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ABSTRACT: Anaerobic digestion (AD) with interstage hydrothermal treatment
(HT) (i.e., AD−HT−AD) is an emerging technology for energy and nutrient
recovery from sewage sludge. Yet, systematic understanding on the speciation
evolution of nutrient phosphorus (P) and other redox-sensitive elements iron (Fe)
and sulfur (S) during AD−HT−AD is still missing. This study investigated the
coupled changes of P, Fe, and S speciation during AD−HT−AD of sewage sludge
using complementary chemical extraction, microscopy, and spectroscopy analyses.
Results indicated that after the first-stage AD a significant fraction of Fe was
present as vivianite in the AD solids due to the microbial reduction of strengite and
other Fe(III) species. During HT of the anaerobically digested solids, less vivianite but more strengite formed in the HT hydrochars
with increasing HT temperature. Partial auto-oxidation of vivianite by H2O at high HT temperatures (155 and 185 °C) induced the
formation of strengite. For the second-stage AD, more vivianite formed in AD solids as compared to that in their corresponding
hydrochars from higher HT temperatures (155 and 185 °C). Regarding S speciation, both AD stages and HT favored the formation
of iron sulfides. Results from this study suggest that the cycling of both P and S is strongly coupled with Fe chemistry. This study
sheds light on the reaction mechanisms during AD−HT−AD of sewage sludge and the nutrient recycling and reclamation options
for sewage sludge management.
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■ INTRODUCTION

Municipal wastewater treatment facilities generate millions of
tons of sewage sludge annually in the United States,1 with the
residue biowaste (biosolids) as a byproduct of wastewater
treatment.2 Sewage sludge intrinsically has a high water
content3 and contains various contaminants such as organics,
heavy metals, and pathogens.4 These properties of sewage
sludge require environmentally positive management strategies
before its final disposal or application. On the other hand,
substantial amounts of nutrients (such as phosphorus, P, and
nitrogen, N) and energy elements (such as carbon, C)
consumed by human activities converge into sewage sludge,
making it a candidate source for resource recovery.4−6 For
instance, energy recovery can be achieved through the
production of biomethane during anaerobic digestion (AD)
of sewage sludge.7 P recycling/reclamation from sewage sludge
is also a promising strategy to address the societal concerns
related to the depletion of geological P sources.8,9

AD degrades complex organic matter (OM) in sewage
sludge and produces biomethane through four distinct
subprocesses (hydrolysis, acidogenesis, acetogenesis, and
methanogenesis).10 AD is also a core biotechnology for the
recovery of nutrients such as P and N. During AD, sewage

sludge releases soluble phosphate and NH4
+ to the liquid

phase, which can be recovered via struvite (MgNH4PO4·
6H2O) precipitation.11 In addition, as iron (Fe) salts are
common flocculants in municipal wastewater treatment, Fe is
one of the most abundant metal ions in sewage sludge.4

Therefore, Fe phosphate mineral vivianite (Fe2(PO4)3·8H2O)
is the main phosphate source in some anaerobically digested
sludge.12−16

Although the AD of sewage sludge has advantages on energy
recovery, the conversion rate of OM to biogas (biomethane
and CO2) is limited because of the recalcitrant nature of
particulate OM.17 The rate-limiting step of AD is the
hydrolysis,18 which involves the conversion of particulate
polymeric OM into bioavailable substrates for acidogenesis and
acetogenesis.10 To accelerate hydrolysis, researchers have
extensively explored various thermal, chemical, mechanical,
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and biological methods.19 AD coupled with pre- or interstage
hydrothermal treatment (HT) (i.e., sequential HT−AD or
AD−HT−AD, respectively) is effective in accelerating
hydrolysis and improving the biodegradability of particulate
OM. Both HT−AD and AD−HT−AD were shown to
significantly enhance biogas production,20−22 facilitate sludge
dewatering and volume reduction, as well as sanitize biosolids
and improve their quality as soil amendments.23,24 Several
studies have demonstrated that AD−HT−AD performs better
than HT−AD with respect to methane production, energetic
benefit of the whole treatment, volatile solid destruction, and
greenhouse gas emission.20,21,25 In addition, AD−HT−AD
offers another advantage of achieving Class A biosolids.25 Our
recent study investigated the speciation evolution of C and P in
sewage sludge and manure during the sequential HT−AD
process.26 However, systematic understanding on the evolution
of nutrients during sequential AD−HT−AD is still lacking. In
the United States, ∼60% of sewage sludge is land-applied;27,28

thus, studies on the transformation of P speciation during
sequential AD−HT−AD will greatly enhance our under-
standing on the recycling and utilization options of P from the
treated sewage sludge.
Fe and sulfur (S) are two abundant redox-sensitive elements

in sewage sludge.9 Our recent study revealed the strong
correlations between Fe and P species and Fe and S species
during the sequential HT−AD process. For a mixture of
primary and waste activated sludge, hydrothermal pretreatment
at high temperatures (155 and 185 °C) inhibited vivianite
formation and imposed weak effects on the sulfidation of Fe
during the subsequent AD.29 Compared with primary and
waste activated sludges, vivianite and Fe sulfides are the major
Fe species in anaerobically digested sludge without hydro-
thermal pretreatment.12,16 Vivianite can be recovered through
magnetic separation.30 However, the effects of interstage HT
on the evolution of vivianite in sewage sludge during AD−
HT−AD remain unclear. As to Fe sulfides, they can control the
mobility and bioavailability of toxic metals (e.g., Hg(II),
Cu(II), and Pb(II)) and metalloids (e.g., arsenite) through
sorption.31−33 Given that the presence of Fe sulfides in sludge
can affect the performance of sludge land application, it is thus
important to understand the evolution of Fe sulfides in sewage
sludge during AD−HT−AD. In addition, from the perspective
of treatment product utilization, a systematic comparison of
AD−HT−AD, HT−AD, and AD is still missing.
This study investigates the potential coupling or coevolution

