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Benzene is one of the most important organic intermediates in the petrochemical industry. Direct
methane dehydroaromatization (DHA) under non-oxidative environment has been shown to be a
promising pathway to produce benzene since Mo/HZSM-5 was reported as a viable catalyst in
1993. The reaction over this catalyst is generally accepted to proceed via a synergistic
mechanism between the metal sites (i.e. MoO,Cy) and the Bronsted acid sites (BAS) of HZSM-5.
The high benzene selectivity is attributed to the similarity in pore size of ZSM-5 with the
dynamic molecular size of benzene. However, diffusion of large benzene molecules inside the
zeolite micropores also enhances the chance for undesired further reactions on the BAS, resulting
in coking and hence deactivation of the catalyst. While the catalyst can be regenerated via burn-
off of the coke in an oxidative environment, this burn-off also results in oxidation of the Mo
species, and thus requires a (re-)activation period to convert Mo back into its active oxicarbide
form. This catalyst deactivation via coking combined with the lengthy reactivation of the catalyst
pose a significant hurdle for economic viability of the process.

The objective of this research is to develop a new bi-functional zeolite-based (metal)
catalyst that is highly stable while maintaining the high benzene yield from DHA. Towards this
goal, we aimed to investigate systematically how the catalytic performance is affected by

changes in i) metal sites and ii) porosity of HZSM-5.



To study the impact of the metal site in the zeolite, Zn-HZSM-5 and Fe-HZSM-5
catalysts with different metal dispersion was prepared via different synthetic routes and the
structural properties of the catalysts were correlated to their catalytic performance. We found that
only well dispersed metal species located within the micropores of the zeolite are active for
DHA, confirming the proposed reaction mechanism of bi-functional metal/ZSM-5 catalysts in
the literature. Furthermore, for Fe-HZSM-5, we found that atomically dispersed iron is thermally
most stable and result in no detectable coke formation (on the metal sites). This observation thus
yields a valuable guideline for the preparation of DHA catalysts and can potentially help to
resolve the primary issues of state-of-the-art Mo/HZSM-5 catalysts: thermal stability and coking
resistance.

As a second target, the micro- and meso-porosity of HZSM-5 was systematically changed
by introducing different types and quantities of “porogens” (metal oxide or carbon black NPs)
during zeolite hydrothermal crystallization. We found that coke formation within micropores is
suppressed if a controlled degree of mesoporosity is introduced into the catalysts, while too
much mesoporosity again enhances coke formation, presumable due to “excess space” and BAS
for hydrocarbon formation. Moreover, with increasing mesoporosity the microporosity of the
zeolite is decreased, which results in lower benzene selectivity (due to the absence of shape/size
selectivity in the mesopores). Overall, one hence obtains optimal performance by balancing
minimization of coke formation with high benzene selectivity by introducing a controlled (small)

amount of mesoporosity into HZSM-5.
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1.0 INTRODUCTION

11 METHANE DEHYDROAROMATIZATION (DHA)

Benzene, which is one of the most important organic intermediates in petrochemical industry, is
mainly produced from crude oil nowadays. However, due to the constantly increasing oil price
and the discovery of abundant shale gas, methane processing can be considered as an alternative
pathway to produce this valuable aromatic product.

However, current methane processing via syngas is a highly energy-consuming process.
A direct methane dehydroaromatization (DHA) to benzene product becomes a promising
direction to work on.

6CH;~> CsHg+9H,

While the reaction under oxidative environment results in a low selectivity toward
benzene and abundant of CO and CO,', the one under non-oxidative environment was
demonstrated to give high benzene selectivity over bi-functional zeolite catalysts*>. Under the
latter condition, meanwhile, high purity hydrogen which is widely applied on fuel cells is also

produced. This dissertation discusses only on the non-oxidative methane dehydroaromatization.



1.2 CATALYSTS FOR METHANE DEHYDROAROMATIZATION

[Mo-C,] [H'] @ [H'] “ 3¢ Carbon deposits
. posits
CH, GH, ©© (restricted in ZSM-5)

Figure 1. Mechanism of methane dehydroaromatization.

Among the reported bi-functional catalysts, molybdenum loaded H-form ZSM-5 (Mo/HZSM-5)
has been generally accepted as the most active one in DHA reaction since it was first reported in
1993 by Wang et. al* *.

ZSM-5, whose framework type is MFI (with micropore size ~0.55 nm), is an
aluminosilicate zeolite belonging to the pentasil family of zeolites>®. Its chemical formula is
Myn[(AlO2)x(SiO2)y] with high Si to Al ratio (SAR). Due to the charge difference between Si*
and AI**, a cation (M") exists to balance the charge in ZSM-5 structure. This position of M* is
the well-known cationic exchange site widely applied in industry applications®. Moreover, as the
cation is a proton (H-form ZSM-5), this cationic exchange site becomes Bronsted scid site (BAS)

and is one of the active sites of Mo/HZSM-5 for DHA reaction.



It was later proposed that formation of benzene over Mo/HZSM-5 catalyst comes from a
synergistic effect between the metal site and the BAS of HZSM-5"? (see figure 1). First, the
active molybdenum species MoOxCy is responsible for activating methane to generate C-C
coupling intermediates”. Subsequently, these C2 intermediates form olefinic carbenium,
oligomerize and cyclize on neighboring BAS of HZSM-5 to produce aromatic products'®. The
high selectivity toward benzene instead of higher hydrocarbon products is attributed to the
similarity in pore size of ZSM-5 with the dynamic molecular size of benzene*.

However, the detailed mechanism for how the activated methane to C-C coupling
intermediates is still only in hypothetic stage. Some researchers proposed that the activated
methane molecule reacts with the BAS of HZSM-5 to become a molybdenum carbene-like
intermediate (CH,=Mo005)* *%. Via dimerization of carbene, ethylene is formed as the C-C
coupling intermediate. Chen et al. proposed a free radical mechanism, where methane activation
yields free CHs. radicals via the concerted action of MoO, and BAS™. CHs. radicals then
dimerize and dehydrogen to form ethylene. Despite the uncertainty in the exact nature of the
intermediate formed from methane, C,H, is widely accepted as the primary intermediate after
methane activation'**°. The C,H, intermediate was confirmed by comparing product distribution
of H-ZSM-5 with/without Mo, Mo loaded on supports with/without BAS*’, and using CHj

temperature programmed reaction (TPR) followed by H,-TPR for Mo/HZSM-5 catalysts'®.



1.3 ISSUES OVER CURRENT CATALYSTS
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Figure 2. Equilibrium methane conversion to a) benzene and b) carbon®®.

Unfortunately, one of the most challenging issues for Mo/HZSM-5 catalysts is coking problem.
Due to only small micropores in the ZSM-5 (MFI structure), poor transport of hydrocarbon
products inside zeolite channels can easily result in secondary reaction with BAS to form coke.

The formed coke covers active sites or block the zeolite channels to deactivate the catalysts** 2.



In addition, due to the thermodynamic limitation of an endothermic reaction (Figure 2a),
high methane conversion from DHA can only be achieved at very high temperature. For example,
the most typically used temperature for DHA study is 700 °C. Nonetheless, equilibrium methane
conversion to benzene at this temperature is only ~12%. Despite that higher temperature
thermodynamically favors methane conversion in DHA, more severe coke deposition which
results in decreased lifetime of catalysts and lowered benzene selectivity occurs (figure 2b). A

proper and limited temperature range for DHA thus was suggested to be between 700- 800 °C*.

14 RECENT PROGRESS ON DHA REACTION

1.4.1 Membrane Reactors

As discussed above, thermodynamic limitation limits the application of DHA reaction. A
possible way to break thermodynamic limits of methane conversion is to apply membrane
reactors, which remove hydrogen to pull the reaction forward. Via this technique, methane
conversion over bi-functional zeolite catalysts was shown to exceed the thermodynamic limits as
hydrogen removal rate is comparable to its production rate?>*. The possibility of achieving
concomitantly the separation of high purity hydrogen within the same unit also makes the
process commercially attractive.

However, stability of hydrogen-separation membrane is also a big obstacle. Typically, the
reaction is carried out at 700-800 °C to achieve higher catalytic reactivity, which is a harsh
condition for Pd-coated membranes®. Our collaborator NETL has shown that methane

conversion gradually decreases due to the ability of membrane to separate hydrogen lost after



long time reaction runs. Moreover, hydrogen withdrawn favors the competitive formation of
hydrogen-deficient species, which will further be reacted to form carbon deposition and
exacerbate the existing coking problems?*?3. Apparently, the biggest challenge of Mo/HZSM-5
catalysts in DHA results from the generated coke in zeolite, despite the thermodynamic

equilibrium can be broken by process engineering.

1.4.2 Co-reactant in Feeding Methane

The idea of adding co-reactant is taken to react with deposited carbon in order to suppress coke
formation. It has been reported that adding small amount of CO, CO,, O, or H,O into the
methane feed indeed suppress part of coke formation in bi-functional Metal/HZSM-5 catalyst® %
28 As a result, the lifetime of catalysts was able to be significantly extended. However, some side
effects will also occur if the concentrations of co-reactant exceed the optimal range (2-12%,
depends on which co-reactant used), such as reduced activity in high CO, CO, concentration,
loss of benzene selectivity with too much oxygen (formation of CO and COy), and dealumination
of zeolite if water concentration exceeds the optimal value. Nonetheless, with a proper control of

the amount of co-reactants, improvement of DHA stability over zeolite-based catalysts could be

expected.

1.4.3 Zeolite Support

To date, different types of zeolite have been used for Mo-based catalysts for DHA, including
ZSM-5% °, MCM-49%, MCM-22*"% SAPO-11%, ITQ-13%, zeolite X*°, etc. All the authors

agree that two dimensional structure and pore size near to the dynamic diameter of benzene, ~6



A, are fine supports of Mo-based catalysts for DHA #***, For example, ZSM-5, ZSM-8, ZSM-
11, MCM-22 were shown to be the most efficient in the studied reaction. Moreover, for MCM-
22, which has large cavities (7.1 x 18.2 A) in addition to small micropores, provides not only

high benzene selectivity but also good coke-resistance®.

1.4.3.1 Hierarchical-Zeolite-Based Catalysts for DHA

The coking problem can be suppressed via modifying porosity of a zeolite. It has been well
known that secondary reactions of hydrocarbon products trapped in the inner channels causes
coking formation on BAS***. Consequently, many efforts have been made to enhance the
stability of zeolite-based catalyst by reducing the diffusion length (i.e. introduce mesoporosity)

in zeolite channels®”®

. However, the routes to generate mesoporosity for zeolites will greatly
impact the cost for catalyst preparation and the catalytic performance in reactions.

Below is the review of well-known approaches for generation of mesopores (in zeolites)
and their examples for the DHA reaction. Mesoporous materials such as MCM-41% were first
explored and were used as a replacement for ZSM-5. However, their low crystallinity and no
shape selectivity lower the catalytic reactivity and benzene selectivity in DHA® %, Alternatively,

zeolite nanoparticles were reported® .

However, very delicate conditions to prevent
nanocrystals from growing into bulk crystals and low synthesis yield impede its further
development on practical applications. Moreover, BAS seems to preferably stay on the external
surface of ZSM-5 nanoparticles (NPs)*. As a result, shape selectivity of ZSM-5 is not taken and
lower benzene selectivity is observed over nanoscale-ZSM-5 catalysts. Recently, a lot of
attentions were put on creating mesopores in highly crystalline zeolite crystals, so dual merits of
two different pore structures can be taken within a catalyst**. The efforts for preparation of such

hierarchical zeolite to date can be generally categorized into two™™®,

7



First, under certain zeolite conditions, post-synthetic demetallization is applicable to
large-scale production with a great amount of mesopores*’™!. However, a careful treatment needs
to be conducted to avoid complete dissolution or loss of crystallinity. Moreover, demetallation
alters the SAR in the zeolite and SAR is critical for catalytic performance of zeolite materials, as
it determines the availability of BAS®%. Thus, it is difficult to compare the catalytic performance
of Mo loaded hierarchical ZSM-5 catalysts prepared through this approach.®*™’

Another approach is based on the use of templates during zeolite crystallization. Through
this pathway, more regular mesopores can be obtained. This approach can be further categorized
depending on the type of template used, i.e. use of soft templates or hard templates. For soft
templates, zeolites consisted of ultra-thin nanosheets were synthesized by designing a dual
template which is quaternary ammoniums connected with hydrophobic alkyl tails>®. Mesopores
are generated by hydrophobic tails, whereas microporous zeolite frameworks are generated by
multiple quaternary ammonium groups. Pore size from such soft template synthesis can be

h°®* or otherwise by adding swelling agents®®®’. The

further tuned via surfactant tail lengt
biggest challenge of this approach, however, commonly comes from time-consuming synthesis
procedure and the concerns about the high production cost. Moreover, Y. Wu et al.®* have used
hierarchical zeolites prepared through this way for DHA reaction. However, they reported that
such hierarchical zeolite catalysts enable efficient catalytic reactivity only in the initial stage of
reaction but their performance were no different to conventional zeolite catalysts in the long term
run and the coke formation from hierarchical zeolites is even higher.

On the other hand, the direct generation of ordered mesoporosity was achieved by
addition of a hard template with size of desired mesopore diameter during ZSM-5 crystallization.

The hard templates could be carbon black, nanofibers or other nanostructured hard-materials®®°.



All authors using this approach to create hierarchical structure of zeolite conclude that the
mesoporous structure can strongly reduce coke formation within micropore channels and hence
to extend the catalyst lifetime®®®’.

Despite that there is a controversy against the efficiency on using HZSM-5 with reduced
micropore length (mesoporosity), such as lowering benzene selectivity and debate on extending
catalyst-life, most studies agrees that extra mesoporosity can enhance the efficiency of product

37, 54, 66-67

diffusion in zeolites and thus less coke formation and better catalyst stability can be

achieved.

1.4.4 Metal site

1.4.4.1 Mo species and their locations in Mo/zeolite catalysts
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Figure 3. Evolution of MoO; within HZSM-5 micropores to form Mo,Os** during calcination®.



Mo/zeolite catalysts are commonly made by impregnation method, ion-exchange or chemical
vapor deposition” " ®*"2, These approaches introduce Mo into zeolite after zeolite is synthesized.
Due to the large size of metal precursor (i.e. (NH;)sMo,0,,-4H,0) which could not directly enter the
micropore of zeolites®®, these approaches often result in Mo species resides on the external
surface® ® 7% Moreover, because of no micropore shape selectivity, it was shown that these
Mo species have less contribution to the formation of benzene or even are detrimental to both
benzene selectivity and catalyst life'™ % >7". The external Mo species commonly increases with
increasing Mo concentration in the zeolite catalysts®.

Since lattice mobility within MoO3 becomes possible above its Tammann temperature
(534K)" *3 %878 ‘however, some Mo species are demonstrated to be able to migrate into zeolite
channels during calcination process. As these species migrate into micropores, they form an
isolated molybdate species (MoOs”*) structure as shown in figure 3. An optimal temperature
(500 °C) and time (~6 h) for calcination was shown to results in most Mo diffusing into
micropores®® ™. During DHA reaction, these species undergoes an induction time (reduction and
carburization) and form MoO,Cy clusters which are believed to be the active species for this
reaction” ° 81 However, after the catalysts become coked and is regenerated in oxidative
environment to burn off carbon, active MoO,C, species also become back to inactive MoOs>*
species. An activation time will be again needed to activate the catalyst in the next reaction cycle

and this makes the reaction cycle inefficient.

1.4.4.2 Metal Site Tailoring
In many literatures, it has been shown that addition of promoters could have significant effect on
the activity, selectivity, and coke resistance of Mo/HZSM-5 in DHA reaction. For example, Cu

introduction to HZSM-5 zeolite by ion exchange followed by solid-phase synthesis of

10



Mo/Cu/HZSM-5 was studied for DHA®. It was found that the presence of copper increased the
active Mo concentration in the catalyst. Moreover, copper introduction decrease the
dealumination and coking rate and thus to increase the catalyst lifetime. As a result, the authors
conclude that promotional effect of Cu on Mo/HZSM-5 results in a more active and stable
catalyst. The addition of Co®*, W% Ru®*®" Ni®, and Fe®* * to Mo/HZSM-5 catalysts was
shown to also increase catalytic activity and selectivity. The use of Pt™ as the modifying additive
increased the stability of Mo/HZSM-5 catalyst due to lower carbonaceous species formed during
the reaction.

In addition, other monometallic metal loaded HZSM-5 catalysts (metal: Zn® **, W %%,
Fe® 3698 \/3 3% ¢cr* % or Re?® *) are also documented for DHA reaction. However, except
Re/HZSM-5, catalytic reactivity of other catalysts reported is not comparable to Mo/HZSM-5
catalysts. Rare study for Re/HZSM-5 was further reported probably due to high metal price of Re.

However, there are inconsistencies in the reports of promotional effect of second metal or
other monometallic metal loaded HZSM-5 catalysts. For example, some reported that Fe as the
dopant for Mo/HZSM-5 enhances the catalytic activity but others did not®* %% . This could be
attributed to different methods and procedures used for catalyst preparation. For example,
Fe/HZSM-5 reported by Lunsford® *® was prepared by different approaches and different
pretreatments, including solid ion-exchange method, impregnation method, and with or without
CO pretreatment before reaction. However, these catalysts prepared behave very differently from
each other. The Fe/HZSM-5 prepared by solid ion-exchange shows barely reactivity while
another catalyst prepared by impregnation method results in ~4% methane conversion. Both
catalysts pretreated in CO shows much improved catalytic reactivity. These differences were

attributed to different catalyst structure results from different preparation methods and

11



pretreatment conditions. Apparently, many reported catalysts were very different and the
reaction conditions used were not identical in the literature. The catalytic results thus are not
suitable to directly compare even though the catalysts have identical chemical compositions. A

metal site study for DHA will require a systematic investigation.
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1.4.5 Catalyst Regeneration

Whatever efforts have been made so far, coking issue still exists in DHA over zeolite-based
catalysts. Thus, regeneration process to burn off deposited carbon is required, especially as DHA
is operated at a high-coking tendency environment (i.e. Mo/HZSM-5 catalysts usually could not
survive over 10 hr reaction at the typical reaction condition®®). However, major concerns with
regard to regeneration is the induction time of bi-functional zeolite catalysts and the
regenerability®® " *°. Based on this, the gas content and regeneration processes were studied to
maintain the regenerability and the efficiency of catalysts®’. Oxygen is the one which can
completely remove coke formed in the zeolite-based (Mo) catalysts and can be operated at
relatively lower temperature (~500 °C). However, the regenerated catalysts are at the inactive
phase (as discussed above) and require an activation time to become active Mo species’ %7,
Hydrogen was also reported to remove coke and restore the zeolite-based (Mo) catalyst before
the catalyst becomes highly coked. No recurrence of the activation period was needed” .
However, hydrogen could not remove carbon in a highly coked catalysts and lower catalytic
reactivity was observed in the next reaction cycle. As a result, a periodic mode by switching
feeding gas between methane and hydrogen was studied®. However, the switching cycle has to
be as short as 5-10 mins. Thus, a choice between a completely regenerated catalyst in inactive

phase and a partly regenerated catalyst in active phase has to be made for DHA regeneration

process.
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20 OBJECTIVES

Mo/HZSM-5 catalyst has made non-oxidative methane dehydroaromatization (DHA) a
potentially alternative pathway to produce benzene. However, as discussed in section 1.3.4.1, the
catalyst deactivation via *“coking” combined with “the lengthy reactivation of regenerated
catalyst” poses a significant hurdle for economic viability of the process. The former issue
results from the large network of micropores in ZSM-5 while the latter issue results from the
MoOyCy as the active species.

The objective of this research is to develop a new bi-functional HZSM-5-based (metal)
catalyst that is highly stable while maintaining the high benzene yield from DHA. Towards this
goal, we aimed to investigate systematically how the catalytic performance is affected by
changes in i) metal sites and ii) porosity of HZSM-5.

In order to systematically investigate how the catalytic performance is affected by metal
sites, different metal sites have to be introduced into zeolites so correlation between metal sites
and the correspondent reactivity can be built. There are several conventional routes to introduce
metal species into zeolites, including impregnation, ion-exchange, and isomorphous substitution.
These approaches could result in metal species at the framework and at the cationic exchange
site (extra-framework), nanoclusters within micropores, and nanoparticles on the external surface
of zeolites. However, these species are often inhomogeneously distributed. A new approach has

to be developed to introduce well-dispersed NPs into zeolites so the effect of NPs alone can be

14



studied. In chapter 3, we aimed to use a bottom-up synthetic approach to achieve this goal. The
developed synthesis approach then can be combined with other conventional approaches
(described above) to study the effects of metal sites on catalytic performance.

Due to the lengthy reactivation issue of Mo species, which results from the reduced state
of Mo (MoO,C,) as the active site, a metal which is active in high oxidation state is desired. In
the literature, zinc was claimed to be this kind of metal, but no experimental results were
reported for demonstration. In chapter 4, we aimed to systematically study different zinc sites in
HZSM-5. The prepared zinc sites then can be correlated with the correspondent catalytic
reactivity to investigate the active and stable zinc sites. Recently, atomically dispersed iron was
reported to be very active for methane activation and result in no coke formation. However, such
iron site is very difficult to synthesize over silica support as they reported. To easily prepare such
iron site as well as take advantage of shape selectivity of ZSM-5, in chapter 5, we aimed to
conduct a research for atomically dispersed Fe loaded on HZSM-5 and use it for DHA. To
demonstrate the superior catalytic properties of atomically dispersed iron, we further aimed to

prepare different iron sites for comparison.
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In addition, hierarchical zeolites (i.e. zeolite with mesoporosity) have been shown to
effectively suppress coke formation and thus extend the catalyst lifetime. Recently, however,
some literature reported oppositely. However, rare work in the literature studied the effect of
hierarchical zeolite in DHA systematically. Usually, the catalytic performance was compared
between one conventional Mo/HZSM-5 with one Mo/hierarchical HZSM-5 and then a
conclusion was made. The trend of changing porosity on DHA may be neglected. As a result,
there is an apparent controversy for mesoporisity in suppression coke formation and extending
lifetime of catalysts. In chapter 6, we target to systematically create hierarchical ZSM-5 structure

and study the effect of mesoporosity on catalytic performance of Mo/HZSM-5 catalysts.

