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Abstract

Phosphorus, a limiting element, is essential for living organisms, but the total amount available is decreasing with its increas-
ing use. This problem can be solved by studying the methods of phosphorus recovery from waste. Phosphorus (P,0Os, 13.75%)
is abundantly present in cattle manure bottom ash (CMBA), indicating its potential as a source for phosphorus recovery.
Herein, phosphorus recovery from CMBA was investigated by acid extraction and precipitation methods. The optimum
concentration of sulfuric acid for extraction was 1.4 M, which eluted approximately 90% of the phosphorus contained in
CMBA. In the precipitation method, sodium hydroxide and calcium silicate hydrate (CSH, CaSiO;enH,0) were used to
adjust the solution pH to 4 and 8, where more than 99% of the eluted phosphorus was recovered when the pH was adjusted
to 8 using CSH alone. The chemical composition and crystal forms of the recovered precipitates were analyzed using X-ray
fluorescence and an X-ray powder diffractometer. The results indicated monetite and brushite were the main crystal forms
of precipitates at pH 4, and struvite, hydroxyapatite, and tricalcium phosphate were the main crystal forms at pH 8. The
availability of phosphorus in the precipitates was also evaluated by quinoline gravimetric analysis using water and 2% citric
acid, and the water-soluble precipitate was less than 35%, whereas it ranged from 65 to 97% in 2% citric acid. This study
suggests that CMBA can be used as a promising source to recover phosphorus via acid extraction and precipitation processes.
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Introduction

Phosphorus is not only used for plating or surface polish-
ing in the industries but is also used as an essential energy
source by all living things, including humans (Adam et al.
2012; Sankara Narayanan 2005). It is present in triphos-
phate, which is an energy source for muscle movement.
Phosphorus, with nitrogen, is an essential nutrient for
plant growth. The demand for phosphorus and nitrogen has
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increased with the increase in crop cultivation caused by
population growth (Krog 2003; Lee et al. 2018). In contrast
to nitrogen fertilizer, which is obtained from the conver-
sion of the atmospheric air (Bremner 1965; Smil 1999), the
amount of phosphorus used as a fertilizer is obtained by
mining P-rich deposits (Mayer et al. 2016). However, com-
pared to the abundantly available nitrogen, phosphorus is
a finite resource. According to Helin (Helin and Weikard
2019), the demand for mined phosphorus for use as ferti-
lizers is expected to increase to 23 megatons by the end of
this century (Gilbert 2009). Currently, most phosphates are
stored in Morocco, followed by China, Algeria, and Syria.
The total phosphorus in these countries accounts for more
than 80% of the world’s phosphate reserves (Carrington
2019). Since phosphorus cannot be replaced by other ele-
ments, its use in the same proportion as before will soon
lead to phosphate shortages in several countries of the world.
Accordingly, methods of phosphorus recovery from vari-
ous resources have been widely studied. Some have reported
that using biomass ash can help recover phosphorus with
high efficiency (Du et al. 2014; Wang et al. 2013; Xing et al.
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2016). Table 1 shows the phosphorus content in various
types of biomass ash. Among them, wood ash and sewage
ash contain a substantial amount of phosphorus.

