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Abstract Ash produced from the combustion of livestock

manure contains large amounts of phosphorus (P), which is

an important resource as a fertilizer. Some studies have

extracted and recovered P from incinerated biomass ash

using inorganic acid or alkaline agents, which produce

wastewater that requires treatment and is expensive due to

the cost of chemicals. Livestock manure ash contains not

only P, but also water soluble salts, which could be a

negative influence on plant growth and shall be preferably

removed from the recovered fertilizer. In this study, we

removed salinity from cattle manure incineration ash by

simple aqueous leaching, while retaining the P content. The

optimal condition was a 20 min leaching time at a liq-

uid/solid (L/S) ratio of 10 mL g-ash-1. Under this condi-

tion, over 90 % of Cl and 20 % of Na in the original ash

was removed, while over 99 % of the P was retained in the

leached residue. The leached residue met the fertilizer

standard in Japan in terms of citrate soluble fertilizer

components and contained few heavy metals. X-ray anal-

yses of the ash indicated that Cl was mainly present as KCl

in the original ash, while P was mainly present as Ca

compounds in the ash.

Keywords Cattle manure incineration ash � Aqueous
leaching � Phosphorus (P) � Fertilizer � Salinity

Introduction

Livestock manure is generated worldwide and is one of the

most widely produced waste materials in Japan. It is

mainly recycled by composting. Composted manure tends

to be used near where it is made because of disposal and

transportation costs. Therefore, in areas with a high live-

stock density, excess fertilizer application to agricultural

land can cause environmental problems, including

groundwater pollution by nitrate-nitrogen [1]. Recently

livestock manure incineration has become a concern.

Although carbon dioxide (CO2) is generated from its

incineration, because livestock manure is a biomass it is

considered to be carbon–neutral, and its incineration can

recover waste heat, generate electric power, and hygieni-

cally reduce the volume of livestock manure [2, 3].

Moreover, manure ash derived from incineration contains

large amounts of phosphorus (P) and is more stable and

preservable than composted manure. Phosphorus is a very

important element for plant growth and in industrial
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applications, and is a limited resource. Most of the P used

in Japan is imported, and the inventory of P in livestock

manure is equivalent to that in imported fertilizer [4].

Even though some biomass incineration ash, i.e. incin-

erated sewage sludge ash (ISSA), contains a high amount

of P [5, 6], it cannot be directly applied as a fertilizer

without pre-treatment in many cases because it also con-

tains several hazardous elements, such as heavy metals [7],

and the chemical form of P in ash is not directly available

to plants [8]. Previous studies of P recovery from biomass

ash have involved extraction from ISSA, piggery waste ash

and chicken manure incineration ash (CMIA) [8–10]. Franz

[9] extracted P from ISSA using sulphuric acid and pre-

cipitated it with lime water. However, the extracted solu-

tion contained heavy metals and had to be purified by

removing them with chelating resins. Ottosen et al. [8]

extracted P from two types of ISSA using sulphuric acid

and indicated that the use of this acid resulted in the for-

mation of a large quantity of gypsum crystals in the

remaining ash and the removal of leached heavy metals

was required. Kaikake et al. [10] extracted P from CMIA

using hydrochloric acid and precipitated it by gradually

changing the pH from 3 to 8 using an alkaline solution due

to the purification of precipitated P.

Most P recovery processes from biomass incineration

ash currently use acid extraction and alkaline precipitation

with the contaminant removal stage. Although these pro-

cesses can successfully recover P in livestock manure ash,

as calcium phosphate compounds for use as a fertilizer,

they have relatively high costs due to the use of a chemical

reagent and generate large amounts of wastewater and

extracted residue. A more simplified process to recover P

from livestock manure ash is therefore required.

Livestock manure contains sodium (Na), potassium

(K) and chlorine (Cl), which are the main components of

salinity [11, 12]. Oshita et al. [13] reported that cattle

manure ash produced by a fluidized bed incinerator con-

tained not only approximately 4.0 wt% of P but also

1.0 wt% of Na, 4.0 % of K and 10.0 wt% of Cl, and

smaller amounts of heavy metals. The Energy Research

Centre of the Netherlands (2012) also reported a Na con-

tent of 1.7 wt% and Cl content of 3.3 wt% in chicken

manure ash in Phyllis2, which is a database providing

information on the composition of biomass and waste [14].

