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ABSTRACT: Thermal treatments of phosphorus (P)-rich sewage
sludge for eﬃcient P reclamation have recently gained much
attention. Our recent research proposed a low-temperature
combustion method that can simultaneously target safe waste
disposal, ﬂy ash volume reduction, heavy-metal stabilization, P
recovery, and energy reuse. To further optimize treatment conditions
and gain deeper insights into P speciation, this study systematically
characterized P transformation during low-temperature co-combustion of sewage sludge with biowaste by combining X-ray absorption
spectroscopy, sequential extraction, and nuclear magnetic resonance
spectroscopy analyses. Organic P, phytic acid, and pyrophosphate in
the raw feedstock transformed into orthophosphate during lowtemperature combustion. With increasing mass fraction of biowaste,
low-temperature co-combustion increased the relative abundance of
Ca-associated P and decreased the abundance of Fe-associated P. The dominant P species in the produced bottom ash is strongly
correlated to the amount and speciation of metals in the feedstock and their aﬃnities to P. The introduction of biowaste altered the
enrichment eﬃciency and availability of P in the ash. The results from this study revealed the eﬀects of combustion conditions and
feedstock characteristics on P speciation and provided a fundamental basis for guiding the optimization of the thermal treatment
method for eliminating hazardous wastes, reusing energy, and improving P reclamation eﬃciency.
KEYWORDS: sewage sludge, biowaste, phosphorus (P), low-temperature combustion, X-ray absorbtion spectroscopy (XAS)
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INTRODUCTION
Phosphorus (P) is an indispensable element for life and also a
non-renewable resource that cannot be replaced.1,2 It is an
essential component of fertilizers for crop production.3,4 With
the increasing population, the demand for P fertilizers has
increased sharply.5 The main raw material for P-fertilizer
production is the geological phosphate rock, which is estimated
to be exhausted in 50−100 years at the current mining rate.6,7
Thus, there is an urgent need to develop secondary raw
materials of P to meet the increasing demand of P-fertilizer
production. In this aspect, sewage sludge has been considered
as a potential P resource due to the embedded high
concentration of P.8,9 However, direct application of sewage
sludge to agricultural lands remains controversial since sewage
sludge is also enriched with many diﬀerent contaminants such
as heavy metals and organic pollutants (pharmaceuticals,
parasites, and pathogens),10−13 posing potential threats to
human and environmental health.
Thermal treatment of sewage sludge has many advantages
such as heat energy reuse, volume reduction, and decomposition of organic pollutants.14−16 Since a considerable
amount of P is enriched in the ﬁnal solids after the thermal
treatment, P recovery from the treatment product is promising
© 2021 American Chemical Society

for the development of sewage sludge treatment technology.17−19 However, direct incineration of sewage sludge
produces a large amount of hazardous waste ﬂy ash and
reduces the concentration of P retained in bottom ash.20 Some
studies have indicated that P bioavailability of ﬂy ash also
decreased when incinerated at over 700 °C.21−24 With this
regard, our recent studies introduced a low-temperature
combustion method for sewage sludge management. Compared with the disposal methods of pyrolysis and incineration,
low-temperature combustion can signiﬁcantly reduce the
amount of ﬂy ash and concentrate phosphorus in bottom
ash, and P bioavailability in the residue could be further
improved.25
Previous studies have reported that incineration of sewage
sludge with additives such as metals or metal chlorides26 and
sodium salts can improve P bioavailability in the ash.27 For
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Table 1. Raw Materials and Masses of Low-Temperature Combustion Fuel Blends (kg)a
fuel blends

dewatered sewage sludge

dried corncob

dried rice hull

dried SSt

mass of dried fuel blends

ash sample label

±
±
±
±
±
±

ash air
0.1 CP
0.3 CP
0.5 CP
0.5 RH
0.5 SSt

mass of materials before drying (kg)
DSS
90%
70%
50%
50%
50%

DSS/10%
DSS/30%
DSS/50%
DSS/50%
DSS/50%

CP
CP
CP
RH
SSt

10.01
8.99
7.04
5.02
5.01
5.00

±
±
±
±
±
±

0.02
0.01
0.01
0.01
0.02
0.01

2.04
1.98
2.03
2.01
2.02
2.01

0.20 ± 0.01
0.59 ± 0.01
0.98 ± 0.01
1.00 ± 0.01
1.01 ± 0.01

0.03
0.02
0.02
0.02
0.04
0.01

a

Notes: DSS: dried sewage sludge; CP: corncob powder; RH: rice husk; SSt: soybean straw.

