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ABSTRACT 

 

Despite the fact that zeolites have been applied to biomass upgrading for decades, there 

are still various obstacles that need to be overcome. In applications of using zeolites to catalyze 

biomass pyrolysis vapors, the yields of hydrocarbons are relatively low and catalysts frequently 

suffer from fast deactivation. Diffusion limitation is widely accepted to be the dominant reason 

for the two challenges above. Researchers have been intensively engaged in developing 

hierarchical zeolites which possess both introduced mesopores and original micropores to 

accelerate the diffusion of complex intermediates and products from biomass pyrolysis vapors. A 

number of hierarchical zeolites have been created in recent years. However, most of these novel 

structures are only involved in simplified model compounds to demonstrate potential in 

promising applications in real biomass. It has become increasingly important to investigate the 

catalytic activity of hierarchical zeolites in biomass, due to the raised economic and 

environmental requirements to commercialize biofuels upgraded from biomass. 

I synthesized a multilayered MFI nanosheet zeolite, a category of hierarchical zeolites 

which performed well in model reactions (methanol to gasoline). The nanosheet zeolite was 

thoroughly characterized. It possessed uniform mesopores on the external surface and 

micropores on the internal surface. The catalytic activity of MFI nanosheet was investigated via 

two complementary instruments, micropyrolyzer-GCMS and molecular beam mass spectrometer 

(MBMS). Hydrocarbon yields of biomass over the nanosheet were found to be competitive to the 

yields over conventional ZSM-5 catalyst which possessed similar acid sites but lacked 

hierarchical structure. The species of hydrocarbon products were the same over the two catalysts, 
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implying that mesopores did not change the distribution of products. Meanwhile, the completed 

deactivation process of MFI nanosheet was studied. It was found that MFI nanosheet achieved a 

lifetime approximately three times of conventional ZSM-5. However, coke (carbonaceous by-

products) contents on MFI nanosheet were higher than ZSM-5. Coked catalysts were collected at 

various biomass-to-catalyst ratios and characterized to track the change of pore volumes and 

active acid sites in the process of deactivation. Based on the results of catalytic activities and 

characterizations, it is suggested that mesoporous MFI nanosheet has much better accessibility to 

active acid sites, which enables the longer catalyst lifetime while resulting in more coke 

formation. 
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CHAPTER 1 

INTRODUCTION TO BIOMASS PYROLYSIS AND UPGRADING 

 

1.1 Abstract 

In this chapter, developments in biomass energy and biomass feedstocks are discussed. 

Biochemical and thermochemical routes are the two general methods to convert biomass to 

biofuels and chemicals. Within thermochemical route, fast pyrolysis is an efficient way to 

harvest relatively high carbon yields. To upgrade pyrolysis vapors, catalytic fast pyrolysis is 

often involved. Zeolites are one important category of acidic catalyst applied in the upgrading 

process. When using zeolites for upgrading, there are several challenges, such as low 

hydrocarbon yields and fast deactivation of catalysts. The thesis work is dedicated to figuring out 

approaches towards solving the challenges. Organization of the thesis is also discussed. 

1.2 Current status of biomass feedstocks and biomass-based energy 

It has attracted more and more attention and efforts to convert renewable biomass 

feedstocks into liquid transportation fuels and high added-value chemicals in the recent decades, 

considering the rapid consumption of the limited fossil feedstocks, accumulated environmental 

problems such as CO2 emissions resulted from fossil feedstocks, and severe economic and 

political reasons.  

According to the 2016 Billion-Ton Report: Advancing Domestic Resources for a Thriving 

Bioeconomy published by the U.S Department of Energy Bioenergy Technologies Office, 

agricultural resources such as corn starch, crop residues and forestry/wood are the current 
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primary sources of biomass.1 Agricultural resources are mainly used for fuels and biochemicals 

and woody resources are mainly used to produce heat and power. In the report biomass energy is 

composed of biofuel, wood and waste. There has been a significant increase of total renewable 

energy since 2001, mainly contributed from the growth of biofuels, wind and solar production. 

Consumption of biomass energy has also increased steadily since 2001, predominantly resulted 

from the expansion of biofuels. And biomass energy has contributed 50% of total renewable 

energy in 2014. Among the various sources of biomass, lignocellulose, derived from plant cell 

walls, is considered as a main raw material to be upgraded to a wide range of fuels and chemicals. 

1.3 Strategies for conversion of biomass to biofuels/biochemicals 

Various technologies have been developed to produce biofuels and biochemicals from 

lignocellulosic biomass. Generally, these technologies are categorized into two routes, 

biochemical and thermochemical conversions.2 Biochemical routes consist of a mild 

thermochemical pretreatment and a following hydrolysis step to convert biomass fractions into 

soluble sugars by enzymes. Thermochemical routes apply much harsher conditions to 

depolymerize biomass, including pyrolysis (400°C- 600°C) to form mixtures of vapors, liquids 

and solids and gasification (750°C-900°C) to form bio-syngas. Building blocks of chemicals 

produced from fossil fuel feedstocks and lignocellulosic biomass are compared in Figure 1.1.3 

Bio-syngas produced via gasification route loses the complete chemical functionalities in 

biomass. Hydrolysis route is a convenient way to generate some core chemicals (light olefins and 

BTX (benzene, toluene, xylene, ethylene)), as a good candidate to replace petrochemicals. 

Meanwhile, bio-oil, the liquid carbonaceous materials obtained from pyrolysis is particularly 

attractive because it can maintain hundreds to thousands of constituents from biomass without a 



3 

 

significant loss of O/C ratio. Thus, bio-oil provides a much broader hydrocarbon pool to 

subsequently harvest transportation hydrocarbon fuels (biofuels). 

 

Fast pyrolysis has become a very promising technology to produce hydrocarbon fuels 

from biomass. Different from slow pyrolysis, fast pyrolysis occurs at 400 °C-600 °C with a 

typical heating rate of 1000 K∙s-1and a hot-vapor residence time less than 2 s in the reaction 

zone.2, 4 It is able to achieve up to 75% carbon yields of bio-oil.5 According to elemental analysis, 

bio-oil has different elemental compositions from those of petroleum oil, which makes bio-oil 

unable to be directly used as a transportation fuel or as a feedstock for fuel manufacture. Bio-oil 

has very few contents of nitrogen and sulfur but high contents of oxygen (30-50 wt%, without 

counting oxygen in water).4  It also contains 20-30 wt% water. In addition to the liquid phase 

 

Figure 1.1 Routes for the production of chemicals from fossil feedstocks (left to center) and 
biomass (right to center). Reprinted with permission from ACS Catal 2012, 2(7), 148-1499. 
Copyright (2012) American Chemical Society. 
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bio-oil, biomass is also converted to non-condensable gases including CO, CO2, CH4, H2 and 

some light hydrocarbons, solid chars mainly in carbon during fast pyrolysis.2 Biomass, primarily 

composed of three biopolymers- cellulose, hemicellulose and lignin, has been thoroughly 

investigated of the products during fast pyrolysis (see Figure 1.2).2 Lignin produces phenolics 

and cellulose produces sugars and furans. In addition, sugars and furans can be decomposed into 

acids, esters, aldehydes, alcohols, ketones and hydroxy carbonyls.2, 4 The wide range of these 

functional groups contributes to the high oxygen contents in bio-oil. 

1.4 Upgrading of bio-oil 

Bio-oil has many undesirable properties such as thermal instability, high viscosity, high 

acidity and particularly high oxygen contents.2, 5 Hence, upgrading is necessary to deoxygenate 

bio-oil into a transportation hydrocarbon fuels. Catalytic fast pyrolysis (CFP) is a powerful 

technique to upgrade bio-oil, divided into ex-situ CFP and in-situ CFP pathways depending on 

the location of catalysts with a comparison to pyrolysis reactor. Figure 1.3 summaries the two 

pathways.4  

In the case of ex-situ CFP, dry raw biomass is heated to produce vapors through fast 

pyrolysis, followed by upgrading by catalysts. The upgrading vapors are subsequently condensed 

into liquids which are stabilized bio-oils. The stabilized bio-oils usually have to undergo 

hydrotreating step in H2 to form hydrocarbon biofuels. In the case of in-situ CFP, raw biomass is 

heated to pyrolysis vapors and simultaneously these pyrolysis vapors are deoxygenated into 

upgrading vapors, which also need to be condensed to generate stabilized bio-oils. During both 

in-situ CFP and ex-situ CFP, hydrodeoxygenation (HDO) and zeolite cracking can occur to 

convert bio-oil into hydrocarbons.4 HDO needs to be performed with a co-feed gas H2 while 

zeolite cracking is performed only under inert carrier gas (such as He). In this thesis, it is focused 
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on zeolite cracking pathway and vapor phase upgrading (VPU) blocks (i.e. from raw biomass to 

upgrading vapors). 

 

 

 

 

Figure 1.2 Typical products formed from the pyrolysis of the biopolymers in plant cell walls. 
Reprinted from Green Chem 2014, 16(2), 407-453. 
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As an important category, zeolites and their derivatives are the most widely applied 

acidic catalysts which can efficiently deoxygenate bio-oil. Figure 1.4 summaries the general 

process of upgrading bio-oil using ZSM-5 (one example of zeolite).2 The oxygenated compounds 

in pyrolysis vapors are catalyzed to final products (olefins and aromatics) through cracking, 

dehydration, decarboxylation, decarbonylation, condensation and polymerization reactions.  

 

 

 
Figure 1.3 Process block flow diagram for (A) ex situ CFP and (B) in situ CFP. 
Reprinted from Green Chem 2014, 16 (2), 454-490. 
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Particularly, all the oxygenated compounds decomposed from cellulose, hemicellulose 

and lignin undergo dehydration, decarboxylation and decarbonylation reactions to form olefins 

with CO, CO2 and H2O as by-products. In the loop of olefins to aromatics, dehydration reaction 

is the predominant mechanism when using ZSM-5 as catalysts. Bulky carbonaceous by-products 

are formed with the deactivation of catalysts, called as coke. Vapor phase upgrading of bio-oil 

utilizing zeolites typically generates hydrocarbon yields of 10 wt% to 30 wt%.2  

Figure 1.4  Pyrolysis of biomass and upgrading of bio-oil using ZSM-5. Reprinted from Green 

Chem, 2014, 16(2), 407-453. 
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1.5 Thesis organization 

Currently there are two challenges in the vapor phase upgrading of bio-oil using zeolites: 

low hydrocarbon yields and fast deactivation of catalysts. This thesis is devoted to investigating 

the fundamental mechanisms that result in the two challenges and to developing advanced 

materials that can overcome the obstacles. In the thesis it is consisted of five chapters and 

appendices. 

Chapter 1 discusses the background information of biomass pyrolysis and upgrading.  

Chapter 2 is an invited review (Topics in Catalysis, 2016, 59(1), 73-85) with a 

contribution as the 1st and primary author (MX). Co-authors are Calvin Mukarakate, David J. 

Robichaud, Mark R. Nimlos, Ryan M. Richards and Brian G. Trewyn. MX, RMR and BGT are 

affiliated as Department of Chemistry, Colorado School of Mines, Golden, CO 80401, United 

States. CM, DJR, MRN are affiliated as National Renewable Energy Laboratory, 15523 Denver 

Parkway, Golden, CO 80401, United States. BGT is the corresponding author. The publication 

discusses proposed mechanisms of zeolites used in vapor phase upgrading and hotspots of recent 

zeolite synthesis. The mechanisms of zeolite deactivation during biomass pyrolysis and 

upgrading were rarely investigated. This review correlated biomass catalytic fast pyrolysis 

process with the well-studied petrochemical processes (MTH processes) for the very first time 

and provided a solid viewpoint to better understand the mechanisms of biomass catalytic fast 

pyrolysis. Also, an up-to-date summary of synthesizing novel zeolitic structures were discussed 

in the review.  In this chapter, zeolite deactivation in biomass upgrading is expanded from 

fundamental mechanisms to synthetic approaches that are promising to overcome the fast 

deactivation of catalysts. 
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Chapter 3 discusses the methodology of synthesizing a hierarchical zeolite which is 

consisted of uniform ultrathin layers. It presents detailed progress towards achieving the 

successful synthesis after numerous trials.  It also provides an overview of routine techniques to 

characterize hierarchical zeolites, including nitrogen sorption, X-ray diffraction (XRD), small 

angle X-ray scattering (SAXS), temperature programmed desorption of ammonia (NH3 TPD), 

pyridine diffuse reflectance infrared fourier transform spectroscopy (DRIFTS), transmission 

electron microscopy (TEM), scanning electron microscopy (SEM) and inductively couple 

plasma optical emission spectroscopy (ICP-OES). 

Chapter 4 is a research article (ACS Sustainable Chem. Eng., 2017, 5(6), 5477-5484) with 

a contribution as the primary researcher and the 1st author (MX). Co-authors are Calvin 

Mukarakate, Kristiina Iisa, Sridhar Budhi, Martin Menart, Malcolm Davidson, David J. 

Robichaud, Mark R. Nimlos, Brian G. Trewyn and Ryan M. Richards. MX, CM, KI, SB, DJR, 

MRN and RMR are affiliated as National Renewable Energy Laboratory, 15523 Denver 

Parkway, Golden, CO 80401, United States. MX, MM, MD, BGT and RMR are affiliated as 

Department of Chemistry, Colorado School of Mines, Golden, CO 80401, United States. CM and 

RMR are corresponding authors. The publication discusses the application of the hierarchical 

zeolite MFI nanosheet as synthesized in chapter 3 to the upgrading of biomass pyrolysis products. 

It includes thorough characterizations of MFI nanosheet catalysts, two complementary 

techniques to study the catalytic activities of the catalysts and monitor the full deactivation 

process. To our best knowledge, it is the first publication to deeply investigate the deactivation 

process of a hierarchical zeolitic structure in real biomass upgrading. It also provides insights on 

how mesoporosity can affect the deactivation of hierarchical zeolites from experiments.  
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Chapter 5 concludes the accomplished work and discusses perspectives to further solve 

the two challenges when using zeolites to upgrade biomass pyrolysis vapors from the aspect of 

zeolite syntheses. 

Appendix A is a research article (Catalysis Today, 2017, in press) with a contribution of 

the 2nd author (MX). Co-authors are Chih-Hsiang Tsai, Pranaw Kunal and Brian G. Trewyn. 

CHT and BGT are affiliated as Department of Chemistry, Iowa State University, Ames, IA 

50011, United States. MX, PK and BGT are affiliated as Department of Chemistry, Colorado 

School of Mines, Golden, CO 80401, United States. CHT is the 1st author and BGT is the 

corresponding author.   

1.6 References 

1. Langholtz, M.; Stokes, B.; Eaton, L., 2016 Billion-ton report: Advancing 

domestic resources for a thriving bioeconomy, Volume 1: Economic availability of feedstock. 

OAK RIDGE NATIONAL LABORATORY, Oak Ridge, Tennessee, managed by UT-Battelle, LLC 

for the US DEPARTMENT OF ENERGY 2016, 2016, 1-411. 

2. Talmadge, M. S.; Baldwin, R. M.; Biddy, M. J.; McCormick, R. L.; Beckham, G. 

T.; Ferguson, G. A.; Czernik, S.; Magrini-Bair, K. A.; Foust, T. D.; Metelski, P. D., A 

perspective on oxygenated species in the refinery integration of pyrolysis oil. Green Chem 2014, 

16 (2), 407-453. 

3. Dapsens, P. Y.; Mondelli, C.; Pérez-Ramírez, J., Biobased chemicals from 

conception toward industrial reality: lessons learned and to be learned. Acs Catal 2012, 2 (7), 

1487-1499. 

4. Ruddy, D. A.; Schaidle, J. A.; Ferrell III, J. R.; Wang, J.; Moens, L.; Hensley, J. 

E., Recent advances in heterogeneous catalysts for bio-oil upgrading via “ex situ catalytic fast 



11 

 

pyrolysis”: catalyst development through the study of model compounds. Green Chem 2014, 16 

(2), 454-490. 

5. Mukarakate, C.; Zhang, X. D.; Stanton, A. R.; Robichaud, D. J.; Ciesielski, P. N.; 

Malhotra, K.; Donohoe, B. S.; Gjersing, E.; Evans, R. J.; Heroux, D. S.; Richards, R.; Iisa, K.; 

Nimlos, M. R., Real-time monitoring of the deactivation of HZSM-5 during upgrading of pine 

pyrolysis vapors. Green Chem 2014, 16 (3), 1444-1461. 

 

 

 

 

 

 

 

 

 

 

 



12 

 

 

CHAPTER 2 

ELUCIDATING ZEOLITE DEACTIVATON MECHANISMS 

DURING BIOMASS CATALYTIC FAST PYROLYSIS 

FROM MODEL REACTIONS AND ZEOLITE SYNTHESES 

A paper published in Topics in Catalysis 

Mengze Xu, Calvin Mukarakate, David J. Robichaud, Mark R. Nimlos, Ryan M. Richards  

and Brian G. Trewyn 

 

2.1 Abstract 

Zeolites are crystalline microporous aluminosilicates that have numerous applications in 

industry, specifically in catalysis, separation and adsorption. Zeolites catalyze the conversion of 

biomass-derived pyrolysis vapors into hydrocarbons; however, zeolites frequently suffer from 

rapid deactivation under pyrolysis conditions. Methanol-to-hydrocarbon processes are closely 

related to biomass upgrading reactions and several proposed mechanisms are discussed to 

provide mechanistic insight for biomass upgrading with zeolites. Syntheses of novel zeolites 

have potential to relieve deactivation factors including mass diffusion limitations of bulky 

molecules and accumulation of carbonaceous coke on the catalyst surface. Catalytic activity of 

conventional zeolites is presented to provide insights to evaluate the novel zeolites. Recent 
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advances of the new zeolite structures are also presented in the context of potential future 

directions for the field.

2.2 Introduction 

Zeolites are a remarkable class of catalysts utilized in the petrochemical and chemical 

industries. They possess many unique properties due to the compositions and structures available 

through different synthetic strategies. Zeolites are aluminosilicates composed of interconnected 

silica and alumina tetrahedra (TO4 or TO4
-, T=Al, Si), with recent literature describing 

substitution of the central T atom with P, Ge, Ga, etc.
1 These materials possess very good 

thermal and hydrothermal stability which are important properties during the extreme conditions 

that are used during fossil fuel processing.2-3 Another key feature of zeolites is the strong effect 

from both Brønsted and Lewis acids that catalyze cracking and hydrocracking of petro-fractions. 

4 The negatively charged alumina contributes to the generation of Brønsted acid site where H+ 

bind to the negative charged AlO4
- unit. On the other hand, with the substitution of TⅢ or TⅡ 

(where superscripts represent the metal valence) metals in the zeolite structure, Lewis acid sites 

are created in the framework.  

Due to their microporous characteristic, zeolites are shape-selective and size-selective 

since only the reactants with suitable sizes and configurations can diffuse into the framework and 

react with internal acid sites. Based on the number of T atoms that define pore openings, zeolites 

are classified into small, medium, large and extra-large with 8, 10, 12 and greater than 12 

member rings (counting the number of T-atoms in the shortest circuit, see Figure 2.1), 

respectively.5-8 Over 200 zeolite frameworks have been recognized by the International Zeolite 

Association (IZA) but only about 10 types are widely used in petrochemical processes and their  

reaction mechanisms still remain elusive.3  
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Since the industrial revolution, fossil feedstocks have been the dominant source of global 

energy production. However, for a number of environmental, economic and geopolitical reasons, 

increasing attention has been placed on utilizing sustainable, abundant biomass for fuels and 

higher value products.9-11 The primary targeted biomass source is lignocellulose since there is no 

competition with food and it is readily available.12 In addition to biochemical routes, biomass is 

converted to chemicals through thermochemical routes, predominantly gasification, pyrolysis 

and hydrolysis.13 Pyrolysis can typically be grouped into two categories: fast pyrolysis (usually 

with heating rates of 10-1000 °C/s and residence time < 2 s) and slow pyrolysis (with heating 

Structure type Example Cage size 

8-ring H-SSZ-13 3.8 Å 

10-ring HZSM-5 5.5 Å 

12-ring Β-zeolite 6.9 Å 

18-ring VPI-5 13 Å 

Figure 2.1 An illustration and examples of the structure types according to the classification of 
pore openings. 
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rates of 0.1-1 °C/s and residence time from minutes up to hours). Because of application and 

reduced operational expenses, fast pyrolysis is the more frequently researched conversion 

method. The fast pyrolysis of biomass can produce up to 75 wt% bio-oil.14 This bio-oil has lot of 

undesirable characteristics, such as high acidity, highly unstable, low heating values, etc., which 

can be related to the oxygen containing functional groups. Thus, raw bio-oil needs to be further 

upgraded to improve its quality and commercialization.13-14 The core process of upgrading bio-

oil is to convert oxygenates into hydrocarbons. Catalytic fast pyrolysis (CFP) is one approach to 

upgrade the pyrolysis vapors.15 Among the many heterogeneous catalysts used, zeolites, 

especially HZSM-5 (medium size, with 10 member-ring openings), are favored in the upgrading 

of biomass pyrolysis vapors.16-17 However, converting biomass to hydrocarbons remains 

challenging at a research and industrial level. Biomass has significantly higher oxygen content 

than crude oil, which frequently leads to undesirable oxygen-containing products during 

processing. Moreover, the yield of hydrocarbons from biomass is low and the zeolites often 

suffer from rapid deactivation. The mechanism of deactivation of zeolites in biomass upgrading 

is not yet fully understood. Fortunately, there are guidelines that can be borrowed from various 

petrochemical processes because zeolites are frequently used to convert petroleum-sourced 

oxygenates into hydrocarbons. One important process is the conversion of methanol to 

hydrocarbons (MTH). Inspired by well-studied mechanisms of the MTH processes, we are 

beginning to understand the role of zeolites in upgrading biomass. 

