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Abstract

Thermal and hydrothermal treatments are promisichriques for sewage sludge
management that can potentially facilitate safetevasposal, energy recovery, and nutrient
recovery/recycling. Content and speciation of hematal in the treatment products affect the
potential environmental risks upon sludge dispasiadl/or use of the treatment products.
Therefore, it is important to study the speciati@nsformation of heavy metals and the effects
of treatment conditions. By combining synchrotroma¥ spectroscopy/microscopy analysis and
sequential chemical extraction, this study systerally characterized the speciation of Zn and
Cu in municipal sewage sludges and their charyveerrom pyrolysis (a representative thermal
treatment technique) and hydrothermal carboniza(idiC; a representative hydrothermal
treatment technique). Spectroscopy analysis regealanced sulfidation of Zn and Cu by
anaerobic digestion and HTC treatments, as comparatesulfidation by pyrolysis. Overall,
changes in the chemical speciation and matrix ptigseled to reduced mobility of Zn and Cu in
the treatment products. These results provide htsignto the reaction mechanisms during
pyrolysis and HTC treatments of sludges and cap bedluate the environmental/health risks

associated with the metals in the treatment praduct

Keywords: Sewage sludge; pyrolysis; hydrothermal carboninati@avy metals; speciation
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1. Introduction

Management of sewage sludge is a challenging taské wastewater treatment industry
because of the high water content, large volumd, the presence of organic and inorganic
contaminants such as heavy metals, pesticidesjclta®, pharmaceuticals and personal care
products (PPCPs), and pathogens (Rogers, 1996,ekNefit et al., 2015). On the other hand,
sludges also contain large amounts of energy ¢aebon, C) and nutrients (i.e., nitrogen, N, and
phosphorus, P) and have great potential for resotgcovery (Koppelaar & Weikard, 2013;
Withers et al., 2015). However, current waste manant strategies have intrinsic problems that
result in limited utilization of sludges for resoarrecovery/recycling. In the United States, ~35%
of the sewage sludges are recycled in agricultuB®% are disposed in landfill, ~15% are
thermally disposed, and the rest are disposed hgr aheans (Christodoulou & Stamatelatou,
2016). High landfill disposal costs associated vunsport and land availability has made this
option less favorable. Strict regulations are desireg direct land application of sludges due to
concerns with soil contamination and related emrmwental and human health risks
(Christodoulou & Stamatelatou, 2016). Thereforethwihe global interests in societal and
environmental sustainability, there are urgent sded the integration of new technologies and
strategies into current waste management systepnsoé&®, 2004; Wang et al., 2015).

In recent years, thermal and hydrothermal treatmmehsewage sludges have emerged as
sustainable treatment techniques, because they sganltaneously target environmental
protection, energy recovery, and nutrient recovenycling (Barber, 2016; Wang & Li, 2015).
These treatments can degrade pathogens, decompgs@cocontaminants, and reduce waste
volume, making them excellent sanitation and wasémagement options (Escala et al., 2012;

vom Eyser et al., 2015a; vom Eyser et al., 201bWp representative thermal and hydrothermal
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treatment techniques are pyrolysis and hydrotheragbonization (HTC), respectively. The
treatment products (chars, including pyrochar figyrolysis and hydrochar from hydrothermal
treatments) are potential stand-alone fuel soui@adle & Pritchard, 2004; Kim et al., 2014b;
Zhao et al., 2014). Chars can also be applied ismendments for contaminant remediation,
for improving soil quality, or as fertilizers (Atkson et al., 2010; Hossain et al., 2010; Malghani
et al., 2013)Overall, applications of thermal and hydrotherneahihiques have strong potential
in mitigating the environmental burdens of sludgenagement and enhancing societal
sustainability.

Properties and functionality of the treatment paiduare largely governed by the
composition and speciation of elements embedded.cbmcentration and speciation of heavy
metals are relevant to environmental risks assediatith the disposal and applications of
sludge-derived products, since their speciatiogdgrdetermines their mobility and availability
(Lake et al., 1984; Reeder et al., 2006). Many ipue studies have examined the behavior of
heavy metals during sludge treatments using theandl hydrothermal treatments, primarily
focusing on their phase distribution (e.g., sokdliquid phases), or mobility and transformation
using empirically defined sequential chemical esticmn (Huang & Yuan, 2016; Jin et al., 2016;
Leng et al., 2014; Li et al., 2012; Shao et al1320hi et al., 2013; Wu et al., 2016; Yuan et al.,
2011; Yuan et al., 2015; Zhang et al., 2016). H@veghemical extraction is an indirect method
and the obtained fractions do not necessarily @igavith the chemical species targeted in a
specific extraction step. Reaction with the exirgrtsolutions can also potentially cause
alterations or transformations of metal speciation.

