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Abstract

The research project described in this thesis dedills an investigation on the
fractional condensation of bio-oil vapors to impeothe separation of some of the key
components of the bio-oil and, consequently, imprthe properties and the value of each of

the separated product streams.

In the first part, the separation of a mixturetoe model compounds of bio-oil from a
vapor and carrier gas stream was investigated tivghhelp of a series of three condensers
maintained at different temperatures. The practipgrformance of the fractional
condensation train was improved by comparing thgeamental results with the theoretical
results predicted by the HYSYS modeling tool. Ibwied that good heat transfer and mixing
was essential, and could be achieved by using csede with a cyclonic entry. It also

showed that a good demister was essential to azleiéective separation.

The second and third parts of the investigatiorused on the fractional condensation
of actual bio-oil vapors produced from the pyratysf two different biomasses: birch bark
and Kraft lignin, respectively. In both cases, tleenperatures of the condensers were
optimized in order to separate the water presettterbio-oil vapor stream and increase the
quality and the stability of the remaining bio-oifhe condenser train consisted of a
condenser-cum-electrostatic precipitator (C-ESBlaited between two cyclonic condensers.
The water content of the fractionated bio-oil wasirfd to be less than 1 wt% with both
biomasses. In case of Kraft lignin, the phenolexsorered in different bio-oil fractions were
also analyzed. The effect of pyrolysis temperatoinethe fractionated bio-oil yield and

characteristics was investigated.



Keywords: Pyrolysis, Bio-oil, Fractional condensatiBirch bark, Lignin, HYSYS,

Electrostatic precipitator, phenols
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1 Chapter 1: Introduction

With depleting fossil fuel resources and increagitabal warming, the production
of fuels from renewable energy resources is growimgimportance and is being
stimulated by governments and the general publiomBss represents one of the most
promising renewable energy resources availableaaih.eBiomass is a generic term used
for all organic matter that is derived from plarttees, crops, algae, animals and animal
wastes. Biomass is abundantly available and isrlaooaneutral resource. Biomass is
composed of three main constituents: cellulose, itelalose and lignin. Various
processes have been developed to convert agriguéind forestry residual biomass into
useful energy using bioconversion as well as thechmamical conversion technologies.
In the recent past, fast pyrolysis of biomass hamegl considerable interest as an
efficient thermochemical conversion technology ablechieve high liquid yields from
the thermal decomposition of biomass together wighproduction of other valuable co-

products (bio-char and gas) (1, 2, 3).

1.1  Fast pyrolysis

Pyrolysis is defined as the thermochemical decoitipnsof organic materials in
the absence of oxygen. Pyrolysis of biomass resuttsree products: condensable vapors
(liquids), non-condensable vapors (gases), charamid(solids). Fast pyrolysis is the
advanced process in which the yield of liquids lbammaximized up to 75%, based on the

type of the biomass. The main features of theggsilysis process are:

1. Rapid heating and heat transfer rates, whichiredpiomass with small particle

size;



2. Pyrolysis reaction temperature of around®806 maximize the liquid yields,
coupled with short residence time of the vapor&gdmshe reactor of less than 2 seconds

to avoid undesirable secondary cracking reactions;

3. Instant cooling of the condensable vapors tecbthe liquid.

Maximum liquid yields are typically observed withthe reactor temperature range
of 450 to 550 °C and vapor residence times of 0.5 seconds. Various reactor types
have been studied, but fluidized beds and circuatiuidized beds are more commonly

used because they can be easily scaled-up andgiertion is user friendly (1, 4).

The product stream from the fluidized bed reactas mixture of inert carrier gas,
condensable vapors and aerosols, non-condensabés,gand solid char. Due to the
presence of aerosols, complete recovery of thadsgaannot be achieved by simply
cooling the product stream (1). Demisters are gdlyeused to collect the aerosols,
which may consist of specially designed impingdiguid scrubbers or electrostatic
precipitators (ESPs). A conceptual flow diagranadfiomass pyrolysis process is shown

in Figure 1.1.
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Figure 1.1 Conceptual process flow diagram of fast pyrolyscpss

1.2 Bio-oil

Fast pyrolysis liquid, also known as bio-oil, idak brown liquid, polar and highly
oxygenated, which contains hundreds of chemicalpmmds with various functional
groups, including organic acids, alcohol, aldehydesomatics, ketones, sugars,
phenolics, and water. Bio-oils have tremendousriateto be used as fuel oil substitute
and also to replace fossil fuel based chemicalsa Assult of its high water and oxygen
content, typical bio-oil has a heating value tisaapproximately 40% of the heating value
of diesel. Apart from low heating value, bio-oilave other undesirable properties for
fuel application such as high water content and isoihility with fossil hydrocarbons,
low thermal stability, high corrosiveness and hagtidity (5, 6). Typical properties of

bio-oil are compared with the properties of heaws! bil in Table 1.1.



Table 1.1Typical properties of wood pyrolysis bio-oil andavg fuel oil (7)

Physical property Bio-oil Heavy fuel
oil
Water content, wt% 15-30 0.1
pH 2.5 -
Specific gravity 1.2 0.94

Elemental composition, wt%

Carbon 54 -58 85

Hydrogen 55-7 11
Oxygen 35-40 1

Nitrogen 0-0.2 0.3

ash 0-0.2 0.1
HHV, MJ/Kg 16 -19 40

Viscosity (at 50C), cP 40 — 100 180
Solids, wt% 02-1 1

1.2.1 Heating value

The higher heating value (HHV) of bio-oils is inetmlange of 16 - 19 MJ/Kg
depending on the type of biomass and the procesditmns used for its production. The
heating value of bio-oil is almost comparable tatthf the raw biomass and is equivalent
to approximately 40% of the heating value of fodsdls. The low heating value of the
bio-oil can be attributed to its high water concation (15 — 30%) and high oxygen

content (35 — 40%) (8).



1.2.2 Water content

High water content of bio-oils (15- 30%) is theuk®f two contributions: (a) the
moisture content in the original biomass condengethe oil; and (b) water that is
produced by the pyrolysis reaction itself, as aultesf dehydration reactions. The
presence of water decreases the heating valudamd femperature of bio-oil. The high
water content also makes the bio-oil more corrosentrarily, it enhances the bio-oil

flow characteristics by decreasing the viscosityhefoil (7, 8).

1.2.3 Acidity and Corrosiveness

Bio-oils contain substantial amounts of carboxwads, mostly acetic and formic
acids, which lead to low pH values of 2 or 3. Begaof the high acidity, bio-oils are
corrosive to common metals such as carbon steel.céhrosiveness of bio-oils increases

with increasing process temperature and with irgitngawater content (8).

1.2.4 Oxygen content

The presence of 35 — 40 wt% of oxygen in bio-ade to major differences in the
properties of the bio-oils when compared to foksls. The oxygen is present in most of
the identified bio-oil compounds. The highest cimitior to the oxygen content of the
bio-oil is water, which is followed by groups ofmpounds such as hydroxyaldehydes,
hydroxyketones, sugars, carboxylic acids, and plieno The high oxygen content of
bio-oils results in a lower energy density, immimldly with hydrocarbon fuels and

instability (7).



1.25  Stability

The instability of bio-oils can be revealed in tways:

1. Aging: a gradual increase in the viscosity of bilbwdile storage

2. Thermal instability: a rapid increase in the visgo®sf bio-oil while heating,
which leads to polymerization of certain compounsgse separation and coke
formation. Such thermal instability makes it impbks to implement
conventional distillation technologies for the sep@n of the many valuable

chemicals contained in the oil.

A rough sense of the impact of thermal instabifitpy be gained by experimental
findings that have shown that the increase in tlidecular weight of a bio-oil after
heating for one week at 80 °C was found to be sam&hen it was stored at room

temperature for one year (9, 10).

1.3 Fractionation of bio-oils

Because of the undesirable properties discussed@ealdmo-oils have limited
practical applications as raw products. The progeuf the bio-oils, which are dependent
on the chemical composition, can be considerablyaved by fractionation of bio-oils.
As in the case of conventional crude oil, distilatof bio-oil is not attractive because
some of the constituents of bio-oil are highly tescand, when heated, undergo thermal
degradation that produces a solid residue (5). tikisrreason, fractional condensation of
bio-oil vapors has been attracting attention ase#factive downstream process to

separate the constituents of bio-oils into difféfeactions (11-17).



In fractional condensation of bio-oil vapors, theoguct stream from the fast
pyrolysis reactor is passed through a series ofdeasers maintained at different
temperatures to allow the collection of liquid tiaos of different physical and chemical

properties in each condenser based on their dent.poi

Williams and Brindle (11) utilized a series of sewveondensers to separate single
ring aromatic compounds from tire pyrolysis oil. éjh maintained the first three
condensers at a single temperature (100, 150, 22B8®°C) to maximise the recovery of
aromatics. The remaining four condensers were igiaied at -70 °C to collect all of the
oil. It was also reported that the usage of packmagerial (wire wool, pall rings) inside

the first three condensers improved their oil yield

Chen et al. (14) employed four stainless steel ensérs in series followed by an
electrostatic precipitator (ESP) to fractionate thie-oil vapors from pine sawdust.
Cooling water was circulated from the last condensehe first condenser, to develop a
small temperature gradient among the condensessEBP was placed at the end of the
condenser train to collect the escaping aerosoleyTfound that the fractional

condensation was useful to separate water and caeaampounds from the bio-oil.

Jendoubi et al. (15) used two condensers followgdab ESP to study the
distribution of inorganic compounds in bio-oils. €lfirst condenser was air cooled to
collect the heavy phase and the second condensewaigr cooled to recover the light
oils. They found that the more than 60% of the gaoic compounds present in the whole

raw bio-oil were contained in the oil collectedthg ESP.



Westerhof et al. (16) utilized two counter-curreptay condensers and an intensive
cooler in series to fractionate the bio-oil intatg and light fractions. They reported that
the counter-current spray condensers are effigrerdollecting the aerosols. The first
condenser, maintained between 70 and 90 °C, cetlebeavy oil fractions, which
contain 10% to 4% water and around 3% to 2% acetid. The heating value of the
heavy oil fraction was in the range of 14 and 24KgJon a wet oil basis. The light oll

fraction collected in the second condenser contbameund 10% acetic acid.

Pollard et al. (17) developed a five stage bioeollection system containing three
condensers and two ESPs. One ESP was used betwesntwo condensers to collect
aerosols escaping the preceding condenser. Theeosad were designed as shell and
tube heat exchangers. The five stages of the tollesystem were maintained at
different temperatures to enable the recovery fiemint classes of compounds at each
stage of the condenser train. The water contettefirst four bio-oil fractions was in
the range of 7% to 15%. The heating value of tloedii fraction with 7% water content

was 24 MJ/Kg.

