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ABSTRACT 

Both the discrete mineral phases and the ion-exchangeable inor

ganic components of lignites from Texas, North Dakota and Montana 

have been studied. The ion-exchangeable cations and the carboxyl 

groups with which they are associated were characterized by ion 

exchange methods utilizing ammonium acetate and barium acetate, 

respectively. Na, K, Mg, Ca, Sr, ahd Ba were found to be present in 

all three coals. It was found that Ca and Mg were the most abundant 

cations and that 40-60% of the carboxyl groups in the raw coals were 

exchanged with cations. Also, significant variations in the relative 

and absolute concentrations of all the cations were observed. The 

discrete mineral phases in these lignites were studied by semi

quantitative x-ray diffraction and infrared spectroscopy. The importance 

of the cations in ·this analysis was shown when the mineralogical 

analyses of the low temperature ~sh of the coals with the cations 

removed and the raw coals were compared. Results show that up to 50% 

of the low temperature ash of these raw coals can be attributed to 

the existence of metal cations and that fixation of sulfur, carbon, 

and oxygen to form sulfates and carbonates is the major reason for this 

contribution. 
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l. INTRODUCTION AND STATEMENT OF PROBLEM 

This investigation is concerned with the inorganic constituents 

of American lignites. The·majority of the domestic reserves of these 

low-rank coals are found in the western United States. Large deposits 

can be found in thick seams which are relatively close to the surface. 
' 

The mode of occurrence of these seams makes them relatively cheap and 

easy to mine by standard strip mining techniques. 

In the past lignites have not been used to a great extent for a 

number of reasons. First, the deposits occur in remote regions with 

no population centers to provide a market for their use. Second, 

their high water content (up to 50%) and low calorific value make 

transportation uneconomical. Finally, America has been utilizing oil 

and gas for the major ~nergy source. These fuels have been relatively 

cheap and abundant. However, recent events have shown that our oil 

and gas reserves are diminishing and foreign supplies are not depend

able. Thus coal will become an increasingly more important source of 

energy in the United States. 

Utilization of coal has a number of drawbacks. Combustion of 

coal leads to large amounts of pollution, especially from sulfur. 

Also, coal is much more difficult to transport than oil or gas. Coal 

conversion processes offer a way of ridding coal of some of its 

sulfur and credting a fuel which is easier to transport. Research 

on conversion processes has shown that lignites display behavior that 

is markedly different from that of higher-rank coals. This behavior 

is believed to be greatly influenced by the inorganic constituents 

present in lignites. 



The inoruttnic llkiLerial present in any co(d Cull be broken down 

into three classes: 

1) Discrete mineral phases (mineral matter) such as sulfates, 

carbonates, alumino-silicates, and sulfides. 

2) Organo-metallic compounds such as chelated elements and 

exchangeable cations. 

2 

3) Trace elements associated with the discrete mineral phases. 

The most significant feature of the inorganic constituents of 

lignites is the large amount of exchangeable cations. These cations 

are mainly alkali and alkaline-earth metals associated with carboxyl 

groups. They are in high concentration in lignites. By contrast, 

negligible concentrations of carboxyl groups and, hence, cations 

associated with these groups are found in coals of rank higher than 

sub-bituminous B. Hydroxyl groups are also found in low-rank coals. 

These groups are also capable of undergoing exchange reactions, but 

require a pH of greater than 8.0 to do so. Since coal is formed in 

somewhat acidic environments, these groups are not believed to undergo 

exchange in sit11. 

The cations associated with these carboxyl groups are felt to be 

responsible for much of the behavior of lignites in coal conversion 

and utilization processes. United States Bureau of Mines investigators 

(50) have found that the slagging behavior of low-rank coals in com

bustion proc~sses is greatly influenced by the amount of ion-exchangeable 

cations. They investigated methods of removal of these cations. 

Wrtlkr:>r et. rtl. {nS) ilnrf Hippo {?7) hilvP. fn11nrl t.hilt. P.xchilngP.d 

cations can act as very active catalysts when lignites are gasified. 



The effectiveness of the cation JepenJs on Lhe element ·in 4uestion 

and the gasification conditions. 
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Walker et. al. (63,64) have also investigated the formation of 

iporganic reactor solids when low-rank coals are liquefied. It 

appears that cations can produce carbonates under liquefaction 

conditions and that these reactor solids can produce undesired effects 

by blocking of the reactor and abrasion of pipes .and pumps. 

Miller (38,39) noted the effect of exchanged cations on the 

analysis of mineral matter in lignites. He found that the cations 

present formed sulfates under the conditions present in the low

temperature asher. This resulted jn mineral matter values that were 

higher than those existing in the coal. 

Although these researchers have shown cations to be important 

in the processes described, satisfactory techniques for the analysis 

of the cations, the carboxyl groups, or the mineral matter in lignites 

have not been fully developed. These analyses are the main interest 

of this investigation. The approach to this problem can be stated 

as follows: 

1) A literature survey to synthesize the information gained 

by past studies into a reasonable experimental approach. 

2) Choice of a sample base which is comprised of lignites from 

the major lignite regions in the United States. 

3) Determination of simple, accurate techniques to analyze: 

a) Amount of carboxyl groups present, 

b) Amount and type of exchanged cations present, 

c) Amount of mineral matter and a semi-quantitative 

analysis of the phases presen~. 



2. LITERATURE SURVEY 

2.1 Carboxyl Group Determination 

Carboxyl groups only exist in significant concentrations in 

coals of low rank. However, these groups have generated considerable 

interest recently because of the increase in interest in utilization 

of low-rank coals. There are a number of methods used for the deter

mination of carboxyl groups in organic liquids and mono-acidic 

systems. Very few of these have been applied to coal successfully. 

Good reviews of methods to determine carboxyl groups can be found in 

the literature written by Cronauer and Ruberto (14), Blom et. al. 

(5), Schafer (57), and van Krevelen (62). 

2.1.1 Iodometric Techniques 

This method utilizes the irreversible reaction of potassium 

iodide with carboxyl groups in the following manner: 

6 R-COOH + 5 KI + KI0 3 ~ 6 R-COOK + 3 I2 + 3 H20 

lhe iodine produced is taken up by the thiosulfate present in the 

solution. The excess thiosulfate present is then titrated and the 

amount of iodine present determined. The method was investigated by 

Blom et. al. (5) on a suite of coals, including: a brown coal, 

vitrinites from one American and two European lignites, and vitrinites 

from six European bituminous coals. He stu~ied both raw and oxidized 

samples of these coals. Blom et. al. found that the results for the 

iodometric technique were irreproducible and higher than the values 

found by other methods. 

4 



2.1.2 Mclllylt~L·ion TecllwiqtH!~; 

This method utilizes methylation of the acid groups with methanol

HCl, dimethyl sulfate, or diazomethane. Both phenolic and carboxylic 

acid groups are methylated yielding methoxyls and esters, respectively. 

The carboxyl contents can be calculated from the difference of the 

methoxy content, as determined by the Ziesel method (42), before and 

after saponification of the esters (hydrolysis in a base). The Ziesel 

method utilizes treatment with boiling hydroiodic acid which-causes 

the release of CH 3 I from methylated phenolic and carboxylic acid groups. 

Blom et. al. (5) studied this method on the same suite of coals that 

was previously mentioned and found that the reaction time for methylation 

was too long. 

2.1 .3 DP.carboxylation Techniques 

Decarboxylation of carboxyl groups by refluxing in quinoline was 

first proposed by Hubacher (28). He studied the use of several cata

lysts, and finally chose cupric carbonate. After studies on a large 

number of organic acids, he concluded that about 80% of the carboxyl 

groups were decomposed to yield C02. Blom et. al. (5) also studied 

this reaction for use in coal analysis .. He quantified the amount of 

undecomposed groups by exchange with calcium acetate~ He concluded 

that about 80% of the carboxyl groups decomposed. Both workers state 

that the reproducibility is fair. 

2.1.4 Non-Aqueous Titration Techniques 

This method has gained the attention of researchers for use as a 

standard carboxyl group determination method.· It was first developed 

by Moss et. al. (43) to determine the amount of phenols in pure 

organic compounds. The material to be analyzed is potentiometrically 
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titrated in ethylenediamine by sodium aminoethoxide. Ethylenediamine 

is used as a solvent to enhance the acidic strength of these weak 

acids. A titration of a multi-acidic complex yields several inflection 

points. From these points the contribution of each acid can be 

determined. 

Katz and Glen (32) applied the technique to the titration of 

phenols in coal hydrogenation oils. Maher et. al. (8,34,35) investi

gated the use of this m&thod in the determination of 'arboxyl groups 

in coal. One of the principle advantages for its use on coal is that 

ethylenediamine causes swelling. Thus, the carboxyl groups are 

believed to be more accessible to the titration agent. 

When ~oals are titrated by this technique two or three inflection 

points are found. Carboxyl groups are thought to be responsible for 

the first one or two points, while phenols are responsible for the 

final point. One of the problems with this technique is that the 

inflection points are not always sharp. Moss et. al. showed an increase 

in the acidity of phenols when the basic ethylenediamine is used. 

This results in a much sharper endpoint for phenols. In coal or 

multi-acidic complexes the phenol endpoint is sharp but the carboxyl 

endpoint is less distinct. Therefore, total acidities can be 

measured more accurately than component acidities. 

Maher and Schafer (35) found that the carboxyl contents determined 

with non-aqueous titration were always higher than those found by ex

change with barium acetate. They infer from these results that some 

of the phenols may be titrating with the carboxyl groups due to the 

effect of the basic solvent ethylenediamine. 
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2.1 .5 Ion Excha11ye Techniques 

This is the most widely used method for carboxyl group deter

mination. The method involves mixing the coal with a weak base such as 

calcium acetate. The calcium exchanges with the carboxyl groups in 

the following manner: 

R-COO 
2(R-COOH) + Ca{CH3COO)z ~ )ca + 2{CH3COOH) 

R-COO 

The released acetic acid can then be titrated to determine the quantity 

of carboxyl groups exchanged. 

Blom et. al. (5) investigated this technique. They exchanged 

the coal with calcium acetate by stirring at room temperature for 

15 hours. They discuss the point that the reaction mechanism proposed 

above is valid only if the correct steric conditions ~revail. If 

not the following reaction occurs: 

R-COO 
R-COOH + Ca(CH 3C00)2 ~ ?ca + CH 3COOH 

. CH 3 COO 
-

However, titration·detects the hydrogen released from the exchange as 

acetic acid. Therefore, the carboxyl groups exchanged would be deter-

mined correctly if either or both of the reactions arP. correct. 

Brooks.et. al. (7-10) experimented with Australian brown coals. 

They exchanged carboxyl groups by shaking the acid treated coals in 

3N sodium acetate for 16-20 hours at room temperature. The excess 

acetic acid was back titrated with barium hydroxide. The acid 

treatment involved refluxing of the coal under nitrogen in 5N HCl. 

This step was taken to avoid errors due to ion exchange with the 

clays present and to maintain ~11 the carboxyl groups in the acid 
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form, thereby facil i lillinu co111pld(~ cxcllan~w. They also performed 

the exchange with barium and calcium acetate and found good agreement. 

Lynch and Durie (33) modified the procedure by refluxing the 

coal in sodium acetate for 4 hours. However, use of sodium acetate 

has drawbacks. Low-rank coals are somewhat soluble in the reagent. 

This makes titrations with indicators very difficult. Potentiometric 

titration does not alleviate this problem because of the strong 

buffering action of sodium acetate. 

