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Part SI-1: Complementary analysis in raw and digested wastes

Table SI-1: Complementary major element concentrations in raw and digested wastes

Al Na Ca Mg K
R* D R D R D R D R D

okg gokg gokg gkg okg okg okg gokg gkg okg

PS 163 196 517 7.78 5224 46.88 16.11 2284 2285 45.96
MWFF 1431 2414 897 10.03 4741 7353 568 776 915 1361
SS 1190 19.08 0.78 486 1501 3163 475 785 815 17.32

SSGW 1059 17.77 082 238 1494 27.06 452 822 1027 21.49
*R = raw, D = digested

Table SI-2: Complementary trace element concentrations in raw and digested wastes

Mn Ti Pb Ni Cr Cd
R* D R D R D R D R D R D
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/lkg mg/kg mglkg
PS 639 625 119 161 24.2 11.3 121 124 175 17.2 0.45 0.55
MWFF 187 266 1296 2260 66.0 95.2 122 54.6 278 124 0.86 0.57
SS 92.7 171 791 1349  59.1 80.6 29.7 38.7 59.4 93.0 1.43 2.29
SSGW  86.3 171 957 1464  40.2 66.8 20.9 354 504 84.3 1.30 2.53

*R =raw, D = digested
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Part SI-2: Details concerning Zn and Cu K-edge EXAFS spectra data processing,
PCA, TT and LCF

Zn and Cu species in the samples were determined using libraries of Zn and Cu model compounds. A
methodology combining principal component analysis (PCA), target transformation (TT) and linear
combination fitting (LCF) was used.

Principal component analysis (PCA) defines the minimum number of significant independent sources
of variation. Those components, associated with a coefficient (eigenvalue), help explain the variance
of the data matrix®. Principal component analysis was performed using SixPack software (Stanford,
CA). For zinc, EXAFS k?xZn(k) spectra were used in the 2.5 to 10.7 A~! range, while for copper, EXAFS
k?xCu(k) spectra were used in the 2.5 to 10 A range. Tables SI-3 and SI-4 present the PCA output
parameters for Zn and Cu, respectively, including the component spectra and the variability explained
by the component (Var) for the first four components. The indicator values (IND) are assumed to be
minimal when the minimal number of components necessary to explain the data matrix (within the
experimental error range) is reached? 3. In this study, IND was minimum with three components for Zn
and two components for Cu.

Table SI-3: PCA results for zinc

Compoments Eigenvalue Variance Cumulative Variance IND
1 21.7 0.659 0.659 0.0216
2 3.99 0.121 0.781 0.0189
3 2.83 0.085 0.867 0.0148
4 1.36 0.041 0.908 0.0153
5 0.93 0.028 0.936 0.0176
6 0.64 0.019 0.956 0.0234
7 0.53 0.016 0.972 0.0338
8 0.34 0.010 0.982 0.0707
9 0.30 0.009 0.991 0.2666
10 0.27 0.008 1.000 NA

Table SI-4: PCA results for copper

Compoments Eigenvalue Variance Cumulative Variance IND
1 16.0 0.675 0.675 0.0134
2 2.45 0.103 0.778 0.0119
3 143 0.060 0.838 0.0125
4 1.13 0.047 0.886 0.0132
5 0.69 0.029 0.915 0.0167
6 0.54 0.022 0.937 0.0239
7 0.48 0.020 0.958 0.0382
8 0.44 0.018 0.976 0.0709
9 0.34 0.014 0.991 0.2081
10 0.21 0.008 1.000 NA

The PCA outputs (components and eigenvalues) are strictly mathematical variables without any
chemical meaning.
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Target transformation (TT) allows explaining the structural variation in the set of unknown samples
spectra by testing of chemical species used as standards. TT then redefines abstract components into
chemically meaningful real matrices. In this study, database references were tested by TT. The SPOIL
function was used to assess whether a given references was an acceptable target® 3 . This is a non-
negative dimensionless number for which < 1.5 values are considered to be excellent: 1.5-3 good, 3-
4.5 fair, 4.5-6 poor, and > 6 unacceptable. Tables SI-5 and SI-6 show the SPOIL values for all reference
compounds for Zn and Cu, respectively. Among these reference compounds, only 16 reference
compounds were selected for Zn and 10 for Cu, according to their acceptable SPOIL values.

