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ABSTRACT

Thermal and hydrothermal treatments are promising techniques for sewage sludge management that
can potentially facilitate safe waste disposal, energy recovery, and nutrient recovery/recycling. Content
and speciation of heavy metals in the treatment products affect the potential environmental risks upon
sludge disposal and/or application of the treatment products. Therefore, it is important to study the
speciation transformation of heavy metals and the effects of treatment conditions. By combining syn-
chrotron X-ray spectroscopy/microscopy analysis and sequential chemical extraction, this study sys-
tematically characterized the speciation of Zn and Cu in municipal sewage sludges and their chars
derived from pyrolysis (a representative thermal treatment technique) and hydrothermal carbonization
(HTC; a representative hydrothermal treatment technique). Spectroscopy analysis revealed enhanced
sulfidation of Zn and Cu by anaerobic digestion and HTC treatments, as compared to desulfidation by
pyrolysis. Overall, changes in the chemical speciation and matrix properties led to reduced mobility of Zn
and Cu in the treatment products. These results provide insights into the reaction mechanisms during
pyrolysis and HTC treatments of sludges and can help evaluate the environmental/health risks associated

with the metals in the treatment products.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Management of sewage sludge is a challenging task for the
wastewater treatment industry because of the high water content,
large volume, and the presence of organic and inorganic contami-
nants such as heavy metals, pesticides, herbicides, pharmaceuticals
and personal care products (PPCPs), and pathogens (Rogers, 1996;
Westerhoff et al., 2015). On the other hand, sludges also contain
large amounts of energy (i.e., carbon, C) and nutrients (i.e., nitrogen,
N, and phosphorus, P) and have great potential for resource re-
covery (Koppelaar and Weikard, 2013; Withers et al., 2015). How-
ever, current waste management strategies have intrinsic problems
that result in limited resource utilization of sludges. In the United
States, ~35% of the sewage sludges are recycled in agriculture, ~30%
are disposed in landfill, ~15% are thermally disposed, and the rest
are disposed by other means (Christodoulou and Stamatelatou,
2016). High landfill disposal costs associated with transport and
land availability make this option less favorable. Strict regulations
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inhibit direct land application of sludges due to concerns with soil
contamination and related environmental and human health risks
(Christodoulou and Stamatelatou, 2016). With the global interests
in societal and environmental sustainability, there are urgent needs
for the integration of new technologies and strategies into current
sludge management systems (Spinosa, 2004; Wang et al., 2015).
In recent years, thermal and hydrothermal treatments of sewage
sludges have emerged as sustainable treatment techniques,
because they have the potential to simultaneously target environ-
mental protection, energy recovery, and nutrient recovery/recy-
cling (Barber, 2016; Wang and Li, 2015). These treatments can
degrade pathogens, decompose organic contaminants, and reduce
waste volume, thus serving as excellent sanitation and waste
management options (Escala et al., 2012; vom Eyser et al., 2015a;
vom Eyser et al., 2015b). Two representative thermal and hydro-
thermal treatment techniques are pyrolysis and hydrothermal
carbonization (HTC), respectively. The treatment products (chars,
including pyrochar from pyrolysis and hydrochar from hydrother-
mal treatments) are potential stand-alone fuel sources (Bridle and
Pritchard, 2004; Kim et al., 2014b; Zhao et al., 2014). Chars can
also be applied as soil amendments for contaminant remediation,
for improving soil quality, or as fertilizers (Atkinson et al., 2010;
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Hossain et al., 2010; Malghani et al., 2013). Overall, applications of
thermal and hydrothermal techniques have strong potential in
mitigating the environmental burdens of sludge management and
enhancing societal sustainability.

Properties and functionality of the treatment products are
largely governed by the composition and speciation of elements
embedded. The concentration and speciation of heavy metals are
relevant to environmental risks associated with the disposal and
applications of sludge-derived products, since heavy metal speci-
ation largely determines their mobility and availability (Lake et al.,
1984; Reeder et al., 2006). Many previous studies have examined
the behavior of heavy metals during thermal and hydrothermal
treatments of sludges, primarily focusing on heavy metal phase
distribution (in solid, liquid, and gas phases), or mobility/trans-
formation using empirically defined sequential chemical extraction
methods (Huang & Yuan, 2016; Jin et al., 2016; Leng et al., 2014; Li
et al., 2012; Shao et al., 2015; Shi et al., 2013; Wu et al., 2016; Yuan
et al., 2011, 2015; Zhang et al., 2016). However, chemical extraction
is an indirect method and the obtained fractions do not necessarily
correlate with the chemical species targeted by a specific extraction
step. Metal reaction with the extracting solutions can also poten-
tially cause alterations or transformations of metal speciation.

