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Abstract: MBM ash was characterised and used for phosphate wastewater treatment and
phosphorus recovery. The MBM-BA with size >250 ym accounted for ~80% and
distributed evenly in the >1000, 500-1000, and 250-500 um fractions, while MBM-
APCr distributed evenly among the 250-500, 125-250, and <125 pm fractions. The P
content in MBMA ranged 7.9-15.6% depending on particle size, and P content in
MBM-BA (14.33%) was higher than MBM-APCr (9.28%). P in both MBM-BA and MBM-
APCr was mainly HAP as analysed by XRD. Decreased HAP and increased Ca(OH)2
were observed with decreasing particle size of MBM-BA. NaCl and Na2S04-3K2S04
were found with high content in the MBM-APCr, and increased as decreasing size. Ash
type, pH, and particle size had significant effects on phosphate removal from synthetic
wastewater. Phosphate removal capacities of 13.5-279 and 13.5-36.6 mg PO43-/g
ash were obtained using MBM-BA and MBM-APCr, respectively. Phosphate removal
capacities were particle size-dependent; the smaller the size, the higher the capacity:
those for MBM-BA of size >1000 pm and <63 pym were 13.5 and 279 mg/g,
respectively. Equilibrium pH >8 was favourable to P removal. Based on the
compositions of the solid phases, extracts before and after treatment, and Ca/P ratio
1.22-1.73, the phosphate removal mechanisms were dominated by HAP
crystallisation/precipitation. Using MBM-BA for wastewater treatment increased its P
content to 16.30%. Depending on particle size, the acid consumption for P recovery of
84% from MBM-BA was 2.6-3.0 mM H+/mM P. Strategies for management and
utilisation of MBMA according to these findings were proposed.
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Abstract: Meat and bone meal (MBM) ash was characterised and used for phosphate
wastewater treatment and phosphorus recovery. The bottom ash (MBM-BA) with size
>250 um accounted for ~80% and distributed evenly in the >1000 um, 500-1000 pum,
and 250-500 pum fractions, while air pollution control residue (MBM-APCr) distributed
evenly among the 250-500 um, 125-250 um, and <125 um fractions. The P content in
ash ranged 7.9-15.6% depending on particle size, and P content in MBM-BA (14.33%)
was higher than MBM-APCr (9.28%). P in both MBM-BA and MBM-APCr was mainly
hydroxyapatite (HAP) as analysed by X-ray powder diffraction (XRD). Decreased HAP
and increased Ca(OH). were observed with decreasing particle size of MBM-BA. NaCl
and Na>SO4-3K2SO4 were found with high content in the MBM-APCr, and increased as
decreasing size. Ash type, pH, and particle size had significant effects on phosphate
removal from synthetic wastewater. Phosphate removal capacities of 13.5-279 and
13.5-36.6 mg PO4%/g ash were obtained using MBM-BA and MBM-APCr,
respectively. Phosphate removal capacities were particle size-dependent; the smaller the
size, the higher the capacity: those for MBM-BA of size >1000 pm and <63 um were
13.5 and 279 mg/g, respectively. Equilibrium pH >8 was favourable to P removal.
Based on the compositions of the solid phases, extracts before and after treatment, and
Ca/P ratio 1.22-1.73, the phosphate removal mechanisms were dominated by HAP
crystallisation/precipitation. Using MBM-BA for wastewater treatment increased its P
content to 16.30%. Depending on particle size, the acid consumption for P recovery of
84% from MBM-BA was 2.6-3.0 mM H*/mM P. Strategies for management and

utilisation of MBMA according to these findings were proposed.
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1. Introduction

Meat and bone meal (MBM), a by-product from rendering that represents about 30%
of the live weight of an animal, has a high phosphorus (P) content. It was historically
used as a raw material for animal feed production before the outbreak of bovine
spongiform encephalopathy (BSE, so-called “mad cow disease”) in the 1980-90s,
mainly in the UK with a smaller number of cases globally (Arvanitoyannis and Ladas,
2008). Since then, the use of MBM in animal feed production has been totally or
partially restricted by regulation European Commission (EC) No. 1774/2002 and its
amendment No. 808/2003 (Cascarosa et al., 2012). Thus, a large amount of MBM s
now generally disposed of by incineration, co-incineration, or other thermochemical
treatment methods, such as gasification, to produce energy or heat and remove BSE
transmission risks (Cascarosa et al., 2012; Leng et al., 2018b). However, the increasing
application of MBM incineration is resulting in mounting quantities of MBM ash
(MBMA), including bottom ash (BA) and air pollution control residue (APCr) with a
production ratio around 6:1, which is landfilled, although it has a valuable phosphorus
content of up to ~15% (Coutand et al., 2008; Deydier et al., 2005). In Europe, 1 Mt/y
MBM would produce ~350 kt/y of MBMA (~35% of MBM), containing >50 kt of P, if
it was all used for energy production (EFPRA, 2019).

