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ABSTRACT

ABSTRACT

Phosphorus (P)-containing biomass and wastes as fuels have ample supply and the
combustion of these fuels is of significant importance for reducing fossil fuel
consumption and greenhouse gas (GHG) emission. The abundance of P in these
P-containing solid fuels may play an important consideration during the combustion
of these fuels, from char formation/structure, char reactivity, to particulate matter
emission. During solid fuel combustion, pyrolysis is the first step and generates char
and volatiles. Volatiles combustion is fast so that char combustion is the key step that
dictates the design and operation of the reactor. The char reactivity is strongly
dependent on char structure, which is strongly influenced by the properties of the
parent fuels and pyrolysis conditions. Pyrolysis of P-containing solid fuels results in
chars with the presence of P, which can be an important factor in affecting char
structure and reactivity. The occurrence forms of P in the parent fuels (hence in char)
are also expected to be important. During the combustion of volatiles and char
generated from P-containing solid fuels, the presence of P may also play an
important role in particulate matter (PM) emission. Therefore, understanding char
structure, char reactivity and PM emission is fundamentally important to efficient
and clean combustion of these P-containing solid fuels. Unfortunately, there are still
considerable research gaps on these topics, in despite of the previous research efforts

made.

Consequently, this PhD study reports a systematic study on the structure and
reactivity of char samples as well as the PM emission during combustion of
P-containing solid fuels. Via the research program in this PhD thesis, seven key
objectives have been achieved, including (1) having established a new method for

quantifying various occurrence forms of P in solid fuels; (2) having investigated the
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effect of reactor configurations on the release and transformation of P during the
pyrolysis of P-containing biomass, taking advantage of the new P characterisation
method; (3) having examined the effect of different forms of phosphorus in
P-containing biomass on char structure and char reactivity; (4) having obtained new
understanding on the role of in situ volatiles with distinctly-different chemistry
during volatile—char interactions (the interactions between in sifu volatiles and char
during pyrolysis) in char structure and char reactivity; (5) having revealed new
insights into the effect of water vapour on PM emission during the respective oxyfuel
combustion of volatiles and char generated from pyrolysis of P-containing
contaminated biomass samples; (6) having reported the critical role of volatile—char
interactions in PM emission during combustion of in sifu volatiles generated from
P-containing biosolid; and (7) having revealed the effect of volatile—char interactions
on PM emission during combustion of char samples under air and oxyfuel conditions.

The main conclusions are summarized as follows.

First, a new 3-step method has been developed for separating and quantifying the
total P in a solid fuel into five major P-containing fractions, which consists of three
organic P-containing fractions (i.e. acid-soluble organic P, two acid-insoluble organic
P including P in lipids and P in other acid-insoluble organic structures such as nucleic
acids) and two inorganic P-containing fractions (i.e. acid-soluble inorganic P and
acid-insoluble inorganic P). The results from validation using different standards and
application of the new method to seven different solid fuels demonstrate that this

new method is suitable for accurately quantifying various forms of P in solid fuels.

Second, it has been found that pyrolysis reactor configurations exert substantial effect
on transformation and release of P during pyrolysis of P-rich rice bran at 400—900 °C.
Higher heating rate during fast pyrolysis above 400 °C in fixed-bed/drop tube reactor

could increase P release, in comparison with slow heating pyrolysis in fixed-bed
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reactor. Volatile—char interactions significantly enhance P release during pyrolysis in
fixed-bed/drop tube reactor with continuous feeding. Notably, more than 95% of the
released P in volatiles are presented in tar as organically-bound P that can be
completely converted into water-soluble P or phosphorus oxides during in situ
combustion at 950 °C. Organic potassium phytate is the dominate P in rice bran while
it is thermally unstable even at 400 °C. Above 800 °C, acid-soluble inorganic P can be

transformed into acid-insoluble inorganic P species during pyrolysis.

Third, both organic and inorganic P substantially increase char yields during biomass
pyrolysis at 1000 °C due to the enhanced crosslinking by P-containing structures in
the char. The presence of P in biochars from the fast pyrolysis of various P-loaded
biomass samples plays an important role in the evolution of char structure and
intrinsic reactivity measured during low-temperature oxidation at 500 °C in air under
chemical-reaction-controlled regime. After pyrolysis and subsequent char oxidation,
all P in biomass either as organic or inorganic P are found to be present in the form of
acid-insoluble organic structures. For char prepared from acid-washed wood, char
reactivity increases with char conversion due to the increasing pore surface area at
higher conversion. Comparatively, for char prepared from acid-washed wood loaded
with various P at char conversion below 60%, the presence of P increases char
intrinsic reactivity due to the enhanced crosslinking and reduced condensation of
char structures. However, at conversions above 60%, the P-containing species in char
leads to a significant decrease in char reactivity, due to the formation of abundant
C-O-P bonds, that is highly resistant to the oxidation in air, in the reacting chars. The
presence of P associated with oxygen and carbon also significantly affect char

chemistry during char conversion.

Fourth, under non-catalytic conditions, volatiles with distinctly-different chemistry

have different impacts on char reactivity and char structure during volatile—char
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interactions. The reactivity of char after in situ volatile—char interactions increases
with increasing O/H molar ratio of volatiles due to different roles played by
H-containing and O-containing reactive species in the volatiles. Specifically,
H-containing reactive species substantially enhance the condensation of the aromatic
ring systems within the char, thus slightly decreasing the H content in char and
making char structure more inert, while O-containing reactive species in volatiles can
react with char to form C-O complex oxides that mitigate the carbon structure from

condensing, thus increasing O and H content in char and enhancing char reactivity.

Fifth, water vapour can substantially alter PM emission during the respective
combustion of in situ volatiles and char generated from fast pyrolysis of a
P-containing contaminated wood at 1300 °C. During in sifu volatile combustion,
water vapour significantly increases the emission of PM with aerodynamic diameter
<0.1 pm (i.e. PMo.1) due to enhanced nucleation, coagulation and condensation of
fine particles. During char combustion, water vapour might enhance char
fragmentation, thus increasing the emission of PM with aerodynamic between 1 and
10 pum (i.e. PMi.10). For trace elements, during in situ volatile combustion, water
vapour alters the PSDs but has little effect on the yields of volatile elements (As, Cr,
Ni, Cu and Pb) in PM;. During char combustion, the presence of water vapour also

increases the yields of As and Cr while decrease the yield of Ni in PMo.1.

Sixth, volatile—char interactions play an important role in enhancing PM; emission
during combustion of volatiles from P-rich biosolid. Specifically, volatile—char
interactions lead to significant changes in the particle size distributions (PSDs) of PM
and substantial increase in the yield of PMi, dominantly PMy.;. Small non-oxygenated
reactive species in the fresh volatiles can react with char to enhance the release of
alkalis (Na and K) as well as P and S in the biosolid chars. The released Na, K, Pand S

can then react to form alkali metaphosphate and sulphate which subsequently form
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PM; during volatiles combustion. Evidently, volatile—char interactions also enhance

the release of Pb and Cr from biosolid chars and then contribute to PM; emission.

Seventh and last, volatile—char interactions also exert significant effect on PMio
emission during combustion of P-containing biosolid chars at 1300 °C. The
interactions between chars and small non-oxygenated reactive species in volatiles
substantially decrease the yield PM1, dominantly PMy during char combustion. The
interactions between oxygen-free volatiles and char also reduce char macroporosity,
leading to a reduction in the yield of PMi.1o, while the interactions between
O-containing reactive species and char play opposite roles. Higher heating rate with
shorter aging process during pyrolysis significantly weakens the effect of
volatile—char interaction on PM; emission but intensifies its effect on PM;.1o emission.
The combustion atmospheres have little effect on the net yield of PM contributed by
volatile—char interactions. Notably, volatile—char interactions have little influence on
the forms of alkali and alkaline earth metallic (AAEM) species and P in PMo, i.e. as

(Na, K)POs in PM; and (Mg,Ca)3(PO4)2 in PMj.10.
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CHAPTER 1

CHAPTER 1 INTRODUCTION

1.1 Background and motive

Phosphorus (P) plays important roles in almost all life forms' and thus a key element
in the solid fuels.>* The abundant supply of P-containing solid fuels guarantees the
long-term thermochemical utilization of these fuels as an effective way to combat
climate change.* Among various thermochemical technologies, combustion is
considered as a practical and economic one for utilizing P-containing solid fuels.>
However, because of the presence of P, the utilisation of these solid fuels may face
significant operating challenges and lead to undesired environmental concerns.?
Therefore, fundamental research into the behaviour of these P-containing solid fuels

during combustion is of great importance and in great need.

Phosphorus may be present in solid fuels in various occurrence forms.” The content
and occurrence form of P can be important factors governing the transformation of P
during thermal utilization of P-containing solid fuels. Emission of P may also pose a
potential threat to the environment.® Therefore, accurate quantification of phosphorus
with various occurrence forms is critical to thermochemical utilization of
P-containing solid fuels. Several conventional methods have been developed to
separate and analyse single or multiple phosphorus in various solid fuels over the last
several decades.” However, each of those methods has its own shortcoming and
major limitations.” Therefore, a new method is urgently needed for quantifying P of

various occurrence forms in P-containing solid fuels.

As solid fuel particles are injected into the reactor, pyrolysis of these fuel particles is
the first step reaction of the combustion process, generating volatiles and char. The
properties of volatiles and char can substantially affect the characteristics of

subsequent combustion.'®!? For example, the transformation of phosphorus during
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pyrolysis of P-containing solid fuels plays important roles in the release of
phosphorus or further transformation during subsequent combustion'? as well as the
bio-availabilities of phosphorus in the resultant char samples.*®!* Furthermore, the
reactivity of char generated from solid fuel pyrolysis is a key factor governing the
overall efficiency of a combustion system. It is known that char reactivity can be
significantly affected by char structure and catalytic species in char, which are in turn
influenced by many factors such as the in sifu interactions between volatiles and char
(the so-called in situ volatile—char interactions) during pyrolysis.!>'® Therefore,
understanding the transformation of P during the pyrolysis of P-containing solid fuels
as well as the structure and reactivity of the resultant char samples are of critically
importance to the combustion applications of P-containing solid fuels, such as
optimizing combustion conditions for enhancing combustion efficiency and

mitigating environmental concerns.

It has been demonstrated that the separate combustion of in situ volatiles and char
could lead to significantly different pathways for particulate matter (PM)

1921 which is a notoriously environmental issue.?” For example, combustion

emission,
of volatiles mainly produces submicron PM with easily vaporizable elements, while
char combustion dominantly generates supermicron PM with refractory

d,’*?* the roles of

elements.'>1929-23:24  However, although it was speculate
volatile—char interactions played in PM emission is still unknown during the
combustion of volatiles and char from P-containing solid fuels. This also applies to
oxyfuel combustion, which is a promising technology to achieve near-zero carbon
emission when applied to fossil fuels,”> in addition to the conventional air
combustion. Under oxyfuel combustion conditions, the effect of water vapours in the
recycled flue gas on PM emission also becomes very important so that it is of great

need to investigate the effect water vapours on PM emission during separate

combustion of volatiles and char under oxyfuel conditions.
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1.2 Scope and objectives

In light of these critical research gaps, this thesis has completed a systematic research

program to investigate the pyrolysis and combustion of P-containing solid fuels with

seven specific objectives:

1)

(2)

3)

(4)

(5)

(6)

()

To develop a new method for quantifying phosphorus of various occurrence
forms in solid fuels;

To investigate the effect of reactor configurations on the transformation and
release of phosphorus during pyrolysis of P-containig biomass under various
conditions;

To study the effect of different forms of phosphorus in P-containing solid fuels
on char structure and reactivity;

To investigate the roles of in situ volatiles with distinctly-different chemistry in
determining char structure and char reactivity during volatile—char interactions;
To examine the effect of water vapours on PM emission during oxyfuel
combustion of in sifu volatiles and char from fast pyrolysis of P-containing
contaminated biomass;

To provide direct evidence on the effect of in situ volatile—char interactions on
PM emission during combustion of in situ volatiles from P-containing biosolid;
To investigated the effect of volatile—char interactions on PM emission during
combustion of P-containing biosolid char samples under air and oxyfuel

combustion conditions.
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1.3 Thesis Outline

To elaborate the research gaps and fully achieve those objectives, 11 chapters are
included in this thesis (including this chapter) as listed below with the diagrammatic

structure of this thesis shown in Figure 1-1.

o Chapter 1 introduces the background and objectives of this thesis;

o Chapter 2 reviews the up-to-date literature on the sources and issues of
P-containing solid fuels, phosphorus occurrence and its quantification methods,
transformation of phosphorus during pyrolysis and combustion of P-containing
solid fuels, structure and reactivity of char samples and PM emission produced
from combustion of P-containing solid fuels, finally leading to the identification
of key research gaps and outlining of specific objectives of the present study;

o Chapter 3 summarizes the research methodology and techniques used in this
study, along with detailed descriptions of the experimental equipment, analytical
instruments and sample preparation;

o Chapter 4 develops a new method for quantifying phosphorus with various
occurrence forms in solid fuels;

o Chapter 5 investigates the transformation and release of P during pyrolysis of a
P-rich biomass under different conditions;

o Chapter 6 reports the effect of phosphorus with different occurrence forms on
char structure and char reactivity;

o Chapter 7 investigates the roles of in situ volatiles with distinctly-different
chemistry in char structure and char reactivity during volatile—char interactions;

o Chapter 8 demonstrates the influence of water vapours on PM emission during
oxyfuel combustion of char and in situ volatiles from fast pyrolysis of a
contaminated wood;

o Chapter 9 reveals the roles of in situ volatile—char interactions on PM emission
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during combustion of in situ volatiles;

o Chapter 10 investigates the effect of volatile—char interactions on PM emission
during combustion of different biosolid char samples under air and oxyfuel
conditions;

o Chapter 11 draws the major conclusions in the present study and points out the

recommended work for future research.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Phosphorus is one of the key elements in solid fuels and the proper utilization of
those P-containing solid fuels for heat and power production is of great significance
for combating climate change.*?! The abundant supply of P-containing solid fuels
and its significant economic values guarantee their long-term utilization.??’ Various
technologies have been developed to utilise P-containing solid fuels, among which
combustion is still considered as the most practical and economical.*?’?® However,
combustion of P-containing solid fuels still has several operating challenges as well
as environmental concerns.®*!*32 One of the major concerns is related to the

substantial emission of particulate matter (PM),!220-21:23

which is notoriously harmful
to the health of human being. In addition, pyrolysis is not only a promising
technology for processing P-containing solid fuels, but also the first step during
combustion.**~*4 On the one hand, the structure and reactivity of the char produced
from pyrolysis can significantly influence the efficiency and stable operation of the
combustion system.*>3® Furthermore, the transformation of phosphorus during
pyrolysis can directly affect the issues generated during subsequent combustion.'*-*
Therefore, understanding char structure and reactivity, P transformation, and PM

emission is fundamentally significant for the sake of environment and economic

benefit.

Accordingly, the objective of this chapter is to review the factors governing char
structure, char reactivity and PM emission with the focus adjusted on the roles of
phosphorus in pyrolysis and combustion of P-containing solid fuels. It starts with a
brief description of the sources and issues of P-containing solid fuels, then move to

the occurrence of phosphorus in solid fuels, the existing methods for the
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quantification of different forms of phosphorus, char structure and reactivity,
followed by the transformation and release of phosphorus as well as PM emission
during P-containing solid fuel combustion. This chapter concludes with the specific
research gaps identified by the literature review and the objectives of this PhD

project.

2.2 Sources and issues of P-containing solid fuels

2.2.1 Sources of P-containing solid fuels

Phosphorus plays key roles in growth or energy storage in all life forms.! Therefore,
phosphorus is widely present in both plant and animal cells at variable concentrations.’
Those P-containing solid fuels are widely available to energy industry and are
considered as an important source for thermochemical applications as a strategy to
reduce fossil fuel consumption and thereby CO»> level in atmospheres.* According to
its origin, P-containing solid fuels could be categorized into plant tissues, municipal
solid wastes, animal wastes, and coal samples. Notably, compared with other solid

fuels, coal samples usually have significantly low contents of phosphorus,?! thus it is

not considered in this study.

. Plant tissues

Plant including land and aquatic plant is the primary P-containing solid fuels.*
Phosphorus plays important roles in biological activities, such as photosynthesis,
phosphorylation and metabolism.! It is also a requisite component of nucleic acid
structure and therefore is important in cell division and development of new tissues.’
In addition, phosphorus is associated with energy transformations in plants. A plant
first absorbs bioavailable phosphorus in ionic forms from soil or water by root systems
and then transfers between different plant tissues. Almost all plant tissues contain

phosphorus at various contents.” Particularly, seed-originated biomass such as grain,
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bran or rapeseed meal/cake (a by-product from biodiesel production) is characterized

by its significantly high P content compared to other plant tissues.*

. Municipal solid waste

Municipal solid waste includes biosolid and contaminated solid waste. Biosolid is by
far the most abundant by-product of wastewater treatments and is undergoing a rapid
growth.>*! However, biosolid may contain some undesirable components, e.g. organic
and inorganic toxic substances, and pathogenic or disease-causing micro-organisms.*
The abundant toxic compounds in biosolid, especially heavy metals, could be
dangerous to both plants and animals.?® Particularly, biosolid has a high phosphorus
content and is a potential source of P nutrient.* However, the significant presence of
phosphorus and nitrogen in biosolid may lead to uncontrollable growth of aquatic

plants.**** Therefore, its processing and disposal is a complex environmental

problem in this field.**

Contaminated solid waste is generated from various applications of biomass materials,
including demolition wood, packing wood, phytoremediation scavengers, chromated
copper arsenate treated wood and paper recycling wastes etc.*>*¢ During these
applications, concentrations of some harmful inorganic species (such as As, Cd, Cr, Cu,
Hg, Mn, Ni, Pb, Se, Tl and V) might be elevated in the resultant contaminated biomass

waste. 47

The abundant heavy metals render the disposal or process of biosolid and
contaminated solid waste extremely cautious.® Currently, the main outlets for disposal
of biosolid and contaminated solid waste are recycling as fertilizer, land filling,
dumping in the sea and thermochemical utilization.>*!*** However, thermochemical
utilization is still considered as a promising and practical approach,’ other pathways
are increasingly limited due to the potential soil and water pollution caused by heavy

metals and phosphorus in these solid wastes.*®
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o Animal wastes

Animal wastes mainly come from livestock, poultry, dairy production and
aquaculture.* It can be manure from animals or by-products of meat or fish
processing.>® The animal waste production was estimated to be 369 million tons in US
alone in 2012.°" However, animal waste is a critical concern to the public and
environment because it has the potential to spread pathogens and contaminate both
water and atmospheres.>*>? Therefore, a proper disposal of animal wastes is a major
sanitation problem in the world. Animal wastes have been applied as organic manure
in traditional farming and remain an important source of nitrogen and phosphorus in
modern agriculture.>>® Part of animal wastes could also be fermented to produce
combustible gases such as methane.’* However, those method are not effective in
killing the pathogens in animal wastes.>> Alternatively, some animal wastes, such as
chicken litter and meat and bone meal (MBM) have been used as a secondary fuel for

co-combustion with coal.’*>’

2.2.2 Operational challenges

Practically, combustion is the most important method for processing P-containing
solid fuels. It uses over a range of outputs to convert the chemical energy stored in
solid fuels into heat, mechanical power, or electricity using various facilities such as
stoves, furnaces, boilers, steam turbines.>>®° Stationary combustion of these
P-containing solid fuels or co-combustion with coal is especially attractive because of
its high conversion efficiency ranging from 20% to 40%.%° However, the combustion
of P-containing solid fuels is regarded as a complex process with technical challenges
as well as environmental concerns associated with the typical fuel characteristics, i.e.

high P contents.
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. Slagging

During combustion at high temperatures, P-containing solid fuels have a high
tendency to form slag where the behaviour of phosphorus seems to play a critical
role.*? For example, recent researches on combustion of different cereal grains have
concluded that phosphorus could combine with alkali and alkaline earth metallic
species (AAEMs) and silicon to form low-temperature melting crystalline phases, thus

aggravating slagging during P-containing solid fuels combustion.>*?’

. Corrosion

It is known that acidic gases (such as HCl and SO; or/and SOs3) in flue gas will cause
corrosion issues during solid fuel combustion.>*¢! High P content in P-containing solid
fuels can accelerate corrosion for the following reason.?” Generally, the acidic gas can
condensate in presence of alkali metals as a result of chemical reaction to form alkali
salts (such as sulfates, chlorides, carbonates, and phosphates). Among these salts,
phosphates are the most thermally stable species.?’” Therefore, in high P-containing
flue gas, the available alkali metals will first react with P to form phosphates, and

result in other acidic gases remaining in flue gas and aggravating corrosion.

. Bed agglomeration

Bed agglomeration is known to occur during P-containing solid fuel combustion or
co-combustion with coal 212 A recent study further revealed that
potassium—phosphate chemistry is the key factor dominating bed agglomeration.>!
Specifically, potassium phosphate first attacks silica sand surface and form a
continuous and uniform K-rich layer, followed by formation of potassium silicates

t.3! Then calcium in a form of calcium chloride could be

with a low melting poin
transported to the sand surface to generate sticky layers of K-Ca-silicates. These sticky

layers might further attract more phosphorus-rich particles, thus accelerating bed
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agglomeration.®!

. Deactivation of catalyst

Phosphorus species in P-containing solid fuels have been reported to increase
deactivation rates of selective catalytic reduction (SCR) catalysts in coal fired power
plants.’® An investigation into co-combustion of MBM and biosolid with coal found
that P-containing acid could cause deactivation of active vanadia (V20s) sites of SCR
catalyst.%3 The deactivation of SCR catalysts also depends on combustion temperature
and phosphorus/vanadia ratio.** Beck et al. revealed out that pore condensation caused

by deposition of P-containing flue gas is a major deactivation mechanism.>®

2.2.3 Environmental concerns

The major environmental concerns associated with utilization of P-containing solid
fuels are eutrophication in water system and particulate matter (PM) emission in

atmospheres.

. Eutrophication

Eutrophication characterized by excessively rapid growth of plant and algae is caused
by the enrichment of mineral nutrients (especially P and N) in water system,* which
has long been regarded as a major cause of aquatic ecosystem impairment . One prime
source of P is from thermochemical processing of P-containing solid fuels,®® where P
can be released in gas form or remained in the by-products (i.e. char, ash and fly ash)

thus potentially reinforcing the eutrophication.™

. PM emission

P-containing solid fuel combustion would generate large quantity of PM including fly

ash particles and unburned soot.?! The size of those PM can range from nanometre to
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millimetre.%”-*® While large PM particles could be collected by gas cleaning devices,
PM with size smaller than 10 pum (PMjo) could be potentially emitted with exhaust gas
and contribute to air pollution.!® Therefore, PMio is an important indicator of air
pollution since it can result in several diseases threatening human health.? In addition,
fine PM particles can also induce ash-related issues (such as slagging, fouling,
corrosion), lowering the running efficiency and shortening the life of combustion
facilities.®® Therefore, a thorough understanding of PM1o emission during combustion
of P-containing solid fuels is critical for air pollution control and developing solutions

for those operational issues, and thus an important aspect of this PhD project.

In summary, P-containing solid fuels have ample supply and their disposal demands
careful regulation due to the potential environmental concerns. Thermochemical
utilization of P-containing solid fuels can provide valuable energy resource at a
competitive cost; however, the operating challenges warrants further research and

development.

2.3 Occurrence of phosphorus in solid fuels

Phosphorus can present in solid fuels in various occurrence forms that are

categorized into inorganic phosphorus and organic phosphorus.

2.3.1 Inorganic phosphorus

Inorganic phosphorus mainly exists in form of orthophosphate (PO4*) in most solid
fuels.®” However, orthophosphate has a strong tendency to form condensed phosphate
via P-O-P bonds.”® Typical condensed phosphates include metaphosphate [PyO3,™
(n>1)] and polyphosphate [PyOzn+1 ™2 (n>1)], which are reported to widely present in
P-containing solid fuels (e.g. plant, biosolid and poultry waste as well as their char
product). These inorganic phosphorus generally combine with metallic elements (e.g.

Na, K, Ca, Mg, Fe, Al) to form phosphate salts or minerals such as variscite,’”! apatite
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and calcium phosphate silicate.”
2.3.2 Organic phosphorus

In general, organic phosphorus is more likely bonded to organic structure via
phosphate ester bonds (P—O—C) rather than P—C bonds.” The phosphate group linked
to organic molecules is mainly orthophosphate groups (—PO4) while pyrophosphate (—
P>07) and tripolyphosphate groups (—P3010) may also present in some P-containing
organic species, such as adenosine diphosphate (ADP) and adenosine triphosphate
(ATP).” Depending on the chemical structure of the linked organic molecules, organic
P-containing species in solid fuels can be categorized into sugar phosphate, inositol
phosphate, nucleotides, phospholipid and other organic structures such as nucleic

acids.”’*

Overall, different solid fuels contain various forms of phosphorus. For example,
phosphorus in seed and algae-originated biomass is dominantly organic P,”> while that
in animal bone waste and plant biomass is mainly inorganic P.”® The occurrence form
of P and its combinations with other inorganic species determines the mobility and
bioavailability of phosphorus in solid fuels. More importantly, it could potentially
result in different transformation and release behaviours during thermochemical

utilization of those P-containing solid fuels.

2.4 Methods for quantifying phosphorus of various occurrence forms in solid

fuels

As described in Section 2.3, phosphorus is present in P-containing solid fuels in
various occurrence forms. It is prerequisite to quantify these phosphorus species for
the proper handling and utilization of P-containing solid fuels. This section reviews
the existing methods for quantification of phosphorus species in solid fuels, with

detailed elaboration on the disadvantages of each method.
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2.4.1 Conventional methods for quantifying P with different forms in solid fuels

Several methods have been developed to separate or analyse the form of phosphorus in
various solid fuels over the last several decades, including methods based on

9,69,77-83

colorimetry, physicochemical fractionation method,*0->374828486  Enzyme

428788 and sequential extraction method."*%7>8% Table 2-2 presents some

hydrolysis,
reported methods for separating and analysing various forms of P in solid fuels with

the brief description summarized below.

e Colorimetry

The colorimetry method was first proposed by Bell and Doisy in 1920 and it is still the
fundamental method for quantification of inorganic P.3° P-containing solid fuel such as
plant tissues is first extracted using acid solutions, and then the acid extracts react with
vanadate and molybdate under acid conditions to form a blue phosphomolybdate
complex, which can then be quantified by spectrometer. However, only
orthophosphate could form the blue complex and be quantified, the
non-orthophosphate such as condensed phosphate and organic phosphorus cannot
generate coloured complex,”**® thus resulting in underestimation of both inorganic

and organic P in solid fuels.
e Physicochemical fractionation

The physicochemical fractionation method is developed in recent decades via
combination with sophisticated detection technologies such as X-ray absorption near
edge structure (XANES)>*7#%2 and 3!P nuclear magnetic resonance spectroscopy
(NMR).*0:8485 Compared with the colorimetry method, physicochemical fractionation
is more powerful and can in situ detect different forms of P in P-containing biomass
without destroying P-containing biomass.” Nevertheless, it demands advanced

detection technologies which are not only uneconomical and inaccessible but also
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time-consuming in terms of sample preparation.’ In addition, the quantification of P
using these techniques is known to have high detection limits and requires experienced

spectroscopists.”?

e Enzyme hydrolysis

Enzyme hydrolysis is mainly used in detecting organic phosphorus in animal waste
and plant tissues.*>*”% This method is based on the hydrolysis of organic phosphate
into inorganic phosphate in the presence of specific enzymes, such as alkaline
phosphatase and phytase as catalyst in different buffer solutions.3® However, it can
only target specific organic phosphorus in plant tissues or animal waste due to the
unicity of those enzymes.”’ In addition, the quantification of inorganic P after enzyme
hydrolysis is also based on colorimetry method, thus also incompetent for other

inorganic phosphorus such as pyrophosphates and metaphosphates.

e Sequential extraction

Sequential extraction methods are practical and commonly employed in phosphorus
fractionation due to the low cost and relatively simple procedure. Several sequential
extraction methods have been developed to separate and quantify different forms of
phosphorus in plant and animal waste using different solutions, as shown in Table 2-2.
Among those sequential extraction methods, the standards, measurements and testing
(SMT) method®*!%? is most commonly used to quantify organic and inorganic P in
P-containing biomass with the protocol shown in Figure 2-1. This method is initially
designed for quantification of bioavailable P in sediment and was later adopted to
indirectly quantify organic P in solid fuels. It bases on the assumption that inorganic
P is soluble in the acid solution (IM HCI) while the acid-insoluble organic
P-containing specie can be converted into acid-soluble orthophosphate after thermal

treatment (at 450 °C for 3 h in air).
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sample
02¢g

20 mL. NaOH 1 mol L*
shaking 16h; room temperature

e

| residue

20 mLHCI 1 mol L
shaking 16h; room temperature

| extract |
h 4
‘ HCI extractable phosphorus
(HCLP)

samp_lé
02¢g
|

|20 mL HCl 1 mol L

—
extract

| 10 mL extract + 4 mL HCI

v

3.5 mol L 16 h; room temp.

NaOH extractable phosphorus

\—W%QH'P)

sample
02g

calcination 3h 450°C
20 mL HC13.5mol L

/lw
[ “residue

| extract
| |
|

-~ \\\ |
|rcsidue extract

calcination 1h 450°C | .

20 mL HCI 1 mol L-1 \d . -
shaking 16h Inorganic Phosphorus concentrated HCI extractable P

(IP) (conc. HCI-P)
[_residue | extract |
A4
Organic Phosphorus
. ©OP)

Figure 2-1 The SMT method protocol for quantifying organic and inorganic

phosphorus in solid fuels®

However, these existing sequential extraction methods can potentially lead to low
mass balance of phosphorus for some solid fuels due to at least the following five

major shortcomings:

e First, these sequential extraction methods use acids for extraction then quantify
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acid-soluble inorganic P using the aforementioned colorimetry method.
However, other abundant inorganic species such as Si, Fe, Cu, etc. in solid
fuels may also be extract and interfering P quantification using
spectrophotometer.’8!

e Second, the inorganic condensed phosphates in the acid extract can be
misclassified as organic P as they are not detectable using the subsequent
colorimetry method.’$23

e Third, the SMT method®*!? assumes that all the inorganic P are in the acid
solution (1M HCI) while all the organic P-containing species are in the residue
and can be converted into acid-soluble orthophosphate after thermal treatment.
Such assumptions may be invalid as some organic P are soluble in the acid
solution and some of the organic P in the residue may be lost during thermal
treatment, which will be evaluated in Chapter 4.

e Fourth, existing sequential extraction methods assume that all inorganic P are
soluble in acids, while acid-insoluble P compounds, such as AIPO4, long-chain

100

condensed phosphate™ and phosphorus combined with silicate which may

101 are not taken into consideration.

present in some solid fuels
o Fifth and last, the existing sequential extraction methods need at least 0.6 g of
solid fuel samples. However, in lab-scale experiments, producing such a
required quantity for some samples (such as char) might be very

time-consuming.
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Table 2-1 A summary of some published methods used for determining phosphorus in solid fuels

1,9,40,42,49,53,69,74,75,77-99

Method Literature  Sample P forms Sample size (g)  Chemicals Instruments  Advantages Disadvantages
Colorimetry Refst977-80  Bjomass, Acid-soluble 1.0 Acids, Spectro- 1. Moderate
method biosolid orthophosphate Vanadate and  photometer conditions. 1. interference from Si, Fe, Cu. etc. 8!
and animal molybdate 2. accurate in 2. cannot quantify non-orthophosphate.
tissue determining 9.82,83
orthophosphate.
Physico- Refs537482  Solid Organic and 1.0 XANES can analyse samples 1. not easily accessible and require
chemical samples inorganic P in situ. experienced spectroscopists. &2
fractionation 2. high detection limits
method Refs#0848  Solid Organic and 1.0 NaOH 3P NMR 1. Common 1. Cannot detect all organic and inorganic
samples inorganic P and EDTA chemicals. p.86
2. can in situ detect 2.%P NMR is not easily accessible.
the exact forms of 3. high detection limits and have
some P. interference from paramagnetic cations.®?
Enzyme Refs*2878  Animal Organic P 1.0 Phosphatase  Spectro- 1. simple procedure. 1. cannot detect non- hydrolysable organic
hydrolysis tissue, photometer 2. moderate P.
method algae, conditions. 2. cannot detect inorganic P and exact
biomass forms of organic P.
Sequential Refs899192  gludge, organic P and 0.6 HCI, Spectro- 1.accessible 1. Poor accuracy and P recovery.%°
extraction for SMT biosolid acid-soluble NaOH photometer chemicals. 2. limited information on organic P
method and coal inorganic P solutions 2. can detect different  occurrence forms.
inorganic P. 3. high temperature conditions.
4. cannot detect acid-insoluble inorganic P.
Refgl.93-9 Biomass acid-soluble 1.0-5.0 Acids, Spectro- 1. accessible
organic and organic photometer chemicals. 1. limited information on inorganic P
inorganic P solvents, 2. moderate species.
MgClz and conditions. 2. cannot achieve complete P recovery.®’
NH4CI. 3. can detect some 3. cannot detect acid-insoluble inorganic P.
organic P.
Refs*®759%9  Animal organic P 1.0-5.0 Acids, Spectro- 1. accessible
9 tissue organic photometer chemicals.

solvents and
KOH

2. Simple procedure.

limited information on inorganic P species.
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2.4.2 Summary

Through several methods have been developed over the last several decades to
separate and quantify different forms of phosphorus, none of the existing methods
can be applicable to accurately quantify both organic and inorganic phosphorus in
P-containing solid fuels in lab-scale. Therefore, a new method is necessarily

developed to achieve this purpose, which is one of the objectives of this study.

2.5 Pyrolysis characteristics of P-containing solid fuels: volatile—char

interactions, char structure and char reactivity

Pyrolysis is a relatively low-cost technology for converting biomass into high-value
biofuels including bio-oil, char and gas.>* More importantly, it is also the first step of
combustion and gasification.!> After pyrolysis, the conversion of char is the decisive
step for subsequent combustion and gasification reactions. The overall efficiency of
char conversion highly depends on char reactivity which is governed by char
structure. In addition, the in sifu generated volatiles during pyrolysis can also
influence the subsequent combustion and gasification reactions via the so-called
volatile—char interactions.!> Therefore, this section first introduces the volatile—char
interactions during solid fuels pyrolysis and then summarizes the factors governing
char structure and char reactivity, followed by a review on the role of phosphorus in
solid fuel pyrolysis. Finally, the research gaps in the area of char structure and char

reactivity are summarized.

