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Text S1. Sequential chemical extraction (SCE)

Sequential extraction of raw sludge, hydrochars, and AD solids was performed using the
three-stage Community Bureau of Reference (BCR) procedure.! Briefly, each solid sample (~ 0.25
g) was sequentially extracted by 20 mL of chemical solutions defined as: (1) acid soluble (0.11 M
acetic acid for 16 h); (2) reducible (0.1 M hydroxylamine hydrochloride at pH 2.0 for 16 h); (3)
oxidizable (4 mL 30% H20O. for 16 h, air dried, then 1 M ammonium acetate at pH 2.0 for 16 h);
and (4) residue (ashed at 550 °C in a muffle furnace, then digested by aqua regia). An aliquot of
the extract from each step was diluted, mixed with scandium solution (an internal standard; final
concentration at 25 ppb), and analyzed for element concentrations using inductively coupled
plasma-mass spectrometry (ICP-MS). All extractions were performed in duplicate. The percentage
of each fraction was calculated by metal concentration in the extract/residue divided by the total
metal concentration, which was measured after aqua regia digestion of the unreacted solids.

Text S2. XAS analyses

X-ray absorption spectroscopy (XAS). Cu and Zn K-edge X-ray absorption near edge
structure (XANES) spectra were collected using a 13-element Ge solid state detector at Beamline
4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL; Menlo Park, CA, USA) and a
Vortex detector at Beamline 12-BM at Advanced Photon Source (APS; Lemont, IL, USA). Freeze-
dried solid samples were evenly dusted on a Scotch tape and mounted on the sample holder. Cu or
Zn metal foils were used for energy calibration. Both fluorescence and transmission data were
collected. The fluorescence data were used for the sludge related samples, and reference
compounds used the transmission data.

Micro X-ray fluorescence (u-XRF) imaging and p-XANES. Synchrotron p-
XRF/XANES analyses were conducted on the dried solids at Beamline 2-3 at SSRL and Beamline
5-1D at National Synchrotron Light Source Il (NSLS-II, Upton, NY, USA). Solid samples were
dusted on a Kapton tape and mounted to the sample stage. Element maps were collected at an
incident beam energy of 12 KeV with a beam size of 5 x 5 pm? (SSRL) or 10 KeV with a beam
size of 1 x 1 um? (NSLS-11). The software SMAK and PyXRF were used for processing SSRL
and NSLS-1I image data, respectively. Cr K-edge u-XANES spectra were collected at selected hot
spots. Cr foil was used for energy calibration. The u-XANES data were processed using the same
procedure as described for the bulk Cu and Zn XANES data.

LCF analyses of Cu, Zn, and Cr XANES data were performed at an energy region of -20
to +100 eV relative to the edge energy. LCF analyses of Cu and Zn EXAFS data were also
conducted in the k® weighted y-space (3 — 11.5 AY). Energy shifts were not allowed during the
LCF analyses.

Text S3. Changes in the total concentrations of Cu, Zn, and Cr

Regardless of the treatment sequence (HT-AD versus AD-HT-AD), the concentrations of
Cu, Zn, and Cr in the process waters derived from HT or AD are all under 10 ppb, suggesting that
heavy metals are retained in the solids. For HT-AD system, the concentrations of Cu, Zn, and Cr
in the hydrochars increase with HT temperature as compared to raw sludge (Figure S3a and S3c).
The enrichment of heavy metals in the hydrochars is due to the decreased solid mass from the
conversion of organic matter to biogas and carbonization during HT.? The total concentrations of
Cu and Cr in HT hydrochars and the subsequent AD solids are comparable. However, Zn
concentrations is slightly higher in the AD solids than the HT hydrochars, especially for the sludge
treated by low-temperature HT (i.e., 90 and 125 °C). This suggests that Cu and Cr are retained in
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the solid phase during subsequent AD whereas Zn experienced some mobilization. For AD-HT-
AD system, the total concentrations of Cu, Zn, and Cr in sample A15 increase as compared to raw
sludge (Figure S3b and S3d), and further increase in the subsequent HT hydrochars and final AD
solids.
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Table S1. Sample label, chemical formula, and source of reference compounds used for linear

combination fitting (LCF) analyses of Cu and Zn XANES data.

