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1. Introduction

1.1 Background

The general motivation to develop production technologies for liquid bio-

fuels stems from a number of economic, environmental, and political drivers.

Dwindling petroleum reserves and their particular geographical distribu-

tion are two of the underlying reasons behind the interest to convert other

natural resources such as biomass, coal, and natural gas into liquid fu-

els. In addition to the availability questions and geopolitical issues that

surround the existing global fuel production chains, the environmental

aspects of biofuel production and utilization have grown to become ever

more important in the recent years. Although other forms of renewable

energy can at least partially offset stationary power generation that is

based on fossil fuels, biomass remains as the sole source of readily avail-

able renewable carbon [1]. Therefore, for energy applications which rely

on the utilization of liquid fuels, e.g. transportation, biofuels are expected

to play an important role on the path towards decarbonization. While hy-

brid and electric technologies have been steadily gaining ground in nor-

mal passenger cars, liquid fuels are expected to maintain their essential

role in the near-term future. The utilization of liquid fuels is even more

deeply rooted in the fields of aviation, marine transport, and heavy duty

road vehicles, and thus demand for fuels which fulfill the requirements

of these sectors is expected to remain strong. Although biofuels by them-

selves will not offer a singular all-encompassing solution for addressing

the energy needs of the future, they can, nevertheless, be a part of a larger

shift towards cleaner technologies.

While the need to develop technologies for producing cleaner fuels has

been globally recognized, the cyclic nature of the overall world economy
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Figure 1.1. Comparison of petroleum and biofuels production in the United States start-
ing from a point in time when the annual production corresponded to a rate
10 000 barrels per day [4].

and the recent decrease in the crude oil prices has naturally affected the

economic incentives for carrying this out in practice. Nevertheless, with

the support of suitable subsidy schemes and investment aids, and policy-

driven demand in general, several industrial demonstration plants which

produce liquid biofuels from lignocellulosic biomass have been constructed

and commissioned in the recent years [2, 3]. Although progress may at

times appear slow, one should bear in mind that production of petroleum-

based fuels did grow to its current magnitude overnight either. In fact,

as it can be seen in Figure 1.1, production of liquid biofuels in the United

States has increased substantially more rapidly than petroleum produc-

tion did during its infancy. The overall consumption base for oil products

was, of course, entirely different in the latter half of the 19th century. In

addition to this, liquid biofuels are typically blended together with fos-

sil fuels in the form of e.g. ethanol. Thus, their demand is tied to the

demand of fossil fuels, and therefore liquid biofuels do not constitute an

independent product category of their own.

The path from small-scale laboratory experiments towards industrial

demonstration is typically an arduous process, which entails many poten-

tial pitfalls. Therefore, in order to facilitate a smooth scale-up process, cer-
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tain critical information has to be obtained during each intermediate step.

This also serves to increase the overall knowledge of the target process,

thus giving a more thorough understanding of the potential challenges

that may arise during the course of process development. One technol-

ogy which has already undergone this scale-up process is fast pyrolysis of

biomass. In fast pyrolysis, solid biomass is thermally decomposed in the

absence of oxygen [5, 6]. This process, which takes place within a matter

of a few seconds, is typically carried out under atmospheric pressure at

a temperature of approximately 500 °C. At these conditions, the volatile

part of lignocellulosic biomass decomposes into vapors and gases, whereas

the non-volatile part is recovered in the form of a solid product, biochar.

The vapors are subsequently condensed to form a liquid product, which

is commonly referred to as bio-oil or pyrolysis oil. Fast pyrolysis bio-oil

itself is a highly complex mixture, which contains hundreds of individ-

ual compounds originating from the thermal decomposition of the three

main constituents of lignocellulosic biomass: cellulose, hemicellulose, and

lignin. Although more than half of the energy and carbon in the original

biomass feedstock can be recovered in the bio-oil, this primary fuel prod-

uct bears little resemblance to the petroleum-derived fuels that are one of

the backbones of modern society.

Many of the particular fuel properties of pyrolysis oil, which are shown

in Table 1.1, fundamentally arise from the fact that pyrolysis oil has an

elemental composition which is very similar to the original biomass feed-

stock. In contrast to the hydrocarbon fuels which are routinely consumed

in both stationary and mobile applications, pyrolysis oil contains up to 40

wt% of oxygen on dry basis. This oxygen is present in the form of various

organic compound types, e.g. acids, aldehydes, ketones, alcohols, anhy-

drosugars, and phenols [8]. In addition to low molecular weight molecules

which can be individually identified, a large part of these bio-oils consists

of heavier holocellulose and lignin fragments, which have been only par-

tially depolymerized during the pyrolysis process. This multitude of or-

ganic molecules is typically supplemented by 20-30 wt% of water, which is

the single-most abundant compound in fast pyrolysis bio-oils. Ultimately,

individual compounds with varying organic functionalities, and potential

interactions between the different compounds imparts pyrolysis oil with

its distinct complexity and character. Nevertheless, even with this ar-

ray of challenging physicochemical properties, fast pyrolysis bio-oil can be

used as a fuel in district heating boilers and stationary energy applica-
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Table 1.1. Fuel properties of a typical thermal fast pyrolysis bio-oil and petroleum-
derived light fuel oil [7].

Property Typical bio-oil Light fuel oil

Water (wt%) 20-30 0

Solids (wt%) < 0.5 -

Ash (wt%) 0.01-0.1 0.01 max

Nitrogen (wt%) < 0.4 0.02

Sulfur (wt%) < 0.05 0.001 max

Viscosity (40 °C, cSt) 15-35 2.0-4.5

Density (15 °C, kg/dm3) 1.10-1.30 0.845 max

Flash point (°C) 40-110 60

Pour point (°C) -9-36 -5 min

Lower heating value (MJ/kg) 13-18 42.6

pH 2-3 -

tions [9, 7].

If pyrolysis oil is to be used in demanding applications such as the trans-

portation sector, it must first undergo a certain degree of upgrading. Most

of the suggested upgrading processes have their technological foundations

in the oil refining industry. Because the key differentiating factor be-

tween petroleum distillates and pyrolysis oil is the high oxygen content of

the latter, technologies which are capable of heteroatom removal have al-

ways featured prominently in pyrolysis oil upgrading research. Catalytic

hydrotreating, which can be used for removing oxygen via hydrodeoxy-

genation (HDO) reactions, has long been considered as the technology of

choice for converting pyrolysis oil into hydrocarbons [10, 11]. This technol-

ogy was originally developed for removing sulfur and nitrogen impurities

in petroleum. In addition to oxygen removal and hydrogenation reactions,

this process is also capable of lowering the molecular weight of the final

products via cracking reactions. However, because of the complex char-

acter of the feedstock, catalytic hydrotreating of pyrolysis oils has proven

to be substantially more challenging than its closest counterparts in oil

refining, i.e. hydrodesulphurization and hydrocracking. Another oil re-

fining process which has been adapted for pyrolysis oil upgrading is fluid

catalytic cracking (FCC), in which heavy hydrocarbon fractions are con-

verted into lighter products over solid acid catalysts without any external

hydrogen [12, 13]. Although the process conditions and the underlying

chemistry is completely different compared to the hydrotreating alterna-
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tive, both of these processes can ultimately be used for converting pyroly-

sis oils into higher value hydrocarbon products [14, 15]. However, because

of the challenges that are associated with upgrading crude pyrolysis oils,

altering the pyrolysis process itself to yield more readily upgradeable oils

is another avenue of research that is being actively pursued.

In addition to previously described post-pyrolysis upgrading strategies,

it is possible to incorporate the first upgrading step directly into the pyrol-

ysis process itself. One particular way of achieving this is to introduce a

catalyst into the pyrolysis process. With this approach, which is referred

to as catalytic fast pyrolysis (CFP), the primary thermal decomposition

reactions are followed by a secondary set of catalytic reactions. During

these catalytic reactions, the pyrolysis vapors are further transformed via

a multitude of reactions, many of which include the rejection of oxygen

in the form of water, carbon monoxide (CO), and carbon dioxide (CO2).

This type of transformation results in a trade-off between the quantity

of bio-oil that is obtained and its quality, i.e. less bio-oil is produced but

it presents more favorable quality characteristics. Studying this quan-

tity versus quality relationship is still a primary concern for developing

a more profound understanding of the CFP process. However, the bio-

oil from CFP is still ultimately an intermediate product, and thus any

changes in product quality will also reflect directly in the subsequent up-

grading processes. Although the bio-oil yield from CFP is lower compared

to the purely thermal conversion pathway, the envisioned attractiveness

of the CFP concept is based on the improved processability of the inter-

mediate product.

The different technologies that have been introduced in the previous

paragraphs offer several pathways leading to transportation fuels. The

ones which are considered most relevant within the framework of this

thesis are presented in Figure 1.2. In order for any industrial scale CFP-

based biofuel production concept to be realized, a more intricate knowl-

edge of the process itself and its products needs to be developed. The

overall outcome of a CFP process is determined by a wide array of differ-

ent factors. Just as in any other chemical transformation process, some

variables play a pivotal role, whereas others may only have a minute ef-

fect. Identifying the parameters which exert the most influence on the

CFP process is, therefore, a topic of central importance. When consider-

ing the overall conversion process, the events taking place within the CFP

reactor can be divided into two distinct phenomena: pyrolysis and catal-
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Figure 1.2. Process concepts for producing transportation fuels via thermal and catalytic
fast pyrolysis of lignocellulosic biomass.

ysis. It is already widely established that temperature is a key variable

in any thermochemical conversion process, including pyrolysis [16, 17].

The first requirement for any catalytic process is a catalyst that is able

to convert the reactants to the desired products with high activity and se-

lectivity. One thing that practically all catalytic processes, however, have

in common is catalyst deactivation [18]. The rate at which the activity

of the catalyst decreases depends on factors such as feedstock, catalyst,

and process conditions, and it reflects directly on what type of reactor

configuration is best suited for a given process [19]. Although these afore-

mentioned three factors, i.e. temperature, catalyst deactivation and reac-

tor configuration, are by no means the only relevant variables as far as

CFP is concerned, all of them can be expected to influence product qual-

ity. Attempting to delve deeper into the character of CFP bio-oils may

not at first glance appear to be such a daunting endeavor, but one should

bear in mind that considerable efforts have been taken just to determine

the composition and properties of bio-oils from conventional fast pyrolysis

processes [8, 20]. Introducing a completely new variable, i.e. the cata-

lyst, into the process, also causes the character of the bio-oils to undergo a

drastic change. Understanding this change and the variables that govern

it should be one of the foundations upon which the CFP technology can

be further developed. One unsuccessful attempt [21] at commercializing

this technology already highlights the hazards of undue haste, while si-

multaneously emphasizing that interest towards the CFP technology is

not merely academic.
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1.2 Scope of the research

Catalytic fast pyrolysis is a technology which can be used for producing

partially upgraded bio-oils, which exhibit improved quality characteris-

tics compared to conventional thermal fast pyrolysis (TFP) bio-oils. The

properties and composition of TFP bio-oils depend on a large number of

feedstock- and process-related variables. Introducing a catalyst directly

into this already otherwise complex process further increases the number

of factors that influence bio-oil quality. This shift from a purely thermal

process into a thermocatalytic one also presents new challenges, such as

how to efficiently address the effect of catalyst deactivation, and under-

standing how the properties of the catalyst reflect in the properties of the

final bio-oil product.

The objective of this thesis was to examine which variables play the

most prominent role in determining product quality in CFP of woody

biomass, and to develop a thorough understanding of how bio-oil charac-

teristics change in the presence of a solid acid zeolite catalyst under vary-

ing process conditions and configurations. Experiments were initially car-

ried out using bench-scale bubbling fluidized bed (BFB) reactors. Bio-oils

produced under varying process conditions were extensively character-

ized in order to understand this thermocatalytic transformation process.

Based on experiences and knowledge gained in the experiments that are

reported in Publications I and II, it became clear that coke-induced re-

versible catalyst deactivation significantly limited the usability of typical

BFB reactors in the CFP process.

In the latter half of the thesis, which corresponds to Publications III and

IV, the experimental work was conducted using circulating fluidized bed

(CFB) reactors. The purpose of this work was to assess whether continu-

ous catalyst regeneration makes it possible to maintain constant bio-oil

quality, and to identify critical factors which potentially limit the fur-

ther applicability of the CFP process. The experimental work consisted

of a continuous 96 h our pilot-scale experiment (Publication III), and a

parametric study concerning the effect of a critical process variable, the

catalyst-to-biomass ratio (Publication IV).

The thesis also touched upon the subject of co-processing bio-oils in an

oil refinery FCC unit in Publication V. The purpose of this study was to

compare the co-processability of two partially upgraded bio-oils derived

from two different processes: CFP and HDO. Comparing the behavior of
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two bio-oils with a similar degree of upgrading can also provide new in-

sights concerning the quality and characteristics of the oils themselves.

Based on this, the primary research questions of this thesis can be for-

mulated as follows:

1. How does the presence of a solid acid catalyst affect bio-oil properties

and composition?

2. What kind of reactor technology offers the most convenient solution

for producing bio-oil with constant quality via CFP?

3. Can constant bio-oil quality be maintained indefinitely under condi-

tions which eliminate the effect of reversible catalyst deactivation?

4. Can bio-oil quality be further improved by supplying an excess of

catalyst into the CFP process?

5. Is aromatic CFP bio-oil a suitable feedstock for a subsequent acid-

catalyzed upgrading process?

1.3 Dissertation structure

Following the introductory chapter, this dissertation provides a compact

literature review concerning CFP of biomass. The purpose of this brief

review is to familiarize the reader with the technologies, concepts, and

phenomena that are considered pertinent for understanding the results

of this dissertation. This is followed by a materials and methods section,

which outlines the experimental methodologies and materials that have

been utilized during the course of this research.

The results of the dissertation are presented in thematic sections, each

of which corresponds to an individual journal publication. In Chapter 4,

each section begins with an introductory note, which further explains the

context and objectives of the experimental work that was carried out in a

given publication. In general, Chapter 4 seeks to highlight the most rele-

vant results from each publication. Because of this, the allotted space is

not distributed evenly between the five publications. In particular, Pub-

lications III and IV play a more prominent role, as these are deemed to

offer the largest overall contributions of this dissertation.
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2. Literature review

2.1 Technology for fast pyrolysis of biomass

In order to understand how CFP can be implemented in practice and what

kind of challenges it entails, it is first necessary to familiarize oneself

with the basic technology that is applied for conventional, i.e. thermal

fast pyrolysis. As it was mentioned in Chapter 1.1, fast pyrolysis is a

thermochemical conversion process where lignocellulosic biomass is ther-

mally decomposed in the absence of oxygen. This non-oxidative conver-

sion process, which takes place within a matter of seconds, is typically

carried out at a temperature of approximately 500 °C. At this tempera-

ture, the individual components of biomass, i.e. cellulose, hemicellulose,

and lignin decompose via depolymerization and cracking reactions which

form organic vapors, water, and non-condensable which consist primarily

of carbon oxides and light hydrocarbons. The unreacted fraction of the

biomass feedstock remains as a solid carbonaceous residue, char. The or-

ganic vapors which are released in the decomposition reactions form the

primary product of interest, i.e. bio-oil. In order to maximize the yield of

bio-oil, a certain set of conditions must be fulfilled. These include [22]:

1. Carefully controlled reaction temperature

2. Rapid heating of biomass particles

3. Short vapor residence time in the pyrolysis reactor

4. Rapid separation of char from vapors

5. Rapid quenching of pyrolysis vapors

These factors place very strict requirements for the reactor technology

that can be used for fast pyrolysis. Fluidized bed reactors have been
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Figure 2.1. Schematic representation of a circulating fluidized bed reactor used for fast
pyrolysis of biomass [23].

widely recognized as the technology of choice for carrying out this pro-

cess. In addition to offering very efficient temperature control and rapid

heating rates, fluidized bed reactors are readily scalable to the industrial

size range.

