APPENDIX

Appendix 1.DOC values for the various liquid to solid ratio.
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Appendix 2. Concentration values from of the various elements measured (L/S 2)

mg/kg ‘ mg/kg ‘ mg/kg mg/kg mg/kg ‘ mg/kg ‘ mg/kg ‘ mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Mn Fe ‘ Cu Zn Pb ‘ Mg Ca ‘ K Na As Cd Ba Ti JA\| Sr Si

LC 0% 16.5 93.8 11 74.9 23.8 14.8 76.6 1699 | 6.7 1.7 0.8 2.0 0.2 28.0 0.2 32.6 60.7

LC 30% 19.3 18.7 0.4 1186 | 5.3 27.2 129.3 | 1282 | 6.2 0.5 1.2 1.9 0.1 6.1 0.5 28.9 42.9

LC 60% 11.6 6.3 0.3 1451 | 21 32.5 159.8 | 1315 | 6.7 0.0 1.4 2.0 0.0 2.0 0.5 30.9 41.0

LC 90% 1809 | 77.8 1.4 38.3 28.9 21.6 1024 | 1573 | 54 1.5 0.7 2.3 0.3 28.7 0.3 60.4 62.3

LC 130% 1015 [ 1331 |14 50.4 43.0 15.7 744 99.6 6.0 2.6 0.7 2.0 0.3 32.8 0.2 57.3 62.5

LCF1 21.8 1166 | 1.2 754 32.7 14.6 72.7 158.1 |59 1.7 0.9 2.1 0.2 334 0.2 36.7 69.9

LCF2 9.7 8.6 0.2 1412 | 20 32.9 161.2 | 1516 | 8.2 0.3 14 2.2 0.1 4.1 0.6 34.3 48.4

nZVI1 0% 44.4 94.8 1.3 84.6 24.8 211 1141 | 1042 | 83 1.1 0.9 1.9 0.3 29.8 0.3 40.8 744

nZVI1 30% 40.1 49.3 0.6 76.5 10.9 22.0 110.1 | 109.1 | 8.6 0.6 0.8 15 0.2 19.0 0.3 35.8 64.9

nZV1 60% 13.1 9.8 0.2 1211 [ 24 29.3 1455 |109.0 | 7.2 0.1 1.2 1.7 0.1 4.2 0.5 30.6 48.4

nZV1 90% 1504 | 21.8 0.6 4.1 3.5 20.6 86.1 150.7 [ 7.9 0.1 0.2 1.3 0.1 4.7 0.2 68.9 28.2

nZV1130% | 87.0 88.4 1.0 10.7 16.4 12.9 52.8 1118 | 3.9 1.1 0.2 1.4 0.3 12.3 0.2 50.6 32.7

nZVIF1 19.9 116.2 | 1.2 62.8 284 12.7 57.3 84.3 3.7 1.5 0.7 1.9 0.1 28.6 0.2 33.8 62.0

nZVvI F2 155 4.0 0.2 1319 | 1.0 33.6 1737 | 2827 |82 0.0 15 2.2 0.0 1.7 0.6 31.6 45.9




Appendix 3. Concentration values from of the various elements measured (L/S 5)

mg/kg  mag/kg  mag/kg mg/kg | mg/kg | mg/kg  mg/kg  mg/kg mg/k mg/kg  mg/kg mg/kg  mg/kg mg/kg  mg/kg mg/kg

