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Characteristics of Ash (Coal, Wood and Rice Hull) and Its Potential Use as an Additive in
Poultry Manure for Protecting the Environment

K. H. Nahm'
Feed and Nutrition Laboratory, College of Life and Environment, Taegu University, Gyong San, South Korea, 712-714

ABSTRACT Ash amendment to manure holds potential as a method to neutralize manure for reducing odor and recuce
phosphorus (P) solubility in runoff from fields where manure has been applied. This review focuses on the literature published
about ash characteristics and their environmental uses. There is no uniform physico-chemical definition of the selected ashes
(coal fly ash-CFA, wood ash-WA, and rice hull ash-RHA) used in various studies. These ashes vary greatly in their acidity
(pH<6.0) or alkalinity (pH>12.5) based on the conditions at which they were formed and the composition of the ash source.
CFA amendment to manure reduced manure-P solubility and application of CFA amended manure to agricultural soils s a
method to improve water quality. WA may prove to be a valuable manure odor control amendment since WA contairs a
high level of carbon. A major biomass source is rice hull (husk) which provides an ash source (RHA). The rice hull and
RHA are sources of silica, compromising about 20% and 60%, respectively. So far research has been directed at the use of
CFA, WA and RHA as soil amendments, but there is potential use of these materials as manure additives to sequester P
and reduce odors.

(Key words: Coal Fly Ash, Wood Ash, Rice Hull Ash, phosphorus solubility, acidity, alkalinity, odors, carbon, silica)

Introduction

Combustion of solid fuel always results in production of ash.
Fossil fiuel combustion resides, including fly ash, bottom ash,
flue gas desulfarization (FGD) sludge, fluolized bed combustion
fly ash (FBS), anthracite refuses fly ash (ANT), and oil ash, are
disposed of in surface impoundments and land fills. Wood ash
(WA) is a by-product of the wood industry resulting from bur-
ning of wood residues for either energy production or waste
reduction. WA is different from coal ash, which has a lower
alkalinity but higher silicon, aluminum, iron and heavy-metal
content. In industry, rice hulls are burned to produce rice hull
ash (RHA) as an energy source and to minimize the hull dis-
posal problem. The potential of RHA for industrial application

rely on the possibility of extracting the silica in a pure state.

" To whom correspondence should be addressed : KHNahml@cs.com

Amorphous silica from RHA can be extracted using low tem-
perature alkali extraction. _

From a pollution-control stand-point, phosphorus, nitrogen,
boron and the radicactive elements found in ash are particular
importance to everybody. Further environmental problems come
from air pollution, from possible radioactivity and related canta-
minants as well as from processes and technologies utilizing fly
ash by-products (Ferraiolo et al., 1990). Environmental inmoact
and effectiveness of waste-material use in agriculture are do-
minant topics in environmental policies of industrialized coun-
tries

Coal fly ash (CFA) is a mixture of iron and aluminum sili-
cates, with lesser amounts of calcium, magnesium, potassium,
sodium and sulfur oxides; the carbon content of the ash usually

does not exceed 5%. CFA generally occurs as very fine sphe-
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rical particles with an average diameter of < 10 gm. Up to 12
% of combusted fuel can become ashes in a normal coal com-
bustion process (Hecht and Duvall, 1975). CFA ranges from
extremely basic to acidic, usually in the range 6.5~11.0, and thus
CFAs vary greatly in their neutralizing capacity depending on
the source of the coal (Babcock, 1972). With the exception of
acidic ash materials, CFA is effective in neutralizing acid soils
(Adriano et al., 1980). Warren (1992) indicated that CFA has
liming agent qualities; however, clay soils required nearly twice
the amount of CFA to obtain the same unit increase in pH.
Wood ash (WA) is the inorganic and organic residues remai-
ning after wood combustion. Tree type, soil composition, and
climate cause variations in the WA content and chemical com-
position. Woods from temperate climates yield 0.1~1.0% ash,
while tropical and subtropical woods yield up to 5%. Soft woods
produce less ash than hardwoods. WA collected from com-
bustion systems varies in physical and chemical properties
depending on the temperature of combustion, the type of fuel,
and where it is collected in the combustion system (Campbell,
1990). In addition, WA has a small particle size (averaging 230
#m, Etiegni and Campbell, 1991) and low density (ranging
from 0.52~0.88 g cm”, Rosenfeld and Henry, 2000). Density
varies according to the carbon content, with greater carbon
contents resulting in lower density of the ash and lower con-
centrations of elements in the ash. In fluidized-bed combustion
systems, the carbon content is 1%, while it is up to 70% in
inefficient burners, with the typical range being 5~30% (Greene,
1988). WA contains the major and minor elements needed by
trees for growth; calcium (7~33%), potassium (3 ~41%), mag-
nesium (1~2%), phosphorus (0.3~ 1.41%), manganese (0.3~1.3
%) and sodium (0.2~0.5%) are the major elements. Essential
trace elements zinc, boron, copper, molybdenum and other ele-
ments are provided by WA at parts per million levels, and con-
centrations of heavy metals are typically low. WA is substan-
tially different in composition from coal ash, which is lower in
pH but higher in silicon, aluminum, iron and heavy metal content
(Campbell, 1990). WA is also used as a bulking and odor con-
trol agent in sludge-composting facilities (Logsdon, 1989; Hart,
1986). WA is a significant source of the nutrients P, K, Mg, Ca
and lime (Naylor and Schmidt, 1986; Ohno and Erich, 1990).
The neutralizing potential of WA typically ranges from 50 to
100% of that of limestone on a dry weight basis (Naylor and
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Schmidt, 1986).