of P, Fe, and S speciation in sewage sludge during sequential
AD−HT−AD, which is expected to provide insights into the
chemical environment in operation and P recovery from
sewage sludge. HT temperature dictates the thermal hydrolysis
process, and HT below 190 °C was previously shown to
increase biomethane yield during the subsequent AD.34 Thus,
we conducted HT at four representative temperatures (90,
125, 155, and 185 °C) to assess the effect of HT temperature
on sludge hydrolysis. The raw sewage sludge, solids from both
AD stages, and HT hydrochars were characterized using
complementary chemical extraction, X-ray absorption spec-
troscopy (XAS), X-ray diffraction (XRD), and scanning
electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDXS).

■ MATERIALS AND METHODS
Experimental Setups. Sewage sludge samples were obtained

from the F. Wayne Hill Water Resources Center, a municipal

wastewater treatment facility in Buford, GA. The center uses primary
(physical), secondary (biological), and anaerobic digestion treatment
units, as well as a waste activated sludge stripping unit for the storage
of sludge mixture and P removal. The center uses enhanced biological
phosphorus removal (EBPR) and does not dose any Fe for
phosphorus removal. Sludge mixture, secondary effluent, and digestate
from the plant anaerobic digester were collected and stored in the
dark at 4 °C prior to use. The sludge mixture was the blend of primary
and waste activated sludges, with a total solid (TS) mass ratio of 63/
37 and a TS concentration of ca. 60 g/L. The Fe/P molar ratio in the
sludge mixture was 0.27 (Table S1). The sludge mixture was chosen
for the experiments, as primary and waste activated sludges are mixed
and then fed to the onsite AD in most water resource recovery
facilities (WRRFs). The digestate was anaerobically incubated at 35
°C in the lab until no significant biogas production and served as the
anaerobic inoculum.

During AD−HT−AD, the first-stage AD was conducted in a
capped 9 L anaerobic glass reactor stirred with a magnetic stirring bar
(∼220 rpm) at 35 °C for 15 days. For the interstage HT, 15-day
digested slurries were loaded to polypropylene-lined stainless steel
hydrothermal reactors (COL-INT TECH., SC, USA). Each hydro-
thermal reactor (200 mL) contained 130 mL slurries. The reactors
were tightly sealed and heated in an oven at 90, 125, 155, or 185 °C
for 4 h (3 h ramping and 1 h holding time at the target temperature)
and cooled down to room temperature naturally. The second-stage
AD was conducted in capped 600 mL glass reactors mixed using an
orbital shaker (∼220 rpm) at 35 °C for 74 days. The detailed
composition of suspensions in the first- and second-stage anaerobic
reactors is given in Table S2. The 15-day digested slurries without HT
were anaerobically incubated using the same procedures as the control
experiment. No medium was used during all AD experiments. For
both AD stages, the total biogas volume and composition were
monitored periodically, which will be published in a parallel study.

At the end of each AD, a portion of AD slurries was immediately
transferred to a COY anaerobic chamber (95% N2/5% H2; COY
Lab), preventing exposure to air that can induce the oxidation of the
redox-sensitive Fe and S. The solids (hereinafter referred to as AD
solids) and liquid (hereinafter referred to as AD process water) were
separated using 0.45 μm membrane filters. The obtained AD solids
were air-dried and stored in the anaerobic chamber. For HT, a
portion of HT slurries was centrifuged to separate the solids
(hereinafter referred to as hydrochars, although HT at 90 and 125
°C does not readily converts biomass to chars) and liquid (hereinafter
referred to as HT process water). The HT hydrochars were freeze-
dried until no further weight loss. The same procedure was also
performed for the raw sludge mixture slurries. All of the dried solid
samples were finely ground and stored in the anaerobic chamber prior
to characterization (details below). The concentrations of major
metals in the dried raw sludge mixture are given in Table S1. Sample
labels and treatment conditions are described in Table 1.

Analytical Methods. Aqua regia digested solid samples and
process water samples were analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES) for total P, Fe, and S
concentrations. Solid samples were analyzed by XRD and SEM-EDX.
P, Fe, and S speciation were characterized by sequential chemical
extraction (SCE), P and S K-edge X-ray absorption near-edge
structure (XANES) spectroscopy, and Fe K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy, as detailed in Text
S1, Supporting Information (SI).

