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Abstract

Phosphorus (P) rich ash from biomass incineration is a potential promising alternative for non-renewable phosphate rock.
This study considered the P recovery potential of poultry manure ash, sewage sludge ash and meat and bone meal ash
through wet chemical extraction. X-ray diffraction analysis showed that these three ash types had a distinct P mineralogy. If
inorganic acids were used for the extraction, the P extraction efficiency was not or only slightly affected by the P mineral-
ogy. Contrarily, for the organic acids, alkaline extraction liquid and chelating agents considered, the P extraction efficiency
was highly affected by the P mineralogy, and was also affected by the elemental composition of the ash and/or the chemical
characteristics of the extraction liquids. Alkaline extraction liquids showed in general low heavy metal co-extraction, in
contrast to the inorganic acids. From an economic point of view, of all extraction liquids considered, sulfuric acid was the
most interesting to extract P from all three ash types. Oxalic acid could be a more sustainable option for P extraction from
sewage sludge ash. In addition, extraction of poultry manure ash with ethylenediaminetetraacetic acid showed a relatively
high P extraction efficiency combined with relatively low heavy metal co-extraction.
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The present study is the first of its kind to evaluate and com-
pare the efficiency of P and heavy metal extraction from
different types of biomass ash considering various types of
extraction liquids. Another novelty is the fact that the P (and
heavy metal) extraction efficiency for the different types of
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biomass ash is linked to the ash mineralogy, elemental com-
position of the ash, and/or chemical characteristics of the
extraction liquids.

Introduction

Globally, each year about 20 million tonnes of phosphorus
(P) are extracted from phosphate rock to be used in fertiliz-
ers, animal feed and detergents [1-3]. However, phosphate
rock is a non-renewable resource that is becoming scarce,
while reserves are unevenly distributed over the world.
Europe for instance, mainly depends on P and phosphate
rock imports from other continents [4, 5]. To avoid a P
shortage and to reduce Europe’s economic dependence, it is
imperative to recover P from alternative sources.

After its use in different applications, a substantial part of
the P extracted from phosphate rock eventually ends up in
sewage sludge (SS) originating from wastewater treatment
and in animal manure or animal by-products such as meat
and bone meal (MBM) [3, 5, 6]. The application of SS as
fertilizer to agricultural land is in most countries restricted
or even prohibited because of its high concentrations of
heavy metals and toxic organic compounds [7, 8]. The latter
can be destroyed by incinerating the SS. However, the major
fraction of the heavy metals remains in the resulting sewage
sludge ash (SSA) and can pose, depending on local legis-
lation, a regulatory constraint for direct application of the
SSA as fertilizer [9—-11]. On the other hand, animal manure
is widely applied as fertilizer, although it is often present
in excess in areas of intensive livestock farming [12-14].
Therefore, an alternative to direct land application is inciner-
ation of the animal manure, which reduces its volume whilst
part of its energy content is recovered [14—17]. The power
plant of BMC Moerdijk (the Netherlands) for instance, annu-
ally converts about 420,000 tonnes of poultry manure (PM)
into green energy, producing about 55,000 tonnes of poultry
manure ash (PMA). This PMA contains high concentrations
of the essential fertilizer nutrients P and K, but its applica-
tion as fertilizer is subject to legal constraints [18]. As for
animal by-products, the outbreak of the mad cow disease
(BSE) resulted in a ban on the use of MBM in animal feed
from 2001 [13]. Since then, MBM, which has a high calo-
rific value, is mainly mono-incinerated or co-incinerated
with other waste in dedicated installations or in cement kilns
[5, 13, 19, 20]. One of the advantages of biomass incinera-
tion in general is that P is not transferred to the gas phase but
is largely retained in the ash [17, 21]. However, in the case
of co-incineration in cement kilns, the P in the biomass is
mixed with the cement components and is permanently lost
for recovery [5, 10]. The P content in SSA, animal manure
ash and meat and bone meal ash (MBMA) ranges between
3 and 20% [15, 19, 21-23]. Therefore, these ash types are
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a potential promising alternative for non-renewable (low
grade) phosphate rock that contains between 2 and 18% P
[24, 25].

Wet chemical extraction is the most proposed technique
to recover P from incineration ash because of its high effi-
ciency, low cost and because it is already applied on an
industrial scale for P extraction from phosphate rock [9, 22,
26]. Various types of extraction liquids have been evalu-
ated for P extraction, such as inorganic acids, organic acids,
alkaline extraction liquids and chelating agents [9, 12, 22,
27-29]. A shown general disadvantage of wet chemical
extraction is that heavy metals in the incineration ash are co-
extracted. Subsequently, these heavy metals have to be sepa-
rated from the valuable P by, for instance, cation exchange,
pH adjustment or sulfide precipitation [25, 30-32]. As a
consequence, an optimal extraction liquid combines a high
P extraction efficiency with low heavy metal co-extraction,
in this way reducing the downstream processing costs for
heavy metal removal.