1.4  Aspen HYSYS

Aspen HYSYS is a process modeling tool used for gimeulation of chemical
plants. HSYSY uses various thermodynamic modelsidAPackages) to represent the
phase equilibrium behaviour and energy level oepromponents and mixture systems.
HYSYS has been used in Chapter 2 to thermodynalyicitermine the maximum

possible separation of the model compounds of ihv®ih



1.5 Research Objectives

The work described in this thesis aims at invesiigaand optimizing a fractional
condensation train which has the potential to imprthe separation of bio-oil fractions

and, consequently, their respective individual préips and uses.

In order to understand, improve and develop ancedke fractional condensation
system, Chapter 2 reviews the separation of modeipounds of bio-oil using three
condensers in series. Three model compounds, witareht chemical and physical
characteristics and representative of typical bis-avill be used for this study. The
objective of this study is to condense primarilysiagle model compound in each
condenser. The design of the fractional condensatrain will be improved by
comparing the experimental results with the thecmetesults obtained by the HYSYS

modeling software, for the same operating condstion

Chapter 3 deals with the fractional condensatiomeal bio-oil vapors produced
from the pyrolysis of birch bark. The aim of thisidy is to obtain dry bio-olil, i.e. with
very low water content, from the pyrolysis of bireark, in order to maximize its overall
value (heating value and stability). The bio-oilmgdes will be analyzed for water
content, heating value and the level of overaljioal energy recovered in the different
fractions. The effect of pyrolysis temperature ba try bio-oil yield and characteristics

will also be investigated.

Chapter 4 deals with the fractional condensatiomeal bio-oil vapors produced
from the pyrolysis of Kraft lignin. The aim of th&tudy is to collect dry bio-oil from the

pyrolysis of Kraft lignin, thus maximizing its vauand stability as a potential source of
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chemicals. The bio-oil samples will be analyzed tloe water content, heating value,
phenolics content, as well as the energy and plumsnoecovered in the different
fractions. The effect of reactor temperature on dhe bio-oil yield and characteristics

will also be investigated.
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2 Chapter 2: Fractional condensation of model compouts of bio-oil

2.1 Introduction

Bio-oils produced from fast pyrolysis of lignocddsic biomass have potential to
replace fossil fuel based chemicals. Bio-oil isaakdorown liquid that contains hundreds
of chemical compounds of various functional groupsluding organic acids, alcohols,
aldehydes, aromatics, ketones, sugars and ligniaedephenolics. Bio-oils have limited
practical applications due to their undesirableppries such as low thermal stability,

high acidity, high corrosiveness and low heatinlpedl, 2).

Fractionation of bio-oils is required to increabkeit applicability and commercial
value. Bio-oils cannot be distilled because som¢heir constituents are highly reactive
and produce large quantities of solid residues upating (1). For this reason, fractional
condensation of bio-oil vapors has been attractittgntion as an effective downstream

process to separate the constituents of bio-didsdifferent fractions (4-8).

In fractional condensation of bio-oil vapors, theoguct stream from the fast
pyrolysis reactor is passed through a series ofde@asers maintained at different
temperatures to enable the collection of liquidctikns of different physical and

chemical properties in each condenser.

The product stream from the fast pyrolysis reactos mixture of fluidizing gas,
vapors and aerosols. Due to the presence of asraswhplete recovery of the bio-oil
cannot be achieved by simply cooling the productash (3). Therefore, demisters

(impingers or electrostatic precipitators) are reguito efficiently collect the aerosols.
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Williams and Brindle (4) utilized a series of sevasndensers to separate single
ring aromatic compounds from tire pyrolysis oil. éjh maintained the first three
condensers at a single temperature (100, 150, 228M0°C) to maximize the recovery of
aromatics. The remaining four condensers were iaiaied at -70 °C to collect all of the
oil. It was also reported that the use of packiradenal (wire wool, pall rings) inside the

first three condensers improved their oil recovery.

Chen et al. (5) employed four stainless steel cosels in series followed by an
electrostatic precipitator (ESP) to fractionate thie-oil vapors from pine sawdust.
Cooling water was circulated from last condensefirsi condenser to develop a small
temperature gradient among the condensers. The vizsPplaced at the end of the

condenser train to collect the remaining aerosols.

Jendoubi et al. (6) used two condensers followedahy ESP to study the
distribution of inorganic compounds in bio-oils. €lfirst condenser was air cooled to
collect the heavy phase and the second condensewaigr cooled to recover the light

oils.

Westerhof et al. (7) reported that counter-cursgrely condensers are efficient in
collecting the aerosols. They used two countererurspray condensers and an intensive

cooler in series to fractionate the bio-oil intatg and light fractions.

Pollard et al. (8) developed a five stage bio-allection system including three
condensers and two ESPs. One ESP was used betwasntwo condensers to collect
aerosols escaping the preceding condenser. Theeosars were designed as shell and

tube heat exchangers. The five stages of the twollesystem were maintained at



14

different temperatures to enable the recovery fiemint classes of compounds at each
stage of the condenser train. The five stage caatdmin was followed by a glass wool

filter to collect the remaining bio-oil.

As bio-oil is a complex mixture and its compositioot fully known, it is not
theoretically possible to calculate the extent éasation achievable with a fractional
condensation train. In order to develop an effectractional condensation system, the
present study deals with the separation of modelpounds of bio-oil using a condenser
train. Three cyclonic condensers in series are usékis study to separate three model
compounds from a mixture, representative of ma@sses of components present in the

vapor and gas mixture exiting a typical biomaso|ygis reactor.

Aspen HYSYS is a process modeling tool used for dimeulation of chemical
plants. HSYSY uses various thermodynamic modelsidAPackages) to represent the
phase equilibrium behaviour and energy level oepromponents and mixture systems.
HYSYS is employed to thermodynamically determine thquired temperatures of the
three condensers that would provide optimum seiparaf three model compounds. The
practical efficiency of the fractional condensattaain is estimated by comparing, for the
same operating conditions, the experimental resuite the results of the HYSYS

simulation.

As water constitutes 10 to 30 wt % of total composiof bio-oil, water is selected
as one of the model compounds (2). Glycerol anglatle glycol are selected as two
other representative model oxygenates for thisystlile boiling points of the selected

compounds are as follows: 290 °C for glycerol, BFT for ethylene glycol, and 100 °C
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for water, to allow for good, theoretical sepamttbrough fractional condensation. The
aim of this study is to condense most of the glyicar the first condenser, most of the

ethylene glycol in the second condenser, and nfdeeavater in the final condenser.
2.2  Materials and methods
2.2.1 Continuous Feeding System

A positive pressure blow tank is used to pump tleelehcompound mixture into 1
m stainless steel tubing of 6.35%Lt diameter. The tubing is positioned inside the HP
5890 GC oven, which provides the heat requiredvigporization of liquid mixture
passing through the tubing. The vapors exitingdbié are mixed with the continuous
flow of heated nitrogen inside a T pipe fitting @l®own in Figure 2.1. Before entering
the oven, the nitrogen is heated to around 140 si@guthe 400 W in-line air process
heater (Omega AHP-5051). The temperature of th@raicess heater can be controlled
by varying the voltage using an auto-transformdre Vapor and nitrogen mixture from
the T pipe fitting flows on to the downstream comsky system. The temperature and
pressure of the stream entering the condenseat@muously monitored using a K-type

thermocouple and a liquid filled pressure gauge.

During most of the experimental runs, the input tomig in the blow tank was
composed of the three model compounds in equalhwéigctions. The weight of the
blow tank was taken before and after each expetinidre flow rate of liquid mixture
from the blow tank was maintained at around 8 togAfin. The liquid flow rate was
controlled by regulating the pressure of the blanktand also by changing the capillary

connecting the blow tank and 6.35%1G diameter tubing. The flow rate of the nitrogen
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was maintained at 23 L/min using a sonic nozzldsf0®> m diameter. The nitrogen
pressure upstream of the sonic nozzle was maimtang.76x18Pa to achieve the flow

rate of 23 L/min. Each experiment lasted 15 minutes

Pre-heater

5

Blow Tank Oven

!

To Vent

o o
o~
=000 ! | 000! | ctce Bath

Condenser 1 || Condenser2  Condenser 3

i

c | c |
Figure 2.1Process Flow Diagram of model compounds feedistesy and condenser train

2.2.2 Condensing System

The condenser train consists of three stainlest syelonic condensers connected
in series. As shown in Figure 2.1, the mixture apers and gases enters each condenser
and is immediately directed to the condenser wathva 90° elbow. This nearly
tangential entry forces the vapors and gases @ gpoviding good agitation and heat
transfer and driving the condensed liquid drople¢minst the wall though cyclonic
action. Each compact condenser can be weighedebafut after each run to obtain an
accurate liquid collection yield. It can also beiBataken apart and any oil deposit on the

wall can be recovered with a specially designedysanr (9).
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To maintain the condensers at different temperafweach condenser is immersed
in a separate temperature-controlled bath. As in& tondenser is intended to
concentrate glycerol, the temperature of the @imstdenser has to be higher than the dew
point temperatures of ethylene glycol and watele Tbat transfer fluid used in the first
bath is Duratherm G, which has a flash point of 223 Paraffin oil is used as heat
transfer fluid in the second bath. With paraffin, dhe second condenser can be
maintained at a maximum temperature of around ©3rhe third condenser, which has
to recover all the non-condensable vapors, is dlace an ice water bath. High
temperature cartridge heaters, located at the rnottbfirst and second baths, maintain
each of the bath fluids at the desired temperatfline temperatures of the cartridge
heaters are controlled using Watlow series C ort@fiperature controllers. To ensure
the uniformity of temperature along the entire kbngf the condensers and also for good
heat transfer from the walls of the condenserspgdn is bubbled at a very low flow rate
in the first and second baths, and air is bubbieithé ice water bath. The temperature of
the stream leaving each condenser is constantlyrded using K-type thermocouple

placed in the condenser outlet tubing.

To capture the aerosols escaping from the firstdenser, two types of
impingement surfaces are tested inside condensalutinum fan blades, and stainless

steel wool. These mist collectors are mountecheroutlet tubing of the first condenser.
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Determination of the condensate composition

The weight fraction of water in the condensed ligwias obtained by using a volumetric

Karl Fischer titrator. The weight fractions of tliemaining two compounds in the

condensate were then calculated by solving theviatlg two linear equations:

1.

Weight fraction equation:

Xaiycerol + Xethylene lycolt Xwater = 1 (1)
where X is the weight fraction.

Liquid mixture density equation:

Pcondensate (Xalycerol X Palycero) + (Xethylene Glycol PEthylene Glycol) + (Xwater X pwater)
(2)

wherepcondensate= density of condensate,

andpgiycerol, PEthylene GlycolPwateral€ the densities of the pure compounds.

The densities of the condensate and pure compouwaidsdetermined with an SVM 3000

Anton Paar viscometer.

