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ABSTRACT

Ash derived from the thermal gasification of anaerobically digested, dried and pelletized pig manure
(GA)was characterized by standard Association of Official Agricultural Chemists (AOAC, 1990) methods of
chemical analysis for phosphorus soluble in citricacid (Pca ), neutral ammonium citrate (Pyac) and alkaline
ammonium citrate (Paac) for several extraction times. Concentrations of other elements in the three
extracts were measured by inductively coupled plasma with optical emission spectroscopy (ICP-OES). The
ash had 54.4 g/kg total P (TP), 28.2 g/kg Pca after 6 h extraction and 48.7 mg/kg water soluble phosphorus
(Pn,0) and is therefore suitable for use as a P-fertilizer. The very high pH (12) of the ash indicates its
strong acid neutralizing ability when applied to acidic soils, although the very high lime content of the
ash may reduce P bioavailability in soils. Lime-free gasifier ash (If-GA) was obtained by treating GA with
buffered sodium acetate solution (pH 5) for periods up to 120 h. Removal of calcite equivalent to 70% of
initial GA mass reduced pH to 6, increased TP (about 2 times), Py,0 (10 times) and Pca (1.5 times). X-ray
powder diffraction (XRD) patterns of 1f-GA indicate that P is mostly present as intermediate hydroxyl-
apatite/carbonate-apatite. Apatite grains of various Ca (20.2-48.5%) and P (8.4-17.8%) concentrations
were determined by scanning (SEM) and transmission (TEM) electron microscopy with energy dispersive
X-ray spectrometry (EDS). Other elements in If-GA are: Fe (5-15%), Si (<10%), S (<3%) and Na, Mg, Al, Cl,

K, Ti (<1% each). The ash contained minor quartz, feldspar and ilmenite.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Acidic soils are commonly P-deficient and consequently require
both P-fertilization and liming. In regions with concentrated live-
stock farming (e.g. Netherlands, Germany, Denmark) the P present
in animal manure applied to soil often exceeds the local crop
requirement, and leaching or surface runoff of manure causes
environmental problems such as eutrophication of water bodies.
Recycling manure P to P-deficient regions is especially attractive
because of increasing P-fertilizer costs (Van Kauwenbergh [1]).

Abbreviations: GA, gasifier ash; If-GA, lime-free gasifier ash; IA, incinerator ash;
GAw1, gasifier ash washed with sodium acetate buffered solution after first extrac-
tion step; GAw2, gasifier ash washed with sodium acetate buffered solution after
second extraction step; GAw2 <100 wm, gasifier ash washed with sodium acetate
buffered solution after second extraction step, screened through 100 wm sieve;
AOAC 1990, Association of Official Agricultural Chemists; CA, citric acid; NAC, neu-
tral ammonium citrate; AAC, alkaline ammonium citrate; Pca, phosphorus soluble in
citric acid; Pyac, phosphorus soluble in neutral ammonium citrate; Paac, phospho-
rus soluble in alkaline ammonium citrate; TP, total phosphorus; P20, water soluble
phosphorus; TPy;0, total water soluble phosphorus; EDS, energy dispersive X-ray
spectrometry.
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Long distance transport of the raw manure is costly due to its
high water and organic matter contents so that the development
of on-site liquid-solid separation involving thermal treatment of
separated manure (pig, poultry, turkey) dry matter for energy
extraction (Buckley and Schwarz[2]; Babu[3]; Stoholm [4]; Poulsen
et al. [5]) and export of the P-rich ash as a fertilizer (Yusiharni et
al. [6]; Kuligowski et al. [7]) is of interest. Thermal gasification is a
technology that is well suited for use at the farm scale for produc-
ing a combustible gas that may subsequently be sold for further
energy production. The technology is also able to extract more
energy from the manure compared to anaerobic digestion. Dur-
ing the period 1990-2007, global pork production increased by
approximately 2.5% annually exceeding 100 million tons in 2005
(Pig International [8]). This corresponds roughly to a global pig
manure production of 1.5 billion metric tons (about 1.5 km3) with
a total potential energy content of 1.4 x 10'8] and a total P con-
tent of 1.5 million metric tons. It is projected that pig production
will continue to grow in response to increasing demand. Animal
manure is therefore increasingly being regarded as an industrial
waste that needs to be managed in an environmentally sound man-
ner.

