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Pestome. [Tupomnus, nmpu KONTO ra3oBeTe 3a aHAIN3 ca CBBP3aHH ,,0ff-line” ¢ amapart 3a TepMoziecopOLIMOHHA ra30Ba XpoMaTorpadusi-
maccrekrpomerpus (TD-GC/MS), e n3non3saH 3a onpeaesssHe Ha Ka4eCTBEH/KOJIMYECTBEH ChCTaB Ha OPraHUYHUTE (YHKIIMOHATHOCTH
B IPOAYKTUTE OT TEPMHUYHO PasrpakiaHe Ha JIUTOTHIHN OT Vi3rouHomapumky murauty B naTepBana 250-900 °C. Llex Ha u3ciIeABaHETO
€ J]a ce ONpEe/IeNsIT OPraHMYHUTE JCTINBY CheMHEHH H 1a C¢ HAIIPaBU OIHT T¢ Ja ce 0OBBPXKAT KbM I'PaJJMBHUTE €JIEMEHTU Ha JIUTHO-
LieNy03HaTa Gnomaca Ha BbIIIe0OpasyBalaTa pacTuTesHoCT. OOMNTEe KONMYECTBA HA AaHATN3UPAHUTE OPTAHUYHI BEIIECTBA B IIHPOIIH-
satute B mg/g TOC ca 58,14 3a munren, 21-37 3a XyMOKJIapeH ¥ KCHJICH, a HAl-HUCKH CTOIHOCTH ca ONpeIesICHH 3a XyMOBUTpeH — 12.
Hespenoctrta Ha npobute pediiekTrpa B n300miue ot GeHosn, MeToKCcH(EeHOH (caMo IyasikoJIOBU CTPYKTYpH) U ypanu. B Haii-roisimo
KOJIMYECTBO T€ MPHUCHCTBAT B KCHJICHA U ChCTABAT 68% OT aHANIM3MpaHUTE BelecTBa. VieHTHHUIMpaHN ca 1 IPOAYKTH OT pasrpaxaaHe
Ha BBIVICXUJPATH, B T.4. (ypasiexuin, 2-IMHKIONCHTCH-1-0HM 1 p. B muposm3aTuTe Ha TUTOTUIIOBE Ca YCTAHOBCHH M BBIJIHIIHU OHO-
MapKepH (n-alKeHH/n-allKaHu, CECKH-, TUTCPIICHOUIN, TIOJAPHH JUTSPIICHOU M, XOIICH!/XOIaHU U Jp.).

Kniouosu dymu MHUPOJIU3, JUTHUTHU JIUTOTUIIA, OPraHUYHU JIETJIMBU BEIIECTBA, BHITINIIIHA 61/10Map1<epn.

Abstract. Pyrolysis coupled “off-line” with thermal desorption gas chromatography—mass spectrometry (TD-GC/MS) instrument
for flue gas analysis is used to specify qualitatively/quantitatively organic functionalities in “Maritsa-Iztok” lignite lithotypes thermal
decomposed in the range 250-900 °C. The aim of the study is to specify organic volatiles and to assign identified components to the
lignocellulose biomass building blocks of coal forming vegetation. In pyrolysates the total amounts of the analyzed organics, expressed
in mg/g TOC, amount up to 58.14 for liptain, 21-37 for humoclarain and xylain, and the lowest values are determined for humovitrain,
12. The samples immaturity reflects in high diversity of phenols, methoxy phenols (only guaiacyl structures), furans, etc. maximizing at
xylain lithotype, 68% of the total analyzed amount. Carbohydrate degradation products, i.e. furaldehydes, 2-cyclopenten-1-ones, etc. are
identified as well. In lithotypes studied, coal biomarkers as n-alkene/n-alkanes, sesqui-, di-, polar diterpenoids and hopenes/hopanes, are
present in different proportions.

Keywords: Pyrolysis, lignite lithotypes, organic volatiles, coal biomarkers.