Much still remains unknown on the detailed specratf heavy metals and the effects of

treatment conditions. Particularly, heavy metalssimdges can exist in diverse physical and
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chemical forms. For example, Cu and Zn were founprésent as sulfides, phosphates, organic-
complexes, and iron mineral associated speciesgsimom nano- to micrometers (Donner et al.,
2011; Donner et al., 2012; Kim et al., 2014a; Lomibal., 2012; Ma et al., 2014a). Synchrotron
based X-ray absorption spectroscopy (XAS) is a aestructive technique that can provide
detailed metal speciation information in complexehegeneous environmental samples. By
combining XAS and sequential extraction, one catemally obtain in-depth information on
metal speciation and mobility that cannot be addely sequential extraction alone. Although
recent studies have characterized Cu and Zn spetiatansformation during traditional
treatments (such as aging, chemical amendments, aaa@robic digestions) using these
techniques (Donner et al., 2011; Donner et al.22Q&gros et al., 2017), little is known about
the transformation of these species during dryvasidthermochemical treatments.

In this study, sewage sludges (activated and ahealty digested sludges) from a
municipal wastewater treatment plant were treatath wyrolysis and HTC at different
temperatures. As previously discussed, pyrolysid BITC are representative thermal and
hydrothermal techniques, respectively, and thepliegtions to sludge treatment have been
extensively studied (Escala et al., 2013; Manar@a®aniotou, 2012; Wang et al., 2014). The
speciation and mobility of Cu and Zn, two abundaeavy metals in sewage sludges, were
characterized using sequential extraction, bulka)X-absorption spectroscopy (XAS), and
coupled micro-X-ray fluorescencqi-KRF) imaging and absorption spectroscopyXAS).
Particularly, the use of microanalysis enableddharacterization of particulate forms of these
metals and cross-validation of bulk analysis. Rssdtom this work can improve our

understanding of the thermochemical behaviors e$ghelements in sludges, and also provide
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fundamental information for evaluating their matyiliand environmental risks when the

treatment products are used in soil.

2. Experimental approaches
2.1. Sample collection

Sewage sludges were collected from F. Wayne HilteWResources Center (Gwinnett
County, Atlanta, GA, USA), which collects and teatunicipal sewage from the County. This
treatment plant has primary (physical), secondagtiated sludge), and tertiary (membrane
filtration and ozonation) treatment units. 10 ppMmAb is added to the clarifiers for facilitate
sludge aggregation and settling, and 25 ppm of f&Chdded in the tertiary process for
phosphate removal. Excess activated sludge and@eslfram primary treatment are combined
into anaerobic digester for biogas production, anust of the biosolids are disposed in landfill.
Activated sludge is the excess sludge from the sty clarifier, and anaerobically digested
sludge (hereafter referred to as anaerobic sludge) collected from the anaerobic digester,
which receives sludges from primary and secondaatiments. The activated sludge was further
enriched by centrifugation and stored at -20 °Cilavthe anaerobically digested sludge was
stored at -20 °C without pretreatments. For pyrislysample aliquots were freeze dried before

treatments. For HTC, frozen samples were thawedosh temperature prior to treatments.

2.2. Pyrolysisand HTC treatment of sludges
Pyrolysis of the sewage sludges was performed iguartz tube furnace (Thermo
Scientific, MA, USA) under Nflow (~1 mL/sec) at 250 and 450 °C, with a heatangl cooling

rate of 200 °C/h and a duration at the target teatpee of 4 h. These two temperatures represent
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the low and middle temperature range of thermaittnents, at which mass remains mostly in
solid phase (Table 1). Although low temperature opygis treatment is also known as
torrefaction, for simplicity, treatments at botimigeratures are hereafter referred to as pyrolysis.
For each treatment condition, freeze-dried slud@e® g) was added to a crucible and inserted
into the glass tube. The products are referredstpyaochars. HTC treatments of both sludges
were performed in the presence of deionized wdér With a solid:liquid ratio of 1:9 (w/w),
with pH around 6.6. To achieve this, 4 g of thedgkes (equivalent to ~1 g dried mass) and 6 g
DI water were mixed in a 20 mL Teflon lined stagdesteel hydrothermal reactor (Parr
instrument, IL, USA). The reactor was sealed amatdtein an oven at 175 or 225 °C for 16 h,
then allowed to cool down to 50 °C overnight inas@n. Solid hydrochars produced from HTC
were collected by centrifugation and dried at 50fGCat least 24 h at which point there was no

further weight loss. All treatments were processeduplicate.