2.5.1 The significance of volatile—char interactions during solid fuels pyrolysis
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Figure 2-2 A schematic diagram of volatile—char interactions during solid fuels

pyrolysis or combustion

Once solid biomass particles are subjected into a reactor for combustion, they will
first experience rapid devolatilization and generate volatiles and char particles.
Conventional approaches generally assume that the volatiles and char proceed
independently to combustion process. However, as shown in Figure 2-2, volatiles and
char could strongly interact with each other during the ongoing pyrolysis and this
volatile—char interactions may potentially take place under various conditions.'”> For
example, in a fluidised-bed reactor, solid fuel particles are continuously fed into the
reactor and continuously generate fresh volatiles, the pyrolyzing char particles will
be constantly surrounded by the volatiles cloud. The in situ volatiles contain
abundant reactive species including radicals (such as H radicals) as reactive
intermediates'®® and those reactive species could strongly react with char particles for
an extensive period in the bed, leading to significant changes in char and volatiles
properties.'®!7 Actually, the in situ volatiles also inevitably interact with char
particles in many other commonly used reactors such as fixed-bed and
entrained-flow reactors although could be less significant.!”!%2 In other words,
different reactor configurations could result in different extents of volatile—char

interactions and thus vary char and volatiles properties to different extents.!*
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2.5.2 Factors influencing char structure and reactivity

Char conversion is the rate-controlling step of the combustion processes. The char
combustion rate can significantly affect heat release, char burnout as well as
temperature profile, and thus is of great significance to energy efficiency and stable
operation of combustion systems.!% Generally, according to solid/gas reaction kinetics,
106.107 char combustion can occur in three different kinetic regimes including chemical
reaction, bulk diffusion, gas-phase diffusion. The exact kinetic regime depends on
combustion temperature, char particle size, reactor type, and reaction atmospheres.!%
In the case of pulverized solid fuel combustion, the small sizes of fuel particles
promotes rapid boundary layer diffusion, so the heterogeneous char combustion is
governed by the intrinsic reactivity of char.!®> Therefore, intrinsic char reactivity is a
critical factor to consider in reactor design and system operation for thermochemical
processes.!®® Extensive studies!®!613:19510% have been conducted to investigate the
intrinsic char reactivity. It was found that intrinsic char reactivity is directly affected
by inherent catalysts in char and char structure. Furthermore, the char structure
actually determines the physico-chemical forms of catalytic inorganic matter bonded
to the carbon skeleton at the molecular level.'”® Therefore, it is essential to
understand the structural characteristics of char prepared under specific conditions
and its effect on intrinsic reactivity of char samples. The factors influencing char

structure and char reactivity are summarized below.

e Operating parameters

Operation parameters influencing char structure and reactivity mainly includes
pyrolysis temperature, pressure and heating rate. Particularly, pyrolysis temperature is
the dominating factor governing char structure and reactivity.!!® Specifically, char
structure becomes less amorphous with increasing pyrolysis temperature,'® thus

resulting in the reduction in intrinsic char reactivity.!'! Lu et al.'® found that char
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structure becomes more ordered with decreasing heating rate and char reactivity
increases with increasing heating rate.®!'? During biomass pyrolysis, increasing

pyrolysis pressure is found to decrease intrinsic reactivity.'!®

e Thermal annealing

Hurt et al'!* investigated the effect of short thermal annealing (0-3 s) at 700—2400 °C
on char reactivity using biomass (i.e.,pinus radiata) and concluded that thermal
annealing between 10 ms and 2 s has no significant effect on char reactivity. Wu et
al.'"* conducted thermal annealing processes at mild temperatures (750—900 °C) using
mallee wood and found that thermal annealing plays an important role in char
reactivity, especially during the initial 60 min. During thermal annealing, at least part
of the reactive and amorphous carbon structures of char are converted into larger and
more inert ring systems, although little graphitization of carbon structure with three

dimensional development is evidenced.

e Inherent catalysts

The roles of inherent catalysts in char reactivity have been extensively investigated
in recent decades. Alkali and alkaline earth metallic species (AAEMs) are the most
common and pronounced catalytic species in char,® while other inorganic species
such as Fe and Ni may also have non-negligible catalytic effect on char reactivity.''
Generally, more concentrated inherent catalysts in char lead to higher char
reactivity.!®!1® However, the physico-chemical forms!®!!'":1" and distribution!!! of
inherent catalysts could also play significant role in char reactivity. For example, Na
in form of NaCl and sodium carboxylates (—COONa) has very different catalytic

effects on char reactivity.''®

Alkali metals may react with silica to form silicates
during pyrolysis, thus reducing char reactivity.!'> Initially, char reactivity can be
enhanced by highly dispersed CaO on char surface however it could be weakened by

the growth of CaO crystallite with the progress of char being consumed.!'! In
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addition, char structure can considerably affect the catalytic activity of some inherent
inorganic species.!®!'® For instance, the catalytic activity of Na is reduced with the
increase in aromaticity of char structure that takes place with increasing char
conversion level. It is also reported that the presence of AAEMs could facilitate the
formation of amorphous carbon structure in char, which in turn affects the dispersion

of Na and thus its catalytic performance.'¢-3"-116

e Volatile—char interactions

As described in Section 2.5.1, volatiles could inevitably interact with char particles
during pyrolysis and combustion of solid fuels, which significantly influences the
properties of both volatiles and char. Wu et al.!® first investigated the effects of
volatile—char interactions on the reactivity of chars from a Victorian brown coal using
anovel reactor configuration at 900 °C. It was found that volatile—char interactions can
result in drastic decrease in char reactivity due to the volatilization of Na and the
condensation of ring structures in char.!® A further study using biomass at 800—
1000 °C demonstrated that volatile—char interactions could also lead to additional
volatilisation of other AAEMs with the monovalent and divalent species behaving

differently.'®

The essence of volatile—char interactions is considered as the reactions between

radicals in volatile and the active sites on char,'®

as illustrated by the following
equation:!??

CM—X+R->CM—-R+X
where CM represents char matrix, X represents active AAEMs on char matrix, and R
represents radicals in volatile. The radicals displace the AAEMs on char matrix and
thus lead to volatilization of AAEMs. The volatilization of AAEMs caused by

volatile—char interactions is different in biomass and brown coal due to their

compositional and structural differences.'*
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In addition, H radicals in volatiles are known to play a vital role in volatile—char
interactions due to their mobility and small size. Specifically, H radicals could deeply
penetrate into the char matrix and adsorb onto aromatic ring systems, and then break
cross-linking structures and activate aromatic rings.'”? The activated aromatic rings
favour the condensation of small aromatic rings (less than 6 fused rings) to form large
ones, making char structure more inert. Moreover, volatile—char interaction is also
reported to greatly influence the amounts of O-containing functional groups in char

during brown coal gasification.!”

Those previous studies are based on single volatiles, while during co-gasification or
combustion, different solid fuels samples with distinctly-different fuel chemistry
might be simultaneously fed into the reactors, and thus generate volatiles with
distinctly-different chemistry. For example, waste plastic such as polyethylene (PE)
contains carbon and hydrogen only, hence its pyrolysis produces volatiles free of
oxygen while pyrolysis of fuels rich in oxygen produces volatiles containing abundant
oxygenated species. Therefore, in situ volatiles with distinctly-different chemistry
could be generated during pyrolysis due to the differences in the chemistry of raw fuel.
S. Krerkkaiwan et al.!''® investigated the interactions between different coal char
samples and volatiles generated from xylene, cellulose and rice straw in a
rapid-heating thermobalance reactor. The results show that the volatiles from rice
straw exert the greatest influence on reducing char gasification reactivity. This was
attributed to the high aromatic compounds in rice straw volatiles, which trends to form
inert coke/soot over char surfaces. However, it is still unclear about the specific role of
in situ volatiles with distinctly-different chemistry in determining carbon skeleton
structure and the resultant effects on char reactivity. This will be studied in this PhD

project.
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e Reaction atmospheres

The effects of various reaction atmospheres on char structure and reactivity have been
studied, including steam and O>. Keown et al.'” reported that char reactivity could be
significantly reduced even within 20s during gasification of char with steam due to the
enhanced release of AAEMs and condensation of carbon structure caused by the

generation of abundant H radicals. Another study'®

shows that the gradual
consumption of carbon in air decreases the amorphous fraction of char and increases

the aromaticity and average crystallite size of char, thus decreasing char reactivity.
2.5.3 Role of phosphorus in solid fuels pyrolysis

As one of the most significant inorganic elements, phosphorus plays an important role
in pyrolysis of solid fuels. Investigations on fast pyrolysis of P-impregnated beech
wood showed that P could catalyse the pyrolytic decomposition of biomass and
modify the yields of pyrolysis products.’*!?* Specifically, when P concentration is
below 0.5 wt %, increasing P in biomass decreased the bio-oil yield and increased
yields of char and pyrolytic water.*®> The impregnation of (NH4),HPO4 onto pine wood
with zeolite as a catalyst could improve the yields of high-value petrochemicals
(olefins and aromatic hydrocarbons) while decrease the yields of low-value alkanes
during catalytic fast pyrolysis of pine wood and low-density polyethylene mixtures.!?!
Further increase (above 0.5 wt %) in P concentration has minimal effect on fast
pyrolysis products distributions while may cause serious processing problems such as
agglomeration and corrosion, as elaborated in Section 2.2.2. Jones et al.'**!% found
that P shifts cellulose decomposition to lower temperature during pyrolysis via
catalysing dehydration and subsequent depolymerization reactions. The addition of P
is also reported to enhance the formation of light aliphatic hydrocarbons during

catalytic pyrolysis of biomass.*®

124-126

Recent studies on the activation of carbon materials using highly concentrated
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(85%, w/w) phosphoric acid show that P could form thermally stable phosphate-like
complex that remain on the carbon surface and act as a physical barrier for the reaction
with oxygen, thus resulting in the high oxidation resistance during non-isothermal
oxidation of activated carbon from 300—900 °C. However, the contents of phosphorus
in P-containing solid fuels is much lower (< 5 wt%) and whether the mechanism on the
highly ordered carbonaceous materials could be extrapolated to the P-containing solid
fuels is unknown. More importantly, the effect of different forms of phosphorus on the
evolution of structure and intrinsic reactivity of char samples still needs to be

investigated.

2.5.4 Summary

Volatile—char interactions can significantly influence char structure and char reactivity.
However, the roles of in situ volatiles with distinctly-different chemistry are still
unclear and thus need further investigation. Additionally, inorganic species especially
AAEMs play important roles in enhancing char reactivity and the evolution of char
structure during pyrolysis of solid fuels. However, as an indispensable inorganic
specie in P-containing biomass, the effects of P with different forms of occurrence on
the evolution of char structure and char reactivity are largely unknown. This PhD
project will investigate into the roles of both the in situ volatiles and P in determining

char structure and reactivity.

2.6 Transformation and release of phosphorus during P-containing solid fuels

pyrolysis and combustion

Fundamental understanding on transformation and release of P during pyrolysis is of
great importance for thermochemical utilizations of P-containing solid fuels. This
section first describes currently reported mechanisms of phosphorus transformation,
followed by factors influencing P release during pyrolysis and combustion of solid

fuels. Finally, the research gaps in this field are proposed.
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2.6.1 Phosphorus transformation mechanism during pyrolysis and combustion

The transformation and release of P during pyrolysis and combustion of P-containing
solid fuels is relatively less understood compared to other inorganic species such as Na,
K, Cl and S in solid fuels. Possible pathways and mechanisms of P transformation are

summarized and presented in Figure 2-3.

Pyrolysis phase . Char combustion phase

:| Release to gas phase|

2
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| Dehydration N\, Al, Fe, Mg, Si etc. |Release fo gas phase |
Orthophosphates \ i
| | P—containing minerals Reacts with O2,
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P in biomass

:| Release to gas phase|

Figure 2-3 Possible mechanisms of P transformation and release during pyrolysis and
combustion of P-containing solid fuels, summarized based on literature review

ﬁndings4,8,l3,2 1,29,66,127-130

During pyrolysis phase, organic P is considered thermally unstable and would be
rapidly released or/ and mineralised to inorganic P.!?8!3! Part of the inorganic P is also
reported to be released during this process.!* Meanwhile, the majority of inorganic P
would react with other inorganic species (e.g. Ca, K, Al, Fe) in P-containing solid fuels
and be transformed into orthophosphates and condensed phosphates especially
pyrophosphates in char.®!3>133 During pyrolysis, some orthophosphates in char could
also be transformed into condensed phosphates via dehydration. For example,
dicalcium phosphate (CaHPO4) could be decomposed into dicalcium diphosphate

(CazP,07) at temperatures lower than 400 °C.*
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During char combustion phase, some inorganic P in char would be directly released
in forms of condensed phosphates and various phosphorus oxides.** For example,
KH2PO4 might be transformed into KPOs, which would be vaporized at ~ 900 °C
during solid fuel combustion.* While the remaining inorganic P species in char would
be further transformed into more stable P-containing minerals via combination with
other inorganic species.*** Notably, the released P in gas phase could also react with
various inorganic species such as Ca, Mg, Al, Si in solid char samples, thereby
returning to solid phase by generating thermally stable P-containing minerals.*? On
the other hand, the solid P-containing species could also react with H>O, SO, and O,
etc to form gaseous P-containing species such as P,Os and KPO3.*%® A classic study*
on rice bran combustion proposed the possible reaction pathways of the P- and
K-containing species with K/P molar ratio <1 in gas phase, as summarized in Figure

2-4.
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Figure 2-4 Reaction pathways of the P-containing species during rice bran combustion,

based on equilibrium calculations*
2.6.2 Factors influencing P release during pyrolysis and combustion

As stated in Section 2.2, the release of P could directly lead to some operating and
environmental issues. Therefore, several studies have been conducted to investigate
the factors governing P release during pyrolysis and combustion of P-containing solid

fuels. The experimental conditions and main conclusions are summarized in Table 2-2.
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The main influence factors include temperatures, atmosphere, occurrence of

phosphorus and other inorganic species in solid fuels, which are detailed subsequently.

Table 2-2 A summary of some investigations into P release during pyrolysis and

combustion of P-containing solid fuels*!3-20-6:66,129.135.136

Study Sample Reactor Temperature Main conclusions
Pyrolysis
Liu Biosolid Tube reactor 900-1300 °C | Organic P is released at T<

1100 °C while inorganic P is
released at T>1200 °C.

Elias® Biosolid Tube reactor 25-1300 °C P is released at T> 800 °C in
forms of PO, POy, P, and P..
Liaw? Biosolid Drop-tube/ 1100-1300 °C | Little P is released at 1100 °C
Fixed-bed while P is almost completely
reactor released at 1300 °C.
Hossain*® | Biosolid Fixed-bed 300-700 °C No inorganic P is released under
reactor experimental conditions.
Jiang*® Plant Drop-tube/ 350-600 °C P is released at 350 °C and
biomass Fixed-bed higher temperature leads to
reactor enhanced P release.
Wut Rice bran Tube reactor 300-900 °C Little P is released at T< 900 °C
Combustion
Wut Rice bran Tube reactor 500-1100 °C | Pis released at T> 700 °C in

form of KPOs. The addition of
Ca species has little influence

on P release.
Beck®6:12 Biosolid Industrial Unknown Organic P is released at T<
and MBM | boiler 500 °C while inorganic P might

be transferred into the gas phase
by reacting with H,SO4 and
generating gaseous HsPO; at
higher temperatures.

e Temperature

Temperature is the dominating factor governing P transformation and release during

pyrolysis and combustion of P-containing solid fuels.!** Jiang et al.!** investigated P
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release during pyrolysis of algae biomass and found that P release starts at ~ 350 °C
and higher pyrolysis temperatures lead to enhanced P release. Liaw et al.?° found that
little P is released during biosolid pyrolysis at 1100 °C while complete release of P is
achieved at 1300 °C in a drop-tube/fixed-bed reactor. Wu et al.* concluded that release
of P increases with temperature increase above 700 °C during rice bran combustion in
a horizontal tube reactor. It seems that the effect of temperature on P release is
contradictory in different studies, possibly due to the different biomass properties and

reactor configurations.

e Atmosphere

Based on the reaction pathways of the P-containing species during biomass
combustion shown in Figure 2-4, H>O, Oz and SO; in the atmosphere can significantly
enhance P release during pyrolysis and combustion of P-containing solid fuels.* Other
gases such as CH4 and CO are also reported to increase P release during biosolid
pyrolysis at high temperatures.®® However, an investigation into the thermal treatment
of biosolid under N2, CO» and air atmospheres found that atmosphere conditions had

limited effect on P transformation at 400—800 °C.'%’

e Occurrence of phosphorus

Different occurrence forms of P present different volatilities. Generally, organic P can
be released at relatively low temperatures during pyrolysis, while the release of
inorganic P occurs at high temperatures. For example, the pyrolysis of biosolid in a
tube reactor at 900—1300 °C found that organic P could be released at temperature
lower than 1100 °C while inorganic P could only be released at temperature higher

than 1200 °C.%°

e Other inorganic species
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Potassium (K) is considered as the most important inorganic element influencing P
release during pyrolysis or combustion.?®** Wu et al.* concluded that the distribution
of P-containing species in flue gas is sensitive to the molar ratio of the released K/P.
When the molar ratio of the released K/P is below 1 at temperatures above 500 °C,
KPOj; and P40 are the main inorganic species present in flue gas, while only KPO3
would present in the gas phase when the molar ratio is above 2 (see Figure 2-4).*
Ca-containing minerals can effectively inhibit the release of P by forming
P-containing minerals.*>”!2>137 As shown in Figure 2-4, S in biomass could
significantly affect P release. For example, SO2 could react with KH2PO4 or K3PO4 to
form volatile KPO3 or P,Os under oxidation conditions.* SiO; is also likely to enhance
P release under reducing atmospheres.®® The roles of other inorganic elements in P

release have been rarely investigated.

2.6.3 Summary

Although there have been several studies on the transformation and release of P, the
specific mechanisms are still largely unclear. More importantly, some contradictory
conclusions are found in different studies possibly due to different biomass properties,
various P occurrence forms in biomass and reactor configurations used, as described
above. Therefore, further systematic investigations need to be conducted to understand

the P transformation and release during biomass pyrolysis and combustion.

2.7 PMio emission during combustion of P-containing solid fuels

Solid fuel combustion is an important contributor to significant PM emissions in
stationary applications. Extensive studies have been carried out on the formation and
emission of PM during solid fuel combustion. This section will give a brief review on
the formation mechanisms and characteristics of PM, with emphasis on the
distribution and occurrence of phosphorus in PMo during P-containing solid fuel

combustion under different atmospheres. Additionally, this section also summarizes
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the indirect evidence for the effect of volatile—char interactions on PMi¢ emission

during solid fuel combustion and finally identifies the research gaps.

2.7.1 The mechanisms of PMio emission during combustion of P-containing solid

fuels

The mechanisms of PMj¢ formation during fuel combustion in different combustion
systems have been well documented, as is shown in Figure 2-5. More specifically, the
PM produced from solid fuel combustion consists of submicron aerosol (PM with the
aerodynamic diameter < 1um, known as PM) and supermicron aerosol (PM with the
aerodynamic diameter between 1 and 10 um, known as PMi.19). PM; and PM;.1o have
different formation mechanisms and characteristics during solid fuel combustion,

which are briefly discussed as follows.

Nucleation/Condensation/| Submicron Aerosol
Coagulation

Aqueous Solutions

Distillate Qil and
Organometallics

Fragmentation

Submicron Inclusions,
Residual Particles,
Secondary Atomization

Solids and
Contaminated Soils

Inorganic Mixture

Supermicron {Collectable)
Aerosol

Figure 2-5 Possible controlling mechanisms for PM emission in a combustion

system!?®
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Formation mechanism of inorganic PMu. It is well-known that inorganic PM; are
mainly formed via the “solid-vapour-particle” process.'** This process includes
vaporization of volatile elements and gas-phase reaction, followed by homogeneous
nucleation and/or heterogeneous condensation/reaction on the existing particles. The
vaporization of volatile elements relies on the volatilities and occurrence forms of
these elements as well as the combustion conditions (e.g. combustion temperature and
atmospheres).'*? Generally, organic-bound minerals, S, Cl and part of P could be easily

139,141 while those metallic elements associated

released during solid fuel combustion,
with aluminosilicate are difficult to be released.'*! Na and K are well-known as
volatile elements during combustion.!*> However, high particle temperatures and
reducing environments within the solid fuel particles could also enhance the
volatilization of other inorganic species such as Ca, Mg, Si, Al and Fe in forms of
sub-oxides and/or metal elements.'**!*’ Those released metallic species would further
react with oxygen, steam, and other acidic vapours (e.g. HCI and/or SO3) in the gas

2161139 and then start to generate spherical and/or aggregate-like PM; particles

phase,
via homogeneous nucleation, followed by the coagulation, agglomeration,
heterogeneous condensation on the pre-existing particles, and particle growth.!*
There are also other hypothesized mechanisms for PM; formation, such as surface ash

144,145

shedding, convective transport of minerals,'*® bubble bursting of cenospheres'*’

and direct carryover of submicron coal particles minerals.'*®

Formation mechanism of inorganic PMi-10. PM.19 are mainly contributed by the
refractory elements such as Mg and Ca, and are generally considered to be formed via
the “solid-to-particle” process during solid fuels combustion.'** Such process includes
mineral coalescence and particle fragmentation. Specifically, mineral coalescence
only takes place when (1) temperature is higher than the melting points of the minerals;
(2) the molten or semi-melting mineral droplets have the chance to coagulate together
on the burning surface of the same solid fuel particle.!*>!>° A large particle in PM-10

will then be generated after cooling and condensation. It is worth noting that mineral
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coalescence does not occur for excluded mineral or minerals in different solid fuel
particles due to the few chances for them to be connected.'>! Consequently, this
process is highly relevant to particle temperature, occurrence of mineral species as

well as their particle size distributions and chemical compositions.!#’

Particle fragmentation is a process that breaks one piece of solid fuel or mineral
particle into several or hundreds of smaller pieces during pyrolysis and
combustion.!*>152153 Consequently, subsequent minerals coalescence would also
generate a relatively small ash particle.!* On the other hand, particle fragmentation
could also affect mineral coalescence via reducing the quantity of mineral pieces in the
new small fuel particle.!>* For some excluded mineral particles, this process might be
accompanied by mineral decompositions, gas release and gas-solid reactions.!*
Furthermore, particle fragmentation also depends on combustion conditions such as
heating rate, temperature and the structures of the char formed during devolatilization
process. 46154156 Generally, increase in combustion temperature, heating rate and char

macroporosity would enhance char fragmentation and thus increase PMi.io

emission.'®

2.7.2 PMio emission under oxyfuel combustion conditions

In recent years, new combustion technologies have been developed to reduce the
greenhouse gas emission from fuel-fired power generation. Among those technologies,
oxyfuel combustion has been considered as one of the major options for future clean
fuel technology and the most competitive carbon capture technologies in existing
coal-fired power plants.? Figure 2-6 illustrates the flowsheet of oxyfuel combustion
for power generation with CO; capture and storage. Briefly, instead of using air as
oxidant, pure oxygen or a mixture of oxygen and recycled flue gas is used to produce
COz-rich product gas that is ready for sequestration and storage after removing

impurities such as water vapor, HCIl, SO, and aerosols.!*’"!>® However, during oxyfuel
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combustion, using the same oxygen concentration as in traditional air combustion
would considerably reduce flame temperature due to the higher heat capacity of CO»
and lower diffusion rate of Oz in CO,.%® Therefore, oxyfuel combustion usually uses
increased oxygen concentration, so as to achieve the similar flame temperature and
temperature profiles in the boilers. However, the significantly high content of CO> and
the impurities in the recycled flue gas can still substantially vary the emission and

characteristics of PMo emission during oxyfuel combustion.

Air
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unit (ASU)

Recycled Flue Gas (RFG)

Oxygen b
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CO;,-rich ' Stream
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Figure 2-6 Flowsheet of oxyfuel combustion for power generation with CO; capture

and storage®

Extensive studies have been carried out on PM o emission during simulated oxyfuel
combustion via mixing O with CO.. One of the approaches is direct substitution of N>
in air with pure CO». It was found that this substitution would lead to the reduction in
the yields of PM; and the shift of the fine mode diameter to the smaller size due to the
reduced volatilization of inorganic species and char fragmentation caused by the lower
combustion temperature.’®!¢162 The reduce char fragmentation also decreases PMi-1o
emission and its particle size.'®® However, the lower combustion temperature also

results in the mitigation of mineral coalescence and thus generates more larger
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particles.!®* The char-CO, gasification also generates more developed pore structure
of the burning char particles and might improve char fragmentation.'®® Thus, the exact
influence of replacement of N> by CO2 on PM;.1o emission highly depends on the fuel
properties, especially ash compositions and char structure. If a similar combustion
temperature is achieved by increasing oxygen concentration in the oxyfuel combustion
atmospheres, both PM; and PM .19 emission are enhanced with its fine mode peak
shifting to larger sizes and the coarse mode peak to smaller sizes.!®® This is due to the
increased combustion temperature, vaporization of inorganic species, and char
fragmentation and burnout.!®> Especially, when increasing oxygen concentration to
~30%, the combustion profile is similar to that under air condition, which then leads to
similar PMjo emission profile.?’ In addition, it is reported that high oxygen contents
during oxyfuel combustion would also affect the reactions among different minerals
and the melting behaviours of some minerals,'*® especially the inherent minerals in

solid fuels.

On the other hand, impurities in the recycled flue gas such as water vapor, HCI and
SO: can also exert significant effect on PM emission during oxyfuel combustion. The
concentration of water vapor in oxyfuel combustion atmosphere can reach 10—30% or
even higher.>> However, the effect of water vapor on ash chemistry during oxyfuel
combustion has mainly been investigated using coal samples. For example, the
presence of water vapor could vary the limestone desulfurization and the sintering of
the Ca- and Mg-containing species,'®’ and significantly improve the pore structures of
the sulfation products during coal combustion under oxyfuel conditions.'”
Consequently, the presence of water vapour could significantly influence PMio
emission.'®® Specifically, water vapor enhances the emission of PM, especially PM;,
while decreases the concentrations of trace elements in PM during oxyfuel coal
combustion.!®® Another study pointed out that the presence of water vapor may have
enhanced vaporization of SiO: via increasing particle temperature and H» partial

pressure in the coal char particles, thereby increasing PM; emission during oxyfuel
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coal combustion.'®® SO, in the oxyfuel combustion atmosphere has little effect on total
PM yield, although it could decrease the concentration of trace elements in the PM.'®

170

The presence of SO could enhance the sulfation of metal species, " thus varying the

71 However, HCI is the most crucial

composition of other inorganic species in PM.
factor promoting the vaporization of metals including trace elements,!’? alkali species
and organically bound Al and Ti via chlorination in the oxyfuel combustion
atmospheres.!”® However, the effect of HC1 on PM emission might be mitigated by the
presence of water vapours.'” Overall, the presence of water vapor, SOz and HCI in
oxyfuel atmospheres could significantly affect ash chemistry and PM emission during

practical oxyfuel combustion.!7!!72

2.7.3 Distribution and occurrence of phosphorus in PMio during combustion of

P-containing solid fuels

Phosphorus is a critical inorganic species for generating PMio during solid fuel
combustion.?’ Comprehensive studies have been conducted to investigate PMio
emission during P-containing solid fuel combustion or its co-combustion with coal.
Ninomiya et al.%” found that the P in aerosols is mainly present in PM;, especially
PMo.1 (PM with aerodynamic diameter <0.1 pm) during co-combustion of coal with
biosolid, although most of the P in the solid fuels is retained in coarse ash associated
with refractory metals (such as Mg, Ca, Al and Si). Interestingly, the melt
P-containing minerals in ash can capture those vaporized trace elements, thereby
decreasing their contents and shifting their particle size distribution to larger values
in PMjo. Zhang et al.?! investigated P distributions in PM during coal and biosolid
combustion at 1200—1450 °C. The results indicated that both the organically bound P
and inorganic P in a complex form containing refractory elements could readily
vaporize and contribute to PM; emission in forms of phosphorus oxides and alkali
phosphate. While P in PMi.10 mainly consists of apatite (Ca3(POs)2) and condensed

melting phase, which might be formed through direct liberation of inherent apatite
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and the shedding of melting P-containing minerals from char surface.?! However,
other investigations into the co-combustion of coal with meat and bone meal*®!?* or
sewage sludge’’ show that P mainly bonds with Ca in PM; via condensation of
phosphates on small Ca particles or the transformation of apatite. A recent study?’ on
the combustion of in situ volatiles and char from biosolid suggested that P is mainly
present in PM; in forms of P4Oi0 and alkali metaphosphates generated during
combustion of in situ volatiles. Evidence also shows that the vapours of P4O10 and
alkali metaphosphates could react with the alumina reactor tube to form alkali
aluminophosphate glass at 1300 °C, thus reducing the yield of P in PM;.!? However,
during char combustion, alkali metaphosphates and alkaline phosphates are the
primary phosphorus species in PM; and PMi.10, respectively. Notably, combustion
atmospheres have different influences on the occurrence of P in PM; and PM;.19.%°
For example, when switching air to oxyfuel conditions during biosolid char
combustion, the volatilized P might react with CaO to form non-volatile CazPOq,
thus reducing the content of P in PM;, while it has little influence on alkaline

phosphates in PM;.19.2%%!

Overall, P could present in both PM; and PMi.1o during combustion of P-containing
solid fuels. Fuel types and combustion conditions are the two key factors governing
the vaporization of P and the transformation of inherent ash,'” thus varying the

occurrences and distributions of P in PM .
2.7.4 Indirect evidence on roles of volatile—char interactions in PMio emission

During solid fuel combustion in any system, pyrolysis is the first step that produces
volatiles and char for subsequent combustion. As described in Section 2.5.1, the
volatile—char interactions during pyrolysis of solid fuel can exert significant effect on
the release of alkali species, char structure and char reactivity. Recently, Wu et al.!>!°

investigated the PM emission during combustion of in situ volatiles and char from
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biomass and biosolid using a two-stage reactor system (as shown in Figure 2-7). These

studies have implied that volatile—char interactions might also influence PM emission.
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Figure 2-7 Schematic diagram of the two-stage pyrolysis/combustion reactor system

used for combustion of in situ biomass volatiles'’

Specifically, the aggregated PMo yields (PMio from volatiles combustion plus that
from char combustion) and the elemental yields of Na and K in PMj¢ are slightly
higher from the separated combustion of in sifu volatiles (generated at the pyrolysis
temperature of 800—1000 °C) and char from biomass at 1300 °C, compared to those
from the direct combustion of whole biomass at 1300 °C."” Another study using
biosolid found that the separated combustion of in situ volatiles and char under the
same condition leads to lower yields of PMio and significant differences in the
distribution and yields of trace elements (especially As, Cd, Pb, Co, Crand V) in PM o,
compared to direct combustion of raw biosolid.?* Notably, one of the major differences
between the two combustion conditions (the separated combustion of in situ volatiles

and char vs the direct combustion of whole biomass or biosolid) is whether the

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 40



CHAPTER 2

volatiles could continuously be generated and react with the char particles retained on
the quartz frit. Therefore, those studies have provided an indirect evidence that the
continuous volatile—char interactions could potentially affect PM emission during
solid fuel combustion. However, there are still some unsolved questions, e.g. why
opposite observations were found in those two studies and what are the respective
effect of volatile—char interaction on PM emission during subsequent in situ volatiles
combustion and char combustion. Therefore, further investigation needs to be
conducted to reveal the direct evidence on volatile—char interactions and more

importantly their mechanistic roles in PM emission during solid fuel combustion.

2.7.5 Summary

The mechanism of PM emission during combustion of P-containing solid fuels has
been briefly reviewed in this section. Previous studies revealed various factors that
could significantly affect the characteristics of PM emission, including fuel properties,
combustion temperatures and combustion atmospheres etc. However, some of the
influencing factors were only investigated during coal combustion, e.g. the effect of
water vapours on PM emission and trace elements in PM. In consideration of the
significant differences between coal and biomass in terms of ash compositions,
volatiles component and char structures, it is largely unknown whether the conclusions
based on coal combustion could be extrapolated to biomass combustion. Furthermore,
the fundamental effect of water vapours on PM emission during combustion of in situ
volatiles and char is still unclear. In addition, although the possible effect of
volatile—char interactions on PM;jo emission have been speculated, further
investigation is needed to directly investigate the fundamental roles of volatile—char

interactions on PM emission during solid fuels combustion.
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2.8 Conclusions and research gaps

Based on the above literature review, several critical conclusions are summarized as

following along with the proposed research gaps:

e Firstly, phosphorus presents in solid fuels in various occurrence forms.
Understanding the occurrence forms of P-containing species is environmentally
important for the thermochemical utilization of P-containing solid fuels.
However, the existing methods for quantifying phosphorus with different forms
are unreliable;

e Secondly, several studies have been conducted to investigate the transformation
and release of phosphorus during pyrolysis and combustion of P-containing solid
fuels, which is closely related with the characteristics of char combustion and
PM emission. However, some conclusions are contradictory in these studies due
to different pyrolysis or combustion conditions, fuel types, occurrence of
phosphorus and reactor configurations;

e Thirdly, as an indispensable inorganic species, phosphorus could exert
significant influence on the pyrolysis of solid fuels in terms of the pyrolytic
decomposition of solid fuel and the distributions of pyrolysis products. However,
the effect of different forms of phosphorus on the structure and reactivity of char
samples is still unclear. Moreover, the effect of coexistence of phosphorus and
other inorganic species such as AAEMs on char structure and char reactivity also
needs to be unravelled.

e Fourthly, previous studies using single volatiles generated from brown coal
revealed that volatile—char interactions could substantially vary char structure
and char reactivity. However, in practical combustion or pyrolysis systems,
volatiles generated from different solid fuels or different types of biomass may
have distinctly-different chemistry. Therefore, investigation into the effect of

various in situ volatiles with distinctly-different chemistry on char structure and
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char reactivity is necessary;

e Fifthly, PM emission during combustion of P-containing solid under oxyfuel
conditions is a significant issue and extensive studies have investigated the
factors affecting PM emission under oxyfuel conditions, including the presence
of impurities such as water vapours, HCl and SO; and particulate matter.
Nevertheless, those studies are mainly on coal combustion and the fundamental
effect of those impurities on PM emission during respective combustion of
volatiles and char remains unravelled;

e Sixthly, indirect evidences suggest that volatile—char interactions could
potentially affect PM emission during solid fuel combustion. To explore the
mechanism of such effect, individual combustion of in situ volatiles and char

should first be figured out via purposely-designed reactor system.

In summary, further investigations are required to fill the research gaps in the field of
pyrolysis and combustion of P-containing solid fuels in aspects of char structure,

char reactivity and PM emission.

2.9 Research objectives of current study

As listed in the section 2.8, several research gaps in the field have been identified
from the literature review. Nevertheless, it is practically impossible to fill all the
research gaps due to the limited timeframe of the PhD study. Thus, the scope of this

thesis aims to achieve seven objectives as follows:

(1) To develop a method for quantifying phosphorus in various occurrence forms
in solid fuels;

(2) To investigate the transformation and release of phosphorus during pyrolysis of
P-containig biomass under different conditions;

(3) To study the effect of different forms of phosphorus on structure and reactivity

of char samples prepared from biomass pyrolysis;
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(4) To investigate the roles of in situ volatiles with distinctly-different chemisty
played in char structure and char reactivity during volatile—char interactions;

(5) To examine the effect of water vapours on PM emission during combustion of
in situ volatiles and char from contaminated biomass with high contents of
trace elements;

(6) To find out the direct evidence on the effect of volatile—char interactions on PM
emission during combustion of in situ volatiles from biosolid;

(7) To investigated the effect of volatile—char interactions on PM emission during
combustion of different biosolid char samples under different combustion

conditions.
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CHAPTER 3 RESEARCH METHODOLOGY AND

ANALYTICAL TECHNIQUES

3.1 Introduction

This chapter describes the research methodology employed to achieve the individual
objectives outlined in Chapter 2. Details of experimental and analytical techniques

are presented in the following sections.

3.2 Methodology

A series of P-containing solid fuels were used in this PhD project, i.e. mallee wood
and leaf, rice bran, biosolid, biosolid char, chicken litter, algae, meat and bone meal.
Accordingly, a set of systematic experiments was carried out to achieve the

objectives listed in Section 2.9, including:

e Samples preparation, such as acid-washing to elute the inorganic species from
solid fuels;

e Pyrolysis of P-containing solid fuels in various reactor systems to produce char
samples with different properties;

e Combustion experiments in a drop-tube furnace, including combustion of
P-containing solid fuels and separated combustion of in situ volatiles and char
generated from P-containing solid fuels under air or oxyfuel conditions;

e Characterization of solid and liquid samples using an array of analytical
instruments, including elemental analyser, Raman spectroscopy, ion
chromatography, inductively coupled plasma-optical emission spectroscopy

and thermogrametric analyser etc.

In this project, experiments or instrumental analyses were at least duplicated to

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 45



CHAPTER 3

ensure reproducibility of results. Figure 3-1 illustrates the overall methodology map
along with the proposed research objectives in Chapter 4—10. The specific
experiments conducted to achieve each objective are then summarized in the

following subsections 3.2.1-3.2.7.

