


Figure 35. Electron Micrograph of WK Dominion #1 Column Product: Above: 9 Vitrinite 
and Clay Flakes - Below: 10 Pyrite Prints and Inclusion 
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Figure 36. Electron Micrographs of WK Dominion #1 Stirred Vessel Product: Above: 11 
Fissures and Pyrite Prints - Below: 12 Pyrite Prints in Vitrinite 
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eration had taken place on these mineral compounds. Sphalerite was also found as ex­

tremely fine bodies. 

5.2 Interpretation of tIle Results 

All the analyses conducted so far on the feed and product, in both solid and liquid 

phases, indicated that the removal of mineral matter was achieved by both dissolution 

and liberation. However, the results were dependent on the coal tested and also the 

operating conditions applied. 

5.2.1 Suggestions for the Mechanisms of Liberation 

Wet-screening the feed coal prior to the CECC was found to be very important. 

The ash content decreased by 33% when a run-of-mine Jacob's Ranch coal was wet­

screened. This accounted for 450/0 of the total removable ash removal from this coal. 

This way, the wet-screening reduced the ash by 14% from a Splashdam coal, 25% from 

a high ash Widow Kennedy coal, 25.6% from a Pittsburgh #8 coal, and 15% from a low 

ash Widow Kennedy coal. It was very clear from the mass balance calculations that the 

less the coal was washed or physically cleaned, the higher was the proportion of mineral 

matter in the underflow; most of this mineral matter liberated as such could be attributed 

not to liberation in the true sense of the word, but to simple detachment of fine particles 

from the coarse. However, the latter mechanism may also be called "liberation" in a 

much broader sense. 
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1) The first minerals to be liberated would be the ones remaining on the feed coal sur­

face despite the wet-screening. SEM study did reveal that the feed surface was not per­

fectly clear of these fine adhering minerals. Liberation of these bodies would certainly 

be favored by the acid treatment, the liquid heat and the mechanical stirring of the 

slurry. 

2) The most interesting explanation is the mechanism of opening of cracks in the coal 

matrix or between minerals by osmotic pressure. According to the model recently pro­

posed by Paul (1988), an osmotic pressure can develop by the interaction of two double 

layers in close distance. The osmotic pressure is essentially the same as the electrical 

contribution to the disjoining pressure. This pressure may be strong enough to weaken 

the contacts between coal and mineral matter inducing liberation. Van Olphen (1977) 

noted that the osmotic pressure can be as high as several tens of atmospheric pressure. 

The osmotic pressure may also operate in "liberating'" slime particles from coal particles. 

Pyrite inclusions in product coal, when observed at a high magnification, were most 

of the time found imbedded in a maceral opened by small crevices. Also, space was often 

noticed between these inclusions and the surrounding maceral walls, which should favor 

the leaching of the mineral. However, these small detected fissures did not seem to be 

wide enough to allow mineral matter to escape or liberate from coal readily. It is pos­

sible that these cracks could have been created by the osmotic pressure. 

The empty sites left by framboidal pyrite crystals on the product Widow Kennedy 

vitrinite may be an evidence of pyrite crystals liberation by the osmotic pressure. For 

Jacob's Ranch coal, the silicate plates located on the surface may have been liberated 

by the osmotic (or disjoining) pressure between the coal and the mineral. These obser-
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vations fit the osmotic pressure theory, although it is difficult to prove that this was the 

only mechanism involved. 

Predictions from the model of osmotic pressure were presented by Paul (1988). 

According to the model, the osmotic effect should be dependent on the surface porosity 

of the coal. The ideal surface would be a rough surface offering numerous sites favora­

ble to double layer overlaping. In addition, the pore size should fall within the range 

allowing high pressure. Typically, pressure should vary between 1 and 30 atm for pore 

diameter of 50 to loooA, the smaller spacing inducing the higher pressure. Below loA 

or above loooA, the model is not applicable. 

Paul (1988) suggested that the coal surface is expected to become more positively 

charged by the presence of ferric ions in the electrolyte, which superficially oxidizes the 

coal surface. In the present work, the addition of ferric ions did not improve liberation 

significantly, but the zeta potential could not be measured because of the pH. It should 

be noted, however, that ferric ions were already present in the system, which have made 

it difficult to see the effect of extraneously added ferric ions. Paul's model also showed 

that an increase in electrolyte concentration should increase the osmotic effect, for an 

increase in sulfuric acid concentration from 0.1 to 1M, the pressure should increase by 

300/0. 

