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Abstract: Biowastes, such as meat and bone meal (MBM), and poultry litter (PL), are 19 

used as energy sources for industrial combustion in the UK. However, the biomass 20 

ashes remaining after combustion, which contain nutrients such as phosphorus, are 21 

landfilled rather than utilised. To promote their utilisation, biomass ashes from 22 

industries were characterised in terms of their elemental and mineral compositions, 23 

phosphorus extractability, and pH-dependent leachability. These ashes were highly 24 

alkaline (pH as high as 13), and rich in calcium and phosphorus.  The P bio-25 

availabilities in the ash evaluated by Olsen’s extraction were low.  Hydroxyapatite and 26 

potassium sodium calcium phosphate were identified by X-ray powder diffraction 27 

(XRD) as the major phases in the MBM and PL ashes, respectively. The leaching of P, 28 

Ca, and many other elements was pH dependent, with considerable increase in 29 

leaching below about pH 6.  P recovery by acid dissolution (e.g., with H2SO4) seems 30 

feasible and promising; the optimized acid consumption for ~90% P recovery could 31 

be as low as 3.2-5.3 mol H
+
/mol P. 32 

Keywords: incineration; fertiliser; phosphorus recovery; acid neutralisation capacity; 33 

animal manure 34 

35 
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1. Introduction 36 

Thermal or biological processing of biomass produces heat, electricity, or 37 

liquid/gas/solid bioenergy with low net greenhouse gas emissions (Ragauskas, 2006). 38 

Wood and wood wastes, agricultural crops and their waste byproducts, animal wastes, 39 

wastes from food processing, aquatic plants, and algae are the most widely used 40 

biomass energy resources (Bogush et al., 2018; Demirbas, 2004; Huang and Yuan, 41 

2015; Leng et al., 2018a, 2018b, 2016; Saidur et al., 2011). These biomass resources, 42 

which are currently often treated as organic wastes, can contribute significantly to the 43 

generation of renewable energy and reduction of greenhouse gas (GHG) emissions, 44 

reducing the dependency on fossil fuels (Ragauskas, 2006). The UK, for example, sets 45 

a target of 80% GHG emissions reduction over 1990 levels by 2050; the bioenergy 46 

industry contributes significantly to the achievement of these goals (Adams et al., 47 

2011).  48 

Consequently, recovery of energy from biomass by combustion or production of 49 

fuel, e.g., from straw, meat and bone meal, poultry litter, wood shavings, and horse 50 

bedding, is increasing in the UK, due to the mounting production of these wastes, 51 

their energy contents, and the environmental benefits of their utilisation (Oshita et al., 52 

2016; Williams et al., 2016). However, management of ash has emerged to be one of 53 

the problems impeding the development of biomass combustion for energy (Niu et al., 54 

2016). Since biomass ashes are rich in the nutrients phosphorus and potassium, they 55 

have been considered for use as a soil amendment on agricultural land. However, the 56 

low P availability, high alkalinity (e.g., pH 13 or higher), and heavy metal contents in 57 

these ashes may restrict their direct application (Niu et al., 2016; Vassilev et al., 58 

2013a; Bogush et al., 2018). Environmental pollution from nutrient and contaminant 59 

leaching can occur, and result in negative effects on crops, soils and water, when 60 
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ashes are applied under soil and climatic conditions that increase environmental 61 

mobility of contaminants (Pettersson et al., 2008a; 2008b), or mobilise nutrients but 62 

do not favour their agronomic utilization, e.g., due to excessive application or an 63 

imbalance in the nutrient proportions (Bolan et al., 2010; Codling et al., 2002; Szögi 64 

et al., 2015; Williams et al., 2016). However, it is worth mentioning that 65 

environmental pollution by nutrients and contaminants has also been observed for soil 66 

fertilized with animal residues (e.g., pig slurry) directly (Cela et al., 2010; Gunkel-67 

Grillon et al., 2015; Olson et al., 2010). 68 

Meanwhile, the widespread global use of P fertiliser over the past century and 69 

increasing demand for P by agriculture threatens to deplete sources of P-bearing rock 70 

within the next century (Cordell et al., 2009; 2010; Mayer et al., 2016; Sattari et al., 71 

2012; Tilman et al., 2001; Tilman and Lehman, 1987). Even ignoring rapidly 72 

increasing P demand, the estimated static lifetime of phosphorus reserves is only 73 

around 350 years (IFDC, 2010). Furthermore, the remaining reserves are highly 74 

geographically concentrated (Elser and Bennett, 2011), with around 71% located in 75 

Morocco and Western Sahara (USGS, 2019). Therefore, sourcing P from the P 76 

consumption lifecycle and developing appropriate P recovery technology, especially 77 

in places with a scarcity of natural P-bearing rock such as the UK, is important to 78 

meet the increasing demand for this element (Cooper, 2014; Cordell et al., 2011; 79 

Mayer et al., 2016; Rittmann et al., 2011). Phosphorus recovery from animal residues 80 

(e.g., poultry litter, meat and bone meal) and sewage sludge, and their incineration 81 

ashes, is one of the most promising ways to increase the P resource security and 82 

secure future food production (Akinola, 2013; Bogush et al., 2018; Havukainen et al., 83 

2016; Kleemann et al., 2015; Mayer et al., 2016; Tan and Lagerkvist, 2011). Cooper 84 

and Carliell-Marquet (2013) estimated that the P recovery potential from animal 85 



5 

 

manure produced in the UK could be higher than national net total P imports; in 86 

general, the P value of meat and bone meal/animal bone alone is likely of a similar 87 

order of magnitude to that of a country’s phosphate fertiliser imports (Cooper and 88 

Carliell-Marquet, 2013; Simons et al., 2014).  89 

Hence, recovery of P from biomass ashes to produce more effective and 90 

environmentally benign P fertilizer is of increasing interest for both research and 91 

practice. Animal manures and manure derivatives such as ash and char have been 92 

widely explored for P recovery, with measurement of varied recovery rates and acid 93 

demands because of differences between the sources (e.g., P concentration 4.0-139 g 94 

kg
-1

) and process conditions (e.g., different acid types and loads, and solid/liquid 95 

ratios) (Table 1). For example, P recovery rates around 90% were obtained for animal 96 

manure char, but at acid loads in the region of 100 mol H
+
/mol P recovered (Azuara et 97 

al., 2013; Heilmann et al., 2014). Lower acid loads (3-10 mol H
+
/mol P recovered) 98 

were found effective for P recovery from manures and their ashes (Cohen, 2009; 99 

Kaikake et al., 2009; Kuligowski and Poulsen, 2010),  which is similar to the recovery 100 

rates and acid loads for P recovery from sewage sludge ash  (Petzet et al., 2012). In 101 

addition to P content and recovery conditions, P speciation in the different P-102 

containing resources (wastes) also influences P recovery performance. Elemental, 103 

mineral and chemical compositions have been used to describe P speciation in these 104 

materials (Bogush et al., 2018; Vassilev et al., 2013a, 2013b, 2013c), but few studies 105 

have related these results to P recovery performance. Furthermore, little has been 106 

reported regarding meat and bone meal (MBM) and its derivatives (e.g., ash), despite 107 

the high P recovery potential from these materials. 108 

The main objectives of this research were thus: 109 

1) to characterise biomass ashes from combustion of MBM or co-combustion of 110 
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poultry litter (PL) in UK biomass power plants (https://biofuelwatch.org.uk/wp-111 

content/maps/uk-biomass.html), and 112 

2) to examine the potential and options for P recovery from these biomass ashes.  113 

The bioavailability of P from biomass ashes and potential for its recovery from the 114 

biomass ashes depends on P speciation and matrix composition.  The biomass ashes 115 

were therefore characterised by multiple techniques, including elemental analysis, 116 

thermogravimetric analysis (TGA), determination of crystalline phases by X-ray 117 

powder diffraction (XRD), characterization of functional groups by Fourier transform 118 

infrared spectroscopy (FTIR), and measurement of acid neutralization capacity (ANC) 119 

and pH-dependent P leachability, to understand the mechanisms responsible for 120 

control of P solubility. P K-edge X-ray absorption near edge spectroscopy (XANES) 121 

was used to examine the speciation of P in complex matrices without interference 122 

from irrelevant phases and irrespective of crystallinity.  123 

2. Materials and methods 124 

2.1 Materials 125 

Five samples of biomass ash were collected from four different industrial-scale 126 

biomass power plants in the UK that use different biomass types as the energy source. 127 

The plants use moving grate incinerators with a combustion temperature of 850 
o
C, 128 

dry discharge of bottom ash, and dry scrubbing of the flue gas. MBM1-BA and 129 

MBM2-BA were bottom ashes collected from two different plants that combust MBM; 130 

MBM2-APCr was the fly ash from the second plant. PL1-BA and PL2-BA were both 131 

bottom ashes from different power plants that co-combust PL. The moisture contents 132 

of the biomass ashes were negligible (Bogush et al., 2018). The samples were ground 133 

to < 250 µm using a ball mill and then stored in air-tight containers before use. 134 

Reference materials used in the mineralogical investigation included a Ward’s 135 

https://biofuelwatch.org.uk/wp-content/maps/uk-biomass.html
https://biofuelwatch.org.uk/wp-content/maps/uk-biomass.html
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Science Apatite Research Mineral (www.wardsci.com; Catalogue No. 470026-560), a 136 

Moroccan apatite (carbonate apatite), and brushite (CaHPO4·2H2O, 99.0%, Sigma-137 

Aldrich). 138 

2.2 Biomass ash elemental composition and bioavailability of P  139 

The biomass ashes were subjected to total digestion using HNO3: HClO4: H2O2 (v, 140 

30%) = 5:5:3, v/v) (Leng et al., 2014) before chemical analysis for the elements of 141 

interest (Section 2.7). Separate extracts for P analysis (Section 2.7) were prepared by 142 

digestion with potassium persulfate at 150
o
C for 4.0 h. 143 

Olsen’s method has been widely used to evaluate the bioavailability of phosphorus 144 

(Olsen et al., 1954). The extraction was conducted in triplicate for all of the biomass 145 

samples and residues from leaching at mildly acidic pH (Section 2.5) by mixing 2.5 g 146 

ash with 50 mL 0.5 M of sodium bicarbonate (pH 8.5) and shaking for 30 min before 147 

separation of the extracts for analysis (Section 2.7). 148 

2.3 Biomass ash mineralogy 149 

The crystalline phases present in the biomass ashes and residues after leaching at 150 

mildly acidic pH (Section 2.5) were identified by XRD analysis on an XPERT-PRO 151 

diffractometer with an X-ray source of Cu Kα radiation at 40 KV and 30 mA. A 152 

scanning speed of 4 s per step and step size of 0.05° (2θ) were used in the scanning 153 

range of 5°–70° (2θ). The XRD data were analysed by using Jade software version 6.0 154 

(Materials Data Inc., Livermore, USA).  155 

Fourier transform infrared spectra (FTIR) of the biomass ashes, residues, and 156 

reference materials were obtained on a Thermo-Fischer Scientific Nicolet 670 157 

spectrometer in the wavelength range of 400–4000 cm
-1

.  158 

Thermogravimetric analysis of the biomass ashes, residues, and reference materials 159 

was conducted by heating from room temperature to 1000 
o
C at a rate of 10 

o
C/min 160 

http://www.wardsci.com/
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under nitrogen atmosphere. 161 