Sample Diff P .. lid fuel — | Sample
preparation ifferent P-containing solid fuels preparation
Reactor system design
A new method for for achieving volatile-
quantifying char interactions and Experimental
Chapter 4 . :
Obiective 1 phosphorus of separated combustion design and
Jective different occurrence of in situ volatiles and characterization
forms in solid fuels char, and
characterization of PM
PM emission during
Pyrolysis of P- oxyfuel combustion of
Expe‘rlmental con?taining solidl fuels in situ volatiles and Chapter 8
design and in reactors with char from fast Objective 5
characterization various configurations, pyrolysis of P-
and characterization of containing biomass
gas and char samples with water vapours
Effect of reactor PM emission caused by
configurations on in situ volatile—char
Oilllapfer i phosphorus interactions during OCbh‘ap:fer 96
Jective transformation and combustion of volatiles jective
release during from P-containing
pyrolysis solid fuels
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with distinctly- Effect of volatile—char
Chapter 6 & 7 ddifferent lcl:falmistl:y in::?s(;::)onn;:;:M Chapter 10
Objective 3 & 4 uring voratiie=char . - Objective 7
interaction on char combustion of char
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reactivity solid fuels

Understanding on pyrolysis and combustion of P-
containing solid fuels

Figure 3-1 Research methodology linked with the research objectives in this thesis
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3.2.1 A New method for quantifying phosphorus of various occurrence forms in

solid fuels

Three acid-washed samples (i.e. acid-washed mallee wood, acid-washed rice bran
and double-acid washed biosolid) were prepared as P-free substrates and then loaded
with different P-containing chemicals as P-containing standards to validate the
existing SMT method (see Section 2.4.1) and a new method for quantifying
phosphorus of different occurrence forms in solid fuels. Seven P-containing solid
fuels (i.e. biosolid, meat and bone meal, chicken litter, rice bran, algae, mallee leaf
and biosolid char) were also subjected to the application of these methods. Thereinto,
P-containing biosolid char was prepared from slow heating pyrolysis of biosolid in a
fixed bed reactor (see Section 3.3.1) at 800 °C. The ultimate and proximate
composition of solid fuel and char samples were analysed according the method
detailed in Section 3.4.1. The contents of inorganic species in solid fuel samples were
analysed using the methods described in Section 3.4.2. The detailed procedure,
validation and application of the newly-developed method for quantification of

different forms of phosphorus are described in Chapter 4.

3.2.2 Transformation and release of phosphorus during pyrolysis of P-containing

biomass in reactors with different configurations under various conditions

A typical P-rich biomass i.e. rice bran was used to investigate the effect of reactor
configurations on transformation and release of phosphorus under different
conditions at 400—900 °C. The pyrolysis experiments were conducted in three
different reactor systems including slow heating pyrolysis in a fixed bed reactor and
fast heating pyrolysis in drop-tube/fixed-bed reactors with either continuous feeding
or pulse feeding (see Section 3.3.2). A bubbler system was connected to the
pyrolysis reactors for collecting phosphorus oxides via 0.1 M sodium hydroxide

(NaOH) solution and phosphine by 0.1 M sodium hypochlorite in volatiles. Another
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two-stage pyrolysis/combustion reactor system was also employed to investigate
the total P (including P in tar and P in gas) in volatiles. The phosphorus fractions in
rice bran and char samples were determined using the method developed in Chapter

4. The results and discussions for this work are elaborated in Chapter 5.

3.2.3 Roles of phosphorus in evolution of char structure and char reactivity

In Chapter 6, the effect of different forms of phosphorus on char structure and
reactivity was investigated. A P-free mallee wood was prepared by HCI
acid-washing and then loaded with different forms of P-containing chemicals via
impregnation method (Section 3.3.1) to prepare P-loaded samples. These samples
were then subjected to fast heating pyrolysis in a drop-tube/fixed-bed with pulse
feeding (Section 3.3.2) and the char samples were collected for subsequent analysis,
including quantification of phosphorus according to the method developed in
Chapter 4, char structure using Raman spectroscopy (Section 3.4.3) and char

reactivity using thermogrametric analyser (Section 3.4.4).

3.2.4 Volatile—char interactions: roles of in situ volatiles with distinctly-different
chemistry in determining structure and reactivity of char from P-containing

biosolid

Firstly, a two-stage reactor system (see Figure x in Section 3.3.3) was purposely
designed to achieve the direct evidence of in situ volatile—char interactions in
Chapter 7. Then, a biosolid with little inorganic species was prepared via double
acid-washing process (Section 3.3.1) and subjected to fast heating pyrolysis with
pulse feeding at 1000 °C to prepare a char sample. Afterwards, the collected char
was subjected to the interactions with volatiles with distinctly-different chemistry
generated in situ from pyrolysis of cellulose, polyethylene (PE), double-acid washed
biosolid (DAWB) and polyethylene glycol (PEG) in a newly-designed reactor

(Figure 3-3, Section 3.3.3). Subsequently, the char samples before and after
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volatile—char interactions were subjected to various analyses, including elemental
analysis (Section 3.4.1), char structure (section 3.4.3) and char reactivity (Section
3.4.4). In addition, the contents of inorganic species in all solid samples were

analysed using the method described in Section 3.4.2.

3.2.5 Effect of water vapour on PM1o emission during combustion of in situ

volatiles and char from fast pyrolysis of P-containing contaminated wood

In Chapter 8, chromated-copper-arsenate-treated (CCAT) wood was used to
investigate the effect of water vapour on PMj¢ emission during the individual
combustion of in situ volatiles and char samples generated from fast pyrolysis. CCAT
wood is P-containing contaminated wood with abundant trace elements. A new
two-stage pyrolysis/combustion system (Figure 3-4, Section 3.3.4) was deployed to
achieve the generation and combustion of in situ volatiles at the same temperature
(1300 °C) in the presence of different contents of water vapours under oxyfuel
conditions. The contents of inorganic species in CCAT wood, char and PM1o were

determined using the method described in Section 3.4.2.

3.2.6 Effect of in situ volatile—char interactions on PM emission during the

combustion of volatiles from P-containing biosolid

In Chapter 9, a three-stage pyrolysis/combustion reactor system (Figure 3-5, Section
3.3.4) was purposely designed for in situ generating fresh volatiles to interact with the
prepared biosolid char then realising the immediate combustion of the resultant
volatiles. The biosolid char was prepared from slow heating pyrolysis of biosolid
using a fixed bed reactor (Section 3.3.2). The in situ volatiles generated in the
three-stage pyrolysis/combustion reactor system came from fast pyrolysis of cellulose,
polyethylene and a acid-washed biosolid sample. Similarly, the contents of inorganic
species in the solid samples were determined using the method detailed in Section

3.4.2.
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3.2.7 Effect of volatile—char interactions on PMio emission during combustion of

P-containing biosolid chars under air and oxyfuel conditions

To investigate the influence of volatile—char interactions on PM1o emission during
char combustion, slow heating char was prepared in a fixed-bed reactor while fast
heating char was prepared in a fixed-bed/drop-tube reactor (Section 3.3.2) at 1000 °C.
These char samples were then reacted with the volatiles produced in situ from the
pyrolysis of polyethylene (PE) and double acid-washed biosolid (DAWB) in the
aforementioned two-stage volatile—char interactions reactor (Figure 3-3, Section
3.2.4) at 1000 °C. After volatile—char interactions, the char samples were then
subjected to the air and oxyfuel combustion in a drop-tube furnace combustion
system, which will be elaborated in Section 3.3.4. The contents of inorganic species
in biosolid, char samples and in PM1o were analyzed using the method described in
Section 3.4.2. The macroporosity of char samples were analyzed according to the
method detailed in Section 3.4.5. The detailed results on this subject are reported in

Chapter 10.

3.3 Experimental

3.3.1 Sample preparation

P-containing solid fuels. Several P-containing solid fuels were used in this study.
Specifically, biosolid used in Chapter 4, 7, 9 and 10 are sourced from a waste water
treatment plant in Western Australia (WA). The bulk biosolid sample was dried for
12 h in an oven at 105 °C, crushed and then sieved to yield the biosolid sample with
a size fraction of 90—-150 um in Chapter 7, 9 and 10 and a size fraction of 70—120 um
in Chapter 4. Chicken litter (in Chapter 4), rice bran (in Chapter 4 and 5) and algae
sample (in Chapter 4) were purchased from local stores in WA. Mallee wood (in
Chapter 4 and 6) and leaf (in Chapter 4) was separated from mallee trees harvested in

Narrogin, WA. All those samples were cut/ground and then sieved to 70—120 pm
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then air dried at 80 °C for 48 h. The prepared samples were sealed in plastic
containers and stored in a freezer under —4 °C prior to further analysis or experiment.
The preparation of char samples under different pyrolysis conditions would be

elaborated in each chapter along with their analyses.

Acid-washed solid fuel samples. Acid-washing was conducted in this thesis to elute
major inorganic species in solid fuels including single acid-washing and double-acid
washing. Briefly, during single acid-washing of solid samples, samples were soaked
in 1 M HCI solution (solid to liquid ratio of 1:200) for 24 hours, and then repeatedly
filtered and rinsed with deionised water until no ClI” was detected in the filtrate via
ion chromatography (IC, model: Dionex ICS-1100) equipped with lonPac AS22-fast
column. The recovered solid samples were dried at 80 °C or 105 °C for acid-washed
biosolid samples to yield the acid-washed samples. Single acid-washed mallee wood
samples were used in Chapter 4 and 5 while single acid-washed rice bran and

biosolid were used in Chapter 4 and Chapter 9, respectively.

A double acid-washed biosolid (DAWB) was also used in Chapter 4, 7 and 10.
Specifically, the prepared biosolid was first leached with 1 M HCI solution at solid to
liquid ratio of 1:200 for 24 h before it was filtrated. The recovered solid was leached
with 20 wt% HF solution at 80 °C in a sealed Teflon vial for 12 h then the acid
solution was evaporated. The recovered samples were once again subjected to
leaching with the HCI and HF solutions before it was repeatedly rinsed with
ultrapure water and filtrated until no CI” and F~ was detected in the filtrate via IC.
The recovered solid samples were dried at 105°C to yield the DAWB samples. The
characterization of the acid-washed samples was carried out prior to experiments and

the results are presented in each chapter.

Loading of P-containing chemicals into acid-washed samples. Briefly, ~ 5g

acid-washed sample (wood, rice bran or biosolid) was first soaked in the solutions
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(PH = 6.2) containing a desired amount of P-containing species such as phytic acid,
orthophosphoric acid and polyphosphoric acid as well as ultrapure water in a 100 ml
container. The mixtures were then stirred at room temperature for 24 h and then
heated at 50 °C to evaporate the liquid in the container. The collected P-loaded
samples were then further dried at 60 °C for 24 h. This method is specifically used in

Chapter 6 to prepare P-loaded wood samples.

Other chemicals used in this study. Cellulose, polyethylene (PE), and polyethylene
glycol (PEG), sodium hexametaphosphate [(NaPOs)s], sodium pyrophosphate
tetrabasic (NasP207), sodium triphosphate pentabasic (NasP3Oi9), ammonium
phosphate [(NH4)3POs4], hydroxyapatite [Cas(OH)(POs)3], aluminium phosphate
(AIPO4), phytic acid sodium salt hydrate (CeHisO24Ps-xNa+-yH20),
1,2-dioleoyl-sn-glycero-3-phosphoric acid sodium salt, adenosine 5'-monophosphate
monohydrate, cytidine-5' triphosphate disodium salt, deoxyribonucleic acid sodium
salt and D-fructose 6-phosphate disodium salt hydrate were sourced from Sigma
Aldrich. In Chapter 4, calcium phosphate silicate, not available commercially, was
produced using a method detailed elsewhere’? as the model compound for P-silicate
in solid fuels. Briefly, SiO2 gel, which was prepared from tetraecthoxysilane and the
mixed solvent of C2HsOH and H>O, was mixed with calcium phosphate solution and
heated to 1200 °C in a Pt crucible in air for 4 h. After cooling down to room
temperature, the mixture was washed with 1M HCI solution to remove the calcium
phosphate until no P was detected in the filtrate. The acid-insoluble P-containing
residue was finally dried and ground to < 10 um prior to analysis and utilization.
other chemicals, such as high-purity analytical-grade methanol, chloroform, acetone,
hydrofluoric acid, orthophosphoric acid, perchloric acid, nitric acid, hydrofluoric acid,
hydrogen peroxide, sodium hypochlorite, KOH powder and NaCl powder were
purchased from Chem—Supply.
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3.3.2 Reactor systems for pyrolysis experiments

(a) Type A (b)Type B (c) Type C (d)Type D
Primary argon Primary argon Primary argon Primary argon
Secondary Secondary

argon argon

Solid fuels

Secondary Secondary
argon argon
Oxygen—l l—Oxygen
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Pyrolysis h feedin
feeding W g w Pyrolysis
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|

Combustion
—1 column
at 950 °C

Quartz frit

—— Quartz frit

Figure 3-2 Pyrolysis reactor systems used in this thesis'®*

As shown in Figure 3-2, four pyrolysis reactor systems were used in this study. The
detailed procedures of these pyrolysis experiments are shown in the following text.
The heating rate and the gas residence time in Type A, Type B and Type C reactor

system in Chapter 6 are shown in Table 3-1.

Table 3-1 A summary of heating rate and residence time in the isothermal zone of the

reactors shown in Figure 3-2

Reactors Type A Type B Type C
Heating rate, °C /s 0.17 1000 1000
Gas residence time, s 15 15 15
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Type A: Pyrolysis in a fixed bed reactor. Briefly, 5 g of solid fuel was loaded onto
the frit of a quartz fixed-bed reactor with an internal diameter of 60 mm. The reactor
was then heated in a vertical tube furnace to the desired temperature at 10 °C/min
using argon (1 L/min) as the sweep gas. The reactor was held at the desired
temperature for a further 15 minutes before it was lifted from the furnace and
allowed to cool to ambient temperature with the argon flow continuing to flow

through the reactor.

Type B: Pyrolysis in a drop-tube/fixed bed reactor with continuous feeding. First,
the reactor was preheated to the desired temperature, then ~1.0 g of solid fuel sample
was continuously fed into the reactor via a stream of primary argon (1.0 L/min) at
~0.05 g/min. Solid fuel particles fed in the Type B reactor underwent rapid pyrolysis
at an estimated heating rate of around 1000 °C/s. Under such conditions, in situ
volatiles generated continuously interacted with the nascent char particles that were
produced from solid fuel particles previously fed into the reactor and remained on the

quartz frit, leading to the enhanced volatile—char interactions.!%

Type C: Pyrolysis in a drop-tube/fixed bed reactor with pulse feeding. To
minimise volatile—char interactions, pyrolysis experiments could be carried out in the
Type C reactor system where ~0.1 g of solid fuel was fed into the reactor in a single
shot via a pulse feeder using a stream of primary argon (1.0 L/min).!™ For
experiments in Type B and Type C reactor systems, the reactor was further held for
10 min at the pyrolysis temperatures after feeding was completed. In each pyrolysis
experiment in these reactor systems, the temperature in the isothermal zone of the
quartz reactor was monitored by a thermocouple and controlled by a temperature
controller for all pyrolysis experiments. In addition, by adjusting the flow rate of
secondary argon, the gas residence time in Type A, Type B and Type C reactor was
kept as ~1.5 s in Chapter 5. After a pyrolysis experiment was completed, the reactor

was lifted out of the furnace for cooling, with argon gas being continuously flowing
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through the reactor. After a pyrolysis experiment was completed, the reactor was
lifted out of the furnace for cooling, with argon gas continuously flowing through the

reactor.

Type D: Pyrolysis/combustion in a two-stage reactor system. To recover the total
phosphorus in volatiles, experiments was conducted in a two-stage
pyrolysis/combustion reactor system (Type D reactor system) in Chapter 5. The
two-stage reactor system was a combination of a pyrolysis reactor (first stage) and a
combustion reactor (second stage) in series. The first stage pyrolysis reactor was
operated as a fixed-bed reactor (Type A) or a drop-tube/fixed-bed reactor with either
continuous feeding (Type B) or pulse feeding (Type C), same as those described above.
During pyrolysis in the pyrolysis reactor, the fresh volatiles flew through the frit in the
first stage reactor, entered into the second stage reactor, mixed with a stream of
primary oxygen gas (0.5 ml/L) then entered (via the top frit) into the second stage
combustion reactor that was preheated at 950 °C. A stream of secondary oxygen (0.5
L/min) was also injected (below the top frit) into the combustion reactor to assist the
complete combustion of volatiles. In such cases, all P (including phosphine) in the
volatiles were converted into phosphorus oxides and captured by 0.1 M NaOH
solutions after in sifu volatiles combustion, realising the quantification of total P in

volatiles.
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3.3.3 Reactor system for in situ volatile—char interactions
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Figure 3-3 Two-stage reactor systems for in situ volatile-char interactions

A two-stage quartz reactor was employed in Chapter 7 and Chapter 10 for studying
the in situ volatile—char interactions at 1000 °C. As showed in Figure 3-3, the reactor
consists of an inner drop-tube/fixed-bed quartz reactor (Stage I) cascaded into an
outer fixed-bed reactor (Stage II). Briefly, 0.3 g char was first loaded into the outer
fixed-bed reactor, followed by inserting the inner reactor into the outer reactor. The
cascaded two-stage reactor was pre-heated to 1000 °C in a vertical furnace. A
suitable among of polyethylene (PE), double-acid washed biosolid (DAWB),
polyethylene glycol (PEG) and cellulose was then fed into the inner reactor for 20
mins via an entrained sample feeder using a stream of argon (1 L/min) as feeding gas.
The char produced from the rapid pyrolysis of PE, PEG, DAWB or cellulose, if any,
was retained on the frit in the inner reactor while the fresh volatiles generated in situ
passed through the frit of inner reactor to immediately interact with the pre-loaded
char sample on the frit of the outer reactor. Two streams (0.5 and 0.3 L/min) of argon

were introduced through the annulus between the feeding tube and the inner reactor
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and that between the inner and outer reactors, respectively, to prevent the back flow
of volatiles. The residence time of in sifu volatiles in the reactor is estimated to be
~0.6 s. Upon the completion of feeding, the reactor was held for a further 2 min and
then immediately lifted out of the furnace for rapid cooling to ambient temperature
(with the argon continuously flowing through the reactor). While the volatiles
generated in situ from PE, DAWB, PEG and cellulose have different oxygen and
hydrogen contents, the feeding rate was adjusted so that the total molar flow rates of
O and H in the volatiles are maintained at 0.0054 mol/min in all experiments.
Separate experiments were also conducted to hold the char sample in Stage II
without feeding any sample into Stage I, i.e. producing the char without volatile—char

interactions.
3.3.4 Combustion reactor and PM collection system

A novel two-stage pyrolysis/combustion reactor system. As shown in Figure 3-3, a
novel two-stage pyrolysis/combustion system!> was employed in Chapter 8 to
achieve the in situ generation and combustion of volatiles from P-containing
contaminated wood at the same temperature (1300 °C) in presence of water vapour
under oxyfuel conditions. Briefly, an inner alumina tube (OD: 25 mm) as Stage I for
in situ volatiles generation is cascaded via a water-cooled probe into an outer
alumina tube (OD: 65 mm) that is also the reactor tube of drop-tube furnace (DTF)
and acts as stage II for in situ volatiles combustion. The top end of the inner tube is
fully-open and connected with sample feeding system, through which wood particles
are fed into Stage I for rapid pyrolysis. The bottom end is rounded open with a 3-mm
hole, above which a layer of ytteria-stabilized-zirconia (YSZ) felt is loaded for
retaining the char produced during rapid pyrolysis while allowing the in situ volatiles
to pass through the hole for subsequent Stage II combustion in the DTF. In an
experiment, 1 L/min of ultra-high purity argon flow was used as the carrier gas to

entrain the wood particles via the sample feeder into stage I at 0.05 g/min for 20 min.
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An additional 0.45 L/min argon was introduced through the annulus between the
feeding tube and the small alumina tube to prevent the backflow of the volatiles to
inner tube headspace. The required oxyfuel gas was supplied through annulus
between the water-cooled probe and the inner tube. Delivered by an HPLC pump
(Model 626), a steady flow of deionised water was injected into the heated zone of
the furnace through a 1.6mm stainless-steel tubing. The water injection tubing was
swirled around the top section of the inner alumina tube to ensure the complete
vaporization of the water and homogeneous mixing of water vapour with pre-mixed
CO2/0; gas before reaching the tip of the inner alumina tube. Simulations using
computation fluid dynamics showed that homogeneous mixing of water vapour and
CO2/0, gas was achieved in the annulus at the tip of inner alumina tube under
various conditions. The gas temperatures around the tip of the inner alumina tube
after steam-gas mixing under various conditions, measured by a thermocouple, were
1300 °C. The water flow rates are 0.33 and 0.99 mL/min, corresponding to
equivalent 10% and 30% water vapour content at 1300 °C in this study. The oxygen

content was maintained at 30% in all combustion experiment in Chapter 8.
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Figure 3-4 Schematic diagram of the two-stage pyrolysis/combustion reactor

system'?

In Chapter 10, pyrolysis experiments were carried out to prepare char from
contaminated wood at 1300 °C using the DTF in another configuration. Briefly, a 19
mm OD alumina tube is inserted into the 65 mm OD alumina tube through two
water-cooled probes at the top and bottom of the furnace. Contaminated wood
particles were fed into the DTF that was preheated at 1300 °C for rapid pyrolysis in
argon. Helium was used for quenching the hot flue gas and makeup argon was
introduced to ensure the total flow rate of the gas be 10 L/min before entering a

Dekati cyclone for char collection.

During char combustion experiment in Chapter 8, ~0.5 g char was fed into the DTF
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by 1 L/min pre-mixed CO2/O into the alumina reactor tube using an entrained
sample feeder through a water-cooled probe. Another 3.45 L/min of the water vapour
(corresponding to 0, 10 or 30% of water vapour content at 1300 °C) and CO»/O; gas
mixture was introduced for combustion. However, in Chapter 10, char combustion
was conducted under both air and oxyfuel (30% Oz in COz). Therefore, 1 L/min
instrument-grade air for air combustion or 30% O> in CO; for oxyfuel combustion
was used as entrain gas for carrying char samples into the alumina reactor tube. An
additional 4.6 L/min of instrument grade air (for air combustion) or 30% O in CO»
(for oxyfuel combustion) was supplied through the water-cooled probe for complete

char combustion.

A novel three-stage pyrolysis/combustion reactor system. In Chapter 9, to
simulateously achieve the in situ generation of fresh volatiles, in situ volatile-char
interactions as well as the immediate combustion of the resulting volatiles is the key
for the experimental design. Accordingly, it was achieved by cascading the two-stage
quartz reactor for volatile-char interactions (shown in Figure 3-3) into the DTF
(shown in Figure 3-4) to establish a novel three-stage pyrolysis/combustion reactor
system, as shown in Figure 3-5. Specifically, the two-stage quartz reactor is an inner
drop-tube/fixed bed reactor inserted into an outer fixed-bed reactor. The inner reactor
serves as a pyrolyser for in situ generation of fresh volatiles (Stage I) from desired
samples, retaining the char on the quartz frit and only allowing the fresh volatiles to
enter the next stage. The outer fixed-bed reactor (Stage II) enables the incoming fresh
volatiles generated in situ in Stage I to pass through the bed of preloaded chars for
volatile-char interactions. The volatiles after interactions with char then pass the
quartz frit of Stage II and enter the DTF for immediate combustion in air at 1300°C

(Stage III).
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Figure 3-5 Schematic diagram of the three-stage pyrolysis/combustion reactor system

In an experiment in Chapter 9, ~0.3 g of char prepared from slow heating pyrolysis
in the fixed-bed reactor at 800 °C or 1000 °C was pre-loaded into the outer fixed-bed
reactor (Stage II). The assembled two-stage quartz reactor (Stages I and II) was
cascaded into the DTF that was then heated up to 1300 °C. The position for the
quartz reactor to be inserted was predetermined prior to experiments to ensure that
the quartz frits of Stage II was maintained at 800 °C or 1000 °C which was the same
temperature for preparing the slow heating biosolid chars. The distance between the
two quartz frits was ~1 cm and the difference in the measured temperatures of the
two quartz frits was minimal. About 1 g of cellulose, polyethylene or acid-washed
biosolid was then fed into the inner reactor (Stage I) via a feeder using argon (1
L/min, UHP) as the carrier gas at a feeding rate of 0.05 g/min. As the fuel particles
were injected into the inner reactor, fast pyrolysis took place and the fresh volatiles
and char were generated. A second stream of argon (0.3 L/min) was used to assist in
sweeping the fresh volatiles through the quartz frit of the inner reactor, while the char
was retained by the quartz frit. The volatiles leaving Stage I then passed the bed of
slow heating biosolid char particles that were pre-loaded onto the quartz frit of the

outer reactor. Similarly, an additional stream of argon (0.5 L/min) was introduced to
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push the volatiles after reacting with char particles through the quartz frit and ejected
into the volatile combustion zone in the DTF. A stream of instrument grade air (4.7
L/min) was supplied for subsequent complete combustion of the volatiles. Blank
experiments for the combustion of cellulose, polyethylene (PE), and AW biosolid
volatiles were also conducted without pre-loading the biosolid char into the outer

reactor (Stage II).

PM sampling system. The PM samples generated from solid fuel or its components
were collected and fractionated using a sampling system that comprises of a quench
sampling probe, a cyclone with a cutting size of 10 um, a 13-stage Dekati
low-pressure impactor coupled with backup filter and a vacuum pump, as shown in
Figure 3-4. The quench sampling probe enables the rapid quenching of flue gas
particles with the aid of cooling water and helium. The dilution of the flue gas stream
to 10 L/min and rapid quenching with helium significantly minimizes the interaction
among particles and forces the nucleation of vaporized species. Notably, in order to
avoid the condensation of acidic gases (e.g., SO3 and HCI) in the flue gas,®' the
temperature of the flue gas at the outlet of sampling probe and the PM sampling line
was kept at 115 °C. In Chapter 8, it was further increased to 120 °C due to the
increase in the dew point of SO; in presence of water vapours in the oxyfuel
combustion atmospheres.®! Sequentially, the coarse particles in the flue gas would
first be separated by the cyclone and the PM with aerodynamic diameters less than
10 um were then collected by the backup filter and the 13-stage Dekati low-pressure
impactor (DLPI) with the working pressure inside the DLPI being controlled by the
vacuum pump. The average particle size of the PM collected in backup filter and
stage 1 to 13 of the DLPI is 0.010, 0.022, 0.043, 0.077, 0.138, 0.248, 0.373, 0.612,
0.957, 1.627, 2.442, 4.094, 6.863 and 10.189 pum, respectively. Accordingly, in this
thesis, PM collected in DLPI and backup filter with aerodynamic diameters of <0.1,
0.1-1, 0.1-10, <1, 1-10, <2.5 and <10 pm hereafter is termed as PMo.1, PMo.i-1,
PMo.1-10, PM1, PMi-10, PM2 5 and PM o, respectively.
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It should be noted that in this thesis for all combustion experiments, the ratios of the
actual air-fuel ratio/stoichiometric air-fuel ratio were over 12 to ensure the complete
combustion of solid fuels or volatiles. In addition, no unburned carbon was detected
in the PM samples by the thermogravimetric analysis and no organic carbon was
found in the leachates from water washing of the PM samples during the total
organic carbon analysis. These evidences proved that complete combustion was

indeed achieved during all combustion experiments in this thesis.

3.4 Instruments and analytical techniques

3.4.1 Proximate and ultimate analysis

The ultimate analysis of P-containing solid fuels and the derived char samples was
conducted using a CHN elemental analyser (PerkinElmer 2400 series II model). The
proximate analysis of solid samples was conducted using a thermogravimetric
analyser (TGA; Mettler TGA/DSC 1 STAR model), following the procedure
described in ASTM E870-82.

3.4.2 Quantification of inorganic species in solid fuels and PM

Quantification of AAEMs, P and trace elements. The analysis of AAEMs in solid
samples (excluding char and PM samples) involves acid digestion and quantification.
Briefly, ~0.1 g digested in a mixture of HF/HNO3/H20: in a Teflon vial at 120 °C for
16 hours. Subsequently, the solution after acid digestion was evaporated at 120 °C to
remove residue acids. Once the Teflon vial was cooling down, 10 ml 20 mM
methanesulfonic acid (MSA) was added to dissolve the residue prior to the
quantification of AAEM species using an ion chromatography (IC) (model: ICS 3000,
column: CS12A, eluent: 20 mM MSA). For quantification of P and trace elements
(including As, Cr, Cd, Cu, Co, Ni, Pb, Zn, V and Mn), 2% HNOs solution was used

instead of MSA to dissolve the residue in the Teflon vial. Phosphorus and trace
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elements were then quantified using inductively coupled plasma optical emission
spectrometry (ICP-OES, model: PerkinElmer Optima 8300) and an inductively
coupled plasma-mass spectrometry (ICP-MS, model: PerkinElmer NexION 350D),

respectively.

For the quantification of these elements in PMo samples with no organic carbon, the
PMio along with the polycarbonate substrate on each DLPI stage and backup filter
were digested in HNO3/HF acids mixture prior to analysis using ICP-OES and
ICP-MS. However, for the quantification of these elements in char, char was first
ashed in a platinum (Pt) crucible at 600 °C in a Muffle furnace according to a
temperature-time program described elsewhere.!”> The resulted ash was then
subjected to the HNO3s/HF acid digestion prior the quantification using IC, ICP-OES
or ICP-MS.

Quantification of Si, Al and Fe and. For quantification of Si, Al and Fe, the
samples after ashing at 600 °C '”* was mixed with X-ray flux (mass ratio of flux to
ash, 30:1) and then fused at 950 °C for 2 h in a Pt crucible with a lid in Muftle
furnace.!” The residue was then dissolved in 2% HNOs solution and subjected to the

quantification using ICP-OES.

Quantification of S and Cl. The contents of S and CI were determined using a
recently developed method.!” Specifically, ~ 30 mg solid samples were first mixed
with ~50 mg Eschka flux (sodium carbonate and magnesium oxide, Sigma Aldrich,
00166) and then further covered by ~100 mg Eschka flux on top of the mixed
samples in a Pt crucible. For quantification of Cl, the crucible containing mixed
sample was placed in the Muffle furnace and heated to 675 °C,'” held for 2 h and
then dissolved by ultrapure water prior to the quantification of Cl using IC (model:
Dionex ICS-1100) equipped with an IonPac AS22 fast analytical column. While for

determining contents of S in solid samples, the mixture in the crucible was heated to
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800 °C instead of 675 °C to ensure the complete transformation of S in solid samples,

according to Australian Standard AS 1038.6.3.1.

3.4.3 Char structure
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Figure 3-6 Schematic diagram of Raman peak deconvolution for a low-rank solid

fuel char samples!*?

The char carbon structure was characterised using Raman spectroscopy in Chapter 6
and Chapter 7. Specifically, as shown in Figure 3-5, Raman spectra in the range of
8001800 cm™ were recorded then deconvoluted into 10 Gaussian bands using
GRAMS/AI software according to the procedure detailed elsewhere.!! Each band
represents the typical structures in chars produced from low-rank fuels. Especially, G
band at 1590 cm™ represents aromatic ring quadrant breathing and the graphite E,?
vibration while D band located at 1300 cm' represents defect structures in
highly-ordered carbonaceous material with no less than 6 aromatic rings. The G (1540
cm™), Vi (1465 cm™) and V; (1380 cm™) between the D and G bands represent typical
structures in amorphous carbon such as aromatics with 3-5 rings. This study considers
three key parameters, including the fraction of the combined (G: + Vi + V;) band in the
total area of Raman spectrum, i.e. S(Gr+ vi+ v)/Sai, the fraction of D band in the total
area of Raman spectrum, i.e. Sp/Sai, and the ratios between the two fractions, i.e. SiGr+

vi+vr)/Sp, for characterising char carbon structure. The three Raman parameters gives
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key information on char structure in terms of the relative amounts of large or small
aromatic structures in char. Higher S(r+ vi+ vr)/San and S(Gr+ vi+ vr/Sp, and accordingly,

lower Sp/San suggest more small aromatic ring systems in the char sample.
3.4.4 Char reactivity

In Chapter 6 and 7, isothermal char reactivity was measured using a
thermogravimetric analyser (TGA, model: Mettler Toledo). Specifically, about 10 mg
of char was loaded into a platinum sample pan and then the sample temperature rose
from 30 °C to 110 °C in argon (ultra high purity) and held for 30 min at 110 °C so as to
fully remove moisture in char samples. Subsequently, char was further heated at the
speed of 50 °C/min to 410 or 500 °C in argon atmospheres. After keeping at the
desired temperature for 5 min, the atmosphere was switched to air and the reactivity
measurement was commenced under kinetic control regime. Optimal reaction
parameters (i.e. gas flow rate, particle size and bed depth) were chosen to ensure that
the reactor can be regarded as a differential reactor with respect to the reactive gas. The
specific reactivity (R, min) of a char at any time was calculated from the differential
mass loss data (dW/dt) according to R = —(1/W) x (dW/dt), where W is the mass

(dry-ash-free) of the char at any time t (min).!*

3.4.5 X-ray photoelectron spectroscopy measurement

The X-ray Photoelectron spectroscopy (XPS) measurements of char samples were
conducted using 5700C model Physical Electronics apparatus equipped with
hemispherical analyser (SES R4000) under ultrahigh vacuum condition. The Mg Ka
X-ray source at 1253.6 eV was applied to generate core excitation and the C;s peak
position was set at 284.5 eV for calibration with an energy step of 0.025 eV. XPS
peak was deconvolution using GRAMS/AI software with Gaussian-Lorentzian
curves and Shirley type background line.'?® The P, spectrum was divided into four

bands and each band represents a typical P bonding type.'?>!2¢ Specifically, the band
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at binding energy of 134.0 eV was assigned to C-O-P type bonds where P atom is
bonded to four O atom by one double bond or three single bonds, such as in C-O-POs3,
(CO)2PO2 and (CO)3PO groups. A second band at binding energy of 133.2-133.4 eV
is characteristic of C-P bonding as in C-PO3 groups. The third band observed at
132.3 +£ 0.2 eV is associated to the reduced phosphorus compounds as C3-PO. And a

forth band is located at 131.0 eV representing Cs-P groups.

3.4.6 Surface area of char samples

The surface area analysis of char samples was conducted using Micromeritics
Tri-star II Model 3020. About 100 mg char samples were first degassed at 120 °C for
12 h and the weight loss during degassing was measured. The Brunauer
Emmett-Teller (BET) N> surface area analysis was conducted using N> as adsorbate
at liquid nitrogen temperature. The surface area was calculated with Micromeritics
ASAP 3020 software using BET equation at the linger range of the isotherm.!”® The

range of P/Po was between 0.05 and 0.35.