The osmotic pressure mechanism may actually operate on many localities on coal 

but direct evidence is difficult to obtain. Nevertheless, the clean removal of pyrite 

framboids, as shown by SEM photographs, supports the osmotically induced liberation 

theory. 

3) Relatively insoluble minerals may be cemented to the coal surface by some fine sol­

uble mineral matter. The dissolution of this mineral matter will easily disjoin those 

minerals from the coal and from other minerals. This might be the case for framboidal 
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pyrite crystals, since they are often cemented by fme pyrite powder (Renton, 1982). 

However, no evidence is given for this in the present work. 

The same may be the case for silicates, which are held inside the fusinite pores by 

carbonates. However, these silicate platelets seemed to be retained inside the pores, 

probably due to their morphology. 

4) It is also possible that chemical dissolution would reduce the size of mineral grains, 

loosen it from the coal, and then liberate them. In this case, not all the mineral matter 

found in the underflow should be ascribed to the osmotic liberation mechanism. This 

may also explain why coal reduced in size is present in the tailing. 

5.2.2 Suggestions for the Mechanisms of Dissolution 

1) Mineral matter could be dissolved by the reagent directly contacting the surface, the 

pores and the crevices. Mineral matter dissolution should depend on thermodynamic, 

as well as on kinetics. 

• Kinetics should depend on the chemical nature of mineral matter and on its acces­

sibility, as well as on experimental conditions. Soluble species, like calcite and 

dolomite could dissolve in half an hour, while less soluble minerals, such as pyrite 

and clays, did in 10 hours. Cracking by osmotic pressure should enhance acid dif­

fusion, and hence dissolution. Other parameters that affect dissolution would in­

clude temperature, oxidation potential, number of cleaning stages, etc. 
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• In terms of thermodynamics, all the minerals are more or less soluble in acid, de­

pending on the acid strength. At low pH, the following reactions may take place: 

1. For carbonates, the following reaction may represent the general mechanism, 

MC03 + 2H+ -. M2+ + H20 + CO2 i 

in which M represents metal ions such as Ca, Mg and Fe. 

2. For pyrite, the following oxidation mechanisms may apply: 

FeS2 + 8H 2 0 -. Fe2 + + 2S042 '" + 16H'" + 14e 

FeS2 -. Fe2 '" + 2So + 2e 

The ferrous ions will' be oxidized to ferric ions if the potential is kept above the 

equilibre potential of the reaction. The ferric ions in tum act as a leaching me­

dium for pyrite as follows: 

FeS2 + 2Fe3 '" -. 3Fe2'" + 2So 

I t has been shown that, by applying a 1 v potential on a platinum working 

electrode immersed in the coal slurry, the sulfur removal from \Vidow Kennedy 

coals was improved. 

3. For kaolinite: 

Silicates are not very soluble in aqueous solution; however, aluminosilicates 

become hydrated according to various mechanisms. Kaolinite can release hy­

drated aluminum ions in different ways (Huang and Keller, 1973): AP"', 

2AI(OH)2 + f 2AI(OHh + and 2AI(OH)4 -. The stability field of kaolinite 

strongly depends on pH for pH below 6. Since the process involves very low 

pH, the most likely reaction to occur may be: 

AhShOs(OH)4 + 6H'" -. 2AP'" + 2H4Si04 + H2 0 
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4. For illite, the following mechanism may apply: 

KAhSh010(OHh + IOH + -+ K + + 3AIl + + 3H4 Si04 

2) Minerals freshly extracted from the coal matrix are necessarily undergoing leaching 

in the slurry. Liberated minerals such as clays and pyrite crystals should therefore con .. 

tribute to the dissolution of the species quantified by elemental analysis. 

3) Analyses of leachates suggested precipitation of calcium-containing minerals. It is 

possible that gypsum precipitates according to the following reaction: 

Ca2 + + 504
2 + + 4H + + 202 - -+ CaS04-2H2 0. 

The solubility limit of gypsum is 0.015M (Nebergall et a1., 1972). Precipitation of 

carbonate may also be possible: 

Ca2 + + 2HC03 - -+ CaC03 + H20 + CO2 i 

It is interesting to note that the solubility of every type of calcium sulfate decreases 

with increasing temperature. Between 30 and 100°C, the solubility of gypsum varies 

from 2.4g/1 to 2.2g/1, the anhydrite one from 2.1 gIl to 1.6g/1 and the bassanite one from 

3g/1 to almost zero (eRe Handbook, 1981). This may explain why the dissolution of 

calcium was inhibited, and why precipitation was observed at high temperature. 