For P XANES spectra, principal component analysis (PCA) and
target transformation (TT) were performed on the spectra to
determine the number of member components and identify candidate
P species for the subsequent linear combination fitting (LCF)
analysis. LCF analysis of the P K-edge XANES spectra was conducted
at an energy range of −20 to +60 eV relative to the edge energy to
quantify the P species in the solid samples. Goodness of the fit was
evaluated using the residual factor (R-factor), and the fits with the
smallest R-factors were deemed good. A set of P reference compounds
were used for LCF analysis, including (1) strengite (FePO4·2H2O),
phosphate-adsorbed ferrihydrite (P-Ferrihy), and vivianite, represent-

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05544
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05544?ref=pdf


ing Fe-associated P; (2) AlPO4 and phosphate-adsorbed γ-alumina
(P-alumina), representing Al-associated P; (3) octacalcium phosphate
(OctaCa) and hydroxylapatite (HydAp), representing Ca-associated
P; and (4) phytic acid (PhyAc), representing organic phosphate.
Details on these reference compounds are in Table S3.
LCF analysis of Fe EXAFS data was conducted in the k3-weighted

χ-space (3−11.5 Å−1) using a library of Fe reference compounds
(Table S3), including two-line ferrihydrite (Ferrihy), goethite,
hematite, lepidocrocite, magnetite, siderite, carbonated green rust
(CGR), sulfated green rust (SGR), vivianite,35 strengite,36,37 and
Fe(III)-organic complex (Fe(III)-OM).38 LCF analysis of the S
XANES data used a group of S reference compounds, including FeS,
FeS2,

39 cystine,40 cysteine,41 methionine methylsulfonium chloride,
methionine sulfoxide, methionine sulfone, anthraquinone sulfonic
acid,40 chondroitine sulfate,42 and CaSO4 (Table S3). Spectra of the
P, Fe, and S reference compounds are provided in Figure S1.

■ RESULTS AND DISCUSSION

Speciation of P, Fe, and S during the First-Stage AD.
The first-stage AD of raw sludge increased the total P
concentration in the AD solids and released P into process
water, as can be seen for the raw sludge and A15 samples in
Table S4. After the first-stage AD, the total P concentration
increased from 1.92% (raw sludge) to 3.42% (sample A15).
The increase was due to the decomposition of OM and biogas
production13 and the introduction of P from the anaerobic
inoculum (Table S4). P concentration in the process water also
increased from 0.19 mM (raw sludge) to 0.25 mM (sample
A15), suggesting P release from the solids during AD. Previous
studies also showed that AD process favors P release.43 The
possible causes of P release from the solids were dissolution of
metal-phosphate precipitates and degradation of organic P by
anaerobic microbes,44 as well as hydrolysis of phosphate-
accumulating organisms (PAOs).45

AD process also affected P speciation in the solids, as
revealed by P XANES data (Figure S2) and LCF analyses
(Table 2 and Figure S3). LCF analyses identified strengite
(23.0%), AlPO4 (32.5%), P-alumina (14.5%), HydAp (9.2%),
and PhyAc (16.0%) as the main P species in raw sludge (Table
2). Organic P species were absent in sample A15, consistent
with the SCE results showing the predominance of inorganic P
in this sample (Text S2). The fractions of strengite, AlPO4, and
HydAp decreased in sample A15 as compared to those of raw
sludge. However, the fractions of vivianite, P-alumina, and
OctaCa increased from 0, 14.5, and 4.8% in raw sludge to 37.8,
22.6, and 13.4% in sample A15, respectively (Table 2).
As P transformation is strongly coupled with Fe, we discuss

Fe chemistry below. The total Fe concentration in the solids
increased from 0.93% (raw sludge) to 3.49% (sample A15)
after the first-stage of AD (Table S4). As can be seen from Fe
XANES and EXAFS spectra of A15 solids, both the main edge
and pre-edge peak positions shifted to lower energy as
compared to raw sludge (Figure S5), suggesting the reduction
of Fe(III) to Fe(II) during AD. The k3-weighted Fe EXAFS
spectra of raw sludge had four characteristic oscillations at 4.2,
6.5, 8.5, and 10.0 Å−1 (Figure 1a). For A15 solids, the
oscillations at 5.1 and 7.5 Å−1 occurred. Meanwhile, the left
shifting of the oscillations at 4.2 and 6.5 Å−1 and the flattened
oscillations at 8.5 and 10.0 Å−1 were observed (Figure 1a).

Table 1. Sample Labels and Reaction Conditions of
Hydrothermal Treatment (HT) and Anaerobic Digestion
(AD) Processesa

sample
label treatment reaction condition

SWE secondary wastewater effluent, pH 7.26
AI anaerobic inoculum, pH 8.14
AAI AD AD of AI till no biogas production, 35 °C, pH 7.96
raw sludge - raw sludge, pH 6.34
A15 AD AD of raw sludge, 35 °C, 15 days, pH 7.60
A89 AD−AD AD of A15 slurries, 35 °C, 74 days (89 days AD in

total), pH 8.44
AH90 AD−HT HT treatment of A15 slurries, 90 °C, 4 h, pH 7.53
AH90A AD−HT−

AD
AD of AH90-derived slurries, 35 °C, 74 days, pH
8.45

AH125 AD−HT HT treatment of A15 slurries, 125 °C, 4 h, pH
7.26

AH125A AD−HT−
AD

AD of AH125-derived slurries, 35 °C, 74 days, pH
8.38

AH155 AD−HT HT treatment of A15 slurries, 155 °C, 4 h, pH
7.24

AH155A AD−HT−
AD

AD of AH155-derived slurries, 35 °C, 74 days, pH
8.37

AH185 AD−HT HT treatment of A15 slurries, 185 °C, 4 h, pH
6.91

AH185A AD−HT−
AD

AD of AH185-derived slurries, 35 °C, 74 days, pH
8.23

apH values were measured after HT/AD treatments.