3.4.7 Particle size distributions and macroporosity of char samples

The particle size distributions of char samples were measured using a particle size
analyser (model: Malvern Mastersizer 2000). In order to analyse the macroporosity
of char samples, each char sample was set in epoxy resin, solidified, polished and
then coated with carbon before the cross-section of the char samples was observed
and imaged under a scanning electron microscope (SEM). The SEM images were
then processed in an image analyser, Digimizer, to determine the macropores size.
The detailed description of sample preparation and data processing can be found
elsewhere.!”” In this study, the char macroporosity is given by Ap/Achar, Where A, is
the total cross-sectional pore area with pore diameter being more than 1 um while

Achar represents the total char cross-sectional particle area.
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3.4.8 Conclusions

To achieve the objectives listed in Section 2.9, series experiments including
acid-washing, pyrolysis and combustion of P-containing solid fuels have been
conducted. A suitable method was established to quantify phosphorus with various
occurrence forms in solid fuels and applied for subsequent analysis of P in char
prepared from P-containing solid fuels. Various pyrolysis reactor systems were
employed to investigate the pyrolysis behaviour of P-containing solid fuels.
Especially, a novel two-stage reactor was employed to achieve the simultaneous
generation of volatiles and in sifu volatile—char interactions. Based on this two-stage
reactor, a three-stage pyrolysis/combustion reactor system was further developed and
the combustion of volatiles after in sifu volatile—char interactions was achieved. More
importantly, in this study, the generation and combustion of in situ volatiles at 1300 °C
were realized via a two-stage pyrolysis/combustion reactor system. Various
instrumental analyses were conducted to determine the properties of solid fuel and its

derived products.
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CHAPTER 4 ANEW METHOD FOR QUANTIFYING
PHOSPHORUS OF VARIOUS OCCURANCE FORMS IN

P-CONTAINING SOLID FUELS

4.1 Introduction

Thermochemical utilisation of P-containing solid fuels, has become increasingly
important for combating climate change and reducing fossil fuel consumption.®7-26178
However, thermal utilization of P-containing solid fuels could face various process
challenges and environmental problems. The occurrence forms of P in solid fuels
varies significantly and dictates P transformation during fuel thermochemical
processing. As described in Section 2.6, organic P is likely to be released into gaseous

phase during combustion or gasification of solid fuels*®¢

while some inorganic P
species can be transformed into refractory mineral and thus retained in the ash.®
Meanwhile, different forms of P in the by-products (i.e. char, ash and fly ash) from
thermochemical processing of these solid fuels have different mobilities and
bioavailabilities once they are discharged into environment.®® Therefore, a thorough

understanding of the distribution and transformation of P is critical for optimizing

operation conditions during thermochemical utilisation of P-containing solid fuels.

As detailed in Section 2.4.1, several methods have been developed to separate and
analyse the form of P in various solid fuels over the last several decades. Particularly,
the standards, measurements and testing (SMT) method based on sequential
extraction is most commonly used to quantify organic and inorganic P in solid fuels.
Unfortunately, those methods have significant disadvantages and might not be
successfully applied to quantify phosphorus of various occurrence forms in solid

fuels, as detailed in Section 2.4.2. Consequently, this chapter aims to develop a new
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method for quantifying different forms of P in solid fuels via chemical extraction and
acid digestion techniques, in combination with the analysis of phosphorus using IC
and ICP-OES. The new method has been validated using a series of P standards with
known contents and forms. It has also been successfully applied for analysing the
contents and forms of P in a wide range of seven solid fuels including biosolid, meat
and bone meal, chicken litter, rice bran, algae, mallee leaf and biosolid char
(hereafter termed as BS, MBM, litter, RB, algae, leaf and BSC, respectively), with
far better accuracies than those determined using the conventional SMT method. The
properties of those solid fuels and their contents of inorganic species are shown in

Table 4-1 and Table 4-2, respectively.

Table 4-1 Proximate and ultimate analyses of solid fuels used in this study

Samples Moisture Proximate (wt%, db b) Ultimate (wt%o, daf ©)
(Wt%, ar?) Ash VM® Fce c H N of

BS 4.2 19.5 67.4 13.1 53.78 8.15 9.98 28.09
RB 35 9.2 35.9 54.9 46.82 7.90 2.35 42.93
MBM 26 21.6 12.9 65.5 42.37 6.28 9.04 42.31
Algae 3.9 43 394 56.3 48.92 6.90 9.02 35.16
Litter 4.6 31.2 26.9 41.9 40.87 342 17.28 38.43
Leaf 7.8 3.9 74.8 21.3 56.21 7.29 1.49 35.01
BSC 1.8 56.2 4.2 39.6 94.10 0.22 4.68 1.00

2 air dried; ° dry basis; ¢ VM-volatile matter; ¢ FC—fixed carbon; ¢ daf-dry ash free; by difference.

Table 4-2 Contents (mg/kg solid fuels, db) of inorganic species in solid fuels

BS RB MBM Algae Litter Leaf BSC

Na 13462182 129.1£123 14761.3 £ 221 780.7 £125 88499 +£811  55375+49 42003 +£3.2
K 20086 £20.3  17563.9 +26.3 74402 £32.9 91395+£711 17763.3+921 37806 +6.7 5302.1+95
Ca 20652.3+269 4266106 70191.5+£99.8  13322+159 322931942 7633.0+96  70120.1+4.1
Mg 48526+36.9  8489.2+22.8 1768.4 + 37.8 2865.2+442  54636+411  14185+24 160526+ 11.2
Cl 892429 526.2+3.2 8182.5+21.1 19702+129  5569.1 +32.1 18526 + 12 156+34

S 8548.9+£29.7 20269 %159 4687.6 £ 36.9 44286 +£26.9 22186 £3.6 11846 + 12 53026 +£5.2
Fe 31589485 875+29 928.3 +55.8 2603 14926 +9.6 142604 106256+ 11.8
P 21887.6+99.7 11532.6+£29.7  455325+23.6  152829+36 18259.6+329 16133x26 60155.2+14.9
S 19007.9 £ 69.4 298678 5543.2 £32.4 127.7£52 18793.1+£32.7  504.7+82 614252+ 24.0
Al 67089 +487 526+29 554.7+5.6 109.7£9.5 3002.3 £ 69.3 198.7 £ 281256+ 9
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4.2 Evaluation of the SMT method for quantifying different forms of

phosphorus in solid fuels

In this section, experiments were carried out to evaluate the effectiveness of the SMT
method for quantifying different forms of phosphorus in solid fuels. It is known that
five typical organic P-containing components (i.e., A: D-fructose 6-phosphate
disodium salt hydrate representing sugar phosphate; B: Phytic acid sodium salt
hydrate representing phytate; C: Adenosine 5'-monophosphate monohydrate
representing nucleotides; D: 1,2-Dioleoyl-sn-glycero-3-phosphoric acid sodium salt
representing phospholipid; E: Deoxyribonucleic acid sodium salt representing nucleic
acids.) are commonly presented in solid fuels. Following the SMT method (See
Section 2.4.1), these organic P-containing components were first extracted using 1M
HCI for 16h, the residue was later burned in a Pt crucible at 450 °C and then the solid
residue in the Pt crucible was extracted using 1M HCI for 16h. The phosphate contents
in the final extracts were quantified and the recoveries of organic P (as per SMT
method) in these organic phosphates are presented in Figure 4-1. The results in Figure
4-1 clearly shows that no P in sugar phosphate, phytic acid and nucleotide is recovered
because these organic phosphates are acid-soluble and thus present in acid-soluble
fractions. Analysis of the first extract solution using ICP-OES confirmed that all P in
these three organic phosphates are recovered in the solution. In addition, the recoveries
of P from phospholipid and nucleic acids are ~76-82%, indicating significant portions
of P in phospholipids and nucleic acids are also lost during thermal treatment. This can
be attributed to the formation of phosphorus pentoxide which sublimates at 300 °C'”
during thermal treatment. Clearly, the SMT method is unable to quantify organic
phosphorus in biomass. Therefore, none of the existing methods can be applicable to
various solid fuels for accurately quantifying both organic and inorganic phosphorus

in solid fuels. Consequently, a new method must be developed to achieve this purpose.
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Figure 4-1 Recovery of P in organic phosphate after sequential extraction according
to the SMT method. A: D-fructose 6-phosphate disodium salt hydrate; B: Phytic acid
sodium salt hydrate; C: Adenosine 5-monophosphate monohydrate; D:
1,2-Dioleoyl-SN-glycero-3-phosphoric acid sodium salt; E: Deoxyribonucleic acid

sodium salt

4.3 A new method for quantifying P of various forms in solid fuels
4.3.1 Overview of the new method

Figure 4-2 illustrates the proposed new method for quantifying P of various forms in
solid fuels. The method fractionates the total P (Pt) in solid fuels into five fractions of P.
These consists of two inorganic P fractions [i.e., acid-soluble inorganic P (Pas-in) and
acid-insoluble inorganic P (P.i.in)] and three organic P fractions [i.e., acid-soluble
organic P (Pas-or) and two-acid insoluble organic P including P in phospholipids (Pi)
and P in other acid-insoluble organic structures such as nucleic acids (Pra)]. The new
method consists of three extraction steps, including extraction and quantification of
Pas-orand Pas-in (Step 1), Pii (Step 2) as well as Pua and Paizin (Step 3). The total P (Py) in
solid fuels is determined using ICP-OES after HF/HNOs/H,0> digestion.!” The

details of key steps of the proposed new method are described as follows.
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P balance in solid fuel:
(1) Pt=Inorganic P+ Organic P 0.1 g Solid fuel
(2) Organic P = Pas-or + Pli + Pna Total P (Py)

(3) Inorganic P = Pas-in + Pai-in

Step 1 | 0.75 M HCIO4
Y

' Filtration
Extract A4
Acid-soluble P (Pas) including: Residue
Inorganic P (Pas-in)
Organic P (Pas-or) Step 2 | Ethanol / chloroform
H:0:/ UV irradiation | 0.75 M KOH Filtration
N Residue
Organic P converted to
PO +P,0,* + P;0,% Step3 | 06 M buffered
NaCl at 100 °C
Increased P in —
(PO#+P,0,4+P,0,,5) I l Filtration l
after UV irradiation | Extract | | Extract | \_Residﬂ
By difference: Pas-in = Pas — Pas-or HNO3/H202 HNOf&[F{]{)OZ
| digestion digestion
v
Acid-soluble Acid-soluble . Pin other acid-insoluble| | Acid-insoluble
R . . Pin lipids . . .
inorganic P organic P { organic structures such || inorganic P
(Pas-in) (Pas-or) (Ps) as nucleic acids (Pna) (Pai-in)

Figure 4-2 A schematic diagram of the new method for fractionation and
quantification of P with various occurrence forms in solid fuels. Pt and Pas represent
total phosphorus and acid-soluble phosphorus in solid uel, respectively. Pas.in and
Pai-in represent acid-soluble inorganic P and acid-insoluble inorganic P, respectively.
Pas-or, Pii and Pna represent acid-soluble organic P, P in phospholipids and P in other

acid-insoluble organic structures such as nucleic acids, respectively
4.3.2 Key steps of the new method

Step 1: Extraction and quantification of Pas-or and Pas-in. The new method starts
with extraction of solid fuels with cold perchloric acid (PCA) to quickly destruct all
phosphatases which otherwise can rapidly hydrolyse the organic phosphorus into
inorganic phosphorus.” Briefly, ~ 0.1g solid fuel was immersed into 15 ml (~ 4 °C)
0.75 M PCAina 60 ml perfluoroalkoxy alkanes (PFA) vial, followed by stirring the
mixture at room temperature for 1 h. The mixture was then vacuum filtered using a 2
um polytetrafluoroethylene (PTFE) filter (45mm diameter) mounted on a glass
vacuum filtration funnel. The filtrate was collected and solid residue on the PTFE filter

was further washed with deionised water until the pH of the filtrate was close to 7.
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During acid extraction, acid-soluble inorganic phosphorus (e.g. alkali, alkaline and

iron phosphates) can be extracted from the fuel.”

For organic phosphorus, sugar
phosphate, inositol phosphate and nucleotides can be extracted without degradation
while phospholipid and nucleic acids are retained as residue.”*® The excess PCA in the
filtrate should be neutralised immediately to prevent the hydrolysis of organic
phosphorus under acid conditions. This was done via pipetting and mixing 10 ml of the
filtrate with 10 m1 0.75 M KOH in a 60 ml PFA vial and keeping the mixture at 4 °C for
2 h to neutralize the acid solution, forming KCIlO4 precipitates. The neutralised
solution was filtered with a 0.45 pm membrane filter prior to quantification of PO4>",
P,07* and P3010” ions using an IC and acid-soluble P content (Pas) using an ICP-OES.
The use of KOH is favoured due to low solubility of KClO4 in water, effectively

removing significant portion of perchlorate ion in the sample matrix prior to IC

analysis.

Separation of the organic phosphorus in solution is the key to quantify the acid-soluble
organic or inorganic phosphorus in the acid-extract. However, this proves to be
challenging. Previous research pointed out that exposure of sea-water to ultra-violet
(UV) irradiation in presence of 3% hydrogen peroxide (H20:) can rapidly liberate the
organic phosphate via breaking P-O—C and P—C bonds as inorganic phosphate while
the P—-O—P bonds remained intact.”>!3° Consequently, organic phosphates in solutions
can be selectively converted to orthophosphate (PO4>"), pyrophosphate (P.07*") and
tripolyphosphate (P3010°) while inorganic phosphorus including all condensed
phosphates remain unchanged. Therefore, the acid-soluble organic phosphorus
content (Pas-or) in the solutions can be determined from the difference in PO4>, P,O7*"
and P301¢° ion content in the solution before and after UV irradiation. This method is
adopted in this study for quantification of organic phosphorus in solution after PCA
extraction. To ensure the complete conversion of organic phosphorus during UV
irradiation, the solution is diluted using deionised water and hydrogen peroxide ensure

the total acid-soluble P content (Pas) in the solution in < 10 mg/L while keeping the

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 74



CHAPTER 4

content of H>O: in solution at 3% (v/v). Briefly, 10 ml of the diluted solution was
then stirred in a Pyrex glass reactor and irradiated under a 300 W Mercury-Xenon
lamp (UXM-502MD, Ushio) for 8 h at a constant distance (~30 cm) while the
temperature of the reactor was maintained at 25 °C by continuously passing chilled
water through the reactor. Subsequently, the POs*, P,O;* and P3;010> ion
concentration in solution pre- and post- UV irradiation are quantified using an IC
equipped with IonPac AS11-HC column. The increased P contents in integrated (PO4*"
+ P,07* + P3010”) ions after UV irradiation equal to the contents of acid-soluble
organic P (Pasor) in solid fuel. Consequently, acid-soluble inorganic P (Pas-in) can be

calculated by subtracting Pas-or from acid-soluble P (Pas) in solid fuels.

Step 2: Extraction and quantification of P in phospholipids (Pi). Phospholipids in
solid fuels can be separately extracted by different solutions after PCA extraction. To
extract the phospholipids,” the residue from Step 1 was stirred (100 r/min) in 10 ml
ethanol and chloroform mixture (v/v, 1:1) in a 60 ml PFA container at room
temperature for 2 h, followed by vacuum filtration using a 2 pm PTFE filter.
Subsequently, 5 ml of the filtrate was transferred into a 15 ml PFA vial and dried at
60 °C in an extracted oven for 4 h to fully evaporate the solvents prior to digestion in

HNO3/H20; at 120 °C and quantification of P in phospholipids (P;) using ICP-OES.

Step 3: Extraction and quantification of Paiin and P in other acid-insoluble
organic structures such as nucleic acids (Pna). Following the extraction of
phospholipids, the remaining organic P in the residue is in forms of other
acid-insoluble organic structures such as nucleic acids (i.e. Pra). These acid-insoluble
organic P can be extracted using buffered NaCl solution (0.6 M NaCl in 0.1 M sodium
acetate at pH 4.0) with minimum extraction of other P-containing species.'®! Briefly,
the residue from Step 2 was transferred into a 15 ml PFA vial, which was then sealed
and heated at 100 °C for 30 min after the addition of 10 ml buffered NaCl solution.

After the solution was cooled down to room temperature, the suspension was vacuum
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filtrated and the P in the filtrate was then quantified as Pna using an ICP-OES. It is
noted that strong alkaline solutions were also used to extract P in the forms of nucleic
acids from plant tissue in previous studies.** However, some inorganic phosphorus

182 and long-chain condensed phosphates'*° can be dissolved in

species such as AIPO4
alkaline solutions so that alkaline solutions should not be used for such extractions and

determination of Py in solid fuels.

The residue after the extraction using buffered NaCl solution contains little organic
phosphorus and the remaining P is mainly consist of acid-insoluble inorganic
phosphorus (Pai-in), such as calcium phosphate silicate and long-chain condensed
phosphates.!® These P-containing species can only be liberated through digestion in
concentrated HF/HNO; mixture at 120 °C. The detailed procedure is described

elsewhere.!”
4.4 Validation and application of the new method
4.4.1 Standard samples for validation

Table 4-3 Contents (mg/kg solid fuels, db) of inorganic species in acid-washed

samples
AWMW AWRB DAWB
Na 6.2+1.0 49+1.1 1.3+04
K 26+0.3 3.3%03 0.9+0.2
Ca 6.3£25 6.6+1.7 25+£05
Ma 56+0.9 50%0.6 1.9+0.7
Cl 0 0 0
S 09+0.5 0 04+03
Fe 28+05 56+04 05+0.2
P 1.6+0.7 4605 23+05
Si 179+45 1143 +10.1 7449+ 711
Al 89+1.7 119.6 +2.3 4549 +51.8
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Two categories of (a total of 28) P-containing standards were purposely prepared via
loading known amounts of one or more P-containing chemical compound(s) into
P-free samples. Accordingly, acid-washed mallee wood (AWMW), acid-washed rice
bran (AWRB) and double-acid washed biosolid (DAWB) were prepared as substrates
with the contents of inorganic species in those samples shown in Table 4-3. Clearly,

little P is present in those acid-washed samples.

The information on the P-containing standards are listed in Table 4-4. Category I
standards consist of 25 standards with a single phosphorus occurrence form (i.e. Pas-in,
Pai-in, Pas-or, Pii o1 Pna) at a wide range of P contents, prepared by loading different but
known amounts of P-containing model compounds into AWMW sample. Briefly, the
desired amounts of P-containing model compounds and about 1 g AWMW were
weighted in a 50 ml polyethylene container and then manually mixed for 60 min to
yield the P-loaded standard samples. Hydroxyapatite/sodium hexametaphosphate
mixture (1:1, w/w), aluminium phosphate/calcium phosphate silicate mixture (1:1,
w/w), adenosine 5'-monophosphate monohydrate/phytic acid sodium salt
hydrate/D-fructose 6-phosphate disodium salt hydrate mixture (1:1:1,w:w:w),
1,2-Dioleoyl-sn-glycero-3-phosphoric acid sodium salt and deoxyribonucleic acid
sodium salt were respectively loaded to represent Pas-in, Pai-in, Pas-or, Pii and Pna in solid
fuels. Based on the typical range of concentrations of different forms of phosphorus in
solid fuels,”8%%1% the content of Pasin, Pai-in, Pasor, Pii and Pna are ~500—100,000
mg/kg in SA1-SAS standard samples, ~200-10,000 mg/kg in SB1-SB5 standard
samples, ~200-15,000 mg/kg in SC1-SC5 standard samples, ~200-1,500 mg/kg in
SD1-SDS5 standard samples and ~200-2,500 mg/kg in SE1-SES5 standard samples,

respectively.

Category II standards include 3 standards samples (SF, SG and SH) containing a
mixture of different P occurrence forms via selectively loading various P-containing

model compounds with multiple phosphorus forms into AWMW, AWRB and DAWB
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substrates, respectively. These P occurrence forms represent P in typical woody
biomass, seed-originated biomass and biosolid.”?! As listed in Table 5, SF and SH
standards contain dominantly inorganic P while organic P in nucleotides and inositol

phosphate are the main phosphorus occurrence forms in SG sample.

Table 4-4 Contents and recovery of P with different forms in standards SF, SG and

SH samples determined by SMT and the proposed new method

Standard P content P form P-containing model compounds loaded Substrate used
(mg/kg)
Category I: Standards with P of a single occurrence form
SAl 520.8 Pas-in Hydroxyapatite
SA2 19794.2 and sodium hexametaphosphate mixture
SA3 50914.8 (1:1, wiw) AWMW
SA4 81836.1
SA5 105182.9
SB1 197.4 Pai.in Aluminium phosphate
SB2 1764.0 and calcium phosphate silicate mixture
SB3 4214.0 (L:1, wiw) AWMW
SB4 6921.2
SB5 9601.3
SC1 184.8 Pas-or Adenosine 5'-monophosphate monohydrate,
SC2 2140.7 phytic acid sodium salt hydrate and
SC3 5031.2 D-fructose 6-phosphate disodium salt hydrate AWMW
Sc4 9476.1 mixture (1:1:1, w:w:w)
SC5 14760.8
SD1 189.3 Pii 1,2-Dioleoyl-SN-glycero-3-phosphoric acid
Sb2 4335 sodium salt
SD3 766.3 AWMW
SD4 1199.5
SD5 1548.7
SE1 214.2 Pra Deoxyribonucleic acid sodium salt
SE2 684.2
SE3 1177.3 AWMW
SE4 1864.5
SE5 2408.6
Category I1: Standards with P of multiple occurrence forms
SF 4526.5 Pas-in Ammonium phosphate
and sodium pyrophosphate tetrabasic mixture
AWMW
(1:1, wiw)
259.9 Paiin Aluminium phosphate and calcium phosphate
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silicate mixture (1:1, w/w)

1704.9 Piasor D-fructose 6-phosphate disodium salt hydrate
and cytidine-5' triphosphate disodium
salt mixture (1:1, w/w)
356.1 Pii 1,2-Dioleoyl-sn-glycero-3-phosphoric acid
sodium salt
263.8 Pra deoxyribonucleic acid sodium salt
SG 1053.5 Pas-in Ammonium phosphate
and sodium pyrophosphate tetrabasic mixture
(1:1, wiw)
672.2 Paiin Aluminium phosphate and calcium phosphate
silicate mixture (1:1, w/w)
8943.9 Pas-or Adenosine 5'-monophosphate monohydrate and AWRB
phytic acid sodium salt hydrate mixture
(1:1, wiw)
1422.1 Pii 1,2-Dioleoyl-sn-glycero-3-phosphoric acid
sodium salt
1723.2 Pra Deoxyribonucleic acid sodium salt
SH 46506.2 Pas-in Hydroxyapatite and sodium
hexametaphosphate mixture (1:1, w/w)
5689.7 Pai.in Aluminium phosphate and calcium phosphate
silicate mixture (1:1, w/w)
532.6 Pas-or Adenosine 5'-monophosphate monohydrate and DAWB
phytic acid sodium salt hydrate mixture
(1:1, wiw)
3225 Pii 1,2-Dioleoyl-sn-glycero-3-phosphoric acid
sodium salt
843.7 Pra Deoxyribonucleic acid sodium salt

4.4.2 Validation of the new method

To demonstrate the proposed method can accurately quantify and classify P fractions
in solid fuels, this method is verified through three validation experiments. First, as the
conversion of organic phosphorus into inorganic phosphorus by UV irradiation is only

tested for sea water samples with low organic P concentration (<0.1 mg/L) in previous

73,180

study, four organic P-containing model compounds (A: adenosine

5'-monophosphate monohydrate; B: cytidine 5'-triphosphate disodium salt; C: phytic
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acid sodium salt hydrate; D: D-fructose 6-phosphate disodium salt hydrate) and two
condensed phosphates salts (E: sodium hexametaphosphate, F: sodium pyrophosphate
tetrabasic) are respectively dissolved in cold PCA solution and the solutions are
processed according to the procedure described above. The conversions of organic
phosphorus to POs>, P,O7* and P301¢> before and after UV irradiation are shown in
Figure 4-3. Clearly, after UV irradiation, organic P species are completely converted
into PO4*, P,O7* and P301¢° while condensed phosphates are unchanged, indicating
that organic phosphorus can be selectively converted with UV irradiation. These
results suggest that UV irradiation is very effective in converting acid-soluble organic

phosphorus into orthophosphate, pyrophosphate and tripolyphosphate.
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Figure 4-3 Conversion of organic phosphorus to POs*, P.O7* and PsO10° by UV
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irradiation for 8 h. A: adenosine 5'-monophosphate monohydrate; B: Cytidine 5'-
triphosphate disodium salt; C: phytic acid sodium salt hydrate; D: D-fructose
6-phosphate disodium salt hydrate; E: sodium hexametaphosphate; F: sodium

pyrophosphate tetrabasic

Second, to validate whether SMT method and the proposed method can
quantificationally determine phosphorus in solid fuels, standard samples SA1-SAS

containing Pas.in, SBI-SB5 containing Pai.in, SC1-SC5 containing Pas-or, SD1-SD5
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containing Pj; and standard samples SE1-SES5 containing P,. were analysed using the
new method and SMT method with the results shown in Figure 4-4. Clearly, both
inorganic and organic P loaded in the AWMW samples cannot be fully recovered (P
balance well below 80 %) using SMT method, especially for acid-soluble organic P
(see Figure 4-4c). However, the contents of P loaded in those standard samples are
significantly matched with the contents of P quantified with the new method with
minimal errors (<3%), suggesting that the new method is effective in quantifying

single P fraction in solid fuels.

Third and last, to validate whether the proposed method can effectively separate
different occurrence forms of phosphorus in solid fuels, SF, SG and SH standard
samples were analysed using the proposed method and existing SMT method. The
determined contents of P and recovery of P in those standard samples analysed by
SMT and the proposed method are shown and compared in Table 4-5. The results
again demonstrate that SMT method is unable to accurately quantify both organic and
inorganic P in these standard samples, especially organic P where the recoveries are
low (15-40%). However, both organic and inorganic P species were successfully
extracted and quantified by the proposed method with high recovery (> 95%) and good
repeatability which further proves the effectiveness of the proposed method in

quantification of different forms of phosphorus in solid fuels.
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Figure 4-4 Contents of phosphorus in P-loaded AWMW samples, quantified using
the new method (open circle) and existing SMT method (open square); (a) Pas-in In
Standards SA1-SA5; (b) Pai-in in Standards SB1-SB5; (C) Pas-or in Standards SC1-SC5;
(d) Py in Standards SD1-SD5; (e) Pna in Standards SE1-SE5
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Table 4-5 Contents and recovery of P with different forms in standards SF, SG and

SH samples determined by SMT and the proposed new method

Standard P forms P content  SMT method Recovery, New method Recovery,
wt% wt%
Pas-in 4526.5 4580.3 £ 44.2 101.2
Pai.in 259.9 2542 +12.6 97.8
Total inorganic P 4786.4 2874.8 £ 89.4 60.1 4834.5 £ 40.2 101.0
SF Pas-or 1704.9 1685.9 + 44.2 98.9
Pii 356.1 349.5+10.2 98.1
Pna 263.8 242.9+5.9 95.9
Total organic P 2324.8 358.4 + 38.7 15.4 2278.3+34.8 98.0
Poasin 1053.5 1042.6 £ 142.3 99.0
Pai-in 672.2 642.9+22.1 95.6
Total inorganic P 1725.7 985.6 + 77.2 57.1 1685.5 + 100.2 97.7
SG Pas-or 8943.9 8812.6 + 142.3 98.5
Py 1422.1 1400.1 £ 33.0 98.5
Pna 1723.2 1731.9 £ 22.6 100.5
Total organic P 12089.2 2541.9+88.1 21.0 11944.6 £ 98.8
Pasin 46506.2 46463.1 £ 13.9 99.9
Pai-in 5689.7 5587.1 + 127.2 98.2
Total inorganic P 52195.9 38475.6+ 95.3 73.7 52050.2 £ 59.6 99.7
SH Pas-or 532.6 513.9 +13.9 96.5
Pi 3225 308.9+33.4 95.8
Pna 843.7 810.9 +24.7 96.1
Total organic P 1698.8 687.5+54.1 40.5 1633.7 £ 27.9 96.2
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4.4.3 Application of the new method
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Figure 4-5 Comparison of P with various forms in seven different solid fuel samples,
quantified using the SMT method and the new method proposed in this study,
including (a) distribution of P in these solid fuels determined by the new method; the
percentages of (b) inorganic and (c) organic P in these solid fuels quantified using

the new method and SMT method
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The distributions of phosphorus in 7 different solid fuels were then determined using
the proposed new method in this study, with the results presented in Figure 4-5a. It can
be seen that over 95% of P in all solid fuels can be recovered and quantified using the
proposed new method, which demonstrates good repeatability and miminal errors.
Four important observations can also be made based on the results in Figure 4-5. First,
compared to biosolid, no organic phosphorus was found in slow heating biosolid char
preprpared at 800 °C, implying that organic phosphoprus is thermally unstable during
pyrolysis.® Second, except in biosolid and its derived char, little acid-insoluble
inorganic phosphorus is found in other solid fuels. This can be attributed to the
presence of AIPO4 and P-containing silicates in biosolid sample, which has
considerably high cocentrations of Al and Si. Third, the distributions of phosphorus in
different biomass (rice bran, leaf and algae) are significantly different. Organic P only
accounts for ~25% of total P in mallee leaf. However, it accounts for >95% and ~60%
of total P in rice bran and algae, respectively. Reasonably, organic phosphorus (such as
inositol phosphate and nucleotides) plays important roles in growth of seed’ and
algae,' resulting in the presence of large porportion of organic phosphorus in these
samples. The extract from HCIO4 extraction of rice bran was also analyzed in an IC
and the result confirms that ~ 95% P in rice bran is phytic acid (an inositol phosphate).
Forth, both organic and inorganic P are present in two animal wastes, i.e. chicken litter
and meat and bone meal (MBM). Some organic P-containing species such as inositol
phosphate cannot be digested by animal’s digestion system, thus remaining in chicken
litter’* while for meat and bone meal, acid-soluble nucleotides, phospholipids and
other P-containing organic structures (including nucleic acids) are the main organic P
components. In addition, it is also know that hydroxyapatite is the major component of
tooth enamel and bone mineral.”® Therefore, hydroxyapatite may be abundant in meat

and bone meal, considering the high contents of Ca (see Table 4-2).

Further efforts were also made to compare the new method with the SMT method in

quantification of inorganic P in these solid fuels, with the results presented in Figure
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4-5b. It is clearly seen that the SMT method reports considerably lower inorganic P in
biosolid, biosolid char and chicken litter because the method can only determine
acid-soluble orthophosphate. In addition, compared with the new method, excessive
acid exteaction (16h) also hydrolyses part of organic P into orthophosphate, leading to
slightly higher inorganic P contents in leaf, algae and meat and bone meal, reported by
the SMT method. Similarily, the SMT method can only detect acid-insoluble organic
phosphorus species (i.e., phospholipids, nucleic acids and other acid-insoluble
P-containing organic strucures), and thus significantly under-reports the acid-soluble

organic P such as phytic acid in rice bran, as shown in Figure 4-5c.

In sum, the results clearly demonstrate that the SMT method is unreliable. The new
method proposed in this study is proven to be capable of determining the distributions

of P with various forms in solid fuels and achieves phosphorus mass balance.

4.5 Conclusions

A new method is proposed in this study to extract different forms of phosphorus in
solid fuels via three-step sequential extraction, followed by phosphorus
quantification in each fraction using IC and ICP-OES. Three organic phosphorus
fractions (i.e. acid-soluble organic P, P in phospholipids and P in other acid-insoluble
organic structures such as nucleic acids) and two inorganic P fractions (acid-soluble
inorganic P and acid-insoluble inorganic P) in solid fuels can be extracted and
determined using the new method. To validate the proposed new method, samples
loaded with different forms and concentrations of phosphorus were extracted and
quantified using the new method with complete P being recovered. Compared with
the poor performance of the conventional SMT method, the application of this new
method in quantifying different forms of phosphorus in seven different solid fuels
achieves high P mass balance and is suitable for quantifying P of various forms in

solid fuels.
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Reprinted with permission from (Xujun Chen, Sui Boon Liaw, and Hongwei Wu. A
New Method for Quantifying Phosphorus of Various Occurrence Forms in Solid
Fuels, Energy & Fuels 2019, 33, 3311-3321). Copyright (2019) American Chemical

Society.
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CHAPTER 5 EFFECT OF REACTOR CONFIGURATIONS ON
TRANSFORMATION AND RELEASE OF PHOSPHORUS
DURING P-RICH BIOMASS PYROLYSIS UNDER VARIOUS

CONDITIONS

5.1 Introduction

Thermochemical utilisation of P-containing biomass is an important strategy for
sustainable supply of energy and green chemicals.’® Practically, seed-originated
biomass resources such as grain,?®? bran* and rapeseed meal or cake? from biodiesel
industry, are increasingly utilized in grate-fired or fluidized bed combustion or

gasification systems*. The high contents of phosphorus in those biomass play an

2,8,31,62 4,27-29,132,184

important role in ash transformation reactions and fly ash chemistry
during their thermochemical utilization. Consequently, as described in Section 2.2,
thermochemical utilization of these P-rich biomass faces various process challenges
and leads to undesired environmental impacts. Clearly, fundamental understanding on
the transformation of P during thermochemical utilisation of P-rich biomass is critical

to optimizing operation conditions, reducing equipment maintenance costs and

mitigating P emission.

During combustion or gasification of P-rich biomass, some P species are known to be
released in forms of P-containing gases, such as PHs, PO, PO,, P,!*% and KPO;.*
Practically, during biomass combustion, it first experiences pyrolysis and rapidly
decomposes into biochar and volatiles. It is reported that P was mainly released with
volatiles during pyrolysis of P-containing solid fuels.®® The retained P in char during

pyrolysis could be stabilised by forming mineral phosphates via associations with

alkali/alkaline earth metallic (AAEM) species, Fe and Al% or by forming complexes
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with organic carbon fraction of biochar!*’, resulting in different mobilities and
bioavailabilities®® when char product is used as soil amendments'®. Therefore,
pyrolysis is the critical step for P release and transformation during thermal treatment
of P-rich biomass.%® As elaborated in Section 2.6, several studies have investigated the
transformation and release of P during combustion or gasification in horizontal tube
reactors*®, fixed-bed reactors® and fluidized bed reactors.>*!62:133 These reports on P
release are sometimes in discrepancies, possibly due to the significant differences in
the hydrodynamics of different reactors. Therefore, a systematic study into the role of
reactor configurations in P transformation and release during P-rich biomass
pyrolysis is lacking and highly desired. Most importantly, the underlying reaction
mechanisms governing P transformation and release due to different reactor
configurations are still largely unknown. Consequently, this chapter aims to
investigate the transformation and release of P during pyrolysis of a typical P-rich
biomass at 400—900 °C in three reactor configurations. In addition, distributions of P
in volatiles are successfully quantified using the two-stage pyrolysis/combustion
reactor system and the evolution of P in char during pyrolysis in different reactor

configurations were analysed using the new method developed in Chapter 4.

Table 5-1 The properties of rice bran used in Chapter 5

Moisture Proximate (wt%, db) Ultimate (wt%, daf)
(Wt%, ar?) Ash VMP FC¢ C H N o
3.8 9.1 35.7 55.2 46.70 7.83 2.37 43.10
Major elements (mg/kg_rice bran, db)
Al 48117 Ca 4446 +12.1
Fe 928+1.2 Cl 563.2+1.6
Na 132.1+14.4 P 18848.6 +52.4
K 18596.9 + 45.9 S 20045+ 13.2
Mg 8498.6 + 33.2 Si 2934 +1.2

aas received; PV M-volatile matter; SFC—fixed carbon; ddaf—dry ash free; ¢by difference;
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5.2 Changes in char chemistry during pyrolysis under various conditions

As shown in Figure 3-2, three reactor system were used in this chapter, including Type
A: a fixed-bed reactor, Type B: a drop-tube/fixed-bed reactor with continuous feeding
and Type C: a drop-tube/fixed-bed reactor with pulsed feeding. In this chapter, char
samples produced from the three types of reactors are denoted as “Type A-char-XXX”,
“Type B-char-XXX”, and “Type C-char-XXX”, respectively, where “XXX”

represents the pyrolysis temperature.