One serious oversight in the early work was that no attempt 

was made at achieving precise pH control. Schafer (56-58) investi

gated the dependence of the amount of acid groups ~xchanged on pH. 

He found an inflection point in the curve at a pH of about 

8.25-8.30 and attributed this to the point at which all carboxyls but 

no phenols exchange. A pH of 13 was found to be necessary for com

plete exchange of phenols. However, he cites work that shows ortho

diphenols may exchange at a pH of about 8.0. 

Schafer also investigated the problem of whether a divalent 

cation exchanges with one or two carboxyl groups. This was accomplished 

by determination of the amount of barium put on the coal when 

exchanging with bari4m acetate. To.study the amount of barium 

exchanged, he back-exchanged the coal by boiling the bar1um-loaded 

coal in perc~loric acid for 20 minutes. The barium released was 

determined by atomic adsorption spectrometry. He found th~t, within 

the limits of experimental error, two carboxyl groups exchange with· 

one barium ion. 

The_technique Schafer finally describes involves refluxing the 

acid treated coal in lN barium acetate (pH of 8.25-8.30) under 
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nitrogen for four 4-hour periods. After each period, the solution is 

titrated back to the original pH of 8.25-8.30 with sodium hydroxide. 

The exchang~d coal is then washed with a sodium acetate solution at 

a pH of 8.25-8.30 under nitrogen and back-excahnged by boiling in 

0.2N perchloric acid for 20 minutes. The use of nitrogen is necessary 

to prevent oxidation of the coal under the alkaline conditions used. 

C0 2 can combine with Ba++ to form BaC0 3 • This will lead to a value for 

the carboxyl group content that is too high when considering the amount 

of sodium hydroxide used to titrate the acetic acid released. 

One of the main criticisms of this technique is the possible lack 

of accessibility of the carboxyl groups to the exchange medium. 

Brooks and Sternhell (9) found that in the particle size range of 

75 to 20,000 microns the rate of exchange was substantially faster 

for the small particles; however the carboxyl group content was inde

pendent of particle size if they allowed 16-19 hours for exchange 

to occur. If the groups are inaccessible, one would predict a 

decrease in the groups exchanged with an increase in the particle 

size because of the opening of closed pores in the small size ranges. 

Furthermore, infrared spectroscopy studies by Brooks et. al. (7,9) 

and Lynch and Durie (33) provided evidence which shows no acidic 

carboxyl groups present after exchange ·with various metal acetates. 

De et. al. (15) investigated the adsorption of HCl by the coal during 

the demineralization step. They found that a small amount of HCl was 

tenaciously held by the acid treated coal. They refluxed the acid 

treated coal in C0 2 -free distilled water for 1 hour. After this 

treatment, no effect of adsorbed HCl was seen in the carboxyl group 

determination. 



10 

2.2 lon-Exchanycable Cation Determination 

Many of the inorganic elements in coal are believed to be associ

ated with the organic fraction. These elements are divided into two 

main classes. Some are thought to be exchanged on the carboxyl 

groups found in. low-rank coals. These elements are mainly the, alkali 

and alkaline-earth metals. The other class mainly involves transition 

eJements which are bound more strongly than the previous class in 

rnnrrlin~tinn nr r.hr.l~tr. r.nmplr.xc~. 

One method of inferring organic association utilizes float-sink 

separation of coal (25,38,68). In this method the fractions of coal 

are separated according to specific gravity by use of a series of 

liquids of known densities. The concept is that mineral matter will 

accumulate in the heaviest fraction while the organic matter will 

concentrate in the lighter fractions. If an element is associated with 

the mineral matter, it will be more concentrated in the fraction with 

the greatest amount of mineral matter. Alternatively, if an element 

is associated with the organic fraction, it will concentrate according 

to the amount of organic matter in the fraction. 

There have been a number of studies on the chelate complexes in 

coal (25,38,68). These elements are extractable with dilute HCl. 

Miller (38) found that Be, Cr, Ni, Sc, V, Y, Yb, and Zr were associated 

with coal in this manner. 

Ion exchangeable elements are the main subject of this section. 

In the past, most of the work on ion exchange has been performed on 

inorganic materials such as clays {1), soils (28), and zeolites (1,6). 

Although these systems are very different than coal, the studies have 

revealed much about the ion exchange process. 
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In general, the ion exchange behavior of any system is a function 

of the following (6): cation size and charge, anion, temperature, 

concentration, and solvent. The result of the effect of cation size 

and charge is an affinity series for any given set of elements. In 

cations of the same valence, the cation size or cation charge density 

is the controlling factor (26). The charge density is d~fined by the 

charge to volume ratio. In the case of aqueous solutions the volume 

that is important is the hydrated volume. The hydrated ion radii and 

charge densities for the cations studied in this work are listed in 

Table 1. The resultant affinity series are: Kt > Na+ for the alkui 
++ ++ ++ ++ metals, and Ba > Ca , Sr > Mg for the alkalin~-earth metals. 

When comparing cations of different valence, the general rule is that 

the cation of higher valence is preferred. The reasons for this are 

explained by the Donnan potential (26), which is the term used to 

describe the effect of the forces imposed on the system by the charges 

created in the exchange medium and the coal. Briefly, a negative 

charge builds up in the coal and a positive charge builds up in the 

solution. This is due to the fact that both cations and anions 

diffuse into the coal~ but only cations diffuse out. Therefore there 

is an electrostatic force created which tends to repel anions and 

attract cations to the coal. This force is proportional to the charge 

of the cation. The concentration of the cation also plays an impor-

tant role. If the concentration of a weakly held cation, such as 

+ Na , is large eno~gh, it can replace ct strongly held cation, such as 

B ++ a . However, the equilibrium nature of ion exchange dictates that 

a portion of the cations will remain on the solid if there are some 

cations in solution. Therefore, to achieve complete or almost complete 
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TABLE 1 

RADII AND CHARGE DENSITIES OF SOME HYDRATED CATIONS (41) 

Radius Charge Density x 1024 

Element (nm) (coulombs/nm 3
) 

Na+ 0.22 3.7 

K+ 0.18 7. 1 

lvJ!] ++ 0.30 3.0 

Ca++ 0.27 3.8 

Sr++ 0.27 3.8 

Ba++ 0.25 5.0 
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1-+ + 
excl~t.llllJe or, rur insldnce l3u by Nu , one would huve to use t1 series 

of exchanges with fresh solution in which no Ba++ is present. The 

anion is important in the strength with which it holds the cation. 

Characterization of the exchangeable cations in peats was 

attempted by Bel 'kevich and Chirtova (3). They studied Na+, K+, 

Ca++, and Ba++ by extraction with ammonium chlorid~. They recognized 

the importance of pH on exchange in these materials. In a study of 

the acidic groups on peats, they found an almost linear increase in the 

amount of exchange with pH. They found an inflection point in the 

range of pH around 7.5-8.5 and concluded that above this range exchange 

was mainly due to interaction with carboxyl _groups, while at lower pH 

carboxyl groups were the main participants in ion exchange. This and 

work on organic acids implies that there is a distribution of acidic 

strengths in these materials. The strongest acids will exchange at 

low pHs while the weaker ones will require high pHs to remove the 

hydrogen. Therefore, since the pH of peat bogs has been found to be 

acidic, only a portion of the acid groups are capabl~ of exchange. 

Furthermore, the carboxyl groups in_ coal are known to exchange at pH 

values as high as 8.5 so that exchange with the groundwater should be 

exclusively with these groups. 

A number of investigators have been concerned with ion exchange 

in low-rank coals (17, 18, 36, 38, .51). Paulson and Fowkes (51) 

studied Na+, K+, Mg++, and Ca++ by extraction with HCl and CaC1 2 • 

They found the exchange time to decrease with particle size in the 

range of 6 to 50 mesh. They also showed that the ability of CaC1 2 to 

exchange with Na was diminished by th~ presence of Na in the solution. 
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Uurie (l/) slut.liet.l Lhe Sollie coliuns JS Poulson ont.l lowkes diu 

in two Australian brown coals. He discussed the need for successive 

washings with fresh solution to ensure complete exchange. He used 

H2 0, NaCl , MgCl, and HCl for exchange and found that Ca and Mg were 

the domihant cations in the coals studied, with lesser amounts of Na 

and very little K. Durie (J8) also pointed out that extraction with 

dilute HCl can cause errors due to the solubilization of mineral 

fractions such as carbonates, sulfates and clays. 

Miller (38) undertook the most recent and comprehensive study of 

ion exchangeable cations in American lignites. He extracted five 
( 

American lignites with lN ammonium acetate. (pH = 7.0 - 7.2) for two 

2-hour periods with fresh solution added for the second extr~ction. 

Miller studied a large number of elements and concluded that Na, K, 

Mg, Ca, Sr, and Ba were present in ion exchange form. Some, such as 

Na, Mg, and Sr, were present almost totally in ion exchange form while 

others were also found in association with the mineral matter. 

Examples of mineral matter association are: K with i I lite and Ca with 

calcite and gypsum. Miller also·cites the fact that a pH of 7.0- 7.2 

is sufficient for removal of cations in coal since the pH of the 

ground water associated with coals is sign~ficantly lower. In the 

coals studied, he found Ca++ and Mg++ to be the major cations and 

Na+, K+, Sr++, and Ba++ to be present to lesser extents. 

It should be evident that much work is needed in the characteri-

zation of exchangeable cations in coal. Most studies were not 

concerned with the major factors affecting the exchange. The most 

neglected factor is the need for successive washings. Also few 

researchers have addressed the possibility of ion exchange with clays 
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and other inorganic ion-exchangers or the possibility of solubilizing 

minerals by treatment with the reagents used for the exchange. 

2.3 Mineral Matter Determinations 

There are two topics discussed in this section; separation of 

mineral matter and semi-quantitative analysis of the phases present. 

Since separation of the mineral matter is usually necessary for 

mineralogical analyses, this is a natural coupling. Good reviews of 

these subjects can be found in the literature by Jenkins and Walker 

(30), Walker et. al. (63), Selvig (59), and O'Gorman (45). 

2.3.f Separation of Mineral Matter 

For analysis of the mineral matter in coal, it is imperative that 

a good separation technique is used. Classically, coal minerals have 

been concentrated by gravity separation. This technique is similar to 

coal preparation processes and depends on the mineral having a higher 

specific gravity than the coal organic matter. One drawback is that 

whereas it produces a mineral enriched portion, total separation is 

never attained. For many analyses an enriched portion is not good 

enough. Gravity separation can also result in mineral segregation. 

Ashing is another procedure tt1at has been used fot mineral separa

tion. A standard ASTM procedure calls for oxidation of the organic 

matter at 750°C in 1 atmosphere of air. It has been found that under 

these conditions many of the minerals are altered: pyrite is oxidized, 

clays lose water, and carbonates and sulfates form oxides. The only· 

major mineral unchanged is quartz. 

Brown et. al. (11 ,12) developed a low-temperature technique which 

oxidizes coal in air at 370°C. They were somewhat successful in gaining 

unaltered samples except for decomposition of ferrous carbonate and 
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dehydration of clays. The main problem is that the technique takes 

on the order of 200 hours for completion. 

A fairly recent technique_which has gained widespread use is 

low temperature ashing in a low pressure oxygen plasma. In this 

instrument low pressure oxygen (1-2 torr) is passed through a high 

energy electromagnetic field produced by a radio frequency asci 11 a tor. 