A first conclusion from a dedicated literature review was
that the majority of studies on P recovery from incinera-
tion ash focused on only one type of incineration ash at a
time. Indeed, researchers mainly focused on P recovery from
SSA (e.g., [7,9, 22, 25, 28, 32]) and to a lesser extent on P
recovery from either animal manure ash (e.g., [12, 16, 26])
or MBMA (e.g., [16, 29]). However, to replace the major
part of P that is currently extracted from phosphate rock,
all different types of P rich incineration ash will have to
be exploited since one ash type alone cannot supply the
necessary amount of P [6]. The literature also shows that
different ash types can have a distinct mineralogy [16, 33,
34], which can influence the P recovery process. However,
to the authors knowledge, the link between ash mineralogy
and P extraction efficiency has not been studied in dept in
the literature. The best way to do so, would be to compare
the ash mineralogy and P extraction efficiency for different
types of biomass ash. Furthermore, most studies found in the
literature only considered a limited set of extraction liquids
for P recovery from incineration ash. Yet, different extraction
liquids show different P and heavy metal extraction efficien-
cies [12, 22, 32]. Finally, the extraction settings (extraction
liquid concentration, liquid/solid (L/S) ratio, contact time,
etc.) and properties of the considered ash types (ash com-
position, ash mineralogy, etc.) differ for most studies found
in the literature and hence a one-on-one comparison of lit-
erature data is almost impossible. Therefore, it is important
to include a broad set of extraction liquids in comparative
ash extraction studies.

Given the conclusions of the literature review discussed
in the previous paragraph, the overall aim of this compre-
hensive study was to evaluate and compare the efficiency of
P and heavy metal extraction from PMA, SSA and MBMA
using a broad set of different types of extraction liquids. The
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experiments were set-up and the obtained results were in
the first place interpreted from an engineering perspective.
Yet, where possible, an attempt was made to link, based on
fundamental chemical laws, the observed differences in P
and heavy metal extraction efficiency to the ash mineralogy,
elemental composition of the ash, and/or chemical charac-
teristics of the extraction liquids.

Materials and Methods

Chemical Characterization of the Different Ash
Types

Three different ash types were investigated in this research,
i.e., PMA, SSA and MBMA. The PMA sample was obtained
from the fluidized bed power plant of BMC Moerdijk (the
Netherlands), where PM is incinerated at a bed temperature
of 765 °C. This PMA was a mixture of ash collected at the
bottom of the fluidized bed, superheater, economizer, elec-
trostatic precipitator and baghouse filter with a mass ratio of
26:6:5:58:5, which corresponds to the ratio of total ash pro-
duction. A detailed description of the power plant of BMC
Moerdijk and the sampling locations can be consulted in
previous work of the authors [18]. The SSA sample was
obtained from the electrostatic precipitator of the Aquafin
fluidized bed incineration plant (Belgium), where SS is
incinerated at bed temperatures between 840 and 850 °C.
The MBMA was prepared by incinerating MBM, received
from Indaver (Belgium), for 3 h at 850 °C in a muffle furnace
after which it was cooled to room temperature in the ambi-
ent air. The PMA and MBMA were rather inhomogeneous
in particle size and were grinded to a homogeneous particle
size (<40 um). The SSA consisted already of a fine homoge-
neous powder (<40 um). All ash samples were homogenized
by thorough mixing, after which subsamples were taken for
the experiments.

The three ash types were digested with a combination of
aqua regia and hydrofluoric acid. The method used in this
paper was based on CMA/2/II/A.3 and the European stand-
ard EN 13656:2002 [35, 36]. For the digestion, 500 mg of
dry (grinded) ash, 8 ml aqua regia and 6 ml hydrofluoric acid
were mixed in a well-sealed 100 ml HDPE digestion bottle.
After 44 h of reaction and mixing in between, the content
was transferred to a 100 ml PP volumetric flask containing
about 5.6 g boric acid and diluted to the mark. This solu-
tion was further filtered over a syringe filter (0.45 um) and
analyzed for Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Na, Ni, P, Pb,
S, Si and Zn by Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES) (Varian 720-ES ICP-OES).
No glassware was used for digestion and dilution. It should
be noted that in this work the digestion was not microwave
or temperature assisted. Previous experiments performed by

the authors comparing microwave assisted digestion and the
digestion described above indicated that for the ash types
studied in this work similar composition data was obtained
through both digestion methods.

To determine the ash mineralogy in the crystalline phase,
the three ash types were mechanically grinded in the pres-
ence of ethanol and a corundum internal standard. Next,
they were analyzed by quantitative X-ray diffraction (XRD)
(D8 Bruker) with Cu K, radiation and the data obtained was
refined based on the Rietveld method.

Extraction Experiments

Eleven different extraction liquids were selected based on
a literature review and own experience [7, 9, 12, 16, 21,
22,25-29, 32, 37-42]. The different extraction liquids were
tested at a concentration of 0.5 N, an L/S ratio of 50 ml/g ash
and a contact time of 2 h for all three ash types. The same
concentration (0.5 N) was used for all extraction liquids so
that equivalent weights of reactive units (H* or OH™) were
present to obtain similar extraction conditions (see the first
paragraph of section ‘P Extraction’ for more detailed infor-
mation on the influence of the reactive units on the P extrac-
tion efficiency). However, extraction liquids with equivalent
weights of reactive units will not necessarily release the
same amount of reactive units into solution to react with the
P. For instance, weak acids do not completely dissociate in
aqueous solutions, resulting in a lower amount of released
reactive units (H*), which is reflected in higher pH values. In
this way, the pH in the extraction experiments was intrinsi-
cally determined by the type and concentration of the extrac-
tion liquid and the specific ash type. The obtained pH was
thus not actively controlled and was therefore different for
the different extraction liquids and ash types.

The considered extraction liquids consisted of three inor-
ganic acids, i.e., sulfuric acid, hydrochloric acid and nitric
acid, and five organic acids, i.e., acetic acid, citric acid, for-
mic acid, gluconic acid and oxalic acid. The organic acids
provided both an acid and complexing extraction environ-
ment [12]. Furthermore, one alkaline extraction liquid, i.e.,
sodium hydroxide, and two chelating agents, i.e., ethylen-
ediaminetetraacetic acid (EDTA) and nitrilotriacetic acid
(NTA) were considered. Both chelating agents were dis-
solved in a sodium hydroxide solution, since their solubility
in alkaline solutions is much higher than in water. For this,
a 0.5 N sodium hydroxide solution was used, allowing to
compare the results of the chelating agents with the results
of the pure 0.5 N sodium hydroxide solution.