While K is a fertiliser component, higher NaCl concen-

tration in soil ([applox. 100 mM) have a harmful effect on

plant growth [15]. Although NaCl in soil cannot reach such

a high concentration under the normal fertilizing condition,

there is some possibility of NaCl harmful effect at local

spots in real farm and these components shall preferably

not be present in the P-rich materials that are recovered for

use as a fertilizer. Fly ash derived from municipal solid

waste incineration (MSWI) also contains a large amount of

Cl and salts, with most Cl existing as a NaCl, KCl, and

CaCl2, which can be easily leached out within a short time

(i.e. minutes) by aqueous leaching [16–18]. The Na and Cl

in livestock manure ash can also be rapidly removed by

aqueous leaching. However, there is little information

available regarding livestock manure ash, and the beha-

viour of salts and P during aqueous leaching will depend on

the chemical form of the salts and P in the ash. Even P in

livestock manure ash might be removed by aqueous

leaching.

This study investigated a simple aqueous leaching pro-

cess for the removal of highly water-soluble salts including

Na and Cl from livestock manure ash, while retaining the P

content. The concept of this process and its difference from

existing P recovery processes is shown in Fig. 1. This

process should be located on the side of a livestock manure

incineration plant. The leached residue could be dried for

simple use as a fertilizer, by using waste heat from the

incineration plant. This study specifically focused on the

livestock manure ash produced by the incineration of cattle

manure. The behaviour of salts and fertilizer elements were

investigated during the aqueous leaching of cattle manure

ash and the leached residue was evaluated in terms of its

quality as a fertilizer. Additionally, the chemical form and

changes in the Cl and P content during aqueous leaching

experiments are important to determine, to ensure its

effective treatment and utilization as a fertilizer. X-ray

diffraction (XRD) analysis and X-ray absorption fine

structure (XAFS) analysis of Cl and P were conducted to

determine the chemical forms of these elements and any

changes in their concentration. These data supported the

results of the leaching experiment.

Materials and Methods

Sample ash

Two types of cattle manure ash, ash A and ash B, were

used in this study. Ash A was produced by the combustion

of cattle manure using a pilot-scale rotary kiln incinerator

operating at a temperature of 850 �C and an equivalence

ratio (ER) of 1.4 [19]. The cattle manure was obtained from

the experimental farm of Kochi University in Kochi Pre-

fecture, Japan and dried in sunlight to a water content of

about 34 %. After drying, the cattle manure was processed

with a 5 mm sieve. Ash B was prepared by the combustion

of composted cattle manure using a pilot-scale fluidized

bed incinerator at temperatures below 850 �C and an ER

above 1.4 [13]. The composted cattle manure (Water

content: 39 %) was treated for 3–6 months with turnover,

and finally sieved using a 20-mm trommel at a composting

facility located at Handa city in Aichi Prefecture, Japan.
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Experimental

The ash sample was placed into a beaker and mixed with

demineralized water at a liquid/solid ratio (L/S) of

2–30 mL g-1. The mixture was stirred at 250–300 rpm by

a magnetic stirrer for 1120 min at room temperature. After

leaching, the eluates were separated and filtrated (0.45-lm
pore size and 55-mm u, Whatman, Maidstone, UK) from

the leached residue and the pH was measured (D-50,

Horiba Ltd., Kyoto, Japan). The weights of leached resi-

dues and eluates were measured. Two replications of the

leaching experiment were conducted under the same

experimental conditions.

To explain the behaviour of each element in the aqueous

leaching process, the leaching ratio was used, as defined in

Eq. (1):

Leaching ratio ð%Þ¼ Amount of element in eluate ðmgÞ
Amount of element inoriginal ash (mg)

� 100: ð1Þ

Analytical methods

Water content and elemental analysis

The water content of leached residues was determined after

drying at 110 �C for 24 h. The concentrations of P, sulphur

(S), calcium (Ca), magnesium (Mg), K, Na, iron (Fe), alu-

minium (Al),manganese (Mn), and zinc (Zn) in sample ashes,

leached residues, and eluates were determined using induc-

tively coupled plasma atomic emission spectroscopy (ICP-

AES) (IRIS Intrepid Duo, Thermo Fisher Scientific, Inc.,

Waltham, MA, USA) with triplicate measurements. Prior to

ICP-AES analysis, original ash samples and leached residues

were decomposed by hydrofluoric acid, aqua regia, and per-

chloric acid on a hot plate at 180 �C [20]. The decomposed

solution was then filtrated (0.45-lm pore size and 55-mm u,
Whatman) and analysed by ICP-AES. The concentrations of

chromium (Cr), nickel (Ni), arsenic (As), cadmium (Cd), and

lead (Pb) in the leached residue were determined using

inductively coupled plasma-mass spectrometry (ICP-MS;