Buming rice hull as fuel to generate energy results in the
waste product, RHA. Straw (wheat, barley, rape and other straw)
is also used as fuel for combined heat and power production.
Recycling of straw ash reduces the need for commercial ferti-
lizer, counteracts the ongoing acidification and is a solution to
the potential problem of disposing of ash resulting from future
large-scale straw burning for energy production in some coun-
tries. However, biomass material such as RHA or other agricul-
tural straw can be a potential and important energy source, and
their biochemical properties may be useful for chemical indu-
stries (Chou and Chang, 1981; Stout, 1982). One of the major
biomass components is the rice hull, which is produced in
considerable quantities in several regions of the world. If not
properly dealt with, rice hulls can have a negative impact on the
environment in those regions (Amick, 1982; Basu et al., 1973).
The rice hull and RHA are sources of silica comprising about
20% and over 60%, respectively. Silica has been widely used
in vegetable oil refining, pharmaceutical products, detergents,
adhesives, chromatograph column packing, and ceramics (Proc-
tor et al.,, 1995). Asbestos consists of fibrous silicate minerals
which can be used as thermal insulator. Silica is soluble under
highly alkaline conditions (pH>10) and forms a rigid three-dimen-
sional gel network when the pH of silicate solution is below 10
(Kalapathy et al., 2000a). After burning, the residual elements
of RHA include plant nutrients such as P, K, Ca and Mg.

Essential micronutrients such as Cu and Zn can be toxic in
excess, while heavy metals including Cd and Pb are highly
toxic higher in the food chain (Tan, 1994). During combustion,
N is almost totally lost. The composition of biofuel ash includes
silicates, oxides, carbonates, sulfates, chlorides, and phosphates
(Liem et al., 1983), and many of these compounds are water
soluble.

Little information on the effects of CFA, WA or RHA on li-
tter and/or manure microbial activity (odor) is available. Research
on the use of CFA, WA or RHA for reducing soluble P in
animal manure is relatively recent (Nahm, 2004). CFA ranges
from extremely basic to acidic and thus varies greatly in its
neutralizing capacity, depending in the source of coal (Babcock,
1972). In South Korea coal briquettes are popular for heating.
After buming, CFA can be used as an additive for animal

manure for protecting the environment (Yun, 2005). This paper
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focuses the chemical and physical characteristics of CFA, WA
and RHA, and their use for animal agriculture and for protec-
ting the environment from pollution and utilization for animal

agriculture.

Phosphous (P) and lts Effect on the
Environment

Phosphorus is an important constituent of bone. Lack of
sufficient dietary phosphorus results in poor mineralization of
bone. Deficient chicks have soft, early bent bones that fracture
readily. Marked deformity of the skeleton can be produced. P
also is essential in energy metabolism, as a constituent of
nucleic acids and for the activity of several enzyme systems
(Card and Nesheim, 1972).

Concentrated poultry areas generally produce several times
more manure P than is taken up and removed by crops in areas
(Lander et al., 2000). The basic reason for the P imbalances is
that large quantities of P are imported into those regions in
feedstuffs. The surplus P has been building up in soils in con-
centrated poultry areas for several years, and there is increasing
concern about P runoff from these high-P soils causing surface

water quality problems (Sims et al., 1998).

Coal Fly Ash (CFA)

1. Physical and Chemical Characteristics of CFA

Part of the problem for use of CFA is that there is still no
uniform physical-chemical definition of the selected fly ashes
used in the various studies (Adriano et al., 1980; Roy et al.,
1981). In most instances, fly and bottom ash from Kentucky
and Illinois coals yielded leachates intermediate in elemental
composition to leachates of Missouri and Wyoming coal ashes
(Kopsick and Angino, 1981). CFA from a Missouri coal ge-
nerated a leachate enriched in Pb, Zn, Cu, Fe, Mn, and Cd,
reflective of the high Pb-Zn minerals present in the surrounding
area (Table 1). With a pH of 3.0, this CFA has the greatest
potential for groundwater contamination. Due to the high con-
centrations of Ca and Mg in most ashes of these studies, the

majority of leachates are alkaline. With a pH of 3.0, this ash

Table 1. Trace elements found in coal fly ash (Liguria Region,
1998 quoted by Farraiolo et al., 1990)

Element Concentration range (pp:m)
Sb 0.5~84
As 5~5.6
Be 8.0~24
Cd 03~7.6
Hg 0.04~0.75
Pb 17~408
Cu 49~270
Se 14~13
Te 0.01~1
Tl 0.01~0.05
Cr 10~188
Ba 1000~1400
Ga 5.0~38
Mn 50~250
Mo 5.0~23
Ni 60~150
Sn 0.1~ 10
Sr 430~460
v 260~320
Zn 60~ 80
Zr 150~160

Method of Analysis for Coal Ash: A full spark source mass spec-
trometry analysis (SSMS) of the fly ash was used. (Fly ash pro-
duction from coal is mostly imputable to coal-fed power stations,
but the present amount of such production cannot be corrzctly
assessed for lack of reliable data. Fly ash is mainly a result of the
mineral compounds which are contained in the coal: a certain
amount of unburned residue is also usually present within this
particulate matter. Ash derived from combustion can be subdi-
vided as follows: 1. Bottom ash 2. Fly ash. Fly ash is usually
from flue gases through several systems such as gravity chambers,
cyclones, multicyclones, wet scrubbers, electrofilters and fibric
bag filters.)

