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ABSTRACT: Global expectation for sustainability has
prompted the transition of practices in wastewater treatment
plants toward not only waste management but also energy and
nutrient recovery. It has been shown that low-temperature
hydrotherm (HT) treatment can enhance downstream biogas
production via anaerobic digestion (AD). Yet, because the
application of combined HT and AD is still at an early stage, a
systematic understanding of the dynamic speciation evolution
of important elements is still lacking. This study investigates
energy and nutrient recovery from sewage sludge and swine
manure via combined HT-AD treatment. Bench-scale
investigation was conducted to evaluate biogas production
and understand the dynamic evolution of organic carbon
(C) and phosphorus (P) speciation. C and P speciations were characterized using complementary chemical and spectroscopic
techniques, including 13C nuclear magnetic resonance (NMR) spectroscopy, P X-ray absorption near edge structure (XANES)
spectroscopy, and sequential chemical extraction. Results from this study suggest that low-temperature HT pretreatment can
achieve enhanced biogas production for sludge compared to the minimal eﬀect on the biogas production from manure. It also
provides guidance for P recovery from liquid digestate and solid residue after the AD process.

1. INTRODUCTION

decontamination, many challenges still need to be addressed in
order to improve the overall eﬀectiveness and eﬃciency and to
meet the growing societal pressure for sustainability. For
example, the presence of extracellular polymeric substances in
sewage sludge biomass can reduce the eﬃciency of anaerobic
digestion (AD), limiting sludge methane yield to around 290−
590 CH4 mL/g-VS.16,17 Compared to sludges, it is typically
easier for animal manure to produce methane through AD, but
the high concentration of ammonia in manure may inhibit the
AD process18 and the pathogens and antibiotics contained in
manure cannot be fully degraded by AD.19−22 Composting is
more eﬀective in pathogen/organic degradation than AD due
to its higher treatment temperature (45−70 °C),23,24 but the
production of greenhouse gases such as CH4 and N2O can be
problematic.25,26 Chemical treatment methods such as lime or