Table 2. Mass Fraction of Main Chemical Constituents of DSS and Fuel Blends (wt %, as Dry Basis, Recalculated in the Oxide
Form)
fuel blends
DSS
90%
70%
50%
50%
50%

DSS/10%
DSS/30%
DSS/50%
DSS/50%
DSS/50%

ash label
CP
CP
CP
RH
SSt

ash air
0.1 CP
0.3 CP
0.5 CP
0.5 RH
0.5 SSt

SiO2
18.0
16.4
13.9
9.8
12.7
9.1

±
±
±
±
±
±

P2O5
1.6
1.2
1.3
0.9
0.8
1.0

9.9
9.1
7.6
5.9
5.0
5.0

±
±
±
±
±
±

0.9
0.8
0.6
0.5
0.3
0.3

Fe2O3
9.6
8.6
6.6
4.8
4.8
4.9

±
±
±
±
±
±

0.4
0.4
0.2
0.2
0.1
0.2

±
±
±
±
±
±

0.2
0.2
0.1
0.1
0.1
0.2

CaO
2.8
2.6
2.2
1.9
1.8
1.9

±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1

MgO
1.0
0.9
0.9
0.8
1.3
0.5

±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1

K2O
0.2
0.4
0.8
1.1
0.4
0.8

±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1

Na2O
0.6
0.6
0.5
0.4
0.4
0.4

±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1

X-ray ﬂuorescence (XRF, Thermo Scientiﬁc ARL 9900) and are
presented in Table 2.
Co-Combustion Experiment of Fuel Blends. Co-combustion
experiments were carried out in a laboratory-scale apparatus (inner
diameter: 80 mm, furnace height: 300 mm), as shown in Figure S1.
Five thermocouples spaced 50 mm apart are numbered 1, 2, 3, 4, and
5 from bottom to top. After the device was ﬁlled with the solid fuel,
the heating plate was turned on. The bottom ash was allowed to cool
down to room temperature in the furnace after combustion. The total
mass of the ash and fuel was recorded. All experiments were carried
out in duplicate.
Sequential Chemical Extraction. To characterize the mobility
and solubility of phosphorus in sewage sludge and its thermal
treatment products, the dried solids were subjected to sequential
extraction following Hedley’s method.32−34 Brieﬂy, 250 mg of the
solid sample was added to a 50 mL polypropylene centrifuge tube and
sequentially extracted by 20 mL extraction solutions, including
deionized water (readily soluble P), 0.5 M NaHCO3 (exchangeable
P), 0.1 M NaOH (Fe/Al mineral adsorbed P), and 1.0 M HCl
(insoluble phosphates) solution, each lasting 16 h by end-to-end
shaking. The residual fraction and total P were measured after
digestion using aqua regia at 100 °C. The aqueous phases and solids
were separated by ﬁltration (0.45 μm) at the end of each step. The P
bioavailability of the ash samples was analyzed by using neutral
ammonium citrate (NAC) and 2% citric acid (CA) according to EU
regulation no. 2003/2003 (EU. 2003).35,36 The P concentration in
the solutions was determined with the molybdenum blue method
using a UV−vis spectrometer (Carey 60, Agilent).37
P K-Edge XANES Analysis. Phosphorus K-edge XANES
spectroscopy allows non-invasive direct identiﬁcation of P species in
complex matrixes. P K-edge XANES data were obtained at Beamline
14−3 at the Stanford Synchrotron Radiation Lightsource (SSRL),
Menlo Park, CA, USA. Powdered P reference standards and samples
(e.g., sewage sludge, biowaste, and ashes) were spread homogeneously
onto a Kapton ﬁlm. The sample compartment was maintained under a
He atmosphere. The energy was calibrated by setting the edge
position (maximum energy of the ﬁrst peak in the ﬁrst derivative) for
AlPO4 to 2152.8 eV. The spectra were recorded in the ﬂuorescence
mode using a PIPS detector at photon energies between 2100 and
2485 eV. Multiple spectra were recorded for each sample and
averaged for further analysis.
As shown in Table 2, Al, Ca, Fe, and Mg are the main cations
which may form metal phosphate salts or P complexation in fuel
blends and ashes. Therefore, spectra of their corresponding P
compounds were selected as references for linear combination ﬁtting

