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ABSTRACT: Anaerobic digestion (AD) with hydrothermal (HT) pretreat-
ment is an emerging technology for enhanced resource recovery from
sewage sludge. This study investigates the speciation of Fe, P, and S during
sequential HT−AD treatment of sewage sludge using sequential chemical
extraction, X-ray diffraction, and X-ray absorption spectroscopy. Results
suggest strong correlations between Fe and P species as well as Fe and S
species, affecting the solubility and bioavailability of each other. For
instance, much vivianite formed in the hydrochars after HT treatment at low
temperature, while more strengite precipitated at higher HT temperature.
During the subsequent AD process, microbial reduction of strengite and
other Fe(III) species led to the formation of more vivianite, with concurrent P release into the solution and adsorption onto other
minerals. HT pretreatment of sewage sludge had a weak effect on the sulfidation of Fe during the AD process. This work has
important implications for understanding the nutrient speciation and availability in sludge-derived hydrochars and AD solids. It also
provides fundamental knowledge for the selection and optimization of HT pretreatment conditions for enhanced resource recovery
through sequential HT−AD process.

1. INTRODUCTION

Water resource recovery facilities (WRRFs) widely employ the
activated sludge process to treat municipal wastewater, which
generates tremendous amounts of municipal sewage sludge as a
byproduct.1 Sewage sludge typically contains high levels of
recalcitrant organic matter, heavy metals, pesticides, herbicides,
and water-borne pathogens, making its utilization, downstream
treatment, and/or final disposal challenging and costly.2,3 On
the other hand, sewage sludge has high contents of organic
matter and nutrients (e.g., phosphorus, P, and nitrogen, N),
serving as a promising candidate for energy recovery via biogas
production and nutrient recycling/reclamation.2

Anaerobic digestion (AD) with hydrothermal (HT)
pretreatment (i.e., sequential HT−AD treatment) is an
emerging technology for sludge management and resource
recovery.4−7 AD is a traditional biological process to degrade
organic matter and recover energy from sewage sludge. During
AD, fermentative and anaerobic microbes convert organic
matter to biogas (biomethane and carbon dioxide). HT is a
thermochemical conversion process, and low temperature HT
pretreatment has been shown to improve sludge dewaterability,
organic degradation, and biogas production during the
subsequent AD.5−7 HT pretreatment can also provide a heated
feedstock stream for AD,8 which typically needs to be
maintained at 35 °C.

Both HT and AD can significantly affect the speciation of
elements such as carbon (C), nutrients (P, N), and heavy
metals, thus affecting their fate, mobility, and bioavailability.
Meanwhile, the speciation of redox-sensitive elements such as
iron (Fe) and sulfur (S) can also exert important controls on
the chemical environment and mineral states of nutrients and
metals. For example, HT treatment of biosolids was shown to
convert organic phosphate into inorganic orthophosphate in
the produced hydrochars.2,9 The final P speciation is closely
related to the composition/speciation of metals and their
affinities for P,10 HT temperature and duration, the source of
biosolids, and pH.2,9,11 S in sewage sludge can react with
metals to form metal sulfides via hydrothermal sulfidation.12−14

HT of sewage sludge under acidic and neutral environments
also creates reducing chemical environments, where organic
matter can reduce Fe(III) to Fe(II) species,15−17 such as the
conversion of Fe2O3 to magnetite.17
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Studies have also investigated elemental speciation during
AD. For instance, almost all of the P in anaerobically digested
sludge is inorganic orthophosphate.18 All Fe(III) was reduced
to Fe(II) after long-term AD.19 In the presence of Fe, vivianite
(Fe3(PO4)2·8H2O) is the dominant phosphate mineral in
anaerobically digested sludge at pH 7−9 under low oxidation−
reduction potential (ORP) conditions.3,20 The frequent
occurrence of vivianite precipitation21 and its easy separation
under a magnetic field makes it a promising means to recover
P.22 During AD, sulfate can be reduced to sulfides,23,24 and
hydrogen sulfide is generated from sludges with high S content,
affecting biogas production.25 Sulfate reduction also facilitates
phosphate release to the aqueous phase during AD.26

A considerable number of studies have investigated
elemental speciation during separate HT and AD processes.
However, speciation transformation on nutrients and metals
during sequential HT−AD is lacking. Our recent work
investigated the energy (i.e., methane) and nutrient (i.e., P)
recovery from sewage sludge and manure during the sequential
HT−AD process.27 However, the correlation between P
speciation and other redox-sensitive elements such as Fe and
S during the combined HT−AD process has not been clarified,
despite the previously observed strong correlation between Fe
chemistry and P recovery from sewage sludge,28 as well as the
influence of S on Fe chemistry as a redox couple that strongly
affects the chemical environment during treatment processes.29