Table 5-2 lists the elemental analysis of rice bran and char samples produced from rice
ban pyrolysis at 400—900 °C in the three types of reactors. It clearly shows that
reactor configuration has an important effect on char chemistry. While the differences
in the chemistry in slow- and fast-heating chars are well knowns, there are two new
findings in the chemistry of chars produced from Type B and Type C reactors. One is
that the C content in chars produced in Type B reactor at temperatures below 700 °C is
slightly higher than those produced in Type C reactor. This can be attributed to the
unique feature of Type B reactor where at temperatures below 700 °C, the fresh
volatiles generated from the continuous feeding of rice bran constantly cracks into soot
that subsequently deposits on the surface of nascent char particles, leading to
increasing char C content. This is also evident by the slightly-increased char yields, as
shown in Figure 5-1. Second, H and O contents in chars prepared from Type B reactor
system at temperature above 700 °C are interestingly higher than those in chars
prepared in Type C reactor system. For examples, the H and O contents in Type
C-char 900 are 0.84 and 6.41, respectively, while they increased to 0.99 and 6.63 in
Type B-char 900. It is noted that pyrolysis in Type B reactor can be considered as an
initial fast heating pyrolysis with pulse feeding (same as that in Type C reactor),
followed by continuous interactions between the formed char with the volatiles
produced in situ from the next batch pulse feeding. Clearly, the key difference in

reactor configurations is that Type B reactor results in extensive volatile—char
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interactions that are minimised (even eliminated) in Type C reactor. Therefore, the
differences in char chemistry must be caused by the volatile—char interactions, which
also result in decreases in char yields (see Figure 5-1) in Type B reactor during rice
bran pyrolysis. It is further noted that the O/H molar ratios of the voaltiles generated
in situ from pyrolysis in Type C reactor is 0.34 + 0.1 at 800 and 900 °C. This is
consistent with the studies in Chapter 7 that volatile—char itneractions can increase O
and H contents in char when the O/H molar ratio of the volatiles is higher than 0.25.
Pyrolysis in Type B reactor generates significant amount of O-containing reactive
species, which continuously interact with char particles. Volatile—char interactions
are known to mitigate the carbon structure from condensing into large aromatic ring
systems via forming C—O complex oxides,'® thus increasing H and O contents in
char. These results suggest that both reactor configuration and pyrolysis

temperature play important roles in char chemistry during rice bran pyrolysis.
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Figure 5-1 Char yields at different pyrolysis temperatures during pyrolysis in (a) Type
A, fixed-bed reactor; (b) Type B, drop-tube/fixed-bed reactor with continuous feeding;

(c) Type C, drop-tube/fixed-bed reactor with pulsed feeding
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Table 5-2. Ultimate analyses of char samples prepared from rice bran pyrolysis in

reactors with different configurations

Char Ultimate analysis (wt%, daf?)
samples C H N Qb
Type A-Char-400 65.32 + 0.07 3.36 £0.02 1.15+0.03 30.17 £0.07
Type A-Char-500 64.59 + 0.08 3.30+0.06 1.13+0.02 30.98 +0.08
Type A-Char-600 82.87 £0.10 2.38 £0.07 1.02 +£0.05 13.81£0.10
Type A-Char-700 87.56 £ 0.07 1.29 +0.06 0.94 £0.03 10.21 £0.07
Type A-Char-800 89.25 + 0.05 1.30+0.05 0.92+0.01 8.53 +0.05
Type A-Char-900 92.59 + 0.09 0.72+£0.02 0.77£0.04 5.92+0.09
Type B-Char-400 72.01+0.02 2.08 +0.04 1.08 +0.02 24.83+0.08
Type B-Char-500 74.12 +0.05 1.96 +0.01 0.98 +0.04 22,94 +0.05
Type B-Char-600 86.71+0.02 1.61+0.04 0.89 + 0.06 10.79 + 0.06
Type B-Char-700 89.10+0.10 1.44 +0.01 0.86 + 0.03 8.60+0.10
Type B-Char-800 89.29 +0.02 1.42 +0.02 0.81+0.04 8.48 +0.08
Type B-Char-900 92.44 +0.02 0.99 +0.03 0.74 +0.06 6.63 + 0.06
Type C-Char-400 71.09 + 0.01 2.13+0.02 1.24 +0.01 25.54 +0.06
Type C-Char-500 72.21+0.03 2.02+0.03 1.18 +0.03 24.59 +0.08
Type C-Char-600 86.29 + 0.05 1.77 £ 0.04 1.03 +0.06 10.91 +0.06
Type C-Char-700 88.05 +0.02 1.64 +0.01 0.89+0.04 9.42 +0.06
Type C-Char-800 89.66 £ 0.01 1.30 £ 0.02 0.84 £0.02 8.20 £ 0.02
Type C-Char-900 91.95+0.07 0.84 £0.03 0.80 £0.01 6.41 +0.07

a daf-dry ash free; ° by difference; Type A-Char-XXX stands for the char prepared under a fixed-bed
reactor configuration at XXX °C; Type B-Char-XXX and Type C-Char-XXX represent char samples
prepared under drop-tube/fixed-bed configuration at XXX °C with a continuous feeding and pulse

feeding, respectively.

5.3 Release and distributions of P during rice bran pyrolysis

Based on char yield and the contents of P in char and rice bran, the release of P during
pyrolysis of rice bran in the three types of reactors can be calculated, with the results
presented in Figure 5-2. Clearly, little P was released during slow heating pyrolysis in

Type A reactor at 400—900 °C. There are small but appreciable amounts (less than 5%)
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of P released during fast heating pyrolysis in Type B and Type C reactors at
500—700 °C. Compared with low heating rate (~ 0.17 °C/s) in Type A reactor high
heating rates (~ 1000 °C/s) enhance the release of P during pyrolysis in Type B and C
reactors. Specifically, higher heating rate could significantly suppress the intra-particle
secondary reactions of volatiles and the transformation of the volatile inorganic
species into char bonded forms, thus enhancing the release of P during pyrolysis in
Type B and Type C reactors. This effect could be further enhanced with pyrolysis
temperature rising from 700 °C to 900 °C, resulting in the increased P release by 8.1 %
in Type C reactor. However, P release increased by 22.4 % in Type B reactor at the
same temperature range (from 700 °C to 900 °C). The significant difference in P
release in Type B and Type C reactor can be attributed to the unique feature of Type B
reactor. During pyrolysis in Type B reactor with continuous volatile—char interactions,
the released volatiles could induce strong reducing conditions around char particles on
the quartz frit, which favours the reduction of phosphorus compounds in char to

P-containing gases,'? thus substantially enhancing P release in Type B reactor.
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Figure 5-2 The release of P during pyrolysis of rice bran at different temperatures in a
fixed-bed reactor (Type A) and in drop-tube/fixed-bed reactor with continuous feeding

(Type B) and pulse feeding (Type C)
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Figure 5-3 The mass balance of P during pyrolysis of rice bran in a fixed-bed reactor
(Type A) and in drop-tube/fixed-bed reactor with continuous feeding (Type B) and
pulse feeding (Type C). The P in volatiles includes P in gas and P in tar. The P in tar is

calculated by P contents in char and in gas

Figure 5-3 shows the distributions of P in tar, gas and char produced from pyrolysis of
rice bran in the three types of reactors at 400-900 °C. It should be noted that P in gas
was collected by a bubbler system and P in tar is defined as water-insoluble P species
in volatiles, which is calculated by subtracting P in char and P in gas from total P in rice
bran. It was reported that P could be released in different forms of gases, including
elemental phosphorus(P4), phosphorus oxides (P03, P2O4 and P>0Os, etc.), phosphine
(PH3)® and condensed phosphates* during thermal treatment of P-containing solid
fuels. However, the release of elemental phosphorus and condensed phosphates only
occurs at temperatures higher than 1000 °C,*'? thus it is not taken into consideration
under current experimental conditions. Consequently, P released in form of
phosphorus oxides and PH3 was collected by 0.1 M NaOH and 0.1 m NaOCl solutions,
respectively. As clearly seen from Figure 5-3, the majority of P remains in char during
pyrolysis in all three types of reactors at the temperature range studied. For example,

the P is nearly 100% distributed in char during pyrolysis in Type A reactor, while P
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retention in char are ~ 70 and 82 % in Type B and Type C pyrolysis reactors at 900 °C.

For the P released from pyrolysis in Type B and Type C reactors, little P is present in
gas phase except the case of pyrolysis in Type B reactor at 900 °C where ~ 2% P was
found in gas. Two possible reasons are responsible for this observation: (1) the
majority of P in volatiles might be in organically-bound form as water-insoluble
species, thus not being collected in gas; (2) the released P might interact with the
quartz reactor at the studied temperatures, thus reducing the amounts of P captured in
gas phase. To clarify this, further experiments were designed to in sifu burn the
released volatiles in the Type D reactor systems (see Figure 3-2 d) with either
continuous feeding (same as Type B) or pulse feeding (same as Type C). The P in
volatile was recovered by combustion and captured in 0.1 M NaOH were shown in
Figure 5-4. Clearly, the recovery of P in volatile is more than 95%, which rules out the
second possibility of P depositing in reactor system after interacting with quartz
reactor. Therefore, the results indicate that P in volatiles is dominantly organically
bound in tar as water-insoluble species. In addition, part of the organically-bound P
species could be formed as a result of reactions between gaseous P species and reactive

organic species in volatiles.
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Figure 5-4 Recovery of P via combustion of volatiles produced in situ from rice bran
pyrolysis in Type D reactor system with either continuous feeding and pulse feeding at

500—900 °C
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5.4 Transformation of phosphorus in char during pyrolysis in different reactor

systems

1004~ = o el
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Figure 5-5 Mass percentage of water-soluble inorganic species leached from rice bran

via water leaching

As discussed in Section 5.4, the majority of P is retained in char during pyrolysis under
studied conditions. Therefore, efforts were made to understand the occurrence of P in
char. To start with, the occurrence of P in original rice bran was investigated. Figure
5-5 presents the percentage of P and major cation (i.e. alkali and alkaline earth metallic,
AAEM) species in the water leachate of rice bran in a semi-continuous leaching
apparatus (details of the apparatus given elsewhere!'®®) which prevents the contact of
leachate (such as organic acid in rice bran) and rice bran samples being leached. It
shows that 80% of Na, 95% of K, 85% of Mg, 60% of Ca and 98% of P are
water-soluble, indicating that most AAEM species and almost all P in rice bran exist as
either free ions in aqueous solution and/or deposit as discrete water-soluble salt
particles. The leachate from water leaching of rice bran was further subjected to anion
analysis. The qualitative results shown in Figure 5-6 demonstrate that phytic acid is
the major P-containing specie in the leachate. Further quantitative analysis using
various concentrations of phytic acid as standards revealed that ~ 98% of P in leachate
(equals to ~96% of P in rice bran) is in the form of phytic acid. It is reported that

phytic acid tends to combine with metallic ions, especially AAEM and Fe species in
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biomass.” However, Ca, Mg and Fe phytates are water-insoluble,”!*” then the
significant water-soluble P in rice bran 1is most likely in the form of Na/K phytate.
Considering the significantly high content of K (18596.9 mg/kg) and relatively low
content of Na (132.1 mg/kg) in rice bran (see Table 5-1), phosphorus in rice bran could
dominantly exist as potassium phytate. The molar ratio of K/P in leachate is less than 1

(0.78), also implying that part of hydrogen ions in the molecule of phytic acid are

substituted by K.
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Figure 5-6 Qualitative analysis of water-soluble P in leachate from rice bran using IC
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Figure 5-7 Distributions of P in char samples produced from pyrolysis in (a) fixed-bed
reactor (Type A) and in drop-tube/fixed-bed reactors with (b) continuous feeding

(Type B) and (c) pulse feeding (Type C) under different temperatures. RT represents
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rice bran sample prepared at room temperature

Subsequently, char samples prepared under different pyrolysis conditions were
processed using a new three-step extraction method to divide phosphorus species into
two inorganic species [acid-soluble inorganic P (Pas-in) and acid-insoluble inorganic P
(Pai-in)] and three organic species [acid-soluble organic P (Pas-or), P in lipids (Pi;) and P
in other acid-insoluble organic structures such as nucleic acids (Pna)]. The forms of
occurrence of P in char samples are shown in Figure 5-7, normalised to the total P in
dry rice bran. Clearly, after pyrolysis in all reactor systems at 400 —900 °C, the vast
majorities of organic P in rice bran are converted into acid-soluble inorganic P in
chars. Even at temperatures as low as 400 °C, P in rice bran (mostly
organically-bound) are thermally unstable. It should also be noted that ~5% P in char
prepared at 400 °C in Type A reactor system is acid-soluble organic P (see Figure 5-7
a), while little phytic acid was detected with further analysis using IC. The can be
contributed to the decomposition of phytate into lower inositol phosphates (also an
acid-soluble organic P) during pyrolysis in Type A reactor (this was also reported
previously under slow pyrolysis conditions'3¥). However, little acid-soluble organic P
was found in chars prepared from Type B and Type C reactor systems (see Figure 5-7
b and c) with high heating rates at 400 °C. The results indicate that fast heating
conditions enhance the conversion of potassium phytate into acid-soluble inorganic P
species during pyrolysis. It is also noteworthy that increasing pyrolysis temperature
to 500—700 °C in all three pyrolysis reactor systems leads to complete transformation
of organic P into acid-soluble inorganic P. Acid-soluble inorganic P in char often
associates with Ca or Mg in forms of orthophosphates and condensed phosphates
such as pyrophosphates or metaphosphates.* The significantly high contents of Mg in
rice bran (see Table 5-1) or char (< ~3% is released under all conditions) indeed
could provide abundant source for P recombination in char during pyrolysis.
Nevertheless, further increasing pyrolysis temperature above 700 °C results in the

formation of acid-insoluble inorganic P in chars. This is especially the case for the
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chars prepared in Type A reactor system due to a lengthy residence time during slow
heating pyrolysis. At high temperatures, acid-soluble inorganic P might react with
other inorganic species to form acid-insoluble inorganic P species such as

aluminophosphates.'?

5.5 Conclusions

This chapter systematically investigated the transformation and release of P during
rice bran pyrolysis at 400—900 °C in three reactor system under different conditions.
Reactor configurations significantly influence P release and transformation during
pyrolysis. Under current pyrolysis conditions, little P is released during slow heating
pyrolysis in a fixed-bed reactor. Below 700 °C, small but appreciable P is released into
volatiles during pyrolysis in a drop-tube/fixed-bed reactor either with continuous
feeding or pulse feeding. High heating rate in a drop-tube/fixed-bed reactor with pulse
feeding increases P release by 8.1% when increasing pyrolysis temperature from
700 °C to 900 °C. However, P release significantly increases by 22.4% during
pyrolysis in a drop-tube/fixed-bed reactor with continuous feeding when increasing
temperature from 700 °C to 900 °C due to the enhanced volatile—char interactions. In
situ combustion of volatiles at 950 °C in a two-stage pyrolysis/combustion reactor
system could effectively convert more than 95% of P in volatiles (dominantly P in tar)
into water-soluble P species. P in rice bran is mainly organic phosphorus in form of
potassium phytate. This organic phosphorus can be substantially transformed into
acid-soluble inorganic P even at temperatures as low as 400 °C during pyrolysis and
high heating rate could accelerate this transformation. Above 800 °C, acid-soluble
inorganic P reacts with other inorganic species in char and generates acid-insoluble

inorganic P during rice bran pyrolysis.

Reprinted with permission from (Xujun Chen and Hongwei Wu. Transformation and

release of phosphorus during rice bran pyrolysis: Effect of reactor configurations
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under various conditions, Fuel 2019, 255, 115755). Copyright (2019). Published by

Elsevier Inc.
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CHAPTER 6 EFFECTS OF PHOSPHORUS ON CHAR

STRUCTURE AND REACTIVITY OF BIOCHARS PREPARED

FROM ACID-WASHD BIOMASS LOADED WITH P OF

VARIOUS FORMS

6.1 Introduction

As listed in Section 2.8, the effect of different forms of inherent phosphorus in biomass
on char structure and char reactivity is an important research gap in terms of the
thermal utilization of P-containing solid fuels. Therefore, this chapter reports the effect
of three P-containing species including phytic acids, orthophosphoric acid and
polyphosphoric acid on structure and intrinsic reactivity of biomass char. For this
purpose, a wood sample containing little inorganic species was first prepared via HCI
washing (see Section 3.3.1) to eliminate the interference from other inorganic species
in biomass and then P-loaded wood samples were prepared via impregnation method
(See section 3.3.1). These wood samples were subsequently subjected to fast pyrolysis
at 1000 °C with a pulse feeder (Type C, Figure 3-2) to prepare char samples with the
occurrences of phosphorus in char, char structure and char intrinsic reactivity being
analysed using a newly-developed extraction method, thermogrametric analyser (TGA)
and Raman spectroscopy, respectively. The properties of the acid-washed mallee
wood used in this chapter are shown in Table 6-1. In this chapter, the acid-washed
wood sample, acid-washed wood samples loaded with phytic acid, orthophosphoric
acid and polyphosphoric acid is termed as AW-wood, Ph-A wood, Or-A wood and
Po-A wood, respectively, and the char prepared from these wood samples are termed
as AW-char, Ph-A char, Or-A char and Po-A char, accordingly. The total content of P
in dry Ph-A wood, Or-A wood and Po-A wood is 8084.2 mg/kg, 8125.4 mg/kg and
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8145.9 mg/kg, respectively.

Table 6-1 The properties of acid-washed mallee wood used in Chapter 6

Moisture Proximate (wt%, db) Ultimate (wt%, daf)
(Wt%, ar?) Ash VMP FCe C H N (o}
3.6 0.1 84.0 15.9 54.32 7.41 0.18 38.09
Major elements (mg/kg_rice bran, db)
Al 96+13 Ca 26+0.7
Fe 1604 Cl
Na 29+11 P 0
K 13%£03 S 0.7+04
Mg 2006 Si 34+12

aas received; "V M-volatile matter; °FC—fixed carbon; Ydaf-dry ash free; ¢hy difference;

6.2 Char yield during biomass pyrolysis and phosphorus retention in char
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Figure 6-1 Char yields during pyrolysis of wood samples (left Y axis) and

phosphorus retention (right Y axis) in char samples prepared form fast pyrolysis at

1000 °C

The char yields and P retention in char prepared from fast pyrolysis of acid-washed
wood and P-loaded wood samples at 1000 °C are shown in Figure 6-1. Clearly, the
presence of both organic and inorganic P-containing species in P-loaded wood
samples significantly improves char yields. Specifically, the yields for AW char was

6.2%, while it substantially increases to ~26.0 % for Ph-A char and Or-A char, and to
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~ 23.0% for Po-A char. During biomass pyrolysis at 1000 — 1500 °C, P is known to
be released in forms of various P-containing gases.*!> However, in this study, after the
pyrolysis of P-containing AW wood at 1000 °C, the results in Figure 6-1 show that
the majority (~ 60%) of P is retained in char. Considering the low contents of
inorganic species in acid-washed wood (see Table 6-1), phosphorus is unlikely to
exist as metal phosphates in char. To investigate the occurrence of P in char samples,
char samples was extracted using the recently-developed method in Chapter 4 to
quantify the contents of P with various occurrence forms, with the results listed in
Table 6-2. Surprisingly, ~100% of P in Or-A char, Ph-A char and Po-A char samples
are presented in the category of P in either nucleic acids or other acid-insoluble
organic structures (Pna). In this study, as nucleic acids are not possible to survive at in
char after pyrolysis at 1000 °C, the P in the char samples must be present in the form
of P in acid-insoluble organic structures. It is known that P-containing organic
structures such as phosphate and polyphosphate esters in biochar could significantly
enhance crosslinking and reduce bond cleavage and depolymerization,'® thus
preventing the further condensation/graphitization of carbon structure during
pyrolysis (see discussion in Section 6.5). Phosphrous was also reported to inhibit the
formation of some volatile organic species (e.g. levoglucosan'®®) during biomass
thermal treatment. Therefore, it is not surprising to see that the char yield increases
after the AW wood is loaded with P. Those results also demonstrate that the enhanced
crosslinking by P-containing organic structures in biochar could potentially affect

char structure (as further elaborated in Section 6.5).

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 103



CHAPTER 6

Table 6-2 Distributions of different forms of P in char samples and ultimate analysis

of char after pyrolysis and partially-converted char samples after oxidation

Char samples ~ Occurrences of P in char, wt % of P Ultimate (wt%, daf®)
in char
I | R | I \V Y, € H N oP

AW char 0 0 0 0 0 72.47+£0.13 0.88 + 0.06 0.54 +0.06 26.11+0.10
AW char (0) 0 0 0 0 0 72.49+0.11 0.87 £0.05 0.55+0.08 26.09 £0.09
AWchar(20) 0 O 0 0 0 80.21£0.12 0.65+0.04 0.40£0.01 18.74 +0.08
AW char (40) 0 0 0 0 0 85.31+0.12 0.44 +0.04 0.28 +£0.01 13.97£0.10
AW char (60) 0 0 0 0 0 88.62 £0.21 0.30 £ 0.02 0.19 £ 0.02 10.89+0.11
AWchar(80) 0 O 0 0 0 92.58 £0.19 0.21£0.04 0.12+0.01 7.09 £ 0.04

Ph-A char 0 0 0 0 100.2+1.1  76.51+0.07 1.28 +0.03 0.38+0.02 21.83+0.07
Ph-A char (0) 0 O 0 0 90.7+24 76.55 +0.02 1.01 +0.04 0.29+0.01 22.15+0.10
Ph-Achar(20) 0 O 0 0 98.8+1.0 80.42 £ 0.04 0.84 £0.02 0.25+0.01 18.49 +0.08
Ph-Achar(40) 0 O 0 0 99.9+21 83.25+0.06  051+0.03 0.21+0.04 16.03%0.10
Ph-Achar(60) 0 O 0 0 101.1+0.2 86.21+0.11  0.30+0.01 0.14+0.01  13.35+0.07
Ph-Achar(80) 0 O 0 0 103.7+25 89.41+0.12 0.14 £0.02 0.05+0.01 10.40 £ 0.06

Or-A char 0 0 0 0 101.8+0.9 76.33+0.05 1.44 +0.08 0.28 £0.06 21.95+0.07
Or-Achar(0) 0 0 0 0 984+19 76.34+014  1.44+0.02 0.28+0.01 21.94+0.14
Or-Achar(20) 0 0 0 0 97.9+14 81.25+0.11  0.87+0.03 0.23+0.01 17.65+0.02
Or-Achar(40) 0 O 0 0 98.6+2.7 84.33 £ 0.05 0.54 £0.03 0.19+0.04 1494 +0.11
Or-Achar(60) 0 O 0 0 103.4+2.9 87.01 £ 0.04 0.28 £0.02 0.12 £ 0.02 12.59+0.03
Or-Achar(80) 0 0 0 0 102.1+34 90.12+011  0.11+0.01 0.04 £0.02 9.73+0.04

Po-A char 0 0 0 0 100.6+0.8  75.07+0.04  1.41+0.02 044+0.05  23.08+0.05
Po-A char (0) 0 O 0 0 99.6+3.1 75.12+0.08 1.40 £ 0.05 044 +0.01 23.04+0.12
Po-Achar(20) 0 O 0 0 101.2+2.0 81.05 = 0.05 0.92 £0.06 0.25+0.01 17.78 £0.01
Po-Achar(40) 0 O 0 0 97.9+3.0 83.69+0.09 0.60+0.04 0.18+0.03  15.53+0.07
Po-Achar(60) 0 O 0 0 101.7+18 87.15+0.10 0.24+0.05 0.11+0.02 12.50+0.10
Po-Achar(80) 0 O 0 0 98.8+22 89.95+0.05 0.12+0.01 0.03+0.01 9.90+0.13
I: acid-soluble inorganic P (Pas.in); I1: acid-insoluble inorganic P (Pai.in); 111: acid-soluble organic P (Pas.or);
IV: P in lipids (Psi); V: P in other acid-insoluble organic structures such as nucleic acids (Pn,); ®daf-dry ash free;

Py difference
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6.3 Effect of phosphorus on chemistry of char sample prepared from biomass

pyrolysis

Table 6-3 presents the contents of inorganic species in those char samples prepared
from pyrolysis of AW wood or P-loaded wood samples. For the inorganic species
(except P) in all these char samples, only trace amounts of AAEM species and Fe are
present while Si and Al are the dominant inorganic species. However, the contents of
the inorganic species (except P) in Ph-A char, Or-A char and Po-A char are almost
four times lower than those in AW char due to the enhanced char yields in presence
of phosphorus. Further calculations also show that during wood pyrolysis, all
inorganic species (except P) are retained in these char samples, proving that these
inorganic species are indeed in the forms of aluminosilicates or silicates. Therefore,
the char samples could be safely considered as free of catalytically-active metallic

species.

Table 6-3 Contents (mg/kg, dry basis) of inorganic species in char samples prepared

from fast pyrolysis of wood samples at 1000 °C

Char samples AW char Ph-A char Or-A char Po-A char
P 0 21556.8 +13.5  18959.3+22.1  21528.6 +16.8

Na 52.9+132 128 +£3.7 153+3.1 147+19

K 20122 53+17 52+21 45+13

Ca 44152 10410 125+0.8 122+3.1

Mg 38.1+21 7521 84+18 72+22

Fe 271.7+£3.7 7514 7.3%£09 76%0.8

Si 178.6£4.1 444 £9.7 40.7+7.4 50.6 £9.6

Al 166.7 £ 12.6 40325 46.7 5.6 49.7 55
P/C molar ratio 0 0.011 +0.001 0.010 + 0.001 0.011 +0.001

Except the significantly high contents of phosphorus in char samples prepared from
P-loaded AW wood samples, the presence of phosphorus in biomass also exerts
substantial influence on the chemistry of the resultant char samples. For examples,

the content of C and H in AW char is 72.47 and 0.88, respectively; however, it
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increased 76.33 and 1.44 in Or-A char, respectively. The pronounced increases in C
and H contents are also observed for other char samples prepared from Ph-A wood
and Po-A wood. The increases in the contents of C and H can be attributed to the
enhanced crosslinking of C- and H-containing polymer chains (e.g. polyethylene
linkages [15]). Accordingly, the contents of N and O in chars prepared from pyrolysis
of wood samples with phosphorus are decreased. Notably, though P contents in Or-A
is slightly lower, the molar ratios of P/C are similar at 0.011 for the char samples
prepared from P-loaded wood samples. Nevertheless, those results clearly
demonstrate that the presence of either organic or inorganic P species in biomass

plays important roles in altering char chemistry during biomass pyrolysis.

6.4 Effect of phosphorus with different occurrence forms on char reactivity

Figure 6-2a presents the reactivity of chars measured in air at 500 °C using TGA with
char conversion ranging from 20 to 80%. Measured under the conditions of a
differential reactor and kinetic control regime, the char reactivity is the truly intrinsic
reactivity of char. Also as discussed above, all char samples are free of
catalytically-active metallic species, so the intrinsic char reactivity measured in this
study should be governed by the carbon structure of the char samples and/or the
presence of P. Three important observations can be made from the experimental

results presented in Figure 6-2a.

First, during the whole char conversion, the intrinsic reactivities of char samples with
P are overlapped, indicating that the organic P (i.e., phytic acid) and two inorganic P
(i.e., orthophosphoric acid and polyphosphoric acid) exert same effect on char
reactivity in this study, which could also be evidenced by the similar char chemistry
such as similar P/C molar ratio in char (see Table 6-3). Second, the char samples with
phosphorus reached the highest char reactivities at char conversion of 40%, while the

reactivity of AW char increased with increasing char conversion to 80%, indicating

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 106



CHAPTER 6

different evolution routes of physico-chemical structures of char samples during char
reactivity measurement. Third, at char conversion less than 60%, the reactivities of
char samples with phosphorus are higher than that of AW char; however, this trend is

reversed at higher char conversion.
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Figure 6-2 (a) Specific reactivities of char samples measured at 500 °C in air by TGA.
The relative experimental error for char reactivity measurement is 3%; (b) BET pore
surface area of char samples; (c) Reactivity per unit pore surface area of char

samples

To interpret the changes in char reactivity in Figure 6-2a, the measurement of char
reactivity at 500 °C in TGA was terminated at specific char conversion (dry ash free
basis), i.e., 0%, 20%, 40%, 60% and 80%, and the char samples [termed as char (x)

with x representing char collected at x% char conversion (wt, daf)] were then cooled
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down to room temperature and collected for further analysis. Notably, char with 0%
char conversion [see char (0) in Table 6-2] represents the char sample that was heated
to 500 °C under argon but not subjected to the oxidation in air according to the
measurement procedure of char reactivity in TGA. Figure 6-2b shows the BET
surface areas of char samples as a function of char conversion. Notably, some
micropores might not be taken into account for initial chars from pyrolysis due to the
molecular-sieve effect during determination of BET surface area using N> absorption
technique, however, such effect could be diminished as combustion or gasification
proceeds.!”® Therefore, Figure 6-2b only shows the BET surface area for char
samples with no less than 20% of char conversion. Clearly, total pore surface area
increases with char conversion for all char samples, indicating that char conversion
in air leads to the formation of new pores or the opening of the closed pores.!!
Especially, at lower char conversion (< 20%), the surface area of chars prepared from
P-loaded wood are higher than that of char prepared from acid-washed wood due to
less tar generated during pyrolysis of P-loaded wood and thus less soot condensed in
the pore structures of the resulting chars. The increasing pore surface area for AW
char from 278 m?/g to 985 m?/g with char conversions rising from 20% to 80% result
in the increased intrinsic reactivity of AW char at higher char conversion, as shown
in Figure 6-2a. However, the similarly increasing pore surface area is accompanied
with decreasing char reactivity for P-containing chars at char conversion higher than

40%.

On the other hand, the specific reactivity of char samples in Figure 6-2a is the
“overall” reactivity of active sites under kinetic control regime. Attempts were also
taken to investigate the important role of carbon structure in char reactivity by
normalizing this “overall” reactivity by total surface area, i.e., specific reactivity per
unit of pore surface area, which can be considered as an indication of the average
intrinsic reactivity,'' as shown in Figure 6-2c. For AW char, the reactivity per unit

pore surface area significantly decreases with char conversion increasing from 20%
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to 40%, then levelled off at higher char conversion. This result suggests that average
intrinsic reactivity of carbon active sites in the reacting AW char decreases with char
conversion at char conversion less than 40%, while it is unchanged at higher char
conversion. Previous study'! revealed that under noncatalytic conditions, the reactive
components in AW char with highly heterogeneous carbon structure are consumed at
lower char conversion while the inner ones are remained at higher conversions,
resulting in the “selective conversion” for AW chars at lower char conversion.
However, for the chars prepared from P-loaded acid-washed wood, the average
intrinsic reactivity decreased with increasing char conversion from 20% to 80%,
suggesting that “selective conversion” occurred in presence of P during the whole
char conversion investigated. Those results indicate that phosphorus can significantly
affect char reactivity and might plays different roles in the evolution of char structure

at various char conversions.

6.5 Effect of phosphorus with different occurrence forms on char carbon

structure

To clarify the significant differences observed in the evolution of the reactivity per
unit pore surface area for AW char and char with P, efforts were then taken to
characterise the carbon structure of chars with different char conversions using
Raman spectroscopy. Figure 6-3 presents the results on the three key parameters, i.e.
Sr + vi + vo/Satt, Sp/San and Scr + vi + vry /Sp. Clearly, the carbon structure of char
samples prepared from acid-washed wood loaded with P is more active than that of
AW char due to the enhanced cross-linking of reactive carbon structures and reduced

condensation by P-containing structures during pyrolysis.

During low-temperature oxidation, for AW char at lower char conversion (< 60%),
char structure becomes more inert with higher Sp/Sai (see Figure 6-3a) and lower

SGr + vi+ v/San (see Figure 6-3b) with rising char conversion due to the “selective
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11105 " while the “selective conversion” weakens at

conversion” of carbon structures
higher char conversion with dominantly inert carbon structures in char. Carbon
structure of char samples prepared from P-loaded wood samples are similar when
char conversion ranging from 0—80%, in coincidence with char reactivities shown in
Figure 6-2a. When char conversion is less than 60%, the carbon structures of char
samples from P-loaded wood are more active than that of AW char with lower char
reactivity due to the crosslinking of P-containing groups and reduced condensation of
char structure during wood pyrolysis.!3>!°! With the increasing of char conversion,
the reactive structure crosslinked by P-containing groups would be further consumed
125189 leading to the more condensed char structure and reduced char reactivity
though higher surface area can still be observed for char samples with higher char
conversions. At higher char conversion above 60%, the carbon structure of all char
samples with or without P tends to be similar. However, in comparison with
P-containing char samples, AW char sample shows higher char reactivity, indicating

that the presence of P somehow reduced char reactivity at higher char conversion.
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Figure 6-3 Peak fractions of (a) D band and (b) (G: + Vi + V;) band out of the total
peak area, and (c) peak area ratio of S(r+vi+vr/Sp (¢) in chars with different char

conversions

Figure 6-4a illustrates the retention of P in char samples with various char
conversions. Clearly, little P is released at char conversion less than 40% while it
tends to be significantly volatilized at higher char conversions, enabled by the
scission of P-containing groups.'® The loss of P-containing groups would further
lead to the condensation of aromatic ring systems,'® making char structure more
inert. Therefore, the increased P release above 40% char conversion results in the
gradual decrease of intrinsic reactivity for P-containing char samples. However, P
release is not proportional to the conversion of P-containing chars, as shown in

Figure 6-4b. For example, more than 40% of P is retained in these P-containing chars
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at 80% char conversion and the P/C molar ratios keep increasing at higher char
conversions for all P-containing char samples. Further analysis in Table 6-2 shows
that all P retained in char are acid-insoluble organic structure (Pna), suggesting that
those unconsumed P-containing species are still combined with carbon structure in

char.
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Figure 6-4 (a) Phosphorus retention and (b) O/C and P/C molar ratios in chars with

different char conversions

To investigate the evolution of P-containing groups associated with carbon structure
in char, char samples with different char conversions were further analysed using
XPS with the result shown in Table 6-4. Clearly, C-O-P structure and C-POj3 groups
are the major P-containing groups while little C3-PO and no Cs-P groups are
observed in char with various char conversions. However, with the increasing of char
conversion, C-O-P bond is becoming increasingly dominate (i.e., more than 95% of P)
in Ph-A char, Or-A char and Po-A char due to the release of P from P-containing

groups and/or the oxidation of C3-PO and C-PO; groups to C-O-P bond.!'®
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However, C-O-P bond can block the active carbon sites from reacting with oxygen,
125,126,192 thys significantly reduce char reactivity. With the increasing char conversion
above 60% for P-containing chars, C-O-P bond becomes more concentrated with
creasing P/C molar ratios (see Figure 6-4b), resulting in lower char reactivity,
compared with AW char regardless of the similar carbon structures. Notably, the
breakage of polyphosphates groups [such as C-O-(PO3H),] also result in enhanced P
release,!?® leading to the lower P retention in Po-A char, compared with that in Ph-A

char and Or-A char, as shown in Figure 6-4a.

Table 6-4 Distributions of P groups associated with carbon structure in char samples

with different char conversions

Char samples % of P groups in P2 spectrum
C-O-P C-PO3 Cs-PO Cs-P

Ph-A char (0) 24012 75.8+£1.2 02+01 0
Ph-A char (20) 51.4+3.1 48.5+3.0 01+01 0
Ph-A char (40) 60.3+2.9 39.7+29 0 0
Ph-A char (60) 69.2+3.1 30.8+3.1 0 0
Ph-A char (80) 97.2+24 28+24 0 0
Or-A char (0) 27.2+3.1 72.7+3.0 01+01 0
Or-A char (20) 53.6+1.3 463+ 1.2 0.1+0.1 0
Or-A char (40) 58928 41128 0 0
Or-A char (60) 726+19 274+19 0 0
Or-A char (80) 96.9+2.6 3.1+£26 0 0
Po-A char (0) 33.7+£22 66.0 +2.3 0.3+£0.1 0
Po-A char (20) 56.4 +4.1 435+4.1 0.1+0.1 0
Po-A char (40) 63.8+ 23 36.2+23 0 0
Po-A char (60) 68.9+ 3.0 31.1+3.0 0 0
Po-A char (80) 98.2+0.4 1.8+04 0 0

It should also be noted that the presence of P in char also has significant effect on

char chemistry during char conversion. As shown in Figure 6-4c, the O/C molar ratio
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in AW char is higher than that in P-containing char samples due to the lower oxygen
content in chars prepared from P-loaded wood at low char conversion (< 20%).
While at higher char conversion, O/C molar ratios for P-containing char samples are
slightly higher due to the presence of P associated with oxygen in char. Nevertheless,
the decreased O/C molar ratio at higher char conversion also indicate the selective

consumption of reactive O-containing structures during char oxidation.!'*?