2.4 Phosphorus speciation 162 

The speciation of P in the biomass ashes and residues after leaching at mild acidic 163 

pH (Section 2.5) was assessed by comparing their P K-edge X-ray absorption near 164 

edge structure (XANES) spectra with those of the reference materials. P K-edge 165 

measurements were made at the Low Energy X-ray Absorption Spectroscopy (Lexas) 166 

beamline of Louisiana State University’s synchrotron research facility, the J. Bennett 167 

Johnston, Sr. Center for Advanced Microstructures and Devices (CAMD), USA. 168 

Lexas is a windowless beamline, i.e., with only a 13 µm think Katon™ window 169 

separating the ring from the experimental chamber. A University of Bonn-designed 170 

Lemonnier type monochromator with InSb 111 crystals was used in measurements. 171 

The measurements were made in fluorescence by diluting the sample as necessary 172 

with boron nitride to reduce self-absorption (Oxmann, 2014). A Ketek 150 mm
2
 173 

silicon drift detector was used for fluorescence measurements. The white line of 174 

reagent grade aluminum phosphate was used to calibrate the monochromator at 175 

2152.8 eV. The parameters for the measurements were 2050 eV to 2110 eV with 5 eV 176 

steps, 2110 eV to 2142 eV with 0.5 eV steps, 2142 eV to 2160 eV with 0.1 eV steps, 177 

from 2160 to 2180 eV with 0.5 eV steps, and 2180 eV to 2250 eV with 1 eV steps. 178 

The integration time was from 1 to 5 seconds for adequate counting statistics. The 179 

spectra were analyzed with Athena in Demeter (Ravel and Newville, 2005).  180 

2.5 pH-dependent leaching 181 

The acid neutralization capacity (ANC) of the biomass ashes was measured to 182 

examine their pH responses to acid addition, and the consequent changes in the 183 

solubilities of their components of interest. This test involves adding increasing 184 

amounts of nitric acid to a series of 10 or more subsamples of the material under 185 
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investigation (Stegemann and Côté, 1991). A single series of 5.0 g subsamples was 186 

weighed out for each of the biomass ashes and mixed with 30 mL of nitric acid 187 

diluted with deionized water to a concentration from 0 to 3 N (up to 18 meq/g of 188 

biomass ash) HNO3. After 48h of end-over-end mixing at 30 rpm, the samples were 189 

centrifuged, and the pH values and conductivities of all the supernatants were 190 

measured before separation of the leachates for analysis. The solid residues 191 

corresponding to leachates with mild acidic pH (6.2, 5.1, 5.9, 6.5, and 6.8 for MBM1-192 

BA, MBM2-BA, MBM2-APCr, PL1-BA, and PL2-BA, respectively (Table S1) were 193 

also analysed by XRD (Section 2.3) FTIR (Section 2.3), XANES (Section 2.4), and 194 

Olsen’s method (Section 2.2) after drying at 60 
o
C.   195 

2.6 Acid extraction for phosphorus recovery 196 

To further assess acid extractability of P from the biomass ashes, the effects of 197 

contact time (0-48 h), liquid/solid ratio (4-20 mL/g of ash), acid type (HNO3 and 198 

H2SO4), and acid load (6-16 meq H
+
/g ash) were investigated with the volume of the 199 

extraction liquid fixed at 30 mL.  Experiments were conducted in duplicate. P 200 

recovery rate was defined as the percentage of P in the leachate as compared with that 201 

in the original ash. 202 

2.7 Chemical analysis of extracts and leachates 203 

Liquid samples from digestion, extraction, and wastewater treatment were filtered 204 

from the solids through 0.45 µm membrane filters; leachates for metal analysis were 205 

acidified to pH 2 before storage. 206 

P in the filtered liquid samples was determined by colorimetry at 880 nm, by 207 

reaction with ammonium molybdate using ascorbic acid as the reducing agent 208 

(Murphy and Riley, 1962).  209 

Metals, including Al, B, Bi, Ba, Ca, Co, Cr, Cu, Cd, Fe, K, Mg, Li, Mn, Na, Ni, Pb, 210 
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Sr, and Zn, and P in the extracts from total digestion of the biomass ashes and the 211 

ANC test leachates were determined by Inductively Coupled Plasma Optical Emission 212 

Spectroscopy (ICP-OES).  213 

Anions in the ANC leachates, including F
–
, Cl

–
, Br

–
, NO2

–
, NO3

–
, PO4

3–
 and SO4

2–
, 214 

were analysed by a Dionex AQUION Ion Chromatography (IC) before acidification 215 

of the samples. 216 

All chemical analyses were conducted in triplicate with reporting of mean values. 217 

3. Results and discussion 218 

3.1 Biomass ash elemental composition and bioavailability of P 219 

The elemental compositions of the biomass ashes in Table 2 are typical for ashes 220 

from animal residue incineration (Bogush et al., 2018; Oshita et al., 2016; Vassilev et 221 

al., 2012; Zhang et al., 2002). Apart from P, the major elements are Al, Fe, K, Mg, 222 

Mn, and Na, with Ca as the most abundant element comprising 16-32% of the total 223 

ash.  224 

The P concentrations of these ashes range from 8.3-13%, which is comparable to 225 

that of some natural phosphorus rocks [e.g., 30–40% P2O5; 13–17.5% P (Desmidt et 226 

al., 2015; Elouear et al., 2008)]. However, Fig. 2 shows that the contents of 227 

bioavailable P in the ashes are less than 800 mg P/kg ash, corresponding to <0.7% of 228 

the total P.   229 

 The contents of K and, especially, Mg, in the PL ashes are higher than those of 230 

the MBM ashes. Some differences between the compositions of ashes from different 231 

MBM incineration plants can also be observed, e.g., MBM1-BA has higher contents 232 

of Ca and P, and lower contents of K and Na compared to MBM2-BA, showing the 233 

effects of variations in the original MBM materials. Minor elements such as B, Zn, Sr, 234 

Ba, and Cu are in the range of 100-1100 mg/kg, while trace elements such as Bi, Cd, 235 
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Cr, Co, Li, Ni, and Pb are <100 mg/kg. 236 

3.2 Biomass ash mineralogy 237 

Fig. 1(a) shows that the dominant phase identified in the MBM ashes by XRD is 238 

hydroxyapatite (HAP), which is consistent with the high contents of Ca and P.  239 

Hydroxyapatite, with some carbonation, is the principal mineral in bone (e.g., Elliott, 240 

2002), and increases in crystallinity with heating. Both β-tricalcium phosphate [β-241 

Ca3(PO4)2, β-TCP] and HAP were identified by XRD as the major phases in either 242 

dried or calcined bones (Brod et al., 2015; Rajendran et al., 2013). XRD identified 243 

potassium sodium calcium phosphate [KNaCa2(PO4)2] as the main phase in the PL 244 

ashes. This phase is also identified as the major mineral phase after combustion of P 245 

and Ca-bearing biomass at a temperature of 815 
o
C (Kongsomart et al., 2016). The 246 

solubility of apatite varies significantly depending on its content of other anions (e.g., 247 

CO3
2-

, Cl
-
 or F

-
) (Magalhães and Williams, 2007), but Ca5(PO4)3(OH), which has Ksp 248 

= 3.98 × 10
–59

 (Chow, 2001; Delvasto et al., 2006) might be expected to have low 249 

bioavailability, as was observed for the biomass ashes (Section 3.1).  No data about 250 

bioavailability was found for KNaCa2(PO4)2. 251 

A comparison of the Moroccan apatite FTIR spectrum with those of the ashes 252 

[Fig. 1(b)] shows that all are dominated by the ca. 1030 cm
-1

 (anti-symmetric stretch 253 

ϒ3) band, with the ϒ1 (ca. 960 cm
-1

) and symmetric stretch ϒ4 bands (F2 bend 650-254 

525 cm
-1

) also being conspicuous; the resemblance to the reference material is most 255 

obvious for MBM1-BA and MBM2-APCr.  However, all phosphate bands show some 256 

shift, indicating variations in composition, e.g., substitution of CO3
2-

 in the crystal 257 

structure. The CO3
2- 

ion can be found in the channels (A type) of the hexagonal crystal 258 

structure of apatite, or substitutes for the phosphate ion (B type). With B type 259 

carbonate apatite, there is a doublet around 1430 cm
-1 

(Fleet, 2009), as seen in the 260 
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Moroccan apatite. PL1-BA thus seems to contain carbonate apatite whereas the other 261 

ashes showed only hydroxyapatite. The OH
-
 peak at 3420 cm

-1
 in all FTIR spectra is 262 

quite weak, but the derivative thermogravimetric (DTG) curves [Fig. 1(c)] show that 263 

all ashes have mass loss peaks in the region 200 °C to 400 °C. A comparison with 264 

apatite standards used in this study (not shown) and data from the literature suggests 265 

this peak is from the OH in the apatite in the ashes. The DTG curves also have 266 

doublets, which vary in strength depending on the biomass ash, in the region 600°C to 267 

800°C, one of which is likely from the carbonate in the apatite structure, whereas the 268 

other one is calcium carbonate (Peters et al., 2000). 269 

Previous studies have also found hydroxyapatite and KNaCa2(PO4)2 (Bogush et 270 

al., 2018; Coutand et al., 2008; Komiyama et al., 2013; Oshita et al., 2016; Sugiyama 271 

et al., 2016), but also other minerals, e.g., Ca3(PO4)2 in ashes from MBM or animal 272 

manure combustion (Coutand et al., 2008; Sugiyama et al., 2016) and Ca9MgK(PO4)7 273 

in manure ashes (Komiyama et al., 2013; Oshita et al., 2016).  274 

XRD also showed portlandite [Ca(OH)2] in the MBM ashes, which is 275 

corroborated by the 3643 cm
-1

 FTIR band, suggestive of OH
-
 in Ca(OH)2 for all ashes 276 

but PL1-BA.  The single similar carbonate band around 1430 cm
-1

 (ϒ3) in the FTIR 277 

spectra of all ashes except PL1-BA is typical of calcite, corresponding to calcite 278 

(CaCO3) peaks in the XRD patterns except PL ashes. 279 

XRD indicates sulphate to be present as calcium sulphate (CaSO4) in all MBM 280 

ashes (Table 3), and arcanite (K2SO4) in the MBM2 and PL ashes.  The FTIR spectra 281 

of MBM2-BA and PL2-BA are unlike those of the other ashes due to higher amounts 282 

of arcanite, which presents as peaks at 618 cm
-1

, 1100 cm
-1

 and 1197 cm
-1

. Sulfate 283 

breakdown may be responsible for the peak observed in the DTG at 931°C (MBM2-284 

APCr).  285 
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XRD also shows quartz (SiO2) in the PL ashes and MBM1-BA, and abundant 286 

halite (NaCl) in MBM2-APCr and MBM2-BA. 287 

3.3 Phosphorus speciation 288 

Fig. 1(d) shows the phosphorus K-edge XANES spectra of the samples along 289 

with that of the Ward’s Science apatite. The white line position (A) of the latter is 290 