2.3. Bulk X-ray absorption spectroscopy (XAYS)

Cu and Zn K-edge XAS analysis of raw and treatedig® samples and reference
compounds were collected at Beamlines 5-BM-D andBM2B at Advanced Photon Source
(APS; Argonne National Laboratory, Lemont, IL), @ddamline 4-1 at the Stanford Synchrotron
Radiation Lightsource (SSRL; Menlo Park, CA). Enemlibration used the corresponding
metal foils (Cu 8978.9 eV and Zn 9658.9 eV). Sgeatf reference foils were collected
simultaneously with sample scans. Freeze-dried swlges, pyrochars, or oven dried
hydrochars were ground into fine powders and paakiedTeflon sample holders covered with

Kapton tape. XAS data for these samples were detleén fluorescence mode at room
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temperature using a Vortex detector (APS 5-BM-Da di3 element Ge solid-state detector (APS
12-BM-B and SSRL 4-1).

A large library of reference compounds were preppamad analyzed in transmission
mode (for pure compounds, which were diluted byingxwith boron nitride) or fluorescence
mode (for diluted samples). Cu reference compouimdtude different Cu(l)/(ll) sulfide
minerals/complexes (i.e., Cu(ll)-cysteine complé&xbS, CuS, cubanite, chalcopyrite), Cu
phosphate, Cu(ll) hydroxide (Cu(Ohl) Cu(ll) adsorbed on ferrihydrite, and Cu(ll)-humi
complex. Zn reference compounds include differentszilfide minerals/complexes (i.e., Zn-
cysteine complex, ZnS, sphalerite, wurzite), Zn gpimate (hopeite &(POy),-4H,0), Zn(ll)
associated with Fe oxides (i.e., Zn(ll)-sorbed @ndil)-doped ferrihydrite), and Zn(ll)-humic

complex. Details on the reference compounds anédged in S| Table S1.

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

Synchrotronpy-XRF imaging andu-XAS analysis were conducted on raw and treated
samples at Beamline 2-3 at SSRL. Dried samples \gergly disaggregated and spread on
Kapton tapes. Excess powders were gently blownS#mple-loaded tapes were mounted on a
sample stage and raster-scanned under the beameatesgy of 12 KeV and beam size giirh
by 5 um. At selected hot spots (i.e., locationdiwigh signals of element of interest), Cu and Zn
K-edge u1-XANES spectra were collected to reveal the stmattinformation. Processing of

image data used the software SMAK developed bysBm Webb at SSRL.

2.5. XASdata analysis
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XAS data processing and analysis used the softw@tEpack and Ifeffit (Ravel &
Newville, 2005; Webb, 2005). Multiple scans (2-6@rev energy calibrated and averaged for
further analysis. Principal component analysis (P@As conducted on the normalized sample
spectra to determine the number of components defedeobtaining reasonable fits. Using the
corresponding reference compound spectra librarget transformation (TT) was conducted to
determine appropriate candidate compounds. Lineabation fitting (LCF) was conducted on
both XANES (-20 to +100 eV) and EXAFS (2.5 to 1#5) regions of Cu and Zn data.
Combinations of TT-determined candidate compoundeewised, and the goodness of fit was

determined by R-factor. Fits with smallest R-fastaere used.

2.6. Sequential extraction

Both raw sludges and their chars were subjectegqoiential extraction using the three-
step Community Bureau of Reference (BCR) procedMassop & Davidson, 2003). Briefly,
250 mg of dried solids were added to 50 mL polyglepe centrifuge tubes, and sequentially
extracted with the following steps: (1) solublefeacgeable fraction: 20 mL acetic acid (0.11 M)
for 16 h, (2) reducible fraction: 20 mL hydroxylarai hydrochloride (0.1 M, pH 2.0) for 16 h,
and (3) oxidizable fraction: 4 mLJ@, (30%), air dried, then 20 mL ammonium acetate (1 M
pH 2.0). A portion of the extracted liquids werexed with certain amount of scandium solution
(equivalent to 50 ppb in the final dilution, seneslinternal standard) and digested by a mixture
of concentrated ¥D, and HNQ (v/v = 1:1) on a hot plate at 100 °C, then dilufed final
analysis by inductively coupled plasma—mass spewty (ICP-MS). The untreated solids and
extracted solid residues were ashed in an oveb®fG, followed by digestion with aqua regia.

A portion of the digested solution was mixed with Sandard solution and further diluted for
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concentration analysis. Metal contents in the até@ solids, extracted liquids, and solid
residues were determined by ICP-MS on an Agiler@0a5instrument. All extractions were

conducted in triplicates.