Table 2. Relative Abundance of Different P Species Determined from Linear Combination Fitting (LCF) of P K-Edge XANES
Data of the Solid Samplesa

relative abundance (%)

Fe-associated P Al-associated P Ca-associated P

sample vivianite strengite P-ferrihy AlPO4 P-alumina HydAp OctaCa PhyAc R-factor

raw sludge 23.0 (2.7) 32.5 (0.9) 14.5 (1.9) 9.2 (1.7) 4.8 (3.7) 16.0 (2.8) 0.0007
A15 37.8 (1.4) 17.4 (2.1) 8.8 (0.3) 22.6 (0.8) 13.4 (0.6) 0.0003
A89 58.5 (3.9) 8.4 (5.9) 9.1 (2.8) 5.3 (2.9) 18.7 (1.5) 0.0026
AH90 44.7 (1.6) 9.2 (3.2) 7.4 (1.6) 32.5 (1.8) 6.2 (0.8) 0.0005
AH90A 43.4 (0.6) 5.9 (1.2) 5.7 (0.8) 32.0 (0.7) 3.9 (0.1) 9.1 (0.3) 0.0001
AH125 43.4 (2.1) 7.4 (4.2) 4.5 (2.1) 17.6 (2.7) 8.9 (2.3) 18.2 (1.1) 0.0021
AH125A 40.5 (1.0) 8.3 (1.7) 6.7 (1.1) 27.3 (1.0) 2.2 (0.2) 15.0 (0.4) 0.0002
AH155 18.3 (3.8) 36.6 (5.8) 23.8 (3.1) 21.3 (1.5) 0.0016
AH155A 39.4 (1.2) 8.5 (2.7) 39.4 (1.6) 2.3 (0.3) 10.4 (0.7) 0.0004
AH185 2.9 (8.3) 41.6 (12.7) 11.4 (4.8) 23.0 (6.8) 2.7 (3.8) 18.4 (3.3) 0.0039
AH185A 25.2 (0.7) 15.7 (2.0) 19.3 (1.3) 28.4 (1.3) 2.4 (0.2) 9.0 (0.8) 0.0002

aNote: LCF analysis-derived errors are given in parentheses.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05544
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c05544/suppl_file/sc0c05544_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05544?ref=pdf


These characteristic features are for vivianite,36,46 suggesting
that vivianite was the predominant Fe species in A15 solids.
To quantify Fe speciation in A15 solids, LCF analyses of Fe

EXAFS spectra were performed using a range of representative
Fe reference compounds. Best fits were obtained with five
compounds: strengite, vivianite, Ferrihy, CGR, and Fe(III)-
OM (Table S5 and Figure S6). Strengite (20%), Ferrihy
(22%), Fe(III)-OM (30%), and CGR (20%) were identified as
the main Fe species in raw sludge, whereas vivianite (42%),
strengite (10%), Ferrihy (5%), Fe(III)-OM (5%), and CGR
(20%) were the main Fe species in A15 solids (Table S5 and
Figure S6), suggesting the accumulation of vivianite in A15
solids. XRD analysis also confirmed the presence of vivianite in
A15 solids (Figure 2). The inclusion of CGR as a reference
compound for LCF analysis yielded the best fit (i.e., the
smallest R-factor). Considering that CGR is unstable, we also
conducted LCF by replacing CGR with siderite, a more stable
and common compound in sewage sludge.30,47 With this
reference compound combination, the fitting results (Table S6
and Figures 1b and S7) showed 24% siderite in raw sludge and
no siderite after AD. We also observed a similar trend for the
changes for vivianite, strengite, Fe(III)-OM, and Ferrihy
between raw sludge and A15 solids (Figure 1b). Note that
both CGR and siderite are Fe(II)-containing species; replacing
one by the other did not affect the overall trend in Fe
speciation evolution. The small difference in fitted fractions
was likely caused by the intrinsic limitation of LCF analysis
with an error range of <10%.
Mineral particles with high contents of both Fe and P in A15

solids were analyzed by SEM-EDX (Figure S8 and Table S7).
In addition to a certain amount of Si and S in some particles,
Ca, Al, and Mg coexisted at relatively high concentrations with
the Fe phosphate minerals (Table S7). Impurity inclusion of
Fe phosphate minerals is common, as other cations can replace
Fe atoms in Fe phosphate mineral structures.48−50 Previous
studies also showed that vivianite is not present as free particles
in anaerobically digested sludges.13,51

Considering the commonly observed strong coupling
between Fe and S chemistry in anaerobically digested
sludges,16,52 we discuss S chemistry below. The total S
concentration in A15 solids increased from 0.72% (raw sludge)
to 1.11% (sample A15) after the first-stage AD, whereas the
change in S concentration in process waters was minimal
(Table S4). The S K-edge XANES spectra of raw sludge had
oscillations at 2472.6, 2473.2, 2481.0, and 2482.5 eV (Figure
3), representing zero-valent S, thiols (+0.5), sulfonates (+5),

and sulfates (+6),41 respectively. Compared with raw sludge,
the main difference observed for A15 solids was the left shifting
of the peak at 2474 eV. In addition, the oscillation intensities of
S (+5 and +6) at 2481.0 and 2482.5 eV decreased slightly
(Figure 3a), suggesting the reduction of S. The reference
compounds used for LCF analysis included FeS, pyrite, S (0),
thiols (+0.5), sulfonates (+5), and sulfates (+6). Given that S
K-edge XANES spectra are more sensitive to different
oxidation states of S compounds,41,53 the S reference
compounds used in this study do not refer to the exact
compound structures. The fitting results are shown in Table S8
and Figures 3b and S9. For raw sludge, the main S species were
S (0) (∼15%), S (+0.5) (∼52%), S (+5) (∼6%), and S (+6)
(∼20%). After the first-stage AD, the fractions of S (0), S
(+0.5), and S (+6) did not change significantly, but the
fraction of S (+0.5) decreased from 55 to 38% with the
occurrence of both FeS and pyrite (14% in total). The
formation of Fe sulfides was due to the microbial reduction of
Fe(III) species and organic S during AD.16,54 Pyrite is a very
crystalline component, but XRD did not confirm its presence
(Figure 2a). That is because the content of pyrite in A15 solids
(i.e., ∼0.11%) was below the detection limit of XRD (∼3%).
Taken together, the mechanisms of the linked evolution of