Phosphorus is an essential plant nutrient to maintain agricultural yields and is an
essential element for all lifeforms. Global reserves are depleting due to the widespread
global use of P in fertilisers over the past century (Mazloomi et al., 2019; Yousefi et al.,
2019). A static lifetime of P reserve of ~350 years was estimated in 2010, assuming no
increase in P demand (IFDC, 2010). Given that P demand is increasing, and phosphate
rock reserves are limited to particular geographic regions (Morocco and Moroccan

occupied Western Sahara, China, and the US (Cordell, 2010; Elser and Bennett, 2011)),



regions such as Europe, where there is almost no phosphate rock reserve, are under
pressure to “mine” P from P-bearing wastes (Cordell et al., 2009; Mayer et al., 2016;
Sattari et al., 2012; Tilman et al., 2001; Tilman and Lehman, 1987). The EC has added
phosphate rock to the list of the “20 Critical Raw Materials” in 2014 for which supply
security is at risk, and economic importance is high (“Anonymous Critical Raw
Materials,” 2014). Meanwhile, regulations and policies are being proposed in countries
such as Switzerland, Germany, and Australia for the obligatory recovery of P from
sewage sludge and slaughterhouse waste such as MBM (Hukari et al., 2016;
Wisniowska et al., 2019).

Furthermore, most of the P mined worldwide to date has been dispersed in the
hydrosphere and pedosphere (Cordell et al., 2009; Elser and Bennett, 2011; MacDonald
et al., 2011). The discharge of P and other nutrients such as nitrogen in the hydrosphere
has caused a global problem—eutrophication of numerous lakes and rivers and coastal
waters (Chen et al.,, 2015; Conley et al.,, 2009; Leng et al., 2018c). Municipal
wastewater with low P concentrations (~10 mg/L) but large volumes (5 x 10'° m®y in
Europe, based on a nominal per capita production of 0.200 m®d) is one of the major
sources, and industrial wastewaters, such as abattoir wastewater (P up to ~200 mg/L;
European generation of ~6 x 10 m®y, based on a conservative nominal assumption of
0.05 m®/chicken and 1 m%/other animal (Mittal, 2004; Pol Marquer et al., 2019)), and
phosphate industry wastewater with low pH and high P concentrations (e.g., pH of ~2.8
and P concentration of ~100 mg/L (Grzmil and Wronkowski, 2006)) also make
considerable contributions to eutrophication. Therefore, the removal and recovery of P
from wastewater discharge systems is essential to prevent eutrophication and protect
ecosystems (Li et al., 2015).

Removal of P from wastewater using biomass and its ash (Hermassi et al., 2017; Leng

et al., 2019b; Niu et al., 2016; Rashidi and Yusup, 2016), biochar (Li et al., 2017; Liang



et al., 2014; Shepherd et al., 2017), or other materials (Ali and Gupta, 2006; Blanco et
al., 2016; van Loosdrecht and Brdjanovic, 2014) can be an efficient and cost-effective
wastewater treatment technology. Interestingly, P-bearing materials such as animal
bones and their chars (Jang and Kang, 2002; Leng et al., 2019b; N. Vassilev et al., 2013)
and phosphate rock (Molle et al., 2005a; Troesch et al., 2016) have also been tested as
reagents for P removal, whereby apatite in these materials act as seed crystals for
phosphate precipitation by the formation of hydroxyapatite [HAP, Cas(PO4)3(OH)].
MBMA has a similar composition to these materials, with HAP and tricalcium
phosphate being the dominant minerals, and is thus also a candidate seed material for
effective P removal from wastewater (Coutand et al., 2008; Deydier et al., 2005; Leng et
al., 2019b). The differences in calcium sources have a considerable impact on P removal
from wastewater by precipitation/crystallization (Leng et al., 2019b). The varied
composition for MBMA with different sources and sizes could have a significant effect
on P removal potential. However, previous research has overlooked the importance of
ash particle size in P removal from wastewater and P recovery by acid dissolution.

In the present study, the varied composition of MBMA with different sizes was
analysed first. Then the effects of MBMA particle size, contact time, and pH on
phosphate removal from wastewater were examined. The P removal mechanisms were
studied to enable process design and optimisation. Moreover, the use of acid dissolution
to enhance P recovery from MBMA was assessed. Finally, strategies for management
and utilisation of MBMA were proposed. This study aims to make contributions to the
characterisation, application, and management of MBMA.

2. Materials and methods
2.1 Characterisation
MBM-BA and MBM-APCr, with a weight ratio of approximately 6:1, were the

bottom ash and air pollution control residue, respectively, collected from a UK



industrial power plant with MBM as the mono-energy source. The plant uses moving
grate incinerators with a combustion temperature of 850 °C, dry discharge of bottom ash,
and dry scrubbing of the flue gas. The ashes were collected without treatment, and
MBM-BA was sieved into six particle size fractions: >1000 pm, 500-1000 um, 250—
500 um, 125-250 um, 63-125 um, and <63 um, while MBM-APCr was sieved into four
fractions (no particle was >500 um): 250-500 um, 125-250 um, 63-125 um, and <63
um. The mass of each fraction was determined in triplicate. The specific gravities of the
MBMA fractions were measured five times using a Micromeritics AccuPyn 1330
helium pycnometer. The different particle size fractions were ground to <63 pum for use
in the analyses and experiments unless specified.

The total P content in each particle size fraction was analysed colourimetrically (at
880 nm) by reacting with ammonium molybdate using ascorbic acid as the reducing
agent (Murphy and Riley, 1962) after acid digestion using potassium persulfate at 150
°C for 4.0 h, and filtration. The different particle size fractions were subjected to total
digestion using HNO3s: HCIO4: H202 (v, 30%) = 5:5:3, v/v) (Leng et al., 2018a, 2020)
before chemical analysis for Ca, Na, K, Mg, Al, Fe, Zn, Cr, Mn, Cu, Ni, and Pb by
inductively coupled plasma optical emission spectroscopy (ICP-OES). The digestion
procedure and analysis were repeated three times.