Element| Sample (label) Synthesis or source Reference
Cu,S
CuS ©)
Cu-phosphate Cu3(PO4)2
. CuFeS;, from Harvard University .
Chalcopyrite Mineralogical & Geological Museum This work
Cu Cu(OH),
Cu adsorbed on 5 mM Cu?* and 100 mg ferrihydrite in 20
ferrihydrite mL solution with 10 mM NacCl, pH 6.0,
(Cu_ad_Fhyd) 24 h, collected by 0.45 um filtration @)
5 mM Cu?* and 20 mg Elliot soil humic
Cu-humic acid complex | acid (IHSS) in 20 mL solution with 10
(Cu_Humic) mM NaCl, pH 2.9, 24 h, collected by 0.45
pm filtration
sphalerite (Zn,Fe)S, Ward’s Natural Science
Zn adsorbed on 5 mM Zn?* and 100 mg ferrihydrite in 20
ferrihydrite mL solution with 10 mM NacCl, pH 6.0,
(Zn_ad_Fhyd) 24 h, collected by 0.45 pm filtration
5mM Zn?* and 10 mg Elliot soil humic | (2)
7n Zn-humic acid complex | acid (IHSS) in 20 mL solution with 10
(Zn_Humic) mM NaCl, pH 3.2, 24 h, collected by 0.45
pm filtration
ZnS Alfa Aesar
nano-Zns Synthesized following Le Bars et al.* This work
hopeite Zn3(PO4)2:4H.0 (5)
Cr(l1)-humic complex . . .
(Cr(ilh)-humic) Cr(I11) complexing with peat humic acid | (6)
Cr,03 Alfa Aesar This work
Cr(OH)3 ()
FEO,QCro,l(OH)s
Cr )
Feo2Crog(OH)3
fuchsite K(AI,Cr)2(AlSiz010)(OH),, Smithsonian .
- ( )?( - 1?)( .)2 This work
uvarovite CasCr2(Si04)3, Smithsonian
K,CrO4 (8)
CaCrO, 9)
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Table S2. Relative abundance of Cu species determined from LCF analysis of Cu XANES spectra
of the solid samples from HT-AD and AD-HT-AD systems. LCF derived errors are given in
parentheses.

Cu species (%)
System Sample CusS CUS crzglﬁgzégte Cu(OH), R-factor
raw sludge - 61.3(6.2) 28.3(3.1) 10.4(0.5) 0.0020
AT9 35.7 (3.4) 59.0 (4.7) - 5.3(0.4) 0.0009
H90 89(49) 744(6.9) 104(34) 6.3(0.6) 0.0025
HT-AD H90A  23.7(3.1) 71.3(4.3) - 5.0 (0.4) 0.0007
H155 7.7(4.8) 724(6.7) 13.2(3.4) 6.7(0.6) 0.0024
H155A  23.8(3.3) 72.4 (4.7) - 3.8(0.4) 0.0009
H185 11.2(7.0) 66.0(9.7) 15.1(4.8) 7.7(0.8) 0.0051
H185A  8.0(2.1) 92.0(0.8) - - 0.0012
raw sludge - 61.3(6.2) 28.3(3.1) 10.4(0.5) 0.0020
Al5 - 61.5(6.1) 29.0(3.00 9.5(0.5) 0.0019
A89 44.7 (3.3) 55.3 (4.6) - - 0.0008
AH90 - 575(6.3) 32.7(3.1) 9.8(0.5) 0.0020
AH90A 34.2(3.6) 61.4(5.0) - 4.4 (0.5) 0.0010
AD-HT-AD  AH125 - 55.8 (6.6) 34.2(3.3) 10.0(0.5) 0.0022
AH125A 359 (4.6) 60.0 (4.6) - 4.1(0.4) 0.0008
AH155 - 59.3(7.6) 329(3.7) 7.8(0.7) 0.0031
AH155A 21.7 (3.1) 74.9 (4.4) - 3.4 (0.4) 0.0008
AH185 - 53.1(5.9) 39.1(29) 7.8(0.5) 0.0018
AH185A - 81.7(44) 146(2.1)- 3.7(0.4) 0.0008
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Table S3. Relative abundance of Cu species determined from LCF analysis of Cu EXAFS spectra
of the solid samples from HT-AD and AD-HT-AD systems. LCF derived errors are given in
parentheses.