P, Fe, and S during the first-stage AD are illustrated in Figure
4. Biotic reduction of Fe(III) species such as strengite, Fe(III)-
OM, and Fe(III) oxides led to the production of Fe(II).3,55

The reductive dissolution of strengite56 and degradation of
organic P generated soluble phosphate,57 which precipitated
with Fe(II) to form vivianite. Approximately 15% of the S
species existed as Fe sulfides as indicated by LCF analysis of S
XANES data. However, LCF analysis of Fe EXAFS data did
not identify the predominant contribution from Fe sulfide
phases, likely due to the much higher total concentration of Fe
than of S in the AD solids (Table S4). The content of Fe
sulfides in A15 solids was not as high as previous studies
dosing Fe to anaerobic digestors for the formation of Fe
sulfides,16 as EBPR is employed in F. Wayne Hill Water
Resources Center resulting in a high molar ratio of P:Fe but a
low molar ratio of S:Fe in raw sludge (Table S4). In addition,
pyritization is considered to be a slow process in anaerobic
digesters,58 while phosphate precipitates preferentially with
Fe(II) as vivianite.13 Overall, the reducing environment during
AD favored the precipitation of vivianite and Fe sulfides in the
AD solids.

Speciation of P, Fe, and S during HT. HT strongly
affected the total concentrations of P and Fe in the hydrochars.

Figure 1. (a) Fe k3-weighted EXAFS spectra of the raw sludge, HT hydrochars, and AD solids, as well as (b) their corresponding Fe speciation
quantified by LCF analysis. Fe(III)-organic complex (Fe(III)-OM) and ferrihydrite (Ferrihy).
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Compared with sample A15, the total concentrations of both P
and Fe in the hydrochars increased with increasing HT
temperature (Table S4). For sample AH185, P and Fe
concentrations were 5.90 and 6.36%, respectively. The
accumulation of P and Fe in hydrochars was due to the
decomposition of OM.59,60 The total P concentration in
process waters remained at 0.25 mM for sample AH90, but
slightly increased to ∼0.36 mM for samples AH125, AH155,
and AH185. A little higher concentration of P in HT process
waters than sample A15 was probably due to release of P from
P-associated OM during decomposition of OM by HT. The
concentration of Fe in process waters was low (7.3−18.4 μM),
consistent with previous observations that HT concentrated
heavy metals in hydrochars.59 Compared with sample A15, the

changes in the total S concentration in HT hydrochars were
subtle (Table S4), probably because the loss of OM was in
proportion to the release to organic S during HT. Accordingly,
the elevated S concentration in process waters was observed. It
was due to the decomposition of organic S and the release of S
species into process waters.61

HT significantly changed P, Fe, and S speciation in
hydrochars. P speciation in hydrochars was identified by the
LCF analysis of P XANES spectra (Table 2 and Figures S2 and
S3). Compared with A15 solids, the changes in the fraction of
P species in samples AH90 and AH125 were within 10%
(Table 2). This suggests that the main P species did not
change significantly at low HT temperatures by considering the
uncertainty in fitting (typical error range of ∼10% for LCF).

Figure 2. (a-e) XRD patterns of the raw sludge, HT hydrochars, and AD solids. Panel (f) is a zoomed view of the XRD patterns at 26−29° 2θ of
panels (d) and (e). In each panel, the gray, yellow, and cyan vertical bars indicate XRD peak positions of vivianite (PDF #83-2453), quartz (PDF
#46-1045), strengite (PDF #03-0379), and strengite (quartz-like phase, PDF #17-0837), respectively.
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However, the fraction of strengite in hydrochars increased
from 17.4% (sample A15) to 36.6% (sample AH155) and
41.6% (sample AH185), whereas vivianite fraction decreased
from 37.8% (sample A15) to 18.3% (sample AH155) and 2.9%
(sample AH185) (Table 2). These data suggest that a large
amount of vivianite was transformed to strengite at high HT
temperatures (155 and 185 °C). Generally, the fraction
changes of Ca- and Al-associated P species in hydrochars as
compared to those of sample A15 were within 10% (Table 2).
SEM-EDX suggests that P species were not uniformly
distributed in hydrochars (e.g., AH155), and iron phosphate
minerals were enriched in sample AH155 in close association
with Ca and Al phosphate minerals (Figure S8 and Table S7).
Compared with sample A15, the Fe XANES and EXAFS

spectra of sample AH90 were similar (Figures S5 and 1b).
However, a right shifting of the white-line peak and pre-edge
peak was observed for samples AH125, AH155, and AH185 as
compared to that for sample A15, suggesting the oxidation of
Fe(II) to Fe(III) during HT. Higher HT temperatures (155
and 185 °C) led to more significant peak shifting (Figures S5
and 1b). Fe EXAFS spectra of HT hydrochars showed that the
intensities of oscillations at 5.1 and 7.5 Å−1 decreased and the
oscillation at 4.2 Å−1 right-shifted for AH125 as compared to
that for sample A15. These feature changes became stronger
with increasing HT temperature (Figure 1a). LCF-quantified
Fe species in the hydrochars are given in Tables S5 and S6 and
Figures 1b and S6b. Similar LCF results were obtained using
two sets of reference compounds including CGR or siderite as

