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Abstract

The paradigm shift in recegears towards the use of renewable sources of energy to fuel
economies around the world is primarily due to the limited availability of conventional sources
such as fossil fuels, coal and methane. Global concern about climate change and air pollution
relaed to the use of these fuels has also created the need to identify and utilize nesuthben
sources of energy. Lignocellulosic biomass is one such camaaral source of energy, which
could be converted through catalytic fast pyrolysis (CFP) to proghesy in the form of syngas,
hydrocarbon fuels and chemicals that can significantly reduce our dependence on crude oil and
greenhouse gas emissions. However, economical conversion of biomass to produce fuels and
chemicals of consistent quality is affedtéue to the innate variability in different types of biomass,
specifically due to changes in its moisture content, bulk and particle density, carbohydrate content
(cellulose and hemicellulose), lignin content and ash composition (alkali and alkalinenetaith
or AAEMs) among other factors. This dissertation is an effort to understand some of the sources
of variability in biomass and its ultimate impact on the downstream conversion process to produce
renewable transportation fuels. A brief introductiontiie background information of this study,
including the motivation to pursue renewable-besed resources and the rationale behind this

work is discussed in Chapter 1.



The effect of variability in the ash composition of biomass on the primary oeakdf
its constituents (cellulose, hemicellulose and lignin) and its subsequent influence on catalytic fast
pyrolysis is elaborated in Chapter 2. In order to understand the individual influence of different
AAEMSs, biomass was doped with various levelshaise metals and was subsequently converted
to various products of pyrolysis in a miereactor. From this study, Mg was revealed to be
relatively inert, while Ca, K and Na showed a stronger catalytic activity by influencing the
pathways of thermal degraittan of biomass. CFP product distribution was also influenced due to
the presence of higher levels of Ca, K and Na in the biomass, resulting in changes in the selectivity
of the products towards the formation of undesirable-prdelucts (thermalkgerived char and

noncondensable gases) at the expense of the yield of aromatic hydrocarbons.

During biomass pyrolysis, the fate of various AAEMs after pyrolysis has been studied
extensively and these metal species have been reported to volatilize andlatcwn the surface
of the catalyst. Chapter 3 discusses the influence of these individual AAEMs on the functionality
of the CFP catalyst during pyrolysis. ZSMcatalyst was deactivated by different levels of Ca, K
and Na and the resulting changes i@ properties of the catalyst are reported. Changes in the
surface area and acidity of the catalyst due to deactivation by the individual AAEMs were
correlated to the observed loss in activity when the catalysts were used in CFP experiments. Higher
levels d deactivation (2, 5 wt.% of K or Na) were observed to render the catalyst completely

inactive and resemble an inert material during CFP.

Lignin, one of the major components of biomass, varies in composition between different

biomass species. Chapter idalisses the effect of thermal pretreatment (torrefaction) on lignin as



well as the resulting structural changes and its influence on the product distribution from pyrolysis.
Organosolv lignin extracted from woody biomass (pine) and herbaceous biomashdags)

was torrefied at different temperatures (150 i°@25 °C), and the torrefied lignins were
characterized to study the changes in the structure, which revealed the polycondensation and de
methoxylation of the aromatic units of lignin. Significatiaoges to the product distributions and
selectivity from norcatalytic pyrolysis as well as CFP experiments are also reported in this
chapter, which revealed that torrefaction could be detrimental to achieving a higher aromatic
hydrocarbon yield from ligm. Finally, an overall summary and directions for future researchin

this field are presented in Chapter 5.
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1. Introduction

Transportation fuels produced from renewablesesiof energy can significantly reduce the
stress on fossil fuels to power the global economy. The drive to identify and develeffectsie
and carbon neutral alternatives to fossil fuels has resulted in the increased interest in solar,
hydroelectricwind, geothermal and nuclear power plants. However, hydrocdréeed fuels are
still required to meet our growing demands for transportation, specialty chemicals, lubricating oil,
hydraulic fluids. Biomass is one of the solutions primarily due to itsaraneutral nature, since
the carbon dioxide released into the atmosphere during combustion is offset by the absorption of
carbon dioxide by plants through photosynthesis during their grolvis. a sustainable and
renewable sourceapable of yielding petleum like hydrocarbon produdisr liquid fuels andor
conversion into chemicalsvhich can meet the energy demand without having adverse effects on
the environmen{2]. It is seen as an excellent renewable feedstock because it is balla@tun
and inexpensivé3]. The billionton study by the United States Department of Energy states that
biofuels produced from renewableusces such as biomass could replacetbimes of the annual
consumption of fuels in the United Stafd$. Further, the United States Energy Independence and

Security Act of 2007 mandates the production of 36 billion gallons of biofuels per year by 2022.

Several pathways (thermocheai, biochemical and catalytic) have been proposed for the
conversion of biomass to produce hydrocarbon fuBlgufe 1.1). Although the biochemical
conversion pathway of biomass to ethanol through fermentatiobdtamsne commercially viable
and is being developed in a large scale, achieving the targeted 36 billion gallons per year requires

utilizing all the available biomass resources such as forest residues, energy crops, herbaceous
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grasses, eftc. It is also impdive that other supporting cesftfective technologies are developed,
which can convert these wide range of biomass feedstocks into liquid4unetker disadvantage

of producing biofuels through the fermentation pathway is the competition betweemridod
energy needs, leading to a high demand for arable land and directly contributing to the rise in food
prices. Increasing prices of sugarcane and corn in the Brazil and US have been attributed to the
demand for these crops for food and energy produsiimaltaneously[5]. This crates a need to
produce renewable biofuels from fast growing forest based biomass resources which does not
compete with the availability of land for food cultivatig6]. The thermochemical pathway,

particularly pyrolysis and gasificationeattractive in this regard since they can utilize a wide



range of biomass species as feedstocks and cdevatoped throughout the wonhdthout over
dependence on a particular biomass.

Among the thermochemical processasjversion through fast pyroigshas been touted
as one of the most promising technologies, since it directly produces a high yield of liquid product
known as bieoil or bio-crude[7-9]. In fast pyrolysis, biomass is converted in the absence of
oxygen to produce bichar, norcondensable gases and Hoibas products. A detailed literature
review, including the classification of types of pyrolysis, influence of various operating parameters
(residence time, temperature, heating rate, particle size), reactor configurations and catalytic
upgrading has been described in | i tfEisure as
process has been investigated extensively by researchers, since-thiecbidd potentially be
upgraded to produce renewablengportation fuels by using existing infrastructure in the

hydrotreating, hydrocracking and catalytic cracking operations in the petroleum indiistiy].

Ll [
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Figure 1.2. Functional groups typicaly observed from GGMS analysis o
bio-oil from pyrolysis



However, one of the key challenges to biomass pyrolysis is the complex chemical
composition of bieoil. During pyrolysis, rapid heating and fragmentation of the individual
biomass components €kulose, hemicellulose and lignin) produces a pyrolysis vapor composed
of active free radicals, which subsequently condense to form theilbiath a wide range of
compounds with functional groups such as phenols, carboxylic acids, esters, furanss, ketone
aldehydes and water. The physical and chemical properties-oilbiisted inTablel.1, are also
different from the conventional fuels, primarily due to the complex chemical composition- of bio
oil, whose compnent species tend to react further until they reach thermodynamic equilibrium
[13]. Operating parameters such as temperature, heating rate, residence time, reactor configuration

as well as the composition of biomass can influence the propertiesoil biatained.

Table 1.1. Propeties of bicoil compared to conventional fuels

Properties Unit Bio-oll Diesel Hea(\)?( =
Density ko/mat 1 1220 854 963
Cog’gg:s?t'ion % C 485 86.3 86.1
% H 6.4 12.8 11.8
% O 42.5 - -
% S - 0.9 2.1
Viscosity cSt at 13 2.5 351
Flash point e C 66 70 100
Water % wt 20.5 0.1 0.1
LHV MJ/kg 17.5 42.9 40.7
Acidity pH 3 - -




Potential applications are limited for bal due to its high oxygen content, viscous and
corrosive nature as well as due to it low heating value and poor stabhitsh creates the need to
deoxygenate bioil (upgrade) to produce a producithvgreater heating value, better stability].

A review of the major upgrading techniques, including the use of various chemical catalysts such
as zeolites and metal oxides has been described previgu$ly 13, 15-18]. Catalytic upgrading

of the pyrolysis vapor enableset conversion of bimil to different end products, including value
added chemicals such as alkanes, olefins, hydrogen, gasoline range aliphatic and aromatic
hydrocarbongd19]. Catalytic upgrading is considered promising, since it involves low operating
costs and also due to the wide range of catalysts available to produce high quality fuel and chemical

products through pyrolysis.

1.1.Rationale

Figure 1.3 shows the projected supply of biomass resources in the USA by the year 2022. It is
clear that the average price for the biomass feedstocks, depicted by the black line is significantly
lower than the price of obtaining equivalent ofitees of just a particular feedstock. It is quite clear

that there is a strong need for biorefineries to use multiple feedstocks for conversion at the same
time, as the cost per dry ton of using a single feedstock increases. Also, it reduces the dgpenden
of the biorefinery on the availability of any one particular biomass and thus enables continuous
supply of feedstock throughout the year. However, the use of different biomass feedstocks could
have an impact on the bmil yield as well as the composi, thereby affecting the ability of the
biorefinery to produce a product of consistent characteristics. There is a clear need to understand
how important parameters that vary between different biomass species affect the overall

conversion of biomass toghendproducts.
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The fraction of hemicellulose, cellulose and lignin naturally varies from one biomass type to
another and since they undergo pyrolysis differently and make varying contributions to the gas,
liquid and char yield, it has a significantfezft on the pyrolysis yield with respect to the product
composition[20]. The physical properties of the biomass such as particle size, shape also have an
influence due to their effect on heating rf2d]. The size of biomass particles in pyrolysis also
varies according to the type of reactor in (i8&24]. Auger reactors, circulating fluidized bed
reactors and ablative pyrolyzer can handle larger size feedstock (upto 6mm) whereas fluidized bed
and entrained flow reactors require a smaller particle size (< 2@8h)When biomass pyrolysis
Is employed at a commercial scale process, some of these parameters such as particle size, bulk

density, particle density, heating rate and moisture content could be normalized in such a way that
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Figure 1.3. Biomass supply projections for feedstock prices between
$20 and $200/dry ton in 20221]

it does not vary between differeloiomass feedstocks before they are converted.



However, the composition of biomass with respect to its carbohydrate and lignin content, ash
content and composition are factors that are not controlled and can seriously impact the economics
of conversion tgproduce useful end products. For example, the ash content of woody biomass
feedstocks is generally low (~0150 %) whereas the herbaceous feedstocks such as switchgrass
can have much higher ash contents (up to 5%), which could influence the yield atydadulaé
bio-oil. Concurrently, herbaceous feedstocks also have lower lignin content (~15 %) than woody
biomass (~30%), which could change the properties of theoibjeroduced[1]. Further, the
changes in composition of biomass could also impact its behavior during pretreatment processes
before pyrolysis. For instance, biomass torrefactt@s been reported recently by several
researchers as a promising pretreatment technique to improve the O/C ratio of biomass and also
improve the yield of aromatic hydrocarbons from catalytic fast pyrolysis. However, while the
behavior of cellulose and haellulose during torrefaction is widely understood, the influence of
this thermal pretreatment on lignin is not clear and it is possible that this process could also be

affected by the natural variation in biomass.

