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Chapter 1

Introduction

1.1 Introduction
1.1.1 Coal fly ash

Fly ash (FA) is one of the by-products from the coal combustion process of thermal power
plants. The coal combustion process and by-products generation usually shown as follows (see
Figure 1-1). Most of the pulverized coal is burned off in the combustion boiler, and
approximately 10-30% of the original coal remains as noncombustible by-products (Temuujin,
2013). The composition of unburned ashes and their characteristics depend on the design of the
furnace, combustion method and conditions, collector setup, and coal quality. Fly ash and
bottom ash contribution from the total ash varies in ranges of 65-95 and 5-35 %, respectively
(Jayaranjan et al., 2014). Bottom ash usually is a dark grey, granular, porous, predominantly
sand-sized aggregate material that falls to the boiler bottom. Fly ash is light and fine particles,
which can be captured by a series of collection devices from the exhausting gases

(Abdulhameed et al., 2012).

1.1.2 Physical characterization of FA

Fly ash particles are generally spherical, powdery, and glassy, either solid or hollow, except
for carbonaceous material in fly ash is composed of angular particles (Ayanda et al., 2012). The
particle size ranges from 0.5 pum to 300 pm, with 65-90% of the particles with a diameter of
less than 10pum. In general, fly ash has a low bulk density (1.01-1.43 g/cm3). Particle densities

for non-magnetic and magnetic particles are 2.7 and 3.4 g/cm3, respectively (Black, 2016; Basu,



2009). The specific gravity of fly ash usually around 2.0 but can vary to a large extent (1.6 to
3.0) (Bhatia, 2017). Its specific surface area ranges from 170 to 1000 m%kg (Ahmaruzzaman,
2010). FA has low hydraulic conductivity, while the moisture retention ranges from 6.1% at 15
bar to 13.4% at 1/3 bar (Basu, et al., 2009; Natusch, 1974). The color of FA depends on the
amount of unburned carbon. The lower the carbon content, the lighter the FA color, which can
vary from tan to gray to black. Lignite or sub-bituminous coal fly ashes are usually light tan to
buff in color, indicating relatively low amounts of carbon and the presence of some lime or

calcium (Ayanda et al., 2012).
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Figure 1-1. The collection of by- products from coal combustion (Chen, 2003; Yao, 2013)



1.1.3 Chemical characterization of FA

The chemical properties of FA mainly depend on the type of coal used. FA consists of
composites of alkaline metallic oxides and nonmetal oxides, such as Al,O3, Fe,Os, K20, MgO,
Na,O, Ca0, and SOs, P,0s, SiO, (Lieberman et al., 2015). In general, FA from the high-rank
bituminous and anthracite coals contains higher Al,O3; SiO,, and lower MgO, CaO, SO;
compared to the lignite and sub-bituminous coals. The major chemical compositions are the
basis for evaluating the suitability of FA as cement replacement material. According to the
American Society for Testing and Material (ASTM), FA is divided into three classes: C, F, and
N (see Table 1-1) (Yao, 2013). Class F ash generally contains less than 10% of CaO, while Class
C ash typically contains CaO over 10% up to 40%. SiO,, Al,O3, and Fe,0; contribute to 50-70%
of the total component for Class C ash and more than 70% for Class F ash, respectively
(Vassilev, 2006). When coal fly ash is initially mixed with water, the initial pH of leachate may
be strongly acidic (pH 4) or alkaline (pH12). However geochemical buffering reactions can
subsequently narrow the pH range because the leachate of acidic fly ash may be neutralized by
the dissolution of calcium and magnesium oxides, and alkaline fly ash leachate tends to absorb
carbon dioxide. Eventually, the pH range is close to 7 to 9 (Roy et al., 2011). The pH of the
leaching solution is the key factor that affects the mobility of trace elements in FA. There are
many kinds of heavy metals and toxic elements in FA, such as Cr, Cu, Se, As, Cd, Sr, Hg, Pb,
etc. The amount of these trace elements in FA varies in different regions. The leachability of
these elements is closely related to the associated phase and the leaching conditions. (Davison,

1974; Jankowski, 2006; Neupane, 2012).