Inroduction 170-200 °C identifies lignin structures preserved in

coal OM. Our experience (Stefanova et al., 2004)
There are several analytical techniques giving infor-  for oxidative degradation of Maritsa Iztok (MI)
mation for the structures of coal organic matter (OM) lignite lithotypes gave proof for lignin monomers
building blocks. Classical alkaline CuO oxidationat  presence with strong dominance of vanillyl phenols

© bwirapcko reojorudecko ApykectBo U bwirapcka akagemus Ha Haykute, 2024 https://bgd.bg/review-bgs
https://doi.org/10.52215/rev.bgs.2024.85.1.47



(guaiacyl structures). Further, coumaric and ferulic
acids in the products of CuO oxidation implied to
non-woody tissue contribution to lignite lithotypes
OM structuring. Another powerful technique for
structural study of natural biopolymers and geo-
molecules is the analytical pyrolysis coupled with
GC-MS (Pyr-GC/MS). Therein, the conventional
pyrolysis (Curie-point pyrolysis at 510 °C) was im-
proved by flash heating of the sample in the pres-
ence of tetramethylammonium hydroxide (TMAH)
and method is known as “thermochemolysis”. It is
applied to biopolymers, fossils, i.e. peatified woods,
lignins, humic substances, coals, asphaltenes, kero-
gen of petroleum source rocks, oil shales, etc. The
study of MI lignite lithotypes by thermochemoly-
sis (Stefanova, 2005) confirmed the high contribu-
tion of Gymnosperms to coal-forming community
and total lack of syringic units (Angiosperms). The
modest participation of Gramineae in lithotypes
OM was proved by the low amount of coumaryl
structures. Pyrolysate peculiarity was the high pres-
ence of linear polysulphides in the volatiles.

Coal lithotypes have fairly distinct maceral
compositions originating from various combina-
tions of plant vegetation which evolve different
coalification paths. MI lithotypes were intensively
investigated over the years in the frames of pro-
jects and theses in a search for methods for lig-
nite OM structural investigation. HV as relatively
“more” homogeneous representative of the coal
received special attention. In the present study by
pyrolytic destruction we keep the strategy and try
to get knowledge on the main structural elements
of lignite OM.

The past decades are marked by increased activi-
ties in developing pyrolytic pathways to produce bi-
ofuels and bio-based chemicals from lignocellulose
biomass. Pyrolysis is a key stage in thermochemi-
cal conversion processes, i.e. coal combustion and
gasification. On-line monitoring of the evolution
of the intermediate products and the qualitative/
quantitative measurement of the pyrolysis products
shed light to the ongoing processes during thermal
destruction of the feed material and give informa-
tion for the combustibles. Thus, encouraged by
the high informative potential of pyrolysis the aim
of the study was formulated as: (i) to get data for
the main constituents of coal-precursor vegetation
and to appreciate changes in their structures during
coalification; (ii) to compare results from different
techniques for coal OM analysis. Finally, comments
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on advantages and pitfalls of the applied techniques
based on own experience were done.

Material and methods

Maritsa Iztok (MI) lignite coal field of Late Mio-
cene-Pliocene Age is located in SE Bulgaria
(Fig. 1). The lignite is described by the following
maceral composition, in %: Huminite, 92; Liptinite,
6; Inertinite, 2 (Sigkov, 1997). Bulgarian standard,
BDS-1979, divides Neogene coals lithotypes into:
(i) homogeneous, xylain (X) and humovitrain (HV);
(i1) heterogeneousones. liptain (L) and humoclara-
in (HK). Xylain, HV and HK are the basic lithot-
ypes of MI lignite with a strong dominance of HK
(= 50%), followed by X (11-30%), HV (7-12%),
and L (3-8%). The content of fusain/semifusain is
negligible, < 1% (Siskov, 1997). Samples under
study were kindly supplied from the collection of
the Department of Geology, Paleontology and Fos-
sil Fuels at Sofia University “St. Kliment Ohrids-
ki” as “average” samples representative for the MI
lithotypes. They were optically defined by MPT 2
Opton device. Data for proximate analysis, i.e. ash
(A), moisture (M), volatile matter (VM), fixed car-
bon (C,,), elemental analysis (C, H, N, S) are given
by Markova et al. (2002) and for Rock-Eval data by
Stefanova et al. (2004).
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Fig. 1. Plan of Mini Maritsa Iztik EAD (https://no.wikipedia.
org/wiki/Maritsa_Iztok#/media/Fil:Maritsa_Iztok.jpg).

®@ur. 1. Mnan va Muan Mapuna HM3rox EAJL (https:/no.
wikipedia.org/wiki/Maritsa_Iztok#/media/Fil:Maritsa_Iztok.jpg).