2.3

Experimental results and discussion

The study proceeded through the following steps:

HYSYS simulation to select the best condenser teatpees;
Checking that the heat transfer from the condews#irto the vapors was
sufficiently good to condense the vapors and reaelly thermal equilibrium of

the exiting vapors with the condenser bath tempezat
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3. Verifying that the mixing of the vapors within tkendensers was sufficiently
good to ensure that all vapors exited the condeatsbie same temperature;
4. Modifying the condensers so that their performamoald approach the

theoretical performance.

2.3.1 HYSYS simulation to select condenser temperatures

The schematic in Figure 2.1 is simulated using ASg¥SYS 2006 with the PRSV
fluid package. The PRSV equation of state is seteas the fluid package because it can
manage non-ideal systems with accuracies as goadtizgy coefficient models (10). In
HYSYS, a flash separator has been used to represeht cyclonic condenser. A flash
separator allows the vapor and liquid to attairrrtteelynamic equilibrium, as they are
separated. Using HYSYS, the operating temperatiréise first and second condensers
were selected by giving equal weightage to bothyibll and purity of the compound
being separated. The variation in the yield andtpwf the compound being separated
with the condenser temperature is shown in Figu2eaRd Figure 2.3. From Figure 2.2,
the temperature range of 140 to 160 °C is seleasedptimum for condenser 1, for the
recovery of glycerol. From Figure 2.3, the tempamatrange of 70 to 90 °C is selected as

optimum for condenser 2, for the condensation loflehe glycol.

Experiments were performed with the temperaturéneffirst condenser at 140 and

160 °C. The second condenser was tested at tempegaif 80 and 90 °C.
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2.3.2 Heat transfer in condensers

At each stage of the condenser train, the gas apdrvmixture stream has to be

cooled down by 60 to 80 °C. To achieve the targetsaling, good heat transfer in the
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cyclonic condensers is crucial. As the temperawfreahe heat transfer fluid in the
condenser bath is maintained using a controllez, bat transfer performance of a
condenser can be validated by comparing the termyeraf the heat transfer fluid in the
condenser bath with the temperature recorded atctmenser outlet (f;). The
temperature profiles along the condenser trairofe of the experimental runs is shown
in Figure 2.4. In this particular experimental rtime baths of first and second condensers
were maintained at 140 and 80 °C, respectively)enthie temperature of the vaporized
mixture entering condenser 1 varied between 200223d°C. Over the 15 minutes run,
the average temperatures,{J at the outlets of condensers 1 and 2 were 1448&rfeC
respectively. These average temperatures are clage to the target temperatures set in
the heating baths, which indicate that the heaistea in both the condensers is nearly

perfect.
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Figure 2.4 Temperature Profile along the Condenser Train
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Ten experiments were carried out under differergrafing conditions in order to
understand the factors affecting the fractionaldamsation. The operating conditions of
all the experiments are shown in the Table 2.1 Balgle 2.2. Some of the experiments
were repeated to verify that the results were myeible. In all these experiments, the
main focus was to maximize the separation effigteim check the efficiency of the
fractional condensation train, experimental resaless compared with the results of the

HYSYS simulation in terms of the following features

1. Good mixing to achieve condensation of the whalessh; and

2. Yield of condensers.

Table 2.10perating conditions used in all the experiments@ad out using liquid mixture consisting of
three model compounds (Glycerol: Ethylene glycoat& = 0.33 wt%: 0.33 wt%: 0.33 wt%)

S. | Liquid Flow | N, Flow rate Bath 1 Bath 2 Mist Collector Used

No rate (L/min) Temperature Temperature in Condenser 1
(g/min) (°C) (°C)

1 9.2 10 160 100 -

2 9.4 14 160 100 -

3 8.7 23 160 100 -

4 8.4 23 140 80 -

5 8.1 23 140 80 One Fan

6 8.1 23 140 80 Stainless Steel Wopl
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Table 2.20perating conditions used in all the experiments@ad out using liquid mixture consisting of
two model compounds (Ethylene glycol: Water = 0s%: 0.34 wt%)

S. | Liquid Flow | N, Flow rate Bath 1 Bath 2 Mist Collector Used
No rate (L/min) Temperature Temperature in Condenser 1
(9/min) (°C) (°C)

1 9.4 23 100 100 -

2 9 23 100 100 One Fan

3 10.2 23 100 100 Two Fans

4 9.3 23 100 100 Three Fans
2.3.3 Mixing and condensate composition

Good mixing of the vapors inside the condenseessential to achieve the required
condensation. In other words, mixing inside eachthed condensers will ultimately
determine the composition of its condensate. Ifrtie@ng inside the condenser is good,
then all the vapors exit the condenser at the gamperature, and the composition of the

condensate will be approximately the same as thgposition predicted by HYSYS.

For most of the experiments, the yield of first denser was lower than the yield
predicted by HYSYS. As the experimental yield of tlirst condenser is not matching
with that of HYSYS, it can be easily concluded ttra experimental composition of the
input streams to condensers 2 and 3 would also ifferesht from the composition
predicted with HYSYS. For this reason, the inipalt of the study is focused on the first
condenser, for which the composition of its inpuieam was exactly the same as that

predicted with the HYSYS simulations.
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2.3.3.1Condensate composition at different nitrogen flaies

To verify that there was good mixing of the vapmsde the condenser, at various
nitrogen flow rates, experiments were carried auheee selected nitrogen flow rates of
10, 14 and 23 L/min. During all the experiment ligquid flow rate was maintained at
around 8.7 to 9.4 g/min and the first condenserptrature was set at 160 °C. For
different nitrogen flow rates, the composition bétcondensate collected in condenser 1
and the corresponding HYSYS results are shown gurei 2.5. In all cases, the
experimental composition is practically identical the composition estimated by
HYSYS. This confirms that the mixing of the vapawgs excellent in the cyclonic

condensers.
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Figure 2.5 Composition of condensate in Condenser 1 at éiffienitrogen flow rates

2.3.3.2Condensate composition at different temperaturesonfienser 1

The influence of the temperature of condenser 1then composition of the
condensate is shown in Figure 2.6. The condensguamature reported in Figure 2.6 is
the average temperature of the condenser 1 ovdiStinginutes experimental run. In both
experiments, the nitrogen and liquid flow rateseveept constant at 23 L/min and 8.4 to
8.7 g/min, respectively. As shown in the Figure, 2ite condensate composition in
condenser 1 is the same as the HYSYS predictiotiseatlifferent temperatures of the

first condenser.
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From the above results, it can be concluded thaetbxist a nearly perfect heat transfer

and mixing inside the cyclonic condensers.

234 Yield of Condensers

Although the composition of the liquid collected ttwe first condenser matched the

159T

26

theoretical composition predicted by HYSYS, theldief condenser 1 is much lower

than the yield calculated by HYSYS. Table 1 sholat the mass of liquid collected in

the first condenser was always much lower tharHti8YS prediction. This is consistent

with a fraction of the condensed liquid escapirgdbndenser as a fine mist (aerosol).



27

Table 2.3Comparison of mass of liquid collected in conderiseith HYSYS predictions for different

experimental conditions

S.No| Ny Flow Average Temperature Mass of liquid collected in
rate of Condenser 1 Condenser 1
(L/min) (°C) (grams)
HYSYS Experiment
1 14 160 50.4 35
2 23 159 41.9 23.5
3 23 146 44.8 35.5

As the aerosols escape from condenser 1, the stpgem to condensers 2 and 3 is
not comparable to that of HYSYS. For this purpasaly the yield of condenser 1 is
taken into consideration in the further discussaiout the yield of condensers. For
condition 3 listed in Table 2.3, the experimentguid yield of three condensers
compared to that simulated with HYSYS is shown iguFe 2.7. Figure 2.7 shows that
the flow rate escaping the final condenser is macger than predicted, which is also

consistent with losses of a fine aerosol mist.
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2.3.4.1Quantification of liquid lost as mist

The aerosols escaping from the first condenser tedxe captured to match the
experimental yield and the HYSYS yield and increttse separation efficiency of the
condenser train. To quantify the mist lost from fingt condenser, the following formula

has been used:

% of liquid lost from condenser 1<-M L'”YS’I’;_ML'ME“S“”“) *100 (3)
L HYSYS

where:
M. nysys = Mass of liquid collected in condenser 1 as mtedi by HYSYS

M measure Actual mass of liquid experimentally collecteccondenser 1
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2.3.4.2Effect of Nitrogen Flow rate

As discussed earlier in the mixing subsection,ahgrogen flow rates of 10, 14
and 23 L/min were used. During these experimets, temperature of the bath of
condenser 1 was set at 160 °C and the liquid fle was maintained at 8.7 to 9.4 g/min.
Fig. 8 shows the weight fraction of liquid lostragst from the first condenser at different
nitrogen flow rates. From Figure 2.8, it is appartat there is a significant increase in

the mist losses from condenser 1 with increasitggen flow rate.
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Figure 2.8 Effect of nitrogen flow rate on mist collectionfinst condenser

2.3.4.3Effect of Condenser Temperature

Two experiments were performed with condenser 1ntagied at different
temperatures to check the effect of condenser teatyre on the mist collection. During

these runs, the nitrogen flow rate was kept consgta@3 L/min and the liquid flow rate



30

was maintained at 8.4 to 8.7 g/min. Figure 2.9ghthe mist losses from condenser 1 at
the average temperatures of 146 and 159 °C: adeth@erature of the condenser
increases, the mist collection becomes more ditfidthe reason for this is that, as the
temperature increases, the surface tension of dmelemsed liquid decreases, which

reduces the droplet size and facilitates the faonand loss of fine aerosols.
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Figure 2.9 Effect of temperature on mist collection in firstntlenser

2.3.4.4Effect of mist collectors

Aluminum fan blades and stainless steel wool weedun condenser 1 to capture
the aerosols. Initially, a two-component mixturensisting of 66% ethylene glycol and
34% water was used to check the effectivenesseoéliliminum fan blades in capturing
the mist of ethylene glycol escaping from condenker~or these experiments, the

average temperature of condenser 1 was around @1Oquid flow rate and nitrogen
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flow rate were kept at 9 to 10.2 g/min and 23 L/mi@spectively. Experiments were
performed without any fan and with one fan, twosfamd three fans. Figure 2.10 shows

that the best mist capture was achieved with one fa
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Figure 2.10Effect of aluminum fan blade on mist collectiorfiirst condenser

After achieving positive results with a two-componhenixture, experiments were
carried out with the original three-component migtwith the aim of decreasing the
amount of glycerol aerosols escaping from condehsén this case, one aluminum fan
blade and stainless steel wool were used as miilgictrs in the first condenser. For
these experiments, nitrogen and liquid flow rateseamaintained at 23 L/min and 8.1 to
8.4 g/min, respectively. The average temperaturtheicondenser 1 was around 145 °C.

The performance of mist collectors can be seenguarg 2.11.