Cu species (%)
System Sample CuS CuS crzacdﬁggyézl)te Cu(OH), R-factor
raw sludge - - 86.5(5.2) 13.5(4.2) 0.2463
A79  54.6(16.2) 32.6 (12.4) 12.8(3.8) 0.2662
H90 - - 79.3(5.1) 20.7 (4.2) 0.2504
HT-AD HI90A 42.8(14.5) 4.0(115) 38.0(11.2) 15.2(3.3) 0.2170
H155 - - 82.6 (7.1) 17.4(5.8) 0.3923

H155A 14.8 (15.3) 41.9 (12.2) 29.9 (11.9) 13.4(3.5) 0.2299

H185 - - 773 (5.2) 22.7(6.6) 0.4602
H185A - 17.4 (135) 61.5(13.2) 21.1(4.0) 0.2401
raw sludge - - 86,5 (5.2) 13.5(4.2) 0.2463
A15 - - 76.6 (4.2) 23.4(3.4) 0.1819
AB9  40.9 (14.0) 23.8 (11.1) 19.9(10.8) 15.4(3.1) 0.2173
AH90 - - 82.2(4.2) 17.8(3.4) 0.1907

AH90A 28.3(15.3) 20.9 (12.0) 32.9(11.7) 17.9(3.5) 0.2323
AD-HT-AD AH125 - - 79.2(5.1) 208 (4.1) 0.2473
AH125A 26.7 (12.6) 19.5(9.9) 44.2(9.7) 9.6(2.9) 0.1626

AH155 - - 88.3(6.8) 11.7(5.5) 0.3653
AH155A 15.1 (14.4) 23.0 (11.5) 49.6 (11.1) 12.3(3.3) 0.1962
AH185 - - 85.3(5.3) 14.7 (4.3) 0.2618

AH185A 9.2 (12.4) 32.5(9.8) 47.6(9.5) 10.7(2.7) 0.1554
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Table S4. Relative abundance of Zn species determined from LCF analysis of Zn XANES spectra
of the solid samples from HT-AD and AD-HT-AD systems. LCF derived errors are given in
parentheses.

Zn species (%)

System Sample NAN0-ZNS (?gr;?lggl)tg) Zn ad Fhyd Zn_humic R-factor
raw sludge 63.2 (3.5) 31.1(3.3) 5.7 (0.6) - 0.0008

AT79 48.8(3.2) 19.5(3.0) 31.7(0.5) - 0.0006

H90 61.2 (2.7) 31.8(2.6) 7.0 (0.5) - 0.0005

HT-AD H90A  359(3.2) 250(34) 21.1(20) 18.0(1.4) 0.0004
H155 59.6 (4.1) 35.1(3.8) 5.3(0.7) - 0.0010

H155A  335(0.7) 30.0(0.4) 23.8(1.8) 12.7(1.2) 0.0005

H185 57.8(4.2) 36.7(39) 55(0.7) - 0.0011

H185A  25.0(3.4) 37.4(36) 182(22) 19.4(15) 0.0006

raw sludge 63.2(3.5) 31.1(3.3) 5.7 (0.6) - 0.0008

Al5 58.0(3.1) 32.3(29) 9.7(05) - 0.0006

A89 452(2.6) 27.8(28) 149(17) 121(1.2) 0.0004

AH90  57.2(31) 359(29) 6.9(0.5) - 0.0006

AH90A  40.8(3.2) 357(34) 12.1(2.0) 11.4(1.4) 0.0005

AD-HT-AD  AH125 57.2(31) 359(29) 6.9(0.5) - 0.0006
AH125A 355(34) 31.7(36) 143(21) 185(15) 0.0005

AH155 54.1(3.8) 40.2(35) 5.7(0.6) - 0.0009

AH155A 25.0(5.2) 37.4(55) 14.3(3.2) 23.3(2.3) 0.0011

AH185 50.0 (3.6) 42.2(3.4) 7.8 (0.6) - 0.0008

AH185A  20.2(37) 41.2(39) 249(23) 13.7(16) 0.0006
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Table S5. Relative abundance of Zn species determined from LCF analysis of Zn EXAFS spectra
of the solid samples from HT-AD and AD-HT-AD systems. LCF derived errors are given in
parentheses.