2151.84 eV, while that of the ash samples ranges from 2151.67 eV to 2151.85 eV. The 291 

phosphate white line is from resonance between 1s and higher energy t2* orbitals, 292 

while the peak around 2168 eV is from the P-O bond. The location and intensity of 293 

the C and D maxima depend on the composition and crystallinity of the phosphate 294 

phases (Ingall et al., 2011). These ashes thus have different phosphate compositions. 295 

Linear combination fitting of the spectrum of the MBM1-BA ash shows it to be 296 

principally composed of apatite, but the fit of apatite was not as good for the other 297 

ashes. The inflection of the shoulder at ~2155 eV correlates with the Ca/P ratio of the 298 

structure (Franke and Hormes, 1995); consequently, the PL ashes, which are indicated 299 

by XRD to contain KNaCa2(PO4)2, appear to have a lower Ca/P ratio than the MBM 300 

ashes, in which Ca5(PO4)3(OH) was identified as the main P-bearing mineral. 301 

There are some contradictions when comparing mineralogy results obtained from 302 

different analytical techniques. The variance between mineralogical analyses can be 303 

expected when applying different techniques to very small samples, particularly for 304 

complex materials such as these. Mineral phases identified by XRD were used in the 305 

following discussions unless specified otherwise. 306 

3.4 pH dependent leaching and characterisation of the leached residues 307 

The leachate pH values resulting from the discrete acid loading (on the secondary 308 

ordinate in Figs. 3 and 4) suggest a small, near vertical, plateau corresponding to 309 

neutralisation of the abundant Ca(OH)2 in the MBM ash at pH ~12;  this plateau is 310 
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absent for the PL ashes, which contain little Ca(OH)2 (section 3.2).   311 

A second pH plateau at ~7 may be attributable to several different phenomena. 312 

Dissolution of the small component of calcite in the ashes, which will yield a pH 313 

lower than that of 8.3 expected in equilibrium with the atmosphere since the leaching 314 

tubes are sealed, likely contributes to this plateau. For the MBM ashes, the plateau 315 

also reflects dissolution of Ca5(PO4)3(OH), which has an equilibrium pH of ~7.5 316 

(based on the Ksp noted above). Perhaps most importantly, a phosphate buffer system 317 

will result from dissolution of the apatite, and, especially, KNaCa2(PO4)2.  The second 318 

plateau is more apparent for the PL ashes, which had an acid neutralization capacity 319 

of 9-10 meq H
+
/g to pH 4, whereas it was only 5-6 H

+
 meq/g for the MBM ashes. 320 

There is a third pH plateau, below pH 4. 321 

Fig. 3 shows that sulfate, released at high pH by dissolution of K2SO4, drops in 322 

concentration below pH 8, likely due to precipitation of gypsum (CaSO4·2H2O; Ksp = 323 

2.62 × 10
–5

; Harouaka et al., 2014), as Ca enters solution from calcite and the 324 

phosphate minerals (Fig. 4). Since there is little K2SO4 to dissolve from MBM1-BA, 325 

Ca is not precipitated and its leached concentration is therefore higher than for the 326 

other ashes. 327 

Fig. 3 shows constant concentrations of chloride regardless of pH for each 328 

biomass ash, consistent with the presence of NaCl identified by XRD. Na and K are 329 

also initially released from NaCl and K2SO4, but their concentrations rise slightly as 330 

the pH falls in the MBM ash leachates, and increase dramatically below pH 8 in the 331 

PL ash leachates. P (Fig. 4, and phosphate, Fig. 3) concentrations are seen to be low 332 

above pH ~4, and then increase as the phosphate minerals dissolve with further acid 333 

addition.  Release of Na and K with P from dissolution of the KNaCa2(PO4)2 in the PL 334 

ashes would be expected, but the increases in their concentrations before the 335 
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concentration of P starts to rise suggest that the dissolution of KNaCa2(PO4)2 is 336 

incongruent, with selective loss of K and Na, or that this mineral dissolves and 337 

reprecipitates, e.g., as brushite (CaHPO4·2H2O) (Johnsson and Nancollas, 1992).   338 

Mg, Ba and Sr (Fig. S1) seem to be mainly released in association with the pH~7 339 

plateau. They may substitute for Ca in calcite or phosphate minerals and are released 340 

when those dissolve. Cu and Zn form phosphates of low solubility and are mainly 341 

released below pH 4; the leaching rates of these elements were undetectable or at very 342 

low level at pH 8-12 from MBM1-BA (Fig. S1), because of the relatively low total 343 

contents of minor elements in this ash (Table 2). The concentrations of Fe were almost 344 

undetectable, and those of Al were negligible, in the leachates from the MBM ashes 345 

and PL2-BA. Iron oxides have low solubility, and it is possible that 346 

Fe3(PO4)2·8H2O/FePO4, AlPO4, Pb5(PO4)3(OH)/Pb3(PO4)2, and Zn3(PO4)2, which 347 

have low solubility, may exist in the original ashes or were formed as secondary 348 

precipitates during the test (Deydier et al., 2003; Parhi et al., 2006; Wilfert et al., 349 

2015). 350 

XRD of the residues in Fig. 1(a) from leaching at mildly acidic pH (5.1-6.8; 351 

Section 2.5) shows precipitation of CaHPO4·2H2O [Ksp = 2.57 × 10
–7

; (Chow, 2001)], 352 

which forms under acidic conditions (Johnsson and Nancollas, 1992). Dorozhkin’s 353 

dissolution mechanism for hydroxyapatite (Eqs. 1–3) demonstrates that 354 

Ca5(PO4)3(OH) would produce Ca3(PO4)2 (Ksp = 3.16 × 10
–26 

for α-Ca3(PO4)2 and Ksp 355 

= 1.26 × 10
–29 

for β-Ca3(PO4)2 (Chow, 2001)) at the first stage and then addition of 356 

additional acid would yield metastable CaHPO4, and finally the dissolution of 357 

CaHPO4 (Dorozhkin, 2012; 1997). Brushite solubility can markedly rise with a 358 

decrease in pH from 6 to 3 (Kuz’mina et al., 2013) and at lower pH it dissolves 359 

linearly (Figs. 3 and 4).  360 
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2Ca5(PO4)3(OH) + 2H
+
 → 3Ca3(PO4)2 + Ca

2+
 + 2H2O   (1) 361 

Ca3(PO4)2 + 2H
+
 → 2CaHPO4 + Ca

2+
                             (2) 362 

CaHPO4 + H
+
 → H2PO4

–
+ Ca

2+
                                      (3) 363 

The presence of CaHPO4·2H2O in the residues after leaching at mildly acidic pH 364 

(pH 5.1-6.8) was verified by multiple techniques. Fig. 1(a) shows that it dominates the 365 

XRD patterns of the leached residues, while the peak intensities for Ca5(PO4)3(OH) in 366 

MBM ashes are reduced and KNaCa2(PO4)2 in PL ashes have almost disappeared. The 367 

prominent peak around 1650 cm
-1

 found in the FTIR spectra of all the leached 368 

residues as seen in [Fig. 1 (b)] corresponds to the molecular H2O peak from 369 

CaHPO4·2H2O at 1645.48 cm
-1

. The precipitation of CaHPO4·2H2O is also evident in 370 

the DTG traces for the leached residues of all the ashes as a peak at ~183°C [Fig. 1 371 

(c)], with the amount ranging from 21.6-24.2%. Finally, the P K-edge XANES spectra 372 

[Fig. 1(d)] confirm that different phosphate phases are present in the leached residues 373 

than the original ashes, although fitting to estimate the exact P composition is difficult 374 

as several phosphate phases are present. Although CaHPO4·2H2O (Ksp = 2.57 × 10
–7

) 375 

in the residues is more soluble than Ca5(PO4)3(OH) (Ksp = 3.98 × 10
–59

), the 376 

bioavailable P in the solid residues separated from the mildly acidic leachates 377 

remained low at <1400 mg P/kg ash (Fig. 2). It is noteworthy that CaHPO4·2H2O can 378 

transform back to Ca5(PO4)3(OH) or Ca3(PO4)2 in an alkaline and calcium-rich 379 

environment (Štulajterová and Medvecký, 2008). 380 

During leaching, the water-soluble NaCl, K2SO4, and acid-soluble calcite and 381 

Ca(OH)2 were not found in the leached residues, as shown in Fig. 1(a), but gypsum 382 

(CaSO4·2H2O) and SiO2 remained, as they are acid-insensitive over the pH range 383 

studied. The absence of the 618 cm
-1

 and 1195 cm
-1

 bands in the FTIR spectra of the 384 

leached residues [Fig. 1(b)] indicate the dissolution of the sulfate phases. The 713 cm
-

385 



17 

 

1
 carbonate band from calcite is very weak to non-existent in the residues [Fig. 1(b)]. 386 

In the thermogravimetric analysis of the leached residues, all the mass loss occurred 387 

by 600°C, and the absence of a calcite peak [Fig. 1(c)] reflect complete dissolution of 388 

calcite at the lower pH. 389 

To summarize, NaCl and K2SO4 present in ashes dissolved readily with water 390 

leaching. Other chemical components dissolved with decreasing pH or increasing acid 391 

addition. Alkaline CaCO3 and Ca(OH)2 were neutralized at the first plateau and 392 

followed by the dissolution of Ca5(PO4)3(OH) and KNaCa2(PO4)2 to produce 393 

CaHPO4·2H2O at pH~7, which continued to dissolve with releasing of P to the 394 

leachate from pH ~4. Mg, Ba and Sr mainly released in association with the pH~7 395 

plateau while the release of Fe, Al, Zn, and Cu became evident at pH~4. 396 

3.5 Phosphorus recovery from biomass ash 397 

P release in the ANC test can be used to estimate the P recovery potential from 398 

the biomass ashes studied. Phosphorus recovery was found to be linearly dependent 399 

on the leachate pH below pH~4, attaining 40-50% at pH~3, and ~100% P recovery at 400 

pH~1 [Fig. S2(a)]. Determination of the acid consumption per unit of P recovered 401 

[Fig. S2(b)] is essential to assess the economic feasibility of the recovery process, and 402 

ranged from 9-14 meq H
+
/g ash, assuming that the other ashes follow the trend 403 

established to 100% recovery for PL1-BA.  404 

Investigation of the contact time showed that P recovery reached 75-95% of its 405 

highest value within several minutes [Fig. S3(a)], but the pH needed several hours to 406 

reach steady state [Fig. S3(b)]. This implies that P could be recovered promptly before 407 

surplus acid is consumed by the solid ash residue. 408 

Solid/liquid (S/L) ratio also plays a significant role in P recovery; less acid was 409 

consumed per unit of P recovered at lower S/L ratios because of more efficient mixing 410 
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(Fig. S4). For example, results show that 10-20% less acid will be needed at S/L ratio 411 

of 0.05, than at a S/L of 0.1, which is the ratio that has been widely used for P 412 

dissolution from biomass ashes (Oshita et al., 2016; Sugiyama et al., 2016). 413 

Unfortunately, a lower S/L ratio also produces a larger amount of leachate with a 414 

lower P concentration, which could make the recycling of P and the subsequent 415 

wastewater treatment much more difficult.  416 

HNO3 and H2SO4 were therefore applied at S/L 0.1, with a contact time of 2h, to 417 

assess the influence of the acid type on P recovery and acid consumption. H2SO4 418 

seems to be more efficient for P leaching from these biomass ashes compared with 419 

