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ABSTRACT

Hydrothermal treatment (HT) is an emerging technique for sustainable sewage sludge management
and resource recovery. Many sludges are rich in iron (Fe) due to the common addition of Fe salts
in water resource recovery facilities. To develop guidance for reaction conditions targeting nutrient
recovery, this study systematically investigated the influence of HT temperature, treatment time,
and sludge source on the dynamic speciation evolution of phosphorus (P) and nitrogen (N) during
HT of Fe-rich sewage sludge. Complementary chemical extraction and X-ray spectroscopy
analyses were conducted to characterize the treatment products. For sludge mixture (a blend of
primary and waste activated sludges), P speciation did not change significantly within 4.5 h at 125
°C HT, while soluble and labile P was converted into insoluble P over time at 175 and 225 °C HT.
Strengite (FePO42H,0) preferentially formed in the hydrochars with increasing treatment
temperature and/or time, whereas 125 °C HT within 1.5 h favored the formation of vivianite
(Fe3(POy4),"8H,0). Organic P was completely decomposed into orthophosphate when HT
temperature reached up to 175 °C. Pyrrole-N was enriched in the hydrochars. Similar reaction
pathways were observed during HT of anaerobically digested sludge, though some minor
differences in Fe-associated P and organic P were observed. Meanwhile, HT of the two sludges
released orthophosphate and ammonia into the process waters at 175 and 225 °C, which can be
recovered by a sequential process involving struvite (MgNH4PO,4 6H,0) precipitation and air

stripping. This study provides new insights into the transformation of P and N during HT of Fe-

rich sludge as well as a modular design for maximum P and N recovery from the treatment products.

KEYWORDS:

Hydrothermal treatment, iron-rich sludge, vivianite, strengite, ammonia, struvite, air stripping
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INTRODUCTION

Activated sludge process is widely used in water resource recovery facilities (WRRFs) to
remove phosphorous (P) and nitrogen (N) from municipal wastewater before their discharging into
surface or ground water.» 2 The generated byproduct sewage sludge contains high contents of P
and N,3 serving as a good candidate for P and N recycling and reclamation.* > The main forms of
P in sewage sludge are orthophosphate (orthoP), organic P, pyrophosphate, and polyphosphate.®
Almost all of P in anaerobically digested sludge (ADS) is orthoP,”- 3 whereas 10-30% of total P
exists as organic P in biological sludge.> Regarding N, its dominant forms in sewage sludge are
inorganic N ions (e.g., ammonia, nitrite, and nitrate) and complex organic N.” In recent years,
hydrothermal treatment (HT) has emerged as a potentially sustainable technique for sludge
management and nutrient reclamation/recycling.!%12 HT accommodates wet sludge feedstock and
produces a slurry that can be separated into solid hydrochar and process water. Hydrochar has been
widely evaluated as a soil amendment and fertilizer. For instance, sludge derived hydrochar with
moderately available P (i.e., Fe/Al/Ca- bound P) and residue N (i.e., ammonia) can serve as a slow-
releasing P and N fertilizer.!3 14 Land application of hydrochar rich in aromatic carbon can enhance
soil carbon sequestration.!* Considering that the speciation of P and N determines the efficiency
of hydrochars as a soil amendment/fertilizer as well as the nutrient recovery options for the process
water, the impacts of HT temperature, treatment time, and sludge type on the speciation of P and
N during HT of sewage sludge warrants systematic investigation.

Prior studies reported that organic P in the sludge was converted into orthoP during HT.#
15 The final P speciation in the HT hydrochar is closely related to the type/concentration of metals,®
HT temperature, and sludge type.* 1> 1¢ The different physicochemical properties of sludges used

in these prior studies* ¢ 1316 resulted in different P speciation evolution pathways during HT. Iron
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(Fe) is a common and abundant metal ion in sewage sludges, because Fe is present in some
wastewaters and/or used as coagulants for phosphate removal.”- 7 Our recent study showed that
HT of Fe-rich sludge at 90 °C (3 h ramping time and 1 h holding time) induced the formation of
vivianite (Fe;(POy),*8H,0) in the hydrochars, whereas HT at 155 and 185 °C favored strengite
(FePO4-2H,0) formation.!® Both vivianite and strengite can serve as P fertilizers for enhancing
crop yield.!” 20 However, the dynamic evolution of P speciation in Fe-rich sludges during HT
remains unclear. Regarding N, peptide-like N in sewage sludge was converted into heterocyclic
aromatic N during HT at > 200 °C,?% 22 and the extent of reaction was highly dependent on HT
temperature rather than treatment time.?2 Prior studies also showed that amino-N in sewage sludge
was partially converted to ammonia-N during HT.?> Moreover, high HT temperature (up to
320 °C)1 1524 and/or long treatment time (up to 1624 h)*® were commonly employed in previous
studies, which require high energy input for the treatment process. A few previous studies
investigated the impacts of low HT temperature (< 130 °C) and short treatment time on the
evolution of P and N in sewage sludge, but the findings are limited. For instance, previous studies
mainly focused on the concentrations of soluble orthoP and ammonia at HT 120 °C?’ or employed
a fixed HT time.?¢ For Fe-rich sludges, the dynamic speciation evolution of P and N at low HT
temperature warrants further investigation.