These conditions produce an oxygen plasma which is described by 

Gleit (23), the principal developer of the instrument, as a mixture 

of atomic and ionic species, as well as electronically and vibrationally 

excited states. Under these conditions the oryanic matter is oxidized 

at a relatively low temperature of 100-250°C (21,24,46). 

Gluskoter (24,54), Miller (38,39) and Frazer and Belcher (21) 

studied the use of low temperature ashing for mineral separation. 

They found the tool to be relatively rapid and reproducible for ob

taininq samples of mineral matter from coal. Miller found that some 

pyrite samples oxidize, and sulfates can form from the interaction of 

ca 1 cite with oxides of sulfur present in the L TA. However, he con

cluded that adjustment of the operating conditions can minimize this 

behavior. 

All of the above oxidation techniques share- special problems when 

analyzing low-rank coals. The cations present have been found to fix 

sulfur and form sulfates. Miller found that the lower the radio 

frequency power the more sulfur is fixed. Karr et. al. {31) found that. 

alkali nitrates can also be formed in this process when ashing low-rank 

coals. Miller suggested treatment of the coal with ammonium acetate 

to· remove the cations and prevent the prob 1 em. 
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2.3.2 Qualitative and Semi-Quantitative Mineralogical Analyses 

The following section investigates the major analytical methods 

for coal mineralogical analyses. The importance of this analysis has 

led to numerous techniques, however, only the most viable ones will 

be discussed in detail. Qualitative analysis entails the identifica

tion of the major minerals in the coal or LTA residue. Quantitative 

analysis entails measurement of the amount of each mineral present. 

A list of the minerals which are most commonly identified in qualitative 

analyses of American coals can be seen in Table 2. 

2.3.2.1 X-Ray Diffraction 

X-ray diffraction can be used as both a qualitative and a 

quantitative tool for coal mineralogical analyses. The technique 

identifies the minerals by their characteristic lattice spacings. 

When dealing with minerals from coal, a number of problems occur. The 

most prominent is mineral orientation caused by the pl~tey nature of 

some minerals, especially clays. Since powder diffraction techniques 

depend on random orientation, the preferred orientation of platey 

minerals removes quantitative correlations between peak intensity and 

concentration of particular minerals. Rao and Gluskoter (5tl) de

scribe a mounting technique which can give reproducible results. This 

technique is called cavity mount; and although it does not eliminate 

orientation, it allows for a reproducible amount of orientation. 

Once mounted the sample is irradiated with x-rays and scanned to find 

the charasteristic peaks. For qualitative analyses, the goniometer 

can be set for the relatively fast speed of 2-4° (20) per minute. The 

diffraction patterns can then be compared to standard tables for mineral 

identification. 



Clays: 

Sulfides: 

Carbonates: 

Oxides: 

s~lfates: 

TABLE 2 

COMMONLY OCCURRING MINERALS IN COALS 

Kaolinite~ ~ontrnorillonite, Illite, Nixed-Layer Clays (Alumino-Silicates) 

Pyrite or Marcasite (FeS 2), Sphalerite (ZnS) 

Calci~e (CaC03), Siderite (FeC0 3 ), A~kerite (CaFe (C0 3 ) 2 ), 

Ankerite (CaFe (C03) 2 ), Dolomite (CaMg (C0 3 ) 2 ) 

Quartz (SiOz), ~utile (Ti02 ) 

Gypsun (CaS04 · 2H20) 
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The analysis of clays other than kaolinite presents special pro-

blems. One reason is that the term 11 illite 11 or 11 montmorillonite 11 

refers to a group of clays. All the clays within a group show gross 

chemical similarities but have varying composition because they can 
I 

exchange cations. This exchange (or intercalation between layer 

planes) causes swelling. Because of the irre~ular nature of th~ ex-

change, these clays exhibit a range of interlayer spacings and, hence, 

a range of x-ray diffraction peaks, making identification and quanti-

fication of amounts present difficult. 

Quantitative analysis by diffraction is difficult because of 

overlapping peaks, orientation, and minerals with varying degrees of 

crystallinity. Also, obtaining a representative sample of the coal 

mineral matter is very difficult. The concentration of coal minerals 

can vary greatly in coal seams both vertically and horizontally. 

Grinding and sieving can result in mineral segregation. Therefore, 

care must be taken to obtain a representative sample, and the analysis 

must be performed a number of times to ensure accuracy. However, 

calcite, quartz and pyrite can be analyzed in a semi-quantitative 

manner if the above mentioned problems are taken into account. These 

are the best minerals for semi-quantitative work because problems 

with overlapping peaks, orientation and degree of crystallinity can 

be minimized. Rao and Gluskoter (G4) and o•Gorman (45) describe a 

technique to do this, which utilizes calcium fluoride as an internal 

standard. Therefore, the peak heights or areas of the minerals are 

compared to those of calcium fluoride, removing the necessity of 

relating absolute peak intensities to concentration. Utilizing this 

technique, calibration curves are prepared by comparing the ratios 
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of x-ray diffraction peaks for minerals in a calibration mix to their 

known concentrations. The calibration mixes consist of pyrite, 

calcite, quartz, a clay mixture and calcium fluoride. Calcium fluoride 

is then mixed with the unknown, and ratios of the same x-ray diffrac

tion peaks can be compared to the ratios in the calibration mixes. 

The method is described in more detail elsewhere (45,54); it 

does give reproducible results. However, in addition to the problems 

listed earlier. problems exist with the stability of the x-ray equip

ment, obtaining a good solid-solid mixture, and obtaining a mineral 

standard which is crystallographically the same (that is, crystalline 

size and density of defects) as the mineral in coal. Because of these 

problems, x-ray analyses are only accurate to + 10% at best. 

~.3.2.2 Infrared Spectroscopy 

In this section the use of both dispersive infrared spectroscopy 

and Fourier transform infrared spectroscopy will be discussed. The 

use of dispersive infrared spectroscopy (IR) for analysis of mineral 

matter from coal has been shown to be an effective analytical tool. 

Tuddenham and Lyons (61) and Estep et. al. (19) investigated the use 

of IR for quantitative analysis of minerals in coal. They both used 

pressed alkali halide pellets for suspension of the sample in the 

IR beam. The ma~rix elements used in their work are: KBr in the 

range 2000 to 605 cm- 1 , and Csl in the range 650 to 200 cm- 1 • They 

are chosen for their transparency to IR radiation in the specific 

ranges cited. Quantitative analysis is carried out by creating a 

number of calibration mixtures to be compared to the unknown. o•Gorman 

(45,46) utilized the baseline method to calculate the absorption of 

specific bands with good results. 
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The main drawback to this technique is overlapping peaks. Estep 

et. al. (19) and Painter et. al. (48) discuss this problem at length. 

Kaolinite, in particular, absorbs IR radiation strongly, and its bands 

overlap those of the other clays. As in x-ray diffraction, obtaining 

a mineral standard that is representative of the minerals in coal is 

a problem. Also, most workers have found that the absorbance of a 

mineral is dependent on particle size (19,48,61). Estep et. al. (19) 

show that the absorbance increases with decreases in particle size 

until the mean particle diameter falls betwee.n 4-13 microns. 

Fourier transform infrared spectroscopy (FTIR) has recently 

emerged as a very powerful tool for qualitative and quantitative 

analysis of mineral matter in coal. Theoretically the technique offers 

several advantages over dispersive IR. The technique and its 

advantages have been discussed in a number of publications (2,48,49). 

The main advantage to FTIR is that all of the IR spectrum which 

is transmitted through the sample is utilized. This is done by 

creating an interferogram with a set of fixed and moving mirrors. The 

transmitted interferogram can then be analyzed by using a Fourier 

transform. This step is easily performed with the aid of a computer. 

In contrast to this, dispersive IR restricts the amount of radiation 

that passes to the detector with prisms and slits. Thus, FTIR utilizes 

100% of the radiation while dispersive IR normally utilizes less than 

0.2%. The use of a computer for data analysis adds other advantages. 

It can add successive scans and thereby increase the signal-to-noise 

ratio. Also, information can be stored in digital form for easy 

reference and manipulation. Probably the greatest improvement lies 

in the ability to subtract peaks. When the peaks of the minerals in 
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the sa1nple are subtracted from the spectra, peaks of minerals that 

were previously obscured are revealed. Painter et. al. (48,49) have 

investigated this particular point. 

The main drawbacks to this technique are obtaining a representa

tive mineral standard, the effect of particle size, and mineral matter 

sampling problems. FTIR shares these problems with dispersive IR, but 

it alleviates the problem of overlapping peaks and allows for an 

inr.rease in signal-to-noise ratio. Tt arrears that onr.e this t.er.hniq11e 

is more fully investigated it will become the preferred method for 

mineralogical analyses. 

2.3.?..3 Elemental Analysis 

If the elemental composition of the low temperature ash is known 

and if the phases present are known, it is possible to estimate the 

quantity of each mineral phase present. This is done by assigning 

various amounts of the element detected -to minerals on the basi~ of the 

elemental composition of the mineral. 

Two approaches to this method merit attention. Medlin et. al. 

(36) reported a method of elemental analysis of the ash which involves 

fusing the sample in lithi~m borate and dissolving the solid in 

nitric acid. The:elements are then detected by emission spectrometry. 

Pol lack (o3) ut1 11zes quantitative x-ray tluorescence of the 

low temperature ash. By this method he can quantify the amount of Si) 

Al, Ca, Fe, and K. 

The main problem with these techniques lies in the quantitative 

assignment of elements to minerals by a formula which is deduced from 

the composition of pure mineral standard~. It is well known that most 

minerals have varying amounts of impurities which are dependent on 
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the origin of the mineral. This problem is particularly common in 

clays. However, this technique can be used to supplement or check 

other techniques, or when an estimate is needed. Using this approach, 

the Mineral Constitution Laboratory at The Pennsylvania State Uni

versity estimates the amount of clays other than kaolinite in coals 

(60). As was discussed earlier, quantification of clays other than 

kaolinite using x-ray di,ffraction or IRis difficult. 



3. EXPERmENTAL 

3.1 Lignites Investigated 

Three lignites were investigated in this study. The main 

criterion for their selection was that they comprise a sample base 

representative of the lignite deposits in the United States. There

fore, lignites were chosen from Montana, North Dakota, and Texas. 

These are the states with the largest amounts of lignite reserves. 

Tables 3-5 display the ultimate analyses, proximate analyses 

and maceral analyses for the coals studied. Typical of low-rank coals 

these lignites have low carbon contents, low sulfur contents, and 

high oxygen contents. The proximate analyses display the high 

volatile matter contents of these lignites. The maceral analyses 

illustrate that the coals are typical in that the main component is 

vitrinite. All three lignites are channel samples. 

3.2 Procedures 

3.2.1 Carboxyl Group Determination 

The determination of carboxyl group content was performed by 

ion exchange with barium acetate. The procedure is modeled after 

that of Schafer (56-58). The first step of the determination is 

demineralization of the coal. This serves two functions. It puts 

all the carboxyl groups in the acid form which facilities complete 

exchange, and it allows for monitoring of the quantity of exchange by 

observing the change in pH. Secondly, it removes minerals which can 

undergo ion exchange, such as clays. 