Much still remains unknown on the detailed speciation of heavy
metals and the effects of treatment conditions during thermal and
hydrothermal treatments of sludges. Heavy metals in sludges can
exist in diverse physical and chemical forms. For example, Cu and
Zn were found to exist as sulfides, phosphates, organic-complexes,
and iron mineral associated species with sizes ranging from nano-
to micrometers (Donner et al., 2011, 2012; Kim et al., 2014a; Lombi
et al., 2012; Ma et al., 2014a). Synchrotron based X-ray absorption
spectroscopy (XAS) is a non-destructive technique that can provide
detailed metal speciation information in complex heterogeneous
environmental samples. By combining XAS and sequential extrac-
tion, one can potentially obtain in-depth information on metal
speciation and mobility that cannot be achieved by sequential
chemical extraction alone. Although recent studies have charac-
terized Cu and Zn speciation transformation during traditional
treatments (such as aging, chemical amendments, and anaerobic
digestions) using these techniques (Donner et al., 2011, 2012;
Legros et al., 2017), little is known about the transformation of
these species during thermal and hydrothermal treatments.

In this study, activated and anaerobically digested sewage
sludges from a municipal wastewater treatment plant were treated
with pyrolysis and HTC at different temperatures. As previously
discussed, pyrolysis and HTC are representative thermal and hy-
drothermal techniques, respectively, and their applications to
sludge treatment have been extensively studied (Escala et al., 2013;
Manara and Zabaniotou, 2012; Wang et al., 2014). The speciation
and mobility of Cu and Zn, two abundant heavy metals in sewage
sludges, were characterized using sequential extraction, bulk X-ray
absorption spectroscopy (XAS), and coupled micro-X-ray fluores-
cence (u-XRF) imaging and absorption spectroscopy (u-XAS).
Particularly, the use of microanalysis enabled the characterization
of particulate forms of these metals and cross-validation of bulk
analysis. Results from this work can improve our understanding of
the thermochemical behaviors of these elements in sludges, and
also provide fundamental information for evaluating heavy metal
mobility and environmental risks when the treatment products are
applied.

2. Experimental approaches
2.1. Sample collection

Sewage sludges were collected from F. Wayne Hill Water

Resources Center (Gwinnett County, Atlanta, GA, USA), which col-
lects and treats municipal sewage from the County. This treatment
plant has primary (physical), secondary (activated sludge), and
tertiary (membrane filtration and ozonation) treatment units.
10 ppm of Al is added to the clarifiers to facilitate sludge aggrega-
tion and settling, and 25 ppm of FeCls is added in the tertiary
process for phosphate removal. Excess activated sludge and sludge
from primary treatment unit are combined into anaerobic digester
for biogas production, and most of the biosolids are disposed in
landfill. Activated sludge is the excess sludge from the secondary
clarifier, and anaerobically digested sludge (hereafter referred to as
anaerobic sludge) was collected from the outlet of anaerobic
digester. The activated sludge was further enriched by centrifuga-
tion and stored at —20 °C, while the anaerobically digested sludge
was stored at —20°C without pretreatments. For pyrolysis, a
portion of the samples was freeze dried before treatments. For HTC,
frozen samples were thawed at room temperature prior to
treatments.

2.2. Pyrolysis and HTC treatment of sludges

Pyrolysis of the sewage sludges was performed in a quartz tube
furnace (Thermo Scientific, MA, USA) under N, flow (~1 mL/s) at
250 and 450 °C, with a heating and cooling rate of 200 °C/h and a
duration at the target temperature of 4 h. These two temperatures
represent the low and middle temperature range of thermal
treatments, at which mass remains mostly in solid phase (Table 1).
Although low temperature pyrolysis treatment is also known as
torrefaction, for simplicity, treatments at both temperatures are
hereafter referred to as pyrolysis. For each treatment condition,
freeze-dried sludges (1.0 g) was added to a crucible and inserted
into the glass tube. The products are referred to as pyrochars. HTC
treatments of both sludges were performed in the presence of
deionized water (DI) with a solid:liquid ratio of 1:9 (w/w) and pH
around 6.6. To achieve this, 4 g of the sludges (equivalent to ~1g
dried mass) and 6 g DI water were mixed in a 20 mL Teflon lined
stainless steel hydrothermal reactor (Parr instrument, IL, USA). The
reactor was sealed and heated in an oven at 175 or 225 °C for 16 h,
then allowed to cool down to 50°C overnight in an oven. Solid
hydrochars produced from HTC were collected by centrifugation
and dried at 50 °C for at least 24 h until no further weight loss. All
treatments were processed in duplicate.