16



3.0

CONTROLLED EMBEDDING OF METAL OXIDE NANOPARTICLES IN ZSM-5

ZEOLITES THROUGH PRE-ENCAPSULATION AND TIMED RELEASE

Zeolites are among the most important heterogeneous catalysts in the chemical industry due to
their desirable material properties, including high thermal stability, intrinsic acidity, and their
unique shape selectivity.***%. However, the small pore size of zeolites in the micropore regime
(< 2nm), which is the basis of their desirable shape selectivity, also results in poor reactant and
product transport within zeolite crystals.” This can lead to undesirable sequential reactions
and—specifically for hydrocarbon conversions, which constitute a key application of zeolites in
industry—can result in coke formation and subsequently deactivation of the catalyst.*® This
effect can be mitigated through the formation of additional pores with larger pore sizes in zeolite
crystallites, i.e. through formation of hierarchical pore networks.>” * To-date, the efforts for
preparation of such a hierarchical zeolite fall broadly into two categories® ™. First, post-
synthetic de-metallization which is applicable to large-scale production can create a large amount
of mesopores®® 1%1% This has already recently found application in de-aluminated zeolites for
cumene synthesis in the Kellogg-Dow process.’** The second approach is based on the use of
templates during zeolite crystallization and can be further categorized depending on the type of

template used, i.e. use of soft templates (such as co-surfactants or dual-templating surfactant'®>

107 63-65

) or hard templates (such as carbon black or nanofibers®™). The templating strategies

generally result in more ordered mesopores, but require the use of sacrificial chemicals. Overall,
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despite the success in creating mesoporosity within zeolites from these methods, they are either
zeolite-type sensitive™ or require sacrificial chemicals and/or expensive synthesis procedures.
107

In parallel, much efforts has also been focused on introducing guest metals into zeolites
in order to further tailor their reactivity for desired functionalities. Towards this goal,
impregnation and ion exchange are the two most commonly used techniques with chemical
vapor deposition emerging more recently as an alternate approach.'® However, none of these
“top-down” methods can entirely avoid the (undesirable) deposition or formation of some metal
nanoparticles on the external surface of the catalyst particle, resulting in uneven dispersion of
the metal and typically in undesired, unselective reactions.'®

Recently, an alternative, bottom-up approach has been proposed, based on inducing in-
situ crystallization of zeolites using a zeolite precursor with embedded guest species (such as
metal ions or nanoparticles).**%**3, This early work furthermore suggested that the metal species
used in the ZSM-5 crystallization are well dispersed in the final product and that some
mesoporosity is simultaneously created in this synthesis strategy.'’® 2 Although the
mesoporosity largely seemed to result from inter-crystallite porosity and showed low mesopore
volume, a one-pot synthesis to achieve both well-dispersed guest metals and zeolites with
mesoporosity is remarkable and seems worth further investigation. Furthermorer, the size of
metal NPs which are embedded in this novel in-situ encapsulation approach has to-date not been
controlled (i.e. the size of introduced NPs reported to-date depends on the choice of zeolite type

110, 112-113

or zeolite precursors ), and no systematic study of the effect of introduced metal

nanoparticles on the zeolite matrix and its mesoporosity has been reported to-date.
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Building on this previous work, we describe in the present contribution a straightforward
and flexible synthesis strategy to embed uniform metal oxide NPs in ZSM-5 and demonstrate the
approach with zinc oxide, iron oxide, and nickel oxide nanoparticles. The approach consists of
three successive steps: Starting with the synthesis of size-controlled metal oxide NPs, these NPs
are first encapsulated in silica, and then the amorphous silica is converted to ZSM-5. This
synthesis approach allows for a straightforward size control of the embedded NPs (using the vast
and growing literature on synthesis of size-controlled metal and metal oxide NPs) and results in
an excellent dispersion of the NPs in the host ZSM-5. Furthermore, this systematic synthesis
approach reveals a direct correlation between the embedded metal oxide nanoparticles and the

morphology and mesoporosity of the final composite composite (ZnO@ZSM-5).

3.1 EXPERIMENTAL

3.1.1 Material synthesis

ZnO@ZSM-5. ZnO NPs were prepared via a sol-gel process adapted from previous reports.***

18 Tymically, Zn(OAc),-2H,0 (1.48 g) in methanol (62.5 ml) was preheated to 60°C under
reflux. Then, NaOH (0.52 g) dissolved in methanol (32.5 ml) was added to initiate hydrolysis
and condensation of ZnO. The mixture was stirred isothermally for 20 hrs. After the reaction, the
supernatant was removed by centrifugation, the ZnO NPs were re-suspended in ethanol to wash
away unreacted precursors and impurities, and the washing process was repeated three times.
Next, ZnO was encapsulated in amorphous silica via a modified Stober synthesis. First, a

specific weight loading of as-synthesized ZnO was re-dispersed in 200 ml of ethanol under
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ultrasound. 9.5 ml of tetraethoxysilane (TEOS), 4 ml DI water was added, and the mixture
sonicated for 20 mins. Next, 15.25 ml ammonia (28 wt%) dissolved in 32.5 mL of ethanol was
added slowly to the solution under continuous stirring and aged for 3 hrs at 55 °C. The product
solution was then centrifuged and re-dispersed in ethanol three times. The purified particles were
dried and calcined at 500 °C for 2 hrs. Pure silica NP as a reference silica source wea synthesized
using the same condition as above, omitting the ZnO NPs.

The ZnO@SiO, composites were converted to the ZnO@ZSM-5 via a hydrothermal
treatment. Typically, ZnO@SiO, was added to a mixture of 0.02 g NaOH, 2.05 g
tetrapropylammonium hydroxide (TPAOH, 20 wt %), 0.02 g NaAlO, and 2.57 g deionized (D)
water to get a molar ratio of Al,03:180Si0,:36 TPAOH:5Na,0:4280H,0:xZn0. The mixture was
stirred for 2 h and then transferred to a Teflon-lined autoclave and heated to 180 °C for 48 h.
After cooling down to room temperature, the product was recovered by centrifuging, washed
with deionized water, and dried at 100 °C overnight. Pure ZSM-5 was synthesized as reference
material via the same procedure, replacing ZnO@silica with pure (i.e. ZnO-free) silica NPs. It is
noteworthy that consistency in the nominal ZnO weight loading with the actual measured weight
loadings throughout the synthesis steps suggests that the ZnO NPs remain intact and Zn
dissolution from the NPs does not play a significant role in this synthesis.

MeO@ZSM-5 (MeO= Fe,03, NiO). Following the same bottom-up synthesis strategy,
MeO@silica was utilized as the silica source for MeO@ZSM-5 preparation. MeO@silica
material was directly synthesized in a reverse-microemulsion mediated sol-gel process,™’ i.e.
without first synthesizing metal oxide NPs separately. A mixture of Brij58 (>99%, Sigma-
Aldrich)(20 g for Fe,Osz@silica and 10g for NiO@silica) and 60 mL cyclohexane was heated to

50 °C in oil bath under stirring. Then, the iron nitrate or nickel nitrate aqueous solution and
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finally the ammonium hydroxide solution were added dropwise. Finally, 5g tetraethoxysilane
was added dropwise to the microemulsion. Hydrolysis and condensation of the silica precursors
were allowed to proceed for 2 hours at 50 °C. MeO@SiO, was precipitated by adding 2-
propanol, and washed three times by centrifugation and redispersion. The product was dried at
room temperature and calcined at 500 °C to remove residual surfactant. The conversion of
MeO@silica to MeO@ZSM-5 was then conducted at the same hydrothermal conditions
described above for ZnO@ZSM-5 preparation.

ZnO/ZSM-5. Zn/ZSM5 was prepared by incipient wetness impregnation using a
Zn(NOs), solution. This impregnated Zn/ZSM5 sample was dried under vacuum at 373 K for 12

h and treated in flowing dry air at 773 K for 5hrs.

3.1.2 Characterizations

X-ray diffraction (XRD) X-ray diffraction (XRD) measurements were performed with a high-
resolution powder X-ray diffractometer (Bruker D8 Discover) using monochromatic Cu radiation
at the wavelength of 1.54 A using a beam voltage of 40 kV at a current of 40 mA. The diffraction
patterns were recorded with a step of 0.02° (26) at 0.5 sec/step. The particle size of ZnO was
estimated from this data via the standard Debye-Scherrer formula. SEM (JEOL JSM-6510LV
field emission scanning electron microscope) was used to determine material morphology at
beam voltage of 20 kV. A thin palladium film was sputter-coated on the sample before
measurement. The actual compositions were determined via Energy Disperse X-ray spectroscopy
(EDX) on the SEM, with a collection time of 120-180 s. The materials nanostructure was
determined by both TEM (JEOL-2000FX electron microscope) and high-resolution TEM
(HRTEM, JEOL-2100) after dispersing the samples on a copper type-B support grid (Ted Pella
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Inc.). Surface area and mesoporosity are determined via nitrogen sorption in a Micromeritics
ASAP 2020. Samples were degassed for 24 hours at 300 °C under high vacuum prior to each
analysis. Both nitrogen adsorption/desorption measurements were performed at liquid nitrogen
temperature (77 K). A typical test involved a 6-point Brunauer- Emmett-Teller (BET) analysis
for total surface area measurement in the relative pressure range 0.1<P/P0<0.35. Mesopore size
and mesopore volume determination were calculated by the Barret-Joyner-Halenda (BJH)
method. All reported pore properties were acquired by analyzing the adsorption isotherm data.

118—119’ all 2 nm

Due to a well-known strong artificial peak at pore size ~2nm for ZSM-5 materials
peaks in the mesopore size distribution were removed by subtraction of the scaled 2 nm peak in
the pure ZSM-5 samples to eliminate this artifact. A real mesopore generated through the
embedding of oxide NPs in the hydrothermal synthesis thus can be reliably evaluated. Finally,
micropore analysis was conducted for a 8wt% ZnO@ZSM-5 sample via Argon
adsorption/desorption at 77 K using a Micromeritics 3Flex system. Micropore pore size
distribution was calculated by the Non Local Density Functional Theory (NLDFT) method. It is
noted that NLDFT is an integral equation which is solved to determine density of adsorbed
molecules as a function of distance from adsorbent wall. The NLDFT method is modified from
DFT model which omits short-ranged correlations. Thus, NLDFT accounts for the oscillations of
the density profile near pore walls and was demonstrated to give a more precise analysis of

micropore size distribution.'?**?!
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3.1.3 Thermal stability test

Thermal stability tests were carried out at 700 °C in air for 1h for 8wt% ZnO@ZSM-5

composites. TEM images and XRD were recorded before and after the calcination treatment.

3.2 RESULTS AND DISCUSSION

ZnO NPs. Following the above outlined three-step synthesis strategy, we first synthesized ZnO
NPs with the desired particle size (typically around ~6 nm in the standard synthesis) using a sol-
gel process. XRD of the resulting powder (Figure 4a) indicates that ZnO was successfully
synthesized, and the size of ZnO NP is calculated from the peak width (FWHM) using the
Scherrer equation to be around 6 nm. Particle size distributions from TEM measurements (Figure
4b) show a narrow size distribution with an average particle size that is consistent with the size

suggested by XRD.
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Figure 4. XRD pattern of a) ZnO NPs and c¢) 8 wt% ZnO@silica along with their respective TEM images
(b) ZnO NPs and d) 8 wt% ZnO@silica). The inset in the TEM image shows the particle size distribution with >100

particles counted, and the second inset in (d) shows the HRTEM image of a embedded ZnO NP.

ZnO@silica. Amorphous silica was utilized as a host matrix to confine ZnO NPs via in-
situ encapsulation by a Stober synthesis'??. XRD (Figure 4c) of ZnO@silica with 8wt% ZnO
(from EDX results) shows a broad, diffuse diffraction peak at about 23 ° assigned to amorphous
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silica. Diffraction peaks from ZnO are also observed and remained broad, in agreement with the
small size of the embedded ZnO NPs. TEM (Figure 4d) shows that the particle size of the ZnO
NPs (~6 nm) is not affected by the encapsulation step and that the ZnO NP are well dispersed in
silica (no particles were found on the external surface of the silica). HRTEM further indicates
that the d-spacing value of the embedded particles agrees well with the lattice spacing of the
(100) plane of ZnO (dig0, See bottom right inset in fig. 4d). Thus, ZnO NPs were successfully

confined within the silica without obvious changes to the NPs.
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Figure 5. A) XRD patterns of a) ZSM-5 synthesized from ZnO-free silica, b) ZnO@ZSM-5 (8wt% ZnO).
Inset: zoom in for XRD pattern between 2 theta 30 to 40, and ZnO reflection peaks in this range are 31.5° (100),
~34.5° (002), and ~ 36° (101); B) SEM image of ZnO@ZSM-5 at low magnification. The inset shows STEM image
and the corresponding EDX mapping of a microsphere.; C) SEM image of ZnO@ZSM-5 at high magnification.
Inset: a broken microsphere with numerous nanorods inside; D) SEM image of ZSM-5 synthesized from ZnO-free

silica, and the inset shows SEM image of a representative crystal at a high magnification.

ZnO@ZSM-5. The synthesized ZnO@silica was used as the silica source for the
subsequent zeolite growth in a hydrothermal environment. Following this step, XRD of the
resulting ZnO@ZSM-5 (8wt% ZnO; Figure 5A) shows a diffraction pattern typical for MFI
structures, confirming that the obtained zeolite structure is ZSM-5 and that the zeolite shows

good crystallinity. However, no distinct diffraction peaks from ZnO were observed (see inset in
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Figure 5A; ZnO diffraction peaks are at ~31.5° (100), ~34.5° (002) and ~ 36° (101)) likely due to
a combination of the small particle size of ZnO and the shielding effect of the zeolite matrix.
This also suggests that no larger ZnO particles were formed in the course of the hydrothermal

conversion of the silica matrix to ZSM-5.

Figure 6. Aggregation of ZnO was confirmed by leaving ZnO NPs solely in the same hydrothermal
solution as the one for ZnNO@ZSM-5 synthesis without silica source. ZnO NPs in hydrothermal synthesis solution
(left), and in water (right) for comparison. Photos were taken after the mixture stayed 10 minutes at room

temperature.

The ZnO@ZSM-5 nanocomposite particles exhibit a spherical shape with rather uniform
size (5~10 um) throughout the sample as observed in SEM (Figure 5B). Remarkably, however,
the surface of each micron-size sphere is composed of well-defined, densely packed nanorods
(Figure 5C). SEM images of the cross section of broken particles (after crushing the sample, see
inset of Figure 5C) further indicates that the microspheres are composed of stacked nanorods
throughout the particle. In contrast, a hydrothermal synthesis with ZnO-free silica as the silica
source was conducted at identical hydrothermal conditions. In this case, only typically

intergrown “coffin-shape” crystals were obtained (Figure 5D). Clearly, the aggregated nanorod
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structure of ZnO@ZSM-5 is distinctly different from the morphology of pure ZSM-5 and a result
of the presence of the ZnO NPs which cause the ZSM-5 crystals to break up into stacks of small
nanorods. This suggests a strong impact of the ZnO NPs on ZSM-5 crystallization (which will be
further discussed in the following sections). STEM images of a microsphere sample combined
with EDX elemental mappings (Figure 5B, inset) shows that Zn is homogeneously dispersed in
the composite. Small ZnO NPs are well-known to aggregate quickly in basic/aqueous solutions
(Figure 6),"% which are typically used for zeolite growth. However, our observations suggest that
ZnO NPs did not aggregate during the conversion of ZnO@silica to ZnO@ZSM-5.

TEM was conducted for further characterization of this nanocomposite. A representative
area of a crushed ZnO@ZSM-5 samples is shown in Figure 7a. A fragment of a rod-like object is
shown with many small NPs dispersed throughout this region. The Fourier transform (FFT) of
this image (Figure 7a, inset) supports the presence of both ZSM-5 and ZnO: The strong
hexagonal spots in the center stem from the large single crystal of ZSM-5 while the outer spotty
rings are consistent with the d-spacing of multiple embedded ZnO NPs. Furthermore, HRTEM
lattice fringes of these small nanoparticles (Figure 7b) show a 0.28 nm d-spacing, in good
agreement with the djgp spacing of ZnO. To confirm the location of these ZnO NPs inside the
nanorod, i.e. their embedding into the zeolite matrix (albeit obviously not in the zeolitic
micropores, due to the comparatively large size of the NPs), treatment in 5% hydrogen at 700 °C
was used to remove ZnO NPs in the ZnO@ZSM-5 composite. At these conditions, ZnO is
reduced to metallic Zn and the high vapor pressure of Zn results in rapid evaporative loss of Zn
from the sample (thus also indicating facile access to the embedded NP surface for the reducing
gas as well as efficient transport of the evaporating Zn out of the nanocomposite). The TEM

image in Figure 7e reveals indeed a very holey (“swiss-cheese”) structure of the sample after this
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treatment, i.e. a large number of pores were formed with diameters in the size range of the NPs,
suggesting that most ZnO NPs were indeed embedded inside the zeolite nanorods. However,

some ZnO NPs were also observed in between the primary nanorods, as shown in Figure 7c.
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Figure 7. TEM image for 8 wt% ZnO@ZSM-5 composite. a) TEM images of a cracked nanorod, and the
inset is FFT of image a); b) HRTEM image of a ZnO NP from a); ¢) TEM image for ZnO NPs located in between
primary nanorods; d) ZnO NP size distribution in ZnO@ZSM-5 composites; e) A cracked sample of ZnO@ZSM-5

after ZnO was removed by a thermal treatment.
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Figure 8. UV/vis spectrum for (8 wt% ZnQO) ZnO@silica (black curve) and ZnO@ZSM-5(green curve). It
should be noted that due to the different background absorption (i.e. silica and ZSM-5), the absorbance intensity are

different. Ay, : the absorption at 50% of that of excitonic peak.

Particle size statistics of ZnO NPs (from TEM; see Figure 7d) suggests the size of ZnO
NP is essentially unchanged by the transformation process from amorphous silica to zeolite (d~
5.4+1.7 nm). This is further confirmed via UV/vis measurements. ZnO NPs are known to show
quantum confinement effects for particle sizes <6 nm, and UV absorbance is thus commonly

used to study the particle size of ZnO NPs.'21%°

Meulenkamp, who used A4/ (i.e. the absorption
at 50% of the characteristic excitonic peak) as ZnO NP size descriptor,'?® reported a A, of ~365
nm for 6 nm ZnO NPs. Using this measure and comparing the UV absorbance spectrums of
ZnO@silica before and after hydrothermal conversion (Figure 8), the two curves show virtually
the same A1/» (368 nm), again confirming that the ZnO NP sizes are unaffected by the conversion
and remain ~ 6nm.

The Ar adsorption isotherm (Figure 4a) for the ZnO@ZSM-5 sample exhibits a sharp

uptake at a low relative pressure (P/Po), indicating the existence of microporosity, as expected for

a zeolite. Moreover, a H4 type hysteresis loop starting from the relative pressure 0.45 to 0.85 is
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observed, suggesting mesoporosity also exist in this nanocomposite. The calculated micropore
size (Figure 4b) is centered at 0.55 nm, in agreement ith the micropore size of ZSM-5 (note that
the small peak at ~1 nm is a well-known artifact in Ar isotherms for MFI zeolites, caused by a

phase transition of Ar trapped in the zeolite!'® **®

). In addition, the mesopore size distribution
indicates pores centered at ~3 nm with a small shoulder indicating another pore population with

diameters ~7 nm (inset of Figure 9b).
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Figure 9. a) Ar adsorption/desorption isotherms for 8 wt% ZnO@ZSM-5. b) Micropore size distribution
calculated from the adsorption isotherm via the NLDFT method. The inset shows the mesopore size distribution

calculated from the adsorption isotherm by the BJH method.
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3.2.1 Impact of Synthesis Parameters during Hydrothermal Treatment

3.2.1.1 Impact of hydrothermal reaction time

500 nm

50 nm

Figure 10. a) SEM and b) TEM of ZnO@silica composites; ¢) SEM and d~f) TEM of samples after 0.75h
treated in hydrothermal conditions. The inset in €) is the EDX mapping for the red square area, while f) is the
HRTEM image of this red square area with ~30 nm aggregates surrounded by ~6 nm ZnO NPs; g.h) SEM and TEM
of microsphere-like particle after 6h hydrothermal treatment; i) SEM of microsphere-like particle after 48h

treatment.
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To elucidate the evolution of the formation of the ZnO@ZSM-5 microspheres, products were
collected at different reaction time intervals. At beginning, ~6 nm ZnO NPs are well confined in
~ 100-300 nm silica particles (8 wt% ZnQ), as indicated by SEM and TEM images in Figure
10a,b. After 45 min. hydrothermal treatment, most silica particles are etched in the base
hydrothermal solution, resulting in hollow silica shell structures (Figure 10c,d). In the vicinity of
these structures, TEM shows the presence of small particle aggregates (<50 nm; Figure 10e,f).
The much smaller size of these aggregates compared to the silica precursor particles suggests
that these are likely ZSM-5 nuclei (or aluminosilicate gel) which result from a reaction between
dissolved silica and TPAOH. Importantly, the ZnO NPs which are released from ZnO@silica
during the etching of the silica matrix are located on and in between these small aggregates - no
ZnO aggregates were observed anywhere in the sample (Figure 10f).

When the hydrothermal time is prolonged to 6 h, the sample is entirely composed of
spherical particles in the micron-size range (Figure 10g). Some rectangular sharp edges are
observed on the sample surface, indicating the formation of crystal domains at this point. The
corresponding TEM image (Figure 10h) confirms this transformation, with sharp edges of crystal
domains visible. ZnO NPs are already observed to be encapsulated within these domains.
Finally, after 48h of hydrothermal treatment, the microsphere size has grown uniformly to that of
the larger spheres observed at 6h. At this point, all microspheres appear composed of densely
packed ZSM-5 nanorods stacked uniformly throughout the microspheres (Figure 10i), in
agreement with the detailed structure information of this sample after 48h hydrothermal

treatment discussed further above (Figure 5 and 7).
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3.2.1.2 Impact of number of embedded metal oxide nanoparticles
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Figure 11. Impact of ZnO weight loading on the ZnO@ZSM-5 nanocomposite structure and porosity. a)
XRD pattern, b) nanorod width, ¢) N, adsorption/desorption isotherms, and d) mesopore surface area and volume of
ZnO@ZSM-5 versus ZnO weight loading. Weight loadings in the N, isotherms in (c) are: 0 wt% ZnO (solid
diamonds), 4 wt% ZnO (empty diamonds), 8 wt% ZnO (solid triangles), 15 wt% ZnO (empty triangles), and 20 wt%
ZnO (solid circles). Mesopore surface area and volume in (d) are calculated from adsorption isotherms by BJH

method.