Table SI-5. Reference compound database for Zn according to their SPOIL values for target
transformation with four components

Reference compounds selected SPOIL Reference compounds not selected SPOIL
nano-sphalerite 1.00 Zn hydroxide 4.62
Zn-histidine 2.02 kerolite 4.89
sphalerite 2.85 parahopeite 4.97
willemite 3.18 Zn-oxalate hydrate 5.04
Zn-citrate 3.34 Zn-LDH 5.07
Zn-cysteine 3.38 Zn-HIM 5.90
Zn-malic 3.54 Zn sulfate 8.32
apatite 3.67 ghanite 8.55
Zn-acetate dihydrate 3.75 zincite 11.5
Zn-phytate 3.97 franklinite 16.1
Zn-sorbed goethite 4.05
Zn-methionine 4.05
smithonite 4.09
Zn-sorbed ferrihydrite 4.10
Zn-metal 4.41
Zn-nitrate 4.42

Table SI-6: Reference compound database for Cu according to their SPOIL values for target
transformation with four components

Reference compounds selected SPOIL Reference compounds not selected SPOIL
Cu_l_Methionine 1.20 Cu_l_acetate 3.64
Cu_ll_histidine 1.92 Cu_lIl adsorb_ferrihydrite 3.94
Cu_ll_phtalocyanine 1.97 chalcopyrite 3.99
Cu_Il_Malic 2.20 Cu sulfate 4.37
Cu_ll_galacturonic 2.23 Cu_ll_acetate 4.43
chalcocite 2.23 covellite 4.76
Cu_ll_phenylalanine 2.68 Cu hydroxide 5.25
Cu_ll_gluconate 2.89 malachite 5.83
Cu_|_thiophenolate 3.02 cornetite 6.68
Cu metal 3.07 cuprite 7.96
Cu_l_cysteine 3.18 tenorite 8.04
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In complex matrices like organic wastes, the classical “shell by shell” fitting approach may be unsuitable
because of the numerous second neighbor nature, distance, and number possibilities®. Alternatively,
since the EXAFS spectrum of the unknown sample is a weighted sum of all species spectra present, the
atomic fraction of each metal species can be obtained by linear combination fits (LCF) of this spectrum
to reference spectra®. For the spectral reconstruction of our sample by LCF, we tested all three
component combinations with these significant references. We also tested LCFs using successively
two, three and four components. LCFs with n + 1 components were retained if the normalized sum-
squares residual was decreased by more than 20% compared to the fit with n components 5 °.

N 2
z [kzl(kl )measured - kzl(kl )fitted]
NSS =100x = (1)

'Nzl [k 2;((ki )measured ]2

N is the number of points, k*(ki)measured is the EXAFS spectrum of the sample in the k-space and k?x(ki)fitted is the
EXAFS fit in the K-space

These criteria enabled us to determine two or three significant components in all of the studied organic
waste samples. Table SI-7 and SI-8 present the LCF results for Zn and Cu, respectively.

Table SI-7: proportion (%) of Zn reference compounds in each waste determined by the linear
combination fits of Zn EXAFS

References

Sample name NSS Sum
Zn phytate Zn asorbed ferrihydrite Nano-sphalerite Zn histidine
PS 39% 70% 2.35 109%
PS_D 93% 23% 3.38 112%
MWEFF 83% 13% 13% 1.53 109%
MWEFF_D 71% 28% 11% 1.55 109%
SS 54% 22% 25% 1.73 101%
SS_D 60% 13% 32% 1.89 104%
SSGW 62% 30% 7% 1.61 99%
SSGW_D 47% 12% 47% 2.23 106%

Table SI-8: proportion (%) for Cu reference compounds in each waste determined by linear
combination fits of Cu EXAFS

References NSS  Sum

Sample Name  Cu(ll)phtalocyanine Cu(ll)histidine Cu(ll)galacturonic Cu(l)methionine