The fluidized bed reactors which are most commonly applied for fast py-

rolysis of biomass can be divided into two types: bubbling fluidized bed

(BFB) and circulating fluidized bed (CFB) reactors. A schematic example

of a CFB reactor is provided in Figure 2.1. Both BFB and CFB reactors

utilize a solid heat transfer material such as sand to heat up the biomass

particles that are introduced into the system. In addition to the solid heat

transfer material, fluidized bed reactors require a fluidization gas, which

is passed through the reactor at a certain velocity. Figure 2.2 introduces

the different states of fluidization which are attained by increasing the

velocity of the fluidization gas. For BFB reactors, the desired operational

range is found between the minimum fluidization velocity and the onset

of pneumatic transport, which is also referred to as the terminal velocity.

At the regime of bubbling fluidization where the pressure loss remains

constant, small gas bubbles travel upwards through the solid heat trans-

fer material, which in turn behaves in a similar fashion as a boiling fluid.

During operation, the heat transfer material remains inside the reactor,

whereas the pyrolysis products, which also include the solid char residue,
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Figure 2.2. Different fluidization regimes within a fluidized bed reactor [24].

are continuously flushed out from the reactor by the fluidization gas flow.

For CFB reactors, in order for the pyrolysis products and the heat transfer

material itself to be carried upwards through the reactor, the fluidization

velocity has to surpass the terminal velocity of the heat transfer material

and the char. This state of operation corresponds to the pneumatic trans-

port regime in Figure 2.2. Because the heat transfer material does not

remain within the reactor, it has to be continuously supplied into the re-

actor in order to provide the necessary heat for the pyrolysis process. This

difference in the operational characteristics of BFB and CFB reactors is

essential to comprehend, as it has direct implications on the CFP process.
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After the reactor, the entrained solids, i.e. char for BFB reactors and

a mixture of char and heat transfer material for CFB reactors, have to

be separated from the vapors and gases. This is typically carried out us-

ing either cyclones or alternatively a hot vapor filter (HVF). The HVF is

capable of separating practically all the solids from the pyrolysis prod-

uct stream, but a gradually increasing pressure drop typically limits the

long-term usability of this particular technology. Cyclones, on the other

hand, are not very effective at removing particles which are smaller than

15-20 μm [25], which can result in some char and heat transfer material

carrying over into the bio-oil. For BFB reactors which are utilized for re-

search purposes, such as the ones which have been used in this thesis, the

separated char is directed into a suitable collection vessel which can be

emptied after the experiment. On the other hand, for CFB reactors, the

solids are fed into a separate regeneration unit, which combusts the char

in order to reheat the heat transfer material. The reheated heat transfer

material is fed back into the reactor to supply the heat for the pyrolysis

reactions. The energy that is contained in the char allows autothermal op-

eration of the CFB reactor, whereas small BFB units are typically heated

by electricity.

After separating the solids, the pyrolysis vapors, which contain both or-

ganic compounds and water, have to be condensed in order to recover the

bio-oil. The condensation is typically carried out in multiple stages, which

may employ a variety condensation means and temperatures. There are

two main philosophies for designing the liquid recovery system and col-

lecting the liquid products. The conventional approach is to implement

the liquid recovery using a configuration which allows one to obtain a

single homogeneous product bio-oil. Although this bio-oil is still typi-

cally collected in more than one stage, the condensation conditions are

selected so that post-pyrolysis mixing of liquid products can be readily

carried out. The alternative is to collect the bio-oil in several distinct frac-

tions which can, in theory, be utilized in different targeted applications.

This fractional condensation approach can be realized by e.g. manipu-

lating the condensation temperatures within the liquid recovery system.

In both cases, the actual condensation is carried out using a variety of

suitable devices, with heat exchangers, electrostatic precipitators (ESPs)

and scrubbers being the most commonly used options. Heat exchangers

condense the vapors simply by cooling them down, ESPs utilize a high

voltage to charge and condense particularly aerosols, while in scrubbers
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a liquid, which is typically a hydrocarbon solvent or recirculated product

bio-oil, is sprayed into the pyrolysis vapors in order to quench them. After

all the liquid products have been condensed, a part of the product gases

can be recirculated back into the pyrolysis process to be used as the flu-

idization gas. Excess gases can be combusted e.g. in the regenerator. In

practice with smaller experimental units, the gases are typically vented

rather than recirculated.

2.2 Catalytic fast pyrolysis

2.2.1 Coupling pyrolysis and catalysis in practice

Before delving deeper into the characteristics of the process itself, it is per-

tinent to examine how the CFP process can be implemented in practice.

The overall concept of CFP revolves around introducing a catalyst directly

into the pyrolysis process. There are two operational approaches for car-

rying this out: in situ CFP [26, 27] and ex situ CFP [28, 29]. In the former

option, which is also the focus of this thesis, both pyrolysis and catalysis

take place within the single pyrolysis reactor, whereas in the latter option

the pyrolysis reactor is followed by a dedicated catalytic reactor. Both

alternatives have their own benefits and shortcomings, but the in situ op-

tion offers the simplicity of carrying out the whole process within a single

reactor. When utilizing fluidized bed reactors, which were discussed in

Section 2.1, the shift from a purely thermal decomposition process into

a thermocatalytic one can be realized simply by replacing the inert solid

heat transfer material with a solid catalyst [30, 31]. In this case, the re-

leased pyrolysis vapors come into immediate contact with the active sites

of the catalyst, thus allowing the upgrading reactions to proceed directly

after the thermal decomposition reactions. CFP can be carried out in both

BFB and CFB reactors, but as it will be discussed in Section 2.2.3, CFB

reactors have a distinct edge over their bubbling counterparts.

2.2.2 Chemistry of catalytic fast pyrolysis

The chemistry of a given heterogeneously catalyzed process largely de-

pends on what type of catalyst is used. Although various catalysts can

and have been employed for CFP, an overwhelming number of studies, in-

cluding this thesis, have focused on the use acidic zeolites, particularly the
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HZSM-5 variant. Different zeolites have different pore structures, which

in turn directly impact the diffusion of both reactants and products. This

characteristic imparts zeolites with so-called shape selectivity; the size of

the molecules which can enter, exit, or form inside the zeolite is defined by

the pore size. The concept of CFP can be said to have originated from the

methanol-to-gasoline (MTG) process [32], where methanol is converted

over a HZSM-5 zeolite catalyst into primarily aromatic gasoline. The va-

pors originating from biomass pyrolysis are far more complicated to pro-

cess than methanol, but a number of studies [33, 34, 35] have nevertheless

shown that the structural characteristics, i.e. pore size and structure, of

HZSM-5 allow it to surpass the performance of other zeolite types in CFP.

Analogously to the MTG process, in CFP biomass-derived oxygenates can

also be ultimately converted into aromatic hydrocarbons. In the MTG

process, the formation of aromatic hydrocarbons has been shown to take

place via the so-called ’hydrocarbon pool’ mechanism [36, 37], and a simi-

lar scheme has been suggested for CFP as well [38, 39].

In the hydrocarbon pool concept, the aromatic hydrocarbons are formed

from a pool of hydrocarbon intermediates which has formed within the

pores of the zeolite. The products form within the pores, after which they

are desorbed outside from the zeolite crystals. Before any catalytic reac-

tions take place, the biomass macromolecules are first thermally decom-

posed into a wide array of monomeric and oligomeric species. These pri-

mary pyrolysis vapors can then further react in the gas phase, or interact

with the active sites of the catalyst. In order to take part in the hydrocar-

bon pool, the compounds found in the pyrolysis vapors have to first lose

their oxygenate functionalities via a combination of dehydration, decar-

bonylation, and decarboxylation reactions, which produce, water, CO, and

CO2, respectively [34, 40]. Thus, the overall conversion route typically

includes several different steps. One suggested reaction pathway for glu-

cose, i.e. the monomeric constituent of cellulose, is shown in Figure 2.3.

The notion of the hydrocarbon pool has been further supported by per-

forming biomass CFP in the presence of isotopically labeled oxygenates.

Zhang et al. [41] showed that co-conversion of pine and methanol over

HZSM-5 formed aromatic hydrocarbons which contained carbon from both

feedstocks. Thus, methanol and oxygenates from pine pyrolysis were able

to interact and eventually combine under CFP conditions.

Lignin, on the other hand, already contains the aromatic ring struc-

ture that can be created by HZSM-5. This does not, however, mean that
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Figure 2.3. Suggested reaction mechanism of glucose over HZSM-5 in CFP [40].

lignin would be an exceptionally suitable feedstock for the production of

aromatic hydrocarbons via CFP. Thermal fast pyrolysis of lignin is known

to be a challenging process in itself - yields of liquid products are limited

while a large amount of char is typically produced [42]. Even the pres-

ence of phenol, which is the simplest monomeric compound originating

from lignin, can cause rapid deactivation of HZSM-5 zeolites due to its

strong interaction with the acid sites coupled with pore blockage [43]. It

has been suggested that in the CFP of lignin, simple phenols would be re-

sponsible for catalyst deactivation, whereas formation of aromatics would

proceed via olefins and methanol which have been liberated from the side

chains of the lignin monomers/oligomers [44]. In general, the CFP of iso-

lated lignins has been shown to result in heavy coke formation [45, 46].

In the literature, considerable efforts have been made in order to elu-

cidate the reaction mechanisms that are involved in the CFP of biomass.

Usually, this entails examining what are the various steps which are re-

quired in the conversion of biomass-derived oxygenates into aromatic hy-

drocarbons. While this serves to increase the overall knowledge regarding

CFP, under realistic process settings, i.e. in fluidized bed reactors, aro-

matic hydrocarbons typically constitute only a part of the overall liquid

products [47, 48]. Thus, they are essentially mixed together with ther-

mal decomposition products which have not undergone full conversion
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over the catalyst. Although the reaction mechanisms which have been

included in this section may suggest that CFP can be used for producing

aromatic hydrocarbons selectively, one should bear in mind that in most

cases, the actual product is still a complex bio-oil.

2.2.3 Catalyst deactivation and regeneration

Coke formation and reversible deactivation

When an acidic catalyst such as HZSM-5 is exposed to biomass pyrolysis

vapors, a part of these vapors is always converted to coke, a carbonaceous

deposit that is retained on the catalyst. Coke lowers the activity of zeolites

by directly covering the active sites, or alternatively by blocking access to

larger areas of the zeolite micropore structure. The rate at which the

catalyst loses its activity due to coking depends on a number of factors,

which include e.g. reactant and catalyst type. When carrying out CFP in

a reactor which operates with a fixed catalyst batch without continuous

regeneration, the extent of catalyst deactivation essentially depends on

how much biomass has been processed over the catalyst. This is some-

times described using the biomass-to-catalyst ratio, which should not be

confused with the circulation-based catalyst-to-biomass (C/B) ratio that is

discussed in Publication IV.

When the HZSM-5 catalyst is at its most active state, it is under suitable

conditions able to convert biomass pyrolysis into an oxygenate-free slate

of aromatic hydrocarbons [38]. However, as the cumulative amount of pro-

cessed biomass increases, oxygenate compounds start to break through

the catalyst bed. This overall deactivation process is visualized in Fig-

ure 2.4, which shows how the distribution of different lumped compound

groups changed with increasing biomass-to-catalyst ratio in CFP of pine

over HZSM-5. Intermediate products such as phenol, cresols and furans

appeared first, and were subsequently followed by primary pyrolysis va-

pors. As the proportion of oxygenates in the CFP vapors increased, aro-

matic hydrocarbons exhibited a corresponding decrease until a point of

complete deactivation was reached. At this stage, it is possible that the

catalyst still influenced the formation phenol and cresols, but aromatic

hydrocarbons were no longer detected in the products. The most intense

phase of coke formation also occurred at low biomass-to-catalyst ratios,

when the catalyst still retained most of its initial activity.

The characteristics of the zeolite itself also have an impact on the de-
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Figure 2.4. Changes in the product distribution of pine CFP as a function of the biomass-
to-catalyst ratio [38].

activation process. Coke forming tendency in the CFP process is known

to be affected by the pore structure of the zeolite [33, 28, 49]. Large-pore

zeolites such as Y zeolite have been shown produce more coke compared

HZSM-5. When considering the differences between zeolites of a single

structural type, acidity can have a significant effect on the rate of deacti-

vation. The acidity of a given zeolite is determined by its silica-to-alumina

ratio (SAR). Aluminum species are responsible for the acidity of zeolites,

and thus zeolites with lower SAR values and consequently more Al in

their structure are more acidic. In general, a higher number of acid sites

can enhance coke formation in two ways. When distance between the

individual acid sites decreases, bimolecular reactions involving two acid

sites can occur more readily. In addition to this, a higher acidity means

that there are more individual acid sites along the diffusion pathways

of reactants/products. Therefore, the desired products have an increased

likelihood of undergoing further undesirable reactions while diffusing out

from the zeolite pores [50].

Wan et al. [51] studied the effect of HZSM-5 acidity in the upgrading

oak pyrolysis vapors using a variety of approaches, and reached an over-

all conclusion that HZSM-5 catalysts with lower SAR values deactivated

more rapidly. Over the SAR range of 23-80 that was examined in this

study, the initial activity per acid site did not actually vary. However,

when the experiments were carried out using a fixed total number of acid
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sites, the more acidic catalysts lost their activity more rapidly. When us-

ing a fixed catalyst mass rather than a fixed number of acid sites, the

most acidic HZSM-5 zeolite exhibited the highest initial activity in terms

of alkylbenzenes production. Upon continuous exposure to oak pyrolysis

vapors, the less acidic catalysts (SAR 50/80) eventually surpassed the ac-

tivity of the HZSM-5 with a SAR of 23. Quite often in analytical studies,

the effect of catalyst deactivation is mitigated by operating with a large

excess of catalyst. The product distribution from experiments such as

these can, nevertheless, provide an indication whether e.g. a certain cat-

alyst is prone to rapid deactivation. Engtrakul et al. [52] examined the

effect of catalyst acidity in catalytic upgrading of pine pyrolysis vapors,

and observed that using HZSM-5 zeolites with lower SAR ratios increased

the formation of polyaromatic hydrocarbons. While this in itself is not a

sign of catalyst deactivation, the increased presence of polyaromatic coke

precursors does suggest a higher potential for coke formation.