2.3. Bulk X-ray absorption spectroscopy (XAS)

Cu and Zn K-edge XAS analysis of raw and treated sludge sam-
ples and reference compounds were collected at Beamlines 5-BM-D
and 12-BM-B at Advanced Photon Source (APS; Argonne National
Laboratory, Lemont, IL), and Beamline 4-1at the Stanford Syn-
chrotron Radiation Lightsource (SSRL; Menlo Park, CA). Energy
calibration used the corresponding metal foils (Cu at 8978.9 eV and
Zn at 9658.9 eV). Spectra of reference foils were collected simul-
taneously with sample scans. Freeze-dried raw sludges, pyrochars,
or oven dried hydrochars were ground into fine powders and
packed into Teflon sample holders covered with Kapton tape. XAS
data for these samples were collected in fluorescence mode at room
temperature using a Vortex detector (APS 5-BM-D) or a 13 element
Ge solid-state detector (APS 12-BM-B and SSRL 4-1).

A large library of reference compounds were prepared and
analyzed in transmission mode (for concentrated samples, which
were diluted by mixing with boron nitride) or fluorescence mode
(for diluted samples). Cu reference compounds include different
Cu(I)/(II) sulfide minerals/complexes (i.e., Cu(I)-cysteine complex,
Cu,S, CuS, cubanite, chalcopyrite), Cu phosphate, Cu(Il) hydroxide
(Cu(OH)3), Cu(ll) adsorbed on ferrihydrite, and Cu(Il)-humic
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Table 1

Pyrolysis and HTC treatment conditions, sample labels, and concentrations of major elements of raw and treated sludges. Solid recovery and solid P content data for pyrolysis

treatments were from our previous work (Huang & Tang, 2015, 2016).

Sludge type Treatment Condition Sample label Solid recovery (%) C (%) P (%) Cu (mg/kg) Zn (mg/kg)
Activated sludge Raw Freeze dried Sludge - 353+04 4.1+0.1 160+9 340 +20
Pyrolysis 250°C,4h S250 69 +6 39.5+0.2 5.7+0.1 230+8 440 + 60
450°C,4h S450 46 +1 34.0+0.7 8.9+0.1 320+11 670+9
HTC 175°C, 16 h SHTC175 55+4 37.6+£04 7.6+0.1 310+23 580+33
225°C,16h SHTC225 49+1 379+08 8.1+0.1 330+5 600+ 12
Anaerobically digested sludge Raw Freeze dried Ana - 36.1+1.0 33+0.1 240 +49 510+ 25
Pyrolysis 250°C,4h A250 69+5 365+ 1.1 47+0.1 230+13 620+3
450°C, 4h A450 47 +6 29.8+1.2 72+0.2 430 + 56 960 + 14
HTC 175°C,16h AHTC175 65+4 36.0+1.2 3.7+04 200 + 46 450+ 13
225°C, 16h AHTC225 50+5 383+0.1 6.1+0.1 330+20 720 +52

complex. Zn reference compounds include different Zn sulfide
minerals/complexes (i.e., Zn-cysteine complex, ZnS, sphalerite,
wurzite), Zn phosphate (hopeite Zn3(PO4);-4H,0), Zn(II) associated
with Fe oxides (i.e., Zn(Il)-sorbed and Zn(II)-doped ferrihydrite),
and Zn(II)-humic complex. Details on the reference compounds are
provided in Supporting Information (SI) Table S1.

2.4. Micro X-ray fluorescence (u-XRF) imaging and u-XAS analysis

Synchrotron p-XRF imaging and p-XAS analysis were conducted
on raw and treated samples at SSRL Beamline 2—3. Dried samples
were gently disaggregated and spread on Kapton tapes. Excess
powders were gently blown off. Sample-loaded tapes were
mounted on a sample stage and raster-scanned under the beam at
an energy of 12 KeV and beam size of 5 um by 5 pm. At selected hot
spots (i.e., locations with high signals of element of interest), Cu and
Zn K-edge 1-XANES spectra were collected to reveal the structural
information. Processing of image data used the software SMAK
developed by Dr. Sam Webb at SSRL.

2.5. XAS data analysis

XAS data processing and analysis used the softwares SIXpack
and Ifeffit (Ravel and Newville, 2005; Webb, 2005). Multiple scans
(2—6) were energy calibrated and averaged for further analysis.
Principal component analysis (PCA) was conducted on the
normalized sample spectra to determine the number of compo-
nents needed for obtaining reasonable fits. Using the correspond-
ing reference compound spectra library, target transformation (TT)
was conducted to determine appropriate candidate compounds.
Linear combination fitting (LCF) was conducted on both XANES
(—20 to +100 eV) and EXAFS (2.5—11.5 A~!) regions. Combinations
of TT-determined candidate compounds were used, and the
goodness of fit was determined by R-factor. Fits with smallest R-
factors were used.

