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INTRODUCTION 

The standard coal demineralization procedure of Bishop and Ward,' a 
modification of earlier work of Radmacher and MohrhauerS2 is a strong acid 
treatment (consecutive exposure of the ground coal to 5N HCI, 48% HF, and 
12N HCI, for 45 minute periods at 60 "C) that effectively reduces the mineral 
matter concentration of the coal. The Bishop and Ward paper compared the 
determination of mineral matter in coals by direct and indirect methods and 
assessed the applicability of the mineral matter determination to British Coals. 
The work was oriented toward mineral matter determination and did not address, 
in detail, the organic matrix of the coal. On the basis of pre- and post-extraction 
carbon and hydrogen determinations, the authors concluded that the acid 
treatment caused no significant attack on the coal substance. 

While it is true that the nominal demineralization reaction conditions leave most 
common organic functional groups unaffected, some classes of reactive 
alcohols, e.g., benzylic alcohols, eliminate water at temperature and acid 
concentrations less than typically used for coal demineralizations. Moreover, the 
lose of water generates a carbocation that can participate in secondary 
reactions, e.g., electrophilic aromatic substitution, that create new carboncarbon 
bonds. In the context of coal demineralization, the operation of this reaction 
channel constitutes a cross-linking mechanism, shifting to higher mass the 
molecular weight distribution of the organic matrix and making a more refractory 
material. 

It can be argued that this reaction channel may not be important in coals 
because the maturation process of coal largely eliminates highly reactive 
functional groups. This statement must be understood in the context of the coal 
maturation environment which, for many coals, is an anaerobic setting. 
Consequently, the reactivity of the coal, low in the coal seam, is often high in the 
atmosphere at the earth's surface. It has recently been shown using a chemical 
I spectroscopic couple that North Dakota lignite does contain both primary and 
secondary alcohol functionality at concentrations of several parts per th~usand.~ 
A reasonable supposition is that these alcohols result from air oxidation of the 
coal after its removal from the seam. If so, these alcohols are likely to be 
benzylic in accord with the normally observed oxidative preferences of organic 
materials.' 

A second argument against possible deleterious action of the demineralization 
procedure is that it is carried out in aqueous solution, in which the organic phase 
of the coal is highly insoluble. This phase barrier may provide an effective block 
toward potentially retrogressive chemical reactions. 

The present study was undertaken to test whether the exposure of a complex, 
water insoluble organic matrix containing benzylic alcohol functionality would 
suffer retrogressive polymerization when exposed to the Bishop and Ward 
demineralization conditions. This paper reports solubility and structural 
changes in lignin, a model for the organic matrix of low rank coals, that 
demonstrate the facility of this reaction channel. 



EX P E R I M EN TAL 

A lignin polymer (kraft pine lignin, Indulin AT, Westvaco) was used as a coal 
surrogate in this study. This cellulose- and hemicellulose-free lignin polymer is 
fully soluble in some organic solvents, a characteristic that permits the use of 
solubility criteria as a monitor of chemical alteration. Like the organic matrix of 
coals, the polymer is insoluble in water. Lignin is more homogeneous than the 
organic matter of low rank coals. This fact is manifest in more highly resolved 
13C NMR spectra. Greater resolution permits the detection of spectral changes 
with more sensitivity than is possible using the diffuse resonance bands 
associated with the chemically more diverse structural components of coal. 

The as-received or pre-dried lignin polymer is freely soluble in ethylene glycol 
and dimethylformamide. Application of the Bishop and Ward demineralization 
procedure' decreased lignin solubility dramatically. After exhaustive extraction, 
55 f 10 wt % of the lignin was insoluble in ethylene glycol. 

13C NMR spectra were recorded on a Bruker MSL 100 Spectrometer operating at 
2.35 T. Conventional 'H-13C cross polarization, magic angle spinning (CP/MAS) 
experiments were used with a 'H H, field of 50 kHz used for 'H excitation, spin 
lock and dipolar decoupling. The CP contact time was 2.5 ms. 