The studies which have been discussed in this section so far clearly in-

dicate that HZSM-5 zeolites deactivate already at low biomass-to-catalyst

ratios. In practice, this translates to a frequent need for catalyst regen-

eration. Without regeneration, the bio-oil quality keeps changing as a

function of time. This change can be observed as e.g. increasing oxy-

gen content and increasing average molecular weight [53]. The effect of

catalyst deactivation can be to a certain extent overcome by employing

a cyclical mode of operation, where the catalyst is periodically regener-

ated in situ. Carrying out the regeneration at frequent enough intervals

essentially seeks to mimic the continuous regeneration process that is

utilized in FCC units. However, variation in bio-oil properties can still

occur even when the regeneration is carried out every five or ten minutes

[54]. Based on general applicability rules for different reactor types, a

circulating fluidized bed type reactor coupled with continuous catalyst re-

generation would be the most suitable option for a process where catalyst

deactivation occurs within a matter of seconds or minutes [19].

Contaminants in biomass CFP

While the deactivating effect of coke can be negated with a simple oxida-

tive regeneration treatment, there are other sources of deactivation which

are potentially irreversible on the zeolite catalyst. Biomass-derived con-

taminants, which constitute primarily alkaline and earth-alkaline metals

such as Na, K, Mg, and Ca, can deposit on the catalyst. While relatively
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little is still known concerning the effects of long-term exposure to these

contaminants, the overall situation resembles the contamination of FCC

catalysts with metals such V, Ni, Na, and Fe. Coupling metals deposition

with severe reaction and regeneration conditions results in permanent

changes in catalyst structure and performance [55, 56]. This perpetual

decline in the performance of the catalyst makes it necessary to partially

replace the overall catalyst inventory on a continuous basis.

When considering the transfer of biomass impurities onto the catalyst

during CFP, there are two instances where this can potentially take place.

First of all is the pyrolysis reactor itself, where the typically utilized re-

action temperature is approximately 500 °C. At this temperature, it is

possible for some of the biomass metals to volatilize, thus facilitating their

potential transfer onto the catalyst. However, in fast pyrolysis, most of the

inorganic matter that is present in the original biomass feedstock tends to

accumulate in the solid char residue [57, 58]. The role of char inorganics

becomes elevated if CFP is carried out in a CFB (circulating fluidized bed)

reactor. In this case, the regeneration of the catalyst takes place in the

presence of char at temperatures of 650-700 °C [26]. Thus, the biomass

impurities are given an opportunity to deposit themselves on the catalyst

at an elevated temperature. Even if the biomass inorganics do not deposit

on the catalyst, accumulation of ash could potentially affect the process

given a long enough time frame.

Mullen et al. [58] observed that inorganic elements from switchgrass ac-

cumulated on HZSM-5 in a linear overall fashion when CFP was carried

out in a BFB reactor at 500 °C. The effect of these inorganic contami-

nants on the properties of the catalyst itself was not examined in this

case. However, some changes in the composition of the bio-oil were ob-

served. In particular, the amount of aromatic hydrocarbons in the bio-oil

decreased, whereas alkyl phenols displayed the opposite trend. Although

it is more challenging to draw definite conclusions from experiments in-

volving kilogram quantities of biomass and catalyst, this change in bio-oil

composition matches the observations of Mukarakate et al. [38] concern-

ing coke-induced deactivation during CFP. Although the initial cause of

deactivation is different, this suggests that there might be some similari-

ties in these two modes of deactivation.

Yildiz et al. [59] studied the effect of ash in CFP by subjecting a HZSM-5

catalyst to multiple reaction-regeneration cycles in the presence of char,

or alternatively by mixing ash directly with the fresh catalyst. Presence of
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Figure 2.5. Effect of catalyst metal loading on ZSM-5 surface area and pore volume; the
spray impregnated catalyst was subjected to steaming at 815 °C for 24 h [61].

ash with the fresh catalyst caused only slight changes in the product dis-

tribution and bio-oil composition. The effect of eight successive reaction-

regeneration cycles was also limited. The catalyst that the authors used

was diluted with sand using a ratio of 1:14. Thus, the overall catalyst

amount in the reactor system was limited, which could have in turn hin-

dered any potential interactions between the catalyst and the biomass

inorganics. The same authors also followed up their experimental work

with a review [60] which examines different process configuration for CFP.

Their overall conclusion was that regeneration of the catalyst in the pres-

ence of the char should be explicitly avoided, which in turn dictates that

ex situ CFP would be the preferred technology.

In a recent paper by Stefanidis et al. [61], the authors examined the ef-

fect biomass metals on an ZSM-5 catalyst using two methodologies: spray

impregnation of metals (K, Ca, Mg, Na) followed by steaming at 815 °C,

and in situ CFP with periodic catalyst regeneration in the presence of the

char. Figure 2.5 shows that the combination of spray impregnation and

high temperature steaming resulted in severe loss of catalyst surface area

and porosity. On the other hand, the catalyst which was first steamed

at 788 °C and then exposed to biomass (1500 g biomass processed over

150 g of catalyst) under CFP conditions, retained much more of its orig-

inal surface area and pore volume. Comparison of this realistically de-

activated catalyst to samples which were only steamed revealed that the

metals only had a slight effect on catalyst performance. It is likely that

the drastic changes in catalyst properties which were presented in Figure

2.5, stemmed from the fact that the contaminant metals were deposited
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to the catalyst prior to steaming.

Apart from the long-term effects of biomass contaminants, alkali and

alkaline earth metals can also have a more immediate impact on the CFP

process. The presence of these metals has been shown to enhance the

formation of char and carbon oxides at the expense condensable organic

vapors. This in turn lead to a decrease in the yield of aromatic hydrocar-

bons, as less organic vapors were available for conversion over the HZSM-

5 catalyst [62].

2.2.4 Product quality

Although many CFP-related studies focus on the production of aromatic

hydrocarbons, the condensable bio-oil product is still a complex mixture

containing a variety of compound groups. Because of increased water pro-

duction and changes in the chemical composition of the organic products,

the liquid products from CFP normally separate into two phases: an or-

ganic bio-oil phase and an aqueous phase with varying amounts of dis-

solved organics. When combining the aspect of phase separation with the

fact that the overall yield of organic liquids is clearly lower compared to

TFP, the actual yield of recoverable bio-oil in CFP can be, to say the least,

very limited. The occurrence of phase separation, however, requires that

most of the organics and water are either condensed in a single stage, or

mixed after condensation. In systems employing fractional condensation,

the bio-oil fraction is more often collected from a single source such as the

ESP. The bio-oil is the primary product of interest, and therefore this sec-

tion focuses on discussing its properties. However, as it will be shown in

Publications III and IV, the aqueous phase organics can also constitute a

very significant product fraction which cannot be overlooked.

One of the main purposes of CFP is to alleviate the challenging charac-

teristics of TFP bio-oils. The changes in the bio-oil physicochemical char-

acteristics result from the chemical transformations that alter the highly

polar nature of the pyrolysis vapors. The characteristics of the final bio-

oil product stem from these transformations, and the subsequent phase

separation that may occur afterwards. During phase separation, highly

oxygenated water-soluble compounds preferentially enrich in the aqueous

phase. While this represents a decrease in the amount of recoverable bio-

oil, it simultaneously decreases the bio-oil oxygen content. Depending on

the functionality of these water-soluble oxygenates, other positive changes

such as decreased acidity can also result from the phase separation.
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In CFP, oxygen is rejected from the pyrolysis vapors in the form of water

and carbon oxides. Consequently, bio-oils from CFP contain less oxygen

than their thermally produced counterparts. CFP bio-oils are rich in car-

bon but poor in hydrogen, which can be observed as low molar H/C ratios.

The low H/C ratio also indicates that the composition of CFP bio-oils is

highly aromatic [63]. This overall change in the elemental composition

increases the energy density of the bio-oil, which is also reflected in its

heating value. Other positive changes which have been associated with

CFP bio-oils include higher pH and lower total acid number (TAN) [64],

which correlate with a decreased concentration of carboxylic acids. Use

of catalysts can also decrease the viscosity of bio-oils by cracking heavier

oligomeric molecules into smaller monomeric units. This change is more

evident when comparing low-moisture CFP bio-oils to thermally produced

bio-oils with similar water content [65], as typical fast pyrolysis bio-oils

with water content of 20-30 wt% already exhibit low viscosities. CFP bio-

oils have also been observed to possess better storage stability compared

to TFP bio-oils [64, 66].

2.3 Further upgrading of CFP bio-oils

The two main alternatives for further upgrading of CFP bio-oils are cat-

alytic hydrotreating and co-processing in a FCC process, the latter of

which was also studied in this thesis. In the FCC process, a heavy petroleum

distillate such as vacuum gas oil (VGO) is catalytically cracked in the

presence of a solid acid catalyst [67, 55]. The active component of a FCC

catalyst is Y zeolite, while ZSM-5 based formulations are used as addi-

tives which e.g. boost the production of olefins. The FCC process is carried

out in a transported bed reactor system, which comprises a riser-type re-

actor, a catalyst regenerator, as well as cyclonic separators and a stripper.

This configuration is necessary due to the rapid rate of coke formation,

which causes reversible deactivation of the catalyst. The coke is burned

off in the regenerator at 650-700 °C, which also provides the necessary

heat for vaporizing the FCC feedstock and for the endothermic cracking

reactions. Overall, CFB reactors which are used in fast pyrolysis resemble

FCC units rather closely. In the FCC process, VGO is converted into dry

gas, liquid petroleum gas (LPG), gasoline, and heavier liquid products via

a wide variety of acid-catalyzed reactions. The various distillate fractions

are then further processed in other refinery operations, after which they
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Figure 2.6. FCC product distribution as a function of feedstock conversion [69].

are blended into to the final product streams. FCC units are most com-

monly operated to maximize the yield of gasoline. LPG is also a valuable

product, as is light cycle oil (LCO), which can be used in the production of

diesel. Because bio-oils still contain varying amounts of oxygen, oxygen

rejection also takes place during FCC co-processing. Both CFP and FCC

employ acid catalysts, and thus similar reactions which produce water

and carbon oxides occur in both processes.

The motivation behind co-processing bio-oils is two-fold. From a tech-

nical perspective, diluting the bio-oil with a conventional hydrocarbon

feedstock serves to alleviate the challenges that are encountered in the

upgrading of pure bio-oil [68]. Utilizing existing fuel production infras-

tructure would also decrease the capital expenses associated with build-

ing dedicated upgrading facilities for bio-oil. In addition to the technical

benefits, co-processing would also allow refiners to introduce biogenic car-

bon into their fuel products. However, quantification of this bio-carbon is

not straightforward, and has to be carried out via radiocarbon analysis

[14].

FCC is considered as the single-most important unit in a modern oil re-

finery. Because of its large throughput, even small changes in the product

distribution can have a significant economic impact. Thus, introduction of

a bio-oil component into the FCC should not, preferably, induce undesir-

able changes in the overall product distribution. The FCC product distri-

bution is evaluated in terms of distillate fraction yields, which are tightly

linked to the overall conversion of the feedstock. As it can be seen in Fig-

ure 2.6, the overall conversion has to be maintained at a certain range

in order to maximize the gasoline yield. It has been reported that for co-
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processing of hydrotreated bio-oils, gasoline yields which are comparable

to the conversion of pure VGO are attainable [70]. However, hydrogen

transfer from VGO to the bio-oil increased the overall level of unsatu-

ration, which subsequently resulted in an increased coke yield. Even if

the overall product distribution would remain largely undisturbed by the

inclusion of bio-oil, other challenges have also been identified. Quantifi-

cation of biogenic carbon in the cracking products has shown that even

under co-processing conditions, bio-oil can preferentially form coke and

gases rather than liquid products [14]. Additionally, some of the more re-

fractory bio-oil compounds like phenolics will not be completely converted,

and therefore will be present in the final products [71].
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3. Materials and methods

3.1 Feedstocks

A number of different woody biomass feedstocks were utilized in the CFP

experiments which are reported in this thesis. The main characteris-

tics of the feedstocks are presented in Table 3.1. Although a different

biomass type was used in each publication, each feedstock consisted of

typical woody biomass with low ash content. Feedstocks such as these are

known to give high yields of organic liquids in fast pyrolysis [72], and thus

they provide a good point of reference for comparing thermal and catalytic

fast pyrolysis.

Table 3.1. Properties of the woody biomass feedstocks which were utilized in the CFP
experiments.

Publication I II III IV

Biomass type Spruce Mixeda Pine Beechb

Moisture (wt%) 6.3 6.7 12.0 8.0

Carbon (wt%, db) 50.6 50.6 51.4 48.4

Hydrogen (wt%, db) 6.1 6.1 5.9 5.8

Nitrogen (wt%, db) 0.1 0.2 0.1 n.d.

Oxygen by difference (wt%, db) 43.1 41.9 42.2 45.7

Ash (wt%, db) 0.1 1.2 0.4 0.5

Volatiles (wt%, db) 83.6 81.6 83.9 n.d.

Higher heating value (MJ/kg, db) 20.1 20.3 20.4 n.d.

Particle size (mm) 0.55-0.92 < 1 < 5 0.15-0.50
a Forest thinnings which contained both softwood and hardwood material
b Commercially available Lignocel HBS 150–500
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3.2 Catalysts

Commercially available acidic HZSM-5 zeolites were used in all CFP stud-

ies. The zeolites were supplied by Zeolyst International for Publications I,

III, and IV. The experiments in Publication II were carried out using ze-

olites supplied by Süd-Chemie and BASF, but only results obtained with

the Süd-Chemie catalyst are included in the summary part of this disser-

tation. The catalysts were received either in the form of extrudates, or

as a spray dried powder. The extrudates were subsequently ground and

sieved to obtain a suitable particle size fraction. The equilibrium FCC cat-

alyst which was used in Publication V was provided by Neste, a Finnish

oil refining company.

3.3 Experimental systems and procedures

3.3.1 Catalytic fast pyrolysis

The experiments in each publication were carried out using different ex-

perimental systems. The pyrolysis experiments, which have been reported

in Publications I-IV, were conducted using fluidized bed reactors with

varying operational scales and configurations. The main characteristics

of each reactor system are given in Table 3.2, whereas the detailed in-

formation can be found in the respective publications and the references

contained therein. All of the experimental systems that were used for

biomass pyrolysis consist of the same primary elements: biomass feeding

Table 3.2. Main characteristics of the fast pyrolysis experimental systems that were uti-
lized in this thesis.

Publication I II III IV

Reactor type BFB BFB CFB CFB

Feedstock Solid Solid Solid Solid

Capacity 0.8 kg/h 0.2 kg/h 20 kg/h 0.5 kg/h

Catalyst inventory 0.3 kg 0.1 kg 90-100 kg 10-15 kg

Catalyst regeneration Periodic None Continuous Continuous

Solids separation 2 cyclones HVF 2 cyclones Stripper, HVF

Liquid recovery 2 condensers,

ESP

2 condensers,

ESP

2 scrubbers,

condenser

2 condensers
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system, fluidized bed reactor, solids separation, and liquid recovery. The

biomass is fed into the reactor using a screw feeding system. For Pub-

lications I and II, the reactor was a BFB (bubbling fluidized bed) type.