X-ray powder diffraction (XRD) (Bruker D8 advance, Germany) was applied to
analyse the crystalline composition of the MBMA before and after its use in wastewater
treatment, over the scanning range of 5°~70° (26). The X-ray source of Cu K, radiation
(60 KV and 80 mA) and a scanning speed of 4 sec/step (step size of 0.05°) were used.
Jade software version 6.5 (Materials Data Inc., Livermore, USA) was used for the XRD
data analysis.

Fourier transform infrared spectroscopy (FTIR), using a Thermo-Fischer Scientific

Nicolet 670 spectrometer with a wavelength range of 400-4000 cm, was also applied



to the MBMA before and after its use in wastewater treatment.

2.2 Phosphorus removal from wastewater by meat and bone meal ash

Synthetic P-containing wastewater with a PO4>~ concentration of 300 mg/L (3.16
mM/L) was prepared by dissolving anhydrous analytical grade KoHPO4 in milli-Q water.
Experiments to use MBMA to remove P from this wastewater were conducted at an
MBMA/wastewater ratio of 40 mg/40 mL (1 g/L), room temperature (~20 °C), and end-
over-end tumble speed of 30 rpm. Preliminary experiments examined the effect of
contact times from 0-120 min on P removal by MBM-BA and MBM-APCr without acid
addition. A contact time of 60 min was then used in subsequent experiments with
MBM-BA, which used HNOs to adjust the pH of the synthetic P-containing wastewater
with acid loads of 0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, 12.0, and 15.0 mM H*/g
ash to study the effect of pH on P removal. After the P removal process, the mixtures
were maintained in the tumble rotator to allow for natural sedimentation (all showed
good settleability), and then the mixtures were centrifuged at 4000 rpm for 5 min to
achieve the complete phase separation.

Phosphate concentrations were analysed colourimetrically in extracts from filtering
the resulting slurries through 0.45 um membrane paper. Eg. 1 was then used to calculate
the PO4* uptakes of the ashes (e, mg g™):

Qe =V * (Co—Ce)/m Q)
where C, and Ce are the initial and equilibrium (i.e., at the end of the experiment) POs*
concentrations (mg L), respectively; V and m is the volume of the synthetic
wastewater (mL) and the mass of the MBMA (mg), respectively.

Control experiments examined whether there was any leaching of P from the MBM-
BA in the absence of the phosphate. Phosphate-free milli-Q water (instead of
wastewater) was mixed with MBM-BA, using acid doses of 0.0, 12.0, and 16.0 mM

HNOs/g for all the MBM-BA fractions; and 0.5, for fraction >1000 pum only; 1.0, for



fraction 500-1000 um; 2.0, for whole sample and fraction 250-500 um; 3.0, for fraction
125-250 um; 5.0, for fraction 63-125 um, and 6.0 mM HNOs3/g, for fraction <63 um.
With the same acid dose, the validation experiments were conducted to assess the
phosphate removal capacities of each ash fraction when it was used without grinding
into particle size <63 um.

To study the P removal mechanisms, cation (Li*, Na*, K*, Mg?*, Ca®*, and NHs")
concentrations in the wastewater following its treatment using MBM-BA at different
pHs (acid doses) and control experiments with MBMA without P were analysed by a
Dionex AQUION ion chromatograph (IC). The equilibrium pH values at the end of the
P removal experiments were also recorded.

2.3 Phosphorus recovery

Acid dissolution with acid doses of 12 and 16 mM H*/g ash (6 and 8 mM H2SOu4/g
ash) at a solid/liquid ratio of 0.1 g/10 mL (1/100) was used to recover P from the MBM-
BA before and after its use for P removal from the synthetic wastewater.

The experiments in Sections 2.2 and 2.3 were triplicated.

3. Results and discussions

3.1 Characterisation of meat and bone meal ash

The particle size distributions of the MBM-BA and MBM-APCr are shown in Table
1. The fraction >250 pum accounted for about 80% of the MBM-BA, but only 33.0% of
the MBM-APCr. The larger-size particles of MBM-BA had higher densities and were
distributed almost evenly in the >1000 um, 500-1000 um, and 250-500 um fractions,
while the smaller-size particles of MBM-APCr had lower densities and were mainly
distributed among the 250-500 um, 125-250 pum, and <125 um fractions. These
observations are consistent with MBM-BA being the heavy non-combustible minerals,
rich in lithophilic elements, remaining behind on the grate after combustion; MBM-

APCr is mainly fly ash, smaller lighter particles that were entrained in the stack gas and



captured in the air pollution control system together with relative light reaction products
from acid gas (Cl, S) removal.

The elemental compositions of the MBMA fractions indicate that P and Ca are the
dominant elements (Table 1). The total P content of MBMA (for both MBM-BA and
MBM-APCr) varies depending on the particle size. The larger the size, the higher the P
content (Table 1). A P content as high as ~15% was observed for particles with a size
larger than 250 um; the P content for MBM-BA of size <63 um was 7.90% while that
for MBM-APCTr of the same size was only 3.87% (Table 1). P contents of 14.33% (P.Os
32.82%) and 9.28% (P20s 21.25%) were observed for the whole, unfractionated, MBM-
BA and MBM-APCTr, respectively, which are in the same order of magnitude as those of
natural phosphate rocks [4, 36]. The higher P content in larger-size particles is because
they were dominated by bone residues, whereas the smaller-size particles were
dominated by meat residues and reagents such as Ca(OH)./CaO.