example, the addition of MgCl2, CaCl2, or CaO can promote
the conversion of P into new mineral phases available for
plants.28,29 Biowaste, which is rich in mineral elements (Ca,
Mg, K, etc.), may also promote P transformation during
thermal treatment. Studies have investigated the incineration
of sewage sludge mixed with cotton stalks or wheat straw to
improve the P bioavailability of ﬂy ash.30,31 However, few
studies have investigated the speciation evolution of P during
low-temperature co-combustion of sewage sludge with
biowaste. The speciation (e.g., physical distribution and the
chemical state) of an element is well known to aﬀect its
transport, mobility, and availability. Thus, an improved
understanding of P speciation evolution during low-temperature co-combustion is necessary for optimizing P reclamation
methods of sewage sludge. This study aims to systematically
investigate the transformation of P during low-temperature cocombustion of sewage sludge with three common types of
agricultural biowastes [corncob powder (CP), rice husk (RH),
and soybean straw (SSt)] by coupling 31P liquid nuclear
magnetic resonance (NMR), P K-edge X-ray absorption nearedge structure (XANES), powder X-ray diﬀraction (XRD), and
sequential extraction analyses in order to evaluate this method
and reveal its fundamental knowledge basis for the development of P recycling strategies from sewage sludge.

■

Al2O3
5.2
4.7
3.7
2.8
2.6
2.6

MATERIALS AND METHODS

Materials of Sewage Sludge and Biowastes. Dewatered
municipal sewage sludge was obtained from the Jiaxing Wastewater
Treatment Plant, Zhejiang Province, China. Three types of
agricultural biowastes, CP, RH, and SSt, were obtained from Jiangsu
Province, China. Biowaste samples were dried at 105 °C in an oven
over 24 h. Dried biowaste powders were passed through a 60-mesh
(250 μm) sieve and then fully mixed with dewatered sewage sludge
(moisture 80.0%) at diﬀerent ratios (Table 1). The mixed samples
were pressed into spherical pellets with a diameter of 3.0 cm and
stored as fuel blends after drying at 105 °C for 24 h.
The properties of dried sewage sludge (DSS) and biowaste samples
are given in Table S1, including proximate analysis (GB/T212-2001,
China) and ultimate analysis (GB/T476-2001, China). The higher
heating value (HHV) was measured by the ASTM D5865 standard.
The main chemical constituents of the raw materials were analyzed by
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Figure 1. Linear combination ﬁtting of P XANES spectra of DSS, biowastes, bioashes, and co-combustion ashes. Fitting results are shown in Figure
2 and Table S3.
(LCF), including Al-associated P (phosphate sorbed on γ-alumina
and AlPO4), Ca-associated P (CaHPO4, amorphous Ca phosphorus,
and hydroxyapatite), Fe-associated P (vivianite, ferrihydritedadsorbed P, and FePO4), Mg-associated P [Mg3(PO4) and
MgHPO4], and organic P (phytic acid, Na phytate, and Ca phytate).
Details of all reference compounds are present in Table S2 and Figure
S2.
Data processing used the software SIXPack and ATHENA. All
XANES spectra were examined for energy calibration and merged.

LCF was performed at an energy range of −15 to +50 eV relative to
the edge energy E0. The goodness of ﬁt was evaluated using the
residual factor (R factor), and the ﬁt with the smallest R factor was
deemed the best ﬁt.
Powder X-ray Diﬀraction Analysis. Powder XRD (Philps X’pert
PRO) was used to detect the main crystalline compounds in the ash
samples. The instrument was equipped with Cu Kα radiation, and the
data were obtained in the range of 10−80° with a scan step of 0.02°.
3670
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Liquid 31P Nuclear Magnetic Resonance Spectroscopy.
Sewage sludge and its thermal-treated products were extracted using
a solution containing 0.25 M NaOH and 0.05 M ethylenediaminetetraacetic acid at a solid/liquid ratio of 0.2:4 g/mL and were shaken at
150 rpm for 16 h at room temperature. The solid and aqueous phases
were separated by centrifugation. The extracted solution was mixed
with D2O (100 μL) for measurements. 31P NMR spectra of liquid
samples were recorded using a Bruker AMX 400 MHz spectrometer
operated at 162 MHz at 297 K. A 90° pulse width, 6.5 K data points
(TD) over an acquisition time of 0.51 s, and a relaxation delay of 15 s
were applied.