35



Figure 12. Morphological and textural transformation of ZnO@ZSM-5 with increasing weight loadings of

ZnO: a) 0.5 wt%, b) 4 wt% c) 8 wt% d) 30 wt%.

Several parameters related to the embedded ZnO NPs in ZSM-5 can be expected to impact the
properties of the ZnO@ZSM-5 nanocomposites and were hence investigated separately. Based
on the above observations, one can expect that the number of embedded ZnO NPs should impact
the ZSM-5 structure The ZnO NP loading in the ZnO@ZSM-5 nanocomposite can be adjusted in
a very straightforward way by controlling the amount of ZnO NP used in the Stober synthesis of
the ZnO@SIO, precursor. As expected, XRD of the resulting samples (Figure 11a) indicates that
the crystallinity of the formed ZSM-5 decreases with increasing NP numbers, suggesting again
that the embedded NPs have a strong impact on the ZSM-5 crystallization behavior. This is
further confirmed by a change in morphology of the ZnO@ZSM-5 nanocomposites with
changing ZnO weight loading: ZnO@ZSM-5 samples with very low Zn loading (0.5wt%, figure
12a) exhibit only an “intergrown coffin” morphology, suggesting that a small amount of NPs
barely affects the crystallization behavior of ZSM-5. As the amount of ZnO NPs is increased, the

product gradually transforms to the aggregated-nanorod spherical morphology (Figure 12b,c).
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Interestingly, we found that the width of the nanorods in these microspheres decreases
monotonically with increasing ZnO NP amount (Figure 11b), suggesting that the NPs play a key
role in the break-up of the zeolite crystallites into nanorod structures. It seems likely that with
increasing NP content, the increasing number of NPs can no longer be accommodated within the
zeolite crystals and instead align along the external surface of the rods (see Figure 7c), thus
stabilizing the nanorods at increasingly small sizes.

Finally, a further increase in the NP loading results in the formation of irregular
aggregates, with fewer and fewer well-defined microspheres observable (Figure 12d). Clearly,
uniform microspheres consisting of aggregated ZSM-5 nanorods require a minimum amount of
NPs for formation and stabilization while an excess of NPs strongly hinders the formation of
larger ZSM-5 crystallites. This observation is consistent with the XRD observation that
crystallinity decreases strongly with increasing NP loadings.

Significantly, the ZnO NP loading also has a strong impact on the mesoporosity of the
ZnO@ZSM-5 nanocomposites. The N, adsorption isotherm becomes steeper with increasing NP
loading, and the hysteresis loop at higher relative pressure (P/Py) becomes more and more
pronounced (Figure 11c). Both characteristics indicate that an increasing amount of embedded
ZnO NPs results in increasing mesoporosity within the zeolite microspheres, as confirmed by an
almost linear increase in mesopore volume and surface area with ZnO weight loading (Figure

11d).
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3.2.1.3 Impact of ZnO NP size

ZnO@silica ZnO NPs

ZnO@ZSM-5

Figure 13. ZnO@ZSM-5 synthesized from different size of ZnO NPs. a), b) and c¢) are TEM images for
ZnO NPs with size 3.8£0.6 nm, 5.9+1.2 nm and 13+ 4 nm, respectively; d), e) and f) are TEM images for
ZnO@silica synthesized from a), b) and c), respectively. The size of ZnO NP embedded in silica is 3.8+1.3 nm,
5.8+1.0 nm and 9.6+4.4 nm for d), €) and f), respectively; g), h) and i) are SEM images for ZnO@ZSM-5
synthesized with d), e) and f) as the silica source, respectively. The insets g), h) and i) show the TEM images of ZnO
NPs which are embedded within ZnO@ZSM-5 microspheres, with ZnO NP size 3.8+ 0.8 nm, 5.4+ 1.7 nm, and
13.7+ 6.3 nm, respectively. Ps. The size of bare ZnO NPs was tuned by changing the synthesis time length (2 hours

for 3.8 nm Zn0O) and precursor concentrations (x10 for 13 nm ZnO compared to the other two).

Beyond the number of embedded oxide nanoparticles, one can expect that NP size should have a
significant impact on the structure of these nanocomposites. The bottom-up synthetic scheme

again makes it possible to control the embedded NP size through straightforward modification of
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the ZnO NP precursors (Figure 13). Again a strong dependence of the morphology of the
nanocomposite particles on the embedded NPs is evident: ZnO@ZSM-5 synthesized from 3.8
nm ZnO NPs yields only intergrown coffin-shape crystals (Figure 13g), while composites from
larger NP sizes show again the aggregated-nanorod morphology. Moreover, the average nanorod
width of ZnO@ZSM-5 from larger (13 nm) ZnO NPs is significantly smaller than that from
smaller (5.9nm) NPs (160065 nm vs 8980247 nm, respectively, see Figure 13i and 13h). The
reason for this size dependence is not as easily understood as the dependence on the number of
nanoparticles. It seems reasonable that larger nanoparticles are less favorable for embedding into
the nanorod structure itself, i.e. growth of the zeolite crystallite around the NP is increasingly
hampered with increasing particle size, resulting in a larger fraction of NPs that are located at the
nanorod surface instead. Hence, an increase in particle size should have a similar effect as an
increase in NP number. However, it is challenging to get a sufficient number of NP counts to
proof or disproof this hypothesis on a statistically sound basis, and the explanation hence
remains speculative at this point. (It should be noted that in these tests, the number of embedded

NPs was held constant by changing the weight loading to account for the different NP sizes).

3.2.1.4 Impact of silica precursor

The results discussed so far suggest an intricate interplay between the transformation of the silica
matrix to zeolite and the embedded ZnO NPs. However, it is well known that the transformation
reaction does not occur as in-loco liquid-solid reaction between silica and the aluminum
precursor but via dissolution of silica followed by nucleation of the zeolite structure from the
liquid-phase.*®” In order to further probe the importance of the core@shell structure of the
precursor, experiments were conducted using a separated feed of ~6 nm ZnO NPs and ZnO-free

silica NPs as source materials for the hydrothermal reaction with a target weight loading of 8
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wt%. In contrast to the previous syntheses, the resulting materials from this synthesis showed
widely disparate morphologies and spatially inhomogeneous composition (see Figure 14). SEM
shows the formation of a wide range of different aluminosilicate aggregates with both coffin
shape, aggregated nanorod structure, and entirely irregular shape (Figure 14a), in stark contrast
to the highly homogeneous structures formed in the syntheses from the ZnO@Silica precursors.
Similarly, the local ZnO concentration fluctuates widely within the sample. In particular, the
ZnO concentration in the irregular aggregates is much higher than the nominal weight percent of
ZnO in the product (Figure 14b). Similarly, the intergrown-coffin shape morphologies (Figure
14c) indicate ZSM-5 with no or very low ZnO NP loading, as discussed further above. With
increasing overall ZnO concentration in the synthesis, the occurrence of the intergrown-coffin
morphology is somewhat reduced while the frequency of irregular aggregates with very high
zinc concentration increase dramatically (Figure 14d). Hence, a highly inhomogeneous
distribution of ZnO NPs in the zeolite matrix results when ZnO and silica are added as separate

feeds to the synthesis.
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Figure 14. SEM images of ZnO@ZSM-5 synthesized by adding silica and ~6 nm ZnO NPs separately into
hydrothermal solutions. (a) 8 wt% ZnO sample. b) and c) are higher magnifications of areas from a). EDX indicates

44 wt% ZnO for the area marked by the red box in (b), well in excess of the nominal 8 wt%. d) 20 wt% ZnO sample.

3.2.2 Proposed mechanism

Based on above observations, we propose a formation mechanism for this unique stacked-
nanorod ZSM-5 structure obtained from the described bottom-up synthesis (Scheme 1). The
synthesis builds onto the well-established synthetic capabilities for the production of size-
controlled metal (oxide) nanoparticles, and their encapsulation into a silica matrix. When this
ZnO@silica composite is heated in a hydrothermal solution (with well-defined composition,

such as Al,O3: 180SiO,: 36 TPAOH: 5Na,O: 4280H,0: xZn0), the amorphous silica matrix

41



gradually dissolves, releasing both soluble silicate species (such as SiO4?) and ZnO NPs (Figure
10c,d) (Scheme 1a). Nucleation of aluminosilicate occurs from a reaction of the dissolved silica
with TPAOH and, as previously reported for similar hydrothermal conditions (temperature and
molar ratio of the mixture), aggregation of the nuclei occurs quickly in parallel with formation of
new nuclei, i.e. nucleation and aggregation take place at comparable rates.®® 2 This timing is
critical to assure that the released ZnO NPs are quickly captured and encapsulated by the
aluminosilicate aggregates in order to avoid precipitation and/or aggregation of the ZnO NPs and
hence inhomogeneous distribution of the NPs in the final zeolite structure (Scheme 1b). This is
evidenced by TEM images taken at an intermediate stage of the formation of the ZnO@ZSM-5
structure shown in Figure 10e,f, where one can find ~6nm NPs distributed homogeneously
between ~30 nm aluminosilicate aggregates. The fine balance between the time scales of
dissolution of the silica matrix, nucleation, and aggregation of the aluminosilicate phase, and
capture of the concurrently released ZnO NPs is hence critical to maintain a homogeneous ZnO
NP distribution in the final ZnNO@ZSM-5 nanocomposite. The “timed release” of the ZnO NPs
hence assures a continuous feed of ZnO NPs that is intrinsically well-matched to the capacity of
the synthesis reaction to incorporate these NP into the forming zeolite structure, similar to the
well-established timed-release mechanisms in drug delivery which assure a continuous, low-
level dose of a required drug. Correspondingly, if the ZnO concentration in the precursor
ZnO@silica is increased to very high density, the resulting increased NP release rate starts to
exceed the rate of encapsulation and instead results in the formation of irregular aggregates in
addition to regular microshperes (Figure 12d). Moreover, if ZnO NPs are directly added into
hydrothermal solution without pre-embedding in the silica matrix, rapid aggregation and settling

occurs in the alkaline environment of the hydrothermal synthesis broth (Figure 6), resulting in
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highly inhomogeneous materials composed of largely ZnO-free zeolite crystallites and poorly
defined structures which contain mostly ZnO aggregates (Figure 14). Clearly, a very fine
balance between NP release and encapsulation must be maintained to achieve a well-controlled,

highly homogeneous NP@zeolite product structure.
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Scheme 1. Proposed “timed release mechanism” resulting in the formation of ZnO@ZSM-5 with
aggregated nanorod structure: a) Dissolution of silica results in coordinated release of soluble silicate and metal
oxide NPs; b) zeolite nuclei form and quickly aggregate around the NPs, forming a largely amorphous core@shell
precursor structure; c) During re-crystallization of the zeolite, nanorod crystallites are formed, resulting in the final
“stacked nanorod” morphology and in the formation of mesoporosity between the nanorods and surrounding the

embedded NPs.

As the hydrothermal reaction progresses further, these aggregated aluminosilicate nuclei
enter the growth stage. Normally, such aggregated ZSM-5 nuclei grow into single, larger crystals
via an Ostwald ripening process'?®®. However, the presence of the ZnO NPs in between the
aggregated nuclei in the present synthesis alters the crystallization behavior of the zeolite
significantly. As recently shown by Li et al.™*? the presence of embedded NPs changes the
crystallization of the ZSM-5 phase to a surface-initiated crystallization which proceeds towards

the core of the individual aggregate particles and during which the particle is broken up into the
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striking “aggregated nanorod” structure due to the intercalation of the NPs (Scheme 1c). The
larger the number of nanoparticles or the larger the particle size of the ZnO NPs, the more they
disrupt the growth of the zeolite crystals. Energetically, it should be more favorable to align
nanoparticles along the external surface of a nanorod-shaped crystallite rather than embedding
them into the crystallite where they will result in a strong disruption of the zeolite lattice (since
the NPs are much too large to be accommodated inside the zeolite micropores). Hence, an
increase in NP number or size will favor the crystallization into more, and hence smaller,

nanorods within a zeolite particle.
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Figure 15. Pore width distribution of ZnO@ZSM-5 synthesized from different sizes of ZnO NPs: 3.8 nm
ZnO@ZSM-5 (0.59 wt%,; green-diamonds), 5.9 nm ZnO@ZSM-5 (2.3 wt%,; black squares), and 13 nm
ZnO@ZSM-5 (18.5 wit%; red circles). Note that in these tests, the number of embedded NPs was held constant by

changing the weight loading to account for the different NP sizes.

At the same time, the incorporation of NPs both within the nanorod crystallites as well as
between the nanorods creates significant mesoporosity (Scheme 1c), likely resulting from a
combination of some mesoporosity around the embedded NPs as well as mesoporosity in
between the nanorod crystallites. As a result, the mesopore volume scales close to linearly with

the NP number (Figure 11d). However, albeit mesoporosity also increases with the NP diameter

44



(see Figure 15), the mesopore diameter does not scale in a simple way with NP size. While the
mesoporosity that is created in this way (0.01-0.08 cm®g™) is significantly lower than typical

mesoporosities achieved via demetallation (0.10-0.50 cm®g™'*®

), the present approach is
synthetically much more straightforward. More importantly, demetallation has to be conducted
carefully to avoid non-uniform mesoporosity*®, while the present synthetic approach yields
highly uniform mesoporosity in a straightforward way due to the homogeneous distribution of
NPs throughout the sample (as for example indicated by the narrow pore size distribution; figure
15). Finally, demetallation alters the Si:Al ratio (SAR) in the zeolite — again often in a non-

uniform way — and SAR is critical for catalytic performance of zeolite materials, as it determines

the availability of Bronsted acid sites.

3.2.3 Flexibility of the synthesis strategy

The above described mechanism should in principle be applicable to virtually any metal or metal
oxide nanoparticle that can be embedded into silica (for which a plethora of synthetic recipes
exist in the literature). Since the encapsulation mechanism does not rely on (species-specific)
capping agents or similar steps, but simply on the fine-tuned rates of the “timed release” of
embedded NPs and subsequent capture by aluminosilicate nuclei, transfer to other NPs should be
straightforward. To test the flexibility of the approach, we applied the same synthetic strategy to
Fe- and Ni-based materials and found the same formation of aggregated-nanorod zeolite particle
morphologies with embedded metal oxide nanoparticles and similar mesoporosity for these

materials (figure 16).
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Figure 16. 8wt% Fe,0;@ZSM-5(a-d) and 8 wt% NiO@ZSM-5(e-h) synthesized from MeO@silica with

the same hydrothermal condition used for ZnO@ZSM-5. (a), (b), (¢), and (f) show SEM images of the morphology,
while (c) and (g) are HRTEM images showing the presence of the oxide NPs. (d) and (h) show N,

adsorption/desorption isotherms indicate the presence of mesopores.

3.2.4 Thermal stability of metal oxide @ ZSM-5

Finally, one can expect that zeolite encapsulation should result in strong stabilization of the
embedded metal oxide NPs, protecting them in particular against thermal sintering due to the
embedding in the micropore framework of the zeolite. In order to test whether the formation of
the mesoporosity in the sample compromises this expected stabilization, samples were calcined
at elevated temperature and then analyzed. TEM images were recorded before and after
calcination of 8 wt% ZnO@ZSM-5 at 700 °C in air for 1hour (Figure 17). Before calcination, the

majority of the ZnO NPs were generally about 6nm in diameter (Figure 17a). After calcination,
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no significant change in particle size is observed (Figure 17b), indicating that the ZnO NPs of
ZnO@ZSM-5 have an enhanced stability towards sintering. The successful stabilization of ZnO
NPs is further corroborated by XRD before and after calcination (700 °C in air, 1hour; Figure
17d). No differences between the two XRD patterns of ZnO@ZSM-5 are discernible, and no
distinct ZnO reflections (i.e. 26 ~31.5° (100), ~34.5° (002) and ~ 36° (101)) can be observed in
either XRD pattern. In contrast to the nanocomposite ZnO@ZSM-5, an 8wt% ZnO/ZSM-5
sample prepared by conventional wet impregnation showed severe sintering after the same
thermal treatment, as seen in both TEM (figure 17¢) and XRD (figure 17d). Thus, the described
synthesis yields MeO@ZSM-5 nanocomposites which not only exhibit highly uniform structure
and significant mesoporosity, but also enhanced sintering stability of the embedded metal oxide

nanoparticles.
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Figure 17. TEM of (8wt%) ZnO@ZSM-5 a) before and b) after a thermal treatment at 700 °C in air. c)

TEM of ZnO/ZSM-5 prepared by impregnation after heat treatment at 700 °C in air. d) XRD patterns for

ZnO@ZSM-5 before and after a thermal treatment at 700 °C in air and ZnO/ZSM-5 prepared by impregnation after

a thermal treatment at 700 °C in air.
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3.3 SUMMARY AND CONCLUSIONS

The formation of metal oxide @zeolite core-shell nanocomposite materials is of great
technological interest due to the bifunctional catalytic properties of the resulting materials which
combine catalytic functionality of metal oxide nanoparticles and of the zeolite matrix. For
example, MoxO,/HZSM-5" and ZnO/HZSM-5'° catalysts are reported for methane
dehydroaromatization reaction, where the metal site is responsible for methane activation and
active site of HZSM-5 works for oligomerization. The core-shell nanocomposite materials
furthermore constitute an efficient structure for stabilization of NPs against thermal sintering
and/or shielding against chemicals that are larger than the zeolite micropore dimensions (~5.5 A
for ZSM-5). However, the formation of such structures is to-date typically the subject of a costly
and tedious trial-and-error procedure.

We presented here a straightforward and transferrable approach towards formation of
such metal oxide@ZSM-5 nanocomposite materials. The approach consists of three steps:
Synthesis of (size-controlled) metal oxide nanoparticles, encapsulation of these NPs into silica
shells through a modified Stéber synthesis, and conversion of the silica shell to ZSM-5. The
systematic bottom-up approach of building this material allows for straightforward, precise
control of the metal weight loading as well as of the size of the embedded NP, enabling use of
the vast literature on synthesis of size-controlled NPs for these nanocomposite materials. Key to
the synthesis is the “timed release” of the embedded NPs during dissolution of the silica matrix
in the hydrothermal conversion step: While metal oxide nanoparticles typically agglomerate and
precipitate rapidly in solution, the present metal oxide@silica precursor structure results in a rate
of NP release which is intrinsically balanced with the rate of Si dissolution and subsequent (rapid)

formation of aluminosilica nuclei.
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It can be expected that the synthetic approach should be applicable for encapsulation of
metal and metal oxide nanoparticles into other zeolite structures as well, as long as the nucleation
of the zeolite phase is a sufficiently rapid process and hence does not disturb the fine balance

between the relative time scales of the different reaction steps.
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4.0 ZN-HZSMS5 CATALYSTS FOR METHANE DEHYROAROMATIZATION

Benzene is one of the most important organic intermediates in the petrochemical industry.
Currently, it is mainly produced from crude oil processing. However, the increasing price
difference between oil and natural gas due to the availability of abundant shale gas has renewed
interest in the development of a process for the direct conversion of methane to benzene. This
can be achieved via non-oxidative methane dehydroaromatization (DHA) with reported methane
conversions of up to ~10% Xcns and benzene selectivity of 80% at a typical reaction temperature
of 700 °C over bi-functional Mo-HZSM-5 (catalysts)®. Over this catalyst, methane is activated
on Mo sites (present in their active form as oxicarbide clusters) resulting in C-C coupling
intermediates. Subsequently, these intermediates oligomerize on Bronsted acid sites (BAS) of
HZSM-5 to form benzene™ ***" ™ The high benzene selectivity over this catalyst is attributed to

the shape selectivity of ZSM-5 micropores®.
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However, the diffusion of large benzene molecules inside the micropores simultaneously

enhances the chance for undesired further reactions on the BAS™ *®

, resulting in coking and
hence deactivation of the catalyst. Regeneration is typically conducted via burn-off of the coke in
an oxidative environment®. However, this burn-off also results in oxidation of the Mo species,
and hence requires a lengthy activation period to convert Mo back into its active oxicarbide
form®. Typically, Mo-HZSM-5 catalysts require regeneration every few hours (~5 hrs, although
depending on the reaction conditions, this time can be even shorter'®), and the required 0.5-1 hr

activation time (along with low conversions) hence pose a significant hurdle for economic

viability of the process.
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While the existing literature for DHA predominantly focuses on Mo/HZSM-5 catalysts™
19.132 "the sensitive nature of the Mo-oxycarbide species motivates the search for alternate metals.
Table 1 summarizes some of the reported transition metal/zeolite catalysts for methane DHA.
Since coking is virtually unavoidable in aromatization reactions, and catalyst regeneration is
hence required, a desirable feature of a DHA catalyst would hence be active in the oxidized state
at which it exists from regeneration in order to avoid lengthy re-activation. However, similar to
the Mo-based system, the majority of transition metals have been reported to be active in their
reduced state. A rare exception is the claim by Wang et al.? that ZnO is the active phase in
Zn/HZM-5 catalysts for DHA. However, the reported literature on Zn as DHA catalyst is limited
29192 "and none of the published reports experimentally verified this claim. Nonetheless, zinc-
containing zeolites have been extensively studied for aromatization of light alkanes (C, and Cs)
133135 Despite a debate whether the active zinc species is isolated Zn™? or a multinuclear
oxygenated zinc clusters, general agreement exists that the active phase is divalent Zn® 36138,
Since Zn is expected to play a similar catalytic role in methane DHA as in light alkane

aromatization, it hence seems reasonable to assume that Zn*? is the active oxidation state in

catalytic DHA.
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Table 1. (Partial) literature survey of nonoxidative dehydroaromatization over transition metal loaded HZSM-5

zeolites.
Transition metal Temp (OC), GHSV Initial oxide > Xora Benzene selectivity References
(cclg/n) Active phase (S), yield (Y)
Mo 700, 1000 MoO, > Mo,C 6-15% $:60-85% 213
Mn 700, 1600 Mn,0, > MnO.C, 2.1% Y:1.9% o
Zn 700,1440 Zn0 > Zn0O ~3% S:>90% 29
w 700,960 (Or 750, WO, > WO, 3~4% (or 0.3%) S: 67% (0%) 511
800)
Fe 750, 800 Fe,0, > Fe,0, 4% S: 67-74%) 393
\Y; 750, 800 V,0, > V,0, 0.6% S: 63.1% s
Cr 750, 800 Cro,~> Cr,0, 0.3% $:19.4% s

In the present study, we therefore investigated the catalytic performance of various Zn-
HZSM-5 catalysts in methane DHA. Three different synthesis approaches were used to prepare
catalysts which contain different Zn species in order to obtain conclusive insight into the activity

and stability of different Zn species for this reaction.
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4.1 MATERIALS AND METHODS

4.1.1 Catalyst preparation

4.1.1.1 Wet ion exchange (Zn/HZSM-5) and impregnation method (ZnO/HZSM-5)
NaZSM-5 zeolite was synthesized by a hydrothermal condition. Typically, the molar
composition used for synthesis is: Al,O3 : 80SiO, : 36TPAOH : 5Na,O : 4280H,0, from the
mixture of sodium hydroxide (NaOH), silica particles (100- 300 nm), sodium alumina (NaAlO,),
and tetrapropylammonium hydroxide (TPAOH, 20 wt % in aqueous solution). The
crystallization was conducted at 180 °C for 48 h in a Teflon-lined stainless steel autoclave. The
solid product was recovered by centrifugation and washing with deionized water (DI water) for 4
times, followed by drying at 100 °C overnight and calcination at 550 °C for 6h in air. Converting
the synthesized NaZSM-5 to HZSM-5 was achieved by ion exchange with agueous NH4NO3
solution (1M) at 80 °C for 12h and subsequent drying at 100 °C and calcination at 500 °C for 5h.
Zn/HZSM-5 by ion exchange was acquired by stirring HZSM-5 powder in Zn(NOs),
solution (0.005M) at 70 °C for 1h (Zn/HZSM-5-1) or for 24h (Zn/HZSM-5-24). The product
was then washed with DI water for 4 times and dried at 100 °C overnight, followed by
calcination at 500 °C for 20h. ZnO/HZSM-5 was prepared by incipient wet impregnation of
HZSM-5 in Zn(NO3), solution, followed by drying at 100 °C overnight and calcination at 500 °C

for 5h.
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4.1.1.2 Core-shell method (ZnO@HZSM-5):

Core-shell approach was implemented with the following order*%: (i) synthesis of ZnO NPs, (ii)
encapsulation of ZnO NPs in amorphous silica, and (iii) convert the silica shell into ZSM-5
zeolite.