4) Opening of cracks or swelling of clays due to osmotic pressure could favor the pen­

etration of electrolytes (or acids) inside the coal structure, and thereby increase the 

leaching rate. Although hydration and swelling of clays probably occured, no complete 

removal was observed. Van Olphen (1977) stated that the swelling of clays was limited 

by cohesion forces, known as cross-linking forces (positive edge-negative face) and Van 

der Waals attraction forces. 
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5) Finally, it has been demonstrated that the proportion of mineral matter liberated and 

dissolved can be calculated by two methods. The mass balance calculated from solid 

weights provides more direct measurements of the liberated matter contained in the 

underflow. This method is more reliable, provided that all the slimes coating coal par­

ticles are removed before processing. The mass balance calculated from the leachate is 

less reliable because only a few minerals are taken into account, and also because the 

many assumptions (refer to appendix C). Despite discrepancy between the two methods 

of mass-balancing, there was a reasonable correlation between them. 

5.2 .. 3 Statement on the Process Mechanisms 

No single general theory can explain the way mineral matter is removed from coal. 

Rather, each type of mineral seems to be subject to one or several specific mechanisms, 

depending on its chemical nature, morphology and mode of occurence. Similarly, the 

chemical nature and the morphology of the maceral is expected to affect the removal of 

its mineral matter. 
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6.0 CONCLUSIONS 

6.1 Review of the Study 

1. The CECC process aimed at cleaning coal from its mineral matter could achieve 

good ash reductions. Up to 700/0 of the mineral matter could be removed from a 

feed coal previously wet-screened under relatively mild operating conditions. The 

wet-screened Jacob's Ranch coal assaying 60/0 ash could be cleaned by the CECC 

to 20/0 ash at the 62-210~ particle size range. No physical cleaning process was 

effective in removing the mineral matter from this coal because the major constitu­

ent of the coal is fusinite and most of the minerals· are encapsulated inside the tu­

bular pore structure. The CECC process removes a substantial portion of this 

mineral matter under relatively mild acid conditions. 

It was found that 330/0 of the mineral matter contained in a run-of-mine sample 

could be removed by simple wet-screening. The majority of the mineral matter re­

moved as such were quartz and illite. Therefore, if the CECC process is run without 

careful wet-screening, erraneous interpretation of the results may follow. 
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2. Application of an oxidizing potential through a working electrode inunersed in a 

coal slurry improved the reduction of mineral matter, especially that of pyrite. It is 

considered that ferrous ions derived from pyrite and other iron-containing mineral 

matter were oxidized to ferric ions on the working electrode, which in tum creates 

an osmotic pressure which may improve the mineral liberation. I t is likely that the 

ferric ions acted as a leaching medium for the pyrite. During this process, ferric ions 

were reduced to ferrous ions, which could then be oxidized back to ferric ions as long 

as the redox potential of the system was above the reversible potential of the 

Fe2 + /Fe3 + couple. However, extraneous addition of ferric ions to the system was 

not found to be effective in further improving the CECC process. The reason may 

be that there was already enough ferrous ions derived from the mineral matter con­

tained in the coal. 

3. Higher temperature did typically enhance the removal of mineral matter. It partic­

ularly enhanced the removal of less soluble species, such as silicates and pyrite. 

However, a low temperature was preferred to dissolve the carbonate species. 

4. Sulfur content was well reduced by the CECC process, especially for the coals con­

taining substantial amount of pyrite. Up to 22.6% of sulfur removal was observed 

on the Widow Kennedy Dominion #1 coal. On the contrary, the sulfur rejection 

from the Jacob's Ranch and the Wyodak coals was poor because these coals contain 

bassanite, which is not readily soluble in acid, as the major sulfur-containing min­

eraI. Finer grinding should improve the removal of pyrite, because it will enhance 

the exposure of the crystals to the solution. 

5. P:hysical coal cleaning processes such as froth flotation and dense medium sepa­

ration may be more efficient in removing mineral matter to a relatively low ash and 

CONCLUSIONS IS8 



pyritic sulfur level. The CECC process will be useful in further reducing the ash and 

sulfur level beyond the limits of the physical cleaning processes. 