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

Sludge type, treatment conditions, sample labehsl aelemental concentrations are
presented in Table 1. Total sulfur content and veop in the solid phases are presented in
Figure 1. Other compositional information can benfd in our previous work (Huang & Tang,
2016; Huang & Tang, 2015). In general, anaerohidge? has higher Cu and Zn concentrations
due to the mixing of activated sludge with primaiudge and the volatilization of organic
matters during biogas production. Since heavy metalstly remained in the solid phase after
pyrolysis and HTC treatments, their concentrationte solids have correspondingly increased.
Similar trends were also previously observed f¢HRBang & Tang, 2015). In general, products
from higher treatment temperatures have higher Ingetacentrations, as a result of increasing

volatilization of organic matter.

3.2. Cu and Zn speciation in raw sludges

Cu and Zn K-edge XANES and EXAFS spectra for the saudges and their chars are
presented in Figure 2. LCF was conducted on botiNK3 and EXAFS data of each sample,
and the main difference between these sampleseiseiative abundance of different sulfide
species, which is likely caused by spectral sintiks between these species (Table 2 and Sl

Table S2). For Cu, the main difference is in tHatnee abundance of different pure Cu sulfides

10
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(cysteine complex, G&, and CuS) and Cu-Fe sulfides (cubanite and cpwlite). For Zn, the
main difference is between wurtzite and sphaleftgh LCF of XANES determines more
sphalerite, and LCF of EXAFS determines more wtetziWurtzite and sphalerite are two
polymorphs of ZnS. Their XANES spectra differ inethwvhite line intensity and post-edge
features, with sphalerite having higher white lineensity and shaper post-edge features than
those of wurtzite. Regardless of these differenties, trends caused by different treatment
techniqgues and conditions are consistent for bo&NKS and EXAFS results, therefore
discussions in the main text were based on the ESXé&ta to avoid redundancy.

Cu exists predominantly as sulfide phases in bdaidges, with a small amount as
organic complex(es) (fitted as Cu humic complexpyFe 2A and B, Table 2). The sulfide
phases identified include organic sulfides (fiteesl Cu(ll)-cysteine complex), inorganic Sy
and Cu-Fe-sulfide (fitted as cubanite), with punides constituting 50-60% and cubanite ~ 30%
in both sludges. The abundance of Cu(ll)-organimgex (fitted as Cu(ll)-humic complex) in
both samples was similarly low (<15%). Because h#f $pectra similarity of different Cu-
sulfides (e.g., Cu(ll)-cysteine complex and,SuCuS and cubanite) (Figure S1), possible
overlap between them could occur in LCF, thus theye grouped into sulfide species and their
relative abundances were not further interpreted.

For Zn speciation, distinct characteristics wersarsbed comparing the two raw sludges.
Activated sludge showed higher edge absorptionefeldd until 9688 eV) and less post-edge
features than that of anaerobic sludge (Figure Z@#g. post-edge features (~9679 and 9692 eV)
resembled those of Zn sulfides (Figure S2). SimitartCu, a significant fraction of Zn was
present as sulfide phases (42% in activated sladge77 % in anaerobic sludge, Table 2). In

addition to sulfides, Zn-phosphate phases (fittethapeite) and Zn-associated with Fe oxides

11
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(fitted as Zn-doped ferrihydrite) were also presarthe raw sludges. Both species accounted for
~30% in activated sludge and <15% in anaerobicggud

Elemental composition and speciation in sewagegglsicire controlled by a number of
factors, such as sewage source, wastewater trelatewdmology, and sludge processing stage
(Donner et al., 2013; Donner et al., 2011; Donrteale 2012; Garcia-Delgado et al., 2007).
Metals in municipal sewage can originate from ddeelsources and enter into wastewater
treatment plants (WWTPSs) in diverse forms (différeshemical species in dissolved or
particulate states) (Garcia-Delgado et al., 200ifraio et al., 2014; Sterritt & Lester, 1984).
During wastewater treatment and sludge productiocgsses, metals can experience extensive
transformations, including microbial uptake andlizdtion, complexation by extracellular
substances or minerals, dissolution, and/or prtipn (Brown & Lester, 1982; Chipasa, 2003;
Stasinakis et al., 2003; Stephenson & Lester, 198ritt & Lester, 1984). Since both Cu and
Zn are chalcophile elements (i.e., elements witin héndency to combine with sulfur other than
oxygen) (Goldschmidt, 1937), it is not surprisirg find their dominant association with S,
possibly complexed intra- or extracellularly by angc sulfides or precipitated as inorganic
sulfides. The relative abundance of different Cuklifide phases can be affected by other
competing reactions, such as precipitation withgphate that is found in high concentration in
sludges. As shown in a previous study, ZnO nanmbest(NPs) can be readily transformed into
different Zn phosphate solid phases, with the irdadbundance of different phases dependent
on phosphate concentration and pH (Rathnayake, &0dl4).