is exceptionally acid. Conversely, leachates from Wyoming FA
and bottom ashes exhibited low trace-metal concentration. Po-

tential limitations of agronomic use of Australian CFAs include
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low levels of N, excessive levels of B, high salt levels, their
strongly alkaline pH values, high available water capabilities,
and medium to high levels of plant-available Ca, Mg, and S
(Aitken et al., 1984). Mattigod et al. (1990) and Eary et al
(1990) reported that major elements in fossil fuel waste disposal
are Al, Ca, Fe, K, Mg, Na, Si and S, and minor elements in
fossil fuel waste disposal are As, B, Ba, Cd, Cr, Cu, Pb, Mn,
Hg, Mo, Ni, Se, V, and Zn. They said that CFA are extremely
variable and are dependent on fuel composition and combustion
processes. Trace elements were extracted from a coal-fired power
plant electrostatic precipitator ash with nitric acid, hydrochloric
acid, citric acid, redistilled water and ammonium hydroxide as
extracts (Dreesen et al., 1977). They showed a positive corre-
lation between those elements most extractable by water (B, F,
Mo, and Se) or acid (As, B, Cd, F, Mo, and Se) and those
clements most elevated in effluent waters (As, B, F, Mo, and
Se). Seasonal variations in elemental concentrations show no
strong general trends common to all sites (Alberts et al., 1985).
They compared the concentrations of As, Ca, Cd, Cr, Cu, Fe,
Mg, Mn, and Zn as well as physico-chemical parameters for
multiple sites in the basin/creek system and a pond without ash
input from autumn to late summer. Chemical specification cal-
culations indicate that most of the elements remain in the free
hydrated or sulfate form throughout the study period.

Roy and Griffin (1982) reported that classification systems
for CFA were developed to provide the basis of a uniform
nomenclature that can be used by investigators in different dis-
ciplines to describe samples of CFA. Their system is based on
chemical composition, pH, and particle size distribution. Seven
taxonomic groups were generated by the distribution of three
types of precipitation products of CFA: sialic (Si0; + ALO; +
TiOy), ferric (Fe,Os + SOs), and calcic (CaO + MgO + Na,O
+ K;0). In this study, the seven basic units (groups) of classi-
fication system are based on chemical composition; they are
formed by the intersections of three end members are the Sialic,
Calcic, and Ferric groups.

Calcite formed through the dissolution of Ca from the ash
and subsequent reaction with CO. was absorbed by the initial
alkaline leaching solutions. Iron, dissolved from the ash under
acidic conditions, precipitated as amorphous coatings on CFA
particles. Aluminum and Si dissolved from the glass of the ash

was translocated and precipitated within alkaline environment as
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an amorphous alumino silicate material best described as proto-
imogolite.

The effect of CFA particle size, pH and Ca(OH), presence
on the solution and adsorption of boron by CFA in aqueous
media has been studied (Hollis et al., 1988). Most of the soluble
boron was found in the small (> 20 £m in diameter) particles
of ash. Dissolution of boron was independent of the dissolution
of Ca from CFA. Decreasing the pH from 12.5 to 6 increased
both the solubility and the extractability of boron. Sorption of
boron increased with increasing pH, up to 12. Chemical com-
position, total porosity and specific surface area of the solid
adsorbent affected the absorptive capacity of CFA, but particle
size distribution also must be taken into account (Peloso et al.,
1983), since soluble boron was found in the small particles of
CFA.

A concentration-particle size study has provided an experi-
mental basis for testing current theories of trace element vola-
tilization and condensation processes involved in coal combus-
tion (Smith et al., 1979). There was generally good agreement
in concentration of elements analyzed by more than one tech-
nique (Campbell et al., 1978).

Based on the concentration profiles, the elements can be
divided into the distinct groups. One group consists primarily of
the volatile element (e. g, As, Zn, and Se), whose concen-
trations decrease with increasing particle size. A second group,
which demonstrated a minor or direct dependence on particle
size, as in the case of Si, is apparently associated primarily with
the CFA matrix. The last group of elements, which includes Ca,
Sr, and the rare earths, showed small changes in their con-
centration profiles with a maximum in concentration in particles
at approximately 5 pm. Natusch et al. (1974) suggested that
certain trace elements were volatilized in the furnace of coal-
fired power plants and subsequently condensed on the surface
of alumino-silicate particles as the fuel gases cool. Biermann
and Ondov (1979) indicated that the thickness of the surface
layer was small, even at particle sizes of 0.1 ym where the
surface layer was estimated to be about 20% of the particle
diameter. The behavior of the relative concentrations of sur-
face-enriched elements as a function of particle size was con-
sistent with a slip-flow regime of aerosol mechanisms. Wadge
et al. (1986) reported that both materials displayed an inverse

relationship between particle size and extent of enrichment for
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all the elements studied, but the degree of enrichment on the
finest particles was lower than reported for CFA by other
workers. They indicated that enrichment factors (EFs) for
selenium were similar in both fly ash types (with EFs of 250
and 740). Despite the high crustol abundance (EF crust) values
of certain elements in the two fly ash types, the same elements
showed EF values of about unity when expressed with respect
to the starting material.

Ramsden and Shibaoka (1982) related the optical and mor-
phological properties of individual fly-ash particles to their com-
positions as determined by optical microscopy, scanning elec-
tron microscopy and electron microprobe analysis. Particle com-
position of a given CFA depends not only on the composition
of the original mineral matter (which determines the bulk
composition), but also on the history of each individual particle
within the furnace, such as its residence time, maximum tem-
perature, rate of cooling and to what extent it is recycled through
reducing and/or oxidizing environments. They studied that whilst
it is possible to use the combination of optical microscopy, scan-
ning electron microscopy and electron microprobe analysis
specifically to obtain information relating the optical and mor-
phological properties of individual fly-ash particles to their
compositions, such as analysis does not adequately characterize
the ash as a whole.

The formation of deposits in coal-fired boilers is influenced
by the physical characteristics of material arriving at the boiler
tubes, so it is essential to understand the changes taking place
when the particulate coal minerals are subjected to rapid heating
in the flame. The work of Raask (1969) showed that the for-
mation of ash spherulites in the furnace of a pulverized coal-
fired boiler occurred when the viscosity of the material was in
the range of 10° to 10’ Ns/m. Haynes et al. (1982) reported
that CFA produced in high-temperature (1750°K) coal combus-
tion has a bimodal size distribution with most of the mass
occurring in the size range 1 to 20 ¢m diameter. Most CFA
is comprised of submicron particles (< 0.03 gm), even though
these constitute 1% of the total mass. Both kinds of particles
are coated with a surface deposit of volatile trace elements such
as As, Sb and S.