■

RESULTS AND DISCUSSION
Chemical Characterization of Sewage Sludge, Biowaste, and Fuel Blends. As shown in Table S1, the volatiles
and HHV of the three biowastes (66−74%, >15000 KJ·kg−1)
are much higher than those of DSS (46%, about 6400 KJ·
kg−1), while the ash content of biowastes (<12.0 wt %) is less
than that of DSS (48 wt %). Increasing the biowaste mass
fraction reduces the ash content and increases the volatile and
HHV of fuel blends. During the combustion process, the high
volatility and HHV of fuel blends are beneﬁcial for its ignition
and self-sustained combustion in the insulating furnace. The
low ash content can eﬀectively reduce heat loss and increase
the contact area between air and the solid fuel, which beneﬁts
its suﬃcient combustion. Therefore, the introduction of
biowaste contributes to the eﬃcient, stable, and suﬃcient
combustion of sludge-based fuels.
XRF results in Table 2 indicate that Si, Fe, Al, and P are the
major elements of DSS and fuel blends. Overall, DSS has a
higher P content (P2O5 at ∼9.9%) than fuel blends (4.8−
8.7%). The contents of Al and Fe decreased by ∼50% when
biowastes were mixed with sludge at a 1:1 ratio. This is because
the higher contents of organic compounds and volatility lead
to relatively low P, Al, and Fe contents in biowaste. It is worth
noting that the concentrations of Ca, Mg, and K did not
decrease signiﬁcantly in fuel blends. For example, the Ca
content decreased by ∼30% (compared to a 40−50% decrease
for P) for fuel blends mixed with 50 wt % of biowaste, which
suggests that the ratio of Ca/P in fuel blends (a molar ratio at
0.36−0.48) was higher than that in DSS (∼0.35). As for
magnesium, the addition of RH increased its content in fuel
blends to over 30%. It indicates that the contents of Ca, Mg,
and K in the three biowastes are relatively high as compared to
sewage sludge. Speciﬁcally, the concentrations of Ca in
corncob and SSt are high, and the Mg content in RH is the
most abundant among the three biowastes. Overall, the
introduction of biowaste increased the ratio of the metal (Ca
or Mg, depends on the species of biowaste) to P.
P XANES spectra of DSS and the biowastes showed
signiﬁcant diﬀerence in P speciation (Figures 1 and 2, Table
S3). Ferrihydrite-adsorbed phosphate (37%), AlPO4 (34%),
vivianite (17%), and alumina-adsorbed phosphate (12%) are
the four dominant species identiﬁed in DSS. The dominant P
species in biowastes is organic P. Phytate (78% for phytic acid
and Na/Ca-phytate), amorphous Ca phosphate (11%), and
alumina-adsorbed phosphate (11%) are the main P species in
CP, while phytate (71%), MgHPO4 (16%), and aluminaadsorbed phosphate (14%) are identiﬁed in RH. Moreover, P
moieties in the liquid extracts of raw and combusted sewage
sludge were detected by 31P liquid NMR. Figure 3 shows the
dominant presence of orthophosphate (90%) and small
fractions of pyrophosphate (7%) and phosphate monoester
(3%) for the liquid extract of raw sludge. Orthophosphate

Figure 2. Relative abundance of diﬀerent P species in DSS and cocombustion ashes (a) corncob, RH, SSt, and their ash (b), as
quantiﬁed by LCF of their P XANSE spectra.

Figure 3. 31P NMR spectra of the liquid extracts of dewatered sludge,
dried sludge, and the derived combustion ash.