Human activities lead to the production of tremendous
amounts of solid biowastes, such as sewage sludge from
municipal wastewater treatment plants (WWTPs) and
manures from animal husbandry. For example, around 7.2
and 1.4 million tons (dry weight) of sewage sludge and animal
manure, respectively, are produced annually in the US.1,2
These biowastes contain rich amounts of organic matter and
nutrients (e.g., P and N) as well as a vast variety of
contaminants such as pathogens, organic pollutants, and
heavy metals.3−5 Thus, solid biowastes have great potential
for energy and nutrient recovery but can also lead to serious
water and soil contamination if not properly handled during
treatment and/or resource recovery processes.6−8
Currently, the most common management strategy for
sludge and manure is land application, followed by biological
processing (e.g., anaerobic digestion9,10 and composting11,12)
and/or chemical processing (e.g., lime or alumina treatment
for sanitation and P immobilization).13−15 Although these
practices can achieve certain levels of resource recovery and/or
© 2019 American Chemical Society
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2.2. Anaerobic Digestion. Anaerobic digestion (AD) was
conducted on seven sets of feedstocks: control (CK), sludge
(S), manure (M), and their hydrochars derived by HT at 125
or 225 °C (S125, S225, M125, and M225). AD was carried out
in 160 mL serum bottles (with 100 mL liquid volume), and
each set was performed in quadruplicate. Anaerobic sludge
obtained from the mesophilic anaerobic digester of the same
WWTP was anaerobically preincubated in the laboratory and
served as the seed inoculum. The serum bottles were capped
with rubber stoppers and ﬂushed with nitrogen gas. Twenty
milliliter of DI water (CK), sludge (S), manure (M), or their
hydrochars (S125, S225, M125, or M225) were ﬁrst added to
the bottles. Then, 50 mL of the seed inoculum was anoxically
transferred to each bottle, followed by the addition of 30 mL of
anoxic medium. The medium contained: 0.9 g/L K2HPO4, 0.5
g/L KH2PO4, 0.5 g/L NH4Cl, 0.1 g/L CaCl2·2H2O, 0.2 g/L
MgCl2·6H2O, 0.1 g/L FeCl2·4H2O, and 3.5 g/L NaHCO3.
Stock solutions of 1 g/L resazurin, vitamin, and trace metals
were each added to the medium to achieve a ﬁnal
concentration of 1.0 mL/L. Quadruplicate bottles were used
for each set, with one bottle stored at 4 °C as 0 day sample and
the other three bottles incubated in the dark at 35 °C for AD
process, shaken manually twice a day. Throughout the
incubation period of 63 days, total gas volume and
composition (CH4 and CO2) were measured every 2−4 days
during the ﬁrst 20 days and every 7−14 days afterward. At the
end of the incubation period, the pH, total and volatile solids
(TS, VS), total chemical oxygen demand (TCOD), soluble
chemical oxygen demand (SCOD), total P (TP), soluble P
(IP), and ammonia (NH4+) were measured.
TS, VS, pH, TCOD, SCOD, TP, IP measurements were
conducted according to procedures described in Standard
Methods.36 Total nitrogen (TN) and total carbon (TC) were
measured using a Carlo Erba CHN analyzer.37 Total gas
production was measured by displacement of an acidiﬁed brine
solution (10% NaCl w/v and 2% H2SO4 v/v) in graduated
burets. The gas composition was determined by gas
chromatography with thermal conductivity as previously
reported.38,39
2.3. 13C NMR Analysis. Sludge, manure, and their
hydrochars before and after 63 d AD were freeze-dried and
analyzed by 13C solid-state NMR spectroscopy to investigate
the change of C speciation during anaerobic digestion. Sample
powders were tightly packed into a cylindrical zirconia rotor (4
mm O.D.) with a Kel-F cap. NMR data were collected on a
Bruker Avance III 400 spectrometer equipped with a 4 mm
probe. A ramp cross-polarization (ramp-CP) pulse program
(where the proton contact pulse was ramped from 50 to 100%
and that of carbon was ﬁxed) coupled with magic angle
spinning (MAS) was used.40 The spectra were obtained at
100.570 MHz, a contact time of 3 ms, a recycle delay of 4 s,
and sample spinning rate at 12 kHz. A total of 4096 scans were
collected for each sample. Spectral processing and analysis
were carried out using Bruker TopSpin 3.5 (Bruker Inc.,
Billerica, MA, U.S.A.). Assignment and quantiﬁcation of C
functional groups were based on Vane et al. (2005),41 with the
following groups identiﬁed: (1) aliphatic (chemical shift of 0−
50 ppm), (2) methoxyl (50−60 ppm); (3) O/N-alkyl (60−
110 ppm); (4) aromatic, furanic, and O-aromatic (110−160
ppm), and (5) carboxyl and carbonyl (160−210 ppm) (details
in Table S1).
2.4. Sequential Chemical Extraction. Sequential chemical extraction was conducted on the raw and treated samples

alumina addition can stabilize the wastes, with the main costs
associated with the chemicals.13−15 In addition to the abovementioned advantages and disadvantages of conventional
sludge/manure treatment methods, the ﬁnal disposal of the
treatment products remains challenging. For example, if the
waste volume and/or pollutant contents in the ﬁnal products
are not signiﬁcantly reduced, transportation costs and/or
environmental risks of land application will remain high.
In recent years, hydrothermal treatment has emerged as a
potential candidate for achieving resource recovery and
decontamination of biological wastes such as sludge and
manure.27,28 Depending on the HT temperature range, the
involved thermochemical reactions and product phase
evolution can vary, aﬀecting the design and selection of
downstream management strategies.29−31 It has been shown
that thermal hydrolysis (i.e., temperature lower than 180 °C)
can enhance downstream biogas production when the
treatment products are subjected to anaerobic digestion,32,33
while hydrothermal carbonization (i.e., temperature range of
180 to 350 °C) can facilitate sludge dewatering and increase
the heating value of the products (hydrochar).34,35 In order to
achieve eﬀective recovery of both energy (e.g., C through
biogas production) and nutrients (e.g., P), it is important to
understand the mass distribution and transformation of carbon
and nutrients under speciﬁc treatment conditions. Yet, because
the application of combined HT and AD treatment is still at an
early stage, a systematic understanding of the dynamic
speciation evolution of important energy and nutrient elements
is still lacking.
To ﬁll the above-mentioned knowledge gap, this study
systematically investigated the eﬀects of hydrothermal pretreatment (at 125 and 225 °C) on the AD of sewage sludge and
swine manure, with a focus on the dynamic evolution of
organic matter and phosphorus during the combined treatment
process. Carbon speciation in the liquid and solid phases was
probed by the evolution of chemical oxygen demand (COD)
and 13C nuclear magnetic resonance (NMR) spectroscopy,
while phosphorus speciation was characterized by P K-edge Xray absorption near edge structure (XANES) spectroscopy. To
our knowledge, this is the ﬁrst study that systematically
investigates the fundamental processes underlying carbon and
phosphorus transformation during combined hydrothermal
treatment and anaerobic digestion and provides a valuable
basis for the design and optimization of this technology for
eﬀective energy and nutrient recovery.