Ash from gasified pig manure has relatively high plant nutri-
ent concentrations (typically 5.4% P, 3.6% K) (Rubak et al. [9];
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Fig. 1. Process schema for stepwise dissolution of carbonates and soluble salts from the gasifier ash (GA). Modified from (SSSA [19]).

Kuligowski et al. [7]), and its high alkalinity (due to considerable
amounts of Ca) could be used to raise the pH of acidic soils. The
net alkalinity of the ash depends largely on the sulphur (decreases
pH) and calcium (increases pH) concentrations of the ash (Jala
and Goyal [10]). The high neutralizing value of other ash by-
products such as wood fly ash (Cavaleri et al. [11]; Soon et al.
[12]) and coal fly ash (Pathan et al. [13]; Jala and Goyal [10]) has
been already proven, however their nutrient concentrations are
usually much lower than for animal manure ashes (Pathan et al.
[13]; Yusiharni et al. [6]). Raising soil pH through adding liming
agents eliminates Al and Mn toxicity, supplies Ca, increases Mo
availability and increases the biological activity of the soil (White
[14]). The availability to plants of P in ash depends on its chem-
ical form and on the lime content of the ash as dissolution of
P compounds is reduced at high pH. To assess the P availability
and lime content of ash, the mineralogy, morphology and chem-
ical composition of the ash must be examined. Ashes from the
combustion of coal, wood and animal litter have been studied by
several authors including Vamvuka and Zografos [15] and Yusiharni
et al. [6]. The bioavailability of elements in ash is determined by
associations of these elements with particular compounds, so that
information of the identity and composition of compounds in ash
is useful for predicting agronomic effectiveness (EI-Mogazi et al.
[16]). Yusiharni et al. [6] found that calcite, apatite and quartz were
the most abundant compounds in chicken litter ash, but knowl-
edge of the compounds in other animal manure ashes is rather
limited.

The aim of this study was to investigate the composition of
ash from thermally gasified pig manure with respect to P solu-
bility and P compounds. Dissolution of P in various extractants
(water, citrate solutions) according to standard AOAC fertilizer
analysis procedures was used to evaluate plant available P for
both raw ash and ash from which lime had been removed. Both
P speciation and lime content of the ash affect interactions in the
ash-soil-plant system and must be determined in order to assess
the likely agronomic effectiveness of ash compared to conventional
mineral fertilizer.

2. Materials and methods
2.1. Thermal treatment of pig manure

Pig manure ash (GA) was obtained by thermal gasification of
anaerobically digested, dewatered, thermally dried and pelletized
pig manure (90% dm) supplied by the Fangel Biogas Plant, Den-
mark. The gasification process was conducted in a 500 kW Low
Temperature Circulating Fluidized Bed (LT-CFB) pilot scale gasi-
fier developed by Danish Fluid Bed Technology and its partners
at the Technical University of Denmark in Lyngby. The gasifier
operates at 700-750°C and is designed especially for low-grade
biomass and waste fuels including agricultural biomass such as
cereal straw, energy crops and animal manure. Details of the gasi-
fication process can be found in Babu [3], Stoholm [4], Stoholm
et al. [17] and Carlsen [18]. The ash from the gasifier was ana-
lyzed in this research. Additional pelletized, dried, anaerobically
digested manure was incinerated at 1000 °C for 24 h and the resul-
tant ash (IA) was analyzed for comparison purposes. For a complete
description of the chemical composition of materials and analytical
methods see Kuligowski et al. [7].

2.2. Removal of lime from the ash

It was necessary to remove free lime from the ash in order to
identify the P compounds in ash. GA was treated with 0.5 M sodium
acetate (CH3COONa) solution adjusted to pH 5 with acetic acid
(CH3COOH) according to the modified ASA method (SSSA [19]) by
which carbonates in soil are dissolved in buffered sodium acetate
solution (pH 5).