Table 1-1. Composition and chemical requirements of FA classes as ASTM standards

Class
F C N
Silicon dioxide (SiO,) plus aluminum oxide (Al,Oj3)
plus iron oxide (Fe,0s), (min, %) 70.0 50.0 70.0
Sulfur trioxide (SO3), (max, %) 5.0 5.0 4.0
Moisture content, (max, %) 3.0 3.0 3.0
Loss on ignition, (max, %) 6.0 6.0 10.0

1.2 Utilization and recycling of fly ash

Coal provides 30% of global primary energy needs and generates over 41.1% of the
world's electricity. Global demand for coal used in power generation is predicted to rise over
time (IEA, 2010; IEA, 2013; WCA, 2015). The annual FA generation in global is estimated to
be about 750 million Mg (Blissett and Rowson, 2012). FA recycle still a significant social
challenge referred to massive FA generation as described above. In worldwide, the FA recycle
ratio varied widely in different countries. For example, more than 112 million Mg of coal FA is
produced every year in India, and the utilization of FA is only around 38 %. In China, FA
utilization increased from 20% to 67%, although the annual FA generation was estimated to be
500 million Mg. The current average FA recycles ratio in global is expected to be less than
50 %( Ahmaruzzaman, 2010; Tang, 2013; Yao, 2013; Dwivedi, 2014). It is clear that vast
amounts of FA are disposed and accumulated in landfill sites or dumps. Untreated FA causes
severe social and environmental problems due to its occupation of a large area for disposal and
adverse ecological impacts (Carlson, 1993; Prasad, 1996; Hansen, 2002). Therefore, there is a
constant need for developing new recycling methods for FA.

Currently, FA is commonly used as a cement replacement material in the construction

industry. It reduces the production costs of concrete due to the lower price of fly ash compared



to cement. Considering the physical and chemical properties of FA, different types of building
materials can be made. FA is typically added to structural concrete at 15-35 wt.% of the cement
and can be up to 70 wt% in the pavement, walls, and parking lots and 80 wt.% in autoclaved
aerated concrete (Dilmore and Neufeld, 2001; Harveer, 2014). The use of fly ash in concrete is
very beneficial to keep the environment clean and healthy. However, the recycle ratio of FA as
an ingredient in cement and other construction materials is relatively low. FA utilization is
gaining vast importance in the scientific owing to its contamination in the atmosphere, posing a
severe threat to the environment. Its disposal is a great challenge faced by the environmentalists
and techniques to use it effectively is a concern worldwide. For waste minimization, alternative

uses of FA as a value-added product are needed.

1.2.1 FA uses and application in soil water amendment

According to the physical and chemical properties of FA, there have been many studies
that report FA utilization as soil amendment (Page, 1979; Yao, 2015), to improve soil properties
(Kalra, 1998; Ram, 2014), such as soil texture (Campell, 1983; Lu, 2014; Adriano, 2001; Pathan,
2003), soil moisture (Campell, 1983; Ghodrati, 1995; Gangloff, 2000; Adriano, 2001; Pathan,
2001; Pathan, 2003) and soil pH (Matsi, 1999). For example, FA can be beneficially utilized as a
mine soil amendment to provide an array of plant available macro-nutrients (Ca, Mg, K and S)
and micro-nutrients (B, Fe, Mn, Cu, Zn, etc.) along with improved water holding capacity and
aggregation (Daniels, 2002). Lime and FA amendment were utilized to aid the revegetation of
acidic coal soil (Taylor, 1988). FA has excellent potentials in agriculture due to its efficacy to
modify soil performance and crop production (Tolle, 1982; Basu, 2009; Jala, 2006). Many
essential elements contained in FA can be used for planting, such as P, K, Ca, Mg Zn, Fe, Cu,

Mn, and B etc. The trace elements in FA might be used to replace trace elements in soil (Jala,