XSERIES 2, ThermoFisher Scientific), after pre-treatment by

the same method used for ICP-AES samples. Quantitative

analysis was performed by the multi-calibration curve

method using the yttrium (Y) fixed internal standard method

for ICP-AES and ICP-MS. Mercury (Hg) in the leached

residue was analysed by a technique based on thermal

decomposition, gold amalgamation, and atomic absorption in

accordance with US EPA 7473 and ASTM D-6722-01 (MA-

2000, Nippon Instruments Corp., Tokyo, Japan).

The Cl concentration in sample ashes and leached

residues was determined according to test method: JCI-SC4

[21]. Samples were preliminary treated by nitric acid, with

a 2 mol L-1 solution of nitric acid added to 1 g of sample,

stirred until the pH of the mixture was below 3, and then

boiled for 5 min. This mixture was then neutralized by

approximately 3 g of CaCO3 and repeatedly boiled for

2 min. After filtration (5C, JIS P 3801, 55-mm u, Advan-
tec, Dublin, CA, USA), the Cl concentration in the filtrate

was determined by ion chromatography (HIC-20A Super,

Shimadzu Corp., Kyoto, Japan). The Cl concentrations in

eluates following aqueous leaching were determined by ion

chromatography without pre-treatment.

Fertilizer content analysis

The plant-availability of leached residue as a fertilizer was

estimated by an extraction using citric acid solution. The

Sample ash Precipita�on

Alkaline

Recovered-P

Sample ash

Water

Aqueous leaching

Leached residue
(Refined-P)

Wastewater

Wastewater

Inorganic acid 
(i.e., H2SO4, HCl)

Extrac�on

Extracted residue

Exis�ng process

New process

Fig. 1 Conceptual diagram of a

new process for phosphorus

recovery from livestock manure

ash
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extractable P, K, and Mg in citric acid solution were

determined by a testing method for fertilizers [22]. One

gram of leached residue was mixed with 150 mL of citric

acid solution (20 g L-1) and shaken at 30–40 rpm and

30 �C for 1 h. After extraction, the cooled mixture was

filtered (0.45-lm pore size and 55-mm u, Whatman). The

P, K, and Mg concentrations in the eluates were determined

by ICP-AES.

Particle size distribution

Because cattle manure ashes can contain large amounts of

salts, which might be water soluble, the particle size dis-

tribution would be influenced and changed by aqueous

leaching. Therefore, the particle size distribution was

determined by the dry and wet laser diffraction method

using a particle size analyser (SALD-2300 and SALD-

2200, Shimadzu Corp.). While the particle size distribution

of the original ash was analysed by the dry method using a

cyclone type analytical unit (SALD-DS5, Shimadzu

Corp.), the change in the particle size distribution due to

aqueous leaching was evaluated by a flow type cell using

deionized water (SALD-BS2, Shimadzu Corp.).

XRD analysis

The main crystalline compounds in the original ash sam-

ples and leached residues were identified using a powder

X-ray diffractometer (model RINT-Ultima PC, Rigaku Co.,

Ltd., Tokyo, Japan) with the characteristic Cu radiation and

a solid state 1-D detector (D/teX Ultra, Rigaku Co., Ltd.).

Ash A and B, and leached residue A and B were used for

XRD analysis. Each leached residue was generated under

the conditions of L/S: 2 and 1 min or 2 h aqueous leaching

of ash. These samples were dried at 110 �C for 24 h and

homogenized to a powder mounted on a glass plate. The

measurement was made using a continuous scan in the 5�–
90� region in 2h, with a scan speed of 10� min-1. The

obtained XRD patterns were analysed using XRD analysis

software (PDXL2, Rigaku Co., Ltd.).

XAFS analysis

When a sample of thickness t (m) is irradiated by X-rays

with an energy of I0 (eV), the X-ray intensity transmitted

through the sample is given by Beer’s Law, as follows:

I ¼ I0e
�lt; ð2Þ

where l is the absorption coefficient of the X-rays (m-1).