PS 45% 36% 15% 440 96%
PS_D 78% 23% 3.60 100%
MWFF 29% 36% 27% 279 92%
MWFF_D 18% 33% 49% 355 99%
SSGW 28% 27% 39% 2.00 94%
SSGW_D 44% 46% 258  90%
SS 56% 34% 436 89%
SS_D 50% 54% 4.09 103%
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Part SI-3 Reference compound database for XAS

Table SI-9: Reference compound database for Zn

Reference compounds [Formula]

Neighbors atoms (symetry)

Bibliographic reference

nano-sphalerite [ZnS]
Zn-histidine [Zn(C6HIN302)2]
sphalerite [ZnS]

willemite [Zn2SiO4]

Zn-citrate [Zn(C2H302)2.2H20]
Zn-cysteine [Zn(C3H7NO2S)4]
Zn-malic [Zn(C4H605)2]

apatite

Zn Acetate [Zn(C2H302)2.2H20]
Zn_Phytate [Zn(C6H8(PO4)6)]
Zn-sorbed goethite [Zn-(Fe0)2]
Zn-Methionine [Zn(C5H11NO2S)2]
smithonite [ZnCO3]
Zn-sorbed-fhyd [Zn-(FeO)2]
Zn-metal [Zn]

Zn-nitrate [Zn(NO3)2]

4S@234 A
4N @ 2.02-2.04 A
4S@234A;12Zn @ 3.83;12S @ 4.49

40 @ 1.91-1.98 A; 4 Zn @ 3.09-3.24 A; 4Si @ 3.11-3.32 A

60 @ 2.03-2.29 A

4S@234A;3c@329A
420@201A;19Cc@28A

530 @1.98A;16P@3.15A; 1.5Zn @ 3.36 A
60@212-218 A

390 @1.96 A; 1P @ 3.08 A

60 @ 2.07-2.15 A

2N/O @ 2.03A; 25 @ 231 A

60 @ 2.10 A; 6C @ 2.99; 60 @ 3.19; 6n@3.66
40 @ 1.93-20 A

12Zn @ 2.66 A; 6 Zn @ 2.91; 6 Zn @ 3.95

60 @2.09 A

6

7

8

10

10

11

10

12

13

11

12

14

Zn hydroxide [Zn(OH)2]

kerolite [Si4Zn3010(0OH)2]
parahopeite [Zn3(P0O4)2.4H20]
Zn Oxalate [Zn(C2H204)2.H20]
Zn_LDH [Zn1-xAlx (OH)2]x
Zn-HIM

Zn sulfate [ZnSO4.H20]

ghanite [ZnAl204]

zincite [Zn0O]

franklinite [ZnFeO4]

40 @ 1.95-1.97 A

540 @ 2.07 A;6Zn @ 3.11A; 4.7, Si @ 3.30 A
Site 1: 60 @ 2.10 A; Site 2: 40 @ 1.92-2.00 A
40 + 20 from H,0
50@207A;39Zn@3.12A
570@205A;38A1@3.05A

560 @ 2.07 A;

440 @ 1.97 A; 145A1 @ 341 A

40@196A; 12Zn@ 322 A

40 @1.96 A; 12Fe @ 3.51 A

15

16

17

15

11
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Figure SI-1: a) Zn k?x(k) EXAFS spectra selected inorganic zinc references and b) their respective
radial distribution functions.
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Figure SI-2: a) Zn k?x(k) EXAFS spectra selected organic zinc references and b) their respective radial

distribution functions.
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Table SI-10: Reference compound database for Cu