HNO3 particularly at lower acid load (Fig. 5). During the H2SO4 process, the 420 

precipitation of gypsum promotes the dissolution of apatite, and facilitates the 421 

separation of the product. By comparison, separation of dissolved Ca(NO3)2 formed 422 

during HNO3 leaching is difficult. At H2SO4 load of 14 meq H
+
/g ash, the acid 423 

consumption is in the range of 3.2-5.3 mol H
+
/mol P (Fig. 5), which is comparable 424 

with those reported in previous studies when animal manures or their derivatives (e.g., 425 

ashes) (Table 1) or sewage sludge ashes (Petzet et al., 2012) were used for P recovery. 426 

Meanwhile, P recovery of ~90% or higher was achieved at this acid load. 427 

3.6 Economic considerations 428 

In the phosphorus industry, phosphoric acid is the basic starting raw material for 429 

production, which is normally produced from phosphate rock. The wet process is the 430 

most commonly used phosphoric acid production process, in which H2SO4 dissolves 431 

Ca5(PO4)3(F, Cl, OH),  followed with purification and condensation to produce 432 

phosphoric acid (H3PO4) and byproduct phosphogypsum (Tayibi et al., 2009). 433 

Ca5(PO4)3F is the dominant component of natural phosphate rock and its dissolution 434 

mechanisms during wet-process phosphoric acid production can be described by Eqs. 435 
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4-7 (Dorozhkin, 1996), which are similar to those for Ca5(PO4)3(OH) (Eqs. 1-3). The 436 

overall reaction can be described by Eq. 8 (Wu et al., 2018). 437 

2Ca5(PO4)3(F, OH) + 2H
+
 → 3Ca3(PO4)2 + Ca

2+
 + 2HF, H2O           (4) 438 

Ca3(PO4)2 + 2H
+
 → 2CaHPO4 + Ca

2+
                             (5) 439 

CaHPO4 + H
+
 → H2PO4

–
 + Ca

2+
                                      (6) 440 

H2PO4
–
 + H

+
→ H3PO4                                                     (7) 441 

Ca10(PO4)6(F, OH)2 + 10H2SO4 +nH2O → 10CaSO4·nH2O + 6H3PO4 + 2HF, H2O   (8) 442 

The theoretical acid consumption for the wet-process phosphoric acid production 443 

is 3.3 mol H
+
/mol P or 1.67 mol H2SO4/mol H3PO4. If the final product is H2PO4

–
, the 444 

consumption drops to 2.3 mol H
+
/mol P, which is the lowest acid addition needed to 445 

dissolve all P into the aqueous phase.  However, the processes described by Eqs. 6 and 446 

7 proceed at the same time; thus, the lowest theoretical acid consumption for P 447 

dissolution from Ca5(PO4)3(F, OH) would be 2.3-3.3 mol H
+
/mol P. Considering the 448 

presence of minerals such as CaCO3, MgCO3, CaO, and MgO in natural phosphate 449 

rock, the consumption would be >2.3-3.3 mol H
+
/mol P depending on the content of 450 

acid-consuming components, which is comparable to that of dissolution of MBM 451 

ashes (3.2-4.2 mol H
+
/mol P). Furthermore, the dissolution of MBM ashes (composed 452 

of Ca5(PO4)3(OH)) would not be complicated by the presence of fluorine, which is 453 

abundant in phosphate rock. Therefore, P recovery from MBM ashes by direct acid 454 

dissolution seems very promising and worth further investigation. 455 

 456 

4. Conclusions 457 

Hydroxyapatite [Ca5(PO4)3(OH)] and potassium sodium calcium phosphate 458 

[KNaCa2(PO4)2] seem to be the main mineral phases in the MBM and PL ashes, 459 

respectively, with low bioavailability of P.  Phosphate leaching is pH dependent and 460 
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significant recovery was experienced at pH <4. Major heavy metals such as Cu and 461 

Zn demonstrated similar leaching behavior as P.  A substantial proportion of the P 462 

remaining in the solid residues after acid leaching was transformed to brushite, but its 463 

bioavailability increased only slightly. 464 

It appears that secondary P, for industrial production of fertilizer or other chemicals, 465 

could be recovered from MBM and PL ashes by acid dissolution (particularly by 466 

H2SO4), with acid consumption as low as 3.2-5.3 mol H
+
/mol P and up to 90% P 467 

recovery. Particularly, the consumption when recovering P from MBM (3.2-4.2 mol 468 

H
+
/mol P) is close to that required for P recovery from natural phosphate rock. 469 

 470 
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 742 

Figure captions 743 

 744 

Fig. 1 X-ray powder diffraction (XRD) (a), Fourier transform infrared spectra (FTIR, 745 

normalised) (b), Thermogravimetric (TG/DTG) (c), and P K-edge X-ray 746 

absorption near edge structure (XANES, normalised) (d) analyses of meat and 747 

bone meal (MBM) bottom ashes (BA) and air pollution control residue (APCr), 748 

and poultry litter co-combustion (PL) bottom ash and residues from leaching of 749 

the same residues at pH 5.1-6.8. The reference materials Morrocan apatite 750 

(carbonate apatite), brushite, and apatite (hydroxyapatite) were all analyzed by 751 

FTIR, TG/DTG, and XANES, but only the references most relevant to each 752 

figure were presented; XRD references were from the XRD pattern database 753 

(International Centre for Diffraction Data, ICDD). 754 

Fig. 2 Concentration of available P in meat and bone meal (MBM) bottom ashes (BA) 755 

and air pollution control residue (APCr), and poultry litter co-combustion (PL) 756 

bottom ash and residues from leaching of the same residues at pH 5.1-6.8. Error 757 

bars represent the standard deviation of three replicates. 758 

Fig. 3 Anion leaching from meat and bone meal (MBM) bottom ashes (BA) and air 759 

pollution control residue (APCr), and poultry litter co-combustion (PL) bottom 760 

ash in the Acid Neutralization Capacity test (circled points are those for which 761 

the leached residue was characterised). 762 

Fig. 4 Major element leaching from meat and bone meal (MBM) bottom ashes (BA) 763 

and air pollution control residue (APCr), and poultry litter co-combustion (PL) 764 

bottom ash in the Acid Neutralization Capacity test (circled points are those for 765 

which the leached residue was characterised). 766 
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Fig. 5 P recovery (average of duplicates) from meat and bone meal (MBM) bottom 767 

ashes (BA) and air pollution control residue (APCr), and poultry litter co-768 

combustion (PL) bottom ash using H2SO4 and HNO3, (a) Acid consumption 769 

comparison between H2SO4 and HNO3; (b) P recovery percentage using H2SO4. 770 

Leaching time 2 h; Solid/liquid ratio 0.1. 771 
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Abstract: Biowastes, such as meat and bone meal (MBM), and poultry litter (PL), are 19 

used as energy sources for industrial combustion in the UK. However, the biomass 20 

ashes remaining after combustion, which contain nutrients such as phosphorus, are 21 

landfilled rather than utilised. To promote their utilisation, biomass ashes from 22 

industries were characterised in terms of their elemental and mineral compositions, 23 

phosphorus extractability, and pH-dependent leachability. These ashes were highly 24 

alkaline (pH as high as 13), and rich in calcium and phosphorus.  The P bio-25 

availabilities in the ash evaluated by Olsen’s extraction were low.  Hydroxyapatite and 26 

potassium sodium calcium phosphate were identified by X-ray powder diffraction 27 

(XRD) as the major phases in the MBM and PL ashes, respectively. The leaching of P, 28 

Ca, and many other elements was pH dependent, with considerable increase in 29 

leaching below about pH 6.  P recovery by acid dissolution (e.g., with H2SO4) seems 30 

feasible and promising; the optimized acid consumption for ~90% P recovery could 31 

be as low as 3.2-5.3 mol H
+
/mol P. 32 

Keywords: incineration; fertiliser; phosphorus recovery; acid neutralisation capacity; 33 

animal manure 34 

35 
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1. Introduction 36 

Thermal or biological processing of biomass produces heat, electricity, or 37 

liquid/gas/solid bioenergy with low net greenhouse gas emissions (Ragauskas, 2006). 38 

Wood and wood wastes, agricultural crops and their waste byproducts, animal wastes, 39 

wastes from food processing, aquatic plants, and algae are the most widely used 40 

biomass energy resources (Bogush et al., 2018; Demirbas, 2004; Huang and Yuan, 41 

2015; Leng et al., 2018a, 2018b, 2016; Saidur et al., 2011). These biomass resources, 42 

which are currently often treated as organic wastes, can contribute significantly to the 43 

generation of renewable energy and reduction of greenhouse gas (GHG) emissions, 44 

reducing the dependency on fossil fuels (Ragauskas, 2006). The UK, for example, sets 45 

a target of 80% GHG emissions reduction over 1990 levels by 2050; the bioenergy 46 

industry contributes significantly to the achievement of these goals (Adams et al., 47 

2011).  48 

Consequently, recovery of energy from biomass by combustion or production of 49 

fuel, e.g., from straw, meat and bone meal, poultry litter, wood shavings, and horse 50 

bedding, is increasing in the UK, due to the mounting production of these wastes, 51 

their energy contents, and the environmental benefits of their utilisation (Oshita et al., 52 

2016; Williams et al., 2016). However, management of ash has emerged to be one of 53 

the problems impeding the development of biomass combustion for energy (Niu et al., 54 

2016). Since biomass ashes are rich in the nutrients phosphorus and potassium, they 55 

have been considered for use as a soil amendment on agricultural land. However, the 56 

low P availability, high alkalinity (e.g., pH 13 or higher), and heavy metal contents in 57 

these ashes may restrict their direct application (Niu et al., 2016; Vassilev et al., 58 

2013a; Bogush et al., 2018). Environmental pollution from nutrient and contaminant 59 

leaching can occur, and result in negative effects on crops, soils and water, when 60 
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ashes are applied under soil and climatic conditions that increase environmental 61 

mobility of contaminants (Pettersson et al., 2008a; 2008b), or mobilise nutrients but 62 

do not favour their agronomic utilization, e.g., due to excessive application or an 63 

imbalance in the nutrient proportions (Bolan et al., 2010; Codling et al., 2002; Szögi 64 

et al., 2015; Williams et al., 2016). However, it is worth mentioning that 65 

environmental pollution by nutrients and contaminants has also been observed for soil 66 

fertilized with animal residues (e.g., pig slurry) directly (Cela et al., 2010; Gunkel-67 

Grillon et al., 2015; Olson et al., 2010). 68 

Meanwhile, the widespread global use of P fertiliser over the past century and 69 

increasing demand for P by agriculture threatens to deplete sources of P-bearing rock 70 

within the next century (Cordell et al., 2009; 2010; Mayer et al., 2016; Sattari et al., 71 