The extraction experiments were carried out at room
temperature and all glassware was first rinsed with a 3%
nitric acid solution. A well-sealed 50 ml PP falcon tube
(HDPE flat cap) with 500 mg of dry (grinded) ash and 25 ml
extraction liquid with a concentration of 0.5 N was placed
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horizontally on a reciprocating shaker (Heidolph Promax
2020) for 2 h at maximum speed (400 rpm). For each run,
the pH of the extraction liquid was measured at the start and
at the end of the extraction procedure (SenTix 21 electrode).
Next, the solutions were filtered (0.45 pm) and analyzed for
Cd, Cr, Cu, Ni, P, Pb and Zn by ICP-OES (Varian 720-ES
ICP-OES). The extraction efficiency was calculated as the
amount of element extracted according to Eq. (1):

Element extracted(% of DM)

X 100%
Element in ash(% of DM) ‘

ey

Extraction efficiency(%) =

Selection of Optimal Extraction Liquid

The selection of the most suited extraction liquid was based
on the extraction efficiencies of both P and heavy metals.
First, a high P extraction efficiency was desirable to recover
as much P as possible for application as an essential nutrient
in fertilizers. Moreover, a high P extraction efficiency results
in a low P concentration in the solid extraction residue,
which is desirable when using this solid residue as building
material or in cement production [18].

Second, the extraction efficiencies of heavy metals had
to be as low as possible to limit the costs of further process-
ing the P extract to a final P fertilizer product that complies
with legal limit values for heavy metals in fertilizers. This
research focused on the heavy metals Cd, Cr, Cu, Ni, Pb and
Zn for which limit values apply in the Flemish legislation for
the use of waste materials as a fertilizer (VLAREMA, Annex
2.3.1.A) [43]. It should be noted that the concentration limit
values for heavy metals laid down in the Flemish legislation
do not directly apply to the extraction liquid but to the final
fertilizer product. However, they serve as a relevant selection
base since co-extraction of these heavy metals causes extra
purification costs to prevent that they remain in the final
fertilizer product.

Statistical Analysis

Digestions and extraction experiments were performed in
triplicate with subsamples from the same ash sample. Aver-
age values and standard deviations were determined to
assess statistical significance of trends and differences.

Results and Discussion

Chemical Characterization of the Different Ash
Types

Table 1 gives the concentrations of the major elements (%
of dry matter (DM)) and of the heavy metals of concern

@ Springer

Table 1 Average elemental composition of the PMA, SSA and
MBMA =+ standard deviation (% of DM or mg/kg DM) (n=3, sub-
samples from the same sample)

PMA SSA MBMA
Al (% of DM) 0.56 5.99 0.17
+0.01 +0.06 +0.01
Ca (% of DM) 21.12 6.64 33.63
+0.30 +0.02 +0.14
Fe (% of DM) 0.36 9.92 1.67
+0.01 +0.05 +0.03
K (% of DM) 7.11 1.67 3.03
+0.17 +0.01 +0.04
Mg (% of DM) 2.81 1.21 1.24
+0.02 +0.003 +0.01
Na (% of DM) 1.33 0.54 2.28
+0.004 +0.005 +0.01
P (% of DM) 6.11 6.99 13.49
+0.01 +0.03 +0.04
S (% of DM) 3.10 0.37 0.91
+0.02 +0.005 +0.02
Si (% of DM) 6.84 17.98 2.04
+0.05 +0.09 +0.16
Cd (mg/kg DM) <2 9.0 <2
+0.1
Cr (mg/kg DM) 27.1 108 30.2
+0.7 +1 +12
Cu (mg/kg DM) 371 722 140
+7 +3 +2
Ni (mg/kg DM) 19.7 56.2 11.7
+0.3 +0.7 +04
Pb (mg/kg DM) <2 212 <2
+2
Zn (mg/kg DM) 1708 2548 469
+60 +49 +18

(mg/kg DM) in the PMA, SSA and MBMA. The average
P concentration in these three ash types was 6.11%, 6.99%
and 13.49% of DM, respectively, which is comparable to
the P content in (low grade) phosphate rock (2-18%) [2,
24, 25]. Similar P concentrations were found in literature
for these ash types: 4-11% P in PMA [15, 16, 23, 33],
4-12% P in SSA [3, 9, 21, 22, 25, 39], and 8-20% P in
MBMA [16, 19, 21, 23].

The SSA showed higher levels of Al, Fe and Si com-
pared to the PMA and MBMA (see Table 1). This is due to
the presence of sand and the addition of Fe or Al contain-
ing chemicals for P precipitation during wastewater treat-
ment. On the other hand, the PMA and MBMA showed
higher concentrations of Ca compared to the SSA. The
highest concentrations of heavy metals (Cd, Cr, Cu, Ni,
Pb and Zn) were found in the SSA, while the MBMA was
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Table 2 Mine.ral composition PMA SSA MBMA
of the crystalline phase of
the PMA, SSA and MBMA (% of DM) (% of DM) (% of DM)
obtained with XRD (% of DM)  (,p e Calcite CaCo, 6.1 0.1
Halides Halite NaCl 0.2
Sylvite KCl1 5.1 2.7
Oxides Hematite Fe,0; 6.4
Lime CaO 5.8
Magnetite Fe;0, 5.6 23
Periclase MgO 3.8 1.5
Portlandite Ca(OH), 2.1
Phosphates Apatite Ca;(PO,);(OH,CLF) 10.0 0.7 49.8
Buchwaldite NaCaPO, 12.2
KNaCa-phosphate* KNaCa,(PO,), 6.0
Whitlockite Cay(Mg,Fe)(PO,)s(PO;OH) 13.3
Silicates Alkalifeldspar (Na,K)AISi;Oq 35
Cristobalite Sio, 22
Plagioclase (Na,Ca)(Si,Al),Oq 2.4
Quartz Sio, 6.2 244 1.6
Tridymite Sio, 3.6
Sulfates Anhydrite CaSO, 0.8
Aphthitalite (K,Na);Na(SO,), 4.4 1.7
Arcanite K,SO, 79
Polyhalite K,Ca,Mg(S0,),2H,0 0.8
Other/amorphous 48.4 36.2 223