(96%) and phosphate monoester (4%) were identiﬁed in the
liquid extract of DSS.
P species in DSS are mostly Fe/Al-associated P in the form
of orthophosphate; no Ca-associated P or organic P was
detected. The presence of abundant Ca phytate, amorphous
Ca phosphate, and MgHPO4 in corncob and RH is consistent
with the element composition results showing abundant Ca
and Mg. Due to the low concentration of P in SSt, we were not
able to obtain good ﬁtting on its P XANES spectrum. Since
3671
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eﬃciency of fuel blends increases with increasing corncob mass
fraction. When RH was used as the additive, the P enrichment
eﬃciency of the sample 0.5 RH is about 86%, which was
slightly lower than that of DSS. SSt has no obvious eﬀect on
the P enrichment eﬃciency, which is about 90%. As shown in
Table 2, the contents of P2O5, CaO, and K2O of the fuel blend
with 50 wt % CP are higher than those of the other two fuel
blends. The reaction between P and alkali metals such as K and
Ca in biowastes during the combustion leads to the formation
of stable K−Ca−P compounds with a high melting temperature, which is beneﬁcial for reducing the volatilization of P
and the formation of particulate matter, thereby increasing the
P enrichment eﬃciency in the bottom ash.30,40 Thus, CP is
more eﬀective on the enrichment of phosphorus in ash than
RH and SSt.
P Speciation Change during Low-Temperature CoCombustion. As shown in Figure 1, P XANES spectra of all
the ash samples showed increasing degrees of the distinctive
feature of Ca-associated P (peaks at ∼2164 and ∼2172 eV),
the presence of which was conﬁrmed by LCF analysis.
Speciﬁcally, after the low-temperature combustion of DSS,
the decrease of Fe-associated P (17% vivianite and 37% PFerrihy for DSS, 17% FePO4 for the ash) and the formation of
Ca-associated P were the dominant changes based on P
XANES LCF analysis (Figures 1 and 2, Table S3). The relative
abundance of Al-associated P (AlPO4 and alumina-adsorbed
phosphate) remains at around 46% for both DSS and its
derived ash. Compared to the high abundance of organic P in
the raw biowastes, organic P was not identiﬁed in their derived
ashes. Mg- and Ca-associated P (including CaHPO4 and
hydroxyapatite) increased in the biowaste-derived ashes as
compared to the raw biowastes. When 50 wt % biowaste (CP,
RH, or SSt) was used in the fuel blends, no Fe-associated P
was identiﬁed in the corresponding ash products. The relative
abundance of Fe- and Ca-associated P in the corncob-mixed
fuel blend ashes shows an inverse correlation with the mass
fraction of corncob. For example, 17% FePO4 in DSS ash
gradually decreased to 10, 7%, and 0 for 0.1 CP, 0.3 CP and
0.5 CP, respectively. The relative abundance of Ca-associated
P increased from ∼37% for DSS ash to 43, 47, and 49% for 0.1
CP, 0.3 CP, and 0.5 CP, respectively, which suggests stronger
association of P with Ca due to the introduction of CP in the
fuel blends. Meanwhile, 7.6% hydroxyapatite (HAP) was
identiﬁed in the ash of 0.3 CP, which further increased to
13.3% for 0.5 CP. Interestingly, instead of HAP, 12.5%
Mg3(PO4)2 was identiﬁed in the ash of 0.5 RH, which was
likely caused by the high Mg content in raw RH.
P Speciation Probed by Sequential Chemical Extraction. Hedley’s sequential extraction method is extensively used
to empirically determine the mobility and speciation of P in
solid matrixes. Here, we use this method to characterize P
speciation in the sewage sludge and its thermal-treated
products to complement P XANES results. Sequential
extraction results (Figure 4 and Table S5) showed that P in
DSS and its derived ash has low mobility, with the total relative
abundance of H2O and NaHCO3 extractable fractions at about
5%. The NaOH and HCl fractions of DSS are at 60 and 27%,
respectively. After low-temperature combustion, the NaOH
fraction decreased from 60% for DSS to 49% for DSS ash, and
the HCl fraction increased from 27 to 36%, respectively. For
ashes derived from the combustion of fuel blends, the
enhancement was more signiﬁcant for the HCl fraction,
which generally increased with increasing biowaste mass