2012; Tilman et al., 2001; Tilman and Lehman, 1987).  Even ignoring rapidly 72 

increasing P demand, the estimated static lifetime of phosphorus reserves is only 73 

around 350 years (IFDC, 2010). Furthermore, the remaining reserves are highly 74 

geographically concentrated (Elser and Bennett, 2011), with around 71% located in 75 

Morocco and the Western Sahara (USGS, 2019). Therefore, sourcing P from the P 76 

consumption lifecycle and developing appropriate P recovery technology, especially 77 

in places with a scarcity of natural P-bearing rock such as the UK, is important to 78 

meet the increasing demand for this element (Cooper, 2014; Cordell et al., 2011; 79 

Mayer et al., 2016; Rittmann et al., 2011). Phosphorus recovery from animal residues 80 

(e.g., poultry litter, meat and bone meal) and sewage sludge, and their incineration 81 

ashes, is one of the most promising ways to increase the P resource security and 82 

secure future food production (Akinola, 2013; Bogush et al., 2018; Havukainen et al., 83 

2016; Kleemann et al., 2015; Mayer et al., 2016; Tan and Lagerkvist, 2011). Cooper 84 

and Carliell-Marquet (2013) estimated that the P recovery potential from animal 85 
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manure produced in the UK could be higher than national net total P imports; in 86 

general, the P value of meat and bone meal/animal bone alone is likely of a similar 87 

order of magnitude to that of a country’s phosphate fertiliser imports (Cooper and 88 

Carliell-Marquet, 2013; Simons et al., 2014).  89 

Hence, recovery of P from biomass ashes to produce more effective and 90 

environmentally benign P fertilizer is of increasing interest for both research and 91 

practice. Animal manures and manure derivatives such as ash and char have been 92 

widely explored for P recovery, with measurement of varied recovery rates and acid 93 

demands because of differences between the sources (e.g., P concentration 4.0-139 g 94 

kg
-1

) and process conditions (e.g., different acid types and loads, and solid/liquid 95 

ratios) (Table 1). For example, P recovery rates around 90% were obtained for animal 96 

manure char, but at acid loads in the region of 100 mol H
+
/mol P recovered (Azuara et 97 

al., 2013; Heilmann et al., 2014). Lower acid loads (3-10 mol H
+
/mol P recovered) 98 

were found effective for P recovery from manures and their ashes (Cohen, 2009; 99 

Kaikake et al., 2009; Kuligowski and Poulsen, 2010),  which is similar to the recovery 100 

rates and acid loads for P recovery from sewage sludge ash  (Petzet et al., 2012). In 101 

addition to P content and recovery conditions, P speciation in the different P-102 

containing resources (wastes) also influences P recovery performance. Elemental, 103 

mineral and chemical compositions have been used to describe P speciation in these 104 

materials (Bogush et al., 2018; Vassilev et al., 2013a, 2013b, 2013c), but few studies 105 

have related these results to P recovery performance. Furthermore, little has been 106 

reported regarding meat and bone meal (MBM) and its derivatives (e.g., ash), despite 107 

the high P recovery potential from these materials. 108 

The main objectives of this research were thus: 109 

1) to characterise biomass ashes from combustion of MBM or co-combustion of 110 
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poultry litter (PL) in UK biomass power plants (https://biofuelwatch.org.uk/wp-111 

content/maps/uk-biomass.html), and 112 

2) to examine the potential and options for P recovery from these biomass ashes.  113 

The bioavailability of P from biomass ashes and potential for its recovery from the 114 

biomass ashes depends on P speciation and matrix composition.  The biomass ashes 115 

were therefore characterised by multiple techniques, including elemental analysis, 116 

thermogravimetric analysis (TGA), determination of crystalline phases by X-ray 117 

powder diffraction (XRD), characterization of functional groups by Fourier transform 118 

infrared spectroscopy (FTIR), and measurement of acid neutralization capacity (ANC) 119 

and pH-dependent P leachability, to understand the mechanisms responsible for 120 

control of P solubility. P K-edge X-ray absorption near edge spectroscopy (XANES) 121 

was used to examine the speciation of P in complex matrices without interference 122 

from irrelevant phases and irrespective of crystallinity.  123 

2. Materials and methods 124 

2.1 Materials 125 

Five samples of biomass ash were collected from four different industrial-scale 126 

biomass power plants in the UK that use different biomass types as the energy source. 127 

The plants use moving grate incinerators with a combustion temperature of 850 
o
C, 128 

dry discharge of bottom ash, and dry scrubbing of the flue gas. MBM1-BA and 129 

MBM2-BA were bottom ashes collected from two different plants that combust MBM; 130 

MBM2-APCr was the fly ash from the second plant. PL1-BA and PL2-BA were both 131 

bottom ashes from different power plants that co-combust PL. The moisture contents 132 

of the biomass ashes were negligible (Bogush et al., 2018). The samples were ground 133 

to < 250 µm using a ball mill and then stored in air-tight containers before use. 134 

Reference materials used in the mineralogical investigation included a Ward’s 135 

https://biofuelwatch.org.uk/wp-content/maps/uk-biomass.html
https://biofuelwatch.org.uk/wp-content/maps/uk-biomass.html
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Science Apatite Research Mineral (www.wardsci.com; Catalogue No. 470026-560), a 136 

Moroccan apatite (carbonate apatite), and brushite (CaHPO4·2H2O, 99.0%, Sigma-137 

Aldrich). 138 

2.2 Biomass ash elemental composition and bioavailability of P  139 

The biomass ashes were subjected to total digestion using HNO3: HClO4: H2O2 (v, 140 

30%) = 5:5:3, v/v) (Leng et al., 2014) before chemical analysis for the elements of 141 

interest (Section 2.7). Separate extracts for P analysis (Section 2.7) were prepared by 142 

digestion with potassium persulfate at 150
o
C for 4.0 h. 143 

Olsen’s method has been widely used to evaluate the bioavailability of phosphorus 144 

(Olsen et al., 1954). The extraction was conducted in   for all of the biomass samples 145 

and residues from leaching at mildly acidic pH (Section 2.5) by mixing 2.5 g ash with 146 

50 mL 0.5 M of sodium bicarbonate (pH 8.5) and shaking for 30 min before 147 

separation of the extracts for analysis (Section 2.7). 148 

2.3 Biomass ash mineralogy 149 

The crystalline phases present in the biomass ashes and residues after leaching at 150 

mildly acidic pH (Section 2.5) were identified by XRD analysis on an XPERT-PRO 151 

diffractometer with an X-ray source of Cu Kα radiation at 40 KV and 30 mA. A 152 

scanning speed of 4 s per step and step size of 0.05° (2θ) were used in the scanning 153 

range of 5°–70° (2θ). The XRD data were analysed by using Jade software version 6.0 154 

(Materials Data Inc., Livermore, USA).  155 

Fourier transform infrared spectra (FTIR) of the biomass ashes, residues, and 156 

reference materials were obtained on a Thermo-Fischer Scientific Nicolet 670 157 

spectrometer in the wavelength range of 400–4000 cm
-1

.  158 

Thermogravimetric analysis of the biomass ashes, residues, and reference materials 159 

was conducted by heating from room temperature to 1000 
o
C at a rate of 10 

o
C/min 160 

http://www.wardsci.com/
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under nitrogen atmosphere. 161 

2.4 Phosphorus speciation 162 

The speciation of P in the biomass ashes and residues after leaching at mild acidic 163 

pH (Section 2.5) was assessed by comparing their P K-edge X-ray absorption near 164 

edge structure (XANES) spectra with those of the reference materials. P K-edge 165 

measurements were made at the Low Energy X-ray Absorption Spectroscopy (Lexas) 166 

beamline of Louisiana State University’s synchrotron research facility, the J. Bennett 167 

Johnston, Sr. Center for Advanced Microstructures and Devices (CAMD), USA. 168 

Lexas is a windowless beamline, i.e., with only a 13 µm think Katon™ window 169 

separating the ring from the experimental chamber. A University of Bonn-designed 170 

Lemonnier type monochromator with InSb 111 crystals was used in measurements. 171 

The measurements were made in fluorescence by diluting the sample as necessary 172 

with boron nitride to reduce self-absorption (Oxmann, 2014). A Ketek 150 mm
2
 173 

silicon drift detector was used for fluorescence measurements. The white line of 174 

reagent grade aluminum phosphate was used to calibrate the monochromator at 175 

2152.8 eV. The parameters for the measurements were 2050 eV to 2110 eV with 5 eV 176 

steps, 2110 eV to 2142 eV with 0.5 eV steps, 2142 eV to 2160 eV with 0.1 eV steps, 177 

from 2160 to 2180 eV with 0.5 eV steps, and 2180 eV to 2250 eV with 1 eV steps. 178 

The integration time was from 1 to 5 seconds for adequate counting statistics. The 179 

spectra were analyzed with Athena in Demeter (Ravel and Newville, 2005).  180 

2.5 pH-dependent leaching 181 

The acid neutralization capacity (ANC) of the biomass ashes was measured to 182 

examine their pH responses to acid addition, and the consequent changes in the 183 

solubilities of their components of interest. This test involves adding increasing 184 

amounts of nitric acid to a series of 10 or more subsamples of the material under 185 
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investigation (Stegemann and Côté, 1991). A single series of 5.0 g subsamples was 186 

weighed out for each of the biomass ashes and mixed with 30 mL of nitric acid 187 

diluted with deionized water to a concentration from 0 to 3 N (up to 18 meq/g of 188 

biomass ash) HNO3. After 48h of end-over-end mixing at 30 rpm, the samples were 189 

centrifuged, and the pH values and conductivities of all the supernatants were 190 

measured before separation of the leachates for analysis. The solid residues 191 

corresponding to leachates with mild acidic pH (6.2, 5.1, 5.9, 6.5, and 6.8 for MBM1-192 

BA, MBM2-BA, MBM2-APCr, PL1-BA, and PL2-BA, respectively (Table S1) were 193 

also analysed by XRD (Section 2.3) FTIR (Section 2.3), XANES (Section 2.4), and 194 

Olsen’s method (Section 2.2) after drying at 60 
o
C.  195 

2.6 Acid extraction for phosphorus recovery 196 

To further assess acid extractability of P from the biomass ashes, the effects of 197 

contact time (0-48 h), liquid/solid ratio (4-20 mL/g of ash), acid type (HNO3 and 198 

H2SO4), and acid load (6-16 meq H
+
/g ash) were investigated with the volume of the 199 

extraction liquid fixed at 30 mL.  Experiments were conducted in duplicate. P 200 

recovery rate was defined as the percentage of P in the leachate as compared with that 201 

in the original ash. 202 

2.7 Chemical analysis of extracts and leachates 203 

Liquid samples from digestion, extraction, and wastewater treatment were filtered 204 

from the solids through 0.45 µm membrane filters; leachates for metal analysis were 205 

acidified to pH 2 before storage. 206 

P in the filtered liquid samples was determined by colorimetry at 880 nm, by 207 

reaction with ammonium molybdate using ascorbic acid as the reducing agent 208 

(Murphy and Riley, 1962).  209 

Metals, including Al, B, Bi, Ba, Ca, Co, Cr, Cu, Cd, Fe, K, Mg, Li, Mn, Na, Ni, Pb, 210 
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Sr, and Zn, and P in the extracts from total digestion of the biomass ashes and the 211 