If I0 changes around the absorption edge energy of an

element in the sample, l fluctuates greatly and this produces

the XAFS spectrum. The local structure and electronic

states of a target element can be determined from the XAFS

spectrum. The comparison of the XAFS spectrum of an

unknown sample with spectra of standard compounds can

be used to evaluate the chemical states of the element in the

unknown sample. Unlike XRD analysis, high crystallinity

and a vacuum are not required for XAFS analysis [23].

To determine the chemical forms of Cl and P in the

ashes and the leached residues, the Cl and P K-edge XAFS

spectra of samples were measured at the BL-10 beam line

of Ritsumeikan University SR Center (Shiga, Japan) and

the BL-11B beam line of the Photon Factory (Ibaragi,

Japan), respectively. A monochromator with Ge (111) and

Si (111) crystals was used to access the energy Cl K-edge

at 2822.4 keV and P K-edge at 2145.5 keV, respectively.

Energy calibration for the Cl and P K edge was performed

by the first peak position of the spectrum of KCl and

AlPO4.

Only ash A and leached residue A were used for XAFS

analysis. Leached residue A was generated under the

conditions of L/S: 2 and 1 min aqueous leaching of ash A.

These samples were dried at 110 �C for 24 h and homog-

enized to a powder. Powder samples were mounted on

carbon tape, and the spectral data of Cl and P were col-

lected under vacuum pressure using the total electron yield

and fluorescence yield techniques, respectively.

The spectrum data were analysed using XAFS analysis

software (REX-2000 Ver2.5, Rigaku Co., Ltd.).

Results and discussion

Elemental composition of the samples

Table 1 compares the elemental compositions of ashes A

and B with those of other daily cattle manure ash and ISSA

[24–26].

Although cattle manure ash contained large amounts of

P, Ca, Mg, and K, indicating its suitability for use as a

fertilizer, the Na and Cl concentrations exceeded 1.1 and

1.9 wt%, respectively. While the Na, Fe, Mn, and Zn

concentrations in ash A were markedly higher than in ash

B, the Cl concentration in ash A was lower than in ash B.

Comparing ashes A and B with other cattle manure, the P

and K concentrations of ashes A and B were slightly higher

and lower respectively, those in other daily cattle manure.

These differences probably depended on the kind of feed or

bedding materials used for the cattle or the moisture control

materials used during compost processing.

The concentrations of P in ashes A and B were almost

identical to that in ISSA, and cattle manure ash can be

recycled as a P resource. While the levels of K and Mg

were higher, and those of Fe, Al, and Zn were lower, the

Na and Cl concentration in the cattle manure ash was more

than 2.9 and 6.5 times higher than in ISSA, respectively.
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Particle size distribution

Figure 2 shows the particle size distribution of original

ashes with d values of each sample measured by the dry

and wet methods of laser diffraction. The particle size of

cattle manure ash ranged from 0.1 to 200 lm and the

median particle sizes (d50) of original ash were 28.2 lm for

ash A and 62.8 lm for ash B, respectively. The particle

size distribution of ash B was shifted towards a larger size

than that of ash A. These ranges of particle size were

almost the same as those reported for MSWI fly ash [18]

and fly ash generated by the combustion of coal, wood

bark, and sewage sludge using a circulating fluidized bed

incinerator [27].

The particle size distributions determined by the wet

method of laser diffraction were smaller than those deter-

mined by the dry method of laser diffraction, although the

particle size of ash A was shifted to a greater size (over

50 lm). The medians in this case were 23.6 lm for ash A

and 44.2 lm for ash B, respectively, and were 15–30 %

lower than for the original ashes. This was because the

water soluble content, i.e. chloride and salt, was dissolved

by the wet method and the particle size was therefore

decreased.

Leaching characteristics

Figure 3a, b showed the relationship between L/S and

leaching ratios of each element in ashes A and B, respec-

tively. Figure 4a, b showed the relationship between

leaching time and leaching ratios of each element in ashes

A and B, respectively. The behaviour of each element in

ashes A and B had a similar tendency. The pH ranged from

10.1 to 10.5 in ash A and from 9.8 to 10.2 in ash B.

From Fig. 3a, b, the leaching ratios of Cl, Na and K

were increased along with the increasing of L/S up to 10.