ZnO NPs were prepared by a sol-gel process. Typically, Zn(OAc),-2H,0 (1.48 @) in
methanol (62.5 ml) was preheated to 60 °C with reflux, and then NaOH (0.52 g) dissolved in
methanol (32.5 ml) was added to initiate hydrolysis and condensation of ZnO. The mixture was
kept stirring at this temperature for 20 hrs. After the reaction, supernatant was removed by
centrifuging. The ZnO NP was re-suspended in ethanol to wash away unreacted precursors and
impurities, and the washing process was repeated three times.

ZnO was then encapsulated by amorphous silica via a Stober synthesis condition. First,
as-synthesized ZnO was re-dispersed in 200 ml of ethanol under ultrasound. 9.5 ml of
tetraethoxysilane (TEOS) and 4 ml DI water were added into above colloid separately, and the
mixture was treated with ultrasound for 20 mins. Next, 15.25 ml of ammonia (28 wt%) dissolved
in 32.5 mL of ethanol was added slowly to the solution with continuous stirring and kept for 3
hrs at 55 °C. The product solution was then centrifuged and re-dispersed in ethanol for three
cycles. The purified particles were dried and clacined at 500 °C for 2 hrs.

ZnO@SiO, composites were converted into the ZnO@ZSM-5 materials by a
hydrothermal treatment. Typically, ZnO@SiO, composites was added to a mixture of NaOH,
tetrapropylammonium hydroxide (TPAOH, 20 wt %), NaAlO; and deionized (DI) water to get a
mole ratio of Al,O3: 80SiO,: 36TPAOH : 5Na,0 : 4280H,0 : 10.5Zn0O. The mixture was stirred
for 2 h. Then the mixture was transferred to a Teflon-lined autoclave which was heated to 180 °C

for 48 h. After cooling down to room temperature, the product (ZnO@NaZSM-5) is recovered
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by centrifuging, washed with deionized water, and dried at 100 °C for overnight. Converting the
synthesized ZnO@NaZSM-5 to ZnO@HZSM-5 was achieved by ion exchange with aqueous
NH.NOj3 solution (1M) at 80 °C for 12h and subsequent drying at 100 °C and calcination at 500

°C for 5h.

4.1.2 Catalyst characterization

4.1.2.1 X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) measurements were performed with a high-resolution powder
X-ray diffractometer (Bruker D8 Discover) using a monochromatic Cu radiation at the
wavelength of 1.54 A. The beam voltage was 40 kV at a current of 40mA. The diffraction

patterns were recorded with a step of 0.02° (26), 0.5 sec/step.

4.1.2.2 Electron microscopy and X-ray microanalysis

JEOL JSM-6510LV field emission scanning electron microscope (SEM) was used to determine
material morphology at beam voltage of 20kV. A thin palladium film was sputter coating on the
sample before measurement. Nanoscale morphology was determined by a high resolution
transmission electron microscopy (HRTEM, JEOL-2100). Samples were dispersed on a copper
type-B support grid (Ted Pella Inc.). The actual chemical composition of Zn-HZSM-5 catalysts
was determined by energy dispersive analysis of X-ray (EDX) equipped on SEM (JEOL

JSM6510LV), with a collection time of 240- 300 s.
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4.1.2.3 Ammonia adsorption-temperature programmed desorption (NH3-TPD)

NH3-TPD experiments were carried out using a flow system with a thermal conductivity detector
(Micromeritics Autochem 2910). Prior to each TPD run, the catalyst (~0.2 g) was heated to 500
9C for 30 min under pure He (50 sccm, ramp 5 °C/min) to remove all moisture. The catalyst was
then cooled to 150 °C and exposed to 30 sccm 15% NHs in He for 30 min. The catalyst was
purged with pure He gas to remove excess ammonia before the temperature was ramped up to

600 °C at 5 °C/min ramp rate to obtain NHz-TPD data profile.

4.1.2.4 Temperature programmed reduction (H,-TPR)

H,-TPR was operated with a Micromeritics Chemisorb 2750 system equipped with a thermal
conductivity detector. During the TPR analysis, the samples were first oxidized in 5% O,/He at
500°C for 1 h, and then TPR was performed by heating the sample (100 mg) at 2 °C/min to 1000
°C in a 10% H./Ar flow (20 ml/min). A cold trap filled with acetone-dry ice mixture was placed

between reactor and TCD to remove water vapor.

4.1.2.5 Micropore analysis

Microporosity was determined by using a Micromeritics ASAP 2020 unit. In order to remove
surface humidity and preadsorbed gases, samples were degassed for 10 h at 300 °C under high
vacuum prior to each analysis. Both nitrogen adsorption/desorption measurements were
performed at liquid nitrogen temperature (77 K). The surface area was calculated from the N,
isotherm data using the Brunauer—Emmett—Teller (BET) model. The micropore size distribution

(PSD) was calculated by Saito and Foley (SF) method.
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4.1.3 Reactivity evaluation

The reaction was carried out in a fixed-bed reactor at 700 °C and atmospheric pressure.
Typically, catalysts were charged into a 5.0 mm i.d. quartz tubular reactor. The reactor tube was
heated from room temperature up to 500 °C for catalyst pretreatment in air, and then heated to
reaction temperature 700 °C under helium flow. After temperature equilibration, methane (12.5
sccm) was introduced onto the catalyst for various reaction times up to 300 min. The typically
used gas hourly space velocity (GHSV) was 3750 (cc/g/hr) for catalytic performance comparison
between different catalysts. Different GHSV which was achieved by changing the catalyst
amount (while keeping methane flow rate) was only tested on ZnO@HZSM-5 catalyst. The
effluent gas products were analyzed by both Balzers Quadstar GSD 300 mass spectrometer (MS)
and Agilent 3000A Micro GC equipped with thermal conductivity detectors (TCD). An amount
of 50% He was added to the methane feed as an internal standard. The methane conversion,
selectivity of products was evaluated according to the carbon mass balance. Total coke formation
was determined based on CO and CO; signal detected in MS during regeneration (under 20%

0O,) of the spent catalysts.
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4.2.1 Material characterization

4.2

RESULTS

Table 2. Chemical composition of the catalysts used in this study, as determined by EDX.

Sample Prep. Method Si/Al Zn (wt%) Zn (wt%)
as
synthesized after reaction/regeneration cycles
Zn/HZSM-5-1 Wet ion exchange, 31 0.31 0.32
lhr
Zn/HZSM-5-24 Wet ion exchange, 31 0.75 0.40
24hr
ZnO/HZSM-5 Wet impregnation 31 6.4 0.40
ZnO@HZSM-5  Core-shell synthesis 40 6.20 0.52
HZSM-5 Parent support 31 - - - -

Table 2 shows the chemical composition of the catalysts used in this study. The Si/Al ratio is
similar for HZSM-5 and zinc catalysts prepared by post-introduction of zinc on HZSM-5 (Si/Al
= ~31), while this ratio is slightly higher (Si/Al = 40) in ZNO@HZSM-5 prepared by direct
embedding of ZnO NPs during ZSM-5 crystallization/growth (core-shell method). The zinc
content in ZnO/HZSM-5 is in good agreement with that in ZnO@HZSM-5 (~6.0 wt% Zn). Much
lower Zn loading was obtained via ion-exchange, depending on the duration of the ion-exchange,

ranging from 0.31 wt% Zn (1h exchange) to 0.75 wt% Zn (24 hr exchange).
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Figure 18. XRD patterns at 2 theta of 5- 40 A) and exploded view of 30- 40 B) of HZSM-5 and Zn-
containing HZSM-5 prepared by different methods. a) HZSM-5, b) Zn/HZSM-5-1, ¢) Zn/ZSM5-24, d) ZnO/HZSM-

5, and ) ZnO@HZSM-5. The dashed lines indicate the locations of the (100), (002), and (101) ZnO diffractions.

Pure HZSM-5 and Zn-containing HZSM-5 prepared by all three methods exhibit
identical diffraction patterns in XRD, indicating the MFI zeolite structure of all catalysts (figure
18A). The peak intensity (crystallinity) differs, however, with that of ZnO@HZSM-5 noticeably
lower than that of others. This is not surprising, since the presence of ZnO NPs with diameters
larger than the zeolite micropores must disrupt the crystal pattern of the zeolite and hence affect
the ZSM-5 crystallization behavior during the hydrothermal synthesis. ZnO reflections are only
distinguishable in ZnO/HZSM-5 prepared by impregnation (against strong reflections from
ZSM-5, figure 18B), suggesting that larger ZnO particles exists in this catalyst. Thus, XRD
results suggest that only the zinc species introduced by ion exchange methods are well dispersed

in the HZSM-5 zeolite.
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Figure 19. SEM images of HZSM-5 and Zn-containing HZSM-5 prepared by different methods: a)
HZSM-5-1, b) Zn/HZSM-5-1, ¢) Zn/ZSM-5-24, d) ZnO/HZSM-5, e) ZnO@HZSM-5 and f) grounded

ZnO@HZSM-5.
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SEM imaging of HZSM-5 and Zn-containing HZSM-5 zeolites (figure 19) indicates that
the introduction of zinc species by post-treatment (impregnation and ion exchange) has no
influence on the crystal size and the morphology of the parent HZSM-5 which forms particles
with the conventional coffin/cube shape of ZSM-5 (figure 19a). In contrast, the morphology of
the ZNO@HZSM-5 is changed dramatically, forming microspheres composed of a multitude of
aggregated nanorods (figure 19e,f). Consistent with XRD result, this confirms that that presence
of ZnO NPs during the synthesis strongly influences nucleation and growth of the ZSM-5, as

also recently reported by ourselves and others™# 4.
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Figure 20. HRTEM micrographic of the Zn-containing HZSM-5 catalysts investigated in this study: a)
Zn/HZSM-5-1, b) Zn/ZSM-5-24, ¢) ZnO/HZSM-5, and d) ZnO@HZSM-5. The inset of a) and b) shows the
chemical compositions (by EDX) for the area of HRTEM image taken for Zn/HZSM-5-1 and Zn/ZSM-5-24,

respectively. The inset of d) shows an EDX mapping for a microsphere from ZnO@HZSM-5.

The ZnO NPs dispersed in HZSM-5 prepared by different methods were further
investigated by HRTEM (figure 20). For the ion exchange catalysts, no visible NPs could be

observed (figure 20a,b), although EDX confirms successful incorporation of Zn in the imaged
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area (see inset of figure 20a,b). This again suggests that only very small zinc species, located
inside the micropores, are formed by this preparation method*3* >4 consistent with the XRD
findings that suggested the presence of only well dispersed zinc species in the ion exchange
catalysts (and hence absence of Zn diffractions and an unperturbed ZSM-5 diffraction pattern).
ZnO NPs exist both in/on ZnO/HZSM-5 and ZnO@HZSM-5 (figure 20c,d). However,
location and particle size of the ZnO NPs are very different between these two materials. For
ZnO/HZSM-5, ZnO NPs show a very wide size distribution from ~2 nm nanoclusters to > 20 nm
NPs. Furthermore, while not obvious from the TEM images, these observed ZnO NPs can only
be located on the external surface of ZSM-5 due to the fact that Zn is introduced via post-
synthetic impregnation and the micropores of ZSM-5 are too small to accommodate NPs >1 nm.
In contrast, for ZnO@HZSM-5, EDX mapping (figure 20d, inset) shows that ZnO is well-
dispersed throughout the ZnO@HZSM-5 particles, suggesting successful encapsulation of ZnO
NPs in HZSM-5 via the core-shell approach. Moreover, as expected from the synthesis
procedure, this catalyst contains a narrow and very homogeneous size distribution of ZnO NPs

with an average diameter of ~6 nm.
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Figure 21. NHs-TPD profiles of HZSM-5 and Zn-containing HZSM-5 prepared by different methods: Left
graph: parent HZSM-5 (dotted-black), and ion-exchanged catalysts (1hr exchanged Zn/HZSM-5-1, brown; and 24 hr
exchanged Zn/ZSM-5-24, purple). Right graph: parent HZSM-5 (dotted-black), wet impregnated ZnO/HZSM-5

(green), and core-shell ZNO@HZSM-5 (red).

Beyond structure and morphology, the presence of acid sites in zeolite catalysts is crucial
for their catalytic functionality. NH3-TPD was hence utilized to determine the concentration of
acid sites in both the parent HZSM-5 and Zn-containing HZSM-5. The NH3-TPD profile of
HZSM-5 (figure 21, dotted-black lines in both graphs) shows the typical two desorption peaks,
i.e. the high temperature peak at about 400 °C, typically ascribed to Bronsted acid sites (BAS),
and a low-temperature peak at ~200 °C, assigned to weak acid site (mostly Lewis acid sites)®™
1% For jon-exchanged catalysts (fig. 21, left graph), the peak at ~400 °C decreases as a result of
the ion exchange for the 1h exchanged catalyst, indicating that protons were successfully
exchanged by Zn. However, only a minimal further decrease of BAS is observed for the
extended 24h ion-exchange. Instead, the low-temperature peak at ~200 °C shifts to slightly
higher temperatures and a shoulder appears at ~450 °C. This shoulder was previously attributed
to strong Lewis acid site of zn*2'% ¥ Similarly, the shift of the ~200 °C peak was also

previously attributed to stronger Lewis acid sites created by metal oxides®®, suggesting that a
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prolonged ion-exchange predominantly results in zinc oxide formation. In combination with the
results from XRD and TEM (figure 18B, 20b), which suggested the presence of highly dispersed
Zn species in Zn/HZSM-5-24, we interpret these results to indicate the formation of small ZnO
nanoclusters inside the zeolite micropores. Thus, while shorter (1h) ion-exchange, which results
in very low weight loading (0.31 wt% Zn), only results in the deposition of Zn*? at the cationic
exchange site of the zeolite, a longer ion-exchange (24h), which yields higher weight loadings
(0.75 wt% Zn), results in the formation of ZnO nanoclusters in addition to Zn?* species, similar
to recent reports by Penzien et al. for Zn-HBEA prepared by ion exchange'**.

ZnO/HZSM-5 and ZnO@HZSM-5 show similar NHs-TPD spectra, which differ
distinctly from the parent zeolite (fig. 21, right graph). The spectra are dominated by a prominent
peak at ~200 °C with two weak shoulders at ~400 °C and ~450 °C. In agreement with the
discussion above, we attribute the prominent peak at ~200 °C and the shoulder at ~450 °C to the
presence of a significant number of ZnO particles in both the impregnation and core-shell
catalysts. However, while both catalysts show a similar loss of BAS (as apparent in the reduction
of the peak at ~400 °C), the cause of this loss is different between these two catalysts. For
ZnO/HZSM-5, the TEM and XRD results suggested that ZnO NPs are present on the external
surface. Generally, such species should hence not influence the number of BAS®. Due to the
post-synthetic preparation method (impregnation) of this catalyst, some protons are exchanged
with Zn*? at the cationic exchange sites in the zeolite micropores and hence result in a decrease
in the number of BAS, as commonly observed for Zn-zeolite catalysts prepared by this synthetic
method*3" 1%,

Similarly, the embedded ZnO NPs in ZnO@HZSM-5, which are much too large to be

located inside the micropores, should have very limited influence on BAS. However, since in-
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situ incorporation of ZnO during the synthesis of the zeolite for ZnO@HZSM-5 results in a
lower crystallinity of this material (figure 18A), this loss of crystal order may account for the

145
S

lower BA Additionally, this catalyst has a slightly higher Si/Al which will cause lower

acidity, and the ~22% reduction of Al concentration in this catalyst compared to the parent
zeolite is rather close to the ~28% reduction in BAS (estimated from the reduction in the peak

area at~400 °C).
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Figure 22. A) H,-TPR spectra of the four Zn-HZSM-5 catalysts: a) Zn/HZSM-5-1, b) Zn/ZSM-5-24, ¢)

ZnO/HZSM-5, and d) ZnO@HZSM-5. B) H,-TPR spectrum of bulk ZnO for comparison.

Finally, Ho-TPR was used to further investigate the distribution of Zn species in the four
Zn-HZSM-5 catalysts (figure 22A). For the 1h ion exchange catalyst (Zn/HZSM-5-1), only small
H,-consumption peaks at ~300-400 °C are observed. Zn** at the zeolitic exchange sites are

known to be non-reducible due to the charge compensation in zeolite™*. Hence, this result is
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consistent with the above results indicating that this catalyst only contains Zn** at exchange sites.
The observation of the very small, broad peak could be due to the presence of a minor population
of (reducible) ZnO nanoclusters, as a comparison with the 24h ion exchanged catalyst suggests:
The latter shows Hj,-consumption peaks in the same temperature range, although the peaks
appear more distinct. Since the discussion above had suggested the presence of a significant
number of ZnO nanoclusters in this catalyst, these peaks likely result from reduction of these
nanoclusters.

The results hence lead to the overall conclusion that the Hp-consumption in the ~300 °C
to 400 °C range is associated with small ZnO clusters in the zeolite micropores.

The H,-TPR spectrum of the ZnO@HZSM-5 catalyst looks fundamentally different from
those of the ion-exchanged catalysts (fig. 22A, curve d): No H,-consumption is observed
between ~300 °C to 400 °C, in agreement with the absence of ZnO nanoclusters in the
micropores of this catalyst. Instead, a broad peak between 600-700 °C is observed. The ratio of
H, consumption to Zn content in the catalyst is calculated to be ~0.93, i.e. close to the
stoichiometrically expected ration of 1 for reduction via ZnO + H, = Zn + H,0, confirming that
(virtually) all Zn is present in the form of reducible ZnO NPs in this catalyst. Furthermore, since
the catalyst contains highly monodisperse 6 nm ZnO NPs (by virtue of the synthesis approach)
the peak between 600-700 °C can hence be assigned to the reduction of ZnO NPs in this size
range.

Finally, the catalyst prepared via impregnation shows the most complex spectrum
characterized by multiple reduction peaks (fig. 22A, curve c¢). A small H,.consumption peak at
~300-400 °C suggests the presence of small ZnO nanoclusters in zeolite micropores, while peaks

at 600-700 °C indicate ZnO NPs. As expected from the synthesis procedure, this catalyst contains
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a broad distribution of ZnO nanoclusters and NPs throughout the material. Beyond those, large
ZnO aggregates (i.e. >20 nm) also exist in this catalyst, as seen in TEM, and confirmed by the
high temperature peak at ~950 °C. The attribution of this peak is supported by H,-TPR of bulk
ZnO (figure 22B). A calculated H,/Zn ratio of 0.88 further suggests that most zinc species in this
catalyst are reducible, although a small non-reducible fraction might exist as well.

H,-TPR thus yields a fairly sensitive probe for particle size distribution of ZnO NPs (i.e.
the larger the NP, the higher the required reduction temperature), and, as expected, the catalysts
prepared via impregnation result in the largest degree of heterogeneity of metal species in the

zeol itel33, 138, 146.
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Figure 23. Schematic representation of zinc species in Zn-HZSM-5 prepared by different methods: A)

& ; - tb] *: ok
Zn Zn
\/

o]

Zn/HZSM-5-1, B) Zn/ZSM-5-24, C) ZnO/HZSM-5, and D) ZnO@HZSM-5. Different zinc species are
mononuclear Zn at cationic exchange sites (a), binuclear zinc at cationic exchange sites (b), ZnO nanoclusters in

micropores (c), ZnO NPs on external surface (d), and ZnO NPs encapsulated within ZSM-5 crystals (e).