In BFB reactors, the catalyst remains in the reactor while the pyroly-

sis products, i.e. pyrolysis vapors, non-condensable gases, and char are

flushed out by the fluidization gas. Because the catalyst is in continu-

ous contact with the pyrolysis vapors, it gradually loses its activity due

to coke formation. On the other hand, CFB (circulating fluidized bed) re-

actors were utilized in Publications III and IV. For these reactors, both

catalyst and biomass are continuously fed into the reactor. The solids

traverse the length of the riser reactor, after which the pyrolysis vapors

and the non-condensable gases are separated from the catalyst and the

char, which are subsequently directed into a regenerator. The purpose of

the regenerator is to continuously combust the char and the coke that are

formed in catalytic pyrolysis.

In both BFB and CFB systems, the separation of solids from vapors and

gases is carried out using either cyclones or a HFV (hot vapor filter). The

HVF is the more efficient solution, and typically results in bio-oils which

are practically free of solids. In contrast to this, particulate matter, i.e.

char and catalyst, may pass through the cyclones, thus ending up in the

product bio-oil. The experimental systems in Publications III and IV in-

cluded separate regeneration units for combusting the char and catalytic

coke. In addition to this, the system in Publication III utilized recircula-

tion of product gases for the purpose of fluidization.

3.3.2 FCC co-processing via microactivity tests

The co-processing experiments of Publication V were carried out in a mi-

croactivity test (MAT) reactor. The MAT procedure is a standardized

(ASTM D3907) method for testing the activity of FCC catalysts. In this

case, certain aspects of the MAT procedure were modified in order to suit

the research requirements identified at that time. The reactor itself is a

fixed bed type, which in these experiments had a catalyst loading of 10

g. The hydrocarbon/bio-oil blends were introduced into the reactor with a

syringe pump. For the experiments that are discussed in this dissertation

summary, a total of 10 g of the feedstock was processed in three reaction-

regeneration cycles. The liquid products were condensed and collected in

cooled liquid traps. The hydrocarbon feedstock for these experiments was

VGO supplied by Neste. The co-processed bio-oil samples included a low
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water content TFP bio-oil, a CFP bio-oil and a catalytically hydrotreated

bio-oil.

3.4 Analysis of bio-oils from CFP

The product bio-oils were analyzed using a variety of methodologies. The

analytical tools which were utilized can be divided into two main cate-

gories: fuel property analyses and chemical composition analyses. The

main fuel property analyses that have been applied for the characteri-

zation of CFP bio-oils are listed in Table 3.3. The applicability of these

analyses for bio-oils is described in more detail elsewhere [73].

Table 3.3. Standard fuel analyses which have been applied in the characterization of fast
pyrolysis bio-oils.

Property Analysis method Standard

Water content Karl Fisher titration ASTM E203-96

Elemental composition (CHN) Combustion ASTM D5291

Solids content Filtration ASTM D7579

Heating value Bomb calorimetry DIN 51900

Total acid number Potentiometric titration ASTM D664

Micro carbon residue Destructive distillation ASTM D4530

Kinematic viscosity Capillary/Stabinger viscometry ASTM D445

Density Digital Density Meter ASTM D4052

The chemical composition of bio-oils was analyzed using several tech-

niques. These included VTT’s solvent fractionation method [74] and carbon-

13 nuclear magnetic resonance (13C NMR) spectroscopy, both of which can

provide an overview of the bio-oil chemical composition. The volatile frac-

tion of bio-oil was examined using different gas chromatographic methods.

Qualitative analysis, i.e. compound identification, was carried out using

gas chromatography - mass spectrometry (GC-MS). Quantitative analysis

of certain compounds was performed using gas chromatography with a

flame ionization detector (GC-FID). The details of the applied techniques

can be found in the publications and the references contained therein.
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4. Results and discussion

4.1 Exploring the limitations of BFB reactors in CFP

A purely thermal process such as fast pyrolysis can be in theory main-

tained at a stable state indefinitely, as long as an adequate amount of

heat is being provided. Shifting from this operational mode into a ther-

mocatalytic one introduces a new and rather significant variable: catalyst

deactivation. In BFB reactors, the catalyst is in continuous contact with

the pyrolysis vapors. Exposing the catalyst’s acid sites to a multitude

of oxygenates with varying functionalities and molecular sizes results in

severe coke formation, and as a result, the catalyst starts to lose its ac-

tivity rapidly. One way to examine the rate of the deactivation process

is monitoring the composition of the non-condensable product gases. Us-

ing HZSM-5 catalysts in CFP typically increases the formation of CO,

whereas CO2 is not influenced to such a large extent. This characteristic

makes it possible to use the molar ratio of these two product gases as a

metric for catalyst deactivation. Figure 4.1 shows how the CO/CO2 ratio

decreased during three hour CFP experiments in a BFB reactor. Although

the CO/CO2 ratio was higher compared to the non-catalytic experiment

even after 3 h, the gradual change in the gas composition was a clear in-

dication of the catalyst continuously losing its activity. Consequently, any

bio-oil that was produced during the stage when catalyst still retained

most of its initial has been diluted with further products from periods of

lower catalytic activity. This limitation could, of course, be circumvented

by periodically sampling the bio-oil. Nevertheless, with the current exper-

imental arrangement, the observed changes in the overall physicochemi-

cal characteristics of the bio-oils remained limited.

The rate of coke formation also decreased with time. Samples of the
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Figure 4.1. Molar CO/CO2 ratio as a function of time in CFP of spruce sawdust with
HZSM-5 (SAR = 280) at 500 °C using different WHSVs. The data series
’Al2O3’ refers to a non-catalytic experiment. (I).

HZSM-5 catalyst (SAR = 280) which were collected after 30, 60 ja 180

minute experiments, contained 4.9, 6.2 and 7.6 wt% of carbon, respec-

tively. Under the conditions that were employed in these experiments,

the average rate of carbon formation over a given time period correlated

with the amount of carbon that had previously deposited on the catalyst.

As it can be seen in Figure 4.2, the average rate of carbon formation dur-

ing the first 30 minutes was approximately four times higher compared to

the time period of 30-60 minutes. During the final stage (60-180 min), the

average rate of carbon formation had further decreased. These observa-

tions also reflect the autoinhibitive character of coke formation on acidic

zeolites; the rate of desired reactions decreases on coked zeolites, but so

does the rate of coke formation.

In order to observe the effect of the catalyst in a more definite fashion,

it was necessary to shorten the duration of the experiments. This made

it possible to maintain a higher level of catalytic activity throughout the

experiment. One practical challenge was, however, the limited amount

of liquid products that is produced during shorter experiments. In order

to overcome this limitation, the catalyst had to be regenerated periodi-

cally directly in the BFB reactor, and each experiment had to include an

adequate number of these reaction-regeneration cycles. This methodol-

ogy was applied for further studying the deactivation characteristics of
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HZSM-5 zeolites with varying degrees of acidity. The mass of the cata-

lyst bed was kept constant, and therefore the number of available acid

sites increased with increasing catalyst acidity. The challenging nature of

biomass pyrolysis vapors became even more pronounced when the acidity

of the catalyst increased. Figure 4.3 displays a linearly increasing trend

in coke formation as a function of the zeolite strong acid site concentra-

tion. All three catalysts had similar specific surface areas prior to use, but

the differences in coke formation also reflected clearly on the amount of

surface area that was accessible after the 30 min experiments. Based on

these observations, the more acidic catalysts would require more frequent

Figure 4.2. Average rate of catalyst carbon content increase over a given time period as a
function of the catalyst carbon content in CFP of spruce sawdust with HZSM-
5 (SiO2/Al2O3 = 280) at 500 °C. From left to right, the data points correspond
to time periods of 0-30, 30-60 and 60-180 min.

Figure 4.3. Catalyst coke content and specific surface area of the spent catalyst as
a function of strong acid site concentration; three HZSM-5 catalysts with
SiO2/Al2O3 ratios of 280, 55 and 23 were used in 30 min spruce CFP experi-
ments at 500 °C.
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Table 4.1. Product distribution from thermal and catalytic fast pyrolysis of spruce in BFB
reactor at 500 °C; HZSM-5 with SAR 280 was regenerated after 30 min.

Operational mode Thermal Catalytic

Organic liquids 59 29

Water 11 21

Char/coke 13 18

Gases 10 25

regeneration if a stable level of activity is to be maintained.

Operation with the least acidic HZSM-5 catalyst (SAR 280) and a re-

generation interval of 30 min made it possible to observe the effect of the

catalyst while it still retained most of its initial activity. As it can be seen

in Table 4.1, the yield of organic liquids exhibited a notable decrease com-

pared to the thermal experiment, while more gases, water, and char/coke

were produced. A change of this magnitude also reflected in the properties

of the bio-oil. The dry basis oxygen content decreased from 36.6 to 23.6

wt%. Based on the TAN values (56 vs. 28 mg KOH/g), the catalytically

produced bio-oil was also clearly less acidic.

Overall, the results from Publication I show that partially deoxygenated

bio-oils can be produced using mildly acidic HZSM-5 zeolites with a regen-

eration interval of 30 min. After 30 min of operation, even a mildly acidic

HZSM-5 has a considerable amount of coke deposits on it, and thus re-

quires regeneration. Using more acidic HZSM-5 variants increased the

rate of coke formation, which in turn suggests that more frequent regen-

eration would be necessary. Although an approach such as this can still

be implemented for research purposes, its practicality can be considered

questionable at best. Another alternative for periodic catalyst regenera-

tion would be to continuously withdraw and add catalyst into the reactor,

as was demonstrated by Jae et al. [75]. The authors used specially de-

signed ball valves with wells drilled into them to meter the catalyst into

and out from the reactor. This approach makes it possible to maintain

a stable level of catalyst activity even in a BFB reactor. When using an

electrically heated research reactor, the overall heat balance of the sys-

tem does not play a significant role. However, for an industrial unit, the

hot catalyst that is continuously introduced into the reactor would also

have to provide the heat that is required by the endothermic pyrolysis

process. Thus, the rate of catalyst replacement would ultimately be dic-

tated by the energy needs of the CFP process itself. Although continuous
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regeneration and circulation of the catalyst could be arranged for a BFB

reactor, there are additional factors which would favor the usage of CFB

reactors. These include better scalability of CFB reactors, and enhanced

mixing and heat transfer characteristics. Operating a BFB reactor with a

spray-dried catalyst that has a minimum fluidization velocity of < 1 cm/s

could also prove challenging, especially in a situation where continuous

catalyst withdrawal and addition were required.

4.2 Influencing bio-oil quality characteristics with CFP reaction
temperature

Typical BFB reactors which have been designed and constructed for re-

search purposes operate with a fixed catalyst batch, which is not contin-

uously renewed during operation. This, coupled with reversible catalyst

deactivation, limits the functionality of these reactors for CFP research.

Nevertheless, they can still be utilized to explore the effect of different

process variables such as the reaction temperature, as long as the effect

of catalyst deactivation is not entirely ignored. While the CFP process is

expected to behave in a different way in BFB and CFB reactors, compre-

hensive characterization of the liquid products that have been produced

in a BFB system can, nevertheless, yield valuable information concern-

ing the characteristics of these partially upgraded bio-oils. In Publication

II, the effect of reaction temperature was evaluated by pyrolyzing forest

thinnings at 400, 475, and 550 °C, over a commercial HZSM-5 catalyst

in a bench-scale BFB reactor. The duration of a single experiment was

2 h, which, based on the results of Publication I, was expected to lead to

significant deactivation of the catalyst. Because of this, separate bio-oil

samples were collected at the middle of the experiment, i.e. after 1 h of

pyrolysis.

Varying the reaction temperature in the presence of the catalyst had a

clear impact on the overall CFP product distribution, which is shown in

Table 4.2. When the catalyst was used, operating at 400 °C resulted in the

highest yield of organic liquids and char, whereas clearly more gases were

produced at higher temperatures. Based on what is known about the ef-

fect of temperature in TFP [5, 6, 16], it can be assumed that more organic

vapors would have been released at 475 °C than at 400 °C. This notion is

also supported by the high char/coke yield which was observed at 400 °C.

These factors, together with the product distribution of Table 4.2, would
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Table 4.2. Overall product yields (wt%, dry basis) from TFP, and CFP of forest thinnings
with HZSM-5 at different reaction temperatures; experiment duration 2 h,
WHSV = 2 h−1.

Operational mode Thermal Catalytic

Temperature (°C) 475 400 475 550

Organic liquids 38±0.5 24±0.6 15±0.9 14±0.6

Water 17±1.0 22±0.3 23±0.3 21±0.9

Char/coke 19±1.1 25±0.7 20±0.2 18±0.1

Gases (by difference) 24±0.4 30±1.0 42±0.3 48±0.2
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Figure 4.4. Weight-based CO/CO2 ratio as a function of time for TFP at 475 °C and CFP
over HZSM-5 at 400, 475, and 550 °C (II).

indicate that the activity of the catalyst was either clearly lower, or that

it was lost more rapidly at 400 °C. Observation of the CO/CO2 ratio as a

function of time in Figure 4.4 shows a clearly decreasing trend for 400 °C,

whereas at 475 and 550 °C the ratio remained more stable. This would

indicate that at 400 °C, the catalyst was indeed losing its activity more

rapidly. Nevertheless, the CO/CO2 ratio remained constantly higher com-

pared to the non-catalytic reference experiment. Although evaluating the

effect of catalyst deactivation was not the primary purpose of this study,

it was to a certain extent taken into account by sampling the bio-oil from

the ESP at the middle of the experiment, i.e. after 60 min. Comparing

the properties and composition of this intermediate bio-oil to the one that

was recovered at the end of the experiment reflects the effect of catalyst

deactivation, but it also served to increase the overall size of the bio-oil

sample matrix.
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Table 4.3. Physicochemical properties of ESP bio-oils from thermal and catalytic fast py-
rolysis of forest thinnings.

Operational mode Thermal Catalytic

Temperature (°C) 475 400 475 550

Bio-oil sample 0-2 h 0-1 h 1-2 h 0-1 h 1-2 h 0-2 h

Water (wt%) 3.7 1.4 1.6 0.6 0.9 0.9

Carbon (wt%, db) 59.1 64.3 65.4 73.6 68.7 68.3

Hydrogen (wt%, db) 6.5 6.6 6.9 6.8 6.7 6.7

Nitrogen (wt%, db) 0.4 0.8 0.8 0.5 0.6 0.9

Oxygen by difference (wt%, db) 34.0 28.3 27.0 19.1 24.0 24.1

H/C (mol/mol) 1.31 1.22 1.25 1.10 1.16 1.21

O/C (mol/mol) 0.43 0.33 0.31 0.20 0.26 0.30

Higher heating value (MJ/kg, db) 25.6 28.9 27.7 32.8 31.9 30.1

pH 3.0 2.9 2.9 3.2 3.1 3.9

Dynamic viscosity (cP, 40 °C) 560 62 115 - 175 311

4.2.1 Bio-oil physicochemical properties

Varying the reaction temperature had a clear impact on the properties of

the bio-oils, which are presented in Table 4.3. It should be emphasized

that the values in this table refer only to the bio-oils that were recovered

from the ESP (electrostatic precipitator). For the catalytic experiments,

the liquids that were collected from the condensers were primarily in the

form of aqueous condensates. For the non-catalytic experiment, it would

have been possible to combine the liquid products from the ESP and the

condensers. This would have resulted in a more typical fast pyrolysis bio-

oil with high water content. The TFP bio-oil that is included in Table 4.3

is, in this case, more viscous and somewhat less oxygenated compared to

typical bio-oils [72]. Nevertheless, the staged condensation approach that

was utilized here made it possible to observe the effect of the catalyst in

a less ambiguous fashion, as the positive effects of the catalyst primarily

reflect in the bio-oil that was recovered from the ESP. When CFP was car-

ried out at 550 °C, no bio-oil could be recovered after 1 h. Because of this,

Table 4.3 only contains results for the overall bio-oil which was collected

after the 2 h experiment. At 475 °C, not enough bio-oil was recovered after

1 h to carry out the viscosity determination.