32

Contrary to two component mixture, aluminum fandels increased the amount of
glycerol aerosols escaping from condenser 1. Bainless steel wool proved to be a
good mist collector for the glycerol at 145 °C. Tiherease in condenser 1 temperature
from 110 °C (for the case of two component mixtuoel45 °C (for the three-component
mixture) is the main reason that aluminum fan bdai@d@ed in capturing the aerosols of
glycerol. As the temperature of condensation irsgsathe overall surface tension of the
liquid mixture decreases, thus reducing the drogist. For this reason, more effective
impingement surfaces are required at higher coradiemstemperatures to capture the

aerosols.

In the case of aluminum fan blades, the increaghanweight fraction of glycerol
aerosols lost is probably caused by the atomizatiahre-entrainment of the condensed
liquid droplets collected on the fan blades. Thedallects large liquid droplets that form
a liquid film on the fan surface, and the gas flshears off, from the liquid on the fan

edge, fine droplets that are even more difficultatiect in the condenser.
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Figure 2.11Effect of internals on mist collection in first adenser

The highest efficiency of separation that can bbieaed with the fractional
condensation process is the condition where batptiity and the yield of the separated
compounds are matching the theoretical predictioimsorder to rank the efficiency of
separation achieved with different mist collectiwg) performance indices are defined to

quantify the purity and yield:

1. Purity Performance IndexPy,,,): it indicates the purity of the compounds
experimentally separated in the fractional condeémsgrocess when compared
to that of HYSYS. If the value oP,,,, is 1, the purity of compounds
separated is exactly the same as the purity pestilty HYSYS. As the value of

P,

wurity dECreases, it indicates that the purity of the sg#pd compounds is

declining when compared to that simulated with HYSSYn the case of the
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model compound mixture consisting of three comptsjetne two valuable
compounds, glycerol and ethylene glycol, need tedparated from water. The

purity performance index),,,;., is therefore given by:

n (WFEG—WFEG HYSYS)2

WFEG HysYS

WFG Hysys Condenser 1 Condenser 2

_ 2
Prurity — 1— \/(WFG WFg HYSYS)
4)

where WF; is the experimental weight fraction of glycertV,F; ,ysys iS the weight
fraction of glycerol according to HYSY3V F;. is the experimental weight fraction of
ethylene glycol; andVFg; yysys iS the weight fraction of ethylene glycol accordittg

HYSYS.

2. Yield Performance IndexP(;.;4): Pyic1q Will denote the yield of glycerol in the
first condenser and of ethylene glycol in the secoondenser when compared

to those predicted with HSYSY. The yield performamedex,Py;.;4 is given

by:

P - 1— (MG_MGHYSYS)Z
yield Mg Hysys

2
MEG—MEG HYSYsS
+ (—

MEG HysYS

Condenser 1 Condenser 2

(5)

where M is the experimental mass of glycerd; ,ysys iS the mass of glycerol
according to HYSYSMg, is the experimental mass of ethylene glycol; 8ig yysys iS

the mass of ethylene glycol according to HYSYS.
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The values of two performance indices, purity amgdy in presence of different mist

collectors are shown in Table 2.4.

Table 2.4Performance indices in presence of different nodlectors for the three-component model

mixture
Type of Mist Collector | Pp,yrity | Pyieta
Without any mist collector 0.87 0.72
Aluminum fan blade 0.81 0.59
Stainless steel wool 0.93 0.8

Table 2.4 shows that the stainless steel wool ¢fawdest results in terms of both

purity and yield. Therefore, it can be concludedttthe best separation of the three-

component model mixture is achieved with the heip stainless steel wool section

placed in the first condenser. In this experimém, average temperatures recorded for

the three condensers were in the following sequehdd, 87 and 18 °C. The best

individual component yields attained in the thremdensers as against the HYSYS

predictions are shown in Figure 2.12.
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Figure 2.12Comparison of the yields of individual componentsdicted by HYSYS to the yields
achieved with stainless steel wool demister infitls¢ condenser

2.4 Conclusions

The fractional condensation of a mixture of thre@dil model compounds from a
vapor and carrier gas stream has been investigaithdthe help of a series of three
condensers maintained at different temperatures.ti&oretical results predicted by the
HYSYS modeling tool were used as reference to deter and benchmark the practical
performance of the fractional condensation traime €ffects of carrier gas flow rate and
of condenser temperature on the mist collectionthie first condenser have been
determined. A stainless steel wool demister protegrovide a good impingement
surface to capture the aerosols of glycerol esgafpom the first condenser. The impact
of the condenser temperature on the surface tewnsithe liquid should be considered as
it affects the size of the mist droplets and, cqusetly, their potential re-entrainment

and loss from each condenser.
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3. Chapter 3: Fractional condensation of bio-oil vapos produced from birch

bark pyrolysis

3.1 Introduction

With rising energy requirements and gradually démpdefossil fuel resources, the
interest for the production of fuels from biomassidues and wastes has been increasing.
Various thermal processes have been developedtupe useful energy from different
kinds of biomass residues. In the recent past, dasilysis has been gaining immense
interest because of its ability to achieve highiiligyields of up to 75%, based on the type
of biomass, through the rapid thermal decompositibtignocellulosic biomass in the
absence of oxygen. Fast pyrolysis liquid, alsoecabio-oil, is a complex mixture of
oxygenated hydrocarbons. A typical bio-oil has ghkr heating value of around 17
MJ/kg, which is about 40% of the heating value wfsdl. The relatively low heating
value of the bio-oil can be attributed to its higlater concentration (typically in the
range between 15 and 30 wt%) and to the high oxggatent (35 — 40 wt%). Apart from
their low heating value, bio-oils have other unddde properties for fuel applications
such as low thermal stability, high corrosiveness high acidity. The upgrading of bio-

oils is essential to convert bio-oils into staldpiid fuels (1, 2).

The energy density, corrosiveness and the phabditgtaf the bio-oils could be
greatly improved by decreasing the water conterthefbio-oils. The distillation of bio-
oil is not attractive as some of its components themally sensitive, degrade and
produce solid residues upon heating to temperagmester than 100 °C (1). Recently,

fractional condensation of the bio-oil vapors hagrbreceiving increasing attention by
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researchers to separate bio-oil constituents (86he fractional condensation process,
the bio-oil vapor stream exiting the fast pyrolyseactor is passed through a series of
condensers maintained at different, gradually destng temperatures to enable the
collection of liquid fractions of different physicand chemical properties in each

condenser.

Westerhof et al. (5) utilized two counter-curreptag/ condensers and an intensive
cooler in series to fractionate the bio-oil intoatyg and light fractions. The first
condenser, maintained between 70 and 90 °C, cetflebieavy oil fraction, which
contains 10% to 4% water and around 3% to 2% aeeit. The heating value of the
heavy oil fraction was in the range of 14 and 24KdgJon a wet oil basis. The light oll

fraction collected in the second condenser contbameund 10% acetic acid.

Pollard et al. (6) developed a five stage bio-allection system to enable the
recovery of different classes of compounds at estelge of the condenser train. The
water content of the first four bio-oil fractionsas/in between 6.6 to 14.8 wt%. These
four oil fractions recovered 85% of the total bibenergy. The condensing system used
three condensers and two electrostatic precipggeEPs). They used one ESP between
every two condensers to collect aerosols escapiwg preceding condenser. The

condensers were designed as shell and tube hdwtregers.

The aim of the present study is to obtain dry hklp4ce. with very low water
content, from the pyrolysis of birch bark. Birchrlba pyrolyzed in a bubbling fluidized
bed and the resulting bio-oil vapors are fractiedatising a three-condensers train to

obtain a dry bio-oil. This study uses a fractiomaindensation train that had been
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optimized with model compounds, described in Chaj@e The effect of reactor

temperature on the dry bio-oil yield and charastexs will also be investigated.
3.2  Materials and methods
3.2.1 Materials

Birch bark was used as the feedstock and pyrolyséety the ICFAR bubbling bed
pyrolysis pilot plant (8, 9). To facilitate the dornuous feeding using the ICFAR slug
injector (7), the birch bark was ground to a p&tgize of about 1 mm prior to being fed
into the bubbling bed reactor. The bulk density #@he higher heating value of the

resulting birch bark powder were 200 kd/amd 22 MJ/kg, respectively.

Inert silica sand with a Sauter-mean diameter d 8 was used as the bed

material in the bubbling fluidized bed. The bed snass 1.5 kg.

Nitrogen was used as the inert fluidization gastragen was also the carrier gas
for the injection of birch bark powder slugs inteetbubbling bed using periodic gas

pulsations.
3.2.2 Bubbling fluidized bed setup

The fluid bed reactor is made of Inconel 600, 0.8Y% diameter, with a 0.65 m
long cylindrical section (8). The reactor is heatedthree radiative electric heaters,
covering both the dense sand bed and the freebsactions. The heaters are
independently controlled using Watlow PID digitabntrollers, to set a constant

temperature profile along the axis of the reaclidie temperature feedback for the
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Watlow controllers is provided through the typeh€rtmocouples placed within the bed
at the same height as the heaters. The fluidizaaen(nitrogen) enters the bed through
the perforated distributed plate located at theédnotof the reactor. Before entering the
bed, the nitrogen is heated using the 400 W in-aireprocess heater (Omega AHP-

5052).

The ICFAR biomass “slug injector” is used to feadl bark into the bubbling bed
reactor (7). The birch bark is discharged into bleel, 0.15 m above the gas distributor
through an inclined line (45°). As shown in Figd, a hopper filled with birch bark
discharges through a pneumatically activated pimalve. The pinch valve opens
periodically (usually every 10 s) for short periadgime (0.7 s), allowing small amounts
of birch bark to fall into a horizontal injectorid@. During each cycle, the birch bark
forms a slug, which is propelled into the reactgriritermittent pulses of nitrogen and a
continuous stream of carrier gas (nitrogen). Thetinaous nitrogen flow prevents any
solids settling in the injector tube. A solenoidweais used to deliver this gas pulse. The
pinch valve and the solenoid valve are controlled synchronized with a programmable
logic controller (PLC). The flow rates of the flizdtion and carrier nitrogen are metered

and controlled with two Omega mass flow meters.

As the birch bark is injected into the reactormitxes rapidly with the hot sand,
ensuring fast pyrolysis conditions. The producegova exit the top of the reactor
through a hot filter. The filter uses a stainletgel 10 micron screen and a ceramic fiber
insulation layer that retains all the solids in tleactor to avoid contamination of the

produced bio-oil by char and elutriated sand. Tioelpct gases and vapors together with
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the nitrogen gas flow into the condensing systeneratthe bio-oil vapors are rapidly

condensed using three condensers connected is.serie

To
Condenser Train

= —
Compensating line —» n
Birch bark
R t
Birch bark 4
Pinch 'Y slug
— S L
valve AN
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N> — Y0
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Fluidization @ = 4‘“-*"——yqr—Jt--—-—-——- y___.