Reference compounds [Formula] Oxidation state | Neighbor atoms (Symmetry) Bibliographic reference
Cu-Methionine Cu(l) 3 S (trigonal) 18
Cu-histidine Cu(ll) 4 O/N (Sq. planar) 19
Cu-phtalocyanine Cu(ll) 4 N (Sq planar) 2
Cu-Malic Cu(l) 5/6-O-ring 21
Cu-galacturonic Cu(ll) 6 O (Dist. Oh) 2
chalcocite [Cu2S] Cu(l) 3 S (trigonal) and 2 S (linear) 3
Cu-phenylalanine Cu(ll) 4 O (tetragonal) 2
Cu-gluconate Cu(ll) 4 0 (Sq. planar) 2
Cu-thiophenolate [Cu(C6H5S)] Cu(ll) 3 S (trigonal) 26
Cu Metal [Cu] Cu(0) 12 Cu 27
Cu-cysteine [Cu(C3H7025N)] Cu(l) 3 'S (trigonal) 28
Cu-acetate [Cu(C2H302)] Cu(l) 250 25
Cu sorb Ferrihydrite [(=Fe0)3-Cu] Cu(ll) 6 O (dist. Oh) 2
chalcopyrite [CuFeS2] Cu(ll) 4S(Td) 30
Cu sulfate [CuSO4 5H20] Cu(ll) 6 O (Dist. Oh) 27
Cu-acetate [Cu(C2H302)2] Cu(ll) 50 31
covellite [CuS] Cu(ll) 45 (Td) and 3 S (trigonal) 23
Cu hydroxide [Cu(OH)2] Cu(im) 6 O (Dist. Oh) 32
malachite [CuCO3] Cu(ll) 6 O (Dist. Oh) 33
cornetite [Cu3PO40H3] Cu(ll) 6 O (Dist. Oh) 34
cuprite [Cu20] Cu(l) 2 O (linear) 35
tenorite [CuO] Cu(ll) 4 0 (Sq planar) 27
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Figure SI-3: a) Cu k2x(k) EXAFS spectra of the selected Cu references with an oxidation state of 2
and b) their respective radial distribution functions.
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Figure SI-4: a) Cu k?x(k) EXAFS spectra of the selected Cu references with an oxidation state of 1
and b) their respective radial distribution functions.
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Figure SI-5: a) Cu k2x(k) EXAFS spectra of the selected Cu metal reference and b) its respective
radial distribution functions.
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Part SI-4: Comparison of EXAFS spectra of crystalline sulphides and organic or
amorphous sulphides
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Figure SI-6: Comparison of k2x(k) EXAFS spectra of crystalline sulfides and organic or amorphous
sulfides for a) zinc and b) copper and their respective radial distribution functions c) zinc and d)
copper.

The EXAFS spectrum of nano-sphalerite (i.e sphalerite of around 3 nm in size) differs from that of bulk
sphalerite (Figure SI-1a), specifically regarding the oscillations at 3.5, 5, 6.45 and 8.05 A that are more
pronounced in the EXAFS spectrum of bulk sphalerite. The first coordination shell is the same in both
cases, with four S atoms at 2.34 A® 3¢, However, the second coordination shell is different, i.e. in the
bulk sphalerite there are 12 Zn atoms at 3.83 A, while in nano-sphalerite there are only 6 Zn atoms at
3.83 A% 3¢ This difference is visible in the radial distribution function (Figure Sl-1c) where the second
peak representing the Zn-Zn distance is lower for nano-sphalerite. Sphalerite nanoparticules exhibit a
high fraction of under-coordinated surface atoms. Hence, the average Zn neigbouring atoms in the
second coordination shell for nano-sphalerite is lower than for bulk sphalerite, leading to a less
structured EXAFS spectrum.

The EXAFS spectra of Cu(l)methionine and chalcocite are quite similar (Figure SI-1b). In the two
references, the first coordination shell presents S atoms at around 2.29 A8 2326 The EXAFS spectrum
of chalcocite presents a second peak (Figure SI-1d) that could be interpreted as indicating the presence
of S atoms at 2.90 A2, Note that this peak was not observed with Cu(l)methionine (Figure SI-1d).
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Part SI-5: Complementary XAS information for samples
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Figure SI-7: Radial distribution functions for all studied samples at Zn k edge.
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Figure SI-8: Radial distribution functions for all studied samples at Cu k edge.
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Figure SI-9: Zn XANES for SS and MWFF and their digested counterparts

Figure SI-4 shows that the Zn XANES is very similar for the studied samples. Therefore, it has not been
used to perform the LCF.
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