Overall, the different characterization techniques (XRD, HRTEM, NH3-TPD, and H,-
TPR) to assess the type of Zn species in the catalysts yield very good agreement, and the result
clearly show that the distribution of zinc species (Zn*? at cationic exchange sites, ZnO
nanoclusters, and ZnO NPs) is strongly determined by the sample preparation, summarized

schematically in figure 23.
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4.2.2 Catalytic performance in DHA
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Figure 24. a) Methane conversion and b) benzene yield vs time on stream for Zn-containing HZSM-5:
Zn/HZSM-5-1 (black triangle), Zn/ZSM-5-24 (purple asterisk), ZnO/HZSM-5 (blue diamond), and ZnO@HZSM-5

(red squares). Reaction conditions: T=700 °C, GHSV: 3750 cc/g/h (50% CH, and 50% He).
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Figure 25. a) Methane conversion and b) selectivity to benzene over ZnO@HZSM-5 at different
GHSV(50% CH,4 and 50% He): 1250 cc/g/h (red triangles), 1825 cc/g/h (black squares), 3750 cc/g/h (blue

diamonds). Reaction temperature: 700°C.
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Following the characterization of the catalysts and identification of the Zn species, the catalytic
performance of the four catalysts in methane dehydroaromatization was evaluated next in order
to assess activity/selectivity correlations with the respective Zn species. Figure 24 shows key
results in terms of methane conversion and benzene yield vs time-on-stream at an (isothermal)
temperature of 700 °C. Methane conversions for all catalysts are low, with a similar maximum
for Zn/HZSM-5-24, ZnO/HZSM-5 and ZnO@HZSM-5 (~1.2 %), while the one for Zn/HZSM-5-
1 is significantly lower (~0.8%) and occurs with a time delay. Benzene yield roughly follows this
trend, although Zn/HZSM-5-24 exceeds the other catalysts slightly. Barely any benzene yield
was found for Zn/HZSM-5-1, i.e. this catalyst not only shows low reactivity but also low
selectivity to benzene. Decreasing the GHSV results in increased methane conversion as well as
higher benzene selectivity (figure 25). However, since the aim of the present study was on
identification of active and stable species in the catalyst, rather than optimization of
performance, no further effort was expended on identification of conditions for maximum

benzene yield.
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Figure 26. Product selectivity of DHA with the time on stream over Zn-HZSM-5 prepared by different

methods: (a) Zn/HZSM-5-1, (b) Zn/ZSM-5-24, (c) ZnO/HZSM-5, and (d) ZnO@HZSM-5. Shown are benzene

selectivity (red square), CO, selectivity (blue diamond), and C2+ selectivity (green triangle). Reaction conditions:

T=700 °C, GHSV: 3750 cc/g/h (50% CH, and 50% He).
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The break-down of product selectivities in methane DHA over the four catalysts is shown
in figure 26. The maximum benzene selectivity of Zn/HZSM-5-1, Zn/HZSM-5-24, ZnO/HZSM-
5 and ZnO@HZSM-5 is ~0%, 72%, 61%, and 64%, respectively. Due to the absence of any
significant activity or selectivity, the 1h ion-exchanged catalyst will be excluded from further
discussion. All three active catalysts show qualitatively similar behavior, which is most clearly
apparent in the impregnation catalyst (fig. 26¢). The reaction goes through three stages: After a
brief initial total oxidation phase, where predominantly CO, is formed, the reaction shows a
phase with good selectivity for aromatization, before the selectivity switches to increasing
formation of C2 products.

Since CO; formation in DHA reaction over ZnO-HZSM-5 can only result from reduction
of ZnO, as also consistent with its occurrence in the initial stage of the reaction, where the
catalyst is fully oxidized, this suggests that—in contradiction to the claim in the literature® **,
ZnO is not the active phase for aromatization. This conclusion is also different from observations
for DHA of higher alkanes™ ***%_ As a result, an extended induction time (~1 h) is observed for
all catalysts before observing significant aromatization activity.

The drop in benzene selectivity accompanied by increased C, selectivity can be explained
based on the widely accepted aromatization mechanism in which C; is a key intermediate in
methane DHA and zeolite BAS catalyze aromatization (i.e. ring closing) from these
intermediates™ **. The results hence suggest that the BAS become deactivated in the course of

the reaction, likely by coking as also widely observed for Mo/HZSM-5 catalysts™® *°.
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Table 3. Coking data for zinc-containing HZSM-5 prepared by different methods.

Catalyst Coke amount | Coke selectivity Benzene Coke(mg)/benzene
(mg)" %) selectivity (%)° formed (mg)
Zn/HZSM-5-24 3.86 36.3 53.8 0.621
ZnO/HZSM-5 3.09 32.9 50.2 0.716
ZnO@HZSM-5 2.93 30.4 40.3 0.698
Zn/HZSM-5-1 0.03 0.4 0.60 0.680

a.Coke amount was determined by CO and CO, generated during regeneration after 5h reaction over
100mg catalysts.
b & c. Selectivity was determined over 5h-period reaction.

Interestingly, quantifying the amount of coke formed over each catalyst via carbon burn-
off after the reaction (table 3), we find that benzene selectivity and carbon (coke) selectivity
show parallel behavior, with their ratio quite consistent between 0.62-0.72, even for the almost
entirely inactive Zn/HZSM-5-1 catalyst. Increasing coke formation with increasing benzene
production suggests that coke is likely formed via secondary reactions of benzene on the BAS of

zeolite””.
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Figure 27. Selectivity to benzene during subsequent reaction-regeneration cycles in DHA vs time on
stream over the four catalysts: (a) Zn/HZSM-5-1, (b) Zn/ZSM-5-24, (c) ZnO/HZSM-5, and (d) ZnO@HZSM-5. 1st
cycle: (red square), 2nd cycle: (blue diamond), 3rd cycle: (green triangle), and 4th cycle: (purple asterisk). Reaction

condition: T=700 °C, GHSV: 3750 cc/g/h.
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Figure 28. XRD patterns for fresh and spent catalysts: (a) ZnO/HZSM-5 and (b) ZnO@HZSM-5.
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Due to the strong coke formation during reaction, the catalysts were also evaluated in
repeated reaction-regeneration cycles, where regeneration took place by periodically burning off
the carbon using an air feed at 600 °C. Figure 27 shows the benzene selectivity vs time-on-
stream for four subsequent cycles. Strong and irreversible deactivation is observed for all
catalysts over the four cycles with very little to no benzene selectivity remaining at the 4™ cycle.
This deactivation can be quite easily understood, considering the reduction of ZnO to Zn by
methane (discussed above) in conjunction with the very high vapor pressure of metallic Zn at the
reaction conditions’** **. Zn is hence expected to be lost from the catalyst via evaporation
during the reaction cycle as confirmed via measurement of Zn content in the spent catalysts (see
table 2) and further evidenced by the formation of a Zn “mirror” in the cold zone of the quartz
reactor tube downstream of the catalyst. Interestingly, the final Zn concentration for all spent
catalysts is similar (0.32- 0.52 wt%) and close to the initial concentration in the Zn/HZSM-5-1
catalyst which is the only catalyst that shows a stable Zn concentration. While loss of benzene
selectivity could also result from zeolite structure degradation at the severe reaction conditions,
no change in ZSM-5 crystallinity was observed (figure 28). The results hence strongly point

towards loss of Zn from the catalysts as the cause for the loss of catalytic activity.

4.2.3 Discussion: Active Zn species in Zn-HZSM-5

The above results show that the three different synthesis strategies—post-synthetic insertion via
wet ion exchange or wet impregnation, and core-shell embedding of ZnO NPs into ZSM-5
during zeolite crystallization/growth—result in distinctly different materials with different
distribution of Zn species and different reactivity. This allows formation of correlations between
the zinc species in HZSM-5 and their catalytic performance in methane aromatization via DHA.
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Zn/HZSM-5-1. For the 1h ion-exchanged catalyst, Zn/HZSM-5-1, HRTEM and NHjs-
TPD show that this catalyst contains only Zn*? at the cationic exchange site. Due to the charge
balance within the zeolite system, Zn*? species located at the exchange site of this catalysts are

non-reducible®**

, resulting in the absence of CO, formation during reaction as well as good
thermal stability. However, this catalyst showed no aromatization activity and hence suggests
that metallic Zn, rather than Zn®*, is the active species required for aromatization.

Zn/HZSM-5-24. Extended ion exchange in the Zn/HZSM-5-24 results in the formation of

small ZnO nanoclusters in the zeolite micropores in addition to Zn*? as confirmed via TEM,
NHs-TPD, and H,-TPR. These additional ZnO nanoclusters are reducible, as seen via H,-TPR
and in the CO, formation during the reactive studies. However, the reduced Zn nanoclusters are
volatile and evaporate, resulting in a significant Zn loss during reactions. The increase in
benzene selectivity upon initial reduction of the ZnO along with the irreversible loss of
aromatization activity upon Zn loss strongly point towards metallic Zn as the active species for
aromatization. Furthermore, the fact that Zn/HZSM-5-24 shows the highest benzene selectivity
among all catalysts studied indicates that the location of the metallic Zn nanocluster inside the
HZSM-5 micropores, i.e. the close proximity with the BAS of the zeolite and potentially

contributions from shape effects of the MFI pores, results in highest benzene selectivity.
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Figure 29. Ex-situ characterization of ZnO@HZSM-5: a) H2-TPR, b) micropore size distribution, and c)
HRTEM image after 4th reaction cycle. Before reaction (blue), after 1st reaction cycle (red), and after 4th reaction

cycle (green).

ZnO@HZSM-5. As expected from the synthesis path, and confirmed via HRTEM, NH3-

TPD, and H,-TPR, the core-shell catalyst prepared by direct embedding of ZnO NPs in HZSM-5
contains only monodisperse 6 nm ZnO NPs which are too large to fit into the zeolite micropores
and hence get embedded into newly formed mesopores in the zeolite®*?. The ZnO NPs are
reducible and hence not stable at the reaction condition. Nevertheless, this catalyst shows a
surprisingly high benzene selectivity, close to that of Zn/HZSM-5-24 (max: 64% vs 72%),
despite the absence of small ZnO nanoclusters in the zeolite micropores.

This somewhat unexpected behavior was further investigated via characterization of the
catalyst before reaction and after various reaction/regeneration cycles (figure 29). H,-TPR (fig.

29a) show that the fresh ZnO@HZSM-5 sample contains reducible ZnO NPs as indicated by the
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broad peak between 600-700 °C (blue curve). The amount of reducible ZnO decreases strongly
after the first reaction/regeneration cycle and is almost entirely gone after the fourth cycle, as
expected due to evaporation of reduced Zn during the reaction cycles. The loss of ZnO NPs from
this sample is clearly seen in TEM (fig. 29c), where a “Swiss cheese” like zeolite morphology is
clearly visible, characterized by a dense distribution of hole with ~6nm diameter, clearly left
behind by the reduced and evaporated ZnO NPs.

However, in parallel to the loss of the high-temperature peak, a new peak appears after
the first reaction/regeneration cycle at about 400 °C. This peak was previously shown to be
associated with Zn species in the zeolite micropores (cp. figure 22A). Hence, this suggests that
some Zn, rather than evaporating out of the zeolite, might (temporarily) deposit in the zeolite
micropores during the elution from the zeolite structure. After 4 cycles, however, this peak
disappears. This is in fact confirmed via a micropore analysis of the catalyst (fig. 29b): The as
synthesized catalyst shows the presence of micropores with a size centered at ~8A,
corresponding to the ZSM-5 micropores. After the 1% reaction cycle, the pore volume of these
micropores decreases significantly, suggesting pore blocking by newly formed intra-pore Zn
clusters. After the 4™ reaction/regeneration cycle, however, the original pore size distribution is
recovered, indicating essentially complete loss of these clusters from the pores.

ZnO/HZSM-5. Finally, the wet impregnation catalyst shows evidence of a very broad
distribution of Zn species, as expected from wet impregnation which is one of the most common
and simplest approaches to disperse metal in zeolites (and other catalysts), but typically results in
comparatively poorly defined materials. This catalyst shows a combination of the features
observed with the other three catalysts. However, one could expect that a more careful

investigation of optimal conditions for wet impregnation could allow a more controlled
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distribution of Zn species in this catalyst. However, as the main conclusion of the present
investigation is the unstable nature of the active metallic Zn species, the present reaction system

does not warrant such a more in-depth study.

43 SUMMARY AND CONCLUSION

The present study aimed to investigate the nature of the active species in Zn-containing HZSM-5
catalysts by preparing Zn-HZSM-5 via three different synthetic approaches: wet ion exchange,
wet impregnation, and core-shell synthesis. By investigating the impact of the preparation
methods on the distribution of Zn species, and studying the catalytic performance of the resulting
materials in DHA—including their deactivation behavior—clear structure-activity correlations
could be derived.

Our results show that ion exchange initially results in the formation of Zn*? at the
exchange sites and, at longer exchange times, in the formation of ZnO nanoclusters inside the
zeolite micropores. In contrast, a core-shell synthesis approach allowed direct encapsulation of
size-controlled, pre-made ZnO NPs throughout HZSM-5. Finally, wet impregnation results in a
highly heterogeneous distribution of Zn species, ranging from Zn species inside the micropores
to large ZnO particles on the external zeolite surface.

All catalysts show a transition in reactivity with time, starting with strong initial CO,
formation, followed by selective benzene formation, and finally production of C2 species. The
initial CO, formation indicates reduction of ZnO and hence also the fact that it is metallic Zn that
is the active species for the subsequent benzene formation. This initial reduction results in a

significant induction period before the catalyst shows aromatization activity. Comparison
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between the two ion exchange catalysts leads to the identification of the most active and the most
stable zinc species: Reduced Zn® nanoclusters inside the zeolite micropore constitute the most
active species. However, like all reduced Zn species, they get irreversible lost from the catalyst
via evaporation at the high-temperature conditions of DHA. In contrast, Zn** anchored at the
exchange sites of zeolite are the most stable species, but provide little to no aromatization
activity. Interestingly, by correlating the activity data with ex-situ characterization, we observed
that the core-shell catalyst forms in-situ active Zn nanoclusters within the zeolite micropores
during the evaporation of the Zn. As a result, this catalyst which originally contains only 6nm
ZnO NPs shows transiently high aromatization activity.

Overall, our study hence gave significant insights into the active species in Zn-HZSM-5
catalysts, but the ultimate conclusion is that it appears inherently impossible to synthesize a
stable Zn-based zeolite catalyst for DHA due to the reducing reaction conditions and the very
high vapor pressure of Zn. However, alloying of metals is well-known to improve their physical

147

and chemical stability™" and could possibly offer a route for stabilization of Zn, although the

impact of such alloying on catalytic activity would require further investigation.
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5.0 FE-HZSMS5 CATALYSTS FOR METHANE DEHYDROAROMATIZATION

Benzene is one of the most important organic intermediates in the petrochemical industry, and is
currently produced almost exclusively from crude oil processing. Increased availability of shale
gas has resulted in significantly lower price for natural gas than oil**®. As a result, there is
renewed interest in the development of a process that directly converts methane to benzene. Non-
oxidative methane dehydroaromatization (DHA) can achieve this with reported methane
conversions of up to ~10% Xcus and benzene selectivity of up to ~80% over bi-functional
Mo/HZSM-5 (catalysts) at a typical reaction temperature of 700 °C 2. Over this catalyst, methane
is activated on Mo sites (in their active form as oxicarbide clusters) and the generated methyl
radicals oligomerize on Bronsted acid sites (BAS) of HZSM-5 to form benzene. High benzene

selectivity is attributed to the shape selectivity of ZSM5 micropores *>°.
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However, the utility of Mo/HZSM-5 catalyst for DHA is severely limited due to coking,
which deactivates the catalyst. Regeneration is typically conducted via coke burn-off in an
oxidative environment®. However, this burn-off also results in oxidation of the Mo species,
which hence requires re-activation (typically ~0.5-1 hours) to convert it back into the active
oxycarbide form™!. Mo-HZSM-5 catalysts typically require regeneration every ~5 hours
(somewhat depending on reaction conditions'®). Both the frequent required regeneration and the
repeated re-activation periods pose significant barriers to economic viability of the DHA process.
While the existing literature for DHA predominantly focuses on Mo/HZSM5 catalysts, the above

31, 149

issues motivate the search for alternative metals that are stable and can also efficiently

activate methane for oligomerization to benzene® % 10,

Iron has in recent years attracted increasing attention as an attractive catalyst due to its
earth abundance, low cost, and low toxicity™**%. Recent work by Bao et al.™** confirmed the
well-established potential of Fe as a C-C coupling catalyst; however, they also demonstrated the
propensity of Fe to result in extensive coke formation. Intriguingly, they demonstrated that
atomically dispersed Fe (on silica) results in the formation of methyl radicals without coke

formation, which then undergoes C-C coupling in the gas phase at the high temperatures of their

reaction conditions.
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Based on these reports, we hypothesized in the present work that atomically dispersed Fe
in HZSM-5 micropores will result in: (i) a selective Fe-HZSM5 catalyst for DHA by taking
advantage of the catalytic activity of Fe and the shape selectivity of the zeolite, and (ii) much
reduced coke formation compared to catalysts with larger Fe nanoparticles in HZSM-5.

Although there have been previous reports on Fe-HZSM-5 catalysts® %

as well as Fe-doped
Mo/HZSM-5%° % no systematic investigation and detailed discussion of the active Fe species in
these catalysts has been reported to-date.

Different forms of iron have been identified in Fe-HZSM-5 (figure 30)*** ** These
include isolated ions either (a) in framework positions or (b) at the exchange sites of zeolite, (c)
bi- and oligonuclear iron complexes in extraframework positions, (d) iron oxide FesOy
nanoclusters of size < 0.55 nm, and large iron oxide nanoparticles (Fe;Os3) either (e) located at
the surface of the zeolite crystal or (f) embedded between the zeolite crystallites. In the present
study, we investigated the effects of different forms of Fe species on the catalytic performance of
Fe-HZSM-5 in DHA. The catalysts were prepared via three different approaches to create
different Fe species in HZSM-5.These carriers were then characterized by XRD, HRTEM, H,-
TPR, and UV/vis spectroscopy to determine the nature and distribution of Fe species in the

obtained catalysts. This approach allows us to demonstrate that both benzene selectivity and coke

selectivity are directly related to the Fe dispersion.
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Figure 30. Schematic representation of the different Fe species identified in Fe-HZSM-5.

5.1 EXPERIMENTAL

5.1.1 Materials and methods

H-(Fe)ZSM-5 (Isomorphous substitution). H-(Fe)ZSM-5 was synthesized by an isomorphous
substitution route™*. Typically, a mixture of Fe(NO3); (99.99%, Sigma Aldrich) and AI(NO3);
(>98%, Sigma Aldrich) was first prepared. Tetraethoxysilane (TEOS) was added dropwise to the
above mixture and stirred for 1 h. A premade mixture of structure directing agent (SDA)
Tetrapropylammonium Hydroxide (TPAOH, 20 wt % in aqueous solution) and NaOH was then

added dropwise and formed a transparent gel with molar ratios between the components as
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H,0/Si=45, TPAOH/Si=0.1, NaOH/Si=0.2, Si/Al=38, and Si/Fe=152. The gel was then sealed in
a Teflon-lined stainless steel autoclave and underwent hydrothermal treatment at 175 °C for 5
days. The product (Na-(Fe)ZSM-5) was washed with deionized (DI) water and dried at 100 °C,
followed by calcination at 550 °C in air for 5 h. Next, Na-(Fe)ZSM-5 was converted to H-
(Fe)ZSM-5 by ion exchange with aqueous NH,NO5 solution (1M) at 80 °C for 12 h. Finally, the
material was dried at 100 °C in vacuum and calcined at 500 °C in air for 5 h.

Fe/HZSM-5 (Wet ion exchange). The parent ZSM-5 zeolite was first synthesized by a
hydrothermal synthesis. The molar composition used for the synthesis is: Al,O3; : 80SiO; :
36TPAOH : 5Na,0 : 4280H,0, from the mixture of sodium hydroxide (NaOH), silica
nanoparticles (100-300 nm), sodium alumina (NaAlO;), and tetrapropylammonium hydroxide
(TPAOH, 20 wt % in aqueous solution). Crystallization was conducted at 180 °C for 48 h in a
Teflon-lined stainless steel autoclave. The solid product was recovered by centrifugation and
washing with DI water (4 times), followed by drying at 100 °C overnight and calcination at 550
OC for 6 h in air. As-synthesized NaZSM-5 was converted to HZSM-5 by ion exchange with
aqueous NH;NOs solution (1M) at 80 °C for 12 h and subsequent drying at 100 °C and
calcination at 500 °C for 5 h. Iron was then introduced to the HZSM-5 via wet-chemical ion
exchange (HZSM-5 in Fe(NOs); aqueous solution at 80 °C for 6 h). The product was then
washed with DI water and dried at 100 °C overnight, followed by calcination at 500 °C for 20 h.

Fe,Os@HZSM-5 (Core shell synthesis). Fe@ZSM-5 was prepared by a bottom-up
synthesis route**: (i) synthesis of Fe@silica; (ii) conversion of amorphous silica in Fe@silica to
ZSM-5 crystal via hydrothermal treatment . Fe@silica material was directly synthesized in a
reverse-microemulsion mediated sol-gel process **’. Typically, a mixture of 20 g Brij58 (> 99 %,

Sigma-Aldrich) and 60 mL cyclohexane was heated to 50 °C in oil bath under stirring. The iron
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nitrate aqueous solution was added dropwise. Under stirring, ammonium hydroxide solution (28
wt%) was added dropwise to the previous solution. Next, 5 g TEOS was added dropwise to the
microemulsion. Hydrolysis and condensation of the silica precursors proceeded for 2 h at 50 °C.
The product was washed and dried at room temperature and then calcined at 500 °C to remove
any remaining surfactant. The conversion of Fe@silica into Fe@ZSM-5 was conducted at the
same hydrothermal conditions used for above NaZSM-5 protocol. Finally, converting the
synthesized Fe@ZSM-5 to H-form ZSM-5 was achieved by ion exchange with aqueous NH4NO3
solution (1 M) at 80 °C for 12h and subsequent drying at 100 °C and calcination at 500 °C for 5

h.

5.1.2 Catalyst characterization

X-ray diffraction (XRD). Powder X-ray diffraction (XRD) measurements were performed with
a high-resolution powder X-ray diffractometer (Bruker D8 Discover) using a monochromatic Cu
radiation at the wavelength of 1.54 A. The beam voltage was 40 kV at a current of 40 mA. The
diffraction patterns were recorded with a step of 0.02 % (20), 0.5 sec/step.

Electron microscopy and X-ray microanalysis. JEOL JSM-6510LV field emission
scanning electron microscope (SEM) was used to determine material morphology at beam
voltage of 20 kV. Samples were sputter coated with a thin palladium film prior to
characterization. Nanoscale morphology was determined by a high-resolution transmission
electron microscopy (HRTEM, JEOL-2100). Samples were dispersed on a copper type-B support
grid (Ted Pella Inc.). The chemical composition of Zn-HZSM-5 catalysts was determined by
energy dispersive analysis of X-ray (EDX) equipped on SEM (JEOL JSM6510LV), with a
collection time of 240-300 s.
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Temperature programmed reduction (H.-TPR). H,-TPR was operated with a
Micromeritics Chemisorb 2750 system equipped with a thermal conductivity detector. During
the TPR analysis, the samples were first oxidized in 5% O,/He at 500 °C for 1 h, and then TPR
was performed by heating the sample (100 mg) at 10 °C/min to 1000 °C in a 10% Hy/Ar flow (20
ml/min). A cold trap filled with acetone-dry ice mixture was placed between reactor and TCD to
remove water vapor.