previously discussed. With increasing HT temperature, the
fraction of ferrihydrite in HT hydrochars did not change,
vivianite decreased, and strengite and Fe(III)-OM increased in
fractions. For instance, sample AH90 contained vivianite,
strengite, and Fe(III)-OM at ∼38, ∼6, and ∼16%, respectively.
However, the fractions of the above species for sample AH185
were <5, ∼21, and ∼28%, respectively. In general, the changes
of vivianite and strengite fractions derived from Fe EXAFS
LCF analysis were consistent with P XANES LCF analysis.
XRD analysis confirmed the appearance of a small amount of
vivianite in HT hydrochars. Strengite also appeared in samples
AH155 and AH185 (Figure 2), as evidenced by the presence
of the diffraction peak at ∼27°.62 It is the main diffraction peak
of strengite, which can shift slightly after heating.62

Compared with the S XANES spectra of sample A15 (Figure
3a), the intensity of sulfate (+6) oscillation for hydrochars
decreased with increasing HT temperature. Meanwhile, the
oscillation at 2473.2 eV slightly shifted to the right. Moreover,
the pre-edge feature at 2470 eV was pronounced for sample
AH185. Based on S XANES LCF, HT did not change the
fractions of FeS2, zero-valent S, cysteine (+0.5), and sulfonate
(+5). However, with increasing HT temperature, the fraction
of sulfate (+6) decreased, while the FeS fraction increased. For
sample AH185, the sulfate fraction was ∼8%, while the FeS
fraction was 17%. The high FeS content accounted for the
occurrence of the pronounced pre-edge feature at 2470 eV.
Taken together, the transformation pathways of P, Fe, and S

during the interstage HT are given in Figure 4. Vivianite
remained as the predominant species for both Fe and P in low-
temperature HT hydrochars (i.e., AH90 and AH125), but
vivianite fraction did not change significantly as compared to
sample A15. However, vivianite was partially transformed into
strengite and other Fe(III) species at high HT temperatures
(i.e., 155 and 185 °C). It was probably due to auto-oxidation
of vivianite by decomposition of water during heating,63−65 as
described by the following equation

+ → + ++ + −2 Fe 2 H O 2 Fe 2 OH H2
2

3
2 (1)

Hanzel et al. also observed that (1) vivianite starts auto-
oxidation at ∼100 °C for 5 h; (2) high temperature of heating
favors the rate of auto-oxidation of vivianite; and (3) the auto-
oxidation products, most probably strengite, inhibit further
auto-oxidation process.63 These reaction mechanisms can well
explain our findings, i.e., partial oxidation of vivianite at 155
and 185 °C.

Figure 3. S K-edge XANES spectra (a) of the raw sludge, HT hydrochars, and AD solids, and their corresponding S speciation (b) quantified by
LCF analysis.

Figure 4. Proposed reaction mechanisms for the coevolution of P, Fe,
and S speciation in sewage sludge during anaerobic digestion with
interstage hydrothermal treatment (AD−HT−AD).
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HT of sludge favors metal sulfidation and the precipitation
of metal sulfide minerals.59,66 Sulfide is generated by cracking
the unstable mercaptan structure of organic S during HT.67 In
addition, up to 22% of S species as Fe sulfides were obtained
from the S XANES LCF analysis, but Fe EXAFS LCF analysis
did not fit out any Fe sulfides. That was because the total
concentration of Fe in the HT hydrochars was 6.5 times higher
than that of S (Table S4).
Speciation of P, Fe, and S during the Second-Stage

AD. The second-stage AD further changed the elemental
concentrations in AD solids and process waters. Compared
with the first-stage AD of raw sludge, similar but stronger
trends for the concentrations of P, Fe, and S in the solids and
process waters were observed after the second-stage AD of
sample A15 (Table S4). For instance, the total P
concentrations in the solids and process waters of sample
A89 were 3.71% and 0.62 mM, respectively, higher than those
of sample A15. Compared with HT hydrochars, the total P
concentration decreased in AD solids but increased in process
waters after the second-stage AD. For sample AH185A, the
total P concentrations in AD solids and process waters were
4.03% and 0.89 mM, respectively. Compared with A89, the
total P concentrations in AD solids and process waters for
AH185A increased. The high P concentration in the AD
process waters was due to the release of P from the hydrochars,
i.e., microbial dissolution of metal-phosphate precipitates. Fe
concentration decreased in AD solids but remained low in
process waters as compared to that of HT hydrochars. The
decreased Fe concentration in the second-stage AD solids was
due to the use of the anaerobic inoculum, which contained a
lower Fe concentration than that of the HT hydrochars.
Compared with the HT hydrochars, the total S concentration
increased in the second-stage AD solids but decreased
significantly in the process waters (Table S4). A previous
study showed that sulfides were the dominant S species in AD
process waters and preferably precipitated with metals.68 In
this study, no H2S gas in the biogas was detected by gas
chromatography analysis (data not shown) because most
sulfides produced by microbial reduction existed in the
suspensions at a high pH (pH 8).54 Moreover, the absence
of H2S in the biogas was probably due to a high molar ratio of
Fe:S in favor of the formation of Fe sulfides and the VS-based
inoculum/substrate ratio (ISR) chosen in the present study
(Table S2). Previous studies indicated that ISR could affect the
biogas yield.69