6. From this study, the most important mechanism governing the CECC process was 

found to be dissolution. From 570/0 to 940/0 (depending on 'the coal feed purity and 

the treatment) of the mineral matter was removed from the Widow Kennedy coal 

by dissolution, and even a larger percentage from Jacob's Ranch coal, the balance 

being due to liberation. The proportion of dissolved mineral matter was higher than 

what was reported by Paul (1988), which may be attributed to the fact that consid­

erably higher acid concentrations were used in the present work. 

Elemental analysis of the solution showed that the most soluble species were 

removed within a short period of time, i.e. from 15 to 30 minutes at room temper­

ature. Up to 90% of the mineral matter removed from a Wyodak coal in 4 hours 

was removed within the first half an hour. Another test conducted on the Jacob's 

Ranch coal demonstrated that 90% of the mineral matter extracted in one hour and 

half was removed by dissolution only. Dissolution of soluble mineral matter was 

not limited to those on the coal surface; SEM studies showed that considerable 

amounts of mineral matter inside the pores of fusinite were dissolved. 

Less soluble species also responded to dissolution, but at lower rates. Pyrite 

could be eroded by leaching, and silicates were released in noticeable amounts. 

However, longer treatments were required (about 10 hours) along with higher tem­

perature (60°C) to reach good results. 

Precipitation phenomenon wa.s conunonly observed with calcium, especially 

with strong acid and at high temperature. It falsified the concentration of dissolved 

elements, hence the mass balance on leachates. Calcium could precipitate into 

gypsum and increase the sulfur content of th~ product (if sulfuric acid is used). To 

CONCLUSIONS 159 



avoid lowering process efficiency due to precipitation, a multistage treatment, using 

fresh acid at each stage, was designed and thereby improved the removal of soluble 

minerals. 

7. Considerable amounts of mineral matter were also removed by liberation phenom­

ena, which may involve several mechanisms. First, swelling, disjoining and cracking 

of solids due to osmotic pressure could induce liberation as well as enhance the dis­

solution of less soluble mineral matter; these effects were observed with the SEM 

at the coal-pyrite interface. However, the liberation of silicates was not clearly ob­

served in this study. 

With the low-rank coals studied in the present work, some clays and quartz 

were mixed with calcite and dolomite inside the pores of fusinite. SEM photographs 

show evidence that these carbonates were selectively dissolved, which may result in 

the "liberation" of the insoluble mineral matter. It has been found, however, that 

much of the quartz and the kaolinite was remaining inside the pores. 

6.2 Future Work 

More fundamental studies are necessary to illucidate the mechanisms involved. As 

in the past, experimental work shall be the best way to check the validity of theoretical 

models. 
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6.2.1 Quantification of the Process 

The various mechanisms met in dissolution and liberation of mineral matter deserve 

more attention. It is necessary to evaluate the participation of each mechanism in the 

whole process. For example, this evaluation would require examination of a single coal 

particle step by step, as it is undergoing the CECC process. At each step, SEM studies 

should be carried out to monitor the changes in morphology of both coal and mineral 

matter. Since the opening of pores and cracks by osmotic pressure will increase the 

surface area, specific surface measurements with CO2 adsorption technique would be 

useful. Although the present study showed that chemical dissolution plays an important 

role in the CECC process, the mechanism of mineral matter removal by osmotic pressure 

requires further consideration. It would be useful to carry out the CECC process with­

out acid, so that one can observe only the liberation process without being obscured by 

the chemical dissolution. 

I t would be also interesting to determine how much of each mineral is undergoing 

liberation, as it was done in this study for dissolution. This way, the efficiency of the 

CECC process would be evaluated, particularly for the removal of pyrite, kaolinite, illite 

and quartz, which are not very soluble minerals. 

6.2.2 Improvement of the CECC Process 

The work on the multistage process, including stages specially designed to improve 

liberation should be encouraged. Next, the optimization of the separation process would 

also be a key of the future work; for example, a more efficient rinsing would better ex­

tract chlorine and sulfates still present in products after separation from the leachate. 
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Then, the application of ultrasonic treatment to the slurry before the separation phase 

should be considered very seriously to complete initiated liberation, such as the removal 

of the silicate plates contained in fusinite pores. 

The treatment of fmer particles should be considered with attention. The removal 

of pyrite from Widow Kennedy vitrinite should increase with decreasing particle size, 

and so will the removal of other minerals. 