6.6 Conclusions

This chapter reports a systematic investigation into the effect of phosphorus on char
structure and reactivity of char prepared from the fast pyrolysis of
purposely-prepared P-loaded biomass samples at 1000 °C in absence of other
inorganic species. Experimental results show that both organic and inorganic P
substantially increase char yields during biomass pyrolysis due to the enhanced
crosslinking by P-containing structures in char, leading to increases in the char C and
H contents and a decrease in char O content. The presence of P in biochars plays an
important role in the evolution of char structure and intrinsic reactivity measured
during low-temperature oxidation at 500 °C in air under chemical-reaction-controlled
regime. After pyrolysis and subsequent char oxidation, all P in biomass either as
organic or inorganic P are found to be present in the form of acid-insoluble organic
structures. For char prepared from acid-washed wood, char reactivity increases with
char conversion due to the increasing pore surface area at higher conversion.
Comparatively, for char prepared from acid-washed wood loaded with various P at
char conversion below 60%, the presence of P increases char intrinsic reactivity due
to the enhanced crosslinking and reduced condensation of char structures. However,
at higher char conversions, P-containing species in char leads to a significant
decrease in char reactivity, due to the formation of abundant C-O-P bonds, that is

highly resistant to the oxidation in air, in the reacting chars.

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 114



CHAPTER 7

CHAPTER 7 VOLATILE-CHAR INTERACTIONS: ROLES OF
IN SITU VOLATILES WITH DISTINCTLY-DIFFERENT
CHEMISTRY IN DETERMINING STRUCTURE AND
REACTIVITY OF CHAR PREPARED FROM P-CONTAINING

BIOSOLID

7.1 Introduction

Combustion and gasification are important technologies for utilizing P-containing
solid fuels.’® In a gasifier or combustor, solid fuel particles first experience rapid
devolatilisation to produce char and volatiles.** Char conversion is the rate-limiting
step, therefore, char reactivity is a critical consideration in reactor design.!'**!%> As
elaborated in Section 2.5.1, during rapid devolatilisation, fresh volatiles can
significantly interact with char particles, resulting in the volatile—char interactions.'

Previous literatures!>!6:18

report that volatile—char interactions could substantially
reduce char reactivity during coal pyrolysis in fluidised bed, using a single volatile
produced from acid-washed brown coal. However, fuels vary widely in fuel
chemistry so that the volatiles generated in situ during pyrolysis can be
distinctly-different in chemistry. Such volatiles with distinctly-different chemistry
may play different roles in altering char structure and char reactivity during volatile—
char interactions. Currently, there have been no investigation on this important aspect.
Therefore, this chapter reports the different roles that in situ volatiles with

distinctly-different chemistry may play during volatile—char interactions under

non-catalytic conditions in determining char structure and reactivity.
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7.2 Distinct differences in chemistry of volatiles produced for in situ volatile—char

interactions

For preparing char samples used for volatile—char interactions, double acid-washed
biosolid (DAWB) was produced (detailed description can be found in Section 3.3.1)
and then subjected to fast heating pyrolysis in Type C reactor with pulse feeding in
Figure 3-2c¢ to produced DAWB char with minimised volatile—char interactions at
1000 °C. Polyethylene (PE), DAWB, polyethylene glycol (PEG) and cellulose were
used to generate in situ volatiles. The properties of samples used in this chapter are
shown in Table 7-1 while the contents of inorganic species in DAWB and DAWB
char are shown in Table 7-2. Clearly, as shown in Table 7-1, cellulose, PEG and PE
samples are free of inorganic species and the DAWB sample is almost inorganics-free
with only 0.3% ash. More importantly, those solid samples have distinctly-different
fuel chemistry. Table 7-2 further shows that the DAWB sample contains little AAEMs
and Fe, and only trace amounts of Si and Al, indicating the remaining inorganic
species being aluminosilicates/silicates. Therefore, the DAWB sample can be
considered as free of catalytically-active inorganic species. Those samples were then
subjected to the novel two-stage reactor (see Figure 3-3) for in sifu volatile—char
interactions at 1000 °C with the detailed description given in Section 3.3.3. Hereafter,
the chars collected after interactions with the volatiles generated in situ from PE,
DAWB, PEG and cellulose volatiles are termed as Char-PE, Char-DAWB, Char-PEG
and Char-Cellulose, respectively. Another DAWB char was also subjected the same
procedure but without feeding any volatiles into the inner reactor (i.e., without
volatile—char interactions) as a reference. Hereafter, this char is termed as

Char-holding.
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Table 7-1 The properties of samples used in Chapter 7

Samples Moisture Proximate (wt%, db) Ultimate (wt%, daf)
(Wt9%, ar?) Ash VMP FCe C H N (o4
DAWB 3.8 0.3 80.4 19.3 73.61 9.17 2.87 14.35
Cellulose 1.7 0.0 90.5 9.5 43.68 6.11 0.00 50.21
PEG 0.1 0.0 100.0 0.0 54549  9.099 0.00 36.379
PE 0.1 0.0 100.0 0.0 85.719 14299  0.00 0.009
DAWB char 1.2 34 0.3 96.3 97.33 1.09 0.46 1.12

aas received; PV M-volatile matter; °FC—fixed carbon; ddaf—dry ash free; eby difference;

Table 7-2 The concentrations (mg/kg, dry basis) of inorganic species in DAWB and

DAWRB char
DAWB DAWB char
Na 1.3+£0.3 129+3.2
K 09+0.2 10.1+£1.2
Ca 27+09 32.1+57
Mg 16+04 18.1+23
Cl (S 0@
S 0.4+£0.2 (S
P 23+05 194 +34
Si 7496 £72.4 9068.6 £ 94.1
Al 459.2 £65.4 5557.7 £ 27.6
Fe 0.3+0.1 2707

anot detected

Containing little inorganic species, PE, DAWB, PEG and cellulose produce in situ
volatiles that contain essentially organic species and are free of catalytically-active
inorganic species. Table 7-3 shows that the char yields during rapid pyrolysis of PE,
DAWRB, PEG and cellulose in Stage I reactor at 1000 °C are 0.0, 8.9, 0.0, and 0.0
wt%, respectively. In other words, the yields of in situ volatiles are 91.1 wt% for

DAWRB and 100 wt% for PE, PEG or cellulose, respectively.
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Table 7-3 The char yields of PE, DAWB, PEG and cellulose after in situ volatiles

generation
Samples Char yield (wt %, dry basis)
PE 0.02
DAWB 8904
PEG 0.02
Cellulose 0.0@

ano char is produced during pyrolysis

Considering the data on char yield and the chemistry of char generated during in situ
volatiles generation and the parent feedstock, the chemical compositions of the
volatiles generated in situ from PE, DAWB, PEG and cellulose can be calculated. As
shown in Figure 7-la, these volatiles are distinctly different in chemistry. For
example, the volatiles generated in situ from PE pyrolysis contain only H and C but
free of oxygen. The volatiles generated in situ from DAWB, PEG and cellulose
contain not only C and H but also O and that from DAWB also contains negligible N.
As shown in Figure7-1b, on a molar basis, H is a major contributor in all the volatiles,
followed by C and O. The C content of the volatiles generated from DAWB is 41
mol% while those from PE, PEG and cellulose are similar (~32-36 mol%). The
molar contents of oxygen are in the order of PE volatile (0%) < DAWB volatiles
(5.1%) < PEG volatiles (14.3%) < cellulose volatiles (24.3%). Figure7-1c further
presents the molar ratios of O/H and H/C in the volatiles. The O/H molar ratios are 0,
0.12, 0.25 and 0.51 in PE, DAWB, PEG and cellulose volatiles, respectively. PE and
PEG volatiles have the highest H/C molar ratio (2.0), followed by cellulose (1.7) and
DAWRB volatiles (1.3).
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percentage and (b) mole percentage of elemental compositions and (c) O/H and H/C
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7.3 Variations in char chemistry during in situ volatile—char interactions

Figure 7-2 shows that the char yields after holding at 1000 °C or in situ interactions
with PE, DAWB, PEG and cellulose volatiles are 100%, indicating that the holding
or in situ volatile—char interactions result in little weight change of the chars. Table
7-3 further presents the concentrations of inorganic species in the DAWB char,
Char-holding and chars after in situ volatile—char interactions. All chars contain trace
amounts of AAEM species and Fe and the main inorganic species are Si and Al.

Calculations show that all inorganic species during char holding or in situ
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volatile—char interactions are retained in the char. These trace amount of inorganic
species in DAWB char are in the forms of aluminosilicates or silicates which are

catalytically inactive.
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Figure 7-2 Char yields after holding or in situ volatile—char interactions at 1000 °C in

Stage Il reactor

Table 7-4 The content (mg/kg, dry basis) of inorganic species in char in the absence or

presence of in situ volatile—char interactions

DAWB char Char-holding Char-PE Char-DAWB Char-PEG Char-Cellulose
Na 129432 12221 11321 12719 119+1.1 130+1.2
K 10.1+1.2 9.3+07 102+ 2.1 95+ 1.1 11.3+2.1 112104
Ca 32157 30444 325+6.8 322+5.1 331142 33.0+38
Mg 181123 175+ 2.1 184+23 172+42 186+ 1.1 185124
Fe 2707 2504 23105 26%03 26%05 26104

Si 9068.6 + 94.1 9054.4 +99.7 9150.7+874  92506+79.6  9109.8 +58.4 9104.7 £ 88.2
Al 5557.7 + 27.6 55658.3+ 125  5436.7+£75.6 5499.7 £ 59.5 5472.3+99.3  5498.7 £75.7

Table 7-5 lists the ultimate analysis of the DAWB char, Char-holding and chars after
in situ volatile—char interactions. Surprisingly, the content of H in Char-PE is slightly
lower than those in Char-holding, but the contents of H and O in Char-Cellulose are
higher than those in Char-holding, indicating that the volatiles with
distinctly-different chemistry exert different effect on char chemistry. Furthermore,
the results in Figure 7-2 and Table 7-5 show that although the substantial amounts of

C as part of volatiles are input into the reactor, the net changes in the carbon in the
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DAWRB char before and after volatile—char interaction are negligible.

Table 7-5 Ultimate analysis of DAWB char, Char-holding and chars after in situ

volatile—char interactions

Char Ultimate (wt%, daf?)
samples C H N ©F
DAWB Char 97.33+£0.15 1.09 +£0.04 0.46 £0.03 1.12+0.10
Char-holding 97.44 £0.10 1.05+0.05 0.45 £ 0.02 1.06 +0.08
Char-Cellulose 96.92 + 0.08 1.44 £0.04 0.33+0.01 1.31+£0.07
Char-PEG 97.18 £ 0.04 1.23+£0.04 0.35+0.02 1.24 +£0.09
Char-DAWB 97.57 £ 0.07 1.01 £0.06 0.34+£0.03 1.08 £ 0.04
Char-PE 97.87 £0.15 0.89 £0.07 0.36 £ 0.05 0.88 £0.15

a daf-dry ash free; ° by difference

7.4 Effect of volatiles chemistry on char reactivity after in situ volatile—char

interactions
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Figure 7-3 Specific reactivities of Char-holding and chars after interactions with

different in situ volatiles at 410 °C in air determined by TGA

Figure 7-3 presents the reactivity of chars measured in air at 410 °C using the TGA
that was operated as a differential reactor and the relative experimental error for char

reactivity measurement is 3%. Such conditions ensure char reactivity be measured
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under kinetic control regime and also eliminate the changes in char structure during
reactivity measurement so that the measured reactivity is truly intrinsic reactivity
reflecting char structure. In addition, all chars have gone through the same thermal
annealing time during in situ volatile—char interactions (or char holding) so that any

differences observed in the char reactivity are due to the volatile—char interactions.

There are three important observations in Figure 7-3. First, the specific reactivities of
the chars after interactions with volatiles are considerably lower than that of
Char-holding (see curve A). This is expected because some reactive species in
volatiles can react with char and reduce char reactivity.'® Second, the specific
reactivities of the chars after volatile—char interactions are strongly dependent on the
in situ volatiles, indicating that the chemistry of volatiles plays a significant role in
determining char reactivity. Third and most importantly, the reactivity of chars after
volatile—char interactions increases with increasing O/H molar ratio of the volatiles.
As the O/H molar ratio of the volatiles increases from zero of PE volatiles to 0.12 of
DAWRB volatiles, 0.25 of PEG volatiles and 0.51 of cellulose volatiles, the maximal
reactivity of char increases from 0.00015 min! for Char-PE, to 0.00028 min! for
Char-DAWB, 0.00034 min™' for Char-PEG and 0.00053 min"' for Char-cellulose.
The results indicate that both H-containing and O-containing reactive species play
important roles in determining char reactivity during in situ volatile—char interactions.
Because these chars are free of catalytically-active inorganic species, such significant

differences in char reactivity must be due to the differences in char carbon structure.
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7.5 Effect of volatiles chemistry on char carbon structure after in situ volatile—

char interactions
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Figure 7-4 Peak fractions of (a) D band and (b) (Gr + V1 + Vr) band out of the total
peak area, and (c) peak area ratio of S(Gr + V1 + Vr)/SD (c) in chars in the absence or

presence of in situ volatile—char interactions

Further efforts were then taken to characterise the carbon structure of chars before
and after in situ volatile—char interactions using Raman spectroscopy. Figure 7-4
presents the results on the peak fractions of the combined (G;+ V| + Vr) band and D
band out of the total peak area and their peak area ratio, i.e. S(Gr+ vi+vi)/Sai, Sp/San
and Sr+vi+ v / Sp, respectively. It is important to note that D band represents
defect structures with no less than 6 aromatic rings in highly ordered carbonaceous

while the combined (G: + Vi + V;) band represents typical structures in amorphous
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carbon with 3-5 aromatic rings.!! Therefore, the three Raman parameters gives key
information on char structure in terms of the relative amounts of large or small
aromatic structures in char. Three important observations can be made from the
results presented in Figure 7-4. First, in situ volatile—char interactions significantly
increase Sp/San (see Figure 7-4a) and decreases S(Gr + vi+vr/San (see Fig. 5Sb) and Sr
+vi+ v/Sp (see Figure 7-4c). The results are in consistence with the char reactivity
presented in Figure 7-3 and clearly indicate that more larger aromatic structures are
formed during in situ volatile—char interactions. This is understandable because
during in situ volatile—char interactions, the small H-containing reactive species '
are able to penetrate deep into the char matrix and intensify the ring condensation

reactions and convert small aromatic ring systems into large ones,'> thus making the

carbon structure less reactive and accordingly decreasing the char reactivity.

Second, Figure 7-4 further show that among all the chars after interactions with
various volatiles, Char-PE has the most inert structures, indicating the importance of
H-containing reactive species in condensing the aromatic structures in char. However,
Char-DAWB has larger aromatic structures than that of Char-PEG though the H
content of the DAWB volatiles is lower than that of the PEG volatiles (see Figure 1b),
indicating that H-containing reactive species in the volatiles are not the only decisive
factor governing the evolution of char carbon structure during in situ volatile—char
interactions. As shown in Figure 7-4c, the S(Gr+ vi+ vr/Sp ratio of the chars after in
situ volatile—char interactions increases with the O/H molar ratio of the volatiles. The
results clearly indicate that O-containing reactive species in volatiles also play
important role in altering char carbon structure. The O-containing reactive species
are known to attack the zig-zag face of carbonaceous materials at temperatures up to
1000 °C and form stable C-O complex oxides, such as carbonyl, ether, anydride or
lactone complexes.'”® Oxygen is also known to intercalate into the graphite layers.!’
Those C-O complex oxides are known to mitigate the graphitization of the carbon

structure of char during thermal treatment at 900—1200 °C.'% Therefore, in this study,
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similar C-O complex oxides can be formed as results of the interactions between
O-containing reactive species in volatiles and the DAWB char hence effectively
prevent the carbon structure from further graphitization, clearly supported by the

substantial increase in S+ vi+ vr//Sp With increasing oxygen content in volatiles.

Third and last, the changes in char structure directly affect the content of H in the
chars after in situ volatile—char interactions. For example, PE volatiles are dominated
by H-containing reactive species which lead to the most intense condensation of
aromatic carbon structure during in situ volatile—char interactions. Table 7-5 shows
that such structural condensation is also accompanied by the slight decline in H
content in char. With increasing O/H molar ratio in volatiles, the mitigating effect of
C-O complex oxides on char chemistry is gradually enhanced. For example,
compared with PE volatiles, the DAWB volatiles with an O/H molar ratio of 0.12
have little effect on the H content in char. However, when the O/H molar ratio of
volatiles becomes higher (e.g. 0.51 for cellulose volatiles), the formation of C-O
complex oxides becomes more pronounced, thus leading to the chars with increasing

H and O contents and less condensed carbon structures.

7.6 Conclusions

This chapter investigates the roles of volatiles, generated from DAWB, PE, PEG or
cellulose and distinctly-different in chemistry, in determining char intrinsic reactivity
and char structures during in situ volatile—char interactions in a two-stage reactor at
1000 °C. Experimental results show that in situ volatiles—char interactions
substantially reduce char reactivity. It is interesting to see that char reactivity
increases with increasing O/H molar ratio of the volatiles for in situ volatile-char
interactions. The results show that both H- and O-containing reactive species in
volatiles play important but different roles during in situ volatile—char interactions.

H-containing reactive species substantially induce the condensation of the aromatic
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ring systems in char and consequently decrease H content in char, thus making the
char structure more inert. However, O-containing reactive species in volatiles react
with char particles to form C-O complex oxides which mitigates the carbon structure
from condensing into larger aromatic ring systems and increases O and H contents in

char, thus effectively increasing char reactivity.

Reprinted with permission from (Xujun Chen and Hongwei Wu. Volatile-char
interactions: Roles of in situ volatiles with distinctly-different chemistry in
determining char structure and reactivity, Proceedings of the Combustion Institute
2019, 37, 2749-2755). Copyright (2018) The Combustion Institute. Published by

Elsevier Inc
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CHAPTER 8 EFFECT OF WATER VAPOUR ON PM EMISSION
DURING COMBUSTION OF IN SITU VOLATILES AND CHAR
FORM FAST PYROLYSIS OF P-CONTAINING

CONTAMINATED WOOD

8.1 Introduction

Combustion is a key strategy to process P-containing contaminated biomass such as
chromated-copper-arsenate-treated (CCAT) wood.* Oxy-fuel combustion replaces
conventional air combustion via the use of oxygen and recycled flue gas to produce

198 and thus achieves carbon

COz-dominated flue gas and sequestration ready,
negativity.”® However, oxyfuel atmosphere containing substantial water vapour (10—
30% or even higher®’) results in significant variations in heat and mass transfer, flame
temperature and burnout of the combustion process.!® There is still considerable gap
for systematic research into the effect of water vapour on PM emission during oxyfuel
combustion for at least three reasons. First, there are only scattered reports available
on the topic.!’%15%18 Particularly, contaminated biomass, such as CCAT wood
contains abundant toxic trace elements but the only study into the effect of water
vapour on trace elements emission in PM was under oxy-coal combustion
conditions. %1 It is unknown if such knowledge can be extrapolated to the emission
of trace elements during combustion of contaminated biomass. Second, the current
understanding on the effect of water vapour on PM emission during oxyfuel
combustion is only based on the combustion of the whole fuel. As solid fuel particles
are injected into the furnace, the first step is rapid pyrolysis that generates char and

19,23,24

volatiles. Our previous studies revealed the distinct differences in the pathways

of volatiles and char combustion to PM emission, via a novel two-stage
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pyrolysis/combustion system. However, the effect of water vapour on PM emission
via such individual char or volatiles combustion is still unknown. Third and last,
limited by the working temperature of the quartz reactor for generating in situ volatiles,
those studies only considered the volatiles generated at temperatures (800—1000 °C)
lower than the combustion temperature (1300 °C). It is highly desired to investigate
the effect of water vapour on PM emission behaviour during the combustion of in situ
volatiles and char produced at the same temperature of combustion. Unfortunately, this

important aspect has not been investigated.

Consequently, this chapter investigated the fundamental mechanisms governing the
effect of water vapour on PM emission during separate oxy-fuel combustion of char
and in situ volatiles generated from CCAT wood at 1300 °C in a novel two-stage

pyrolysis/combustion system!? (see Figure 3-4 in Section 3.3.4).

Table 8-1 Properties of the P-containing contaminated wood used in Chapter 8

Moisture Proximate (wt%, db) Ultimate (wt%, daf9)
(Wt%, ar’)  Ash  VMP FCe C H N o
2.3 0.6 48.9 50.5 49.49 5.90 0.45 44.16
Major elements Trace elements
(mg/kg_CCAT_wood) (mg/kg_CCAT_wood)
Al 93.3+9.7 As 15.382 £ 0.917
Fe 1442 £15.7 Cr 21.882 +0.089
Na 4185+344 Ni 1.032 £ 0.044
K 342.6 £ 14.6 Cu 18.921 +1.002
Mg 233.4+24.6 Pb 4.304 +0.099
Ca 1074.4 £99.9 Mn 34.383 £0.129
Cl 2783125 Ti 154.004 + 13.200
P 149624
S 79.2+3.2
Si 391.2+25.2

ags received; "V M-volatile matter; °FC—fixed carbon; 9daf—dry ash free;
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8.2 Effect of water vapour on the properties of PMio during the combustion of

in situ volatiles and char

3 247 (a) Volatiles combustion | (b) Char combustion

S 1 —o— 0% water vapour
;I 1.87 —e—10% water vapour
= 1.59 ——30% water vapour

dM/dlogDp
C
=
e

0.01 0.1 1 10 0.01 0.1 1 10
Aerodynamic diameter (um)

Figure 8-1 PSDs of PM collected during the combustion of (a) in situ volatiles and (b)

char under oxyfuel conditions at 1300 °C and different water vapour contents

Figure 8-1 presents the PSDs of PMio collected during char and in situ volatiles
combustion in absence or presence of water vapour, normalised to the mass of the
CCAT wood. Blank experiment was also conducted with water vapour and oxy-fuel
gas injecting into the drop-tube furnace (DTF) without volatiles or char feeding and
the results show that no PM o was produced. The Stage I and Stage II alumina tubes
(see Figure 3-4) were also washed by diluted sulfuric acid and deionised water before
each experiment to prevent the release of any inorganic species pre-deposited on the
reactor tube of the DTF to distort the measurement of PMo emission.”® Three
important observations can be made in Figure 8-1. First, in sifu volatiles combustion
in either presence or absence of water vapour only produces PM; with a unimodal
size distribution. Second, the mode diameter of PM samples collected during
volatiles combustion without water vapour and 10% water vapour content is 0.042
um and 0.077 um with water vapour increasing to 30%, indicating that the increased

impinging of water molecules®"

at high water vapour contents could enhance the
growth of nuclei, condensation of inorganic species on existing nuclei or/and

coagulation of fine particles. Third, PMo generated during char combustion without
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the addition of water vapour have biomodal distibutions that include a fine mode at
0.043 um and a coarse mode at 2.44 pum. Similarily, the mode diameter of the fine
mode shifts to 0.077 um when the water vapour content increases to 30%.
Interestingly, the mode diameter of the coarse mode also shifts to a larger size of
4.094 um when the water vapour content increases from 10% and 30%. The results
suggest that water vapour also enhances the coalescence or/and agglomeration of
202

coarse particles because water vapour could accelerate the sintering rate of Ca-

and Mg-bearing species,!”’ thus enhancing the agglomeration of those species.

1(a) Volatiles combustion | (b) Char combustion

8 6.0 [ 0% water vapour
1 [_1210% water vapour
I 30% water vapour

PM yield

~ PMO.l PMO.l-l le PMZ.SPMl-lopM10PM0.1PM0.1-1PM1 PMZ.SPMl-IOPMlO

Figure 8-2 Yields of PM collected during combustion of (a) in situ volatiles and (b)

char under oxyfuel conditions at 1300 °C and different water vapour contents

Figure 8-2a further shows that volatiles combustion only generates PM;, especially
PMoy.i. The introduction of water vapour substantially increases the PM; yield from
1.5 (in absence of water vapour) to 3.0 (at 10% water vapour content) and 3.8
mg/g CCAT wood (at 30% water vapour content), respectively. Figure 8-2b shows
in absence of water vapour char combustion produces very low PM; yield (0.2
mg/g CCAT wood) because most of volatile inorganic species would have been
released into the volatiles during char preparation at 1300 °C. Again, the addition of
water vapour into the combustion atmosphere also significantly increases PM; yield,
from 0.2 (in absence of water vapour) to 1.5 (at 10% water vapour content) and 2.0

mg/g CCAT wood (at 30% water vapour content), respectively. The addition of
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water vapour also significantly increases the PMi.10 yield during char combustion,
from 3.8 (in absence of water vapour) to 4.6 (at 10% water vapour content) and 5.2

mg/g CCAT wood (at 30% water vapour content), respectively.

8.3 Effect of water vapour on the emission of major elements in PMio during the

combustion of in situ volatiles and char

—0— 0% water vapour
—e—10% water vapour
—*—30% water vapour

Volatiles combustion Char combustion
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Figure 8-3 PSDs of major elements in the PM collected during combustion of (a—j) in
situ volatiles and (k—t) char under oxyfuel conditions with different water vapour

contents
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Figure 8-3 presents the PSDs of major elements in PMio collected during the
combustion of in situ volatiles and char, with the respective elemental yields shown
in Figure 8-4. For volatiles combustion, PM; indeed contains dominantly volatile
species (including Na, K, Cl, S and P). Interestingly, there are also small amounts of
refractory Mg and Si in PM;. Considering the combustion temperature is 1300 °C
and the presence of P and S, the most likely pathway for the release of Mg to form
PM; is in the forms of magnesium sulphate and magnesium phosphate that have low
melting points of 1124 and 1184 °C, respectively. The presence of Si in PM; can be
attributed to the reduction of SiO; by reducing agents (e.g. C, CO, Hz) which are
produed abundantly during pyrolysis to generate gaseous SiO under reducing

conditions,'®®

resulting in the release of some Si into the gaseous phase during
pyrolysis and then re-oxidised into SiO2 as part of PM; during subsequent
combustion. Figure 8-4 shows that water vapour has little effect on the P yield during
volatiles combustion. However, the introduction of water vapour leads to slight
decrease in Cl and slight increase in S in the PM;. However, the molar yields of (S +
Cl) in PM; remain unchanged, irrespective of water vapour content in the
combustion atmospheres, suggesting that water vapour facilitates the transformation
between chloride and sulphide. Specifically, H2O-derived OH radical can combine
with SOz to form intermediate HOSO., which could subsequently react with
chlorides to form sulphates®® and release HCI, thus possibly reducing the yield of CI

and increasing that of S in PM during in situ volatiles combustion.
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Figure 8-4 Yields of major elements in PM collected during combustion of (a—j) in

situ volatiles and (k—t) under oxyfuel conditions with different water vapour contents

The results in Figure 8-4 clearly show that increasing water vapour content leads to

substantial increases in the yields of Na and K in PMy (hence the total yield of

PMoy.; as shown in Figure 8-2) generated during in situ volatiles combustion. In

addition to chlorides and sulphates, alkalis are also known to be released as alkali
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metaphosphates e.g. (Na,K)PO3 during solid fuel combustion.?’ Futher efforts were
taken to calculate the (Na+K+2Mg)/(CI+2S+P) molar ratios in PMy 1 during volatiles
combustion under various combustion conditions. Without the addition of water
vapour, the (Na+K+2Mg)/(Cl+2S+P) molar ratio is 1.08, proving that Na, K and Mg
are indeed dominantly present in the forms of chloride, sulphate or metaphosphate in
PMo.i. However, it increased to 1.81 and 2.70 at 10% and 30% water vapour content,
respectively. Because the addition of water vapour leads to little increases in the
yields of anion species (Cl, S and P), as shown in Figure 8-4, an increase in the
(Na+K+2Mg)/(Cl+2S+P) molar ratio indicates that the increased Na and K in PMy
are in chemical forms other than chloride, sulphate or metaphosphate. Most likely,
water vapour favours the reaction between Na (and K) and H>O-derived OH radical

203 instead of reacting with reactor tube

to form NaOH which is the most stable forms,
wall and retaining in the DTF, leading to the significant increase in the yields of Na
and K in PMy.;. Vapours of alkali hydroxides can react with the alumina reactor tube
of the DTF to form water-soluble alkali aluminates (NaAlO; and KAIO;) during

combustion at 1300 °C, via the following overall reactions:>*

2NaOH(g) + Al,O3(s) 2 2NaAlOa(s) + H,O(g)  (R1)
2KOH(g) + ALOs(s) 2 2KAIOx(s) + H20(g) (R2)

The net consequences of Reaction R1 and R2 are that Na and K are captured by the
alumina reactor tube, instead of being collected in PM. Both reactions may be
reversible so that increasing water vapour content would hinder the formation of alkali
aluminates, hence less Na and K would be captured by the alumina reactor tube. The
alumina reactor tubes after volatiles combustion at different water vapour
concentrations were then washed using deionized water and the amounts of Na, K and
Al in the washed solutions were quantified. As shown in Table 8-2, the molar ratios of
(Na+K)/Al in all the solutions from water washing of the alumina reactor tubes are

~1.0, proving that (Na, K)AlIO; were formed on the alumina reactor tube. The total
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amount of Na or K captured in PM and the outer alumina reactor tube remains
unchanged under all conditions. Considering the amounts of Na and K (0.045 and
0.041 mg/g CCAT wood, respectively) retained in the inner alumina tube and the YSZ
felt (see Figure 3-4) during pyrolysis, the mass balances of Na and K in the reactor
system achieve over 90%. The results demonstrate that both reactions R1 and R2 do
proceed and are indeed reversible under the combustion conditions in this study.
Increasing water vapour addition hinders the formation of alkali aluminates by the
reactions between the alkali vapours and the reactor wall. Such mechanisms can also
explain the increase in the yield of PMo.1 during char combustion as water vapour
addition increases. Increasing water vapour addition might also enhance the
volatilisation of Na, K and Si from char, contributing to the increased yields of those

elements in PM; (see Figure 8-4k, 4l and 4r) during char combustion.

Table 8-2 Yields of Na and K in PM; and the alumina reactor tube during volatiles

combustion and Al in the solutions from water washing of the alumina reactor tube of

the DTF
Water vapor Yield (mg per g CCAT wood)
content (A) in PM; (B) in the solution (A+B) total
b
0% 0.093 0.150 0.243
Na 10% 0.137 0.096 0.233
30% 0.224 0.014 0.238
0% 0.101 0.103 0.204
K 10% 0.150 0.042 0.192
30% 0.164 0.034 0.198
0% - 0.236 -
Al¢ 10% - 0.142 -
30% - 0.041 -
(Na+K)/Al molar ratio 0% water vapour 1.0
in the solution,” 10% water vapour 1.0
calculated 30% water vapour 1.0
@ experimental errors are within £ 0.005 mg per g CCAT wood for the analyses of Na, K and
Al; P refers to the solution from water washing of the alumina reactor tube; © refers to Al
present in the solutions.
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The increases in the yields of PMi.io (see Figure 8-2) and refractory elements
including Ca, Mg, Al, Fe, Si in PMi.1o (see Figure 8-4) with increasing water
vapour content is most likely due to enhanced char fragmentation during char
combustion in presence of water vapour. Considering the oxygen content was
maintained at 30% for all combustion experiments, the effect of water vapour on char
particle temperature is insignificant.?’* However, the reactions between H,O and char
prefer to form more mesoporous and macroporous structures®® even with a limited
char conversion,?*® which are expected to enhance char fragmentation hence increase
the yields of PM2sand PMi.1o. Surprisingly, traceble Si is also presented in the PM;
produced during char combustion and its yield increases with increasing water
vapour content. This can be attributed to the reactions between SiO2 and H>O to form
gaseous SiO(OH);, Si(OH)s; and/or Si2O(OH)s¢ (known to take place at high

temperature!®®), resulting in the release of Si as part of PM;.
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8.4 Effect of water vapour on the emission of trace elements during the
combustion of in situ volatiles and char
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Figure 8-5 PSDs of trace elements in PM collected during the combustion of (a—g) in
situ volatiles and (h-n) char under oxyfuel conditions with different water vapour
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The PSDs of trace elements in PM collected during the combustion of in situ
volatiles and char are presented in Figure 8-5 and the yields of individual trace
elements are shown in Figure 8-6. Several important observations can be made based
on the results in these two figures. First, the results in the panels a—g of Figure 8-5
and Figure 8-6 show that during the combustion of in situ volatiles, As, Cr, Ni, Cu
and Pb are only presented in PM; and the introduction of water vapour alters the

PSDs, but has little effect on the yields of these trace elements in PM;. Second, As,
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Cr, Cu and Ni are present in both PM; and PM;.jo while the non-volatile Mn and Ti
are only present in PMj.jo during char combustion. Increasing water vapour content
increases the yields of As, Cr, Cu, Ni, Mn and Pb in PMi.;o due to the possibly
enhanced char fragmentation during char combustion. Third, it is interesting that the
yields of As and Cr in PM; increase with increasing water vapour content during char
combustion. Under current experimental conditions, arsenic is mostly likely present

in the char as calcium arsenate or arsenic oxides2’’

and it is reported that under less
oxidising conditions, all As could be converted to AsO(s) and sublimated.?”® In
presence of water vapour, despite the limited char gasification under current
conditions, the reactions between H>O and char is much more intense than that

between CO; and char,?"”

thus promotes a less oxidised conditions locally and
enhances the evaporation of As. Chromium is mostly likely present in char as Cr20s
that is the most thermally stable form,?® while Cr,Os could react with water vapour
to generate gaseous oxyhydroxides such as CrO(OH), CrO2(OH), and CrO(OH); at
high temperatures,**® resulting in an increase in Cr condensed in PM;. Fourth and last,
the yield of Ni in PM; decreases with increasing water vapour content, as higher

water vapour could hinder the Ni chlorination reaction [NiO(cr) + 2HCI(g) =

NiClx(g) + H>O(g)] and favours NiO formation.?%

8.5 Conclusions

This chapter deployed a two-stage pyrolysis/combustion system for investigating the
effect of water vapour on PM emission during the separate combustion of in situ
volatiles and char generated from P-containing CCAT wood at 1300 °C. During in situ
volatiles combustion, water vapour could significantly enhance the nucleation,
coagulation and condensation of fine particles and increases the PMy.1 yield. During
char combustion, water vapour might also enhance char fragmentation hence increases
the PM .19 yield. For trace elements, volatile trace elements (As, Cr, Ni, Cu and Pb)

are only presented in PM during in situ volatiles combustion. Water vapour shifts the
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PSDs, but has little effect on the yields of these trace elements. During char
combustion, As, Cr, Cu and Ni are present in both PM; and PM;.jo while non-volatile
Mn and Ti are only present in PMj.19. Water vapour increases the yields of As, Cr, Cu,
Ni, Mn and Ti in PMi.10 due to possibly enhanced char fragmentation. With the
addition of water vapour, the yields of As and Cr in PMy | are increased but that of Ni
in PMo. is decreased during char combustion, most likely due to water vapour
facilitating the conditions that enhance the release of As and the generation of gaseous

chromium oxyhydroxides but inhabits the production of volatile NiClo.