The demineralization technique is adapted from that of Bishop 

and Ward (4), and is as follows: 

24 
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TABLE 3 

ULTIMATE ANALYSES OF LIGNITES STUDIED 

PSOC Coal # 246 623 833 

State North Dakota Texas Montana 

Seam Hagel Darco Fort Union 

wt % Dry Basis 

Ash 9.7 16.6 13.0 

c 64.9 60.9 61.0 

H 4.4 4.5 4.5 

N 1.4 1.1 0.9 

Total s 0.6 1.1 0.5 

0 (by 19.8 15.8 20.1 
difference) 



TABLE 4 

PROXIMATE ANALYSES OF LIGNITES STUDIED 

wt % Dry Basis 
PSOC 246 PSOC 623 

Ash 9.7 16~6 

Volatile 44.7 44.6 
Matter 

Fixed 45.6 38.8 
Cdrbon 

TABLE 5 

MACERAL ANALYSE$ OF LIGNITES STUDIED 

----------~------'.-. ,_ - -·-· 
Maceral 
Group 

Vitri ni tes 

Liptinites 

I nerti nites 

PSOC 246 

78.7 

4.1 

17.2 

vol % DMMF Basis 
PSOC 623 

80.9 

2.3 

16.4 

26 

PSOC 833 

13.0 

40.9 

46.1 

PSUC 833 

74.9 

2.0 

23.1 
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1) Six gran1s of coal, ground under nitrogen to pass 200 mesh, 

are mixed with 40 ml of 5N HCl in a plastic beaker (125 ml .) 

This solution is then agitated at 55-60°C for 1 hr on a 

magnetic stirrer, hot plate apparatus. 

2) The coal is then filtered and mixed with 40 ml of full 

strength HF. This mixture is also stirred at 55-60°C for 

1 hr. 

3) The coal is filtered and mixed with full strength HCl for 

a third 1-hr treatment at 55-60°C. 

4) The coal is filtered and repeatedly washed with distilled 

water. 

5) The coal is transferred to a 1000 ml round bottom flask 

equipped with a refluxing apparatus. 500 ml of distilled, 
\ 

C0 2 free water is added and the mixture is refluxed for 

2 hr. 

6) The coal is filtered and washed until no chlorine can be 

detected upon the addition of silver nitrate. 

Steps 5 and 6 were added in accordance with the findings of 

De et. al. (15). As discussed in the literature survey, these steps 

are necessary to remove any HCl remaining following the demineralization 

step. Adsorption of HF does not appear to be a problem. Bishop and 

Ward (4) showed that the adsorbed acid on demineralized coals was 

almost entirely HCl. 

The coal is then stored in a vacuum desiccator until the 

carboxyl content is determined. The use of a vacuum desiccator 

results in the drying of the coal and prevents oxidation. The carboxyl 

group determination is conducted as follows: 



1) One-half yram of demineralized coal is transferred to a 

500 ml round bottom flask equipped with a refluxing 

apparatus. The flask is also equipped with a fritted 

cylinder to bubble N2 through the mixture. The N2 is 

purified by passing it through a liquid N2 trap to remove 

C02 arid a copper turnings trap to remove Oz. 

2) The flask is then flushed with N2. 

2n 

3) Using a graduated cylinder. 250 ml of lN barium acetate is 

added. The pH of the solution being adjusted to 8.25-8.30 

by the addition of barium hydroxide. 

4) The solution is then refluxed for 4 hr. 

5) The solution is cooled to room temperature and the pH is 

determined and recorded. 

6) Barium hydroxide of a known normality (about 0.05) is 

added unLil Lhe pH is the same as the starting pH. (The 

normality of the barium hydroxide must be checked 

periodically since it tends to react with C02 and prec1p1-

tate barium carbonate.) 

7) Refluxing and titration are continued for two additional 

4-hr periods. 

8) The amount of carboxyl groups exchanged is calculated from 

the total number of moles consumed in restoring the pH. 

Carboxyl groups are reported on a dry mineral matter free basis 

(DMMF). To accomrlish·this, a moisture and residual mineral matter 

determination was carried out on another sample of the coal. The 

moisture was determined by heating to ll0°C for 1 hr, and .the residual 

·e 



miner<d mutter wus determined in tile low Lem!Jerature asher, as 

described later in this section. 
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A check on the determination of carboxyl group content is per

formed using the back exchange of barium on the exchanged coal. 

The procedure is as follows: 

1) The exchanged coal is washed into a Buchner filter with a 

minimal amount of lN sodium acetate (pH of about 8.25-8.30). 

The use of this wash solution is important since all the 

excess reagent must be removed without hydrolysis or ex

change of the barium on the coal. The filtered coal is 

washed twice with 25 ml of the wash solution. 

2) The exchanged and washed coal is then transferred to a 

plastic beaker with distilled water to which 50 ml of 

0.2N perchloric acid is added. 

3) The solution is stirred and boiled for 20.min. 

4) The coal is then filtered and washed with distilled water. 

5) The extract is then diluted to 100 ml and analyzed via 

emission spectrometry for the concentration of barium. 

3.2.2 Exchangeable Cation Determination 

The technique for the determination of exchangeable cations 

employs exchange with lN ammonium acetate at a pH of about 7.0-7.2. 

The technique is as follows: 

l) One-half gram of as-received coal, ground to pass 200 mesh, 

is mixed with 50 ml of lN ammonium acetate in a plastic 

beaker ( 125 ml). 

2) The slurry is stirred at room temperature for a period of 

3 hr with a magnetic stirring apparatus. 
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3) The slurry is transferred to a Buchner funnel, filtered, and 

washed repeatedly with a. total of 25 ml of ammonium acetate. 

4) The filtrate is then transferred to a 100 ml volumetric 

flask to which 5 ml of glacial acetic acid is added for 

acidification. The solution is then further diluted with 

lN ammonium acetate to 100 ml. 

5) The flasks are shaken and the solution stored in plastic 

bottles until analyzed. 

6) The coal from the filter is transferred back to the 

plastic beaker with lN ammonium acetate and diluted to 

50 ml. 

7) The procedure of steps 2 through 6 is repeated for four 

more 3-hr periods, followed by stirring overnight, and 

one additional 3-hr period in the morning. 

In order to report the analysis on a DMMF basis both the mineral 

matter and the moisture content are determined. The moisture con-

tent is determined as described earl1er, and the mi11er·al 1natter is 

determined on a sample of the ammonium acetate treated coal. 

B ++ 
a • 

++ M ++ + + + The extracts are analyzed for Ca , g , _Na , K , Sr , and 

The particular unit used is a SMI Spectrospan III, Plasma 

Emission Spectrometer. This unit is very convenient since a11 six 

elements can be analyzed simultaneously. One thousand ppm standards 

of each element were prepared as outlined in the literature (52). 

These standards are then diluted with lN ammonium acetate and glacial 

acetic acid (in the proportions used earlier) to make 100 ppm multi-

component standards of all six elements. For analysis of the cations, 

10, 8, 6, 4, 2 and l ppm standards are usually sufficient; but some 



samples with lower concentrations of cations require further dilu

tion. 

The main problem with emission spectrometry is that the ratio 

of spectrometer output to element concentration tends to vary with 

time. Th~ technique employed in this analysis is structured to 

minimize this problem, and is as follows: 

1) The multi-component standards are analyzed in the order 

of lowest to highest concentration. 
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2) The unknowns are then analyzed in the order which they were 

collected. 

J) The unknowns are analyzed in reverse order. 

4) The standards are analyzed in reverse order . 

. 5) The duplicate determinations are then averaged. 

6) Calibration curves are drawn by relating standard concen

tration to spectrometer output. 

7) The concentration of the elements in the unknown sample 

can be determined by relating the spectrometer output 

of the unknowns to the calibration curves. 

3.2.3 Mineral M~ttPr 0@termination 

3.2.3.1 Mineral Separation 

The first step in the mineral matter analysis is the separation 

of the organic and inorganic material. This is accomplished in a 

low temperature asher (LTA). The particular unit used is a oouble 

chamber unit manufactured by the International Plasma Corporation 

(PM-248). 
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l3oth the raw and the ammonium acetate treated coals were ashed 

in the LTA. The procedure is adapted from that of Miller (38,39~ 

and is as follows: 

1) One to 1.5 g of coal, ground to minus 200 mesh, is dried at 

ll ooc for l hr in weighing bottles. 

2) The bottles are capped, cooled in a desiccator, and weighed 

to determine the moisture.content. 

3) The dry coal is transferred to a Petri dish ·for use in 

the LTA. The samp.le density should not exceed 30 mg/cm2 • 

4) Ashing should take place at 50 watts of power per channel 

and a pres$ure of 0.13~0.26 kPa of 02 • 

S) Samples are sLirTell three to four times in the first 16-hr 

period and then oxidation is allowed to proceed overnight. 

6) Fol1owing the initial 24-hr period, the samples are stirred 

and weighed every 4 to 6 hr. In order to minimize the 

weight gain due to moisture adsorption the sample is cooled 

in the chambPr tn rnnm temperature under vacuum and quickly 

weighed. 

7) The sample weight should be checked three to four times a 

day during ashing until a constant weight is attained. The 

total ashing time depends on the coal used. Raw lignites 

require 4-5 days, while anm~nium acetate washed lignites 

require l-2 days. 

3.2.3.2 Qualitative Mineralogical Analysis 

·Qualitative analyses were accomplished by three techniques. 

X-ray diffraction is probably the most useful technique. The cavity 
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mount method was used. The mount consists of an aluminum holder with 

a rectangular cavity in it. A glass slide is taped to one side and 

the LTA residue is put in and leveled. Another glass slide is then 

taped over the open side of the cavity. The whole mount is then 

carefully turned over and the-first slide removed. The sample can 

then be put in the diffractometer and scanned at a speed of 2-4° 

(28)/min. The diffraction peaks can then be compared to standard tables 

for mineral identification. The particular unit used was a Rigaku 

Geigerflex x-ray diffractometer (#21730). 

Infrared spectroscopy is also used to identify some of the 

minerals present. A Perkin-Elmer 2838 infrared spectrometer was used 

for this work. The sample preparation technique utilized a double 

press method in a vacuum die. One mg of sample is mixed with 200 mg 

of KBr in an ~gate mortar and pestle. The mixture is then placed in 

the die and the system is evacuated for 3 min. Excavation is done to 

remove most of the water that may be in the sample. The mixture is 

then compressed at 10 tons/in 2 for 5 min. Evacuation and compression 

are then repeated. The resultant pellet is then scanned using 

. radiation from 4000 to 200 cm- 1 for mineral identification. For 

qualitative purposes a total scan time of 6 min is sufficient. 

Optical microscopy was also used for mineral identification. 

This is a particularly useful tool since it provides information on 

the coal without the difficulties or Hlterations imposed by the LTA. 

This work was performed by the Coal Research Section at The Pennsylvania 

State University. 
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3.2.3.3 Semi-Quantitative Mineralogical Analysis 

This analysis was performed on both the r'aw and ammonium acetate 

treated coal LTA residues. A combination of techniques was used. 

Calcite, pyrite and quartz were analyzed by x-ray diffraction Kao

linite and anhydrite were analyzed by infrared spectroscopY-. A 

rational or normative analysis was used to estimate the amounts of 

other clays, that is, the total amount of clays other than kaolinite. 

The remainder of the inorganic constituents were quantified by 

difference. 

For semi-quantitative determination of the mineral composition 

by x-ray diffraction, the cavity mount was used, as described earlier. 

The method used for quantification employs an internal standard. In 

accordance with the technique of Rao and Gluskoter (54), calcium 

fluoride is added to the sample in the proportion 0.2 g calcium 

fluoride to 1 g of sample. The mixing took place in a Spex mixer/mill 

for a total time of 30 min in all cases. 