During HT pretreatment, the rate of organic matter hydrolysis
is mainly determined by the treatment temperature. HT below
190 °C can serve as a pretreatment step to enhance biogas
production during AD,30 whereas HT at higher temperature
reduces organic matter degradability due to the production of
toxic/inhibitory intermediates.31 Therefore, in this study, the
HT pretreatment was conducted at 90, 155, and 185 °C,
representing different hydrothermal conditions. The subse-
quent AD of hydrothermally treated sludge lasted 79 days.
Complementary sequential chemical extraction, X-ray diffrac-
tion (XRD), and X-ray absorption spectroscopy (XAS)
analyses were conducted to systematically characterize the
speciation, mineralogy, and mobility of P and the important
redox-sensitive elements Fe and S in HT-derived hydrochars
and AD final solids during the sequential HT−AD process.

2. MATERIALS AND METHODS

2.1. Sample Collection. Sewage sludge and secondary
wastewater effluent samples were collected from the F. Wayne
Hill Water Resources Center (Buford, GA, USA). The Center
mixes primary and waste-activated sludge, removes internal P
for P release, and thickens the sludge before the on-site AD
(see Figure S1 for the schematic process diagram of this
center). The sludge mixture used in this study is the thickened
sludge before it enters the plant anaerobic digesters. The
sludge mixture has a total solids (TS) concentration of
approximately 60 g/L and is a blend of primary and waste-
activated sludge at a TS mass ratio of 63:37. The water content
of the sludge mixture is 94 wt %. Table S1 shows the
concentrations of major metals in the dry sludge mixture. The
secondary wastewater effluent was used to prepare the AD
matrix. The sludge mixture and secondary wastewater effluent
were stored in the dark at 4 °C without any pretreatment for
less than 3 days before the HT−AD treatment. Digestate from
the anaerobic digester in the Center was also collected. After
anaerobic incubation in the lab at 35 °C until production of

biogas was negligible, the digestate served as the inoculum for
AD.

2.2. HT and AD Experiments. For HT at each
temperature, 130 mL of sludge mixture was added to a 200
mL polypropylene-lined stainless steel hydrothermal reactor
(COL-INT Tech., SC, USA). The reactor was sealed and
heated in an oven at 90, 155, or 185 °C for 4 h (3 h ramping
and 1 h holding time at the target temperature) and then
allowed to cool down to room temperature in the air. Six
replicates were processed for each HT temperature. After HT,
the produced slurries were stored in glass bottles in the dark at
4 °C before subsequent AD. Aliquots of the sludge mixture and
HT slurries were centrifuged to separate the solids (hydrochars
hereinafter, although HT at 90 °C did not readily convert
biomass to chars) and supernatant (HT process water
hereinafter). The hydrochars were freeze dried until no further
weight loss before composition analysis.
Subsequent AD experiments were conducted in 600 mL

glass reactors. Calculated amount of the HT-derived slurries
(i.e., hydrochar and HT process water at 2 g volatile solids
(VS)/L final concentration), sodium bicarbonate (1.4 g/L,
final concentration), and anaerobic inoculum (2 g VS/L, final
concentration) were added to each AD reactor. For each
reactor, the initial volume of the anaerobic matrix was brought
to 400 mL by adding the secondary wastewater effluent. No
artificial medium was added. The reactors were then capped
with rubber stoppers and anaerobically digested for 79 days at
35 °C while being shaked at ∼220 rpm. Two controls were
also set up: one with the raw sludge mixture without HT (AD
control), and the second with the anaerobic inoculum without
the sludge mixture (inoculum control).
During AD, biogas production and composition were

monitored periodically. At the end of the anaerobic operation,
a portion of the liquid content from each AD reactor
(including the controls) was transferred to an anaerobic
chamber (95% N2 and 5% H2; COY Lab), where the solids
(AD solids hereinafter) and liquid (AD process water
hereinafter) were separated using 0.45 μm membrane filters.
The obtained AD solids were air dried for composition analysis
as described below. The treatment conditions and sample
labels are given in Table 1.