*The crystal structure and specific composition of the KNaCa-phosphate mineral is not well known (yet)
and its quantification is therefore semi-quantitative

generally the least contaminated of the tree ash types (see
Table 1).

Table 2 gives the results of the XRD analysis of the PMA,
SSA and MBMA. This table shows that about 22% of the
MBMA consisted of amorphous material from which the
mineralogy could not be determined, whereas the share of
amorphous material was much higher for SSA (about 36%)
and PMA (about 48%). The main crystalline minerals pre-
sent in the PMA were apatite (Cas(PO,);(OH,CLF)), arcan-
ite (K,SO,), quartz (Si0,), calcite (CaCO;) and KNaCa-
phosphate (KNaCa,(PO,),). The SSA mainly contained
quartz, whitlockite (Cag(Mg,Fe)(PO,)s(PO;OH)), hematite
(Fe,03) and magnetite (Fe;O,) in the crystalline phase. The
crystalline phase in the MBMA mainly consisted of apa-
tite, buchwaldite (NaCaPO,) and lime (CaO). The amount
of P bound in the different crystalline minerals and in the
amorphous phase was calculated based on the P and phos-
phates content in the crystalline phase in the three ash types
(Tables 1 and 2, respectively). It was found that 52% of total
P in the PMA was bound in the amorphous phase, whereas
30% of total P was bound as apatite and 18% of total P was
bound as KNaCa-phosphate. For SSA, 59% of total P was
bound in the amorphous phase, 39% of total P was bound
as whitlockite and 2% of total P was bound as apatite. For

MBMA, 67% of total P was bound as apatite, 18% of total P
was bound as buchwaldite and 15% of total P was bound in
the amorphous phase.

P Extraction

Figure 1 gives the solubility curves as function of pH for
different P compounds (Al-, Ca-, Fe- and Mg-phosphates)
calculated with Visual MINTEQ. From this figure, it is clear
that P can be extracted from the ash in two different ways
depending on the P mineralogy. On the one hand, in an acid
solution, P can be extracted by protonation of POi_ in the
ash resulting in HPO?™, H,PO, and finally H;PO,. This
is for instance the case for some of the Ca-, Mg-, Al- and
Fe-phosphates. However, high amounts of P can only be
extracted if the pH of the extraction liquid is sufficiently low,
for instance at pH < 1 for AIPO, or at pH <4 for Ca;(PO,),
(see Fig. 1). On the other hand, in an alkaline solution, P
can be extracted by formation of a hydroxide complexion
with the phosphate counter ion (e.g., AI(OH);). This is for
instance the case for some of the Al- and Fe-phosphates,
which dissolve well at high pH (see Fig. 1). Most processes
for P recovery from incineration ash that are implemented
or still under development are based on the principle of P
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Fig. 1 Solubility curves as function of pH for different P compounds
calculated with Visual MINTEQ 3.1. AIPO, belongs to the group of
the Al-phosphates, Ca;(PO,), and Cas(PO,);OH belong to the group
of the Ca-phosphates, FePO, and Fe;(PO,), belong to the group of
the Fe-phosphates, and Mg,(PO,), belongs to the group of the Mg-
phosphates

extraction in an acid solution. Some examples of processes
are TetraPhos (dissolving P in SSA and MBMA by phos-
phoric acid), Phos4Life (dissolving P in SSA by sulfuric
acid) and Ash2Phos (dissolving P in SSA by hydrochloric
acid or sulfuric acid). On the other hand, P extraction in
an alkaline solution has rarely been applied. An example is
the Metawater process where P in SSA is mainly extracted
from AIPO, by sodium hydroxide [44, 45]. A more detailed
description of these processes and other processes can be
found in ESPP et al. [45] and Kabbe and Rinck-Pfieffer [44].

Figure 2 gives the efficiency of P extraction from the
PMA, SSA and MBMA for all extraction liquids considered
(The P concentration in the three ash types differs. For the
sake of completeness, the P extraction mass balance data can
be consulted in the supplementary material, Fig. S1). The
pH at the start and at the end of the extraction procedure for
all extraction liquids considered can be consulted in Table 3.
Figure 2 indicates that the P extraction efficiency was in
general higher for the inorganic acids (sulfuric acid, hydro-
chloric acid and nitric acid) than for the other extraction
liquids. There are two explanations for these higher P extrac-
tion efficiencies. First, this can be explained by the fact that
the inorganic acids considered were all strong acids, whereas
the organic acids considered (acetic acid, citric acid, formic
acid, gluconic acid and oxalic acid) were all weak acids. In
general, strong acids release more protons than weak acids
and hence result in more protonation of POi_ and accord-
ingly in a higher P extraction efficiency. Second, XRD analy-
sis showed that at least part of the P in the three ash types
was bound as Ca-phosphates (e.g. apatite and whitlockite,
see Table 3). These Ca-phosphates are poorly soluble in an
alkaline environment (see Fig. 1), explaining the lower P
extraction efficiencies obtained with the alkaline extraction
solutions (sodium hydroxide, EDTA and NTA) compared
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Fig.2 Efficiency of P extraction from the PMA, SSA and MBMA
for all extraction liquids considered (%). The error bars indicate plus
and minus one standard deviation (n=3, subsamples from the same
sample). Extraction efficiencies of more than 100% can be attributed
to slight interferences in ICP-OES measurements. /A inorganic acids;
OA organic acids; Alalkaline solution; ChAlchelating agents in alka-
line solution