Comparison between activated sludge and anaerdbiges revealed the effects of
anaerobic digestion. Higher abundance of metalidaulEpecies in anaerobic sludge than

activated sludge is consistent with the overalhbigtotal S content in anaerobic sludge (Figure

12
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1). Sulfidation of chalcophile metals during andécodigestion of sewage sludges has been
previously reported for Ag, ZnO, and CuO NPs (Kitrak, 2015; Lombi et al., 2013; Lombi et
al., 2012; Ma et al., 2014b). Since most of theaBaady existed as sulfide phases in activated
sludge, little alteration occurred for Cu after erudbic digestion. For Zn, more than half of it was
in phosphate phases or associated with Fe, whitlheaeleased (via reductive dissolution of Fe
phases and dissolution of Zn-phosphates) and pt@eipwith sulfide species (released from
hydrolysis of organic sulfides or from sulfate retion) (Dunnette et al., 1985; Isa et al., 1986;
Lawrence & McCarty, 1965; Legros et al., 2017). &mted sulfidation of Cu and Zn was also
found in a recent study on different types of aobigally digested biowastes (Legros et al.,
2017).

In addition to bulk XAS analysis, u-XRF imaging walso conducted to reveal elemental
distribution and correlations. u-XANES spectra walso collected at Cu and Zn hot spots in the
XRF images to identify their speciation within diste particles (Figure 3 and Figure S4). The
metals were distributed throughout both activatedige (Figure 3 panel A1) and anaerobic
sludge (Figure S4 panel Al), with many scatteredig@s in the micrometer size range with
more Fe-containing particles than Cu- and Zn-contgi particles. LCF analyses of Cu and Zn
H-XANES spectra suggests that these particulatebeterogeneous and contain different Cu/zZn
species that are consistent with bulk XAS LCF congmis, consistent with the heterogeneous
nature of these samples (activated sludge-Taben83&naerobic sludge-S4).

Sequential extraction results showed that in bativaed and anaerobic sludges, Cu
existed mostly in the oxidizable fraction (~50%)lldwed by the residual fraction (20-30%) and
reducible fraction (~15%) (Figure 4). This is catent with XAS LCF results showing that Cu-

sulfides and Cu-humic complexes are the main Caigpelnorganic Cu sulfides are insoluble in

13
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water and weak acid, while their oxidation will wéisin the dissolution of Cu. Compared to Cu,
Zn partitioned mostly in the soluble/exchangealrld eeducible fractions (~35% each), less in
the oxidizable fraction, and the residual fractwas negligible. A previous study also showed a
large fraction of Zn in the soluble/exchangeabéetion (~20 to 50%) and reducible fraction (30
to 50%) in a range of sewage sludges (Donner e2@L1). LCF analyses of XAS data showed
that Zn was present mainly as Zn sulfides, Zn-ddpethydrite, and Zn-phosphate (as hopeite).
Using the geochemical modeling software Phreeqckf®ast & Appelo, 1999), Zn phosphate
was calculated to be soluble in the acetic extacsiolution, while wurtzite was barely soluble
under the same condition. Therefore, the solubté&/amxgeable fraction is likely associated with
the Zn phosphate mineral. The Zn in reducible foacts mostly likely contributed by Zn-doped
ferrihydrite, because Zn can be released followirggreductive dissolution of Fe(lll)-containing
minerals. The oxidizable fraction is possibly cdnited by Zn-sulfides.

It is worth noting that sequential extraction frans do not necessarily correlate
guantitatively to the relative abundance estimédteXAS fitting. For example, Zn sulfides are
abundant based on LCF analyses of EXAFS spectiiée Wiie oxidizable fraction determined by
sequential extraction is only ~10%. This could besed by: 1) potential presence of reference
compounds with overlapping spectra features asethused in the LCF of EXAFS data, 2)
challenges in including all possible species inltkd reference library, particularly for highly
complex and heterogeneous samples such as sewalge,sB) matrix effects that affect the
extraction solution chemistry and dissolution kicgt and 4) speciation alteration during

extraction.

3.3. Effects of Pyrolysison Cu and Zn speciation

14



302 Pyrolysis treatment significantly modified Cu ana &peciation, as seen in the Cu and Zn
303 XANES and EXAFS analyses (Figure 2, with LCF resultTable 2).