2006). FA could change the bulk density of sandy soil and alter the soil micro-porosity, whereas
hydraulic conductivity decreased (Campell, 1983). FA was primarily fine sand and silt-sized
particles. Adding and mixing FA into sandy soils could permanently alter soil texture because
sandy soils are predominantly comprised of coarse sand-sized particles. If soil mixed with FA at
a proper ratio, it can improve soil texture and thus soil moisture content (Campell, 1983;
Ghodrati, 1995; Gangloff, 2000; Adriano, 2001; Pathan, 2001; Pathan, 2003). For example, FA
has been shown to increase available water for plants in sandy soil (Gangloff, 2000; Pathan,
2001). Besides, when the FA surface was modified by apatite synthesis, the FA amendment
suppressed evaporation and increased water retention in FA-amended soils even at 40 °C (Lin,
2015). In general, the FA amendment is reported to be capable to increase soil moisture
(Campell, 1983; Ghodrati, 1995; Gangloff, 2000; Adriano, 2001; Pathan, 2001; Pathan, 2003)
while there are also several reports about the negative impact of FA on the soil. For example, the
application of FA as soil ameliorant would possibly cause an undesirable change in soil pH,
increase soil salinity, elevated concentration of trace elements to toxic levels and cause nutrient
imbalance (Kumpiene, 2010). These problems, however, are usually associated with excess or
inappropriate FA applications (Shaheen, 2014). Although the use of FA as a soil amendment has
been wildly studied, the technology for application has not been implemented in full scale.

Therefore, more researches should be conducted in this potential application area.

1.2.2 FA uses and application in polymer composites and absorbent

Functional polymers are promising candidates in the fabrication of FA-based composite.
Many researchers tried to study the effectiveness of fly ash as fillers in polymer composite
materials. There are many reports about the effects of polymer modified fly ash on mechanical

and thermal properties, such as tensile strength, friction and sliding characteristics (Chauhan,



2010; Deepthi, 2010; Gu, 2007; Gupta, 2001). From the above research works, it was noticed
that fly ash as the filler has both positive as well as the negative effect on composite properties.
The polymer modification on the surface of FA particles has a significant impact on the
mechanical properties of the FA-composite.

On the other hand, it is recognized that fly ash is a promising adsorbent for the removal of
various pollutants, such as NOx, SOx, organic compounds, and mercury in air, and cations,
anions, dyes and other organic matters in waters. Researches on utilizing fly ash as a low-cost
adsorbent for various adsorption processes for the removal of pollutants have been conducted in
the past decades (Tsuchiai, 1995; Ahmaruzzaman, 2009). However, there were very few
research works that examined the properties of polymer-modified fly ash as water-retentive and
absorbent material. It will be ideal to utilize FA as an eco-friendly product if they make it as a

value-added polymer composite.

1.3 Desertification

Desertification is the degradation of land due to the loss of soil nutrients and moisture,
vegetation reduction, salinization, and accelerated wind and water erosion. Land deterioration
and following desertification is a severe problem in arid areas. Severe land degradation is now
affecting 168 countries across the world, threatening regions like western China, northern Africa,
the Middle East, middle Australia, and America (UNCCD, 2016). Approximately 12 million ha
of the earth surface areas are turning into a new dessert each year (UNEP, 2006). About two
billion people depend on ecosystems in dryland areas, which are vulnerable to desertification
(UN, 2016). The dry lands could be easily affected by desertification and turn into semi-arid
regions. According to rough estimates, about 10-20 percent of the susceptible drylands are

considered to have already undergone land degradation (MEA, 2005). Damage of soil and



reduce water availability are significant impacts from desertification (Li, 2006). In the areas that
are suffering from desertification, the fine particles (clay and silt) of the soil are reducing at a
high rate. Tiny soil particles are carried high into the air by the wind, then larger-sized soil
particles are dislodged by the wind and roll along the soil surface. The stable surface aggregates
of soil are broken down by the abrasion that results from windblown particles, which further
increases the soil erosion. Consequently, the process of soil erosion leads to a loss of
water-holding capacity of the soil, making the effects of desertification amplified. Therefore, to
keep and increase soil productivity with limited water resources, water holding agents for the

land is desirable.