Amongst the numerous and complex reasons for rapid deactivation of zeolites, one 

universally accepted factor is limitations on molecular mass diffusion. Due to the microporous 

structure of typical zeolites, bulky reactants and intermediates have poor access to the active sites 

found in the pores and end up blocking the channels (or cages), thereby causing the deactivation 
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of catalysts.18 The build-up of these bulky carbonaceous intermediates and by-products are 

referred to as coke, which either cover the external sites or are trapped inside the pores.19 

Currently, there is no economical method to remove coke to regenerate fresh zeolites at 

industrial scales.20-26 Motivated from the viewpoint of diffusion limitations, recent research has 

given substantial effort to the synthesis of novel zeolites.  

In order to better understand the deactivation mechanism of zeolites during the 

conversion of biomass to hydrocarbons, MTH is used as a model reaction particularly with 

regard to key factors of the deactivation of zeolites. Recent advances in the synthesis of new 

zeolites will be presented. Case studies of conventional zeolites will be covered to provide 

insights of the novel zeolite structures in overcoming rapid catalyst deactivation. 

2.3 Mechanisms of the MTH processes 

The MTH process produces liquid hydrocarbon fuels and can be further classified into 

methanol-to-gasoline (MTG) and methanol-to-olefin (MTO) reactions depending on the catalysts 

and conditions.27 With the development of synthetic zeolites, the MTG reaction has been 

explored and commercialized with HZSM-5 as the favored zeolite for this conversion.27-31 In the 

general MTG reaction (Figure 2.2), raw methanol is dehydrated into dimethyl ether (DME) on 

the acidic catalyst. Then, a mixture of dimethyl ether, methanol and water flows into the gasoline 

synthesis loop to produce hydrocarbons. Through this process, the gasoline produced is 

composed of paraffin, aromatics (mainly methylated aromatics), naphthalene and olefins.27 

HZSM-5 shows good aromatic selectivity in the MTG process but it also restricts the process 

because of deactivation through coke build up on the catalyst surface, though at a slower rate 

than biomass feedstock.  
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Several studies investigated the role of zeolites during the MTH process are discussed in 

a recent review.30 In recent decades the core task has been focused on identifying gas phase 

products and intermediates which could contribute to coke formation that occurs in the channels, 

pores or on the surfaces of zeolites.27 Recent developments in analytical procedures and 

instrumentation have enabled mechanistic insights. Isotopic labeling and spectroscopy are the 

two common approaches that have been used to unravel the reaction mechanisms for the MTH 

process. For example, 13C labeled methanol and unlabeled hydrocarbons were used to verify the 

origin of intermediates formed during the MTH process.32-33 FTIR, Raman, and solid-state NMR 

spectroscopies were also applied to study the interactions between surface active sites and 

methanol, intermediates, and products.27 Multiple mechanisms were proposed for the formation 

of initial C-C bonds, which originate from methanol or dimethyl ether but few experimental 

results could verify these hypotheses. Upon investigations of this direct route to hydrocarbons in 

highly purified systems, the rate of methanol conversion to hydrocarbons was found to be 

negligible indicating these mechanisms are improbable. In biomass feedstocks where impurities 

are common, this direct route to hydrocarbon formation is even less probable.34-38 Later the focus 

moved to explore the formation of alkenes.39-41 A significant development was made by Dahl 

and Kolboe when studying the reactivity of alkenes in H-SAPO-34, which is another common 

industrially used zeolite.42-44 Both ethene (fed as ethanol) and propene (fed as propanol) co-fed 

with 13C methanol over H-SAPO-34 in a flow system. Methanol was fully or nearly fully 

converted to hydrocarbons while the majority of ethene and propene remained unreacted.43-44 

Using these results, the hydrocarbon-pool concept was proposed (Figure 2.3). It was 

hypothesized that (CH2)n were the initiation units which led to reversible formation of alkenes or 

irreversible formation of saturated alkanes and aromatics. Later, Arstad & Kolboe and Haw & 
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co-workers independently identified methylbenzenes as intermediates that act as the reaction 

center in the conversion of methanol over H-SAPO-34.45-51  
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Figure 2.2 Methanol-to-gasoline (MTG) process: adiabatic dehydration reactor for DME 
synthesis and parallel adiabatic gasoline reactors. DME- dimethyl ether, LPG- liquefied 
petroleum gas. Reproduced from Ref. 27. 

Figure 2.3 Depiction of the hydrocarbon-pool mechanism as originally proposed by 
Dahl and Kolboe. Reproduced from Ref. 27. 
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The latter group also reported methylated cyclopentenyl cations as the possible reaction 

center in the case of HZSM-5.52-55 Zeolite H-beta was studied for reactivity with 

polymethylbenzenes, where heptamethyl-benzenium was an intermediate.56-59  

Since this discovery, methylbenzenes and corresponding cyclic compounds are generally 

considered the key intermediates in the MTH process. In 2006, Bjørgen et al. studied the 

mechanism of the MTH process over HZMS-5 using isotopic labeling.60 In contrast to the 

observations of H-SAPO-34 and H-beta, in the case of HZSM-5, ethenes were formed 

predominantly from the co-reaction on xylenes and/or methylbenzenes centers in the HZSM-5 

pores while propene and higher alkenes were largely formed from alkene methylation and 

interconversions.60 Thereby, a dual-cycle mechanism (Figure 2.4) was inferred to improve the 

hydrocarbon-pool mechanism.60-61 It was summarized as: ethenes were produced from lower 

methylbenzenes through a re-methylation cycle while C3+ alkenes were formed from higher 

alkenes through methylation/cracking cycles. 

Figure 2.4 Dual-cycle mechanism for the conversion of methanol over HZSM-5. 
Reproduced from Ref. 27. 
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Nevertheless, the question remains unanswered as to whether the two cycles in the dual-

cycle mechanism are independent of each other or intimately connected. Olsbye et al. pointed out 

that full independence of the aromatic cycle could not be attained over HZSM-5 because 

aromatics are formed from higher alkenes generated in the methylation/cracking cycle.27 But 

some zeolites with suitable topologies might be able to avoid producing large molecules in the 

aromatic cycle due to zeolite size selectivity. Consequently, methanol will be completely 

converted in the methylation/cracking cycle and eliminated the production of ethene. This 

provides some insight into methods to manipulate product selectivity on the industrial scale. 

2.4 Deactivation over zeolites 

As mentioned, alkylbenzenes are thought to be the intermediates formed during the MTH 

process and are also potential coke precursors. For example, Schulz found that the deactivation 

of HZSM-5 in a MTH reaction was mainly caused by formation of ethyltrimethylbenzene and 

isopropyl-dimethylbenzene through alkylation with ethene and propene at low temperatures 

(270-300°C).62 These large carbonaceous molecules easily cover external active sites or zeolite 

channel openings, which block access to internal active sites, thereby deactivating the zeolites. 

Intrinsic properties of zeolites such as topology, morphology, composition and acidity have a 

significant effect on the deactivation. Herein, we will focus on the aspects of acidity and 

topology.  

2.4.1 Influence of zeolite acidity 

The effects of acidity are a combination of the concentration, strength of the active acid 

sites and the proximity of sites to one another. Greater acid strength and higher concentration of 

acid sites accelerated the deactivation of catalysts.19 General explanations were given as: i) 

stronger acidity results in faster reaction, leading to faster consumption of coke precursors thus 
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speeding up the coking rate; and ii) a larger density of acid sites lead to more successive reaction 

steps, causing increased potential to form condensation and ultimately a faster rate of coke 

formation. 

To study the effect of acid strength, Guisnet and coworkers took two species of 

dealuminated FAU samples in n-heptane cracked at 350 °C.63 The first sample was treated with 

steam to create a large number of extra-framework aluminum species (EFAL) with Lewis acid 

characteristic. The second sample was treated further with diluted HCl to remove EFAL species. 

The researchers found that the first sample had a larger ratio of coking-to-cracking rates than the 

second one, implying a positive correlation between EFAL species and coking. EFAL species 

were proposed to interact with the protonic acid sites, thus enhancing the protonic acid strength, 

leading to increased coking rates.63 Recent studies also indicate that mild steaming is effective to 

promote catalytic cracking activity by increasing the strength of Brønsted acidity with a decrease 

in the number of Brønsted acid sites. However, it remains unclear as to the reason of enhanced 

Brønsted acidity.64 The difference in acid strength came from the framework composition. The 

more acidic H-SSZ-13 was observed to increase the production of olefins and aromatics and 

have a lower optimal reaction temperature. 

2.4.2 Influence of zeolite topology  

Topology of zeolites usually resembles channels/cavity network and dimensions.27 

Various zeolite materials and corresponding topologies are listed in Table 2.1. According to one 

proposed mechanism of the MTH process, monocyclic arenes are the intermediates that promote 

the hydrocarbon pool reactions. However, with the formation of polycyclic arenes the catalysts 

begin to deactivate. It is still unclear how topologies affect the mechanism of MTH processes. 

The only two industrially used zeolites, HZSM-5 (MFI) and H-SAPO-34 (CHA) were used to 
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study deactivation rates.61 HZSM-5 has interconnected channels while H-SAPO-34 has larger 

cavities with narrow connections, as shown in Figure 2.5 for 3D structures of HZSM-5 and H-

SAPO-34.27 H-SAPO-34 deactivated much faster than HZSM-5 and substantially more 

aromatics remained inside the H-SAPO-34 framework. The different behaviors between these 

zeolites were attributed to the influence of topology. The authors proposed that while both 

zeolites have 12-ring cavities where polyaromatics are formed, the narrow 8-ring channels of H-

SAPO-34 limits diffusion compared to the 10-ring channels of HZSM-5.61 Bleken et al. tested 

four 10-ring zeolites, IM-5 (IMF), TNU-9 (TUN), ZSM-11 (MEL), and ZSM-5 (MFI) with 

similar Si/Al ratios and crystal sizes in the MTH reaction (Figure 2.6).65 IMF and TUN types 

have larger cavities than MEL and MFI types. Zeolites with larger cavities (IMF & TUN) were 

found to deactivate much faster than those with smaller cavities (MEL & MFI). Effluent yield-

conversion of methanol plots also implied that high molecular weight hydrocarbons remained in 

zeolites with larger channel intersections (IMF & TUN). A correlation between topology and 

deactivation was demonstrated whereby intermediates were formed in the internal cavities but 

their diffusion was restricted by channel intersections. 

2.5 Recent advances in larger-pore zeolites 

In the case of HZSM-5 (MFI topology), external sites have been revealed to be the 

predominant active site in MTH reactions.66 Intermediates and by-products are blocked from the 

internal active sites leading to the build-up of coke and, eventually, rapid deactivation of catalyst. 

The key restricting parameter of zeolite structures is the diffusion length (diffusion length is the 

average length that a molecule travels between generation and recombination into another 

species). Thereby, the primary objective in zeolite synthesis is to shorten diffusion length, 

through constructing larger pores or building hierarchical structures, which integrate at least two 



23 

 

levels of porosity with microporosity as substrate. Consistent with common classification, 

zeolites are divided into four groups: small, medium, large, and extra-large pore structures, 

containing 8, 10, 12, and greater than 12 T-atoms per ring, respectively.5-7 Large pore zeolites 

together with small and medium pore zeolites are in the micropore range, while extra-large pore 

zeolites could enter the meso-scale. Meanwhile, hierarchical zeolites are aimed at introducing 

secondary pores (meso-/macro-pores) into zeolites structures. Classified by the scale of 

secondary porosity, there are mesoporous, macroporous, and meso-macroporous structured 

zeolites.67  

Recent research is focusing in the synthesis of zeolites with larger pores and hierarchical 

zeolites. Along these size scales, we will discuss representative advances in zeolite research 

ranging from modifying larger microporous zeolites (< 20 nm pore size) to generating 

mesoporous hierarchical zeolites, with the development of extra-large-pore zeolites as the bridge. 

Structure-directing agents (SDAs) play an important role in the synthesis of zeolites. 

Particularly, organic structure-directing agents (OSDAs) have become attractive during the past 

recent decade. In this review, we will focus on the development of OSDAs and the 

corresponding novel zeolite structures that are produced. 

2.5.1 The role of OSDAs in the synthesis of zeolites 

The main parameters of zeolite synthesis are gel compositions (silica source, source of 

the substituted TⅢ or TⅡ atoms, SDA, solvent, etc.), crystallization temperature and time.1 

Studies show that amongst the gel compositions, OSDAs have a primary effect on charge 

balance and pore filling, directly resulting in crystalline zeolites. Size, charge, and polarity of 

OSDAs are the important factors that contribute to this effect. 
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Table 2.1 A summary of the structures and corresponding materials discussed herein. 
Reproduced from Ref. 27. 

 

Topology Material Channel 

structure 

MFI ZSM-5 3D, 10-ring 

CHA H-SAPO-34 3D, 8-ring 

CHA H-SSZ-13 3D, 8-ring 

IMF IM-5 3D, 10-ring 

TUN TNU-9 3D, 10-ring 

MEL ZSM-11 3D, 10-ring 

LTA UZM-9 3D, 8-ring 

BEA Beta 3D, 12-ring 

 

Figure 2.5 3D structures of HZSM-5 and H-SAPO-34. Reproduced from Ref. 27. 
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Synthesis of hydrophobic zeolites requires that OSDA are water-soluble yet hydrophobic. 

Quaternary ammonium organic molecules are one example. In the study of polarity effect, Zones 

et al. optimized a range of carbon-to-ammonia ratios of organic molecules from 11 to 16 for the 

synthesis of high-silica zeolites with silicon to aluminum ratio (SAR) of 10 or higher.8, 68  

In addition to the polarity, suitably sized OSDAs are necessary so that they can fit into 

the framework. Meanwhile the overall positive charge of OSDAs is needed to interact with the 

negative charge of the framework. In basic media (OH- ions), defects that form by Si-O--TⅢ (or T

Ⅱ) in the framework are negatively charged. Thereby, a large size-to-charge ratio of OSDA leads 

to a small amount of substituted TⅢ (or TⅡ) atoms in the framework, which is ideal to produce 

high-silica or even pure-silica zeolites.1 Conversely, each OSDA has a certain size-to-charge 

Figure 2.6 Conversion versus time on stream curves for the MTH reaction over four 3D 10-
ring topologies with varying channel intersection size. Reproduced from Ref. 65. 
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ratio; the amount and identity of the OSDA affects pore volume of the framework and 

corresponds to the number of substituted TⅢ (or TⅡ) atoms. It was reported that with an increase 

of Al substitution, the pore volume of zeolite also increased when the same OSDA was used.69  

2.5.2 Ammonium OSDAs for synthesizing zeolites 

Families of organic molecules have been studied to develop novel zeolites with 

interesting topologies and properties. Azoniaspiro alkanes, crown ethers, and fluoroamines are 

among the commonly employed systems.70  

Another substantially researched family of structure directing agents is quaternary 

ammonium OSDAs. Barrer and Denny first reported the synthesis of zeolites using ammonium 

cations.71 A series of tunable linear diquaternary ammonium OSDAs were studied, demonstrating 

that by changing the methylene chain length, a range of zeolite sizes were synthesized from 

small pores to extra-large pores.72 Also, the size of ammonium OSDAs was related to the Si/Al 

ratio, which affected both the hydrothermal stability and Brønsted acidity.73 Hence, significant 

attention has been focused on the developments of ammonium OSDAs, in an attempt to 

manipulate zeolite structures. To overcome the challenge of rapid deactivation of zeolites, pore 

dimensions and cavities are the key factors. From this standpoint, some relevant achievements in 

the area of ammonium OSDAs are highlighted. 

2.5.3 Supramolecular self-assembling OSDAs for synthesizing large cavity zeolites 

Considering the challenges in synthesizing large linear organic molecules, some efforts 

have focused on the supramolecular self-assembly of small molecules. For example, the 

synthesis of pure silica LTA was templated by the self-assembly of two aromatic anilinium 

cations (Figure 2.7).74 Due to the strong π-π interactions, two aromatic molecules would 

assemble into a bulky moiety filling in the cages of the framework. 
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This method was continued for the preparation of high-silica zeolite A; because of the much 

longer distances of π-π stacking interactions compared with C-C bonds, these zeolites exhibited 

larger cavities. Interestingly, literature shows that zeolites with high silica content, large cavities 

and small pore openings are particularly favorable in methanol to olefin reactions.27  

2.5.4 Multifunctional OSDAs for synthesizing multi-dimensional pore zeolites 

Constructing secondary porous systems relieves mass diffusion limitations. It is also 

highly desirable for zeolites to maintain the unique shape selectivity. Zeolites composed of 

interconnected pores with different ring sizes in the framework dramatically improve the 

selectivity of various reactants and products to satisfy industrial demands. Corma and co-workers 

combined two of the most successful industrial zeolites, Beta and ZSM-5, into a novel zeolite 

ITQ-39.75 A dicationic piperidine-derived molecule was used to direct the crystallization of 

interconnected large pores (12-ring) and medium pores (10-ring) (Figure 2.8). The OSDA is 

Figure 2.7 Supramolecular self-assembling OSDA for zeolite synthesis. 
Reproduced from Ref. 74. 
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composed of a rigid group typically used in the synthesis of ZSM-12 (12-ring) and a flexible 

group typically used in the synthesis of ZSM-5 (10-ring). This ITQ-39 was tested for benzene 

alkylation with propanol and toluene alkylation with ethanol. ITQ-39 presented greater 

selectivity to mono-alkylated products (cymene and ethyltoluene) and less selectivity to 

undesired dialkylated or trialkylated products than Beta zeolites. The improved selectivity of 

ITQ-39 resulted from the large space restrictions in the framework. However, the conversion of 

toluene alkylation with ethanol showed that ITQ-39 was less active than Beta zeolite. The time-

on-stream results of benzene alkylation with isopropanol showed no significant difference in the 

deactivation rate of ITQ-39 than that of Beta zeolite. Hence, ITQ-39 had a similar deactivation 

rate but a much higher selectivity than Beta zeolite. By synthesizing catalysts with various ring 

sizes, the multi-dimensional pore zeolites exhibit improving shape selectivity and have potential 

to overcome deactivation challenges. 

2.5.5 Extra-large-pore zeolites 
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Figure 2.8 Multifunctional OSDA for synthesizing multipore zeolite. Reproduced 
from Ref. 75. 
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Another attractive field of novel zeolites are extra-large-pore zeolites. Besides the 

potential to address mass diffusion challenges, these zeolites are also candidates to be widely 

applied in the petrochemical and chemical industries, especially utilized in the catalytic cracking 

and hydrocracking processes.73  

Early crystalline extra-large (with more than 12-ring channel) microporous materials 

were primarily phosphates, phosphites, and germanates, such as 20R channel gallophosphate 

molecular sieves, 24R channel germanates ASU-16 and FDU-4, etc.76-78 These materials had 

poor stability and the structures collapsed after calcination. The extra-large pore zeolites could be 

candidates to combine larger pore volume with high thermal and hydrothermal stability. The 

possibility of synthesizing extra-large-pore zeolites was predicted by computational work. 

Complex statistical work of hundreds of zeolite structures (taken from IZA) was calculated by 

several groups and suggested that a practical way to synthesize multidimensional extra-large-

pore zeolite is to prepare the framework with a great number of 3-ring or 4-ring structures.1, 79  

2.5.5.1 Germanium atoms  

As mentioned in 2.4.1, substituted TⅢ (or TⅡ) atoms (B, Al, Ga, Ge, etc.) play an 

important role in the structure of zeolites. The substitution in the framework results in negative 

charges to compensate OSDA cations, which fill the pores and thus, the substituted TⅢ (or TⅡ) 

atoms contribute to the pore volume in the structure. Furthermore, these atoms could help 

stabilize secondary structures because of different T-O bond lengths and T-O-T angles from Si.1 

A series of novel zeolites were obtained by introducing TⅢ (or TⅡ) elements and most of the 

zeolites have frameworks with 3-ring and 4-ring scaffolding.80-82 
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Figure 2.9 Bulky proton sponges as OSDAs for synthesizing 
stable extra-large zeotypes. Reproduced from Ref. 88. 

Figure 2.10 Molecular structure of di-quaternary ammonium surfactant with the chemical 
formula of C22H45-N

+(CH3)2-C6H12-N
+(CH3)2-C6H13. Reproduced from Ref. 101. 
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Germanium was more suitable to obtain high-silica zeolites and this strategy avoided the 

introduction of extra negative charges to the framework.1 Additionally, it is very common in pure 

germanates to have stable double 4-ring cages. The introduction of Ge has been found to 

facilitate the synthesis of very open silicogermanates, which contain small double 4-ring cages 

and double 3-ring cages. Several representative novel zeolite structures were obtained with Ge, 

suitable OSDAs, and fluoride media. ITQ-33 was reported to exhibit 18-ring and 10-ring 

interconnected channels with a very large micropore volume.83 This material was found to 

greatly improve diesel and olefin production in the cracking of gas oil.84 Another attractive 

example was the preparation of ITQ-37, the first 3D mesoporous chiral zeolite with three 30-ring 

channels (2.2 x 0.7 nm).85 This system reached the mesoporous scale and incorporated chirality 

to facilitate separation, catalysis and photocatalysis applications.  