UV/vis Diffuse Reflectance Spectroscopy (DRS). UV/vis-DRS measurements were
performed with Craic QDI 2010 UV-Visible-NIR Microspectrophotometer equipped with a
diffuse reflectance accessory. To reduce light absorption, samples were diluted with barium at a
ratio of 1:3. The background peak from the instrument was removed by subtracting a spectrum

with a blank-run spectrum.
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5.1.3 Reactivity evaluation

Methane dehydroaromatization was carried out in a fixed-bed reactor at 700 °C and atmospheric
pressure. Typically, catalysts were charged into a 5.0 mm i.d. quartz tubular reactor. The reactor
tube was heated from room temperature up to 500 °C for catalyst pretreatment in air, and then
heated to reaction temperature (700 °C) under helium flow. After temperature equilibration,
methane was flowed over the catalyst. The gas hourly space velocity (GHSV) was 3750 (cc/g/hr)
for catalytic performance comparison. The effluent gas products were analyzed by both mass
spectrometry (MS; Pfeiffer Omnistar QMS 200) and gas chromatography (Agilent 3000A Micro
GC equipped with thermal conductivity detectors). 50% He was added to the methane feed as an
internal standard. Methane conversion and product selectivity were evaluated based on the
carbon mass balance. Total coke formation was determined based on CO and CO; signal

detected in MS during oxidative regeneration of the spent catalysts.

5.2 RESULTS AND DISCUSSION

5.2.1 Material characterization

In order to allow structure-reactivity correlations and thus evaluate the reactivity and selectivity
of different Fe species in the iron/zeolite catalysts synthesized via the three synthesis routes
described above, a careful characterization is necessary to identify the species present in these
samples. Table 4 shows the chemical compositions of Fe-HZSM-5 catalysts prepared by the

three synthesis routes described above. EDX measurements indicate that all three synthesis
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routes produced a similar ratio of Si to Al (= 30-33). However, the Fe weight loadings vary
strongly due to the different preparation routes from 0.73 wt% of iron in H-(Fe)ZSM-5, over

0.95 wt% of iron in Fe/HZSM-5, to 6.0 wt% of iron in Fe@HZSM-5.

Table 4. Chemical composition of the catalysts used in this study, as determined by EDX.

Catalyst Prep. method Si/Al Fe (Wt%)
H-(Fe)ZSM5 Isomorphous substitution 33 0.73
Fe/HZSM5 Wet ion exchange 30 0.95
Fe@HZSM5 Core-shell synthesis 32 6.0
HZSM5 -- 31 - -

Fe,0,(220)  Fe,0,(311)

Z
=

Intensity (a.u.)
Intensity (a.u.)
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Figure 31. A) XRD pattern for a) Fe@HZSM-5, b) Fe/HZSM-5, ¢) H-(Fe)ZSM-5, and d) parent HZSM-5;

B) Expanded view of A for 2 theta 25- 40 °.

Fe-containing HZSM-5 prepared by all three methods exhibit qualitatively identical XRD
diffraction patterns (figure 31A), indicating successful formation of the MFI zeolite structure in
all catalysts. The dominant diffraction peaks of Fe,O3 are Fe,03(220) and Fe,O3(311). However,

the peaks of ZSM-5 around Fe,03(311) are very complex and hence they make Fe,O3(311) very
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difficult to analyze. Moreover, we found that the XRD diffraction pattern of ZSM-5 has a peak
that overlaps with the peak indicative of Fe,03(220). We therefore identified Fe,Os in the
catalysts by comparing the intensity of Fe,03(220) peak (~30 °) with that of the neighboring
peak (~29 %) of HZSM-5. Figure 31B shows that only Fe@HZSM-5 (curve a) shows a distinct
Fe,03(220) peak. This suggests that a significant amount of Fe,O3 particles with sizes that are
large enough to be picked up by XRD (>2 nm) only exists in Fe@HZSM-5, while in the other

two catalysts Fe species are well dispersed in the HZSM-5.

Intensity (a.u.)

2 Theta

Figure 32. XRD pattern of the (Fe)ZSM-5 catalyst and HZSM-5: a) As synthesized Na-(Fe)ZSM-5, b) Na-
(Fe)ZSM-5 after calcination at 550 °C to remove SAD, c) H-(Fe)ZSM-5, and d) HZSM-5. The dashed lines indicate

the diffractions of the reference HZSM-5.

For the H-(Fe)ZSM-5—prepared via isomorphous substitution during which Fe atoms
occupy some T-sites (i.e. Si or Al sites) of the ZSM-5—XRD can be used to trace the locations

of the dopant iron throughout the three stages of catalyst preparation, i.e. as-synthesized Na-
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(Fe)ZSM-5, after calcination to remove the structure-directing agent (TPAOH), and after ion-
exchange from Na-(Fe)ZSM-5 to H-(Fe)ZSM-5). Using HZSM-5 with similar Si/Al as a
reference, figure 32 shows that the Na-(Fe)ZSM-5 diffraction peaks (curve a) are significantly
right-shifted after the first calcination (curve b), moving closer those of pure HZSM-5 (curve d).
This shift of the diffraction peaks can be attributed to the removal of Fe atoms from the ZSM-5
framework (as Fe has a larger atomic radius than Si). This is hence likely a result of some iron
bleeding out of the ZSM-5 framework during calcination, as previously reported for heat
treatment of isomorphous substituted (Fe)ZSM-5>?°. The subsequent ion exchange results in
no further significant shift in peak locations between the heat treated Na-(Fe)ZSM-5 (curve b)
and the H-(Fe)ZSM-5 (curve c), suggesting no or very little iron bleed-out during ion-exchange.
Finally, comparing H-(Fe)ZSM-5 (curve c) with the reference H-ZSM-5 (curve d), the shifted
peak positions indicate that a significant fraction of atomically dispersed Fe remains in the
zeolite framework, i.e. that in this catalyst Fe co-exists both within the zeolite framework and as

(bled-out) extra-framework species.
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Figure 33. TEM images for the three Fe-HZSM5 catalysts prepared by different methods: (a,b)
Fe@HZSMS5, (c,d) H-(Fe)ZSM5, and (e,f) Fe/lHZSM5. The inset table in d) represents the chemical composition of

the corresponding TEM image.
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The presence of Fe,O3 NPs in the zeolite catalysts prepared via the three different
methods was investigated by HRTEM (figure 33). No visible nanoparticles (NPs) can be seen in
the TEM of the H-(Fe)ZSM-5 catalyst, although a corresponding EDX confirms an Fe content
matching the expected Fe loading (see figure 33c, d). In contrast, visible Fe,O3; NPs are present
both in Fe@HZSMS5 (figure 33a, b) and Fe/HZSM5 catalysts (figure 33e, f). The visible color of
each catalyst supports this observations: samples with NPs are orange (a darker coloring of
Fe@HZSM-5 suggests more particles in this catalysts than in Fe/HZSM-5) while the H-
(Fe)ZSM-5 catalyst is white (figure 34). Thus, combining TEM analysis with the above XRD
analysis, we conclude that the H-(Fe)ZSM-5 catalyst contains only highly dispersed Fe while
Fe@HZSM-5 contains a significant amount of Fe,O3 NPs. Since there are no detectable Fe;03
reflections in the XRD pattern of the Fe/HZSM-5 catalyst, the Fe,O3 NPs observed in the TEM

images are likely only a minor group of its Fe species.

T

Figure 34. A picture for the three catalysts: Fe@HZSM-5 (left), Fe/HZSM-5 (middle), and H-(Fe)ZSM-5

(right).
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Figure 35. A) H,-TPR spectra for i) Fe,0O5; NPs, ii) Fe@HZSM-5, iii) Fe/HZSM5 and iv) H-(Fe)ZSM-5;
B) H,-TPR comparison between Fe@HZSM-5 and its precursor “Fe@silica”. Heating rate: 10 K/min in 5% H,

(balanced with He).

Figure 36. TEM for commercial Fe,O3 NPs.
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Table 5. Hy/Fe consumption derived from TPR spectra. CuO was used for calibration. Theoretically, H,/Fe=0.5

indicates reduction of Fe*® to Fe*?, while H,/Fe=1.5 indicates reduction of Fe** to Fe®

Catalyst H,/Fe (mol/mol)
H-(Fe)ZSM5 0.54
Fe/HZSM5 0.66
Fe@HZSM5 1.60
Fe,O, 1.36

To further distinguish different Fe species, H,-TPR was conducted for all three catalysts.
Figure 35A shows H,-TPR profiles of the three Fe-containing HZSM-5 catalysts in comparison
to that of commercial Fe,O3 NPs (with particle size 110 nm, figure 36). Table 5 summarizes the
molar Hy/Fe ratios in these experiments, i.e. the amount of H, consumed during reduction of the
fully oxidized sample per Fe content of the sample. The commercial Fe,O3 TPR profile shows
multiple maxima, centered at 430 °C, 580 °C, and 680 °C, resepectively (Figure 35A). The three
peaks can be correlated with the reduction of the samples between the different oxidation states
of iron, i.e. the low-temperature peak (430 °C) is ascribed to the reduction of Fe,O3 to FesO., the
middle-temperature (580 °C) reflects the reduction of Fe;O,to FeO, and the high temperature
peak (700 °C) corresponds to the reductions of FeO to metallic Fe'™’. A H,/Fe ratio of 1.36, close
to the stoichimetrically required ratio of 1.5 for the complete reduction via %2 Fe;O3 + 1.5 H, =
Fe + 1.5 H,0, confirms the total reduction of Fe,O3 to Fe® during the TPR experiment. (The fact
that the value is slightly below the expected 1.5 might indicate difficulties of completely
reducing the iron oxide particles, possibly due to their relatively large particle size and

corresponding diffusion limitations in reducing the particle core.)
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Figure 37. TEM images with different magnifications for the precursor of Fe@HZSM-5 catalyst

“Fe@silica”. While the structure of the silica matrix is fundamentally different from that of the HZSM-5 zeolite, the

embedded Fe NPs are identical to those after conversion.

The Fe@HZSM5 TPR profile has reduction peaks at the same temperatures as that of the
commercial Fe,Os, for temperatures <700 °C. This might suggest that Fe,O; NPs on the external
surface (observed with TEM, see figure 33), which are expected to have weak interaction with
zeolite and behave similarly to bare Fe,O3 particles, contribute to the low-temperature reduction
peaks. New peaks appear, however, at temperatures >700°C. In order to further elucidate the
origin of these peaks, H,-TPR was also conducted for the Fe@silica precursor material from
which the Fe@HZSM-5 is obtained via hydrothermal conversion. TEM of the Fe@silica
precursor (figure 37) confirms that this materials contains 3-5 nm Fe,O3 NPs embedded in silica,
as expected from the synthetic approach, i.e. that the Fe species are not affected by the
hydrothermal conversion process. However, unlike Fe@HZSM-5, all Fe NPs are fully
encapsulated in the Fe@SiO, samples, i.e. there are no exposed NPs on the external surface of
the sample.

Figure 35B compares the TPR spectrum this precursor (i.e. Fe@silica) with that of

Fe@HZSM-5. The main features in the spectra agree except for the strong reduction of the peak
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intensities for the precursor sample in the ~500-700°C temperature range. Since comparison with
the bare Fe,O3; sample suggests that these peaks originate from unencapsulated Fe,Os, this
suggests that there are very few Fe,O3 particles on the external silica surface, in agreement with
TEM (fig. 37). More importantly, it suggests that the high temperature reduction peaks (T>700
9C), which are absent from the TPR spectrum of bare Fe,O3 NPs, is indeed from the encapsulated
Fe,O3 NPs. The high temperature of these reduction peaks can be traced back to strong
interactions of encapsulated Fe,O; particles with the support™®. This hence confirms that a
significant fraction of Fe,O3 NPs is successfully encapsulated within the zeolite during the
transformation of Fe@silica to Fe@ZSM-5; since these particles are too large to fit into the
zeolite micropores, they result in the formation of mesoporosity**%. In addition, the Hy/Fe ratio of
1.6 (table 5) indicates that all Fe species are fully reducible to metallic Fe. In contrast, Fe located
at the cationic exchange sites or framework of the zeolite, Fe*® can only be partially reduced to
Fe*2 1581 The H,/Fe ratio hence excludes the presence of such partially reducible species and
allows us to conclude that Fe,O3 NPs, both on the external surface and within the zeolite
structure, are the only Fe species in this catalyst.

The TPR spectrum for Fe/HZSM5 has a main peak at 350 °C with a shoulder at 400 °C
and two very weak peaks in the 400-700 °C temperature range (figure 35A, curve ii). The main
peak at 350 °C is attributed to the partially reducible Fe species from Fe*3->Fe*? at the exchange
site, as previously reported'®. The position of the shoulders and the weaker peaks again agree
with those of the bare Fe,Os, indicating the existence of Fe,O3 particles on the catalysts external
surface, in agreement with the TEM results (figure 33e,f). The small left-shift (i.e. towards lower
temperatures) of all reduction peaks compared to those of commercial Fe,O3 could be due to

differences in particle size. Furthermore, the H,/Fe ratio is ~0.66 (table 5), i.e. close to the
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stoichiometrically required ratio of 0.5 for the reduction of Fe** to Fe** (Fe,O; + H, = 2 FeO +
H,0). From the “excess” consumption of H,, we can estimate that fully reducible Fe,O3; NPs (on
the external surface) account only for 10-20% of the total Fe species. Overall, the TPR results
hence not only confirm that Fe,O3 NPs are a minor species in this catalyst, but also indicates that
the majority of Fe species are located at the exchange site of zeolite.

Different from the other two iron/zeolite catalysts, the H,-TPR profile of H-(Fe)ZSM5
shows only two broad maxima, centered at 350 °C and 680 °C, respectively (figure 35A, curve
iv). The lower temperature peak again reflects the reduction of Fe at the cationic exchange site
from Fe*® species to Fe*?, as discussed above. Perez-Ramirez et al. previously identified the high
temperature peak as originating not from Fe,O3; NPs but due to reduction of framework Fe*® to
Fe*2. ™ This interpretation is further supported here by the H/Fe ratio of ~0.54 (table 5) which
agrees with virtually all Fe species only being reducible to Fe*%. Thus, the H,-TPR suggests that
catalysts synthesized via isomorphous substitution contain only highly dispersed Fe species, both

at the cationic exchange site and as framework Fe*?.
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Figure 38. UV/vis spectra for parent HZSM-5 and the three Fe-HZSM-5 catalysts: a) HZSM-5, b) H-
(Fe)HZSM-5, c¢) Fe/HZSM-5, and d) Fe@HZSM-5. (Green line): original curve, (dashed-blue line): fitted curve, and

(dashed-brown line): deconvoluted bands.

Finally, UV/vis spectra can yield insights into the nature of Fe species in Fe-zeolite
catalysts’®™** and we thus adopt this technique to further confirm the above conclusions (figure
38). Typically, a band below 27,000 cm™ is attributed to Fe,Oj3 particles (~20,000 cm™ for bulk
Fe,O3 and ~27,000 cm™ for Fe,O3 nanoparticles), a band at ~34,000 cm™ is attributed to isolated
Fe in octahedral coordination, and a band at ~40,000 cm™ is attributed to isolated Fe in
tetrahedral coordination*®™'®®, Isolated Fe in an octahedral coordination corresponds to Fe at the
exchange site, while Fe in tetrahedral coordination can be Fe at the exchange site or framework
Fe.

Spectrum of HZSM-5 shows barely bands (figure 38a), as expected for no Fe in this

material. For H-(Fe)ZSM-5, the UV/vis spectrum shows only bands between 30,000-40,000 cm™
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(figure 38b), indicating the existence of isolated Fe. Consistent with the above discussed XRD
and H,-TPR results (cp figure 31 and 35), the isolated Fe species exist both as Fe in the ZSM-5
framework and at the exchange sites. However, the absence of bands from 20,000-30,000 cm™
indicates absence of Fe,O3 NPs. This is again consistent with the TEM results (see figure 33c,d).
Therefore, the catalyst prepared by isomorphous substitution route results in only atomically
dispersed Fe species located within the zeolite (figure 39A).

The catalyst prepared via wet ion exchange, Fe/HZSM-5, shows multiple bands ranging
from 20,000-40,000 cm™ (figure 38c). The two bands from 20,000-30,000 cm™ confirm the
presence of Fe,O3 particles. The majority of the particles are in the nanosize regime indicated by
the presence of a much stronger peak at 27,000 cm™ than the peak at 20,000 cm™, again in
agreement with TEM observations (see figure 33e,f). The bands from 30,000-40,000 cm™ are
assigned to isolated Fe species. Due to the post-synthetic incorporation of iron (i.e. ion exchange
of iron into the parent HZSM-5), these bands can only be from Fe at the exchange sites rather
than Fe in the framework of ZSM-5. Thus, UV/vis confirms that the catalyst prepared by wet ion
exchange contains some iron oxide NPs on the external surface in addition to atomically
dispersed Fe at the exchange sites (figure 39B).

Finally, Fe@HZSM5 shows a plateau from 30,000-40,000 cm™ with a broad shoulder
from 20,000-30,000 cm™ (figure 38d). The two bands (within the shoulder) from 20,000-30,000
cm™ are assigned to Fe,Os particles, with most of those again in the nanosize regime as indicated
by the much stronger band at 27,000 cm™ than at 20,000 cm™. This indicates the presence of
external NPs in agreement with TEM and TPR observations (figure 33a,b and figure 35). The
H,/Fe ratio in H,-TPR indicated that all iron species are fully reducible NPs (table 5). Therefore,

the plateau from 30,000-40,000 cm™ is again unlikely to stem from partially reducible isolated
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Fe species. Instead, the encapsulation of Fe,O3 particles within the support may result in a blue
shift of Fe,O3 bands from 20,000-30,000 cm™ to 30,000-40,000 cm™. Indeed, Fe,O; NPs
confined in mesoporous silica have previously been reported to give rise to bands in UV/vis
between 30,000 to 40,000 cm™ *®°, This assignment also agrees with the very high temperature
reduction peak (T > 900 °C) in H,-TPR profile of our Fe@HZSM-5 sample, resulting from the
reduction of Fe,O3 NPs encapsulated within ZSM-5. Therefore, these results confirm that
Fe@HZSM-5 contains only Fe,O3 NPs, both on and within the HZSM-5 structure (figure 39C).
Overall, the different characterization methods (XRD, TEM, H,-TPR, and UV/vis
spectra) yield good agreement in assessing the Fe species in the three catalysts and hence allow
assignment of Fe species with good confidence. The results furthermore confirm that the three
catalyst preparation methods do indeed result in catalysts with distinctly different distribution of
Fe species which hence form the basis for assessing the catalytic activity and selectivity if these

species in DHA.

Figure 39. Schematic representation of Fe species in Fe-HZSM-5 prepared by different methods: A) H-
(Fe)ZSM-5, B) Fe/HZSM-5, C) Fe@HZSM-5. Different Fe species are Fe in HZSM-5 framework a), Fe at cationic

exchange sites b), Fe,03 NPs encapsulated within HZSM-5 c), and Fe,O3; NPs on external surface d).
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5.2.2 Catalytic performance
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Figure 40. Reactivity data for the three Fe-HZSMS5 catalysts at 700 °C: Methane conversion a), C2

selectivity b), benzene selectivity c), and benzene yield d). GHSV: 3750 cc/g/h (50% CH, and 50% He).

Following the characterization of the catalysts and identification of the Fe species, the catalytic
performance of the three catalysts in DHA is evaluated in order to assess activity/selectivity
correlations with the respective Fe species. Figure 40 shows results in terms of methane
conversion and product selectivity/yield vs time-on-stream at an (isothermal) reaction
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temperature of 700 °C. Note that no attempt was made at optimizing the respective catalyst
performances for DHA, but the study focused instead on a comparative evaluation of the three
catalysts at identical conditions, typical for DHA.

Fe@HZSM5 shows a very strong maximum in initial reactivity, well in excess of the
other two catalysts, but rapid deactivation and almost no benzene selectivity (with predominantly
C, products). In contrast, Fe/HZSM5 and H-(Fe)ZSM5 show lower, but sustained activity and
improved benzene selectivity. H-(Fe)ZSM-5 benzene selectivity is slightly higher between the
latter two catalysts, although benzene yields are lower due to lower activity (i.e. methane
conversion).

In the previous section, we demonstrated that (i) H-(Fe)ZSM-5 contains only atomically
dispersed Fe, (ii) Fe/HZSM-5 includes predominantly atomically dispersed Fe with a small
amount of Fe,O3; NPs on the external surface, and (iii) Fe@HZSM-5 contains only Fe,O3 NPs
embedded within zeolite and on the external surface (figure 39). Comparing catalytic
performance with these Fe distributions hence strongly suggests that higher Fe dispersion results
in better benzene selectivity (H-(Fe)ZSM-5 > Fe/HZSM5 > Fe@HZSM-5). This corroborates
our hypothesis that atomically dispersed Fe within HZSM5 micropores results in a selective Fe-
HZSM5 catalyst for DHA, owing to the synergistic effect between the active Fe site, the

neighboring BAS, and the zeolite shape selectivity>™°.
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Figure 41. Activity data for the Fe@HZSM5 catalyst at 700 °C (GHSV: 3750 cc/g/h with 50% CH, and

50% He): C2 product from GC a) and CO, and benzene signal from mass spectrometry. Dashed lines indicate the

timing of ex-situ XRD study.
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Figure 42. a) Ex-situ XRD for Fe@HZSM5 after different time of reactions. The catalyst before reaction
(i), after 11-min reaction (iii), 23-min reaction (iv), and 180-min reaction (v). HZSM5 (i) here is used as reference;

b) and c) are expanded view for 2 theta 33°-38° and 40°- 45°, respectively.
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Figure 43. Mass spectroscopy data for the Fe/HZSMS5 catalyst (left) and H-(Fe)ZSM-5 catalyst (right) at
700 °C (GHSV: 3750 cc/g/h with 50% CH, and 50% He). Since oxygen can only be extracted from the Fe species in

the reaction system, CO, observed over these two catalysts must result from reduction of Fe species.