In Qrrl~;>r tn 11ti 1 i ze x-ray diffraction it is necessary to first 

analyze a set of calibration mixes of known composition. Therefore, 

mixtures of calcite, quartz, pyrite, a clay mixture (1 :1 kaolinite: 

montmorillonite), and calcium fluoride were prepared. The mineral 

standards were all grpund to minus 325 mesh before mixing. These 

standards were all obtained from Wards Natural Science Establishment, 

and the origins of the minerals can be seen in Table 6. The composi

tion of the calibration curves are given in Table 7. After the 

calibration mixtures are prepared, the quantity of the mineral present 

can be related to the peak area of the mineral in question. This is 

done on a relative basis. The number compared to the mineral 



TABLE 6 

SOURCES OF THE MINERAL STANDARDS 

Calcite: 

Kaolinite: 

Montmorillonite: 

Pyrite: 

Quartz: 

Chichuhua, Mexico 

Mesa Alta, New Mexico, U.S.A. 

Chambers, Arizona, U.S.A. 

Sonora, Mexico 

Minas Gerais, Brazil 



TABLE 7 

COMPOS:TIO~ OF X-RAY CALIBRAT]QN MIXTURES 

Mixture '"It % of Mi nera 1 
Number Ca lcae Quartz Pyrite Clays Fluorite 

0.00 0.40 0.40 0.20 0.20 

2 O.QL 0.36· 0.36 0.24 0.20 

3 0. OE~ 0.32 0.32 0.28 0.20 

4 0.1 c 0.28 0.28 0.32 0.20 

5 0.1 E 0.24 0.24 0.36 0.20 

6 0.2( 0.20 0.20 0.40 0.20 

7 0.24l 0. 16 0.16 0.44 0.20 

8 0.28 (). 1 2 0.12 0.48 0.20 

9 0.32 o.og 0.08 0.52 0.20 

10 0.36 0.04 0.04 0.56 0.20 

11 0.40 O.OJ 0.00 0.60 0.20 
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composition is the ratio of the peak area of the-mineral in question 

to that of the internal standard. The peaks used in this analysis 
' 

are (CuKa): quartz, 26.7°; calcium flouride, 28.3°; calcite, 29.4°; 

and pyrite, 33.0° (20). The areas of the peaks are analyzed with the 

aid of a PDP-11 computer in conjunction with the diffractometer. ·The 

program used can be sGmmarized as follows: 

1) A step scan is run over the region 25-32° (20). In this 

scan the goniometer stops and records counts at angles 

in O.P (20) intervals. The readings last for 2 sec at 

each point. 

2) The step scan is analyzed to find the angles at which only 

the background counts are being recorded. 

3) The integrating function is then used. The goniometer 

scans each peak over an angular range that was determined 

·by the step scan. This is done at 0.1° (28) intervals with 

the readings lasting 6 sec at each angle. The computer 

then determines the contribution of background at each 

angle and subtracts it from the total number of counts. This 

proceoure is repeated three times to increase the accuracy. 

Finally, the total number of counts for the peak. is computed 

by adding the contribution of each angle. 

The ratio of the area of the peak in question to that of fluorite 

is then computed. By using all of the calibration mixes, a calibra-

tion curve can be created. 

The unknowns are then analyzed by adding fluorite in the same 

proportion and manner that was used for the known samples and computing 

the peak area ratios in the same manner as was done for the calibration 
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mixes. These ratios can then be compared to the calibration curves 

created by analyzing the mixtures with known composition. 

In the case of the raw coal LTA residue, additional treatment 

is necessary. 

LTA residue. 

This stems from the existence of bassinite in the 

Bassinite is a dehydrated form of gypsum. Gypsum 

(CaS0 4 ·2H 2 0) is the sulfate form found·in the raw coal, but bassinite 

(CaS0 4 ·l/2 H2 0) and anhydrite (CaS0 4 ) are the only form of this 

mineral found in LTA residues. The 29.8° peak of bassinite overlaps 

the 29.4° peak of calcite. When the LTA residue is heated to 500°C ir1 

flowing N7 for 2 hr, any bassinite present is dehydrated to anhydrite. 

Anhydrite has no peak around 29°, and thus the percentage calcite can 

be calculated. 

Kaolinite and anhydrite are analyzed by infrared spectroscopy. 

The pellets are prepared as discussed earlier. Calibration curves 

are created by preparing a number of pellets with varying amounts of 

pure kaolinite or anhydrite. Infrared spectroscopy is not prone to 

the matrix problems of x-r~y diffraction which necessitate the prep

aration of calibration mixtures with a number of minerals in them. 

All calibration pellets were prepared with one component. The 

absorbance of the 670 cm- 1 band for anhydrite and the 910 cm- 1 band for 

kaolinite were measured for known concentratiur1s to create a calibration 

curve. The absorbance was c~lculated in the manner described by 

o•Gorman and Walker (45) and demonstrated in Figure 1. Using this 

method, absorbance is equated to log (I/I 0 ), where I is the trans

mitted radiation and I0 is the incident radiation. 

The LTA residues contained both bassinite arid anhydrite. Both 

minerals have a peak at 670 cm- 1
, so they had to be converted to one 
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form of the sulfate mineral. 13assinite was dehydrated to anhydrite 

as discussed earlier. However heating to.5oo~c destroys the clay 

structure and the kaolinite bands disappear. Therefore, infrared 

scans of the LTA residue are used to quantify the amount of kaolinite; 

and analysis of the 500°C treated sample was performed to quantify 

the amount of anhydrite. 

As discussed earlier the amount of total clays other than kao

linite was determined by a rational or normative method. To perform 

this analysis one must have a measure of the concentrat:1on of ·s·t dllLI 

Al and a semi-quantitative analysis of the amounts of kaolinite and 

quartz in the LTA residue. When this information is gained, the amount 

of Si0 2 and Al 2 0 3 involved with the quartz and kaolinite in the LTA 

residue can first be calculated. This quantity can then be subtracted 

from the total amount of SiOz and Alz0 3 in the LTA residue. Then a 

reasonable figure for the percentage of Si02 and Alz0 3 in the oth~r 

clays can be used to calculate the amount of other clays. The figure 

used in this study is based on information gained by Deer and Howie 

(16). lheir work shows LlldL cldy~ such as 111He, muntlllur·illoni.te, &nd 

mixed layer clays are composed of approximately 25% Al 203 and 50% 

S i 0? , b v wei ~ h t. 

I 

\ 



4. RESULTS AND DISCUSSION 

4.1 Carboxyl Group Determination 

As stated in the experimental section, carboxyl contents were 

determined by ion exchange. The exchange procedure is adapted from 

that of Schafer (56-58). He utilizes barium acetate as the exchange 

medium. As can be seen in Table 1, barium is a good choice because 

it is divalent, has a large charge density and a small hydrated radius. 

The large charge density combined with it being a divalent cation 

results in the high affinity of barium. The small hydrated radius 

assures greater access to the micropore system of coal. The use of 

barium is also important in the back e~change, since a weak ion such 

as sodium can be used in the wash solution with a minimal amount of. 

exchange. The small degree of exchange is a function of the affinity 

difference of the two cations, and the fact that the wash time was 

always less than 1 min. 

Another important factor in the technique utilized for exchange 

is the use of a nitrogen atmosphere at all possible times. Grinding, 

refluxing, and washing are performed under nitrogen to prevent oxi

dation of the coal. Coal is particularly susceptible to oxidation 

during these times. Schafer has shown that oxidation of the coal in 

boiling barium acetate is significant. This will result in the release 

of carbon dioxide and the formation of barium carbonate which will 

cause errors in the results. Also during grinding, sufficiently high 

temperatures can be attained concurrent with the production of nascent 

carbon sites, to result in the formation of carboxyl groups on the 

coal if oxygen is present. 

41 



42 

Demineralization of the coal prior to exchange is a third 

important facet of the technique. First, demineralization opens up 

the pore .structure of the coal, thereby enhancing the rate of ion 

exchange. Second, acid treatment is necessary in order to attain 

the correct carboxyl group values by titration since hydrogen ions 

are necessary to create acetic acid and thereby a characterizable 

change in pH. Finally, demineralization removes minerals such as 

clays, which could undergo ion exchange reactions. 

Table H shows the results of the carboxyl group analysis. Each 

value, calculated from the titration results, represents the average 

of six to eight runs, with the value of one stand~rd deviijtion also 

given. Also shown are the results of the carboxyl group rletermination 

via the amount of barium released in the back exchange. The values 

shown are for selected runs and are calculated using the assumption 

that two carboxyl groups are exchanged with each divalent barium ion. 

A 11 dete.rmi nations were performed on the minus 200 mesh fraction of 

the lignites. The amounts of oxygen and carbon in thp carboxyl groups 

are significant when compared to the total carbon and oxygen (by 

difference) values. The carboxyl groups account for 47% (North Dakota), 

35% (Texas), and 42% (Montana) of the total oxygen present; while the 

carbon in the carboxyl groups ranqes from 7.6% (North Dakota), 1.4% 

(Texas), and 5.2% (Montana). 

The standard deviation values ~lluwn are within the range which 

suggests that the technique is quite precise. Furthermore, the close 

agreement of the values by titration and barium releaseq displays the 

accuracy of the method. The assumption that two carboxyl groups are 

exchanged with each barium ibn is shown to be a valid concept. 
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TABLE 8 

CARBOXYL CONTENTS OF LIGNITES 

PSOC Coal Carbox~l Contents mequiv/g dmmf 
++ 

# Titration Ba Released 

. 
246 3.13 ± 0.05 3.24 

623 2.11 ± 0.08 2.22 

833 3.00 ± 0.07 3.07 
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/\mounts of cut·boxyl yrou!JS reported here ure in yood uyrecment 

with values found in the literature. Schafer (57) studied a suite of 

low-rank coals from the United States, Australia, Thailand and Hungary. 

He found a range of 1.0 to 3.4 mequiv/g of carboxyl groups on his 

samples. Of the samples he studied, he found a Texas lignite to 

contain 2~3 mequiv/g and a North Dakota lignite to contain 2.2 mequiv/g. 

Cronauer and Ruberto (14) found an American lignite (origin not 

reported) to contain 1.1 mequiv/g of carboxyl groups. 

Schafer suggests that there is an optimum number of 4-hour re

fluxes (56-58). That is, one reflux is not sufficient for complete 

exchange, but excessive refluxes will lead to physical adsorption of 

barium acetate and barium hydroxide. The reason for the use of three 

4-hour refluxes in this study is displayed in Table 9 where the. 

cumulative amount of carboxyl groups exchanged versus time is shown. 

Each value is the average of six to eight runs. In each case 5% or 

less of the total exchange occurred in the final 4-hour period. The 

choice of three 4-hour runs has a few advantages. First, the deter

mination can be completed 1n one day. Th1s 1s preferable, since 

allowing the solution to stand overnight will lead to greater adsorption 

of barium acetate and barium hydroxide. Second, the choice of three 4-

hour refluxes instead of two or four seems justified from the release 

versus time behavior. Finally, the amount of adsorption seems to be 

minimal for this technique, since the titration and barium released 

values agree well. If there were a large amount of adsorption, there 

would be a greater difference in the results. The disagreement would 

be predicted to be in the direction of higher carboxyl contents by 

the titration method. One would predict that the adsorbed barium 



TABLE 9 

AMCUNT OF CARBOXYL GROUPS EXCHANGED VERSUS TIME 

Carboxyl Group Content mequiv/g dmmf 
Cumulative 

Time PSOC .246 PSOC 623 PSOC 623 PSOC 833 
(hr) < 200 mesh < 200 mesh < 80 mesh < 200 mesh 

4 2.51 1. 75 1. 76 2.52 

3 2.95 2.02 2.04 2.91 

12 3.13 2.11 2.11 3.00 
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acetate and barium hydt·oxide would be removed in the wash, so the 

barium released values would not be sensitive to adsorption. However, 

adsorption does affect the titration values, since the adsorption 

of the basic barium acetate and barium hydroxide onto the coal would 

result in a lowering of th~ pH of the exchange medium that was not 

due to ion exchange with carboxyl groups. 