1.2.Research Objectives

The overall objetive of this study was to study the impact of variations in ash content,
composition as well as lignin content on the pyrolysis and catalytic pyrolysis of biomass to
produce renewable transportation fuels. This overall objective was accomplished by three

specific objectives listed below:



1.2.1. Objective 11 To understand the dfect of alkali and alkaline earth metals on insitu

catalytic fast pyrolysis ofbiomass

1.2.2. Objective 2- Influence of biomass inorganics on the functionality of HZSMb5 catalyst

during in-situ catalytic fast pyrolysis of biomass

1.2.3. Objective 3- Effect of torrefaction temperature on lignin macromolecule and product

distribution from fast pyrolysis of biomass

These objectives were studied and present#fie chapters 2, 3 and 4 respectivBlgsed on
th findings from these studies, an overall summary and directions for future research in this field

are presented in Chapter 5.
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2. Effectof alkali and alkaline earth metals onin-situcatalytic fast pyrolysis of
lignocellulosic biomassi A micro-reactor study

Abstract

In-situ catalytic fast pyrtysis (CFP) is considered as a promising pathway to produce aromatic
hydrocarbons from lignocellulosic biomass. However, the presence of variable amounts of
inorganic ash in biomass in the form of alkali and alkaline earth metals (AAEMS) is a concern
while usingin-situcatalysts because AAEMs could influence product distribution from CFP while
also being a major reason for catalyst deactivation. In this study, the effect of four alkali and
alkaline earth metals (K, Na, Mg and Ca) commonly found in biomzss investigated to
understand their individual influence on the fate of primary pyrolysis products as well as their
effect on the selectivity of products from-situ CFP using ZSMb catalyst. Experiments were
performed in a micrgeactor (PYGC/MS) with ZSM-5 catalyst using AAEMmpregnated
biomass. It was found that the type of AAEM as well as the concentration were significant, with
Mg appearing to be relatively inert when compared to the stronger catalytic activity of K, Na and
Ca. The influence of ABMs on the formation of pyrolysis products from cellulose,
hemicellulose, lignin and its subsequent influence on CFP is discussed. Frerataigtic
pyrolysis experiments, even the lowest concentration of AAEMs (0.1 wt.%) was observed to have
a significam influence on the thermal decomposition behavior of biomass, promoting the formation
of lower molecular weight cellulose and lignilerived products. AAEMs were found to be
influencing CFP product distribution by reducing the carbon yield of desired taoma
hydrocarbons and olefins, while it accelerated pathways resulting in increased yields of thermally
derived char and necondensable gases. The effect of AAEMs on CFP followed the order: Na >

K> Ca > Mg.
10



Keywords:Biomass, Catalytic Fast Pyrolysisf@), Ash, AAEM, I+situ

2.1. Introduction

Lignocellulosic biomass is a renewable source of organic carbon which has been studied
extensively in recent years to produce biofuels and biochenicdls The abundance of dgfrent
types of biomass around the world gives it the potential to augment as well as compete with
conventional sources of fuels and chemi¢a]sFast pyrolysis is a process which involves thermal
breakdown of biomass constituents (cellulose, hemicesibubnd lignintilizing high temperature
(400600 eC), short vapor residence time (<2s) ar
to produce high yields of liquid (commonly known as-bit) along with gas phasgroducts and
solid charf{6]. However, bieoil from pyrolysis suffers from several drawbacks such as high water
content (1530%), oxygen content (300%), high viscosity and a relatively lower heating value
(17-20 MJ/kg) when compared to fossil fuglg.

In-situ catalytic fast pyrolysis (CFP) using zeolite catalyst is considered as a promising
pathway to obtaiaromatic hydrocarbons from biomass, which can subsequently be upgraded with
relative ease using conventional-i hgdtoangpoi n
fuel [8-11]. Zeolite catalysts suppress reactions during pyrolysis that resuiygenated
compounds such as sugars, acids and PAHs (polyaromatic hydrocarbons) by eliminating oxygen
through decarbonylation, decarboxylation and dehydration reactions, while promoting the
reactions that result in products such as aromatic hydrocarblemsaciual composition of bioil
produced from CFP is highly dependent on a number of factors such as operating temperature,

catalyst to feed ratio and the properties of the catalyst such as acidity, pore size and the presence
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of promoters. In addition, ¢hproperties of biomass feedstock used can affect the chemistry as well
as operability of a CFP process.

Despite the numerous advantages offered by the process, commercialpstoafgoduce
bio-oil economically is faced with a major challenge due érthpid deactivation of the catalyst
used in CFP. While conventional FCC (fluid catalytic cracking) catalysts are regenerated by
burning off the coke through high temperature oxidation, CFP catalysts are additionally
deactivated by the deposition of alkalnd alkaline earth metals (AAEM$)2]. Deactivation
usually occurs due to the coke and metals blocking the pores of the catalyst or pdigoaciye
sites on the surface of the catalyst in addition to chemical and mechanical degradation of the
catalyst. Thus, conventional FCtgpe regeneration only restores partial activity of the CFP
catalyst, and it results in a gradual loss of activity and selectivity for the desired CFP pfb@lucts
13, 14] The AAEMs (e.g. Ca, K, Mg and Na) that cause this desttin are contained in the
biomass feedstock and are important to the plant as nutrients during the growth phase. These
mineral nutrients are a part of the biomass structure, bound at hydroxyl and/or phenolic groups in
the form of cations or as a sglb]. Depending on the type of biomass, the inorganic content could
range from 0.5% upto 15946, 17] The operating temperatures used in CFP is not sufficient to
volatilize the AAEMs, and they are retained on the char/catalyst surface in the f@&¢tdn
addition to contributing to catalyst deactivation, AAEMs are also known to influence the product
distribution from pyrolysis, by affecting the fate of primary biomass decomposition products and
secondary vapor phase reactions during ¢ER22]. Sodium ad potassium have also been
known to impact slagging, fouling and corrosion characteristics. Although biomass washing with
water or acids has been suggested among other methodsteesaprent techniques to reduce the

effect of these minerals, it has bedtown to influence the chemical composition of-bibwhile
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more severe pretreatments of biomass have been known to cause hemicellulose deff8dation
25].

Several studies over the last decade have investigated the influence of these AAEMs on
biomassHowever, broad classification of the products asdilpchar and noitondensable gases
accompanied by the influence of secondary reactions makes it hard to systematically understand
the influence of AAEMs on pyrolysis chemistry. Shafizadeh e{28l] observed that higher
content of inorganics in the biomass promoted secondary reactions resulting in the breakdown of
higher molecular weight compounds during pyrolysis, while also affecting the yield of volatiles,
gas and char. Studies using model compouedscellulose have reported high levels of alkali
metal content promoting cellulose ring scission, resulting in the formation of lower molecular
weight compounds such as hydroxyacetaldehyde, formic acid, furaldehyde, HMF, whereas the
removal of alkali meta has been shown to favor the formation of levoglucosan through
depolymerization of cellulod&9, 27, 28] While there have been some studies which have focused
on the effects of these inorganic minerals on-catalytic pyrolysis, there are very few dies in
the literature on the effect of these AAEMSs iorsitu CFP of biomas$l4, 28] This study was
performed with the hypothesis that different inorganic minerals (Ca. K, Mg, Na) would have a
distinct influence on the product distributioniofsitu CHP, depending on their abundance in the
biomass feedstock used. Noatalytic fast pyrolysis anah-situCFP experiments were performed
in a microreactor with Ca, K, Mg and Na added to the biomass at different concentrations (0.1,
0.5, 1 and 2.0 wt.%) tonderstand their effect on product distribution and composition ebiio

produced from pyrolysis.
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2.2. Materials and methods
2.2.1. Materials

The biomass used in the experiments was soutbee Pine wood chips were obtained
from a local wood chiping plant in Opelika, Alabama. The wood chips were first air dried for 72
h and a hammer mill (New Holland Grinder Model 358) fitted with a 1.58 mm (1/16 in.) sized
screen was used to grind the sampld®e sawdust was sieved using a 200 m&ghum) andthe
fraction that passed wased for pyrolysis experiments in this study. Four concentrations (0.1, 0.5,
1, and 2 wt.% of biomass) of metals were loaded in the biomass. To obtain the required
concentration of Na, K, Mg and Ca on biomass, appropriateitigarf the metal oxides (NaOH,
KOH, MgO and CaO) were dissolvedin 100 ml of DI water and added to 3g of biomass in a plastic
centrifuge tube. Once the biomass samples were thoroughly soaked, they were frozen using liquid
nitrogen. The frozen samples wedeept in a freeze drier for several days to remove the moisture.
The dried samples were then used for all subsequent analysis and experiments in this study.

The volatile matter, moisture and ash content were performed according to ASTM
standards E87E872 and E1755, respectively. An oxygen calorimeter (IKA, model C2000) was
used for measuring higher heating value (HHV) of the biomass. Elemental composition of the
biomass was analyzed using a CHNS/O analyzer (R&tkner, model CHNS/O 2400).
Componenh analysis to measure the extractives, cellulose, hemicellulose and lignin contents of the
biomass was performed according to Laboratory Analytical Procedure (LAP) developed by
National Renewable Energy Laboratdi39]. Alkali and alkaline earth metals /M) was
analyzed for the biomass samples using ICP analygis. catalyst used in tha-situ CFP
experiments was a commercially available HZSMatalyst (CBV 2314 with a SHAI ;05 ratio

of 23:1, Zeolyst, USA). The catalyst was sieved using a 200 nigshn{) sieve, and the fraction
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that was retained on the sieve was discarded. Catalyst particleassadpghrough the sieve was

then calcined for 5 hours at 550 eC in a muff]l
to use. To prepare the biomass/catalyst mixturenfasituCFP experiments, 50 mg of the biomass

and 450 mg of the catalystere mixed using an ultrasonic bath (VWR Scientific, catalog no.
97043960) to get a mixture having a biomass to catalyst ratio of 1:9. A microbalance with

sensitivity of 0.001 mg (Metller Toledo, XP6) was used to measure the sample weight.

2.22. Experimental procedure

Pyrolysis experiments were performed on a Tandem rmngaotor system (Frontier
Laboratories, R®B050 TR) connected to a gas chromatograph (Agilent Technologies, 7890A).
Figure 2.1shows a schematic diagram of the system usdusrstudy, with two quartz pyrolysis
tube reactors (4.7 mm ID, 114 mm length) arranged in series with independent temperature control
between 48 0 0 ¢ C. |t is also equipped with an i nd
between the two reactors toepent condensation of pyrolysis products. Deactivated stainless steel
sample cups were used to load the samples into the reactor. The sample cups were purged in helium
gas flow for 45 seconds and then dropped into the pyrolysis reactor (drop time-26f 15
millisecondg19]). Helium was used as the carrier gas to sweep the products of pyrolysis from the
first reactor into a GEMS for analyzing the product composition. In the qaalytic experiments,
0.5 mg biomass was pyrolyzed in the first reactor, hadsecond reactor was empty. Hoisitu
CFP experiments in this study, approximately 5 mg of the biomass/catalyst mixture
(biomass:catalyst 1:9) was pyrolyzed in the first reactor and the second reactor was empty. The
second reactor was also maintaired t he same temperature as the

prevent condensation of pyrolysis vapor.
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Figure 2.1. Schematic oftandem preactor and GC/MS setup used in this study

The pyrolysis products were analyzed by a gas chromatograph (Agilent Technologies,
7890A) equipped with an Agilent DB 1701 capilfazolumn (60 m x 0.250 mm and 0.250 um
film thickness) to separate condensable compounds from pyrolysis. The GC inlet was maintained
at 250 eC and a split ratio of 1:100 was wused
was programmed to start&at0 e C and hol d for 3 min, after wh
the final temperature of 270 eC. The final te
the oven program was 55 min. The column was connected to a mass spectrometer (Agilent
Technologies, 5975C) for compound identification and quantification by using calibration
standards. Some of the major aromatic hydrocarbons identified were quantified using pure
compounds purchased from Sigdkdrich (St. Louis, Missouri). Three differenbocentrations
of the standards were prepared to obtain calibration factors for quantification. To analyze the

composition of noftondensable gas (NCG) products (CO,,COHs, GHa, CGHs, CsHs, CsHsg
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and GHs), a Porous Layer Open Tubular (PLOT) column (Agtl Technologies, G&asPro) was

used, and a standard gas mixture of these NCG was used to calibrate the yieldaridemsable

gases. Char yield was determined gravimetrically by measuring the weight of the sample cup
before and after the experiment. wiever, sincen-situCFP experiments were performed with the
catalyst mixed along with the biomass in the sample cup, it was not possible to distinguish between
pyrolysis char and catalytic coke. Carbon content of the carbonaceous residue was quaniified us
an elemental analyzer (Perkitimer, model CHNS/O 2400).

All the experiments for measuring the roondensable gases, carbonaceous residues as well as
the condensable pyrolysis vapor were performed at least in duplicates to obtain a standard
deviationfor the results and verify the reproducibility of the data. Three factors of interest at
various leveld 1) Type of inorganic mineral added to biomass (K, Na, Mg, Ca); 2) Amount of
AAEM added to biomass (0.1, 0.5, 1.0, 2.0 wt.%) and 3) Catalyst (withdwt) i were the focus

of this study. The samples are labelled with their name followed by its metal loading in the
biomass. For example, MG 0.1 refers to magnesium 0.1 wt.% loading in the biomass. Results
| abel |l ed as &écont r olrmed aingebiomassowithoat any adddd AMEEMs. s  p e
Results labelled as CFP are from experiments using-ZSA$ thein-situ catalyst. Statistical
analysis of the results was performed (ANOVA,
JMP software (SAS Instite, Cary, North Carolina). However, since the standard deviation of the
results from the micrgyrolyzer was less than 5%, it is not shown. The product distribution from
CFP experiments is reported in terms of carbon yield, which is the ratio of carbospercific
product or group to the carbon contained in the feedstock. Selectivity of a particular aromatic
hydrocarbon is defined as the ratio of moles of carbon in that product to the total moles of carbon

in all aromatic hydrocarbons produced. The oudearatbon balance for most of the experiments
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was close to or above 90 % with the remaining fraction including large molecular weight

compounds not identified by the GC.