Ny _

Pre-heater

Figure 3.1 Schematic of bubbling fluidized bed setup usedtierpyrolysis of birch bark

3.2.3 Condensing system

The condensing system consists of two cyclonic easdrs (condenser 1 and 3), an
electrostatic precipitator-cum-condenser (C-ESR) arcotton wool filter. As shown in
Figure 3.2, the three condensers are connectedriesssuch as the vapor/gas stream
flows through condenser 1, then the C-ESP, condeéhsend, finally, the cotton wool
filter. In order to separate the water presenhahio-oil vapors, condenser 1 and C-ESP
are maintained at higher temperatures, so thatrwaf@imarily condensed in condenser
3. The temperature of the stream leaving each cwm®ids constantly recorded using a

K-type thermocouple placed at each condenser'ebutl



44

The cyclonic condensers (condenser 1 and 3) are wifaa stainless steel pipe, 0.7
m long and 0.05 m in diameter. In the cyclonic cargkrs, the mixture of vapors and
gases enters each condenser and is immediatetyetireo the condenser wall with a 90°
elbow (shown in Figure 3.2). This nearly tangengialry forces the vapors and gases to
spin, providing good agitation and heat transfet dnving the condensed liquid droplets
to the wall though cyclonic action. The cyclonicndensers and the C-ESP can be

independently weighed before and after each ruibtain an accurate liquid yield (9).

In all the experiments, condenser 1 is maintaine8Da’C to collect the vapors of
the heavy components. Note that the high dilutibthe vapors with the fluidization gas
greatly depresses the dew point of the vaporsmaimtain the desired temperature of the
condenser 1, it is immersed in a temperature-cthetk@il bath. The heat transfer fluid
used in the bath is Duratherm G, which has a fasht of 223 °C. A high temperature
cartridge heater, located at the bottom of the ,batintains the bath fluid at the desired
temperature. The temperature of the cartridge héatontrolled using a Watlow series
C on-off temperature controller. To ensure a uniféemperature along the entire length
of the condenser and also for good heat transben the walls of the condenser, nitrogen
is bubbled at a very low flow rate in the bath dlub provide sufficient mixing. The

average temperature of the stream exiting the cmetel was around 105 °C.

The electrostatic precipitator-cum-condenser (CJ)ESPdesigned to accomplish
dual functionalities: 1) To condense the vaporthefintermediate compounds by further
cooling the stream leaving the first condenser; 2ndo collect the aerosols present in
the product stream through electrostatic precipmatAs shown in Figure 3.2, the C-ESP

consists of an electrostatic precipitator (ESP)cs®d in a hot box, which is heated by a



45

continuous flow of hot air from the bottom to tlop tof the box. A scaled-up version of
the two-stage-ESP developed by Bedmutha et al.i§103ed in this study. The ESP is
made of a stainless steel pipe, 0.6 m long and 0®& diameter. Throughout the
experimental study, the ESP is operated with ariegppoltage of 14 kVDC. The

temperature of the C-ESP can be varied by charthmdpot air temperature entering the
C-ESP enclosed chamber. An in-line air processeh¢®mega AHP-7561), controlled
using a Watlow series C on-off temperature corgrplls used for the heating of the air.
In the experiments conducted to optimize the foaati condensation train, the
temperature of C-ESP was maintained at 30, 50 GiC/While the C-ESP temperature
was maintained at 30, 50 or 70 °C, the average e¢estyre of the stream exiting the C-

ESP was 38, 49 or 56 °C, respectively.

The third condenser, which has the objective t@vecthe majority of the water
and the vapors of the lightest components, is plagean ice water bath. The average
temperature of the stream exiting the third condemgas below 15 °C. A cotton wool
filter is connected downstream of the three condenst is weighed after each run to
check the efficiency of collection in the condegsinain. The non-condensable gases

leaving the condensing system are vented.
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Figure 3.2Schematic of fractional condensing train used lierdollection of birch bark bio-oil

3.24 Bio-oil production

In the course of optimization of the fractional densation train, all the pyrolysis
runs were performed at 550 °C and, during the dpétion of the pyrolysis reaction
temperature, experimental runs were carried owtadtor temperatures of 450, 500, 550
and 600 °C. The combined flow rate of nitrogen dipation and carrier gases was
adjusted from 5.2xIbto 4.3x10" kg/s when the bed temperature was changed from 450
to 600 °C, to keep the vapor residence time cohst@efore each experiment, the
temperature and the gas flow controllers were setthe desired value. All the
experimental runs lasted between 25 and 35 mintdeshe pyrolysis of 200 grams of

birch bark.
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The total liquid bio-oil production was determinéy weighing all the three
condensers and the cotton wool filter before aniéraéach run. Bio-oil samples

recovered from the three condensers were analymddually.

3.2.5 Analysis of bio-oil fractions

Water content: The water content of the bio-oil samples was deitezd using a
volumetric Karl Fischer titrator V20. Bio-oil receked from the condenser 1 forms a
solid wax at room temperature; the water contenthed fraction was measured after

liquefying the sample by heating.

Higher heating value (HHV): The HHV of each of the bio-oil samples from the
three condensers was measured using an IKA C20ggdxiomb Calorimeter following

the ASTM D4809-00 standard method.

3.3  Experimental results and discussion

The experimental study proceeded through the fotigwsteps:

1. Selection of condenser temperatures to obtain aitifyom the pyrolysis of birch
bark;

2. Comparison with other fractional condensation sain

3. Investigation of the impact of pyrolysis temperatan the dry bio-oil yield and
characteristics; and

4. Comparison of the characteristics of dry bio-ottwaommercial fuels.
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Table 3.10perating conditions used in all the experimentfopmed for the fractional condensation of

bio-oil vapors produced from birch bark pyrolysis

S. | Pyrolysis Temperature | Condenser 1 C-ESP Condenser 3
No (°C) Temperature Temperature Temperature
°C) (°C) (°C)
1 550 80 30 0
2 550 80 50 0
3 550 80 70 0
4 450 80 70 0
5 500 80 70 0
6 600 80 70 0
3.3.1 Optimization of the fractional condensation train

Previous research publications on fast pyrolysibiomass indicate that maximum
liquid yields are obtained at pyrolysis temperatur@nging from 450 to 550 °C, with a
short vapor residence time of 0.5 to 5 s (9, 11y the optimization of the fractional
condensation train, all the experiments were peréar at a constant reactor temperature

of 550 °C with a vapor residence time of 1.5 s.

In order to prevent condensation of water vaposegme from the pyrolysis gas
stream, the first condenser and C-ESP were opeaateidher temperatures. Throughout
the experimental study, the condenser 1 was magdaat 80 °C to collect the higher
boiling point components present in the bio-oil maptream and the temperature of the
C-ESP was varied from 30 to 70 °C. In all the ekpents, the condenser 3 was

maintained in an ice water bath for the collectbrvater and light organics.
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3.3.1.1Bio-oil distribution in different condensers

The bio-oil yields in the three condensers anddbtton filter at three operating
temperatures (30, 50, and 70 °C) of the C-ESP laoavrs in Figure 3.3. Although the
condenser 1 is operated at the same temperat@aiétime runs, Figure 3.3 shows slight
variations in the bio-oil yield of condenser 1, winiresulted from minor variations in the
temperature of the first condenser. With the ineeem C-ESP temperature, the bio-oil
yield in the C-ESP decreased and the yield in cosele3 increased. In all the cases, the
amount of bio-oil captured by the cotton filteless than 1% of the total, which indicates

a near perfect functioning of the condenser train.
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Figure 3.3Bio-oil yield in three condensers at different CHE®@mperatures

As condenser 1 and the C-ESP are intended to tddieeoil with low water
content, the liquids collected in condenser 1 arSP were combined and hereafter
referred as the “Oil fraction”. As the bio-oil daped by the cotton filter is very small,
the bio-oil collected in the condenser 3 is hesrafeferred as the “Water fraction”, and
the very minor amount recovered in the cotton ffiite assumed to have the same
composition. Figure 3.4 shows that, as the C-E8&ipéeature is increased, the yield of
the oll fraction decreased and the yield of theewé#taction increased. Figure 3.4 also
shows that the yield of the “raw bio-oil” is almasinstant at 55% in all the three cases,
showing very good reproducibility under the samerapng condition of the bubbling
bed reactor. The raw bio-oil is defined as theltbia-oil produced, and the yield of the
raw bio-oil is the summation of the yields of bib-allected in the three condensers and

the cotton filter.
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Figure 3.4Yields of oil fraction, water fraction, and raw bad at different C-ESP temperatures
3.3.1.2Water content of bio-oil fractions

Figure 3.5 shows that the water content of théradtion decreased with increasing
C-ESP temperature, and reached a minimum of ar018% at the C-ESP temperature of
70 °C. The water content of the water fraction dased from 75% to around 60% with
the increase in C-ESP temperature. Considering thattwater content and the yield of
the oil fraction, the C-ESP operating temperatufe/® °C can be selected as the
optimum for the recovery of dry bio-oil. The watemtent of the raw bio-oil is calculated
by using the individual water content values of tie-oils from the three condensers.

The water content of the raw bio-oil is around 3@%ll the three experiments.
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Figure 3.5Water content of oil fraction, water fraction, ardv bio-oil at different C-ESP temperatures

3.3.1.3Variation in heating values of bio-oil fractions

Figure 3.6 shows the higher heating values of théraxction, water fraction and
raw bio-oil at different C-ESP operating temperasurThe heating value of the raw bio-
oil is calculated using the individual heating \eduof the bio-oils from the three
condensers. Pollard et al. (6) reported that tteimg value of their fractionated bio-oil
with 6.6% water content was 24 MJ/Kg. The presé&undysachieves significantly higher
values since, at the optimum C-ESP temperatureDofC the heating value of the oil
fraction is around 31 MJ/Kg as compared to a hgatalue of 21 MJ/Kg for the raw bio-
oil. As a result of removing the majority of the teafrom the raw bio-oil, the heating

value of the dry bio-oil has increased by 48%. FegB.6 also shows that the heating
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value of the water fraction increases with incnegst-ESP temperature, because it now

contains light organics lost from the C-ESP.
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Figure 3.6 Heating value of raw bio-oil, oil and water fraxts at different C-ESP temperatures
3.3.1.4Energy recovered in oil fraction

Figure 3.6 indicates that there is loss of organitshe water fraction with
increasing C-ESP temperature. It is essential tcower the maximum bio-oil energy in
the oil fraction. Figure 3.7 shows the percentafeghe raw bio-oil energy that is
recovered in the oil fraction and the percentage i lost in the water fraction, for the
three different C-ESP temperatures. The bio-oifgnéost in the water fraction increases

from around 3% to 10% with increasing C-ESP temipeea At the optimum C-ESP
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temperate of 70 °C, the energy recovered in th&axtion is, thus, 90% of the total bio-

oil energy.
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Figure 3.7 Energy recovered in the oil and water fractiongitiérent C-ESP temperatures

The water content, heating value and recoveredibienergy suggest that 70 °C

should be selected as the optimum C-ESP operamgédrature for the collection of dry

bio-oil. At 70 °C, over 90% of the energy origilyain the bio-oil is recovered in a dry

oil fraction that contains less than 1% of watedt bas a high heating value.