The Ca concentration of MBM-BA is around 35%, with the Ca/P molar ratio
increasing from 1.72 for the largest particle size fraction (>1000 um) to 3.61 for the
smallest (<63 pum). The Ca/P molar ratio of MBM-APCr was around 1.7 for all the
fractions, with the Ca concentration decreasing with particle size (along with P), from
32% in the largest fraction to 9% in the smallest. The comparison of the Ca/P molar
ratio in MBMA to that of the commonly seen calcium phosphates (Table 2) suggests the
possible presence of HAP and other calcium salts (Chow, 2001). HAP is the primary
constituent of bone, which is a main component of MBM. HAP, which has a
dehydroxylation temperature of about 900 °C in the air (Tdnsuaadu et al., 2012), is
unlikely to be substantially decomposed at power plants with a peak combustion
temperature of ~850 °C. Some decomposition may occur in localised hotspots on the
grate, but was not indicated by the mineralogical analysis.

HAP was confirmed by XRD, with the amount decreasing with particle size as was



observed for P (Fig. 1). HAP and other apatites have also been identified as the major P
component in MBMA by previous researchers (Bogush et al., 2018; Coutand et al.,
2008), which is consistent with its origin from the bone (Rey et al., 2009). P, in the form
of HAP in MBMA, is relatively insoluble under alkaline, neutral, and mildly acidic
conditions (Leng et al., 2019a).

Other phases identified in MBM-BA include calcite (CaCO3), portlandite
(Ca(OH).), calcium sulphate (CaSQa), and quartz (SiO2). High contents of halite (NaCl)
and aphthitalite [KsNa(SOa4)2/Na2SO4-3K2S04] were identified in MBM-APCr, in
addition to CaCOs and SiO> (Fig. 1b). Cl and S species were volatilized during MBM
combustion and enriched in the MBM-APCr by reprecipitation in the air pollution
control system(S. V. Vassilev et al., 2013a, 2013b).

There is no clear trend in the distribution of Mg, Al, Fe, Cr, Cu or Ni, but Na, K,
Zn, and Pb are noticeably enriched in MBM-APCr compared with MBM-BA, reflecting
the high volatilities of these elements (Table 1). The concentrations of soluble salts,
such as NaCl (Bogush et al., 2018), and toxic elements, such as Zn and Pb in MBM-
APCr, should be considered in making decisions about its treatment and utilisation.
Interestingly, although Na, K, and Mg are also present in MBM-BA at relatively high
concentrations, the XRD analysis did not identify any associated crystalline phases;
previous works suggest that they may be found as KNaCaz(POa4)2/MgCaz(PO4).2 (Leng
et al., 2019a). Also, disodium tricalcium silicate (Na2CasSizO10) was previously
identified in MBM-BA (Bogush et al., 2018). Low solubilities of Na, K, and Mg were
observed during water leaching of MBM-BA (Leng et al., 2019a).

3.2 P removal from wastewater by meat and bone meal ash
3.2.1 Effect of contact of time
As seen in Fig. 2a, P removal by MBM-BA from the synthetic phosphate wastewater

increased logarithmically with the contact time until equilibrium was obtained within
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about 30-45 min, which is an equilibration time close to those obtained in previous
studies with similar reagents for P removal from wastewaters (Jang and Kang, 2002; N.
Vassilev et al., 2013; Yang et al., 2016). The fast removal process indicates that the
primary removal mechanism might be chemical precipitation (Lu et al., 2009).
Decreasing the particle size of MBM-BA from >1000 um to <63 um resulted in a
significant P removal increase from 13.5 to 279 mg PO4>/g ash (Fig. 2a and Table 3). A
similar equilibration time was observed for MBM-APCr (Fig. 2b). And smaller particles
also removed more phosphate than larger ones. The highest P removal capacity obtained
with MBM-APCr was 36.7 mg PO4>7/g ash for the size fraction <63 um, whereas 250
500 pm MBM-APCr particles only removed ~13 mg PO4*/gash (Fig. 2b). Thus, the P
uptakes of MBM-APCTr particles were significantly lower than those of MBM-BA with
the same size range (Figs. 2a and b). Previous studies have also reported P removal
capacities ranging from lower than 10 to more than 62.3 mg POs*/g using similar P
removal materials (Table 4). Our previous study reported a P removal capacity of 115
mg PO4*/g (Leng et al., 2019b), which is higher than the whole sample of MBM-BA
(52.9 mg PO+>/g ash, Table 3). This is because a different source of MBM-BA was
used, and the effect of particle size was not considered; plus, the random sampling of
MBM-BA with a small sample size resulted in sampling more smaller-size particles in
that study. Given that the different fractions were ground to the same particle size for
use in wastewater treatment, the increased removal of P by MBM-BA relative to MBM-
APCr particles of the same size also suggests that the P removal mechanism is
precipitation rather than adsorption. In addition, the unground MBM-BA fractions of
different sizes have also been tested to have comparable P uptake capacities (Table 3).
The chemical differences such as the available quantities of metal ions rather than the
size differences led to the considerably different P removal performance.

It seems likely that the Ca(OH)2, which was not observed in MBM-APCr, but found
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to increase with decreasing MBM-BA particle size (Fig. 1), acted as a source of calcium
for precipitation of phosphate (Blanco et al., 2016; Hermassi et al., 2017; Li et al., 2016;
Morse et al., 1998). For MBM-BA, the smaller particles removed more P than did larger
ones due to their higher contents of Ca(OH).. In the presence of Ca(OH), and PO4*",
HAP, tricalcium phosphate (Cas(POs)2, o/B), and dicalcium phosphate anhydrous
(CaHPOg4) or dicalcium phosphate dihydrate (CaHPO4-2H20), can be precipitated
(Table 2); evidence for their formation is discussed in the following.