However, the silicogermanates demonstrate poor hydrothermal stability and economic 

restrictions hinder industrial applications.86 Post synthesis procedures were reported to improve 

the stability, including alumination to stabilize the framework and through transformation to 

zeolitic sheet structure.86-87  

2.5.5.2 Alkylammonium cations (proton sponges)  

From the standpoint of novel suitable OSDAs, bulky aromatic diamines have been 

explored in the synthesis of extra-large-pore zeolites.88 Because of their strong basicity, the 

protonation easily takes place in the environment and thus organic-inorganic interactions during 

nucleation are prioritized. In this process, the aromatic diamines with the amines in close 

proximity give these molecules a “proton sponge” property. ITQ-51 (Figure 2.9) is one example 

that has been synthesized to obtain 16-ring pores by using 1,8-bis(dimethylamino)naphthalene as 

OSDAs.  



30 

 

2.5.5.3 Phosphonium cations  

Recent research has given attention to the development of phosphonium cations. The 

advantage of phosphonium cations is that they can avoid the Hoffman decomposition in basic 

environments creating more versatile conditions in which they can be used.70  

There have been several recent examples of utilizing phosphonium cations to template 

extra-large pore zeolites. ITQ-26 was synthesized by using 1,3-bis-(triethylphosphonium-

methyl)-benzene as the template with germanium atoms in a fluoride solution.89 It was identified 

to contain 3D extra-large channels of 12 x 12 x 12-rings. ITQ-27 with a 2D 12-ring channel 

high-silica zeolitic structures was also obtained from dimethyldiphenylphosphonium as the 

OSDA.90 Further, propane-1,3-bis-(trimethylphosphonium) cation was used to get ITQ-34, 

which is composed of structure-connecting 9- and 10- ring pores.91 

Another interesting case of using tetraalkyl-phosphonium as the OSDA was the 

preparation of self-pillared zeolite nanosheets by repetitive branching.92 The nanosheets were 

synthesized through a “house-of-cards” arrangement to form 2- to 7-nm mesopores and 0.5 nm 

micropores. The structure was reported to have high external surface area and shortened 

diffusion length for bulky molecules. 

Based on the good performance of tetraalkylphosphonium cations, superbasic 

phosphazene has been proposed to be very promising to construct various zeolites with 

interconnected large- and medium- pores.93 To date there is no successful experimental synthesis 

reported. 
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2.6 Recent advances in hierarchical zeolites 

Alternative to large- (and extra-large) pore zeolites, hierarchical zeolites provide another 

way to address diffusion limitations. The generation of mesoporous zeolites has been inspired by 

the successful synthesis of ordered mesoporous silica such as SBA-15 and MCM-41.94-95 Many 

developments of mesoporous zeolites have been made; however, synthesis of highly ordered 

structures remains a major challenge. 

2.6.1 General approaches to synthesize hierarchical zeolites 

Towards the preparation of hierarchical zeolites, there are two general methods, 

templating and non-templating. Templating methods include both hard/solid templating and soft 

templating approaches depending on the types of templates. 

Non-templating methods refer to post-synthetic treatments such as dealumination and 

desilication, which are the primary techniques in industry to achieve hierarchical zeolites. 

Dealumination utilizes steam treatment at high temperatures and acid leaching by nitric acid or 

hydrochloric acid.96 Mesopores are created with a loss of the microporous crystalline structures. 

Desilication employs alkali leaching to extract silica from the framework, which performs better 

than dealumination to generate mesopores.67  

Whereas, post-treatments rarely generate highly order mesoporous zeolite structures, 

templating methods offer much more opportunity to realize this goal. A series of mesoporous 

zeolites have been synthesizing using solid templates, such as carbon nanotubes, carbon aerogels, 

organic aerogels and inorganic CaCO3.
97-100 With the soft templating approach, the structure 

directing agents especially OSDAs are more flexible to fabricate novel zeolite structures. As 

discussed in 2.4.1, quaternary ammonium is a common family of OSDAs. 
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2.6.2 Multi-ammonium OSDAs for synthesizing ultrathin zeolites 

A recent development in hierarchical zeolites has been the successful synthesis of 

ultrathin nanosheet MFI zeolites by Ryoo and co-workers.101 In the framework, mesopores were 

incorporated between microporous lamellar sheets to shorten the diffusion path of bulky 

molecules. Specific multi-ammonium organic molecules enabled this synthesis.  

A typical example was to use di-quaternary ammonium OSDA (C22-6-6, see Figure 2.10) 

consisting of a long alkyl chain (-C22H45) and two quaternary ammonium groups spaced by short 

alkyl chains (-C6H12-) which led to the formation of ultrathin nanosheets with a thickness of only 

2 nm and extra high surface area (> 700 m2g-1).101 The ammonium groups directed the 

crystallization of microporous MFI framework while the hydrophobic long alkyl chain 

prohibited the excessive growth of zeolite framework through the formation of micellar structure. 

Figure 2.11 Coke decomposition in MFI zeolite nanosheet (A) and bulk MFI 
zeolite (B) during methanol-to-hydrocarbon conversion. Reproduced from Ref. 101. 
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The catalytic activity of the MFI nanosheet was studied in the MTH reactions (Figure 

2.11) and demonstrated a much longer lifetime than conventional zeolite, mainly contributed to 

the external active acid sites (mesopores). The mesopores shortened the diffusion path for 

reaction intermediates to extend the active lifetime. Meanwhile, there were also extra strong acid 

sites created on the mesopores, resulting in a higher ratio of external coke to internal coke.  

 

 

 

Figure 2.12 A family of Gemini-type surfactant that can act as dual-porogenic structure-
directing agents for mesoporous molecular sieves built with crystalline microporous zeolitic 
framework. Reproduced from Ref. 102. 
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The authors later extended a series of Gemini-type multi-quaternary ammonium OSDAs 

to synthesize various mesoporous zeolites.102 In the case of 18-N3-18 (Figure 2.12A) and 22-

N4-22 (Figure 2.12B), hexagonal MFI frameworks could be formed. When phenyl groups were 

introduced into the OSDAs (Figure 2.12C-E), disordered beta frameworks were generated. The 

mesoporous wall thickness was also tunable by adjusting the number of ammonium head groups. 

2.7 Case study of zeolites in biomass upgrading pyrolysis 

One excellent example of research on the deactivation of HZSM-5 during upgrading of 

pine pyrolysis vapors was reported by Mukarakate et al.
15 The authors conducted experiments in 

a microreactor-molecular beam mass spectrometer (MBMS) to monitor the activity of HZSM-5 

in real time. The catalyst activity was studied for the entire lifetime to elucidate a possible 

deactivation mechanism. The deactivation for cellulose was similar to pine while the 

deactivation for lignin was more rapid than pine. During the process of deactivation, phenol and 

cresols were observed, implying that they are formed as intermediates or side products. The 

observation of these molecules might hint at the possible mechanism of coke formation during 

biomass upgrading. 

Further, Lee et al. tested the catalytic activity of unilamellar mesoporous MFI nanosheets 

(UMNs) in the pyrolysis of cellulose, hemicellulose and lignin, which are the components of 

lignocellulosic biomass.103 The UMNs consisted of random lamellar nanosheets with a thickness 

of 2.5 nm and exhibited stronger Brønsted acidity compared with Al-SBA-15. UMNs showed 

higher activities to upgrade the bio-oil with less oxygen content. Aromatics and furans were 

produced through the catalytic pyrolysis of cellulose, lignin and xylan. Deactivation was not 

included in this study. 
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2.8 Future perspectives 

The primary objective of upgrading biomass pyrolysis vapors is to produce chemicals 

that can be further utilized by refineries without substantial infrastructure alterations, hence an 

increasing demand of maximizing the conversion of oxygenates to hydrocarbons using zeolites. 

The MTG process is a simple example of such a conversion. It is reasonable to apply the 

mechanism of coke formation during MTG conversion to the case of biomass pyrolysis. The 

‘hydrocarbon pool’ mechanism was proposed for HZSM-5 during MTG conversion.15, 30 On one 

hand the aromatics or alkenes inside the framework of zeolites are the source of olefins and 

aromatics. On the other hand, the initial species also have a tendency to conjugate into poly-

aromatics and eventually coke. Expanding the situation to biomass, the vapors contain a small 

amount of hydrogen; thereby dehydration reactions are less favorable because they will further 

reduce the hydrogen content in the vapors. Consequently, the hydrocarbon pool will prefer to 

form larger aromatic molecules, which will block active sites within zeolites leading to the 

deactivation. 

Since the blockage of active sites directly accelerates the deactivation rate, an approach to 

expand the diffusion path of larger molecules has promise to overcome this challenge. The novel 

syntheses of extra-large-pore zeolites and mesoporous zeolites are very promising to reduce coke 

build-up and eventually extend the lifetime of catalysts in biomass pyrolysis. 

The development of larger pores in the framework might introduce extra acid sites such 

as in the case of ultrathin MFI nanosheets. Strong acidity has been suggested to improve catalytic 

activities and increase coke rates and thus studies examining paradigms to balance porosities and 

acid strength are necessary.19 Constructing novel zeolites with expanded porosity and 

maintaining strong acidity has great potential to achieve both improved catalytic activity and 
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extended lifetime. It is also promising to generate zeolitic structures with manufactured single 

active acid sites and suitable porosity, aimed at increasing catalyst lifetime. 
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CHAPTER 3 

REPRESENTATIVE CHARACTERIZATION OF HIERARCHICAL 

ZEOLITES AND SYNTHESIS OF MFI NANOSHEET AS A TARGETED 

HIERARCHICAL ZEOLITE 

 

3.1 Abstract 

Representative characterization techniques for hierarchical zeolites which possess both 

mesoporosity and microporosity in the structures were discussed. Among routine 

characterization techniques, nitrogen physisorption including isotherm analysis and micropore 

analysis provides information of surface area, pore volume, mesopore diameter and micropore 

diameter. It also indicates the crystallization of hierarchical structures. NH3 TPD is frequently 

applied with pyridine-DRIFTS to quantify the amount of total acid sites and Brønsted/Lewis 

ratio in the zeolite structures respectively. XRD is another common approach to investigate the 

crystalline structures, specifically wide angle range to determine the microporous structure and 

low angle range (either low angle XRD or SAXS) for the mesoporous structure. TEM and SEM 

are two other efficient approaches to visualize zeolite structures. ICP-OES is often used for 

elemental analysis. Characterization conditions that I adopted in this thesis work are included 

herein. Furthermore, multilayered MFI nanosheet was selected as an example of mesoporous 

zeolites applied in biomass upgrading because of its excellent catalytic activity in methanol to 

gasoline model reaction. Due to limited information of synthesis details, numerous attempts were 



51 

 

performed to figure out key factors in the synthesis, thus achieving the proposed sheet-like 

mesoporous MFI zeolite structures. Conditions of synthesizing the unique organic surfactant 

were optimized. 1H-NMR was performed to confirm the surfactant structure. Moreover, 

synthesis procedures and parameters for MFI nanosheet were explored based on literature and 

eventually optimized. Characterization including nitrogen sorption, XRD, TEM and NH3 TPD 

was utilized to determine the structures of products.  

3.2 Introduction 

Zeolites are crystalline microporous materials with high acidity including Brønsted and 

Lewis acidity. To investigate the porous property, nitrogen sorption is commonly applied. To 

evaluate the crystalline properties, X-ray analysis such as powder X-ray diffraction (pXRD) and 

small angle X-ray scattering, is used. To study the acidity, ammonium temperature-programed-

desorption (NH3 TPD) and pyridine diffuse-reflectance FTIR spectroscopy (DRIFTS) are 

complied.  

Among various methods to generate hierarchical zeolites, post treatment including 

desilication by alkali etching and dealumination by soft steaming and acid etching, and bottom-

up method utilizing ammonium organic structure-directing-agent (OSDA) are mostly adopted. 

Desilication is effective to quickly create mesopores in a relatively controllable size range and 

this method is frequently utilized in industrial scale. While, ammonium OSDA has shown great 

potential to synthesize highly ordered mesoporous zeolites and the variety of ammonium OSDAs 

provide possibilities to tune mesoporosity in zeolites as desired. In this thesis, I adopted a recent 

successful methodology to generate ultrathin multilamellar MFI nanosheet which maintained 

regular MFI-type (ZSM-5) microporosity in each layer of the nanosheet and also possessed 

regular mesoporosity between neighbored layers.  
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3.3 Characterization of hierarchical zeolites 

3.3.1 Nitrogen sorption analysis 

In addition to high surface area and large pore volumes as mesoporous silica materials 

have, zeolites have their unique high microporosity. Therefore, it is necessary to perform the 

micropore analysis in addition to normal isotherm analysis. We combined the two analyses with 

a Micromeritics Tristar-II instrument and a Micromeritics ASAP2020 instrument 

respectively to investigate the nitrogen sorption in zeolite samples. 

Full isotherm analysis was performed at 77 K using a Micromeritics Tristar-II 

instrument. Samples were degassed under N2 flow at 90 °C for 60 min and then at 350 °C 

for 480 min to remove physisorbed impurities on the surface of samples. Full isotherms, 

specific surface area, pore volume, and pore size distribution were analysed. The 

Brunauer-Emmett-Teller (BET) method was applied to calculate surface area. Pore size 

distribution was determined by the adsorption branch based on the Barrett-Joyner-

Halenda (BJH) equation. Microporous pore volume was conducted on a Micromeritics 

ASAP 2020 instrument and was calculated by t-plot. Samples were degassed at 350 °C 

for 480 min and measured of free space and adsorbed volume. Followed by re-degassing 

on the analysis port at 300 °C for 4 h, adsorption plot below P/P0 of 0.01 was obtained by 

incremental dosing. Micropore diameter was calculated by Horvath-Kawazoe model with 

Saito-Foley correction for cylindrical pores. 

3.3.2 X-ray diffraction (XRD) and small angle X-ray scattering (SAXS) 

Typically, one species of zeolites has their characteristic XRD patterns in the range of 5° 

to 40°, corresponding to a certain topology subunit. For instance, ZSM-5 zeolites are consisted of 
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eight 10-membered rings whose subunit is defined as MFI. Hence, we use MFI to designate 

materials that have the same microporous structures as ZSM-5. Considering other possible 

structural properties of hierarchical zeolites, it is still necessary to explore the crystalline 

information in the low angle range, such as from 1° to 5° by adopting SAXS. 

XRD patterns were collected in a PANanalytical PW3040 X-ray diffractometer using a 

Cu Kα radiation source. SAXS experiments were performed using a Cu X-ray tube (0.1542 nm 

wavelength) in an Anton Paar SAXS system. The measurements were performed in a sample 

holder with a slit size of 3 mm × 30 mm. Powder samples were held in place with a layer of 

scotch tape on either side. The data was recorded by a phosphor image plate detector and read 

with a Perkin Elmer Cyclone reader. SAXSQuant software (Anton Paar) was used to process the 

image data into intensity-to-angle profiles. The profiles were de-smeared and fitted using a 

spheroid distribution model in Irena/IgorPro, a public domain SAXS software package. 

3.3.3 Temperature programmed desorption of ammonia (NH3 TPD) and pyridine-DRIFTS 

NH3 TPD is applied to quantify total acid sites and pyridine-DRIFTS is used to 

differentiate Brønsted and Lewis acidity. Total amounts of acid sites were measured using a 

Micromeritics Autochem 2920 instrument. Approximately 100 mg samples were loaded 

in a U-shape quartz tube. Samples were preheated to 550 °C for 30 min and cooled to 120 

°C under He flow. A mixed flow of 10 % NH3/He was dosed on the samples at 120 °C for 

10 min during which the adsorption process occurred. Subsequently, the carrier gas, He, 

was flushed at 120 °C for 90 min to remove physisorbed ammonia. The desorption 

process was performed by heating to 550 °C at a ramp rate of 20 °C∙min-1 and measured 

with a thermal conductivity detector (TCD). A standard profile of known ammonia 
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volume was used to calibrate TCD signals and quantify the amount of ammonia desorbed 

from the samples. The relative amounts of Brønsted and Lewis acid sites were determined 

using pyridine adsorption diffuse-reflectance FT-IR spectroscopy (py-DRIFTS). Spectra 

were recorded at a resolution of 4 cm−1 on a Thermo Nicolet iS50 FT-IR spectrometer 

equipped with a Harrick praying mantic reaction chamber and CaF windows. Samples 

were loaded into the chamber and pretreated in flowing N2 (100 mL∙min-1) at 200 °C for 3 

h. After cooling to 150 °C, samples were purged with N2 for 0.5 h, and pyridine vapor 

was introduced. After 5 min of pyridine exposure, the samples were heated to 200 °C and 

held for 1 h under flowing N2 to remove excess and/or physisorbed pyridine. The 

adsorption bands near 1454 cm−1 (Lewis) and 1545 cm−1 (Brønsted) and their relative 

adsorption coefficients (ϵB/ϵL = 0.76) were used to determine the relative Brønsted/Lewis 

acidic site ratios. 

3.3.4 Other characterization techniques 

In addition to the characterization techniques listed above, electron microscopy including 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) is commonly 

used to study the pore structures of hierarchical zeolites. Alternative to NH3 TPD, Si/Al ratio is 

another important parameter to represent the total acidity in zeolites. A high Si/Al ratio indicates 

a low acidity. Elemental analysis such as inductively couple plasma optical emission 

spectroscopy (ICP-OES) is frequently utilized to quantify Si/Al ratios. 

The pore structures of catalyst were observed using FEI TALOS F200X. The 

imaging was performed at 200 keV using a spot size of 11. Quantifications of Si/Al ratios 
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were performed by inductively coupled plasma optical emission spectroscopy (ICP-OES) 

using Perkin Elmer Optima 5300 DV. 

3.4 Methodology of synthesizing MFI nanosheet 

Multilayered MFI nanosheet was achieved by utilizing a specific surfactant, C22H45-

N+(CH3)2-C6H12-N
+(CH3)2-C6H13 designated as C22-6-6Br2 (see Figure 2.10).1 The surfactant was 

consisted of a long alkyl chain -C22 leading to the formation of mesopores, a short alkyl chain -

C6 and a diquaternary ammonium head group -N+(CH3)2-C6H12-N
+(CH3)2- together as the 

structure directing agent leading to the formation of micropores. In a typical synthesis of the 

surfactant according to literature (see Figure 3.1), 39.0 g 1-bromodocosane and 172 g 

N,N,N’,N’-tetramethyl-1,6-diaminohexane were dissolved in 1000 mL acetonitrile/toluene 

mixture (1:1 vol/vol) and heated at 70 °C for 10 h, followed by filtration and copious washes 

with diethyl ether.1 56.2 g product and 24.6 g 1-bromohexane were dissolved in 300 mL 

acetonitrile and refluxed for 10 h, followed by filtration and copious washes with diethyl ether. 

The product was dried under vacuum at 50 °C.  

 

 

Figure 3.1 Schematic of the two-step synthesis of the surfactant. 
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The as-synthesized surfactant, NaOH, tetraethylorthosilicate (TEOS), H2SO4, 

Al2(SO4)3∙18H2O and distilled water were mixed to reach a gel composition of 30 Na2O: 1 Al2O3: 

100 SiO2: 10 C22-6-6Br2: 18 H2SO4: 4000 H2O.1 The mixtures were transferred to a teflon-lined 

autoclave and heated at 150 °C for 5 days under tumbling at 60 r.p.m. Products were filtered and 

washed with distilled water, followed by drying at 120 °C. Calcination was performed at 550 °C 

for 4 h under flowing air. 

3.5 Optimized synthesis of the surfactant C22-6-6Br2 

3.5.1 Synthesis of the surfactant C22-6-6Br2 directly adopted from literature- synthesis 1 

The two-step procedures as described above were followed to synthesize the surfactant 

and 1/10 scaled chemicals to the literature was adopted.1 3.9 g Br(CH2)21CH3 and 17.2g 

(CH3)2N(CH2)6N(CH3)2 were dissolved in 100 ml solvent mixture of toluene and acetonitrile (1:1 

vol/vol). The amount of Br(CH2)5CH3 was calculated according to that of as-synthesized 

intermediates following a mole ratio of 2:1, with 30 mL acetonitrile as solvent. All reactions 

were performed under normal conditions (i.e. in the air and under moistures). Both intermediates 

and products were tested by 1H-NMR. The spectra were found to have a big difference from the 

predicted spectra provided by MestReNova Lite software. Methylene protons bonded with N 

atom did not have a good shift and separation. Therefore, I attempted various conditions to 

achieve the surfactant structure. 

3.5.2 Optimization by using single solvent- synthesis 2 

The same amounts of chemicals were used as described in synthesis 1. Considering that 

the two-step reactions were following the mechanism of nucleophilic substitution SN2, polarity of 

the solvent affects reaction speeds and product species. In the first step, 100 ml toluene was used 
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to replace the solvent mixture of toluene and acetonitrile. Yield of intermediates was found to be 

very low. Use of 100 ml acetonitrile was also found to result in a low yield of intermediates.  