Another factor investigated was the effect of particle size. 

The carboxyl content of PSOC 623 was determined for both the minus 

80 and minus 200 mesh samples. As seen in Table 9, there was no 

significant difference in the results. Because of this it can be 

concluded that essentially all of the pore surface area containing 

carboxyl groups is available to hydrated barium ions for exchange. 

lf·a significant portion were not available, due to closed porosity, 

a reduction in particle size would be expected to lead to an increase 

in the number of carboxyl groups detected. The lack of particle size 

dependence is in agreement with previous work as described in the 

literature section. 

4.2 Exchangeable Cation Determination 

As described earlier, the exchangeable cation determination was 
. 

carried out by exchange with lN arnrnonium acetate, followed by de-

tection with emission spectrometry. To determ1ne ttle cullcl::!riLr·dLion of 

a particular ion, it is n5!cessary to produce cal iLH'dVion cut·ves by 

running a number of solutions of known concentration. A typical 

·calibration curve is given in Figure 2, where spectrometer output 

versus concentration 1s plotted. A least squares analysis was used 

to plot the data and determine the concentration of the unknown. In 

each case a correlation coefficient of 0.99 or greater was found. 
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Ammonium acetate was chosen as the exchange medium for several 

reasons. First, it was necessary to find a cation for exchange that 

was not present in the raw coal. Second, lN ammonium acetate has a 

pH of about 7.0-7.2, and this is an appropriate range of exchange of 

the cations present in coal. That is, it is difficult to find a 

chemical which will only exchange the cations. Hydroxides, for example, 

tend to solubilize humic acids, especially in lignites. This behavior 

is usually associated with high pH. Acids with a low pH will solubilize 

many of the minerals in coal. 

In order to investigate the amount of minerals solubilized by lN 

ammonium acetate, an experiment was performed in which 1 g of various 

mineral standards (ground to minus 325 mesh) were stirred overnight 

at room temperature in 100 ml of lN ammonium acetate. The minerals 

were then filtered and the weight of the residue determined. There 

was some problem in recovering all of the mineral because of loss on 

filtration. This filtration loss is believed to be of the order of 5%. 

The results of this study can be seen in Table 10. The only minerals 

which show significant weight loss are montmorillonite and gypsum. 

The apparent weight loss of montmorillonite is not due to its. solubility, 

but to the fact that this clay became highly dispersed in lN ammonium 

acetate and therefore there was a high loss on filtration. Gypsum 

appears to be totally soluble in lN ammonium acetate. This was a 

persistent problem since 50% of the gypsum was soluble under the 

same conditions in O.SN ammonium hydroxide at a high pH. Lower pH 

exchange mediums will, of course, solubilize carbonates and clays. 

Therefore lN ammonium acetate was selected as the exchange medium. 
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TABLE 10 

WEIGHT LOSS OF MINERALS TREATED IN 1 N AMMONIU~1 ACETATE 

Mineral Weight Loss, % 

Ca 1 cite 9 

Dol amite 10 

Gypsum 100 

Illite 4 

Kaol i nfte 6 

Montmorillonite 18 

Pyrite 1 

Quartz 0 
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This selection is not based solely on these results but in combination 

with factors discussed earlier. 

Another source of error is the exchange capacity of clays. Clays 

are usually found to be present in significant quantities in coals and 

have been shown to contain exchangeable cations. An estimation of the 

amount of cations which can be removed from the clays by exchange is 

given in Table 11. Average values for the exchange capacities of. the 

clays were gained from the litetature (1). The second column lists 

the quantity of cations that could originate from a particular cl·ay, if 

the lignite contained 10% mineral matter and 25% of the mineral matter 

was the particular clay in question. The significance of these re-

sults will be discussed later. 

Tables 12 and 13 summarize results for the cation contents of 

the 1 ignites. ++ As can be seen, Ca is the predominant cation and 

My++ is the second most predominant in each case. The other four 

cations tend to vary in both relative and absolute amounts.· Sodium 

tends to be the most significant of the other cations, especially on 

a molar basis. 

In Table 12 the average value for one standard deviation of 

each of the elements is also shown. Deviation is acceptable, with 

the exception of K+. This element tended to be difficult to analyze 

by emission spectrometry. The main problem was that a drift in the 

spectrometer output versus concentration behavior was observed. This 

instrumental difficulty appears to be the main cause of the high 

percentage of error. However, the absolute values of K+ tend to be 

small, thus the imprecision will not affect the total cation content 

significantly. 



Clays 

Kao 1 i ni te 

Illite 

Montmorillonite. 

TABLE 11 

EXCHANGEABLE CATIONS IN CLAYS 

Exchange Capacity (1) 

10- 3moles/g clay 

0.02 - 0.10 

0.13 - 0.42 

0.80 - 1 .50 -

Contributidn to 
Exchangeable 

Cation Content 
10- 6 moles/g dmmf·coal 

0.50 - 2.50 

3. 25 - 1 0. 5 

20.0 - 37.5 
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PSOC 
Mg++ Coal 

246 34.4 

623 22.6 

833 59.E 

1 S.D. 2 .4~1o 

TABLE 12 

CATION CONTENTS OF LJGNITES ASSOCIATED WITH CARBOXYL G~OUPS 

Cction Concentrations, l a·- 4 g/ g d111mf 

Ca++ ~· + .a K+ Ba++ Sr++ 

l 71 27.8 1.89 6.51 3.30 

129 -8.69 3.42 3.36 2.38 

212 10.0 5.30 10.9 3.34 

3.3% 8.5% '44% 5.0% 3.3% 

Tota 1 

244.9 

169.5 

. 301.3 

U'1 
N 



PSOC 
M£++. Coal 

246 141 . 7 

623 93.0 

833 245.9 

TABLE 13 

CATION CONTENTS OF LIGNITES ASSOCIATED WITH CARBOXYL GROUPS 

Cation Concentrations, 10- 6 moles/g dmmf 

Ca++ Na+ K+ Ba++ Sr++ 

426.2 1 21 . 2 4;85 4.73 3. 77 

320.0 37.8 8.74 2.44 2.72 

529.1 43.6 13.58 7.96 3.81 

Total 

702.5 

464.7 

844.0 

CJ1 
w 
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The contribution of cations co111iny from the clays to the total 

cation concentration can now be judged. In every case, the contri-

bution due to the clays is less than 1% of the total amount of 

cations released (using the assumptions made). Kaolinite is usually 

found to be the most abundant clay, and it exhibits the least amount 

of exchange. 
++ 

The possible effect of the contribution of Ca from solubilized 

gypsum may be significant. Optical microscopy studies have concluded 

that the amount of gypsum in these raw coals is relatively small. 

These studies are qualitative in nature, but from the mineralogical 

analysis it seems reasonable to assume th~t the quantitites in these 

lignites do not exceed 5-10% of the ~ineral matter. If this· is 

the case and assuming the coal to contain 10% mineral matter and 1 .5% 

exchangeable Ca++ (by weight), one can calculate that abo~t 10% of 

the exchangeable Ca++ is from the solubilization of gypsum. The. 

point should be made that gypsum is commonly believed to be a product 

of weathering and that the gypsum formed this way miyhL well be 

++ from the presence of exchangeable Ca . If this is so, the contribu-

tion of Ca++ from solubilized gypsum will depend on the extent to 

which the lignite was weathered. 

1 I I . • d t The .concentrations of exchangeab e Ca are 1n goo agreemen 

with the limited results given in the literature. Walker et. al. 

{64) studied exchang2able Ca++ in a North Dakota lignite and a Wyoming 

subbituminous coal by extraction with barium acetate. They found 

1.84% wt%/g dry coal for the North Dakota lignite and 1.03 wt%/g dry 

coal for the Wyoming coal. Murray (44) studied a Victorian brown 



55 

coal from Australia and estimated the quantity of exchangeable 

cations to be 0.39% Ca++, 0.55% Mg++, and 0.48% Na+ on a dry basis. 

Similar results were found by Durie (17) on a Morwell brown coal 

from Australia. 

The amount of cations present are exchanged on a significant 

quantity of the carboxyl groups. Assuming two carboxyl groups to be 

exchanged with divalent cations and one with monovalent cations, 

the percentage of carboxyl groups associated with cations is estimated 

to be 43% (North Dakota lignite), 44% (Texas lignite), and 54% (Montana 

1 ignite) . 

One must be careful in putting too much emphasis on these results 

on an absolute basis. The sample base used was broad but small, and 

the nature of the cations exchanged on these lignites is a function 

of the immediate conditions of the groundwater near the point of 

sampling. The reversibility of these reactions leads one to conclude 

that the concentration of any element is a function of the groundwater 

associated with the coal in relatively recent times. Whether the 

cation concentration and distribution is a function of the make-up 

of the groundwater at the time of mining or of thP. last 100 years is 

not known. This would depend upon the perm~ability of the deposit 

to the groundwater and the kinetics of exchange of particular cations. 

But it can be said, with a good degree of certainty, that these 

properties are not as strongly associated with geological time 

frames as are the other coal properties. Therefore one would predict 

that relatively large variations in the cation concentrations 

associated with coal should exist within coal regions as.well as 

Sedms. Tak1ng 1nto account the abov_e arguments, it is striking that 
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the cation concentrations in the three lignites are so similar. 

Furthermore, it can be concluded that the use of whole channel coal 

samples is preferred for this analysis. Core samples might give 

misleading results since the sample is taken on a smaller portion 

of the seam. 

In general, one can predict that the total concentration and 

distribution of cations are dependent on the cation affinity, tempera-

ture, cation concentration, and pH. As discussed earlier, there is 

a distribution of acid strength among the carboxyl groups on coal. 

Thus the pH of the groundwater is the determining factor in the amount 

of carboxyl qroups available for exchange. The higher the pH the more 

carboxyl groups expected to be exchanged. The amount of cations 

exchanged is also dependent on the temperature of the groundwater. 

This is because diffusion into the pores of coal is activated, but the 

long periods of time for equilibrium to be reached should rni11"ifnize 

this effect. 

The main factors affecting the distribution of cations are the 

cation affinity and the concentration of cations in the groundwater .. 

The principles behind this statement have been discussed earlier. The 

principles lead to the fact that for a cation to have a high concen-

tration on the coal it must be in high concentration in the groundwater 

and/or have a high affinity. 

Fi9ure 3 shows the release versus time behavior for Mg++ and na++ 

in PSOC 246. This figure is used to illustrate the choice of and the 

need for a 26-hour exchange period. As was discussed earlier, Ba++ 
++ 

and Mg are the cations with the greatest and least degree of 

thermodynamic affinity of the divalent cations studied (Table 1). 
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Figure 3 appears to bear this point out. As can be seen, virtually 
++ all of the Mg was released in 15 hours while significant amounts 

of Ba++ were still being released after this time. In all three 

lignites studied~ Ba++ was always the most tenaciously held cation. 
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The release versus time behavior is not solely a function of the 

affinity series. The rate of diffusion out of the coal will also affect 

this. The rate of diffusion will mainly depend on the diffusivity, 

concentration gradient and diffusion length for each cation. The 

variation of the first two factors is obvious, but the difference in 

path length might also be a factor. This is due to molecular sieving 

in coal which would limit the pores available to various cations 

dependent on their radii. 