2. MATERIALS AND METHODS
2.1. Collection and Hydrothermal Treatment of
Sludge and Manure Samples. Activated sludge was
collected from the secondary treatment tank from a
local WWTP in Atlanta, Georgia, U.S.A.. After collection,
sludge was allowed to settle and the supernatant was discarded.
Swine manure was collected from a local farm in the vicinity of
Atlanta, Georgia, U.S.A.. The water content of the sludge and
manure was 88% and 78.9%, respectively. A 1:5 (w/w) solid to
liquid ratio was used for hydrothermal treatment. Speciﬁcally,
12 g of sample and an appropriate amount of deionized water
(DI) were added into a 20 mL Teﬂon lined stainless steel
hydrothermal reactor (Parr instrument). The reactor was
sealed and heated in an oven at 125 or 225 °C for 4 h and then
allowed to cool to 50 °C overnight in an oven. Raw sludge,
manure, and their hydrothermally derived hydrochars were
stored at 4 °C for less than a week before anaerobic digestion.
1148

DOI: 10.1021/acs.est.9b03269
Environ. Sci. Technol. 2020, 54, 1147−1156

Article

Environmental Science & Technology
Table 1. Characteristics of Sludge, Swine Manure, and Their Hydrothermally Treated Samples at 125 or 225 °Cb
Parametera
TS (%)
VS (%)
pH
TCOD (g/L)
C content (wt%)
N content (wt%)
C/N ratio
Total P (mg/g dt)
Cu (mg/kg dt)
Zn (mg/kg dt)
Cr (mg/kg dt)
As (mg/kg dt)
Cd (mg/kg dt)

Sludge
9.51
7.26
6.65
99.4
35.70
7.14
5.00
56.21
27.55
77.36
12.89
8.79
1.64

±
±
±
±
±
±

0.03
0.22
0.04
0.2
0.13
0.03

±
±
±
±
±
±

0.85
0.29
0.41
0.33
0.26
0.03

S125
8.91
6.48
6.10
100.0
36.08
7.17
5.03

±
±
±
±
±
±

0.07
0.25
0.02
0.2
0.20
0.06

S225
7.86
4.52
7.75
111.4
37.78
6.78
5.57

±
±
±
±
±
±

0.19
0.31
0.01
0.2
0.30
0.14

Manure
17.63
15.49
6.50
134.7
41.18
3.63
11.34
23.10
16.39
102.91
8.57
6.29
0.48

±
±
±
±
±
±

0.07
0.46
0.06
0.1
0.99
0.02

±
±
±
±
±
±

0.28
0.22
1.61
0.28
0.13
0.01

M125
16.53
14.81
5.64
139.0
41.89
4.16
10.07

±
±
±
±
±
±

0.04
0.34
0.04
0.1
0.64
0.26

M225
11.56
9.44
5.36
210.0
53.15
4.73
11.24

±
±
±
±
±
±

0.42
0.55
0.01
0.1
1.84
0.09

TS (total solids), VS (volatile solids), TCOD (total chemical oxygen demand), dt (dry weight). Data error bars represent mean ± standard
deviation (n = 3). bLabeled as S125 and S225 for sludge and M125 and M225 for manure.

