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K. MapKoea. C. Bhul'tefJa. Cm. JlerjJmepoea, B. Bht•le6 -
Mo;teKyAJifJIIu-cmpyKmypllt>Je ucCAedoeaHuR KucAopooa 
6 Y~ll!IX. / . reoXUMU'IeCKUe C6JlJLI 1\UCAOpoOa 6 flaAeo­
~eH06blX y~A!IX. Pacnpene.nenHe o6wero KHCJJopo.na, ero 
q>OpM caRJH H reoxHMH'feCKHe CBJ13H H3y'faJJHCb ua 
60JJrapCKHX na.neoreHOBblX yrnn. npHMCHlWHCb pa3· 
uoo6pa3Hble neTporpaQ>H'fecKHe H XHM.H'ieCKHe ana.nH3bl. 
AHaJIHTH'feCKall HHQlopMawtJI DO.llBepra.naCb CTaTHCTH· 
'feCKOMy, perpeCCHOHH.OMY H LUCTepHOMY aHaJIH3y. 
KonH'feCTaeuuoe pacnpe!le.neuse Q>opM KHCnopo.na a 
yrOJlbHOH MUKpOI'oiOJlell:yne D03BOilB.Jl0 BbllrBHTb pa3BHTHe 
npouecca yrneQJHKUUHH. Xopowu KOPPemiUHll MeJKJzy 
KHCJIOpo.n-co.nepll(alllHMH QlYJIXllBOBaJlbHblM.H rpynnaMH 
H pa3HbiMH Mauepa.nliMH nae-r oaoBaHBe npe.nnonaraTb, 
'fTO Kap60KCHJ1bHble rpynnbl MOIJ'Tb 6blTb HCDOJlb30BaHbl 
.llJlll reHCTH'feCKHX HH.llHKauu8. YCTaaoaneuuble Jaou­
CHMOCTH MC)I(Jly CO.llepll(aHHeM yr.1epo11a, 0,-pall(aTCJlbHOH 
cnoco6HOCTbiO H coneplKaHHCM >CO H -COOH .naeT 
OCHOBaHHe HCDOJ1b30BUTb nOCJIC.iiBBe rpynnbl B Ka'feCTBe 
l1111lHKUTOpOB yrneQlHKUUHH. 

Abstract. The distribution of total oxygen, its forms of 
binding and geochemical bonds have been studied in 
Bulgarian Paleogene coals. Various petrographical and 
chemical analyses have been carried out. The analytical 
data are quantitatively evaluated by means of statistical, 
regressional and cluster analyses. The quantitative distri­
bution of the oxygen forms in the coal macromolecule 
enables the estimation of the coalification processes 
development. The good correlation between oxygen-conta­
ining functional groups and the different macerals suggests 
that the hydroxyl (phenol), carbonyl and carboxyl groups 
can be used as genetic indicators. The dependences esta­
blished between the carbon content, respectively, the refle­
ctance and >CO and -COOH content points that these 
groups are coalification indicators . 
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Introduction 

Oxygen is involved in the structure of the coal 
macromolecule both as an element of the fun­
ctional groups and in non-active forms. The be­
haviour of these structures is indicative of the 
various stages in the development of geochemi­
cally important processes. Thus coalification and 
weathering processes are connected with quan­
titative and qualitative changes in the total oxy­
gen content and of its forms of binding (Abdel­
Baset et al., 1978). 
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Very few are the papers related to these prob­
lems for Bulgarian coals (Angel ova, 1961, 1962; 
Markova & Mincev, 1983; Markova, 1984; Mar­
kova et at., 1984). The aim of the present work 
is to study the oxygen distribution, its forms of 
binding and the geochemical bonds in Bulgarian 
Paleogene coals. 