to the inorganic acids [28, 46]. It should, however, be noted
that the P extraction efficiency in an alkaline environment
increased considerably in the presence of chelating agents,
except for the SSA (see Fig. 2). This might be due to the
fact that chelating agents such as EDTA and NTA can form
highly soluble complexes with the phosphate counter ions
such as Al, Ca, Fe and Mg [47-49]. Hence, strong complex
formation with for instance Ca will shift the Ca-phosphate
dissolution reaction to the right, even if Ca-phosphates as
such are poorly soluble in an alkaline environment. The lat-
ter is discussed in more detail in the last paragraph of sec-
tion ‘P Extraction by Alkaline Extraction Liquid and Chelat-
ing Agents’.

P Extraction by Inorganic Acids

The P extraction efficiency was for all inorganic acids and
for all ash types > 88% (see Fig. 2). This is in line with pre-
viously reported results, amongst others, by Darwish et al.
[29], Fang et al. [22], Kootstra et al. [12] and Leng et al.
[16]. However, as discussed in the introduction section, a
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Table 3 The pH at the Start End End End
start and at the end of the
extraction procedure for all All ash types PMA SSA MBMA
‘z;‘;‘;f‘ccet;‘:?dggﬁfi)cg’rﬁ‘ﬁrsed Inorganic acids Sulfuric acid 0.5 0.9 0.7 0.9
ratio=>50 ml/g ash, contact Hydrochloric acid 0.3 0.7 0.4 0.6
time=2 h) Nitric acid 0.3 0.6 0.4 0.6
Organic acids Acetic acid 24 43 3.1 3.9
Citric acid 1.8 34 24 3.0
Formic acid 1.7 3.1 2.1 2.7
Gluconic acid 1.7 33 23 2.8
Oxalic acid 0.9 1.3 1.0 1.1
Alkaline solution Sodium hydroxide 13.0 13.3 13.2 13.2
Chelating agents in EDTA 9.8 12.2 9.9 12.1
alkaline solution
NTA 10.0 11.9 9.9 12.1

one-on-one comparison with literature data is almost impos-
sible due to differences in extraction settings and ash prop-
erties. These overall high P extraction efficiencies indicate
that the P extraction efficiency for the inorganic acids was
not or only slightly affected by the specific P mineralogy of
the different ash types. This might be attributed to the low
pH at the end of the extraction procedure, which was < 1
for all three inorganic acids and for all three ash types (see
Table 3). According to Fig. 1, almost all phosphate com-
pounds indeed show high solubility at pH < 1.

All extraction liquids other than the inorganic acids
showed differences in P extraction efficiency between the
three ash types and between the different extraction liquids
(see Fig. 2). These differences are most likely due to differ-
ences in P mineralogy, elemental composition of the ash,
and/or chemical characteristics of the extraction liquids.
However, the fact that the ash types contained a considerable
fraction of amorphous P from which the mineralogy could
not be determined, especially the PMA and SSA (52% and
59% of total P, respectively), made it difficult to directly link
the P mineralogy to the P extraction efficiency. Yet, below,
an attempt is made to explain the differences in P extraction
efficiency based on the P mineralogy, elemental composi-
tion of the ash and known chemical characteristics of the
extraction liquids.

P Extraction by Organic Acids

Of all organic acids considered, oxalic acid is the strongest
acid (pK,; =1.25), followed by citric acid (pK,; =3.13), glu-
conic acid (pK, =3.60), formic acid (pK,=3.75) and acetic
acid (pK,=4.76). The lower the pK, value, the higher the
dissociation constant (K,) and hence the more the acid will
dissociate in aqueous solutions, which is reflected in lower
pH values. As discussed when comparing the strong and
weak acids, lower pH values favor P extraction from the ash

because of more protonation of POi_ [12, 21, 30]. Hence, it
can be concluded that the pK, values of the organic acids are
inversely proportional to the P extraction efficiency for SSA.
Indeed, of all organic acids considered, oxalic acid showed
the highest P extraction efficiency for SSA (92%), followed
by citric acid (63%), gluconic acid (52%), formic acid (35%)
and acetic acid (9%). Research by Atienza-Martinez et al.
[7], Fang et al. [22] and Liang et al. [9] previously revealed
that high P extraction efficiencies can indeed be obtained
when extracting P from SSA by oxalic acid. However, dif-
ferences in extraction settings impede the one-on-one com-
parison of literature data and the data in this research. Fur-
thermore, for citric acid, a similar P extraction efficiency
from SSA was previously obtained by Fang et al. [22], again
taking into account other extraction settings. However, to
the authors knowledge, P extraction from SSA by one of the
other organic acids considered in this research (acetic acid,
formic acid and gluconic acid) have not previously been
under investigation.