phytate is ubiquitous in plant straw, it is reasonable to expect
organic P as the dominate P species in SSt.
Characteristics and P Enrichment Eﬃciency of the
Co-Combustion Products. Figure S3 shows the cocombustion temperature proﬁle of DSS and fuel blends. The
four curves (numbers 1−4) in each ﬁgure are the temperatures
measured using the four thermocouples with the same
numbers in Figure S1. The reaction was self-sustained (without
an external heating source after ignition) at relatively low
temperatures (below 600 °C). The temperature recorded by
the no. 5 thermocouple is not shown in Figure S3. This is
because the fuel blends in the insulating furnace gradually sank
during the combustion process, causing the no. 5 thermocouple to be out of contact with the reaction zone.
As shown in Figure S3, the spread rate of the combustion
front and the highest combustion temperature of DSS were
0.027 mm/s and 565.1 °C, respectively. The spread rate
increased to 0.066, 0.049, and 0.056 mm/s with the mixing of
RH, corncob, and SSt, respectively. The peak temperature
during the co-combustion of sewage sludge with CP reached
604.9 °C, which was the highest among the three biowastes.
The other two biowastes had no signiﬁcant eﬀects on the peak
temperature of combustion (both were lower than 600 °C).
The combustion method used in this study can increase the
combustion rate of fuel blends and maintain the combustion
temperature below around 600 °C. Under these conditions,
the organic pollutants in sludge can be degraded, while P
volatilization caused by high temperatures (>800 °C) was
inhibited, which improved the P enrichment eﬃciency and led
to a high P-concentration solid product (bottom ash).25,38
The volatilization of organic P and mechanical carryover
may lead to transformation of P into ﬂy ash, which is not
conducive to P enrichment in bottom ash. To further
investigate the eﬀect of low-temperature co-combustion with
biowastes on P enrichment eﬃciency, we compared the P
recovery eﬃciency of the ash from low-temperature cocombustion with those of diﬀerent biowaste additives. Similar
to the deﬁnition of heavy-metal retention by Li et al.,39 the P
enrichment eﬃciency E of the ash can be deﬁned as
E=

Pash × Mash
× 100%
Pfuel × M fuel

(1)

where Pfuel and Pash are the P contents (mg/g) in dried fuel
blends and co-combusted ashes, respectively, and Mfuel and
Mash are the masses of fuel blends and co-combusted ashes,
respectively. Eash is the mass recovery of ash from lowtemperature co-combustion of sewage sludge with biowaste
and is deﬁned as
Eash =

Mash
× 100%
M fuel

Research Article

(2)