2.6. Sequential extraction

Both raw sludges and their chars were subjected to sequential
extraction using the three-step Community Bureau of Reference
(BCR) procedure (Mossop and Davidson, 2003). Briefly, 250 mg of
dried solids were added to 50 mL polypropylene centrifuge tubes,
and sequentially extracted with the following steps: (1) soluble/
exchangeable fraction: 20 mL acetic acid (0.11 M) for 16h, (2)
reducible fraction: 20 mL hydroxylamine hydrochloride (0.1 M, pH
2.0) for 16 h, and (3) oxidizable fraction: 4 mL H,0, (30%), air dried,
then 20 mL ammonium acetate (1M, pH 2.0). A portion of the
extracted liquids were mixed with certain amount of scandium
solution (equivalent to 50 ppb in the final dilution, served as in-
ternal standard) and digested by a mixture of concentrated H,0;

and HNOs3 (v/v =1:1) on a hot plate at 100 °C, then diluted for final
analysis by inductively coupled plasma—mass spectrometry (ICP-
MS). The untreated solids and extracted solid residues were ashed
in an oven at 550°C, followed by digestion with aqua regia. A
portion of the digested solution was mixed with Sc standard so-
lution and further diluted for concentration analysis. Metal con-
tents in the untreated solids, extracted liquids, and solid residues
were determined by ICP-MS on an Agilent 7500a instrument. All
extractions were conducted in triplicates.

3. Results and discussions
3.1. Chemical characteristics of the sludges and derived chars

Sludge type, treatment conditions, sample labels, and elemental
concentrations are presented in Table 1. Total sulfur content and
recovery in the solid phases are presented in Fig. 1. Other compo-
sitional information can be found in our previous studies (Huang &
Tang, 2015, 2016). In general, anaerobic sludge has higher Cuand Zn
concentrations due to the mixing of activated sludge with primary
sludge and the volatilization of organic matters during biogas
production. Since heavy metals mostly remained in the solid phase
after pyrolysis and HTC treatments, their concentrations in the
solids have correspondingly increased. Similar trends were also
previously observed for P (Huang and Tang, 2015). In general,
products from higher treatment temperatures have higher metal
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concentrations, as a result of increasing volatilization of organic
matter.

different treatment techniques and conditions are consistent for
both XANES and EXAFS results, therefore discussions in the main
text were based on the EXAFS data to avoid redundancy.

Cu exists predominantly as sulfide phases in both sludges, with
a small amount as organic complex(es) (fitted as Cu-humic com-
plex) (Fig. 2A and B, Table 2). The sulfide phases identified include
organic sulfides (fitted as Cu(I)-cysteine complex), inorganic Cu,S,
and Cu-Fe-sulfide (fitted as cubanite), with pure sulfides consti-
tuting 50—60% and cubanite ~ 30% in both sludges. The abundance
of Cu(Il)-organic complex (fitted as Cu(Il)-humic complex) in both
samples was similarly low (<15%). Because of the spectra similarity
of different Cu-sulfides (e.g., Cu(I)-cysteine complex, Cu,S, CuS, and
cubanite) (Fig. S1), possible overlap between them could occur in
LCF, thus they were grouped into sulfide species and their relative
abundances were not further interpreted.

For Zn speciation, distinct characteristics were observed
comparing the two raw sludges. Spectrum of activated sludge
showed higher edge absorption (extended until 9688 eV) and less
post-edge features than those of anaerobic sludge (Fig. 2C). The
post-edge features (~9679 and 9692 eV) resembled those of Zn

3.2. Cu and Zn speciation in raw sludges

Cu and Zn K-edge XANES and EXAFS spectra for the raw sludges
and their chars are presented in Fig. 2. LCF was conducted on both
XANES and EXAFS data of each sample, and the main difference
between these samples is the relative abundance of different sul-
fide species, which is likely caused by spectral similarities between
these species (Tables 2 and SI Table S2). For Cu, the main difference
is in the relative abundance of different pure Cu sulfides (cysteine
complex, Cu,S, and CuS) and Cu-Fe sulfides (cubanite and chalco-
pyrite). For Zn, the main difference is between wurtzite and
sphalerite, with LCF of XANES determines more sphalerite, and LCF
of EXAFS determines more wurtzite. Wurtzite and sphalerite are
two polymorphs of ZnS. Their XANES spectra differ in the white line
intensity and post-edge features, with sphalerite having higher
white line intensity and sharper post-edge features than those of
wurtzite. Regardless of these differences, the trends caused by
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Table 2

Zn and Cu speciation in sludges and their derived chars, determined by linear combination fitting (LCF) of Cu and Zn EXAFS data. Data in the parenthesis are the percentage

variation of the fit.