Typical methods of phosphorus extraction from biomass
materials include chemical extraction and thermal extrac-
tion, which are frequently used. The chemical extraction
method is relatively easy to operate, less expensive, and
can efficiently extract phosphorus (Fang et al. 2020; Tan
and Lagerkvist 2011), and consists of acid extraction and
alkali extraction, wherein low-priced sulfuric acid is com-
monly used for extraction (Donatello and Cheeseman 2013;
Liang et al. 2019; Ma and Rosen 2021). Since the chemical
precipitation is straightforward and with efficient recovery,
phosphorus dissolved in acid is mainly used for extraction
by adjusting the pH, followed by precipitation and recovery
(Ye et al. 2017). In this case, reagents used for precipitation
include NaOH, MgO, Mg(OH),, CaO, and Ca(OH), (Praz-
eres et al. 2020; Ye et al. 2017). Calcium silicate hydrate
(CSH), a component of cement and concrete, is used as a
precursor in the manufacturing of glass and filters (Ntafalias
and Koutsoukos 2010). The high pH of CSH facilitates its
use in precipitation, ion exchange, sorption, and lattice sub-
stitution (Gougar et al. 1996). In phosphorus recovery with
chemical precipitation, CSH precipitates phosphorus in the
form of hydroxyapatite (Guan et al. 2014; Zhang et al. 2018).
Using CSH for phosphorus precipitation has several advan-
tages (Law and Pagilla 2018; Lee et al. 2018; Okano et al.
2015): (1) calcium contained in CSH is used as seed mate-
rial for phosphorus precipitation, (2) calcium hydroxide is
formed by the release of calcium, so there is no need to add
an additional chemical for pH control, (3) it has better settle-
ability than other chemical compounds, and (4) phosphorus
precipitation with CSH is less affected by coexisting anions.

Table 1 Phosphorus content of biomass ash

Biomass ash type Phosphate content Reference

(weight % as P,05)

Food residue 3.00-6.98 (Xing et al. 2016)
0.80-5.80 (Du et al. 2014)
Miscanthus 2.42-4.95 (Xing et al. 2016)
Rape straw 2.30-2.70 (Du et al. 2014)
3.21-3.42 (Xing et al. 2016)
Sewage sludge 16.96 (Wang et al. 2013)
Wheat straw 1.49-2.21 (Xing et al. 2016)
2.80-3.20 (Du et al. 2014)

6.26 (Wang et al. 2013)

Willow 2.71-8.39 (Xing et al. 2016)

Wood 1.54-18.03 (Xing et al. 2016)
2.40-6.40 (Du et al. 2014)
2.33 (Wang et al. 2013)
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Manure is an inevitable by-product of livestock produc-
tion, with approximately 1.9 x 10° tons of livestock manure
produced in Korea per day, and cattle manure accounts for
44.1% of the total livestock manure produced (Lee et al.
2021). In particular, cattle manure has a high calorific value
similar to that of sawdust and rice straw, and studies have
been actively conducted on heat recovery (Hong et al. 2020;
Yuan et al. 2017; Zhang et al. 2019a). Nonetheless, recovery
of other inorganic resources from cattle manure bottom ash
(CMBA) after heat recovery has not been researched. In par-
ticular, CMBA contains a substantial amount of phosphorus,
but the hydrochloric acid insoluble content (58.9 +0.7%)
exceeds the national standard for direct use as fertilizer
(<30%). Therefore, this study is the first study to investi-
gate the recovery of phosphorus contained in CMBA using
acid extraction and precipitation methods. The extraction
efficiency of phosphorus from CMBA was evaluated, and
precipitation experiments were performed under controlled
pH conditions. To enhance phosphorus recovery, the pH was
adjusted in two steps using a combination of sodium hydrox-
ide and CSH. Characteristics such as chemical composition,
crystal structure, and the efficacy of the final product accord-
ing to the precipitation conditions were also evaluated.

Materials and methods
Materials and chemicals

CMBA was obtained from a local dairy farm in Anseong,
South Korea, where cattle manure pellets were used as
fuel to heat water (lower heating value: 2720 kcal/kg)
(Hong et al. 2020). The cattle manure pellets were dried
at 70 °C for 24 h and then pyrolyzed. After pyrolysis, the
cattle manure bottom ash (CMBA) was used for phospho-
rus recovery. Sulfuric acid (H,SO,, >95.0%), L(+)-ascor-
bic acid (C4HgOg4, >99.5%), and sodium hydroxide
(NaOH, bead, >98.0%) were purchased from Samchun
Chemical (Pyeongtaek, Korea). Calcium silicate hydrate
(CaSi0;enH,0) and bis[( +)tartorato] diantimonate (III)
dipotassium trihydrate (CgH,K,0,,Sb,¢3H,0, >98.0%)
were purchased from Junsei Chemical Co. Ltd.
(Tokyo, Japan). Ammonium molybdate tetrahydrate
((NH,)¢Mo0,0,,+4H,0, powder, >98.0%) and ammonium
sulfamate (HgN,0,S, >98.5%) were purchased from Dae-
jung Chemicals & Metals (Shiheung, Korea).