Therefore, Figure 3 cannot be used to confirm the thermodynamic 

affinity series without further studies. The points on the figure may 

be at differing stages of approach to equilibrium, depending on the 

effect of mass transfer. Further studies are warranted on the kinetics 

of these ~xchange reactions_before f~rther conclusions can be made. 

As stated earlier, it was felt necessary to extend the exchange 

time to 26 hours. An attempt to show that 26 hours is sufficient can 

be seen in Table 14. Here is shown the percentage of lhe total amount 

of a particular cation that was extracted in the final 3-hour period. 

As can be seen, a relatively small amount of the total extraction 

occurred in the final period. The most notable exception to·this is 

+ K , but the difficulties in analyzing this element were discussed 

earlier. 



TABLE 14 

PERCENTAGE OF CATIONS EXTRACTED IN FINAL EXTRACTION 

Wt ?~ Extracted in Final Extraction 
PSOC 

Mg++ Ca++ Na + K+ Ba++ Sr++ Coal 

246 0.2 1.2 0.8 3.8 6.0 0.6 

623 0. l 0.4 3.5 7.7 2.9 0.0 

833. 0.2 0.6 7.2 6.2 4.8 0.7 

Average 0.2 0.7 3.8 5.9 4.6 0.4 
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4. J ~1 i neru I Muller Ue lenu i nul i ott 

The mineral matter analysis was performed as discussed in the 

experimental section. The analysis of calcite, quartz, and pyrite 

using x-ray diffraction was described and the calibration mixes listed. 

The calibration curve obtained in this manner can be seen in Figure 4 

for quartz. All calibration curves were analyzed by a least squares 

analysis. In all cases the correlation coefficient was greater than 

0.98. 

A corr~lation coeffici~nt of greater than 0.98 indicates a high 

degree of precision using this method. High precision can be attribu

ted to triplicate determinations, thorough mixing of solids, and the 

use of area ratios. However, the ievel of accuracy is questionable. 

In any analysis of mineral matter in coal, one is plagued with the 

problem of the similarity or lack of similarity of the pure mineral 

standards to those found in coal. That is, differences in crystallite 

size and the nature and concentration of defects in the minerals can 

affect intensities of x-ray diffraction peaks. The u~e of peak areas 

in this study is an attempt to minimize this problem. Because of 

these prob 1 ems. an accuracy of 10-20% is usually taken as the typi ca 1 

range for studies on coal mineral matter. As will be seen shortly, 

experience gained in experiments in this investigation shows this to 

be a fair estimate for minerals existing in quantities greater than 10% 

of the min~ral matter. However, smaller quantities of specific minerals 

are very difficult to determine accurately. The extent of the 

difficulty d~pends upon the sharpness of the x-ray diffraction peaks 

which again depends on the· crystallinity of particular minerals. This 

can lead to problems in defining the baseline; and for quantities of 
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the mineral matter that are less than 5%, values that are in error by 

as much as 100%. This logic leads to an accuracy assessment based on 

an absolute rather than a relative basis. For x-ray diffraction 

determinations thi~ value appears to be about 2-4%. This means that 

a value of 40% quartz could vary from 36-44%. 

Infrared spectrometry was.utilized to quantify the amount of 

kaolinite and anhydrite in the manner described in the experimental 

section. An infrared calibration curve for kaolinite is given in 

Figure 5. The raw data were analyzed in the same manner as the x-ray 

diffraction data, and all correlation coefficients were greater than 

0.99. 

As with the x-ray measurements, the high degree of precision is 

the result of careful sample preparation and analysis. In general, 

better precision was found in the infrared work. This appears to be 

a function of the fact that it is fairly easy to achieve a homogeneous 

mixture using the KBr pressed pellet sample preparation technique. 

Again the question is to what extent the accuracy of the concentra

tions reported for kaolinite and anhydrite are affected by the standards 

not being .representative of the minerals in the lignites. As was 

found in x-ray diffraction, quantification of the minerals existing in 

small quantities was found to be less precise than analysis of minerals 

existing in large quantities. Therefore, an accuracy ot 1-~% 

absolute appears to be appropriate. 

Although analysis by x-ray diffraction and infrared spectro-

scopy yields a semi-quantitative understanding of the amounts of 

calcite, quartz, pyrite, kaolinite, and anhydrite in the lignite LTA 

residue, a significant portion oi the mineral matter remains unaccounted 
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for, as will be seen. An attempt was made to estimate what fraction 

of the unaccounted for mineral matter was "other clays". To do 

this, an analysis of the total silicon and aluminum content in the 

ash was needed. This information was supplied by the Coal Research 

Section, at The Pennsylvania State University. The values, reported 

in Tabl~ 15, are for the high temperature ash of the lignites pro-

duced at 750°C in 1 atm of air. 

After ash and mineralogical analyses have been obtained, the 

percentage "total other clays 11 (that is, illite plus montmorillonite 

plus mixed layer clays) can be estimctLed by calculating the amount of 

Al 203 and Si02 remaining in the LTA after the quantities associated 

with quartz and kaolinite have been accounted for (60). 

Mineralogical analyses were performed on the LTA and analyses 

for total Al203 and Si02 were performed on the HTA. To calculate 

the amount of Al20 3 and Si02 ren~ining in the LTA after the amounts 

in quartz and kaolinite have been accounted for, the following 

equation was used: 

%HTA %Ah03 
%LTA 

0 

HTA 

%HTA 
%LTA 

%Si02 
HTA 

%Kaolinite 
LTA 

%.Kao 1 in ite 
LTA 

0 (0.395) 

The derivation of these equations and a sanple calculation is given in 

the appendix. After these quantities are determined, the amount of 

"other clays 11 can be calculated using a reasonable figure for the 

amount of Al 203 and Si02 in "other clays". The valuE's r.hosen for 

"other clays" consist of 25~~ Al 203 and 50% Si02 (16). 

Clearly the calculated quantities of "other clays" have a number 

of sources of error. First, there is a compounding of errors from 



PSOC 
Coal 

246 

623 

833 

TABLE 15 

INFORMATION ON HIGH TEMPERATURE ASHES FROM LIGNITES 

% HTA/g Dry Coal 

9.7 

16.6 

13.0 

% SiOdg Ash 

21.0 

43.5 

36.1 

8.5 

21.8 

13.4 
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all the analyses used: HTA, LTA, analysis for Si02 and Al 203 in the 

HTA and mineralogical analysis. Second, the figures of 25% AliO~ and 

50% Si02 may not correctly estimate the amounts of these materials in 

the clays in the coals. Finally other Si02 and Al 203 bearing minerals 

may be present. However, this determination is useful as a rough 

estimate of the quantity of 11 0ther clays 11
• 

The results of the mineralogical analyses are given in Table 16. 

Total LTA contents in the lignites, along with the values for one 

standard deviation for each determination are given. The LTA wt % 

values are based on the average of 4-6 runs. Also listed are con-

centrations of the minerals studied, 11 0ther clayS 11
, and others by 

difference value in the LTA. The quantitative analyses of the specific 

minerals are the average of 3 runs with a value for the spread in the 

·data. Both the value for one standard deviation, for the LTA wt %, 

and the spread in the ·data values, for the quantitative analysis of the 

minerals are on an absolute basis. That is, a value of 5 ± 0.8 means 

the values varied from 4.2% to 5.H%. 

One s 1 gni ti cant feature of these n~~u I Ls is th~ compa1·1 !On of the 

total LTA obtained from the raw and ammonium acetate treated-coals. 

In every case ammonium acetate treatment of the raw. coals sharply 
'-.. 

....... 
reduced the LTA subsequently obtaine~, with reduction of over 50% seen 

for PSOC 246 and 833. This decrease is more than can be accounted 

for by removal of all the cations. Referring back to Table 1~, one 

can see that the cation .concentrations are 2.4% (PSOC 246), 1.7% 

(PSOC 6?1), and 3.0% (PSOC 833). Since the loss of LTA weight is 

greater than these amounts for each lignite, it can be inferred that 

the cations play a role in increasing the yield of LTA which is greater 



TABLE 16 

MaNERAL MATTER IN LTA RESIDUES OF LIGNITES 

Wt %/g LTJl. 
lTA Wt %/g coal Other 

Dry Kaolinite Quartz Pvrite . Calcite Anhydrite Clays Others 

PSOC 246 
Raw 11 . 5 ± 1.3 5 ± 0.8 9 ± 3.1 NIL* 11 ± 0.5 21 ± 0.7 1 7 37 
NH~+AC L.6 ± 1.0 8 ± 0.7 15 ± 0.8 NIL NIL ± 0.0 57 19 

PSOC 623 
Raw 20.5 ± 0.3 41 ± 1.1 12 ± 0.9 NIL 2 ± 0.9 . 14 ± 1.4 7 14 
NH~+AC 16.9 ± 0.4 41 ± 1.6 12 ± 3.1 NIL NIL 1 ± 0.0 24 32 

PSOC' 833 
Raw 17.4 ± 0.4 20 ;!:: 0.0 19 ± 1.4 NIL 16 ± 4.0 10 ± 1.3 8 27 
NH~+AC 8.2 ± 0.8 41 ± 1.5 26 ± 1.6 NIL NIL 4 ± 0.0 24 5 

*NOTE -- NIL refers to minerals detecfed but in quantities too sma 11 to quantify. 
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llwn just their· weiyllt. This 1Jheno1nenon will be more fully viewed 

when the mineralogical analyses are inspected. 

Concentrations of major minerals jn the LTA are typical of those 

found for lignites in the United States (30,46,47,54). Clays and 

quartz are the most signi'ficant- fractions of the mineral matter while 

pyrite contents are low. In general, an increase in the concentrations 

of clays and quartz is seen when comparing the LTA of the ammonium 

acetate treated versus the raw lignite samples. This is due to a 

concentr.ating effect; that is, the amounts of clays and quartz are 

the same, but the total LTA is less. Calcite and. anhydrite show the 

opposite behavior. Significant quantities of these minerals are found 

in the LTA of the raw coal, but little exists in the LTA of the ammonium 

acetate treated samples. ++ This behavior and the fact that Ca was the 

cation in highest concentration in the raw lignites lead to the con

clusion that calcite and anhydrite are formed in the LTA process as 

a result of the interaction of the cations with oxides of sulfur and 

carbon. Fixation of sulfur as sulfate has been reported in the litera

ture (38,39,48,49), but carbonate formation has not been reported 

previously. 

There is a problem in measuring the amount of anhydrite forma-

tion during low temperature ashing of the raw lignite. That is, 

ammonium a~etate was earlier found to solubilize anhydrite. However, 

anhydrite is not usually found in large quantities in the raw coal. 

This was confirmed for the samples used in this study by the results of 

the optical microscopic analysis, which are summarized in Table 17. 