Initially, laboratory equipment for pyrolysis
was constructed to study sulphur in solid materi-
als (incl. coal) and gases were potentiometrically
analyzed (Yperman et al., 1999). Later on, it was
modified for “off-line” application and adapted to
trap volatiles for GC-MS analysis (Stefanova et
al., 2005). Briefly, ca. 40 mg sample and 20 mg
fumed silica are placed in the quartz reactor heated
under a 100 ml/min N, flow. A linear temperature
program of 10 °C/min from ambient temperature
up to 900 °C is applied. The outlet of the reac-
tor is connected to a sequence of two ice-cooled
tubes containing Tenax (Sigma-Aldrich), a porous
polymer of 2,6-diphenyl-p-phenylene oxide, as
adsorbent. Volatiles are trapped in two separated
temperature ranges selected based on the maxima
in the MI lithotypes kinetograms (Stefanova et al.,
2005). Two ranges were used: 250-500 °C (tube 1)
and 500-900 °C (tube 2). Tubes were separately
desorbed and analyzed by thermal desorption-gas
chromatography/mass spectrometry (TD-GC/MS)
instrument using He as carrier gas at 85 kPa and
the following conditions: a) Unity thermal desorber
(Marks): primary desorption 20 min at 275 °C; Cold
trap at —10 °C, heated at maximum heating rate up
to 320 °C, hold time 15 min; flow path temperature
200 °C; b) Trace GC Ultra-Gas chromatography
(Thermo Instruments): capillary column 30 m ZB
5-MS x 0.25 mm x 0.25 um Phenomenex; temper-
ature program: 3 min at 30 °C, 30-100 °C (8 °C/
min), 100-310 °C (12 °C/min), hold time 5 min at
310 °C; ¢) DSQ-Mass spectrometer (Thermo In-
struments): EI spectra; [onization energy: 70 eV;
Scan range: m/z 33 — 480 a.u. in 0.4 s. Deuterated
thiophene, Th-d,, 3 ng, is used as a standard. Each
sample is run after Th-d, standard. NIST library
spectra was used for peak identification. Homolo-
gous series were MS tracked by single ion moni-
toring (SIM). Amounts of compounds in pyro-
lysate were normalized in pg/g lithotype.

Results and discussion

The separation of non-condensable volatiles in X
pyrolysate (250-500 °C region) is shown in Fig. 2
and in Fig. 3 for the volatiles in the high temper-
ature region (500900 °C). Data for the series of
organic compounds identified in pyrolysates of MI
lithotypes are grouped in series, i.e. aromatic com-
pounds, oxygen containing compounds and the

group of coal biomarkers plus sulphur containing
compounds. The three sums are expressed in rel.%
from the total analyzed amounts.

The total sums of the identified compounds in
pyrolysate volatiles amount up to 58 mg/g TOC
for L and are minimal for HV lithotype, 12 mg/g
TOC. These values are comparable with the mag-
nitude determined by pyrolysis for MI humic acids,
55.9 mg/g TOC published by Stefanova et al. (2016)
but the distribution in chemical classes is different.
At one hand, in lithotypes pyrolysates nitrogen con-
taining compounds were not present; on the other
hand, there was a high variety of S-containing com-
pounds, i.e. linear and cyclic, with mixed structures
containing O- plus S- and elemental sulphur, S..
The novelty in the present study is that by the ob-
tained data for sulphur distribution it is possible to
assess roughly the contribution of each lithotype to
the final sulphur content of the lignite OM. Minimal
amount of sulphur, 0.5%, (only in cyclic form as
thiophens and benzothiophens) was measured for
HK, and maximal amount of 15.3% for HV (12.1%
linear S-containing compounds, 3.2% sulphur in
cyclic type). Values for L and X were comparable,
2.6-3.9%.

Coal biomarker assemblages, i.e. n-alkenes/n-
alkanes doublets, regular isoprenoids, terpenoids,
etc. were already published. (Stefanova et al., 1995;
Bechtel et al., 2005). By the present data the high
ability of the applied protocol to separate and iden-
tify compounds of high diversity and with high
molecular masses was demonstrated. Hopenes, i.e.
22,29,30-trisnorhop-17(21)-ene, C,,H,, with M*
368 and 30-Norhop-17,21-ene, C,,H,,, M" 396,
were identified only in 500-900 °C HK pyrolysate.