An ICP-OES analysis of an acid digest was initially used to
determine an approximate elemental composition to be used for
estimating the amount of ash required for the carbonate dissolution
procedure so as to obtain a sufficient amount of the P compound(s).
The approximate mineral composition of GA determined by XRD
was: calcite (~70%), quartz (~15%), apatite (~10%), halite (1%) and
others (4%) (w/w). A schematic of the stepwise carbonate removal
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procedure is shown in Fig. 1. The three largest frames in the fig-
ure (extraction I, I and III) denote the main extraction processes
with buffered sodium acetate solution, each extraction required
fresh solution adjusted to pH 5 with acetic acid. Each extraction
took place in a 101 bucket with perforated lid (to allow CO, to
escape) placed on a mechanical shaker. The five smaller frames
in Fig. 1 identify all ash residue materials, i.e. the initial material
(untreated ash; GA), intermediate products (ashes with lime par-
tially removed; GAw1, GAw2, GAw2 <100 wm) and final product
(lime-free ash; 1f-GA). The intermediate products were sampled
for determination of their lime content after extraction I (GAw1),
extraction II (GAw2) and after sieving through a 100 wm mesh
(GAw2 <100 pwm). After each extraction in sodium acetate solution,
the ash suspension was filtered with a vacuum pump and filter
paper to remove exhausted sodium acetate solution and minimize
loss of ash materials. The suspension was sieved through a 100 wm
mesh after extraction Il to remove the largest quartz grains. The ash
collected on the filter paper was washed two times with 3.451 of DI
water and then dried at 60 °C for 24 h prior to further analyses. All
of the above five ash materials were analyzed by XRD to determine
the presence and intensity of calcite peaks in the diffractograms
which provided an indication of the effectiveness of the lime disso-
lution procedure. pH was measured in a 1:25 solid:DI water extract.
The treatments were carried out in duplicate for all materials. The
total extraction time for the ash was 172 h (120 h in sodium acetate
and 52 h in DI water).

2.3. Ash chemical composition

Total element concentrations in GA and If-GA were measured
using a PE ELAN 600 inductively coupled plasma with optical
emission spectroscopy (ICP-OES) instrument (Perkin-Elmer, Nor-
walk, CT, USA) after concentrated perchloric acid (HClIO4) digestion.
Because untreated ash (GA) contained high amounts of carbon-
ates, samples of 0.2 g had been pretreated with dropwise (0.75 ml)
addition of concentrated nitric acid (HNOs3) until the reaction was
less vigorous. Next, 2 ml of HCIO4 was added and stepwise diges-
tion was performed for 70 min at temperatures of 130-190°C.
Final extracts were diluted with MilliQ water to a final volume of
20 ml.

Total P (TP) concentrations were determined on sulphuric acid
digests, as this method had been previously found to be most reli-
able for this type of sample (Kuligowski et al. [7]). Material samples
of 0.1 g were treated with 25 ml of 0.04 M H,SO4 and 5 ml of per-
oxodisulphate solution (K,S,0g), autoclaved at 120°C for 30 min,
filtered through 0.22 wm Millipore filter and diluted with 0.04 M

Fig. 2. XRD patterns of incinerator ash (IA) and untreated gasifier ash (GA). A -
apatite, C - calcite, C* - calcium oxide, Q - quartz.

H,S04 to concentrations measurable by molybdate blue colorime-
try (0.1-1 mg/1). Additionally TP was measured for ash after partial
removal of lime (GAw2 <100 m) to check the effect of sodium
acetate extraction on P loss. To determine water soluble elements
in ash leachates, 1 g of ash was mixed with 200 ml of DI water and
placed on a mechanical shaker for 24 h. Extracts were then filtered
through 0.22 wm Millipore filter. Water soluble P was measured by
two methods. The first method allowed measurement of total water
soluble P (TPy,0): 40 ml of the filtered extract was digested with
40ml of 0.04M H;SO4, and 16 ml of K,S,0g solution was added
to oxidize organic particles in ash which could have passed the
filter. Next extracts were autoclaved at 120°C for 30 min, cooled
to room temperature and used for colorimetric analysis. For the
second method of measuring water soluble P (Py,0), a 9.5 ml sub-
sample was taken from 200 ml filtered water extract, digested with
0.5ml of concentrated hydrochloric acid (HCl) and analyzed by
colorimetry. Other dissolved elements in the 20 ml water extract
digested with 1 ml of concentrated HCI were measured by ICP-OES.
All extractions were performed in duplicate.