2.3. Characterization of Raw Sludge, Hydrochars, and
AD Solids. Composition analysis was conducted using
inductively coupled plasma optical emission spectrometry
(ICP-OES) on aqua regia digested solids (raw sludge mixture,

Table 1. Treatment Conditions and Sample Labels for HT-
and AD-Treated Samples

Sample Label Reaction Conditiona

SWE secondary wastewater effluent, pH 7.26
AI1 anaerobic inoculum before AD, pH 8.14
AI2 anaerobic inoculum after 79 days AD, pH 7.96
raw sludge raw sludge mixture, pH 6.34
AD alone AD of raw sludge, 35 °C, 79 days, pH 7.69
HT90 HT of raw sludge, 90 °C, 4 h, pH 6.04
HT90-AD AD of HT90-derived slurries, 35 °C, 79 days, pH 7.49
HT155 HT of raw sludge, 155 °C, 4 h, pH 5.67
HT155-AD AD of HT155-derived slurries, 35 °C, 79 days, pH 7.47
HT185 HT of raw sludge, 185 °C, 4 h, pH 5.41
HT185-AD AD of HT185-derived slurries, 35 °C, 79 days, pH 7.46

apH values were measured at the end of HT and AD treatments.
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hydrochars, and AD solids) and 0.45 μm membrane filtered
liquids (the secondary wastewater effluent, HT process water,
and AD process water). Fe, P, and S K-edge X-ray absorption
spectroscopy (XAS) analyses, X-ray diffraction (XRD), and X-
ray photoelectron spectroscopy (XPS) were conducted on the
raw sludge, hydrochars, and AD solids. The Supporting
Information (SI) Text S1 details the data collection procedure
for Fe K-edge extended X-ray absorption fine structure
(EXAFS) and P and S K-edge X-ray absorption near-edge
structure (XANES), XRD, and XPS.
XAS data analysis was performed with the Athena

software.32 Principal component analysis (PCA), target
transformation (TT), and linear combination fitting (LCF)
were performed on sample spectra to determine the number,
identity, and contribution of end member phases. LCF of Fe
EXAFS was conducted in the k3-weighted χ space (3−11.5
Å−1) using a library of Fe reference compounds. LCF analyses
of P and S XANES data was conducted at an energy range
from −20 to +60 eV relative to the edge energy. The goodness
of LCF was evaluated using the R factor, and the fits with the
smallest R factors were reported.
Representative sets of Fe, P, and S reference compounds

were used for LCF analysis. Fe reference compounds include
iron sulfide, ferrihydrite, goethite, hematite, lepidocrocite,
magnetite, siderite, carbonated green rust, sulfated green rust,

vivianite,33 strengite,34,35 and Fe(III)−organic complex (Fe-
(III)−OM).36 P reference compounds include Fe-associated P
(vivianite,37 FePO4·2H2O, and phosphate sorbed on ferrihy-
drite), Al-associated P (AlPO4 and phosphate sorbed on γ-
alumina), Ca-associated P (octacalcium phosphate, OctaCa;10

and hydroxylapatite, HydAp), and organic phosphate (phytic
acid, PhyAc).38 S reference compounds include FeS, pyrite
(FeS2),

39 cysteine,40 cystine, methionine methylsulfonium
chloride, methionine sulfoxide, methionine sulfone, anthraqui-
none sulfonic acid,41 chondroitine sulfate,42 and CaSO4.
Details on these reference compounds are described in Table
S2.

2.4. Sequential Chemical Extraction. To evaluate the
mobility and phase distribution of P, sequential chemical
extraction was performed on the dry and ground sludge
mixture, hydrochars, and AD solids following Hedley’s
method.43 Briefly, 0.15 g of each sample was sequentially
extracted in deionized (DI) water, 0.5 mol/L NaHCO3, 0.1
mol/L NaOH, and 1.0 mol/L HCl. Solid sample was shaken in
a 50 mL polypropylene centrifuge tube with 20 mL of each
extraction solution for 16 h at 20 °C. The residue after the 1.0
mol/L HCl extraction was digested by aqua regia. The reacted
suspension from each extraction step was centrifuged, and an
aliquot of the supernatant was vacuum filtered (0.45 μm) and
analyzed for total P concentration using the molybdate−

Figure 1. Fe K-edge k3-weighted EXAFS results. (a) EXAFS spectra of raw sludge, AD-alone solid, HT hydrochars, and AD solids after HT
treatment at 90, 155, or 185 °C. (b) EXAFS spectra of reference compounds used for linear combination fitting (LCF) analyses, including vivianite,
strengite, Fe(III)−organic complex (Fe(III)−OM), siderite, and ferrihydrite (Ferrihy). (c) Raw and fitted spectra. (d) Relative percentage of
contributing Fe species determined by LCF.
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ascorbic acid method with an UV−vis spectrophotometer
(Carey 60, Agilent).44 Each sample was subjected to the same
sequential extraction procedure for two times, and P
concentration was determined for two times per sample.