3.2.2 Effect of pH on P removal by meat and bone meal bottom ash

Calcium phosphate precipitation is highly sensitive to pH, and the favourable pH is
generally alkaline. Fig. 2c shows that a higher equilibrium pH (~8 or higher) promoted
the removal of more phosphate from the synthetic wastewater. The selected equilibrium
pH values (corresponding to the acid loads for pH adjustment shown in Fig. 2d) for
maintaining high capacities of MBM-BA with different particle sizes are shown in Table
3 (the circled points in Figs. 2c and d). Equilibrium pH values of 8.0-8.4 achieved high
P removal capacity and met the effluent standard of pH 6-9. Lower equilibrium pH
values led to a dramatic decrease in removal capacity, and the equilibrium pH <7.0 can
result in the leaching of P (Fig. 2¢).

The presence of PO+~ in the wastewater creates a buffer system (Fig. 3, Egs. 2-7),
and the change in phosphorus speciation as a function of pH controls the phosphate salts
that will precipitate (Gu et al., 2021; Liu et al., 2012). As seen in Fig. 2e, acid
neutralisation capacities of MBM-BA without phosphate (control experiments) are
higher than those with 300 mg POs>/L in the wastewater treatment experiments (Fig.
2d). For example, with the same acid load of 6 mM H/g ash, the equilibrium pH of the
former system is >11.5 (Fig. 2e), while that of the latter is <10.0 (Fig. 2d). Therefore,
for the wastewater treatment carried out in the present study, HPO4?~ consumed OH~

(Eq. 2) and produced PO4* which can be easily precipitated with Ca?" to produce
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Cas(PO4)3(OH) (Eq. 3) or Cas(PO4)2 (Eq. 4). It is also possible that HPO4?~ precipitated
with Ca?* to produce CaHPO,4or CaHPO4-2H20 (Eq. 5) in the pH range of 6-9 (Table 2
and Fig. 3). At acidic pH, HPO4> would combine with H* and form H,POs which
cannot be easily precipitated as monohydrate/anhydrous monocalcium phosphates
(Ca(H2P04)2/Ca(H2P04)2-H20; Eq. 7) because these are highly soluble (Table 2 and Fig.
3). Considering the characteristics, such as Ca/P mole ratio and solubility (as indicated
by the Ks shown in Table 2), of the commonly seen calcium phosphates, the
possibilities for the formation of these compounds, if abundant calcium was available at
a favourable pH, would be in the sequence of HAP> Ca3(POas)>

CaHPO4/CaHPO4-2H20> Ca(H2P04)2/Ca(H2PO4)2-H:0.

HPO4* (aq) + OH (ag) — PO4* (a) + H2O¢a) @
3P0, (ag) + 5Ca%* ag) + OH (agy— Cas(POs)3(OH)(s) ®)
2PO4% (aq) + 3Ca%* (ag)— Cas(PO4)2s) 4)

2HPO4%* (aq) + Ca®* (ag) + (2H20) (ag— CaHPO4 (CaHPO4-2H20) )  (5)
HPO4* (a) + H' (ag)— H2PO4 (ag) (6)
H2PO4 (ag) + Ca**(ag) + (H20) (ag) <> Ca(H2PO4)z(aq) [Ca(H2PO4)2-H20(q)]  (7)

The calcium release behaviour of MBM-BA (Fig. 4) in the experiments for P removal
from wastewater, and control experiments without P, implies a possible phosphate
precipitation formation sequence of HAP> Ca3(PO4)2> CaHPO4/CaHPO4-2H20. Fig. 4a
plots calcium concentrations in the wastewater filtrates after P removal compared to the
filtrates for the control batches (Fig. 4a). Almost no calcium was found in the filtrates
from P removal without pH adjustment, as it was consumed by precipitation with
phosphate. It indicates that the calcium released during water leaching (Fig. 4a) was
available for precipitation of phosphate in the P removal experiments, since the pH was
favourable (9.42-11.80, Fig. 4b) and the phosphate concentration was sufficient

(initially 300 mg/L or 3.16 mM/L). A lower pH was measured after wastewater
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treatment than in the control experiments due to the neutralisation effect HPO4%*
dissociation (since KoHPO4 was used to prepare the synthetic wastewater). Based on Fig.
3, it can be assumed that the phosphate species in the extracts after wastewater
treatment (pH 8.5-11.8, Fig. 4b) were mainly HPO4? and PO+> (Gu et al., 2021; Liu et
al., 2012). Therefore, removal of P in the form of PO4>~ by the formation of HAP and/or
Caz(POs4)2 was favoured over precipitation of CaHPO4/CaHPQO4-2H20. Interestingly, a
very low calcium release during water leaching of MBM-BA with size <63 pm was
observed, which can be attributed to the low solubility of Ca(OH), at pH ~12.

The Ca/P mole ratio in Fig. 4c, the ratio between the calcium released during
water/acid leaching in the control experiments, and the P uptake by MBM-BA during
wastewater treatment, suggests the formation of HAP. The mole ratios of Ca/P 1.22—
1.73 (except for MBM-BA <63 um, which released insufficient calcium) is inconsistent
with formation of CaHPO4/CaHPO42H,O (Ca/P of 1.0) formation (Fig. 4c), but
consistent with the formation of HAP (Ca/P of 1.67) and Caz(PO.)2 (Ca/P of 1.5). HAP
precipitation on MBM-BA seed crystals (Fig. 1a), seems likely, as the HAP seed
crystals lower the activation energy for crystallisation of new HAP, as the found for
other materials (Jang and Kang, 2002; Molle et al., 2005a; Troesch et al., 2016; N.
Vassilev et al., 2013).