In general, the catalytically produced bio-oils had lower oxygen content

and lower viscosities compared to the TFP bio-oil. The lower oxygen con-

tent also reflected directly in the HHV (higher heating value) of the bio-

oils. In addition to the lower oxygen content, the molar H/C ratio de-

45



Results and discussion

creased when the catalyst was utilized. This coincided with the increased

water yield, which signified that substantial amounts of hydrogen were

being removed together with the oxygen. These low H/C ratios also signi-

fied the increasingly aromatic character of these bio-oils, which was sub-

sequently confirmed in a number of compositional analyses. The effect of

catalyst deactivation was also evident when comparing the bio-oil sam-

ples which were collected at middle and at the end of the experiment.

This reflected in e.g. the oxygen content and the viscosity of the bio-oils,

both of which tended to increase with time. When considering the effect of

reaction temperature, the most interesting results were obtained at 400

°C. Although the bio-oil oxygen content was higher compared to what was

observed at higher temperatures, the viscosity was remarkably low. Use

of low reaction temperatures has also been reported to result in low vis-

cosity bio-oils in TFP [17]. In TFP, the change in the bio-oil composition

and water content was, however, identified as the primary reason behind

the observed differences in viscosity.

4.2.2 Bio-oil chemical composition

In order to better understand the compositional changes that take place

during CFP, the bio-oils were characterized using a variety of analytical

techniques. This included 13C NMR (nuclear magnetic resonance) spec-

troscopy, GC-MS (gas chromatography - mass spectrometry), quantitative

GC-FID (gas chromatography with flame ionization detector) analysis,

and solvent fractionation. Both 13C NMR and solvent fractionation can

be used for obtaining an overview of the bio-oil chemical composition. The

results of the 13C NMR analysis (see Table 5 in Publication II for details)

confirmed that the CFP bio-oils were largely aromatic. Compared to the

TFP bio-oil, the CFP bio-oils contained smaller relative amounts of oxy-

genate functionalities which are associated with carbohydrate decomposi-

tion products. The bio-oil produced at 400 °C contained more oxygenated

functionalities, which also supported the results of the elemental analy-

sis. The highly aromatic character of the CFP bio-oils also meant that

these oils were increasingly hydrophobic. Figure 4.5 shows that more

than half of the bio-oils consisted of water-insoluble material, which, in

the case of TFP bio-oils, is primarily pyrolytic lignin [74, 8]. For CFP

bio-oils, the fraction that is generally classified as LMW lignin can also

contain aromatic hydrocarbons (and extractives), as these are insoluble

in water but soluble in dichloromethane. The solvent extraction proce-
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Figure 4.5. Solvent fractionation analysis of ESP bio-oils from TFP at 475 °C, and CFP
at varying reaction temperatures (II).

dure could also be modified (see Figure 9 in Publication II) to take into

account the presence of volatile water-insoluble compounds, a category

under which aromatic hydrocarbons would also fall under. The amount

of these water-insoluble volatiles was correlated with a number of other

factors, which included the proportion of aromatic carbon in 13C NMR,

the molar H/C ratio of the bio-oil, and the amount of single- and two-ring

aromatic hydrocarbons as quantified by GC-FID.

In addition to the 13C NMR and solvent fractionation analyses which

divide the bio-oil into certain functionality groups or macro-fractions, it

is possible to examine the effect of the catalyst on individual compounds.

Comparison of the TFP bio-oil and the CFP oil produced at 475 °C in GC-

MS (see Figure 13 in Publication II) showed a distinct decrease in the

proportion of carbohydrate decomposition such as levoglucosan. Phenolic

compounds, which in this case include phenols, catechols and syringols,

along with one- and two-ring aromatic hydrocarbons became the domi-

nant compound groups in the total ion chromatogram. The actual concen-

tration of aromatic hydrocarbons in the bio-oils was, however, less than

3.5 wt% in all cases. Quantitative analysis of various water-soluble oxy-

genates in the bio-oils, the results of which are presented in Figure 4.6,

supported the results of the other analyses. The CFP bio-oils contained

more lignin monomers, and in general, less carboxylic acids, less aldehy-

des and ketones, and less furanic compounds compared to the TFP bio-oil.
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4.2.3 Summary of findings

The results from Publication II showed that reaction temperature plays

an important role in determining CFP bio-oil properties and composition.

The CFP bio-oils which were produced at temperatures of 400, 475, and

550 °C exhibited clear differences in their physicochemical properties,

which also changed as a function of time due to catalyst deactivation. CFP

at 400 °C appeared to be particularly interesting, as it yielded a low vis-

cosity of bio-oil with a moderate degree of deoxygenation. This study also

showed that a variety of analytical techniques can be employed to compre-

hensively characterize these partially upgraded bio-oils. Comprehensive

characterization methods such 13C NMR and solvent fractionation can be

supported by quantitative gas chromatography to monitor the changes in

the concentration of individual key compounds. A combinatorial approach

employing multiple analytical techniques can help better understand the

transformation process that takes place during CFP.

4.3 Maintaining stable bio-oil quality with continuous catalyst
regeneration

4.3.1 Objectives and overview of the experiment

Based on the results presented in Publications I and II, it was abundantly

clear that due to catalyst deactivation, it is not practical to attempt to
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maintain constant bio-oil quality when performing CFP in a BFB reactor

without continuous catalyst addition and removal. The most convenient

way of overcoming this hurdle was to switch to a CFB reactor, which al-

lowed continuous regeneration of the catalyst in a much more straight-

forward manner. Unlike in BFB reactors where the catalyst is exposed

to a cumulatively increasing amount of pyrolysis vapors, the catalyst and

biomass vapors are in contact with each other for mere seconds in the

CFB system. Coke formation does take place, but its effect on catalyst

performance is effectively negated as the coked catalyst is immediately

subjected to an oxidative treatment in the regenerator. Because of this,

the catalyst which is recirculated back into the reactor should have negli-

gible or at least very low coke content, and thus possess most of its orig-

inal activity. When reversible catalyst deactivation is no longer a prime

concern, other factors will become more influential in determining the

product quality. The suitability of CFB reactors for TFP has been well

established, which is evident in the form of high organic liquid yields

[72, 76]. Successful catalytic operation has also been reported previously

[26, 47, 77], but only for experiments with limited experimental duration.

In Publication III, a prolonged (96 h) CFP experiment was carried out

in pilot-scale pyrolysis unit with a biomass processing capacity of 20 kg/h.

In addition to the duration and the scale of the experiment, it should be

noted that the pyrolysis unit itself had an industrially relevant configu-

ration. This included practically autothermal operation after reaching a

steady state, bio-oil condensation with scrubbers that used the product

itself as the quenching liquid, and recirculation of product gases for flu-

idization. The purpose of this experiment was threefold:

1. Determine the overall product distribution and product quality from

the 96 h time period

2. Determine if there are clear changes in bio-oil properties as a func-

tion of time-on-stream

3. Determine if changes in catalyst properties and characteristics can

account for the variation of bio-oil quality

Items 2 and 3 in the previous list were considered to be of essential impor-

tance, because observations such as these could indicate whether there is

a clear decrease in catalyst activity due to reasons other than coking. In-

formation such as this could be used to evaluate the overall lifetime of the

catalyst, and subsequently the rate of catalyst replacement.
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Figure 4.7. Bio-oil carbon and oxygen content (wt%, dry basis) as a function of time-on-
stream in pilot-scale CFP of pine sawdust over HZSM-5 at 520 °C.

At this stage, one factor which should be further explored is the form

that the CFP liquid products are recovered in. Increased water produc-

tion due to acid-catalyzed dehydration reactions coupled with chemical

transformation of the bio-oil organics lead to the formation of a two-phase

product, which contained a hydrophobic organic phase, i.e. bio-oil, and a

separate aqueous phase with dissolved organics. While the bio-oil fraction

was the primary product of interest, the dissolved organics in the aqueous

phase also represented a significant fraction of the overall products. In or-

der to clarify the presentation of information, the bio-oil and the aqueous

fraction were discussed as separate entities. Following the elemental com-

position of the bio-oil fraction as a function of time-on-stream revealed a

clear and linear trend, the magnitude of which was, however, quite lim-

ited. Figure 4.7 shows that the bio-oil oxygen content steadily increased

over time, whereas the carbon content displayed an opposite trend. The

CFP process was carried out at otherwise constant conditions, and there-

fore the observed change in bio-oil elemental composition indicated that

the catalyst was, in fact, undergoing a clear and potentially permanent

loss of activity.

Coke formation also exhibited a similar trend as the bio-oil carbon con-

tent. While the values that are shown in Figure 4.8 may not immediately

strike the reader as being very high, one has to take into account the ratio

between the catalyst circulation rate and the biomass feeding rate, which

was approximately 7:1 in this experiment. The relatively high catalyst-to-

biomass ratio decrees that the amount of biomass converted into coke was

far from being insubstantial. As it was discussed in Section 2.2.2, CFP
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Figure 4.8. HZSM-5 coke content, as determined by thermogravimetric analysis, as a
function of time-on-stream in pilot-scale CFP of pine sawdust over HZSM-5
at 520 °C (III).

main reactions are always accompanied by coke formation. Although coke

formation is not a desirable phenomenon in itself, it nevertheless, can be

used as an indication of catalyst activity. Because of this, coke formation

has also been used directly as a performance metric to identify high ac-

tivity catalysts in a catalyst screening study for biomass CFP [78]; lower

overall catalyst activity also resulted in lower coke formation. All in all,

the observations which were presented in Figures 4.7 and 4.8 support the

notion that the catalyst was indeed gradually losing its activity through-

out the course of the experiment.

4.3.2 Properties and composition of liquid products

Although the bio-oil quality was gradually changing over time in terms

of its elemental composition, the overall product from the 96 h time pe-

riod was clearly different compared to bio-oil from conventional TFP. As

was to be expected, the yield of organic liquids decreased significantly,

whereas the yield of water, gases and char/coke increased. The actual

coke yield was estimated as 7-8 wt% based on the results presented in

Figure 4.8. The 32 wt% overall yield of organic liquids, which is shown in

Table 4.4, already represented a relative decrease of approximately 50 %

compared to TFP. In this case, however, more than 40 % of the overall or-

ganic liquids were actually recovered in the aqueous phase. This is a clear

challenge when considering e.g. the carbon efficiency of the CFP process
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Table 4.4. Overall product yields (wt%, dry basis) from catalytic and thermal fast py-
rolysis of pine sawdust in the 20 kg/h pilot-scale CFB pyrolysis system. The
value inside the parentheses denotes the part of overall organics which was
recovered in the bio-oil fraction.

Yield (wt%, db) Catalytic Thermal

Organic liquids 32 (18) 63

Water 19 10

Gases 21 9

Char/coke (by difference) 27 18

and the overall fuel production pathway. Only the bio-oil fraction is seen

as an attractive feedstock for catalytic hydrotreating, whereas alternate

processing routes would have to be identified and employed for the aque-

ous phase. In a worst case scenario, subsequent processing of the aqueous

phase may actually become a technical and a financial burden. There-

fore, the nearly even distribution of organics between the bio-oil and the

aqueous phase that was observed in Publication III is far from desirable.

Additional measures should be taken to further develop the CFP process

in a direction which would potentially help limit the amount of aqueous

organics.

Seeing as CFP is essentially a trade-off between product quantity and

quality, the observed decrease in the quantity of organic liquids should

translate into improved quality. Table 4.5 shows that the physicochemical

properties of the CFP bio-oil clearly differed from those of a typical fast py-

rolysis bio-oil. Notable changes of the positive kind were observed for wa-

ter content, elemental composition, heating value and total acid number.

In summary, it can be said that the CFP bio-oil was less oxygenated, more

hydrophobic and less acidic compared to its thermally produced counter-

part. Not all of the observed changes were, however, positive. Due to

carryover of catalyst fines, the solids content of the CFP bio-oil was high.

Similar values for the overall solids content and the ash content corrobo-

rate that inorganic catalyst material, rather than entrained char, was the

main culprit behind this. One may expect that the entrained catalyst par-

ticles present in the bio-oil can become a source of plugging problems in

subsequent upgrading processes, which would typically utilize fixed bed

catalytic reactors. The problem of catalyst carryover also highlights the

value of hot vapor filtration, which is an efficient solution for eliminating

solids from bio-oil, but has yet to be proven viable for continuous long-

term operation.
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Table 4.5. Physicochemical properties of CFP and TFP bio-oils produced from pine saw-
dust in the 20 kg/h CFB pyrolysis unit.

Property Catalytic Thermal [72]

Water (wt%) 8.3 23.9

Solids (wt%) 0.76 0.01

Ash (wt%) 0.6 0.03

Carbon (wt%, dab) 72.0 53.4

Hydrogen (wt%, dab) 6.4 6.5

Nitrogen (wt%, dab) 0.02 0.1

Oxygen (wt%, dab) 21.5 40.0

Higher heating value (MJ/kg, dab) 30.4 22.2

Lower heating value (MJ/kg, dab) 28.7 20.1

Kinematic viscosity (cSt, 40 °C) 285 17

Density (kg/dm3, 15 °C) 1.183 1.206

pH 2.6 2.7

Total acid number (mg KOH/g) 30 71

Carbonyls (mmol/g) 2.8 3.5

Micro carbon residue (wt%) 29.3 20.8

Figure 4.9. Solvent fractionation results for CFP oil, CFP aqueous fraction and a typical
TFP oil from pine. Relative amounts of the two product fractions are given
inside the parentheses for CFP liquid products (III).

The hydrophobic character of the CFP bio-oil was also reflected in its

compositional analysis. Similarly to the bio-oils in Publication II, the or-

ganic bio-oil fraction contained mostly water-insoluble compounds. Figure

4.9, which contains the results from the solvent fractionation analysis,

also draws attention to the stark difference between the CFP bio-oil and

aqueous phase. Less polar water-insoluble compounds had enriched in the

bio-oil, whereas the aqueous phase contained most of the water-soluble
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polar oxygenates. The difference in the composition of these two prod-

uct fractions also strongly indicates that different upgrading strategies

should be employed to account for the distinct compositional characteris-

tics of each fraction. In addition to the differences in the macro-level com-

position of the liquid products, the aqueous phase was observed to contain

more quantifiable water-soluble organics (see Table 4 in Publication III).

In particular, the preferential enrichment of acids and aldehydes/ketones

in the aqueous phase was evident. In contrast to this, the concentration

of lignin monomers was higher in the CFP bio-oil, which also contained

6.4 wt% of aromatic hydrocarbons.