Sample  Cu speciation (%) Zn speciation (%)
Cu_Cys Cu,S Cubanite (CuFe;S3) Chalcopyrite (CuFeS;) Cu_Humic R-factor ZnS (Wurtzite) Zn-doped ferrihydrite Hopeite [Zn3(PO4)2-4H,0] R-factor

Sludge — 50 (19) 35(11) - 15(5.2) 045 42 (12) 30(7.7) 29 (8.6) 0.24
S250 — 63(9.2) — - 37 (19) 0.72 10(2.3) 56 (7.0) 34(11) 0.20
S450 — 35(14) — - 65 (22) 0.70 11(2.2) 43 (6.6) 46 (11) 0.21
SHTC175 — - 60 (12) 29 (22) 12(29) 0.26 Not measured

SHTC225 — - 42 (12) 58 (21) - 0.18 45 (2.3) 34 (7.0) 22 (7.8) 021
Ana 20 (15) 41 (11) 27(8.8) - 12 (44) 031 77 (2.2) 8.3 (3.0) 15 (5.4) 0.12
A250 — 45 (9.1) 55(14) - — 034 42 (11) 46 (7.6) 12 (8.6) 0.22
A450 - 24 (17) 37(13) - 39 (23) 0.54 51 (0.0) 49 (0.0) - 0.16
AHTC175 — - 83 (44) - 17 (44) 036 71 (34) 6.8 (4.6) 23(6.8) 0.24
AHTC225 — — 34 (19) 66 (19) — 034 94 (3.0) — 6.0 (5.8) 0.19

sulfides (Fig. S2). Similar to Cu, a significant fraction of Zn was
present as sulfide phases (42% in activated sludge and 77% in
anaerobic sludge, Table 2). In addition to sulfides, Zn-phosphate
phases (fitted as hopeite) and Zn-associated with Fe oxides (fitted
as Zn-doped ferrihydrite) were also present in the raw sludges.
Both species accounted for ~30% in activated sludge and <15% in
anaerobic sludge.

Elemental composition and speciation in sewage sludges are
controlled by a number of factors, such as sewage source, waste-
water treatment technology, and sludge processing stage (Donner
et al., 2013, 2011, 2012; Garcia-Delgado et al.,, 2007). Metals in
municipal sewage can originate from diverse sources and enter into
wastewater treatment plants (WWTPs) in diverse forms (different
chemical species in dissolved or particulate states) (Garcia-Delgado
et al., 2007; Mitrano et al., 2014; Sterritt and Lester, 1984). During
wastewater treatment and sludge production processes, metals can
experience extensive transformations, including microbial uptake
and utilization, complexation by extracellular substances or min-
erals, dissolution, and/or precipitation (Brown and Lester, 1982;
Chipasa, 2003; Stasinakis et al., 2003; Stephenson and Lester,
1987; Sterritt and Lester, 1984). Since both Cu and Zn are chalco-
phile elements (i.e., elements with high tendency to combine with
sulfur other than oxygen) (Goldschmidt, 1937), it is not surprising
to find their dominant association with S, possibly complexed intra-
or extracellularly by organic sulfides or precipitated as inorganic
sulfides. The relative abundance of different Cu/Zn sulfide phases
can be affected by other competing reactions, such as precipitation
with phosphate that is found in high concentration in sludges. As
shown in a previous study, ZnO nanoparticles (NPs) can be readily
transformed into different Zn phosphate solid phases, with the
relative abundance of different phases dependent on phosphate
concentration and pH (Rathnayake et al., 2014).

Comparison between activated sludge and anaerobic sludge
revealed the effects of anaerobic digestion. Higher abundance of
metal sulfide species in anaerobic sludge than activated sludge is
consistent with the overall higher total S content in anaerobic
sludge (Fig. 1). Sulfidation of chalcophile metals during anaerobic
digestion of sewage sludges has been previously reported for Ag,
ZnO, and CuO NPs (Kim et al., 2015; Lombi et al., 2012, 2013; Ma
et al., 2014b). Since most of the Cu already existed as sulfide pha-
ses in activated sludge, little alteration occurred for Cu after
anaerobic digestion. For Zn, more than half of it was in phosphate
phases or associated with Fe, which can be released (via reductive
dissolution of Fe phases and dissolution of Zn-phosphates) and
precipitate with sulfide species (released from hydrolysis of organic
sulfides or from sulfate reduction) (Dunnette et al., 1985; [sa et al.,
1986; Lawrence and McCarty, 1965; Legros et al., 2017). Enhanced
sulfidation of Cu and Zn was also found in a recent study on
anaerobic digestion of different biowastes (Legros et al., 2017).