XRD analysis of MBM-BA after its use for P removal from the synthetic wastewater
confirmed the enrichment of HAP and the disappearance of Ca(OH), and CaCOs (Fig.
5a). Also, FTIR analysis shows the presence of Ca(OH). (peak around 3640 cm™) and
CaCO;3 (peak around 1420 cm™?) in MBM-BA, and these components vanished after
wastewater treatment (Figs. 5b and c). The peak around 1430 cm™ remaining after
wastewater treatment (Fig. 5¢) could be the substitution of phosphate ion by COs% in
the crystal structure of apatite (Fleet, 2009; Xu et al., 2021). No evidence was found for

precipitation of Caz(POs)2 and CaHPO4/CaHPO4-2H20.
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3.2.3 Content of P in meat and bone meal ash after wastewater treatment (P recovery
potential)

The P contents in MBMA before and after its use for P removal from the synthetic
phosphate wastewater are shown in Figs. 6a and b. The P content of MBM-BA (whole
sample) increased from 14.33% to 16.30% (Fig. 6a), and that of MBM-BA <63 pum
from 7.90% to 14.94% (Fig. 6b). While both the precipitation of phosphate and the mass
loss resulting from the leaching of soluble salts contributed to these percentage
increases, the former dominated the P content increase of MBM-BA. As seen in Fig. 6c,
calcium was the dominant soluble component from MBM-BA water leaching in the
control experiment, and Na and K presented at very low concentrations, with Mg and Li
being undetectable. Na, K, and Mg may be immobilised as low-soluble phosphates or
other low-soluble phases such as silicates/aluminosilicates (Leng et al., 2019a).

On the other hand, the reduction of the solid mass due to the dissolution of soluble
salts contributed significantly to the apparent increase of the P content of MBM-APCr.
Although MBM-APCr removed much less P from the wastewater than MBM-BA, the P
content of MBM-APCr also increased considerably from 9.28% to 11.20%. As shown in
Fig. 6d, Na and K account for more than 3-14% of the MBM-APCr sample mass. If the
anions were taken into consideration, e.g., Na* with CI~ and K with SO4?" (according to
XRD analysis result), 7-34% mass loss would be observed, not including other soluble
elements. The mass balance calculation (not shown) indicates this is consistent with the
observed increase in P content.

MBM-BA thus has a significant P content, and became enriched with P after being
used to remove phosphate from wastewater, qualifying it as a “synthetic phosphate
rock” for phosphoric acid production. Despite its P content, MBM-APCr is less
promising in this application, because of its release of undesirable salt (Na, K, Cl)

during P recovery and wastewater treatment.
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3.3 Recovery of phosphorus by acid dissolution

MBM-BA before and after its use for P removal from wastewater was used for P
recovery by H>SOj4 dissolution, and the results are shown in Fig. 7.

The acid consumptions for P recovery from MBM-BA that had not been used for
wastewater treatment varied markedly for the different size fractions. An acid load of 12
mM H*/g ash corresponded to only 2.8 mM H*/mM P for the fraction >1000 pm, but to
176 mM H*/mM P for the fraction <63 um (Fig. 7a), due to the acid neutralisation
capacity differences between these fractions. The fraction <63 um had very high
alkalinity, so that only 2.7% of the total P (Fig. 7b) was dissolved at an acid load of 12
mM H*/g ash. P recovery from the 63-125 um fraction was also relatively poor, at only
61%. The low recoveries were consistent with the relatively high pH values of the
leachates, 5.1 and 6.7 for the 63-125 um and <63 pm fractions, respectively (Fig. 7c).
However, the recovery rate of the whole MBM-BA sample was 77% (Fig. 7b), since
these fractions only accounted for ~10% of MBM-BA (Table 1). Because of the high P
content of MBM-BA (14.33%, Table 1), an acid consumption of 3.35 mM H*/mM P
was obtained, which is a value similar to those obtained in previous studies from the
acid dissolution of MBMA (Leng et al., 2019a), animal manures or their ashes (Cohen,
2009; Ekpo et al., 2016), and sewage sludge ashes (Petzet et al., 2012).

The recovery rate for P from MBM-BA after it was used for the treatment of
phosphate wastewater was 84% with an acid consumption of 2.7 mM H*/mM P (2.6-3.0
mM H*/mM P for different fractions), which were higher than that of MBM-BA (Figs.
7a and b). The higher recovery rate and lower acid consumption are because (i) the P
content in MBM-BA after wastewater treatment was higher than MBM-BA,; and (ii) the
alkalinity of MBM-BA had been reduced during wastewater treatment (see Table 1 and
Fig. 4). The acid consumption saved for an equal amount of P was 19% (6.6%—-98% for

different fractions) (Fig. 7a). Further increasing the acid load to 16 mM H/g ash led to
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an almost full recovery (P recovery rate ~100%), but at the expense of higher acid
consumptions per unit of P (Fig. 7d).
3.4 Implications

