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Abstract 

Atmosphere Pressure–Temperature Programmed Reduction (AP-TPR) coupled ‘off-line’ with 
thermal desorption – gas chromatography/mass spectrometry (TD-GC/MS) was used to specify qualitatively/
quantitatively organic components in volatiles from pyrolysis of lignite humic acids (HA) and humovitrain 
(HV). Organic matter determined in flue gases was: for HA- 55.9 mg/g Corg, and for HV- 13.1 mg/g Corg. 
Alkyl benzenes were dominant in HA pyrograms, 46.3 rel. %, while methoxy phenols were highly abundant 
in HV volatiles, 26.4 rel. %. The low samples maturity has reflected in high amount of phenols (~ 25 rel. %) 
and products of carbohydrates decomposition (<1%). Some peculiarities and similarities in samples studied 
were depicted. Namely, alkanes were in appreciable amount in HA and almost lacking in HV. Linear and cyclic 
S-containing compounds were present in both samples, while N-containing components were detected only 
in HA. Considerable amount of polycyclic aromatic hydrocarbons (PAHs) was registered in HA pyrolysate, 
while sesquiterpenoids were characteristic for HV. 

Reductive pyrolysis can be recommended for characterization of HAs from different origins, i.e. soils, 
peats, sediments, composts, etc. for comparison of their volatiles compositions. Thus, at a certain extent, by 
AP-TPR data HAs chemical properties could be foreseen.
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INTRODUCTION

Bulgarian lignites are the main source for energy production of the country. 
During their exploration, incineration and storage of waste products from mining and 
combustion they generate serious environmental problems. Mini Maritsa Iztok EAD 
seeks new technologies for ‘humus-free’ remediation of damaged territories due to 
insufficient quantity of humus required for humus application (Etov, Savova, 2016). New 
techniques to accelerate damaged areas restoration after the open lignite mining were 
proposed, i.e. application of wastes from agriculture and industry, zeolites and organo-
zeolitic products, soft wood wastes, biochemical methods for soil remediation, etc. For 
the proper choice and successful implementation of the technologies, it is necessary to 
know organic matter (OM) compositions of the parent material and humus itself in view 
to optimize the applied approaches. 
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One possibility for gradual reduction of lignites energy use and finding replacing 
alternatives is the direct application of lignites in other fields of the economy, i.e. 
production of humic acids, adsorbents, soil conditioners, etc. In this point of view, 
knowledge on the parent material composition is necessary with the purpose to appreciate 
source material relevance.

In humus study pyrolysis is considered as an advantage technique for OM analyses 
at a molecular level (Saiz-Jiménez, 1994). In this respect, Janoš (2003) in a review on 
the separation methods of humic substances from different origin pointed out that ‘Py-
GC/MS, although not ideal, remained the best technique for humic acids structural 
analysis’. The aim of the present study is to compare Maritsa Iztok lignite HA with HV 
through AP-TPR-TD-GC/MS and to assign released volatiles to the OM composition 
of the parent samples. Thus supplemental information for the composition of the non-
extractable portion of HAs organic matter will be obtained. 

MATERIALS AND METHODS

Two samples from Maritsa Iztok lignites (Ro, % <0.2), incl. humic acids (HA) 
and humovitrain lithotype (HV) (Table 1) were studied. The last sample represents 
macroscopically recognizable organic constituent of coal considered as the most 
representative on the coal OM composition. 

Humic acids (HAs) were prepared by 0.1 N NaOH extraction and HCl 
precipitation (Stefanova et al., 1993). Dried samples were milled and sieved < 0.06 mm. 
Ultimate and proximate analyses of HAs samples and their determination were described 
in a previous study (Stefanova et al., 2016).

Atmosphere Pressure-Temperature Programmed Reduction (AP-TPR) device 
coupled ‘off-line’ with thermal desorption – gas chromatography/mass spectrometry 

Table 1. Samples’ characteristics

Characteristic HA HV 

Proximate analysis, wt. %

Ashar 4.0  9.2

Moisturear 6.5  6.0

VMar 38.4 52.8

Ultimate analysis, wt.%daf

C 58.5 65.8

H  5.4  5.5

N  1.3 1.0

S  3.3 4.0

Odiff  31.5 23.7
ar- as received
daf- dry ash free basis

Odiff=100% -(C% + H% + N% + S% + ash%)



91

(TD-GC/MS) apparatus was used (Stefanova et al. 2005, Stefanova et al., 2016). Sample 
(ca: 40 mg) and 20 mg of fumed silica were placed in the quartz reactor under a 100 
ml/min flow of pure H2. A linear temperature program of 5°C/min from ambient 
temperature up to 950°C was applied. The outlet of the AP-TPR reactor was connected 
to a set of two ice-cooled tubes containing Tenax (Sigma-Aldrich), a porous polymer of 
2,6-diphenyl-p-phenylene oxide, as adsorbent. The volatiles were additionally diluted by 
adding inert gas to the H2 flow in ratio 5:1 (v/v) in order to prevent the saturation of the 
adsorption tube. Volatiles were trapped in two separated temperature ranges: i) 250oC-
550oC for the first tube; ii) 550oC-950oC for the second one. 