Mn Fe Cu Zn Pb Mg Ca K

LC 0% 10.60 | 63.19 | 0.83 50.89 | 19.11 | 8.23 4341 | 56.39 | 1137 | 1.00 0.52 1.60 0.09 16.19 | 32.88 | 16.48

LC 30% 10.73 | 94.86 | 0.46 62.30 | 11.23 | 1643 | 6477 | 7051 | 1230 | 1.13 0.65 1.56 1.55 89.01 | 13356 | 1545

LC 60% 10.08 | 11411 | 0.55 8041 | 1438 | 20.20 | 76.83 | 66.74 | 1221 | 1.30 0.77 1.80 1.77 105.40 | 156.26 | 17.29

LC 90% 113.09 | 214.77 | 1.45 48.24 | 3640 | 2359 | 59.63 | 70.09 | 1186 | 2.82 0.63 249 3.54 211.71 | 286.44 | 29.59

LC 130% 60.61 | 176.93 | 1.19 4421 | 3539 | 15.06 | 4484 |5599 | 1420 | 2.70 0.54 212 2.15 137.46 | 185.56 | 22.64

LCF1 16.13 | 206.40 | 1.19 60.39 | 2896 | 17.66 | 4469 | 6511 | 1184 | 257 0.60 2.36 2.86 175.06 | 238.19 | 20.77

LCF2 8.12 114.21 | 0.48 7440 | 1194 | 19.65 | 76.63 | 64.89 | 12.67 | 1.26 0.74 1.67 1.95 105.73 | 156.23 | 17.19

nZV1 0% 22.64 | 206.79 | 0.97 4758 | 1898 | 19.83 | 209.59 | 75.71 | 16.74 | 2.35 0.49 1.74 3.43 192.70 | 264.56 | 23.25

nZV130% | 25.21 | 127.84 | 0.65 5847 | 17.03 | 18.12 | 68.34 | 70.96 | 12.64 | 1.29 0.61 1.70 1.68 105.56 | 155.58 | 16.62

nZV160% | 8.94 101.04 | 0.45 67.53 | 9.82 18.83 | 7256 | 66.92 | 1250 | 1.02 0.66 1.50 1.57 95.66 | 146.87 | 17.21

nZV190% | 121.59 | 152.49 | 1.12 1534 | 1653 | 18.74 | 62.16 | 80.82 | 1234 | 1.50 0.25 1.70 1.87 75.13 | 121.45 | 39.59

nZVI1130% | 81.67 | 262.05 | 1.87 2944 | 42.14 | 13.90 | 4403 | 7022 | 13.97 | 242 0.42 2.19 1.83 91.95 | 121.94 | 27.95

nZVIF1 13.33 | 167.58 | 1.02 48.84 | 22.03 | 15.00 | 4222 | 67.66 | 1349 | 2.03 0.49 2.02 231 141.57 | 196.14 | 20.17

nZVI F2 9.23 95.04 | 0.45 70.64 | 11.06 | 1952 | 82.85 | 65.92 | 1241 | 1.12 0.71 1.80 141 85.37 | 133.22 | 16.37




Appendix 4. Concentration values from of the various elements measured (L/S 10)

mg/kg  mg/kg mg/kg ‘ mg/kg ‘ mg/kg | mg/kg mg/kg mg/kg | mg/kg | mg/kg  mg/kg  mg/kg  mg/kg mg/kg