1.4 Purpose of this study

This study aims to utilize FA as a water-retentive material to increase the water retention
capacity of soil in arid and semi-arid areas. In some arid regions such as northern China, for
example, coal-fired power plants are the dominant power sources, and thus vast amounts of FA
are generated. Therefore, if FA can be recycled as water amending material, it will give a
promising solution for both FA management and desertification at the same time.

Although many works on FA uses in soil amendment have been conducted, there are still
various uncertainties about the effects of the FA amendment on soil water retention. Besides, the
diverse experimental methodologies on measuring soil water retention lead to different data
analysis. Conventional methods for soil water moisture measurement are under water-saturated
conditions which are controlled by gravity or pressure. However, water saturation of soil is a
limited situation in arid areas, and temperature-driven evaporation is the main pathway of soil
moisture loss. In this study, a new method was tested to evaluate evaporation mitigation

capacity (EMC) in soil under unsaturated condition by simple drying experiment. The EMC

10



measurement will be elaborated in the next chapter.

As described above, FA used as water retention material to improve soil condition is
attractive in the arid area. Also, functional polymers are promising candidates in the fabrication
of FA-based composites because of their high chemical stability, good compressive strength,
and high durability. If FA can be recycled as water retention and absorbent materials, it would

provide potential applications of FA in the agriculture and industry field.
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Chapter 2
Evaporation mitigation capacity of soil/sand

mixed with/without raw fly ash

2.1 Background
2.1.1 Soil water and soil water holding capacity

There are three main types of soil water: gravitational water, capillary water, and
hygroscopic water (Parker, 1922). Gravitational water is free to drain downwards through the
soil. Capillary water is available for plants. It stays around the soil particles in the capillary zone
by surface forces (Figure 2-1). Gravity cannot remove it from the soil particles, but it can
evaporate quickly at atmospheric temperatures. Hygroscopic water cannot be separated from the
soil unless it is heated. It remains tightly on the surface of soil particles that plants cannot
absorb it.

The definition of water holding capacity (WHC) is the total amount of water that a soil can
hold under positive suction pressure. The WHC is an essential characteristic of soil. Land with a

larger WHC was less leaching losses of nutrients and is well-suitable for plant growth.

2.1.2 Factors have influence on soil water retention capacity

Several characteristics can have influences on the soil WHC (Figure 2-2), such as soil
texture and structure, porosity, particle size and the soil organic matter content (Gupta et al.,
1979; Hollis et al., 1977; Jong et al., 1983). Soil structure refers to the arrangement of soil
particles into stable units called aggregates, which can be loose and friable. Soil porosity

depends on both soil texture and structure. Soil porosity refers to the space between soil
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particles, which consist of different amounts of water or air. Soil texture refers to the
composition of the soil in terms of particle size distribution. It determines the rate at which
water drains through saturated soil. The amount of hygroscopic water varies inversely with the
size of soil particles. The smaller the particle, the higher amount of hygroscopic water it adsorbs.
In general, clay soils have a more excellent water holding capacity than sandy soils. Soil organic
matter content also influences the water holding capacity due to the affinity of organic matter to

water.

Figure 2-1. Types of soil water that can be absorbed by plants (Lin, 2018).
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Figure 2-2 Factors that affect soil water holding capacity (Lin, 2018)




2.1.3 Conventional measurements on soil water holding capacity

Many lab-scale methods have been developed to determine soil WHC. For example, in
the European maximum water holding capacity method (Figure 2-3), the soil sample is saturated
with water in a cylinder placed on a permeable membrane. The excess water is drawn away by
gravity into the porous layer. When the equilibrium in this system is reached, WHC can be
calculated according to the weight of the water held in the sample versus the sample dry weight.
The typical measurements on soil water holding capacity are usually under saturated conditions

and controlled by gravity or pressure.