3. RESULTS AND DISCUSSION
3.1. Elemental Composition of Treated Solids. Both

HT and AD strongly affected the elemental concentrations in
the solids. Table S3 presents the total concentrations of Fe, P,
and S in the raw sludge mixture, HT hydrochars, AD solids,
HT process water, and AD process water. Fe concentration in
the HT process water and AD process water was below 30 μM,
consistent with literature results where heavy metals mostly
remain in the solids after HT or AD.14,20 Fe concentration in
the HT hydrochars increased with HT temperature. For
instance, Fe concentrations of the raw sludge mixture and

HT185 hydrochar were 0.93% and 4.89%, respectively (Table
S3). Except for sample HT185-AD, AD increased the Fe
concentration in the AD solids due to conversion of organic
matter to biogas and the addition of anaerobic inoculum
(which contains 3.15% Fe). Fe concentration in HT185-AD
solid decreased as a result of mixing with the anaerobic
inoculum.
Similar trends were observed for P in the HT hydrochars

and AD solids (Table S3). However, compared with the
supernatant of raw sludge, the P concentration in the HT
process water increased with no significant difference under
different HT temperatures (Table S3). During the subsequent
AD process, P concentration in the AD process water increased
significantly, suggesting that a portion of P was released during
AD. The S concentration was similar in the HT90 and HT155
hydrochars, whereas it decreased significantly in the HT185

Figure 2. P K-edge XANES results. (a) XANES spectra of raw sludge, AD-alone solid, HT hydrochars, and AD solids after HT treatment at 90,
155, or 185 °C. (b) XANES spectra of reference compounds used for linear combination fitting (LCF) analyses, including AlPO4, octacalcium
phosphate (OctaCa), vivianite, strengite, phosphate sorbed on ferrihydrite (P-Ferrihy), phosphate sorbed on γ-alumina (P-Alumina),
hydroxylapatite (HydAp), and phytic acid (PhyAc). (c) Raw and fitted spectra. (d) Relative percentage of contributing P species determined by
LCF.
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hydrochar (Table S3). This was probably due to the cracking
of the unstable mercaptan structure of organic S to produce
sulfides.45 Thus, the process water derived from higher HT
temperatures had higher S concentrations (Table S3) due to
the release of S from the decomposition of organic S.30

Meanwhile, compared with raw sludge and HT-alone samples,
S concentration in the AD solids increased significantly while it
decreased in the AD process waters, suggesting that more S
remained in the solids after AD. A previous study reported that
H2S appeared in biogas during AD, but more sulfate and
organic S preferentially remained in solid and solution phases
at a higher initial pH of 8.25 This is consistent with our work
where little H2S gas was detected by gas chromatography (data
not shown) and the initial pH for the AD matrix was 7.7−8.0.
3.2. Fe Speciation in the Solids. XAS is useful in direct

determination of Fe speciation. The XANES region is sensitive
to changes in the oxidation state (Figure S3). Compared with
Fe XANES spectra of the raw sludge mixture, the position of
the main edge and pre-edge peak of the HT hydrochars shifted
to lower energy, suggesting the reduction of Fe(III) to Fe(II).
However, such energy shifting became less significant with
increasing HT temperature, suggesting that HT at higher
temperature inhibited Fe(III) reduction, resulting in less
Fe(II) in the HT hydrochars. Significant Fe(III) reduction
was observed for AD-alone sample (Figure S3). Similar but less
significant changes were also observed for the AD solids. For
the HT90 and HT185 hydrochars, AD did not cause much
further Fe(III) reduction.
Figure 1a shows the k3-weighted Fe EXAFS spectra for the

solids. The raw sludge mixture had characteristic oscillations at
4.2, 6.5, 8.5, and 10.0 Å−1. For HT90 hydrochar, the
oscillations at 4.2 and 6.5 Å−1 shifted to lower energies and
the other two oscillations became flattened. Meanwhile, two
oscillations at 5.1 and 7.5 Å−1 appeared (Figure 1a and 1b),
which are diagnostic features for vivianite.34,46 However, these
two peaks were much weaker for HT155 and HT185
hydrochars, indicating less or no vivianite formation at 155
and 185 °C. Changes similar to sample HT90 were also
observed for the AD-alone sample. This suggests that direct
AD of raw sludge produced significant amounts of vivianite,
consistent with previous studies.3,20 Compared to sample
HT90, the changes in the spectra of sample HT90-AD were
very subtle. The oscillations at 5.1 and 7.5 Å−1 became slightly
more pronounced for samples HT155-AD and HT185-AD
than those of samples HT155 and HT185.
To quantify Fe speciation in the solids, LCF analysis was