Peprinted with permission from (Xujun Chen, Sui Boon Liaw and Hongwei Wu.
Effect of water vapour on particulate matter emission during oxyfuel combustion of
char and in  situ volatiles  generated  from  rapid pyrolysis  of
chromated-copper-arsenate-treated wood, Proceedings of the Combustion Institute
2019, 37, 4319—4327). Copyright (2018) The Combustion Institute. Published by

Elsevier Inc
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CHAPTER 9 IMPORTANT ROLE OF VOLATILE-CHAR
INTERACTIONS IN ENHANCING PM: EMISSION DURING
COMBUSTION OF VOLATILES FROM P-CONTAINING

BIOSOLID

9.1 Introduction

Combustion of biosolid featuring in high P contents is considered as one of the
important technologies for volume reduction, destruction of toxic matters, and energy
recovery.>* However, as described in Section 2.7, it could generate significant PM,
especially PM» s and PM;¢*'2!° that have adverse impacts on process operations and
the environment,*228:150L163.211.212° A g elaborated in Section 2.5.1 and 2.7.4, during
biosolid combustion, volatiles and char may experience strong interactions during
devolatilization (the first step of combustion) and such volatile—char interactions may

19.23 also show that

affect the transformation of inorganic species. Our recent studies
volatile—char interactions might play an important role in PM emission during solid
fuels combustion. Unfortunately, thus far, there has been no direct evidence on this

important aspect.

Therefore, this chapter aims to provide direct evidence on this important issue using a
three-stage reactor system (detailed description given in Section 3.3.4 and Figure 3-5).
It is noted that due to the working temperature limit (below 1100 °C) of the quartz
reactor, experiments were carried out for in situ generation of volatiles (hence
volatile—char interactions) at 800 and 1000 °C, which are lower than the temperature
of volatiles combustion (1300 °C). Nevertheless, the series of experiments are
sufficient to prove the potentially important role of volatile—char interactions in PM

emission during biosolid combustion.
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9.2 Properties of char and samples used for generating volatiles with in situ

volatile—char interactions

In this chapter, three samples are used for generating in sifu volatiles, namely,
cellulose, polyethylene (PE) and single acid-washed biosolid (AW-biosolid). The
detailed description for the preparation of AW-biosolid could be found in Section
3.3.1. The properties of the biosolid and AW biosolid samples are listed in Table 9-1.
The retentions of major and trace elements in biosolid after acid-washing are
presented in Figure 9-1, which clearly shows that the majority of the AAEMs, S, P
and trace elements such as As, Ni, Co, Pb, and Cu were removed during
acid-washing, while significant Al, Fe, Si, Cr and Cd were retained. It is also noted

that the biosolid sample has a low Cl content and the AW biosolid contains little CL.
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Figure 9-1 Retention of (a) major and (b) trace elements in acid-washed biosolid after

acid-washing of the biosolid sample, expressed as % of those in biosolid
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Table 9-1 Properties of biosolid, acid-washed biosolid, cellulose, polyethylene and slow heating biosolid chars prepared at 800°C and 1000°C,
respectively.

Samples Biosolid AW Biosolid Cellulose Polyethylene BSHB800 Char? BSH1000 Charh

Moisture (wt % ad?) 5.3 3.7 4.0 0.1 1.3 14

Proximate Analysis (wWt% dbP)
Volatile Matter 67.1 74.4 90.7 100.0 4.2 2.8
Fixed Carbon 13.2 17.9 9.3 0.0 39.5 35.6
Ash 19.7 7.7 0.03 0.0 56.3 61.6

Ultimate Analysis (wt% daf®)
C 52.82 61.47 43.74 85.71° 94.20 96.30
H 6.98 11.92 6.07 14.29¢ 0.29 0.11
N 9.33 3.72 0.00 0.00 4.71 3.12
(o} 30.87 22.89 50.19 100 0.8 0.47

Major Elements (mg/kg, db?)
Si 19008.7 + 584.2 9042.6 £ 325.2 n.d.g n.d.f 63402.8 £ 302.2 67084.9 £229.9
Al 6782.2 +68.4 2237.3+29.7 <1.0 <1.0 21792.4 +£30.6 23637.5+£39.1
Fe 32776 +47.8 1044.2 £15.7 11.4+28 72+34 10627.7 £ 23.7 112412 +14.4
K 2007.8 £18.7 342.6 £14.6 <5.0 <5.0 5367.2+ 124 5894.5 + 16.0
Na 1389.8 £16.2 168.5+44 41.7+55 206+7.1 4218.7+4.4 42173 +8.7
Ca 20668.3 +389.6 2874.4 +£106.8 <5.0 <5.0 70960.4 £ 210.0 76344.2 +273.4
Mg 4901.7 +44.6 633.4£24.6 <5.0 <5.0 16019.3 + 26.6 17006.5 £ 35.0
P 18228.9 + 188.4 2149.6 £ 98.4 n.d.g n.d.’ 61079.9 £110.5 63465.2 £ 208.7
Cl 882455 n.d.¢ <5.0 <5.0 20.1+3.2 11427
S 8592.2 +74.2 612.4 £ 46.8 <5.0 6.8+0.1 5314.3 +38.4 4714.8 + 45.6

Table continued in next page
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Trace Elements (mg/kg, db®)
As
Cr
Co
Ni
Cu
Cd
Pb

2.852 +0.144
32.776 £0.998
3.469 £ 0.078
19.204 +0.143
4924 +7.8
2.384 £0.099
14.003 + 1.275

0.382 +0.017
7.882 +0.089
0.398 £0.021
1.328 £ 0.044

40.7+£2.4
0.732 £0.034
1.218 +0.068

n.d.s

<1.000

0.062 £ 0.040
<0.200

n.d.s

<0.100

0.482 +0.042

n.d.g

n.d.¢

0.038 + 0.026
<0.200

n.d.g

<0.100

0.306 + 0.051

5.866 +0.181
102.001+ 0.929
10.669 + 0.089
60.882 £ 1.177

15775+6.5

5770 £0.221

18.667+ 0.348

2.097 £ 0.093
105.321 + 1.989
11.431+0.114
64.691 + 2.296
17251 +8.4
1.148 +0.104
4.125+0.239

aad = air dried; ® db = dry basis; ¢ daf = dry and ash free; 9 by difference; ¢ calculated values; " n.d. = non-detected; $ BSH800 Char = biosolid char prepared from slow heating pyrolysis of

the raw biosolid in a fixed-bed at 800 °C; " BSH1000 Char = biosolid char prepared from slow heating pyrolysis of the raw biosolid in a fixed-bed at 1000 °C.
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However, some inorganic species are still present in the AW samples. To understand
the release of the inorganic species in the volatiles generated in situ from AW
biosolid fast pyrolysis, separate pyrolysis experiments were carried out at 800 °C and
1000 °C in a drop-tube/fixed-bed reactor (Type B, in Figure 3-2) under the same
conditions. As shown in Figure 9-2, during in sifu volatiles generation from AW
biosolid at 800 and 1000 °C, small proportions of Na, K and P, >90% of S and some
of the trace elements (i.e. As, Cr, Cd, and Pb) were released into the AW biosolid
volatiles. In addition, cellulose and polyethylene with size <200 um were also used
to in situ generate volatiles of different characteristics for interacting with the chars.
As shown in Table 9-1, cellulose sample is almost inorganics-free (ash content:
0.03%) so that its rapid pyrolysis generates volatiles containing essentially organic
species. Only containing C and H, polyethylene pyrolysis produces volatiles

consisting of purely hydrocarbon and free of oxygen-containing species.
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Figure 9-2 Release of (a) major and (b) trace elements in the volatiles generated in situ
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from the fast heating pyrolysis of acid-washed biosolid. The AW BFH800 volatiles
and AW BFH1000 volatiles are generated in situ from fast heating pyrolysis of
acid-washed biosolid at 800 and 1000 °C, respectively, for volatile—char interactions

experiment

[ 1BSH800 Char I BSH1000 Char
| (a) Major elements
100 .

120

K Na Ca Mg Fe Al Si P S CI

] (b) Trace elements
1004 --------= e e e E L B e S

Retention of major and trace elements, expressed
as % of the total respective element in raw biosolid
)
o

As Cr Ni

Figure 9-3 Retention of (a) major and (b) trace elements in chars produced from slow

heating pyrolysis of biosolid at 800 (BSH800 Char) and 1000 °C (BSH1000 Char)

As inorganic PM is originated from inorganic matter in the parent fuels, it is highly
desired to prepare char samples of high inorganic concentrations for the experiments
to illustrate the importance of volatile—char interactions. For this reason, slow
heating pyrolysis of biosolid were conducted at 800 and 1000 °C at a heating rate of
10 °C/min in fixed-bed reactor (See Figure 3-2a) to prepare two biochar samples,
referred to as “BSH800 char” and “BSHI1000 char”, respectively, for subsequent
volatile—char interactions. The contents and retentions of inorganic species in these

slow heating chars are presented in Table 9-1 and Figure 9-3, respectively. The
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majorities of Na, K and P and almost all Ca, Mg, Fe, Al, and Si are retained in the
chars, while only a small proportion of S and little Cl are retained in the chars.
Meanwhile, significant As, Cd, and Pb were released into the gaseous phase during

slow pyrolysis and the respective retentions in char are < 20 % at 1000 °C.

9.3 Direct Evidence on the importance of Volatile—char Interactions in PM

Emission

3.04 —* Char holding (a) 800 °C
—o— Cellulose volatiles

—e— Cellulose volatiles interacted with biosolid char
—<i— Polyethylene volatiles

—«— Polyethylene volatiles interacted with biosolid char
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Figure 9-4 The PSDs of PM collected from the combustion of fresh volatiles generated
from cellulose, polyethylene and AW biosolid without or with interactions with slow

heating biosolid char at (a) 800 °C and (b) 1000 °C, respectively

Figure 9-4 presents the particle size distributions (PSDs) of the PM ¢ released during
combustion of volatiles generated from cellulose, polyethylene, and AW biosolid,
without or with interactions with the bed of slow heating biosolid char at 800 °C and
1000 °C, respectively, normalised to equivalent biosolid. There are two cases for

experiments in absence of volatile—char interactions. One is the blank experiment
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where the bed of char is held at the temperature without volatiles passing through the
char bed. The results in Figure 9-4 clearly show that no PMiy is produced in that case,
ruling out the possibility of self-volatilisation of inorganic species in the char during
char holding at both 800 and 1000 °C. The other is the combustion of volatiles only
without the presence of the bed of char. The combustion of cellulose and
polyethylene volatiles produces very little fine PM (except a traceable amount of
PMo.01) which is expected because the cellulose and polyethylene used are almost
inorganic-free. The combustion of AW biosolid volatiles produces some PM1o which
has a unimodal size distribution with a fine mode of 0.043 pm. The combustion of
volatiles alone is known to produce PM;!? of a fine mode which is apparently due to
the presence of remaining volatile inorganic species (e.g. Na and K) in the AW

biosolid (see Table 9-1 and Figure 9-2) even after acid-washing of the biosolid.
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Figure 9-5 Net yield of PM during volatiles combustion, contributed by the

interactions between volatiles generated from (a) cellulose, (b) polyethylene, (c) AW

biosolid and chars at 800 °C and 1000 °C, respectively
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The most interesting results are presented in Figure 9-4 for the experiments under the
conditions in presence of volatile—char interactions. After experiencing reactions
with the preloaded chars, combustion of the resulting volatiles leads to substantial
increases in PMio emission. The results clearly demonstrate that volatile—char
interactions indeed exerted significant influence on PMjo emission during volatiles
combustion. Figure 9-5 further presents the net yield of the PM; as a direct result of
volatile—char interactions, calculated via the subtraction of the yield of PM; from the
combustion of fresh volatiles from the yield of PM; from the combustion of volatiles
after interactions with the slow heating biosolid char. Four important observations
can be made in Figure 9-5. First, volatile—char interactions result in only PM;
(dominantly PMo.1) emission. Second, although more inorganic elements are retained
in the BSH800 Char than the BSH1000 Char (see Figure 9-3), the interactions
between fresh volatiles generated in situ at 1000 °C and BSH1000 Char lead to more
PM than those at 800 °C and the BSH800 Char. Clearly, the effect of volatile—char
interactions on PM emission is dependent on temperature. Overall, the data in Figure
9-4 and Figure 9-5 indicate that increasing temperature leads to the intensified
volatile—char interactions. Third, the net yields of PM contributed by the interactions
between cellulose volatiles and slow heating biosolid chars are similar to those from
the interactions between polyethylene volatiles and slow heating biosolid chars,
although the pyrolysis of cellulose produces oxygen-containing species in the
volatiles while that of polyethylene does not. Fourth, the net yields of PM
contributed by the interactions between char and the AW biosolid volatiles are
considerably higher than those between the same char and the cellulose volatiles or
polyethylene volatiles. In addition, the interactions of chars with the volatiles
produced from cellulose, polyethylene or AW biosolid leads to the emission of
unimodal PM with considerably different mode diameters. As shown in Figure 9-4,
the PM emitted from the interactions between chars and cellulose or polyethylene

volatiles has a fine mode diameter of 0.01 um in comparison to 0.043 pm for the PM
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emitted from the interactions between chars and AW biosolid volatiles. However,
such model sizes are similar to those for the PM emitted from volatiles combustion
alone in absence of volatile—char interactions. Such differences are apparently due to
the dissimilarity in the volatiles produced from either cellulose, polyethylene, or AW
biosolid. For instance, volatiles produced from cellulose or polyethylene are
essentially free from inorganic species but part of the inorganic species remained in
AW biosolid are released in the volatiles (see Figure 9-2). It appears that subsequent
combustion of AW biosolid volatiles result in considerably higher concentrations of
inorganic species in the gaseous phase, leading to intensified homogeneous and

heterogeneous condensation, hence producing PM; with a larger mode diameter.
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9.4 Changes in major and trace elements distributions in PM due to

volatile—char interactions
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Figure 9-6 PSDs of major elements in PM collected from the combustion of fresh
volatiles generated from cellulose, polyethylene, AW biosolid and the respective
volatiles after interactions with slow heating biosolid char at (a-j) 800 °C and (k-t)

1000 °C, respectively
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Figure 9-7 PSDs of trace elements in PM collected from the combustion of fresh
volatiles generated from cellulose, polyethylene and AW biosolid and the respective
volatiles after interactions with slow heating biosolid char at (a-g) 800 °C and (h-n)

1000 °C, respectively
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Efforts were further taken to examine the effect of volatile—char interactions on the
elemental PSDs of the major and trace elements in the PM, with the results presented
in Figure 9-6 and Figure 9-7, respectively. As only PM; is produced, the net yields of
major and trace elements in PMo.1, PMo.1-1 and PM; are then presented in Figure 9-8.
The release of the monovalent alkali metallic species (i.e. Na and K) are enhanced by
volatile—char interactions to form PM; during combustion. There are little divalent
alkaline earth metallic species (i.e. Ca and Mg) presented in the PM and
volatile—char interactions have little effect on the release of those species. The PM;
also contains little other refectory elements such as Fe, Al and Si. In addition, Cl is
also absence from the PMi, owing to the removal of CI in the AW biosolid via
acid-washing and little CI retained in biosolid slow heating chars (see Table 9-1).
Furthermore, S and P in PM; are also enhanced by volatile—char interactions,
following similar trends of Na and K in PM;. Such enhancements are intensified at
1000 °C in comparison to 800 °C. It is also noteworthy that Na, K, S and P as the key
elements in PM; formed from volatile—char interactions are dominantly presented in
PMo.1, as shown in Figure 9-8. Such observations suggest that the presence of Na, K,
S and P in PM; are interrelated as a result of volatile—char interactions (further

discussion on this aspect is given in the next section).

Although trace elements only contribute to less than 0.5% (by mass) of the total PM
emission during the biosolid combustion,? the release of trace elements cannot be
ignored due to the toxicity of these elements. It is interesting to see in Figure 9-7 that
the presence of Cr and Pb in PM is also enhanced by volatile—char interactions. It is
noted that Pb emission in the PM was only enhanced by volatile—char interactions at
800 °C but not at 1000 °C. Interestingly, although the interactions between cellulose
volatiles or AW biosolid volatiles and char resulted in Cr emission, such behaviour is
not observed for interactions between polyethylene volatiles and char. As polyethylene
volatiles are free of oxygenated species as opposed to cellulose volatiles or AW

biosolid volatiles, such an observation suggests that the property of volatiles can have
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an important role in the release of inorganic species resulted from volatile—char
interactions. In addition, there is also an appreciable amount of As present in PM;
(dominantly PMo.1) from the combustion of AW biosolid but the presence of As in the
PM is not influenced by volatile—char interactions. Furthermore, there is little Ni and
Co in the PM emitted from the combustion of volatiles, with or without volatile—char
interactions. As shown in Figure 9-8, the net yields of these elements (except Pb) in
PMo.1, PMo.1-1 and PM; contributed by volatile—char interactions increase with the
temperature of volatile—char interactions, in consistence with the observation on the
total net PM yields (see Figure 9-5).
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contributed by the volatile-char interactions at (a-f) 800 °C and (g-1) 1000 °C,

respectively

9.5 Further discussion

It is clearly shown in Figure 9-6 and Figure 9-7 that Na, K, S and P are the key
elements in the net PM; emission as a result of volatile—char interactions. To better
understand the occurrence of the inorganic species in the net PM; yielded from
volatile—char interactions, the PM samples were washed with ultrapure water and
further analysed. It is found that all the Na, K, P, and S in the PM were water-soluble.
Because there is little Cl in the net PM yielded from volatile—char interactions (see
Figure 9-6) and the net PM; released is dominantly PMy.1 (see Figure 9-5), the molar
ratios of (Na+K) to the (P+2S) bounded to major elements in the net PM collected in
DLPI backup filter and stage 1-3 are then calculated and presented in Figure 9-9. Since
Na, K, S and P contributed to >99.5% of the total net PMy 1 released from volatile—char
interactions, the molar ratio (MR) can be approximated by the molar ratio of (Na+K) to

total (P+2S) as shown in Eq. (1):

(Na+K) (Na+K) (Na+K)
MR = ~ =
(P+28)me  (P+2S)Mp+(P+2S)TE  (P+2S)T0tal

1)

where ME, TE, (P+2S)ue, (P+2S)re, (P+2S)mii denote major elements, trace
elements, P and S bound with major elements, P and S bound with trace elements, total
P and S in the PM, respectively. (P+2S)nw 1s determined directly by experiments and
(P+2S)10ta1 = (P+2S8)me + (P+2S)7e. The amount of P and S associated with trace
elements i.e. (P+2S)r is very small and can be ignored in the calculation so that we
have (P+2S) 1w = (P+2S)ue. Therefore, it is possible to estimate the molar ratio of (Na
+ K)/(P+2S) in the PM based on Eq. (1) based on experimental data. As shown in
Figure 9-9, the molar ratio of (Na+K)/(P+2S) in the net PMy.1 formed by volatile—char
interactions is around 1.0, suggesting that the Na, K, S, and P released during

volatile—char interactions are presented in PMy.1 as sodium or potassium sulphate and

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 155



CHAPTER 9

metaphosphate. Unfortunately, such approximation cannot be extended to trace
elements to provide an indication for the occurrence of Pb and Cr in the net PMy

released from volatile—char interactions.
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Figure 9-9 Molar ratios of (Nat+K)/(P+2S) in the net PMy, released due to
volatile—char interactions. Stages A-D represent PMy.i collected from the backup filter

and stage 1-3 of the DLPI, respectively
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Yields of biosolid slow heating
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Figure 9-10 (a) Yields of biosolid slow heating chars after volatile—char interactions;

and the net release of (b) major and (c) trace elements from the biosolid slow heating

chars as a result of volatile—char interactions
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Further analyses of the BSH800 and BSH1000 chars before and after volatile—char
interactions were also conducted to examine the changes in char mass and the release
of key major and trace elements during volatile—char interactions. As shown in Figure
9-10a, volatile—char interactions lead to little change in the char yields. Figure 9-10b
and 10c show that Na, K, S, P, Cr and Pb in the char were released during volatile—char
interactions and contributed to the formation of PM; during the combustion of the
resulting volatiles. In addition, the molar ratios of (Na+K)/(P+2S) released from
biosolid slow heating chars during volatiles-char interactions and the collection
efficiencies of these released elements in DLPI were then calculated and presented in
Figure 9-11. Clearly, the molar ratios are ~1.0 and the collection efficiencies of all key
elements are over 90%. Therefore, the inorganic species released from the chars
during volatile—char interactions are indeed responsible for these inorganic species in
the net PM emitted from the combustion of volatiles that have experienced the
volatile—char interactions. The results also demonstrate the high collection efficiencies

of PM; in the reactor system.

The reactive species in volatiles may include steam, CO» and/or other reactive species
such as free radical species (that are known to be produced abundantly during solid
fuels pyrolysis®!*2!1%). These reactive species may react with the char, results in the
release of these inorganic species during volatile—char interactions. Figure 9-10a
shows little change in char mass is observed during volatile—char interactions.
Calculations also show that the inorganic species released during volatile—char
interactions contributed to less than 0.5 wt% (on dry basis) of the biosolid slow heating
chars so that the release of these inorganic species has little effect on the weight loss of
chars (if any). Therefore, the little weight loss of chars during volatile—char
interactions suggests that gasification reactions (char-steam and/or char-COa, if any)
in the fresh volatiles generated in situ is insignificant. Considering that polyethylene
contains only C and H, pyrolysis of polyethylene produces volatiles that are free of

oxygen-containing reactive species (e.g. CO, steam or other oxygen-containing free
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radicals). The similar release of key inorganic species during the interactions between
cellulose or polyethylene volatiles with char further suggests that oxygen-containing
reactive species such as CO, steam and oxygen-containing free radicals are unlikely
to be the reactive species responsible for the release of inorganic species during
volatile-char interactions. Therefore, the release of inorganic species which lead to
enhanced PM; emission as a result of volatile—char interactions is caused by other
non-oxygen-containing reactive species that are most likely free radicals that can be
formed from volatiles thermal cracking. Such reactive species appears to react with
char particles to enhance the release of monovalent inorganic species (e.g. Na) but not
divalent inorganic species (e.g. Mg and Ca) because the release of divalent species
requires multiple bonds to be broken simultaneously.!® The results reported in this
study are consistent with those observations because the net yields of multi-valent
species (including Mg, Ca, Fe, Al Si, As, Cd, Ni, Cu and Co) in the PM formed by
volatile—char interactions are little. In addition, the reactions between these
non-oxygen-containing reactive species and char during volatile—char interactions
lead to little weight (and carbon) losses of the chars during volatile—char interactions
(see Figure 9-10a). Therefore, such non-oxygen-containing reactive species must be

small, most likely H radicals that are highly mobile and reactive.
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I: BSHB800 Char interacted with cellulose volatiles
| II: BSHB800 Char interacted with polyethylene volatiles
Il 111: BSHB800 Char interacted with AW biosolid volatiles
U/77] 1v: BSH1000 Char interacted with cellulose volatiles
[777] v: BSH1000 Char interacted with polyethylene volatiles
B vi: BSH1000 Char interacted with AW biosolid volatiles

- 1.5

@ g (a)

ég 1.0—---% ------ F------ g_______i _______ IR "

“q;: % 0.5

= =

0.0 T T T T T T
1 11 111 1V \% V1
120
| ()
¥ 1004--=-----o------- e m———— - S
E Tl ™ 1 77 v ! E= 2
< WE v 77 9 7
g Z 7 7 2
w 101 0tN w
SR 7 77 77 7 77
8 %7 497 27 97 9
s N 7
s 4| W7 7 %7 7 7
£ o 7
£ 0 nmoE v
5 7 g %7 7 g
e 204|| 7 97 77 %7 9
s 1A bR LA} 7
il 7 B RN B 7

P s ¢ P
Elements released during volatile-char interactions

Z
)
A
o3

Figure 9-11 (a) Molar ratios of (Na+K)/(P+2S) for the net elements released from the
chars as a result of volatile—char interactions; (b) collection efficiency for the net

elements released from chars as a result of volatile—char interactions as PMy 1

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 160



CHAPTER 9

Furthermore, during slow pyrolysis of biosolid, the organic phosphorous species are
volatilised while the mineral species that are less volatile are retained in the char.* The
results of this study clearly show that the interactions between these chars and the
volatiles generated from pyrolysis of cellulose, polyethylene or AW biosolid can also
facilitate the release of P and S into the gaseous phase. It was reported that under
reducing conditions induced by volatiles, phosphorus compounds can be reduced to
volatile phosphorus compounds (e.g. P203).!2!5 Likewise, the S retained in char

might be transformed into gaseous sulphur products (e.g. SO»)'¢7216

under reducing
conditions. For instance, CaSOj4 in the char may form CaO thus lead to the liberation
of SO,. These volatile phosphorus and sulphur compounds would then undergo
oxidation and reactions with metallic vapours (e.g. Na and K) in the gaseous phase
during volatiles combustion, followed by homogeneous and heterogeneous
condensations to produce PM;.2! The molar ratio of the net (Na+K)/(P+2S) released
from volatile-char interactions are ~1.0 (see Figure 9-11). However, the majority of Na
and K are associated with P (> 77%) on molar basis while <23% of them are associated

with S. The results suggest that the free radicals present in the volatiles may facilitate

the release of these species which are otherwise stable in the char.

It 1s also important to note that trace elements such as Pb and Cr were also released
during volatile—char interactions. As these trace elements are multi-valance species,
their release is unlikely to result from the reaction between free radicals and char.
The Pb emission is only enhanced by the volatile—char interactions at 800 °C but not
1000 °C. This is apparently due to the fact that ~35% of Pb was retained in the biosolid
char produced at 800 °C (i.e. BSH800 Char), while there is only <4% of Pb retained at
1000 °C (i.e. BSH1000 Char), as shown in Figure 9-3. Under slow heating conditions,
pyrolysis of the raw biosolid at 1000°C leads to the little Pb retained in the char.?!” The
release of Pb from volatile—char interactions at 800 °C was probably due to the
reducing atmosphere created by fresh volatiles. Under such conditions, the Pb

compounds such as PbO which is stable at 800 °C can be reduced to Pb(g)?°® which is
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released during volatile—char interactions. Interestingly, although Cr is released as
PM;| resulted from the interactions of cellulose or AW biosolid volatiles with char, the
interactions between polyethylene volatiles and char do not. The release of Cr from
volatile—char interactions may be attributed to the formation of volatile chromium

218 under reducing conditions. The lack of oxygen-containing species in

oxyhydroxides
polyethylene volatiles leads to no formation of chromium oxyhydroxides and Cr is not
released from the interactions between polyethylene volatiles and char. This in turn
supports that Cr is released in the form of chromium oxyhydroxides during
volatile-char interactions. Furthermore, while Pb and Cr are likely to be released in the
forms of elemental lead and chromium oxyhydroxides, respectively, this does not
mean that Pb and Cr collected in PM; are present in these forms because at least part of

the elemental Pb for example, may undergo gas phase reaction to form PbO during

combustion.

9.6 Conclusions

This chapter demonstrates the importance of volatile—char interactions in the PM;
emission during the combustion of biosolid volatiles using a unique three-stage reactor
system. Volatile—char interactions significantly change the PSDs of PM during the
combustion of volatiles both produced from ash-free cellulose or polyethylene and
acid-washed biosolid. The volatile—char interactions only enhance the emission of
PM: (mainly PMo.1) and are intensified at a higher temperature. The reactive volatiles
can react with biosolid char and enhance the release of Na, K, P and S during
volatile—char interactions but lead to little change in the yields of biosolid chars. As far
as PM; emission is concerned during volatiles combustion, oxygen-containing
reactive species in volatiles play an unimportant role in volatile—char interactions.
The molar ratios of (Na+K)/(P+2S) for both PM; and the net release of these key
elements from the chars are also found to be ~1.0, suggesting these key elements are

released from the chars then react to form alkali metaphosphate and sulphate in PM;
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during volatiles combustion. The experimental results also show that volatile—char
interactions can transform part of the Pb and Cr in the chars into more volatile forms,
which are subsequently released and contributed to PM; emission. The absence of Cr
release during interactions between polyethylene volatiles and char further suggests
that Cr is released in the form of chromium oxyhydroxides during volatile—char

interactions.

Reprinted with permission from (Xujun Chen, Sui Boon Liaw and Hongwei Wu.
Important role of volatile—char interactions in enhancing PM; emission during the
combustion of volatiles from biosolid, Combustion and Flame 2017, 182, 90-101).
Copyright (2017) The Combustion Institute. Published by Elsevier Inc
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CHAPTER 10 EFFECT OF VOLATILE-CHAR INTERACTIONS

ON PMiyp EMISSION DURING THE COMBUSTION OF

P-CONTAINING BIOSOLID CHARS UNDER AIR AND

OXYFUEL CONDITIONS

10.1 Introduction

Chapter 9 provided direct experimental evidence for demonstrating the significant role
of volatile—char interactions in enhancing PMy emission from the combustion of
biosolid volatiles. While the potential volatile—char interactions may also influence
the transformation of inorganic species in char and the structure of char hence PMig
emission during char combustion. The fundamental research question is “Does the
exposure of char to reactive volatiles potentially influence the transformation of
inorganic species in and the structure of char hence PMjo emission during the

subsequent combustion of the char?”, of which the answer is largely unknown.

This chapter is a fundamental investigation to answer the aforementioned key research
question, i.e. providing experimental evidence to demonstrate that exposure of chars to
reactive volatiles produced in situ from rapid pyrolysis can influence char properties
hence PM o emission during subsequent char combustion. Despite the constraints of
the quartz reactor, nevertheless, the experimental results in this study show that
volatile—char interactions not only enhance the release of the inorganic species from
char particles, but also alter the pore structures of the chars, both of which affect PMio

emission during char combustion.

10.2 The properties of char samples used for volatile—char interactions
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Table 10-1 Properties of biosolid, polyethylene (PE), double acid-washed biosolid (DAWB) and char samples

Biosolid DAWB PE SHC SHC-holding SHC-PE SHC-DAWB FHC FHC-holding FHC-PE FHC-DAWB

Moisture (wt% ad?)
5.1 3.6 0.1 3.8 34 3.2 2.7 41 3.9 3.8 3.5

Proximate Analysis (Wt% db®)

VMe 65.4 80.2 100.0 3.0 2.9 2.8 2.6 3.9 3.7 3.6 34
Fcd 14.9 19.5 0.0 38.3 385 40.0 39.5 312 311 321 326
A 19.7 0.3 0.0 58.7 58.6 57.2 57.9 64.9 65.2 64.3 64.0

Ultimate Analysis (wt% daff)

C 54.33 73.58 85.719 95.78 95.82 96.54 96.25 93.13 93.26 95.04 93.60
H 7.02 9.14 14.299 0.13 0.12 0.02 0.09 1.45 1.41 0.51 1.35
N 9.41 2.77 0.00 3.06 3.06 277 2.61 3.49 3.44 3.21 3.13
on 29.24 1451 0.00 1.03 1.00 0.67 1.05 1.93 1.89 1.24 1.92

Major Elements (mg/kg, db®)

Si 18476.1 £ 471.2 882.3+32.1 nd. 66482.1 + 252.2 66478.2 +521.9 66474.2 +247.4 66492.2 +£279.8 69412.0 +423.8 69436.4 + 337.2 69431.4 +580.8 69443.0 £ 271.7
Al 6287.2+44.1 497.3+15.1 nd. 28334.1 +£354.2 28365.4 +521.5 28344.4 +652.8 28362.0 + 244.6 29763.0 £ 625.4 29778.4 £ 544.9 29799.9 +330.1 29787.0 +£325.2
Fe 3007.6 +45.4 0.7£0.2 72+31 19357.1 £ 256.4 19352.7 £ 325.2 19359.1 + 364.1 19363.8 + 289.9 20385.0 + 554.2 20401.0 + 485.3 20389.8 + 369.4 20395.4 + 441.7
K 2017.6 +18.7 14+04 nd. 5687.6 + 44.6 5695.6 + 82.1 4660.9 + 47.8 4435.8 +110.2 4619.8 +21.2 4632.7 + 36.9 4157.1+89.2 3972.4+33.9
Na 1481.7 £16.2 1.6+0.2 98+1.1 4287.2+26.8 4278.8 +66.3 3715.6 £ 14.9 3486.1 +48.5 37178 £235 3721.9+46.3 3382.4+22.9 3122.9+32.7
Ca 20048.2 +389.1 3.8+0.6 nd.! 81145.4 + 159.7 81215.4 +327.9 81158.0 + 289.9 81167.8 +327.0 83354.2 + 446.5 83285.0 +501.1 83368.4 + 428.2 83378.1+ 603.0

Table continued in next page
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Mg 48144 + 443 20+04 nd. 18236.8 + 110.0 18262.0 + 163.1 18263.0 + 189.4 18288.2 + 145.8 18942 .4+ 136.0 18904.7 + 188.8 18972.2 +£ 203.0 18998.8 + 217.4
P 18725.1 + 188.2 6.6+19 nd. 63971.0 + 331.2 63985.4 + 298.7 59493.0 + 274.2 57573.0 + 306.6 77478.9 +398.9 77484.1 +442.4 70912.4 + 403.7 64930.0 + 601.3
Cl 804.6 + 15.5 nd. nd. nd. nd. nd. nd. nd. nd. nd. nd.

S 8023.1+74.2 nd. nd. 4106.8 + 33.6 4038.0 + 47.6 87.6+18.1 64.8+12.3 525.6 +26.9 519.8 +36.5 329+122 27.8+119

Trace Elements (mg/kg, db®)

As 2.930 +0.101 0.180 + 0.021 nd. 2.870 £ 0.190 2.850 £ 0.131 2.672 +£0.220 2.820 £ 0.194 1.770 £ 0.210 1.781 £0.230 1.651 +0.190 1.705 £ 0.150
Cr 43.820 £ 0.991 0.331+0.190 nd. 128.001 £ 0.922 127.362 £ 1.690 130.981 * 6.980 92.450 + 3.215 147.871 £ 4.770 142.114 £ 5.908 149.425 + 8.205 104.594 £ 9.210
Co 4.000 + 0.072 0.211 +0.032 nd. 13.000 £ 0.081 12.884 £ 0.090 12.879 £0.215 13.115 £ 0.100 15.451 £ 0.980 14.089 £ 0.081 15.679 £ 0.091 15.328 £ 0.160
Ni 16.922 £ 0.142 0.300 + 0.041 nd. 57.325+1.285 58.001 + 1.320 55.235 + 2.010 69.450 £ 2.151 70.391 + 1.581 69.211 + 1.605 70.481 £ 0.982 71.002 +£1.021
Cu 492.4+7.8 10.8+2.4 nd. 16722 £42.1 1682.4 £ 41.2 1682.5 + 36.6 1681.7 £ 26.5 20425+ 3.6 2029.3+11.6 2049.6 +0.2 2038.9+13.2
Cd 2.381 +0.091 0.231+£0.010 nd. 1.224 +£0.185 1.181 +£0.110 1.281 +£0.210 1.201 +0.220 1.244 +0.190 1.104 +£0.140 1.250 + 0.061 1.231 £ 0.050
Pb 14.002 +1.284 0.511 +0.082 nd. 3.181 +0.300 3.254 +0.320 n.d. nd. nd. nd. n.d.t nd.

Zn 958.0+9.8 77£17 nd. 8.4+0.8 8.2+05 8.0+0.7 79+0.1 nd. nd. n.d.t nd.