Meanwhile, the HT process water contains high concentrations of orthoP and ammonia,
serving as another potential source for the recovery of P and N.2”2 HT degrades organic P and
desorbs orthoP from biomass and minerals surfaces, releasing a portion of orthoP into process
water.?’- 3% NHj serves as the major nitrogenous gas during HT, which can be quickly dissolved in
the process water.?* Precipitation of struvite (MgNH,4PO,4 6H,0, a slow release fertilizer) is widely

used to recover orthoP and ammonia from process water, which is a convenient and effective
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method for achieving high levels of P recovery.?! Struvite precipitation requires the presence of
orthoP, ammonia, and Mg?" at stoichiometric ratio and an optimal pH range of 8-10,32 as described
by the following equation:
Mg?" + NHy" + PO4* + 6 H,O — NH;MgPO46H,0 (Eq. 1)

The concentration of ammonia is typically much higher than orthoP in the process water.?® For
instance, the molar ratio of ammonia/orthoP in process waters derived from HT of ADS at 160-
250 °C (0.5 h) reaches 51-66.33 Thus, large amount of ammonia still remains in the solution after
struvite precipitation, resulting in low rate of overall ammonia recovery and requiring further
targeted recovery of ammonia. Various technologies, including air stripping, forward osmosis, ion
exchange, and electrodialysis, have been evaluated to recover ammonia from wastewaters.® 34-37
Among these technologies, air stripping is highly effective in ammonia recovery from HT process
water.” 34 Especially, prior studies showed high N and P recovery efficiencies for urine via
employing the combined processes of air stripping and struvite precipitation.’® 3° Thus, we
hypothesize that a sequential struvite precipitation and air stripping process can maximize P and
N recovery from HT process water, as the pH range (8—10) for struvite precipitation can be
adjusted to facilitate downstream ammonia recovery through air stripping (pK, value of NHj is
9.25).% Given that presence of Fe inhibits formation of struvite precipitates,*° it is important to
evaluate this sequential process for P/N recovery from HT process water derived from Fe-rich
sludges.

To fill the above mentioned knowledge gaps, the overall goal of this study is two folded:
(1) to systematically investigate the speciation of P and N in hydrochar and process water during
HT treatment of Fe-rich sewage sludges at relatively low temperature and short duration, and (2)

to investigate the efficiency of sequential struvite precipitation and air stripping for maximal P and
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N recovery from the process water derived from Fe-rich sewage sludges. Two types of Fe-rich
sewage sludges were studied, a sludge mixture (SM; a blend of primary and waste activated
sludges) and an anaerobically digested sludge (ADS) (note that SM is fed to the on-site anaerobic
digesters in most WRRFs). Fe concentration in SM and ADS is provided in Table S1. HT were
conducted at 125, 175, and 225 °C for up to 4.5 h. Raw sludges (i.e., SM and ADS) and the
hydrochars were systematically characterized using chemical extraction, nuclear magnetic
resonance (NMR) spectroscopy, synchrotron X-ray diffraction (XRD), P K-edge X-ray absorption
near edge structure (XANES) spectroscopy, X-ray photoelectron spectroscopy (XPS), and N
isotope analysis. We further evaluated the efficiency of sequential struvite precipitation and air

stripping for maximum recovery of orthoP and ammonia from the process waters.

MATERIALS AND METHODS
Sewage sludge

Two sewage sludges (i.e., SM and ADS) were collected from F. Wayne Hill Water
Resources Center (Buford, GA, USA). The Center employs enhanced biological phosphorus
removal (EBPR) process, and its detailed treatment procedure is described in our previous
studies.!® 4! Collected samples were immediately centrifuged to 10% dry mass (i.e., solid/liquid
ratio of 1/9 (w/w)) in the lab. Then, each type of sludge was mixed evenly and stored in the dark

at -20 °C without any further pretreatment.

Hydrothermal treatment
The frozen sludge was thawed at room temperature before HT. SM or ADS (40 g) was

loaded into a high pressure chemical reactor (CIT-HiPR-ST100 Model, COL-INT TECH., SC,
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USA). The reactor was set up at 125, 175, or 225 °C, and heated for 0.5, 1.5, 2.5, or 4.5 h (including
~ 0.5 h ramping time to reach the target temperature). Then, the reactor was allowed to naturally
cool down to room temperature. HT slurries produced at 175 and 225 °C were separated into solids
(hydrochar) and supernatants (process water) by centrifugation. Note that HT at 125 °C did not
fully convert biomass to hydrochars and resulted in little process water, but the solids were still
regarded as hydrochars in this study. A portion of the raw sludge and the produced hydrochars
were vacuum freeze dried until no further weight loss, and finely ground and stored in a COY
anaerobic chamber (95% N,/5% H,; COY Lab), preventing from oxidation of the redox-sensitive
Fe by air. The dry mass of raw sludges and hydrochars is provided in Figure S1. Sample labels
and HT conditions are detailed in Table 1. Severity factor (SF) is defined by the following equation:
SF = log (60 t el(T—100)/1475)y  (Eq. 2),
where t and T are reaction time (h, including 0.5 h ramping time) and temperature (°C),

respectively.*? Increasing HT temperature and time resulted in high SF (Table 1).

Characterization of raw sludges and hydrochars

P and N content quantification. Aqua regia digested raw sludges and hydrochars were
analyzed for total P content using the molybdate-ascorbic method* on an UV-vis
spectrophotometer (Carey 60, Agilent). The total N content in the solids was determined using
Micro-Dumas combustion analysis on a Carlo Erba NA1500 Nitrogen/Carbon/Sulfur Analyzer.

Stable N isotope (8'°N) composition is effectively employed to trace the origin, pathways,
and fate of organic N in sludges.* % To investigate the effect of HT on 8'°N changes, 3'°N in the
raw sludges and hydrochars was analyzed by the above Analyzer paired with a Thermo Scientific

Delta V Advantage Isotope Ratio MS using a Thermo Finnigan Conflow III. The 6'°N abundance
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is expressed as the standard per mil (%o) relative to that of atmospheric N, as defined below:
6N = [(Ryampte — Rytandara) — 1] % 1000 (Eq. 3)

where Rqample and Rgiandara are "N/1*N (atom%) of the sample and standard, respectively;
the standard refers to atmospheric N,. Samples with positive or negative '°N values have heavy
or light N isotope signatures, respectively.

