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ABSTRACT

Methods that induce the transformation of heavy metals into less soluble forms provide an important strategy for
stabilizing heavy metals in soil and reducing their leaching potential. Immobilization of heavy metals in contaminated soils
involves adding appropriate immobilizing agents to reduce the solubility and mobility of heavy metals, thereby preventing
their leaching and diffusion. In this study, based on previous research, we evaluated the immobilization characteristics of
cobalt and strontium by examining factors such as the injection amount, reaction time, and mixture of immobilizing
agents, including Mn-PILC, Fe-PILC, fish bones, and diammonium phosphate (DAP) fertilizer. All immobilizing agents
used in the experiment were found to partially immobilize cobalt and strontium based on their adsorption properties. The
immobilization of cobalt and strontium by Mn-PILC and Fe-PILC occurred relatively quickly (within 2 days) and showed
a continuous decrease over a period of 30 days. Generally phosphate-based compounds took a longer immobilization time
than PILC. The evaluation of immobilization using a mixture of modified clay and phosphate showed that the mixture of
modified clay and DAP resulted in the lowest leaching rates of cobalt (below 10%) and strontium (below 20%) according
to the TCLP test. The results suggest that it can be utilized in the development of immobilizing agents for the stable
immobilization of cobalt and strontium in soil environments.
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Table 1. Surface area, CEC, pore volume, and size of various samples.
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Pore volume and size

CEC
Sample Surfacezz area (mmol as Total pore Volume of Fraction of Average pore
(m/g) N2/100 g) Volume micropores micropore volume diameter

(ecm’/g) (ecm’/g) (%0) (nm)
Natural soil 19.55 7.2 0.039 0.01 25.6 3.9
Montmorillonite 163.7 75.3 0.144 0.1 69.6 3.7
Mn-PILC 243 112.1 0.038 0.01 222 18.0
Fe-PILC 29.8 86.6 0.086 0.03 34.7 10.5
Fishbone 204 152 0.045 0.02 41.9 93
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Extraction method Reference Reagent and Method
Aqua Regia Mel?zk(;lo ;)t al. Add HNO; and HCI to 2 g of sample at a ratio of 1:3 and elute using a microwave
TCLP

(Toxicity characteristic 0> Fr method

Add 0.0643 M NaOH to 0.1M glacial acetic acid to adjust the pH to 4.93, then add 20 ml
to 1g of sample and elute while stirring at 200 rpm for 18 hours at room temperature

leaching procedure) (1986)
Exchangeable
Carbonate
Reducible
Sequential Tessier et al.
extraction (1979)

Organic material

Residual residue

Add 8 ml of 1 M MgCl, and extract at 23°C for 1 hour

Add 1 M NaOAc adjusted to pH 5 and extract for 3 hours at room
temperature

Add 20 ml of 0.04 NH,OH-HCI and extract at 96 °C for 6 hours
Add 3 ml of 0.02 M HNO; and 8 ml of H,0, (30%) and extract at
95°C for 3 hours. After cooling the sample, add 10 ml of 3.2 M
NH;OAc (20% HNO;) and extract by stirring at 200 rpm for 30 min-
utes at room temperature

Add 20 ml HF (40%) and 4 ml HC1O, (70%) and extract at 85°C for
10 hours
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Fig. 1. Sequential extraction of Co and Sr from artificially
contaminated natural soil.
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(d)

(e)

Fig. 2. SEM images of amendments : (a) Mn-PILC (x10k), (b) Fe-PILC (x10k), (c) DAP (x5k), (d) fishbone (x100), (e) fishbone (x800).
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Fig. 3. XRD patterns of (a) fishbone, (b) DAP, (c) montmorillonite, Mn-PILC, and Fe-PILC.
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fishbone (1st: exchangeable, 2nd: carbonate, 3rd: reducible, 4th: organic material, 5th: residual).
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Table 3. Fraction of immobilized Co and Sr in artificially contaminated natural soil after immobilization using Mn-PILC, Fe-PILC, DAP,
and fishbone

Fraction (%)

Mn-PILC(g/g soil)

Fe-PILC(g/g soil)

0.01 0.02  0.05 0.1 0.2 0.5 0.01 0.02  0.05 0.1 0.2 0.5

Exchangeable 56.31 50.68 41.35 2278 2.23 1.16 67.78 56.38 4095 22.62 5.09 1.05

Co  Carbonate 19.18 20.83 2924 40.65 42.85 36.04 13.56 2491 3693 52.02 56.76 58.56
Reducible 19.13 2131 2199 2478 40.65 43.02 13.86 14.47 1648 1791 28.74 28.11
Organic material 418 485 4.63 6.25 828  9.87 392 252 349 399 519 526
Residual residue 1.19 232 279 554 599 992 0.89 1.73 2.15 346 423 7.02
Exchangeable 79.84 7625 6994 4425 10.21 2.74 77.84 7346 6525 4374 19.35 3.11
Carbonate 11.86 13.28 1897 39.73 70.85 74.87 14.63 1751 2395 4473 66.16 77.18