conducted on Fe K-edge EXAFS spectra using a library of
relevant Fe reference compounds. Best-fitting results (i.e., with
the lowest R factor values) were obtained using vivianite,
strengite, ferrihydrite, and Fe(III)−organic complex. Addition
of either carbonated green rust or siderite was required but
yielded similar R factors (Tables S4 and S5, Figures 1 and S4).
Strengite, ferrihydrite, and Fe(III)−organic complex are
Fe(III) species, vivianite and siderite are Fe(II) species, and
green rust contains both Fe(II) and Fe(III). For HT90
hydrochar, the fraction of Fe(III) species decreased while
vivianite formed at up to 60.4%. This is due to the reductive
dissolution of Fe(III), release of dissolved Fe(II), and
subsequent precipitation of vivianite in the presence of soluble
phosphate. With increasing HT temperature (155 and 185
°C), the fractions of Fe(III)−organic complex and ferrihydrite
decreased while the fraction of strengite increased. Meanwhile,
formation of vivianite was minimal. This suggests that a higher

HT temperature prohibited Fe(III) reduction, and the released
Fe(III) from decomposition of Fe(III)−organic complex
precipitated with phosphate to form strengite. Similar results
as HT90 sample were observed for AD-alone sample. For the
hydrochars, the subsequent AD led to further Fe(III)
reduction and formation of more vivianite (Tables S4 and
S5, Figures 1 and S4).
Both carbonated green rust and siderite can be present in

sludges.22,47,48 Inclusion of either one as a reference compound
yielded similar goodness of fitting and similar trends for the
other four dominant Fe species (vivianite, strengite, Fe(III)−
organic complex, and ferrihydrite) (Tables S4 and S5, Figures
1 and S4). The differences are that the fraction of carbonated
green rust (∼20%) did not change much (Table S4 and Figure
S4) while the fraction of siderite (23.5%) decreased
significantly after HT−AD processes (Table S5 and Figure
1). Note that the fractionation values obtained by LCF have an
error of <10%. The uncertainty in fitting in terms of both the
identity and the quantity of possible end members also
accounts for the intrinsic insensitivity of LCF in distinguishing
species with similar spectral features. However, exchange of
carbonated green rust with siderite does not affect the overall
trends in the evolution of Fe speciation.

3.3. P Speciation in the Solids. Figures 2a and S5 show
the P K-edge XANES spectra of the solids. The spectrum of
vivianite has a characteristic oscillation at 2161 to 2166 eV,37

which is observed for all AD solids except for sample HT185-
AD (Figure S5). This is consistent with the Fe EXAFS
observed presence of vivianite in these samples as shown in
Figure 1.
LCF analysis was also conducted on P XANES to determine

the contributing P species and their relative abundance in the
solids. Reference compounds listed in Table S2 yielded the
best-fitting results (Figure 2c and 2d and Table S6). Strengite
(23.0%), AlPO4 (32.5%), alumina-adsorbed phosphate
(14.5%), hydroxylapatite (9.2%), and phytic acid (16.0%)
were the main species identified in the raw sludge mixture.
Inorganic P species dominated in the hydrochars and AD
solids due to the decomposition and hydrolysis of organic
P.2,10,49 Compared with the raw sludge, vivianite, ferrihydrite-
adsorbed phosphate, and octacalcium phosphate in HT90
hydrochar increased to 41.9%, 23.3%, and 15.7%, respectively,
while the relative abundances of strengite, AlPO4, and
hydroxylapatite decreased. With increasing HT temperature,
the abundance of vivianite in HT155 and HT185 hydrochars
decreased, while the relative abundance of strengite and AlPO4
increased. For example, the contents of vivianite, strengite, and
AlPO4 in HT185 hydrochars were 8.4%, 39.7%, and 17.1%,
respectively (Figure 2d and Table S6). In the subsequent AD
solids, vivianite content increased while strengite and AlPO4
contents decreased. In addition, the contents of ferrihydrite-
adsorbed phosphate and alumina-adsorbed phosphate in-
creased slightly in HT155-AD and HT185-AD hydrochars.
For HT185-AD, the contents of vivianite, strengite, and AlPO4
in HT185 were 16.0%, 23.2%, and 5.3%, respectively (Figure
2d and Table S6).
Sequential chemical extraction was used to provide further