Chemical extraction. Sequential chemical extraction (SCE) of P was conducted on the
solid samples according to the Hedley’s method.*¢ Briefly, each solid sample (~ 0.15 g) was added
to a 50 mL polypropylene centrifuge tube with 20 mL of extraction solutions and sequentially
extracted for 16 h at room temperature (~20 °C) on a shaker. Each fraction was defined as: (1)
readily soluble P (deionized water), (2) exchangeable or loosely sorbed P (0.5 mol/L NaHCO3),
(3) Fe/Al-bound P that can be desorbed under alkaline conditions (0.1 mol/L NaOH), (4) insoluble
P minerals/salts (1.0 mol/L HCI), (5) residue, i.e., recalcitrant P (digested by aqua regia).® 47 The
suspension from each extraction step was centrifuged and vacuum filtered (0.45 gm). Then, a
portion of the supernatant was analyzed as inorganic P using the molybdate-ascorbic method. In
addition, a portion of the supernatant was further digested by persulfate for determination of total
P concentration using the same method. The solid samples were extracted in 2 M KCI*® and the
ammonia concentration in the extract was determined using the phenate method*® by UV-vis.

Liquid 3'P NMR spectroscopy. Liquid 3'P NMR spectroscopy was used to determine the
speciation of extractable P from the raw sludges and their hydrochars. P was extracted by reacting
the solid samples with a solution containing 0.25 M NaOH and 0.05 M EDTA at a solid:liquid
ratio of 1 g per 20 mL for 16 h on a shaker. Then, the extracts were centrifuged, and a portion of
supernatant was mixed with D,O before liquid 3'P NMR analysis. The liquid 3'P NMR spectra

were recorded using a Bruker AMX 400 MHz spectrometer at a resonance frequency of 162 MHz
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at 297 K.

XRD. The ground solid powders of the raw sludges and hydrochars were subjected to
synchrotron XRD, P K-edge XANES, and XPS analyses. For XRD analysis, the solids were
packed in polyimide tubing (1 mm i.d., Cole Parmer) and the data was collected at A = 0.4539 A
with a sample-to-detector distance of 40 cm at Beamline 17-BM-B at the Advanced Photon Source
(APS), Argonne National Laboratory, Lemont, IL, USA. The two-dimensional images of the
initially collected data were integrated to one-dimensional data using the software GSAS-I1.#° The
diffraction pattern of a blank polyimide tubing was subtracted during XRD analyses.

P K-edge XANES. P K-edge XANES spectroscopy was used to determine the relative
abundance of different P species. XANES spectra were collected on the solids in fluorescence
mode using a PIPS detector at Beamline 14-3 at the Stanford Synchrotron Radiation Lightsource
(SSRL), Menlo Park, CA, USA. The solids were spread evenly on the adhesive side of P-free
Kapton tapes, and the sample chamber was kept under He atmosphere at room temperature during
the data collection process. AIPO4 was used for energy calibration by setting the edge position at
2152.8 eV and monitoring possible energy shift during data collection. Data analyses were
performed using the software Ifeffit.’° The standard compounds used for linear combination fitting
(LCF) analysis include: (1) vivianite, strengite, and phosphate sorbed on ferrihydrite (P-Ferrihy),
representing Fe-associated P; (2) AIPO, and phosphate sorbed on y-alumina (P-Alumina),
representing Al-associated P; (3) octacalcium phosphate (OctaCa) and hydroxyapatite (HydAp),
representing Ca-associated P; (4) phytic acid (PhyAc), representing organic phosphate. Details on
the label, source, and spectra of these standard compounds are in Table S2 and Fig. S1. Energy
was not allowed to float during the LCF analyses. The quality of fitting was assessed by R-factor,

and the best fitting results with the lowest R-factor values are provided.

9
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XPS. XPS data were collected using a K-alpha XPS system (Thermo Fisher Scientific)
with an Al K-alpha 1.486 KeV source. The C 1s peak (284.6 eV) was used for energy calibration.
The spectra were fitted using the software Thermo Avantage, and deconvoluted into the following
peaks/species: 399.5 £ 0.1 eV (amine-N), 399.9 £ 0.1 eV (amino-N), 400.4 = 0.1 eV (pyrrolic-N),
401.4 £ 0.1 eV (Quaternary type nitrogen functionalities; quaternary-N),>! and 402.5 + 0.1 eV
(inorganic N).? The N 1s XPS data processing was described in Wang et al.,>> giving the best

fitting accuracies with 3% of standard deviation at a 95% confidence level.

Analysis and recovery of P and N in process waters

The concentrations of orthoP, total P, and ammonia in process waters were determined
using the methods described in Section 2.3 Chemical extraction. The orthoP concentration in all
process water samples was the same as the total P concentration. Considering that HT with longer
treatment time (> 0.5 h) can decompose more organic P, process water samples at 175 and 225 °C
were mixed with D,0O for liquid *'P NMR analysis to confirm no organic P in process waters. The
concentrations of major metals (Ca?*, Mg?*, AI’*, and Fe3") in process waters were analyzed by
inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent 7500a).

To recover orthoP and ammonia from the process waters, sequential struvite precipitation
and air stripping processes were conducted on samples H175 0.5, H225 4.5, AH175 0.5, and
AH225 4.5. These four samples were chosen based on the molar ratio of orthoP/ammonia (i.e.,
end members of each system). Considering that the concentration of orthoP was much lower than
ammonia, calculated amounts of dissolved Mg?* (as MgCl,) was added into these samples to reach
a final concentration equivalent to total P (Figure 1). The pH was then adjusted to 9 using NaOH

to induce struvite precipitation. The precipitated products were collected using 0.45 ym membrane
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filters, freeze dried, and analyzed by XRD on a PANalytical Empyrean X-ray diffractometer (Cu
Ka radiation, scan step 0.013°, scan rate 1° min’!, 5-85° 20). The purity of precipitated struvite
was analyzed using a dissolution method.* Briefly, ~ 50 mg precipitates were dissolved by a little
amount concentrated HCI, and then the dissolved ammonia and orthoP were determined using the
methods described in Section 2.3 Chemical extraction. The purity (P) of struvite was calculated by

Equation 3.

ammonia X Mstruvite
P (%) = —mmonte T TS, 100%  (Eq. 4)

Mprecipitates
where Nammonia> Mstruvite» 81d Mprecipitates 7€ Molar of ammonia, molar mass of struvite, and mass of
precipitates, respectively.