In addition to bulk XAS analysis, 1-XRF imaging was conducted
to reveal elemental distribution and correlations. p-XANES spectra
were collected at Cu and Zn hot spots in the XRF images to identify
their speciation within discrete particles (Fig. 3 and Fig. S4). The
metals were distributed throughout both activated sludge (Fig. 3
panel A1) and anaerobic sludge (Fig. S4 panel A1), with many
scattered particles in micrometer size range and with more Fe-
containing particles than Cu- and Zn-containing particles. LCF an-
alyses of Cu and Zn p-XANES spectra suggests that these particu-
lates are heterogeneous and contain different Cu/Zn species that
are consistent with bulk XAS LCF components, consistent with the
heterogeneous nature of these samples (data for activated sludge in
Table S3 and anaerobic sludge in Table S4).

Sequential extraction results showed that in both activated and
anaerobic sludges, Cu existed mostly in the oxidizable fraction
(~50%), followed by the residual fraction (20—30%) and reducible
fraction (~15%) (Fig. 4). This is consistent with XAS LCF results
showing that Cu-sulfides and Cu-humic complexes are the main Cu
species. Inorganic Cu sulfides are insoluble in water and weak acid,
while their oxidation will result in the dissolution of Cu. Compared
to Cu, Zn partitioned mostly in the soluble/exchangeable and
reducible fractions (~35% each), less in the oxidizable fraction, and
the residual fraction was negligible. A previous study also showed a
large fraction of Zn in the soluble/exchangeable fraction (~20—50%)
and reducible fraction (30—50%) in a range of sewage sludges
(Donner et al., 2011). LCF analyses of XAS data showed that Zn was
present mainly as Zn sulfides, Zn-doped ferrihydrite, and Zn-
phosphate (as hopeite). Using the geochemical modeling software
Phreeqc (Parkhurst and Appelo, 1999), Zn phosphate was calculated
to be soluble in the acetic extraction solution, while wurtzite was
barely soluble under the same condition. Therefore, Zn in the sol-
uble/exchangeable fraction is likely associated with Zn-phosphate
mineral. Zn in the reducible fraction is mostly likely contributed by
Zn-doped ferrihydrite, because Zn can be released following the
reductive dissolution of Fe(lIll)-containing minerals. The oxidizable
fraction is possibly contributed by Zn-sulfides.

It is worth noting that sequential extraction fractions do not
necessarily correlate quantitatively to the relative abundance esti-
mated by XAS fitting. For example, Zn-sulfides are abundant (~40%)
based on LCF analyses of EXAFS spectra, while the oxidizable frac-
tion determined by sequential extraction is only ~10%. This could be
caused by: 1) potential presence of reference compounds with
overlapping spectra features as those used in the LCF of EXAFS data,
2) challenges in including all possible species in the LCF reference
library, particularly for highly complex and heterogeneous samples
such as sewage sludge, 3) matrix effects that affect the extraction
solution chemistry and dissolution Kkinetics, and 4) speciation
alteration during extraction.
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Fig. 3. Tricolor y-XRF images of Zn, Cu, and Fe distribution in activated sludge (A1), $250 (B1), and SHTC225 (C1). The areas shown are 1 x 1 mm? and the scale bar represents
100 um, with the threshold values set at 50 (Cu), 100 (Zn), and 1000 (Fe). Also shown are the corresponding p-XANES spectra of Cu (A2, B2, and C2) and Zn (A3, B3, and C3) at
different hot spots in the corresponding XRF images. LCF fitting results for these spectra can be found in Tables S3 and S4.

3.3. Effects of pyrolysis on Cu and Zn speciation

Pyrolysis treatment significantly modified Cu and Zn speciation,
as shown in the Cu and Zn XANES and EXAFS analyses (Fig. 2, with
LCF results in Table 2).

Two main features in the Cu XANES spectra distinguish the raw

activated sludge and its pyrochars: decrease of the peak intensity at
~8986 eV and increase of the peak intensity at 8998 eV after py-
rolysis. The magnitude of changes also increased with increasing
temperature (Fig. 2A). LCF fittings of the pyrochars of activated
sludge were less satisfactory (as can be seen and also evidenced by
the large R factors), possibly due to the missing of components with
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Fig. 4. Distribution of Cu (A) and Zn (B) in the aqueous extracts and solid residue from sequential extraction of the raw sludges and their pyrochars and hyrochars. The relative
abundance of Cu/Zn in aqueous extract and the solid residue was calculated by Cu/Zn content in the extract/residue divided by total Cu/Zn content in the solid before chemical
extraction (determined by ashing and ICP-MS, the raw data were present in Table S3), error bar represents standard deviation of measurements (n = 3).

distorted structures (as shown in the relatively weak oscillations in
k space in Fig. 2), or the physical association of Cu phases with the
pyrochars (adsorbed species). Nonetheless, LCF fitting of the
pyrochars (particularly at 450°C) suggested a decrease of Cu-
sulfide species and an increase of Cu-organic complexes (fitted as
Cu-humic complex) (Table 2).