4.3.3 Catalyst characterization

The properties of the catalyst also changed during the 96 h experimental

period. Certain changes already took place during the initial heat-up pe-

riod of the pyrolysis unit, when biomass was not being fed into the reactor

yet. This observation concerned primarily the porous characteristics of

the catalyst, which in this case included specific surface area, micropore

area and micropore volume. Compared to the fresh catalyst, the values

of these parameters decreased substantially during the 2½ day heat-up

stage. The decrease was relatively highest for the micropore area and

volume, which indicated that the microporous zeolite component of the

catalyst was getting partially degraded. This change was also evident in

the X-ray diffraction pattern of the catalyst samples, where the used cat-

alyst exhibited changes which are associated with loss of crystallinity and

zeolite framework dealumination. On the other hand, this initial heat-up

period was somewhat similar to the steaming process that is used for par-

tially deactivating and consequently stabilizing zeolite catalysts prior to

use [79, 55]. During the actual pyrolysis part of the experiment, the sur-

face area and pore volume of the catalyst continued to gradually decrease,

but at a much slower rate compared to the heat-up period. In addition to

the micro-structural changes of the catalyst, physical degradation of the

catalyst particles was also observed. Figure 4.10 shows how the original

spherical shape of the catalyst particles transformed during the course of

the experiment. The catalyst sample which was collected after the ini-

tial heat-up period already exhibited signs of slight agglomeration. In

the final sample, on the other hand, both agglomeration and fracturing of

individual microspheres was clearly evident.

One essential concern in CFP is the potential deposition of inorganic
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Figure 4.10. Scanning electron microscopy images of the spray-dried HZSM-5 catalyst
before the experiment (left), at the beginning of the pyrolysis stage (middle),
and after the experiment (right) (III).

Figure 4.11. Alkali metal content (K, Ca, P, Mg) of the HZSM-5 catalyst as a function of
time-on-stream in CFP on pine sawdust (III).

biomass-derived contaminants on the catalyst, and their subsequent ef-

fect on its activity. Figure 4.11 clearly shows that the amount of biomass-

derived metals increased as a function of time, which correlates with the

amount of biomass that has been cumulatively processed over the cat-

alyst. Even when utilizing a low ash feedstock like pine sawdust, the

observed rate of metal deposition suggested that operating with a single

catalyst batch without continuous catalyst addition/removal could even-

tually compromise the performance of the catalyst. Because of this, zeolite

metal tolerance and the associated catalyst costs are considered as one the

main uncertainty parameters for evaluating the technical and economic

feasibility of the CFP process [80, 60].
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Although the exact mechanisms which are involved in the contamina-

tion process still require more elucidation, it is innately clear that intro-

duction of foreign matter, which in the current context means biomass-

derived inorganic contaminants, will in all likelihood have a negative ef-

fect on the performance of the catalyst. Previous studies [81, 82] concern-

ing the deactivation of zeolite-based deNOx catalysts have indicated that

the deactivating effect of alkaline metals is two-fold. On one hand, the

alkalis can interact with the cationic acid sites of the catalyst, thus effec-

tively decreasing the acidity of the catalyst. A correlation between alkali

concentration and catalyst acidity was also observed in Publication III. In

addition to this, straightforward plugging of catalyst pores has also been

suggested. It is, therefore, possible that zeolite deactivation due to con-

taminant deposition may proceed according to more than one mode of de-

activation. Coke deposition on zeolites is known to cause deactivation via

three separate modes: partial coverage of active sites, poisoning of active

sites and pore blockage [50]. The prevailing deactivation mode typically

depends on the overall coke content of the catalyst. Pore blockage, which

has the most dramatic effect among the aforementioned three modes, nor-

mally happens when the overall coke content is high. Thus, it is possible

that biomass-derived contaminants may act in a similar fashion: at low

contaminant concentrations individual active sites are affected, but after

a certain concentration threshold is passed, pore blockage may also en-

sue. This pore blockage was clearly evident in a recent patent application

by KiOR [83], wherein a zeolitic catalyst sample which had been utilized

in a thermocatalytic conversion unit contained contaminant metal oxides

with concentrations ranging from 14 wt% all the way up to 28 wt%. At the

highest concentration level, the catalyst no longer contained any accessi-

ble micropore volume. However, the catalyst could still be rejuvenated by

washing it in an acidic solution, which facilitated the dissolution of the

metal oxide deposits.

4.3.4 Summary of findings

The observations of Publication III showed that a relatively constant bio-

oil quality could be maintained in an extended four day CFP experiment.

Due to continuous catalyst regeneration, short-term deactivation that stems

from coke formation no longer hindered the performance of the process.

However, gradual changes in the properties of the HZSM-5 catalyst in-

dicated that permanent deactivation would in all likelihood set a limit
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for the overall lifetime of the catalyst. Although changes in the bio-oil

composition were limited during the course of this experiment, a linear

increase in the oxygen content suggested that the catalyst was continu-

ously losing its activity. The loss of activity most likely resulted from a

combination of factors which included severe regeneration conditions cou-

pled with biomass-derived inorganic contaminants. While the primary

product of interest in this study was the carbon-rich hydrophobic bio-oil,

the water-soluble organics which were recovered in the aqueous phase

also warrant further attention simply due to their significant amount.

4.4 Optimizing the CFP process with the catalyst-to-biomass ratio

4.4.1 Overview of the experiment

One obvious challenge in the CFP product distribution of Publication III

was the high amount of water-soluble organics which were recovered in

the aqueous phase. In theory, it would be beneficial if these compounds

could be further converted into a form which would be preferentially re-

coverable in the bio-oil, rather than in the aqueous phase. Various model

compound studies [84, 85, 86] have shown that water-soluble products

from the thermal decomposition of carbohydrates can be converted into

aromatic hydrocarbons and olefins. Therefore, the plentiful aqueous phase

products of Publication III can be in a way considered as an unconverted

resource that would require further valorization. One potential way of fur-

ther converting this material would be to increase the amount of catalyst

that is available for contact with the pyrolysis vapors. In a CFB reactor

system, this is possible by manipulating the catalyst-to-biomass (C/B) ra-

tio. By supplying more catalyst, and consequently more active sites to the

process, one would expect to improve the conversion of the aqueous phase

organics. This approach was pursued in Publication IV, where a commer-

cial hardwood biomass was pyrolyzed over the same partially deactivated

HZSM-5 catalyst that had already been utilized in Publication III. The ef-

fect of the C/B ratio was evaluated at four different levels while otherwise

keeping the process conditions constant.

Increasing the C/B ratio to a certain extent enhanced the catalytic effect

that is typically associated with HZSM-5 in biomass CFP. Operating with

a higher C/B ratio decreased the overall yield of organic liquids whereas
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Table 4.6. Product yields (wt%, dry basis) from catalytic fast pyrolysis of Lignocell over
HZSM-5 at 500 °C using different catalyst-to-biomass (C/B) ratios.

C/B ratio (wt/wt) 11 14 17 21

Bio-oil organics (wt%, db) 18 18 17 15

Aqueous phase organics (wt%, db) 6 6 5 5

Reaction water (wt%, db) 24 25 25 25

Gases (wt%, db) 35 35 36 37

Char/coke (wt%, db) 16 16 17 18

the yields of other product fractions increased. However, as it can be seen

in Table 4.6, the differences which were observed in the overall product

distribution between the different C/B ratios were quite limited. Overall,

the ratio between bio-oil and aqueous phase organics was higher com-

pared to results of Publication III, which were obtained in a different re-

actor system. However, varying the C/B ratio between 11 and 21 did not

significantly influence the relative distribution of organics between the

two phases. Thus, increasing the catalyst circulation rate was clearly not

a sufficient measure by itself to effectively eliminate the aqueous phase

organics. The general trend of the products yields is similar to what has

been otherwise obtained in the same reactor system [87]. Nevertheless,

seeing as the changes brought on by increasing the C/B are quite lim-

ited, it is always possible other sources of experimental uncertainty can

further influence the results. One potential issue is further deactivation

of the catalyst due to e.g. contaminant deposition and thermal effects.

Contaminant deposition should in this case remain limited, as the total

amount of biomass that was processed in these experiments was only ap-

proximately 8 kg, whereas the catalyst inventory was in the range of 10-

15 kg. The experiments were carried out using a single catalyst batch,

i.e. the catalyst was not changed between experiments. Thus, it is pos-

sible that the chronological order of the experiments might also influence

the results. The experiments were carried out in the following chronolog-

ical sequence: 21, 11, 14, 17. Nevertheless, the overall similarity of these

results with previously published data concerning the C/B ratio [87, 77]

is a strong indication that the variation in the current results is, in fact,

caused by operating at different C/B ratios.

The overall product distribution from CFP can also be examined on an

elemental basis. The distribution of the main elemental constituents of

biomass, i.e. carbon, hydrogen and oxygen can be derived from the over-
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Figure 4.12. Distribution of carbon (A), hydrogen (B) and oxygen (C) in CFP at varying
catalyst-to-biomass ratios. In sub-figures (B) and (C), the fraction ’Others’
has been determined by difference (IV).

all product distribution coupled with various analytical data. Figure 4.12

shows how these three elements were distributed between liquid, gaseous

and solid products at different C/B ratios. The data that is presented

in each sub-figure depends on the analytical procedures which were car-
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ried for each product fraction. For this reason, aqueous phase organics

and char/coke are only included in the carbon distribution. In general,

the carbon distribution followed a similar pattern as the overall prod-

uct distribution of Table 4.6. At higher C/B ratios, less carbon was re-

covered in the form of organic liquids, whereas the proportion of gases

and char/coke increased. The increase of the char/coke fraction should

be mainly attributable to higher coke formation, as increasing the cata-

lyst circulation rate would not be expected to influence the initial ther-

mal stage of the CFP process. This situation bears a resemblance to the

FCC (fluid catalytic cracking) process, where increasing the catalyst-to-

oil ratio typically increases both conversion and coke yield [88]. The non-

condensable gases represent another significant product fraction. While

a part of these can be recycled back into the CFP process for fluidization

purposes [63, 75], there will nevertheless be an excess of gases produced.

Combustion is certainly the most straightforward approach, but alterna-

tive uses such as hydrogen generation [89] should be considered as well.

While the carbon distribution is roughly equivalent to the overall prod-

uct distribution, the distribution of hydrogen and oxygen clearly reflect

the oxygen rejection that takes place during CFP. The hydrogen distri-

bution in Figure 4.12B shows that almost of half of the hydrogen from

the biomass was ultimately recovered in the form of water. The impor-

tance of these water producing dehydration reactions is also evident in

the oxygen distribution of Figure 4.12C, which shows that water and car-

bon oxides both played a prominent role in the rejection of oxygen. Al-

though approximately 90 % of the oxygen is present in products other

than the actual bio-oil, these results still highlight the challenges of CFP

that were extensively discussed in a recent review by Venderbosch [90].

The oxygen rejection is achieved at clear the expense of the carbon and

the hydrogen. Because of this, these two desirable elements of the orig-

inal biomass feedstock are distributed between different product types.

This presents a clear contrast with the efficiency of TFP, where the major-

ity of the biomass carbon will be contained in the bio-oil.

4.4.2 Effect of the C/B ratio on CFP bio-oil quality

Because of the limited differences which were observed in the CFP prod-

uct distribution (see Table 4.6), one would expect that certain properties

of the bio-oils, such as its elemental composition, would not differ greatly

with changing C/B ratio. The bio-oil product analyses, which are dis-
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Table 4.7. Physicochemical properties of the CFP bio-oils produced at different catalyst-
to-biomass (C/B) ratios over a HZSM-5 catalyst at 500 °C.

C/B ratio (wt/wt) 11 14 17 21

Water (wt%) 6.7 5.7 5.7 5.5

Carbon (wt%, db) 73.3 74.9 74.2 75.1

Hydrogen (wt%, db) 7.2 7.4 7.2 7.4

Oxygen by difference (wt%, db) 19.5 17.7 18.6 17.5

H/C (mol/mol, db) 1.17 1.17 1.15 1.17

O/C (mol/mol, db) 0.20 0.18 0.19 0.17

Higher heating value (MJ/kg, db) 32.3 32.7 32.6 34.4

Lower heating value (MJ/kg, db) 30.6 30.9 30.9 32.6

Kinematic viscosity (cSt, 40 °C) 64 42 60 81

Density (kg/dm3, 40 °C) 1.123 1.106 1.122 1.125

Total acid number (mg KOH/g) 31 26 25 24

Micro carbon residue (wt%) 19.7 17.3 18.5 20.8

played in Table 4.7, indeed show that in terms of water content, elemental

composition and heating value, manipulation of the C/B ratio did not af-

fect the bio-oil properties to a large extent. However, subtle changes which

highlight the interdependency of certain bio-oil quality parameters could

still be observed. For example, the increasing hydrophobic character of

the bio-oils was evident in the relationship between the bio-oil elemental

composition and water content, the correlation for which has been pre-

sented in Figure 2 of Publication IV.

Among the various characteristics of the bio-oils, viscosities exhibited

the largest relative differences. In this instance, the differences cannot

be explained by the water content, a factor which is known to affect the

viscosity of TFP bio-oils [73]. Therefore, the underlying reason is likely

to be differences in the organic composition of the bio-oils, as was also

reported in Publication II. Both the absolute and relative differences in

bio-oil viscosities varied with temperature. Figure 4.13 shows that the

differences which were observed at 40 °C became insubstantial as the

temperature was increased to 60 °C. On the other hand, if the bio-oil has

to be handled at a temperature of e.g. 20 °C, the differences in viscosity

become more pronounced. Interestingly enough, it was the bio-oil which

was produced at the highest C/B ratio that exhibited the highest viscosity,

and the highest micro carbon residue value. One would have assumed

that supplying more catalyst into the process would have enhanced the
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Figure 4.13. Kinematic viscosity of bio-oils produced at different catalyst-to-biomass
(C/B) ratios as a function of temperature (IV).

cracking of pyrolysis vapors, thus leading to the formation of a less viscous

and more volatile liquid product. However, the current results indicate

that at C/B 21, the opposite had actually taken place.

The composition of the bio-oil also changed with variation of the C/B

ratio. The composition of the volatile fraction, which was determined us-

ing GC-MS, exhibited only limited differences between the different C/B

ratios. On a relative basis, all four bio-oils contained mostly molecules

with an aromatic structure and limited amounts of carbohydrate decom-

position products. The aromatic fraction included single-ring aromatic

hydrocarbons, phenols with varying degrees and types of substitution,

heavier lignin-derived compounds and polyaromatic hydrocarbons (PAH)

with either two or three rings in their structure. Three ring PAH com-

pounds (phenanthrene and pyrene) were, however, only observed at C/B

21. One observable trend in the results was decrease of single-ring aro-

matic hydrocarbons with increasing C/B ratio. These compounds are a

known precursor for coke formation on zeolites [91], and thus it is possi-

ble that supplying more acid sites to the CFP process could lead to the

further conversion of these desirable products into undesirable PAH com-

pounds and coke.