information on P speciation and mobility. Figure 3 shows the
relative abundance of each P species in the solid samples by
sequential extraction. For the raw sludge mixture, ∼35% of P
was present in the soluble (water extractable) and adsorbed
fractions (NaHCO3 extractable). About 50% of P was
associated with Al/Fe minerals (NaOH extractable). Insoluble
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P species (HCl extractable) accounted for approximately 3% of
total P. Note that the P content in these sequential extracts was
analyzed as inorganic P (details in the experimental section).
By calculating the difference between total P and the P
concentration in the extracts, the fraction of organic P was

negligible after the HT−AD (Figure 3), suggesting an almost
complete conversion of organic P to inorganic P after HT−
AD. For the hydrochars, P components in the solids became
less soluble and exchangeable with increasing HT temperature.
For instance, about 10% of P remained as soluble and adsorbed
fractions in HT185 hydrochar, while the fractions of P
associated with Al/Fe and insoluble P reached up to ∼75% and
∼15%, respectively (Figure 3). After AD, soluble, desorbed,
and insoluble fractions of P in the AD solids increased while
the fraction of P associated with Al/Fe decreased. For HT185-
AD, the soluble and adsorbed fractions and the insoluble
fraction of P were ∼16.5% and ∼26%, respectively, while P
associated with Al/Fe fraction was 51%.

3.4. S Speciation in the Solids. S K-edge XANES
spectroscopy is sensitive for distinguishing different oxidation
states of S in solids.40 Figure 4a presents the S K-edge XANES
spectra of the solid samples. The oscillations at 2472.6, 2473.2,
2481.0, and 2482.5 eV are characteristic for zerovalent S, thiols
(S+0.5), sulfonates (S+5), and sulfates (S+6) (Figure 4b),
respectively.40 Compared to the raw sludge mixture, the peak
intensities of S+5 and S+6) for hydrochars decreased slightly
with increasing HT temperature as well as for the AD solids,
suggesting a decrease in the contents of these species. The

Figure 3. P speciation determined by sequential chemical extraction
of the raw sludge, AD-alone solid, HT hydrochars, and AD solids after
HT at 90, 155, or 185 °C. Error bars indicate the standard deviation
of measurements (n = 4).

Figure 4. S K-edge XANES results. (a) XANES spectra of raw sludge, AD-alone solid, HT hydrochars, and AD solids after HT treatment at 90,
155, or 185 °C. (b) XANES spectra of reference compounds used for linear combination fitting (LCF) analyses, including FeS, FeS2, cystine (S

0),
cysteine (S+0.5), sulfonium (S+1), sulfoxide (S+2), sulfone (S+4), sulfonate (S+5), and sulfate (S+6). (c) Raw and fitted spectra. (d) Relative
percentage of contributing S species determined by LC.
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position of the peak at 2473.2 eV was almost the same for
HT90 and HT155 samples but shifted to 2474 eV for HT185
accompanied by the appearance of a new peak at 2476 eV,
suggesting a change in the major S species, as discussed below
in LCF analysis. For the subsequent AD final solids, the peaks
at 2473.2 and 2474 eV shifted to lower energy and the peak at
2476 eV disappeared due to the extensive S reduction during
AD processes.
Prietzel et al.40 analyzed S speciation in soils by comparing

LCF and Gaussian curve fitting (GCF) of S K-edge XANES
data and recommended using LCF when appropriate reference
compounds are available. In this study, LCF analysis was
conducted on S XANES spectra of the solid samples using a
range of S reference compounds (Figure 4c and 4d, Table S7).
The major chemical forms of S in the solids existed in the
oxidation states similar to FeS, pyrite, S0, thiols (S+0.5),
sulfonates (S+5), and sulfates (S+6). Note that LCF using these
S reference compounds is more sensitive for probing the
oxidation state instead of the exact compound structure.23,40,50

For the raw sludge mixture, the main S species were zerovalent
S (∼15%), thiols (S+0.5, ∼52%), sulfonates (S+5,∼6%), and
sulfates (S+6, ∼20%). For the HT hydrochars, the fractions of
zerovalent S, sulfonates, and sulfates decreased with increasing
HT temperature. For HT185 sample, the fraction of sulfates
decreased to 12% and zerovalent S and sulfonates disappeared.
S+1 species appeared in the HT185 sample, accounting for the
occurrence of the new peak at 2476 eV. In addition, a new
phase FeS appeared, and its fraction increased to 8.0%. For the
subsequent AD final solids, the dominant S species were pyrite,
S0, S+0.5, and S +6. The fractions of S+0.5 and S+6 decreased,
while the fractions of pyrite and S0 increased with pyrite

accounting for 33−40% of total S. Considering that the error
of S K-edge LCF analyses is typically ∼10%,40 note that our
fitting results mainly reflected the changing trends of the
inorganic and organic S species with different states during
HT−AD processes.