In no case was gypsum found in significant amounts in the mfn·eral 

matter; that is, existing in concentrati~ns greater than about 2%. 
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. ; 
TABLE 17 

QUALITATIVE ANALYSIS OF MINERALS IN LIGNITES / 

OPTICAL MICROSCOPY 

PSOC 246 PSOC 623 PSOC 833 

Clays Clays Clays 
Quartz Quartz Quartz 
Calcite* Ca 1 cite* Calcite 
Pyrite* Pyrite* Pyrite* 
Gypsum* Gypsum* Gypsum* 

INFRARED SPECTROSCOPY AND X-RAY DIFFRACTION: 
MINERALS OBSERVED BUT NOT QUANTIFIED 

Clays** Clays** 

Carbonates*** 
Nitrates 

Clays** 
Illite 

Nitrates 

I 11 i te 
Carbonates*** 

Nitrates 

* Reported as a minor phase. 
**-Characteristic clay peak found (19.9°,20), but-not enough 

information to show which variety. 
*** - Characteristic peak of dolomite and ankerite found 

(30.8-30.9°, 20), but not enough evidence to distinguish 
between the two. 
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Till> 1 e 1 7 ul so 1 is Ls o Lher mi net'i.ll s Lhu t were i den L i fi cd but not 

quantified by x-ray diffraction and infrared spectroscopy. As can 

be seen, only a few additional minerals were identified. Nitrates 

~ere identified by a sharp peak around 1380 cm- 1 by infrared spectro

scopy, in agreement with studi.es by Korr ( 31) and 0 • Gorman ( 45). 

In view of the preceding evidence it appears that both calcite 

and anhydrite are formed in the LTA. It seems logical, however, that 

r:•Jrhnn.lt.r!; i1nd :.ul fatef; other th~n these two· c;hn11l rl hnve hP.P.n farmed. 

However, with the amounts of the other cations tn the lignites being 

in much lower concentrations, 1t 1s not suq.JY·Isl11y Lllctl their carbonate3 

and sulfates have not been observed. 

The preceding discussion ~isplays the difficulties in ash and 

mineralogical analyses of lignites. This problem is related to the 

presence of exchanged cations in the lignites. It is very difficult, 

if not impossible, to remove ·the cations ·Without affecting other 

parameters. In this study, the gypsum was removed by ammonium acetate. 

I~ 1s believed that the amount removed is signific~ntly ·less than the 

amount reported in the mineralogical analysis of the raw coal LTA. 

Therefore, this investigation has furthered the ability to analyze the 

mineral matter in lignites, but a totally comprehensiYe procedure 

without interferences has not been gained. Rather, we have gained a 

grent~r understanding of the problems and created a method which solves 

most of them. It is certain that any comprehensive technique to 

analyze the mineral matter present in lignites will entail a 

significant amount of work which is not necessary in coal systems of 

rank where exchangeable cations are not present. 
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4.4 Significance of Results for Lignite Utilization 

The major goal of this study was to investigate and refine 

methods for the determination of the carboxyl group content, exchange~ 

cations, and the mineral matter in American lignites. However, this 

research has not been taken solely out of scientific interest. The 

value in using these techniques lies in the ability to apply the re

sults found in such investigations to problems in coal conversion and 

utilization processes. 

One of the ways this information can be used is in the problems 

associated with ash slagging in combustors. Some lignites have been 

found tQ present greater problems with ash slagging than coals of 

higher rank (51). The main problem is the sticking behavior of the ash. 

It is believed to be a function of the alkali metals in the ash, in 

particular sodium. As seen in the results section, sodium is present 

in the lignites as an exchanged cation.. Miller (38) found that almost 

all of the sodium present in low-rank coals is present in ion exchange

able form. It is likely that sodium plays a different role when it 

is ion exchangeable than when it is present in mineral phases. There

fore, one concludes that studying the amount of ion exchangeable 

cations could-lead to the ability to predict the slagging behavior of 

a coal and subsequently to methods of reducing it. 

An-other area where exchanged cations are thought to play an 

important role is coal gasification. Hippo (27) found that the addition 

of cations to coal by ion exchange greatly increased the subsequent 

reactivity of the char to steam. Walker et. al. (65) also studied this 

effect and found that the catalytic activity of a cation is dependent 

un the reactive atmosphere. That is, cations can exhibit a catalytic 
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or an inhibitory effect on coal gasification depending on the atmo

sphere. One of the reasons cations associated with carboxyl groups 

are thought to be good catalysts is their high degree of dispersion. 

Once .the catalytic effect of these inorganics is better understood, 

predictions of the reactivity of lignites during their gasification 

could be made by utilizing analyses such as those discussed in this 

investigation. 

Since any ~as-solid reaction is dependent on the surface area of 

the solid, it is of interest to estimate the fraction of the total 

surface area covered by the cations present. Table 18 presents surface 

area results as determined from adsorption of C0 2 onto the deimineralized 

coals at 25°C. The surface area occupied by the carboxyl groups is 

calculated by assuming 0.077 nm2 per site or carboxyl group. This 

value can be calculated by considering the area occupied by an edge 

atom on a carbonate lattice (B graphite) wh1ch has an ir1terlayer spacing 

of 0.355 nm and a carbbn-carbon bond length of·O.l42 nm (66). The 

value of 0.077 nm 2 is the average of the ~reas occupied by a carbon 

atom in the 100 (zig-zag) and the 110 (arm-chair) crystallographic 

planes. The percentage of the C0 2 surface area occupied by the total 

carboxyl groups and carboxyl groups associated with cations are also 

given. These lilter values are only estimates, but they show that a 

sianific~nt pnrtinn nf the C02 surface area is cover~rl hy (~rboxyl 

groups and by carboxyl groups associated with cations. 

The third area of interest is the behavior of lignites under 

liquefaction conditions. Walker et. al. (64) report that large 

amounts of inorganic material build-up inside of pilot plane lique

faction reactors. The amount of these inorganic deposits can be ten 



TABLE 18 

SURFACE ~REAS AND GROUP COVERAGES IN DEMINERALIZED LIGNITES 

PSOC 
Coal Surface Areas m2 /g dmmf Coverage of C0 2 Surface Area (%) 

COz COOH BY COOH BY CATIONS 

246 285 145 51 22 

623 240 98 41 18 

833 250 139 56 30 
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to twenty times greater when low-rank coals are liquefied as compared 

to bituminous coals. The main constituent in the inorganic material 

formed was calcite. This has been shown to originate from the 

presence of exchangeable calcium and these low-rank coals. The 

particular coal stu.died was a ~~yarning s.ubbituminous. It can be pre

dicted that the problem would be worse for coals of still lower rank 

since theCa++ content of the Wyoming coal was 1.0 to 1.2 wt % wherea.s 

theCa++ content of the coals in this study ranged from 1.7 to '2.1 

wt %. 



5. SUMMARY AND CONCLUSIONS 

-~s stated in the introduction, the main emphasis of this investi

gation was to explore methods for the determination of: the carboxyl 

group content, the exchangeable cation content, and major minerals 

present for a Set of American lignites. The literature survey led 

to the approach used experimentally. The experimental techniques were: 

ion exchan~e with barium acetate for carboxyl group determination, 

ion exchange with ammonium acetate for exchangeable cation determination, 

and Tow temperature ashing for mineral separation followed by 

analysis with x-ray diffraction, in·frared spectroscopy, and chemical 

techniques for the mineralogical analysis. The step-by-step processes 

are outlined in the experimental section, and the reasons for the choice 

of these procedures are discussed throughout the the$is. 

The concentration of carboxyl groups ranged from 2.1 to 3.1 

mequiv/g dmmf coal for the three lignites studied. These results were 

shown to be both accurate and precise and were in general agreement 

with results given by previous authors for Texas, Montana, and North 

Dakota lignites. 

For the dcterm~nation of the amount of cat1ons associated with 

carboxyl groups, it was shown that 26 hours was required for essentially 

complete exchange. Exchange of cations on clays was shown to have only 

a small effect on this measurement. The effect of calcium addition 

to the solution from the dissolution of gypsum in ammonium acetate 

may contribute a few percent of the total calcium exchanged. The total 

amount of cations present in the lignites ranged from 1.7 to 3.0 wt %/g 

dmmf coal, with Ca++ and Mg++ being the predominant elements. These 

75 



results agree with other published data. The technique was shown 

to yield reproducible and accurate results. 
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The effect of the presence of cations on the determination of 

mineral matter in lignites was clearly seen. That is, up to 50% of 

the low temperature ash from the raw lignites was shown to be derived 

from the exchangeable cations ~resent. These cations combine with 

oxides of sulfur and carbon in the low temperature asher to form 

carbonates and sulfates. The mineralogical determination, in general, 

showed the least degree of accuracy due to problems with the analytical 

methods used for this determination. The problems have been discussed. 

It was shown that a significant fraction of the surface area 

in the lignites is covered by carboxyl yruu!Js drH.l cdLiur~s. They will 

play important roles in coal conversion processes. Thus both the 

desirable and undesirable roles which cations play in combtistion, 

gasification, and liquefaction processes have been discussed, and an· 

attempt was made to assess the significance of the results gained in 

relation to these processes. 
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APPENDIX 

The equations used for calculating the amount of SiO? and Al20 3 

in the mineral matter after the amounts of these quantities in quartz 

and kaolini.te have been accounted for are given below. 

%HTA %Ah03 
%LTA • HTA 

%HTA 
%LTA • 

%Si02 
HTA 

%Kaolinite 
LTA 

%Kaolinite 
LTA 

(0.395) 

(0.465) %Quartz 
LTA 

The first term in both of the equations is an expression of the 

total quantity of SiOz and Al203 in the LTA with a correction for the 

fact that the analysis of these quantities was performed on the HTA and 

the mineralogical analysis .was performed on t~e LTA. 

The second term estimates the amounts of Si02 and Al20 3 accounted 

for by the quartz and kaolinite in the LTA. The formula for pure 

kaolinite is usually taken as (1): 

Thus kaolinite contains about 39.5% Al20 3 and 46.5% Si02 by weight. 

A sample calculation for the amount of 5102 drltl Al 203 otl'lela thun that 

in kaolinite and quartz for PSOC 246 (raw coal LTA) can be seen below. 

The data used in these calculations were tdken from Tables 15 and 16. 

%Al203 = 9.7 B.S 5 (0.395) 5.19 11.5 
. = 

%Si02 
9 .. 7 21.0 - il.5 • 5 (0.465) - 9 = 6~38 

If the values of 25% Al203 and 50% SiO,. (lp) are taken to repre-

sent the amounts of these oxides in the "other clays", a value for 

"other clays" can be calculated from the average of the values 
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obtained with the use of the SiOz and Alz0 3 balances. This calculation 

is shown below. 

% "other clays" (from Al203 balance) = 4 . 5.19 = 20.8 

% "other clays" (from Si02 balance) = 2 • 6.38 = 12.8 

% "other clays" (average) = 17 

The data in Tables 15 and 16 can also be used to calculate an 

"other clays" value for the arrunonium acetate treated coals. The HTA 

data can be used since it yields the amount of Al203 or SiOdg Dry 

Coal (raw). However, this amount must be corrected because the % LTA 

is in units of g/g Dry Coal (ammonium acetate washed). Therefore, the 

first term of each equation is multiplied by the value fQr g Dry Coal 

(raw)/g Dry Coal (arrunonium acetate treated) where g Dry Coal (ammonium 

acetate treated) equals g Dry Coal (raw) minus g cations extracted. 

Therefore, the calculation for "other clays" in PSOC 246 (arrunonium 

acetate treated) is as follows: 

%Al20 3 = 9· 7 (8.5) • (1.025) 4.6 • 

9.7 • (21) • (1.025) 
4.6 

8 • (0.395) = 15.2 

8 • {0.465) - 15 = 26.6 

The value for "other clays. 11 can now be calcuiated in the manner de-

scribed above~ and iL is 57%. 
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