Vanillyl phenols, i.e. 2-methoxy and methyl-
2-methoxy phenols were highly abundant, up to 47
rel.% in X lithotype. Methoxy phenols were indica-
tive for the presence of residues from lignin arranged
in the lignite structural building blocks. Also, high
content of phenol and its alkylated homologues is
a clue for lignin rests coalification, namely, dem-
ethoxylation and subsequent phenolic structures
rearrangement with cyclization. Identification only
of vanillyl phenols (guaiacyl structures) is a proof
for the dominance of Gymnosperm vegetation in
the coal-forming palacomire. These results totally
confirm the data obtained by the other analytic tech-
niques (Stefanova et al., 2004; Stefanova, 2005) but
in the present study the data are quantitatively in-
terpreted.
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Fig. 2. Total Ion Chromatography (TIC) from Pyr-TD/GC-MS of xylain lithotype in the range 250-500 °C. Compound
identification: 1, methyl cyclopentene; 2, benzene (Bz); 3, dimethyl disulphide; 4, methyl Bz; 5, methyl thiophene (Th); 6, dime-
thyl Bz; 7, dimethyl Th; 8, methoxy Bz; 9, trimethyl Bz; 10, dimethyl trisulphide; 11, phenol (Ph); 12, methyl methoxy Bz; 13,
trimethyl Bz; 14, cresol; 15, guaiacol (G); 16, dimethyl methoxy Bz; 17, tetramethyl benzene; 18, methyl G; 19, dimethyl tetrasul-
phide; 20, dimethyl G; 21, vinyl G; 22, cuparene; Sesqui-Ts, sesquiterpenoids.

®@ur. 2. Ooma iionHa xpomatorpama ot nmupoan3s ¢ T/I'X-MC ananu3 nHa kcuiaen B nHTepsaia 250-500 °C. Joxa3anu
chelMHeHus1: | — MeTu nuukionenTer; 2 — 6enseH (b); 3 — numerun nucyndun; 4 — metun b; 5 — metun tnoden (T); 6 — numernn
b; 7 — numerun T; 8 — metokeu b; 9 — tpumernn b; 10 — qumernn tpucyndun; 11 — denon (P); 12 — metmi metoken b; 13 — tpume-
i b; 14 — xpeson; 15 — ryaitaxon (I'); 16 — qmuvernn metoken b; 17 — terpamernn b; 18 — metun I'; 19 — mumerun tetpacyndun;
20 — numerun I'; 21 — Bunmn [; 22 — xumapene; Sesqui -Tc — cecKUTepeHONTH.
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Fig. 3. Total Ion Chromatography (TIC) from Pyr-TD/GC-MS of xylain lithotype in the range 500 °C-900 °C. Compound
identification: 1, benzene (Bz); 2, methyl Bz; 3, methyl thiophene (Th); 4, dimethyl Bz; 5, dimethyl Th; 6, methyl cyclopenten-
1-one; 7, Phenol (Ph); 8, benzofuran (BzF); 9, dimethyl cyclopenten-1-one; 10, vinyl Bz; 11, cresol; 12, methyl Ph; 13, methyl
BzF; 14, dimethyl Ph; 15, naphthalene (Naph); 16, methyl G; 17, dimethyl F; 18, dimethyl G; 19, methyl naph; 20, biphenyl; 21,
dimethyl naph.