Table S4 shows the content of phosphorus and the
enrichment rate of total P in the ash. The ash recovery
eﬃciency of DSS is 47%, which is slightly higher than its ash
content (46%), as shown in Table S1. This diﬀerence may be
caused by the incomplete combustion of ﬁxed carbon in DSS.
As the corncob mass fraction in fuel blends increased from 10
to 50%, Eash decreased from 44 to 26%. The addition of RH
and SSt also led to a decrease in the ash recovery eﬃciency.
The P enrichment eﬃciency of DSS is about 90%, while it is
95, 98, and 100% for the samples 0.1 CP, 0.3 CP, and 0.5 CP,
respectively. These results suggest that the P enrichment
3672
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minerals, surface-adsorbed phases, or P-metal cation complexes. The chemical states of P in the combustion products
depend on the type and abundance of metal cation species
(e.g., Al, Ca, Fe, and Mg) in the feedstock. The relative
abundance of AlPO4, FePO4, and CaHPO4 increased in the ash
derived from the co-combustion as compared to DSS. On the
other hand, the aﬃnity of P to the metal cation (i.e., Fe, Al, Ca,
and Mg) is diﬀerent depending on the metal cation type. Some
studies indicated that Al and Fe phosphate minerals can
transform to Ca-phosphate phases during incineration of
sewage sludge.44−46
In this study, the increasing abundance of Ca in the CP, SSt,
and RH blended fuels increased the contact and reaction
probability of Ca with FePO4, AlPO4, or orthophosphate
released from organic P degradation. Figure S4 shows the main
P-containing mineral phases in the DSS and ashes detected by
XRD. AlPO4 and FePO4 are the dominant P species in DSS
and its ashes. For all three biowastes, when the biowaste mass
fraction reached 50%, Fe-associated P completely disappeared
with the appearance of Ca-associated P after co-combustion.
The intensity of diﬀraction peaks for Ca18Mg2H2(PO4)14 is
enhanced in the sample 0.5 RH, which is consistent with P
XANES LCF results showing the formation of Mg-associated
phosphate in the ash as the addition of RH provided more Mg
source. In addition, P immobilization was enhanced after cocombustion with the increase of Ca-phosphate mineral
crystallinity, such as the formation of crystalline Ca2P2O7,
Ca(PO3)2, CaHPO4, and hydroxyapatite [Ca10(PO4)6(OH)2],
as shown in Figure S4. CaHPO4 can be decomposed at >450
°C and converted into crystalline Ca2P2O7. Meanwhile, the
reaction of AlPO4 and FePO4 with Ca compounds can form
Ca2P2O7 and Ca(PO3)2.44 With increasing mass fraction of
CP, the abundance of hydroxyapatite gradually increased and
the relative abundance of CaHPO4 decreased. The molar ratio
of Ca/P gradually increased from 0.35 for DSS to 0.36 and
0.41 for fuel blends with 30 wt % and 50 wt % CP, respectively.
The increasing ratio of Ca/P in the blended feedstock (all
below 1.67) likely contributed more Ca source for the
transformation of calcium-deﬁcient apatite [CDHA,
Ca10−x(HPO4)x(PO4)6−x(OH)2−x] into HAP (which begins
to lose water at 850 °C but is stable at temperatures below
1200 °C47). The transformation from CDHA to HAP possibly
led to the increase of HAP relative abundance and the decrease
of CaHPO4 based on LCF of P XANES. Chlorapatite
[Ca5(PO4)Cl] and Ca9HPO4(PO4)5OH were identiﬁed in
the 0.5 CP sample by XRD, which conﬁrmed the formation of
CDHA during combustion. Meanwhile, the high content of
chlorine in biowaste likely induced the formation of the Ca−
P−Cl mineral.48,49 Overall, the increasing abundance of the
Ca-phosphate mineral and HAP formation from diﬀerent
pathways enhanced P immobilization with increasing biowaste
fraction.
We further conducted solubility tests to evaluate the
availability of the P species in the co-combustion ash. Figure
S5 shows the P solubility of the DSS and ash samples in NAC
and 2% CA, which was a previously used indicator for
evaluating P availability for plants.50 P solubility in the CA test
is positively correlated with the amount of Ca-associated P
phases.16 Chien (1993) showed that the solubility of Fe- and
Al-associated P is much greater than that of apatite P using the
NAC solubility test;51 thus, P solubility in NAC can be used to
indicate the relative abundance of Fe/Al-associated P minerals
as compared to Ca-associated P minerals,35,51 with Fe/Al-

Figure 4. Total content and distribution of P in sequential extracts of
sewage sludge and its co-combustion ash.