Materials and Methods 

Eleven representative samples of Paleogene 
coals from various Bulgarian coal basins and 
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Fig. 1. Scheme of the Paleogene coal basins and deposits 
according to Siskov ( 1981) 
1 - Bourgas; 2 - Borov Dol; 3 - Nikolaevo; 4 - Pernik; 5 
- Bobov Dol; 6 - Pirin; 7 - Suchostrel; 8 - Mugla; 9 -
Smolyan; 10 - Pchelarovo; II - Vulche pole 

deposits were studied (Fig. 1) (Siskov et al., 1982). 
They have been sampled according to Bulgarian 
State Standard BDS 15550-82. Various petrog­
raphic and chemical analyses were applied. The 
proximate analysis includes the determination 
of moisture (W8

), ash (A d) and volatile matter 
(Vdn'). The ultimate analysis was carried out in 
"LECO" apparatus and the oxygen content was 
determined by difference. 

The quantitative maceral analysis was perfor­
med according to Siskov et al. ( 1982). The reflec­
tance studies were carried out on microscope­
photometer PMT Standard Universal "Opton" 
with objective Antiflex-Epi 40xoil and eye-piece 
1 ox at a monochromatic light (546 nm) and refe­
rence TF-5 with reflectance Ro = 0.58 %. 

Table I 
Chacteristics of the initial coal samples 

The oxygen-containing functional groups we­
re determined by conventional methods: the hyd­
roxyl (phenol) by barium hydroxide, the carbonyl 
ones with hydroxylaminohydrochloride and the 
carboxyl -COOH with calcium acetate. The 
content of each separate group is calculated with 
respect to the total oxygen content. The amount 
of the functional (OF) and non-functional oxy­
gen (ONF), which stands for the presence of heter­
ocyclic structures with respect to the total oxygen 
content, has been determined. 

The analytical data was subjected to conven­
tional descriptive statistical evaluation including 
multivariate classification procedures (Davis, 
1973; Vuchev, 1983). 

Results and analysis 

The total oxygen content in the coals from 
the Fore-Balkan province decreases in the follo­
wing order: Bourgas-Nikolaevo-Borov Dol; from 
the Pernik province: Pernik-Bobov Dol-Pirin­
Suchostrel and in the coals from the Rhodope' 
s province: Pchelarovo-Mugla-Vulche pole­
Smolyan (Table 1, Fig. 2-1 A). At the same time 
the amount of hydroxyl groups is higher and 
that of carbonyl and carboxyl-containing groups 
is lower. The content of -OH in the samples from 
the Fore-Balkan province drops from Bourgas 
to Nikolaevo and Borov Dol. For the Pernik 
province it decreases from Pernik to Bobov Dol­
Suchostrel-Pirin and for the Rhodope province 
the order of decrease is from Smolyan to Pche­
larovo-Mugla-Vulche pole (Fig. 2-1 8). 

Coal Coal basins Proximate analysis Ultimate analysis Maceral composition Reflec-
provinces and deposits 

Fore Balkan Bourgas 
Borov Dol 
Nikolaevo 

Pernik Pernik 
BobovDol 
Pirin 
Suchostrel 

Rhodope Mugla 
Smolyan 
Pchelarovo 
Vulchepole 

•organic matter basis 
•• daf 
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(%) 

w· Hd 

14.5 ~1.0 
7.3 7.3 
6.3 ~3.8 

5.8 9.1 
6.9 ~2.0 
6.5 3.9 
2.5 6.3 

\0.0 8.2 
9.8 D .l 
7.0 34.5 
6.1 54.3 

(%) 

yw c•• H** N** 

47.6 70.4 7.0 2.1 
44.0 15.i 5.4 2.2 
42.6 74J 5.1 2.0 

f41.8 74.2 4.8 1.7 
45.0 t74.6 5.4 1.5 
f44.0 75.1 5.4 2.3 
j29.1 ~5.1 5.1 1.2 

~2.4 rl3 .7 5.3 1.2 
40.3 ~8.1 5.4 1.3 
46.5 ~4.0 4.2 1.4 
- ~4.8 5.3 1.0 

(%)* tance 

Liptenite-
11ner- Ro( %) 

s•• 0 .. HIC 0/C Huminite tinite 
Vitrinite Exinite (I) 
(H-V) (L-E) 