2.4. Ash compounds

The crystalline compounds in ash samples were identified
by XRD using a Philips PW3020 diffractometer with Cu radia-
tion and curved graphite crystal monochromator. Diffractograms
were processed by Traces V6 computer software. The particles
were examined by scanning electron microscopy (SEM), energy
dispersive X-ray spectrometry (EDS) and transmission electron
microscopy (TEM). Samples for SEM and EDS analyses using a JEOL
6400 electron microscope were placed on metal stubs. A total of 23

Fig. 3. Percentages of P extracted from (a) untreated gasifier ash (GA) and (b) lime-free gasifier ash (If-GA) by three citrate extractants (CA - citric acid, NAC - neutral
ammonium citrate, AAC - alkaline ammonium citrate) for different durations of extraction.
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Fig. 4. XRD patterns of gasifier ash (GA) and its residue after extraction for 120h
in citric acid (CA), neutral ammonium citrate (NAC) and alkaline ammonium citrate
(AAC). A - apatite, C - calcite, Q - quartz, F - feldspar.

SEM images were obtained and 55 EDS spectra of particles to deter-
mine their chemical composition. SEM element maps were used
for the calculation of approximate average element concentrations
using image processing software (Image] 1.32j). Image processing
analyses were performed for randomly chosen areas. TEM spec-
imens were prepared by ultrasonically dispersing the sample in
MilliQ water and then a drop of the very dilute suspension was

Fig. 5. XRD patterns of lime-free gasifier ash (If-GA) and its residue after extrac-
tion for 120h in citric acid (CA), neutral ammonium citrate (NAC) and alkaline
ammonium citrate (AAC). A - apatite, C - calcite (CaCOs), Q - quartz, F - feldspar.

Fig. 6. XRD patterns of untreated gasifier ash (GA), intermediate products: ashes
with lime partially removed (GAw1, GAw2, GAw2 <100 pm) and final product: lime-
free gasifier ash (If-GA) after stepwise extraction in sodium acetate buffer solution
pH 5. A - apatite, C - calcite (CaCOs3), Q - quartz, F - feldspar.

placed onto a carbon coated grid and left to dry. The TEM stud-
ies were performed on a JEOL 2011 electron microscope operated
at 200 kV. EDS spectra were obtained for the determination of the
chemical composition of ash particles.

2.5. Determination of P by standard AOAC methods for fertilizers

Association of Official Agricultural Chemists (AOAC) standard
methods (AOAC [29]) were used to determine available P in the
both untreated (GA) and lime-free (1f-GA) ash. The methods involve
extractions in water, citric acid (Pca), neutral ammonium citrate
(Pnac) and alkaline ammonium citrate (Paac). Three different cit-
rate extractants were used to best describe P availability simulating
the conditions in alkaline, neutral and acidic soils. Normally Pyac
is commonly used as a P availability index, but it cannot predict
the P availability of all P compounds. Apatite is almost insoluble
in water so that when apatite in ash is applied to soil, dissolution
of apatite is the consequence of a chemical reaction between soil
acidity and apatite, thus an acidic extractant (CA) is most likely
to predict the dissolution of apatite in acid soils (Khasawneh and
Doll [20]). To evaluate the kinetics and congruency of dissolution
of the phosphate compounds, several extraction times were used.
This approach, which enables optimum extraction times to be iden-
tified, was developed by Gilkes and Palmer [21] for calcined rock
phosphate fertilizers and applied by Yusiharni et al. [6] to chicken
litter ash, wood ash and slag.

2% citric acid (CA) solution was produced by dissolving 100 g of
pure citric acid in 51 of DI water. Neutral ammonium citrate (NAC)
solution was prepared as in the standard procedure, AOAC 963.03
(AOAC [29]). Alkaline ammonium citrate (AAC) solution was pre-
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Fig. 7. SEM analyses of lime-free gasifier ash (If-GA), (a, b, e, f) scanning electron micrographs and (c, d, g, h) X-ray spectra of indicated (a) apatite grain, (b) fine fraction, (e

and f) a grain of ilmenite. Element concentrations are displayed as percentages (w/w).