@ur. 3. O6wma ifonna xpomarorpama ot nupoJus ¢ TI/I'X-MC anaiau3 Ha kcuied B uHTepsasa 500 °C-900 °C. Jlokazanu
chenuHenus: 1 — OenseH (b); 2 — metun b; 3 — metun tnodes (T); 4 — qumernn B; 5 — numerwn T; 6 — METHII IUKIIONICHTEH- 2-0HE;
7 — denon (D); 8 — denzodypan (bD); 9 — qumernn uuknonenten- 2-oue; 10 — Bunun b; 11 — kpeson; 12 — metun @; 13 — metun
b®; 14 — numernn @; 15 — HadTaneH (vad) ; 16 — metun ['; 17 — numernn @; 18 — mumerwn [7; 19 — metwn Had; 20 — Oudenu;
21 — numerun Had.
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It is known that at the biochemical stage of coali-
fication, hemicellulose is completely degraded, cel-
lulose is considerably reduced and lignin-derived
structures are selectively preserved. Hence, prod-
ucts of carbohydrates pyrolysis are expected in the
pyrolysates. These compounds support the extant
concept for coalification as a selective preserva-
tion of certain resistant plant components in the
lignocellulose biomass and subsequent minor reor-
ganization of the survived biopolymers. Actually,
the data obtained denote some small portions of
reworked carbohydrates incorporated in MI litho-
types, < 1 rel.%, and total absence in L lithotype.
The primary polysaccharides in pyrolysates are as-
sociated with dianhydromonosaccharide fragments,
whereas the secondary polysaccharides yield furan
fragments. Therefore, furans and furaldehydes were
considered as products for carbohydrates pyrolysis.
There was about 2 rel.% of furans in HK pyrolysate,
lower amount of 0.7 rel.% — in X pyrolysate, and
a lack — in L pyrolysate. The maximal content of
2.5 rel.% was determined for HV sample. The di-
versity in content was assigned to the variety in the
plant vegetation combinations taking part in the
OM structuring.

Levoglucosan (anhydroglucosan) C,H,,0,, M*
162, is used as a biomarker to track flue gases for
products of lignite combustion (Fabbri et al., 2008).
Levoglucosan was not detected in the pyrograms
though the careful spectra tracking. One possible
explanation could be that carbohydrates were heavy
microbial reworked while pyrolysis generated only
furanic structures. So, limited amounts of 2-cyclo-
pentenones, and furaldehyde in pyrolysates, were
regarded as a proof for the participation of heavy
reworked carbohydrates during coalification of the
lignocellulose biomass.

One of the main series present in the pyrolysates
was the one of the aromatic compounds, i.e. alkyl
benzenes, C,-C,, and polycyclic aromatic hydro-
carbons (PAHs), 2—4 cyclics. They represent about
a third of the total analyzed amount and more than
a half for L sample. In the low temperature region,
250-500 °C, the distribution is dominated by tolu-
ene (Fig. 2) while in the 500-900 °C region benzene
is the main aromatic compound (Fig. 3). Generally,
alkyl aromatics are considered as a product of the hu-
mification of the primary lignocellulose vegetation.

Naphthalenes, anthracene, phenanthrene, bi-
phenyls, acenaphthalenes, fluorenes, phenyl-naph-
thalene and their alkylated analogues were prefer-

entially detected in the higher temperature region
(Fig. 3). Pyrene was identified only in HK sample.
Abundance of PAHs with higher degree of conden-
sation was not expected, due to the parent coal im-
maturity.

Conclusions

The data obtained by Pyr-TD/GC-MS perfectly
agree with results from the previously applied
techniques for coal structural study. However,
each used method has its pitfalls and advantages.
Namely, classical alkaline CuO oxidation at 170—
200 °C is a proven procedure for identification of
preserved lignin structures in coal OM but is time-
consuming. In addition, the microbially altered
lignin monomers (catechols) are not analyzed as
were oxidized to low molecular fatty acids. An ad-
venture of Pyr-TD/GC-MS is that gives the total
picture for the distribution of oxygen containing
compounds in the mixture.

Other widely applied method for geochemical
structural study is thermochemolysis. It has advan-
tages over the conventional pyrolysis because as-
sures simultaneous pyrolysis/methylation, avoids
decarboxylation and produces high yields of esters
and ethers as end products. Besides, it could be
done separately (“off-line”’) when pyrolytic unit
coupling to the MS instrument is omitted. Thus
it is possible to run experiments in a preparative
mode with inner standard application and quan-
titative data interpretation. The method is well
documented in the literature but is laborious and
acquires experienced personal for reproducible
results. In comparison, Pyr-TD/GC-MS is a faster
method giving quantitative information for a broad
range of chemical series, reproducible results and
offers credible “finger print” for the analyzed sam-
ple. Its drawbacks are the necessity of TD/GC-MS
equipment and impossibility to run experiments in
preparative scale.

Finally, as a recommendation for future pyro-
lytic experiments in view to gain information only
for the structure of the high molecular phase of the
lignite OM, preliminary bitumen extraction or mild
hydrolysis of the lithotypes are advisable.
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