Caruccio and Geidel (1978) suggested that the addition of an
alkaline CFA would raise the pH of the acidic coal refuse,

lower its hydraulic conductivity, and lower the rates of gas

exchange in the refuse, all of which would presumably limit
acid mine drainage production. Stewart et al. (1997) reported
that both the 20 and 30% treatments of alkaline CFA were very

effective; however, the decline in pH of one of the 20% col.umns

. indicated that the pyrite in that column was not permansntly

neutralized. Alkaline CFA at high bulk blending rates ( > 20%)
appears to be an effective long term control of acid mine drai-
nage, with only boron (B) and SO5™ appearing to leach at any
significant levels.

Alkaline CFA contains a number of identifiable phases that
account for leachate characteristics during weathering (Warren
and Dudas, 1984). The initial stages of weathering, characte-
rized by the release of high concentrations of Ca, Na, ard K
and extreme solution alkalinity is related to the hydrolys's of
CaO flecks and dissolution of highly soluble surface salts. Ilore
of the total Na than the total K was associated with soluble salts
on the surface of ash particles. Hydrolysis of CaO and sub-
sequent dissolution of Ca(OH), was responsible for the extreme
alkalinity (> 12) of the initial leachates (Warren and Dudas,
1984). Release of certain elements such as B, As, or h:zavy
metals such as Zn, Cd, Cr, and Pb may result in contaminition
of ground and surface waters and soils. Dissolution of large
quantities of soluble salts or generation of extreme alkaliniry in
the case of majority of CFA may also result in prob ems
(Warren and Dudas, 1984). In spite of the variabilities invo.ved,
pH alterations in solution and trace metal association with
amorphous oxide sinks were found to yield a measure of con-
sistency among all the CFA studied (Theis and Wirth, 1677).

2. Reducing Animal Manure-P Solubility with
CFA and P Bioavailability after Ashing Pou try
Litter

Odors from broiler production facilities are the consequence

of odorant molecules produced by microbial activity in the itter
including ammonia (Lacey et al., 2004). Depending on the com-
position of the parent coal, combustion conditions and :inal
handling, CFA may vary widely in pH, salt and metal cortent
(Adriano et al., 1980). Consequently the chemical properties of
ash may have a significant impact on microbial activity and
litter chemistry.

The refease of soluble P to runoff in high P soil where P loss

in runoff is a concern can be reduced by several coal combhus-
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tion by-products (Stout et al., 1998). Al rich amendments such
as aluminum sulfate or aluminum chloride provide a means for
reducing P-solubility in animal manure and the risk of offsite
P movement from uncovered manure storage areas and appli-
cation of stockpiled or composted manure (Choi, 2004). Redu-
ced soluble P concentrations in treated manure would bring N
and P nutrient ratios more in balance with the nutritional needs
of plants than the untreated material when land-applied. Re-
moval of P from municipal waste waters and lake waters as a
contaminant has been achieved by adding high pH, high Ca
coal-combustion wastes (Vinyard and Bates, 1979). A major
mechanism for P removal from wastes is P precipitation by Ca,
which makes the Ca content of coal combustion ash an impor-
tant parameter. High pH (above 10) and high soluble Ca con-
tents of ash materials enable P removal rates up to 30 (mg
PO4-P) (g CFA)" within a 3 hour period of time (Vinyard and
Bates, 1979). Gray and Paulschwab (1993) reported that the
combustion of high pH and readily available Ca in the bottom
ash and bottom/CFA mixture favored rapid precipitation of
calcium phosphates. However, chemical limitations of raw ash
materials include toxicity induced by high alkalinity, high sa-
linity, and plant nutritional deficiencies induced by high pH
(Mulhern et al., 1989).

Dao (1999) found that caliche (a natural source of Ca found
in the calcic layer of soil in semiarid and arid regions), alum,
and CFA (class C coal combustion ash) reduced water-extrac-
table P (WP) in stockpiled cattle manure by 21, 60, and 85%
and by 50, 83, and 93% in composted manure when applied at
the 0.10 kg kg'l. Dao (1999) studied the effects of alum, cali-
che, and CFA (coal fly ash) on WP (water soluble P) concen-
trations in stockpiled and composted cattle manure at rates of
0, 0.10, 0.29, and 0.50 kg kg manure. Dao and Daniel (2002)
reported that CFA reduced solution-phase dissolved reactive
phosphorus (DRP) at all rates > 1 g L' by 52 and 71% in total
suspended solid (TSS30) and TSS100 (100 gL total suspended
solids), respectively. Dou et al. (2003) reported that fluidized
bed combustion fly ash (FBC) reduced readily soluble P by 50
to 60% at a rate of 400 g kg for all three manures (dairy,
swine or broiler litter manure). Flue gas desulfurization by-
product (FGD) reduced readily soluble P by nearly 80% when
added to swine manure and broiler litter at 150 and 250 g kg

In all cases, reduction in readily WP is primarily associated with

inorganic P with little change in organic P {Total phosphorus
(Pt) - inorganic phosphorus (Pi) in this study}.