ANC test leachates were determined by Inductively Coupled Plasma Optical Emission 212 

Spectroscopy (ICP-OES).  213 

Anions in the ANC leachates, including F
–
, Cl

–
, Br

–
, NO2

–
, NO3

–
, PO4

3–
 and SO4

2–
, 214 

were analysed by a Dionex AQUION Ion Chromatography (IC) before acidification 215 

of the samples. 216 

All chemical analyses were conducted in triplicate with reporting of mean values. 217 

3. Results and discussion 218 

3.1 Biomass ash elemental composition and bioavailability of P 219 

The elemental compositions of the biomass ashes in Table 2 are typical for ashes 220 

from animal residue incineration (Bogush et al., 2018; Oshita et al., 2016; Vassilev et 221 

al., 2012; Zhang et al., 2002). Apart from P, the major elements are Al, Fe, K, Mg, 222 

Mn, and Na, with Ca as the most abundant element comprising 16-32% of the total 223 

ash.  224 

The P concentrations of these ashes range from 8.3-13%, which is comparable to 225 

that of some natural phosphorus rocks [e.g., 30–40% P2O5; 13–17.5% P (Desmidt et 226 

al., 2015; Elouear et al., 2008)]. However, Fig. 2 shows that the contents of 227 

bioavailable P in the ashes are less than 800 mg P/kg ash, corresponding to <0.7% of 228 

the total P.   229 

 The contents of K and, especially, Mg, in the PL ashes are higher than those of 230 

the MBM ashes. Some differences between the compositions of ashes from different 231 

MBM incineration plants can also be observed, e.g., MBM1-BA has higher contents 232 

of Ca and P, and lower contents of K and Na compared to MBM2-BA, showing the 233 

effects of variations in the original MBM materials. Minor elements such as B, Zn, Sr, 234 

Ba, and Cu are in the range of 100-1100 mg/kg, while trace elements such as Bi, Cd, 235 
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Cr, Co, Li, Ni, and Pb are <100 mg/kg. 236 

3.2 Biomass ash mineralogy 237 

Fig. 1(a) shows that the dominant phase identified in the MBM ashes by XRD is 238 

hydroxyapatite (HAP), which is consistent with the high contents of Ca and P.  239 

Hydroxyapatite, with some carbonation, is the principal mineral in bone (e.g., Elliott, 240 

2002), and increases in crystallinity with heating. Both β-tricalcium phosphate [β-241 

Ca3(PO4)2, β-TCP] and HAP were identified by XRD as the major phases in either 242 

dried or calcined bones (Brod et al., 2015; Rajendran et al., 2013). XRD identified 243 

potassium sodium calcium phosphate [KNaCa2(PO4)2] as the main phase in the PL 244 

ashes. This phase is also identified as the major mineral phase after combustion of P 245 

and Ca-bearing biomass at a temperature of 815 
o
C (Kongsomart et al., 2016). The 246 

solubility of apatite varies significantly depending on its content of other anions (e.g., 247 

CO3
2-

, Cl
-
 or F

-
) (Magalhães and Williams, 2007), but Ca5(PO4)3(OH), which has Ksp 248 

= 3.98 × 10
–59

 (Chow, 2001; Delvasto et al., 2006) might be expected to have low 249 

bioavailability, as was observed for the biomass ashes (Section 3.1).  No data about 250 

bioavailability was found for KNaCa2(PO4)2. 251 

A comparison of the Moroccan apatite FTIR spectrum with those of the ashes 252 

[Fig. 1(b)] shows that all are dominated by the ca. 1030 cm
-1

 (anti-symmetric stretch 253 

ϒ3) band, with the ϒ1 (ca. 960 cm
-1

) and symmetric stretch ϒ4 bands (F2 bend 650-254 

525 cm
-1

) also being conspicuous; the resemblance to the reference material is most 255 

obvious for MBM1-BA and MBM2-APCr.  However, all phosphate bands show some 256 

shift, indicating variations in composition, e.g., substitution of CO3
2-

 in the crystal 257 

structure. The CO3
2- 

ion can be found in the channels (A type) of the hexagonal crystal 258 

structure of apatite, or substitutes for the phosphate ion (B type). With B type 259 

carbonate apatite, there is a doublet around 1430 cm
-1 

(Fleet, 2009), as seen in the 260 
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Moroccan apatite. PL1-BA thus seems to contain carbonate apatite whereas the other 261 

ashes showed only hydroxyapatite. The OH
-
 peak at 3420 cm

-1
 in all FTIR spectra is 262 

quite weak, but the derivative thermogravimetric (DTG) curves [Fig. 1(c)] show that 263 

all ashes have mass loss peaks in the region 200 °C to 400 °C. A comparison with 264 

apatite standards used in this study (not shown) and data from the literature suggests 265 

this peak is from the OH in the apatite in the ashes. The DTG curves also have 266 

doublets, which vary in strength depending on the biomass ash, in the region 600°C to 267 

800°C, one of which is likely from the carbonate in the apatite structure, whereas the 268 

other one is calcium carbonate (Peters et al., 2000). 269 

Previous studies have also found hydroxyapatite and KNaCa2(PO4)2 (Bogush et 270 

al., 2018; Coutand et al., 2008; Komiyama et al., 2013; Oshita et al., 2016; Sugiyama 271 

et al., 2016), but also other minerals, e.g., Ca3(PO4)2 in ashes from MBM or animal 272 

manure combustion (Coutand et al., 2008; Sugiyama et al., 2016) and Ca9MgK(PO4)7 273 

in manure ashes (Komiyama et al., 2013; Oshita et al., 2016).  274 

XRD also showed portlandite [Ca(OH)2] in the MBM ashes, which is 275 

corroborated by the 3643 cm
-1

 FTIR band, suggestive of OH
-
 in Ca(OH)2 for all ashes 276 

but PL1-BA.  The single similar carbonate band around 1430 cm
-1

 (ϒ3) in the FTIR 277 

spectra of all ashes except PL1-BA is typical of calcite, corresponding to calcite 278 

(CaCO3) peaks in the XRD patterns except PL ashes. 279 

XRD indicates sulphate to be present as calcium sulphate (CaSO4) in all MBM 280 

ashes (Table 3), and arcanite (K2SO4) in the MBM2 and PL ashes.  The FTIR spectra 281 

of MBM2-BA and PL2-BA are unlike those of the other ashes due to higher amounts 282 

of arcanite, which presents as peaks at 618 cm
-1

, 1100 cm
-1

 and 1197 cm
-1

. Sulfate 283 

breakdown may be responsible for the peak observed in the DTG at 931°C (MBM2-284 

APCr).  285 
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XRD also shows quartz (SiO2) in the PL ashes and MBM1-BA, and abundant 286 

halite (NaCl) in MBM2-APCr and MBM2-BA. 287 

3.3 Phosphorus speciation 288 

Fig. 1(d) shows the phosphorus K-edge XANES spectra of the samples along 289 

with that of the Ward’s Science apatite. The white line position (A) of the latter is 290 

2151.84 eV, while that of the ash samples ranges from 2151.67 eV to 2151.85 eV. The 291 

phosphate white line is from resonance between 1s and higher energy t2* orbitals, 292 

while the peak around 2168 eV is from the P-O bond. The location and intensity of 293 

the C and D maxima depend on the composition and crystallinity of the phosphate 294 

phases (Ingall et al., 2011). These ashes thus have different phosphate compositions. 295 

Linear combination fitting of the spectrum of the MBM1-BA ash shows it to be 296 

principally composed of apatite, but the fit of apatite was not as good for the other 297 

ashes. The inflection of the shoulder at ~2155 eV correlates with the Ca/P ratio of the 298 

structure (Franke and Hormes, 1995); consequently, the PL ashes, which are indicated 299 

by XRD to contain KNaCa2(PO4)2, appear to have a lower Ca/P ratio than the MBM 300 

ashes, in which Ca5(PO4)3(OH) was identified as the main P-bearing mineral. 301 

There are some contradictions when comparing mineralogy results obtained from 302 

different analytical techniques. The variance between mineralogical analyses can be 303 

expected when applying different techniques to very small samples, particularly for 304 

complex materials such as these. Mineral phases identified by XRD were used in the 305 

following discussions unless specified otherwise. 306 

3.4 pH dependent leaching and characterisation of the leached residues 307 

The leachate pH values resulting from the discrete acid loading (on the secondary 308 

ordinate in Figs. 3 and 4) suggest a small, near vertical, plateau corresponding to 309 

neutralisation of the abundant Ca(OH)2 in the MBM ash at pH ~12;  this plateau is 310 
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absent for the PL ashes, which contain little Ca(OH)2 (section 3.2).   311 

A second pH plateau at ~7 may be attributable to several different phenomena. 312 

Dissolution of the small component of calcite in the ashes, which will yield a pH 313 

lower than that of 8.3 expected in equilibrium with the atmosphere since the leaching 314 

tubes are sealed, likely contributes to this plateau. For the MBM ashes, the plateau 315 

also reflects dissolution of Ca5(PO4)3(OH), which has an equilibrium pH of ~7.5 316 

(based on the Ksp noted above). Perhaps most importantly, a phosphate buffer system 317 

will result from dissolution of the apatite, and, especially, KNaCa2(PO4)2.  The second 318 

plateau is more apparent for the PL ashes, which had an acid neutralization capacity 319 

of 9-10 meq H
+
/g to pH 4, whereas it was only 5-6 H

+
 meq/g for the MBM ashes. 320 

There is a third pH plateau, below pH 4. 321 

Fig. 3 shows that sulfate, released at high pH by dissolution of K2SO4, drops in 322 

concentration below pH 8, likely due to precipitation of gypsum (CaSO4·2H2O; Ksp = 323 

2.62 × 10
–5

; Harouaka et al., 2014), as Ca enters solution from calcite and the 324 

phosphate minerals (Fig. 4). Since there is little K2SO4 to dissolve from MBM1-BA, 325 

Ca is not precipitated and its leached concentration is therefore higher than for the 326 

other ashes. 327 

Fig. 3 shows constant concentrations of chloride regardless of pH for each 328 

biomass ash, consistent with the presence of NaCl identified by XRD. Na and K are 329 

also initially released from NaCl and K2SO4, but their concentrations rise slightly as 330 

the pH falls in the MBM ash leachates, and increase dramatically below pH 8 in the 331 

PL ash leachates. P (Fig. 4, and phosphate, Fig. 3) concentrations are seen to be low 332 

above pH ~4, and then increase as the phosphate minerals dissolve with further acid 333 

addition.  Release of Na and K with P from dissolution of the KNaCa2(PO4)2 in the PL 334 

ashes would be expected, but the increases in their concentrations before the 335 
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concentration of P starts to rise suggest that the dissolution of KNaCa2(PO4)2 is 336 

incongruent, with selective loss of K and Na, or that this mineral dissolves and 337 

reprecipitates, e.g., as brushite (CaHPO4·2H2O) (Johnsson and Nancollas, 1992).   338 