The second-stage AD further affected P, Fe, and S speciation
in the final AD solids. According to P XANES LCF analyses,
the vivianite fraction increased from 37.8% (sample A15) to
58.5% (sample A89), while the fractions of strengite and P-
Alumina decreased from 17.4 and 22.6% (sample A15) to 8.4
and 5.3% (sample A89), respectively (Table 2). These changes
can be explained by the microbial reduction of strengite to
dissolved Fe(II), which then precipitated with soluble
phosphate. Wilfert et al. also reported that P existed
predominantly as vivianite in AD sludge.12 The fraction of
vivianite in AH90A, AH125A, AH155A, and AH185A
decreased as compared to that of sample A89, because their
corresponding hydrochar samples contained higher fractions of
Fe(III) species than sample A15. Compared with samples
AH90 and AH125, the P speciation in samples AH90A and
AH125A did not significantly change. However, for AH155A
and AH185A solids, the fractions of strengite and OctaCa
decreased compared with those of their corresponding

hydrochars. Meanwhile, the vivianite fraction in samples
AH155A and AH185A significantly increased (Table 2). For
instance, the fractions of vivianite, strengite, and OctaCa in
AH155A solids were 39.4, 8.5, and 18.4%, respectively (Table
2). Compared with sample AH155, the contents of Ca, Al, and
Mg coexisting with Fe phosphate minerals in sample AH155A
decreased (Figure S8 and Table S7), suggesting that the purity
of Fe phosphate minerals in the final AD solids was higher. Fe
phosphate minerals in the final AD solids could be purer, due
to the higher concentration of soluble phosphate in the
second-stage AD (Table S4).
We observed the left shifting of the white-line and pre-edge

oscillations of Fe XANES spectra of sample A89 as compared
to that of sample A15 (Figure S5), indicating the further
reduction of Fe(III) during the second-stage AD. The Fe
EXAFS spectra of A89 solids showed that the oscillations at 5.1
and 7.5 Å−1 became more pronounced and the oscillations at
4.2 and 6.5 Å−1 shifted to the left as compared to those of A15
solids (Figure 1a). These feature changes suggest that more
vivianite formed in A89 solids. Compared with their
corresponding HT hydrochars, the above changes of both Fe
XANES and EXAFS spectra were also observed for AH90A,
AH125A, AH155, and AH185A solids (Figures S5 and 1a).
Furthermore, Fe EXAFS LCF analyses showed that the
fractions of strengite, Ferrihy, and Fe(III)-OM in the final
AD solids decreased, while the fraction of vivianite increased as
compared to those of the corresponding HT hydrochars
(Tables S5 and S6 and Figures 1b and S6b). For sample A89
solids, the fractions of vivianite and strengite reached ∼60 and
7%, respectively. For sample AH185A, the fractions of vivianite
and strengite were 25 and 12%, respectively. In addition, the
presence of CGR/siderite in the final AD solids (Tables S5 and
S6 and Figures 1b and S6b) suggests that CO2 was also
involved in the Fe cycle during the second-stage AD. XRD
confirmed the formation of vivianite after the second-stage AD
(Figure 2).
Compared with sample A15 solids, the oscillation intensities

of S (+5 and +6) from S XANES spectra significantly
decreased for sample A89. In addition, the oscillation at 2473.2
eV shifted left and the oscillation at 2478 eV was much weaker
for sample A89. These changes suggest the reduction of S with
high oxidation state and the formation of sulfides. Similar
trends were also observed for the final AD solids after the
second-stage AD as compared to those of their corresponding
HT hydrochars. According to S XANES LCF analyses, the
changes were subtle for the fractions of S (0) and S (+0.5) in
the final AD solids during the second-stage AD. The fractions
of FeS, S (+5), and S (+6) in the final AD solids decreased
significantly, while the fraction of pyrite increased to ∼37% as
compared to those of HT hydrochars (Figure 3).
The formation of vivianite and pyrite was involved in the

coevolution of P, Fe, and S in the second-stage AD (Figure 4).
During the second-stage AD, biotic reduction of Fe(III)
produced Fe(II), which was coupled with the oxidation of
OM.3,55 Biotic reduction of organic S generated much
hydrogen sulfide.54 Meanwhile, biotic reduction of strengite
and dissolution of chemically bound phosphate were released
into AD process waters.47 Therefore, vivianite and Fe sulfides
were enriched in the final AD solids. For HT hydrochars
derived from higher HT temperatures (155 and 185 °C), the
fraction of vivianite in the final AD solids was lower.
Hydrochars mainly behave as electron shuttle,70,71 whereas
biomass available for oxidation had a lower concentration
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during the second-stage AD, inhibiting the coupled reduction
of Fe(III). For Fe sulfides, pyrite was much more stable than
FeS during AD because FeS can react with hydrogen sulfide to
form pyrite.72,73 According to the S and Fe XAS LCF analyses,
pyrite fraction in the final AD solids took up ∼37% of the total
S content but was very low as an Fe species. That is because
the total concentration of Fe in the AD final solids was much
higher than that of S.
Comparison of AD, HT−AD, and AD−HT−AD. On the

basis of our previous29 and present studies, the cycling of both
P and S was strongly coupled with Fe chemistry. The changes
in the main Fe-associated P and S fractions during various
treatment systems are summarized in Figure 5. The prestage

HT at 90 °C favored vivianite formation in HT hydrochars,
whereas the interstage HT at low temperatures (90 and 125
°C) did not significantly change vivianite fraction in HT
hydrochars. Moreover, both pre- and interstage HTs at low
temperatures (90 or 125 °C) resulted in a little more vivianite
formation during the subsequent AD. Compared with AD
alone, both pre- and interstage HTs at high temperatures (155
and 185 °C) inhibited the precipitation of vivianite during the
subsequent AD.