Vincini et al. (1994) reported that alkaline CFA did not inhi-
bit microbial activity and respiration in 10% - or 20% - amended
swine manure. The reduction in CO, production of the amended
manure is probably due to the high pH values of the manure
caused by CFA addition, rather than to an inhibition of micro-
bial activity. A marked mobilization of inorganic P compounds
of CFA, effective at enriching the fertilizer value of swine ma-
nure, occurred in the amended manure, possibly as a consequence
of the microbial activity. This P mobilization was accompanied
by an appreciable dissolution of Mn and B, the litter being so
marked in the 20% CFA-amended manure that a careful con-
sideration of B soil content and sensitivity of crops should be
required before incorporation of the material into soil. Vincini
et al. (1994) used 1,500 mL of swine manure as a control or
1,500 mL of swine manure and 150 g of CFA (CFA/manure
ratio of 10% w/v) or 1,500 mL of swine manure and 300 g of
CFA (20% w/v). There was another general trend of decreasing
WP with increasing treatment rates of alum or coal combustion
by-products for all three manures (dairy, swine and broiler).
Results from a study (Toth et al., 2001b) suggested that the
most environmentally sensitive P fractions (soluble P) in animal
manures can be significantly reduced by treating the manure
with chemical amendments, including several types of coal-
combustion by-products. Amendment effects are likely due to a
combination of complexation of P with metal ions and pH
changes. Differences in amendment effects between the dairy
and swine samples should be investigated further.

It is relevant whether the residual ash following the burning
of poultry litter would have value as a source of nutrients. Four
samples of turkey litter ash residue have been evaluated for
phosphorus bicavailability utilizing a turkey growth assay with
bone ash as the response criterion (Akpe et al., 1984). Availa-
bilities obtained were 81, 88, 78 and 72% in comparison to
availability from calcium phosphate monobasic monohydrate at
100%. Akpe et al. (1984) concluded that this material showed
promise as a source of phosphorus in poultry nutrition. The
phosphorus biopotency from litter ash for broiler chicks, deter-
mined from 3-wk body weight data (Muir et al., 1990), was
estimated to be 79.1 and 82.9% of the standard in two separate

experiments. Both estimates obtained in Experiment 2 were sig-
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nificantly different from the dicalcium phosphate standard.

3. Organic Waste with CFA Used for Soil Appli-
cation

CFA alone is not an adequate source of the macronutrients
N and P (Carlson and Adriano, 1993). During coal combustion,
N is volatilized and CFA-P is relatively unavailable (Bradshau
and Chadwick, 1980). In contrast, organic wastes tend to be
imbalanced sources of N and P nutrients for plants. For poultry
manure, approximate N:P:K ratios are 2.5 : 10 : 0.9 (Edwards
and Daniel, 1992). When poultry manures are used to supply
total crop N requirement, P will be in excess for most field and
forage crops. Jackson et al. (1999) suggested that for the com-
bined applications of organic wastes and CFA, the use of an
organic waste could alleviate the deficiency of macronutrients in
CFA, while CFA can act as a bulking agent for the organic
wastes. Such a combination could substantially reduce odor. In
one study, Jackson et al. (1999) applied mixtures of CFA with
either poultry litter (PL) or sewage sludge (SS) to field plots at
rates 100 and 120 Mg ha' for CFA/PL and CFA/ SS, res-
pectively. Combinations were mixed prior to application with a
small rotary hoe at the dry weight ratio of 4:1 and 2:1 for
CFA/PL and CFA/SS, respectively. Leaf tissue data confirmed
an increase in available As from the CFA/PL mixtures, while
leaf tissue Se was more dependent on the total Se concen-
tration of the ash. Schumann and Summer (1999) reported that
yield improvement of maize grown with mixtures of CFA with
sewage sludge or poultry manure ranged from 30 to 49% and
30 to 71%, respectively. Organic materials applied alone achieved
only 54 and 62% of the maximum potential, while growth of
maize on poultry manure and CFA mixtures was 94 % of the
best performing fertilized treatment. P and K were the main
nutrient deficiencies, while B phytotoxicity and an imbalance in

the P:K:Mg ratio were causes of plant growth reduction.

4. Effects of CFA Application to Agricultural Soils
and Surface Water Quality

High rates of fertilizer and manure application in some couf-
tries of the world have resulted in the majority of agricultural
soils having excessive levels of plant-available P in comparison
to crop needs (Sharpley et al., 1998). High levels of P in soils

are an environmental concern rather than an agronomic one,

since runoff from soils containing elevated levels of P contri-
butes to eutrophication of receiving fresh water (Carpenter et al.,
1998). An important component of the P export is the dissolved
P that is available to algae. Its loss by surface runoff can be
reduced by lowering its solubility in heavily manured and fer-
tilized soils. This may be effectively accomplished under certain
conditions by applying coal combustion by-products (CCBs) to
critical source areas (Stout et al., 1999).

More attention is being placed on controlling runoff from
agriculture and other nonpoint sources of pollution as significant
water quality issues remain unsolved. One major unresolved
problem is the accelerated or cultural eutrophication of surface
waters resulting from nutrient inputs that stimulates alga’ and
aquatic plant growth (Thomann and Mueller, 1987). Surface-water
use for aesthetics, fisheries, recreation, industry and drink’ng is
affected by this eutrophication and thus results in serious local
and regional economic impacts. Much of this concern hes fo-
cused on P, even though N and C are required for algal growth
as well. This is due to difficulties in controlling the air-water
exchange of N and C, and the fixation of atmospheric N, by
blue-green algae, which often results in P being the nutriert that
promotes accelerated eutrophication (Sharpley et al., 1994).

A sound P management program is essential for profitable
crop production and environmental conservation (Sharpley et
al., 1994). Judicious fertilizer use can increase vegetative cover
resulting in reduced erosion and runoff potential; nonpoint
sources of P on agricultural runoff now contribute a greater
portion of freshwater inputs, due to easier identification and
recent control of point sources (Sharpley et al., 1994). Although
P management is an integral part of profitable agri-sys:ems,
continued inputs of fertilizer and manure P in excess of crop
requirements have led to a build-up of soil P levels, particularly
in areas of intensive crop and livestock production.