2.3. Results and Discussion
2.3.1 Biomass Characterization

Elemental compositionash, moisture content and higher heating value (HHV) of the
biomass used in this study amemmarized imMable2.1. The biomass was found to contain 0.63
wt.% of ash content, which was not washed or remoVadle 2.2 shows the composition of
AAEMs for the biomass samples from ICP analysis. The actual composition of AAEMs in the
biomass varies slightly from the targeted concentrations of 0.1, 0.5, 1.0 and 2.0 wt.%,ias seen
Table2.2. The moisture content of the biomass was 6.44 wt.%, and all the results in this study are
presented on a dry basis after accounting for this moisture content. Results from component

analysis of the bimass are summarized Table2.3.

Table 2.1. Proximate and ultimate analyses of biomass used in this study

Proximate Analytical .
Analysis, & received standard Result- Pine
Ash content, wt. % ASTM E1755 0.63 + 0.07
Volatle Matter, wt. % ASTM E872 77.26 £0.32
Moisture content, wt. % ASTM E871 6.44 + 0.53
Fixed carbon, wt. % By balance 15.67 £+ 0.48
Heating value, MJ/kg ASTM E870 18.31+0.21
Ultlmatt_a _Analyncal Pine
Analysis instrument
C,wt. % . 45.69 + 0.29
H, wt. % mzzg'”cEF"”'\‘lesr/’O 6.63 + 0.08
N, wt. % 2400 0.30 £ 0.09
S, wt. % 0.12 £ 0.01
O, wt. % By difference 46.97 £ 0.13

The number after £ denotes standard deviatiimate analysis
Is in dry, asHree basis

18



Table 2.2. Actual composition of AAEMs in the biomass (wt. %)

Ca

Mg

K

Na

Control

0.205% =+ 0.018

0.151% =+ 0.006

0.113% + 0.08

0.066% + 0.012

CAT 0.1%

0.339% + 0.020

0.163% + 0.012

0.098% =+ 0.014

0.059% =+ 0.000

CAi 0.5%

0.737% +0.016

0.155% + 0.014

0.102% + 0.011

0.063% =+ 0.002

CAT 1.0%

1.293% +0.024

0.149% =+ 0.020

0.099% =+ 0.018

0.071% + 0.010

CAiT 2.0%

2.279% + 0046

0.152% + 0.014

0.109% =+ 0.024

0.078% + 0.014

K-0.1%

0.214% + 0.013

0.170% =+ 0.026

0.219% +0.035

0.067% =+ 0.009

K-0.5%

0.219% =+ 0.020

0.165% =+ 0.016

0.654% + 0.059

0.063% =+ 0.006

K-1.0%

0.211% + 0.020

0.168% + 0.004

1.107% +0.040

0.077% #0.013

K-2.0%

0.198% + 0.017

0.159% + 0.007

2.095% +0.031

0.056% + 0.021

MG -0.1%

0.209% + 0.011

0.270% +0.015

0.106% + 0.004

0.079% + 0.018

MG -0.5%

0.196% + 0.016

0.682% + 0.034

0.101% + 0.007

0.070% + 0.011

MG -1.0%

0.203% =+ 0.015

1.194% +0.039

0.109% =+ 0.000

0.065% + 0.004

MG -2.0%

0.199% =+ 0.010

2.203% + 0.020

0.115% + 0.012

0.061% + 0.015

NA-0.1%

0.182% =+ 0.036

0.143% =+ 0.032

0.098% =+ 0.014

0.170% + 0.021

NA-0.5%

0.203% =+ 0.014

0.158% =+ 0.022

0.102% =+ 0.010

0.543% + 0.032

NA-1.0%

0.197% + 0.018

0.147% + 0.010

0.125% + 0.021

1.091% +0.018

NA-2.0%

0.204% =+ 0.005

0.162% =+ 0.000

0.116% + 0.010

2.053% +0.036

aNumber followed

by + sign represents standard deviation.

Table 2.3. Results of component analysis, wt. %, dry bask

Hemicellulose % Lignin % Extra
Sam Cellulos Galact Arahi N 9 ctives
alac rabin anna
ple e%  Xylan Total  AIL ASL
yia an an n ota S %
o 4093 + 738+ 308+ 152+ 1097+ 2296+ 288+ 183+ 308z
€ 0.82 0.13 0.05 0.014 0.09 0.29 0.42 0.07 0.04

aNumber followed by sign represents standard deviation

2.3.2 Effect of AAEMs on noncatalytic pyrolysis

Pyrolysis products from cellulose and hemicellulose can be broadly classified into 1)
anhydrosugars, 2)fanring derivatives (alkyl furans, furfural, HMF, 2(5HJranone), and 3) low
molecular weight compounds (glycolaldehyde, formic acid, acetic acid, acetaldehyde, acetol)
along with norcondensable gases (CO, §Qvater and chaFigure 2.2 andFigure 2.3 show the

impact of alkali metals (K, Na) and alkaline earth metalsg,MCa) on the fate of several cellulose

and hemicellulose derivatives from Roatalytic pyrolysis of biomass.

(chromatogram area %) of levoglucosan, the major anhydrosugar produced from biomass

pyrolysis, was suppressed severely from 10.77 % in control to 0.63 % and 0.50 % in the presence
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of 2.0 wt.% K and Na, respectively while it appearsgtadually decrease with increasing
concentration of Ca in the biomass. The presence of even 0.1 wt.% of added K and Na was highly
detrimental to the fate of levoglucosan formation. Meanwhile, Mg does not seem to have any
significant influence.

The decrase inlevoglucosan was observed to be accompanied by a corresponding increase
in certain low molecular weight compounds (acetaldehyde, acetol, acetic-agiclppentenone,
2-hydroxy 3methyl). In the presence of Na, the area % of acetaldehyde andwastobserved
to be increasing from 0.58 % to 1.18% and 2.3% to 4.13%, respectively. Alkali metals (K and Na)
showed a very similar behavior in promoting the formation of these low molecular weight
compounds. For example, acetic acid was found to be siage&rom 2.8% in control to 4.72%
and 4.3% due to the presence of Na and K, respectively. However, it was interesting to note that
in the presence of Ca, acetic acid reduced from 2.82% to 0.43%. Meanwhile, several ketones such
as 2cyclopenteril-one and BH)-furanone were observed to be promoted in the presence of Ca,
which correlates well with a previous study from our group where CaO was observed to be
effective in suppressing the yield of acetic acid through ketonization reagfipris should be
noted that a considerable amount of acetic acid is also produced from lignin depolymerization in
addition to the contribution from hemicellulose and it was not possible to distinguish between the
two. These results are comparable to previous findings whigh tegported significantly reduced
levoglucosan yield and increased yield of low molecular weight compounds in the presence of

alkali and alkaline earth meta]&4, 19, 23, 28]
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Figure 2.2. Effect of AAEMs on cellulose/hemicellulse derivatives during pyrolysis
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Figure 2.3. Effect of AAEMs on cellulose/hemicellulose derivatives during pyrolysis

Patwardhan et al[19] studied the influence of AAEMs on the pyrakysof model
compounds for cellulose and observed that the reactions leading to the production of smaller
oxygenates such as glycolaldehyde, acetol, formic acid through cleavage of bonds in the pyranose

ring was favored in the presence of AAEMs. Yang €8] studied the influence of K and Ca
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during pyrolysis and predicted that the presence of these metal ions promotes the homolytic
scission of several bonds in the pyranose ring resulting in the formation of several low molecular
weight compounds. For exghe, homolytic cleaving at different positions (C1 or C5, C2 or C4

and C3) in the pyranose ring would result in the formation of compounds with corresponding
number of carbon atoms: GQglycolaldehyde, acetol, etc. Meanwhile, levoglucosan is formed
primarily through the cleavage of glycosidic linkages in cellulose, resulting in a C6 depolymerized
fragment. However, the homolytic scission of th&€C®onds in the pyranose ring competes with

the cleavage of glycosidic linkages, resulting in a competitiven@attbetween the formation of

low molecular weight compounds and levoglucosan. Our results agree with the mechanisms
postulated by Yang et al and Patwardhan et al, since the formation of levoglucosan is severely
suppressed along with the increased yield®feral low molecular weight compounds in the
presence of K, Na and Ca. This suggests that the activation energy for reactions leading to the
homolytic scission of various bonds in the pyranose ring is reduced, thereby promoting the
formation of these spexs. However, the only anomaly between our results and the findings of
previous studies is the reducing trend of glycolaldehyde with increasing alkali and alkaline earth
metal content. It appears that the scission at C2 or C4 position is not favored costictuicts
previous findings using model compounds where the yield of glyceraldehyde also increases along
with the other low molecular weight products from cellulose and hemicell{d®&8, 31] The
formation of furarring derivatives was found to ladfected by the type of AAEMs as well as the
concentration, as shown kgure 2.3. The formation of Bhydromethoxy furfural, Zuraldehyde

and 2(5H)furanone was promoted by the presence of the lowest concemtdtadkaline earth

metals (Ca and Mg), whereas higher concentrations did not increase their respective area %

thereafter. Alkali metals (K and Na) suppressed the formation-lofdeoxymethyl furfural
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whereas it did not affect the formation of furfuralrsfigantly. The activity of alkaline earth metals
with respect to the formation of furaimg derivatives could be due to their role as a dehydration
catalyst (MgO CaO), enhancing the formation of these compounds.

While it is clearly established by prews studies and confirmed by our findings that
AAEMs influence the distribution of individual chemical species derived from cellulose and
hemicellulose, there is not much information available on the effect of these minerals on lignin,
which contains upt@l0% of the energy content in biomd82]. Lignin is a complex network of
phenylpropanoid units formed through oxidative polymerization of coumaryl, coniferyl and
sinapyl alcohols containing aromatic units of phenolmeéthoxy phenol (guaiacol) and 2,6
dimethoxy phenol (syringol), respectively. Since the degree of methoxylation differs between the
various lignin precursors, various types of intermolecular linkages can exist in the polymer, which
varies in composition between different types of biomass. Mewedue to the prexisting
aromatic structure of lignin and its abundant availability, it has good potential as a feedstock for
producing aromatic hydrocarbo{®3]. During pyrolysis, fragmentation of the polymeric structure
of lignin results in thedepdymerization of crossinked coniferyl alcohol, coumaryl alcohol and
sinapyl alcohol sutunits (carborcarbon, aryl ether linkages). As a result, a wide range of aromatic
derivatives from each lignin sulmit are produced along with char (including +haiatile

oligomers or polymeric units) and low molecular weight compounds such aard@cetic acid.

The major ligninderived compounds formed from the pyrolysis of biomass doped with
various AAEMs are shown iRigure 2.4. Alkali metals (K and Na) had a clear impact on the
pyrolysis product composition, as the yield of aromatic derivatives from the lignHurstso

increased significantly with increasing concentration of K and Na. The area % of coniferyl alcohol
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wasfound to be initially increasing due to the presence of 0.1 wt.% of K and Na. However at
higher concentrations of alkali metals, the formation of lower molecular weight aromatic products
from coniferyl alcohol are favored. For example, the amount of gobighenol, 2methoxy)
increased from 3.12% in the control to 7.43% and 7.18% in the presence of Na and K respectively.
Similar increases can be clearly seeRigure 2.4, where the area % oféthyl 2methoxy plenol,
2-methoxy 4vinyl phenol (vinyl guaiacol) and phenol increase linearly with the addition of the
alkali metals in the biomass. Alkaline earth metals appear to not have any significant influence on
the lignin derived aromatic compounds. As describeyipusly, the amount of acetic acid was
observed to be increasing, which correlates well with a greater degree of lignin depolymerization.
Overall, our findings suggest that the alkali metals increase the depolymerization of lignin by
promoting the cleavagof intermolecular linkages in lignin, similar to its effect on cellulose and
hemicellulose. These results are in stark contrast to the findings of Patwardhaf32}, atho
suggested that these alkali and alkaline earth metals did not have a siguifffeaence on the
pyrolytic behavior of lignin and that the lignin structure was resilient to the presence of AAEMs.
However, their study was performed on lignin obtained after organosolv treatment, which could

have been a masking factor due to whichetffiect of AAEMs on lignin was not observed.