a

following the Hedley’s method42 to assess P speciation. The
extraction method considers the P species extracted by H2O,
NaHCO 3, NaOH, and HCl to be readily soluble P,
exchangeable P, Fe/Al mineral adsorbed P, and insoluble
phosphates, respectively. Speciﬁcally, 100 mg raw sludge,
manure, or their corresponding hydrochars were added to a 50
mL polypropylene centrifuge tube and sequentially extracted
by 20 mL extraction solutions. The reaction tubes were
constantly agitated by end-to-end shaking. The samples were
ﬁrst extracted with DI water for 8 h, followed by 0.5 M
NaHCO3, 0.1 M NaOH, and 1.0 M HCl solutions, each lasting
16 h. All experiments were conducted in duplicate. At the end
of each extraction step, the solid and aqueous phases were
separated by vacuum ﬁltration (0.45 μm). The ﬁltrate was
digested using the persulfate digestion method36 and analyzed
for P concentration using the phosphomolybdate colorimetric
assay43 on an UV−vis spectrometer (Carey 60, Agilent).
2.5. P K-edge XANES Analysis. P K-edge XANES data
were collected at Beamline 14−3 at the Stanford Synchrotron
Radiation Lightsource (SSRL), Menlo Park, CA. Samples
before and after AD treatment were freeze-dried, ground into
ﬁne powders, and brushed evenly onto P-free Kapton tapes.
Excess powders were blown oﬀ to achieve a homogeneous and
thin ﬁlm. Sample-loaded tapes were mounted to a sample
holder. The sample chamber was maintained under a He
atmosphere at room temperature. XANES data were collected
in ﬂuorescence mode using a PIPS detector at 2100−2485 eV.
Multiple scans were collected for each sample, energy
calibrated, merged, and normalized for further analysis.
Principle component analysis (PCA) and linear combination
ﬁtting (LCF) was conducted at an energy range of −15 to +50
eV. E0 values of reference compounds were allowed to ﬂoat for
up to ±1 eV. Goodness of ﬁt was evaluated using the residual
factor (R factor), and the ﬁt with lowest R factor was used.
Because Fe, Al, and Ca are the predominant metals present in
sludge and manure, phosphate could either adsorb on their
mineral phases or form solid precipitates with them. Therefore,
XANES data were also collected on the following reference
compounds for LCF: (1) amorphous calcium phosphate
(ACP) and hydroxyapatite (HAP), representing Ca-associated
P; (2) AlPO4 and phosphate sorbed on γ-alumina, representing
Al-associated P; (3) phosphate sorbed on ferrihydrite (PFerrihy), representing Fe-associated P; (4) phytic acid (PhyAc,
sodium salt), representing P associated with organic functional

groups. Synthesis of the reference compounds, their P XANES
spectra, and details of LCF can be found in our previous
study.28
2.6. Statistical Methods. One-way analysis of variance
(ANOVA) was performed to compare results from diﬀerent
treatments. Signiﬁcant diﬀerences were determined according
to a Tukey HSD test at a signiﬁcance level of 0.05. All
statistical tests were performed using JMP software (Version
10, SAS Institute Inc., Cary, NC, U.S.A.).

3. RESULTS AND DISCUSSION
3.1. Physicochemical Characteristics of AD Feedstocks. The physicochemical characteristics of sludge, manure,
and their HT treated products are shown in Table 1. Generally,
both total and volatile solids decreased after HT at increasing
temperatures, due to the increasing solubilization and
volatilization of organic matter into liquid and gas phases,
respectively. The pH value decreased to 6.10 at 125 °C but
increased to 7.75 at 225 °C for HT treated sludge, while pH
decreased from 5.64 at 125 °C to 5.36 at 225 °C for HT
treated manure. TCOD for both sludge and manure samples
increased after HT (particularly at 225 °C), likely due to
dehydration and decarboxylation during HT that reduces
oxygen content in the biomass.
3.2. Energy Recovery: Transformation of Organic
Matter. Biogas production was monitored for a 63 day period,
and the eﬀects of HT on biogas production kinetics and extent
were evaluated and related to the form of organic matter in the
feedstock. Cumulative biogas production showed a rapid
increase during the initial 20 days, followed by a near steady
rate (Figure S1). Both 125 and 225 °C HT treatments
enhanced total gas and CH4 per VS compared to raw materials.
For manure samples, the eﬀect of HT on gas production was
more pronounced by 125 °C treatment, with methane
production (over 700 mL/g VS) signiﬁcantly higher than the
225 °C treatment in this study (Table S2) or other previous
results.44,45
In order to analyze the relationship between methane
production and COD removal potential after HT and AD
processes, methane production was expressed by equivalent
COD consumption (CH4-COD). Under standard temperature
and pressure, 1 g of COD is consumed to produce 350 mL
methane, so the methane production volume of 1 g of COD
under diﬀerent temperatures can be calculated as follows,
1149
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CH4‐COD (mg/L) =