Then, the recovery of the overall process should be optimized by working through 

the different fractions of the coal. For example, the fraction of coal treated by flotation, 

e.g. 50-300J..lm, could be further cleaned with the CECC process; the coarse coal particles 

could be recovered by heavy media separation, reground and then subjected to the 

process. As for fines, they could be frrst physically cleaned by microbubble flotation, 

and then treated by the CECC process. 
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Appendix A. Leachate Analyses for Jacob's Ranch 

Experimental Design 

Test tt 01 1/2h lh 2h 3h 4h 

Potassium 7.5 7.5 7.2 7.8 8.2 mgfl 
Aluminum 94 105 115 129 !39 mg/l 
Silica 9.4 8. 1 9. 1 8.4 9.7 mg/l 
Magilesi l..1m 177 lq3 181 198 201 mg 11 
Calcium 993 977 903 t080 1070 Ing 11 
Ir on 322 352 374 416 434 mg/l 

Test I 02 1/2h 1M 2M 3h 4h 

Potassium 18.0 19.0 19.0 19.0 19.0 mg 11 
All..1minum 206 238 253 270 273 mg/l 
Silica 10. 1 9.9 12.9 15.0 9.4 mg/l 
Magnesiu:n 479 505 486 464 497 mgtl 
Calcium 754 1220 988 767 871 mg/l 
Iron 508 572 558 594 664 mg/l 

T2st • 03 t/2h lh 2M 3h 4h 

Potassium 7.3 7.0 7.4 7.3 7.2 mgtl 
Al u:'!li nUI'n 97 109 1"" !29 1"'0 J. mgtl 
Silica 9.6 8.3 9.3 9.0 e.s mg Il 
I-t=lgn es i urn 163 17: 166 173 179 mg II 
Cllc:llm 913 831 910 008 924 ITig (l 
Iron 606 6"''' ... - 642 6:8 ;J!4 !llg 11 
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Te-.;t # 04 1t2h 1h :h 3M 411 

Potassium 16.0 18.C 17.0 18.0 17.0 mgtl 
Aluminum 187 237 253 372 353 in 9 / 1 
Silica 11 • 1 10.9 10.6 9.2 Q.4 mg 11 
Magnesium 391 444 426 464 461 mg/l 
Calcium 1260 1030 829 854 764 mgll 
Iron 722 842 832 878 846 mgll 

Test # 05· 1/2h 1h 2h 3h 4h 

Potassium 6.5 6.7 8.8 7.3 7.6 mg/l 
Aluminum 91 107 141 150 164 mg/l 
Silica 7.0 6.3 6.2 6.4 6. t mgll 
Magnesium 177 181 197 202 217 mgll 
Calcium 508 223 295 256 425 mg/l 
Iron 300 324 356 368 402 mg/l 

Test I 06 1/2h 1h 2h 3h 4h 

Potassium 16.0 18.0 18.0 18.0 18.0 mg 11 
Aluminum 223 266 358 395 431 mg 11 
Silica 6.3 6.7 5.6 6.0 6. 1 mg/l 
Magnesium 430 501 491 493 514 mg/l 
Calcium 320 243 282 ., .. ., ... .,) .. 245 mgtl 
Iron 438 602 640 666 694 mg 11 

Test i 07 1/2h 1h 2h 3h 4h 

Potassium 7.2 5.9 7. 1 7.3 6.9 mg/1 
Aluminum 104 10Q 147 158 163 mg/l 
Silica 6.3 6.8 6.8 6.8 6.5 I11g/1 
Magnesium 180 163 194 199 l Q5 mg/l 
Calcium 402 ~33 437 307 326 m'j/l 
Iron 612 576 658 684 688 mg/l 
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1"Q-~ ._,=", ~ 08 !/:h 1h 2h 3h 4h 

Potassium 1. 22 16.0 18.0 18.!) 18.0 mg/l 
Aluminum 181 305 386 394 419 mgtl 
SilicD. 7.2 6.4 6.3 6.9 7.8 mg 11 
Magnesi!Jm 333 459 507 475 480 mg/l 
Calcium 270 239 214 218 253 mg/l 
Iron 638 872 992 962 982 mg 11 