fraction. For example, the HCl fraction of 0.5 CP was at 62% as
compared to 37 and 40% for 0.1 CP and 0.3 CP, respectively.
Meanwhile, the NaOH fraction decreased to 30% for 0.5 CP as
compared to 48 and 43% for 0.1 CP and 0.3 CP, respectively.
The introduction of RH and SSt also showed similar
enhancement in HCl and NaOH fractions in the co-combusted
ashes. Speciﬁcally, the HCl fraction increased to 58% (for 0.5
RH) and 62% (for 0.5 SSt) and the NaOH fraction decreased
to 28% (for 0.5 RH) and 25% (for 0.5 SSt), as compared to
49% (HCl fraction) and 36% (NaOH fraction) for DSS ash.
The stabilization of P in sewage sludge by combustion has
been observed in previous studies.28,41,42 To further reveal the
stabilization mechanism of P, the results from LCF analysis of
P XANES were compared to those from the sequential
chemical extraction. Some research studies indicated that
ferrihydrite-adsorbed P and Al-adsorbed P are readily extracted
during the NaOH step and Ca-associated P cannot react
during the H2O−NaHCO3−NaOH steps.18,43 In this study,
the relative abundance of vivianite (17% in DSS) and
ferrihydrite-adsorbed P (37% in DSS) decreased and the
NaOH fraction signiﬁcantly decreased in the DSS-derived ash.
Ca-associated P formed (CaHPO4 37%) and contributed to
the increase of the HCl fraction in the DSS-derived ash. In
comparison, the relative abundance of Al-associated P (Palumina and AlPO4) remained relatively stable in DSS and all
ashes. This suggests that a portion of vivianite and
ferrihydrited-adsorbed P converted to FePO4 and Caassociated P during the combustion of DSS. The NaOH
fraction continued to decrease from 49% for DSS-derived ash
to 30% for 0.5 CP, consistent with the observed decrease of the
FePO4 fraction detected by LCF analysis of P XANES. Such
trends on the change of Fe-associated fractions were enhanced
with the increase of biowaste mass fraction. For example, when
50 wt % of biowastes (CP, RH, or SSt) was used in fuel blends,
no Fe-associated P was detected, and the NaOH fraction was
mostly contributed from AlPO4.
P Transformation Mechanism and Its Eﬀect on
Bioavailability. As discussed above, P speciation has
transformed through diﬀerent pathways during low-temperature co-combustion of sewage sludge with biowaste. In the
case of P molecular conﬁgurations, low-temperature cocombustion transformed organic P (e.g., phytic acid and Na/
Ca-phytate) and pyrophosphate into orthophosphate, which
subsequently reacted with metal cations to form P-containing
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associated P minerals typically having lower availability than
Ca-associated P minerals.
Using the NAC and CA tests, we observed an increase of P
solubility in CA from 47 to 65 mg/g with increasing CP mass
fraction from 0 to 30%, corresponding to 57% and 65% of total
P, respectively. When the CP mass fraction increased to 50%
(the sample 0.5 CP), P solubility in CA further increased to 79
mg/g, reaching 75% of total P in this sample. As previously
discussed, the relative abundance of Ca-associated P in the
samples 0.5 CP and 0.5 SSt was relatively high, and P solubility
in CA accounted for more than 70% of the total P for both
samples. Meanwhile, solubilized P in NAC gradually decreased
from 40 mg/g for the sample DSS to 30 mg/g for 0.5 CP. The
sample 0.5 SSt has the lowest P solubility of 19 mg/g in NAC.
The relatively low P solubility in NAC of co-combusted ashes
as compared to the sample DSS ash, in combination with the
increase of CA-soluble P in co-combusted ashes, conﬁrmed
that co-combustion with biowastes improved the transformation of Fe- and Al-phosphate into Ca-associated P.
Thus, the low-temperature co-combustion with biowaste,
especially with the addition of Ca-rich CP, enhanced P
availability in the ﬁnal ash products.
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CONCLUSIONS
This study systematically characterized the P transformation
during low-temperature co-combustion of sewage sludge with
diﬀerent biowastes at varied mixing ratios, revealed the
transformation mechanism of P speciation from both the
molecular moiety and mineralogy aspects, and explored the
eﬀects of combustion and feedstock characteristics on the P
species and bioavailability in the ash products. In general, the
introduction of biowaste contributed to the eﬃcient, stable,
and suﬃcient combustion of the sludge-biowaste blends.
Organic P and pyrophosphate in the fuel blends transformed
into orthophosphate during combustion. The released
orthophosphate reacted with metal cations to form Pcontaining phases, and the aﬃnity of phosphate to Ca was
stronger than that of Fe and Al. The relative abundance and
transformation pathways of diﬀerent P species were dependent
on the fuel blend composition such as the type and
concentration of dominant metal cations. FePO4 was fully
converted to Ca/Mg-associated phosphate minerals with
increasing mass fraction of biowaste in the fuel blends, which
contributed to more Ca/Mg source.
A better understanding of the transformation mechanism of
P speciation provides insights into the design of disposal
techniques and treatment conditions for sewage sludge and
other biowastes to achieve eﬃcient P recovery and recycling.
For example, more attention needs to be paid to the type and
concentration of dominant metal cations (e.g., Al, Ca, Mg, and
Fe) in biowastes and sewage sludge while introducing highvolatile and HHV biowastes to optimize low-temperature
combustion of sewage sludge. High Ca-concentration biowastes used for blending can lead to more Ca-associated P in
ash products, which has a signiﬁcant contribution to P
availability. In summary, the results from this study provide
the fundamental basis for low-temperature co-combustion of
organic solid waste such as sewage sludge and biowaste as well
as a guidance for the optimization of thermal treatment
techniques with higher eﬃciency of energy reuse and P
reclamation.
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