Method of phosphorus extraction from cattle
manure bottom ash

The phosphorus in the CMBA was eluted with varying
concentrations of sulfuric acid (0.0, 0.5, 1.0, 1.2, 1.4, 1.6,
1.8, and 2.0 M) to facilitate leaching. The pH of the eluted
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solution was measured with a pH meter (Orion Star A211,
Thermo Scientific Orion, Seoul, Korea). For phosphorus
elution, a solution of ash (2 g) and each concentration of
sulfuric acid (10 mL) at a 1:5 (w/v) ratio was mixed for
30 min. After measuring the pH, the phosphorus in each
eluate was estimated using a standard method for the exami-
nation of water and wastewater (Federation and Associa-
tion 2005). Briefly, the absorbance of the eluate samples
treated with a combined reagent of ammonium molybdate
and ascorbic acid was measured with a UV-Vis spectro-
photometer at 665 nm (NEO-S2117, Neogen, Korea). To
estimate the effect of retention time on phosphorus recovery,
elution experiments were conducted at different retention
times (30, 90, 120 min). The ashes that were washed with
deionized water were used to estimate the influence of wash-
ing on phosphorus elution.

Precipitation of phosphorus under controlled pH

The eluate containing a mixture of sulfuric acid (1.4 M) and
CMBA in a 1:5 (w/v) ratio was used for precipitation experi-
ments. The precipitation test was performed using NaOH
(2 M) and two different doses (10 and 15 g/L) of CSH for pH
control. Overall, similar precipitation experiments were con-
ducted using NaOH and CSH. For the NaOH precipitation
test, only NaOH was used to adjust the solution pH. When
the pH was controlled using 10 g/LL CSH, NaOH was used
in combination with CSH, but at 15 g/L. CSH, the pH was
controlled only using CSH. During the first precipitation,
the leaching solution of varying concentrations was added
to the sample, and the pH of the sample was maintained at
4. The solutions that were controlled using NaOH and CSH
were mixed for 2 h at 100 rpm in a shaking incubator (SJ-
808SF, Sejong Technology, Korea). The solutions were then
centrifuged at 3000 rpm for 5 min (MF300, Hanil Science
Medical, Korea) and filtered using a vacuum pump with a
glass microfiber filter. The subsequent precipitation process
was performed at pH 8 by adjusting with NaOH and/or CSH,
and the mixing and separation procedures were the same.
Then, the precipitates produced from the experiments were
dried at 50 °C in a vacuum drying oven (FTVO-701, SB
Environment Corporation, Japan) prior to further analysis.
All experiments were conducted in duplicate, and a one-way
analysis of variance (ANOVA) test was used to determine
statistically significant differences between treatments at a
95% confidence level (p <0.05).

Characterization methods

The surface of the precipitates and CMBA were analyzed
using a field-emission scanning electron microscope
(SEM-EDS; JSM-6700F, JEOL, Japan). The chemical
composition of the precipitates was identified using X-ray

fluorescence (XRF; ZSX Primus, Rigaku, Japan) and an
X-ray powder diffractometer (XRD; D/max-2500 V/PC,
Rigaku, Japan) covering a two-theta range of 5.0-90.0°
in steps of 0.02°. Quinoline gravimetric analysis was per-
formed to analyze water solubility and citric acid solu-
bility, which are key properties of the precipitate (Lee
et al. 2018). To analyze the water-soluble phosphorus,
in a 250 mL flask, 1 g of the precipitate was dissolved in
150 mL of deionized water and placed on a shaker for 1 h,
then filled with water and filtered. Similarly, in the citric
acid-soluble phosphorus analysis, 150 mL of 2% citric
acid solution was used instead.