When HT temperature increased from 90 to 185 °C, the
fraction of FeS in the prestage HT hydrochars fluctuated
between 6% and 9% of S, while the interstage HT favored the
formation of FeS (i.e., increased from 5 to 19% of S) and FeS2
(i.e., fluctuated between 5 and 14% of S). However, both the
pre- and interstage HTs had weak effects on the sulfidation of
Fe during the subsequent AD as compared to AD alone.
Overall, we observed similar results on the main Fe-associated
P and S fractions (i.e., vivianite, strengite, and Fe sulfides) in
AD final solids derived from both HT−AD and AD−HT−AD
systems. Considering that the AD−HT−AD system requires
one more AD unit (thus a larger footprint) and is more
complex to handle as compared to the HT−AD system, for
nutrient recovery consideration alone, the HT−AD system
might be more economical under the studied condition and
scale.
We also compared the ultimate methane production of the

HT−AD and AD−HT−AD systems, which refers to the
highest value of methane produced from the whole treatment
system (i.e., the single anaerobic reactor in the HT−AD
system and the two anaerobic reactors in the AD−HT−AD
system) over a long incubation time of the batch system.
Below, we briefly summarize our findings (detailed results will
be reported in a parallel study). Compared to AD alone (i.e.,
the control), in both HT−AD and AD−HT−AD systems, the
overall ultimate methane production increased, and the extent
of increase for each system was positively correlated with
increasing HT temperature at 90−155 °C. Specifically,
compared to AD alone, the increase was from 5.5 to 16.8%
for the HT−AD system and from 13.7 to 29.4% for the AD−
HT−AD system for HT temperature from 90 to 155 °C.
However, the overall ultimate methane production was
comparable for these two systems with a relative difference
of 5.5−8.3% at a HT temperature of 90−155 °C. For either
system, the ultimate methane production at the highest HT
temperature tested (185 °C) was lower than or comparable to
that at lower HT temperatures. Therefore, from the
perspective of biogas production, we consider 155 °C to be
the optimal HT temperature under the examined experimental
setup.
This study provides fundamental knowledge for the

selection and optimization of HT treatment conditions in
conjunction with AD for P recovery. P from sewage sludge can
be recovered via extraction of vivianite,48 for instance, via
magnetic separation from anaerobically digested sludge.30 Our
study indicates that the interstage HT at 90 and 125 °C had no
apparent effect on vivianite yield during the subsequent AD,
whereas higher HT temperatures (155 and 185 °C) had
negative impacts on the P recovery via vivianite.
This study also has important implications for understanding

the nutrient speciation and availability in anaerobically
digested sludge-derived hydrochars and AD solids. For
instance, when biosolids rich in vivianite are land-applied,
vivianite can release P in the oxisoils and might be used as a
phosphate fertilizer.74 The organic acids (e.g., critic acid) in
soils can also increase the solubility of vivianite.75 Moreover, S
speciation information during AD−HT−AD is important for
understanding S bioavailability in HT hydrochars and AD
solids serving as soil amendment.76 Changes in S chemistry of
biosolids strongly affect the solubility and bioavailability of
toxic metals, due to thiols and sulfides for metal complex-
ation.77

Figure 5. Summary of findings on the main Fe-associated P and S
species from different treatment systems. (a) vivianite and strengite;
(b) FeS and FeS2. The same raw sludge (i.e., a blend of primary and
waste activated sludge mixtures) was used for all systems. The relative
abundances of vivianite, strengite, FeS, and FeS2 were determined
from the linear combination fitting (LCF) of both P and S K-edge
XANES data of the solid samples. Results of A79, HT, and HT−AD
are reported in Wang et al.29 The sample labels for HT−AD are
provided in Table S9.
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■ CONCLUSIONS

The speciation evolution of P, Fe, and S during the AD−HT−
AD of sewage sludge was systematically studied using
combined sequential chemical extraction, bulk XAS, XRD,
and SEM-EDX analyses. The main results are as follows: (1)
Vivianite was the predominant species of Fe and P in the
anaerobically digested sewage sludge. (2) HT of anaerobically
digested sludge at low temperatures (90 and 125 °C) weakly
affected the speciation transformation of P, Fe, and S.
However, HT at high temperatures (155 and 185 °C) induced
partial auto-oxidation of vivianite into strengite and favored the
production of FeS. (3) AD of HT slurries reduced strengite to
vivianite and favored the transformation of FeS into pyrite. (4)
Compared with AD alone (over 70 d), both HT−AD and
AD−HT−AD systems at high HT temperatures (155 and 185
°C) inhibited the production of vivianite in the final AD solids,
while the inhibition effects at low HT temperatures (90 and
125 °C) were much weaker. Both the HT−AD and AD−HT−
AD systems did not generate more Fe sulfides in the final AD
solids as compared to AD alone (over 70 d). Compared with
HT−AD, AD−HT−AD yielded similar speciation of Fe, P,
and S in the final AD solids. Thus, the evolution of vivianite
and iron sulfides in sewage sludge depends on the treatment
techniques/conditions, which need to be considered for the
selection and development of appropriate nutrient reclama-
tion/recycling methods.
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