&— Cylinder ——>

/ Water level

Soil level Absorbent Membrane

7

Figure 2-3. “European” maximum water holding capacity method

However, in arid/semi-arid areas, the major pathway of water loss from the soil system is
natural evaporation when evapotranspiration by grasses and plants is excluded. Even after
rainfall, only soil surface layer will be saturated and lower layer will be still unsaturated.
Excluding initial runoff and evapotranspiration of plants, temperature-driven evaporation is a
main pathway of soil moisture loss in arid areas. However, conventional measurements on soil
water holding capacity usually exclude temperature-driven evaporation. This study aims to
simulate water loss via temperature-driven evaporation, not pressure-driven evaporation like

WHC measurement. In addition applications of FA as a water holding material in real
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arid/semi-arid areas are limited. There is a large gap between the effective increase of WHC by
the FA amendment and real FA applications as a water holding material in arid/semi-arid areas.
Therefore, in this study, a new method was used on measuring the evaporation mitigation
capacity (EMC). It represented water loss mitigation capacity against physical evaporation,

which was measured by drying experiments (Lin, 2015).

2.2 Experimental materials & methods
2.2.1 Coal fly ash (FA), soils and sands properties

FA utilized in this study was taken from one coal-fired power plant in Japan. The
elemental content of tested FA, analyzed by Energy Dispersive X-Ray Fluorescence
spectrometer, is shown in Table 2-1. According to the elemental content, FA tested in this study
is classified into Class F. The particle size of tested FA is less than 150 um. Microscopic surface
conditions of FA particles were observed by scanning electron microscope (SEM; JSM-6610LA,
JEOL Co.), which is shown in Figure 2-4. It can be noticed that the fly ash sample consists of
dominantly regular spherical particles ranging fine silt size (0.5 to 15 um) in diameter (see

Figure 2-5).

22



[
S
(—}

920

80 | | - FIy Ash
70

60 F)

50 i
40 »
®

30 S
20 »

.:

10 .

0 d.. Sa— =

0.01 0.1 1 10 100
Size (um)

Cummulative size@listribution(wt %)
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Figure 2-6. Surface morphology of Surface morphology of DGS, AkS, SiS and RiS.
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Figure 2-8. Procedure of the drying experiment on measuring EMC
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Figure 2-9. Concept of evaporation mitigation capacity (EMC) measured in this study

In this study, two kinds of gardening soils (akatama soil (AkS) and decomposed granite
soil (DGS)) and two kinds of sands (river sand (RiS) and silica sand (SiS)) were used. The
surface morphology of these soils and sands are shown in Figure 2-6. According to the soil
classification category (World Reference Base for Soil Resources, 2014), decomposed granite
soil is classified into Technosols. Akatama soil, river sand and silica sand are artificial soil and
sands. The main content of akatama soil is classified into Volcanogeneous Regosols. The main
composition of silica sand is SiO,. Cumulative sieving size distributions of soils and sands
measured by sequential sieving are illustrated in Figure 2-7. Based on soil grain size
classification of American Association of State Highway and Transportation officials
(AASHTO) (ASTM D3282-09), the initial percentage of clay, silt, sand, gravel of DGS are
0.22 %, 4.45 %, 67.1 %, and 28.3 %, respectively. Those of AKS are 0.89 %, 5.70 %, 62.3 %,

and 31.1 %, respectively. Therefore, both soil samples are categorized as sand. RiS consists of
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0.07 % of clay, 0.59 % of silt, 86.0 % of sand, and 13.3 % of gravel. Those of SiS are 0 %,
0.18 %, 99.8 %, and 0 %, respectively. According to sieving size distribution, the coefficients of
Uniformity (ASTM D2487) were calculated to be 7.8 for DGS, 13.5 for AKS, 1.6 for SiS, and
5.3 for RIS, respectively. Coefficients of Gradation (ASTM D2487) are 0.91 for DGS, 1.1 for

AKS, 0.98 for SiS, and 0.75 for RIS, respectively.

2.2.2 Soil/sand particles sieving

In order to investigate the effect of FA amendment on soil/sand EMC and its dependency
on soil/sand sieving size, soil and sand samples were sieved into different size ranges; smaller
than 75 um, 75-150 pum, 150-250 um, 250-500 um, 500-710 um, 710 um-1 mm, 1-2 mm, and
larger than 2 mm. In the case of DGS and RIS, the largest sieving size is 5.6 mm. The largest
sieving size of AkS is 25 mm. The sieving size fraction <75 um of RiS samples was not used in

this study. SiS had only three sieving size ranges; 75-150 um, 150-250 pm, and 250-500 pm.