3.5.3 Optimization by using non-air/water conditions- synthesis 3 

In this trial, it was attempted to perform reactions in the absence of water and air by 

utilizing Schlenk line. In detail, 3.9 g Br(CH2)21CH3 and 17.2 g (CH3)2N(CH2)6N(CH3)2 were 

added in a 250 mL round bottom flask, vacuumed and flowing N2 for four times. 50 mL dry 

toluene was injected into the flask, followed by 50 mL dry acetonitrile. The mixture was heated 

at 70 °C for 10 h. After cooling to room temperature, products were filtered with diethyl ether 

and dried under high vacuum overnight. The yield of intermediates was found to be very low. 

3.5.4 Optimization by changing filtration conditions- synthesis 4 

In this trial, it adopted the same procedures as synthesis 3. After step 1 reaction was 

completed, the mixtures were cooled to room temperature and further cooled in the refrigerator 

overnight. The yield of intermediates reached 92.6%. However, quantifications based on 1H-

NMR spectra showed more protons than those of predicted structure.  

3.5.5 Optimization by changing reaction temperature- synthesis 5 

In this trial, the reaction temperature in step 1 was changed from 70 °C to 60 °C.2 All 

other conditions were the same as described in synthesis 4. The yield of intermediates was found 

to be over 90%. 1H-NMR spectra suggested a good match of each peak with the predicted 

structure (see Figure 3.2). In detail, triplets at 3.6 ppm, 3.5 ppm, 2.45 ppm corresponded to the 

methylenes bonded with N/N+. Singlets at 3.4 ppm, 2.35 ppm corresponded to methyl bonded 

with N/N+. Peaks located between 1.8 ppm and 1.15 ppm corresponded to the other methylenes 

in total of 48 protons. 
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In step 2, 1 mole ratio of intermediates and 2 mole ratio of Br(CH2)5CH3 were added in a 

250 mL flask, vacuumed and flowing N2 for 4 times, followed by an injection of 30 mL dry 

acetonitrile. The reaction was refluxed for 10 h. After cooling to room temperature, products 

were filtered with cold diethyl ether and dried under high vacuum overnight. Yield of final 

products reached over 90%. 1H-NMR of final product showed a good match with the predicted 

surfactant structure (see Figure 3.3). Peaks at 3.65ppm and 3.45ppm corresponded to -CH2-N
+-

CH2- and singlet at 3.35 ppm corresponded to (CH3)2N
+. However, the singlet at 1.5 ppm was 

still not verified. 

By various trials in the synthesis of surfactant C22-6-6Br2, synthesis procedures were 

optimized as following: 

In a typical synthesis of the surfactant, 3.9 g 1-bromodocosane and 17.2 g N,N,N’,N’-

tetramethyl-1,6-diaminohexane were dissolved in 50 mL dry toluene and 50 mL dry acetonitrile 

and heated at 60°C while stirring for 10 h under inert N2 atmosphere. The intermediates were 

filtered and washed with cold diethyl ether, and dried under vacuum overnight. The 

intermediates were then mixed with 1-bromohexane (in a molar ratio of 0.01:0.02) with an 

injection of 30 mL dry acetonitrile and refluxed for 10 h. The products were filtered and then 

washed with cold diethyl ether and dried under vacuum overnight.  

 3.6 Optimized synthesis of MFI nanosheet 

3.6.1 Different trials using Al2(SO4)3 concentration as control 

Reaction time was reported to affect crystallization of products. Concentration of NaOH 

solution was also considered to be one important variable in the synthesis. In addition, ethanol 

was known to act as a directing agent in the formation of Si framework. Silica sources, both 

TEOS and a mixture of TEOS and distilled H2O were set as another main variable in the 



59 

 

synthesis conditions. The mixture of TEOS and H2O was considered to perform better. Because 

ethanol was already formed due to hydrolysis of TEOS before adding the silica source to the 

environment with surfactants. Therefore, effects of NaOH concentration, reaction time and silica 

source were investigated with the concentration of Al2(SO4)3 as control. Detailed parameters 

were listed in Table 3.1.  

 

 

Figure 3.2 1H-NMR spectrum of intermediates in synthesis 5. 
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In the synthesis, surfactants C22-6-6Br2 were dissolved in a high concentrated NaOH solution. A 

low concentrated acidic solution consisted of Al2(SO4)3·18H2O and H2SO4 was added dropwise 

under vigorous stirring. Agitation was continued at 60 °C for 1 h. After cooling to room 

temperature, silica source was added quickly into the solution under vigorous stirring, followed 

by agitation at 60 °C for 1 h. The gel was transferred to a teflon-lined autoclave and heated at 

150 °C for supposed days under tumbling at 60 r.p.m. Products were filtered and washed with 

copious methanol and water, and dried at 120 °C. Final products were calcined at 550 °C for 4 h 

at a temperature ramp of 2 °C/min under flowing air. 

Figure 3.3 
1H-NMR spectrum of the surfactant in synthesis 5. 
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After preliminary trials, I adopted a certain concentration of Al2(SO4)3 in the acidic 

solution as 0.0223 mol/L. The corresponding concentration of H2SO4 was calculated according 

to the initial gel composition 30Na2O: 1Al2O3: 100SiO2: 10C22-6-6Br2: 18H2SO4: 4000H2O. A 

starting concentration of NaOH solution was set as 2.224 mol/L (in trial 1 and 2). Two 

constraints were used to determine NaOH concentrations. First, the weight of surfactants was 

used as calculation basis and mole ratios of all the added chemical components strictly followed 

the gel composition. Second, the total amount of H2O equaled to the sum of H2O in NaOH 

solution and H2O in the acidic solution. Therefore, when the concentration of NaOH solution 

increased to 4.476 mol/L (in trial 3), additional H2O had to be added, in addition to the portion 

used in NaOH solution and that used in the acidic solution. The additional H2O was mixed with 

TEOS to act as silica source. Trial 1 and 2 compared the effect of reaction time on crystallization. 

Meanwhile, trial 2 and 3 compared the effect of NaOH concentration and Si source. Products 

were characterized and compared by nitrogen physisorption, NH3 TPD, XRD and TEM. 

 

Table 3.1 Synthesis conditions for MFI nanosheet. 

 

Trial No. Surfactant 

(g) 

NaOH 

(mol/L) 

Al2(SO4)3 

(mol/L) 

Si Source Reaction 

Time (day) 

#1 1.7191 2.224 0.0223 TEOS 5 

#2 2.9954 2.224 0.0223 TEOS 4 

#3 2.7850 4.476 0.0223 TEOS + H2O 4 
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Table 3.2 Nitrogen physisorption results of the products from trial 1 to trial 3. 

 

 

 

Table 3.3 NH3 TPD results of the products from trial 1 to trial 3. 

 

Trial No. Peak Temperature (°C) Quantity (μmol∙g-1) 

#1 180 81 

#2 180 81 

#3 192 88 

HZSM-5 (SAR 80) ~200 150 

~400 220 

 

Trial No. 
BET Surface 

Area (m2∙g-1) 

Total Pore 

Volume 

(cm3∙g-1) 

Micropore 

Volume 

(cm3∙g-1) 

Mesopore 

Diameter 

(Å) 

Micropore 

Diameter 

(Å) 

#1 265 0.35 0.07 26.6 6.0 

#2 271 0.30 0.06 26.4 6.3 

#3 358 0.47 0.07 29.6 7.1 
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According to Table 3.2, trial 1 and 2 generated products with very close surface areas, 

pore volumes, mesopore diameters and micropore diameters. While products from trial 3 

possessed a higher surface area, pore volume, mesopore diameter and micropore diameter. TEM 

images (Figure 3.4) showed that in trial 3 the product had a partial multilayer structure, which 

indicated that the concentration of NaOH solution and silica source could affect significantly. 

With a higher alkaline concentration and a pre-formed SiO2 (TEOS+2H2O→ SiO2+ 4C2H5OH), 

the product intended to have a more regular structure. However, NH3 TPD showed that all the 

three products generated very few acid sites as compared to conventional HZSM-5 which had a 

similar Si/Al ratio to the number calculated from initial gel composition described before (see 

Figure 3.4 TEM images of the products from trial 1 to trial 3. Top left: trial 1; top 
right: trial 2; bottom left: trial 3. 



64 

 

Table 3.3). XRD patterns suggested that there was no significant difference in the crystallizations 

among the three products in wide angle range from 5 ° to 40 ° (Figure 3.5).  
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Figure 3.5 XRD patterns of the products from trial 1 to trial 3. a) In 
the range of 5 to 40 degrees; b) In the range of 15 to 30 degrees. 
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All the products lacked the characteristic peaks of MFI-type zeolite located in 5 ° to 10 °, 

although the other characteristic peaks of MFI-type zeolite appeared from 20 ° to 25 ° in each 

product. Thereby, the conditions listed in Table 3.1 were only able to achieve partial 

multilayered mesoporous MFI nanosheet zeolite. And it was suggested that the concentration of 

NaOH solution could be a key factor.  

3.6.2 Further trials using sulfuric acid as a variable 

Based on the results discussed in 3.6.1, three more trials were performed to study the 

effect of sulfuric acid on the process of crystallizations. Reactions were divided into two types 

depending on the step of adding H2SO4 shown in Figure 3.6. 

 

 

 

Type 1 used an acidic solution consisted of Al2(SO4)3 and H2SO4. Based on the 

concentration of NaOH solution, trial 4 and 5 were performed. While, type 2 involved a separate 

addition of H2SO4 to the mixture of NaOH, Al2(SO4)3 and surfactants to achieve trial 6.  

Figure 3.6 Proposed reaction pathways to synthesize MFI nanosheet. 
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In detail, trial 4 used 2.224 mol/L NaOH solution to dissolve 3.991 g surfactants. The 

acidic solution was consisted of 0.0223 mol/L Al2(SO4)3 and a corresponding amount of H2SO4. 

While trial 5 used 4.427 mol/L NaOH solution and an acidic solution of 0.0223 mol/L Al2(SO4)3 

and a corresponding amount of H2SO4. Procedures were the same as described in 3.6.1. 

However, in trial 6, 0.785 g NaOH and 0.204 g Al2(SO4)3∙18H2O were dissolved in 

21.361 g distilled H2O, followed by adding 2.284 g surfactants. The solution was stirred at 60 °C 

for 1 h. After cooling down to room temperature, 1.835 g H2SO4 (30 w.t.%) was added dropwise 

under stirring, followed by a quick addition of 6.533 g TEOS under stirring. The solution was 

then heated at 60 °C for 30 min. The gel was transferred to a teflon-lined autoclave and heated at 

150 °C for 5 days under tumbling at 60 r.p.m. The products were filtrated, washed with methanol, 

and dried in an oven at 120 °C overnight. Calcination was done in a furnace at 550 °C for 4 h 

under flowing air. 

Figure 3.7 showed that all three products from trial 4 to 6 had possessed the characteristic 

peaks of MFI- type zeolite located between 5 ° to 10 ° and 20 ° to 25 °.  However, Table 3.4 and 

Table 3.5 suggested that all three products still had much smaller surface areas and acid sites 

than HZSM-5. 

3.6.3 Optimization by controlling amounts of surfactants  

Various amounts of surfactants were used in the trial 4 to 6 as mentioned in 3.6.2. 

Therefore, volumes of the gels that received hydrothermal treatments were different since all the 

amounts of chemical components were based on the weights of surfactants. However, the same 

teflon-lined autoclave was used. Hence, different actual pressures were considered as a result. To 

minimize the effect of pressures, I adopted the same procedures as trial 4 to 6 but used the same 

amount of surfactants (5.5 g) for each trial, designated as trial 7 to 9 respectively.  
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Table 3.4 Nitrogen physisorption results of the products from trial 4 to 6. 

 

Trial 

No. 

BET Surface 

Area (m2∙g-1) 

Mesopore 

Surface Area 

(m2∙g-1) 

Total 

Pore 

Volume 

(cm3∙g-1) 

Mesopore 

Volume 

(cm3∙g-1) 

Mesopore 

Diameter 

(Å) 

Micro 

pore 

Diameter 

(Å) 

#4 320 167 0.34 0.26 29 5.8 

#5 255 160 0.38 0.32 34 5.9 

#6 184 85 0.41 0.39 59 5.8 

HZSM-

5 

395 56 NA 0.07 NA ~5.0 

 

Table 3.5 NH3 TPD results of the products from trial 4 to 6. 

Trial No. Peak Temperature 

(°C) 

Quantity (μmol∙g-1) 

#4 213 128 

#5 211 73 

308 8 

#6 189 58 

HZSM-5 199 95 

371 258 
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Figure 3.7 XRD patterns of the products from #4 to #6. 

Figure 3.8 Full isotherms of the products from #7 to #9. 
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Table 3.6 Nitrogen physisorption results of the products from trial 7 to 9. 

 

Trial No. BET Surface Area 

(m2∙g-1) 

Total Pore Volume 

(cm3∙g-1) 

#7 540 0.61 

#8 492 0.54 

#9 645 0.75 

Literature MFI 

nanosheet1 

520 NA 

 

 

After calcination, all the products were treated with 1 mol/L NH4NO3 at 80 °C for 2 h for 

three times, filtered and dried at 120 °C overnight. Calcination was done at 550 °C for 4 h under 

flowing air to get proton-formed catalysts. They were characterized and compared with 

commercial HZSM-5. 

The three products were found to have mesoporous structures as indicated in the 

hysteresis loops in Figure 3.8. They were also found to have competitive surface areas and pore 

volumes to literature data. In addition, XRD showed that they formed MFI-type microporous 

structures. Characterization including nitrogen physisorption, XRD and TEM confirmed that all 

the three products finally achieved multilayerd mesoporous structures. Synthesis routes as shown 

in Figure 3.6 were found to be practical to synthesize MFI nanosheet. Eventually the synthetic 

conditions were optimized as described in trial 7 to 9. And these three trials were reproduced 

more than three times respectively. 
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3.6.4 Eventual synthesis conditions for application in biomass upgrading 

The three products from successful trials 7 to 9 were tested in pyrolyzer GC-MS system 

and cellulose catalytic fast pyrolysis. Trial 8 was found to work the best regarding carbon yields 

and aromatic selectivity. Therefore I adopted the synthesis of trial 8 for all following studies. 

Herein, I would like to point out that each one among trial 7 to 9 realized a successful synthesis 

of multilayered MFI nanosheets and they can be applied in various applications depending on the 

requirements of mesopore sizes.  

To summarize, synthesis conditions for the targeted application were optimized and 

details are as following:  

An aqueous acidic solution was prepared by dissolving Al2SO4∙18H2O (0.2 M) and 

H2SO4 (0.4 M) in distilled H2O. The surfactant (5.5 g) was dissolved in 4.5 M NaOH solution, 

followed by an addition of the acidic solution drop-wise under vigorous stirring. The mixtures 

were agitated at 60 °C for 1 h. After cooling to room temperature, TEOS and the balance of 

distilled H2O (the total amount of H2O according to the gel composition subtract the amounts 

used in the acidic solution and basic solution) were quickly added and stirring continued at 60 °C 

for 1 h. The resultant gel was transferred to a 300 mL teflon-lined autoclave, heated at 150 °C for 

5 days under tumbling at 60 rpm. The zeolite products were filtered and washed with copious 

methanol. Before characterization, ammonium ion exchange of the products was repeated three 

times. In each treatment the zeolite products were soaked in 1 M NH4NO3 at 80 °C for 2 h, 

filtered and dried at 120 °C. Protonated catalyst was achieved through calcination at 550 °C for 4 

h in air.  
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CHAPTER 4 

DEACTIVATION OF MULTILAYERED MFI NANOSHEET ZEOLITE 

DURING UPGRADING BIOMASS PYROLYSIS VAPORS 

A paper published in ACS Sustainable Chemistry& Engineering 

Mengze Xu, Calvin Mukarakate, Kristiina Iisa, Sridhar Budhi, Martin Menart, Malcolm 

Davidson, David J. Robichaud, Mark R. Nimlos, Brian G. Trewyn and Ryan M. Richards 

 

4.1 Abstract 

 The catalytic fast pyrolysis (CFP) of biomass is a promising technology for producing 

renewable transportation fuels and chemicals. MFI-type catalysts have shown promise for CFP 

because they produce gasoline range hydrocarbons from oxygenated pyrolysis compounds; 

however, rapid catalyst deactivation due to coking is one of the major technical barriers 

inhibiting the commercialization of this technology. Coke deposited on the surface of the 

catalysts blocks access to active sites in the micropores leading to rapid catalyst deactivation. 

Our strategy is to minimize rapid catalyst deactivation by adding mesoporosity through forming 

MFI nanosheet materials. The synthesized MFI nanosheet catalysts were fully characterized and 

evaluated for cellulose pyrolysis vapor upgrading to produce olefins and aromatic hydrocarbons. 

The data obtained from pyrolysis-GCMS (py-GCMS), showed that fresh MFI nanosheets 

produced similar aromatic hydrocarbon and olefin yields compared to conventional HZSM-5. 

However, MFI nanosheets demonstrated a longer lifetime than HZSM-5 even though coke 
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contents were also higher than for HZSM-5 because the mesopores enabled better accessibility to 

active acid sites. This conclusion was supported by results from post-reaction analysis of various 

spent catalysts collected at different points during the deactivation experiments.  

4.2 Introduction 

The production of fuels and chemicals from biomass can lead to development of local 

economies and jobs and improve countries’ energy security. Therefore, significant research 

efforts are underway for utilizing biomass as a partial replacement of fossil feedstocks.1-3 Fast 

pyrolysis of biomass has attracted substantial attention because it can produce up to 75 wt% 

yield of bio-oil. However, the produced bio-oil has several undesirable characteristics such as 

high acidity, low heating value, immiscibility with hydrocarbons, and instability.4-5 Ex-situ 

catalytic fast pyrolysis (ex-situ CFP) is an attractive technique that combines fast pyrolysis with 

catalytic vapor phase upgrading to improve the quality of the bio-oil. Zeolites, especially HZSM-

5 (MFI), are widely used catalysts for catalytic fast pyrolysis (CFP), due to their strong Brønsted 

acidity, high surface area and unique microporous topologies.4, 6-7 Although HZSM-5 is effective 

at deoxygenating biomass pyrolysis products to form olefins and aromatic hydrocarbons, the 

yields are typically low and rapid deactivation is problematic.4, 7 The micropores in the zeolite 

structure are hypothesized to greatly hinder the diffusion of bulky molecules in and out of the 

catalyst during biomass CFP because the kinetic diameters of some molecules in biomass 

pyrolysis vapors are bigger than 5 Å.8 The slow diffusion of these molecules can lead to 

additional molecular weight growth (or coking) which can in turn block external acid sites and 

obstruct the channels to internal acid sites in micropores, resulting in rapid catalyst deactivation. 

Mesoporous (>2nm) systems such as MCM-41 and SBA-15 have been used for CFP of biomass 

and bio-oils to overcome the diffusion limitation of microporous zeolites.9-13 However, these 
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materials are not effective at forming aromatic hydrocarbons because they have weaker acid sites 

and fewer Brønsted acid sites compared to HZSM-5 as well as exhibiting poor hydrothermal 

stability. Thus, the mesoporous systems only lead to partial deoxygenation of biomass vapors, 

enhancing formation of furans and phenol,9-13 and also increasing coke formation.6 

Modifying the zeolite structure by introducing secondary porosity is an approach that can 

overcome the molecular diffusion limitations, without altering the MFI Brønsted acid strengths,  

and thus reduce rapid deactivation of the catalyst without greatly changing the product 

distribution.14-15 Specifically, hierarchical mesoporous zeolites synthesized via templates allow 

generation of regular mesopores and the flexibility of tuning pore sizes.16-18 These materials have 

been mainly used to study model compounds such as methanol.7 Ultrathin MFI nanosheet (2 nm 

thick) zeolite catalysts were reported by Choi and co-workers, and demonstrated that the 

nanosheets greatly increased the catalyst lifetime during methanol to gasoline (MTG) reactions, 

due to the introduced mesoporosity and additional acid sites generated on the mesopores 

surface.19  

There have been limited applications of mesoporous zeolites to the catalytic upgrading of 

biomass vapors and bio-oils.16, 20-22 Kelkar and co-workers prepared mesoporous MSU-MFI 

catalysts and applied them to the catalytic upgrading of poplar pyrolysis vapors.16 The MSU-MFI 

catalysts produced comparable hydrocarbon yields to HZSM-5, with improved selectivity 

towards C8 and C9 mono-aromatics. Gamliel and co-workers evaluated a series of mesoporous 

MFI-type zeolite catalysts synthesized using both top-down and bottom-up approaches for the 

catalytic pyrolysis of cellulose and miscanthus.21 They determined that a higher yield of 

hydrocarbons can be obtained from catalysts with both optimum pore size and acidity. Larger 

mesopore volume causes polymerization of aromatics to form coke. Hoff and co-workers 
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reported the application of a highly crystalline zeolite on CFP of cellulose and reported improved 

hydrocarbon yields relative to commercial HZSM-5.22 The higher yields were due to 

optimization of crystallinity and accessibility to framework aluminum sites. Park and co-workers 

studied the impact of unilamellar MFI nanosheets with a very large pore size of 6.8 nm for bio-

oil upgrading and compared the results with those obtained using a mesoporous catalyst (SBA-

15).20 The MFI nanosheet improved the properties of the bio-oil by reducing the amount of 

oxygenates and increasing the amount of aromatics due to the stronger Brønsted acid sites 

compared to SBA-15.  In these studies, biomass samples and catalysts were mixed together 

(biomass-to-catalyst ratios < 0.5) and evaluated using py-GCMS (pyrolysis-gas chromatography 

mass spectrometry) systems to measure products. However, none of these studies evaluated 

catalyst stability and conducted post-reaction analysis of the catalysts to correlate mesoporosity 

and coking. 