pared by dissolving 865 g citric acid in 21 of DI water to which 31
of 5M NH4OH was added (Boxma [30]). The pH was adjusted to
9.35 and the specific gravity to 1.08. The ash material to extractant
ratio was 1:100 (w/v) and the extraction was conducted at 65°C
for NAC and AAC and at 25°C for CA. Each ash sample was mixed
with extractant, shaken in a temperature-controlled mechanical
shaker and aliquots of the suspension were sampled at 6 times;
at 1, 2, 6,24, 72 and 120 h. The 0.5 ml aliquots were immediately
quenched with pure ice (NAC, AAC) and diluted with DI water (CA)
to 10 ml to prevent further dissolution during filtering through a
0.22 pm Millipore filter. 1 ml of solution was diluted 100 times with
DI water and acidified with 0.5 ml HCI. The solid residue after 120 h

extraction was washed with DI water and analyzed by XRD. The
extractions were performed in triplicate.

Phosphorus concentrations (TP, TPy20, PH20, Pca, Pnac, and Paac)
in the extracts were measured using the molybdenum blue method
with colorimetric analysis. Absorbance was read at 820nm on a
Hitachi U-1100 spectrophotometer.

3. Results and discussion
Total and water soluble element concentrations for untreated

ash (GA) and lime-free ash (If-GA) are presented in Table 1. Both
materials contain considerable amounts of macro- and micro-
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Fig. 8. SEM results of elemental mapping for lime-free gasified ash (1f~-GA). Mapped area is shown in Fig. 7a.

nutrients with Ca, P, K, S, Mg and Fe being the most abundant.
Removal of carbonates from GA with sodium acetate solution con-
centrated some elements in If-GA, but considerable amounts of
some elements were removed (Ca, K, Na). All of the heavy metal
(Cd, Cr, Cu, Pb, Hg, Mo, Ni, Zn) and As and Se concentrations
in the ash materials, comply with standards for forest fertiliza-
tion (Pitman [22]), agricultural field fertilization (Vesterinen [23])
and AAPFCO (Association of American Plant Food Control Offi-
cials) and limits for phosphate fertilizers (Van Kauwenbergh [1])
for GA. However Cu and Zn concentrations in If-GA (Cu 662, Zn
1916 mg/kg) exceed limits for field fertilization (Cu - 600 mg/kg
and Zn - 1500 mg/kg). Concentrations of toxic elements in the
ash are mostly much lower than for phosphate rocks with Se (in
both materials) and Cr (in If-GA) being higher (Van Kauwenbergh

(1].
3.1. Compounds in untreated ash

X-ray diffraction patterns for IA and GA are presented in Fig. 2.
Both ashes contain apatite and quartz. The lime in incinerator ash

is calcium oxide (burnt lime) whereas gasifier ash contains calcium
carbonate. The reason for this difference is the age of IA (2 weeks)
is much less than GA (18 months) so that CaO that was present in
GA has reacted with CO, in the atmosphere to form CaCOs. The
quantity of quartz is higher for GA than IA, because sand is used as
a heat carrier material in the gasifier chamber.

3.2. Availability of P in citric extractants

Fig. 3 shows the percentage dissolution of P in citric extrac-
tants for GA and If-GA for various extraction times. The reason for
the difference between Pcp, Pyac and Paac is mostly due to pH of
the ash extracts which is a function of the pH of the ash mate-
rial (high for GA and low for If-GA) and the pH of the extractant,
which is mostly responsible for differences in the dissolution of
P from the ash. In general CA was the most efficient extractant
(for both materials) followed by NAC (for GA) and AAC (for If-GA).
Values of Pcp (70-80% of TP) and Paac (40-70% of TP) for If-GA
were higher than for GA, for which Pca and Paac were 40-50%
and 10-30% of TP, respectively, for all extraction durations. This