\ 1.641 +0.532 0.7012+0.211 nd. 5.411 +0.982 5.150 + 1.024 5.434 + 0.660 5.291 + 0.980 7.000 +1.001 6.991 + 0.480 6.921 +0.720 6.894 + 0.840
Mn 28.721 +12.200 3.000 + 0.501 nd. 98.441 + 14.504 97.900 + 11.542 95.300 +12.741 100.100 + 3.411 124.700 + 9.300 122.119 £ 2.201 119.200 + 8.600 119.211 £ 6.601

2 ad = air dried; ° db = dry basis; ¢ VM = volatile matter, 9FC=fixed carbon; ®A= ash; ‘daf=dry and ash free; g, calculated values; "by difference; ' n.d. = non-detected. SHC and FHC represent the biosolid chars prepared via slow heating
pyrolysis and fast heating char at 1000 °C, respectively. SHC-PE and SHC-DAWB represent the SHC interacted with PE and DAWB volatiles at 1000 °C, respectively. FHC-PE and FHC-DAWB represent the FCH interacted with PE and

DAWB volatiles at 1000 °C, respectively. SHC-holding and FHC-holding represent SHC and FHC being held in Stage II without volatile—char interactions
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To study the effect of volatile—char interactions on PMio emission during char
combustion, two chars were prepared, including a slow-heating char (SHC) and a
fast-heating char (FHC). The SHC was prepared using a fixed-bed quartz reactor
(Type A, Figure 3-2a) under slow pyrolysis conditions at 1000 °C and the FHC was
prepared using a fixed-bed/drop-tube reactor (Type C, Figure 3-2c¢) under fast
pyrolysis conditions at 1000 °C with minimised interactions between char and
volatiles during the preparation of fast heating char. The char yields of SHC and FHC
are ~28.2% and ~22.4% on a dry basis (db), respectively. On the other hand,
polyethylene (PE) with a size <200 pum and demineralised biosolid were used to
generate oxygen-free and oxygen-containing volatiles in situ, respectively, to interact
with SHC and FHC chars. Double acid-washed biosolid (thereafter, termed as
DAWB) was also prepared used the method detailed in Section 3.3.1. Table 10-1 lists
the properties of the biosolid (different batch from the one used in Chapter 9), PE,
DAWB, SHC and FHC samples used in this study. The DAWB has a low ash content
of 0.3 wt % (on a dry basis) and contains little S and Cl. As shown in Table 10-1, PE
only contains C and H, while DAWB also contains 14.51% of O and 2.77% N.
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Figure 10-1 Yields of chars after volatile—char interactions or holding at 1000°C in the

Stage II of the two-stage quartz reactor

Pyrolysis and Combustion of Phosphorus-containing Solid Fuels 167



CHAPTER 10

] Slow heating pyrolysis [l Fast heating pyrolysis
120

| (&) Major elements
1004 --==-==-mmmmmm e mm oo

80
60 +
40

20

0 -

T T I T I
K Na Ca Mg Fe Al Si P S (I
120

1 (b) Trace elements
100+ ---gF------=-"-="=--==-----"----

80

0-

Cr Pb As Ni Cd Co Cu Mn V Zn

Release of major and trace elements, expressed as
% of the total respective element in raw biosolid

Figure 10-2 Release of (a) major and (b) trace elements during slow and fast heating

pyrolysis for the preparation of chars at 1000°C

The interactions between char and in situ volatiles are conducted in a two-stage
reactor system (see Figure 3-3) at 1000 °C with the detailed procedure given in
Section 3.3.3. The chars collected after the interactions between SHC and PE (or
DAWB) volatiles were termed as SHC-PE (or SHC-DAWB) while those between
FHC and PE (or DAWB) volatiles were termed FHC-PE (or FHC-DAWB),
respectively. SHC and FHC were also held in Stage II (see Figure 3-3) without the
generation of volatiles in Stage I, thus producing chars without in situ volatile—char
interactions (hereafter termed as SHC-holding and FHC-holding, respectively).
Figure 10-1 presents the char yields after volatile—char interactions with respect to

the char without being subjected to the two-stage reactor, which clearly shows that
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volatile—char interactions result in little weight loss (in the order of + 2%) in chars
for all experiments in this study. As shown in Table 10-1, the biosolid sample used in
this study contains abundant P but a trace amount of CI and a low content of S.
Figure 10-2 further presents the release of major and trace elements during slow and
fast heating pyrolysis for char preparation at 1000 °C. As shown in Figure 10-2a, all
Cl and the majority of S are released to gaseous phase during slow and fast heating
pyrolysis, leading to the SHC and FHC chars containing no Cl and low

concentrations of S but dominantly P.

10.3 Effect of in situ volatile—char interactions on PMio emission during char

combustion in air
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Figure 10-3 PSDs of PMo from the combustion of (a and b) slow heating char and (c
and d) fast heating char and its volatile—interacted char under (a and c) air and (b and d)

oxyfuel conditions
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Figure 10-4 PSDs of PMo from the combustion of (a and b) slow heating char and (c
and d) fast heating char and its volatile—interacted char under (a and c) air and (b and d)

oxyfuel conditions

Figure 10-3 and Figure 10-4 present the particle size distributions (PSDs) and the
yields of the PMi released during combustion of various chars (with and without
experiencing volatile—char interactions) under air and oxyfuel conditions, respectively.
To enable direct comparison, the yields of PMo are normalised on the same basis of
total biosolid fed into the reactor in this study. The results in Figure 10-3 clearly show
that the volatile—char interactions significantly affect the PSDs of PM¢in all cases. As
shown in Figure10-3a, the PSDs of PMo generated from the combustion of the SHC
without experiencing in situ volatile—char interactions (SHC-holding) exhibit a
bimodal distribution with a fine and coarse mode of ~0.022 um and ~6.8 pm,
respectively. The identical coarse mode of 6.8 pum is also observed for the combustion
of the SHC experiencing in situ volatile—char interactions (i.e. SHC-PE and
SHC-DAWB) in air. However, the peak intensities for the fine mode of the combustion
of those chars are significantly reduced. Indeed, as shown in Figurel10-4a, there is a

substantial reduction in the yields of PM; (dominantly PMo.1) from the combustion of
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the SHC-PE and SHC-DAWB compared to that from the combustion of the
SHC-holding. Interestingly, the combustion of the SHC-DAWRB leads to an increase in

PM .10 formation while a reduction in the PM .19 formation from the combustion of the

SHC-PE is observed.
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Figure 10-5 The net yields of PM contributed by the interactions (a) between slow
heating char (SHC) and polyethylene volatiles; (b) between SHC and double
acid-washed biosolid volatiles; (c) between fast heating char (FHC) and polyethylene

volatiles; and (d) between FHC and double acid-washed biosolid volatiles

In order to quantify the effect of in situ volatile—char interactions on PM emission
during char combustion, the net yields of PM caused by in situ volatile—char
interactions are calculated from the PM yields of chars after interacted with the
volatiles and that of SHC-holding, with the results presented in Figurel0-5. Figures
10-5a and 5b clearly demonstrate that after interactions with the PE and DAWB
volatiles, the air combustion of the resultant SHCs leads to substantial reductions in

the yields of PMo.1. Specifically, the net reductions in PMo are 2.8 and 4.3 mg/g
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biosolid for the combustion of the SHC-PE and SHC-DAWRB, respectively, indicating
that the DAWB volatiles exhibiting a more significant effect on the reduction in PM;
emission during subsequent char combustion. In addition, interactions with the
oxygen-free PE volatiles also leads to a slight decrease in the yield of PMi.19 during
the combustion of the resultant SHC, with a net reduction of 0.8 mg/g biosolid in
PMi.10 yield. However, interactions with the oxygen-containing DAWB volatiles
result in a substantial increase in PMi.1o yield during the combustion of the resultant
char, with a net increase in the PMi.1o yield of 2.9 mg/g biosolid. The results clearly
indicate the different roles played by oxygen-free and oxygen-containing reactive

species in the emission of PMj.jo.
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Figure 10-7 Yields of major elements during char combustion under air (left column)

and oxyfuel (right column) conditions
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Figure 10-8 Net yields of major elements in PM contributed by volatile—char

interactions

Figure 10-6 and Figure 10-7 present the experimental results on the PSDs and
individual yields of major elements in PM produced during the combustion of chars,
with the corresponding net yields of individual major elements contributed by

volatile—char interactions shown in Figurel0-8. As shown in Figure 10-6, the
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elemental PSDs of volatile elements (i.e. Na, K, P and S) have a fine mode at ~0.022
um during the combustion of the SHC-holding (i.e. the char before volatile—char
interactions) in air. However, the peak intensities of the fine mode are significantly
reduced for these elemental PSDs of the PMo produced from the combustion of the
SHCs interacted with the PE or DAWB volatiles. Furthermore, as shown in the left
column of Figure 10-8, the DAWB volatiles exhibit more significant effect on
decreasing the yields of PMy.1 and volatile elements (i.e. Na, K, P and S) in PMy; than
the oxygen-free PE volatiles do. For example, the net decrease in the P yield in PMy ; is
0.21 mg/g biosolid for the SHC char interacted with the PE volatiles, in comparison to
0.36 mg/g biosolid for the SHC char interacted with the DAWB volatiles. As shown in
Figure 10-9, the P and S retained in the chars are substantially released, along with
the alkalis (Na and K), during interactions between the chars with the PE and DAWB
volatiles. This is attributed to the fact that the small non-oxygenated reactive species in
the fresh volatiles can significantly enhance the release of alkalis (Na and K) as well as
P and S into volatiles from char particles and then enhance the emission of those
elements during volatiles combustion. The results show that as results of in situ
volatile—char interactions, the released alkalis (Na and K) as well as P and S, which
eventually lead to the emission of PMo.1 during volatiles combustion, would otherwise
emit as PM; during subsequent char combustion. Furthermore, the significant
reduction of Na, K, P and S emission from the combustion of SHC-DAWB and
SHC-PE lead to reduction in nucleation of volatile inorganic matters during char
combustion. Consequently, the peak intensities for the fine mode during the

combustion of these chars are significantly reduced.
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Figure 10-9 Release of key inorganic species during volatile—char interactions at
1000 °C. Release of other major elements (i.e., Ca, Mg, Fe, Al and Si) and trace
elements (i.e., As, Cd, Co, Mn, V, Cu, Ni and Zn) during volatile—char interactions

are negligible

For the refractory elements (i.e. Ca, Mg, P, Si, Al and Fe) in PM o, the mode diameters
of the coarse mode for the elemental PSDs remain unchanged at ~6.8 um. However,
the peak intensities of the coarse mode increase significantly for these elemental PSDs
during the combustion of the SHC interacted with the DAWB volatiles but decrease
substantially during the combustion of the SHC interacted with the oxygen-free PE
volatiles. Figure 10-8 further shows that the DAWB volatiles significantly increase the
PMi.ipyield of Ca, Mg, P, Si, Al and Fe, while the PE volatiles which is free of oxygen,
slightly decrease the yields of these refractory elements in PMi-10. These results reflect
that the interactions between SHC and different volatiles also play important but
different roles in the individual PSDs and PM yields of major elements during

slow-heating char combustion in air.
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Figure 10-11 Macroporosity of char particles produced from slow heating char and

fast heating char with or without volatile—char interactions

A previous study showed that the formation of PMj.io is mainly governed by char
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fragmentation, which is dictated by char particle size'>? and macroporosity.!*> The
significant variations in the net PMi.1o yield contributed by volatile—char interactions
observed in this study might be caused by the changes in particle size and/or
macroporosity of char samples during volatile—char interactions. Figure 10-10 and
Figure 10-11 present the particle size distributions and macroporosities of chars with
and without volatile—char interactions, respectively. A close match of the particle size
distribution between the char with and without volatile—char interactions shown in
Figure 10-10 indicates that volatile—char interactions did not alter the char particle size.
However, Figure10-11 shows the macroporosity of the chars is significantly altered by
volatile—char interactions, and more importantly, the PE and DAWB volatiles play
opposite roles in altering char macroporosity during volatile—char interactions. After
interacting with the oxygen-free PE volatiles, the macroporosity of the SHC decreases
from ~ 0.30 to ~ 0.24, while it significantly increases to ~ 0.44 after interacting with
the DAWB volatiles. These result in a decrease in the yield of PMi-10 for the SHC-PE
but a substantial increase in the yield of PMi-1o for the SHC-DAWB. During the
interactions between the PE volatiles and char particles, volatiles could crack into soot
which deposits on the surface of internal pores within the char particles,?!” reducing
the char macroporosity. The dramatic decrease in the oxygen content (see Table 10-1)
of the char (SHC-PE) after interacting with the PE volatiles also indicates that some
active species in the PE volatiles may react with and eliminate the oxygen-containing
species from char, thus making the char structure more condensed. However, during
pyrolysis of the DAWB, the reactive O-containing species (e.g. OH-containing species
220221y can react with the char,??? leading to significant pore formation and enlargement

of existing pores,*®

thus increasing char macroporosity. Furthermore, the
O-containing species in the DAWB volatiles can effectively reduce soot formation on
the char surface,?>>?** thus alleviate the effect of soot on the reduction in char
macroporosity. It is also worthwhile to point out that these reactions did not lead to

significant char weight loss (see Figure 10-1). Even at 1% char conversion, it can lead
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to a significant change in the char pore structure.??

The effect of the evolutions of char pore structure is not only limited to the yield
PMi.10 from the combustion of the resultant SHCs. It can also affect the emission of
PM; during volatile—char interactions. For example, with the progress of volatile—char
interactions, char particles interacted with PE volatiles are covered by soot. The
reduced macroporosity hinders the contact of volatiles with char particles and
gradually limiting the further progress of volatile—char interactions. However, the char
particles interacted with the DAWB volatiles become more porous, which allows the
DAWRB volatiles to penetrate deeply into the char particle and therefore exert more
severe effect on the reduction in PM; yield during subsequent char combustion. This is
supported by the experimental results in Figure 10-5 where a lower net yield of PM; is

shown from the combustion of the SHC-DAWB compared to the SHC-PE.

10.4 Effect of in situ volatile—char interactions on the emission of trace elements

in PMio during char combustion in air

Figure 10-12 and Figure 10-13 present the individual PSDs and yields of trace
elements in PM during the combustion of the chars and the net yields of individual
trace elements contributed by volatile—char interactions are shown in Figure 10-14.
Several important observations can be made in Figures 10-12, 10-13 and 10-14. First,
as shown in Figures 10-11a, 10-13a and 10-14a, the yield of Cr in PMy, from the
combustion the SHC interacted with the DAWB volatiles is reduced by 2.1 ug/g
biosolid compared to the SHC without interaction. However, such phenomenon is not
observed for the combustion of the SHC-PE. This is because the Cr in char can react
with the oxygen-containing reactive species in the fresh DAWB volatiles to form
volatile chromium oxyhydroxides under reducing conditions. This results in the
release of Cr from the SHC as indicated by a lower Cr in the SHC-DAWB compared to
the SHC-holding. Second, Figure 10-14b indicates the combustion of the SHC
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interacted with the DAWB and PE volatiles lead to a slight decrease in Pb yield as PM;
compared to that without experiencing volatile—char interactions. The reducing
conditions induced during volatile—char interactions can enhance the release of Pb
from char,?® further reducing the content of Pb in the SHC-PE and SHC-DAWB.
Third, the volatile—char interactions have little effect on the PSDs and yields of
volatile As, Cd and semi-volatile Ni and Cu as PM; during combustion of
SHC-DAWB and SHC-PE. Lastly, a higher macroporosity of the SHC-DAWB
promotes char fragmentation during char combustion thus, a significant increase in the
yields of Ni, Cu, Co, Cu, Mn, V and Zn as PMi.;o. However, a lower char
macroporosity of the SHC-PE resulted in a decrease in the yields of these trace

elements as PM-1o.
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Figure 10-12 PSDs of of trace elements in PMio during char combustion. The left
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Figure 10-14 Net yields of trace elements in PM contributed by volatile—char

interactions

10.5 Effect of pyrolysis conditions on PM1o emission during the combustion of

char that experienced interactions with volatiles

Compared to SHC, FHC is prepared from pulse feeding of biosolid under rapid heating
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conditions. The different pyrolysis conditions result in different char properties which
can affect the PM emission during char combustion. For example, as shown in Figure
10-3c¢, similar to the bimodal distribution observed for the PSDs of the PM ¢ emitted
from combustion of the SHC-holding in air, the PSDs of the PMio emitted from
combustion of the FHC-holding in air present the same coarse mode of ~ 6.8 um,
while the peak intensity of the fine mode for the combustion of FHC-holding is very
weak. In addition, Figure 4a shows the combustion of the FHC-holding yielded less
PM; but more PMi.1o compared to the SHC-holding. Compared to the SHC, while the
interactions of the FHC with the DAWB and PE volatiles have little effect on PM;
emission during combustion in air, such interactions have a significant effect on
PMi.10 emission. For example, the interactions between the PE volatiles and SHC lead
to a net PM; and PMj.jo yields of -2.9 mg/g biosolid and 0.8 mg/g biosolid,
respectively. However, the interactions between the same volatiles and FHC lead to a

net PM; and PM.1p yields of -0.9 mg/g biosolid and 2.2 mg/g biosolid, respectively.

The significantly less reduction in PM; emission from the combustion of the resultant
FHC after volatile—char interactions is attributed to the low volatile species (i.e. Na, K
and S) contents in the FHC (see Table 10-1) as these elements are significantly
released during fast heating pyrolysis, as shown in Figure 10-2a. During biosolid
pyrolysis, a higher heating rate can significantly suppress the intra-particle secondary
reactions of volatiles and the transformation of the volatile inorganic species into char
bonded forms.?*® Hence, during the fast heating pyrolysis with a high heating rate, the
volatiles 1s swiftly released without further reaction with inherent minerals, resulting
in the enhanced release of inorganic species during pyrolysis.!® As shown in Figure
10-7, PM; is mainly contributed by volatile Na, K, P and S. A lower Na, K and S
retention in the FHC compared to the SHC lead to a reduction in PM; formation during
the combustion of the FHC-holding. This also subsequently reduced the degree of
reduction in PM; formation from the combustion of the resultant FHC after

volatile—char interactions. As for trace elements, the fast heating pyrolysis also
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resulted in low retentions of Pb, As, Ni, Cd and Cu and thus a reduction in the release

of these trace elements as PM; during the FHCs combustion.

The change in PMi.1¢ yields during the combustion of the FHCs, on the other hand, is
influenced by char particle size and macroporosity. As shown in Figure 10-10, the
particle size of the FHCs is generally smaller than that of the SHCs, and Figure 10-11
also shows that the char macroporosity (~0.47) of the FHC-holding is substantially
higher than that (~0.30) of the SHC-holding. During fast pyrolysis with pulse feeding,
the thermal shock enhanced the primary char fragmentation'>* and the rapid release of
volatiles yields chars with higher porosity.??® These lead to an enhanced char
fragmentation, and therefore, an increase in the yield of PM .19 during the combustion
of the FHCs. Consequently, the yields of major elements (Ca, Mg, P, Si, Al and Fe) and
trace elements (Ni, Co, Cu, V and Mn) in PMj.10 generated during the combustion of
the FHCs are higher compared to those from the combustion of the SHCs. Moreover, a
higher FHC char porosity can significantly influence the extent of volatile—char
interactions and thus affect the PM;.10 emission during subsequent char combustion.
The more developed pore structures in the FHC can facilitate the diffusion of reactive
species from volatiles into the char structure, further enhancing the effect of
volatile—char interactions. More specifically, during the interaction between the FHC
and the PE volatiles, increased porosity and diffusion of volatiles can lead to
substantial deposition of soot within pore system and char surface, clogging the pores
and resulted in reduction in char macroporosity. On the contrary, during the interaction
of the FHC and the DAWB volatiles, increasing diffusion of volatiles and surface area
further promote the development of char pore structure and thus result in a substantial

increase in PM1.1¢ yield during the combustion of the FHC-DAWB.
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10.6 Differences in PMio emission during the combustion of volatile—interacted

chars under air and oxyfuel conditions

In order to investigate the effect of combustion atmospheres on PM emission during
the combustion of the char experiencing volatile—char interactions, these chars are also
combusted under oxyfuel conditions (30% Oz in CO) in this study. As shown in
Figure 10-3a and b, the combustion atmospheres significantly affect the PSDs of PM o
from the combustion of char. When the combustion atmospheres switched from air to
oxyfuel, the fine mode diameter of PSDs of the PMo generated from the combustion
of the SHCs shifts from ~0.022 um to ~0.044 um, while the coarse mode diameter
shifts from ~6.8 um to ~4.4 pum. It should be noted that the estimated particle
temperatures under air and oxyfuel conditions is similar.?’ Therefore, the shift of fine
mode diameter from ~0.022 um under air to ~0.044 pm under oxyfuel conditions
should be attributed to the enhanced homogeneous nucleation under oxyfuel
conditions.?*?*” In addition, a high CO: concentration under oxyfuel conditions
weakens the catalysed sintering process of Mg/Ca carbonate during combustion and
hinders the growth of Mg/Ca-bearing particles,'>! resulting in a shift of coarse mode
diameter from 6.8 pm to 4.4 um under oxyfuel conditions. However, as shown in
Figure 10-5, 10-8 and 10-14, the combustion atmospheres have little effect on the
contribution of in situ volatile—char interactions to PM1 or PMi.10 emission during char
combustion, because the release of the volatile species and char fragmentation during
char combustion are mainly governed by char particle temperatures which are

estimated to be similar under air and oxyfuel conditions.

Figure 10-7 shows that PM; is mainly contributed by Na, K, S and P, while other major
elements in char, such as Ca, Mg, Si, Al, Fe and the majority of P are observed in
PM .10. For trace elements (see Figure 10-13), Cr, Pb, As, Ni, Cd and part of Cu are
distributed in PM;, while Co, Cu, Mn, V and Zn are found in PM;.10. When the major

elements are calculated as stable oxides (i.e., P as P2Os, Fe as Fe2Os, S as SO3), more
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than 99% of the PM; and 96% of the PMi.io is accounted by the major elements
analysed. However, S only exists in the PM; generated during the combustion of the
SHCs and only contributes 3% (as SO3) to the PM; generated. On the other hand,
alkali metals and P oxides account for ~ 90% of the PMo.1 emitted and alkaline earth
metals and P oxides account for ~ 60% of the PM;.1o emitted, indicating that AAEM
species and P are the dominant elements and play vital roles in the PM emitted from
char combustion under current experimental conditions. In order to investigate the
effect of volatile—char interactions on the forms of these elements in PM o, the molar
ratios of AAEMs over P in PMo.1 and PM.1 are calculated and presented in Figure
10-15. Figure 10-15 clearly shows that the molar ratio of (Na + K) / P in PMo.; under
both atmospheres is around 1.0, suggesting that these elements are likely in the form of
(Na, K)POs3 in PM;. This is consistent with the report from equilibrium modelling of
the high-phosphorus fuels combustion.* The results in Figure 10-15 also show that
(Mg + Ca) / P in PMi-10 under both atmospheres is around 1.5, suggesting that these
elements are likely in forms (Mg, Ca)3(POs)2 in PMi.10. Furthermore, the molar ratios
of (Na + K)/P in PMy.1 and (Mg + Ca)/P in the PM-19 generated during the combustion
of chars experiencing and without experiencing volatile—char interactions remain
relatively unchanged. The results indicate that volatile—char interactions have little
effect on the forms of AAEMs and P in the PM released from the combustion of the
resultant char. Trace elements, however, only contribute little to PMo (< 0.5 wt%) and
the amount of P and S associated with trace elements is very small;**® therefore, the

same calculation for trace elements is not considered.
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Figure 10-15 The molar ratios of (Na + K)/P in PMy and (Ca + Mg)/P in PM;.1o

generated during char combustion under air and oxyfuel conditions

10.7 Conclusions

This chapter investigates the effect of oxygen-free (PE) and oxygen-containing
(DAWB) volatiles during volatile—char interactions on PMio emission during
combustion of slow and fast heating chars under air and oxyfuel conditions at 1300 °C.
The results clearly show the interactions between chars and small non-oxygenated
reactive species in the PE and DAWB volatiles lead to release of Na, K, P and S thus
2.8 and 4.3 mg/g biosolid reduction in PMy, formation during combustion of the
resultant SHC-PE and SHC-DAWB in air, respectively. The interactions between
oxygen-free volatiles and char can lead to a reduction in char macroporosity which in

turn causes a net reduction of 0.8 mg/g biosolid in the yield of PMi.19. On the contrary,
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the interactions the DAWB volatiles and char resulted in a substantial increase in char
macroporosity, leading to significant increase in PMj.1o formation (2.9 mg/g biosolid).
Compared to slow pyrolysis, fast heating pyrolysis produces char with reduced
volatile species content (i.e. Na, K and S), smaller char particle size and higher
macroporosity. Therefore, the effect of volatile—char interaction on net yield of PM;
emission is less profound but its effect on net yield of PMi.;p emission is more
significant during combustion of the resultant FHCs. A net reduction of 2.2 mg/g
biosolid and net increase of 3.9 mg/g biosolid in PM.19 emission from the combustion
of the FHC-PE and FHC-DAWB in air is observed, respectively. The combustion
atmosphere is found to have little effect on the net yield of PMo caused by in situ
volatile—char interactions. The interactions of chars with oxygen-free volatiles
suppress the formation of refractory major (Mg, Ca, Al, Si and Fe) and trace (Ni, Co,
Cu, Mn, V and Zn) elements as PMj.1¢ but its interactions with O-containing volatiles
enhance the yield of these elements in PM;.1o. The interactions between O-containing
reactive species and chars lead to formation of volatile chromium oxyhydroxides, thus
results in a substantial reduction in Cr yield in PMo.1 from combustion of the resultant
char. Furthermore, volatile—char interactions have little effect on the forms of AAEM
species and P in PMjand PM.1o generated by char combustion under air and oxyfuel

conditions.

Reprinted with permission from (Xujun Chen, Sui Boon Liaw and Hongwei Wu.
Effect of volatile—char interactions on PM;y emission during the combustion of
biosolid chars under air and oxyfuel conditions, Combustion and Flame 2018, 197,

290-303). Copyright (2018) The Combustion Institute. Published by Elsevier Inc
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CHAPTER 11 CONCLUSIONS AND RECOMMENDATIONS

11.1 Introduction

This chapter summarises the key findings in this PhD study and provides some
recommendations on future work in this area. Overall, this thesis has revealed new
insights into the structure and reactivity of char prepared from pyrolysis of
P-containing solid fuels as well as the PM emission during combustion of
P-containing solid fuels through systematic investigations. First, a new method has
been developed and validated for quantifying different forms of phosphorus in solid
fuels. Such a method is fundamentally significant for further investigation into the
behaviour and fate of P during the thermochemical processing of P-containing solid
fuels. Based on this method, a systematic set of experiments were carried out to
study the effect of reactor configurations on the transformation and release of
phosphorus during pyrolysis under various conditions. In addition, experiments were
also conducted to investigate the roles of two important factors, i.e., volatiles with
distinctly-different chemistry during volatile—char interactions and the presence of
different forms of phosphorus in biomass in determining char structure and char
reactivity. These studies are of great significance for a P-containing solid fuel
combustion system with regards to optimising combustion conditions. The last part
of this thesis reports the PM emission during combustion of P-containing solid fuels,
especially biosolid and contaminated biomass with abundant trace elements. The
focuses are on the effect of water vapours on PM emission during solid fuel
combustion under oxyfuel condition, considering the separate combustion of in situ
volatiles and char generated from fast pyrolysis of P-containing contaminated
biomass. More importantly, this thesis has reported, for the first time, the direct
evidence on the critical roles of volatile—char interactions in governing PM emission

during combustion of volatiles and char produced from P-rich biosolid. Practically,
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this study enriches the fundamental understanding on char reactivity, char structure,
PM emission as well as phosphorus transformation during thermochemical utilization
of P-rich biomass, which is critical to optimizing operation conditions, reducing
equipment maintenance costs and mitigating negative environmental impact and

operational challenges caused by phosphorus.

11.2 Conclusions

Several conclusions can be drawn based on the investigations in Chapter 4-10,

respectively corresponding to the objective 1-7 listed in Section 2.9.

11.2.1 A new method for quantifying phosphorus of various occurrence forms in

solid fuels

e A new method is proposed in this study to extract different forms of
phosphorus in solid fuels via three-step sequential extraction, followed by
phosphorus quantification in each fraction using IC and ICP-OES;

e Three organic phosphorus fractions (i.e. acid-soluble organic P, P in
phospholipids, P in nucleic acids and other acid-insoluble organic structures)
and two inorganic P fractions (acid-soluble inorganic P and acid-insoluble
inorganic P) in solid fuels can be extracted and determined using the new
method;

e Compared with the poor performance of the conventional SMT method, the
application of this new method in seven different solid fuels has achieved
high P mass balance and is suitable for quantifying P of various forms in

solid fuels.
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11.2.2 Effect of reactor configurations on the transformation and release of

phosphorus during pyrolysis under various conditions

e Both reactor configuration and pyrolysis temperature could significantly
affect char yields and char chemistry during rice bran pyrolysis;

e Below 700 °C, higher heating rate in a drop-tube/fixed-bed reactor either with
continuous feeding or pulse feeding enhanced P release;

e When increasing pyrolysis temperature from 700 to 900 °C, volatile—char
interactions could result in substantial P release during pyrolysis in a
drop-tube/fixed-bed reactor with continuous feeding;

e [n situ combustion of volatiles at 950 °C in a two-stage pyrolysis/combustion
reactor system could effectively convert more than 95% P in volatiles
(dominantly P in tar) into water-soluble P species;

e Pinrice bran is mainly organic potassium phytate, which can be substantially
transformed into acid-soluble inorganic P even at temperatures as low as
400 °C during pyrolysis. Above 800 °C, acid-insoluble inorganic P starts to be

generated during rice bran pyrolysis.

11.2.3 Effect of phosphorus in biomass on char structure and reactivity

e Phosphorus could substantially increase char yields during biomass pyrolysis
due to the enhanced crosslinking by P-containing structures in char, leading
to increases in the char C and H contents and a decrease in char O content.

e After pyrolysis and subsequent char oxidation, all P in biomass either as
organic or inorganic P are found to be present in the form of acid-insoluble
organic structures.

e For char prepared from acid-washed wood, char reactivity increases with char
conversion due to the increasing pore surface area at higher conversion.

Comparatively, for char prepared from acid-washed wood loaded with
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various P at char conversion below 60%, the presence of P increases char
intrinsic reactivity due to the more reactive char structures caused by
enhanced crosslinking and reduced condensation of char structures.

e At higher char conversions, P-containing species in char leads to a significant
decrease in char reactivity, due to the formation of abundant C-O-P bonds,

that is highly resistant to the oxidation in air, in the reacting chars.

11.2.4 Volatile—char interactions: Roles of in situ volatiles with
distinctly-different chemistry in determining structure and reactivity of char

prepared from P-containing biosolid

e For the char interacted with volatiles with distinctly-different chemistry, char
reactivity increases with increasing O/H molar ratio of the volatiles for in situ
volatile—char interactions;

e Both H- and O-containing reactive species in volatiles play important but
different roles during in sifu volatile—char interactions;

e H-containing reactive species substantially induce the condensation of the
aromatic ring systems in char and consequently decrease H content in char,
thus making the char structure more inert;

e O-containing reactive species in volatiles react with char particles to form
C-O complex oxides which mitigates the carbon structure from condensing
into larger aromatic ring systems and increases O and H contents in char, thus

effectively increasing char reactivity.

11.2.5 Effect of water vapour on PMio emission during oxyfuel combustion of
char and in situ volatiles generated from rapid pyrolysis of P-containing

contaminated wood

e During in situ volatiles combustion, water vapour could significantly enhance

the nucleation, coagulation and condensation of fine particles and increases the
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PMo.1 yield. During char combustion, water vapour might also enhance char
fragmentation hence increases the PMi.1o yield;

e For trace elements, volatile trace elements (As, Cr, Ni, Cu and Pb) are only
presented in PM; during in situ volatiles combustion. Water vapour shifts the
PSDs, but has little effect on the yields of these trace elements;

e During char combustion, As, Cr, Cu and Ni are present in both PM; and
PM;.10 while non-volatile Mn and Ti are only present in PM.19. Water vapour
increases the yields of As, Cr, Cu, Ni, Mn and Ti in PMi.19 due to possibly
enhanced char fragmentation;

e With the addition of water vapour, the yields of As and Cr in PMo. are
increased but that of Ni in PMo; is decreased during char combustion, most
likely due to water vapour facilitating the conditions that enhance the release
of As and the generation of gaseous chromium oxyhydroxides but inhabits the

production of NiCl; (g).

11.2.6 Important role of volatile—char interactions in PMio emission during the

combustion of volatiles from P-containing biosolid

e Volatile—char interactions significantly change the PSDs of PM during the
combustion of volatiles both produced from ash-free cellulose or polyethylene
and acid-washed biosolid.

e The volatile—char interactions only enhance the emission of PM; (mainly
PMy.1) and are intensified at a higher temperature. The reactive volatiles can
react with biosolid char and enhance the release of Na, K, P and S during
volatile-char interactions but lead to little change in the yields of biosolid
chars.

e As far as PM; emission is concerned during volatiles combustion,
oxygen-containing reactive species in volatiles play an insignificant role in

volatile—char interactions.
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e The molar ratios of (Na+K)/(P+2S) for both PM; and the net release of these
key elements from the chars are also found to be ~1.0, suggesting these key
elements are released from the chars then react to form alkali metaphosphate
and sulphate in PM; during volatiles combustion.

e Volatile—char interactions can transform part of the Pb and Cr in the chars into
more volatile forms, which are subsequently released and contributed to PM;
emission. The absence of Cr release during interactions between polyethylene
volatiles and char further suggests that Cr is released in the form of chromium

oxyhydroxides during volatile—char interactions

11.2.7 Effect of volatile—char interactions on PMio emission during the

combustion of P-containing biosolid chars under air and oxyfuel conditions

e The interactions between chars and small non-oxygenated reactive species in
volatiles lead to release of Na, K, P and S and thus reduction in PMjy,; formation
during combustion of the volatile-interacted char in air;

e The interactions between oxygen-free volatiles and char can lead to a reduction
in char macroporosity which in turn causes reduction in the yield of PMi-10. On
the contrary, the interactions between char and the oxygen-containing volatiles
generated from double-acid washed biosolid result in a substantial increase in
char macroporosity, leading to significant increase in PM;.1o formation;

e Compared to slow pyrolysis, fast heating pyrolysis produces char with reduced
content of volatile species (i.e. Na, K and S), smaller char particle size and
higher macroporosity. Therefore, the effect of volatile—char interaction on net
yield of PM; emission is less profound but its effect on net yield of PMi.1o
emission is more significant during combustion of the fast heating char
interacted with volatiles;

e The combustion atmosphere is found to have little effect on the net yield of

PM o caused by in situ volatile—char interactions;
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e The interactions of chars with oxygen-free volatiles suppress the formation of
refractory major (Mg, Ca, Al, Si and Fe) and trace (Ni, Co, Cu, Mn, V and Zn)
elements as PM.1o but its interactions with O-containing volatiles enhance the
yield of these elements in PMj.10;

e The interactions between O-containing reactive species and chars lead to
formation of volatile chromium oxyhydroxides, thus results in a substantial
reduction in Cr yield in PMy.1 from combustion of the resultant char;

e Furthermore, volatile—char interactions have little effect on the forms of
AAEM species and P in PMjand PM;.1o generated by char combustion under

air and oxyfuel conditions

11.3 Recommendations

Through the systematic research program, this PhD study has studied char structure,

char reactivity and PM emission during pyrolysis and combustion of P-containing

solid fuels. Some future investigations are recommended as below.

1)

2)

3)

4)

The phosphorus quantification method developed in Chapter 4 is effective and of
high accuracy. However, the procedure is relatively complicated so that the method
itself can be time-consuming. Efforts can be made to further simplify this method
without jeopardising accuracy;

The majority of phosphorus are retained in char under the experimental conditions
(400900 °C) in Chapter 5, as results of the pyrolysis conditions. Future work is
suggested to carry out experiments on pyrolysis at temperatures above 900 °C;
Reducing atmosphere is likely to have significant effect on P release but it is
unclear how the presence of CO; and steam would affect P release during pyrolysis
or gasification of P-containing solid fuels;

Inherent AAEM species play important roles in determining char reactivity. In

presence of P, the potential synergetic effects between P and AAEM species on
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char reactivity are unknown and should be investigated in future work;

5) Due to the limitation of quartz working temperature (1050 °C) in this study, the
effect of volatile—char interactions on char structure and char reactivity is limited at
1000 °C. Future work should be carried out to investigate the effect of volatile—char
interactions on char structure and char reactivity at temperatures of 1300 °C or
above;

6) Similarly, due to the same limitation, there is still a lack of investigations into the
roles of volatile—char interactions in the characteristics of PM emitted from
subsequent combustion of P-containing solid fuels at temperatures of 1300 °C or

above.
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