In addition to the limited changes in the GC-detectable part of bio-

oil, differences were also observed in the proportions of low molecular

weight (LMW) and high molecular weight (HMW) lignin. As it can be

seen in Figure 4.14, all four bio-oils contained more than 60 wt% of water-
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Figure 4.14. Low molecular weight (LMW) and high molecular weight (HMW) lignin con-
tent of bio-oils produced from Lignocell over HZSM-5 at 500 °C using differ-
ent catalyst-to-biomass ratios (IV).

insoluble compounds. This, yet again, emphasizes the hydrophobic char-

acter of these bio-oils. Even though the bio-oil is in direct contact with

aqueous phase during condensation and product recovery, only limited

amounts of water and water-soluble compounds were transferred into the

bio-oil. Changes in the HWM lignin content coincided with other observed

changes in bio-oil properties; bio-oils with higher HMW lignin content also

exhibited higher viscosities and MCR values. The HMW lignin fraction is

the heaviest part of fast pyrolysis bio-oils, and it can clearly have a nega-

tive influence on certain physicochemical properties.

Apart from the influencing the properties of the fresh bio-oil, the chem-

ical composition also affects the stability and aging characteristics. For

TFP bio-oils, the compositional changes that take place during bio-oil ag-

ing manifest as an increase in viscosity. This change can be observed

either during long-term storage, or alternatively by using an accelerated

aging test where the bio-oil is kept at 80 °C for 24 h. For TFP bio-oils,

which typically have a low initial viscosity due to their high water content,

the relative increase in viscosity during accelerated aging is typically 70

% or more [92, 93]. The CFP bio-oils of Publication IV all presented fa-

vorable stability characteristics when subjected to the accelerated aging

test. Figure 4.15 shows, that the relative increase in viscosity was 40 %

or less, for all four bio-oils. Improved stability of CFP oils has also been

reported previously [64, 48], but what exactly determines the stability of
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Figure 4.15. Bio-oil kinematic viscosity (cSt, 40 °C) before and after the accelerated aging
test (24 h 40 °C), and the corresponding relative viscosity increase (IV).

a given CFP bio-oil is still unclear. Mante and Agblevor [48] presented

a correlation between bio-oil storage stability and the relative amount of

carbonyl-type carbons in 13C NMR analysis. This approach would be in

agreement with what has been previously observed for TFP bio-oils: car-

bonyl species react during bio-oil aging reactions, and the change in their

concentration linearly correlates with physical parameters such as viscos-

ity increase [93] and heat generation [94].

Because of the differences in their composition, it is likely that TFP bio-

oils and CFP bio-oils age in a different manner. CFP bio-oils contain pri-

marily water-insoluble compounds, whereas in typical TFP bio-oils this

lignin-derived fraction accounts for a much smaller part of the overall

oil [95]. It has been suggested that for bio-oils which contain a larger

than typical amount of water-insoluble pyrolytic lignin, physical aggre-

gation rather than polymerization would be the main reason behind the

aging-related viscosity increase [96]. This conclusion was based on the ob-

servation that for aged lignin-rich bio-oils, the viscosity did not correlate

with the average molecular weight. This indicated that the increase in

viscosity was not caused by the formation of larger molecular structures

- a relationship which has normally been valid for fast pyrolysis bio-oils

[97]. The aggregation behavior of pyrolytic lignin has also been compared

to petroleum asphaltenes [98]. Asphaltenes are the heaviest fraction of
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Table 4.8. Properties of the CFP aqueous phase products obtained using different
catalyst-to-biomass (C/B) ratios.

C/B ratio (wt/wt) 11 14 17 21

Water (wt%) 83.0 83.7 87.0 87.7

Organics (wt%) 17.0 16.3 13.0 12.3

Carbon (wt%) 8.1 8.6 6.7 6.6

Total acid number (mg KOH/g) 72 69 57 60

Micro carbon residue (wt%, db) - - - -

petroleum, and therefore the HMW lignin fraction would represent their

analogous counterpart in fast pyrolysis bio-oils. Asphaltene concentration

and temperature are factors that are known to affect the aggregation pro-

cess [99, 100]. For the CFP bio-oils of Publication IV, the concentration of

the HMW lignin fraction correlated with both the initial viscosity and the

subsequent viscosity increase during accelerated aging. This indicated

that the heaviest part of the lignin-rich CFP bio-oils also played a role in

their aging process.

4.4.3 The challenge of the aqueous phase products

As it was stated earlier, attempting to limit the amount of aqueous phase

organics was one of the focal points of this study. Although the yield of

aqueous organics decreased slightly with increasing C/B ratio, the aque-

ous phase products, nevertheless, contained significant amounts of dis-

solved organics. Table 4.8 shows that the aqueous phase became more

dilute with increasing C/B ratio. This result stems from the combined

effect of two factors: decreasing yield of aqueous phase organics and in-

creasing yield of water. Based on the TAN values of the aqueous phase, it

was clearly more acidic than the actual bio-oil. Acetic acid was the single-

most abundant compound that was identified in the aqueous phase, and

its concentration ranged from 4.6 to 6.2 wt% (see Table 5 in Publication IV

for details). This difference in the acidities of the bio-oil and the aqueous

phase highlights the role phase separation in the CFP product recovery.

On one hand, the yield of actual recoverable bio-oil decreases as organics

are lost into the aqueous phase. Then again, certain water-soluble com-

pounds, which preferentially enrich in the aqueous phase, are responsible

for some of the adverse properties that are typically associated with TFP

bio-oils. This includes e.g. the highly acidic nature of bio-oils, which stems

primarily from the presence of carboxylic acids such acetic acid [101].
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The amount of acetic acid that was present in the CFP aqueous phase

products also emphasizes the stark difference between different reactor

technologies and operational scales. Model compound studies have shown

that acetic acid and other bio-oil oxygenates can be converted into aro-

matic hydrocarbons and olefins over an HZSM-5 catalyst [85, 102, 103].

When operating a fixed bed catalytic reactor, the vapors that are released

upon heating/pyrolysis of a solid biomass, a liquid bio-oil or a single model

compound are ensured to have good and uniform contact with the catalyst.

This also results in rapid coke formation, which is why continuous cata-

lyst regeneration is deemed to be an absolute necessity for CFP. Although

CFB reactors fulfill the requirement of continuous catalyst regeneration,

the results of Publication IV indicate that conversion of low molecular

weight water-soluble oxygenates could still be improved. If one assumes

that both thermal and catalytic reactions continue throughout the riser

part of the CFB reactor, it is clear that the pyrolysis vapors which are

released at the upper parts of the riser will have only a limited contact

time with the catalyst. Further increasing the C/B ratio does not appear

to be a viable option either, as operation at C/B 21 already affected the

bio-oil quality in a negative fashion. Thus, it is clear that alternative val-

orization strategies would have to be implemented for the aqueous phase

products.

One potential approach is to recycle the aqueous phase organics into

the primary CFP reactor [104]. This would entail revolatilization of the

aqueous phase, which, based on the fairly low micro carbon residue values

that were presented in Table 4.8, could be in theory carried out with only

limited charring. On the other hand, feeding the entire aqueous phase

would introduce substantial amounts of water into the CFP reactor. Va-

porizing this water would further increase the energy needs of the py-

rolysis process, which is already endothermic to begin with. In general,

fast pyrolysis can be operated as an autothermal process: the energy re-

quirements of the pyrolysis process are met by combusting the char and

a part of the non-condensable gases. The flow of heat transfer material,

i.e. sand or catalyst, is manipulated to achieve the desired reaction tem-

perature for pyrolysis. In Publication III, a C/B ratio of 7 was already

adequate for maintaining a temperature of 520 °C for the CFP process.

In contrast to this, the high C/B ratios which were reported in Publica-

tion IV were only achievable by utilizing a separate catalyst cooler, which

made it possible to decouple the C/B ratio and the reactor temperature.
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Feeding the aqueous phase into the CFP reactor would increase the over-

all energy requirement, but this would consequently allow operation at

higher C/B ratios without the use of a separate catalyst cooler. Co-feeding

steam into the CFP process has also been shown to have a positive effect.

Mukarakate et al. [105] reported that the presence of steam in the CFP

of pine over HZSM-5 increased the yield of single-ring aromatic hydro-

carbons, olefins, and phenolic compounds, while inhibiting the formation

of polyaromatic hydrocarbons and coke. Yang et al. [106] presented con-

trasting findings when they examined the effect of steam in cellulose CFP.

They reported that steam caused irreversible changes to the ZSM-5 struc-

ture already at 500 °C, and that it also affected the chemistry of the CFP

process. Both of these changes reflected negatively in the CFP product

distribution, wherein the yield of aromatic hydrocarbons decreased.

4.4.4 Summary of findings

Increasing the C/B ratio did not have a profound effect on the CFP product

distribution. The overall yield of organic liquids decreased with increas-

ing C/B ratio, but the relative distribution of organics between the CFP

bio-oil and the aqueous phase remained fairly constant. The differences

in CFP bio-oil elemental composition were limited as well, whereas larger

relative differences were observed for viscosity and MCR values. Overall,

the results indicate that increasing the C/B ratio beyond a certain thresh-

old resulted in the formation of heavier bio-oil without a clear improve-

ment in the degree of oxygen removal. In all cases, the aqueous phase

organics represented a significant product fraction, which would have to

be further processed in an industrial process.

4.5 Further upgrading of CFP bio-oil via FCC co-processing

Even with its lower oxygen content and otherwise improved properties

over TFP bio-oils, CFP bio-oil is, nevertheless, still an intermediate prod-

uct. If the final desired product is hydrocarbons, the CFP bio-oil re-

quires further upgrading. One alternative for this co-processing of bio-oil

with petroleum distillates in existing oil refinery processes. These co-

processing efforts have mainly focused on the FCC (fluid catalytic crack-

ing) process, which utilizes an acidic zeolite catalyst to crack a heavy hy-

drocarbon feed such as vacuum gas oil (VGO) primarily into gasoline. The
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Table 4.9. Properties of the co-processing experiment feedstocks.

Feedstock VGO Dry bio-oil CFP oil HDO oil

Water (wt%) 0.6 6.7 8.3 7.4

Carbon (wt%, db) 87.5 56.8 71.5 69.4

Hydrogen (wt%, db) 11.9 6.4 6.4 8.1

Nitrogen (wt%, db) 0.3 0.3 0.0 0.4

Oxygen by difference (wt%, db) 0.3 36.5 22.0 22.0

H/Ceff (mol/mol) 1.6 0.4 0.6 0.9

Micro carbon residue (wt%) 0.2 24.8 29.3 14.3

effect of introducing a fast pyrolysis bio-oil into the FCC process depends

mainly on two factors: bio-oil concentration and bio-oil composition. Al-

though recent findings [15] indicate that even crude fast pyrolysis bio-oil

can be co-processed in a satisfactory manner as long as the concentra-

tion is kept low enough (5-10 wt% bio-oil), partial upgrading of the bio-oil

prior to co-processing has been shown to have a beneficial effect. While

the large majority of the co-processing work has focused on hydrotreated

bio-oils, some examples of co-processing CFP bio-oils also exist [88, 107].

In Publication V, the co-processing characteristics of three bio-oils were

evaluated in a MAT (micro activity test) reactor as 20 wt% blends with

VGO. The main purpose of this was to compare the co-processability of two

partially upgraded bio-oils with identical oxygen content, and a third ther-

mally produced fast pyrolysis bio-oil with low water content. The CFP bio-

oil that was used in these experiments corresponded to the one reported

in Publication III. The other partially upgraded bio-oil was produced via

HDO (hydrodeoxygenation) of a wood-based TFP bio-oil. Although the

CFP and HDO oils contained the same amount of oxygen, Table 4.9 shows

that there were, nevertheless, other clear differences between these feed-

stocks. The difference in the hydrogen content of these two oils clearly re-

flects the different chemistries which are involved CFP and HDO. In the

former approach, hydrogen is removed from the pyrolysis vapors along

with oxygen due to acid-catalyzed dehydration reactions. Although car-

bon is also rejected in a similar manner as CO, the resulting CFP bio-oils

can still be considered as hydrogen deficient. In HDO, on the other hand,

hydrogen is incorporated into the molecular structure of the bio-oil organ-

ics. These hydrogenation reactions are of course accompanied by actual

HDO reactions, where oxygen is removed as water via reactions which

involve the externally supplied hydrogen. The elemental composition of
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Figure 4.16. Chemical composition of the bio-oils used for co-processing experiments
with VGO (V).

a given feedstock or a molecule can also be described using the effective

molar hydrogen-to-carbon ratio H/Ceff, which is defined as [108]:

H/Ceff =
H − 2O

C

The H/Ceff ratio describes how challenging it is to convert a given feed-

stock into hydrocarbons over a ZSM-5 catalyst. Processing of feedstocks

with low H/Ceff values results in more coke formation, whereas lower

amounts of desirable products are formed [109]. Although Y-zeolite, rather

than ZSM-5, is the active component in FCC catalysts, the H/Ceff val-

ues given in Table 4.9 suggest that the processability of these feedstocks

should improve in the order dry bio-oil < CFP oil < HDO oil. The high

MCR value also suggests that the CFP bio-oil would be prone to cause

fouling of the catalyst.

In addition to the different elemental composition, the two partially up-

graded bio-oils also had differences in their chemical composition. As it

can be seen in Figure 4.16, both CFP oil, and HDO oil contained mostly

water-insoluble compounds. The CFP oil contained clearly more high

molecular weight matter, which can partially explain the high MCR value

in Table 4.9. Both CFP oil and HDO oil contained various lignin monomers

and very few detectable carbohydrate degradation products (see Figure 3

in Publication V). The CFP oil also contained aromatic hydrocarbons,

whereas cyclohexanols with varying degrees of substitution were present

in the HDO oil. This indicates that the increased hydrogen content of the

HDO oil can be accounted to hydrogenation of aromatic structures. In
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contrast to these two partially upgraded bio-oils, polar oxygenates com-

prised more than 60 wt% of the dry bio-oil. Overall, the differences which

were observed in the composition of the CFP and HDO oils indicated that

the HDO oil should be easier to process over an acid catalyst.

In general, the differences observed in the co-processing of the three

bio-oils were quite limited. A general trend that can, however, be seen in

Table 4.10 is that more gases and coke were produced in the co-processing

experiments compared to processing pure VGO. The overall conversion,

which was defined as the summed up yields of dry gas, LPG, gasoline, and

coke, remained low in all experiments, which, to a certain extent, limits

the general applicability of these results. Nevertheless, some key differ-

ences could still be observed in the behavior of the different bio-oils. The

difference in the coke yield confirmed the assumptions that were made

based on the feedstock analyses. Figure 4.17 shows that the coke yield

increased linearly as a function of the H/Ceff ratio. A similar correlation

could also be attained between the coke yield and the feed MCR value

(see Figure 7 in Publication V). Although the oxygen content of fast py-

rolysis bio-oils and their upgraded versions is considered as a key quality

metric, it is not by itself, an adequate indicator for co-processability over

acid catalysts. While less oxygenated than typical fast pyrolysis bio-oils,

CFP bio-oils possess a high degree of unsaturation. Aromatic molecules

are known intermediates in the formation of coke on acidic zeolite at high

reaction temperatures [91]. Therefore, it is quite logical that introducing

a primarily aromatic feed such as this CFP bio-oil into the FCC process

Table 4.10. Product yields and conversion from co-processing of dry bio-oil, catalytic fast
pyrolysis bio-oil, and hydrotreated bio-oil as 20 wt% blends with vacuum gas
oil; T = 482 °C, C/O = 3, WHSV = 6.4 h−1. The conversion is defined as the
summed up yields of dry gas, LPG, gasoline, and coke.