3.3.2

Comparison with other fractional condensation gain

In this section, the performance of the fractiooahdensation train developed in

this study is compared with the one developed bdiaRbet al. (6). The key differences in
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the physical properties of the bio-oil fractionstabed from the two fractional

condensation systems, using similar bio-oil vapars,shown in Table 3.2.

Table 3.2Comparison of physical properties of the bio-adidiions obtained from two fractional

condensation systems

Pollard et al. (6) This study
Minimum Water content (wt% 6.6 0.9
Highest Heating value (MJ/kd) 24.2 31

The oil fraction obtained from our fractionatingssym has a much lower water
content and a significantly higher heating valueewrcompared to the oil fraction
collected in the % stage of fractional condensation train by Pollatdal. (6). This
improvement in the results is likely because of ithigal optimization of the fractional
condensation system carried out using bio-oil megehpounds, described in Chapter 2.
The differences in the design and the operatingarpaters of the two fractional
condensation systems are listed in Table 3.3. Apomant difference is the cyclonic
entry implemented in the condensers used in thidystwhich greatly enhances heat
transfer to the condenser wall and gas mixing,hasva by the preliminary study with

model compounds (described in Chapter 2).
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Table 3.3Differences in design and operating parametetBeofwo fractional condensation systems

Pollard et al. (6) This study
Biomass Red oak Birch bark
Biomass injection flow rate (kg/hr) 8 0.4
N, flow rate (kg/hr) 12.75 1.76
FIU|d|;at|_on ga;/blomass 16 4.4
(dilution ratio, -)
Number of condensers/ESPs 5 3
Superficial velocity in condensers Condensers -
ESPs (m/s) ] 0.6, ESP - 0.4
Residence time in condensers ol 1-10 Condensers -
ESPs (s) 1.2, ESP-15
Heat transfer in condensers Shellland tube, Cyclqnlc entry,
Laminar flow Laminar flow
Voltage in ESP (kVDC) 40 14

3.3.3

Optimization of pyrolysis reaction temperature

To investigate the effects of pyrolysis reactiomperature on the dry bio-oil yield

and characteristics, experiments were performgayailysis temperatures of 450, 500,

550 and 600 °C. During all the experiments, theovapsidence time was kept constant

at 1.5 seconds. For all the experiments, the caateh the C-ESP, and the condenser 3

were maintained at 80 °C, 70 °C, and in the iceemiaaith (0 °C), respectively.

3.3.3.1Bio-oil distribution in different condensers

Figure 3.8 shows that the yields of the raw bioamtl the oil fraction follow the

same trend. The pyrolysis carried out at 550 °Cthagnaximum vyield for the raw bio-

oil and the oil fraction, followed by 500, 450 aB80 °C. There is only a marginal

difference in the yield of the oil fraction at plysis temperature of 500 and 550 °C. The

yield of the water fraction is almost constant abuad 20% for all the reaction

temperatures.
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Figure 3.8 Yields of raw bio-oil, oil and water fractionsdifferent pyrolysis temperatures
3.3.3.2Water content of bio-oil fractions

Figure 3.9 shows the variation in the water contanbio-oil fractions with the
pyrolysis temperature. At all the pyrolysis temperes, the water content of the raw bio-
oil and the water fraction are around 25% and 6(®¥%pectively. The water content of
the oil fraction is less than 1% at all the pyradysemperatures. At 600 °C, there is a

small decrease in the water content of the oiltioadrom 0.9 to 0.7%.
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Figure 3.9 Water content of raw bio-oil, oil and water fracts at different pyrolysis temperatures

3.3.3.3Variation in heating value of bio-oil fractions

Figure 3.10 shows that there is no change in taé@rgevalue of the raw bio-oil and
the oil fraction with the increase in the pyrolysesnperature. The heating values of the
raw bio-oil and the oil fraction are around 21 & MJ/Kg, respectively. With the
increase in the pyrolysis temperature, there issegmal decrease in the heating value of

the water fraction.
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Figure 3.10Heating value of raw bio-oil, oil and water frawts at different pyrolysis temperatures

3.3.3.4Energy recovered in oil fraction

As mentioned earlier, most of the energy contaimedhe original bio-oil is

recovered in the oil fraction. Figure 3.11 showat thearly 90% of the raw bio-oil energy

is recovered in the oil fraction at all the pyra$ygemperatures.
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There is no significant change in the oil fractwater content and heating value when
the pyrolysis temperature is varied from 450 to 600 The best pyrolysis temperatures
are 500 and 550 °C, for which the yield and quaiityhe dry oil fraction are maximized,

as well as the energy recovery in the dry olil.
3.34 Fractioned birch bark bio-oil as a bio-fuel, comgan with traditional fuels

From Figure 3.12, it is apparent that the heatialyer of the dry bio-oil is slightly

higher than that of ethanol. Currently, ethanolb&ng used as biofuel additive for

gasoline.
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3.4  Conclusions

Birch bark was pyrolyzed in a bubbling bed reaetod the resulting bio-oil vapors
were fractionated with a series of three tempeeatontrolled condensers consisting of
an electrostatic precipitator-cum-condenser (C-Els#)veen two cyclonic condensers.
The temperatures of the condensers were optimzeabtain a nearly water free (less

than 1 wt%) dry bio-oil in the first two condensemnd a water-rich product in the third

condenser.

Pyrolysis reactor temperatures of 500 and 550 °&imiaed the yield of dry bio-

oil. About 90% of the energy originally presenttire raw bio-oil was recovered in the
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dry bio-oil. The fact that this dry bio-oil fractiohas a HHV slightly better than the

ethanol makes fractional condensation a promisinggss to produce high quality fuels.
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4 Chapter 4: Lignin pyrolysis and fractional condension of its bio-oil vapors

4.1 Introduction

Lignin is the second most abundant biomass compoaéer cellulose and
constitutes up to 40% of the dry mass of wood. Aisis the largest source of aromatics
in nature. Kraft pulping is the predominant cherhmacess used by the pulp and paper
industry to extract cellulose from wood by sepa@tihe lignin. Therefore, a by-product
of Kraft pulping is the lignin-rich black liquor #t is usually burned in recovery boilers.
In some plants, recovery boiler capacity is limiggl lignin may be extracted from some
of the black liquor to debottleneck the plant. Tigein is then usually treated as a waste
product and mainly used as a low grade fuel forrggneecovery. Because of its
availability in large quantities and its large amatmaity, Kraft lignin is considered as a
valuable biomass source for the potential prodaabiorenewable fuels and chemicals (1,

2).

In the last 30 years, there have been major dewedafs in the fast pyrolysis
technology, which converts solid biomass to eneatgyse, transportable liquid, together
with solid co-products (bio-char) and non-condetesalydrocarbon gases. Fast pyrolysis
can produce high liquid yields of up to 75%, basedhe type of biomass, through rapid
thermal decomposition of lignocellulosic biomassthie absence of oxygen. However,
fast pyrolysis of lignin is not widely investigat&égcause of the difficulties faced during
the continuous feeding and processing of ligniflurdized bed reactors. Due to its low
melting point (between 150 and 200 °C), lignin sually found to melt even before

entering the reactor, causing blockage of the fepdystems. Other problem encountered
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during lignin pyrolysis is the slow reactivity, td8ng in the formation of a liquid phase
in the reactors leading to the bed agglomeratiahsathsequent defluidization. The liquid
yield resulting from the condensable vapors from ltgnin pyrolysis is quite low and is

reported in the range of 20 to 37 wt% (3-5).

Fast pyrolysis liquid, also called bio-oil, hasmendous potential as a fuel oil
substitute. The heating value of raw bio-oils isuend 17 MJ/kg, which is equivalent to
approximately 40% of the heating value of dieséle Telatively low heating value of the
bio-oil is due to its high water concentration {oglly in the range between 15 and 30
wt%) and high oxygen content (35 — 40%). Bio-oilsoahave other undesirable
properties for fuel application, such as low thdrstability, high corrosiveness and high
acidity. The upgrading of bio-oils is crucial toraert bio-oils into stable liquid fuels (6,

7).

The heating value, corrosiveness and the phasditgtald the bio-oils can be
greatly improved by decreasing the water contenthef bio-oils. Lately, researchers
around the world have been extensively investigdte fractional condensation method
for the separation of the constituents of the bid811). In the fractional condensation
process, the bio-oil vapor stream from the fasblygis reactor is passed through a series
of condensers maintained at different, graduallgrelesing temperatures to allow the
collection of liquid fractions of different physicand chemical properties in each

condenser.

In Chapter 3, we used a series of three temperaturolled condensers to collect

dry bio-oil, i.e. with very low water content, frotte pyrolysis of birch bark. The
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condenser train consisted of an electrostatic pitator-cum-condenser (C-ESP)

installed between two cyclonic condensers.

The objective of the present work is to obtain dig-oil from the pyrolysis of
Kraft lignin in order to generate a high value astdble feedstock for the possible
production of phenols and fuel products. Kraft ligis pyrolyzed in a modified bubbling
fluidized bed equipped with an internal mechanistirer, and the resulting bio-oll
vapors are fractionated to obtain a dry bio-oile Tractionation of lignin bio-oil vapors is
performed using the same condenser train that wasessfully used to produce dry bio-
oil from the pyrolysis of birch bark, described @hapter 3. The effect of reactor

temperature on the yield and characteristics ofdwyoil will also be studied.
4.2  Materials and methods
42.1 Materials

Kraft lignin was used as the feedstock. The Kigftih was pyrolyzed without any
pre-treatment. The bulk density and the higherihgatalue of Kraft lignin were 330

kg/m® and 26 MJ/kg, respectively.

Inert silica sand with a Sauter-mean diameter d 8 was used as the bed

material in the bubbling fluidized bed. The bed snass 800 grams.