Results and discussion
Characterization of cattle manure bottom ash

The characteristics of CMBA were analyzed to confirm
their importance as a phosphorus resource. SEM images
of CMBA coupled with EDS showed an irregular shape
with distinctive peaks for C, O, Ca, P, Na, K, Cl, S, Mg, Si,
Fe, and Al (Fig. 1(a) and 1(b)). Similar compositions were
observed in iron-impregnated cattle manure biochar, mainly
composed of C, followed by Fe, CI, O, Ca, P, and Mg (Lee
et al. 2021; Park et al. 2021). XRD was used to determine the
mineralogical composition (Fig. 1(c)). According to Match
software combined with Crystallography Open Database,
CMBA mainly contained Ca,g, j3(POy4)5 94(OH), 5, (#96-721-
7895: 20=25.84°, 31.70°, 32.14°, 32.84°, 46.62°), CaCO,
(#96-210-0190: 20=29.38°, 47.50°, 48.46°), and Ca;(PO,),
(#96-900-5866: 20 =34.02°, 46.62°, 53.18°). A more
detailed chemical composition analyzed by XRF is shown
in Table 2, and data for sewage sludge are also included for
comparison (Lee et al. 2018). Sewage sludge is considered
to be a phosphorus resource because it often contains a high
content of P,Os;. However, it also contains a considerable
amount of heavy metals, such as Al, necessitating addi-
tional treatment in the phosphorus recovery process. CaO
(66.08%), followed by P,0O5 (13.75%), are the main com-
ponents of CMBA. High CaO content was also observed in
other bottom ash (Asokbunyarat et al. 2015), and its alkaline
nature increases the pH (13.2 for CMBA). The P,05 content
in the bottom ash of cattle manure was comparable to that of
other biomass-derived ash (Table 1), indicating its potential
as a source of phosphorus for resource conservation. The
contents of MgO and K,O in cattle manure bottom ash were
similar to those in sewage sludge, whereas the contents of
Al,0O; and Fe,O5 were considerably less than those in sew-
age sludge. These lower heavy metals content could cause
less contamination during the phosphorus recovery process.
Therefore, CMBA can be a suitable source for phosphorous
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Fig. 1 Characterization of cattle
manure bottom ash: a SEM, b
EDS, and ¢ XRD
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Table2 Chemical composition of sewage sludge and cattle manure
bottom ash (CMBA) before and after extraction

Component Sewage sludge CMBA CMBA
(mass %) (before (after extraction)
extraction)  (mass %)
(mass %)
Na,O - 5.18 0.77
MgO 1.72 2.20 0.28
AL O, 26.1 0.37 0.21
Sio, 13.0 1.30 0.75
P,0; 28.2 13.75 3.83
SO, 8.70 221 50.05
Cl - 3.07 0.60
K,O 3.04 3.94 0.91
Ca0O 10.5 66.08 41.65
Fe,04 6.50 1.58 0.71
Others 2.24 0.31 0.17

recovery. After extraction with sulfuric acid (1.4 M), CaO
(41.65%), and P,O5 (3.83%), contents in CMBA decreased
while SO; (50.05%) increased significantly (Table 2).