(1) MBMA is a valuable “synthetic phosphate rock”, from which P can be recovered.
It represents an alternative to imported natural phosphate rock, particularly in places
such as the UK and EU, with a scarcity of phosphorus mines. Compared with the acid
dissolution of natural phosphate rock [Cas(POas)s(F, OH)] (Egs. 8-11), which has a
stoichiometric acid consumption of 3.33 mol H*/mol H3POs (1.67 mol H2SO4/mol
HsPO4) or 2.33 mol H*/mol H2PO4, the acid consumptions for MBM-BA before (whole
sample: 3.4 mM H*/mM P) and after wastewater treatment (whole sample: 2.7 mM
H*/mM P) (Fig. 7a) at acid load 12 mM Hf/g ash were excitingly similar. The
dissolution of HAP at this acid load was not complete, meaning the reaction of Eqg. 11
was only partially accomplished. This is consistent with the leachate pH (2.5-2.7) (Fig.
7¢), which is a pH range dominated by H2PO4~ (Fig. 3). A higher acid load (16 mM H*/g
ash) promoted the completion of Eq. 11, and acid consumptions of 3.1-3.4 mM H*/mM
P were observed (Fig. 7d) with a final leachate pH ~2.0 (not shown).
2Cas(PO4)3(F, OH)) + 2H*(aq) + SO4% (ag) — 3Ca3(POas)2 + CaSOs(s) + 2HF(g), H20(q)

(8)

3Ca3(PO4)2(s) + 6H(aq) + 35042 (aq) — 6CaHPO4s) + 3CaSOu) 9)
6CaHPOus) + 6H*(aq) + 35042 (aq) — 6H2PO4 (ag) + 3Ca*(aq) + 3CaSOa(s) (10)
6H2PO4 (aq) + 6H(ag) + 3Ca%* (ag) + 3504% (aq) — 6H3POs(aq) + 3CaSOxs) (11)

(2) There are significant differences between MBM-BA and MBM-APCr, and they
should be managed and used separately. MBM-APCr may not be suitable for use
directly for phosphate wastewater treatment or phosphorus recovery because it releases
alkaline salts such as NaCl. Pretreatment to wash out the salts could facilitate its

subsequent utilisation, as was suggested in ref. (Bogush et al., 2018). The MBM-BA
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may be used directly as a raw material for P recovery, but it would be preferable to use
it for phosphate removal from wastewater to increase the P content and decrease the
alkalinity before P recovery.

(3) Different MBM-BA particle size fractions could also be managed and used
separately. P could be recovered by acid dissolution of the larger fractions (e.g., >250
um), which account for ~80 wt.% of MBM-BA and have a high P content, since their
relatively low Ca(OH). contents make them less useful for removal P from wastewater.
On the other hand, the smaller particles have a relatively low P content, but with high
Ca(OH)2, which makes them useful for P removal. They can be used as a valuable
reagent for the removal and recovery of P from wastewater. Taking abattoir wastewater
as an example, the ~6 x 10® m®/y generated in Europe with a nominal P concentration of
10 mg/L (or 30 mg PO4>7/L) represents 1.8 x 107 kg PO4*>/y (Mittal, 2004; Pol Marquer
et al., 2019). This figure balances reasonably well with a phosphate removal potential of
1.2 x 107 kg PO4>/y represented by European MBM-BA arisings of ~3.0 x 108 kgly
(EFPRA, 2019) (assuming that BA represents ~85% of MBMA), of which 20% is <250
um and has a PO4> removal capacity of ~200 mg PO4>/g MBM-BA. Utilising MBM-
BA in the same industry in this way may have logistical advantages, or there may be a
wider potential for a circular economy approach for MBM-BA management. It could be
used for the treatment of industrial wastewaters with high P concentrations. In all cases,
the pH would need careful monitoring and adjustment to obtain satisfactory P removal
efficiency at no risk of P release.

(4) Although the previous study showed that the minor elements in MBM-BA such as
Zn, Cu, Pb, Cr, Mn, and Ni were barely leachable at mild acid to alkaline pH, e.g., Cu
and Zn mainly started to leach at pH <4 (Leng et al., 2019a). The enrichment of these
elements, especially the Zn and Pb in MBM-BA with particle size <250 um (Table 1)

and MBM-APCr, implies potential secondary environmental pollution when the ashes
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are utilised for wastewater remediation. The hazard posed by these elements in the low
pH MBMA residue post P-recovery may need more investigation. In the real-world
application of MBM-BA, trace elements should be measured to determine the

associated risk on a case-by-case basis.

4. Conclusions

MBM-BA and MBM-APCr were composed of particles with different size
distributions, and were dominated by fractions with particle size larger than 250 pm
(~80%) and fractions smaller than 500 um (100%). The P content in MBM-BA
(14.33%) was higher than MBM-APCr (9.28%); the larger the size of ash, the higher the
P content. The mineral composition of MBM-BA was dominated by HAP, whereas that
of MBM-APCr was dominated by NaCl and aphthitalite.

P uptake capacities of 13.5-279 mg PO4>7/g ash from synthetic phosphate wastewater
were achieved by MBM-BA; the smaller the size, the higher the uptake capacities. The
P removal mechanism was shown to be HAP crystallisation/precipitation. P uptake
capacities of 13.5-36.6 mg PO4>/g ash were obtained using MBM-APCr.