Fig. 9. Mineral composition of lime-free gasifier ash (If-GA) presented on ternary plot based on EDS from (a) SEM and (b) TEM analyses. Concentrations are presented
as oxides; M,03; symbolizes the sum of elements other than CaO and P,0s. Additionally results from element mapping followed by image processing are displayed. The
composition of three ideal apatites is shown for reference. A straight line in each plot indicates the average CaO: P,Os mass ratio (1.55:1 for SEM and 0.98:1 for TEM).
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Fig. 10. TEM analyses of lime-free gasifier ash (If-GA), (a, c, e, g) transmission electron micrographs and (b, d, f, h) X-ray spectra of (a, c) apatites and (e, g) other minerals.
Element concentrations are displayed as percentages (w/w).
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difference in percentage extraction between materials is because
during extraction of GA, a major part of the citric acid (CA) was
consumed in dissolving the high content of lime, thus dissolution
of P was reduced. Dissolution of P in NAC was slightly less for
If-GA than in GA. Maximum Pca extraction was 82% of TP for If-
GA and 52% for GA after 6 h extraction. For longer reaction times
(24-120h) the solubility of P in GA decreased somewhat for all
three extractants. This could have been caused by presence of sol-
uble iron (as indicated by the yellow color of the solutions), which
may react with dissolved P, causing precipitation of iron phos-
phate. An opposite effect occurred for 1f-GA, where P dissolution
at 120 h had increased by about 10% in NAC and 20% in AAC com-
pared to shorter extraction times. The dissolution kinetic of 1f-GA
is similar to that of ash derived from incineration of chicken litter
(CLA) at 750°C (Yusiharni et al. [6]). Lehr [24] found that release
of P from apatitic phosphate fertilizers is greater for CA, followed
by NAC and AAC which is the same sequence as for GA. Adam
et al. [25] recovered only 30% of P from sewage sludge ash with
CA, but after thermo-chemical treatment with MgCl, at 1000°C,
Pca extractability reached almost 100%. The technology is used by
ASH DEC Umwelt AG to manufacture a fully licensed P-fertilizer
(Hermann [26]). Rubak et al. [9] achieved a solubility of P in
NAC of 11% of TP for pig slurry ash and 40% for poultry manure
ash.

XRD patterns of residues of 120 h citrate extractions of GA and
1f-GA are shown in Figs. 4 and 5. By comparing the height of apatite
peaks relative to a quartz peak (i.e. internal standard) in diffrac-
tograms, it can be seen that much less apatite is left in the CA
residue than in NAC and AAC residues for both GA and If-GA. Quartz
and feldspars have been concentrated in the insoluble residues
after dissolution of apatite and calcite (for GA). Yusiharni et al.
[6] found similar results for the residues of citrate dissolution of
CLA.

3.3. Effect of lime removal on mineralogy, pH and ash P content

XRD patterns of GA, intermediate products (GAw1, GAw2, GAw2
<100 wm) and the final product (If-GA) of pH 5-sodium acetate
extraction are shown in Fig. 6. The extraction method is designed
to dissolve calcite from the ash, leaving apatite in the residue
due to its much lower solubility than calcite in this reagent. It is
possible to evaluate the amount of calcite removed at each step
by comparing heights of calcite reflections to the apatite reflec-
tions as apatite acts as an inert internal standard. Calcite peaks
become relatively weaker with every extraction step as is well
demonstrated by the strongest calcite peak at 29.4°20 (spacing
d=3.035A). A relatively short dissolution time (24h) removed
about half of the calcite so the 3.035A reflection for GAw1 is
much weaker relative to apatite peaks than for untreated GA.
After 48 h of extraction most calcite had been removed (~50%
based on material mass balance). Screening of the residue through
100 wm mesh sieve removed around 25% of the quartz accord-
ing to the intensities of quartz reflections for GAw2 and relative
to apatite reflections. Screening to remove quartz and continuing
extraction of the screened sample with fresh sodium acetate for
another 72 h (extraction III) removed up to 30% (10% removed by
screening and 20% by extraction) more calcite as compared to the
initial content. At the conclusion of the extraction, all the lime
(about 70% of mass) had been removed from the untreated ash
(GA) by the extraction process. In general, removal of lime from
the ash considerably improved P extractability both in H,SO4 (2
times) and water (10 times). TP concentration in screened ash
(GAw2 <100 pm) after extraction II was 1.5 times higher than in
the final product (If-GA) indicating that some P was dissolved by
sodium acetate.