25



Chromatogram Area % Chromatogram Area %

Chromatogram Area %

Phenol, 2methoxy- Phenol, 4ethyl-2-methoxy-

8 3 -
7
2.54
61 S
©
o 21
5 - <
§
4 4 o 154
o
3 g
] o
= 1
2 | o
0.5 1
1 .
0 0
0.1 0.5 1 2 0.1 0.5 1 2
Alkali and Alkaline Earth Metal loading (wt.%) Alkali and Alkaline Earth Metal loading (wt.%)
2-Methoxy-4-vinylphenol Phenol
12 - 1.4 -
1.2 4
10 -
X
o 1 4
8 1 g
<
e 0.81
IS
51 2
2 0.6
£
4 1 o
< 4
o 0.4
21 0.2
0 0 T T T T |
0.1 0.5 1 2 0.1 0.5 1 2
Alkali and Alkaline Earth Metal loading (wt.%) Alkali and Alkaline Earth Metal loading (wt.%6)
3-Allyl -6-methoxyphenol / Eugenol . Coniferyl alcohol
1.8 1
1.6 6
1.4 1 S
s
1.2 1 z y
1 E %
g
0.8 £ 34
€
0.6 1 S
o 2 A
0.4 ©
0.2 H
0 T T T T J 0 T T T T
0.1 0.5 1 2 0.1 0.5 1 2
Alkali and Alkaline Earth Metal loading (wt.%) Alkali and Alkaline Earth Metal loading (wt.%)
—— agnesium —— Calcium =eeolheees Potassium — B = Sodium CONTROL

Figure 2.4. Effect of AAEMs on lignin derivatives during pyrolysis
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The amount of char and naondensable gases (CO, §£@roduced in the presence of
AAEMSs is shownin Figure 2.5 and Figure 26, respectively. Similar tthe findings of previous
studies, the yield of char and €idcreased significantly due to the influence of Ca, K andilMa
28]. As explained earlier, since the heterolytic cleavage of glycosidic linkages is suppressed in the
presence of Ca, K and Na,ission of linkages in the pyranose ring takes precedence resulting in
the formation of low molecular weight compounds, ;G{d norvolatile oligomers which are

converted to carbonaceous residue (char).
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Figure 2.5. Effect of AAEMs on char formation during pyrolysis
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Figure 2.6. Effect of AAEMs on noncondensable gases
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2.3.3. Effect of type of AAEM on CFP

Biomass samples impregnated with the same concentration (2.0 wt.%) of Mg, Ca, K and
Na were used to understand the influence of the type of AAEM on product distribution and
selectivity of desired products from-situ cdalytic pyrolysis experiments. The effect of type of

AAEM on the aromatic hydrocarbon yield is showrFigure2.7.
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Figure 2.7. Effect of type of AAEMs on aromatic hydrocarbon yields

When compared to the control experiments, the carbon yield of aromatic hydrocarb@asedc
significantly due to the influence of Ca, K and Na, while Mg appears to have no effect. The yield
of aromatic hydrocarbons decreased in the following the order: Control (24.04%) ~ Mg (24.40%)
> Ca (18.77%) > K (16.82%) > Na (14.87%)). It is appatteat the trend observed in the yield of
aromatic hydrocarbons in CFP correlates well with the decrease in the yield of levoglucosan in the
presence of Ca, K and Na in roatalytic pyrolysisFigure2.2). These rsults correlate well with
previously observed CFP studies using model compounds for cellulose doped with AMEMSs

28]. Wang et al. showed that the yield of aromatic hydrocarbons from levoglucosan is comparable
to the yield from smaller oxygenates suchglgsolaldehyde, acetol and formic acid [34], which
should theoretically result in a similar yield of aromatic hydrocarbons. However, the amount of

pyrolysis vapor (organics) produced is suppressed in the presence ABMsesulting in a
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significant decease in the yield of aromatic hydrocarbons in the presence of K (16.82%) and Na
(14.87%) in CFP. Based on our results from-oatalytic pyrolysis, AAEMs promoted significant
increases in the yields of simple phenols and guaiacols. However, the cantribiuthese lignin
derived aromatic compounds to the aromatic hydrocarbon yield is not clear. Mullen et al. [33]
studied the catalytic pyrolysis of different types of lignins and concluded that simple phenols are
likely to be a deaeknd resulting in deastation of the acidic active sites on the catalyst and not
necessarily a source for producing aromatic hydrocarbons. They postulated that the aromatic
linkers and olefins formed from the fragmentation of lignin are a more probable source fo
producing theseéhydrocarbons.In order to investigate whether the AAEMs actually have an
influence on the catalyst properties and subsequently affect the chemical speciation ebthe bio
the selectivity of various aromatic hydrocarbons produced has been calculatezparidd in
Table2.4. Selectivity of the desired morwyclic aromatic hydrocarbons (benzene, toluene, xylene
and C9 aromatics) decreased whereas the selectivity of naphthalene anrdulagkyuted
naphthalenesncreased significantly in the presence of AAEM species. Similar changes in the
selectivity of certain products from CFP has beenmepareviously by Wang et al. [28hd itis
probable that this effect is due to the active sites on the catalyst sheBcepoisoned by the
AAEM species, and further studies are required to understand their influence on selectivity of
aromatic hydrocarbons. It should also be noted that oxygenated compounds, including
phenols/alkylsubstituted phenols, guaiacol, vinyl gueol and benzofuran were observed to be
increasing in the presence of AAEMs in CFP experiments, as shokigure 2.8. The yield of
oxygenated compounds in CFP experiments was in the order: K (2.64%) > Na (23286)

(1.57%) > Mg (0.38%) > Control (0.23%).
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Table24. Product distribution from catalytic

Overall Carbon Yield (C %)

Component

Control Mg 2.0 Caz2.0 K2.0 Na 2.0
co 13.9+0.12 12.88+0.09  12.02+0.11 11.75+0.14  9.87+0.09
co, 6.42+0.15 5.97+0.11 836+0.33  7.76+026  80+0.21
Char + Coke 40.2 403 45.8 47.3 51.3
Char * 12.32+0.48 13.01£0.19  19.27+0.38 21017  24.46+0.39
Coke ** 27.87+0.21 27.28+0.39  2652+0.10 26.29+0.04  26.83+0.20
Aromatic hydrocarbons 24.04+0.40 244+024  1877+0.16 16.82+0.28 14.87+0.14
Olefins (C2-C4) 6.69+ 0.18 6.6+ 0.14 5.94+ 0.06 57+0.06  4.54%0.09
Oxygerated Compounds 0.23+ 0.04 0.38+0.08 157+0.13  264+018  2.32+0.14
Total Carbon Closure 91.48+0.88 90.53+0.93  92.46+0.33 91.97+020  90.9+ 0.84

Aromatics Selectivity (%)

Benzene 6.06 + 0.09 5.99+ 0.15 5.7+0.10 477+ 0.6 45+ 0.22
Toluene 15.51+0.14 153+ 010 1497008 14.18+0.04 13.22+0.13
Ethyl Benzene 1.08+ 0.09 1.26+ 0.09 1.16+0.05 1.2£011  0.98%0.07
Xylene 16.89+0.21 16.57+0.31  17.45+0.12  17.3%¥0.27  17.3+0.11
C9 Aromatics 15.06+0.19 147+011  1463+0.16 1557+0.12 13.98+0.12
C10+ Aromatics 40.18 40.29 41.46 42.99 43.74
Naphthalenes 27.34+0.21 2751+0.16  29.05+0.15 31.64+0.09 32.11+0.08
Fluorene, Anthracene 12.85+0.15 12.43+0.15  11.13+0.18  9.32%0.16  9.83+0.11

Note: Number aftersign denotes standard deviation

*Result from norcatalytic experiments performed
**Difference between char+coke from CFP experiment and char yield frorcataiytic
C9 Aromatics include indane, indenes and alkyl benzenes

The total carbonaceous residue (coke + char) produced in CFP experiments in the presence
of various AAEMs is shown in Figur29. It is clear that Ca, K and Na catalyze reactions leading
to the formation of char, resulting in an increase from 12.32 % (Control) to 24.46% (Na). It should

also be noted that the trend observed in the yield of carbonaceous reside and char correlates well
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with the drop in aromatic hydrocarbons yield. These resgdtee well with previous studies on

fast pyrolysis, where it has been reported that biomass with high ash content produced increased
char yields and nenondensable gas¢6, 23, 36] As mentioned previously, it was not possible

to distinguish betweemérmallyderived char and catalyticalerived coke since the catalyst was
mixed with the biomass in CFP experiments. However, it is assumed that the amount of char
produced in CFP experiments will be the same as that obtained-cataytic pyrolysis.The

yield of catalytic coke iMable2.4 was calculated by subtracting the char yield in-catalytic
pyrolysis from the total carbonaceous residue produced from CFP experiments. Na and K which
are considered toebstronger cracking catalysts, should theoretically reduce the amount of coke
deposited on the catalyst surface when compared to the control experiments. The decrease in coke
formation in the presence of alkali metals has been reported in literaturedvglstudies on fast
pyrolysis[14, 20, 23, 28]Yildiz et al.[14] observed a 66.6 wt.% decrease in coke yield in the
presence of ash; Wang et [@&8] reported a decrease from 14.0 wt.% to 10.2% in the presence of
calcium. In our study, although the ambwf coke produced in the presence of K (26.29%) and

Na (26.83%) is statistically significant from the control (27.87%), the effect is not comparable to
the results reported in literature. The reason for this anomaly could be the significantly higher yiel

of phenols produced due to the influence of AAEMs on lignin, which has been known to cause

increased coking in the cataly86].
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Figure 2.9. Effect of type of AAEMs on carbonaceous residue (coke & chai

The presence of AAEMs influenced the yield of thermalkyived CO and Cfas well as
the catalytically drived CO and C@shown inFigure2.10. The yield of thermal CO and G@Was
highest in the presence of Na, and the effect of different AAEMs followed the order Na > K > Ca
> Mg. AAEMs appear to promote cracking céans in biomass which result in more Cgases.
However, the yield of catalyticalgierived CO is statistically significant, decreasing in the
presence of AAEMs, which correlates well with the reduced yield of aromatic hydrocarbons. The
yield of aromatichydrocarbons reduced from 24.03% in the control experiment to 14.87% in the
presence of Na. Similarly, the yield of catalyticatlgrived CO was 9.56% in the control
experiments, reducing to 4.18% in the presence of Na. Overall, the presence of these IKAEM
the biomass significantly alters the chemistry in CFP, inhibiting pathways resulting in the
production of aromatic hydrocarbons and instead promoting reactions resulting in increased yield

of thermallyderived norcondensable gases and char.
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Figure 2.10. Effect of type of AAEMs on noncondensable gases

2.3.4. Effect of AAEM concentration on CFP

Figure 2.11 shows the effect of potassium at various concentrations orpribguct
distribution from CFPFor the sake of brevity, K is used to illustrate theafbf concentration of
AAEMSs). The lowest concentration of K was sufficient to influence the product distribution
significantly, with the carbon yield of aromatic hydrocarbons decreasing from 24.04% (Control)
t0 19.76% (K 0.1), 18.21% (K 0.5), 17.94% (K}land 16.82% (K 2.0). As mentioned previously
in Section 3.3, the decrease in aromatic hydrocarbons and olefins correlates well with the trend
observed in levoglucosan during roatalytic pyrolysis, where even the lowest concentration of
K suppressed éhformation of levoglucosan and reduced the abundance of levoglucosan by half,
as shown irFigure 2.2. Na being an alkali metal similar to K has a comparable effect in on CFP,
while the influence of Ca is much lessvere onreducing the levoglucosan and hydrocarbon yields.
Similar results of AAEMs from noeoatalytic pyrolysis have also been reported elsewhere and
agrees well with the trends observed in this stiid; 23, 3738]. It is also accompanied by a

subsegant increase in thgield of thermal charwhich was in the order K 2.0 (21.0%) > K 1.0
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(20.89%) > K 0.5 (19.56%) > K 0.1 (18.14%) > Control (12.32%). Similar to the effect on
levoglucosan, even the lowest concentration of K tested in this study (K 6dljced a significant
increase on the carbon yield of char and the effect of higher concentrations of K appears to be
linear. Similar to the discussion in Secti®B.3, the effect of concentration of K on catalytic coke

Is minimal and is far less extensitt@an the results reported by Wang ef28] and Yildiz et al.