Tenax tubes were separately desorbed and analyzed. The TD-GC/MS instrument 
was used with He as carrier gas at 85 kPa at the following conditions: a) Unity thermal 
desorber (Marks): primary desorption 20 min at 275ºC; Cold trap at -10ºC, heated at 
maximum heating rate up to 320ºC, hold time 15 min; flow path temperature 200ºC; 
b) Trace GC Ultra-Gas chromatograph (Thermo Instruments): capillary column 30m 
ZB 5-MS x 0.25 mm x 0.25 µm (Phenomenex); temperature program – 3 min at 30ºC, 
heated 8ºC/min to 100ºC, heated 12ºC/min to 310ºC, hold time 5 min; c) DSQ-Mass 
spectrometer (Thermo Instruments): EI spectra; Ionization energy – 70 eV; Scan range – 
m/z 33-480 in 0.4s. Deuterated thiophene, 3 µg, was used as a standard. 

RESULTS AND DISCUSSION

Reductive pyrolysis has produced high variety of components. The set firmly 
corresponds to the pyrolysate composition of Spanish lignite humic acids described by 
González-Vila et al. (1994). All these compounds might exist in HAs or, more likely, 
have been formed through secondary transformation from the HAs building blocks. 
However they could be regarded as a ‘finger print’ of the parent OM composition and at 
certain extent used for its restoration. 

Amounts of all compound classes determined in pyrolysates and normalised in 
µg/gCorg were gathered in Table 2. The total sums of registered compounds represented 
5.6% from the organic carbon (Corg) of the pyrolysed HA and considerably lower, 1.3%, 
for HV sample. TD-GC/MS chromatograms of pyrolysates at 250oC-550oC and 550oC-
950oC regions of HV sample is illustrated in Fig. 1. Distributions of compound classes, 
in rel. %, are gathered in Fig. 2. 

Abundance of methoxy phenols in pyrolysates gave evidence for the dominance 
of gymnosperm parent vegetation in the palaeomire. Methoxy phenols were the 
prevailing components in the volatiles of HV sample amounting up to 26.4% of the 
identified species (Fig. 2), in contrast only 2.7% for HA. This tremendous difference 
could be assigned to the samples origin. For HV, it is assumed that they were formed 
under somewhat drier surface conditions than other coal lithotypes. In samples studied 
guaiacyl phenols from the coal-forming vegetation were well preserved and accessible for 
identification. The relative high percentage of vinyl-containing phenols and methoxy 
phenols in volatiles were indicative for fresh immature organic matter.
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Because of the high preservation potential of HV and the ability of the AP-
TPR technique to track specific volatile compounds, sesquiterpenoids (sesqui-T) were 
capable of identification (995 µg/gCorg, Table 2). The main species registered in HV 
sesqui-T were dihydrocurcumene, cedrane, cuparene, cadina-1,3,5-triene, cadalene, 
etc. The same sesqui-T were identified in HA volatiles but in lower amounts, 352 µg/
gCorg (Table 2). 

Polysaccharides, representing undecomposed plant carbohydrates, can be 
converted to different furanic structure on prolonged hydrolysis. Furans and furaldehydes 
are considered as typical products of carbohydrates pyrolysis (Mehrabanian, 2013). 
Different amounts of 2-cyclopentenones, CnH2n-4O, C5-C7; furandione, 4-methyl-
5H-furan-2-one; 2-cyclopentene-1,4-dione, C5H4O2, and furaldehyde, C5H4O2, were 
registered (0.3-0.5%). Carbonyl products formed during cellulose pyrolysis are tracked 

Table 2. Compounds in pyrolysate flue gases, in µg/g Corg

Serie     HA HV
nAlkenes/nAlkanes 4672 183
Alkyl benzenes   25892 2480
Furans/Benzofurans 496 295
Phenols   11226 3023
Methoxy phenols   1504 3448
PAHs 7350 667
Di-/Trisulphides   1280 1589
Thiophenes/Benzothiophenes 2526 358
N-containing compounds 345 ND
Sesquiterpenoids   352 995
Products of carbohydrates 300 39
Total     55 943 13 076

ND: not detected
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Fig. 1. Relative abundance of compound classes in pyrolysates, in rel. %  2 
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Fig. 1. Relative abundance of compound classes in pyrolysates, in rel. % (black – HV; grey – HA)
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as carbohydrate markers in flue gases. The occurrence of furans, furaldehydes and 
anhydrosugars in humus matter proves that hardly biodegraded polysaccharides are still 
susceptible for identification by AP-TPR.

CONCLUSIONS

Structural study of Miocene-aged HAs by pyrolysis in comparison with HV 
lithotype of the same parent lignite has revealed some peculiarities related to coal-forming 
palaeovegetation and microbial activity in the palaeomire. Pyrolysis denoted similarities 
in the pyrolysate flue gases composition, i.e. volatiles dominated by aromatics, and 
certain peculiarities, i.e. relative amounts of aliphatics, PAHs and oxygen-containing 
compounds. Alkanes were in appreciable amount in HA and almost absent in HV. Linear 
and cyclic S- compounds were present in both samples studied, while N-containing 
components were detected only in HA. Considerable content of PAHs was registered in 
HA, while sesquiterpenoids were more available in HV. 
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Fig. 2. AP-TPR humovitrain pyrograms 9 
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Fig. 2. AP-TPR humovitrain pyrograms low temperature range, 250oC-550oC; B – high temperature 
range, 550oC-950oC)
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The study demonstrates the potential of reductive pyrolysis for characterization 
of HAs from different origins. Hence, by this analytical approach for AP-TPR data 
accumulation HAs chemical properties could be foreseen at a certain extent.
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