1000 × VCH4
+T
×V
(350 × 273.15
273.15 )

Anaerobic digestion of complex particulate organic matter is
a multistep process involving series and parallel reactions,
typically grouped into four subprocesses: hydrolysis, acidogenesis, acetogenesis, and methanogenesis.54,55 The kinetics of
anaerobic digestion have been described by various models.54,56 In this study, the pseudo ﬁrst-order kinetics model was
used to assess the overall digestibility of these samples during
the batch assay, as follows,

(1)

where VCH4 is the total volume of biogas (mL), T is the
temperature of AD treatment (K), and V is the total volume of
AD samples (L). For better comparison, methane production
from each experimental series was normalized to initial
substrate COD and the results are shown in Figure 1 and

St
= 1 − e−kt
Su

(2)

where St is the concentration of degradable substrate converted
to methane at time t (mg COD/L), Su is the concentration of
ultimately degradable substrate converted to methane (mg
COD/L), k is the pseudo ﬁrst-order rate constant (d−1), and t
is the incubation time (d). The ﬁtting results are shown in
Figure S2 and Table 2. All the data can be well ﬁtted by the
Table 2. Pseudo First-Order Rate Constants for the
Conversion of Degradable COD to Methane for Sludge (S),
Manure (M), and Their Hydrothermal Treated Samples at
125 or 225 °C
Sample
Sludge
S125
S225
Manure
M125
M225

Figure 1. Cumulative methane production in ultimate digestibility
experimental series, normalized to the initial total substrate COD.
Error bars represent mean values ± one standard deviation (n = 3).
a

Rate constant (k, d‑1)a

R2

±
±
±
±
±
±

0.982
0.969
0.987
0.991
0.987
0.973

0.076
0.095
0.058
0.103
0.095
0.094

0.003
0.006
0.002
0.004
0.004
0.005

Mean estimate ± standard error (n ⩾ 6).

pseudo ﬁrst-order kinetic model with R2 values over 0.96. The
rate constant (k) for the anaerobic digestion of all sludge
samples decreased in the following order: S125 > S > S225, but
it did not vary signiﬁcantly for all manure samples (ranging
from 0.094 to 0.103 d−1). This suggests that for sludge
samples, the 125 °C HT treatment enhanced not only the
extent of biogas production but also the production rate,
whereas the biogas production rate for manure samples was
not aﬀected by HT regardless of treatment temperature.
Solid-state 13C NMR analysis was used to characterize the
structural transformation of insoluble organic matter during
the HT and AD processes (Figure 2, Tables S4 and S5). A
broad band located at a 0−50 ppm chemical shift with two
peaks centered at ∼25 and 30 ppm (signals from alkyl carbons)
suggests the presence of humic substances, lipids, cutin-like
structures, and other aliphatic biomolecules.57,58 The peak at
around 56−57 ppm is assigned to methoxy groups, indicating
the presence of lignin-like structures.59,60 The region at 60−
110 ppm is assigned to oxygen- or nitrogen-substituted alkyl
carbons (O/N-alkyl), suggesting the presence of carbohydrates
and cellulose.61,62 The aromatic carbon spectral region is
represented at 110−160 ppm, and the small peaks at 130 and
137 ppm correspond to p-hydroxyphenol derivatives and
aromatic rings, respectively.41,62 The region at 160−210 ppm
shows a mixture of carboxylic, amide, and ester groups with
strong peaks at ∼168 ppm (i.e., hydroxyls) and 174 ppm (i.e.,
carboxyls).12 The generation of this region is consistent with
the oxidative degradation of organic matters.
It is clear that sludge has high contents of alkyl, carboxyl,
and carbonyl groups, with two dominant broad bands at 0−50
ppm and 160−210 ppm in the 13C NMR spectra (Figure 2I),