3.4. Identification of apatite

The XRD pattern of the final product (If-GA) indicates that no
calcite was left in the material after 120 h extraction. Based on mea-
surements of diffraction line broadening and the Scherrer equation
(Klug and Leroy [27]), the mean crystal dimension of apatite for
several reflections ranges from 40 to 50 nm. Based on accurate spac-
ing measurements for the seven strongest apatite peaks (d = 3.449,
2.817,2.784, 2.721, 2.636, 1.945 and 1.844 A) accurate apatite cell
dimensions (a, c) were calculated and are listed in Table 2 (Hol-
land and Redfern [28]). The calculated cell dimensions are close
to carbonate-apatite. This was also the case for chicken litter ash
(Yusiharni et al. [6]).

SEM micrographs of If-GA (Fig. 7) show that most of the material
consists of particles with sizes <10 wm and with irregular shapes.
A few larger grains with dimensions ranging from 10 to 100 wm
are also present. EDS spectra of many large grains (Fig. 7a) and
the finer particles around them (Fig. 7b) shows them to be Ca and
P-rich which indicates that these materials are apatite. Sand-size
grains of quartz, K-feldspar (KAISi3Og ) (Fig. 7e) and grains with high
concentrations of Ti and Fe (ilmenite) were also observed (Fig. 7h).

SEM element maps of If-GA are shown in Fig. 8. Mapping was
done for the same area as in Fig. 7a and it covers a rectangle with
dimensions of 196 wm x 147 wm. Most of the material consists of
Ca/P compounds with a few Al, K, Si-rich grains (feldspar, quartz).
Fe is sometimes associated with Ca/P-rich grains.

The results for 55-point analyses by SEM of If-GA are shown
in Fig. 9a in the form of a ternary diagram. Data points from image
processing based on semi-qualitative SEM elemental mapping of an
entire field of view are also shown. CaO and P,05 concentrations
in grains were 28-68% and 19-41%, respectively. Fig. 9a indicates
that there is a quite constant CaO:P,05 mass ratio for all 43 SEM
analyses of apatites — the composition at any analyzed point sim-
ply representing apatite of constant composition diluted by various
amounts of M, 03 (mainly Fe;03). The calculated average CaO:P,05
mass ratio (1.55:1, SD=0.35) indicates that the apatite in If-GA is
most probably carbonate-hydroxyl-apatite (CaO:P,05 mass ratio
1.58:1). No fluorine or chlorine were detected so that the mineral
is not fluoro - nor chlorapatite. Impurities associated with apatite
grains contributed between 2.5 and 45%, of the analyses obtained
by SEM-EDS, where Fe,03 was the most abundant impurity (up
to 24%). SiO, accounted for up to 15%, SO3 up to 10% whereas,
Na,0, MgO, Al,03 accounted for <2% each and Cl, K,0 and TiO,
<1% each. The P concentrations calculated by the image processing
method for whole fields of view in the SEM are quite compara-
ble with results obtained from EDS of single grains. Data points of
other minerals such feldspars (7) and Fe, Ti-rich minerals (3) are
also displayed in the tertiary diagram (Fig. 9a).

Results of TEM analyses of single particles are presented in
Fig. 10a-h. Apatite grains seen in Fig. 10a and c are irregular and
subrounded. Other particles include a glassy silicate (Fig. 10e) and
carbon-rich ash (Fig. 10g). Fig. 9b shows data points from 11 parti-
cles analyzed by TEM. CaO and P,05 concentrations in four apatite
grains determined by TEM were 36-56% and 40-47%, respectively.

4. Conclusions

Ash produced by thermal gasification of dried and pelletized pig
manure has high nutrient concentrations and minor heavy met-
als contents, Zn and Cu were most abundant. Removal of lime and
soluble salts from the ash increased concentrations of total P, cit-
ric acid soluble P, water soluble P, total Zn, Cu, Pb and most other
trace elements in the residue. In general, the solubility of P in cit-
ric extractants increased with extraction time and the maximum
extractability of P as a percentage of TP in untreated gasifier ash
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followed the trend: CA>NAC>AAC and in lime-free gasifier ash
CA>AAC>NAC. XRD and SEM analyses indicate that most P in the
ash occurs in carbonate-apatite. Quartz, feldspars and Fe, Ti-rich
sand grains also occur in ash. Untreated ash (pH 12) could be used
as a combined liming agent and phosphate fertilizer on acidic soils,
where soil acidity would dissolve both the lime and apatite.
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