In this study, an MFI nanosheet catalyst with comparable physical textures (e.g. surface 

areas, micropore volumes and acid sites) to commercial HZSM-5 was synthesized and applied to 

the catalytic fast pyrolysis of cellulose in order to determine if incorporating mesoporosity in the 

catalysts improves accessibility of pyrolysis products to and from active sites leading to extended 

catalyst lifetime. Two complementary experiments were used, py-GCMS (pyrolysis-gas 

chromatography mass spectrometry) to identify and quantify products from excess catalyst and 

py-MBMS (pyrolysis-molecular beam mass spectrometry) to monitor real-time changes in 

product distribution as the catalyst deactivated. Results obtained from the MFI nanosheet were 

compared to those from the conventional HZSM-5 catalyst. Fresh and spent catalysts were 

characterized to determine the effect of mesoporosity on accessibility to active sites. 
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4.3 Materials and methods 

4.3.1 Materials 

All chemicals were used as received without further purification. 1-bromodocosane was 

purchased from Tokyo Chemical Industry (TCI). N,N,N’,N’-tetramethyl-1,6-diaminohexane, 1-

bromohexane, tetraethyl orthosilicate (TEOS), aluminium sulphate and Avicel cellulose were 

purchased from Sigma-Aldrich. HZSM-5 (powder, NH4
+ form, SiO2/Al2O3=80) was supplied by 

Alfa Aesar.  

4.3.2 Catalyst synthesis 

 The surfactant [C22H45-N
+(CH3)2-C6H12-N

+(CH3)2-C6H13]Br2 (designated as C22-6-6Br2) 

was prepared using the method reported previously.19, 23 The MFI nanosheet catalyst was 

synthesized according to literature, following a gel composition of 30Na2O: 1Al2O3: 100SiO2: 

10C22-6-6Br2: 18H2SO4: 4000H2O.19 Details of the synthesis are included in Chapter 3. Pre-

characterization, ammonium ion exchange of the products was repeated three times. In each 

treatment, the products were soaked in 1 M NH4NO3 at 80 °C for 2 h, filtered and dried at 

120 °C. Protonated catalyst was achieved through calcination at 550 °C for 4 h in air. 

Commercial HZSM-5 (Alfa Aesar) was also calcined at 550 °C for 4 h in air before use. 

4.3.3 Catalyst characterizations 

 The as-synthesized MFI nanosheet catalyst was thoroughly characterized and compared 

with commercial HZSM-5. Nitrogen sorption was used to investigate surface area, pore volume 

and pore size. NH3 temperature-programmed-desorption (NH3 TPD) and pyridine-DRIFTS were 

used to quantify the amount of acid sites and Brønsted/Lewis ratios respectively. Powder X-ray 

diffraction (pXRD) was adopted to study catalyst crystallinity. We also performed small angle 

X-ray scattering (SAXS) and high resolution transmission electron microscopy (HRTEM) to 
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study the mesoporous structure in MFI nanosheet. The Si/Al ratios in both catalysts were 

measured by utilizing inductively coupled plasma optical emission spectroscopy (ICP-OES). 

Details of the characterizations are included in Chapter 3. 

4.3.4 Py-GCMS 

 A tandem py-GCMS (Rx-5030TR, Frontier Laboratories, Japan) was used to identify 

and quantify the upgraded products from CFP of cellulose using fresh catalysts. This system has 

been used to measure pyrolysis and CFP products and its detailed description has been reported 

in previous studies.24-26  

Briefly, it consists of a micropyrolyzer (Rx-5030TR, Frontier Laboratories, Japan) 

coupled to an autosampler (AS-1020E), a microjet cryo-trap (MJT-1030Ex) and a GCMS/FID.3, 4  

The cellulose and catalysts were loaded in deactivated stainless steel cups. Cellulose (500 µg) 

was placed on the bottom of a cup and covered by a filtering layer (quartz wool), followed with 

10 mg catalyst and another filtering layer on top, for a cumulative biomass-to-catalyst ratio of 

0.05. Sample cups were automatically dropped into the pyrolysis zone set to 500 °C. Upgraded 

vapors were analyzed by a gas chromatograph (7890B, Agilent Technologies, USA) equipped 

with a liquid nitrogen trap (-196 °C), a MS (5977A, Agilent Technologies, USA) an FID, and 

TCD. Condensable vapors were trapped and subsequently separated by a capillary column (Ultra 

Alloy-5, Frontier Laboratories, Japan) with a 5% diphenyl and 95% dimethylpolysiloxane 

stationary phase and analyzed by the MS and FID. Light gases not condensed in the liquid trap 

were analyzed by TCD. The GC oven was held at 40 °C for 3 min and heated to 300 °C at a 

ramp rate of 10 °C∙min-1. Products recorded on the mass spectrometer were identified using 

standards and the National Institute Standards and Technology MS library. The products were 

quantified using the FID areas except for CO2, which was quantified using the MS area, and CO, 
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which was quantified using the TCD. The results were calibrated using standards for 25 

representative compounds (8 aromatic hydrocarbons, 10 oxygenates, 5 olefins, and CO and CO2). 

For compounds without standards, the calibration for a compound with similar functional groups 

and similar molecular weights was used. The results are reported in carbon yields, defined as 

shown below. 

Equation 4.1 Definition of carbon yields for compounds without standard calibrations 

� ����� =  
∑ ��� [�]���[�]�  

Where j = product j 

 [C]j = C content of product j, g C/g product j 

 [C]f = C content of feed, g C/g feed 

 mj = mass of product j, g product j 

 mf = mass of feed, g feed 

4.3.5 Horizontal reactor –MBMS 

This system was used to monitor changes in product distribution as the catalyst 

deactivated. The detailed description of the py-MBMS system used in this work was discussed 

previously.4, 24-26 Briefly, the system consists of a horizontal quartz annular flow tube reactor 

coupled with an MBMS. The tube reactor contains five heating zones maintained at 500 °C. 

Quartz boats containing 50 mg of cellulose were introduced to the inner tube. The pyrolysis 

vapors were carried by an inner flow of 0.4 slm helium through a fixed bed of 0.5 g catalyst 

packed with quartz wool. Helium (4 slm) flowed from the outer tube at the end of the reactor to 

dilute the pyrolysis vapors, in order to prevent secondary reactions and meet flow demands of 

sampling orifice. In addition, 0.04 slm of argon was mixed with the helium carrier gas and used 

as a tracer gas to correct drifts in the signal resulting from flow changes through the molecular 
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beam inlet, subsequently enabling comparisons of relative concentrations in several experiments. 

The MBMS monitored real-time signals of biomass pyrolysis and CFP products. The upgraded 

vapors undergo adiabatic expansion through a 250 µm orifice into a vacuum chamber held at 100 

mtorr. A molecular beam was generated from the cooled gas and ionized with an electron impact 

ionization source (22.5 eV) and then measured by a quadrupole mass spectrometer. Mass spectra 

were collected with an m/z range of 10-500 amu per second. In a typical experiment, 50 boats of 

50 mg cellulose were consecutively pyrolyzed for a total cellulose/catalyst ratio of 5:1.  

4.3.6 Multivariate analysis of MBMS spectra 

The mass spectra were processed by the statistical analysis software package The 

Unscrambler (Camo Software AS, version 9.7) to produce relative concentrations of pure 

components (PCs) as a function of biomass-to-catalyst ratio.26 The outputs identified mass 

spectral peaks and tracked the changes in spectra as catalysts deactivated. Multivariate curve 

resolution optimized by alternating least squares (MCR-ALS) method was applied to resolve the 

spectra into estimations of the concentrations of components by variances selection and optimize 

the concentrations by least square of variances.4, 26 The process involves constraints for 

generating non-negative concentration profiles and non-negative mass spectra but neglects 

constraints for unimodality and equality in concentration profiles. 

4.3.7 Coke characterization  

Coke contents were determined by thermogravimetric analysis (TGA) on a TA 

Instruments Q500 analyzer. Samples were heated in air from 20 °C to 780 °C at a ramp rate of 

20 °C∙min-1 and the mass loss between ~250 and 650 °C was attributed to coke. Mass loss below 

250 °C is due to water and other adsorbed species. 
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4.4 Results and discussions 

4.4.1 X-ray and electron microscopy analyses 

 The as-synthesized MFI nanosheet catalyst and commercial HZSM-5 were characterized 

using pXRD (Figure 4.1a). The peaks in the range of 5° to 40° revealed that the nanosheet 

catalyst had a typical crystalline MFI type zeolite structure and the micropores within each layer 

were uniform.19  The SAXS profile of the MFI nanosheet (Figure 4.1b) showed a broad peak in 

the range of 0.1° to 5°, indicating differently orientated layers. The size fitting of SAXS using a 

sphere model suggested a sharp peak in the size distribution around 5 nm, which was due to the 

shoulder position at q equal to 1 nm-1 (see Figure 4.2). It suggested a narrow size distribution of 

the spacing between layers. Therefore the results in Figure 4.1 and Figure 4.2 showed that 

orientations of layers were different but the distances between layers were uniform. The TEM 

images (Figure 4.3) demonstrated that the catalyst was composed of an assembly of multi-

layered zeolite nanosheets.  

4.4.2 Physisorption and chemisorption analyses 

The physisorption data for MFI nanosheets and commercial HZSM-5 catalyst is provided in 

Table 4.1. The nanosheet had a slightly higher surface area (474 m2∙g-1 vs 414 m2∙g-1) and a 

considerable larger pore volume (0.52 cm3∙g-1 vs 0.24 cm3∙g-1) than the commercial material. The 

average mesopore size for the MFI nanosheet was 2.9 nm with a narrow distribution due to the 

generated mesopores while the micropores were measured to be slightly larger (6.0 Å) than for 

HZSM-5 (5.0 Å). The MFI nanosheet exhibited a type IV isotherm and a type II hysteresis loop 

corresponding to a mesoporous system (Figure 4.4).27-28 The as-synthesized MFI nanosheet 

product was measured to have a Si/Al ratio of 74 using ICP-OES though the initial gel 

composition in the synthesis had a Si/Al ratio of 50, due to losses during synthesis.19 
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Figure 4.1 Wide angle XRD patterns for as-synthesized MFI 
nanosheet catalysts and HZSM-5. b) SAXS profile of MFI 
nanosheet catalyst. 
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Figure 4.3 TEM images of MFI nanosheet catalyst. 
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Table 4.1 Texture properties and hydrocarbon yields of MFI nanosheet catalyst and commercial 
HZSM-5. 

 

aMicropore volume calculated by t-plot. bMicropore median diameter calculated by H-K model. 
cMeasured and calculated by ICP-OES. dLiterature data. eProvided by manufacturer. fCalculated 
from py-GCMS as averages of three experiments with biomass:catalyst 0.05 g∙g-1. 

 

 

Catalyst MFI Nanosheet HZSM-5 

BET surface area (m2∙g-1) 474 414 

Total pore volume (cm3∙g-1) 0.52 0.24 

Micropore volume (cm3∙g-1)a 0.10 0.12 

Micropore diameter (nm)b 0.60 0.50d 

Mesopore size (nm) 2.9 NA 

Si/Alc 74 40e 

Total acid sites by NH3 TPD (μmol∙ g-1) 269 320 

Carbon yields of hydrocarbons for fresh catalyst 
(%)f 

33 34 

Carbon yields of aromatic hydrocarbons for 
fresh catalyst (%) 

26 28 
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Figure 4.4 a) Nitrogen sorption full isotherms of MFI nanosheet and 
HZSM-5. b) BJH pore size distribution of MFI nanosheet. 

Figure 4.5 NH3 TPD profiles of MFI nanosheet and HZSM-5. 
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HZSM-5 had a lower Si/Al ratio of 40, indicating higher acid site density than the 

nanosheet. To the best of our knowledge, HZSM-5 with Si/Al=40 was the most suitable 

commercial zeolite available for our experiments (ie. closest in Si/Al ratio). Moreover, a 

literature study using b-zeolite showed that there’s a linear relationship between total acid sites 

(or inverse of Si/Al) and the amount of coke formed over the catalyst prior to breakthrough of 

unreacted primary vapors.25 This indicates that the amount of coke per acid site to deactivate a 

catalyst is inherent for a given type of zeolite.   Therefore, the Si/Al ratio of the control HZSM-5 

will not affect the investigation of catalyst deactivation if the results are normalized by the 

number of acid sites. 

Quantities of acid sites were determined by NH3 TPD assuming the stoichiometry of one 

molecule of ammonia adsorbed per acid site.25 Figure 4.5 showed that the MFI nanosheet 

possessed fewer total acid sites than HZSM-5, in agreement with the Si/Al ratios. The two 

catalysts had similar temperature profiles (the 1st peak around 200°C corresponds to weak 

acidity, and the 2nd peak around 330°C corresponds to strong acidity). However, there was a 

significant difference in the distribution of acid strengths for the two catalysts. The MFI 

nanosheet exhibited a lower percentage of strong acid sites over total acid sites, which could 

have resulted from the introduction of mesopores where external acid sites are located.  

4.4.3 Quantification of CFP Products using py-GCMS/FID 

One goal of this study was to evaluate the impact of MFI nanosheet on CFP of cellulose 

and compare the results with those from fresh HZSM-5. The (non-catalytic) fast pyrolysis of 

cellulose at 500 °C produces levoglucosan, anhydroxylopyranose, 5-hydroxymethyl furfural, 1,2-

cyclopentanedione, furfural, hydroxyacetaldehyde (glycoaldehyde) and formic acid.  Most of 

these species contain oxygen and have been reported in numerous previous studies.29-33  
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Figure 4.6 a) Carbon yields of different species over MFI 
nanosheet catalyst and HZSM-5. b) Aromatics selectivity 
over MFI nanosheet catalyst and HZSM-5. The results are 
averages of triplicate measurements and the error bars 
represent the standard deviation. 
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Table 4.2 List of main products and their carbon yields over the catalysts in py-GCMS 
experiments. The carbon yields are shown as average and standard deviations of triplicate 
measurements. 

 

 

C Species/ 

C yields,  

g C/g C in 

biomass 

  HZSM-5 MFI nanosheet 

 

Olefins 

 C2 0.6%±0.2% 0.7%±0.2% 

C3 3.7%±0.3% 4.4%±0.2% 

C4 1.4%±0.2% 1.8%±0.1% 

 

 

 

Aromatics 

 

1-Ring 

Benzene 1.5%±0.1% 1.1%±0.1% 

Toluene 4.1%±0.3% 3.5%±0.1% 

Xylene 4.2%±0.9% 4.0%±0.2% 

Other 5.6%±0.5% 6.0%±0.5% 

2-Ring Indenes 2.8%±0.6% 2.5%±0.6% 

Naphthalenes 7.8%±1.3% 6.9%±0.6% 

3-Ring Fluorenes 0.4%±0.5% 0.4%±0.3% 

Anthracenes 2.0%±0.6% 1.9%±0.4% 

Oxygenates  Carbonyls 2.6%±0.5% 2.7%±0.1% 

 Furans 0.1%±0.1% 0.1%±0.1% 
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When the pyrolysis vapors containing these species were passed over a fixed-bed 

containing the MFI nanosheet, the product speciation changed to olefins and aromatic 

hydrocarbons similar to what was observed when using HZSM-5. This is not surprising because 

the characterization results confirm that this was an MFI zeolite in structure. The products 

observed were grouped into C2-C4 olefins, aromatic hydrocarbons, oxygenated vapors, and CO2 

and CO (See Figure 4.6).  The aromatic hydrocarbons included one-ring compounds (e.g. 

benzene, toluene, and xylenes), two-ring compounds (e.g. naphthalene, methylated naphthalenes, 

indenes and indanes) and three-ring compounds (e.g. fluorene and anthracene). Limited amounts 

of oxygenated products (acetaldehyde and acetone) were detected. 

As can be seen in Figure 4.6 and Table 4.1, the total carbon yields of olefins and 

aromatics from the MFI nanosheet and HZSM-5 are similar. There are slight differences in the 

distribution of olefins and aromatics, but overall the carbon yields are similar as shown in the list 

of products in Table 4.2 and the selectivity of aromatic hydrocarbons in Figure 4.6. Similar 

products and carbon yields were reported in previous detailed studies on CFP of cellulose using 

HZSM-5.34-35 Excess catalyst (biomass-to-catalyst ratio of 0.05) was used in these experiments to 

increase the opportunity for pyrolysis products to react with acid sites on the catalysts. These 

results provided a snapshot of the products obtained using excess fresh catalyst.  

4.4.4 Catalyst deactivation 

To advance our understanding of catalyst deactivation, additional experiments were 

conducted using the py-MBMS. In these studies, 50 samples, each containing 50 mg of cellulose, 

were sequentially pyrolyzed and the vapors passed through a fixed-bed with 0.5 g catalyst. The 

products from each sample were measured to evaluate the change in product distribution as the 

catalyst deactivated. Figure 4.7 compares spectra recorded after adding equivalent amounts of 
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cellulose over each catalyst. The upper panels were recorded after adding the first sample, for a 

cumulative biomass-to-catalyst ratio of 0.1, and the lower panels were recorded after sample 8, 

for a cumulative biomass-to-catalyst ratio of 0.8. Sample 1 show product distributions from fresh 

catalysts and sample 8 shows the effect of catalyst coking on product distributions. As can be 

seen, the upper panels are dominated by peaks for aromatic hydrocarbons; benzene m/z 78, 

toluene m/z 92, xylenes and ethyl benzene m/z 106, indene m/z 116, indane m/z 118, trimethyl 

benzenes and ethyl methyl benzenes m/z 120, naphthalene m/z 128, methyl naphthalenes m/z 

142, dimethyl naphthalenes m/z 156, agreeing with the py-GCMS results. The MFI nanosheet 

also formed small amounts of three ring aromatic hydrocarbons; anthracene or phenanthrene m/z 

178, methyl anthracenes m/z 192, and dimethyl anthracene m/z 206, potential coke precursors 

which could have escaped from the catalyst due to the introduced mesoporosity. The three-ring 

aromatics were not observed from the HZSM-5, which could indicate that they were trapped to 

form coke as evidenced by the appearance of intense oxygen containing products; furan m/z 68, 

methyl furan or cyclopentenone m/z 82, phenol m/z 94, dimethyl furan m/z 96.  

Further, there is evidence of breakthrough of some of the cellulose primary vapors such 

as hydroxyacetaldehyde m/z 60. The mass spectra recorded after adding the eighth sample are 

remarkably different. The MFI nanosheet spectrum was dominated by the aromatic hydrocarbons 

compared to HZSM-5, which was dominated by cellulose primary vapors (m/z 55, 57, 60, 73 and 

98) indicating that the HZSM-5 deactivated faster than the MFI nanosheet.4, 25, 34 This data 

showed that as more cellulose was added the spectra contained a combination of deoxygenated 

species (aromatic hydrocarbons), partially deoxygenated species (furans), cellulose primary 

vapors (hydroxyacetaldehyde) and fragment ions highlighting the complexity one encounters in 

interpreting these results. 
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Thus, to more accurately identify product changes occurring as the catalyst aged, 

multivariate analysis was employed, and specifically the MCR-ALS routine was applied to the 

50 mass spectra recorded for each catalyst. MCR-ALS has been applied to simplify and identify 

product trends during pyrolysis and CFP of biomass using zeolites and metal oxide catalysts.4, 25-

26, 29-30 Further details on MCR-ALS analysis can be found elsewhere.36 The MCR-ALS analysis 

produces two outputs; 1) loadings plot (mass spectral peaks that are correlated) and 2) scores plot 
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(change in the loadings plot during the experiment). The top 100 out of 500 masses with the 

largest variance were selected for this analysis producing a data set with dimensions of 50 

samples ×100 masses. The MCR-ALS analysis was optimized to produce three principal 

components (PCs), because increasing the PCs did not affect the residual error. Figure 4.8 shows 

the loadings plot for the optimized three PCs generated from the MFI nanosheet data. As can be 

seen, PC 1, consists of olefins and aromatic hydrocarbons as observed in sample 1 (Figure 4.7) 

and in the py-GCMS study. These products were observed when the cellulose pyrolysis vapors 

were passed over a fresh catalyst. PC 3 consists of cellulose primary vapors, similar to what was 

observed without catalyst in numerous previous studies, suggesting that these products were 

observed when the catalyst had deactivated.4, 29-32 The mass peaks in PC 2 consist of furan and 

alkyl furans (m/z 68, 82 and 96), phenol and alkyl phenols (m/z 94 and 108), catechol (m/z 110) 

and methyl benzofurans (m/z 132). Furans and alkyl furans are reactive intermediates formed 

during the upgrading of cellulose pyrolysis vapors using HZSM-5.4, 34 Phenol and alkyl phenols 

are formed from the reactions of aromatic intermediates with water.24 The loading plots obtained 

from MFI nanosheet were similar to the ones obtained from HZSM-5 as shown in Figure 4.9. 