Table S3. The COD destruction (CODdestroy) agrees well with
the conversion of the initial substrate COD to methane
CH ‐COD
( 4
). After this normalization, for both sludge and
CODinitial

manure samples, the total gas and methane productions were
enhanced by the 125 °C HT treatment but inhibited by the
225 °C treatment. Indeed, HT treatments above 180 °C have
been previously reported to inhibit CH4 production in
downstream AD.46−51 At high temperatures, Maillard reaction
can occur between amino acids and reducing sugars, which
produces recalcitrant products (e.g., melanoidin) that are less
bioavailable for biogas production and may act as microbial
inhibitors.48−50,52 In one study, Maillard reaction products
were identiﬁed in the liquid fraction of sludge following HT
treatment at temperatures from 180 to 200 °C;50 thus, it is
likely that the 225 °C HT treated sludge and manure in the
present study contained Maillard reaction products. Higher
temperatures could also lead to the loss of volatile fatty acids
(VFAs) through volatilization, thereby decreasing available
substrate for biogas production.48,50 Furthermore, high HT
temperatures could lead to high liquid-phase concentrations of
VFAs and/or long chain fatty acids (LCFAs) that can inhibit
AD.50,51 Ammonia, which is released during the thermal
hydrolysis of proteins, can also be inhibitory to AD.47,50,53 In
the present study, AD produced ammonia concentration
ranged from 171 to 251 mg-N/L initially and 227 to 297 mgN/L at the end of incubation. Unacclimated AD systems can
be completely inhibited at 1700 mg-N/L to 1800 mg-N/L,
although acclimated systems can withstand total ammonia
concentrations up to 5000 mg-N/L before complete
inhibition.53
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Figure 2. (I) 13C solid-state NMR spectra of DI water (CK), raw sludge (S), and sludge hydrochars (S125 and S225) at day 0 (labeled as 0) and
day 63 (labeled as 63) of anaerobic digestion. (II) 13C solid-state NMR spectra of DI water (CK), raw manure (M), and manure hydrochars
(M125 and M225) at day 0 and 63 of anaerobic digestion. (III) Contribution of diﬀerent carbon functional groups derived from the NMR spectra
in panel I, expressed as the peak area ratio between each functional group and the total peak area. (IV) Contribution of diﬀerent carbon functional
groups derived from the NMR spectra in panel II.

groups increased from 0.5% to 2.9% in S225, and carboxyl and
carbonyl groups increased from 26.1% to 39.8% in S125,
suggesting a high degree of polyphenolic polycondensation
rather than ring cleavage of polyphenolic entities.66 For
manure samples, HT at 225 °C decreased the contribution
of O/N-alkyl group from 38.4 to 9.8% with the increase of
alkyl and aromatic signals, suggesting that aliphatic chains and
carbohydrates in the manure were converted partly to
polycyclic aromatic groups and partly to shorter alkyl moieties
under higher temperature HT treatment.67 All the results
indicated that HT treatment is a process of deoxygenation and
upgrading, with more obvious eﬀects at higher treatment
temperature.58
After the AD process, the aromatic groups increased in both
the sludge and manure samples with the decrease of O/Nalkyl, except for sample S225. A combination of the SCOD
results in Table S6 shows that it is possible that the relative
increase of aromatic group is partly due to the decrease of O/
N-alkyl, long chain carboxyl, and carbonyl groups with the fast
degradation of solid organics during AD, and partly due to the

while manure has high O/N-alkyl content, with a broad band
at 60−110 ppm, likely associated with the presence of cellulose
carbons with signals at 65 ppm (C-6), 73 ppm (C-2, C-3, C-5),
and 82 ppm (C-4 in amorphous cellulose, hemicellulose, and
cellulose oligomers), as well as anomeric carbon in cellulose at
105 ppm.62 The diﬀerence in organic composition between
raw sludge and manure is due to their origination. For animal
manures, dietary composition, animal physiology, and manure
handling process would determine the organic composition,
which includes protein, lipids, and undigested carbohydrates.63,64 For sludge, microbial biomass and thus more
cellular structures is more likely to appear, regardless of
diﬀerent wastewater treatment methods or subsequent
handling processes.65
After HT treatment, for sludge samples, the contributions
from methoxy (50−60 ppm) and O/N-alkyl (60−110 ppm)
groups decreased and those from the aromatic (110−160
ppm) and carboxyl and carbonyl (160−210 ppm) groups
increased signiﬁcantly. Speciﬁcally, the contribution of O/Nalkyl decreased from 19.4% to 3.6% and that of the aromatic
1151
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Figure 3. Normalized results of P XANES spectra of sludge, manure, and their hydrochars at day 0 (labeled as 0) and day 63 (labeled as 63) of
anaerobic digestion. Fitting results are in Table 3.