Air stripping was employed to further recover the remaining ammonia in the filtrate after
struvite precipitation. The pH of the filtrate was adjusted to 10 using NaOH, and the filtrate was
continuously bubbled by air. The stripped ammonia was adsorbed by a 1.5 M H,SO, solution to
produce ammonia sulfate solution. The removal (Rem) and recovery (Rec) efficiencies of orthoP

and ammonia from process waters was calculated by Equations 4 and 5.
c
Rem (%) = (1- &) X 100%  (Eq. 5)
where Cy and C; are the initial and final (i.e., after struvite precipitation or air stripping)
concentrations of orthoP or ammonia in the solution, respectively.
M,
Rec (%) = w1, < 100% (Eq. 6)

where My and M, are the initial and recovered amounts of orthoP or ammonia in the initial solution

and final struvite solids / (NH,4),SO, solution, respectively.

RESULTS AND DISCUSSION

Speciation evolution of P in the hydrochars

11
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Total P content. The total P contents in raw sludge samples SM and ADS are 1.9 wt%
(Figure 1a) and 3.3 wt% (Figure 1b), respectively. At 125°C, the total P content in the hydrochars
from both sludges only changed slightly with increasing treatment time as compared to their
corresponding raw sludges. Compared with raw sludges, the total P content in the hydrochars from
175 and 225 °C significantly increased. Higher temperature favored P enrichment in the
hydrochars. Increasing treatment time at 175 and 225 °C also led to the increase of total P content
in the hydrochars. For SM and ADS, the highest total P content reached 4.2 wt% for sample
H225 4.5 (Figure 1a) and 6.2 wt% for sample AH225 4.5 (Figure 1b), respectively.

Sequential Extraction of P. Figure S3 shows that the relative abundance of different P
fractions in the extraction solution for the raw sludges and hydrochars. For SM system (Figure
S3a), ~ 31% of P in sample SM was extracted by H,O and NaHCOj;. The NaOH-extractable P
fraction accounted for ~ 63%, suggesting the high abundance of P associated with Al/Fe minerals.
In addition, ~ 6% of P was present in the HCl-extractable and residue fractions. Compared with
sample SM, HT at 125°C did not change the relative abundance of each P species in the hydrochars
at different treatment time. Compared to sample SM, HT at 175 and 225°C decreased the H,0-,
NaHCOs-, and NaOH-extractable fractions in the hydrochars and increased both HCl-extractable
and residue fractions, and such effect was more pronounced with extended treatment time. This
suggests that both higher temperature and longer treatment time favored the conversion of soluble
and adsorbed P into insoluble P. For instance, the NaOH-extractable, HCl-extractable, and residue
fractions of P for sample H225 4.5 were ~ 31, 47, and 24%, respectively, while the H,O- and
NaHCOs-extractable fractions were negligible. Similar trends (i.e., conversion of soluble and
adsorbed P into insoluble P) were observed for P fractions in the hydrochars derived from sample

ADS (Figure S3b). Moreover, the H,O-, NaHCOs-, NaOH-, and HCl-extractable and residue

12
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fractions in sample ADS were ~ 8, 14, 40, 19, and 14%, respectively (Figure S3b). The higher
fractions of HCl-extractable and residue in sample ADS resulted in higher insoluble fraction of P
in the corresponding hydrochars. For instance, the HCl-extractable and residue fractions for
sample AH225 4.5 were ~ 50 and 32%, respectively.

Organic P content. Organic P concentration in the sequential extracts was calculated by
the difference between total P and orthoP. The fraction of organic P in sample SM accounted for
~ 17% of total P, while it was negligible for sample ADS (Figure S4). For SM system (Figure
S4a), the fraction of organic P decreased to ~ 10% for sample H125 0.5 as compared to that in
sample SM, but the treatment time (0.5 <t <4.5 h) at 125°C did not induce further degradation of
organic P. For all hydrochars derived from at 175 and 225 °C, the fraction of organic P was
negligible.

The liquid *'P NMR of the NaOH/EDTA extracts from selected solid samples are also used
to determine the organic P content (Figure 2). For liquid 3'P NMR spectrum of the NaOH/EDTA
extracts from sample SM (Figure 2a), orthoP was the dominant P species (86.2%) with 10.8%
diester-P and 3.0% monoester P. However, there was no appearance of organic P species for the
corresponding hydrochars (Figure 2b and 2c), suggesting that organic P species was fully
converted into orthoP at temperature >125 °C. For the extracts from sample ADS, only 1.5%
monoester P accounted for organic P species (Figure 2a). The extraction efficiency of
NaOH/EDTA (Figure S5) was 92.1% and 69.9% for samples SM and ADS, respectively. For SM,
the extraction efficiency for the hydrochars decreased with increasing temperature, due to the high
HCl-extractable and residue fractions of P in the hydrochars. For instance, the extraction efficiency
was 65.3% for sample H225 0.5, and the HCl-extractable and residue fractions for sample

H225 0.5 were 18.1 and 16.1%, respectively.
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XRD. To investigate the mineral phase evolution, XRD analysis was conducted on raw
sludges and hydrochars (Figure S6). For SM system (Figure S6a, b, and c), diffraction peaks of
quartz and calcite were observed for sample SM. The characteristic peaks of vivianite were present
in sample H125 0.5. However, the peaks of vivianite became weaker with increasing treatment
time at 125 °C, and these peaks almost completely disappeared for samples H125 2.5 and
H125 4.5. Moreover, no vivianite peak appeared for the 175 and 225 °C hydrochars. For ADS
system (Figure S6d, e, and f), we observed the characteristic peaks of vivianite for sample ADS,
in addition to the strong diffraction peaks of quartz and calcite. Compared with sample ADS, the
intensities of vivianite diffraction peaks in the 125 °C hydrochars became weaker with increasing
treatment time and disappeared at 2.5 h. Similar but faster changes for vivianite diffraction peaks
were observed for the 175 °C hydrochars. The vivianite diffraction peaks disappeared after 1 h.
Moreover, vivianite was absent in the 225 °C hydrochars.