1.3 19.2 0.84 0.20 84 15 1 0.38 
1.0 15.7 0.86 0.16 85 4 1 0.56 
1.2 16.9 0.82 0.16 85 14 1 0.47 

1.2 18.1 0.78 0.18 90 7 3 0.48 
1.4 17.1 0.88 0.17 90 8 2 0.43 
1.3 15.9 0.86 0.16 86 13 1 0.53 
1.2 7.4 0.71 0.07 89 2 9 0.95 

1.2 18.6 0.88 0.19 80 15 5 0.47 
1.2 \4.0 0.84 0.14 91 8 1 0.83 
1.1 19.3 0.68 0.19 93 6 1 0.48 
0.9 18.0 0.86 0.18 87 12 1 0.43 



The amount of carbonyl groups for the same 
coals is considerably smaller compared to that 
of the hydroxyl ones (Fig. 2-28). While in the 
Fore-Balkan province it follows the sequence 
found for the hydroxyl groups, for the Pernik 
basin these groups change from north to south, 
i.e. from Pernik to Bobov Dol-Pirin-Suchostrel. 
For the Rhodope province the content of >CO 
decreases in the following order: Pchelarovo­
Vulche pole-Mugla-Smolyan. 

The content of carboxyl groups in the coals 
from the Fore-Balkan province follows the same 
patter as that of the hydroxyl and carbonyl 
groups. It has been found that the change in the 
-COOH content for the Pernik region is the same 
as that of >CO (Fig. 2-38). 

The total sum of oxygen-containing functio­
nal groups in the coals from the Fore-Balkan 
province decreases gradually from Bourgas basin 
to Nikolaevo and Borov Dol; for the Pernik pro­
vince it follows the order Pernik-Bobov Dol-Pi­
rin-Suchostrel, whereby the coals from the first 
two basins are characterized by equal content 
of there groups. The content of oxygen-contai­
ning functional groups in the coals from the 
Rhodope province changes as follows: 
Pchelarovo-Mugla-Vulche pole (Fig. 2-III). 

These observations show that the polyme­
risation and polycondensation,i.e. the coalifi­
cation processes are accelerated following the 
same pattern for each one of the provinces 
separately. 

The experimental results reveal that the 
content of functional groups in the Paleogene 
coals from the various coal basins changes as 
follows: in the samples from the · Fore-Balkan 
province from 43.7 to 26.4 %, for the Pernik 
province from 44.3 to 28.2 % and for the 
Rhodope's province from 49.8 to 29.0 % (Fig. 
2-2"). The amount of functional oxygen is 

..... 6 
c 

-OH 

70.0 7&.4 82.8 1.3 2.5 3.7 
7.32 79.6 66.0 1.9 3.1 4.3 

meq/g 

Fig. 3. Frequency Histograms of Distribution 

% II. 

Fig. 2. Distribution of the oxygen forms 
Coal provinces: I- Fore-Balkan; II- Pernik; III- Rhodope 
Coal deposits: 1- Bourgas; 2 - Borov Dol; 3 - Nikolaevo; 4 
- Pernik; 5 - Bobov Dol; 6 - Pirin; 7 - Suchostrel; 8 - Mugla; 
9 - Smolyan; 10 - Pchelarovo; 11 - Vulche pole 
l"' - total oxygen (0 ); 2" - functional oxygen (OF); 3" -
nonfunctional oxygen (ONF); 4" - OJO~ l 8 - hydroxyl 
groups ( -OH), meqfg, 28 - carbonyl groups (>CO), meqfg; 
38

- carboxyl groups (-COOH), meqfg; 48 - sum of(-OH + 
>CO + -COOH), meqfg 

smaller than that of the non-functional one for 
all Paleogene coals. The coals from the Smolyan 
coal basin show minimum difference (0.42 ) 
between these two forms regardless of their 
higher degree of coalification (R = 0.83 %). 
Relatively small is this difference foro the samples 
from Pernik and Bobov Dol. This is probably 
due to the similar coalification 'degree and the 
identical coal-forming environments. 