3.5. Mineral Phase Evolution. XRD analysis confirmed
the changes in mineralogy as revealed by XAS analyses. Figure
5 shows the XRD patterns of the raw sludge mixture,
hydrochars, and AD solids. The raw sludge mixture has a
few weak diffraction peaks associated with minor amounts of
quartz and other crystalline phases that were difficult to
accurately identify. The presence of vivianite in HT90
hydrochar was confirmed by XRD. Weak peaks of vivianite
were observed for HT155 hydrochar, whereas these peaks were
absent in HT185 hydrochar. For the AD final solids, the peaks
of vivianite became stronger, suggesting formation of more
vivianite. These observations are consistent with Fe EXAFS
and P XANES LCF analyses. In addition, the peaks of quartz
became stronger after HT/AD treatments (Figure 5), as
conversion of organic matter into biogas enhanced the quartz
concentration in hydrochars and AD solids.
Precipitation of struvite (MgNH4PO4·6H2O) was previously

observed in anaerobically digested sludge or manure.51,52 In
this study, however, no struvite in AD solids was detected by
XRD (Figure 5). In addition, XPS spectra of selected AD solid
samples showed that the total N content in these solids was
low (Figure S6). Prior studies reported that the presence of
metal ions (e.g., Ca2+, Fe3+, Cu2+, or Zn2+) can inhibit struvite
crystallization.52−55 For instance, addition of FeCl3 was used to
prevent struvite precipitations in anaerobic digesters.56 In our
study, the concentrations of Fe, Ca, and Al in the raw sludge

Figure 5. XRD patterns of the raw sludge, AD-alone solid, HT hydrochars, and AD solids after HT at 90, 155, or 185 °C. Gray and yellow vertical
bars indicate XRD peak positions for vivianite (PDF no. 83-2453) and quartz (PDF no. 46-1045), respectively.
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mixture were much higher than that of Mg (Table S1).
Therefore, Fe, Ca, and Al might have preferentially reacted
with P rather than formation of struvite in AD processes.
3.6. Coupled Cycling of Fe and P. During HT−AD, the

speciation of Fe significantly correlated with that of P. The
reduction of Fe(III) to Fe(II) was strongly mediated by
phosphate availability and formation of Fe−P minerals, which
in turn also affected P mineralogy and mobility/bioavailability,
as detailed below.
The reduction of Fe(III) during HT was likely coupled with

the oxidation of organic matter. Cellulose (a major component
of organic matter in municipal sludge) cannot directly reduce
Fe(III), but its breakdown products can reduce Fe(III).15 HT
of sewage sludge mainly consists of a series of reactions,
including hydrolysis, dehydration, decarboxylation, aromatiza-
tion, and condensation.57 During HT, hydrolysis of cellulose
produces glucose, which is further hydrolyzed to produce
furfural derivatives such as 5-hydroxymethylfurfural (5-HMF).
These intermediates (i.e., 5-HMF) can reduce Fe(III) to
Fe(II) under hydrothermal conditions.17,58 During HT of
sewage sludge, reduction of FeOOH in the absence of
oxyanions forms magnetite,15,17 whereas oxyanions (e.g.,
phosphate and carbonate) can complex with the produced
Fe(II) and form secondary mineral precipitates such as
vivianite and siderite.59 The presence of phosphate inhibits
formation of magnetite and green rust60 but can lead to
preferential formation of the stable phase vivianite.61 Our LCF
analysis of Fe EXAFS data did not detect the presence of
magnetite, which is likely due to the inhibition effect from the
presence of a high concentration of phosphate. However, the
presence of carbonated green rusts or siderite (∼20%) was
observed from LCF analyses, which was introduced from raw
sludge. Compared with raw sludge, the fraction of carbonated
green rust did not change much while it decreased for siderite
during HT−AD processes.
During high-temperature HT, intermediates such as glucose,

fructose, and 5-HMF can further lead to formation of
polyfuranic-type compounds through polymerization−poly-
condensation and finally produce hydrochars with a poly-
aromatic hydrocarbon network by aromatization.62 However,
Fe(III) cannot be easily reduced by hydrochar. Thus,
compared with the HT90 sample, less formation of vivianite
occurred in HT155 and HT185 samples due to less Fe(III)
reduction. During HT treatments at 155 and 185 °C,
decomposition of Fe(III)−OM released Fe(III), which
precipitated with phosphate to form strengite. Besides the
soluble inorganic phosphate originally present in the raw
sludge mixture, the other source of soluble inorganic
phosphate was from organic P decomposition during the HT
process.2