Table 3. Relative Abundance and R Factors of Diﬀerent P Species Determined by Linear Combination Fitting (LCF) of P
XANES Spectra of DI Water (CK), Sludge, Manure, and Their Hydrothermally Treated Samples before (labeled as 0) and
after (labeled as 63) Anaerobic Digestiona
Relative abundance (%)
Sample

ACP

CK-63
S-0
S-63
S125-0
S125-63
S225-0
S225-63
M-0
M-63
M125-0
M125-63
M225-0
M225-63

42.2
38.9
33.6
40.6
31.2

HAP

23.5
30.2
32.5
77.8
46.8
70.1
60.4
58.4

AlPO4

P-Alumina

57.8
30.2
37.0
20.4
25.2
10.2
28.8
34.4

48.0
21.2

P-Ferrihy

11.3
20.4
18.3
19.8

PhyAc
30.9
29.4
27.7
23.2

33.1
22.2

53.2
29.9
29.8
21.3

9.8
20.3

R factor
0.00639
0.00291
0.00153
0.00093
0.00110
0.00120
0.00051
0.00515
0.00304
0.03873
0.00249
0.00508
0.00163

a

Raw spectra are shown in Figure 3 and Figure S4.

recombination of alkyl. For sample S225, the increase of O/Nalkyl might come from soluble organics due to microbial
metabolisms, which might be the compounds that inhibited
methane formation (e.g., furfural, hydroxyl methyl furfural
(HMF) groups).68,69 Previous studies reported that furfural
and HMF concentrations in the HT-biomass over 200 °C were
higher than the threshold inhibitory concentration, which
might lead to moderate or complete inhibition of speciﬁc
methanogenic activity.70,71 However, these explanations
warrant future investigations.
Overall, HT pretreatment enhanced the release of organics
in sludge and improved the degradation of organics in manure
during AD process. After both HT and AD treatments of
sludge samples, more O/N-alkyl was continuously converted
to carboxyl, carbonyl, and soluble organics. For manure

samples, HT-AD converted soluble organics and O/N-alkyl
partly to carboxyl and carbonyl and partly to alkyl at the same
time. In combination with the trends in gas production, the
125 °C HT pretreatment seems to be more suitable than the
225 °C treatment for both sludge and manure from the aspect
of biogas production (i.e., energy recovery).
3.3. Nutrient Recovery: P Phase Distribution. The
phase distribution of P strongly aﬀects the strategy and
eﬃciency of P recovery from the treatment products.
Therefore, the distribution of P in the liquid (digestate) and
solid phases after both HT and HT-AD was evaluated (Table
S7). Because of the high P content in the medium, the content
of liquid-TP was overall high. However, with the addition of
feedstock, the ratio of liquid-TP decreased from 86.7% to 60−
78%. The liquid-TP slightly increased after AD, except for
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Figure 4. Schematic illustration of the proposed mechanisms involved in the transformation of P during hydrothermal treatment and anaerobic
digestion of sludge and manure.

and 33.1% for sludge and manure, respectively) were the three
main species in both raw sludge and manure. After both 125
and 225 °C HT treatments, transformation of ACP to
hydroxyapatite (HAP) and decrease of phytate were observed
in both sludge and manure hydrochars, suggesting the
degradation of organics and increased crystallinity of calcium
phosphate phase(s).45 In addition, Fe-associated P existed as
ferrihydrite adsorbed P (P-Ferrihy) in HT treated sludge
samples and the relative abundance of P-Ferrihy increased with
increasing HT temperature. The Al-associated P existed as
AlPO4 and P-Alumina (alumina adsorbed P) after the 225 °C
HT treatments for both sludge and manure.
P sequential extraction results also showed the decrease of
water-soluble inorganic P (IP) and increase of HCl-extractable
IP in both sludge and manure following the HT treatment.
HCl-extractable IP is operationally categorized as insoluble, low
mobility phosphate phases such as calcium phosphate and
AlPO4. Most of the IP in the sludge was extracted by 0.1 M
NaOH (i.e., Fe/Al mineral adsorbed P). These results were
generally consistent with the P XANES analysis and indicated
the low bioavailability of P after HT treatment.28,29 The P
speciation change during HT is controlled by the composition
and states of metal cations with high aﬃnity for phosphate as
well as the thermochemical reactions that occurred during HT
process. During HT treatment, reactions such as hydrolysis,
decarboxylation, and polymerization were found to be involved
in the transformation of biomass.76 These reactions were
responsible for the hydrolysis of polyphosphate into
orthophosphate for sludge and manure and can expose the