Mn Fe Mg Ca K

LC 0% 1046 | 7565 | 1.17 50.95 | 16.00 | 10.02 | 42.34 | 175.63 | 22.05 | 0.83 0.54 1.87 50.18 25.21
LC 30% 1435 | 77.88 | 0.99 75.06 | 17.73 | 1424 | 6521 |91.16 | 22.87 | 0.98 0.76 221 44.95 23.26
LC 60% 10.48 | 6550 | 0.81 8731 | 1570 | 16.85 | 80.87 | 9556 | 23.29 | 0.70 0.87 2.31 43.11 25.35
LC 70% 1058 | 61.53 | 0.89 7748 | 1499 | 1557 | 71.98 | 102.89 | 19.27 | 0.62 0.75 2.16 38.39 25.77
LC 80% 89.72 | 8386 | 1.27 3540 | 2750 | 1191 | 45.06 | 7830 | 20.10 | 1.26 0.48 2.17 48.45 34.74
LC 90% 11540 | 70.48 | 1.48 32.19 | 2390 | 1337 | 5459 | 8455 | 2158 | 1.26 0.52 2.07 49.88 34.19
LC 130% 66.51 | 99.22 | 1.36 3431 | 28.88 | 9.32 38.38 | 9599 | 2130 |1.70 0.42 2.03 47.07 28.33
LCF1 1157 | 7951 | 112 46.71 | 18.18 | 8.60 37.71 | 101.60 | 20.56 | 1.18 0.51 1.85 42.96 25.21
LCF2 8.99 69.25 | 0.53 78.13 | 1585 | 1520 | 7725 |8825 |2174 |117 0.80 2.27 42.48 24.25
nZV1 0% 3257 | 7249 | 133 52.23 | 1583 | 13.01 | 59.65 | 222.22 | 24.21 | 1.12 0.58 1.99 4041 23.54
nZVI130% | 2741 | 84.16 | 0.93 63.28 | 18.01 | 1488 | 69.90 | 118.47 | 23.87 | 1.43 0.65 2.14 48.48 25.92
nZVI160% | 9.51 69.25 | 0.75 7939 | 11.88 | 18.84 | 83.40 | 154.18 | 22.38 | 0.56 0.79 231 67.90 24.44
nZVI170% | 13.09 | 7043 | 0.59 58.72 | 1198 | 1441 | 69.67 | 100.48 | 22.77 | 0.56 0.58 2.08 42.49 25.89
nZVI180% | 118.69 | 117.25 | 1.00 2053 | 21.33 | 13.76 | 69.88 | 105.34 | 21.32 | 0.96 0.31 1.85 42.50 42.23
nZVI190% | 7470 | 57.95 | 0.82 7.78 9.56 9.01 26.89 | 79.73 | 2121 | 0.38 0.13 1.00 22.19 21.92
nZVI1130% | 94.06 | 203.43 | 2.88 2545 | 3721 | 13.60 | 42.75 | 93.97 | 2459 | 2.00 0.40 2.22 45.69 30.68
nZVIF1l 1260 | 9590 |1.21 49.54 | 20.70 | 9.08 37.27 | 157.10 | 25.72 | 1.16 0.53 2.16 41.77 23.81
nZVI1 F2 7.76 53.75 | 0.58 7431 | 11.30 | 1643 | 86.88 | 128.26 | 28.92 | 0.36 0.73 2.22 41.76 22.60