RESULTS AND DISCUSSION 

The nature and extent of the chemical transformations induced by the washing 
are illustrated in the 'H-% CP/MAS 13C NMR spectra overlaid in Figure 1. The 
spectrum shown in fine line is generated from the lignin that has been washed 
with 5N HCI and then dried in vacuum at room temperature for 3 h. In separate 
experiments this washing step was shown to cause no observable changes in 
the spectrum, relative to the as-received product, except for a skew in the line 
shape of the carboxylic acid resonance, reflecting a change in protonation state 
or hydration at some carboxylic acid sites. The spectrum shown in bold line is of 
the same material that has been subjected to the Bishop and Ward 
demineralization procedure. The intensities of the two spectra are adjusted so 
that the areas of ketonic, carboxylic, oxygenated aromatic, and -OCH, 
resonances in the two spectra are equal. The major difference in the two curves 
is a loss of 4% of the aliphatic signal area centered at 87-73 ppm and an 
equivalent gain in area centered at 50-35 ppm in the spectrum of the 
demineralized material. These chemical shift ranges correspond to oxygenated 
aliphatic carbons and highly substituted aliphatic carbon centers, respectively.' 
Chemical inferences drawn from the spectral intensity changes are analogous to 
those made in the work on acid-catalyzed polymerization of benzylic alcohols': 
protonation of the alcohol, loss of water with generation of the benzylic cation, 
and ensuing aromatic electrophilic substitution (alkylation). The redistribution of 
4% of the aliphatic resonance area, representing 31 aliphatic carbons /lo0 C, 
indicates the generation of 1 cross-link per 100 C (0.04 x 0.31). 

i h e  cross-linking reaction does not alter the aromaticity (f, = 0.67) of the lignin 
but does change the concentration of protonated and non-protonated aromatic 
carbons, reflected in the value of the fraction of protonated aromatic carbons (f: 
= 0.27 for the 5N HCI-washed lignin, 0.25 for the demineralized lignin) 
determined from the dipolar-dephased spectra ' of the materials. The dipolar 
dephased spectra were scaled assuming the concentration of the oxygenated 
aromatic species is unaffected by the acid washing. The spectrum of the 
demineralized sample shows a 5% increase in the concentration of non- 
protonated aromatic carbon resonances relative to the spectrum of the 5 N HCI- 
washed lignin (42 vs 40 11 00), assigned, by chemical shift, to carbon-substituted 
aromatic carbon resonances. These changes indicate the formation of 2 cross- 
links per 100 C (0.05 x 0.40). 



The spectral changes show that the Bishop and Ward demineralization 
procedure generates 1-2 cross-links per 100 C in the lignin.' The solubility 
decrease from this level of retrogressive polymerization is clear evidence of the 
profound physical change that may result from small chemical perturbations. In 
separate experiments (deletion of the 48% HF wash step from the Bishop and 
Ward procedure), it was shown that half of the cross-links formed in the Bishop 
and Ward procedure are generated by the concentrated HCI wash step. 

Conclusions drawn from this investigation are: (1) exposure of an organic . 
substance containing benzylic alcohols (or other alcohols with similar reactivity) 
to 12 N HCI and/or 48 % HF, under the reaction conditions employed in the 
Bishop and Ward demineralization procedure, makes the organic material more 
refractory, through polymerization reactions, (2) whereas the 5 N HCI wash 
appears benign, half of the cross-linking chemistry observed in lignin occurs in 
the 12 N HCI wash, and half in the 48% HF wash, and (3) the chemistry occurs 
in organic matrices which are themselves insoluble in aqueous media. 

, 

The facility with which this retrogressive chemistry occurs in the phase- 
separated reaction media has far reaching implications for the use of this 
demineralization procedure in coal studies. The strong acid induced reactions 
will depend on alcohol concentration and molecular constraints in the organic 
matrix and may include electrophilic aromatic alkylation (cross-linking) or 
neutralization (water quench with regeneration of the alcohol). The proclivity of 
coals to autoxidize at bepzylic sites implies that the cross-linking mechanism 
demonstrated in this work can potentially operate in coals of otherwise low 
oxygen content. Since many studies of coal components include a 
demineralization step, care is advised in ascribing measured properties to those 
of pristine coal components. 
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Figure 1. Superimposed 'H-% CPlMAS ')C NMR spectra of two lignin 
samples. Fine line spectrum: lignin washed with 5 N HCI (45 min., 60 "C). Bold 
line spectrum: lignin demineralized by the Bishop and Ward procedure. The 
decrease in alcohol concentration (87-73 ppm) is predominantly from the 
spectral region assigned to a-carbon (benzylic) alcohols (80-73 ppm).' 
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