The reactivity data shows that Fe@HZSMS5 is active only for a very short period. Further
examination of the product distribution, shown in figure 41, indicates the formation of different
products at different reaction stages: Strong CO, formation at the onset of the reaction, followed
the formation of C,Hg for t < 11 min., transition to production of both C,H; and CgHg
predominately between 11- 23 min, and finally again predominantly C,Hg formation for t >23
min. H,-TPR had shown that the Fe,Os in this catalyst can be completely reduced to the metallic
state (see table 5), via Fe,O3 -> Fe30O4 -> FeO -> Fe. One should expect that these different
oxidation states of Fe result in different product selectivity, explaining these changes in
selectivity. To corroborate this, figure 42 shows ex-situ XRD results for the fresh catalyst and the
spent catalyst after 11, 23, and 120 min time-on-stream. Before reaction, the fresh Fe@HZSM-5
shows a distinct intensity of Fe,05(220) (at ~30°) to that of neighboring peak of ZSM-5 (at ~29°)
as discussed in the characterization section. Furthermore, a small shoulder of Fe,03(311) can be
seen at ~35.8°. Both indicate the presence of Fe,Os; no other oxidation phase of Fe is observed.

After 11 min of reaction, the intensity of Fe,03(220) decreases strongly. Due to the similar

108



position (~35.8°) of Fe,03(311) and Fe;0.(311), the almost unchanged peak intensity at this
position is very likely from the replacement of Fe,O3(311) with Fes04(311). Meanwhile, a
diffraction of FeO(200) at ~41.7° shows up. These changes suggest Fe,Os was consumed
(reduced) and FeO (Fe3O4) became the dominant oxidation states during this period. After 23
min, the Fe;0,4 (311) diffraction peak disappears and the FeO(200) diffraction peak is reduced in
intensity, indicating the disappearance of these two oxidation states. Finally, after 120 min, only
a reflection of metallic Fe(110) is seen (in addition to the background peaks of ZSM-5).

Correlating these oxidation states with the corresponding reactivity data suggests that
Fe,O3, which is present during the first 11 min time-on-stream, is inactive for conversion of
methane to benzene and instead predominantly results in the formation of CO,, i.e. in methane
total oxidation. The reaction period between 11-23 min is dominated by Fe;O,4 and FeO species
and corresponds to maximum benzene selectivity, indicating that these two oxidation states are
the most active ones for benzene production. Although some benzene selectivity can still be seen
after 23 min of reaction, the dominant iron oxidation state is Fe®, thus indicating that metallic Fe
has low DHA activity.

The identification of Fe3;04 and FeO as the most active phases for methane aromatization
also agrees well with the activity data of the other two catalysts (H-(Fe)HZSM5 and Fe/HZSM5).
The maximum benzene selectivity appears after an extensive activation time (figure 40c and
figure 43) presumably due to the required reduction of the Fe species to their active state for
benzene production. Furthermore, the majority of the Fe species in these two catalysts can be
reduced only to Fe*™? (as suggested by TPR, see table 5), explaining the sustained good benzene

selectivity for these two catalysts.
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Table 6. Coking data for the three Fe-HZSMS5 catalysts over reaction at 700 °C. Coke amount was evaluated by
regeneration of spent catalysts in 20% O, (balanced by Ar). Coke selectivity was then calculated by dividing the
coke amount by methane converted over the reaction period. Benzene formation was determined during the entire

reaction period. Data is shown for 10-hr time-on-stream with values in parenthesis for 23-min TOS.

Catalys Vethod rgtoomg  CHesaeeiy - gencee fomatin
catalyst/wt% Fe)

Fe@HZSM5 Core-shell synthesis 1.31 (0.028) 94.8 (16.2) 0.013 (0.013)

H-(Fe)ZSM5 Isomorphous substitution 1.95 32.8 1.14

Fe/HZSM5 Wet ion exchange 2.42 42.0 2.83
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Coke is known to deactivate metal/HZSM-5 catalysts in DHA %°. Recently, Bao et al.'*®
demonstrated that atomically dispersed Fe in silica results in the formation of methyl radicals,
which then undergo C-C coupling in the gas phase, without coke formation. In order to test if
atomically dispersed iron in HZSM-5 can also effectively suppress coke formation, the amount
of coke formed on the three catalysts was determined after each reaction (10 hrs time-on-stream)
and is shown in table 6. Since all Fe in Fe@HZSM-5 can be fully reduced to metallic state, we
also evaluate the coking data for Fe@HZSM-5 before its Fe content is fully reduced to Fe?, i.e.
after the first 23 min time-on-stream, as suggested by figure 42). Note that for this catalyst coke
selectivity increases dramatically from 16.2% at 23 min to 94.8% at 10 hrs time-on-stream,
indicating that metallic Fe® NPs result in extensive coke formation. This is consistent with the

153
. In

report by Bao et al. who also identify Fe® particles as the coke-producing Fe species
contrast to Fe@HZSM-5, Fe/[HZSM-5 contains only a minor fraction of Fe NPs, while H-
(Fe)ZSM5 has no such species. Thus, the coke selectivity, which decreases in the order of
Fe@HZSM-5 > Fe/HZSM-5 > H-(Fe)ZSM-5, correlates well with the Fe dispersion in these
three catalysts, i.e. increasing Fe dispersion results in reduced coke formation.

However, the total coke formation normalized to the Fe content does not follow this
order. It is well established that coke is formed over bi-functional zeolite catalysts in DHA in
two ways™®: (a) from dehydrogenation of methane (‘‘CHx’’) in parallel with the desired C-C
bond formation step, and (b) from the secondary reactions of the desired aromatic products on
the BAS of the zeolite. Table 6 hence also shows the amount of benzene formation over the
duration of these experiments, and one can see that the coke amount indeed increases

systematically with the amount of benzene produced, similar to previous observations with Zn-

HZSM-5 catalysts'?®. This hence confirms that coke formation over Fe-HZSM-5 is also caused
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by secondary reactions of benzene on BAS. Moreover, this type of coke is more dominant than
coke on Fe’sites at our reaction condition, as reflected in the total amount of coke observed.
Thus, even though our observations confirm that atomically dispersed Fe results in no or very
little coke formation, coke formation cannot be eliminated from Fe-HZSM-5 in DHA due to

secondary reactions of the products on the zeolitic BAS.

5.3 CONCLUSION

The abundance of natural gas resources has strongly increased interest in catalytic
dehydroraomatization of methane to benzene. Fe-based zeolite catalysts are potentially highly
promising candidates for this reaction due to earth-abundance and low cost of Fe. However, the
reactivity of different Fe species in these catalysts is poorly understood to-date, making rational
catalyst design a difficult if not elusive task. In the present study, we aimed to fill this gap by
elucidating the role of a range of different Fe species in Fe/HZSM-5 catalysts for DHA.

We successfully synthesized different Fe species within HZSM-5, including Fe in the
HZSM-5 framework, Fe at cationic exchange sites, and Fe,O3; NPs. This allowed for the
development of structure-performance relationships via careful material characterization and
catalytic reaction testing. Our results show that benzene selectivity of the Fe-HZSM-5 catalyst is
strongly correlated with the presence of highly dispersed Fe (as Fe3O4 or FeO) in HZSM-5
micropores. Such Fe species presumably allow the formation of methyl radicals, which then
oligomerize on the BAS to take advantage of shape selectivity of ZSM-5. We furthermore show
that high (atomic) dispersion can effectively suppress coke formation on the Fe species. However,

strong coke formation still occurs for these catalysts via secondary reaction of aromatic products
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over BAS in the micropores. This coking issue could be overcome, however, via deactivation of
the BAS site, for example through silanation on the zeolite’” *®. Thus, the present results yield
insights into Fe/HZSM-5 catalysts that can give direct guidance for further catalyst design and
may allow combination of the good benzene selectivity of atomically dispersed iron in MFI
zeolites with low or no coking, opening a path towards commercially viable methane

dehydroaromatization at comparatively mild conditions.
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6.0 MO/HIERARCHICAL ZSM-5 FOR METHANE DEHYDROAROMATIZATION

Benzene is one of the most important organic intermediates in the petrochemical industry, and
currently, it is mainly produced from crude oil processing. However, the increasing price
difference between oil and natural gas*® due to the availability of abundant shale gas has
renewed interest in the development of a process for the direct conversion of methane to
benzene. This can be achieved via methane dehydroaromatization (DHA). The most promising
catalyst reported to date is bi-functional Mo/HZSM-5 (catalysts)?, where methane conversions of
~10% Xcna With 80% benzene selectivity at a typical reaction temperature of 700 °C was
achieved. Remarkably, such reactivity is very close to the thermodynamic limit of this reaction
1% However, the main issue of this catalyst is its low stability at the reaction condition. Typically,
a Mo/HZSM-5 catalyst can deactivate as quickly as 5h (or less, depending on the reaction
conditions*®) due to coke formation from the secondary reaction of product hydrocarbons on
Bronsted acid site (BAS)**"®®. Moreover, such coke is predominantly produced within
micropore of ZSM-5 due to the large network of ZSM-5 microporous structure whose small pore
size enhances the chance of hydrocarbons to contact with BAS. The formed coke then covers
active sites and deactivates the catalyst.

To address mass transfer issue of zeolites, many efforts have been made to create extra
mesopores (i.e. hierarchical structure) to enhance mass transfer efficiency in order to suppress

coke formation. One of the most common approaches is demetallization, such as desilication and
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dealumination®*®’. This approach can easily create significant amount of mesopores. However,
demetallation alters the Si:Al ratio (SAR) in the zeolite and SAR is critical for catalytic
performance of zeolite materials, as it determines the availability of BAS. Thus, it is difficult to
compare the catalytic performance of Mo loaded hierarchical ZSM-5 catalysts prepared through
this approach. Another approach is based on the use of templates during zeolite crystallization
and can be further categorized depending on the type of template used, i.e. use of soft templates

105-107

(such as co-surfactants or dual-templating surfactant or hard templates (such as carbon

63-65

black (CB) or carbon nanofibers” ™). The templating strategies generally result in more ordered

mesopores. For example, Y. Wu et al.?

used digquaternary ammonium surfactant to create
lamellar ZSM-5 catalysts with ordered mesoporosity and were studied in DHA reaction. They
reported that such hierarchical zeolite catalyst enable efficient catalytic reactivity in the initial
stage of reaction, while their performance were no different to conventional zeolite catalysts in
the long term run. Moreover, the coke formation from Mo loaded hierarchical zeolites is even
higher than conventional Mo/HZSM-5 catalysts. Mo loaded hierarchical ZSM-5 created by CB is
also often reported for DHA®®®". In contrast to the conclusion from Y. Wu et al., the authors
conclude that hierarchical structure of ZSM-5 can strongly reduce coke formation and hence to
extend the lifetime of catalyst. To date, however, rare systematical study of hierarchical ZSM-5
was done for DHA. Usually, the catalytic performance was compared between one conventional
Mo/HZSM-5 with one Mo/hierarchical HZSM-5 and then a conclusion was made. The trend of
changing porosity on DHA could be neglected. As a result, there is an apparent controversy for
mesoporisity in suppression coke formation and extending catalyst lifetime as discussed above.

In this chapter, we create hierarchical structures of ZSM-5 systematically with different

amount of CB template. The created hierarchical ZSM-5 materials and the subsequent
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Mo/hierarchical HZSM-5 catalysts were characterized by XRD, BET, SEM, TEM and
TGA/TPD external surface acidity characterization technique. The structure of catalysts was
correlated with the correspondence catalytic performance conducted in a fixed-bed reactor. We
show that a minimum amount of coke with high benzene selectivity can be achieved by an

optimized porosity of ZSM-5.

6.1 EXPERIMENTAL

6.1.1 Materials and methods

6.1.1.1 Hierarchical NaZSM-5

Hierarchical Na-ZSM-5 materials are synthesized by using 0.55g H,0O, 3.16g ethanol, 3.7g 40
wit% tetrapropyl ammonium hydroxide (TPAOH), and 0.082g sodium aluminate and sonicate for
2hr. Carbon black (BP2000)- 0Og, 0.5g, 1g, 1.5g, or 2.5g- was combined with above solution.
The mixed solution then was allowed to evaporate ethanol. After 20 hours, 4.17 g of
tetraorthosilicate (TEOS) solution was added to make a molar synthesis feed of TPAOH: 20
H,0: 2.4 TEOS and kept for 3 hours. The solution was then transferred into hydrothermal reactor
and was heated to 180 °C at 0.5 °C/min in an oven. The hydrothermal reaction was kept at this
temperature for 66h. After being removed from the oven and cooled to room temperature,
samples were washed with deionized water and centrifuged. This process was repeated for four
times. The samples were then dried at 100 °C overnight. Finally, the samples were calcined at

600 °C for 8h.
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6.1.1.2 Mo/HZSM-5

The hierarchical Na-form ZSM-5 created by using different amount of CB was ion exchanged
with aqueous NH4NOj3 solution, washed, dried and calcined at 500 °C, to obtain H-ZSM-5.
Mo/HZSM-5 was prepared via impregnation of HZSM-5 with (NH4)sM070,4-4H,0 in aqueous

solution at room temperature. The obtained catalysts were dried and calcined at 500 °C for 6h.

6.1.2 Catalyst characterization

6.1.2.1 X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) measurements were performed with a high-resolution powder
X-ray diffractometer (Bruker D8 Discover) using a monochromatic Cu radiation at the
wavelength of 1.54 A. The beam voltage was 40 kV at a current of 40mA. The diffraction

patterns were recorded with a step of 0.02° (26), 0.5 sec/step.

6.1.2.2 Surface area and porosity Analysis

Surface area and porosity are determined nitrogen sorption in a Micromeritics ASAP 2020.
Samples were degassed for 24 hours at 300 °C under high vacuum prior to each analysis. Both
nitrogen adsorption/desorption measurements were performed at liquid nitrogen temperature (77
K). The typical test involved a 6-point Brunauer- Emmett-Teller (BET) analysis for total surface
area measurement in the relative pressure range 0.1<P/P0<0.35. Mesopore size, volume, and
surface area determination were calculated by the Barret-Joyner-Halenda (BJH) method.
Micropore surface area was obtained via subtracting BET surface area are with mesopore surface

area. All reported pore properties were acquired by analyzing the adsorption isotherm data.
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6.1.2.3 Electron microscopy and X-ray microanalysis

JEOL JSM-6510LV field emission scanning electron microscope (SEM) was used to determine
material morphology at beam voltage of 20 kV. A thin palladium film was sputter coating on the
sample before measurement. Nanoscale morphology was determined by a high resolution
transmission electron microscopy (HRTEM, JEOL-2100). Samples were dispersed on a copper
type-B support grid (Ted Pella Inc.). The actual chemical composition of Mo/HZSM5 catalysts
was determined by energy dispersive analysis of X-ray (EDX) equipped on SEM (JEOL

JSM6510LV), with a collection time of 240- 300 s.

6.1.2.4 External surface acidity

To measure the surface acidity, tetrapropyl ammonium (TPA) ion was adsorbed onto Mo loaded
H-ZSM-5 via reacting 0.1g of Mo/HZSM-5 with 20mL of 1.0M tetrapropyl ammonium bromide
(TPABr) overnight'®®. The catalysts were washed copiously with water and dried at 120 °C.

Thermogravity Analysis/Temperature Programmed Desorption (TGA/TPD) 7

analyses were
then obtained using the assumption that 1 mol of TPA would titrate as 1 mol of NH3; desorbed
after the thermally induced Hoffmann elimination reaction of tetrapropylammonium to propene
and ammonia. The TGA/TPD experiment was conducted by SDTQ600, TA instruments.
Typically, alumina pans containing ~10 mg of TPA+ adsorbed sample powders were loaded on

to the instrument. The temperature was ramped up to 550 °C at 5 °C/min in N and the change of

sample weight was recorded.

6.1.2.5 Reactivity evaluation
The reaction was carried out in a fixed-bed reactor at 700 °C and atmospheric pressure.
Typically, catalysts were charged into a 5.0 mm i.d. quartz tubular reactor. The reactor tube was
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heated from room temperature up to 500 °C for catalyst pretreatment in air, and then heated to
desired reaction temperature (700 °C) under helium flow. After temperature equilibration,
methane (5.3 sccm) was introduced onto the catalyst. The typically used gas hourly space
velocity (GHSV) was 1875 (cc/g/hr) for catalytic performance comparison between different
catalysts. The effluent gas products were analyzed by both Balzers Quadstar GSD 300 mass
spectrometer (MS) and Agilent 3000A Micro GC equipped with thermal conductivity detectors
(TCD). An amount of 50% He was added to the methane feed as an internal standard. The
methane conversion, selectivity of products was evaluated according to the carbon mass balance.
Total coke formation was determined based on CO and CO, signal detected in MS during

temperature-programmed-oxidation (TPO) (in 20% O,) of the spent catalysts.
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6.2 RESULTS AND DISCUSSION

6.2.1 Material characterization

6.2.1.1 NaZSM-5

By 2.5q CB

By 1.5g CB

By 1g CB

.

Intensity (a.u.)

By 0.5g CB

.

By 0g CB

5 15 25 35 45
2 Theta

Figure 44. XRD pattern for NaZSM-5 synthesized with different amount of CB.

NaZSM-5 prepared with different amounts of CB exhibit qualitatively identical XRD diffraction
patterns (figure 44), indicating the MFI zeolite structure of all catalysts. For CB less than 1g, the
peak intensity shows almost constant. However, the peak intensity starts to decrease with amount
of CB used as CB >1g, suggesting either decreased crystallinity or decreased primary particle

size.
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Figure 45. BJH adsorption pore size distribution of a) NaZSM-5 and b) Mo/HZSM-5 synthesized with
different amount of CB. (Solid triangle): by 0g CB; (open square): by 0.5g CB; (solid square): by 1g CB; (solid

circle): by 1.5g CB; (solid asterisk): by 2.5g CB.

Table 7 shows textural properties of NaZSM-5 support. BET surface area remains almost
constant for all prepared NaZSM-5. NaZSM-5 synthesized without CB shows barely
mesoporosity (low mesopore volume and surface area). Mesopore volume/surface area increases
with increasing CB amount, indicating mesopore is successfully formed via using CB as the
template. The formed mesopore size is shown in figure 45. Typically, the mesopore size is ~20-
40 nm. However, micropore surface area decreases accordingly. This porosity change is similar
to many reports in the literature’™: creating mesoporosity within zeolites is commonly
accompanied with decreasing microporosity. Overall, one can see that both micropore surface
area and mesopore surface area do not apparently change when low amount of CB used, while
both change significantly when CB used > 1g. This result indicates effect of CB on NaZSM-5

becomes very strong as CB used >1g.
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Table 7. Texture properties of NaZSM-5 and Mo/HZSM-5 synthesized with different amount of CB.

2 3
| TR | 5wt | S0 | 5 | Vg
NazZSM-5 0 314 8 284 0.027

0.5 328 9 301 0.039
1 309 15 263 0.077
15 305 57 180 0.33
25 303 100 116 0.81
Mo/HZSM-5 0 321 12.7 258 0.044
0.5 329 10.3 263 0.05
1 328 15 246 0.09
15 284 77 146 0.44
25 250 135 71 0.77

1. All porosity calculated from adsorption isotherm

2. Smicro is estimated by Smicro= SBET — Smeso+macro
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Figure 46. (atoe) SEM and (f to 0) TEM images of NaZSM-5 synthesized with different amount of CB.
a), f), and k) are synthesized with Og CB; b), g), and I) are synthesized with 0.5g CB. c), h), and m) are synthesized

with 1g CB. d), i), and n) are synthesized with 1.5g CB. e), j), and 0) are synthesized with 2.5g CB.
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TEM and SEM images (figure 46) show the morphology of ZSM-5 prepared with and
without CB in the hydrothermal environment. SEM shows NaZSM-5 synthesized without (by
0g) CB possesses rod-like crystals in micron size. TEM shows these crystal surfaces are smooth
and no mesopores can be observed. When 0.5g CB is used, SEM shows similar rod-like crystals.
However, TEM indicates that mesopores start to be seen on the edge of these crystals. When CB
used is increased to 1g, mesoporous structure becomes throughout the rod-like crystals.
Interestingly, when CB used is further increased to 1.5g, not only the rod-like crystals become
even more mesoporous, but also small particles are formed. These small particles agglomerate
together to form porous structures. Both amounts of small particles and mesoporous structures
within rod-like structure further increase as 2.5g CB is used. Overall, SEM and TEM images
show that mesopores increase with increasing CB amount, and the pore size observed is
predominantly around 20-40 nm. This observation of morphology change is consistent with the
porosity analysis in table 7 and figure 45. Formation of mesopores within rod-like crystals (<1g)
results in slight increase of mesoporosity and it does not significantly affect microporosity of
ZSM-5. However, high amount of CB (>1g) in ZSM-5 synthesis results in formation of
aggregated small-particles which contribute significantly to mesoporosity. These small ZSM-5
particles, however, have much smaller microporosity compared to micron-size ZSM-5 crystals.
Microporosity of zeolites is directly reflected on the XRD patterns (figure 44). Highly crystalline
ZSM-5 typically possess high amount of microporosity. One can see that the porous rod-crystal
which has high microporosity does not affect the XRD crystallinity (<1g CB) while formation of
small ZSM-5 particle (>1 g CB) which has low microporosity shows a much lower crystallinity.

Based on above characterization, we conclude that increasing CB successfully increases

mesoporosity in NaZSM-5. Low amount (<1g) of CB results in ZSM-5 crystallites which grow
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around CB during the hydrothermal treatment. After burning off CB, mesopores are created
within ZSM-5 crystals. Mesoporosity does not increase significantly in this CB amount range.
However, as CB used is greater than 1g, CB becomes dominant in the synthesis system, where
ZSM-5 forms small particles between primary CB particles and mesoporosity increase
drastically. This big increase in mesoporisity, however, also reduces microporosity of NaZSM-5

material. Change of hierarchical NaZSM-5 formation mechanism is summarized in scheme 2.

b)
f' @
‘ - e
Increasing amount of CB used )
B ZSM-5 ® ZSM-5 nanocrystallites

Scheme 2. Schematic morphology of NaZSM-5 synthesized by different amount of CB. a) CB in

hydrothermal synthesis < 1g. b) CB in hydrothermal synthesis > 1g.
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6.2.1.2 Mo/HZSM-5

In order to make a DHA catalyst, the prepared NaZSM-5 with different porosity was ion-
exchanged with ammonium nitrate to obtain H-form ZSM-5 and then impregnated with Mo. 3
wt% Mo is prepared in order to achieve comparable reactivity to the literature
Chemical compositions of the catalysts are determined by EDX (table 8). The results show that
Mo loading and Si/Al are close to nominal compositions and are similar among all catalysts.