[14]. The effect of concentration of K on the yield of thermalérived and catalyticaltgerived

COxis shown irFigure2.11. The carbon yield ohermallyderived CQwas increased from 4.48%
(Control) to 6.24% (K 0.1) and ultimately to 7.27% (K 2.0), which shows that even the lowest
concentration has a significant influence, due to formation of smaller oxygenates from the
pyranose ring through ent@ed homolytic scission as well as enhanced thermal decomposition of
lignin in the presence of KL9].

The selectivity of certain moroyclic aromatic hydrocarbons including benzene and toluene
decreased while the selectivity for C9 and C10+ aromatidsidimg naphthalenes and alkyl
substituted naphthalenes increased, as summariZEabla2.5. As mentioned previously, itis not
clear whether this effect is due to changes in pyrolysis vapor composition due MsAdtEdue

to changes in the properties of the zeolite catalyst due to the presence of AAEMSs.
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Figure 2.11. Effect of AAEM loading on catalytic pyrolysis of biomass

As such, a study on the influence of individual AAEMs on the catalytic activity of zeolite
and the subsequent product selectivity would be essential intordederstand this phenomenon.
In addition to changes in selectivity of hydrocarbons, the carbon yield of oxygenated compounds
also increased as a function of increasing K concentration. The evolution ofdamued
guaiacol and vinyl guaiacol was agamfluenced due to enhanced thermal decomposition of
coniferyl alcohol, as shown earlier iRigure 2.4. Overall, the presence of even the lowest
concentration of K (0.1) added to the biomass influences the prodontosition and selectivity
significantly, reducing yields of desired aromatic hydrocarbons from CFP as well as increasing the

yield of thermallyderived char and necondensable gases.

35



Table 2.5. Productdis ri buti on from catalytic pyrolysis

Overall Carbon Yield (C %)

Component

Control KO0.1 KO0.5 K1.0 K2.0
CcO 13.9+0.12 12.29+0.07 12.05+0.19 11.89+0.10 11.75+0.14
COZ 6.42+0.15 7.18+0.11 7.09+0.15 7.45+0.04 7.76+0.26
Char + Coke 40.2 45.13 46.29 47.27 47.3
Char * 12.32+0.48 18.14+0.22 19.56+0.30 20.89+0.53 21+0.17
Coke ** 27.87+0.21 26.99+0.18 26.73+0.11 26.38+0.20 26.29+0.04
Aromatic Hydrocarbons 24.04+0.40 19.76 +0.30 18.21+0.45 17.94+0.11 16.82+0.28
Olefins (C2.C4) 6.69+ 0.18 6.14+ 0.15 5.96 + 0.07 5.68+ 0.17 5.7+ 0.06
Oxygenated Compounds 0.23+0.04 1.48+0.07 1.97+0.10 2.21+0.06 2.64+0.18
Total Carbon Closure 91.48+0.88 91.98+0.41 91.57+0.63 92.44+0.70 91.97+0.20

Aromatics Selectivity (%)

Benzene 6.06 + 0.09 5.05+ 0.09 5.01+0.04 471+0.11 4.77 £ 0.06
Toluene 15.51+0.14 14.69+0.17 14.32+0.13 14.49+0.15 14.18+0.04
Ethy| Benzene 1.08+ 0.0 1.09+ 0.04 1.02+0.13 1.03+ 0.05 1.2+0.11
Xy|ene 16.89+0.21 17.12+0.11 17.32+0.24 17.19+0.19 17.3+0.27
C9 Aromatics 15.06+0.19 14.95+0.37 15.18+0.11 15.42+0.08 15.57+0.12
C10+ Aromatics 40.18 41.3 41.52 42.28 42.99
Naphthalenes 27.34+0.21 30.69+0.18 30.95+0.32 31.59+0.17 31.64+0.09
Fluorene, Anthracene 12.85+0.15 10.61+0.09 10.57+0.13 9.67+0.11 9.32+0.16

Note: Number aftersign denotes standard deviatio
*Result from norcatalytic experiments performed
**Difference between char+coke from CFP experiment and char yield frortatailytic
C9 Aromatics include Indane, Indenes and Alkyl Benzenes

24. Concblsion

The effect of alkali and alkaline earth metals (AAEMSs)issitucatalytic fast pyrolysis
of biomass was studied by impregnating biomass with various concentrations of Mg, Ca, K, Na,
and it was shown that the type of AAEM as well as the concemiraf these species resulted in
undesirable losses in the aromatic hydrocarbon yield. AAEMs were also observed to be
influencing the pyrolysis chemistry by enhancing pathways resulting in more thedweaNyd
noncondensable gases and char, while aléecting the selectivity of desired mowyclic
aromatic hydrocarbon products from CFP. Results fromcadalytic pyrolysis seem to suggest
that the thermal decomposition of lignocellulosic biomass is affected significantly by the presence

of AAEMs, which enhanced the breakdown of the polymeric structure of cellulose and lignin
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resulting in increased yields of low molecular weight compounds. In order to overcome these
drawbacks, rapid removal of char from the pyrolysis reactor is essential since ashrattoosn

will be much higher in a continuous catalytic fast pyrolysis process.

This chapter has been published and the citation is as follows:

Mahadevan, R., Adhikari, S., Shakya, R., Wang, K., Dayton, D., Lehrich, M., & Taylor, S. E. (ZG&6).
of Alkali and Alkaline Earth Metals on in-Situ Catalytic Fast Pyrolysis of Lignocellulosic Biomass:
A Microreactor Study. Energy & Fuels, 30(4), 3043056
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3. Influence of biomass inorganics on the functionality of HZSMb catalyst during in-
situ catalytic fast pyrolysis

Abstract

Inorganic méal species found in biomass have been known to alter the pathways of thermal
breakdown during pyrolysis to produce useful hydrocarbon fuels. However, dwsity catalytic
fast pyrolysis (CFP), these species may also volatilize and accumulate otatist,cafluencing
its functionality and the resulting product distribution due to loss of activity. In this study, the
contamination of HZSMb catalyst by calcium, potassium and sodium was investigated by
deactivating the catalyst with various concemrag of these inorganics and the subsequent
changes in the properties of the catalyst are reported. The deactivated catalysts were then used in
catalytic pyrolysis experiments in a py/&@dS setup to study the changes in the composition of
condensable compads produced from biomass. BET analysis of the catalysts revealed the
progressive reduction in the surface area with increasing concentrations of the inorganics, which
could be attributed to pore blocking and diffusion resistance. Chemisorption studie3RPR)
showed that the Bronsted acid sites on the catalyst had reacted with potassium and sodium,
resulting in a clear loss of active sites, whereas the presence of calcium did not appear to cause
extensive chemical deactivation. CFP experiments revehkdrogressive loss in catalytic
activity, evident due the shift in selectivity from producing only aromatic hydrocarbons (BTEX,
napht hal enes, PAHG6s) with the fresh catalyst
furans and ketones with in@ging contamination by the inorganics. The carbon yield of aromatic
hydrocarbons decreased from 22.3 % with the fresh catalyst to 1.4 % and 2.1% when deactivated
by K and Na at 2 wt.% respectively and the product composition at 5 wt.% deactivation by these

metals showed that the catalyst was completely rendered inactive. However, calcium appears to
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only cause physical deactivation since the carbon yield of aromatic hydrocarbons was still 9.8
wt.% at the maximum concentration of calcium on the catalyst.s€kere loss in the aromatic
hydrocarbon vyield due to contamination by potassium and sodium indicates that careful
consideration is required in choosing the type of biomass feedstock to be used for CFP.
Keywords:BiomassAsh Cafalytic Fast Pyrolysis (CFP), Hydrocarbonin-situ, Deactivation,

Bio-oil

3.1. Introduction

Catalytic Fast Pyrolysis (CFP) has been investigated in recent years as a thermochemical
conversion method for producing partially deoxygenated liquid fuetrimdiates from biomass.
Compared to the quality of oil produced from reatalytic pyrolysis, the use of heterogeneous
catalysts instead of inert heat carriers durmgituCFP results in the removal of oxygen and the
production of a liquid product (bioil) containing a higher heating value and reduced oxygen
content[1, 2]. The catalytic deoxygenation of\ade range of compounds produced from pyrolysis
such as ketones, aldehydes, alcohols, carboxylic acids and phenolics reduces the extent of
subsequent upgrading required before the-dii@ould be used as a drap fuel [3, 4]. The
improved thermal stability and lower oxygen content ofdilgproduced from CFP decreases the
burden on the economically inefficierhydrotreating step, which utilizes expensive metal
catalysts, high temperature and high pressure of hydrpgedh. Solid acid catalysts such as
HZSM-5, Y-zeol t ezeolitehare among the most commonly used materials, which transform the
pyrolysis vapor by rejecting oxygen through dehydratied.@), decarboxylation-CO) and
decarbonylation-CQ,) reactions, leading to a product composed of aromatic hydrocadoah

olefins.
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The zeolite family of catalysts are particularly interesting for CFP, due to the presence of
a |l arge number of Bronsted (OH) and Lewis (Al
catalyze a number of cracking reactions with a lsiglectivity for producing olefins and aromatic
hydrocarbong9, 10]. However, the presence of a large number of acid sites leads to the formation
of coke on the surface and in the pores, resulting in a gradual loss in catalytic activity and carbon
yield of hydrocarbons. Pyrolysis reactor systems typically counter this problem by employing a
regeneration step wherein the coked catalyst is thermally zexido remove the carbon deposits
in an effort to restore the original activity of the catalyst as well as provide process heat for the
pyrolysis zone using the exothermic nature of the oxidation reaction. Among these catalysts,
HZSM-5 zeolite has been thmost widely studied and considered unique due to its shape
selectivity that suppresses the coke formation, while also maximizing the conversion to aromatic
hydrocarbong11].

The catalytic conversion of biomassa CFP also faes several challenges due to the
inherent complexity of the feedstock, which can vary in its composition (i.e. cellulose,
hemicellulose and lignin content), leading to large variations in the yield and distribution of the
products, as well as making iffttult to consistently produce a product of uniform quality. Many
studies have been performed to investigate and understand the effect of such varying composition
of the biomass constituents on rratalytic pyrolysig12-20]. The effect of inorganic constituents
of the biomass ash, which contains alkali and alkaline earth metals (AAEMs) such as sodium,
potassium, calcium and magnesium has also been invesitifgat norcatalytic pyrolysid15, 21-

30]. The presence of these inorganics in the biomass has been olisebeedketrimental due to

its influence on the pyrolysis product distribution and yield, promoting the formation of lower
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molecular weight cellulose and lignin derivatives while increasing the yield of therdeilyed
char and nortondensable gases, apoged in a recent study from our grofgi].

Besides causing changes to the pyrolysis mechanism, these metals are mostly retained in
the char product after pyrolysis and are usually circulateshgalwith the catalyst to the
regeneration reactor. The high temperatures
vaporize the inorganics and these metals have been observed to accumulate on the catalyst by
several studies in literatufél, 32-35]. The AAEMs might cause chemical poisoning by reducing
the number of acid sites or physical poisgriny blocking the pore mouth, increasing the diffusion
resistance and resulting in less accessibility to the active sites of the catalyst. This type of
deactivation with AAEMs cannot be reversed without the use of inorganic acids to remove the
contaminantsand results in permanent deactivation of the catalyst, affecting the economic
feasibility of the process. Mullen et 4B6] studied the accumulation of various inorganics on
HZSM-5 with a SO,/AIOs ratio of 30 during then-situ CFP of switchgrass and reported the
linear accumulation of the total amounts of Ca, Cu, Fe, K, Mg, fdaPaon the HZSM surface
with increasing exposure of the catalyst to biomass. The accumulation of inorganics on the catalyst
was correlated to the drop in catalyst activity for producing deoxygenated product, resulting in
decreased yield of aromatic hgdiarbons and the lower carbon to oxygen ratio. Yildiz t3a).