Mg, Ba and Sr (Fig. S1) seem to be mainly released in association with the pH~7 339 

plateau. They may substitute for Ca in calcite or phosphate minerals and are released 340 

when those dissolve. Cu and Zn form phosphates of low solubility and are mainly 341 

released below pH 4; the leaching rates of these elements were undetectable or at very 342 

low level at pH 8-12 from MBM1-BA (Fig. S1), because of the relatively low total 343 

contents of minor elements in this ash (Table 2). The concentrations of Fe were almost 344 

undetectable, and those of Al were negligible, in the leachates from the MBM ashes 345 

and PL2-BA. Iron oxides have low solubility, and it is possible that 346 

Fe3(PO4)2·8H2O/FePO4, AlPO4, Pb5(PO4)3(OH)/Pb3(PO4)2, and Zn3(PO4)2, which 347 

have low solubility, may exist in the original ashes or were formed as secondary 348 

precipitates during the test (Deydier et al., 2003; Parhi et al., 2006; Wilfert et al., 349 

2015). 350 

XRD of the residues in Fig. 1(a) from leaching at mildly acidic pH (5.1-6.8; 351 

Section 2.5) shows precipitation of CaHPO4·2H2O [Ksp = 2.57 × 10
–7

; (Chow, 2001)], 352 

which forms under acidic conditions (Johnsson and Nancollas, 1992). Dorozhkin’s 353 

dissolution mechanism for hydroxyapatite (Eqs. 1–3) demonstrates that 354 

Ca5(PO4)3(OH) would produce Ca3(PO4)2 (Ksp = 3.16 × 10
–26 

for α-Ca3(PO4)2 and Ksp 355 

= 1.26 × 10
–29 

for β-Ca3(PO4)2 (Chow, 2001)) at the first stage and then addition of 356 

additional acid would yield metastable CaHPO4, and finally the dissolution of 357 

CaHPO4 (Dorozhkin, 2012; 1997). Brushite solubility can markedly rise with a 358 

decrease in pH from 6 to 3 (Kuz’mina et al., 2013) and at lower pH it dissolves 359 

linearly (Figs. 3 and 4).  360 
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2Ca5(PO4)3(OH) + 2H
+
 → 3Ca3(PO4)2 + Ca

2+
 + 2H2O   (1) 361 

Ca3(PO4)2 + 2H
+
 → 2CaHPO4 + Ca

2+
                             (2) 362 

CaHPO4 + H
+
 → H2PO4

–
+ Ca

2+
                                      (3) 363 

The presence of CaHPO4·2H2O in the residues after leaching at mildly acidic pH 364 

(pH 5.1-6.8) was verified by multiple techniques. Fig. 1(a) shows that it dominates the 365 

XRD patterns of the leached residues, while the peak intensities for Ca5(PO4)3(OH) in 366 

MBM ashes are reduced and KNaCa2(PO4)2 in PL ashes have almost disappeared. The 367 

prominent peak around 1650 cm
-1

 found in the FTIR spectra of all the leached 368 

residues as seen in [Fig. 1 (b)] corresponds to the molecular H2O peak from 369 

CaHPO4·2H2O at 1645.48 cm
-1

. The precipitation of CaHPO4·2H2O is also evident in 370 

the DTG traces for the leached residues of all the ashes as a peak at ~183°C [Fig. 1 371 

(c)], with the amount ranging from 21.6-24.2%. Finally, the P K-edge XANES spectra 372 

[Fig. 1(d)] confirm that different phosphate phases are present in the leached residues 373 

than the original ashes, although fitting to estimate the exact P composition is difficult 374 

as several phosphate phases are present. Although CaHPO4·2H2O (Ksp = 2.57 × 10
–7

) 375 

in the residues is more soluble than Ca5(PO4)3(OH) (Ksp = 3.98 × 10
–59

), the 376 

bioavailable P in the solid residues separated from the mildly acidic leachates 377 

remained low at <1400 mg P/kg ash (Fig. 2). It is noteworthy that CaHPO4·2H2O can 378 

transform back to Ca5(PO4)3(OH) or Ca3(PO4)2 in an alkaline and calcium-rich 379 

environment (Štulajterová and Medvecký, 2008). 380 

During leaching, the water-soluble NaCl, K2SO4, and acid-soluble calcite and 381 

Ca(OH)2 were not found in the leached residues, as shown in Fig. 1(a), but gypsum 382 

(CaSO4·2H2O) and SiO2 remained, as they are acid-insensitive over the pH range 383 

studied. The absence of the 618 cm
-1

 and 1195 cm
-1

 bands in the FTIR spectra of the 384 

leached residues [Fig. 1(b)] indicate the dissolution of the sulfate phases. The 713 cm
-

385 
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1
 carbonate band from calcite is very weak to non-existent in the residues [Fig. 1(b)]. 386 

In the thermogravimetric analysis of the leached residues, all the mass loss occurred 387 

by 600°C, and the absence of a calcite peak [Fig. 1(c)] reflect complete dissolution of 388 

calcite at the lower pH. 389 

To summarize, NaCl and K2SO4 present in ashes dissolved readily with water 390 

leaching. Other chemical components dissolved with decreasing pH or increasing acid 391 

addition. Alkaline CaCO3 and Ca(OH)2 were neutralized at the first plateau and 392 

followed by the dissolution of Ca5(PO4)3(OH) and KNaCa2(PO4)2 to produce 393 

CaHPO4·2H2O at pH~7, which continued to dissolve with releasing of P to the 394 

leachate from pH ~4. Mg, Ba and Sr mainly released in association with the pH~7 395 

plateau while the release of Fe, Al, Zn, and Cu became evident at pH~4. 396 

3.5 Phosphorus recovery from biomass ash 397 

P release in the ANC test can be used to estimate the P recovery potential from 398 

the biomass ashes studied. Phosphorus recovery was found to be linearly dependent 399 

on the leachate pH below pH~4, attaining 40-50% at pH~3, and ~100% P recovery at 400 

pH~1 [Fig. S2(a)]. Determination of the acid consumption per unit of P recovered 401 

[Fig. S2(b)] is essential to assess the economic feasibility of the recovery process, and 402 

ranged from 9-14 meq H
+
/g ash, assuming that the other ashes follow the trend 403 

established to 100% recovery for PL1-BA.  404 

Investigation of the contact time showed that P recovery reached 75-95% of its 405 

highest value within several minutes [Fig. S3(a)], but the pH needed several hours to 406 

reach steady state [Fig. S3(b)]. This implies that P could be recovered promptly before 407 

surplus acid is consumed by the solid ash residue. 408 

Solid/liquid (S/L) ratio also plays a significant role in P recovery; less acid was 409 

consumed per unit of P recovered at lower S/L ratios because of more efficient mixing 410 
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(Fig. S4). For example, results show that 10-20% less acid will be needed at S/L ratio 411 

of 0.05, than at a S/L of 0.1, which is the ratio that has been widely used for P 412 

dissolution from biomass ashes (Oshita et al., 2016; Sugiyama et al., 2016). 413 

Unfortunately, a lower S/L ratio also produces a larger amount of leachate with a 414 

lower P concentration, which could make the recycling of P and the subsequent 415 

wastewater treatment much more difficult.  416 

HNO3 and H2SO4 were therefore applied at S/L 0.1, with a contact time of 2h, to 417 

assess the influence of the acid type on P recovery and acid consumption. H2SO4 418 

seems to be more efficient for P leaching from these biomass ashes compared with 419 

HNO3 particularly at lower acid load (Fig. 5). During the H2SO4 process, the 420 

precipitation of gypsum promotes the dissolution of apatite, and facilitates the 421 

separation of the product. By comparison, separation of dissolved Ca(NO3)2 formed 422 

during HNO3 leaching is difficult. At H2SO4 load of 14 meq H
+
/g ash, the acid 423 

consumption is in the range of 3.2-5.3 mol H
+
/mol P (Fig. 5), which is comparable 424 

with those reported in previous studies when animal manures or their derivatives (e.g., 425 

ashes) (Table 1) or sewage sludge ashes (Petzet et al., 2012) were used for P recovery. 426 

Meanwhile, P recovery of ~90% or higher was achieved at this acid load. 427 

3.6 Economic considerations 428 

In the phosphorus industry, phosphoric acid is the basic starting raw material for 429 

production, which is normally produced from phosphate rock. The wet process is the 430 

most commonly used phosphoric acid production process, in which H2SO4 dissolves 431 

Ca5(PO4)3(F, Cl, OH),  followed with purification and condensation to produce 432 

phosphoric acid (H3PO4) and byproduct phosphogypsum (Tayibi et al., 2009). 433 

Ca5(PO4)3F is the dominant component of natural phosphate rock and its dissolution 434 

mechanisms during wet-process phosphoric acid production can be described by Eqs. 435 
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4-7 (Dorozhkin, 1996), which are similar to those for Ca5(PO4)3(OH) (Eqs. 1-3). The 436 

overall reaction can be described by Eq. 8 (Wu et al., 2018). 437 

2Ca5(PO4)3(F, OH) + 2H
+
 → 3Ca3(PO4)2 + Ca

2+
 + 2HF, H2O           (4) 438 

Ca3(PO4)2 + 2H
+
 → 2CaHPO4 + Ca

2+
                             (5) 439 

CaHPO4 + H
+
 → H2PO4

–
 + Ca

2+
                                      (6) 440 

H2PO4
–
 + H

+
→ H3PO4                                                     (7) 441 

Ca10(PO4)6(F, OH)2 + 10H2SO4 +nH2O → 10CaSO4·nH2O + 6H3PO4 + 2HF, H2O   (8) 442 

The theoretical acid consumption for the wet-process phosphoric acid production 443 

is 3.3 mol H
+
/mol P or 1.67 mol H2SO4/mol H3PO4. If the final product is H2PO4

–
, the 444 

consumption drops to 2.3 mol H
+
/mol P, which is the lowest acid addition needed to 445 

dissolve all P into the aqueous phase.  However, the processes described by Eqs. 6 and 446 

7 proceed at the same time; thus, the lowest theoretical acid consumption for P 447 

dissolution from Ca5(PO4)3(F, OH) would be 2.3-3.3 mol H
+
/mol P. Considering the 448 

presence of minerals such as CaCO3, MgCO3, CaO, and MgO in natural phosphate 449 

rock, the consumption would be >2.3-3.3 mol H
+
/mol P depending on the content of 450 

acid-consuming components, which is comparable to that of dissolution of MBM 451 

ashes (3.2-4.2 mol H
+
/mol P). Furthermore, the dissolution of MBM ashes (composed 452 

of Ca5(PO4)3(OH)) would not be complicated by the presence of fluorine, which is 453 

abundant in phosphate rock. Therefore, P recovery from MBM ashes by direct acid 454 

dissolution seems very promising and worth further investigation. 455 

 456 

4. Conclusions 457 

Hydroxyapatite [Ca5(PO4)3(OH)] and potassium sodium calcium phosphate 458 

[KNaCa2(PO4)2] seem to be the main mineral phases in the MBM and PL ashes, 459 

respectively, with low bioavailability of P.  Phosphate leaching is pH dependent and 460 
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significant recovery was experienced at pH <4. Major heavy metals such as Cu and 461 

Zn demonstrated similar leaching behavior as P.  A substantial proportion of the P 462 

remaining in the solid residues after acid leaching was transformed to brushite, but its 463 

bioavailability increased only slightly. 464 

It appears that secondary P, for industrial production of fertilizer or other chemicals, 465 

could be recovered from MBM and PL ashes by acid dissolution (particularly by 466 