Furthermore, Fig. 2 shows that the citric acid, formic
acid and gluconic acid P extraction efficiency for PMA var-
ied between 69 and 71%, whereas they varied between 33
and 39% for MBMA. These P extraction efficiencies may
be linked to the P mineralogy. First, based on the work by
Kratz et al. [34] it is hypothesized that buchwaldite and
KNaCa-phosphate show a higher solubility than apatite,
and that amorphous P shows a higher solubility than crys-
talline P. Second, the solubility curve of hydroxyapatite'
(Ca5(PO,);0H) (see Fig. 1) indicates that this P mineral

! Visual MINTEQ databases do not contain data on the chlorapatite
(Cas(PO,);Cl) and fluorapatite (Cas(PO,);F) solubility. However,
in the literature, it was found that for the ash types studied, apatite
mainly occurs in the form of hydroxyapatite and only to a lesser
extent in the form of chlorapatite and fluorapatite [19, 20, 26, 34].
Therefore, the conclusions in this paragraph are only based on the
hydroxyapatite solubility.
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is highly soluble until a pH of about 2.5. The pH at the
end of the extraction procedure for citric acid, formic acid
and gluconic acid varied between 3.1 and 3.4 for PMA and
between 2.7 and 3.0 for MBMA (see Table 3). Therefore, it
is hypothesized that the 30% and 67% of total P bound as
apatite in the PMA and MBMA did as good as not dissolve
when extracted with citric acid, formic acid and gluconic
acid. Indeed, the fraction of P bound as apatite corresponds
rather well with the fraction of P not dissolving in these
three extraction liquids (29-31% for PMA and 61-67% for
MBMA, respectively). In addition, it was found that the
acetic acid P extraction efficiency for PMA and MBMA
was much lower than for all other organic acids (see Fig. 2),
which might be related to the low pK, value of acetic acid.

It should be noted that the oxalic acid P extraction effi-
ciency for SSA was within the same range as that of the
inorganic acids (92%), whereas it was much lower for PMA
and MBMA (70% and 40%, respectively). The pH at the end
of the extraction procedure for oxalic acid varied between
1.0 and 1.3 for all three ash types. According to Fig. 1 and
the discussion in the previous paragraph, it was expected
that apatite and all other phosphates would totally dissolve
at these pH values, resulting in P extraction efficiencies of
about 100% for all three ash types. However, this was not
the case and it is hypothesized here that this might be linked
to the Ca concentration in the ash types. From Fig. 2 and
Table 1 it can be concluded that the P extraction efficiency
for oxalic acid is inversely proportional to the Ca concentra-
tion in the ash types (6.64% of DM for SSA, 21.12% of DM
for PMA and 33.63% of DM for MBMA). During oxalic
acid extraction, the Ca initially extracted from the ash binds
with oxalate and forms poorly soluble Ca-oxalate [9, 12,
22]. Ca-oxalate precipitate formation might obstruct the acid
penetration towards the core of the not yet dissolved ash par-
ticles. This Ca-oxalate precipitate formation will probably
decrease the dissolution of P from the ash and most likely at
some point P extraction will even stop due to the formation
of a high amount of Ca-oxalate. Hence, it is expected that
ash types with a higher Ca concentration will most likely
reach the point of Ca-oxalate blocking already at a lower P
extraction efficiency. It is worth noting that during sulfuric
acid extraction a precipitate is also formed, i.e., gypsum [9,
21, 22, 25]. However, gypsum has a higher molar solubility
than Ca-oxalate over the full pH range (for instance, at pH 1,
s =4.1 x 1072 M for gypsum and 4.9 x 10~ M for Ca-oxa-
late, respectively (data from Visual MINTEQ)). Therefore,
less gypsum precipitate formation is expected compared to
Ca-oxalate precipitate formation and hence less acid pen-
etration obstruction is expected. For all other extraction lig-
uids than oxalic acid, sulfuric acid and sodium hydroxide, it
was found that the amount of Ca extracted was proportional
to the amount of P extracted (data shown in supplementary
material Fig. S2).

@ Springer

P Extraction by Alkaline Extraction Liquid and Chelating
Agents

The P extraction efficiency with sodium hydroxide was 0%
for PMA and MBMA, whereas it was 39% for SSA (see
Fig. 2). The pH at the end of the extraction procedure with
sodium hydroxide varied between 13.2 and 13.3. In Fig. |
it can be seen that in this pH range some of the Al- and Fe-
phosphates dissolve well, whereas Ca- and Mg-phosphates
are in general poorly soluble [28, 46]. Hence, this indicates
that hardly any Al- and or Fe-phosphates were present in the
unknown amorphous phase of the PMA and MBMA. This
might be related to the low Al and Fe content in PMA and
MBMA compared to SSA. Furthermore, it can be concluded
that at least part of the unknown amorphous P in the SSA
consisted of Al- and/or Fe-phosphates since no Al- and/or
Fe-phosphates were detected in the crystalline phase by the
XRD analysis. Indeed, the presence of Al- and/or Fe-phos-
phates in SSA has been previously confirmed in studies by
Lee and Kim [46], Liang et al. [9], Peplinski et al. [50] and
Petzet et al. [28]. The presence of Al- and/or Fe-phosphates
in SSA can be linked to the addition of soluble Al- and/
or Fe-compounds such as alum or iron(IlI) chloride to the
wastewater to precipitate the dissolved P that is subsequently
removed with the SS.