Zn species (%)

System Sample nano-ZnS &;:?IEQ;S) Zn_ad_Fhyd Zn_humic R-factor
raw sludge 92.9 (5.4) 7.1(7.6) - - 0.0912

A79 58.6 (7.0) 18.1(4.3) 23.3(4.8) - 0.1395

H90 89.1(4.0) 10.9(4.8) - - 0.0753

HTAD H90A  456(6.0) 16.4(3.7) 252(6.4) 12.8(6.6) 0.1282
H155 84.2 (45) 15.8(5.4) - - 0.0985

H155A  53.1(6.7) 12.1(41) 225(7.1) 12.3(7.4) 0.1482

H185 78.1(3.9) 21.9(2.8) - - 0.0801

H185A 49.8 (56.,5) 125(3.4) 26.3 (5.9) 11.4(6.0) 0.1104

raw sludge 92.9 (5.4) 7.1(7.6) - - 0.0912

Al5 83.5(4.9) 16.5(3.6) - - 0.1279

A89 64.5(8.4) 35.5(8.9) - - 0.2394

AH90  71.1(53) 17.6(35) 11.3(3.9) - 0.1049

AH90A  541(45) 109(27) 221(47) 12.9(50) 0.0739
AD-HT-AD  AH125 755(4.8) 127(3.1) 11.8(3.6) - 0.0896
AH125A  64.0(5.1) 169(3.1) 93(55  98(5.6) 0.079

AH155  74.9(37) 25.1(2.7) - - 0.0712
AH155A 385(56) 154(3.4) 108(58) 353(6.1) 0.1098
AH185  76.3(65) 23.7 (4.3) - - 0.1340

AH185A  40.8(5.3) 17.3(3.3) 20.0(5.6) 21.9(5.9) 0.0872

S8



Table S6. Relative abundance of different Cr species determined from LCF of Cr K-edge pu-XANES data of the solid samples from HT-
AD and AD-HT-AD systems. LCF derived errors are given in parentheses.

Cr species (%)

System Sample R-factor
y P Cr(lI-humic  FeosCro1(OH)3 Feo.2Cros(OH)3 Cr(OH); Cr03 fuchsite  uvarovite
Spot1l  93.1(0.5) 6.9 (0.4) - - - - - 0.0191
raw sludge
Spot2  87.6(8.0) 12.4 (0.4) - - - - - 0.0189
A79 Spot1l  40.4 (10.0) 275 (7.0) 32.1(7.0) - - - - 0.0338
Spot2 517 (2.8) - - 108 (33) 37.6(4.2) - - 0.0031
HoO Spotl 17.6(8.3) 49.9 (10.4) - - 325(8.2) - - 0.0129
Spot2  21.2(1.3) 10.8 (2.8) 20.0 (1.9) - - 48.0 (4.5) - 0.0181
Spotl  11.8(9.5) 22.0 (9.0) - 66.2 (5.5) - - - 0.0218
H90A
HTAD Spot2  70.3(8.2) 19.4 (9.2) - - - 10.3(5.9) - 0.0349
155 Spot 1 - 68.2 (3.2) - - 17.3(5.0) 145(3.2) - 0.0098
Spot 2 - 38.5 (9.3) - - 216 (8.7) 39.9(6.9) - 0.0214
H155A Spot1l  39.0(10.0) 5.9 (4.4) - 55.1(7.0) - - - 0.0202
Spot 2 - 36.9 (8.5) - - 63.1(9.1) - - 0.0413
185 Spot 1 ; - - - 70.7 (7.1) - 29.3 (4.1) 0.0731
Spot 2 . - - - 75.5 (9.9) - 24.5(9.7) 0.0387
Spot 1 - 54.2 (6. - - 45.8 (10.1 - -
igsa P (6.8) (10.1) 0.0163
Spot 2 - - 79.6 (8.5) - 20.4 (8.6) - - 0.0112

S9



continued

Cr species (%)