@ Springer
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Effect of sulfuric acid dose on phosphorus elution
and final solution pH

Wet chemical extraction, with high efficiency and low cost,
is the most proposed technique for phosphorus recovery
from various ash and has already been applied on an indus-
trial scale to extract phosphorus from phosphate rocks (Don-
atello and Cheeseman 2013; Luyckx et al. 2021). In this ore
processing technique, phosphate is eluted into concentrated
sulfuric acid, and gypsum is abundantly generated during
the process, as shown in Eq. (1):

Ca3(PO4)2(S) + 3H2S04 g 3CaSO4(s) + 2H3P04 (1)

The phosphoric acid product is separated from the cal-
cium sulfate crystals using a filtration process. Similarly,
various concentrations of sulfuric acid were added to check
the degree of phosphorus elution from the bottom ash of
cattle manure (Fig. 2(a)). Phosphorus elution was negligi-
ble (0.36%, 55.34 mg P/L) up to 0.5 M sulfuric acid con-
centration, which then increased to 42.77% (6560.27 mg
P/L) for 1.0 M sulfuric acid, and gradually increased to
89.99% (13,804.57 mg P/L) for 1.4 M sulfuric acid. Similar
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phosphorus elution according to sulfuric acid concentration
was also observed in a thermally gasified piggery waste ash
about 80% of phosphorus was eluted as the sulfuric acid
concentration increased to 1.0 M (Kuligowski and Poulsen
2010). The amount eluted was not statistically different
(p>0.05) for 1.4 M, 1.6 M, and 1.8 M sulfuric acid but
increased slightly for 2.0 M sulfuric acid. Therefore, consid-
ering the economic feasibility, phosphorus was eluted using
1.4 M sulfuric acid concentration in subsequent experiments.

In contrast to phosphorus elution, the pH of the phospho-
rus eluate evidently decreased with increasing sulfuric acid
concentration (Fig. 2(b)). The pH of the mixture decreased
from 13.20 (solid-liquid ratio=1:5 (w/v)) in distilled water
to 6.77 in 0.5 M sulfuric acid. Phosphorus elution from sew-
age sludge containing Al generally proceeded below pH 3
(Monea et al. 2020a), whereas the elution of phosphorus
from CMBA actively proceeded below pH 5. A substantial
amount of phosphorus (42.77%) was eluted at pH 4.77 with
1.0 M sulfuric acid treatment because calcium phosphate
can effectively dissolve below pH 5 (Monea et al. 2020b).
Approximately 90% of the phosphorus was eluted when
phosphorus eluate pH dropped to 1.79 after treating with
1.4 M sulfuric acid. This was consistent with the literature
reporting that phosphorus elution from ash is generally
most significant at pH <2 (Monea et al. 2020a). The effect
of retention time on phosphorus elution was not significantly
different, and the elution equilibrium was estimated to be
within 30 min (Fig. S1). This result is consistent with the
literature examining the phosphorus eluted from incineration
ash of chicken manure (Sugiyama et al. 2019). Therefore,
a 30 min retention time was sufficient to elute phosphorus
from CMBA. These results confirmed that phosphorus in
CMBA could be effectively eluted with 1.4 M sulfuric acid.

Precipitation of phosphorus with NaOH and CSH
at certain pH level

Phosphorus recovery from the eluent was investigated after
eluting with 1.4 M sulfuric acid at certain pH values, which
was adjusted using NaOH and CSH. As shown in Fig. 3(a),
37.39 +£0.12% of the total phosphorous in the eluent was

Concentration of sulfuric acid (M)

recovered by increasing the solution pH to 4 with NaOH
and an additional 22.15 +0.71% of the phosphorus was pre-
cipitated when the solution pH was increased to 8. Thus,
approximately half of the phosphorus could be recovered
by increasing the solution pH to 8 with NaOH. In particu-
lar, phosphorus recovery from the eluent can be enhanced
using CSH. In our previous study, over 90% phosphorus was
recovered from sewage sludge at pH 6.93; CSH precipitated
phosphorus in the eluent, which was eluted using sulfuric
acid (Lee et al. 2018). When the solution pH was adjusted
to 4 using NaOH after adding 10 g/L of CSH (Fig. 3(b)),
the phosphorus recovery (37.04 +0.12%) did not signifi-
cantly change compared to that when only NaOH was used.
However, the final phosphorus recovery (82.04 +1.55%)
was enhanced by adding 10 g/L of CSH and adjusting the
solution pH to 8. An additional pH adjustment was unnec-
essary when 15 g/L. of CSH was used to recover phospho-
rus from the eluent. More than half of the total phosphorus
(62.99 +£0.60%) in the eluent was recovered by the first CSH
addition (15 g/L) at pH 4, and 99.55+0.16% of phosphorous
was recovered by the second CSH addition (15 g/L) at pH
8 (Fig. 3(c)). CSH can mostly act as a seed crystal during
phosphorus precipitation, which increases the phosphorus
recovery efficiency (Zhang et al. 2019b). In addition, CSH
not only effectively increases the solution pH, but the Ca
contained in CSH can also help in struvite and hydroxyapa-
tite formations (Okano et al. 2013a). Therefore, phospho-
rus can be more effectively recovered from the eluent using
CSH.