The 90 % of Cl in the both ashes were leached at L/S:10

within 1 min. About 60–80 % of the Cl content in fly ash

from MSWI was readily leached by aqueous leaching at

L/S: 2 and 5 min leaching [16] or at L/S: 2 and 60 min

leaching [28]. However, only about 10–30 % of the Cl

content in bottom ash from a MSWI plant was leached by

aqueous leaching at L/S: 20 and 5 min leaching [29]. As

with the MSWI fly ash, the Cl content in cattle manure ash

was also rapidly leached by aqueous leaching. Only 20 %

of the Na in both ashes was leached at L/S:10 within 1 min.

Approximately 55 % of the Na in fly ash from MSWI was

leached at L/S: 2 and 60 min leaching [28]. Therefore the

proportion of water soluble Na in cattle manure ash is

likely lower than that of MSW fly ash. The remaining Na

could exist as water insoluble compounds, such as alumi-

nosilicates [6], as in the leached residues and could have

some harmful effects on plant growth. The highest leaching

Table 1 Elemental

composition of cattle manure

ash compared with incinerated

sewage sludge ash

Ash A SD Ash B SD Daily cattle manure ash [24] ISSA [25, 26]

P 62,300 3340 40,700 1780 14,100–41,500 50,100

Ca 56,100 3390 78,000 3280 30,400–87,600 150,000

Mg 40,700 2190 29,400 526 9,600–34,700 12,700

K 61,000 4910 34,700 5600 47,700 –137,000 10,300

Na 34,100 2480 10,600 984 7,200–34,400 3610

Fe 27,500 2550 6830 17.8 N.A.a 59,700

Al 18,200 884 11,400 390 N.A.a 40,800

Mn 2300 219 811 7.86 N.A.a N.A.a

Zn 1050 38.9 569 13.8 N.A.a 1860

S 12,200 2970 56,700 1210 N.A.a 9250

Cl 19,500 2020 83,300 4500 N.A.a 2850

Unit: mg kg-dry-1

a Not analysed
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ratios of K were approximately 50 and 35 % for ashes A

and B, respectively. The difference in the leaching ratios of

K between ashes A and B depended on not only the con-

centration of each element in the original ash, but also the

ratio of the water soluble K. In this process, 35–50 % of the

K in the manure ashes was lost to the leachate. K is an

important fertilizer element and should be recovered when

possible. Although we did not attempt to recover K from

the leachate, potassium struvite (KMgPO4) could be pre-

cipitated by controlling the P and Mg concentrations in the

leachate [30].

The leaching ratios of P, Mg and Ca were very low and

these elements were hardly leached from ash A or ash B.

The aqueous leaching process leaves over 99 % of these

elements as a fertilizer component in the leached residue.

From Fig. 4a, b, the leaching ratios of Cl, Na and K with

the increasing of the leaching time were more stable than

these with the increasing of L/S in Fig. 3a, b. Therefore

this salt leaching system would be almost controlled by the

solubility of salts to water. The leaching ratio of Cl was

initially over 75 %, which is relatively high. The leaching

ratio of Cl from ash A increased to 95 % after a 20 min

leaching time, and then gradually decreased to 80 %. This

tendency was also observed to some extent for ash B. There

are two possible reasons for this. The first is that the lea-

ched Cl- from ash reacted with tricalcium aluminate
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(3CaO�Al2O3) to form 3CaO�Al2O3�CaCl2�10H2O, which

is Friedel’s salt and is poorly water soluble [31]; the other

is that the solubility of salts containing Cl were relatively

decreased with the progress of the dissolution of other salts.

From the all results of aqueous leaching experiments,

the optimum condition to remove Na and Cl from ashes

and to retain P in ashes was considered to be L/S:10 and

20 min of the leaching time. Under this condition, over

90 % of Cl and 20 % of Na could be removed from the

cattle manure ashes.

Figure S1 in the supplemental information shows the

elemental balances for Cl, P, Ca, Mg, Na and K between

the input ash (ash A and B) and the aqueous leaching

product under the conditions of Fig. 4a, b. The results

shown in Fig. S1 indicate that the sum of the amount in

leached residue and eluate was approximately 100 %,

although in the case of K it was slightly higher than 100 %.

The validity of the elemental balance and the results in the

leaching experiments were thus demonstrated.