VGO VGO/dry BO VGO/CFP oil VGO/HDO oil

Dry gas (wt%) H2, COx, C1-C2 2 4 3 3

LPG (wt%) C3-C4 8 9 9 9

Gasoline (wt%) 40-221 °C 16 17 19 18

LCO (wt%) 221-370 °C 15 16 17 16

HCO (wt%) 370-425 °C 8 6 6 7

Slurry oil (wt%) > 425 °C 46 31 32 35

Coke (wt%) 5 10 10 8

Conversion (%) 30 41 40 38

Mass balance (wt%) 100 93 96 96

LPG = liquid petroleum gas, LCO = light cycle oil, HCO = heavy cycle oil
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Figure 4.17. Coke yield in FCC co-processing as a function of feedstock undiluted H/Ceff

ratio (V).

would result in higher coke formation compared to a hydrotreated bio-oil

with similar oxygen content. Subjecting the CFP bio-oil to a subsequent

acid-catalyzed cracking process is, in a way, comparable to increasing the

C/B ratio of the CFP process, as was done in Publication IV. An excessive

amount of acid sites coupled with aromatic compounds eventually lead to

an eventual decrease in the bio-oil quality.

4.6 Putting the results of this thesis into perspective

4.6.1 How the results of this thesis reflect the story of KiOR

As it was mentioned in the Introduction of this thesis, there was already

one major commercial undertaking for catalytic fast pyrolysis of biomass.

This was, of course, a reference to the company KiOR, whose foray into

the field of advanced lignocellulosic biofuels terminated in less than stel-

lar fashion [21]. The original business model of KiOR entailed the pro-

duction of CFP biocrude, which would then be subsequently upgraded in

existing oil refineries. When the characteristics of the biocrude did not

meet specifications of the original refining partners, KiOR had to resort

to carrying out the hydrotreating themselves. The resulting drop-in hy-

drocarbon blendstock was to be supplied to customers.

Recent reports [110, 111, 112] have revealed that the challenges faced

by this company were not limited to only technical ones; various manage-
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rial issues also seem to have played a prominent part in bringing about

the eventual downfall of KiOR. From the perspective of this thesis, it is,

however, more pertinent to examine the technical challenges that were

involved in this process. The experimental work in this thesis was carried

out during a time period when the development work at KiOR was al-

ready far underway. While the recent reports also outline some of the

major technical challenges, patent publications by KiOR can also pro-

vide an enhanced understanding of the issues that the engineers and re-

searchers are trying to solve. When considering the results of this thesis,

two substantial challenges that have been observed for CFP are the aque-

ous phase organics, and permanent catalyst deactivation. Both of these

are also themes which appear in KiOR’s patent publications. These two

are by no means the only technical challenges encountered by KiOR, but

from the viewpoint of this thesis, they are the ones which warrant the

most attention.

The experimental results which were reported in Publications III and

IV clearly showed that in CFP, the aqueous phase organics can represent

a considerable part of the overall organic liquid yield. While it is easy to

consider this as a direct loss of recoverable bio-oil, one should bear in mind

the compositional differences between the bio-oil and the aqueous phase

products. Even if it was possible to conveniently recover the dissolved

organics, they would not yield similar products as the actual bio-oil in a

subsequent upgrading step. Nevertheless, being able to produce added

value from the aqueous phase would potentially improve the profitabil-

ity of the overall CFP process. Examples related to the processing and

utilization of the aqueous phase include:

1. Recovery of organics using a solid sorbent material [113]

2. Condensation of water-soluble organics into water-insoluble tar by

using a strong mineral acid [114]

3. Recovery of organics using liquid-liquid extraction with a water-

insoluble organic solvent and subsequent evaporation of the solvent

[115]

4. Regeneration of contaminated CFP catalyst by dissolution of metal

oxides [83]

The last item on the list is a curious combination, as it actually attempts

to address both issues: aqueous phase product and permanent catalyst
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deactivation due to biomass-derived contaminants. At this stage, it is not

necessary to start examining the individual merits and shortcoming of

each of the aforementioned patent applications. Nevertheless, it is clear

that the findings in this thesis coincide with issues which have also been

observed at larger scale.

When the work in this thesis originally began, the available literature of

CFP to a large extent focused on promoting the beneficial effect of catalyst

on bio-oil quality. However, more recently, the limitations and challenges

that are involved with this technology have been gaining more attention

[90, 60, 61]. In particular, the effect of biomass-derived inorganic contam-

inants on the catalyst lifetime, and how this affects the overall viability of

the CFP process, has been identified as a key issue. This can be countered

by constant catalyst removal and addition, as is done in commercial FCC

units. However, the rate of catalyst replacement can have a substantial

effect on the economics of the process. Numbers from KiOR suggest daily

catalyst replacement rates of up to 9 % [112]. A recent techno-economic

analysis paper states that with a catalyst cost 6500 USD per metric ton,

increasing the daily replacement rate from 2 to 8 % would increase bio-oil

production costs by 27 % [80]. The required rate of catalyst replacement

would also depend on the overall catalyst inventory of the CFP unit, the

contaminant content of the feedstock, and on the extent of contaminant

deposition on the catalyst.

Overall, the issue of permanent catalyst deactivation can be seen as

a strong incentive for the development and utilization of less expensive

catalysts. An added benefit would be if these catalysts were less sensitive

than zeolites to biomass-derived inorganic contaminants. One interesting

example is red mud, a by-product from the production of aluminium oxide.

It has been used as a CFP catalyst [116], and the resulting bio-oil has

been subsequently upgraded using single-stage catalytic hydrotreatment

[117], an approach that is not viable for thermally produced fast pyrolysis

bio-oils.

4.6.2 Examining the yield versus quality interdependency

While various technical details and experimental results from KiOR are

available in patent publications, reliable yield data and bio-oil quality

characteristics, however, are not. Thus, when it comes to direct compar-

ison of experimental results, journal publications offer the most conve-

nient source of data. As it has been shown in this thesis and various
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Figure 4.18. Yield of organic liquids / reported yield of bio-oil versus oxygen content of
bio-oil; data adapted from Publications I, III and IV, and references [47,
118, 119, 53].

other publications, the use of catalysts affects several different properties

of bio-oils. However, seeing as the concept of CFP in its current form es-

sentially revolves around the removal of oxygen, it is fitting to examine

how the bio-oils produced in this thesis compare against their counter-

parts in literature. Figure 4.18 shows that in terms of organics yield and

bio-oil oxygen content, the majority of the results in this thesis falls into

a similar range as many other studies. One should note that the x-axis

of Figure 4.18 represents the overall yield of organic liquids, not only the

bio-oil fraction. This approach was selected purely on the basis of enabling

easier comparison of results, as in many instances, no differentiation has

been made between the yield of bio-oil and aqueous phase organic liquids.

The importance of this distinction is not only academic, as it has also been

implied that the some of the yield estimates provided by KiOR might have

been inflated due to this same reason [111]. This figure also serves a clear

reminder of the inherent limitations that acidic zeolites have in removing

oxygen from pyrolysis vapors - a further decrease in bio-oil oxygen con-

tent is always associated with a consequent decrease in yield. Although

there are clear differences between the individual data sources of 4.18,

the direction of the overall trend leaves little room for interpretation.
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The results which have been presented in this thesis clearly show that

CFP with an acidic HZSM-5 zeolite catalyst can be used for producing

partially upgraded bio-oils. Because of the oxygen rejection process that

takes place in CFP, the resulting bio-oils are less oxygenated than conven-

tional TFP bio-oils. This shift in the elemental composition is accompa-

nied by an array of other changes in both physical properties and chemical

composition of the bio-oil. Although a large part of CFP research revolves

around the production of aromatic hydrocarbons, the actual CFP bio-oils

which were produced in this thesis were still complex mixtures. One fac-

tor that clearly sets CFP bio-oils apart from TFP bio-oils is the increased

hydrophobicity of the former. This, coupled with increased water produc-

tion due to catalytic dehydration reactions, results in the formation of a

two-phase liquid product. Thus, in addition to the hydrophobic bio-oil, a

separate aqueous phase with dissolved organics is also recovered.

BFB reactors are widely employed for fast pyrolysis research at bench-

scale, but their direct usability for CFP is limited due to rapid coke for-

mation and the consequent catalyst deactivation that follows it. Stable

long-term operation would necessitate the use of continuous catalyst re-

moval and addition, a functionality that is absent in most BFB reactors

which have been designed for research purposes. Alternatively, the activ-

ity of the catalyst can be maintained by periodically stopping the biomass

feeding and regenerating the catalyst via a oxidative treatment. Such

an approach makes it possible to mimic the operational characteristics

of a reactor with continuous catalyst regeneration. Although this option

is still viable for limited research purposes, it is far from being practical

for continuous large-scale operation. Seeing as catalyst deactivation ef-

fectively limits the practicality of maintaining constant product quality

in BFB reactors operating with a fixed catalyst batch, it stands to rea-
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son that a reactor type which can effectively and conveniently negate the

effect of coke formation is particularly well suited for biomass CFP.

Carrying out CFP in a CFB reactor with continuous catalyst regenera-

tion made it possible to maintain nearly constant bio-oil quality in terms

of elemental composition for a time period of four days. Although re-

versible deactivation due to coke formation was no longer a key concern,

signs of permanent catalyst deactivation were clearly evident. This indi-

cated that subjecting the HZSM-5 catalyst to numerous reaction-regeneration

cycles under severe process conditions resulted in both structural changes

and deposition of biomass-derived contaminants. Based on these observa-

tions, conventional catalysts such as zeolites will have a limited lifetime

under CFP conditions. A continuously operated CFP process would there-

fore require constant catalyst removal and addition, which would result

in the formation of an equilibrated catalyst mixture that contains both

fresh and aged catalyst.

In addition to permanent catalyst deactivation, another substantial chal-

lenge that was observed was the large amount of dissolved organics in the

aqueous phase. As such, these organics possess only limited value and

usability. Thus, limiting the formation of water-soluble oxygenates within

the CFP process itself would in turn simplify the subsequent downstream

processing of the liquid products. It was envisioned that supplying more

catalyst to the CFP process could enhance the conversion of the oxygenate

compounds which would otherwise enrich in the aqueous phase. Ulti-

mately, increasing the C/B ratio in a CFB reactor did not significantly

affect the relative distribution of organic liquids between the bio-oil and

the aqueous phase. It did, however, have an impact on the overall product

distribution as well as on the characteristics of the liquid products. Thus,

the C/B ratio is clearly another important variable for controlling tuning

the CFP process. One should also bear in mind that the C/B ratio is di-

rectly connected to heat balance of the CFB reactor system, and cannot

therefore be freely manipulated without catalyst cooling.

While the results of this thesis have managed to provide answers to the

research questions that were posed in Section 1.2, it has at the same time

generated a new set of questions that would be worthwhile to pursue in

the future. One definite knowledge gap concerns the effect of biomass-

derived contaminants on the catalyst. This is a clear challenge for in

situ CFP in particular, as regeneration of the catalyst in the presence of

char exposes the catalyst to the contaminants at elevated temperatures
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of 650 to 700 °C. While the effect of this phenomenon could be examined

by carrying out extended CFP experiments with a single catalyst batch, it

would make more sense to develop methods of artificially deactivating the

catalyst. If one considers that catalyst regeneration is the most likely in-

stance for contaminant deposition to take place, then simply combusting

char in the presence of the CFP catalyst could serve as a straightforward

way of contaminating the catalyst without having to carry out actual CFP

experiments.

Although most published studies focus primarily on the bio-oil product,

the issue of the aqueous phase products is also an aspect that cannot sim-

ply be overlooked. First of all, establishing a reporting convention which

clearly differentiates between the yield of recoverable bio-oil and aqueous

phase organics would decrease the level of ambiguity when examining

CFP product distributions. As it was shown in Publications III and IV,

the aqueous phase organics can represent a significant product fraction,

and therefore their further processing should be examined in more detail

as well.

Very little is also known about the upgrading, and in particular the cat-

alytic hydrotreating of CFP bio-oils. On the path to transportation fu-

els, the CFP bio-oil is still an intermediate product, and any perceived

improvement in its quality has to be ultimately verified through further

upgrading experiments. Recent results from CFP bio-oil hydrotreating

experiments indicate that this material is indeed less challenging to up-

grade compared to TFP bio-oils [120, 121, 117]. Although encouraging

results have been obtained even while using single-stage upgrading, a

clearer understanding of what actually constitutes a readily upgradable

CFP bio-oil is still required.

When considering the different steps which are involved in converting

solid biomass into liquid fuels via CFP, the availability of experimental

data becomes more sparse as one moves downstream in the overall pro-

cessing scheme. This, in a sense, also reflects how challenging in practice

carrying out different types of experiments is. For the CFP step, publica-

tions involving experimental work with analytical pyrolysis or fixed-bed

reactors are more common compared to the use of fluidized bed reactors.

While the former options can certainly be useful for e.g. studying process

fundamentals and screening catalysts, they do have the distinct downside

of producing very limited amounts of bio-oil, or in the case of analyti-

cal pyrolysis, no bio-oil at all. Whether it is carried out in batch or con-
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tinuous reactor systems, further upgrading via hydrotreatment requires

larger quantities of bio-oil. This, coupled with the limited bio-oil yield in

CFP and the need to address the issue of reversible catalyst deactivation,

means that producing bio-oil quantities that can be considered relevant

for upgrading is clearly a practical challenge. One should also bear in

mind that the actual upgrading of the bio-oil is still a considerable chal-

lenge in itself. So far, the overall direction of CFP research has clearly

focused on the pyrolysis process itself, whereas knowledge concerning the

further upgrading of the products is limited. Since the applicability of

the CFP process is to a certain extent based on the premise of better bio-

oil upgradability, more research on this particular aspect is clearly war-

ranted.

While it is possible to further optimize the CFP process, there is no

avoiding the yield decrease that is associated with oxygen removal. The

carbon and hydrogen which are removed from the pyrolysis vapors in the

form of carbon oxides and water cannot be reincorporated back into the

bio-oil in a realistic way. The bio-oil product contains primarily lignin-

derived material along with some aromatic hydrocarbons, whereas carbo-

hydrate degradation products are found in the aqueous phase. All in all,

CFP with acidic zeolites can be seen as an approach that lacks a certain

finesse - the decrease in the bio-oil yield is ultimately very large com-

pared to the improvement in bio-oil quality. If one considers the primary

purpose of pyrolysis to be the production of a liquid intermediate that

can be further upgraded into hydrocarbons, there should also be milder

options than acidic zeolites for achieving the desired results. Upon hy-

drotreating of bio-oil, the majority of liquid hydrocarbon products contains

ring structures, which originate from lignin. Thus, catalysts which would

e.g. depolymerize the lignin fraction into a more readily processable form

while avoiding excessive coke formation and extensive decomposition of

the carbohydrate fraction would be worth pursuing. This, yet again, raises

the question of what to do with the carbohydrate decomposition products.

Whether dealing with pyrolysis vapors or already condensed bio-oil, the

sheer chemical complexity of these mixtures dictates that a single process

or catalyst cannot provide an all-encompassing solution. Thus, the search

for technically and economically viable ways of producing transportation

fuels via fast pyrolysis still continues.
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