304 Two main features in the Cu XANES spectra distisguhe raw activated sludge and its
305 pyrochars: the peak intensity at ~8986 eV decreasedintensity at 8998 eV increased after
306 pyrolysis. The magnitude of changes also increag#d increasing temperatures (Figure 2A).
307 LCF fittings of the pyrochars of activated sludgergvless satisfactory (as can be seen and also
308 evidenced by the large R factors), possibly du¢heo missing of components with distorted
309 structures (as shown in the relatively weak ogaites in k space in Figure 2), or the physical
310 association of Cu phases with the pyrochars (adsiospecies). Nonetheless, LCF fitting of the
311 pyrochars (particularly at 450 °C) suggested aabsm of Cu-sulfide species and an increase of
312 Cu-organic complexes (fitted as Cu-humic compl&ab(le 2).

313 Consistent changes in the features of Zn XANES tspegere observed following the
314 pyrolysis treatment of both sludges: the post-eslygulders at ~9672 eV increased while the
315 peak intensity at ~9679 and 9692 eV decreased #aftatment (Figure 2C). Regarding Zn
316 speciation, the primary change is the decreasene$uffide and the increase of Zn-doped
317 ferrihydrite after pyrolysis (Table 2). After pyyalis, the abundance of Zn-sulfide in both
318 sludges significantly decreased (from 42 to ~10% &nto ~40%, for pyrochars of activated and
319 anaerobically digested sludges, respectively). @ped ferrihydrite increased to 56% (S250) and
320 43% (S450), compared to 30% in the raw activatadgd. Spectromicroscopy analysis of S250
321 biochar showed no dramatic changes in the parteutaorphology and distribution after
322 pyrolysis (Figure 3 panels B1-B3), while the spgoraof Zn and Cu in corresponding hot spots

323 was transformed and consistent with the bulk spiecigevolution (Table S3). Over the tested

15
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temperature range (250 to 450 °C), no effects batviieese two temperatures were observed for
the bulk Zn speciation (Table 2).

The decrease of Cu and Zn sulfides is generallgistant with the volatilization of S
during pyrolysis (Figure 1). As shown in a recemty, 20—60% of the total S was volatized into
gas and tar during the pyrolysis of sewage sludd®@-900 °C, during which 43 was formed
from methanethiol, aliphatic-S, aromatic-S, andphiene (Zhang et al.,, 2017). The thermal
stability of sulfides is likely phase-dependent afffécted by the matrix properties and treatment
conditions. Further research is needed to evaltreethermochemical behaviors of different
sulfide species under thermal treatment conditions.

Pyrolysis treatment also significantly altered thebility of Cu and Zn, in terms of their
partitioning in sequential extracts (Figure 4).exfpyrolysis, Cu in all three extractable fractions
significantly decreased and migrated into the redidraction (~80%), and the change was more
significant at higher temperature (Figure 4A). $amito Cu, the partition of Zn in the
soluble/exchangeable fraction was also reducedn(ff85% to ~10%) and the residual fraction
slightly increased. The oxidizable fraction incre@dsignificantly, from ~10% in raw sludges to
~35% to 60% in the pyrochars (as compared to tleeedse of this fraction for Cu). The
immobilization of Cu and Zn into the residue fraatiafter pyrolysis is consistent with previous
findings (although with different heating temperatior durations) (Chen et al., 2015; Liu et al.,
2016). These changes do not seem to proportionathelate with the changes in speciation: 1)
although being reduced, sulfides still accountdaignificant portion of total Cu, but little Cu
partitioned in the oxidizable fraction, 2) sequahfractionation showed an enhancement of the
Zn oxidizable fraction, while XAS fitting showedraduction in Zn sulfides and an increase in

Zn-doped ferrihydrite following pyrolysis of actited sludge. Again, these were likely caused
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by the intrinsic limitations of XAS LCF and sequi@htextraction methods as previously
discussed in Section 3.2. Despite these discrepanthe sequential fractionation results

demonstrated the overall stabilization of heavyatsetespecially Cu) by pyrolysis.

3.4. Effectsof HTC on Cu and Zn speciation

XANES and EXFAS spectra for the hydrochars andrth€A results are presented in
Figure 2 and Table 2. Despite the difference itidhtomposition and complex reactions under
hydrothermal conditions, Cu XAS spectra of hydrasifeom different feedstocks and treatment
temperatures are very similar and significantlyestgnt from those of pyrochars (Figure 2A and
2B). The features that distinguish the raw sludwes the hydrochars occur at ~8979 and ~8986
eV, with spectra of all hydrochars showing incragsntensity at these two positions. These two
features are characteristic of the presence of &adffide minerals (Figure S1). LCA results
showed the dominance of cubanite and chalcopynteghe hydrochars, with a combined
abundance of more than 80%, compared to less th#nid the raw sludges. Both cubanite and
chalcopyrite are important Cu minerals that typicérm under hydrothermal conditions and
intergrowth of these two minerals is commonly fouituseth et al., 1999; Schwartz, 1927).
Considering the presence of abundant Fe and Seisamples and the nature of hydrothermal
conditions, the formation of these minerals duftifC treatment is reasonable to expect. The
results suggest that Cu-Fe-sulfide minerals, imstgfapure Cu sulfides, are stable Cu phases
under the tested hydrothermal conditions.

