively charged Al tetrahedra in the frame work prevented Si
extraction . Above Si/Al of 50, excessive extraction of Si gave wide pore size distributions
and, in some cases, nearly comp lete dissolution of the zeolite , resulting in low yields of
material [182] . As was the case with dealumination, each zeolite is unique and requires
optimization of the treatment to maximize the benefit. Otherwise, base leaching of Si

decrease s the micropore volume and may destroy a significant amount of the zeolite.

Significant recent research has been conducted into controlling desilication . This has
resulted in several procedures that have allowed for expansion of the relevant Si/Al rang e,
as well as maintenance of the crystallinity . Alternatives to NaOH have been found, such as
sodium aluminate . Sodium aluminate appears to form a protective aluminum hydroxide
layer on the zeolite surface that helps to control the dissolution of Si. Th is amorphous layer
can later be removed by acid washing. This treatment resulted in a material that had a high
level of mesoporosity , although the formed mesopores were smaller. This procedure can be
used for both low and high Si/Al zeolites [182,189] . Using other metal hydroxides, which
havecome t o be knowwmni a®cfipmge agentso, the effective Si/lA
was extendedto ~12-1000. However, with these procedures a substantial loss in
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cry stallinity was still observed. To solve the crystallinity issue, i t has been showntha t

desilication is much more difficult when the template used to help synthesize the zeolite was

left inside and not calcined out . After desilication with the template still there, the resulting
desilicated material had much more of its crystallinity prese rved [190] . The template may
also be added backt o the post -calcined zeolite and provide the same stabilizing effect in

desilication [191] . In addition to these templating methods, some success has been shown

using surfactantst  hat are normally used for the creation of mesoporous materials (M41S

family). These surfactants, when combin ed with a mildly basic solution such as NH ,OH, can
induce a reassembly  of dissolved Si and Al species from the zeolite leaching. Specifically,

cet yltrimethylammonium cations (CTA™) have been used for this purpose. This has resulted

in the formation of mesoporous materials or composites of zeolites and mesoporous

materials with high crystallinity [182,191 71 194] . The various routes used for des ilicati on are

summarized in Figure 2.9

Figure 2.9 . Summary of desilication p rocedures grouped by  applicable Si/Alranges. (a) At
low Si/Al ratio, dislodged alumina form S at the mesopore surfaces and prevent s dissolution.
Blockage must be removed by acid washing. (b) At medium Si/Al ratios, the one -step
desilication by NaOH can be effectively done. (c) At high Si/Al rati 0, the use of pore -

directing agents (PDA) and surfactants is required to prevent di ssolution of the zeolite . °

So far , the methods for creating mesoporosity in zeolites have been what are called
it edbownod met hods. -upd Mmbohoddm t hoceduseoftthe eeslitess pr

changed so that either nanosized zeolite crystals, zeolites with a secondary mesopore

1 Reproduced from K. M éller and T. Bein, Chem. Soc. Rev., 42 (2013), 3689 with permission of The R oyal Society
of Chemistry.
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