Test tt 09 112M 1M 2h 3h 4h 

Potassium 7.4 6.5 8.35 8. 1 7.7 mg/l 
Aluminum 150 134 193 191 185 mg 11 
Silica 7.9 9.0 8.8 9.7 9.7 mg /1 
Magne~ium 186 1~1 224 210 197 mg 11 
Calcium 450 540 527 318 288 mgtl 
Iron 388 336 444 430 406 mg/l 

Test # 10 1/2h In 2h 3h 4h 

Potassium 17.2 17.4 17. 1 18.7 21.4 mgtl 
Aluminum 350 :88 407 459 529 1119 /1 
Silica 10.3 12.8 14.3 14. 4 14.3 :lIg / 1 
Ma.gnesium 412 424 422 476 366 mg/l 
Calcium 879 640 875 624 519 mg/l 
Iron 642 694 686 756 864 mg/l 

Test I 11 1/2h 1M 2M 3h 4h 

Potassiu In 7.4 9.0 7.6 8.2 10.3 :1\9/ 1 

AluminlJm 158 186 189 201 245 :11g/1 

Silica 11.9 10.2 11.4 11 • 3 11.6 mg 11 

Magnesium 133 153 144 150 185 mg/l 
Calcium 479 543 467 560 C'et~ mgtl .J -.. ,J 

Iron 652 718 682 698 834 .ng / 1 
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Test ~ 12 112M 1M 2M 3M 4h 

Potassium 14. 2 15.2 16. 4 14.8 17. 9 mg/1 
Aluminum 296 349 406 376 456 mg/1 
Silica 11. 4 13.2 10.7 12.5 11.9 mg/l 
Magnesium 354 383 442 378 464 mg/l 
Calcium 991 895 915 872 142 mg/1 
Iron 806 884 992 880 1054 l1\g/1 

Test I 13 1/2h 1M 2M 3h 4h 

Potilsslum 6.9 7.2 7.6 7.9 7.3 mg/l 
Aluminum 172 175 203 202 214 mgtl 
Silica. 8.4 9.2 7.4 10.2 7.6 mg 11 
Magnesium 121 119 131 119 131 mg/1 
Calcium 323 349 307 237 326 mg/1 
Iron 376 366 412 ~?Z 398 mgtl 

Test it 14 1/2h 1h 2h 3h 4h 

Potassium 11. 1 10.4 10. 1 10.9 11.9 ing;' 1 
Aluminum 252 257 265 294 317 mg/l 
Silica 7.2 9. 1 8.9 9.3 7.4 mgtl 
Ma.gnesium 234 215 203 229 248 11\.J / 1 
Calcium 261 277 271 245 270 mg 11 
Iron 498 459 441) 480 510 mg/l 

Tast # 15 1/2h 1h 2h 3h 4h 

Potassiul1\ 9.2 7.4 7.9 6.2 7.4 mg 11 
Aluminum 170 184 196 163 201 mg/1 
Silica 0.7 7.4 8.8 0.8 6.6 mgtl 
Magnesium 120 130 131 1(11) 1~8 mg/1 
Ca.lciuin 184 263 252 314 183 mg/1 
I r ':In 698 709 709 554 672 ng/l 
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Test tt 16 