Regarding the effects of HTC on Zn, the changdsviehg HTC are less significant than
those for Cu (Figure 2C). The most significant desare observed for HTC of anaerobic

sludge at 225 °C, with the abundance of Zn sulfi@agtzite) increasing from 79% in the raw
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sludge to 94% in the char. Zn-doped ferrihydrited amopeite may be stable under the
hydrothermal conditions, and little Zn was dissdlvand transformed into sulfides.
Spectromicroscopy results of the hydrochars frof 22 showed no substantial changes in the
morphology and distribution of Zn and Cu particata(Figure 3 panels C1-C3 for SHTC225,
Figure S4 panels C1-C3 for AHTC225). LCA of theXANES data showed that the trends of
Cu and Zn speciation evolution was similar to bxXi’kS analysis on the samples following HTC
treatment (more metal sulfides formed after HTGIE S3 and S4).

Although total S content similarly decreased dutHigC as during pyrolysis (Figure 1),
the predominance of Cu and Zn sulfide species HIffé&® treatment suggests that these inorganic
sulfides are relatively stable under hydrothermahditions. Under hydrothermal condition,
sulfide species can be released from organic sireEtand precipitate with chalcophile elements
such as Cu and Zn (Schulte, 2010). Formation o&hsetfides under hydrothermal conditions is
common in geological settings, where metal sulfides form (Hemley et al., 1992). Results
from this study suggest that S controls the speciaif chalcophile metals during hydrothermal
treatments of sewage sludge.

In terms of metal mobility as assessed by sequeetdraction, following HTC
treatments, the soluble/exchangeable and reduCiblfactions became negligible (<3 and 6%,
respectively) and the residual fraction was greatihanced, similar to the effect of pyrolysis
(Figure 4). Although the absolute metal contentthe oxidizable fraction remained mostly
unchanged, the relative abundance actually deae&dowing HTC (from 54% in the
feedstocks to 29-42% in hydrochars) (Figure 4A) €fect was similar for both activated and
anaerobic sludges. XAS fitting showed that Cu egitsdominantly as Cu-Fe-sulfide species,

which can patrtition into both the oxidizable angdideal fractions. The transformation of pure
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Cu sulfides to Cu-Fe-sulfides is possibly respdesior such stabilization during extraction
(since Cu sulfides raw sludges may consist of digrorof less stable organic Cu sulfides).
Regarding Zn, the soluble/exchangeable and redudibkttions decreased and the oxidizable
fraction increased after HTC treatment (Figure 4B)e residual fraction also increased, and was
more significant for hydrochars of activated slutlygn those of anaerobic sludge.

In summary, HTC also stabilizes heavy metals inttbatment products, although not as

effective as pyrolysis under the selected condition

4. Conclusions

The present study comparatively characterized apeni and mobility of Cu and Zn in
chars from pyrolysis and HTC treatments of bothvattd sludge and anaerobically digested
sludge, using sequential extraction, bulk XAS, aodpledu-XRF imaging andu-XAS. This
methodology helps gain a systematic and in-deptterstanding of heavy metal transformation
during pyrolysis and HTC treatments of sewage s#sdgvhich can not be achieved by
sequential extraction alone. Based on the resmigiraw the following conclusions:

(1) Combined chemical, spectroscopic, and microscopm@alyais provided detailed
speciation information in complex samples and esthbloss validation;

(2) Cu exists predominantly as sulfides and Zn as drilfiphosphate, and ferrihydrite-
associated species in activated sludge. Both CuZantiecame more sulfidized after
anaerobic digestion;

(3) Both Cu and Zn were desulfidized after pyrolyseatment at 250 and 450 °C, with Zn
became more associated with Fe minerals, while Gne mssociated with organic matters

(while great uncertainty existed due to poor f@jin
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(4) Despite S volatilization after HTC (similar to piysis treatment), Cu remained
extensively sulfidized after HTC at 175 and 225 bGt as Fe sulfides (chalcophile and
cubanite) instead of pure sulfides, and Zn wasdéiesed (with similar portions remained
as hopeite and Fe mineral associated species);

(5) Microanalysis showed that particulate forms of éhewetals experienced similar
transformation as revealed by bulk analysis, anthreed in similar sizes and dissociated
as in the feedstocks;