P XANES. LCF analyses of P K-edge XANES spectra were conducted to quantify P
speciation in raw sludges and hydrochars. Based on the concentrations of metals (Table S1) and
organic P (Figure S4) in raw sludges (samples SM and ADS), a library of P standard compounds
including Fe-, Ca-, Al-, and Mg-associated P and organic P were used for LCF analyses. Best fits
were obtained using vivianite, strengite, P-ferrihy, AIPO,4, P-alumina, HydAp, OctaCa, and PhyAc.
For SM system (Table S3 and Figures 3a and S7a, b, and c¢), LCF analyses identified AIPO4
(19.1%), P-Alumina (14.5%), HydAp (12.7%), OctaCa (36.3%), and PhyAc (17.4%) as the main
P species in sample SM. The fraction of PhyAc decreased to 11.1% in sample H125 0.5 as
compared to that in sample SM, and no PhyAc was fitted out for the other hydrochar samples.
However, P existed predominantly as Fe-associated species in the hydrochar samples. Compared

with sample SM, the fractions of vivianite, strengite, and P-Ferrihy in sample H125 0.5 increased

14

ACS Paragon Plus Environment

Page 14 of 39



Page 15 of 39

oNOYTULT D WN =

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

ACS Sustainable Chemistry & Engineering

to 36.4%, 14.8%, and 12.6%, respectively. However, the fraction of vivianite in sample H125 1.5
decreased to 7.2% as compared to that in sample H125 0.5. Furthermore, LCF analysis did not fit
out vivianite for H125 2.5, H125 4.5, and the hydrochars derived from 175 and 225 °C, in
addition to the adsorbed P species (i.e., P-Ferrihy and P-Alumina). However, the fraction of
strengite in the hydrochars increased with increasing treatment time as compared to that in sample
SM. For instance, it was 61.3%, 88.1%, and 84.2% for samples H125 4.5, H175 4.5, and
H225 4.5, respectively. For AIPO,4 and Ca-associated P species, their fractions in the hydrochars
fluctuated. Figure 3b shows 3D response surface plot of relative abundance of different P species
considering the total P in solids and severity factor, indicating that enrichment of strengite in the
hydrochars was more significant with higher total P in solids and severity factor as compared to
the hydrochars with lower total P in solids and severity factor.

For ADS system (Table S3 and Figures 3a and S7d, e, and f), vivianite (49.2%), P-ferrihy
(20.6%), and OctaCa (30.2%) were identified as the main P species in sample ADS. Note that no
organic P species was fitted for sample ADS. These results were consistent with XRD analysis,
showing that organic P species was absent while vivianite was the major P species in ADS 7- 334,
Compared with sample ADS, the fraction of vivianite decreased in the 125 °C hydrochars with
increasing treatment time. No vivianite was observed for samples AH125 2.5 and AH125 4.5.
These observations were consistent with XRD analysis (Figure S6d). In addition, no P-ferrihy
species was fitted for the 125 °C hydrochars. However, the fractions of strengite and OctaCa in
these hydrochars increased with increasing treatment time as compared to those in sample ADS.
For instance, the fractions of strengite and OctaCa in sample AH125 4.5 reached up to 52.3% and
47.7%, respectively. Note that the fraction of AIPOy in these hydrochars fluctuated. Similar but

faster changes on the fractions of vivianite and strengite were observed for 175 °C hydrochars as
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compared to those in the 125 °C hydrochars. For instance, the fractions of vivianite and strengite
in sample AH175_1.5 were 0% and 49.6%, respectively, whereas they were 8.5% and 38.5% for
sample AH125 1.5, respectively. For 225 °C hydrochars, strengite and OctaCa were present as
major P species. However, HT at 225 °C did not significantly induce the changes on the fractions
of strengite and OctaCa with time. The fractions of strengite and OctaCa in these hydrochars
remained as ~ 74% and ~ 26%, respectively. Enrichment of strengite in the hydrochars with high
total P in solids and severity factor was also observed in ADS system (Figure 3d), similar as the
trend described in SM system (Figure 3b).

P speciation evolution during HT. In order to obtain complement speciation information
of P, we used SCE, NMR, XRD, and XANES methods to characterize the solid samples. The
advantages and limitations of each method have been discussed extensively in our previous
studies* ¢ 18 are briefly explained below. SCE used in this study is for assessing the mobility and
bioavailability of P (i.e., H,O- and NaHCOjs-extractable fractions), although it has the following
intrinsic limitations: 1) SCE cannot identify and quantify P associated with specific minerals; 2) P
redistribution may occur during extractions. XANES spectroscopy (including LCF analysis) is in
situ and non-destructive molecule scale technique which can differentiate Fe/Ca/Al associated P
and organic P in the solid samples. However, it also has intrinsic limitations. For instance, 1) It
cannot identify and quantify different organic P species in the solid samples. Thus, we used liquid
3IP NMR spectroscopy to identify and quantify various organic P species in the NaOH-EDTA
extracts. 2) LCF analysis has a typical error of ~ 10% caused by the employment of standard
compounds (i.e., limited standard compound library and similar P XANES spectral features of
some standard compounds). Thus, synchrotron based XRD analysis, sensitive to determine the

crystalline P phases, was used to validate LCF results and reduce the uncertainties.
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The speciation evolution of P during HT highly is dependent on the sludge source, the type
and concentration of metals with high affinity for P, and HT temperature and treatment time. The
highest metal concentration in raw sludges is Fe, much higher than Ca, Al, and Mg (Table S1),
which all have strong affinity for P.40, A series of reactions such as hydrolysis, dehydration,
decarboxylation, aromatization, condensation, and polymerization!? contributed to decomposition
of organic P into inorganic P during HT of sludge.% %3¢ For SM system at 125 °C, vivianite formed
in the hydrochars at 0.5-1.5 h, whereas strengite preferentially formed after treatment time > 1.5
h. High HT temperatures (175 and 225 °C) also favored the formation of strengite in the hydrochars.
These observations are consistent with our recent study.'® Formation of vivianite was due to the
reduction of Fe(IIl) species by furfural derivatives such as 5-hydroxymethylfurfural (5-HMF),>”-
8 which are intermediates during decomposition of cellulose in sewage sludge by HT. However,
5-HMF is unstable at high HT temperatures, and can convert into polyaromatic hydrocarbon type
compounds by a series of reactions such as polymerization, polycondensation, and aromatization.>®
However, Fe(Ill) species cannot be easily reduced by the polyaromatic hydrocarbon type
compounds. Overall, HT of sewage sludge rich in P and Fe at low temperature and short treatment
time can induce the formation of vivianite in the hydrochars; otherwise, strengite preferentially
formed in the hydrochars derived from high temperature and long treatment time.