Characterization of precipitates

The surface morphology of the precipitates was measured
using SEM (Fig. S4), and a significant change in the surface
structure was not observed depending on the type of pre-
cipitates. The chemical composition of the precipitate was
assessed using XRF analysis (Table 3). The components in
the NaOH precipitate were mostly P,Os, followed by Na,O
and K,O. In particular, Al,O5 and Fe,O; were mostly pre-
cipitated at pH 4, whereas MgO was mostly precipitated at
pH 8. These results indicated that the content of unnecessary
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Fig. 3 Precipitation of phospho- (a) 15000
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Table 3 Chemical composition .
H Na,0O MgO ALO; SiO P,0s SO Cl K,0 CaO Fe,O; Et
(mass %) of precipitates P % & 273 S 23 3 2 : s ¢
NaOH 4 16.51 230 4.73 370 30.79 12,19 656 1194 281 7.66  0.81
NaOH 8 14.03 1993 0.13 442 3923 332 258 1346 264 - 0.26
CSH 4 327 090 1.82 1266 15.66 2595 1.71 4.02 31.12 288 0.01
(10 /L)
CSH 8 726 548 0.13 27.06 2284 3.04 253 489 2661 - 0.16
(gL
CSH 4 285 1.01 1.05 1790 2090 1625 1.71 329 3270 204 03
(15 g/L)
CSH 8 501 465 0.19 3001 1659 436 3.10 481 31.06 - 0.22
(15 g/L)

metal components for using the final product as a fertilizer
can be adjusted according to solution pH conditions. There-
fore, the composition of the final precipitate can be possibly
controlled by adjusting the pH conditions during precipita-
tion (Kaikake et al. 2009; Kalmykova and Fedje 2013). In
contrast, CaO was the most abundant in the CSH-derived
precipitate, and the SiO, content increased with the increas-
ing doses of CSH from 10 to 15 g/L. The high content of
CaO and SiO, suggests that the precipitate can be reused
as seed material for phosphorus recovery (Lee et al. 2018).
Although the ratio of P,O5 was higher in NaOH precipitates
than that in CSH precipitates, the actual mass of phosphorus
precipitate recovered was higher with CSH because of the
relatively higher mass of precipitate produced than that with
NaOH (Fig. 4(a)). The actual recovered masses of P,05 cal-
culated from the P,Oj5 ratio and the mass of the precipitate
produced via NaOH, CSH (10 g/L), and CSH (15 g/L) at
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pH 4 were 0.29 g, 0.30 g, and 0.62 g, respectively. The total
recovered masses of P,Os by NaOH, CSH (10 g/L), and
CSH (15 g/L) up to pH 8 were 0.51 g, 0.79 g, and 0.98 g,
respectively. An increase in CSH dose effectively recovered
phosphorus from the eluted solution. This is because CSH
can act as a nucleus for phosphorus precipitation and serve
as an adsorption site for phosphorus (Okano et al. 2013b).
The precipitation tendencies of Al,O5, Fe,05, and MgO at
pH 4 and pH 8 using CSH were the same as those obtained
using NaOH.