Nitrogen was used as the inert fluidization gasrdden was also the gas used in

the pulsating feeder used to introduce the Krgftifi into the bubbling bed.
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4.2.2 Bubbling fluidized bed setup

The fluidized bed reactor is made of Inconel 60076 m in diameter, with a 0.65
m long cylindrical section (5). The reactor is leehby three irradiative electric heaters,
covering the dense sand bed and the freeboardseciihe heaters are independently
controlled using Watlow PID digital controllers, s®t a constant temperature profile
along the axis of the reactor. The temperature faekl for the Watlow controllers is
provided through type K thermocouples placed witthia bed at the same height as the
heaters. The reactor is equipped with an intertiales made with three blades of
Inconel, to break the agglomerates formed by chdrsand during the pyrolysis of lignin
(4). The nitrogen fluidization gas enters the becugh a perforated distributed plate
located at the bottom of the reactor. Before @mgethe bed, the nitrogen is heated using

a 400 W in-line air process heater (Omega AHP-5052)

The ICFAR biomass “slug injector” is used to fegghin into the bubbling bed
reactor (12). As shown in Figure 4.1, a hoppeedilwith lignin discharges through a
pneumatically activated pinch valve. The pinch eabpens periodically (usually every
10 s), for short periods of time (0.4 s), allowisigall amounts of lignin to fall into a
horizontal injector tube. During each cycle, thgnin forms a slug, which is propelled
into the reactor by intermittent pulses of nitroger a continuous stream of carrier gas
(nitrogen). The continuous nitrogen prevents aridscettling in the injector tube. A
solenoid valve is used to deliver this gas puldee pinch valve and the solenoid valve
are controlled and synchronized with a programmédaec controller (PLC). The flow
rates of the fluidization and carrier nitrogen aretered and controlled with two Omega

mass flow meters. The lignin is injected into the®lp0.15 m above the gas distributor
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through a cooled and inclined line (45°). The fegdline is cooled using ice-water-
cooled jacket in order to avoid the blockage offdexdling line due to premature melting

of the lignin before entering the reactor (4).

To
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—> —
Compensating line —» L a
| Lignin
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Figure 4.1Schematic of bubbling fluidized bed setup usedHerpyrolysis of lignin

Once the lignin is injected into the reactor, thectranical stirrer increases the
mixing between the hot sand and the liquid lignimd gprevents the formation of
agglomerates, consequently ensuring better conditifor the fast pyrolysis. The
mechanical stirrer used in the fluidized bed reast@ahown in Figure 4.2. During all the
experiments, the mechanical stirrer is operatedaafrequency of 40 rpm. The
agglomeration formed in the fluidized bed reactothie absence of mechanical stirrer is
shown in Figure 4.3. The produced vapors exit tipedf the reactor through a hot filter.

The filter uses a stainless steel, 40 micron sceeeha ceramic fiber insulation layer that



69

retains all the solids in the reactor to avoid eomhation of the produced bio-oil by char
or elutriated sand. The product gases and vapgether with the nitrogen gas flow into
the condensing system where the bio-oil vapors rapdly condensed using three

condensers connected in series.

Figure 4.2Mechanical stirrer used in the fluidized bed

3 inches

Figure 4.3 Agglomeration in the fluidized bed in the absentemechanical stirrer
4.2.3 Condensing system

The condensing system consists of two cyclonic eosdrs (condenser 1, 3), an

electrostatic precipitator-cum-condenser (C-ESR) arcotton wool filter. As shown in
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Figure 4.4, the three condensers are connecteeriessand the vapor/gas stream flows
through condenser 1, then the C-ESP, condensed,Jinally, the cotton wool filter. In
order to separate the water present in the biwapors, condenser 1 and C-ESP are
maintained at higher temperatures so that waterimarily condensed in condenser 3.
The temperature of the stream leaving each condénsenstantly recorded using a K-

type thermocouple placed at each condenser’s outlet

The cyclonic condensers (condenser 1 and 3) are wfaa stainless steel pipe, 0.7
m long and 0.05 m in diameter. In the cyclonic cargkrs, the mixture of vapors and
gases enters each condenser and is immediatetyeatireo the condenser wall with a 90°
elbow (shown in Figure 4.4). This nearly tangengialry forces the vapors and gases to
spin, providing good agitation and heat transfet dnving the condensed liquid droplets
to the wall though cyclonic action. The cyclonicndensers and the C-ESP can be

independently weighed before and after each ruibtain an accurate liquid yield (13).

In all the experiments, condenser 1 is maintaine&0&C to condense the vapors of
the heavy components. Note that the high dilutibrthe vapors with fluidization gas
greatly depressed the dew point of the vapors. &mtain condenser 1 at the desired
temperature, it is immersed in a temperature-ctiattwil bath. The heat transfer fluid
used in the bath is Duratherm G, which has a ffasht of 223 °C. A high temperature
cartridge heater, located at the bottom of the ,batintains the bath fluid at the desired
temperature. The temperature of the cartridge héatontrolled using a Watlow series
C on-off temperature controller. To ensure a uniféemperature along the entire length

of the condenser and also for good heat transben the walls of the condenser, nitrogen
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is bubbled at a very low flow rate in the bath dlub provide sufficient mixing. The

average temperature of the stream exiting the cmatel was around 100 °C.

The electrostatic precipitator-cum-condenser (CJ)ESPdesigned to accomplish
dual functionalities: 1) To condense the vaporthefintermediate compounds by further
cooling the stream leaving the first condenserT@)collect the aerosols present in the
product stream through electrostatic precipitati&s. shown in Figure 4.4, C-ESP
consists of an electrostatic precipitator (ESP)ased in a hot air box, which is heated
by a continuous flow of hot air from the bottomthe top of the box. A scaled up version
of the two-stage-ESP developed by Bedmutha ef4).i§ used in this study. The ESP is
made of stainless steel pipe, 0.6 m long and 0.06h ndiameter. Throughout the
experimental study, the ESP is operated with arliegppoltage of 14 kVDC. The
temperature of the C-ESP can be varied by chartgmdpot air temperature entering the
C-ESP enclosed chamber. An in-line air processeh¢®mega AHP-7561), controlled
using a Watlow series C on-off temperature cordrolis used for air heating. In the
experiments conducted to optimize the fractionaddemsation train, the temperature of
the C-ESP was maintained at 40, 50 or 70 °C. WhaeC-ESP was maintained at 40, 50
or 70 °C, the average temperature of the streatmgxhe C-ESP was 41, 46 or 56 °C,

respectively.

The third condenser, which has the objective tovecall the water and the light
components vapors, is placed in an ice water ddt@.average temperature of the stream
exiting the third condenser was below 10 °C. A @ottwool filter is connected

downstream of the three condensers; it is weiglfted @ach run to check the efficiency
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of collection in the condensing train. The nonaemsable gases leaving the condensing

system are vented.
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Figure 4.4 Schematic of fractional condensing train usedHtercollection of lignin bio-oil
4.2.4 Bio-oil production

During the optimization of fractional condensattoain, all the pyrolysis runs were
performed at 550 °C and during the optimizationpgfolysis reaction temperature,
experimental runs were carried out at reactor teatpees of 450, 500, 550 and 600 °C.
The combined flow rate of fluidization and carrigases was adjusted from 5.2%1®
4.3x10% kg/s when the bed temperature was changed fromte!®B00 °C, to keep the

vapor residence time constant at 1.5 s. Before eapbriment, the temperature and the
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gas flow controllers were set to the desired valle duration of the experimental runs

ranged from 20 to 30 minutes, for the pyrolysi2@® grams of lignin.

The total liquid bio-oil production was calculatdy weighing all the three
condensers and the cotton wool filter before aner &ach run. Bio-oil samples collected

from the three condensers were analyzed indiviguall

4.2.5 Analysis of bio-oil fractions

Water content: The water content of the bio-oil samples was megsusing a
volumetric Karl Fischer titrator V20. Bio-oil condged in the condenser 1 forms a solid
wax at room temperature; the water content offtlistion was measured after liquefying

the sample by heating.

Higher heating value (HHV): The HHV of bio-oil samples from the three
condensers was determined using an IKA C200 Oxfagenb Calorimeter following the

ASTM D4809-00 standard method.

Chemical composition of bio-oil: The chemical composition of some of the bio-oil
samples was determined by a Shimadzu GC-MS/FIDesystor the GC-MS/FID
analysis, the samples were prepared as a mixtus®ok of bio-oil, 50uL of internal
standard solution (1-dodecanol, 10 g/L) and 10D®f methanol . The sample injection
parameters, column and system operating conditeom$ peak integration parameters are

shown in the Table 4.1.



74

Table 4.1Details of GC-MS/FID system

Shimadzu GCMS-QP2010 plus, equipped with auto
sampler/injector AOC-20i+s
RTX-1701, i.d., 0.25 mm, length 30 m, film
thickness 0.2fum, max. temperature 280 °C
Injection volume 1uL, carrier gas He, split ratio
Sample Injection 20:1, injection temperature 280 °C, column flow3|7
mL/min, constant linear velocity control
Initial temperature 45 °C (hold 3 min), increastong
220 °C at 5 °C/min, then to 280 °C at 30 °C/mird an
holding for 3 min.
lon source temperature 200 °C, interface tempezatur
280 °C, solvent cut time 2.5 min
Temperature 300 °C, makeup flow 30 mL/min, H
flow 35 mL/min, air flow 350 mL/min
Peak integration paramete rWidth: 3 s, Slope: 80QL/min, Drift: 0 uL/min,

T .DBL: 100 min, Min. Area/Height: 500 counts

GC-MS/FID

Column

Column Oven Temperatur
Program

D

MS detector settings

FID detector settings

4.3  Experimental results and discussion

The study is carried out in the following steps:

1. Selection of condenser temperatures to collectyaodrfrom the pyrolysis of
lignin;

2. Study of the impact of pyrolysis temperature on tirg bio-oil yield and
characteristics; and

3. Comparison of the heating value of dry bio-oil wittmmercial fuels
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Table 4.20perating conditions used in all the experimentfopmed for the fractional condensation of

bio-oil vapors produced from lignin pyrolysis

S. | Pyrolysis Temperature | Condenser 1 C-ESP Condenser 3
No (°C) Temperature Temperature Temperature
°C) (°C) (°C)
1 550 80 40 0
2 550 80 50 0
3 550 80 70 0
4 450 80 70 0
5 500 80 70 0
6 600 80 70 0
4.3.1 Optimization of fractional condensation train

From the previous published data on fast pyrolgsisiomass, it is well known that
maximum bio-oil yields are obtained at pyrolysimferatures ranging from 450 to 550
°C, with a short vapor residence time of 0.5 to 6.3, 15). During the selection of
condenser temperatures, all the experiments weferped at a reactor temperature of

550 °C with a vapor residence time of 1.5 s.