Appendix 5. Saturated indices for selected phases modelled with PHREEQC-3 program (version 3.0) (L/S 2)

CONTROL nzVi
INCUBATION CONDITION 0% |30% |60% |90% |130% |F1  [F2 |o% |30% |e0%w |90% |130% |[F1 [F2
PHASE COMPOSITION SATURATION INDEX

Adularia KAISi308 132 |-069 |-133 | 254 |234 | 156 |-104 |161 |054 |-117 |o076 | 1.49 145 | -1.27
Alunite KAI3(S04)2(0H)6 912 |628 |461 |78 |838 |95 539 |908 [828 [525 |425 |549 9.06 | 3.66
Annite KFe3AISi3010(0H)2 | 078 | 511 | -7.08 |35 |349 [123 |-578 | 214 |-05 |-459 |002 |49 5.1 | -4.29
Ba3(AsO4)2 | Ba3(AsO4)2 738 | 521 |- 109 | 1068 | 7.38 |478 | 736 [522 |- - 1096 | 817 |-
Barite BasO4 043 031 |034 |074 |o060 |05 o038 |044 |037 |026 |09 | 061 0.54 | 0.34
Basaluminite | Al4(OH)10S04 957 |553 |322 |929 |997 [998 3901 |0905 |815 [392 |481 |652 10.09 | 1.52
Boehmite AIOOH 33 |217 |158 |362 |372 338 |169 |344 |283 |17 |26 |305 35 | 116
Cerrusite PbCO3 019 | -078 |-144 |117 |131 |o052 |-179 |o048 |-053 |-178 |o031L | 099 0.66 | -2.14
CupricFerrite | CuFe204 1431 | 1057 | 972 | 1696 | 173 | 1415 |- 1422 | 1227 |- 1641 | 1791 | 146 |-
CuprousFerrite | CuFe02 932 | 668 |6.27 |11.07 | 1114 [ 900 |- 047 |824 |- 1069 | 1239 | 1062 | -
Diaspore AIOOH 501 | 387 |329 |532 [543 |500 |34 |514 |453 |34 |431 |a476 521 | 2.86
Gibbsite AI(OH)3 378 |264 |205 |400 |42 [386 |217 |391 |33 217|308 | 353 398 | 1.63
Goethite FeOOH 881 | 761 |717 |951 |967 |888 |721 |887 |824 |725 |914 |975 9.01 |6.88
Halloysite AI25i205(0H)4 388 | 132 |01 |454 |475 | 417 |047 | 434 [299 |o048 |181 |285 431 | -0.65
Hematite Fe203 19.62 | 17.23 | 16.35 | 21.03 | 21.35 | 1977 | 16.42 | 19.74 | 1849 | 165 | 2029 | 215 20.02 | 15.78
Laumontite CaAl25i4012:4H20 248 | 077 | -194 | 505 |492 | 287 |-162 | 347 |14 165 |215 | 312 32 | 256
Leonhardite Ca2Al4Si8024:7H20 | 1279 | 63 | 3.96 | 17.04 | 1768 | 1357 | 459 | 1478 | 1063 | 454 | 1215 | 1408 | 14.24 | 2.72
Maghemite Fe203 923 | 684 |595 | 1064 | 1096 | 937 |6.03 |935 |81 641 |99 |1111 963 538
Magnetite Fe304 1801 | 1432 | 12.99 | 19.92 | 203 | 1822 | 134 | 1848 | 1671 | 1393 | 1861 |2123 | 198 | 1333
Phillipsite Na0.5K0.5AISi308:H20 | 0.02 | -1.94 | 256 | 122 | 115 | 026 | -226 | 048 |-06 | -235 | -047 | 007 0.17 | -2.63
Pyrophyllitt | AI2Si4010(0H)2 11.97 | 911 | 7.86 | 12.66 | 12.87 | 1239 | 837 | 1261 | 1115 |838 |9.23 | 104 1242 | 7.21
Znsio3 Znsio3 1 o044 |05 |24 |23 |104 |037 |131 |063 |031 |167 |217 131 | 051