Since calcium and phosphate are derived from CMBA,
the types of crystals formed in the precipitant were assumed
to be struvite (Eq. (2)), brushite (Eq. (3)), hydroxyapatite
(Eq. (4)), monetite (Eq. (5)], tricalcium phosphate [Eq. (6)],
and octacalcium phosphate [Eq. (7)) (Frost and Palmer 2011;
Komlev et al. 2010b; Minh et al. 2014; Penn and Camber-
ato 2019; Shi et al. 2019). Octacalcium phosphate, which is
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formed from brushite, can be used as a precursor material
for hydroxyapatite (Komlev et al. 2010a). The corresponding
reactions are presented in Egs. (2)—(6):

Mg** + NH} + HPO;™ + 6H,0 — MgNH,PO, - 6H,0 + H*
2
H,PO; + Ca** +2H,0 — CaHPO, - 2H,0 + H* 3)

10Ca(OH), + 6H;PO, — Ca,y(PO,)o(OH), + 8H,0  (4)
H,PO,” + Ca** — CaHPO, + H* 5)
2HPO,* +3Ca** +20H™ — Cay(PO,), +2H,0  (6)

8Ca** + 2HPO,* +4P0,*™ + 5H,0 — CagH,(PO,)s * SH,0
(N

A change in pH alters the degree of precipitation and the
types of crystals contained in the precipitants (Bi et al. 2014;
Huang et al. 2015; Liu et al. 2004). At a pH range of 5-6.5,
H,PO,” is the dominant species in the solution, which is
required for the formation of brushite and monetite (Mijan-
gos et al. 2004). H,PO,~ and HPO,*~ can be used as brushite
precursors (Penn and Camberato 2019), and HPO42_ can
also be used as precursors of struvite (Hu et al. 2020). Octa-
calcium phosphate can be produced in the pH range of 5-6
(Komlev et al. 2010b). A pH above 7 increases the ratio of
HPO42_, which increases the generation of hydroxyapatite
and tricalcium phosphate compared to the other precipitates
(Minh et al. 2014; Musvoto et al. 2000; Pastor et al. 2008).
The precipitates were also influenced by the solubility of

the crystals; a lower solubility at higher pH values may
increase phosphorus recovery (Huang et al. 2015). The
crystal formed with the lowest solubility is hydroxyapatite,
followed by tricalcium phosphate, octacalcium phosphate,
monetite, and brushite (Johnsson and Nancollas 1992; Mus-
voto et al. 2000).

According to the XRD data (Fig. 5(a)), the precipitates
that were controlled by NaOH at pH 4 had two major peaks.
The peak between 20 and 40° is assumed to belong to mon-
etite, and the peak at 40° is presumably that of brushite
(Djosic et al. 2009; Mirkovi¢ et al. 2016). This is because
both monetite and brushite can be produced at a relatively
low pH range. According to the Minteq results (Fig. S2), the
concentration of HPO42‘, which is a precursor of both mate-
rials, is high when pH is between 4 and 6. Conversely, in the
precipitate adjusted to pH 8, three major peaks appeared
(Fig. 5(b)). The peak at lower than 20° presumably belongs
to struvite (Lu et al. 2016), and the two peaks shown in
part 20° represent the peaks of brushite and struvite (Lu
et al. 2016; Mirkovi€ et al. 2016). Finally, the peaks shown
in part 30° represents hydroxyapatite and tricalcium phos-
phate (Franca et al. 2014). Similarly, based on the results
of Minteq, at pH 6 or higher, more HPO,>~ is present than
that of the HPO,~, which generates more materials that use
HPO," as a precursor. In addition, hydroxyapatite, trical-
cium phosphate, and struvite are produced at a high pH
range and are more likely to be produced because of their
lower solubility than the other phosphate crystals (Musvoto
et al. 2000; Pastor et al. 2008; Recillas et al. 2012). The
precipitate-adjusted pH using CSH showed similar patterns
under the same pH conditions (Fig. 5(c—f)). Precipitates
adjusted to pH 4 presented several peaks, where the peaks
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below 30° represented brushite and the peaks above 30° rep-
resented monetite (Djosic¢ et al. 2009; Mirkovic€ et al. 2016).
In contrast, the precipitate adjusted to pH 8 exhibited two
peaks, which represented one of the peaks of hydroxyapatite,
struvite, and tricalcium phosphate (Franca et al. 2014; Lu
et al. 2016). In addition, a portion of the pH 8 precipitate
graph observed a slight increase in intensity between 20 and
40°, which represents the peak of silicon dioxide contained
in the precipitates (Musi¢ et al. 2011).