The plots for the scores of these three PCs as a function of biomass-to-catalyst ratio for 

each catalyst are shown in Figure 4.10. The score for MFI nanosheet, in the left panel, shows that 

olefins and aromatic hydrocarbons (PC 1) are produced initially because the catalyst is still fresh 

and active. The signal for these products decreases gradually as more biomass is added and the 

catalyst deactivates, likely due to coke deposits. The partially deoxygenated products (PC 2) 

appear almost immediately at a biomass-to-catalyst ratio of 0.1, increase gradually until a 

biomass-to-catalyst ratio of 2.5, and then start to decrease slowly for the remainder of the 

experiment.  



92 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

20 40 60 80 100 120 140 160 180
0.0

0.2

0.4

0.6

57

68

84 126
110

96
98

60

44
28

18

PC3: Primary vapors

PC2: Furans and phenols

PC1: Hydrocarbons (aromatics and olefins)

55
73

132
126

110
108

94

96

82

68

55

44
28

18

C
o
m

p
o
n
e
n
t 
L
o
a
d
in

g
s
 (

u
n
is

c
a
la

r)

156

92

170

128

106

142

115

78

44

28

18

m/z

Figure 4.8 The reconstructed spectra for each principal component 
(PC 1 to PC 3) from MCR-ALS analysis of CFP of 50 boats of 
cellulose over 0.5 g MFI nanosheet catalyst, exhibiting composition 
changes in the product stream during catalyst deactivation process. 



93 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.0

0.2

0.4

0.6

20 40 60 80 100 120 140 160
0.0

0.2

0.4

0.6

126

98

PC3: Primary vapors

PC2: Furans and phenols

PC1: Hydrocarbons (aromatics and olefins)

18

18

28

44

55

57

60

69

73

126
122

108

96

94

82

68
55

60

44

28

C
o
m

p
o
n
e
n
t 
L
o
a
d
in

g
s
 (

u
n
is

c
a
la

r)

110

156
142128

115
106

9278
44

28

18

m/z

Figure 4.9 The reconstructed spectra for pure components from MCR-
ALS analysis of CFP of 50 samples of cellulose over 0.5 g HZSM-5, 
exhibiting composition changes in the product stream during catalyst 
deactivation process. 



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

C
o
m

p
o
n
e
n
t 
S

c
o
re

s
 (

R
e
la

ti
v
e
 S

ig
n
a
l)

Biomass-to-catalyst Ratio

 PC3: Primary vapors

 PC2: Furans and phenols 

 PC1: Hydrocarbons

MFI nanosheet

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

C
o
m

p
o
n
e
n
t 
S

c
o
re

s
 (

R
e
la

ti
v
e
 S

ig
n
a
l)

Biomass-to-catalyst Ratio

 PC3: Primary vapors

 PC2: Furans and phenols

 PC1: Hydrocarbons

HZSM-5

Figure 4.10 The component scores from MCR-ALS analysis of CFP of 
50 samples of cellulose over 0.5 g catalysts, exhibiting composition 
changes in the product stream during catalyst deactivation process. The 
top panel shows results from MFI nanosheet. The bottom panel shows 
results from HZSM-5. 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

0.000 0.002 0.004 0.006 0.008 0.010 0.012

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

 Primary vapors

 Intermediates

 Hydrocarbons

ZSM-5

MFI Nanosheet

C
o
m

p
o
n
e
n
t 
S

c
o
re

s
 (

R
e
la

ti
v
e
 S

ig
n
a
l)

Biomass-to-catalyst Ratio per Surface Area (m
-2
g

1
)

0 5 10 15 20 25

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

2 4 6 8 10 12

0

1x10
6

2x10
6

3x10
6

4x10
6

5x10
6

6x10
6

 Primary vapors

 Intermediates

 Hydrocarbons
C

o
m

p
o
n
e
n
t 
S

c
o
re

s
 (

R
e
la

ti
v
e
 S

ig
n
a
l)

Biomass-to-catalyst Ratio per Pore Volume (cm
-3
g

1
)

HZSM-5

MFI Nanosheet
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As more biomass is added, coke deposits begin to block active sites on the catalyst and 

cellulose primary vapors (PC 3) break through the catalyst without reacting, starting at a 

biomass-to-catalyst ratio of 0.6. The concentration of PC 3 increases gradually for the remainder 

of the experiment as more active sites are blocked with coke and the catalyst becomes more 

deactivated.  

The corresponding scores plot for HZSM-5, in the right panel, shows that HZSM-5 

deactivated faster than the MFI nanosheet catalyst as evidenced by the breakthrough of cellulose 

primary vapors (PC 3) at a lower biomass-to-catalyst ratio of 0.2. In fact, PC 3 appears at the 

same ratio as PC 2. PC 2 increases until a biomass-to-catalyst ratio of 1.2 and remains constant 

for the duration of the experiment, indicating that the HZSM-5 catalyst used in this study with a 

low total acidity (320 µmol∙g-1) partially deoxygenated the cellulose pyrolysis vapors. The 

HZSM-5 deactivated faster than the MFI nanosheet despite having a higher density of acid sites 

than the MFI nanosheet. 

The trends in Figure 4.10 were also confirmed by normalizing the data to surface area 

and pore volume (Figure 4.11), showing that HZSM-5 deactivated faster than the MFI nanosheet. 

This demonstrates that the MFI nanosheet had a longer catalyst lifetime, i.e. more biomass can 

be passed over the catalyst before the catalyst needs to be regenerated due to primary vapor 

breakthrough. 

It is clear from Figure 4.10 that the concentrations of species in PC 1 (olefins and 

aromatic hydrocarbons) and PC 2 (furans and phenols) are similar for both catalysts; however, 

the concentration of primary vapors (PC 3) is surprisingly higher for HZSM-5. This indicates 

that, compared to ZSM-5, a fraction of the primary vapors was not breaking through the MFI 

without reacting. There was no corresponding increase in yields observed to the concentrations 
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of PC 1 and PC 2, which suggests that other products were formed. Post-reaction catalyst 

analysis was conducted to unravel this observation. 

4.4.5 Effect of accessible acid sites and mesoporosity on coke formation 

The above experiment was repeated twice with fresh catalyst fixed-beds to collect spent 

catalysts after adding different amounts of cellulose for evaluating the effect of the added 

mesoporosity on accessibility to active sites. The catalysts were collected at biomass-to-catalyst 

mass ratios of 0.5, 2.5 and 5. Catalyst coke contents were measured at these ratios and properties 

of the spent catalysts were analyzed using N2 sorption and NH3 TPD. The full data is presented 

in Tables 4.3- 4.5 and Figure 4.12.  

The total acid site density by NH3 TPD and coke formation during the experiments are 

illustrated in Figure 4.13. The total numbers of acid sites were similar at all the measurement 

points for the two catalysts. This follows the pattern of aromatic hydrocarbon and intermediate 

oxygenate formation, which were also similar for the two catalysts (Figure 4.6). The coke 

formation, however, was distinctly different for the two catalysts. Both catalysts had formed 

approximately similar amounts of coke at the biomass-to-catalyst ratio of 0.5, but subsequently, 

coke formation continues at a high rate for the MFI nanosheet catalyst whereas coke formation 

tapers off for the HZSM-5 catalyst. This is the opposite of the pattern for primary vapors (Figure 

4.10), which continued at a higher rate for HZSM-5 than for the MFI nanosheet catalyst. The 

MFI nanosheet was able to convert a higher fraction of the primary vapors whereas the primary 

vapors were breaking through without reacting in the HZSM-5. This indicates that more active 

sites were accessible for the MFI nanosheet compared to the HZSM-5 catalyst even though the 

acid site density measured by NH3 TPD was higher for HZSM-5 than for the MFI nanosheet 

catalyst.  
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Table 4.3 N2 physisorption data of fresh MFI nanosheet, HZSM-5 and coked MFI nanosheet, 
HZSM-5 at 5 samples, 25 samples, and 50 samples of cellulose respectively. 

 

 

 

 

 

 

 

 

Catalysts BET S.A. 
(m2∙g-1) 

Total pore 
volume (cm3∙g-

1) 

Micropore 
volume (cm3∙g-

1) 

Mesopore 
diameter 

(nm) 
Fresh MFI 

nanosheet 
474 0.52 0.10 2.91 

HZSM-5 414 0.24 0.12 NA 

Sample 5 MFI 
nanosheet 

332 0.38 0.06 2.94 

HZSM-5 229 0.16 0.07 NA 

Sample 
25 

MFI 
nanosheet 

294 0.34 0.05 2.38 

HZSM-5 227 0.15 0.08 NA 

Sample 
50 

MFI 
nanosheet 

221 0.25 0.03 1.98 

HZSM-5 116 0.09 0.04 NA 
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Table 4.4 Quantified acid sites and B/L ratios of fresh MFI nanosheet, HZSM-5 and coked MFI 
nanosheet, HZSM-5 at 5 samples, 25 samples and 50 samples of cellulose respectively by NH3 
TPD and pyridine-DRIFTS. 

 

 

 

a Not enough sample for measurement; b no signal from pyridine-DRIFTS due to very low acid 
sites on the coked catalysts. 

 

Catalysts 1st Peak 
Temperature 

(°C) 

Quantity 
(μmol∙g-1) 

2nd Peak 
Temperature 

(°C) 

Quantity 
(μmol∙g-1) 

B/L 

Fresh MFI 
nanosheet 

185 172 299 97 4.76 

HZSM-5 185 132 321 188 9.40 

Sample 5 MFI 
nanosheet 

180 97 290 50 3.88 

HZSM-5 183 68 289 76 NAa 

Sample 25 MFI 
nanosheet 

180 33 287 70 0.31 

HZSM-5 178 30 299 91 4.79 

Sample 50 MFI 
nanosheet 

156 5 NA NA NAb 

 

HZSM-5 155 4 NA NA NAb 
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Table 4.5 Coke contents and total acid sites of MFI nanosheet and HZSM-5 collected from 
MBMS experiments at 5 samples, 25 samples and 50 samples of cellulose, respectively. 

 

 

a Calculations based on loss of active sites.   

 

 

Biomass-
to-catalyst 

ratios 

Catalysts Coke (g∙g-

1, per 
catalyst 
mass) 

Coke (g∙μmol-1, 
per spent acid 

sites)a 

Total quantity 
(μmol∙g-1) 

0.5 Sample 5 MFI 
nanosheet 

5.0% 0.04% 147 

HZSM-5 5.2% 0.03% 144 

2.5 Sample 
25 

MFI 
nanosheet 

10.1% 0.06% 103 

HZSM-5 8.5% 0.04% 121 

5.0 Sample 
50 

MFI 
nanosheet 

20.6% 0.08% 5 

HZSM-5 10.4% 0.03% 4 
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Figure 4.12 Nitrogen sorption full isotherms of fresh and coked MFI 
nanosheet and HZSM-5 at 5 samples, 25 samples and 50 samples of 
cellulose respectively. a) MFI nanosheet; b) HZSM-5. 
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a) Acid Sites 

 

b) Coke Contents 

 

Figure 4.13 a) The total number of acid sites as measured by NH3 TPD and b) coke formation 
during py-MBMS experiments. 
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Figure 4.14 Micropore, mesopore and total volume of HZSM-5 and MFI nanosheet catalysts 
during py-MBMS experiments. 

 

 

Figure 4.14 shows the micropore, mesopore, and total pore volumes for the catalysts at 

biomass-to-catalyst ratios of 0.5, 2.5 and 5. The micropore volumes for the two catalysts were 

similar (or slightly higher for the HZSM-5) at each sampling point, indicating that the changes in 

micropore activity of both catalysts were similar. The MFI nanosheet initially had a much higher 

total pore volume due to the mesoporosity created by the lamellar structure, and it retained a total 

pore volume equivalent to the initial pore volume of the HZSM-5. The loss of mesopore volume 
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was lower for HZSM-5 than for the MFI nanosheet. In the end, when the HZSM-5 catalyst 

contained 10% coke, the mesoporosity had decreased by 0.07 cm3/g for this catalyst whereas the 

same amount of coke decreased the porosity of MFI nanosheet by 0.13 cm3/g (at biomass-to-

catalyst ratio of 2.5). The decreased loss of mesopore volume suggests that a large fraction of 

coke on HZSM-5 is formed around the outer surface of the catalyst creating an envelope that 

prevents pyrolysis vapors from accessing the micropore channels containing active sites. For 

MFI, the coke envelope does not exist because of the increased mesoporosity. However, the 

additional accessible active sites react with vapors to form coke as the MFI nanosheet ages.  

The NH3 TPD analysis (Figure 4.13) showed similar total numbers of active sites for the 

two catalysts however this may not be an accurate measure of the accessibility to pyrolysis 

vapors. The sites may be accessible to the small-diameter NH3 but not to the larger pyrolysis 

vapor molecules. Further, the HZM-5 had a higher fraction of strong acid sites and Brønsted acid 

sites than the MFI (Table 4.4). At the biomass-to-catalyst of 2.5, the ratio of Brønsted acid sites 

to Lewis sites was measured to be 4.8 in the HZSM-5 but only 0.3 in the MFI. The remaining 

accessible acid sites in MFI may be on the surface of the mesopores, and these sites may be of 

lower acidity and contain less Brønsted acid sites and hence form coke instead of the desired 

products.21, 37 The higher coke contents for MFI could also be due to the extra space/volume 

created by the mesopores for coke to form.21, 37 Previous work showed that an optimum 

mesopore volume is required to prevent formation of coke.21 

In conclusion, the introduced mesoporosity was found to have effects on both catalyst 

lifetime and coke formation. During the deactivation process in catalytic fast pyrolysis of 

cellulose, MFI nanosheets exhibited unique activities compared to HZSM-5 with comparable 

texture properties. The introduced mesopores provided better accessibility to active acid sites so 
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that MFI nanosheet displayed longer lifetimes than HZSM-5 but formed coke. Additional 

research will be conducted in future to carefully optimize the mesopore diameters21 to allow coke 

precursors to escape the pores before forming coke, and modify the acid sites in mesopores to 

promote formation of hydrocarbons. 

4.5 Acknowledgements 

This work was performed in collaboration with the Chemical Catalysis for Bioenergy 

Consortium, an Energy Materials Network Consortium funded by the U.S. Department of 

Energy’s Bioenergy Technologies Contract No. DE-AC36-08GO28308 with the National 

Renewable Energy Laboratory. We thank Professor Don L. Williamson for assistance with 

SAXS and Professor David Diercks for support with HRTEM. 

4.6 References 

1. Armaroli, N.; Balzani, V., The Future of Energy Supply: Challenges and 

Opportunities. Angew. Chem., Int. Ed. 2007, 46, 52-66. 

2. Pacala, S.; Socolow, R., Stabilization Wedges: Solving the Climate Problem for 

the Next 50 Years with Current Technologies. Science (Washington, DC, U. S.) 2004, 305, 968-

972. 

3. Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.; Cairney, J.; 

Eckert, C. A.; Frederick, W. J., Jr.; Hallett, J. P.; Leak, D. J.; Liotta, C. L.; Mielenz, J. R.; 

Murphy, R.; Templer, R.; Tschaplinski, T., The Path Forward for Biofuels and Biomaterials. 

Science (Washington, DC, U. S.) 2006, 311, 484-489. 

4. Mukarakate, C.; Zhang, X. D.; Stanton, A. R.; Robichaud, D. J.; Ciesielski, P. N.; 

Malhotra, K.; Donohoe, B. S.; Gjersing, E.; Evans, R. J.; Heroux, D. S.; Richards, R.; Iisa, K.; 



106 

 

Nimlos, M. R., Real-Time Monitoring of the Deactivation of Hzsm-5 During Upgrading of Pine 

Pyrolysis Vapors. Green Chem 2014, 16, 1444-1461. 

5. Czernik, S.; Bridgwater, A., Overview of Applications of Biomass Fast Pyrolysis 

Oil. Energy & Fuels 2004, 18, 590-598. 

6. Elliott, D. C., Historical Developments in Hydroprocessing Bio-Oils. Energy 

Fuels 2007, 21, 1792-1815. 

7. Xu, M.; Mukarakate, C.; Robichaud, D. J.; Nimlos, M. R.; Richards, R. M.; 

Trewyn, B. G., Elucidating Zeolite Deactivation Mechanisms During Biomass Catalytic Fast 

Pyrolysis from Model Reactions and Zeolite Syntheses. Topics in Catalysis 2016, 59, 73-85. 

8. Jae, J.; Tompsett, G. A.; Foster, A. J.; Hammond, K. D.; Auerbach, S. M.; Lobo, 

R. F.; Huber, G. W., Investigation into the Shape Selectivity of Zeolite Catalysts for Biomass 

Conversion. J Catal 2011, 279, 257-268. 

9. Adam, J.; Antonakou, E.; Lappas, A.; Stöcker, M.; Nilsen, M. H.; Bouzga, A.; 

Hustad, J. E.; Øye, G., In Situ Catalytic Upgrading of Biomass Derived Fast Pyrolysis Vapours 

in a Fixed Bed Reactor Using Mesoporous Materials. Microporous and Mesoporous Materials 

2006, 96, 93-101. 

10. Adam, J.; Blazsó, M.; Mészáros, E.; Stöcker, M.; Nilsen, M. H.; Bouzga, A.; 

Hustad, J. E.; Grønli, M.; Øye, G., Pyrolysis of Biomass in the Presence of Al-Mcm-41 Type 

Catalysts. Fuel 2005, 84, 1494-1502. 

11. Antonakou, E.; Lappas, A.; Nilsen, M. H.; Bouzga, A.; Stocker, M., Evaluation of 

Various Types of Al-Mcm-41 Materials as Catalysts in Biomass Pyrolysis for the Production of 

Bio-Fuels and Chemicals. Fuel 2006, 85, 2202-2212. 



107 

 

12. Iliopoulou, E. F.; Antonakou, E. V.; Karakoulia, S. A.; Vasalos, I. A.; Lappas, A. 

A.; Triantafyllidis, K. S., Catalytic Conversion of Biomass Pyrolysis Products by Mesoporous 

Materials: Effect of Steam Stability and Acidity of Al-Mcm-41 Catalysts. Chemical Engineering 

Journal 2007, 134, 51-57. 

13. Lu, Q.; Tang, Z.; Zhang, Y.; Zhu, X.-f., Catalytic Upgrading of Biomass Fast 

Pyrolysis Vapors with Pd/Sba-15 Catalysts. Industrial & Engineering Chemistry Research 2010, 

49, 2573-2580. 

14. Hartmann, M., Hierarchical Zeolites: A Proven Strategy to Combine Shape 

Selectivity with Efficient Mass Transport. Angewandte Chemie International Edition 2004, 43, 

5880-5882. 

15. Lopez‐Orozco, S.; Inayat, A.; Schwab, A.; Selvam, T.; Schwieger, W., Zeolitic 

Materials with Hierarchical Porous Structures. Adv Mater 2011, 23, 2602-2615. 

16. Kelkar, S.; Saffron, C. M.; Li, Z.; Kim, S.-S.; Pinnavaia, T. J.; Miller, D. J.; 

Kriegel, R., Aromatics from Biomass Pyrolysis Vapour Using a Bifunctional Mesoporous 

Catalyst. Green Chem 2014, 16, 803-812. 

17. Diaz-Cabanas, M. J.; Camblor, M. A.; Liu, Z.; Ohsuna, T.; Terasaki, O., Zeolite 

Syntheses Using Linear Diquats of Varying Length in Fluoride Media. The Synthesis of Itq-8, 

Itq-10, Itq-14 and High Silica Nu-87. J. Mater. Chem. 2002, 12, 249-257. 

18. Moliner, M.; Rey, F.; Corma, A., Towards the Rational Design of Efficient 

Organic Structure-Directing Agents for Zeolite Synthesis. Angew. Chem., Int. Ed. 2013, 52, 

13880-13889. 



108 

 

19. Choi, M.; Na, K.; Kim, J.; Sakamoto, Y.; Terasaki, O.; Ryoo, R., Stable Single-

Unit-Cell Nanosheets of Zeolite Mfi as Active and Long-Lived Catalysts. Nature (London, U. K.) 

2009, 461, 246-249. 

20. Lee, H. W.; Park, S. H.; Jeon, J. K.; Ryoo, R.; Kim, W.; Suh, D. J.; Park, Y. K., 

Upgrading of Bio-Oil Derived from Biomass Constituents over Hierarchical Unilamellar 

Mesoporous Mfi Nanosheets. Catalysis Today 2014, 232, 119-126. 

21. Gamliel, D. P.; Cho, H. J.; Fan, W.; Valla, J. A., On the Effectiveness of Tailored 

Mesoporous Mfi Zeolites for Biomass Catalytic Fast Pyrolysis. Applied Catalysis A: General 

2016, 522, 109-119. 