CONTROL nzVI

INCUBATION CONDITION 0% ‘ 30% ‘ 60% ‘ 90% ‘ 130% ‘ F1 ‘ F2 0% ‘ 30% ‘ 60% ‘ 90% ‘ 130% ‘ F1 | F2
PHASE COMPOSITION SATURATION INDEX

Adularia KAISi308 015 | 202 [227 | 506 |422 |39 |226 |432 [297 | 216 | 366 | 369 [376 | 221
Alunite KAI3(S04)2(0H)6 - - - 507 |544 | 753 |563 |723 |59 |- 172 | 195 | 694 | 647
Annite KFe3AISi3010(0H)2 0.06 | 15 | 109 | 646 | 627 | 526 | 319 | 538 | 227 | 117 | 649 | 842 |66 3.18
Ba3(As04)2 Ba3(As04)2 681 |58 |659 |1166 | 1127 |89 | 624 |857 |742 |592 | 1174 | 1258 | 887 | 6.64
Basaluminite Al4(OH)10S04 - - - 10.31 | 10.08 | 11.44 | 896 | 115 | 991 | - 653 |69 | 1106 | 9.44
Boehmite AIOOH 3.1 356 | 363 | 451 |433 |432 |363 |444 [401 |36 376 | 385 | 432 | 368
Cerrusite PbCO3 -0.59 | -2.53 | - 074 | 045 |05 |- -0.26 | -1.94 | - 056 | 102 |- -0.39
CupricFerrite CuFe204 14.09 | 14.28 | 14.48 | 18.74 | 18.63 | 16.28 | 14.16 | 16.36 | 1543 | 14.22 | 1947 | 20.24 | 1621 | 14.11
CuprousFerrite CuFe02 969 | 968 |95 121 | 12.37 | 10.85 | 1008 | 1064 |99 | 938 | 1316 | 141 [ 1129 | 10.01
Diaspore AIOOH 48 526 |533 |621 |603 |603 |534 |614 [571 |53 546 | 555 | 6.02 | 5.38
Gibbsite AI(OH)3 357 | 403 [41 498 |48 [48 [411 [491 [448 [407 [423 [432 [a79 [415
Goethite FeOOH 862 | 862 |87 995 | 987 | 934 |86 |944 |905 |866 | 1003 | 1027 | 933 | 861
Halloysite Al2Si205(0H)4 294 |508 |53 |765 |69 |711 |537 |744 |612 |524 |54 559 | 693 |5.32
Hematite Fe203 1924 | 1924 [ 194 [ 2101 | 2175 | 2069 [ 192 | 2089 | 2012 | 19.33 [ 22.07 | 2254 | 2067 [ 19.23
Hxypyromorphite | Pb5(P0O4)30H 1123 | 708 | 992 | 1772 | 1841 | 1436 | 902 | 1351 | 1225 | 17.42 | 19.69 | 13.49 | 10.07 | -8.93
Laumontite CaAl2Si4012:4H20 078 |388 |434 |922 |799 |7 436 | 829 |564 |419 | 705 | 708 |687 | 439
Leonhardite Ca2Al4Si8024:7H20 939 | 1559 | 1651 | 26.28 | 23.82 | 21.84 | 1655 | 24.42 | 19.12 | 1622 | 21.94 | 22 2157 | 16.62
Maghemite Fe203 885 | 885 | 901 |1152 | 1136 | 103 |881 |105 |972 |893 | 1168 | 1215 | 1028 | 8.84
Magnetite Fe304 17.84 | 17.63 | 17.57 | 20.94 | 21 19.71 | 18.08 | 19.81 | 1845 | 1756 | 21.58 | 22.68 | 20.18 | 18.12
Pb3(PO4)2 Pb3(PO4)2 781 | 527 | 712 | 115 | 1173 | 971 | 654 | 945 | 844 | - 1117 | 1255 | 91 7.19
Phillipsite Na0.5K0.5AISi308:H20 | -1.08 | 1.06 | 131 | 409 [333 | 295 | 132 |34 201 | 121 | 267 |276 | 283 | 126
Plumbogummite | PbAI3(PO4)2(OH)5:H20 | 1051 | 13.86 | 14.28 | 17.09 | 1597 | 164 | 1428 | 1681 | 1503 | 141 | 141 | 1428 | 16.04 | 14.1
Pyrophyllite Al2Si4010(0H)2 1051 | 13.86 | 14.28 | 17.09 | 1597 | 164 | 14.28 | 1681 | 1503 | 141 | 141 | 1428 | 1604 | 141
Strengite FePO4:2H20 593 | 567 | 649 |624 |647 |679 |621 |664 |65 |- 558 | 593 | 634 | 631
Znsio3 Znsio3 061 | 087 |105 |328 |307 |19 102 |203 |151 096 |322 [351 |195 | 112