Coal-combustion by-products have long been introduced into
agricultural systems to improve soil physical properties and crop
yield, put a recent focus is that of sequestering P. Stout et al.
(1999) reported that converting water-soluble phosphorus tc less
soluble forms with lime or calcium-containing coal combustion
by-products can reduce the release of soil phosphorus to suface
runoff. Baligar et al. (1997) found out that CCBs and phosphate
rock (PR) application increased plant P content and dry mcatter

yield of shoots and roots by improving soil Ca availability and
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reducing Al toxicity. They suggested that this improved plant
response was likely related to alleviation of Al toxicity by
CaCO; contained in the BP. In addition to raising the pH to an
acceptable level for plant growth, the dolomitic lime supplied
needed Mg for plants, thereby maintaining a good balance
between available Ca and Mg for plants in the CCB- and PR-
amended soils.

Two CCBs, FBC and FGD, have been shown in recent stu-
dies to reduce the solubility of soil P without decreasing the
plant-available P appreciably (Stout et al., 1998). When applied
to soil, the Ca®" and OH™ in CCBs convert the P into less so-
luble P fractions. Dissolved P export overall could be substan-
tially reduced by application of CCBs to critical P source areas
on a water shed (Stout et al., 1999). Stout et al. (2000) reported
that on grassed soils, FBC, FGD and agricultural gypsum
(GYP) reduced DP concentration in runoff by 20, 43 and 33%,
respectively, but did not affect As, Cd, or Pb concentrations in
runoff. Also on grassed soils, the high application rate of FGD
reduced total phosphorus (TP) in runoff by 35%. Application of
CCBs to high P soils in zones of high surface runoff potential,
has the potential to reduce P export without affecting crop
production.

Sharpley et al. (2001) evaluated the P index on sites ranging
in soil type, topography, and nutrient management. Mehlich-3
soil P concentration accounted for 86% of the variation in dis-
solved P concentration in surface runoff from sites that had not
received P in the previous six months, but was not related to
surface runoff P from recently manured sites. Using a P index,
which considers transport and source effects on P loss potential,
nearly 80% of the variability in surface runoff P concentration
and loss was accounted for in both unmanured and manured
sites. Transport factors included erosion, surface runoff and
subsurface flow and whether the field was connected and flow
contributed to discharges into the stream; source factors inclu-
ded soil test P concentration and the form, rate, method and
timing of applied P (Lemunyon and Gilbert, 1993; Gburek et
al., 2000). Fields were designated as highly vulnerable to P loss
when there was high P availability due to soil test P concen-
trations and/or P application in fertilizer or manure coincided
with high surface runoff or potential of erosion. In cases where
subsurface P transport is important, another factor to consider

is preferential flow through soil macrophores (Leytem et al.,

e

e

1999). The P index was not developed originally to quantita-
tively predict P loss from a watershed, but it was developed to
serve as a qualitative assessment tool to rank site vulnerability
to P loss, helping to identify and prioritize management options
for P. The P index ultimately serves as an educational tool that
facilitates interactions between planners and farmers, helping to
determine the water quality impacts of management decisions
(Sharpley et al., 2001).

The P in CFA may not be readily available for plant growth
and, thus addition of CFA to soils may decrease the availability
of fertilizer P (Adriano et al., 1978; Carlson and Adriano, 1993).
Martens (1971) suggested that increases in soil pH caused by
the addition of CFA could explain the reduced availability of
P to com, relative to monocalcium phosphate. O’Reilly and
Sims (1995) examined the effects of amending an Evesboro
loamy sand with CFA (0~30%, w/w) on P availability and
adsorption-desorption. CFA increased soil test P from 13 mg
kg’ to 34 mg kg but had little effect on readily desorbed P.
The adsorption or desorption of P was not markedly influenced
by CFA in either batch or incubation studies except at the
highest CFA and P rates. In the batch study, the greatest
increases in P adsorption were seen at the 20% and 30% CFA
rates and P equilibrium concentrations > 20 mg L.

The amount of base obtained from CFA through direct reac-
tion with acids is much greater than that obtained from disso-
lution in pure water, a significant of the chemical utilization of
CFA (Green and Manahan, 1978). CFA dissolves in discrete
steps with increasing acidity, thereby indicating the presence of
specific fractions within the material. Determination of total
available base in CFA can be accomplished via dissolution in
dilute mineral acid, followed by either back-titration with NaOH,
or determination of dissolved sulfate, Na, K, Ca, and Mg (Green
and Manahan, 1978). However, the most significant problem is
that there may be considerable variation in the composition of
coal ashes, and thus total available base, from different power
plants, even in separéte samples of ash from the same gene-
rating plant (El-Mogazi et al., 1988).

Wood Ash (WA)

1. General Characteristics of WA
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WA is the remaining inorganic and organic residue from
combustion of wood. Tree species, soil type, and climate affect
the ash content and chemical composition. The physical and
chemical properties of WA collected from combustion systems
vary greatly depending on the combustion temperature, the type
of fuel (species of wood and amount of bark), and where the
WA is collected in the combustion system (Campbell, 1990). In
a study of WA and its properties, Etiegni and Campbell (1991)
found that as combustion temperature increased from 538 to
1093°C, WA yield decreased approximately 45%. There were
decreases in potassium, sodium, zinc, and carbonate contents
with increased temperature, while other metal ions remained
constant or decreased. WA leachate contained 92% hydroxide
and 8% carbonate, and as the pH of WA decreased from 13 to
5, total dissolved solids increased by 500%. The average par-
ticle size of the ash was 230 g m. There were large porous car-
bon particles and inorganic particles which reacted with water
to form rosette clusters seen by scanning electron micrographs
(Etiegni and Campbell, 1991).