Availability of phosphorus from the precipitates

In addition, the ratio of phosphate eluted from precipitates
in water and 2% citric acid was evaluated by quinolone
gravimetric analysis (Lee et al. 2018; Shaver 2008). Fig-
ure 4(b, c) shows the ratio of dissolved phosphate in water
and citric acid. In water, the ratio of dissolved phosphate
at pH 4 was higher than that at pH 8. Unlike the NaOH
precipitates, the CSH precipitate at pH 8 did not contain
significant amounts of water-soluble phosphorus. Overall,
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the phosphorus dissolved in citric acid was higher than
that dissolved in water, and the CSH precipitates con-
tained more citric acid-soluble phosphorus. Although
CMBA also contained about 99% of citric acid-soluble
phosphorus (167.7 +2.9 mg/L), the total amount of eluted
phosphate was less than 40% of the CSH precipitate.
Representative water-soluble phosphoric compounds are
Ca(H,PO,),oH,0 and (NH,)H,PO,, and a typical citric
acid-soluble phosphoric compound is NH,MgPO,eH,0
(Tan et al. 2021; Weeks and Hettiarachchi 2019). The
phosphorus eluted with water can easily desorb from the
soil and permeate the groundwater, whereas phosphorus
eluted with citric acid can be retained in the soil for a suf-
ficient time and can be used as nutrients by the plants (Lee
et al. 2018). Therefore, precipitants produced using CSH
will be more beneficial to plants as fertilizers. In addition,
the hydrochloric acid insoluble in the CSH precipitate
were 16 and 27% at pH 4 and pH 8 (Fig. S3(a)), respec-
tively, which satisfied the national regulation for fertilizer
(<30%), and the pH of the precipitate was also in the range
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of 4.6 to 9.4, which was suitable as an alternative fertilizer
compared to CMBA (pH=13.2) (Fig. 4(d)). However, in
this study, the growth of crops using CSH precipitate as a
fertilizer could not be evaluated, and future research on the
amount of phosphorus accumulated in crops and growth
should be conducted through crop growth experiments.

Conclusion

This study investigated phosphorus recovery methods
using CMBA. The main components of CMBA were CaO
(66.08%) and P,05 (13.75%), and the pH was as high as
13.2. A wet chemical extraction method using sulfuric acid
was applied to CMBA, and phosphorus was effectively
eluted from CMBA using 1.4 M sulfuric acid (89.99%). The
eluted phosphorus presented better recovery performance
using CSH than that of NaOH at both pH 4 and pH 8, and
99.55+0.16% of phosphorous was recovered by CSH-medi-
ated precipitation at pH 8. Regardless of the use of NaOH or
CSH, monetite and brushite were the main crystal forms of
precipitates at pH 4, whereas struvite, hydroxyapatite, and
tricalcium phosphate were the main crystal forms at pH 8.
The chemical composition of the precipitates could also be
controlled by adjusting the pH conditions. The phosphorus
obtained from the water-soluble precipitate was less than
35%, whereas it ranged from 65 to 97% in 2% citric acid
depending on the precipitation method. These results dem-
onstrate the potential use of CMBA as a promising phos-
phorus resource and provide useful insights into phosphorus
recovery methods from biomass ash.
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