For ADS system, vivianite is a major P species in ADS,7- >4 60-62 which was converted into
strengite during HT. Higher temperature and/or longer treatment time favored this conversion,
which was resulted from the auto-oxidation of vivianite through water decomposition during
HT:63-65

2Fe* +2H,0 »>2Fe* +20H +H, (Eq.7)
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Speciation evolution of N in the hydrochars

N content. The total N content in raw sludges and hydrochars is given in Figure 4. The
total N content in samples SM and ADS was 5.8 wt% and 5.3 wt%, respectively. Compared with
samples SM and ADS, the total N content in the 125 °C hydrochars decreased slightly with
increasing treatment time. For instance, the total N content in samples H125 4.5 and AH125 4.5
was 5.5 wt% and 5.0 wt%, respectively. However, the total N content in the 175 °C and 225 °C
hydrochars significantly decreased with increasing treatment time as compared to that in samples
SM and ADS. The trends of total N in the 175 and 225 °C hydrochars were opposite to the trends
of total P (Figures 2 and 4), consistent with the higher volatility of N than P. The lowest total N
content was 3.3 wt% and 2.8 wt% for samples H225 4.5 and AH225 4.5, respectively. The
decrease of total N content in the 175 and 225 °C hydrochars was due to release of ammonia into
the HT process waters (see below).

The N/C ratio for raw sludges and hydrochars are shown in Fig. S8. For SM system (Figure
S8a), the N/C ratio for the 125 °C hydrochars decreased slightly with increasing treatment time as
compared to that in sample SM. However, compared to sample SM, much smaller N/C ratio was
observed for the 175 and 225 °C hydrochars. These observations suggested similar volatilization
behavior between N and C at lower temperature (i.e., 125 °C), while the volatilization of N was
higher than C at higher temperatures (i.e., 175 and 225 °C). Moreover, longer treatment time at
175 and 225 °C decreased the N/C ratio for the hydrochars.

The 3N value for raw sludges and hydrochars was also measured to investigate the effects
of HT on the isotopic composition in sewage sludge during HT. N-bearing volatiles such as alky],
pyrazine, and ammonia have relatively light 6'°N values.* Fig. S9a shows that the 8'°N value

(3.69%o0) in the hydrochars did not significantly change at different HT temperature (125 - 225 °C)
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and treatment time (0 - 4.5 h) as compared to that for sample SM (3.68%o). It suggests that: (1)
The contents of the N-bearing volatiles were low in sample SM. In other words, HT within 4.5 h
did not induce loss of isotopically light N by volatilization of N-bearing volatiles in sample SM.
(2) The produced N-bearing volatiles during HT mainly released to liquid and/or gas phases while
little N-bearing volatiles retained in the solids. Similar changes on N/C ratio and 6'°N value were
also observed for ADS system (Figures S8b and S9b), suggesting the above transformation
mechanisms of C and N also apply to ADS system.

Extracted ammonia. To evaluate the mobility and bioavailability of ammonia in the solid
samples, the concentration of extracted ammonia in raw sludges and the hydrochars is given in
Fig. S10. The concentration of the extracted ammonia in samples SM and ADS was 1.2 and 3.6
mg/g, respectively. For SM system (Figure S10a), the concentration of the extracted ammonia in
all hydrochars was higher than that in sample SM. At 125 °C treatment, this concentration
increased with increasing treatment time, reaching 3.4 mg/g for sample H125 4.5. For 175 °C
treatment, this concentration decreased from 2.5 mg/g (sample H175 0.5) to 1.5 mg/g (sample
H175 4.5). Similar decrease trend was observed for the 225 °C hydrochars.

For ADS system (Figure S10b), HT 125 °C also increased the extracted ammonia
concentration in the hydrochars with increasing treatment time as compared to that in sample ADS
It reached up to 5.1 mg/g for sample AH125 4.5. However, compared with sample ADS, the
concentration of the extracted ammonia in the 175 and 225 °C hydrochars decreased with
increasing treatment time. For instance, it was 2.7 and 1.6 mg/g for samples AH175 4.5 and
AH225 4.5, respectively.

N XPS analysis. The N speciation in raw sludges and hydrochars was characterized using

N 1s XPS (Figure S11) and peak deconvolution (Figures S12 and 5). For SM system (Figure 5a),
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amine-N (25%), amino-N (48%), pyrrole-N (14%), quaternary-N (6%), and inorganic N (7%) were
the main N species identified in sample SM. The fraction of amino-N in the 125, 175, and 225 °C
hydrochars decreased as compared to that in sample SM, whereas the fraction of pyrrole-N
significantly increased. The fraction of pyrrole-N in the hydrochars from treatment at 1.5 h (125,
175, and 225 °C) was much higher than that from HT at 0.5 h, whereas treatment time of > 1.5 h
did not induce more pyrrole-N. Moreover, the fractions of amine-N and quaternary-N in these
hydrochars decreased slightly as compared to those in sample SM. For sample H225 4.5, the
fractions of amine-N, amino-N, pyrrole-N, quaternary-N, and inorganic N were ~ 14%, 31%, 49%,
3%, and 2%, respectively.

For ADS system (Figure 5b), N existed dominantly as amino-N (43%) in sample ADS,
along with around 21% quaternary-N, 19% amine-N, 15% pyrrole-N, and 2% inorganic N.
Compared with SM system, the conversion of amino-N into pyrrole-N in ADS during HT was also
observed. However, different treatment time did not have significant influence on the above
conversion. The fraction of quaternary-N in the hydrochars decreased as compared to that in
sample ADS. For instance, the fractions of amino-N, quaternary-N, amine-N, pyrrole-N, and
inorganic N for sample AH125 4.5 were around 33%, 4%, 12%, 43%, and 8%, respectively.