The P content of MBM-BA was increased from 14.33% to 16.30% using it to remove
P from the wastewater. Its P enrichment reduced the acid consumption during acid
dissolution from 3.4 to 2.7 mM H*/mM P, with the recovery of ~84% of the P. Use of
MBM-BA to treat P-containing wastewater such as abattoir wastewater, with subsequent
P recovery by acid dissolution can be a promising circular economy approach for

MBM-BA management.
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and air pollution control residue (MBM-APCr) (b).
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Fig. 2 Effect of contact time on P removal from wastewater by meat and bone meal bottom ash
(MBM-BA) (a) and air pollution control residue (MBM-APCr) (b); and the effect of equilibrium pH
on P removal c); acid load vs. equilibrium pH after wastewater treatment (acid neutralisation capacity
of MBM-BA in the presence of phosphate) (d); and the equilibrium pH of controls without the
addition of phosphate (acid neutralisation capacity of MBM-BA in the absence of phosphate) (e).
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Table 1 Particle size distribution and elemental compositions of meat and bone meal
ash particle size fractions

Mass  Specific Major elements (mg/g) Minor elements (mg/kg)
Sample 0 . -

(%) Cravity ca Na K Mg Al Fe TP® CaP® Zn Cr Mn Cu Ni Pb
MBM-BA- 100 281 346 163 468 586 134 212 143 187 927 961 114 519 432 183
whole sample

>1000 pm 26.9 286 345 101 294 406 1.05 106 155 172 804 706 530 289 451 1.28
500-1000 pm  29.5 285 353 159 474 578 129 175 156 175 766 816 804 339 476 4.40
250-500 pm 23.6 280 355 182 486 588 129 214 149 185 834 926 933 557 470 7.88
125-250 pm 10.1 273 348 223 751 610 157 223 129 209 120 121 119 483 6.97 63.6
63-125 pm 4.65 262 333 230 9.03 597 152 215 923 280 189 157 128 457 738 241
<63 um 5.27 253 368 176 7.8 570 117 194 790 361 208 316 123 527 433 26.7

MBM-APCr- 10y 264 206 430 261 418 105 180 928 172 367 105 849 652 566 40.0
whole sample

250-500 um  33.0 275 321 333 230 498 152 252 149 167 440 170 1370 765 153 446

125250 ym 328 271 284 453 264 348 151 174 133 165 472 109 972 656 656 76.1

63-125 um 21.2 260 209 628 262 536 193 297 959 169 639 186 150 89.1 272 658

<63 um 7.12 252 897 111 398 195 068 097 387 179 534 127 526 722 414 788
2 Total phosphorus; ® mole ratio of Ca and P.
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Table 2 Calcium phosphate compounds and their solubility product constants (Chow,
2001)

Compound Formula Ca/P? Ksp at 25 °C
Monocalcium phosphate monohydrate  Ca(H2PO4)2-H20 0.5 Highly soluble
Monocalcium phosphate anhydrous Ca(H2POa4)2 0.5 Highly soluble
Dicalcium phosphate anhydrous CaHPO4 1.0 1.26 x 1077
Dicalcium phosphate dihydrate CaHPO42H,0 1.0 257 x 107
a-Tricalcium phosphate a- Cas(POy), 15 3.16 x 102
B-Tricalcium phosphate B- Cas(PO4)2 15 1.26 x 1072
Hydroxyapatite Cas(P04)3(0OH) 1.67 3.98 x 10°%°
Tetracalcium phosphate Cas(P04),0 2.0 1.0x10%

2 Mole ratio of Cato P.



Table 3 P uptake from waster by meat and bone meal bottom ash (MBM-BA)
(circuled points in Figures 2c and d)

pH of P- PO4* up-take
Nt *
Acid load for \(;\(/)ar;tt?alvrxlllar;gr after pH of (mg/g)
Particle size pH adjustment H adiustment wastewater after After
(mM H*/g ash) p ! o treatment* @ Before grinding
(before addition grinding  ash to
of MBM-BA)? <63 um
MBM-BA-whole 6.66 8.07:0.05 50.3:0.8  52.9:0.5
sample
>1000 um 0.5 7.58 8.52+0.12 10.2+2.3  13.5+1.2
500-1000 pm 1.0 7.24 8.37+0.04 21.2+.05 24.1+0.8
250-500 pm 2.0 6.66 7.95+0.04 49.5+0.3 51.4+0.4
125-250 um 3.0 4.08 8.03+0.10 92.9+2.7  95.74.1
63-125 pm 4.0 2.80 8.19+0.08 188.4+3.8 19316.2
<63 um 5.0 2.65 9.93+0.08 b 279+11

* Average and standard deviation of three replicates

aFor MBM-BA after grinding ash fractions to <63 pm

b Not available



Table 4 P removal capacity from wastewater by different materials reported in

previous studies

Intial PO4* concentration, intial P removal
Materials pH, and temperature of capacity (mg Reference
wastewater PO.*/g)
Ca(OH); pretreated Batch, synthetic wastewater, 62.3 (Markou et al.,
bentonite 500 mg/L, pH 7.6, 27-29 °C ' 2018)
Natural phosphate rock  Batch, synthetic wastewater, 14.6 (Molle et al.,
(apatite) 61.3 mg/L, pH 7,22 °C ' 2005a)
Natural phosphate rock  Column, synthetic wastewater, 9 9.5.2 (Harouiya et al.,
(apatite) 3.1-49.0 mg/L, pH 7.6, -2 T 2011)
Sheep bone pyrolyzed Batch, synthetic wastewater, 302 (Ghaneian et al.,
at 400 °C 100 mg/L, -, 21 °C ' 2014)
Cow bone calcinated at  Batch, synthetic wastewater, 9.8 (Jang and Kang,
600 °C 10.7 mg/L, pH 8, 25 °C ' 2002)
Batch, synthetic wastewater,
B/(l) i?;rin:sr? one meal 200 mg/L, pH 3-7, room 115 gaigg)’ etal.
temperature
Meat and bone meal Batch, synthetic wastewater, 13.5-279 The present study

bottom ash

300 mg/L, pH 2.6-7.6, 25 °C

@Not available
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