37] reported the accumulation up to 3%tof ash from pinewood biomass on the catalyst (HZSM

5) and also observed changes in the distribution and composition of the products from pyrolysis.
The conversion of sugars, acids and phenols were suppressed due the presence of higher
concentrations oiccumulated ash. Paasikallio et [@5] investigated than-situ CFP of pine
sawdust and observed a small increase in the oxygen content of tbé (2@2.4 to 23.7 wt.%)

over the course of a four day pyrolysis run, while the catalyst retained most of its catdinay
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during the experimental period. Stefanidis et{88] studied the hydrothermal deactivation and
metal contamination during 4situ CFP of commercial beech wood biomass using HZSM
catalyst and reportettiat the individual rates of accumulation of metals were different, with some
metals like potassium accumulating more readily than others. They also reported that hydrothermal
deactivation and metal contamination led to a linear loss in catalyst adhvityg pyrolysis,
resulting in the production of bioil with higher oxygen contents (from 20 % to 35 wt.%). While
the results of these studies suggest the overall correlation between the loss in catalyst activity and
the accumulation of inorganics on thatalyst, it is not clear since other factors such as catalyst
attrition, loss in surface area during the course of the experiment and decreasing catalyst to biomass
ratios were not controlled. Another important consideration for performing this studly vade
variation in the composition of inorganic species in different types of biomass available in various
parts of the world. Investigating the individual influence of the inorganic species on the catalyst
would help develop a fundamental understandingheir effect on the product distribution and
quality from CFP and would eliminate some of the uncertainties associated with utilizing biomass.
In this study, we investigated the effect of individual biomass inorganics on the
functionality of HZSM5 catalyst duringin-situ CFP. It was performed on the hypothesis that
different inorganic minerals (Ca, K, Na) would have varied influence on the functionality of the
catalyst, depending on the level of contamination and the type of minerat5Z&alyss were
impregnated separately with different concentratidh$, (1,2 and 5wt. %) of Ca, K and Na and
characterized to study the impact of doping the metals on the properties of the catalyst. The
catalysts deactated by metal impregnation wasbsequett used inin-situ CFP experiments in
a micro reactor (pyroprobe) coupled with a GC/MS to understand the effect of metal contamination

on the product distribution from CFP.
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3.2. Materials and methods
3.2.1 Materials

Southern pine wood chipbtained from a local wood chipping plant in Opelika, Alabama
were used in this studfter an initial drying period of 72 h to reduce the moisture content of the
wood chips, they were processed through a hammer Mail/(Holland Grinder Model 358itted
with a 1.58 mm (1/16 in.) screen. The sawdust obtained from the hammer mill was further sieved
and the fraction that was smaller than 200 meshu@@dwas used for pyrolysis experiments in
this study. The biomass was characterized for analyzing \toéatile matter, moisture and ash
content according to ASTM standards E871, E872 and E1755, respedtheestandard methods
followed for determining the chemical constituents, inorganic content (ICP analysig)mate
and ultimate analyseof the biomass werescribed elsewhef81].

The ammonium form of ZSA6 catalyst (CBV 3024SiOJ/Al.Os ratio of 30:) was
purchased from Zeolyst International (Conshohocken, PA, USA). The catalyst poasisiewed
to remove the coarse particles and the fraction that was smaller than 200 mpsf) Wak used
in this study.Four concetations (.5, 1,2 and 5wt. %) of metals werenpregnated n theZSM-
5 powder using incipient wetness method. Briefly,rappiate quantities of the nitrates of Ca, K
and Na were dissolved in 20 mL DI water according to the required concentrBt@rsolution
was stirred with the cataly&ir 60 min and subsequently dried at E20to evaporate the solvent.
The dried catalyst powder was then calcined in air até&b@or 5 h before use in pyrolysis
experiments. The inorganic mineral content of the catalysts was measured after the impregnation
by inductively coupled plasma (ICP)ing a Thermo Scientific iCAP6300 ICP spectrometer. A
known amount of sample for ICP analysis was dissolved in concentrated a&iidQhen diluted

with 100 mL DI water. Calibration standards for Ca, Na and K were also prepared in the same
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background (HN@) and a fourpoint calibration curve was developed for each element. The BET
surface area of the catalyst was measured using Quantachrome AdtGagdmated gas sorption
system. About 0.2D0 0.30 g of the catalyst sample was degassed a¢@300Ader vacuum and then
measured at 77.3 kX95.85¢C) using nitrogen as the adsorbate. The strength and abundance of
the acid sites on the catalyst were characterized using tempgredgrammed desorption of
ammonia. The characterization was performe@n AutosorbiQ (Quantachrome Instruments),
where a known amount of sample was degassed
the trapped water vapor, followed by flowing NbBs (0.1 vol % in Ar) at 25 mL/min for 2 h at

40 eC. Thet ad ytsur astaemp|l ®a was then temperature
e C/ niio mprepare the biomass/catalyst mixture iiorsitu CFP experiments, 50 mg of the
biomassand B0 mg of the catalyst were mixed using an ultrasonic bath (VWR Scientific, gatalo
no. 97043960) to get a mixture having laomass to catalyst ratio of 1:3 microbalance with

sensitivity of 0.001 mg (Metller Toledo, XP6) was used to measure the sample weight.

3.2.2 Experimental procedure i Pyrolysis GC/MS

Pyrolysis expeiments were performed in triplicates usiray commercial pyrolyzer
(Pyroprobe model 5200, CDS Analytical Inc., Oxford, Pédnnected to a gas chromatograph
(Agilent Technologies, 7890AFigure 3.1 shows a schematdiagram ofthe system used in this
study and the heating filament holding a sample tube containing the analyte. For each experiment,
approximately 2 mg of the catalyst/biomass mixture was packed between quartz wool in the
sample tube (1.9 mm 1.D, 25 miong) and placed in the pyrolysis chamber. The catalytic pyrolysis
experiments were carried out at a filament temperature o 580a heating rate of 20@0(S and

the filament temperature was held at 85@r 90 s. The interface temperature was maintained at
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300 e @Gnd was purged with helium gas flowing at a rate of 20 mL/min. The products from
pyrolysis were absorbed by agranaintained at 4@ @nd these products were desorbed by heating
the trap to 30@ @nd transferred to the GC column through a transfer line and injector maintained

at 300e @nd 250 Cespectively.

Aok

-l
- ——
-

L Rt

L]

Figure 3.1. PyrolysisGC/MS experimental setup used in this study (left) and a
resistively heated platinum filament holding a sample tube (right)

The condensabl@yrolysis productsvereseparated in the gas chromatograph usiAgikent DB

1701 capillary column (60 m x 0.25am and 0.250 pum film thickness). #plit ratio of 1:100 was

used for sample injectionintothe columnd he GC oven was pr og(holdmmed t
time - 3 min), after which it was ramped at Jhol¢ C/ mi n
time 7 6 min). The column was connected to a mass spectrometer (Agilent TechnologiegS»975

for compound identificationsing the National Institute of Standadd Technology (NIST) mass

spectral library and quantifietby using calibration standards. Some of the major aromatic

hydrocarbons identified were quantified using pure compounds purchased fromAbiyioa
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(St. Louis, Missouri). Three different concexttons of the standards were prepared to obtain
calibration factors for quantification.

Two factors of interest at various levél4) Type of inorganic metal added to the cata{@, K,

Na); 2) Amount ofinorganic metahdded to biomas$(00, 10000, @000, 50000 ppm d.5,1.0,

2.0, 5.0wt.%) were the focus of this study. The samples are labelled with their name followed by

its metal loading in theatalyst For example CA 0.5 refers tocalcium 0.5wt.% loading in the

catalyst Resul tsohabel bedrasf bom e xqatalystwitheunanys per f
addedinorganics St ati sti cal analysis of the results
95% confidence interval using JMP software (SAS Institute, Cary, North Carolina). The product
distribution from CFP experiments is reported interms of carbon yield, which is the ratio of carbon

in a specific product or group to the carbon contained in the feedstock. Selectivity of a particular
aromatic hydrocarbon is defined as the ratio of molesaddan in that product to the total moles

of carbon in all aromatic hydrocarbons produced.

3.3. Results and Discussion
3.3.1. Biomass Characterization

The biomass used in this study (southern pine) was characterized to measure the ash
content, moistureontent, heating value (HHV) and elemental composition, summarizédbie
3.1. The natural ash content of the biomass (0.63 wt.%) was not washed or removed and ICP
analysis revealed that it was composed of 0.a%ium, 0.15 % magnesium, 0.11 % potassium
and 0.06% sodiurf81]. The composition of the biomass used was also determined in terms of the

cellulose, hemicellulose and lignin contents, showiahle3.2.
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Table 3.1. Proximate and ultimate analyses of biomass used in this studly

Proximate Analytical Result- Pine
Analysis, as received standard
Ash contet, wt. % ASTM E1755 0.63 +£0.07
Volatile Matter, wt. % ASTM E872 77.26 +0.32
Moisture content, wt. % ASTM E871 6.44 + 0.53
Fixed carbon, wt. % By balance 15.67 £0.48
Heating value, MJ/kg ASTM E870 18.31+0.21
Ultlmatg _Analytlcal Pine
Analysis instrument
C,wt. % PerkinEl 45.69 £ 0.29
o erkinElmer, +
E’ m of’ model CHNS/O g'gg N 8'83
YL 70 2400 o=
S, wt. % 0.12 +0.01
O, wt. % By difference 46.97 +0.13

aThe number after + denotes standard deviation. Ultimate ane
isin dry, askfree basis

Table 3.2. Results of component analysis, wt. %, dry basis

Hemicellulose % Lignin % Extra

i ctives
Galact Arabin  Manna Total AlL ASL o
an an i

40.93 + 7.38 + 3.08 £ 1.52 + 10.97 £ 2296 + 28.82 % 1.83 3.08 +
0.82 0.13 0.05 0.014 0.09 0.29 0.42 0.07 0.04

aNumber followed byt sign represents standard deviation

Sam Cellulos
ple e%  Xylan

Pine

3.3.2. Effect of biomass inorganics on theroperties of HZSM-5

HZSM-5 catalysts were deactivated with each metal (Ca, K and Na) at different levels (0.5,
1, 2 and 5wt. %) and the deactivated catalysts were subsequently analyzed to quantify the accuracy
of metal impregnation. Two sets of samphesre prepared for all the catalysts and the ICP analysis
was performed by analyzing six successive injections of each sample. The results from ICP
analysis of the deactivated catalysts are summarizdeigume 3.2. It is clear that the observed
metal loading on the catalysts was always lower that the targeted metal loading at all

concentrations. However, the observed loading of potassium was close to the targeted value (0.47,
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0.93, 1.92 and 4.85 wt.%), whereas ffmium levels were consistently lower (0.42, 0.88, 1.74

and 4.7 wt. %).

ICP analysis of deactivated catalysts
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Figure 3.2. Observed concentration of biomass inorganics on the HZS catalyst

The change in surface area of the HZSMatalysts deactivated by the inorganic metals is
shown inFigure3.3 and it ca be seen that the surface area decreases linearly with increase in the
concentration of inorganics impregnated inthe catalyst. Physical deactivation reduces accessibility
to the active sites in the catalyst by increasing diffusion resistance due tingloékhe pore
mouth. The fresh catalyst had a surface area of 28%gl mhich reduced to 89.3%fg when 5
wt.% of potassium was impregnated in the catalyst. However, the surface area of the catalyst with
5 wt.% calcium impregnated was significantly Heg at 132.4 ég. The difference between the
surface area of the catalysts deactivated by the same loadings of various metals could be due to
their individual rate of diffusion into the pores of the zeolite structure. Stefanidis E33l.
studying the hydrothermal deactivation and metahtamination of HZSMb catalystsalso

reported a similar decrease in the surface area when they doped increasing amounts of inorganics
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(up to 90000 ppm of K, Ca, Mg and Na aditively). Similarly, Paasikallio et al35] reported
decrease in catalyst surface area from 238 no 118 ng after a 96 h CFP experiment with
HZSM-5 catalyst. However, a major part of that loss in surface area was during the heat up phase

and less pronouncedudng the course of the experiment.