Thus, the effect of porosity on catalytic performance can be studied without interference from

other parameters.

Table 8. Chemical composition of Mo/HZSM-5 catalysts used in this study, as determined by EDX.

Sample Amount of CB (g) Si/Al Mo

used in (Wt%)
ZSM-5 synthesis

Mo/HZSM-5-0g 0 26 2.76
Mo/HZSM-5-0.5¢ 0.5 24.6 3.25
Mo/HZSM-5-1¢g 1 26 3.00
Mo/HZSM-5-1.5¢ 15 25.9 3.28

Mo/HZSM-5-2.5g 2.5 28 2.9
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Figure 47. Change of mesoporosity before and after Mo impregnation. (Solid triangle): by 0g CB; (open

square): by 0.5g CB; (solid square): by 1g CB; (solid circle): by 1.5g CB; (solid asterisk): by 2.5g CB.

Table 8 shows textural properties of Mo/HZSM-5. Micropore surface area decreases after
impregnation of Mo (compare to NaZSM-5), indicating diffusion of Mo into micropores during
impregnation process (i.e. heat treatments) and forms small Mo species®®. As for mesoporosity,
mesopore surface area increase as CB used is greater than 1g but mesopore volume all remain
almost unchanged. To investigate what causes this discrepancy, figure 47a shows mesopore size
distribution of these catalysts. The mesopore size of all zeolite-supported Mo catalysts all show
~20 nm. Compared to NaZSM-5 without Mo (figure 45), the mesopore size decreases
significantly as high amount of CB used (>1g). The change of mesopore size is further indicated
by figure 47b. Based on this change, it’s very likely that some Mo forms MoOs particles on
mesopores of ZSM-5 and occupies the mesoporous space. Furthermore, MoQOj3 particles formed
in the mesopores should have particle size about 4-50 nm since mesopore size decreases from

24-70 nm to ~20 nm after Mo impregnation.
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Figure 48. a) XRD patterns for HZSM-5 and Mo/HZSM-5 with different msoporosity. (Purple): HZSM-5,
(green): Mo/HZSM-5-0g, (gray): Mo/HZSM-5-0.5¢, (red): Mo/HZSM-5-1g, (blue): Mo/HZSM-5-1.5g, and (black):
Mo/HZSM-5-2.5g. Deconvolution of XRD peak (27-280) for b) Mo/HZSM-5-0g, ¢) Mo/HZSM-5-0.5g, d)

Mo/HZSM-5-1¢g, e) Mo/HZSM-5-1.5g, and f) Mo/HZSM-5-2.5¢.

To confirm this hypothesis, MoO3 particle size is confirmed by XRD (with Scherrer
equation). For Mo/HZSM-5, most reflections from MoO3; overlap with strong reflections of
HZSM-5. However, a MoO; (021) reflection at 2 theta ~27.3°, although it is still very close to a
HZSM-5 reflection (figure 48a) (and hence is often neglected in the literature), is observed to be

distinct enough for analysis. To quantify the particle size by Scherrer equation, we did a
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deconvolution for this peak and it is shown in figure 48b-f. For Mo/HZSM-5 with different
mesoporosity, MoOs particle sizes are all estimated to be ~30-50 nm (figure 48b-f). This result
indicates the MoOg size is not dependent on the porosity of the HZSM-5 support. The particle
size estimated thus agrees well with the size hypothesized from mesopore size change. In
addition, the estimated MoOs3 particle size for Mo/HZSM-5 synthesized with CB < 1g (whose
mesopore size remains ~20 nm before and after impregnation) is apparently too big to form

within their mesopores and thus no change of mesopore size change is observed.
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Figure 49. External surface acidity characterized by TPA" ion adsorbed on Mo/HZSM-5 followed by

TGAJ/TPD. (green): by 0g CB; (gray): by 0.5g CB; (red): by 1g CB; (blue): by 1.5g CB; (black): by 2.5g CB.

According to DHA reaction mechanism over Mo/HZSM-5 catalysts, methane is activated
on Mo site and the generated C-C coupling intermediates then oligomerize on the neighboring

BAS to form benzene™ **":™ The high benzene selectivity is attributed to shape selectivity of
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ZSM-5 micropore. Thus, it’s generally accepted that free BAS on external surface could result in
higher hydrocarbon and coke formation. In order to investigate the effect of hierarchical ZSM-5
structure on the distribution of BAS and their consequences on the catalytic performance, the
external surface acidity of Mo loaded hierarchical HZSM-5 is determined by a method reported
by Chang'®®. This method was conducted by TPA* ion adsorbed on Mo/HZSM-5 followed by
TGA/TPD. TGA/TPD analyses were then obtained using the assumption that 1 mol of TPA"
would titrate as 1 mol of NH3 desorbed after the thermally induced Hoffmann elimination
reaction of TPA® to propene and ammonia. The experimental theory thus is similar to
conventional NH3-TPD for zeolite acidity characterization except the adsorbed ammonium
groups are different (NH,* vs TPA™). Due to the large molecular size (~1 nm) of TPA", which is
not allowed to enter micropores of HZSM-5, this approach determines only acidic sites on the
HZSM-5 external surface (including mesopore surface in this research). Figure 49 shows profiles
of TGA/TPD for the five Mo/HZSM-5 catalysts with different porosity. Each spectrum contains
four desorption peaks at ~200 °C, ~230 °C, ~300 °C, and ~430 °C. These peak positions as
expectedly are qualitatively similar to the NH3-TPD profile reported for Mo/HZSM-5.

According to the reported NH3-TPD profile reported® *%% 1%

, the desorption peak at
~230 °C is attributed to weak acid site (Lewis acid sites of HZSM-5) and the peak at ~430 °C
results from BAS of HZSM-5. A shoulder at ~300 °C was previously attributed to stronger Lewis
acid sites created by metal oxides®™. A low temperature desorption peak at ~200 °C is simply
from physisorbed ammonium group and hence is not an indication for any acidic sites. It’s noted
that no evidence so far shows Lewis acid sites of HZSM-5 has any impact on the DHA reaction.

Based on these assignments, Mo/HZSM-5-0g, Mo/HZSM-5-0.5g, and Mo/HZSM-5-1g which

are consisted of (microporous/mesoporous) micron-size ZSM-5 crystals contain minimal amount
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of BAS on the external surface. However, as CB used is greater than 1g, amount of BAS
increases pronouncedly. Previously, it has been demonstrated that ZSM-5 nanoparticles start to
appear as CB used >1g. From the result of external surface acidity, apparently, BAS is preferably
distributed on external surface of ZSM-5 nanoparticles but not on the external surface of miron-
size crystals. This presumably results from much larger external surface area of nanoparticles
than that of mesoporous crystals (table 7). High amounts of BAS on external surface of ZSM-5
nanoparticles is consistent with the conclusion made by Bao’s group®®. In addition, Mo/HZSM-5-
1.5g and especially Mo/HZSM-5-2.5g seem to contain more metal oxide (MoO3) Lewis acid
sites (at ~300 °C), say, more MoO; particles on the external surface compared to other catalysts.
This is not surprising. Due to relatively large mesoporosity to microporosity ratios of these two
catalysts, more Mo species are distributed onto the external surface. Overall, large external
surface area due to ZSM-5 nanoparticle formation results in more BAS and Mo distributed on

the external surface.
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6.2.2 Catalytic performance
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Figure 50. DHA Reactivity data over Mo/HZSM-5 catalysts synthesized with different amount of CB: a)
methane conversion and b) benzene selectivity. (Solid triangle): by 0g CB; (open square): by 0.5g CB; (solid
square): by 1g CB; (solid circle): by 1.5g CB; (solid asterisk): by 2.5g CB. c) Micropore surface area vs. max

benzene selectivity. The reaction was carried out at 700 °C, GHSV: 1875 cc/g/hr.
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The catalytic performance of Mo/HZSM-5 catalysts with different porosity is shown in Figure
50. Methane conversion is very similar for all catalysts except that Mo/HZSM-5-2.5g shows a
higher reactivity in the first 60 mins reaction. Coincident with induction period at the beginning
of DHA reaction (reducing MoOj3 to MoO,C,)*" "> '*® and high amount of Mo dispersed on the
external surface (see the discussion for figure 49), a possibility to cause this higher methane
conversion could be more coke formed on the external Mo site to form MoO,C, due to an
unrestricted space for carbon growth. This hypothesis will be confirmed later in the section of
coke characterization. For a long period of reaction (>60 min), however, all catalysts show
similar methane conversion. This indicates catalytic stability of all catalysts is very similar and
agrees with the catalytic stability of Mo/hierarchical zeolite recently reported by Y. Wu et al.®%.
On the other hand, figure 50b shows that CgHs selectivity of Mo/HZSM-5-0g,
Mo/HZSM-5-0.5g, and Mo/HZSM-5-1g reaches ~80% after the induction period, while the max
selectivity is significantly lower for the other two Mo/HZSM-5 catalysts synthesized with 1.5g
and 2.5g CB (CgHs selectivity: Mo/HZSM-5-1.5g > Mo/HZSM-5-2.5g). It is well known that
DHA over Mo/HZSM-5 catalysts requires the shape selectivity of ZSM-5 micropore to achieve
high benzene selectivity?®. From prior sections, we have shown that increasing significant
amount of mesoporosity (mainly due to ZSM-5 nanoparticle formation) simultaneously results in
dramatic decrease of microporosity. To further illustrate the correlation between benzene
selectivity and microporosity, a plot of micropore surface area versus maximum CgHg selectivity
is shown in figure 50c. Clearly, a linear correlation is obtained and it actually follows this trend:
less micropore surface results in less benzene selectivity. Thus, the decreased benzene selectivity

is concluded to be a trade-off for micropores to steric un-restricted mesopores.
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Figure 51. TPO data for spent Mo/HZSM-5 catalysts (after 5h reaction at 700 °C) with different
mesoporosity: a) by 0g CB; b) by 0.5g CB; c¢) by 1g CB; d) by 1.5g CB; e) by 2.5g CB. Unit of formation rate of

(CO+CO0,): mol/min/100mg catalyst.

The purpose of preparing hierarchical structure for DHA is to reduce coke formation and
hence to extend the catalyst lifetime. However, high catalytic stability as a result of hierarchical
structure of ZSM-5 is not observed in this study (figure 50a). It is well known that coke sources
resulting from Mo/HZSM-5 are 1) coke associated with Mo and 2) secondary reaction of product
hydrocarbons on BAS®. To investigate how coking affects catalytic stability, the coking
information (coke type and coke amount) for all catalysts is characterized by burning off coke in
the spent catalysts by a TPO process (figure 51). A typical TPO profile is observed for all
catalysts: a low-temperature peak at ~420 °C and a high-temperature peak at ~530 °C. For

catalysts prepared by >1g CB, a middle-temperature peak at ~470 °C is also observable.
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According to a TPO characterization for coke species reported by Bao et al.?> ™, the low-
temperature peak results from coking associated with Mo species while the other two hi-
temperature peaks are associated with coke on the BAS of HZSM-5. The difference between the
latter two peaks was not further discussed in their report. To further correlate each type of coke

with Mo/HZSM-5 with different mesoporosity, amount of each type of coke is quantified from

the TPO profiles (figure 52).
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Figure 52. a) Amount of low-temperature coke, b) amount of middle-temperature coke, c) amount of high-

temperature coke, and d) Amount of overall coke versus Mo/HZSM-5 catalysts with different mesopore surface

area.

Figure 52a shows low temperature coke which is associated with Mo does not change as
CB used is less than 1.5g. However, a drastic increase of this type of coke occurs in Mo/HZSM-

5-2.5¢. This trend, interestingly, correlates very well with the methane conversion, confirming
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the first 60-min higher methane conversion of Mo/HZSM-5-2.5g results from more coke on Mo.
This connection is reasonable because Mo/HZSM-5 catalysts in DHA reaction require an
activation time to reduce MoOs to active MoO,Cy at the beginning of the reaction, and this time
period agrees with the higher methane conversion of Mo/HZSM-5-2.5g at the first 60 mins.
Moreover, more Mo distributed on external surface of this catalyst is already indicated by
external MoOg3 Lewis acid sites (figure 49). As a result, coke associated with these Mo has more
room to grow and hence more coke associated with Mo is observed on this catalyst. Nonetheless,
this type of coke is normally active in DHA and generating C-C coupling intermediates. No
deactivation of catalysts was reported by this type of coke'®®.

Figure 52b,c shows middle- and high-temperature coke which are associated with BAS.
However, these two type of coke shows opposite trends: the middle-temperature coke does not
change as CB used <1g but it increases dramatically as CB used >1g, while the high-temperature
coke decreases continually with increasing CB used. Interestingly, changes of the two type of
coke correlate very well with the free BAS on the external surface and changes of porosity. On
one hand, free BAS on external surface is known to result in higher hydrocarbon and coke
formation due to no shape selectivity. From prior section, figure 49 has shown that free BAS on
external surface barely appear on Mo/HZSM-5-0g, Mo/HZSM-5-0.5g, and Mo/HZSM-5-1g.
However, this site increases as CB used is >1g due to increase of large-external-surface-area
HZSM-5 nanoparticle formation. More coke on external BAS then is expected to increase as CB
used is >1g. This agrees very well with the trend of middle-temperature coke. Apparently, the
middle-temperature coke is associated with BAS on the external surface. On the other hand, due
to higher amount of mesopores (meanwhile, less amount of micropores) created by more CB,

which increases from 0 to 2.5g, product benzene can easily diffuse out of the micropores and
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hence less coke is formed on BAS within micropores. This change is consistent with the change
of high-temperature coke, which becomes less as mesoporosity gradually increases. Thus, the
high-temperature coke is attributed to coke formed on microporous BAS. Nonetheless, the
change of coke formation on BAS, which is normally regarded as the coking source to deactivate
Mo/HZSM-5 catalyst, doesn’t seem to improve the catalytic stability (see figure 50c).

In combination of changes of the three types of coke, we observe that the overall coke
amount decrease (as CB<lg) and then increase (as CB >1g) with increasing mesoporosity
(Figure 52d): the decrease of overall coke is attributed to increased mesoporosity which results in
better product benzene diffusion (reduction of high-temperature coke), while the increased
overall coke results from the increasing coke formed on external surface (both on external Mo
and BAS) outweighing the decreased coke formed within micropores. Overall, increasing
mesoporosity in HZSM-5 does not always reduce coke formation. Amount of mesoporosity has

to be optimized in order to achieve minimum coke formation in DHA reaction.

6.3 CONCLUSION

In this chapter, hierarchical ZSM-5 is created via embedding CB within/between ZSM-5 crystals
followed by burning of CB. Changing amount of CB used for the synthesis successfully results
in a different extent of porosity: mesoporosity is formed within ZSM-5 crystals while
microporosity is not significantly lost as few CB is used; aggregated ZSM-5 nanoparticles which
contains significant amount of mesoporosity and much less microporosity is formed as large

amount of CB is used.
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Increasing mesoporosity results in less coke formed within HZSM-5 micropores.
However, ZSM-5 with too large amount of steric-unrestricted mesopore surface results in great
amount of coke formed on the external surface. Amount of mesoporosity has to be optimized in
order to achieve minimum coke formation. Nonetheless, no better catalytic stability was
observed. Moreover, reduced amount of microporosity as a result of large mesoporosity
minimizes the benzene selectivity. Overall, one obtains minimization of coke formation while
maintaining high benzene selectivity by introducing a controlled (small) amount of mesoporosity

into HZSM-5.
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7.0 OUTLOOK

7.1 METAL SITES IN DHA

7.1.1 Zn-based catalysts

In chapter 4, we have given significant insights into the active species in Zn-HZSM-5 catalysts,
but the ultimate conclusion is that it appears inherently impossible to synthesize a stable metallic
Zn-based zeolite catalyst for DHA due to the reducing reaction conditions and the very high
vapor pressure of metallic Zn. However, metallic Zn catalyst is very promising due to its
selectivity to benzene, which can achieve almost 100% as suggested in figure 25. Therefore,
developing an approach to stabilize metallic zinc clusters within micropores of HZSM-5 will be
the next step for this catalyst. This could possibly achieved by alloying approach. Alloying of

metals is well-known to improve their physical and chemical stability**’

and could possibly offer
a route for stabilization of Zn. However, the impact of such alloying on catalytic activity is

unknown. A further investigation will be required.
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7.1.2 Fe-based catalysts

Bao et al®® demonstrated that atomically dispersed Fe (on silica) results in the formation of
methyl radicals without coke formation, which then undergoes C-C coupling in the gas phase at
their reaction conditions (>950 °C). However, the approach they report to prepare the atomically

dispersed iron is very complicated.

In chapter 5, we showed that highly dispersed iron can be easily prepared on HZSM-5
and benzene selectivity of such Fe-HZSM-5 catalyst is much higher than HZSM-5-supported
Fe,O3 NPs. Although a significant amount of coke is formed on excessive BAS, we
demonstrated that highly dispersed Fe can effectively suppressed coke formation on itself and
this confirms the conclusion from Bao et al.***. In other words, if we are able to remove coke
formation on BAS, we would be able to completely eliminate coke formation from Fe-HZSM-5
catalysts, which is currently the primary issue of state-of-the-art Mo/HZSM-5 catalysts, and
achieve high benzene selectivity. This will require removal of excess BAS in HZSM-5. The most
straightforward way to reduce BAS is by adjusting the SAR (i.e. by adjusting amount of Si and
Al precursors) for synthesis of ZSM-5, as SAR determines the number of exchange sites/BAS.
However, single site Fe in ZSM-5 is mainly stabilized on the exchange sites as already
demonstrated in chapter 5. Lowering number of exchange sites prior to introduction of Fe may
result in insufficient exchange site to stabilize Fe. Decreasing BAS via decreasing SAR hence
will require further investigation. To date, many approaches have been published to deactivate
BAS after synthesis of ZSM-5. A very commonly reported method is to conduct silanation on the
BAS to cover (deactivate) it""'®. The silanation process can be conducted in the liquid phase or

gas phase by TEOS or 3-aminopropyl-triethoxylsilane. However, these silica precursors (~1 nm)
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are larger than micropore size of ZSM-5 and hence are only effective in removing surface BAS.
A search for smaller size of silica precursor will be a possible solution. Fluorine group was also
reported to selectively remove BAS (by dealumination). For example, Chang et al. show that
SiFs® anion can successfully remove BAS on the external surface of HZSM-5 under static
reaction condition'®®. Due to small size of SiF¢”, this anion group should be able to enter
micropores of ZSM-5 and deactivate BAS within micropores if the reaction is carried out in a
stirring reactor.

In the future work, preparing atomically dispersed iron over silica is still a good option.
Although benzene selectivity over such catalyst can be only ~20% (naphthalene selectivity:
~30%, ethylene selectivity: ~50%), a high methane conversion (>40%) can be achieved at
sufficiently high reaction temperature as reported by Bao et al**®. As discussed above, the
catalyst preparation approach reported by their group is extremely difficult. Thus, an easy
approach to prepare highly dispersed iron will still make this catalyst viable. Recently, Adam’s
group reported simple synthesis approaches for preparation of variety of single site metal on
silica, including zinc, iron and cobalt!”**™, The single site catalysts were prepared directly with
grafting organometallic precursor or with electrostatic adsorption of metal precursors on silica.
The formed metal NPs can be redispersed onto the support to become single site during a
pretreatment in H,. This redispersion process is somehow similar to the step reported by Bao
whose iron was redispersed in CH,4. Therefore, it would be worthwhile to test Adam’s synthesis

approach and study the atomically dispersed iron catalyst prepared for methane upgrading.
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7.1.3 Other metal sites

In addition to the reported metals (Mo, Zn, Fe) in this dissertation, other transition metals are
also potential to be the metal site for DHA reaction. Furthermore, due to the well know methane
activation ability, the focuses should be first put on Cu'>*"® and Ni*"**"7,

However, as many inconsistencies reported for other metal loaded HZSM-5 catalysts,
changing metal sites for DHA has to be carefully investigated. For example, some reported that
Fe as the dopant for Mo/HZSM-5 enhances the catalytic activity but others did not®* % % This
was attributed to different metal species obtained by different groups and thus a proper
comparison could not be made. Clearly, only a systematic metal site tailoring can screen out the
most active and stable species for DHA, as we did for zinc and iron in this dissertation.

Especially as we have discussed above, the single site metal should be paid more attention to, as

a number of single site metals are recently reported to be very active for variety of reactions'**

173, 178-180
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7.2 HIERARCHICAL HZSM-5 CATALYSTS

In chapter 6, hierarchical HZSM-5 was systematically prepared by introducing different
quantities of carbon black (BP2000) template. Studying the reactivity of tailored HZSM-5
supports, it was found that coke formation within micropores is suppressed if a controlled degree
of mesoporosity is introduced into the catalysts, while too much mesoporosity again enhances
coke formation, presumable due to “excess space” and BAS for hydrocarbon formation.
Moreover, microporosity is decreased, which results in lower benzene selectivity, as a result of
large amount of mesoporosity created.

Nonetheless, in this dissertation, the mesoporosity in ZSM-5 was created by one type of
carbon black -BP2000- alone. As a result, the mesopore size is constant for all the hierarchical
catalysts studied. Moreover, for the catalysts prepared by high amount of BP2000 (i.e. >1g), the
mesoporosity is mainly contributed from aggregated ZSM-5 nanoparticles. These nanoparticles,
however, have very high amount of BAS on the external surface as suggested by figure 49 and
thus results in very high amount of coke formation and less selectivity to benzene. Therefore, in
the future work, it would be worthwhile to prepare hierarchical ZSM-5 with different type of
carbon black and compare. By using different type of carbon black, the mesopore size should be
targeted to be smaller and very dense “within ZSM-5 crystals” to achieve high mesopore volume
and avoid high amount of BAS on the external surface (as suggested from figure 46 and figure
49, mesoporosity created within ZSM-5 crystal has barely BAS on the external surface). The
microporosity will also remain high and thus maintain high benzene selectivity. With that,

further suppressing coke formation to extend the catalyst lifetime could be expected.
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