Potassium 
Al'..lminum 
Silica 
Magnesium 
Calcium 
Iron 

Test # 17 

Potassium 
A 1 '111 in u m 
Silica 
Magnesil:1l 
Calcium 
Iron 

Test # 18 

Potassium 
AluminUt'n 
Silica 
Ma.gnesium 
Calcium 
Iron 

Test It 19 

Potassium 
Aluminum 
Silica 
Magnesium 
Calcium 
Iron 

t/2h 

10. 1 
249 

6.9 
214 
382 
628 

1/2h 

11..9 
196 

8.3 
310 
582 
674 

1/2h 

11.0 
228 

10.8 
207 
152 
594 

1/2h 

9.2 
181 

8.9 
164 
556 
468 

1M 

12.3 
319 

6.6 
252 
234 
722 

1h 

11.5 
214 

9.4 
300 
357 
654 

1M 

11.8 
278 

10.7 
221 
306 
648 

1h 

9.7 
224 

10.7 
179 
434 
520 

Zh 

12. 6 
336 

7.0 
280 
299 
772 

11.7 
237 

9.8 
300 
582 
710 

2M 

10.9 
283 

11 .0 
199 
347 
598 

2h 

3M 

13. !5 
356 

7.7 
304 
244 
826 

3h 

12.5 
269 

to.2 
317 
390 
770 

3h 

12.0 
296 

13.5 
210 
386 
614 

3h 

10.2 
266 

1 L 0 
201 
423 
582 
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4h 

14.9 
397 

8.5 
355 
217 
946 

4h 

11.7 
251 

CJ.3 
293 
487 
690 

4h 

11.6 
309 

9.4 
174 
304 
668 

4h 

mg/1 
mg/1 
mg/1 
mg 11 
mgtl 
mg/1 

mg/l 
mg ,'I 
ng/l 
mgll 
mg/1 
mg/1 

mg/1 
mg/1 
:"9 /1 
mg/l 
mg/1 
mgll 

mg/1 
mgtl 
mg/1 
:1Ig / 1 
r.\g/l 
mg/1 
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Test # 20 1/2h 1M 2h ·3M 4h 

Potassium 2.5 2.7 2.9 3 l 1 3.3 mg/1 
Aluminum 40.0 44.0 50.0 53.0 56.0 mg/l 
Silica 9.4 9. 1 10. 4 9.5 9.4 mg/1 
Magnesium 32.0 35.4 35.2 39.4 37.0 mgtl 
CalcilJm 239 461 275 294 288 mgtl 
Iron 468 568 648 692 704 mg/l 

Test it 21 1/2h 1h 2h 3h 4M 

Potassium 23.0 25.0 25.0 25.0 26.0 mg/l 
Aluminum 452 514 550 593 596 mg/l 
Silica 11.7 9.7 10.5 11.3 9.7 mg/l 
Magnesium 62f) 666 674 708 694 mg/l 
Calcium 257 329 405 373 346 mll/1 
Iron 934 942 960 1020 2050 mg/1 

Test # 22 112M 1M 2M 3M 4h 

Potassium 33.0 31.0 12.9 12.6 14.0 mg/l 
Aluminum 221 237 272 269 372 mg/l 
Silica 11.3 9.7 10.2 10.0 9.5 mg/l 
f'i!agnesiull'l 702 664 722 670 808 mg/l 
Calcium 620 589 569 632 406 mg/l 
Iren 398 412 456 474 564 mg/t 

Test * 23 112M 1h 2M 3h 41'1 

Potassium 11.3 12. 1 11.5 9.7 11.0 mgtl 
A1IJmi num ."., ....... 260 268 256 111 mg/l 
Silica 9.8 9.3 9.5 9.1 9.4 mg/l 
Magnesium 646 68a 636 626 716 mgtl 
Calcium 454 513 572 561 311 mg/1 
Iron 960 1040 1020 958 1148 :ng/1 
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Test ~ 24 1/2h ~h 2M :h 4h 

Potassium 10.9 11 • j 12. 1 10. 1 1 I). 1 mg/l 
A III ~n in u m 119 128 lS8 175 153 mg/l 
Silica 7.5 8.7 7.3 7.9 8.3 ing 11 
Magnesium 670 618 678 734 60a mg/1 
Calcium 1430 984 91)6 1090 535 mgtl 
Iron 452 4"" ...... 486 SOC 434 mg 11 

Test * 25 1/2h 1h 2h 3M 4h 

Potassium 11. 1 12.3 12. 1 12.2 13.0 mg/l 
Aluminum 197 :231 261 328 360 m~/l 
Silica 4.6 5. 1 5. 1 5.7 5.3 mg/1 
Magnesium 654 698 742 738 756 mg/l 
Calcium 149 160 137 195 207 mg/1 
Iron 568 636 644 704 721 mg/1 

Test * 26 1/2h Ih 2M 3h 4h 

Potassium 10.9 8.2 12.3 12.2 11.8 mg/l 
Aluminum 129 107 173 190 200 mg/1 
Silica 10.5 8.0 10.3 10.5 9.2 mg/1 
Magnesium 646 462 656 708 694 mg 11 
Calcium 559 537 567 392 298 mg II 
Iron 446' 342 534 546 572 mg/l 

T·:st ,. 27 1/2h 1n 2h 3h 4h 

Potassium 11.5 11.8 12.2 13.7 11.0 mgtl 
Aluminum 241 255 353 :588 342 mg/1 
Silica 9.2 1 t) • 2 10.5 12.2 10.8 mg/l 
Ma9n~silJm 678 680 63'0 740 7"" l':1g 11 
Calcium 461 426 566 399 496 mg/l 
Iron 866 912 944 980 868 '1g / 1 
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Appendix B. Leachate Analyses for Jacob's Ranch 