2.2.3 Water holding capacity (WHC) measurement

The definition of WHC is the total amount of water that a soil can hold under certain
suction pressure. In this research, 20 g of the soil/sand samples were saturated with water in a
funnel. The excess water was discharged by gravity until the system reached to the equilibrium.
The WHC was calculated according to the percentage of the remaining water in the sample to

the sample dry weight.

2.2.4 EMC measurement
The measurement procedure is shown as Figure 2-8. Drying experiments were conducted
at room temperature (around 20 °C) and at 40 °C in an incubator, respectively. In order to

simulate water content of soil/sand in arid/semi-arid areas just after rainfall, the initial water
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content was adjusted as 30 wt%. 7.5 g of distilled water was added to 17.5 g of pure soil/sand
samples (DGS, AkKS, RiS and SiS) or FA-mixed samples. The mass of the samples was
monitored for 12 hours at one-hour-intervals to determine evaporation mitigation capacity
(EMC). In order to reduce the impact of errors in initial water content adjustment, water content
monitored at each drying time was standardized using the initial moisture weight (30 wt%)
when water content curve was drawn. It sets 100 % at the beginning of drying experiment. 50 %
means that half amount of water remained in the sample (15 wt% water content) and 0 % means
complete drying. In this method, EMC was defined as the areas under EMC curve (see Figure
2-9). It should be noted that EMC measured by this method means water evaporation resistance
rather than retainable water in soil structure at certain suction pressure. When soil/sand can hold
a higher amount of water and keep water for longer time, EMC score will increase
correspondingly. This study aimed to investigate the effect of the FA amendment on the EMC of
soil/sand with different size ranges. Therefore, soil/sand samples were sieved and then used for
EMC measurement as well as non-sieved one. FA was mixed with the different sieving size
fractions of the soils and sands. FA mixing ratios were 10, 20, and 30 wt %. EMC of soils and
sands with/without the FA amendment were measured by drying experiments. They were
repeated three times to check experimental errors. One-sided Welch’s t-test was used to identify
statistically significant differences of EMC in the different sieving size fractions of the

FA-amended/non-amended samples. The significance level of Welch’s t-test was 5%.

2.2.5 Organic compound measurement by loss on ignition
The weight ratios of organic matter in the different sieving size fractions of soils and sands
were measured. The amount of organic matter of the soils and sands was determined by the

weight loss after thermal decomposition at 440 °C in a muffle furnace overnight. Before thermal
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decomposition, all samples were dried to make moisture weight negligible. The weight ratio of
organic matter was calculated by the weight of organic matter divided by the initial weight of
the sample. The measurements were repeated three times to check experimental errors owing to

sample heterogeneity.

2.3. Results and Discussion

2.3.1 WHC of the different sieving size fractions and effect of FA amendment on WHC

The WHC measurement results show that there is a consistent trend between the WHC and
the soil/sand sieving size (see Figure 2-10). WHCs are higher in smaller soil/sand sieving size
fractions than those of the larger sieving size fractions. In general, soil/sand WHC is controlled
primarily by the soil texture. Small size fractions have a larger specific surface area and lower
hydraulic conductivity. Therefore the WHCs are higher, and the measurement results agree with
the expectation. On the other hand, the FA amendment gave a limited effect on WHCs, although
it increased silt size fractions greatly in terms of size distribution. Increases of WHC by FA
amendment were usually regarded as significant by the t-test at 5 % significance level for 30
wit% amendment cases. However, they were always less than 9% increase for any sieving size
and soil/sand types. Experimental results show that the effect of the FA amendment on WHC of
tested samples is much smaller than the sieving size effect. Limited impact of the FA
amendment on WHC is different from previous researches, which reported the high impact of
the FA amendment to increase WHC (Campbell et al., 1983; Adridno et al., 2001; Gangloff et al.,
2000; Pathan et al., 2001). Because this study tested s