Consistent changes in the Zn XANES spectra features were
observed after pyrolysis of both sludges: the post-edge shoulder at
~9672 eV increased while the peak intensity at ~9679 and 9692 eV
decreased after treatment (Fig. 2C). Regarding Zn speciation, the
primary change is the decrease of Zn-sulfide and the increase of Zn-
doped ferrihydrite after pyrolysis (Table 2). After pyrolysis, the
abundance of Zn-sulfide in both sludges significantly decreased
(from 42 to ~10% and 77 to ~40%, for pyrochars of activated and
anaerobically digested sludges, respectively). Zn-doped ferrihydrite
increased to 56% (S250) and 43% (S450), compared to 30% in the
raw activated sludge. Spectromicroscopy analysis of S250 biochar
showed no dramatic changes in the particle morphology and dis-
tribution after pyrolysis (Fig. 3 Panels B1-B3), while the speciation
of Zn and Cu in corresponding hot spots was transformed and
consistent with the bulk speciation evolution (Table S3). Over the
tested temperature range (250—450 °C), no effects between these
two temperatures were observed for the bulk Zn speciation
(Table 2).

The decrease of Cu and Zn sulfides is generally consistent with
the volatilization of S during pyrolysis (Fig. 1). As shown in a recent
study, 20—60% of the total S was volatized into gas and tar during
the pyrolysis of sewage sludge at 100—900 °C, during which HjS
was formed from methanethiol, aliphatic-S, aromatic-S, and thio-
phene (Zhang et al., 2017). The thermal stability of sulfides is likely
phase-dependent and affected by the matrix properties and treat-
ment conditions. Further research is needed to evaluate the ther-
mochemical behaviors of different sulfide species under thermal
treatment conditions.

Pyrolysis treatment also significantly altered the mobility of Cu
and Zn, in terms of their partitioning in sequential extracts (Fig. 4).
After pyrolysis, Cu in all three extractable fractions significantly
decreased and migrated into the residual fraction (~80%), and the
change was more significant at higher temperature (Fig. 4A).
Similar to Cu, the partition of Zn in the soluble/exchangeable
fraction was also reduced (from ~35% to ~10%) and the residual
fraction slightly increased. The oxidizable fraction increased
significantly, from ~10% in raw sludges to ~35%—60% in the pyro-
chars (as compared to the decrease of this fraction for Cu). The
immobilization of Cu and Zn into the residue fraction after pyrolysis

is consistent with previous findings (although with different
heating temperatures or durations) (Chen et al., 2015; Liu et al.,
2016). These changes do not seem to proportionally correlate
with the changes in speciation: 1) although being reduced, sulfides
still account for a significant portion of total Cu, but little Cu par-
titioned in the oxidizable fraction, 2) sequential fractionation
showed an enhancement of the Zn oxidizable fraction, while XAS
fitting showed a reduction in Zn sulfides and an increase in Zn-
doped ferrihydrite following pyrolysis of activated sludge. Again,
these were likely caused by the intrinsic limitations of XAS LCF and
sequential extraction methods as previously discussed in Section
3.2. Despite these discrepancies, the sequential extraction results
demonstrated the overall stabilization of heavy metals (especially
Cu) by pyrolysis.

3.4. Effects of HTC on Cu and Zn speciation

XANES and EXFAS spectra for the hydrochars and their LCA re-
sults are presented in Fig. 2 and Table 2. Despite the difference in
initial composition and complex reactions under hydrothermal
conditions, Cu XAS spectra of hydrochars from different feedstocks
and treatment temperatures are very similar and significantly
different from those of pyrochars (Fig. 2A and B). The features that
distinguish the raw sludges and the hydrochars occur at ~8979 and
~8986 eV, with spectra of all hydrochars showing increasing in-
tensity at these two positions. These two features are characteristic
of the presence of Cu-Fe-sulfide minerals (Fig. S1). LCA results
showed the dominance of cubanite and chalcopyrite in the
hydrochars, with a combined abundance of more than 80%,
compared to less than 35% in the raw sludges. Both cubanite and
chalcopyrite are important Cu minerals that typically form under
hydrothermal conditions and intergrowth of these two minerals is
commonly found (Pruseth et al., 1999; Schwartz, 1927). Considering
the presence of abundant Fe and S in the samples and the nature of
hydrothermal conditions, the formation of these minerals during
HTC treatment is reasonable. The results suggest that Cu-Fe-sulfide
minerals, instead of pure Cu sulfides, are stable Cu phases under the
tested hydrothermal conditions.