Optimum Tests 

Test M 1/2h Ih 2h 3h 4h 

Pota.ssium 4.0 4.2 4.4 4.2 4.4 
Aluminum 148.9 167.7 191. 2 202.3 212. 1 
Silica 7.0 7.3 7.8 7.3 7.2 
Mag n e.s i !J m 225.0 228.6 232.2 231. 6 232.3 
Calcium 365.9 353.1 364.3 360.2 357.4 
Iren 579.2 599.8 6 t 4. 1 615.9 624.5 

Test T 1/2h 1h 2M 3h 4h 

PQt,~ssi um 6.7 6.4 7.7 6.5 6.7 
Aluminum 293.0 313. 1 334.7 347.5 349.6 
Silica 9.9 7.7 8.9 8.8 9.4 
Magnesium 318.5 318.!) 326. 1 329.2 323.9 
Calcium 763. () 481.9 517.6 445.9 413.9 
Iron 707.6 727.5 741. 7 752.8 747.8 

Test BT Stage 1 Stage 2 Stage 3 stage 4 Stage 5 

Potassium 
Alt.uninum 
Sili:::a 
M~gnesium 

Salciu,lI 
Iron 

4.5 
10 q.. ! 

9.9 
201.8 
77°.6 
152.6 

1.6 
19.2 
9.3 
5.4 

131. 2 
26.3 

1.2 

9. ~ 
3.0 

56.3 
33.4 
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'2.. 1 
~:.7 
1'" .., 
.. - I- ... 

3.2 
44.6 
:1.5 

1.7 
7.2 

11.0 
1 • 5 

19,8 
50.5 

i1lg /1 
mg/l 
mg/l 
mg/1 
mg/l 
:!1g /1 

mg 1 1 
~g/l 

mg/l 
mg/l 
mg/l 
mg/l 

mg /1 
l11g 11 
mg/l 
":1g/1 
:'!lg/l 
mgll 
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Appendix C. Conversion from Dissolved Elements 

into Mineral Compounds 

The crystals present in the mineral matter being characterized by x-rays, a list of 

mineral matter compounds was established. The amount of each compound dissolved 

was evaluated using the concentration of elements dissolved in the leachate. A formula 

was derived, based on the ratio of the molecular weights of the element and its corre­

sponding mineral. Assumptions regarding the repartition of the elements in the minerals 

had to be made, for only six elements were analyzed (K, AI, Si, Mg, Ca and Fe), and 

distinct minerals could share the same element. 
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Assumptions 

1. All potassium was released from illite (580.3 g/mole). 

2. All aluminum left after the balance for illite was from the dissolution of kaolinite 

(524.3g/mole). 

3. All silica left after the balance for illite and kaolinite was from the dissolution of 

quartz (60.1gjmole). 

4. All magnesium was from the dissolution of dolomite (184.4gjmole). 

5. All calcium left after the balance for dolomite was from the dissolution of 100% 

calcite (lOO.lg/mole), or of 50% calcite and 50% bassanite (145.1 g/mole) if 

bassanite was present. 

6. All iron was from pyrite (119.8g/mole), or from siderite which had very a similar 

molecular weight (115.8 g/mole), so that either one could be used for the calculation. 
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Formula 

The mass (or the concentration) of each compound can be derived from the mass 

(or the concentration) of the corresponding element(s}. 

Illite: K mg of potassium are equivalent to 14.84(K) mg of illite. 

Kaolinite: A mg of aluminum are equivalent to 4.858(A - 2.07K) mg of kaolinite. 

Quartz: Q mg of silicon are equivalent to 2.14(Q - l.041(A - 2.07K) - 2.155K] mg of 

quartz. 

Dolomite: M mg of magnesium are equivalent to 7.588(M) mg of dolomite. 

Calcite: C mg of calcium are equivalent to 

• 2.497(C - 1.649M) mg of calcite if no bassanite 

• 1.248(C - 1.649M) mg of calcite if bassanite is present. 

Bassanite: C mg of calcium are equivalent to 1.811(C - 1.649M) mg of bassanite if any. 

Pyrite: F mg of iron are equivalent to 2.146(F) mg of pyrite if dominant. 

Siderite: F mg of iron are equivalent to 2.074(F) mg of siderite if dominant. 
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