The predominant elements of WA have been reported to be
Ca, Mg, and K, while the major constituents of bark boiler ash
are Ca, Al, Si, K, Mg, and N (Someshwar, 1996) (Table 2).
WA is composed of the major and minor elements needed for
tree growth. Major elements include Ca (7~33%), K (3~4%),
Mg (1~2%), P (0.3~1.4%), Mn (0.3~1.3%), and Na (0.2~0.5
%). Trace minerals essential for plant growth include Zn, B, Cu,
Mo and others at parts per million. There are typically low levels
of heavy metals, and the total metal concentration in the ash is
quite different from the extractable or available concentration.
The composition of WA is also quite different from CFA, as
CFA has a lower alkalinity but higher silicon, aluminum, iron,
and heavy metal content (Campbell, 1990; Etiegni, 1990; Greene,
1988). Sander and Andren (1997) reported that combustion of
wheat, barley, and rye straw at a Swedish power plant produced
an ash with the major constituents of K, Ca, and Mg. These
reports suggest that alkali metals and alkaline earth metals are
predominant in ashes formed from the combustion of wood
(Someshwar, 1996) and other plant biomass. These compounds
impart a high pH to WA and make it appropriate as a liming
agent to increase the pH of acid soils.

In WA, the alkaline metal and earth elements are present

mainly in the form of oxides, hydroxides, and carbonates such

as potassium oxide, calcium oxide, potassium carbonate, and cal-
cium carbonate (Campbell, 1990; Khanna et al., 1994). Over
time, the oxides react exothermically with moisture and carbon
dioxide to form hydroxides and carbonates. A highly alicaline
ash is produced from these compounds with a typical pH in the
range of 11 to 13. The less soluble calcium hydroxide and
calcium carbonate react slowly with acids, while the soluble
potassium carbonate and potassium hydroxide react rapidly (Cam-
pbell, 1990; Khanna et al., 1994; Rowell, 1988).

The capacity for ash to neutralize is often defined by its

Table 2. Elememental composition of wood ash (Tulonen ct al.,

2002)

Element Concentration (g kg'l)
P 6.1
K ' 12.8
Ca 248
Mg - 10.4
Mn ' 48
S 84
Na 53
Fe 5.5
Al 11.4
Zn 1.2
Cu 0.11
Pb 0.01
Cr 0.03
Cd 0.007

Method of Analysis for Wood Ash: For chemical analysis, sub-
samples were collected from the experimental tanks immediately
after mixing of water, one hour after ash addition, and every se-
cond day from then on. Water temperature and pH were measured
daily. Analysis for PO4-P, total P, NO, + NOs-N, and total N were
performed with standardized methods using an Akea autoanalyzer
(Lachat [Milwaukee, WI] QC 8000). All elemental concentrations
(atomic absorption spectrometer [AA] analyzer, Varian [Palo Alto,
CA] Spectra AA 220 Fast Sequential) and concentrations of SO
(Dionex [Sunnyvale, CA] 2000i ion chromatograph) were ceter-
mined at the beginning and end of each experiment. All analyses
were performed in the laboratory at Lammi Biological Station.
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calcium carbonate equivalent, which is highly variable (Cam-
pbell, 1990; Etiegni and Campbell, 1991; Naylor and Schmidt,
1986). The increase in soil pH to which ash or lime has been
applied results from this neutralizing capacity and from soil
chemical and physical properties such as exchangeable Al, ca-
tion exchange capacity, base saturation, texture, and organic
matter content. All of these factors contribute to a soil’s capa-
city to buffer against pH changes (Khanna et al., 1994; Rowell,
1988).

2. Reducing Odors with WA

Using WA as a biosolids compost amendment has a signi-
ficant advantage in that it has an ability to reduce odors during
the composting process and the finished product. Much of the
carbon found in WA, especially materials that do not achieve
complete combustion from boilers, exists in a form similar to
that found in activated carbon (C) filters. This carbon form has
an extremely high surface area to volume ratio, so it is very
efficient at adsorbing volatile organic produced during com-
posting. Activated carbon filters efficiently remove organic sulfur-
containing compounds such as dimethyl disulfide (DMDS) and
methyl mercaptan, which are responsible for many of the nui-
sance odors generated during biosolids composting (Carpenter
and Beecher, 1997).

Compounds identified as odors emitted from biosolids fol-
lowing application to forest soil included DMDS, dimethyl
sulfide (DMS), carbon disulfide (CS;), ammonia (NH3), trimethyl
amine (TMA), methyl ketone, and acetone (Rosenfeld, 1999).
Banwart and Bremmer (1975) reported that 55 to 98% of the
total S evolved from biosolids application to soil in aerobic
conditions was DMDS. When emissions from chicken, cattle,
horse, and swine manure were analyzed, the NH;-N flux was
found to account for 99.3% of the N flux while amines accoun-
ted for 0.7% of the N flux; TMA emissions exceeded the sum
of the other amines by three times (Schade and Crutzen, 1995).

Rosenfeld and Henry (2000) reported that odor unit emissions
were positively correlated with DMDS emissions. To control
biosolids odor, WA containing 87, 32, 27, 5.4, or 0.24% carbon
was incorporated with biosolids (I : 1 dry weight ratio). The
WA possessed surface areas of 520, 85, 72, 25, and 2.1 m g'l,
respectively. Ash addition reduced odor unit (the converted va-

lues of dilution-to-threshold values) and emissions of DMDS,
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DMS, and CS; when compared with the biosolids control, de-
pending upon ash C content and surface area. Although ash
additions reduced emissions of acetone, TMA and NH; reduc-

tion was not consistently significant.

Rice Hull Ash (RHA) and lts Application

Serious environmental pollution problems can be caused by
the production of solid wastes from biomass materials, inclu-
ding agricultural residues, animal manure and forests. Many
scientists consider biomass to be a potential and important
energy source (Raman et al., 1980; Stout, 1982). One of the
major biomass sources is rice hull (husk), which is produced in
large quantities in several areas of the world.