22. Hoff, T. C.; Gardner, D. W.; Thilakaratne, R.; Wang, K.; Hansen, T. W.; Brown, 

R. C.; Tessonnier, J.-P., Tailoring Zsm-5 Zeolites for the Fast Pyrolysis of Biomass to Aromatic 

Hydrocarbons. ChemSusChem 2016, 9, 1473-1482. 

23. Na, K.; Jo, C.; Kim, J.; Cho, K.; Jung, J.; Seo, Y.; Messinger, R. J.; Chmelka, B. 

F.; Ryoo, R., Directing Zeolite Structures into Hierarchically Nanoporous Architectures. Science 

2011, 333, 328-332. 

24. Mukarakate, C.; McBrayer, J. D.; Evans, T. J.; Budhi, S.; Robichaud, D. J.; Iisa, 

K.; ten Dam, J.; Watson, M. J.; Baldwin, R. M.; Nimlos, M. R., Catalytic Fast Pyrolysis of 

Biomass: The Reactions of Water and Aromatic Intermediates Produces Phenols. Green Chem 

2015, 17, 4217-4227. 

25. Mukarakate, C.; Watson, M. J.; ten Dam, J.; Baucherel, X.; Budhi, S.; Yung, M. 

M.; Ben, H. X.; Iisa, K.; Baldwin, R. M.; Nimlos, M. R., Upgrading Biomass Pyrolysis Vapors 

over Beta-Zeolites: Role of Silica-to-Alumina Ratio. Green Chem 2014, 16, 4891-4905. 



109 

 

26. Budhi, S.; Mukarakate, C.; Iisa, K.; Pylypenko, S.; Ciesielski, P. N.; Yung, M. M.; 

Donohoe, B. S.; Katahira, R.; Nimlos, M. R.; Trewyn, B. G., Molybdenum Incorporated 

Mesoporous Silica Catalyst for Production of Biofuels and Value-Added Chemicals Via 

Catalytic Fast Pyrolysis. Green Chem 2015, 17, 3035-3046. 

27. Ravikovitch, P. I.; Neimark, A. V., Density Functional Theory of Adsorption in 

Spherical Cavities and Pore Size Characterization of Templated Nanoporous Silicas with Cubic 

and Three-Dimensional Hexagonal Structures. Langmuir 2002, 18, 1550-1560. 

28. Ravikovitch, P. I.; Neimark, A. V., Experimental Confirmation of Different 

Mechanisms of Evaporation from Ink-Bottle Type Pores: Equilibrium, Pore Blocking, and 

Cavitation. Langmuir 2002, 18, 9830-9837. 

29. Evans, R. J.; Milne, T. A., Molecular Characterization of the Pyrolysis of 

Biomass. 1. Fundamentals. Energy Fuel;(United States) 1987, 1. 

30. Jarvis, M. W.; Daily, J. W.; Carstensen, H.-H.; Dean, A. M.; Sharma, S.; Dayton, 

D. C.; Robichaud, D. J.; Nimlos, M. R., Direct Detection of Products from the Pyrolysis of 2-

Phenethyl Phenyl Ether. The Journal of Physical Chemistry A 2011, 115, 428-438. 

31. Patwardhan, P. R.; Satrio, J. A.; Brown, R. C.; Shanks, B. H., Product 

Distribution from Fast Pyrolysis of Glucose-Based Carbohydrates. Journal of Analytical and 

Applied Pyrolysis 2009, 86, 323-330. 

32. Piskorz, J.; Radlein, D.; Scott, D. S., On the Mechanism of the Rapid Pyrolysis of 

Cellulose. Journal of Analytical and Applied Pyrolysis 1986, 9, 121-137. 

33. Shin, E.-J.; Nimlos, M. R.; Evans, R. J., Kinetic Analysis of the Gas-Phase 

Pyrolysis of Carbohydrates. Fuel 2001, 80, 1697-1709. 



110 

 

34. Carlson, T. R.; Tompsett, G. A.; Conner, W. C.; Huber, G. W., Aromatic 

Production from Catalytic Fast Pyrolysis of Biomass-Derived Feedstocks. Topics in Catalysis 

2009, 52, 241. 

35. Carlson, T. R.; Vispute, T. P.; Huber, G. W., Green Gasoline by Catalytic Fast 

Pyrolysis of Solid Biomass Derived Compounds. ChemSusChem 2008, 1, 397-400. 

36. Malinowski, E. D., Factor Analysis in Chemistry. 2nd ed.; Wiley: 1991. 

37. Yu, Y.; Li, X.; Su, L.; Zhang, Y.; Wang, Y.; Zhang, H., The Role of Shape 

Selectivity in Catalytic Fast Pyrolysis of Lignin with Zeolite Catalysts. Applied Catalysis A: 

General 2012, 447–448, 115-123. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

 

CHAPTER 5 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

5.1 Abstract 

Mutilayered MFI nanosheet was synthesized, characterized and tested in cellulose 

upgrading. According to this representative mesoporous zeolite, conclusions in regard to 

evaluating effects of mesoporosity on catalyst lifetime and catalytic activity were presented. In 

addition, future perspectives from the viewpoint of synthesizing derivatives of mesoporous 

zeolites and non-zeolitic catalyst as an alternative were discussed.  

5.2 Conclusions 

Despite the numerous advances in constructing hierarchical zeolites and their derivatives 

for decades, most of the applications of these novel structures are still limited to simplified 

reactions such as methanol to gasoline reactions and cracking reactions of single species of large 

model compounds. The lack of knowledge in how well hierarchical zeolites work in real biomass 

feedstocks and why these materials work better or worse than conventional zeolites constrains a 

wider and faster promotion of the novel materials to industrial applications. This thesis work 

demonstrated that “hydrocarbon pool” mechanism can be a reference pathway to deoxygenate 

biomass pyrolysis vapors to olefins and aromatics by utilizing zeolites as catalysts, adopted from 

the well-studied methanol-to-hydrocarbons (MTH) processes in fossil feedstocks. This work 

revealed that the similarities between upgrading biomass pyrolysis vapors and upgrading fossil 

feedstocks lie in reducing oxygen contents and increasing carbon contents. We also determined 
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that similarities in utilizing zeolites as catalysts to upgrade biomass and fossil feedstocks lie in 

the rapid build-up of coke (carbonaceous by-products) on catalysts and hence, lead to the fast 

deactivation of zeolites. Therefore, it is a practical way to investigate the illusive deactivation 

mechanisms of zeolites in biomass upgrading from the well-developed mechanisms of zeolites in 

fossil fuel upgrading. 

Furthermore, this thesis work explored the activities and deactivation mechanisms of 

hierarchical zeolites in biomass upgrading. We synthesized an ultrathin multilayered MFI 

nanosheet as an example of mesoporous MFI type zeolite to study the effects of mesoporosity 

and acidity on carbon yields and catalyst lifetime. It was found that introducing mesoporosity to 

conventional zeolite structures can significantly extend the lifetime of catalysts because 

intermediates can easily diffuse into and out of the internal micropores to inhibit their 

polymerizations. In addition, mesopores had no effect on the species of products and the 

selectivity as long as the mesoporous zeolite possessed the same microporous topology as the 

conventional zeolite since the microporous structure dominates the selectivity of products.  (For 

instance, in this work both MFI nanosheet and conventional ZSM-5 had the MFI type topology). 

Meanwhile, introducing mesoporosity changed the distribution of acid sites and acid strength. 

Active acid sites were located on both internal micropores and external mesopores. It resulted in 

increased formation of coke although the lifetime of catalyst was extended.  

Overall, introducing mesoporosity to conventional zeolites not only changes the texture 

properties of zeolites (such as surface area, pore volume and pore size), but also can tune the 

distribution of acid sites. The results in this thesis work support the significance of diffusion 

limitation in the deactivation of zeolites. It is also suggested that the predominant reason for the 

observed extended catalyst lifetime is the improved accessibility to active sites caused by 
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introducing mesoporosity. The revealed mechanism of hierarchical zeolite deactivation in 

biomass upgrading can be a practical guideline to select novel hierarchical zeolites which are 

able to reach a balance of mesoporosity and acidity in order to achieve both high production and 

long catalyst lifetime in complex biomass applications.  

5.3 Future perspectives 

To date, zeolites and zeolitic structures are still considered as one main category of 

catalysts for biomass upgrading. The excellent thermal and hydrothermal stability of zeolites has 

enabled its long-lasting broad applications in industrial scale, despite of violate challenges from 

other prosperous novel porous materials such as metal-organic-frameworks (MOFs) and 

covalent-organic-frameworks (COFs) in recent decades. It still requires significant efforts in 

developing better zeolitic structures. From this perspective, there are several promising 

approaches in modifying/creating hierarchical zeolitic structures as following.  

Firstly, surfactants are one of the core factors in synthesis of zeolites. In many cases, 

surfactants are consisted of different organic functional groups. There are various possibilities in 

tuning the functional groups. For instance, this thesis work involves the structure of C22-6-6 which 

has a long alkyl chain -C22, a short alkyl chain -C6, and a structure-directing agent –

(CH3)2N
+(CH2)6N

+(CH3)2-. It will be a practical method to tune the size of mesopores by 

changing the length of long alkyl chains. It will also be promising to tune the size of micropores 

by changing the structure-directing agents to phenyl groups due to strong π-π stacking 

interactions. 

Secondly, conventional synthesis of zeolites needs harsh conditions, i.e. high 

temperatures and high pressures. It will be able to reduce the costs of commercializing zeolite 
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synthesis if milder conditions can be realized. Using ionic liquids as surfactants can be an 

approach to realize atmosphere-pressure synthesis of zeolite crystals.  

Thirdly, metal doping in zeolites is often involved in biomass upgrading. Impregnation 

method is frequently adopted to deposit metal species on the surface of zeolites. The commonly 

used metals are Pt, Pd, Mo, Ni, etc.  It will be more sustainable to create single metal site instead 

of evenly distributed metal sites, especially when precious metals are adopted.  

Finally, as an alternative candidate to precious metals, carbides have attracted more and 

more attention. Metal carbides can reach competitive catalytic activities to precious metals in 

principle. It will be an approach to incorporate metal carbides in/on zeolite structures to realize 

bi-functionalities, i.e. acid sites from zeolite frameworks and metal site from carbides.  

 

 

 

 

 

 

 



115 

 

 

APPENDIX A 

AEROBIC OXIDATIVE ESTERIFICATION OF PRIMARY 

ALCOHOLS OVER Pd-Au BIMETALLIC CATALYSTS SUPPORTED 

ON MESOPOROUS SILICA NANOPARTICLES 

A paper published on Catalysis Today, 2017, in press 

Chih-Hsiang Tsai, Mengze Xu, Pranaw Kunal, and Brian G. Trewyn 

 

A.1 Abstract 

We have prepared a series of mesoporous silica nanoparticle (MSN) supported Pd-Au 

bimetallic catalysts using a newly developed sequential impregnation method. These catalysts 

were fully characterized by various techniques including nitrogen sorption, powder X-ray 

diffraction, inductively coupled plasma mass spectrometry (ICP-MS), transmission electron 

microscopy (TEM) and the high angle annular dark-field scanning transmission electron 

microscopy (HADDF-STEM). By using this synthetic approach, we observed metal 

nanoparticles (1-2 nm) homogeneously distributed within the mesopores of the MSN. The 

catalytic performance of these MSN supported metal NPs was tested by aerobic oxidative 

esterification in a tandem reaction where primary alcohols are oxidized to their corresponding 

aldehydes and to esters in a subsequent reaction. We determined that Pd NPs are very efficient in 

the first step of oxidation; however, stagnant in the subsequent oxidation. On the contrary, Au 
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NPs show slow reactivity in converting alcohols to aldehydes, but extraordinarily efficient in the 

oxidation of aldehydes to esters.  All bimetallic catalysts exhibit better reactivity toward a variety 

of primary alcohols than the corresponding monometallic catalysts. In addition, we also found 

that the bimetallic Pd-Au@MSN catalysts can be recycled three times without a significant loss 

in activity.  

A.2 Introduction 

Selective oxidation of alcohols to the corresponding carbonyl compounds is a primary 

topic of interest in organic synthesis 1-6. The resulting aldehyde, ketone, ester and acid products 

are valuable intermediates to fine chemical, pharmaceutical and agrochemical industries 5, 7-8. 

Typically, this type of reaction is carried out in high yield using stoichiometric amounts of strong 

reagents such as transition metal oxidants or halo-oxoacids 9. However, with emerging 

environmental and economic concerns, increased effort has been focused on the development of 

new types of catalysts to enhance catalytic reactivity and reduce chemical waste. Using 

molecular oxygen as an oxidant, aerobic oxidation of alcohols catalyzed by transition-metal 

catalysts including organometallic complexes and metal nanoparticles has attracted the attention 

of researchers worldwide10-13. Among these catalysts, supported metal-nanoparticle catalysts 

show very interesting features and promising catalytic activities1, 10, 14-16. Not only can these 

heterogeneous catalysts be easily separated and recycled several times, but they also exhibit 

extremely high reactivity and selectivity even under mild reaction conditions. For example, Clark 

and coworkers have reported the synthesis of palladium nanoparticles supported on SBA-15 type 

materials that demonstrate very efficient and selective aerobic oxidation of various alcohols 14, 17. 

A quantitative yield can be reached even with a relatively-inert alkyl substrate under ambient 

conditions. In addition, Hutchings et al. developed a TiO2 supported Au-Pd catalyst which shows 
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extremely high catalytic activity in aerobic oxidation of alcohols to aldehydes 3. Later they 

demonstrated that this bimetallic catalyst can also efficiently oxidize toluene under 10 bar of 

oxygen to yield benzyl benzoate 18. More recently, Wang et al. reported a graphene supported 

Au-Pd catalyst which exhibits high catalytic activity in methanol selective oxidation to methyl 

formate 19. Qiu et al. put forward an amphiphilic hollow mesoporous shell and an Au@Pd 

bimetal nanoparticle core which shows excellent catalytic activity and stability in aerobic 

oxidation of alcohols in water 20. 

Functionalized mesoporous silica materials represent ideal inorganic supports for 

immobilizing catalysts due to their high surface area (>700 m2 g-1), defined pore structure, 

tunable pore diameter (2-10 nm) and narrow pore size distribution. It has been reported that the 

confined mesochannels can effectively control the agglomeration of metal nanoparticles 15, 21-26. 

Furthermore, surface-bound ligands/functionalities can be used to stabilize the metal NPs, whose 

high surface energy frequently leads to the aggregation of nanoparticles 17, 27-31. Several studies 

involved in supporting metal nanoparticles on the mesoporous silica materials, such as Pd, Pt, Au, 

Rh, Ir and Ru on MCM/SBA-type materials, have revealed superior catalytic performances on 

many types of chemical transformations 15-16, 32-36. The synergistic effect has also been observed 

in some bimetallic systems 1, 17, 37. For example, Chen and coworkers reported a Pd/Au bimetallic 

catalyst system exhibiting enhanced reactivity and selectivity toward the solvent-free aerobic 

oxidation of alcohols, where the Pd and Au complexes were coordinated onto the amine-

functionalized SBA-16 silica support prior to their reduction to nanoparticles 31. In another 

example, Yang et al. reported a high performance Pd/Au bimetallic catalytic system 

demonstrating hydrogenation of cinnamaldehyde 38. 
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Herein, we report the synthesis and catalytic properties for a tandem aerobic oxidative 

esterification reaction of a series of mono- and bimetallic Pd/Au catalysts supported on 

mesoporous silica nanoparticles (MSNs) through a sequential impregnation method (Figure A.1).  

 

 

 

 

 

 

 

 

 

 

This synthetic approach has shown to be effective in producing homogeneously 

distributed metal NPs inside the MSN support. We compared the catalytic performance of our 

MSN catalysts with several commercially available Au and Pd catalysts, such as Au@TiO2, 

Au@Al2O3 and Pd/C, in the aerobic oxidative esterification of benzyl alcohol in methanol. 

Interestingly, monometallic Pd@MSN catalyst exhibited high reaction conversion but poor 

selectivity, leading to benzaldehyde as the major product. On the contrary, catalysts containing 

monometallic Au showed superior selectivity to ester product but suffered from sluggish 

reactivity. Compared to their monometallic counterparts, the bimetallic Pd-Au@MSN catalyst 

Figure A.1 Schematic representation of Pd-Au bimetallic MSN catalyzed aerobic 
oxidative esterification of alcohols in methanol. 
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was more efficient in both reactivity and selectivity. An in-depth study of different substrates 

was also performed with the most efficient Pd-Au bimetallic MSN catalyst. We also tested the 

recyclability of the bimetallic Pd-Au@MSN catalyst with the aerobic oxidation of benzyl alcohol 

and did not observe a decrease in activity in until after three repeated cycles. TEM images 

suggested that the deactivation of catalyst may be attributed to the agglomeration of metal 

nanoparticles, as well as decreased ordering of the MSN support. 

A.3 Materials and methods 

A.3.1 Reagents and materials 

All chemicals were used as received without further purification. Tetraethoxysilane 

(TEOS) was purchased from Gelest, Inc. Au/TiO2 (1 wt% Au) and Au/Al2O3 (1 wt% Au) were 

purchased from Strem Chemicals, Inc. Other chemical reagents were purchased from Sigma-

Aldrich, Inc. 

A.3.2 Synthesis of mesoporous silica nanoparticle (MSN) 

The MSN material was synthesized via a previously reported co-condensation method 39-

40. Typically, a mixture of cetyltrimethylammonium bromide (CTAB, 2.0 g, 5.5 mmol) and 2.0 

M of NaOH(aq) (7.0 ml, 14 mmol) in 480 ml of deionized water was heated at 80 oC for 30 min. 

To this solution, tetraethoxysilane (TEOS, 10.0 ml, 44.8 mmol) was injected rapidly. A milky 

solution formed within 2 min post injection. The resulting reaction mixtures were stirred at 80 oC 

for 2 h. The solid product was then filtered, washed with copious amounts of deionized water 

and methanol and dried overnight under high vacuum. A hydrothermal treatment of the as-made 

MSN material was performed by soaking MSN material (3.0 g) in 20 ml of DI water. The 

reaction mixture was incubated at 100 oC for 6 h. The solid product was filtered and dried under 

high vacuum for 24 h. To remove the surfactant molecules, a solution of MSN materials (2.0 g) 
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and 2.0 ml of concentrated HCl in 200 ml of methanol was stirred at 60 oC for 6 h. The resulting 

surfactant-free MSNs were filtered, washed with water and methanol, and dried under vacuum 

for 24 h. 

A.3.3 Synthesis of Au(en)2Cl3 

The synthetic procedure of this Au complex precursor has been previously reported 29. 

Typically, ethylenediamine (0.45 ml, 6.7 mmol) was slowly added into 10 ml of aqueous 

solution of HAuCl4·3H2O (1.0 g, 2.54 mmol) until the solution turned transparent. This solution 

was stirred for 30 min at room temperature. Anhydrous ethanol (70 ml) was then added into the 

solution and a precipitate formed immediately. The solid product was filtered, followed by 

washing with ethanol and drying overnight under high vacuum. 

A.3.4 Synthesis of monometallic Pd@MSN   

Surfactant-free MSN materials (500 mg) was pre-dried under vacuum at 90 oC for 6 h to 

remove physisorbed water. To this reaction, a solution of Pd(OAc)2 (28 mg, 0.125 mmol) in 15 

ml dry toluene was injected. The reaction was stirred at 35 oC for 3 h, followed by filtration and 

wash with 300 ml of toluene and 100 ml of methanol, and dried under vacuum for 24 h to obtain 

a brownish solid product denoted as Pd-complex-MSN. The Pd-complex-MSN materials were 

then reduced by flowing H2 at a rate of 30 ml min-1 at 250 oC for 3 h to yield a gray colored final 

product (Pd@MSN). 

A.3.5 Synthesis of monometallic Au@MSN 

Typically, Au(en)2Cl3 (36 mg, 0.085 mmol) was dissolved in 60 ml of DI water. The pH 

value of this solution was adjusted by adding 1.0 M NaOH solution to reach a pH of 10.0. 

Subsequently, 500 mg of surfactant-free MSN materials were added. The pH value of this 

solution dropped to around 6 immediately due to the intrinsic acidity of the high surface area 



121 

 

silica material. By adding 1.0 M NaOH solution, the final pH value of the reaction mixture was 

tuned to 9.5. The mixture was stirred for an additional 2 h at room temperature, followed by 

filtration and wash with 300 ml of water and 100 ml of methanol, and dried under vacuum for 24 

h to obtain a yellow colored solid product denoted as Au-complex-MSN.  The reduction of the 

Au-complex-MSNs was carried out by flowing H2 at a rate of 30 ml min-1 at 250 oC for 3 h to 

yield a purple colored final product (Au@MSN). 

A.3.6 Synthesis of bimetallic Pd-Au@MSNs 

A sequential impregnation method was applied to synthesize the bimetallic MSN 

materials. The pre-synthesized Au-complex-MSN (500 mg) was dried at 90 oC for 6 h to remove 

physisorbed water molecules. A solution of Pd(OAc)2 (17.7 mg, 0.079 mmol) in dry toluene (25 

ml) was then added. The solution was stirred at 35 oC for 3 h, followed by filtration and washing 

with copious amounts of toluene and methanol, and dried under vacuum for 24 h. The reduction 

procedure was the same as previously described. By tuning the molar ratio of Pd and Au, three 

bimetallic Pd-Au@MSNs-x (where x indicates Pd/Au molar ratio) catalysts were synthesized. 