The P extraction efficiency for PMA and MBMA in alka-
line environment increased considerably in the presence of
chelating agents. Figure 2 clearly shows that EDTA extrac-
tion resulted in higher P extraction efficiencies than NTA
extraction. This might be due to the fact that EDTA can form
more stable complexes than NTA with most metals because
of higher formation constants (Ky). For instance, the Ca-
EDTA complex (log K;=10.69) is more stable than the Ca-
NTA complex (log K;=6.41). The more stable complexes
ensured that the Ca or other metals bound to the P in the
ashes more easily dissolved in the extraction liquid, simul-
taneously dissolving the P and thus resulting in higher P
extraction efficiencies. Contrarily, the P extraction efficiency
for SSA in alkaline environment decreased in the presence
of chelating agents. This can probably be explained by the
combination of the following two facts, both linked to the
pH at the end of the extraction procedure. First, in Table 3 it
can be seen that the pH at the end of the sodium hydroxide
extraction procedure for SSA was 13.2, whereas this was
9.9 for EDTA and NTA extraction. Both AIPO, and FePO,
show relatively low solubilities at pH 9.9 (<25%), whereas
they are completely soluble at pH 13.2 (see Fig. 1). Hence,
it is likely that the amorphous Al- and/or Fe-phosphates
that dissolved from the SSA when extracted with sodium
hydroxide no longer dissolved or at least to a much lesser
degree for EDTA and NTA extraction. Second, as for the
PMA and MBMA, it was expected that phosphates in the
SSA can dissolve through complex formation of chelating
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agents with the phosphate counter ion. However, the stability
of EDTA and NTA complexes deteriorates with decreasing
pH [49, 51, 52]. Hence, the complexes for the PMA and
MBMA extraction were more stable than for the SSA extrac-
tion because of the higher pH at the end of the EDTA and
NTA extraction procedure (11.9-12.2 for PMA and MBMA,
and 9.9 for SSA, respectively). Indeed, the fraction of EDTA
and NTA present in its fully deprotonated form, at which
the metal complexes are most stable, depends on the pH of
the solution [49, 51, 52]. For instance, at pH 10 only 37% of
the EDTA is present in its fully deprotonated form, whereas
this is almost 100% at pH 12 [51]. Hence, the pH-dependent
conditional formation constant (K;), considering the limited
availability of fully deprotonated chelates, is lower at pH 10
than at pH 12 which explains the lower complex stability
at lower pH. In short, the P extraction efficiency for SSA in
alkaline environment decreased in the presence of chelating
agents due to the lower pH at which both less Al- and Fe-
phosphates dissolve and due to the presence of only little
amounts of fully deprotonated EDTA and NTA for compl-
exation of the phosphate counter ions.

Heavy Metal Extraction

Figures 3 and 4 give the efficiencies of Cd, Cr, Cu, Ni, Pb
and Zn extraction from the PMA, SSA and MBMA for all
extraction liquids considered (The heavy metal concentra-
tion in the three ash types differs. For the sake of complete-
ness, heavy metal extraction mass balance data can be con-
sulted in the supplementary material, Fig. S3 and Fig. S4).
The concentration of Cd and Pb in the PMA and MBMA
was below the detection limit value of the ICP-OES meas-
urements (2 mg/kg DM, see Table 1) and therefore the Cd
and Pb extraction efficiencies in Fig. 4 are only given for
SSA.

Figure 3 shows that the Cr, Cu, Ni and Zn extraction effi-
ciencies were in general higher for the PMA and MBMA
than for the SSA. However, Table 1 shows that the heavy
metal concentrations in the initial ash were in general high-
est in the SSA, followed by the PMA and MBMA. The mass
balances in the supplementary material (Fig. S3) show that
the extracted amount of Cu, Ni and Zn were in general high-
est for PMA, followed by SSA and MBMA, whereas the
extracted amount of Cr was in general highest for MBMA,
followed by PMA and SSA. This shows that there is no
direct relationship between the concentration of the heavy
metals in the three ash types and the amount of heavy met-
als that is extracted from these three ash types. This might
be explained based on the differences in speciation of the
heavy metals. Unfortunately, the mineralogy of the heavy
metals could not be detected by XRD due to their low con-
centrations in the three ash types. However, based on the
results obtained with the extraction experiments, it could

be assumed that most of the heavy metals in the SSA were
bound in poorly soluble silicates, aluminates or oxides due
to the high contents of Si and Al in the SSA [53, 54]. In the
PMA and MBMA, it is more likely that the heavy metals
were bound in more soluble compounds such as chlorides
or sulfates.

Overall, the alkaline extraction liquids (sodium hydrox-
ide, EDTA and NTA) had the lowest heavy metal extraction
efficiencies for all three ash types considered (see Figs. 3
and 4). This could mainly be explained by the high pH at
the end of the extraction procedure (ranging between 9.9 and
13.3), since most heavy metal compounds show low solubil-
ity at high pH [55, 56]. However, the P extraction efficiency
for these alkaline extraction liquids was also relatively low
(<39%), except for EDTA extraction of PMA (68%). None-
theless, it was expected that extraction with complexing
agents would result in relatively high heavy metal extrac-
tion efficiencies due to formation of highly soluble heavy
metal complexes [47, 48]. However, the results in Figs. 3
and 4 showed a tendency opposite to the expectations. On
the one hand, the limited heavy metal complexation might be
attributed to competition for the complexion with major ash
elements such as Ca, Al and Fe [47, 48]. On the other hand,
it might be attributed to the fact that the formation of poorly
soluble heavy metal oxides or hydroxides competes with the
chelating agents at high pH [52, 57]. For instance, Zn(OH),
is poorly soluble (K, =7.71 x 10~") and hence at high pH
a substantial part of Zn may precipitate as hydroxide. As a
result, less Zn is available for participating in the complex
formation equilibrium and accordingly the formation con-
stant (e.g., log K;=16.50 for Zn-EDTA) must be corrected
with a factor that reflects the availability of the Zn ions. In
addition, the formation constant has to be corrected for the
availability of fully deprotonated chelates at a specific pH
(see discussion in section ‘P Extraction by Alkaline Extrac-
tion Liquid and Chelating Agents’). Applying these two
correction factors gives the conditional formation constant
(K,f') which is lower than the original formation constant and
hence less stable complexes are formed [52].