::CO 
~ ~ -COOH 

1---

r 1 
0 0.48 0.96 0 0.4 0.8 

0.24 0.72 1.2 0.2 0.6 1.0 

meq I g meq I g 
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Table 2 
Generalized numerical characteristics of coal parameters 

Parameter Number Mean Variance Standard Skewness Kurtosis 
deviation 

(n) (i ) (al) (a) (Si) (E) 

Carbon. cc~.,r 11 75.500 13.423 3.664 1.37 3.46 
Hydroxyl groups. 
-OH II 2.264 0.798 0.893 0.70 -0.71 
Carbonyl groups. >CO II 0.716 0.120 0.346 -0.66 -1.15 
Carboxyl groups. 
-COOH II 0.443 0.065 0.254 -0.36 -0.94 

Huminite-Vitrinite, H-V II 82.273 14.019 3.744 -0.28 -1.11 
Liptenite-Exinite, 
L-E II 9.455 20.873 4.569 -0.14 -1.61 
Inertinite, I II 2.364 6.455 2.541 1.62 1.39 
Reflectance. R. II 0.546 0.032 0.179 1.27 0.06 

Table 3 
Results of the regression analysis 

Number EQUATION 
(n) 

Correlation Standard 
coefficients error 

The ratio between the functional and non~ 
functional oxygen (OJO.r·w) is within the range 
from 0.36 to 0.7g for tne Fore-Balkan coal 
province, form 0.39 to 0.80 for the Pernik 
province and from 0.41 to 0.71 for the Rhodope's 
province (Fig. 2-4A). The minimum and 
maximum values for the three coal provinces 
are quite close except the coals from Smolyan 
(0.99). 

(r) a 

II C0=5.82 - 0.07C -0.71 0.26 
II COOH = 4.50 - 0.05C -0.81 0.15 
II COOH=5.24-1.20+0.55CO 0.74 0.18 
II CO = 0.27 + 1.02 COOH 0.74 0.18 
11 R = -2.85 + 4.49 - 0.2C 0.92 0.08 

0 

0.92 1.70 II C = 65.17 + 18.91 R. 

at rn.ns, 11 = 0.60 
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Fig. 4 . Dendrogram of Cluster Analysis 
I. Carbon. Cd•r: 2. Hydroxyl groups ( -OH); 
3. Carbonyl groups (>CO); 4. Carboxyl 
groups ( -COOH); 5. Huminite-vitrinite 
(HV): 6. Liptinite-exinite (L-E); 7. Inertinite 
(1): 8. Reflectance (R

0
) 

The chart for the distribution of the oxygen~ 
containing functional groups shows a great 
variety (Fig. 3). 

Generally, the coals are characterized by two 
types of distribution with relation to the carbon 
content. The latter has been calculated per a 
combustible coals mass. The first type includes 
samples with carbon content of 70.0-79.6 % and 
it is distinguished by a normal Gaussian distri­
bution. The second type comprises a small part 
of the samples with carbon content of 82.8-86.0 
%. The maximum of the first peak includes the 
samples from Nikolaevo, Borov Dol, Pernik, 
Vulche pole, Mugla and Pchelarovo (Fig. 3). 

The same coals are related to three types of 
distribution with relative frequencies of 55, 36 
and 9 % with respect to the hydroxyl groups 
content. 

Two types of distribution are obtained in re­
lation to the carbonyl groups amount. The first 
one is of relative frequency of 19 % and compri­
ses the samples from Suchostrel. The second 
distribution shows a tendency of high and stab­
le concentration of the groups from 0.48 to 1.2 % 
and includes the main part of the samples 
(Fig. 3). 

The carboxyl groups lead to a homogeneous 
distribution with a moderate symmetry whereby 
the curve is shifted slightly to the left (Fig. 3). 

The results of the correlation and regression 
analysis show that a definite statistical depen­
dence between the carbon content and that of 
the hydroxyl groups could not be established. 