In order to prevent condensation of the water vgpesent in the pyrolysis gas
stream, the first condenser and C-ESP were maedaih high temperatures. All through
the experimental study, the first condenser wasatpe at 80 °C to collect the higher
boiling point components present in the bio-oil maptream and the temperature of the
C-ESP was increased from 40 to 70 °C. In all thpeerents, the condenser 3 was

immersed in an ice water bath for the condensatiamater and light organics.
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4.3.1.1Bio-oil distribution in different condensers

Figure 4.5 shows the variation of the bio-oil yeld the three condensers and the
cotton filter with the operating temperature of @&SP. Even though the condenser 1 is
operated at the same temperature in all the thxperienents, Figure 3 shows a slight
increase in the bio-oil yield of condenser 1, whishcaused by minor changes in the
temperature of the first condenser. With the ineega C-ESP temperature from 40 to 70
°C, the bio-oil yield of the C-ESP decreased amdyikld of condenser 3 increased. In all
the three experiments, the bio-oil yield of thetaoffilter is less than 1%, which indicates

efficient functioning of the condenser train.
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Figure 4.5Bio-oil yield in three condensers for differentESP temperatures
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As the first condenser and the C-ESP are expectedllect bio-oil with low water
content, the bio-oils recovered in condenser 1 @GrEISP are combined and hereafter
referred as the “oil fraction”. As the bio-oil daped by the cotton filter is very small, the
bio-oil recovered in the condenser 3 is hereatéerred as the “water fraction”, and the
very minor amount recovered in the cotton filter assumed to have the same
composition. Figure 4.6 shows that as the C-ESheeature is increased, the yield of
the oil fraction is slightly decreased and the d¢ielf the water fraction is slightly
increased. The raw bio-oil is defined as the tbtaloil produced, and the yield of the
raw bio-oil is the summation of the yields of bib-apllected in the three condensers and
the cotton filter. Figure 4.6 also shows that thedyof the “raw bio-oil” is around 36
wt% in all the three experiments, showing very geedroducibility under the same

operating condition of the bubbling bed reactor.
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Figure 4.6 Yields of oil fraction, water fraction, and rawoboil at different C-ESP temperatures

4.3.1.2Water content of bio-oil fractions

The water content of the raw bio-oil is calculat®d using the individual water
content values of the bio-oils from the three corsdes. Figure 4.7 shows that the water
content of the raw bio-oil is around 30% in all ttheee experiments. As the C-ESP
temperature is increased from 40 to 70 °C, the madstent of the oil fraction decreases
from 1.9 to 0.9%, while the water content of thetavdraction slightly decreases from
89% to 87%. Considering both the water contenttardyield of the oil fraction, the C-
ESP operating temperature of 70 °C can be selectegtimum for the collection of dry

bio-oil.
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Figure 4.7Water content of oil fraction, water fraction, aradv bio-oil at different C-ESP temperatures
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4.3.1.3Variation in heating value of bio-oil fractions

Figure 4.8 shows the higher heating values of ihéaxction, water fraction and
raw bio-oil at different C-ESP operating temperasurThe heating value of the raw bio-
oil is calculated using the individual heating \eduof the bio-oils from the three
condensers. At all the C-ESP temperatures, thengeadlues of the oil fraction and raw
bio-oil are around 30 and 20 MJ/Kg, respectivelg.aresult of removing water from the
raw bio-oil, the heating value of the dry bio-aicreases by 50%. The heating value of
the water fraction slightly increases with the ease in the C-ESP temperature, because
of the increase in the loss of light organics fritta C-ESP, which are then recovered in

condenser 3.
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Figure 4.8 Heating value of raw bio-oil, oil andtesmfractions at different C-ESP temperatures
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4.3.1.4Energy recovered in oil fraction

It is important to recover the maximum bio-oil egyein the dry bio-oil. Figure 4.9
shows the percentage of the raw bio-oil energyithegcovered in the oil fraction and the
percentage that is lost in the water fraction tierthree different C-ESP temperatures. At
the selected optimum C-ESP temperature of 70 °€,dfergy recovered in the oll
fraction is 98% of the total bio-oil energy. In easf fractional condensation of bio-oil
vapors produced from birch bark pyrolysis, desctibeChapter 3, the energy recovered
in the oil fraction was 90% of the total bio-oilexgy. Therefore, in terms of energy

recovered in the oil fraction, lignin proves to bebetter biomass feedstock when

compared to the birch bark.
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Figure 4.9Energy recovered in the oil and water fractionditierent C-ESP temperatures
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4.3.1.5Distribution of Phenolic compounds

GC-MS/FID analyses were carried out to identify tteenpounds present in the
three bio-oil fractions obtained at the optimum SFetemperature of 70 °C. The total ion
chromatograms of the bio-oil samples from the threrdensers are shown in Figure
4.10. More than 99% of the compounds detectedarfitet condenser and C-ESP were
phenolic compounds. The distribution of phenolimpounds in the oil, water fractions
on the basis of raw bio-oil is shown in Figure 4.The oil fraction contains 94% of the
phenolic compounds present in the raw bio-oil. Assult of fractional condensation of
bio-oil vapors from Kraft lignin, the bio-oil fracns rich in phenolic compounds is

recovered in the first condenser and C-ESP.
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Figure 4.10Total ion chromatograms of bio-oil samples froma three condensers for a C-ESP
temperature of 70 °C
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Figure 4.11Distribution of phenolic compounds from the pyradytapors in oil and water fraction for a
C-ESP temperature of 70 °C

At a C-ESP temperature of 70 °C, 94% of the phenoiimpounds originally
present in the bio-oil are recovered in the drydilpwhich has a high heating value and

water content of less than 1 wt%.

4.3.2 Optimization of operating conditions of pyrolysis

To investigate the effects of pyrolysis reactiomperature on the dry bio-oil yield
and characteristics, experimental runs were caoigdat pyrolysis temperatures of 450,
500, 550 and 600 °C. All the experiments were paréal at vapor residence time of 1.5
seconds. Throughout the study, the temperaturesrafenser 1, C-ESP, and condenser 3

were maintained at 80, 70, and 0 °C, respectively.
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4.3.2.1Bio-oil distribution in different condensers

Figure 4.12 shows that the yields of the raw bipl fraction and water fraction
at all the pyrolysis conditions. For the oil fraxtj the highest yield of 23.5% was
obtained at the pyrolysis temperature of 550 °Geré&hs only a minimal difference in the
yield of the oil fraction at pyrolysis temperatu@s500 and 550 °C. At all the reaction

temperatures, the yield of the water fraction ithiemrange of 12% to 14%.
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Figure 4.12Yields of raw bio-oil, oil and water fractions affdrent pyrolysis temperatures

4 .3.2.2\Water content of bio-oil fractions

Figure 4.13 shows that the water content of thdradtion increases from 0.6% to

1.1% when the pyrolysis temperature is increasaah #50 to 600 °C. The water content
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of the raw bio-oil is around 30% at the pyrolysamperature of 450, 500 and 550 °C, but
increases to 38% at 600 °C. At all the pyrolysimgeratures, the water content of the

water fraction is in between 86% and 91%.
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Figure 4.13Water content of raw bio-oil, oil and water fractgoat different pyrolysis temperatures

4.3.2.3Variation in heating value of bio-oil fractions

Figure 4.14 shows that at all the pyrolysis tempees, the heating values of the
oil fraction and raw bio-oil are almost constanaedund 30 and 20 MJ/Kg, respectively.
Increasing the pyrolysis temperature from 450 t0 80, gradually decreases the heating

value of the water fraction.
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Figure 4.14Heating value of raw bio-ail, oil and water fragtfoat different pyrolysis temperatures

4.3.2.4Energy recovered in oil fraction

As mentioned in the earlier section, most of thergy originally present in the raw

bio-oil is recovered in the oil fraction. Figurel8.shows that 96% to 98% of the raw bio-

oil energy is recovered in the oil fraction atthk pyrolysis conditions.



86

100 b @ s @ s @ e o

@ Recovered in ail fraction
—Ww - Lost in water fraction

>
=2
(]
c
LLl
o
o 10 ~
5 ]
—
o
2 4
~~~~~~~ —v\\\
3 v ~—~__

425 450 475 500 525 550 575 600 625

Reactor Temperature (°C)
Figure 4.15Energy recovered in oil fraction at different piyis temperatures

The maximum vyield of the dry bio-oil is obtainedthé pyrolysis temperate of 550 °C.
With the change in the pyrolysis temperature froB0 40 600 °C, there is no

considerable change in the energy recovered irdtheio-oil, its water content or its

heating value.
4.3.3 Fractioned lignin bio-oil as a biofuel

Figure 4.16 compares the heating values of thebaroil with other commercial
fuels. The heating value of ethanol is around 30Kg,Jwhich is same as the heating
value of the dry bio-oil obtained from the pyrokysif Kraft lignin. Currently, ethanol is

being used as biofuel additive for gasoline.
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Figure 4.16Heating value of dry bio-oil and other commerciga!s
4.4  Conclusions

Kraft lignin was pyrolyzed in a bubbling bed reaatoupled with an internal stirrer
and the resulting bio-oil vapors were fractionateith a series of three temperature-
controlled condensers. The condenser train codsigtan electrostatic precipitator-cum-
condenser (C-ESP) between two cyclonic condenséhe temperatures of the
condensers were optimized to obtain a nearly weter(less than 1 wt%) dry bio-oil in
the first two condensers and a water-rich prodadhe third condenser. The dry bio-oll

was found to contain 94% of the phenolic compouyrdsent in the raw bio-oil.

The maximum vyield of dry bio-oil was obtained a fhyrolysis reactor temperature

of 550 °C. The energy recovered in the dry biowds around 98% of the energy
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originally present in the raw bio-oil. As the dryofwil fraction is rich in phenolic
compounds and has the same heating value as etlmakals fast pyrolysis combined
with fractional condensation a promising processptoduce high quality fuels and

chemicals.
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5 Chapter 5: Conclusions

A fractional condensation train for bio-oil vapom&as developed to achieve the
separation of some of the key components of theothiand, consequently, improve the

properties and the value of each of the separatetupt streams.

The separation of a mixture of three model compsuwfdio-oil from a vapor and
carrier gas stream was investigated with the hdlpa cseries of three condensers
maintained at different temperatures. The practipalfformance of the fractional
condensation train was improved by comparing theesmental results with the
theoretical results predicted by the HYSYS modeliagl. It showed that good heat
transfer and mixing was essential, and could beeaell by using condensers with a
cyclonic entry. It also showed that a good demistas essential to achieve effective

separation.

The fractional condensation of bio-oil vapors proehl from the pyrolysis of birch
bark was investigated, using a special condenseleetrostatic demister in the
condensing train. The bio-oil recovered in thetfasd second condensers was found to
contain less than 1 wt% water. The fact that tinshdo-oil fraction has a heating value
slightly better than the ethanol makes fractionahdensation a promising process to

produce high quality fuels.

The pyrolysis of Kraft lignin combined with theafitional condensation of its bio-
oil vapors was investigated. The bio-oil recovenmedhe first and second condensers
contained 94% of the phenolic compounds preseihenoriginal bio-oil. The heating

value of the phenolic rich bio-oil rich was almastme as the heating value of ethanol,
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which is currently used as bio-fuel additive forsgine. The process of fractional
condensation proved to be successful in separatiricaction rich in phenols, which has

a high commercial value.

51 Recommendations for future work

e Perform detailed analysis of fractionated bio-odmples to determine the
distribution of various chemicals in the three cemskrs.

o Perform stability tests to determine the effecteshoving water on the stability of
fractionated bio-oil samples.

e Perform the fractional condensation of bio-oil vep@roduced from different
kinds of biomass and optimize the condenser trairetover single compound
rich bio-oil fractions.

¢ Perform gasification of watery bio-oil fraction tecover the lost energy.
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