N speciation evolution during HT. The transformation pathways of N in both SM and
ADS sludges during HT were similar. Amino-N functional groups in sewage sludge were partially
hydrolyzed into ammonia.>®> HT also favored the conversion of amine-N into ammonia.®® The
produced ammonia was released into the process waters, resulting in high ammonia concentration
that is suitable for subsequent N recovery (see Section 3.3. below). Meanwhile, pyrrole-N
functional groups (a type of heterocyclic-N) were enriched in the hydrochars through cyclization

and ring condensation reactions during HT.®”> 68 This is because pyrrole-N with high
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thermodynamic stability favored building blocks in the hydrochars.69 Moreover, pyrrole-N can be
formed via reaction of furan with the released ammonia during HT.69 Some transformation
pathways of N proposed by Latham et al.69 were not observed during our N 1s XPS analysis,
probably due to different materials in the two studies (sewage sludges vs N doped carbon
materials). Note that our XPS fitting results mainly reflected the changing trends of N speciation

in the hydrochars.

Recovery of nutrients from process waters

For both sludges, HT at 175 and 225 °C led to the release of a portion of P in hydrochars
into the process waters (Figure 1), and the total P concentration in the process waters decreased
with increasing treatment time. Note that the orthoP concentration in all process water samples
was the same as the total P concentration, i.e., organic P was absent in the process waters. 3'P
liquid NMR analyses also confirmed that only orthophosphate existed in the process waters (Figure
S2d), consistent with the study by Yu et al.?> Specifically, for SM system (Figure 1a), the total P
concentration in the process waters decreased from 6.8 mM (sample H175 0.5) to 4.7 mM (sample
H175 4.5) at 175 °C treatment, whereas the value decreased from 7.3 mM (sample H225 0.5) to
3.2 mM (sample H225 4.5) for 225 °C treatment. For ADS system, the total P concentration in
the process waters decreased from 3.6 (sample AH175 0.5) to 2.3 mM (sample AH175_4.5), and
from 4.1 to 2.1 mM for samples AH225 0.5 and AH225 4.5, respectively.

Meanwhile, the concentration of ammonia in the process waters increased with increasing
treatment temperature and time (Figure 4). For SM system (Figure 4a), the concentration of
ammonia in the process waters was 55 and 77 mM for samples H175 0.5 and H225 0.5,

respectively, whereas it increased to 96 and 103 mM for samples H175 4.5 and H225 4.5,
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respectively. For ADS system (Figure 4b), the concentrations of ammonia for samples AH175 0.5
and AH225 0.5 were 77 mM and 110 mM, respectively. After HT 4.5 h, it reached up to 92.5 mM
and 160 mM, respectively, for samples AH175 4.5 and AH225 4.5.

After adding Mg?" into the process waters and adjusting its pH value to 9, the precipitated
solids were characterized by XRD analyses, which confirms the formation of struvite (Figure 6).
The difference in relative peak intensity for samples H175 0.5, H225 4.5, AH175 0.5, and
AH225 4.5 is observed, due to the different matrix of process waters. Compared with samples
H175 0.5 and H225 4.5, the intensity of (002) and (004) peaks for samples AH175 0.5 and
AH225 4.5 was much higher. It is likely due to the lower concentrations of Fe, Ca, and Al but
higher ammonia concentration in samples AH175 0.5 and AH225 4.5 than those in samples
H175 0.5 and H225 4.5 (Table S4 and Figure 4). The presence of metal ions during struvite
precipitation were previously shown to strongly decrease struvite crystallinity by inhibiting the
growth of (002) and (004) faces,* whereas the presence of high concentration of ammonia favors
the growth of (002) and (004) faces.”® The removal and recovery efficiencies of orthoP reached up
to ~99% and ~ 98% for all four samples (Table 2), respectively. The purity of precipitated struvite
was 88% and 93% for H175 0.5 and H225 4.5, respectively, and it reached ~95% for samples
AH175 0.5 and AH225 4.5. Subsequently, the removal efficiency of ammonia in the remaining
process waters reached up to ~ 92% for all four samples via air stripping process, and its recovery
efficiency was ~ 84%, which was lower than the removal efficiency (Table 2). Prior study also
observed a portion of ammonia loss during air stripping process.>® Note that the recovered
ammonia as (NHy4),SO, remained as liquid phase in this study, similar to previous studies on

ammonia recovery by air stripping process.3% 3
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CONCLUSIONS

This study examined the dynamic transformation of P and N in two types of Fe-rich sewage
sludge during HT at different temperatures and treatment times using a range of chemical and
spectroscopic methods. The main findings are: (1) HT of both types of Fe-rich sludges favored the
formation of strengite in the hydrochars with increasing HT temperature and/or treatment time.
HT at 125 °C within 1.5 h also induced the formation of vivianite in the hydrochars. (2) Organic P
was completely decomposed at temperature > 175 °C. (3) HT at 125 °C within 4.5 h did not change
the bioavailable pools of P (i.e., H;O- and NaHCOs-extractable fractions) in the hydrochars. HT
at high temperatures (175 and 225 °C) and longer treatment time decreased P bioavailability in the
hydrochars and orthoP concentration in the process waters. (4) HT induced the enrichment of
pyrrole-N functional groups in the hydrochars. (5) HT at 125 °C increased the bioavailability of
ammonia (i.e., extractable fraction) in the hydrochars with increasing treatment time, whereas HT
at high temperatures (175 and 225 °C) decreased ammonia bioavailability in the hydrochars and
released ammonia into the process waters with increasing treatment time. (6) OrthoP and ammonia
in the process waters can be recovered by sequential struvite precipitation and air stripping
processes. These findings shed lights on evaluation the potential of hydrochars as bio-fertilizers
during land application. For instance, this study provides information with mobility and
bioavailability of P and ammonia in the hydrochars, helpful for understanding the efficiency of
hydrochars as a P and N fertilizer. HT at high temperature (i.e., 225 °C) and long treatment time
(i.e., 4.5 h) decreased the mobility and bioavailability of P and ammonia in the hydrochars, but led
to the enrichment of strengite. In addition, vivianite and strengite in the hydrochars can be
recovered by magnetic separation.”’! This study also provides strategies on maximum P and N

recovery from the process waters using the combination of HT, struvite precipitation, and air
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stripping processes. HT at high temperature (i.e., 225 °C) and long treatment time (i.e., 4.5 h)
favored the recovery of ammonia from process water. Struvite can serve as an excellent slow-
release P fertilizer for enhancing crop yield.’? The recovered ammonia as (NH4),SO4 solution is

also an efficient fertilizer.
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Table 1. Sample labels and reaction conditions of hydrothermal treatment (HT).