This fact has been proved earlier by Abdel-Baset 
(1978) for coals from the eastern, internal and 
western locations in USA with carbon content 
of 73.9 -90.4 %. However, a good correlation 
between the carbon content/carbonyl groups 
content, and the carboxyl groups content (Tables 
2 and 3) has been obtained (Table 3). 
T~o groups A and B (Fig. 4) are obtained 

from the cluster analysis based on the correlation 
coefficient. Group A is divided into two sub­
groups A

1 
and A 2• The first one combines the 

following parameters: reflectance R %, carbon 
content - Cdnr % and the inertinite content - I, 
%. The second subgroup A 2 includes: the hu­
minite-vitrinite content - H-V, % and the hyd­
roxyl groups content, meqjg. Group B comprises 
the content of carbonyl and carboxyl groups and 
that of liptenite-exinite L-E. 

The results of the complex studies demon­
strate a great variety in the distribution of oxygen. 
The difference between the oxygen content in 
the samples from the different coal basins is 
negligible and is about 5 %. The complex hete­
rocyclic oxygen-containing groups are prevailing 
and the content of functional oxygen is lower. 
The concentration of hydroxyl groups is higher 
compared to that of carbonyl and carboxyl ones. 
Hence, it may be assumed that part of the hyd­
rophilic groups have been released during coali­
fication (Tissot & Welte, 1978). Obviously, the 
evolution of the hydroxyl group is impeded 
strongly, while the carboxyl groups are released 
more intensively. Probably, the positive relation 
found between the hydroxyl content and the per 
cent of macerals for the huminite-vitrinite group 
may be related to the peculiarities of the 
macromolecule structure. Vitrinite, being the 
final product of the microbiological dispersion 
of wood at lower values of the oxidation poten­
tial, appears to be a geopolymer. Its macromo­
lecular structure has a high arornaticity degree 
and contains a great number of phenolic and 
carboxylic groups. These arguments suppose and 
explain the good cor~elation between huminite­
vitrinite and hydroxyl groups and allows the lat­
ter to be used as genetic markers. Although the 
similar content (%) of huminite-vitrinite in some 
of the Paleogene samples studied the content of 
-OH in them is different. This determines the 
difference in the structure of huminite-vitrinite 
macerals and is closely connected with the vario­
us plant debris, the gelification degree and the 
biochemical and geochemical processes that ha­
ve taken place in them. 

The good correlation established between the 
liptinite macerals and carboxyl groups is pro­
bably due to the higher amount of resinous stru­
ctures in them (Fig. 4). Consequently, the carbo-

0/C 

0.1 03 0.5 0.7 09 

Fig. 5. Relationship between 0/C and O"'ONF for the coal 
provinces 
I -Fore-Balkan; II -Pernik; III- Rhodope 

nyl and first of all the carboxyl groups can be 
used as genetic indicators. 

The difference found in the distribution of 
the oxygen forms in the Paleogene coals might 
be allocated both to the different compositions 
of the parent plant debris, its transformation and 
to the coalification processes occurring in them. 
This has been confirmed by the various coalifi­
cation degree and by the ratio OfC, Or:fONF of 
the coals from the three provinces under study 
(Fig. 5). While the coalification degree of the 
coals from the Fore-Balkan province increases 
from east to west, in the Pernik province it rises 
from north to south. This observation has been 
earlier proved by the petrographic studies of 
Valceva (1989). The intensity of the coalification 
for the Rhodope's province is higher and ac­
cording to Siskov et al. (1988) this is due to the 
increased thermal flux resulting from the inten­
sive Paleogene vulcanisation. 

Conclusions 

The results obtained show that the character and 
the quantitative distribution of oxygen forms in 
the coal macromolecule allow the evaluation of 
the coalification which has occurred in the Pa­
leogene coals. The intensity of these processes 
is similar for the Fore-Balkan and for the Pernik 
provinces and increases in the Rhodope' s pro­
vince. The rise of the intensity for the Fore-Bal­
kan is directed to west and for the Pernik provin­
ce from north to south. 

The strong correlation between the oxygen 
containing functional groups and the different 
macerals makes possible the application of hyd­
roxyl, carbonyl and carboxyl groups as genetic 
or coalification markers. 
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