Regarding the effects of HTC on Zn, the changes following HTC
are less significant than those for Cu (Fig. 2C). The most significant
changes are observed for HTC of anaerobic sludge at 225 °C, with
the abundance of Zn sulfides (wurtzite) increasing from 79% in the
raw sludge to 94% in the char. Zn-doped ferrihydrite and hopeite
may be stable under the hydrothermal conditions, and little Zn was
dissolved and transformed into sulfides. Spectromicroscopy results
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of the hydrochars from 225 °C showed no substantial changes in
the morphology and distribution of Zn and Cu particulates (Fig. 3
Panels C1-C3 for SHTC225, Fig. S4 Panels C1-C3 for AHTC225).
LCA of the pu-XANES data showed that the trends of Cu and Zn
speciation evolution weresimilar to bulk XAS analysis on the
samples following HTC treatment (more metal sulfides formed af-
ter HTC) (Tables S3 and S4).

Although total S content also decreased during HTC (similar to
the effects of pyrolysis) (Fig. 1), the predominance of Cu and Zn
sulfide species after HTC treatment suggests that these inorganic
sulfides are relatively stable under hydrothermal conditions. Under
hydrothermal condition, sulfide species can be released from
organic structures and precipitate with chalcophile elements such
as Cu and Zn (Schulte, 2010). Formation of metal sulfides under
hydrothermal conditions is common in geological settings, where
metal sulfide ores form (Hemley et al., 1992). Results from this
study suggest that S controls the speciation of chalcophile metals
during hydrothermal treatments of sewage sludge.

In terms of metal mobility as assessed by sequential extraction,
following HTC treatments, the soluble/exchangeable and reducible
Cu fractions became negligible (<3 and 6%, respectively) and the
residual fraction significantly increased, similar to the effect of
pyrolysis (Fig. 4). Although the absolute metal content in the
oxidizable fraction remained mostly unchanged, the relative
abundance actually decreased following HTC (from 54% in the
feedstocks to 29—42% in hydrochars) (Fig. 4A). The effect was
similar for both activated and anaerobic sludges. XAS fitting
showed that Cu exits predominantly as Cu-Fe-sulfide species,
which can partition into both the oxidizable and residual fractions.
The transformation of pure Cu-sulfides to Cu-Fe-sulfides is possibly
responsible for such stabilization during extraction (since Cu-sul-
fides in the raw sludges may contain a portion of less stable organic
Cu-sulfides). Regarding Zn, the soluble/exchangeable and reducible
fractions decreased and the oxidizable fraction increased after HTC
treatment (Fig. 4B). The residual fraction also increased, and was
more significant for hydrochars of activated sludge than those of
anaerobic sludge. Considering the limited speciation trans-
formation revealed by Zn XAS, physical changes of the matrix might
play a more important role.

In summary, HTC also stabilized heavy metals in the treatment
products, although not as effective as pyrolysis under the selected
conditions.

4. Conclusions

This study comparatively characterized the speciation and
mobility of Cuand Zn in chars from pyrolysis and HTC treatments of
both activated sludge and anaerobically digested sludge, using
sequential extraction, bulk XAS, and coupled p-XRF imaging and pi-
XAS. This approach helped gain a systematic and in-depth under-
standing of heavy metal transformation during pyrolysis and HTC
treatments of sewage sludges, which can not be achieved by
sequential extraction alone. Based on the results, the following
conclusions can be drawn:

(1) Combined chemical, spectroscopic, and microscopic analysis
provided detailed speciation information in complex sam-
ples and enabled cross validation;

(2) Cu exists predominantly as sulfides and Zn as sulfide, phos-
phate, and ferrihydrite-associated species in activated
sludge. Both Cu and Zn became more sulfidized after anaer-
obic digestion;

(3) Both Cu and Zn were desulfidized after pyrolysis treatment at
250 and 450°C. Zn became more associated with Fe min-
erals, while Cu became more associated with organic matters

(though uncertainty existed due to relatively poor data
fitting);

(4) Despite S volatilization after HTC (similar to the effect of
pyrolysis), Cu remained extensively sulfidized after HTC at
175 and 225 °C, but as existed as Cu-Fe-sulfides (chalcophile
and cubanite) instead of pure Cu-sulfides, and Zn was less
altered (with similar portions remained as hopeite and Fe
mineral associated species);

(5) Micro-XAS analysis showed that individual particles of Cu
and Zn experienced similar transformation as revealed by
bulk XAS analysis;

(6) Mobility of the metals was reduced after both pyrolysis and
HTC treatments, which can be attributed to the changes in
metal speciation and matrix property.

Associated content
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individual hot spots of anaerobic sludge and its hydrochar; Results
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