Fertilizer contents

Table 2 shows the fertilizer components and harmful heavy

metals in leached residue and the Japanese standards for a

fused sewage sludge ash compound fertilizer. Leached

residues A and B were refined by the aqueous leaching of

ashes A and B, respectively, under the conditions of L/S: 2

and 1 min leaching. The P2O5 content in both leached

residues was over 15 %, and the citrate soluble P2O5

content was over 12 %, which is the Japanese standard.

The K2O content was over 6.80 % in both leached residues,

and met the Japanese standard (over 1 %). Most of the

MgO was present as citrate soluble MgO in both of the

leached residues.

The Cr, Ni, As, Cd, Pb, and Hg concentrations in both

leached residues were below the Japanese standards. This

is because the levels of harmful heavy metals in Japanese

cattle manure are generally very low [12]. The phosphate

rock used as a raw material for fertilizer often contains

hazardous elements such as Cd and uranium and the

average Cd concentration in phosphate rock is

20.6 mg kg-1, which is 68.7 times the average content in

shale (0.3 mg kg-1) [32]. The Cd concentrations in lea-

ched residues A and B were 1.35 and 2.16 mg kg-1,

respectively. The mean Cd concentration in composted

cattle manure in Japan is 0.26 mg kg-1 (range

0.11–0.44 mg kg-1) [33]. These values are lower than that

of phosphate rock. Therefore, the recycling of cattle man-

ure ash as a fertilizer is also important in terms of the

management of hazardous elements.

XRD analysis

Figure 5a, b shows the XRD pattern of the original sample

and leached residue of ashes A and B, respectively. The Cl

in crystalline compounds of both ashes mainly existed as

KCl and their peak intensities decreased with aqueous

leaching. These results, together with the Cl behaviour in

Figs. 3 and 4, suggest that the Cl removal mechanism

could depend on the dissolution of KCl in the original ash

by aqueous leaching. The P in crystalline compounds of

ashes mainly exists as Ca compounds: Ca9MgK(PO4)7,

NaCa9Fe(PO4)7 or Ca3(PO4)2. This is consistent with the

fact that calcium phosphate compounds were sparingly

Table 2 Fertilizer components

and harmful heavy metals in the

leached residue and the

Japanese standard for fertilizer.

Leached residue A and B were

generated by aqueous leaching

of ashes A and B under

conditions of L/S: 2 and 1 min

leaching

Item Unit Leached residue A Leached residue B Standarda

P2O5 %-dry 15.7 15.5

Citrate soluble P2O5 %-dry 12.9 13.8 [12

K2O %-dry 6.80 8.73

Citrate soluble K2O %-dry 3.05 4.82 [1

MgO %-dry 7.50 6.66

Citrate soluble MgO %-dry 7.02 6.08

CaO %-dry 8.70 13.3

Fe2O3 %-dry 3.40 1.40

Al2O3 %-dry 3.70 2.87

Cr wt. per (P2O5 ? K2O) 0.0002 0.0002 \0.05

Ni wt. per (P2O5 ? K2O) 0.0004 0.0001 \0.005

As wt. per (P2O5 ? K2O) 0.00002 0.00003 \0.002

Cd wt. per (P2O5 ? K2O) 0.000006 0.000009 \0.000075

Pb wt. per (P2O5 ? K2O) 0.00004 0.00009 \0.003

Hg wt. per (P2O5 ? K2O) 0.000005 0.0000004 \0.00005

a For a fused sewage sludge ash compound fertilizer controlled by the Japanese Fertilizers Regulation Act
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soluble in water and displayed citrate solubility [34], with

the results shown in Figs. 3, 4 and Table 2. In ash B, part

of the K and Na in crystalline compounds was present as

K3Na(SO4)2 (glaserite), which was not detected in ash A

and the leached residues A and B, because the sulphur

concentration in ash B was higher than in ash A, and could

be removed by aqueous leaching.