(6) Mobility of the metals was reduced after both pysed and HTC treatments, which can

be attributed to speciation transformation and magiroperty change (particularly for

pyrolysis).
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Table 1. Pyrolysis and HTC treatment conditionsn@a labels, and concentrations of major elemehtsaw and treated sludges.
Solid recovery and solid P content data for pyrislyseatments were from our previous w@Huang & Tang, 2016; Huang & Tang,
2015)

Sludge type Treatment Condition Sample label  Spolid recovery (%) C (%) P (%) Cu (mg/kg) Zn (mg/kg)
Raw Freeze dried Sludge - 35.3+0.4 41+01 160+ 9 340 £20
250°C, 4 h S250 69+6 39.5£0.2 57+0.1 2308 440 £ 60
Pyrolysis

Activated sludge 450°C, 4 h S450 46+1 34.0£0.7 8.9+0.1 32011 670+9
175°C, 16h SHTC175 5514 37.6£0.4 76+0.1 310+ 23 580 + 33

HTC
225°C, 16h SHTC225 49 +1 37.9+0.8 8.1+0.1 330+ 5 600 + 12
Raw Freeze dried Ana - 36.1+1.0 3.3%0.1 240 £49 510+ 25
250°C, 4 h A250 69+5 36.5+1.1 47+0.1 230+13 620+ 3
Anaerobically Pyrolysis 450°C, 4 h A450 47+6 29.8+ 1.2 7.2+0.2 430 +56 960 + 14

digested sludge ' — o o - -

175°C, 16h AHTC175 65+4 36.0+1.2 3.7+04 200 £ 46 450 £ 13

HTC
225°C, 16h AHTC225 50+5 38.3+0.1 6.1+0.1 330 +20 720 + 52




Table 2. Zn and Cu speciation in sludges and ttheiived chars, determined by linear combinatiotinfit (LCF) of Cu and Zn
EXAFS data. Data in the parenthesis are the peagentariation of the fit.

Cu speciation (%) Zn speciation (%)
S| cuoys | cuss Cubanie | Chacopytie | cu umic | Rifactor | (28 | Zdoped | Hopeile | Refactor
Sludge - 50 (19) 35 (11) - 15 (5.2) 0.45 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 (2.9) 0.26 Not measured
SHTC225 - - 42 (12) 58 (21) - 0.18 45 (2.3) 34 (7.0) 22 (7.8) 0.21
Ana 20 (15) 41 (11) 27 (8.8) - 12 (4.4) 0.31 77 (2.2) 8.3 (3.0) 15 (5.4) 0.12
A250 — 45 (9.1) 55 (14) — — 0.34 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 (4.4) - 17 (4.4) 0.36 71 (3.4) 6.8 (4.6) 23 (6.8) 0.24
AHTC225 - - 34 (19) 66 (19) - 0.34 94 (3.0) - 6.0 (5.8) 0.19
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Figure 1. Changes in the total S content in s@iti@es and S recovery following pyrolysis and

HTC treatments. Numbers are S recovery in the gui@se. Error bars of S content represent
standard deviation of measurememts: (3).
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Figure 2. Cu K-edge XANES (A) and-keighted EXAFS spectra (B), as well as Zn K-edge
XANES (C) and R-weighted EXAFS spectra (D) of activated sludgeaeanbically digested
sludge, and their chars. Raw and LCF fitted data sttown in solid and dashed lines,

respectively.
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Figure 3. Tricolou-XRF map of Zn, Cu, and Fe distribution in activhgtudge (Al), S250 (B1),
and SHTC225 (C1).The areas shown are 1xZ amd the scale bar represents 100 pm, with the
threshold values set at 50 (Cu), 100 (Zn), and 1@@). Also shown are the corresponding



XANES spectra of Cu (A2, B2, and C2) and Zn (A3, B&d C3) at different hot spots in the
corresponding XRF images. LCF fitting results toege spectra can be found in Table S3 and S4.
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Figure 4. Distribution of Cu (A) and Zn (B) in tlegueous extracts and solid residue during
sequential extraction of the raw sludges and tipgwochars and hyrochars. The relative
abundance of Cu/Zn in aqueous extract and the ssdidue was calculated by Cu/Zn content in
the extract/residue divided by total Cu/Zn contemtthe solid before chemical extraction

(determined by ashing and ICP-MS, the raw data wegsent in Table S3), error bar represents

standard deviation of measurememis: 3).



Highlights

* Anaerobic digestion enhanced sulfidation of Zn and Cu

» Pyrolysisinduced desulfidzation of Zn and Cu

» HTC transformed Cu-sulfides into Cu-Fe-sulfides, and has little effects on Zn
* Mohbility of Zn and Cu was reduced after pyrolysisand HTC