Research directions into the use of RHA have been much
different from those of CFA and WA. The main components of
rice hull are cellulose, hemicellulose, lignin, and silica (Juliano,
1985; Juliano et al., 1987). Rice hull (RH) and RHA are sources
of silica, comprising about 20% and over 60% respectively
(Table 3). RH has now become a source for a number of silicon
compounds, including silicon carbide, silica, silicon nitride,
silicon tetrachloride, zeolite, and pure silicon (Sun and Gong,
2001). Silica has been utilized for vegetable oil refining, phar-
maceutical products, detergents, adhesives, chromatograph column
packing, and ceramics (Proctor et al., 1995). Asbestos is fibrous
silicate minerals used as thermal insulation. Silica dissolves in
highly alkaline conditions (pH >10) and when the pH of sili-
cate solution is lowered below 10, a rigid three-dimensional gel
network forms (Iler, 1979; Kamath and Proctor, 1998).

Combustion of RH with and without coal in the presence of
a pilot flame in a modified fluidized bed was investigated by
Luan and Chou (1990). Addition of coal to RH resulted in a
much smoother temperature distribution of the reactor and the
agglomerating phenomena disappeared. The addition of coal
also increased the bulk temperature and changed the compo-
sition, the particle size distribution, and the specific surface area
of RHA. Content of RHA was insensitive to the addition of
coal to the solid feed when the coal fraction in the solid feed
was less than 30%.

A rapid, simple, and low-energy method has been developed
to produce silica gel from RHA by alkali solubilization and
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Table 3. Analysis of Rice Hull Ash (RHA) (Sun and Gong,

2001)

Component Content (%)
Si0O; 86.9 ~97.3
KO 0.58~ 2.5
Na,O 00 ~ 175
CaO 02 ~ 15
MgO 0.12~ 1.96
Fe,03 trace~ 0.54
P,0s 02 ~ 285
Cl trace~ 0.42

Method of Analysis for Rice Hull Ash: Silica was extracted using
1M NaOH. The procedure involved boiling RHA (100 g) in 1 M
NaOH (500 cnt’) for 1 h to produce sodium silicate followed by
filtering the solution through Whatman No. 41 filter paper to se-
perate the carbon residue. The volume of this silicate solution was
reduced to 250 cm’ by boiling. Silica concentration in the concen-
trated silica extract was used by appropriate dilution. Measured
volumes of silicate solutions containing 6.6 g of silica were placed
into 250 cm’ plastic beakers (Kalapathy et al., 2000a).

subsequent acid treatment (Kamath and Proctor, 1998). Accor-
ding to these findings, the novel silica gel which has a moisture
content of > 65% has certain physical and chemical properties
that are similar to Trisyl 300, a commercial silica gel. Kala-
pathy et al. (2000a) reported that the silica gels produced were
heated to 80°C for 12 hr to obtain xerogels. Silica and mineral
contents of xerogels were determined by energy dispersive
X-ray (EDX) and inductively-coupled plasma (ICP) emission
spectrometers, respectively. Xerogels produced from RHA at an
extraction yield of 91% were Na, K, and Ca. Acid washing
prior to extraction resulted in silica with a lower concentration
of Ca (< 200 ppm). In another study, Kalapathy et al. (2000b)
suggested that gelation pH and silica concentration of gel-for-
ming solution had significant effects on the density and the
mechanical strength of xerogels produced from rice hull silica.
However, Kalapathy et al. (2002) indicated that silica xerogels
produced by the improved using citric and oxalic acid had
sodium content of 0.52% and 0.22%, respectively. Moreover,
silica, sodium, carbon, and oxygen content of silica xerogels

varied depending on the pH and the type of acid used for the

production of these xerogels.

The mineral ash content of straw includes plant nutrients
such as P, K, Ca, and Mg. Other minerals such as Cu and Zn
are essential micronutrients which can be toxic in excess, while
heavy metals such as Cd and Pb are toxic higher in the food
chain (Tan, 1994). During combustion, N is almost totally lost
during combustion, Silicates, oxides, carbonates, sulfates, chlo-
rides, and phosphorus are found in biofuel ash (Liem et al,
1983), and many of these are water soluble. The ash from straw
is strongly alkaline and has a liming effect and it also cortains
organic compounds and chemical from incomplete combustion
(Axenbom et al., 1991).The composition of 79 samples of straw
ash from seven heating plants in Sweden was analyzed wita the
aim of evaluating straw ash as fertilizer and liming agent (San-
der and Andren, 1997). The variation in straw ash composition
was explained mainly by ash fraction (bottom straw ash vs. fly
straw ash) and straw type (wheat, barley, rye, rape) but also by
burning loose straw or rope. Compared with concentraticn of
Zn, Pb, and Cd in bottom ash, levels in fly ash were 10~90
times higher. Straw fly ash also contained more Cu ard K
compared with bottom ash. The Cd:P ratio was 0.03 in bettom
ash and 0.6 g Cd:P kg in fly ash. Ash from rape straw kad a
higher Ca content and liming effect compared with ash Yom
cereal straw; e.g., the liming effect of rape ash was more than
three times higher than that of wheat ash. The liming effect
varied between 3.5 and 44% CaO and depended mainly the Ca
content. The average P content was 1.7% (0.2~44%), with

slightly higher concentration in rape ash than in wheat ash.

Future Research

This study focused on the use of ashes in animal agriculture.
Up until now, not a significant amount of research has been
done on the use of ashes as livestock manure additives. As
indicated previously in this article, CFA, WA and RHA all Jave
pH neutralizing capabilities. Their potential ability to contro the
pH of manure (litter) makes them a useful additive since they
help to inhibit microbial growth and consequently odor. Re-
search studies have shown that ashes have the potential to be
used to reduce the solubility of P in manure and therefore

reduce the amount of sotuble P runoff into surface and ground
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waters. Further research into these topics is promising for the
use of ashes as manure additives. In South Korea, coal bri-
quettes (CB) are a popular heating source which produce a large
amount of ash. Utilization of this ash to control odor and P
content of manure holds promise in the future but no research

into this ash source has been done so far in South Korea.
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