HT

HT

HT

| Severity !

Sample Sanolpl.e temperature ramping holding !
label description °C) time (h) time (h) | Factor 5
SM sludge : : : - e
mixture ;
HI25 0.5 HT of SM 125 0.5 0 221 1592
HI25 1 HT of SM 125 0.5 0.5 251 1575
HI25 1.5 HT of SM 125 0.5 1 2.69 571
HI125 2.5 HT of SM 125 0.5 2 291 1566
HI25 4.5 HT of SM 125 0.5 4 3.17  5.60
H175 0.5 HT of SM 175 0.5 0 3.69 |5.66
H175 1 HT of SM 175 0.5 0.5 3.99 574
H175 1.5 HT of SM 175 0.5 1 416 |6.02
H175 2.5 HT of SM 175 0.5 2 438 16.10
H175 4.5 HT of SM 175 0.5 4 4.64 1630
H225 0.5 HT of SM 225 0.5 0 516 622
H225 1 HT of SM 225 0.5 0.5 546 1 6.50
H225 1.5 HT of SM 225 0.5 1 563 6.5
H225 2.5 HT of SM 225 0.5 2 586 17.10
H225 45 | HTofSM ! 225 0.5 4 6.11 :7.56
| anaerobically :
ADS digested - - - - 1755
sludge
AHI25 0.5 | HT of ADS 125 0.5 0 221 1878
AHI25 1 | HT of ADS 125 0.5 0.5 251 884
AHI125 1.5 | HT of ADS 125 0.5 1 2.69 887
AHI25 2.5 ¢ HT of ADS 125 0.5 2 291 1830
AH125 4.5 | HT of ADS 125 0.5 4 317 17.95
AH175 0.5 | HT of ADS 175 0.5 0 3.69 | 8.42
AH175 1 | HT of ADS 175 0.5 0.5 3.99 843
AH175 1.5 | HT of ADS 175 0.5 1 416 :8.19
AH175 2.5 | HT of ADS 175 0.5 2 438 8.19
AH175 4.5 | HT of ADS 175 0.5 4 4.64 :8.10
AH225 0.5 | HT of ADS 225 0.5 0 516 8.54
AH225_1 | HT of ADS 225 0.5 0.5 546 18.60
AH225 1.5 | HT of ADS 225 0.5 1 563 18.79
AH225 2.5 ¢ HT of ADS 225 0.5 2 5.86 8.80
AH225 4.5 | HT of ADS 225 0.5 4 6.11 1896
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Note: All HT experiments had a ramping time of 0.5 h and the holdmg time ranged at 0—4 h. pH
values were measured after HT.
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782  Table 2. Removal and recovery efficiencies of orthophosphate and ammonia from process waters,
783  as well as the purity of precipitated struvite.

Phosphate Ammonia

Sample Removal Recovery P (%) Removal Recovery

9 efficiency (%) efficiency (%) efficiency (%) efficiency (%)
10 H175 0.5 98.9% 98.4% 88.1% 91.3% 83.5%

11 H225 4.5 99.1% 98.2% 93.3% 92.4% 83.6%

12 AH175 0.5 99.0% 98.3% 95.2% 92.3% 84.1%
AH225 4.5 99.4% 98.5% 95.6% 92.2% 84.4%
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46

Figure 1. The concentrations of total P in the solid samples (raw sludges and hydrochars) and

process waters. (a) sludge mixture (SM); (b) anaerobically digested sludge (ADS).
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792 Figure 2. *'P liquid NMR spectra of the extracts from selected samples. (a) sludge mixture (SM)
39 793 and anaerobically digested sludge (ADS); (b) hydrochars derived from hydrothermal treatment
40 794  (HT) 125 °C of SM; (c) hydrochars derived from hydrothermal treatment (HT) 175 and 225 °C of
41795  SM; and (d) process water for samples H175_0.5 and H225 0.5.
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22 801  Figure 3. (a and c¢) Relative abundance of different P species determined from linear combination
4 802 fitting (LCF) of P K-edge XANES data of raw sludges and HT hydrochars. (a) sludge mixture

48 803 (SM); (c) anaerobically digested sludge (ADS). Phosphate sorbed on ferrihydrite (P-Ferrihy),
49 804  phosphate sorbed on y-alumina (P-Alumina), octacalcium phosphate (OctaCa), hydroxyapatite
50 805 (HydAp), and phytic acid (PhyAc). (b and d) 3D response surface plot of relative abundance of
51 806 different P species considering the total P in solids and severity factor. (b) sludge mixture (SM);
52 807  (d) anaerobically digested sludge (ADS).
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Figure 4. The concentrations of total N and ammonia N in the solid samples and process waters
of (a) sludge mixture (SM); (b) anaerobically digested sludge (ADS).
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46 815  Figure 5. Relative abundance of different N species in the raw sludges and hydrochars determined
47 816  from deconvolution of N 1s XPS spectra. (a) sludge mixture (SM); (b) anaerobically digested
48 817  sludge (ADS).
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Figure 6. XRD patterns of the precipitated solids from process water samples H175 0.5, H225 4.5,
AH175 0.5, and AH225 4.5. The peaks at 16 and 32 degrees correspond to the basal reflections
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(002) and (004) of struvite, respectively.
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16
hydrochars

17 824
18

19 825  Synopsis: Combination of HT, struvite precipitation, and air stripping processes is employed to
20 826  assess speciation of P and N in hydrochars and recover P and N from process water.
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