sample S225. Both microbiological and physicochemical
mechanisms might have accounted for the release of P.72,73
The decreased content of liquid-TP after AD in sample S225
might be related to the decreasing content of SCOD after AD
(Table S6), as P can coprecipitate with the recombination of
particle organics, which was discussed in the section Energy
Recovery: Transformation of Organic Matter.
From a nutrient recovery aspect, P reclamation might be
directly conducted for the digestate via the precipitation of Pcontaining minerals such as struvite. In our set up, after the combined HT-AD treatment, pH values of all samples were at ∼8,
an optimal range for struvite precipitation.74 The content
of Mg, a component element of struvite, was also enriched
after the AD process (Table S7). Considering the stoichiometry of struvite (Mg/N/P = 1:1:1) and the relatively lower
molar ratio of Mg in the digestate as compared to P and N,
more Mg needs to be added to increase the supersaturation for
struvite precipitation.75
3.4. Nutrient Recovery: P Speciation Transformation
in the Solid Products. Since the mobility and phase
migration behavior of P are largely controlled by its speciation,
P speciation in the raw sludge/manure, their HT treatment
products, and the HT-AD treatment products was characterized by combining sequential chemical extraction and P
XANES analysis (Figure 3, Table 3, and Figure S3).
Linear combination ﬁtting of P XANES data showed that
amorphous calcium phosphate (ACP; 38.9% and 32.5% for
sludge and manure, respectively), AlPO4 (30.2% and 34.4% for
sludge and manure, respectively), and phytate (PhyAc; 30.9%
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intracellular and organic-bound P to metals such as Ca, Al, and
Fe.77 This can explain the decrease of phytate and the increase
in Ca−P crystallinity after HT treatment.
After the 63 day AD treatment (Table 3), the relative
abundances of ACP and PhyAc in samples S and S125
decreased, accompanied by increases in AlPO4 and P-Ferrihy.
The relative abundance of Ca-associated P (include ACP and
HAP) increased in M and M125 with the decrease of AlPO4
and PhyAc. There were no obvious changes of P speciation in
both S225 and M225 before and after AD treatment. Contrary
to the changes of P speciation before and after HT treatment,
there was little change in the relative abundance of diﬀerent P
species before and after AD. Since P in HT samples has been
relatively homogenized, especially under the 225 °C HT
treatment, the magnitude of alterations (changes in only the
relative abundance of P speciation) was much smaller. In
general, Ca/Fe/Al-associated P species (e.g., mineral adsorbed
or precipitated) are more stable than Na/K/Mg-associated
P species. In addition, the decreasing content of PhyAc after
HT treatment suggests the decreased association of P with
organics. Although some P came from CK and the relative
abundance of P speciation could be ﬁtted successfully only
from the 63 day CK sample (Table 3 and Figure S4), the
results indicated that ACP and AlPO4 were the main species in
the medium and seed after AD. CK might have little eﬀect on
the overall P transformation mechanism during the HT and
AD combined treatments, but further studies are warranted to
investigate the eﬀect of medium addition (and nutrient supply)
on the performance and element evolution of the whole
system.
Overall, P species in the solid products after the HT-AD
treatments experienced improved crystallinity. As summarized
in Figure 4, under HT conditions, orthophosphates derived
from organophosphates or polyphosphate can become
available for the formation of phosphate precipitates or
adsorption to minerals,77 and the formed species may
dissolve/desorb and reorganize/recrystallize to generate higher
crystallinity phosphate salts after the AD process.
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