System Sample - - —R-factor
Cr(ll)-humic FeosCro1(OH)s Feo2Cros(OH); Cr(OH)s Cr,03 fuchsite uvarovite
Spot1l 93.1(0.5) 6.9 (0.4) - - - - - 0.0191
raw sludge
Spot2 87.6(8.0) 12.4 (0.4) - - - - - 0.0189
ALS Spot 1 - 67.7 (9.5) - 32.3(4.9) - - - 0.0141
Spot2 81.9(5.6) - - 18.1 (5.7) - - - 0.0160
Spot1l 53.9(8.8) - - 46.1 (9.0) - - - 0.0311
A89  Spot2 - 75.7 (3.6) - 24.3 (3.6) - - - 0.0099
Spot 3 - 61.3 (1.4) 13.3(3.6) 25.4(3.8) - - - 0.0050
AH90 Spotl 64.2(6.3) - - - - 35.8(7.1) - 0.0468
Spot2 51.8(7.3) - - 48.2 (7.6) - - - 0.0316
Spot 1 - - 55.2 (4.6) 44.8 (1.3) - - - 0.0392
AH90A
Spot 2 - - 529(7.8) 47.1(7.8) - - - 0.0232
AD-HT-AD AHL25 Spot 1 - - - - 12.0 (4.0) 88.0 (4.0) - 0.0159
Spot 2 - - - - 7.0(3.3) 93.0(2.6) - 0.0372
Spot 1 - - 55.2 (4.6)  44.8(1.3) - - - 0.0147
AH125A
Spot 2 - - 447 (7.8) 17.9(3.3) 37.4(3.4) - - 0.0267
Spot 1 - - - 26.2 (7.5) - 73.8(9.5) - 0.0136
AH155
Spot 2 - - - 31.7(7.1) 5.2(6.9 63.1(9.1) - 0.0135
Spot 1 - - - 91.6 (9.0) 8.4(9.1) - - 0.0317
AH155A
Spot 2 - - - 949 (4.7) 5.1(4.8) - - 0.0144
Spot 1 - - - - 20.4 (7.6 - 6 (7.
Aplgs PO (7.6) 79.6 (7.5) 0.0391
Spot 2 - - - - 66.9 (4.1) - 33.1(5.0) 0.0654
Spot 1 - 14.0 (7.1) - 86.0 (4.8) - - - 0.0101
AH185A
Spot 2 - - 340(9.1) 66.0(8.3) - - - 0.0427
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Figure S1. Cu, Zn, and Cr XAS spectra of the reference compounds listed in Table S1. (a) and (b)
Cu XANES and corresponding EXAFS spectra, respectively; (c) and (d) Zn XANES and
corresponding EXAFS spectra, respectively; (e) Cr XANES spectra.
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Figure S2. X-ray diffraction pattern of nano-ZnS.
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Figure S3. Total contents of Cu, Zn, and Cr in raw sludges, hydrochars, and AD solids from HT-
AD (a and ¢) and AD-HT-AD (b and d) systems. Error bars indicate the standard deviation of
measurements (n = 4).
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Figure S4. Cu K-edge XANES spectra of raw sludge, HT hydrochars, and AD solids from (a) HT-
AD system and (b) AD-HT-AD system. Black, magenta, red, and blue lines are for raw sludge,
A15, HT hydrochars, and AD solids, respectively. Right panels are zoomed views of edge features
highlighted by dashed lines in left panels.
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Figure S5. The first derivative of Cu K-edge XANES spectra of raw sludge, HT hydrochars, and
AD solids from (a) HT-AD system and (b) AD-HT-AD system. Black, magenta, red, and blue
lines are for raw sludge, A15, HT hydrochars, and AD solids, respectively.
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AD and (b) AD-HT-AD systems. Black, magenta red, and blue lines are for samples raw sludge,
A15, HT hydrochars, and AD solids, respectively.
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Figure S9. Linear combination fitting (LCF) of Zn K-edge XANES spectra of raw sludge, HT
hydrochars, and AD solids from (a) HT-AD and (b) AD-HT-AD systems. Raw and LCF fitted data
are shown in black and red lines, respectively.
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Figure S10. Results of LCF of Zn k3-weighted EXAFS spectra of raw sludge, HT hydrochars, and
AD solids from (a) HT-AD and (b) AD-HT-AD systems. Raw and LCF fitted data are shown in
black and red lines, respectively.
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Figure S11. Tricolor p-XRF images of Cr, Fe, and Si distribution in raw sludge, HT hydrochars,
and AD solids. Scale bars are 100 or 200 um, and the threshold value (arbitrary) in the images
were set at 50 (Cr), 1000 (Fe), and 50 (Si). The corresponding Cr K-edge pu-XANES spectra at
different hot spots in the u-XRF images are in Figure S12.
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Figure S12. Linear combination fitting (LCF) of Cr K-edge u-XANES spectra of raw sludge, HT
hydrochars, and AD solids from HT-AD and AD-HT-AD systems. Raw and LCF fitted data are
shown in black and red lines, respectively.
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