Sr  Reducible 339 447 437 856 13.68 14.22 4.83 6.15 699 725 11.14 14.68
Organic material 2.55 359 395 439 316 451 1.44 1.53 226 244 242 294
Residual residue 237 241 276 307 210 3.66 1.25 1.36 1.55 1.84 093 210

) DAP (g/g soil) Fishbone (g/g soil)
Fraction (%)

0.008 0.016 0.032 0.064 0.1 0.008 0.016 0.032 0.064 0.1

Exchangeable 80.57 7824 61.02 4959 2586 74.85 73.66  68.75 5894 4942

Co Carbonate 9.65 1099  20.84 2539  41.68 12.37 12.94 16.09 17.11 19.98

Reducible 6.9 7.79 11.94 11.25 15.35 9.79 10.42 11.68 14.81 18.37

Organic material 2.77 2.45 3.14 2.74 2.87 2.55 2.41 2.28 2.44 2.45

Residual residue 0.11 0.53 3.05 11.03 14.24 0.45 0.57 1.19 6.7 9.78

Exchangeable 63.84 61.68 55.94 48.4 32.54 85.30 82.20 79.53 74.09 65.21

Carbonate 20.04 2052 2193 24.16 26.3 12.78 14.95 16.52 1949  22.07

Sr Reducible 10.74 11.84 15.16 19.32  24.08 143 1.81 2.53 4.37 7.72

Organic material 2.53 2.88 3.71 4.11 6.01 0.38 0.44 0.51 0.86 1.19

Residual residue 2.85 3.08 327 4.00 11.07 0.12 0.59 0.90 1.18 3.81
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Table 4. Fraction of immobilized Co and Sr in artificially contaminated natural soil after immobilization using Mn-PILC, Fe-PILC, DAP,
and fishbone

Mn-PILC Fe-PILC DAP Fishbone
Fraction (%)

2d 7d 30d 2d 7d 30d 2d 7d 30d 2d 7d 30d

Exchangeable 1.16 0.77 3.13 1.05 134 2.02 2586 1224 2052 4942 47.14 4752
Carbonate 36.04 45.02 31.44 5856 5478 4496 41.68 56.52 57.75 19.98 23.00 2593

Co Reducible 43.02 5035 48.07 28.11 4211 3780 1535 155 14.56 1837 19.6 1443
Organic material 987 1.15 16.65 526 051 1440 287 3.50 541 245 271 8.84
Residual residue 992 270 0.70 7.02 125 082 1424 1224 1.76 978 7.54 328
Exchangeable 274 213 244 311 211 1.68 32.54 2851 30.17 6521 64.82 73.71
Carbonate 7487 69.28 80.46 7718 7496 8359 2630 34.54 37.50  22.07 1492 18.42

Sr Reducible 1422 1500 892 14.68 13.28 8.43 24.08 25.05 13.89 772 645 410
Organic material 451 545 595 294 404 5.11 6.01 422 1424 1.19  3.80 250
Residual residue 366 815 223 2.10  5.62 1.18 11.07 7.69 421 381 10.02 1.27
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Table 5. Fraction of immobilized Co and Sr in artificially contaminated natural soil after immobilization using mixture amendment.

Mn-PILC + DAP Mn-PILC + Fishbone Fe-PILC + DAP Fe-PILC + Fishbone

Fraction (%)

2d 7d 30d 2d 7d 30d 2d 7d 30d 2d 7d 30d

Exchangeable 135 128 095 19.69 1561 11.71 151 146 074  22.07 1935 12.85
Carbonate 65.66 71.09 6990 4499 49.78 4575 6338 6852 6590 4540 4785 45.36

Co Reducible 23.77 22.61 2438 28.52 3030 36.73 2528 24.60 28.06 2595 28.86 35.76
Organic material 4.02 324 350 312 292 4.95 379 341 3.89 315 282 525
Residual residue 520 178 127 3.69 139 0.85 6.04 200 140 343 112 0.76
Exchangeable 3790 3252 2216  46.07 40.74 32.83 33.06 29.53 22.08 4790 46.77 33.94
Carbonate 29.87 32.69 3595 3293 3950 45.02 3252 34.56 32.00 31.51 3692 46.13

Sr  Reducible 18.68 2391 32.71 10.80 1328 16.72 2044 26.06 3533 9.61 1146 15.65
Organic material 466 5.69 742 1.99  2.59 2.78 590 6.96 831 1.82 206 244
Residual residue 889 518 175 820 3.89 2.65 8.08 290 228 915 279 1.84
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