In general, the highest heavy metal extraction efficiencies
were obtained with the inorganic acids (sulfuric acid, hydro-
chloric acid and nitric acid) (see Figs. 3 and 4). As discussed
in section ‘P Extraction by Inorganic Acids’, these extrac-
tion liquids also showed the highest P extraction efficien-
cies, indicating that a high P extraction efficiency coincides
inevitably with high heavy metal co-extraction. Neverthe-
less, EDTA extraction of PMA resulted in a relatively high
P extraction efficiency of 68%, combined with relatively
low heavy metal co-extraction (12% Cr, 22% Cu, 13% Ni
and 17% Zn extracted). Obviously, in this case, it must be
considered whether the 32% P remaining in the PMA solid
extraction residue outweighs the possibly lower downstream
processing costs for heavy metal removal.
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Fig. 3 Efficiency of Cr, Cu, Ni and Zn extraction from the PMA, SSA
and MBMA for all extraction liquids considered (%). The error bars
indicate plus and minus one standard deviation (n=3, subsamples
from the same sample). Extraction efficiencies of more than 100%
can be attributed to slight interferences in ICP-OES measurements.
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Selection of Optimal Extraction Liquid

The discussion in sections ‘P Extraction and Heavy Metal
Extraction’ clearly indicates that the selection of the most
suited extraction liquid for a specific ash type is affected
by the ash mineralogy, elemental composition of the ash,
and/or chemical characteristics of the extraction liquids.
However, valorization on industrial scale might be facil-
itated when the same extraction liquid is used to treat
several types of ash in the same P extraction installa-
tion. In this case, it is best to select one of the inorganic
acids, since all inorganic acids showed good P extraction
efficiencies regardless the difference in P mineralogy (at
pH < 1). However, inorganic acid extraction resulted in
relatively high heavy metal co-extraction implying further
purification of the extract. From an economic point of
view, it is in this case most interesting to use sulfuric acid
because of the lower extraction liquid costs compared
to the other inorganic acids considered (around 0.010 €/
mol H* for sulfuric acid, 0.023 €/mol H* for hydrochloric
acid and 0.030 €/mol H* for nitric acid) [58]. Further-
more, sulfuric acid extraction is similar to the method
applied most for P extraction from phosphate rock [5, 7].
Nonetheless, a suitable application for the gypsum and
the solid extraction residue has to be found [8].
However, if only one specific ash type is treated in a
P extraction installation, EDTA extraction could be an
interesting option for the PMA and oxalic acid extrac-
tion for the SSA. On the one hand, EDTA extraction
of PMA is interesting because of the relatively high P
extraction efficiency (68%) combined with relatively low
heavy metal co-extraction (12-22%), possibly decreasing
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downstream processing costs. Yet, further research should
indicate if in this case the economic loss, due to the 32%
of P that in not extracted from the ash, outweighs these
lower downstream processing costs. On the other hand,
oxalic acid extraction of SSA is interesting since the P
extraction efficiency (92%) was within the same range as
that of the inorganic acids. Furthermore, the use of oxalic
acid is interesting because of the fact that the production
of organic acids is overall more sustainable than the pro-
duction of inorganic acids [12].

Conclusion

PMA, SSA and MBMA are promising alternatives for P
recovery because they are renewable sources with a P con-
tent comparable to that of (low grade) phosphate rock. XRD
analysis showed that PMA, SSA and MBMA had a distinct
P mineralogy. The efficiency of P extraction with inorganic
acids was very similar for the different ash types, indicating
that it was not or only slightly affected by the specific P min-
eralogy. This can be explained by the fact that the applied
concentration of 0.5 N, which was equal for all considered
inorganic acids, resulted in pH values < 1 at which almost
all P minerals in the ash show high solubility. Contrarily, for
the organic acids, alkaline extraction liquid and chelating
agents considered, the P extraction efficiency was highly
affected by the specific P mineralogy. For these extraction
liquids, the extraction of P from PMA, SSA and MBMA in
the considered systems showed to be complex, since the ash
composition, ash mineralogy and chemical characteristics
of the extraction liquids indirectly influence (1) the pH of
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Fig. 4 Efficiency of Cd and Pb extraction from the SSA for all extraction liquids considered (%). The error bars indicate plus and minus one
standard deviation (n=3, subsamples from the same sample). /A inorganic acids; OA organic acids; Alalkaline solution; ChAlchelating agents in
alkaline solution. a Cd extraction efficiency (%); b Pb extraction efficiency (%)
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the solution which on its turn affects the solubility of the P
minerals and (2) the type and the concentration of ions in
the solution that can interact.

Heavy metal extraction efficiencies were in general higher
for PMA and MBMA than for SSA. Alkaline extraction lig-
uids showed in general low heavy metal extraction efficien-
cies, in contrast to the inorganic acids, indicating that a high
P extraction efficiency coincides inevitably with high heavy
metal co-extraction.

From an economic point of view, it is most interesting to
extract P with sulfuric acid since all three ash types could
be treated in the same installation, regardless the difference
in P mineralogy. However, further downstream processing
to separate the co-extracted heavy metals from the P in the
extract remains necessary in this case. Oxalic acid could be a
more sustainable option than sulfuric acid, but only showed
a good P extraction efficiency for SSA. EDTA extraction
could be an alternative for P extraction from PMA, since it
showed a relatively high P extraction efficiency combined
with relatively low heavy metal co-extraction. The optimal
extraction procedure for industrial scale applications, how-
ever, will also depend on economic considerations such as
the cost of the extraction liquids and the tradeoff between
P extraction efficiency (increasing the revenue) and heavy
metal co-extraction (increasing the downstream processing
cost).
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