BET Surface Area

350 mK
300 | ANa

250 9

200 @ i
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b @
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0 0.5 1 15 2 25 3 35 4 45 5 5.5
Targeted metal loading (wt.%)

Figure 3.3. BET surface area of HZSM5 catalyst impregnated with biomass inorganics

As mentioned earlieiinorganics added to the catalyst could cause physical as well as
chemical poisoning. In physical poisoning, the active sites with proton functionality in the catalyst
have less accessibility, wheas in chemical poisoning those sites are rendered inactive.
Chemisorption studies using Mks a probe molecule were performed to distinguish between
physical and chemical deactivatiofhe NH-TPD profiles from different catalysts are shown in
Figure 34, where the TPD curve for the fresh catalyst can be seen to exhibit two distinct desorption
peaks at different temperatures: a | ower tempe

temperature peak between 40 Obe gttGhutednalthe préesencee C. T
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of the weaker acid sites and the stronger acid sites in the FZ8Malyst respectively. From the
NHs-desorption profiles, it can be clearly seen that the amount of strong acid sites is severely
reduced by the presence of @sdium and sodium, whereas calcium only reduces the amount of
strong acid sites marginally, indicating that it does not cause significant chemical poisoning. In the
case of potassium and sodium, a significant decrease in the peak corresponding to teidveak
sites could also be observed. Zheng ef34] observed the deactivation ¥Os-WOs.TiO, SCR

catalyst in a biomass combustion study and proposed that potassium could poison the Bronsted
acid site by protomexchange and render them inactive forsNtdsorption, which is consistent

with the TPD profile observed here. Li et[@9] studying the applicatoof HZSM5 catalyst for
propane dehydrogenation also observed a similar decrease in the strong acid sites as a result of
alkali metal impregnation on the catalyst. Paasikallio f2%llas well as Stefanidis et §83] also
observed a negative correlation between increase in the accumulation of inorganics and the acidity

of the catalyst.
10

—— Fresh Catalyst

9 ——  HZSM-S withCA-5%

—  HZSM-5withNA -5%

HZSM-5 with K - 5%

Signal (mV)

0 100 200 300 400 500 600 700 800
Temperature ("C)

Figure 3.4. NH3-Temperature Programmed Desorption profiles from the HZSM5
catalysts deactivated with inorganic species
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3.3.3.Effect of biomass inorganics on irsitu CFP

The fresh catalyst (control) and the catalysts deactivated by vdeeels of inorganic
species were used assitucatalysts mixed with biomass in CFP experiments in a pyWEC
setup. Major compounds identified from all the experiments were quantified using calibration
standards and classified divided into five groupset inTable3.3. For the sake of the discussion
here, phenols, guaiacols, furans and ketones are further classified under the group of oxygenated
compounds to compare with the aromatic hydrocarbons group. Tesidhat best fit the data

have been shown to describe the trends observed in the results from the pyrolysis product

composition.
Table 3.3. List of compounds quantified from in-situ CFP experiments
Aromatic Hydrocarbons Phenols Guaiacols Furans
Benzene Phenol Phenol, 2methoxy Furan, 2methyl
Toluene Phenol, 2methyl Phenol, 2methoxy4-methyl Furan, 2,5 dimethyl
Xylene Phenol, 4methyl Phenol, 4ethyl 2methoxy Furfural
Ethyl benzene Phenal 2,4dimethy! Eugenol 2(5H)-Furanone
Benzene, dthyt2-methyt Phenol, 35 dimethyl ~ Phenol, 2methoxy 4vinyl Furan, Zethyt5-methy|
. - 2-Furancarboxaldehyde,
Trimethyl Benzene Phenol, 3ethyl Vanilin 5-methyl
Naphthalene Phenol, 4ethyl Ketones
Naphthalene, -inethyl 2-Cyclopenterl-one,2methyl
Naphthalene, 2,6 dimethyl 2-Cyclopenterl-one,3methyl
2-Cyclopenterl-
Naphthalene, -Pnethyl 2 glimethy
Phenanthrene
Fluorene
Anthracene

The total carbon yieldfall the major compounds observed and quantified from the CFP
experiments are presentedHigure 3.5. It is clear that the presence of all the inorganic species
results ina loss in carbon yield, which reducemificantly from 22.5 % in the control experiments

using the fresh catalyst to about 10.7 % and 10.8% when the catalyst was deactivated by 5 wt.%
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of potassium and sodium. The rate of decrease also appears to be dramatic, reducing significantly
with the presence of the 0.5 wt.% and 1.0 wt.% of potassium and sodium. Meanwhile, the presence
of calcium at 0.5 wt.% appears to benefit the carbon yield initially, showing a small increase when
compared to the fresh catalyst. However, increase in the concentratcaiciim beyond that
causes a linear decrease in the total carbon yield. Progressive worsening of the carbon yield of
condensable compounds could be related to the shift in product distribution due to the presence of
the inorganics on the catalyst, whiale known to promote the formation of solid residues (char

and coke) as well as naondensable gases by influencing the decomposition of cellulose,
hemicellulose and lignin during pyrolydis, 22, 40]. However, it was not possible to confirm this
known effect due to limitations of using a-@C/MS setupwhich made it difficult to extract and

measure the yield and carbon content of the solid residues consistently.
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cellulose, hemicellulose and lignin such as phenols, guaiacols, furans, ketones, acids and sugars
such as levoglucosan. The Bronsted acig fites on the catalyst, wheré binds to the negatively
charged AIQ unit, acts as the active sites where the cracking reactions and decarboxylation,
decarbonylation and dehydration reactions occur, resulting in the formation of the aforementioned
hydrocarbons. In this study, the fresh catalyst (control) pratiacarbon yield of 22.4 % aromatic
hydrocarbons, as shown Figure 3.6. Deactivation by calcium accumulation on the catalyst
produced a linear decrease in the yield of aromatic hydrocarbons, reducing to 9.&héo at
maximum loading of calcium added to the catalyst. Meanwhile, contamination by sodium and
potassium appears to rapidly deactivate the catalyst, with 1 wt.% of these alkali metals reducing
the yield of aromatic hydrocarbons by more than 75 % (from 22.tb%.9 % and 5.5%
respectively). At the maximum loading of sodium and potassium, the production of aromatic
hydrocarbons is completely suppressed and the condensable compounds identified ivt8e GC

appear to resemble the product composition fromaadadytic pyrolysis of biomass.
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The exponential rate at which this deactivation occurs is further confirmed by the evolution
of oxygenated compounds with increasing levels of deactivation by inorganics. The yield of
oxygenated compounds is expected to be inversely proportional to the activity of the catalyst,
correlated well by the data frofigure 3.7. Several studies om-situ CFP have also reported
decreasing deoxygenaticefficiency of the HZSIVb catalyst with increasing exposure to biomass
ash[32, 33, 36, 40]. In this study, CFP experiments with the fresh ZSMatalyst resulted in
complete deoxygenation of the pyrolysis vapor, resulting in all the products compbsed
monocyclic and poly aromatic hydrocarbons. Increasing concentrations of inorganics can be
clearly seen to be shifting the product composition towards the formation of oxygenated
compounds, with linear increase observed again with calcium and expbnemnase in the case
of potassium and sodium. At a concentration of 5 wt.%, the catalysts deactivated by potassium and
sodium yielded 10.6 % of oxygenated compounds, with negligible amounts (<0.5 %) of aromatic
hydrocarbons. It has to be noted that teslin the carbon yield of aromatic hydrocarbons is not
directly compensated by the evolution of these oxygenated compounds and the loss in carbon yield
could be a result of a change in product distribution towards the formation of coke and non
condensablgases. These results correlate well with the observations made from surface area and
acidity characterizations of the catalysts. The changes due to deactivation by calcium appeared to
primarily cause physical poisoning by limiting access to the acties sin the catalyst. The

exponential rate at which the product composition changes due to sodium and potassium clearly
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shows the combined influence of physical poisoning as well as the inorganics affecting the active

sites by removing the proton functidita of the catalyst.

Guaiacols

35 3 Phenols
) °
; oCa Ca
3 2.5 %
K i =K
= 25 -
1)
é < 2 i
Z 2 ANa = ANa
9
2 ) BB 3
=] c
£ 15 © Control H O Control
5 51
v § @]
[]
0.5
0.5 ; g
[+] ° 0 Q a ]
ro—84¢—+——r——— T T T T T T T T T T ]
0 05 1 15 2 25 3 35 4 45 5 55 0 0.5 1 1.5 2 25 3 35 4 4.5 5 55
Targeted metal loading (wt.%) Targeted metal loading (wt.%)
Furans
5
45 @Ca
) H
3. ! aK

ANa

Carbon yield (%)
- (&)

O Control

th = th Nt W

=

[

o]
05 1 15 2 25 3 35 4 45 5 55
Targeted metal loading (wt.%)

=)
(o

=]

Figure 3.8. Yield of guaiacols, phenols and furans from irsitu CFP experiments with HZSM-5
catalysts deactivated by inorganics
The major oxygenated compounds observed (guaiacols, phenols, furans) showed a clear

increasing trendHigure 3.8) as the concentration of inorganics on the catalyst increased. Furans
formed from the decomposition of sugars in biomass have been known to be a precursor for the
formation of aromatic hydrocarbons over zeolite catalysts. With increasing levels of deactivation
by the inorganics, itis not surprising to observe that the yieldajor compounds such as alkyl
furans, furfural, 2(5Hfuranone and -2urancarboxaldehyde,-Bethyl increased. The difference
in the yield of furans between potassidenctivated HZSM (4.33 %) and calcium deactivated

HZSM-5 (2.8 %) could be anotherditator that the calcium deactivated catalyst still retains some
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of the activity whereas the potasshd®activated catalyst is completely inert. Similar changes in

the yields of guaiacols and phenols were also observed, which increased with increasimcepres

of the inorganics. However, the evolution of these compounds could also be a result of the catalytic
activity of potassium and sodium on lignin, which were shown in a previous study from our group

to enhance the depolymerization of lignin during pyse and produce increased yield of
monomeric units such as phenols, alkyl phenols and guaidB8a]s The consequences of
deactivation of CFP catalysts due to inorganics observed in this stualyyademonstrates the

need to consider the choice of biomass, pyrolysis reactor design and the robustness of the catalyst
to prolonged exposure to inorganics found in biomass. Reactor designs that minimize the exposure
of the catalyst to char and the inanics, such as esitu upgrading could potentially be the

solution to avoid rapid catalyst deactivation.

3.4. Conclusion

The accumulation of biomass inorganics and the resulting deactivation of the catalyst used in CFP
is a critical issue that affecthe commercial viability of the process. The effect of calcium,
potassium and sodium on the deactivation of HZMas studied and the inorganic species were
found to affect its functionality by physical and chemical poisoning of the catalyst. All the
inorganic species reduced accessibility to the active sites, but sodium and potassium also
chemically deactivated the catalyst by -@xchange with the acid site {Hand reducing the
strength of acid sites. The influence of deactivation by these metals ow&HRvestigated in a
py/GGMS setup, which clearly indicated the strong negative influence on the performance of the
catalyst. Accumulation of sodium and potassium in very low concentrations (0.5 wt.%) was found

to be sufficient to cause exponential dos catalyst activity, whereas higher concentrations
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rendered the catalyst inert, losing its ability to deoxygenate pyrolysis vapor and produce aromatic

hydrocarbons.
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4. Effect of torrefaction temperature on lignin macromolecule and product
distribution fro m fast pyrolysis

Abstract

Torrefaction is a lowtemperature process considered as an effective pretreatment technique to
improve the grindability of biomass as well as enhance the production of aromatic hydrocarbons
from Catalytic Fast Pyrolysis (CFPThis study was performed to understand the effect of
torrefaction temperature on structural changes in the lignin macromolecule and its subsequent
influence onin-situ CFP process. Lignin extracted from southern pine and switchgvéss (
organosolv treatnmet ) was torrefied at four different te
tubular reactor. Between the two biomass types studied, lignin from pine appeared to have greater
thermal stability during torrefaction when compared with switchgrass ligine. structural

changes in lignin as a result of torrefaction were followed by using FTIR spectroscopy, solid state
CP/MAS C NMR, 3P NMR spectroscopy and it was found that higher torrefaction temperature
(200 and 225 eC) c au snethoxylptiod of theoanodnatio gnigs tof lignim. a n d
Gel permeation chromatography analysis revealed that polycondensation during torrefaction
resulted in an increase in the molecular weight and polydispersity of lignin. The torrefied lignin

was subsequently usdd CFP experiments using "ESM-5 catalyst in a microeactor (Py

GC/MS) to understand the effect of torrefaction on the product distribution from pyrolysis. It was
observed that although the selectivity of benzishgenexylene compounds from CFP of pine
improved from 58.3% (torrefaci on t emp at 150 eC) to 69. 0% (t
severity of torrefaction resulted in a loss of overall aromatic hydrocarbon yield from 11.6% to
4.9% under same conditions. Torrefaction at higher temperatures also increased the yield of

calbonaceous residues from 63.9% to 72.8%. Overall, torrefying lignin caused structural

64



transformations in both type of lignins (switchgrass and pine), which is ultimately detrimental to
achieving a higher aromatic hydrocarbon yield from CFP.