H2SO4), with acid consumption as low as 3.2-5.3 mol H
+
/mol P and up to 90% P 467 

recovery. Particularly, the consumption when recovering P from MBM (3.2-4.2 mol 468 

H
+
/mol P) is close to that required for P recovery from natural phosphate rock. 469 

 470 
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 738 

Figure captions 739 

 740 

Fig. 1 X-ray powder diffraction (XRD) (a), Fourier transform infrared spectra (FTIR, 741 

normalised) (b), Thermogravimetric (TG/DTG) (c), and P K-edge X-ray 742 

absorption near edge structure (XANES, normalised) (d) analyses of meat and 743 

bone meal (MBM) bottom ashes (BA) and air pollution control residue (APCr), 744 

and poultry litter co-combustion (PL) bottom ash and residues from leaching of 745 

the same residues at pH 5.1-6.8. The reference materials Morrocan apatite 746 

(carbonate apatite), brushite, and apatite (hydroxyapatite) were all analyzed by 747 

FTIR, TG/DTG, and XANES, but only the references most relevant to each 748 

figure were presented; XRD references were from the XRD pattern database 749 

(International Centre for Diffraction Data, ICDD). 750 

Fig. 2 Concentration of available P in meat and bone meal (MBM) bottom ashes (BA) 751 

and air pollution control residue (APCr), and poultry litter co-combustion (PL) 752 

bottom ash and residues from leaching of the same residues at pH 5.1-6.8. Error 753 

bars represent standard deviation of three replicates. 754 

Fig. 3 Anion leaching from meat and bone meal (MBM) bottom ashes (BA) and air 755 

pollution control residue (APCr), and poultry litter co-combustion (PL) bottom 756 

ash in the Acid Neutralization Capacity test (circled points are those for which 757 

the leached residue was characterised). 758 

Fig. 4 Major element leaching from meat and bone meal (MBM) bottom ashes (BA) 759 

and air pollution control residue (APCr), and poultry litter co-combustion (PL) 760 

bottom ash in the Acid Neutralization Capacity test (circled points are those for 761 

which the leached residue was characterised). 762 
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Fig. 5 P recovery (average of duplicates) from meat and bone meal (MBM) bottom 763 

ashes (BA) and air pollution control residue (APCr), and poultry litter co-764 

combustion (PL) bottom ash using H2SO4 and HNO3, (a) Acid consumption 765 

comparison between H2SO4 and HNO3; (b) P recovery percentage using H2SO4. 766 

Leaching time 2 h; Solid/liquid ratio 0.1. 767 



Table 1 Acid demand for P recovery 

Item Original 

TP  

(g kg
-1

) 

TP 

recovery 

rate (%) 

Acid demand 

(mol H
+
/ 

mol P) 

Method and optimal 

conditions 

Comments Ref. 

Swine 

manure 

~16 94% 

leached to 

solution 

3.78 Hydrothermal acid 

leaching (S/L: 24 g/220 

mL): 170 ℃, 0.1 M 

H2SO4 (pH → 3.5) 

Additional 

thermal 

consumption. 

(Ekpo et al., 

2016) 

Composited 

chicken 

manure 

- - 9.10 Acid leaching (S/L: 1 

g/100 mL): 0.1 M 

HNO3 

Too much 

wastewater. 

(Sugiyama 

et al., 2016) 

Fresh pig 

manure 

4.2 87% 

leached to 

solution 

6.36 Acid leaching (S/L: 2 

g/50 mL): 10 mM citric 

(pH 6.9 → 3.2) 

Extracted 

residues are 

safer for land 

application 

with a more 

balanced N: 

P ratio. Too 

much 

wastewater. 

(Szögi et 

al., 2015) 

 4.0 88% 

leached to 

solution 

8.81 Acid leaching (S/L: 2 

g/50 mL): 40 mM HCl 

(pH 7.0 → 1.8) 

 

Poultry 

manure 

hydrochar  

32.9 89.7% 

leached to 

solution 

92.2 Acid leaching (S/L: 10 

g/220 mL): 4 M HCl 

High acid 

load. Too 

much 

wastewater. 

(Heilmann 

et al., 

2014)  

Swine 

manure 

hydrochar 

39.1 89.3% 

leached to 

solution 

78.1 

Cow 

manure 

hydrochar 

18.6 98.4% 

leached to 

solution 

149.1 

Pig manure 

pyrolysis 

char 

41.2-54.6 ~ 90% 

leached to 

solution 

126.2-167.2 Acid leaching (S/L: 2 

g/1000 mL): 0.2 M 

H2SO4 

High acid 

load. Too 

much 

wastewater. 

(Azuara et 

al., 2013) 

Gasified 

piggery 

waste ash 

- 94% 

leached to 

solution 

6.61 Acid leaching: (S/L: 1 

g/12.5 mL): 0.8 M 

H2SO4 

Higher 

H2SO4 

concentration 

did not 

improve P 

dissolution. 

(Kuligowski 

and 

Poulsen, 

2010)  

Animal 

carcasses 

incineration 

ash 

138.4 57% 

leached to 

solution 

3.10 Acid leaching: H2SO4 

(pH 2.0) 

Feasible 

practice 

(Cohen, 

2009)  

 73% 

leached to 

solution 

3.29 Acid leaching: H2SO4 

(pH 1.5) 

MBM 

ashes/PL 

ashes 

84.6-139 About 90% 

leached to 

solution 

3.1-5.3 Acid leaching: H2SO4 

or HNO3 (S/L: 1 g/10 

mL, pH around 1.0-1.5) 

Feasible 

practice 

This study 
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Table 2 Elemental analyses of UK biomass bottom ashes (BA) and air pollution 

control residue (APCr) determined by digestion and ICP-OES, including also total P 

by colorimetry (*) 

ND indicates not detected

Element MBM1-BA MBM2-BA MBM2-APCr PL1-BA PL2-BA 

Major element (mg/g) 

Al 3.70 1.78 1.58 6.07 3.58 

Ca 316 245 246 175 161 

Fe 15.3 4.04 2.51 7.34 5.99 

K 7.97 50.9 27.0 88.5 119 

Mg 7.66 7.23 6.13 37.0 45.2 

Mn 0.23 0.18 0.08 3.14 4.09 

Na 22.5 88.0 72.7 18.3 21.7 

P 131 95.4 97.9 82.8 109 

TP
*
 139 96.3 98.8 84.6 111 

Minor element (mg/kg) 

B 113 37.6 23.0 146.8 186 

Ba 156 99.0 92.0 228 156 

Bi 1.4 0.4 1.2 ND
 

ND 

Cd ND ND ND ND ND 

Cr 16.7 34.4 26.2 48.8 35.2 

Co 10.5 8.6 0.9 6.5 16.1 

Cu 183 141 67.8 806 640 

Li ND ND ND 1.4 ND 

Ni 6.6 7.4 5.5 35.1 22.4 

Pb 4.7 41.2 22.8 48.8 2.7 

Sr 191 125 130 198 211 

Zn 157 830 529 1110 760 



Table 3 Mineral phases identified in meat and bone meal (MBM) bottom ashes (BA) and air pollution control residue (APCr), and poultry litter 

co-combustion (PL) bottom ash and residues from leaching of the same residues at pH 5.1-6.8 

Sample Mineral phases 

Hydroxyapatite, 

Ca5(PO4)3(OH) 

Arcanite, 

K2SO4 

Brushite, 

CaHPO4·2H2O 

Calcite, 

CaCO3 

Calcium 

Sulfate, 

CaSO4 

Gypsum,  

CaSO4·2H2O 

Halite, 

NaCl 

Portlandite, 

Ca(OH)2 

Potassium 

sodium calcium 

phosphate, 

KNaCa2(PO4)2 

Quartz, 

SiO2 

MBM1-BA +   + +   +  + 

MBM1-BA 

residue (pH 6.2) 

+  +   +    + 

MBM2-BA + +  + +  + +  + 

MBM2-BA 

residue (pH 5.1) 

+  +   +    + 

MBM2-APCr + +  + +  + +   

MBM2-APCr 

residue (pH 5.9) 

+  +   +     

PL1-BA  +   +    + + 

PL1-BA residue 

(pH 6.5) 

  +   +    + 

PL2-BA  +   +    + + 

PL2-BA residue 

(pH 6.8) 

  +   +    + 

 



  

 

Fig. 1 X-ray powder diffraction (XRD) (a), Fourier transform infrared spectra (FTIR, 

normalised) (b), Thermogravimetric (TG/DTG) (c), and P K-edge X-ray absorption near edge 

structure (XANES, normalised) (d) analyses of meat and bone meal (MBM) bottom ashes 

(BA) and air pollution control residue (APCr), and poultry litter co-combustion (PL) bottom 

ash and residues from leaching of the same residues at pH 5.1-6.8. The reference materials 

Morrocan apatite (carbonate apatite), brushite, and apatite (hydroxyapatite) were all analyzed 

by FTIR, TG/DTG, and XANES, but only the references most relevant to each figure were 

presented; XRD references were from the XRD pattern database (International Centre for 

Diffraction Data, ICDD). 

(a) (b) 

(c) (d) 

 

Figure
Click here to download Figure: Leng et al 2018-biomass ashes & P recovery (revised)-Figs.docx

http://ees.elsevier.com/stoten/download.aspx?id=2498969&guid=8d5a0e67-3442-45ab-ad19-46d9b9929ec1&scheme=1


 

Fig. 2 Concentration of available P in meat and bone meal (MBM) bottom ashes (BA) and air 

pollution control residue (APCr), and poultry litter co-combustion (PL) bottom ash and 

residues from leaching of the same residues at pH 5.1-6.8. Error bars represent the standard 

deviation of three replicates. 

  

MBM1-BA MBM2-BA MBM2-APCr PL1-BA PL2-BA

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

pH 6.8

pH 6.5

pH 5.9

pH 5.1

C
o

n
c
e
n

tr
a
ti

o
n

 o
f 

a
v

a
il

a
b

le
 P

 (
g

/k
g

)

Biomass ash

 Biomass ash

 Residue obtained at the pH labelled in the bar

pH 6.2



  

  

 

Fig. 3 Anion leaching from meat and bone meal (MBM) bottom ashes (BA) and air pollution 

control residue (APCr), and poultry litter co-combustion (PL) bottom ash in the Acid 

Neutralization Capacity test (circled points are those for which the leached residue was 

characterised).  
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Fig. 4 Major element leaching from meat and bone meal (MBM) bottom ashes (BA) and air 

pollution control residue (APCr), and poultry litter co-combustion (PL) bottom ash in the 

Acid Neutralization Capacity test (circled points are those for which the leached residue was 

characterised). 
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Fig. 5 P recovery (average of duplicates) from meat and bone meal (MBM) bottom ashes (BA) 

and air pollution control residue (APCr), and poultry litter co-combustion (PL) bottom ash 

using H2SO4 and HNO3, (a) Acid consumption comparison between H2SO4 and HNO3; (b) P 

recovery percentage using H2SO4. Leaching time 2 h; Solid/liquid ratio 0.1.  
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