During the subsequent AD process, a variety of micro-
organisms are responsible for dissimilatory Fe(III) reduction
coupled with organic matter oxidation.63,64 This biotic reaction
provides a major source of Fe(II), which precipitated with
soluble phosphate to form vivianite. The soluble phosphate
could be the result of reductive dissolution of strengite65 and/
or degradation of organic P.66

As enhanced biological phosphorus removal (EBPR) is
employed in the WRRF where samples were obtained this
study, the Fe/P molar ratio in the raw sludge was not relatively
low (i.e., 0.27 in this study). It was much lower than those
plants relying on chemical phosphorus removal by Fe dosing.
The main Fe speciation may be different, but the precipitation

of vivianite in the anaerobically digested sludge might still
dominate for P speciation. This finding was confirmed by
several previous studies.3,20,21

3.7. Coupled Cycling of Fe and S. The contents of Fe
sulfides were very low in both hydrochars and AD solids, but
precipitation of Fe sulfides may shed light on the coupled
cycling of Fe and S during HT and AD processes. During the
hydrothermal process, hydrolysis of organic S with high
oxidation state produces reduced S species such as sulfide,12,14

which can subsequently precipitate with dissolved metal ions
(e.g., Fe2+, Cu2+, Zn2+) and form metal sulfides.12,14,67

The AD process favors formation of sulfides as the dominant
S species.24 During AD, microbial reduction of sulfate and
organic S produces a large amount of hydrogen sulfide.68−70

Fe(III) can be also reduced by sulfides to form Fe sulfides.64

We did not observe FeS formation but instead observed pyrite
accumulation in the AD solids, possibly due to the reaction of
FeS with excessive hydrogen sulfide.71−73 Although formation
of pyrite is considered to be a slow process under anaerobic
condition, several previous studies have reported the presence
of pyrite in anaerobically digested sludge.20,29 This is
consistent with natural processes (such as those occurring in
sediments) on the transformation of FeS to pyrite.71−73 The
fraction of pyrite in the AD solids was up to 42% of total S
based on LCF of S XANES data (Figure 4d and Table S7).
Considering that S LCF analyses mainly serve as a tool for
understanding S oxidation states, we note that the 42% fitted
pyrite may include other metal sulfides74,75 because the
concentrations of other heavy metals (e.g., Cu and Zn) in
the raw sludge are also high (Table S1).

4. ENVIRONMENTAL IMPLICATIONS
Sewage sludge typically contains large amounts of organic
matter, nutrients, and heavy metals.24,76,77 Sequential HT−AD
is a potential sustainable technology for the recovery of
resources from sludge. To better select HT operation
conditions, it is critical to understand how HT temperature
affects the transformations of major redox elements (e.g., Fe
and S) and nutrient elements (e.g., P) during the overall HT−
AD processes.
Our results indicate that HT pretreatment at low temper-

ature (90 °C) favored the production of vivianite, while
strengite was preferably produced at higher temperatures (155
and 185 °C). HT pretreatment at high temperatures inhibited
the extent of vivianite production during the subsequent AD
process. Our findings provide fundamental insights on the fate
of Fe and P in sewage sludge during the HT−AD process,
which has implications in vivianite recovery from
sludge.28,78−80 Because the speciation of Fe was largely
coupled with the P cycles, the speciation information on
both Fe and P is critical to evaluate P recycling/reclamation
and selection and optimization treatment solutions. Formation
of vivianite also favors immobilization of arsenic in sludges,
because arsenate can be coprecipitated with vivianite.81,82 In
addition, S affected the mobility and availability of Fe. A small
amount of ferrous sulfide was formed by HT treatments, while
a high content of pyrite was found in the subsequent AD
process. Our results also provide important information on S
speciation (i.e., oxidation state) in the hydrochars and AD
solids, which is of agricultural and environmental interest.83

For instance, information on S speciation can help understand
S bioavailability during the land application of AD solids.83,84

Iron sulfides can contain a certain amount of metals (i.e., Pb,
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Cd, Cu) via adsorption and/or coprecipitation, affecting the
solubility and bioavailability of the toxic metals.85 In addition,
some toxic metals such as Cd and Hg can precipitate with
sulfides in the treated sludges. Considering the presence of Cu
and Zn (Table S1), future studies are warranted on the impact
of HT pretreatment on the evolution of Cu− and Zn−sulfides
in AD solids.
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