A.3.7 Aerobic oxidative esterification of benzyl alcohol for comparison of catalysts 

A mixture of benzyl alcohol (108 mg, 1 mmol), K2CO3 (138 mg, 1 mmol), and catalysts 

(0.005 mmol, 0.5 mol% metal) in dry methanol (2 ml) was prepared in a reaction tube at room 

temperature. The reactor was then purged and filled with pure oxygen (filled balloon). The 

resulting mixture was then stirred at 60 oC under an oxygen atmosphere (balloon) for 1 h. After 

completion of the reaction, the solid catalyst was filtered off and washed with methanol (2 ml x 

3). The filtrate was combined and analyzed by GC (Hewlett-Packard 5890 GC equipped with 

HP-5 column) using anisole as the internal standard. 
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A.3.8 Aerobic oxidative esterification of alcohols catalyzed by Pd-Au@MSN-1.8 

The reaction procedure is the same as previously described but with varied reaction time. 

The results were analyzed by GC (Hewlett-Packard 5890 GC equipped with HP-5 column) and 

an Agilent Technologies 7890A gas chromatograph equipped with a HP-5 column in-line with a 

5975C mass detector.   

A.3.9 Test of recyclability of Pd-Au@MSN-1.8 and Pd@MSN 

A mixture of benzyl alcohol (324 mg, 3 mmol), K2CO3 (414 mg, 3 mmol), and Pd-

Au@MSN-1.8 catalyst (66 mg, 0.5 mol% metal) in dry methanol (6 ml) was prepared in a 

reaction vessel at room temperature. The reaction mixture was purged and filled with pure 

oxygen (filled balloon). The resulting mixture was stirred at 60 oC under an oxygen atmosphere 

(balloon) for 1 h. After completion of reaction, the solid catalyst was filtered off and washed 

with methanol (2 ml x 3). The filtrate was combined and analyzed by GC using anisole as the 

internal standard. The catalyst was then recovered by washing with water (10 ml x 3) and 

methanol (10 ml x 3), and dried under vacuum for 24 h. The recovered catalyst was then used for 

subsequent runs. The recyclability of Pd@MSN followed the same procedures as described 

above, using a 0.5 mol% metal ratio of benzyl alcohol. 

A.3.10 Characterization methods 

Surface analysis of these MSN catalysts was performed by nitrogen sorption isotherms at 

77 K with a Micromeritics ASAP 2020 surface area and porosity analyzer. The surface area and 

median pore diameter were evaluated by the Brunauer Emmett Teller (BET) and Barrett Joyner 

Halenda (BJH) methods, respectively. The powder diffraction patterns of these catalysts were 

measured by Rigaku Ultima IV X-Ray Diffractometer using a Cu Kα radiation source. Low 

angle diffraction with a 2θ range of 1.5 to 10 degrees was used to investigate the long-range 
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order of the materials. High angle diffraction with a 2θ range from 10 to 90 degrees was used to 

determine the degree of crystallinity of metals inside the mesopores of MSN catalysts. Tecnai G2 

F20 transmission electron microscopy (TEM) operated at 200 kV was used to examine the 

mesostructure of materials. The metal content of these MSN catalysts was quantified by Hewlett-

Packard 4500 ICP-MS. 

A.4 Results and discussion 

A.4.1 Material synthesis 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

As illustrated in Figure A.2, the Pd-Au bimetallic MSN catalysts (Pd-Au@MSNs) were 

synthesized via a sequential impregnation method. Gold was introduced into the MSN support in 

Figure A.2 Schematic representation of the synthesis of bimetallic Pd-Au@MSN 
catalyst. 
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an aqueous solution through a deposition-precipitation method developed by Dai et al., where 

Au(en)2Cl3 was used as the precursor 29. By fine tuning the pH of the MSN suspension, 

positively charged Au complexes can be well-distributed over the negatively charged silica 

surface due to strong electrostatic interactions. Subsequently, Pd(OAc)2 was impregnated into 

the gold-containing MSN (Au-complex-MSN) in toluene, followed by moderate hydrogen 

reduction to form metal nanoparticles on the surface of MSN support. With this method, metal 

precursors are efficiently loaded onto the MSN surface without the assistance of chelating 

ligands, such as amine groups, resulting in a homogeneous distribution of metal nanoparticles. 

Several studies have disclosed that using strong ligands to bind the metal complexes could 

efficiently control the distribution and the size of metal nanoparticles 17, 22-27. However, it has 

also been reported that the ligand-assisted strategy would sometimes lead to inferior catalytic 

performance due to strong interactions between chelating ligands and the metal surface 27. In 

addition, it is also plausible that some organic ligands would participate in the reaction resulting 

in complicated systems, e.g. amine groups may be oxidized to imine or enamine under metal 

nanoparticles catalyzed oxidation reaction 41. In general, the silanol groups on the silica surface 

are not strong ligands for coordinating Pd metal. Thus, the efficiency of Pd impregnation on pure 

silica surface was usually low 41-43. However, after base-treatment the deprotonated silanol 

groups would become electron-rich and be able to effectively coordinate with the electron-

deficient Pd metal center. As a result, we found that the molar ratio of Pd and Au elements can 

be easily controlled by using our synthetic method due to the fact that the measured loading of 

metals is very close to the amount of metal precursors we initially introduced. Monometallic Pd- 

and Au@MSN catalysts were also synthesized via the same procedure for comparison of 

catalytic reactivity. 
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A.4.2 Characterization of MSN catalysts 

These mono- and bi-metallic MSN catalysts were fully characterized by various 

techniques. As shown in Figure A.3, the high angle annular dark-field scanning transmission 

electron microscopy (HADDF-STEM) images clearly show that Pd and Au nanoclusters are 

well-distributed within the mesoporous channel of all MSN catalysts. The size of metal particles 

was estimated around 2 nm by visual analysis of these images. In addition, there are no apparent 

aggregates of metals observed in any of these samples. Energy-dispersive X-ray spectroscopy 

(EDX) was also applied to determine the elemental composition of Pd-Au@MSN catalyst as 

shown in Figure A.7. Both metal elements are clearly detected in the case of bimetallic Pd-

Au@MSN catalysts; however, it is still difficult to confirm if a Pd-Au alloy, core shell or well-

separated metal clusters were formed inside the Pd-Au@MSN catalyst due to the limits on 

resolution. Figure A.4 and Figure A.5 show the powder X-ray diffraction patterns of these MSN 

catalysts. As illustrated in Figure A.4, at low angle range (2θ = 1.5-10 degree) three distinct 

peaks are observed that correspond to 2D-hexagonal patterns in all samples, indicating that the 

mesoporous structure of these MSN catalysts remained intact after the impregnation and 

reduction processes. On the other hand, at high angle range there is only one small peak at 

around 2θ = 40o which is diffracted from Au[111] and/or Pd[111] phase along with the 

characteristic broad peak of pure amorphous silica at around 2θ = 22o (Figure A.5) 44-45. This 

result implies that the sizes of the metal clusters are relatively small and no large crystalline 

domain exist, which is in a full agreement with TEM images. 

Complemented to XRD results, nitrogen sorption isotherm analyses provided the bulk-

average information of the mesoporous materials. As shown in Figure A.8, the plots obtained are 

typical type IV isotherms without hysteresis loops for all MSN catalysts. In addition, as 
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summarized in Table A.1 the synthesized catalysts exhibited an approximate BET surface area of 

900 m2 g-1, and a narrow size distribution at around 2.7 nm, which are slightly reduced when 

compared to MSN (Table 1, Entry 1). 

 

 

 

 

Figure A.3 TEM images of bimetallic MSN catalysts. Bright field (left) and dark field 
(right). A) Pd@MSN; B) Au@MSN; C) Pd-Au@MSN-1.8; D) Pd-Au@MSN-1.0; E) Pd-
Au@MSN-0.55. 
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Figure A.4 Low angle powder X-ray diffraction of MSN 
catalysts. A). MSN; B). Pd@MSN; C). Au@MSN; D). Pd-
Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55 

Figure A.5 High angle powder X-ray diffraction of MSN 
catalysts. A). MSN; B). Pd@MSN; C). Au@MSN; D). Pd-
Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-
0.55. 
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Table A.1 Summary of physical properties of supported catalysts. 

 

Entry Catalyst Pd 

(wt%)a 

Au 

(wt%)a 

Mole 

ratio 

SBET 

(m2g-1)b 

WBJH 

(nm)b 

Pore 

volume 

(cm3g-1)b 

1 MSN ------ ------ ------ 1038 3.1 1.01 

2 Pd@MSN 1.32 NA ------ 938 2.8 0.79 

3 Au@MSN NA 1.63 ------ 878 2.7 0.76 

4 Pd-Au@MSN 

(1.8:1) 

1.57 1.59 1.82 865 2.7 1.77 

5 Pd-Au@MSN 

(1:1) 

1.15 2.17 0.97 873 2.7 0.81 

6 Pd-Au@MSN 

(1:1.8) 

0.84 2.89 0.54 883 2.7 0.80 

7 Au@TiO2
c NA 1 ------ 40-50 NA ------ 

8 Au@Al2O3
c NA 1 ------ 200-260 NA ------ 

9 Pd on activated 

charcoalc 

5 NA ------ 868 NA 0.54 

 

aThe metal content was determined by ICP-OES analysis. bSpecific surface area (SBET) and mean 
pore diameter (WBJH) were obtained from nitrogen sorption analysis. The specific surface area 
was calculated by BET method and the mean pore diameter was calculated by BJH method. 
cInformation acquired from manufacturers' websites. 
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Table A.2 Comparison of catalytic performance of catalysts on aerobic oxidative esteri-
fication of benzyl alcohol. 

 

 

 

 

Entry Catalyst Conversion 

(%)b 

Yield (%, ester)c Selectivityd 

1 Pd/C 88 49 55.7 

2 Pd@MSN 89 43 48.3 

3 Au@MSN 38 37 97.3 

4 Pd-Au@MSN-

1.8 

>99 >99 >99 

5 Pd-Au@MSN-1 85 83 97.6 

6 Pd-Au@MSN-

0.55 

61 60 98.4 

7 Au@TiO2 31 30 96.7 

8 Au@Al2O3 39 39 >99 
 

aReaction condition is detailed in the experimental section. Reactivity results were 
determined by GC-FID using anisole as the internal standard. bPercent conversion of 
benzyl alcohol. cPercent yield of benzyl benzoate. dYield/conversion x 100%. 

[catalyst]
a 

[catalyst]
a 

O2 , CH3OH 
K2CO3 

O2 , CH3OH 

K2CO3 



130 

 

These results also suggest that the formed Pd and Au nanoparticles do not block the 

mesoporous channel of MSN catalysts, assuring the accessibility of the catalytic metal 

nanoparticles inside the mesopores. The actual loading of metal content of these MSN catalysts 

was determined by ICP-OES analysis and the results were summarized in Table A.1. The 

measured loading is very close to the amount introduced, indicating this sequential impregnation 

method is very efficient and easy to control the molar ratio of Pd and Au. 

A.4.3 Catalytic results 

To compare catalytic performance of the mono- and bi-metallic MSN catalysts with 

commercially available solid supported gold and palladium catalysts, the aerobic oxidative 

esterification of benzyl alcohol was carried out in methanol at 60 oC with 0.5 mol% catalyst and 

one equivalent amount of K2CO3. As shown in Table A.2, the bi-metallic Pd-Au@MSN-1.8 

catalyst exhibits the highest catalytic reactivity among all catalysts tested here, which results in a 

full conversion of benzyl alcohol to yield the ester product quantitatively in 1 h. It is interesting 

to note that all Pd-containing catalysts (Table A.2, Entry 1-6) show higher benzyl alcohol 

conversion than monometallic Au catalysts (Table A.2, Entry 3, 7-8). However, monometallic Pd 

catalysts (Entry 1-2) suffer from poor selectivity with a yield of only 50% methyl benzoate. On 

the contrary, reactions catalyzed by Au-containing catalysts exhibit better selectivity to the ester 

product. The major byproduct is benzaldehyde, which is the intermediate of this tandem 

oxidative reaction. These results directly suggest that Pd catalysts can effectively catalyze the 

oxidation of benzyl alcohol to form benzaldehyde but they are retarded in converting 

benzaldehyde to methyl benzoate. Compared to palladium, supported Au catalysts are very 

selective toward this reaction. The high selectivity of Au catalyst can be attributed to its high 

catalytic efficiency on the oxidative esterification of aldehyde, while the in situ generated 
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benzaldehyde would be rapidly converted to methyl benzoate 46-48. The rate determining step 

(RDS) of gold catalyzed aerobic oxidation reaction of alcohol has been reported to be the 

dehydrogenation of the alcohol to form its corresponding aldehyde 46. Therefore, the slow RDS 

at the first step of the oxidation reaction limits the overall catalytic performance of monometallic 

supported Au catalysts. Comparing the catalytic performance of three bimetallic MSN catalysts, 

we can clearly observe a trend that catalysts with higher Pd to Au ratio lead to higher reactivity. 

In addition, the bimetallic Pd-Au@MSN-1.8 catalyst appears to be more efficient than 

monometallic Pd catalysts (Entry 4-6) in terms of benzyl alcohol conversion, suggesting a 

synergistic effect which supports previous reports 1, 17, 37, 49-51. It is also interesting to note that 

Au@MSN shows comparable reactivity with Au@Al2O3 and Au@TiO2 since SiO2 has been 

reported to be poorer support than Al2O3 and TiO2 in the case of oxidation of benzyl alcohol 52-55. 

This may be attributed to the large surface area of MSN, around 4 and 10 times higher than 

Al2O3 and TiO2 respectively; providing better diffusion of substrates and accessibility to the 

catalyst. Based on the abovementioned results, we have demonstrated the bimetallic Pd-

Au@MSN catalytic system can significantly enhance the reactivity of the aerobic oxidative 

esterification of benzyl alcohol. Further interests on metal-metal interaction, metal-support 

interaction and metal size effect in determining the catalytic performance are still under 

investigation.   

Several examples of aerobic oxidative esterification catalyzed by Pd-Au@MSN-1.8 are 

summarized in Table A.3. Most aromatic alcohols containing both electron-donating and 

electron-withdrawing groups in the para-position were converted to the corresponding methyl 

esters in high yields (entry 1-3, 5 and 7). Heteroaromatic 2-pyridyl methanol and cinnamyl 

alcohol (entry 6 and 11) were also oxidized to the corresponding methyl ester in decent yields. 
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On the contrary, the oxidation of aliphatic alcohols needed extended reaction time to achieve 

moderate yields (entry 8-9). The poor reactivity of aliphatic alcohols could be due to slow 

oxidation of the first step of the reaction since we did not observe the formation of the 

intermediate aldehyde after the reaction. It is noteworthy that p-chlorobenzyl alcohol was not 

oxidized to its corresponding ester or aldehyde (entry 4). Instead, the major product was methyl 

benzoate (63% yield). This result implies that an oxidative insertion reaction followed by a 

reductive elimination occurred along with the aerobic oxidative esterification reaction of the 

alcohol. It has been well documented that Pd nanoparticle catalysts can efficiently catalyze 

Suzuki coupling reactions 56-58. However, this phenomenon is not usually seen in most of aerobic 

oxidation reaction conditions. Therefore, this result suggests that our Pd-Au@MSN catalyst may 

have potential in catalyzing oxidative coupling reactions. In most cases, the major byproducts are 

the corresponding aldehydes. However, in the case of methyl 4-(hydroxymethyl)benzoate (Entry 

7) the only byproduct observed was methyl 4-methyl-benzoate instead of the aldehyde 

intermediate, which may result from a dehydroxylation reaction. This observation supports the 

reaction mechanism proposed by Hutchings et al., in which hydrides were generated in situ on 

the metal surface even under reaction condition with oxygen atmosphere 59. 

The fidelity of heterogeneous catalysis in the case of Pd NPs catalyzed reaction is still in 

debate. It has been suggested that palladium nanoparticles would serve as reservoirs which 

release the Pd atoms to the solution and catalyze the reaction homogeneously 60. In addition, 

catalyst leaching has always been a concern of supported metal catalysts. To rule out the 

contribution of homogeneous catalysis, the reaction with benzyl alcohol was conducted in the 

presence of Pd-Au@MSN-1.8 for 30 min to obtain a conversion of 78% and a yield of 63%. The 

solid catalyst was then hot-filtered and the reaction solution was transferred to another reaction 
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vessel containing K2CO3. The catalyst-free solution was then stirred at 60 oC under O2 

atmosphere for additional 24 hours, but no further reaction took place. In addition, the reaction 

solution was subsequently analyzed by ICP-OES and no metal (Pd and Au) species were 

detected within the detection limit. Hence, these results suggested that the supported Pd and Au 

nanoparticles were indeed securely confined inside the mesopores of MSN material and would 

not leak to the solution during the course of the reaction.  

 

 

 

 

Figure A.6 Recyclability test of Pd-Au@MSN-1.8. Reactions were carried out 
under 60 °C for 1h with 0.5 mol% Pd-Au@MSN-1.8. 
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Table A.3 Catalytic performance of Pd-Au@MSN-1.8 in the oxidation of various alcohols.a  

 

 

Entry Substrate Conversion 

(%)b 

Yield 

(%, ester)c 

Selectivityd 

 

1  

 

100 

 

100 

 

100 

 

2  

 

100 

 

100 

 

100 

 

3 
 

 

100 

 

100 

 

100 

 

4e 
 

 

81 

 

11 

 

13.5 

 

5 
 

 

93 

 

65 

 

70 

 

6  

 

100 

 

76 

 

76 

 

7f 

 

 

100 

 

86 

 

86 

OH

OH

OH

MeO

OH

Cl

O2N

OH

OH

HO

O

O
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Table A.3 Continued 

 

 

8g  

 

72 

 

72 

 

100 

 

9g  

 

56 

 

56 

 

100 

 

10h  

 

98 

 

92 

 

93.8 

 

11h  

 

100 

 

100 

 

100 

 

 

aReactions were carried out at 60 °C for 4 h with 0.5 mol% Pd-Au@MSN-1.8 and 0.5 M 
substrate concentration in methanol. Reactivity results were determined by GC-MS using anisole 
as an internal standard. bPercent conversion of benzyl alcohol. cPercent yield of benzyl benzoate. 
dYield/conversion ×100%. eMethyl benzoate is the major product. fMethyl 4-methylbenzoate is 
the major product. g20 h reaction time. hReactivity determined by NMR with p-xylene as internal 
standard. 
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Figure A.7 Selective area of EDX analysis of Pd-Au@MSN-1.8. a). dark-field TEM images of 
Pd-Au@MSN-1.8; b). element analysis of point 1; c). element analysis of point 2; d). element 
analysis of area 1. 
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Figure A.8 Nitrogen sorption isotherms of MSN catalysts A). MSN; B). 
Pd@MSN; C). Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-
Au@MSN-0.55. 
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Figure A.9 BJH pore size distributions of MSN catalysts A). MSN; B). Pd@MSN; C). 
Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55. 
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Figure A.10 TEM images of recycled Pd-Au@MSN-1.8 after three runs. A). Bright field image; 
B). Dark-filed image. 
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Figure A.11 Recyclability test of Pd@MSN. Reactions were 
carried out under 60 °C for 1 h with 0.5 mol% Pd@MSN. 
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To test the recyclability of this bimetallic MSN catalyst, an aerobic oxidative 

esterification with benzyl alcohol was performed in the presence of Pd-Au@MSN-1.8 catalyst. 

Figure A.4 shows the recyclability of the MSN catalyst for four cycles. Both conversion and 

yield were maintained as >99% in the first two cycles. They started dropping during the third run 

and declined significantly for the next cycle. As a comparison, in the recyclability test of 

Pd@MSN shown in Figure A.9, the conversion and yield decreased dramatically from the 

second cycle. To investigate the catalyst deactivation, Pd-Au@MSN-1.8 catalyst was examined 

by TEM after the third cycle. As shown in Figure A.7, the mesostructure of MSN is less defined 

and its original 2d-hexagonal mesopores has been converted to a wormlike structure. This 

deformation of MSN support would likely reduce the accessibility of catalytic sites inside the 

MSN, causing the decline in reactivity. Another STEM mode image, also shown in Figure A.7, 

shows that the metal nanoparticles are mostly confined within the mesopores after three runs of 

reactions even though some small agglomerates are sporadically observed. This is also evident 

that mesoporous silica is a good solid support, preventing the supported metal clusters from 

agglomeration due to its confined mesoporosity. 

A.5 Conclusions 

A series of MSN supported Pd-Au bimetallic NPs as catalysts for aerobic oxidative 

esterification has been synthesized through a sequential impregnation method. We have shown 

that samples prepared by this approach exhibit homogeneously distributed metal nanoparticles 

within the mesopores. The Pd-Au bimetallic catalyst reveals the superior catalytic reactivity and 

selectivity over all of monometallic catalysts including commercial available Pd/C, Au@TiO2 

and Au@Al2O3. The reaction kinetics and mechanism were also discussed. In addition, a great 

scope of primary alcohols has been tested, and shown quantitative yields in most cases, 
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indicating a general application of our Pd-Au@MSN catalyst. For recyclability, we have found 

that these MSN catalysts can be reused three times without losing activity.   
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