Keywords:Biomass, Catalytic Fast Pyrolysis (CFH)prrefaction, Lignin

4.1.Introduction

Biomass has beamnsideredo be asustainablearbon source fgoroducing chemicals and liquid
intermediates through fast pyrolysis, which could be upgraded to renevusideand other
valuable productfl-13]. It consists of three major components cellulose, hemicellulose and lignin,
whose composition varies from one spetieanother. Cellulose is a linear polymer composed of
1,4 betaD linked anhydroglucose subunits, whereas hemicellulose is a branched, amorphous
polysaccharide made of five carbon sugar compourdain is the third constituent, which occurs
between the ells and cell walls. In general, it can be defined as an amorphous aromatic polymer
of phenyl propane units which has small amounts of extractives and inorganic materials. It is a
complex and high molecular weight polymer formed by the dehydrogenatigaroikl cinnamyl
alcohols such asoniferyl and sinapyl alcohols. The degree of methoxylation differs between the
various lignin precursors and various types of intermolecular linkdg&s4,-0-4, 55,b-5, and

b-b) can occur, which varies in composition between different types of bionmHss.
decompositionof lignin results in the formation @ompounds such a@siaiacol, vanillin, syringol,
anisole andbther phenolic compoundsDue tosuch complexity in the structure of biomass, the
thermal breakdown of these constituents (cellulose, hemicellulose and lignin) during pyrolysis
results in the formation of a complex mixture of condensable compounds along with non

condensable gases andrcha
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This liquid intermediate from pyrolysis (bial) suffers from certain undesirable properties such

as (1) high oxygen content (~30%) making the product immiscible with conventional fuels; (2)
presence of organic acids, causing corrosion and ingyathilring storage; (3) low heating value

(=19 MJ/kg) when compared to foskidased fuels; (4) alkali and alkaline earth metals (Na, K, Ca
and Mg) in biomass, which alters pyrolysis chemistry. A number of studies in the past decade have
focused on improvip these properties by deoxygenating the-dilofrom pyrolysis through
catalytic upgrading and hydrodeoxygenati®14-19]. Promising catalysts including zeolites are
being actively studied fan-situcatalytic fast pyrolysis (CFP) to upgrade the pyrolysis vapors and
produce a highly deoxygenated liquid produdbwever recently, mild thermal preatment
(torrefaction) has been suggested as an effective process to improve the properties of biomass
before it is used as a feedstock for pyrolysis. Some of the advantages of torrefaction, such as (1)
improved grindability of biomass; (2) lower O/C imgt(3) improved biomass hydrophobicity;

make it a promising technique to improve the economics of bictoassergy conversion.

During torrefaction, biomass is generally heated at moderate temperatures J2D0@ e C) i n
inert environment, which redslin reduced oxygen content in the torrefied biomass mainly due to
extensive decomposition of hemicellulose in this temperature range. Hemicellulose decomposition
products such as acetic acid, furfural, water, CO and &®released from biomass durimgst
procesq20]. Meanwhile, the structure of cellulose remains relatively intact during this process
since highet e mper atures (>300 eC) are required for
torrefaction of biomass have shown that torrefaction is an effectivergattnent which improves

the yield and selectivity of aromatic hydrocarbons from CFP of torrefeddsg 21-26]. Recent
publications by Neupane et §21] and Srinivasan et gl25] discussed the effect of torrefaction

parameters such as residence time and temperature on the structural changes in biomass and its
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subsequent influence on the product distribution from catalytic pyrolysis of biomass. Neupane et
al. observed higtr carbon yield of aromatic hydrocarbons from CFP of torrefied biomass and
proposed that this could be a result ofedierification and denethoxylation of lignin during
torrefaction. However, since very limited studies have focused on the torrefactio@Fdh of
individual components of biomass, this hypothesis could not be confirmed. Further, the structural
changes in lignin as a function of torrefaction at various temperatures is also not clear. Thus, the
objective of this study was to understand tHeatfof torrefaction temperature on the structural
changes in lignin and its influence on the product distribution from pyrolysis. Torrefaction of lignin
extracted from southern pine and switchgrass through organosolv treatment was performed in a
tubular eactor. Subsequently, the roatalytic andn-situCFP of torrefied lignin were performed

in a micrepyrolyzer.

4.2. Materials and methods

4.2.1. Biomass Preparation

The southern pine used in this study watained from a local wood chipping plantOpelika,
Alabama and switchgrass was obtained from E.V. Smith Research Center, Macon County,
Alabama. Biomass wdsst air dried for 72 h anéd hammer milNew Holland Grinder Model

358) fitted with a 1.58 mm (1/16 in.) sized scres used to grinthe samplesSubsequently, it

was fractionated using a sieve shaker and particles in the desired size range (400 um to 840 pm)

were used for organosolv lignin extraction.
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4.2.2. Organosolv Extraction

A known amount (350 g) of the biomass (dry weighs soaked for 24 h i65% ethanol and
1.0%(w/w) sulfuric acid (based on biomasskisolid to liquid ratio of 1:.7The mixture containing
biomass and liquor was loaded in a 4.0 L Parr reactor and pretreated at 170 °C for 1 h with a
stirring rate of 6Gpm. After pretreatment, the reactor wasledan a water bath and the resulting
slurry was separated into a solid fraction and a liquid fraction by filtration. The solid fraction was
washed with warm ethanol three times to remove the extractable ligtistared at20°C. To
prepare ethanol organosolv lignin (EOL) from biesia3fold volume of water wasdded to
organosolv spent liquor (the liquid fraction) after pretreatment. Organosolv lignin was precipitated
and collected by vacuum filtration on Whn No. Ifilter paper,washedwith warm water to
remove the watesoluble compoundsnd then driedSince the pyrolysis was to be performed in

a micropyrolyzer, the lignin had to be sieved further using08 mesh 74 um) and the fraction

that passed wassedfor characterization, torrefaction and pyrolysis experiments in this study.

4.2.3.Lignin Torrefaction and Characterization

Lignin from pine and switchgrassas trrefiedat four temperatue (150, 175, 200, 228 Lfor

15 min in a tubular reactor (18 in. long, 1 in. outer diameter) placed in a prograrumeste
(Ther mo Sci ent i y-t).5mofdrgahosolv Fdid wWas usel for torrefaction at each
condition, andtie volatilegeleasedrom lignin duringtorrefactionwere swept away bgitrogen

gas flow at U/min. Treatment time was said to begin when the furnace reached the desired set
point. At the end of the treatment time, tagrefiedsamples were pulled from the furnace and
immediately placed in dgccators to prevent further treatment and combustion. The samples

(shown in Supplementary Information Figure Sd9re weigled before and after torrefaction
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calculate the mass loss as a result of torrefaction using a microbalance (Mettler Toledo, model
XP6).Moisture and ash contents were determined for the lignin samples according to ASTM E872
and E1755 standards, respectively. Ultimate analysis to measure the carbon, hydrogen, nitrogen,
oxygen and sulfur contents was performed for raw and torrefiaohligsing a CHNS elemental
analyzer (Thermo Scientific, model Flash 2000hmponent analysis to measure extractives,
cellulose, hemicellulose and lignin contents was performed according to Laboratory Analytical
Procedure (LAP) developed by National RenblgaEnergy Laboratorj27]. Thermogravimetric

(TG) analysis to calculate the weight loss as a function of temperature of raw and torrefied lignin
was performedTA Instruments, 2050 TGA) with a heating rate ofd@/ mi n and hel i u
rate of 20 ml/minFTIR analysis to study the structure of raw and torrefied lignin was done using

a Perkin Elmer Spectrum model 400 (Perkin Elmer Co., Waltham, MA). Each spestism
recorded after 32 scans from 4000 to 656,chy applying a vertical load on the sample at room
temperature. Solidtate CP/MAS®C NMR analysis was performed on a Bruker Avance Il 400
MHz spectrometer, according to the methods previously desdmbBeupane et 4P1].

The lignin samples for Gel Permeation Chromatography (GPC) analysisnasualy milled in

a jar for 510 min. The molecular weight of lignin was analyzed by GPC after lignin acetylation.
The derivatization of lignin was conducted on a basis of 10 mg lignin in 1 mL of 1:1 pyridine/acetic
anhydride irthe dark atroom temperaturéor 24 h, 200 RPM. The solvent/reagents were removed

by co-evaporation at 45°C with ethanol, several times, using a rotatory evaporator until dry. The
resultng acetylated lignin was dissolved ietrahydrofuran THF) and the solution was filtered
through 0.45¢e m me mbr ane f i | t e rThebhgdiromyt groupS digniassmweeley s i s .
quantitated by’ NMR after lignin phosphitylation. In detail, the lignin samples were vacuum

driedat 4dverngl® before phosphitylation and 25.0 mg of lignin was accurateighted
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into a 4mL tube. 0.5 mL of a prepared stock solution of pyridine/deuterated chloroform (1.6/1,
v/v) including 1 mg/mL Cgcacizand 4 mg/mL internal standard (endehitdroxy-5-norbene2,3-
dicarboxylic acid imide) was added to dissolve lignine Tphosphitylation was performed by
adding 50 pL of the phosphitylating reagent TMDP-ctRoro-4,4,5,5tetramethyll,3,2
dioxaphospholane). Quantitativ8® NMR spectra were acquired on a Bruker Advance 400 MHz
spectrometer equipped with a BBO probe withsg@dns and a total runtime of 28 min. All chemical
shifts reported are relative to the product of TMDP with water, which has been observed to give a

sharp signal in pyridine/CDght 132.2 ppm.

4.2.4.Catalyst

A commerciallyavailable HZSM5 catalyst CBV 2314 with a Si@AIOs ratio of 231, Zeolyst,
USA) wasused in then-situCFP experiments. The catat was sieved using a 200 mesid the
fraction thatpassed through the sieve (<@#) was used in this studyt wasthen calcined for 5
hours at 586 e C i n a toucbrivdrtehe datalysnta thesacid form prior to.uSke
lignin/catalyst mixture foin-situCFP experiments was prepared by mixsy mg of thelignin
and 200mg of the catalyst using an ultrasonic bath (VWR Scientifatalogno. 97043960) to
get a mixture having kgnin to catalyst ratio of 1:4A microbalance with sensitivity of 0.001 mg

(Mettler Toledg XP6) was used to measure the sample weight.
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4.2.5. Experimental procedure

Pyrolysis experiments were ¢gad out on a Tandem mici@actor system (Frontier Laboratories,
Rx-3050 TR), which was connected to a gas chromatograph (Agilent Technologies, 7890A).
Figure 4.1 shows a schematic diagram of the system usedisnstbdy containing two quartz

pyrolysis tube reactors (4.7 mm ID, 114 mm length) arranged in series.

Sample Cup
Carrier Gas j{
—p—

Aux Gas
L

QO =i

1%t y-reactor (pyrolysis)

2 y-reactor (empty)

Figure 4.1. Schematic oftandem micrereactor used in this study

The reactors were equipped with independent temperature control betw®f 80 e C and a
independent temperature controlled interface betweetwo reactors to prevent condensation of
pyrolysis products. Samples were placed in deactivated stainless steel sample cups and loaded into
the reactor. Helium gas flow for 45 seconds purged the reaction environment and the sample cup
was then droppedtm the pyrolysis reactor (drop time of-P® millisecondq28]). The products

of pyrolysis from the first reactor were swept into a-8S using helium gas flow for analyzing

the producttomposition. In the nenatalytic experiments, 0.5 mg of the lignin was pyrolyzed in

the first reactor, and the second reactor was empty.inFsitu CFP experiments in this study,
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approximately 2.5 mg of the lignin/catalyst mixture (lignin:catalyst:4) was pyrolyzed in the

first reactor and the second reactor was empty. The second reactor was also mairtaensaina
temperature as the interface at 350 eAxmyasin ord
chromatograph (Agilent Technologies, 7890A) equipped with an Agilent DB 1701 capillary
column (60 m x 0.250 mm and 0.250 pm film thickness) was tseskparate and analyze
condensable compounds from pyrolysis. A split ratio of 1:100 was used for sample injection into
the column and the GC inlet was maintained at
40 eC and hold fors Bamped att &r e€himch up wa t
eC. The final temperature was held for 6 min ¢
The column was connected to a mass spectrometer (Agilent Technologies, 5975C) for compound
identificaion and quantification by using calibration standards. Some of the major products
identified (norcatalytic pyrolysis products from lignin / aromatic hydrocarbons firoisitu CFP)

were quantified using pure compounds purchased from Siddiech (St. Lous, Missouri).

Calibration factors for quantification were prepared by usinget different concentrations of the
standardsA Porous Layer Open Tubular (PLOT) column (Agilent TechnologiesGa§Pro) was

usedto analyze the composition of neondensablegas (NCG) products (CO, GOCH,, CHa,

C:He, GsHs, GsHs and GHs) and a standard gas mixture of these NCG was used to calibrate the

yield of norcondensable gaseEhe weight of the sample cup before and after the experiwwast

measured in order to calete the char yieldHoweverit was not possible to distinguish between
pyrolysis char and catalytic colke the in-situCFP experiments whicWere performed with the

catalyst mixed along with the lignin the sample cup.

Each experiment was performeuduplicate in ordeto obtain a standard deviation for the results

and verify the reproducibility of the data. Three factors of interest at various Tetgkype of
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