Appendix 7 Saturated indices for selected phases modelled with PHREEQC-3 program (version 3.0) (L/S 10)

CONTROL nzvl
INCUBATION CONDITION 0% \ 30% \ 60% \ 90% \ 130% \ F1 \ F2 0% \ 30% \ 60% \ 90% \ 130% \ F1 ’ F2
PHASE COMPOSITION SATURATION INDEX

Adularia KAISi308 -064 | -112 |-149 | 047 | 054 |-033 |-069 [003 |-013 [079 [021 [031 |04 |[-146
Alunite KAI3(SO4)2(0H)6 | 691 | 653 |629 |507 |414 |655 |469 [804 |663 |728 |41 |523 |671 |-
Ba3(As04)2 | Ba3(AsO4)2 5.3 5.3 4.89 |9 1031 | 6.84 |65 |7.04 |684 |723 942 |[929 |7.63 |-
Basaluminite | Al4(OH)10S04 758 | 739 |674 |741 |656 [818 |692 |877 [818 |902 [625 |75 |857 |-
Boehmite AIOOH 287 | 281 |259 |331 [321 [322 |305 |324 [322 |346 |3.06 |33 |342 |252
Cerrusite PbCO3 -025 | 033 |-046 | 079 [092 [029 |006 |014 |0.06 |-0.08 | 057 |084 |029 |-0.68
CupricFerrite | CuFe204 12.28 | 12.64 | 11.99 | 15.87 | 16.94 | 13.87 | 13.52 | 14.99 | 148 | 15.05 | 16.27 | 16,51 | 15.81 | 11.85
CuprousFerrite | CuFeO2 7.34 7.55 7.2 9.82 | 1052 | 8.16 | 7.86 9.42 9.35 | 9.7 11.3 | 10.67 | 1043 | 7.35
Diaspore AIOOH 458 | 452 | 429 |501 |491 |492 |476 |495 |492 |517 |477 |501 |512 |4.22
Gibbsite Al(OH)3 334 |329 |306 [378 |368 |369 [353 [372 |3.69 [3.94 |354 [3.78 |3.89 |299
Goethite FeOOH 826 |831 |811 |917 |945 |873 |858 |879 |877 |877 |9.29 |956 |9.01 |8.02
Halloysite Al2Si205(0H)4 225 | 205 |155 |312 |287 |281 |247 |281 [291 |37 |255 |304 [331 |14
Hematite Fe203 1853 | 1864 | 18.22 | 20.35 | 209 | 19.47 | 19.16 | 19.58 | 19.55 | 19.56 | 20.58 | 21.13 | 20.02 | 18.05
Laumontite CaAl2Si4012:4H20 | -0.64 | -0.75 | -1.39 | 232 | 226 | 054 |[029 |083 |099 |237 [194 |1.8 |152 |-153
Leonhardite Ca2Al4Si8024:7H20 | 6.55 | 634 | 506 | 12.48 | 1235 | 891 | 842 |9.49 |9.82 | 1257 | 11.72 | 11.59 | 10.89 | 4.78
Maghemite Fe203 814 |824 |782 |995 |1051 [9.08 |877 |919 |9.16 |9.16 | 10.19 | 10.73 | 9.63 | 7.66
Magnetite Fe304 1587 | 15.92 | 154 | 18.39 | 19.12 | 16.98 | 16.41 | 17.35 | 17.4 | 1751 | 19.95 | 20.16 | 184 | 15.35
Pyrophyllite | Al2Si4010(OH)2 957 |9.28 |875 |10.45]10.14 | 10 9.64 |9.93 |10.19 | 11.29 | 9.78 | 10.29 | 10.59 | 8.57
ZnSio3 ZnSio3 002 | 011 |-005 |166 |206 |065 |068 |08+ |085 |13 |1.76 |14 |115 |-0.12
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Zero-valent iron (ZVI) and its nanoscale form (nZVI) are widely used amendments for
groundwater and soil remediation. Based on the properties of both Fe oxides and metallic
Fe, the treatment with (nano) ZVI particles involves co-precipitation, adsorption and/or
reduction of contaminants. The transformation products may vary wunder different
environmental conditions and in the presence of particular metal(loid)s. When nZVl is
applied into =oils, the interactions strongly depends on several key factors including the soil
pH-Eh conditions, the chemical and mineralogical compositions, water holding capacity
{WHC) and the presence of dissolved organic matter. Therefore, wide range of factors need
to be taken into account when assessing the use of nZVl under given conditions and the
efficiency of the stabilization process.

In thiz context, the applicability of nZVI in two contrasting soils was investigated under
different incubation and extraction conditions, (i) as a function of moisture content,
simulating various environmental conditions (i.e., dry and wet seasons, flooding, etc.) and (i
as a function of liguid-to-solid (L/S) ratio, simulating the aging of nZVl particles. Thus, the
main objectives of this study were (i) to assess the effect of soil water content on the
changes in redox potential and the behavior of metals/metalloids in nZVI-treated soils, {ii) to
assess the LfS ratio-dependent interactions between nZVIl and metals/metalloids and (i) to
assess the efficiency of nZVl on contaminant stabilization.

an aliquot of each soil sample was carefully mixed with active nZvl (1 wt.5%%) and placed in &
pot. Control soil samples without amendment were prepared simultaneously. With respect
to corresponding WHC, the pots were maintained at 0%, 30%, 603%, 90% and 120% of WHC
for 3 months. After this incubation period, the samples were dried and subjected to a set of
laboratory experiments including the determination of hasic physico-chemical parameters
and extractions in demineralized water.

In general, the addition of nZV| increazed the soil pH and the flooded sample showed more
reducing conditions. Maoreover, changes in the available fractions of the target risk elements
(&s, Pb, and Zn) were observed as a function of moisture content. The behavior of metals
showed correlation with changes in pH and the content of organic carbon. Finally, the
stabilization efficiency of nZVIl was mainly pronounced for As, representing the crucial redox-
sensitive element in our study.

The presented experimental approach allows to investigate the behavior of different
inorganic contaminants in various environmental scenarios and to aszess the applicability of
nZVl under given conditions. Enhanced metal{loid)-nZV| interactions related to high =oil
water content indicated the importance of redox changes on the mobility of
metals/metalloids. Although the immobilization efficiency of nZVl depends on sewveral
factors, it proved to be an efficient amendment for As-contaminated soils.