XAFS analysis

The Cl K-edge and P-K edge X-ray absorption near edge

structure (XANES) spectra of standard substances (Cl:

AlCl3, CaCl2, MgCl2, NaCl, KCl, and polyvinyl chloride

(PVC), P: AlPO4, FePO4, triphenyl phosphate, PX-200
TM,

Na3PO4�12H2O, sodium polyphosphate, adenosine 50-
triphosphate (disodium salt) (ATP), Ca3(PO4)2, and

CaHPO4�12H2O), in ash A and leached residue A, are

shown in Fig. 6a, b, respectively. In this study, the XANES

spectra of the ash samples were compared with those of

standard substances. From Fig. 6a, the Cl K-edge XANES

spectra of standard substances were very different within

the range 2820–2850 eV. The XANES spectrum of ash A

had a maximum positive peak (the white line with

approximately 2826 eV of peak top energy) and secondary

positive peak with 2830 eV of peak top energy, and was not

like the spectrum for NaCl but similar to the spectrum for

KCl. In addition, the XANES spectra of ash A and leached

residue A were almost identical, although the spectra of

leached residue A exhibited greater fluctuations, with small

noise peaks due to the low Cl concentration in the leached

residue. Therefore, the Cl in ash A was present as KCl and

was leached by aqueous leaching, which is consistent with

the results of the XRD analysis. Although KCl is highly

water soluble, the small amount of Cl remaining in leached

residue A was still present as KCl, and its chemical form

was not changed by aqueous leaching. If most of the Cl in

ash A exists as KCl, approximately 35 % of the K in ash A

was determined to exist as KCl, as shown in Table 1. This

value is slightly lower than the leaching ratio of K in Figs. 3

and 4. Therefore leached K is not derived only the disso-

lution of KCl. Although the Cl K-edges XANES spectrum

of ash B was not analysed in this study, the Cl in ash B could

also exist as KCl based on the results of the XRD analysis

(Fig. 5b). However, as shown in Table 1, there was more K

in ash B than Cl. Therefore, Cl in ash B existed as KCl and

other soluble salts, such as NaCl and CaCl2, as in MSWI fly

ash [17, 35].

Although from Fig. 6b the P K-edge XANES spectra of

standard substances were less different than the Cl K-edge

XANES spectra, they differed within the photon energy

range of 2149–2165 eV. The XANES spectrum of ash A

had a positive peak (white line with approximately

2152 eV peak top energy), and appeared to be similar to

the spectra for CaHPO4�12H2O and Ca3(PO4)2 in terms of

the peak top energy, with a shoulder range from 2153 to

2157 eV, and a small and broad peak from 2159 to

2163 eV. From the XRD results (Fig. 5a), the P in crys-

talline compounds in ash A could be present as a form of
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KCl K2SO4
Ca9MgK(PO4)7, NaCa9Fe(PO4)7, Ca3(PO4)2

Leached residue after 2 hour

Leached residue after 1 min

Original ash

Fig. 5 X-ray diffraction pattern of a ash A and leached residue A and b ash B and leached residue B. Leached residues were treated under

conditions of liquid/solid (L/S): 2 and 1 min and 2 h leaching time
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Ca3(PO4)2. Although the XANES spectrum of Ca9-
MgK(PO4)7 and NaCa9Fe(PO4)7 was not analysed, the P

K-edge XANES spectrum of calcium phosphate minerals

involving apatite group minerals displays a shoulder on the

main peak [36]. The main chemical form of P in ash A

could be Ca compounds at least. This can also be seen for

ash B, from the XRD results in Fig. 5b. In addition, the

XANES spectra of ash A and leached residue A were

almost identical.

Therefore, P in the original sample ash was present

mainly in the chemical form of Ca compounds, and could

not be leached or changed to other chemical forms by

aqueous leaching. The fact that calcium phosphate com-

pounds were sparingly soluble in water and displayed

citrate solubility [34] explains the results in Figs. 3, 4 and

Table 2.

Conclusions

This study investigated salinities removal from two types

of cattle manure ash by simple aqueous leaching for final

use as a fertilizer.

Ash produced from the combustion of cattle manure

contains not only P, but also Na and Cl, which shall

preferably be removed. The particle size of the ashes ran-

ged from 0.1 to 200 lm and became smaller following

aqueous leaching due to the dissolution of salts. The

optimized condition for aqueous leaching was 20 min

leaching time at an L/S of 10. Under these conditions, over

90 % of Cl and 20 % of Na in the original ash was

removed and over 99 % of the P remained in leached

residue. Aqueous leached residue met the fertilizer stan-

dard in Japan in terms of citrate soluble fertilizer compo-

nents, and did not contain heavy metals. XRD and XAFS

analysis of cattle manure ash and the leached residue

indicated that Cl mainly exists as KCl in cattle manure ash

and was removed by aqueous leaching, while P was mainly

present as Ca compounds in the cattle manure ash and was

retained in the leached residue.
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