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Abstract

Coal pyrolysis gas from different ranks of coal was monitored on real time basis using photoioni-
zation mass spectroscopy. The molecular weight distribution of different products as a function of
temperature from various coal ranks studied was observed. It was noted that the release of dif-
ferent classes of compounds like phenols, alkenes, alkylated aromatics and aromatic skeletons
was temperature dependent. For all the coal ranks at lower temperatures phenols were the main
component, with alkenes and alkylated aromatics at slight higher temperatures and aromatic
skeletons were released at the highest temperatures studied.
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1. Introduction

The chemical composition of coal liquefaction products is quite different from the conventional oil fractions ob-
tained from crude oil. While classical petroleum fractions are usually rich in paraffinic compounds and in sulfur,
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coal products are mainly composed of aromatic compounds, unsaturated species and heteroatom species (nitro-
gen, sulfur and oxygen-containing molecules). Properties of coal derived liquids are strongly influenced by the
origin and the maturity of the parent coal. In fact, as geological processes apply pressure to the biological de-
rived material, they successively transform into different ranks of coalification stages, namely lignite, sub-bitu-
minous, bituminous and anthracite, which finally turn to graphite [1]. Lignite has a high moisture content com-
pared to anthracite which is the highest rank in coal. Coal rank is one of the very important factors to consider
for the advanced gasification processes. A coal that has high moisture and ash content is less efficient to gasify
as it should be first heated to the reaction temperature and can affect the performance of the gasifiers [2].

Coal is usually studied by altering the structure with processes such as depolymerization and pyrolysis. Pyro-
lysis yields hydrocarbon gases that vary greatly depending on the characteristics of the parent coal. Thus pyroly-
sis behavior of coal is a strong function of coal type or rank. Low rank coals such as lignite and sub-bituminous
coal produce relatively high levels of light gases and very little tar. Bituminous coals produce significantly more
tar than lower rank coals and moderate amount of light gases. Higher rank coals produce relatively low levels of
light gases and tar [3] [4].

Coal pyrolysis can yield useful chemical feedstock and constitutes also an intermediate step in clean coal
conversion process of gasification [5] [6]. Gasification typically refers to the heterogeneous reactions that occur
after pyrolysis has run its course [7]. The process mainly involves two steps: initial devolatilization (pyrolysis)
produces gases, tar, and char; afterwards, subsequent gasification of the generated char takes place [3]. The effi-
ciency of the gasification process and the gasification rate to full coal conversion in the single pass process de-
pends on pyrolysis or devolatilization conditions. The amount of volatiles released during devolatilization is a
function of coal structure. The rate of char gasification reactions is a function of the derived char properties. In-
creasing the process intensity without altering the reactors or gasifiers implies to provide insight into the impact
of the devolatilization of coal. The chemical and physical structure of coal char varies significantly with coal
rank and pyrolysis reaction conditions such as temperature, initial heating rate, and pressure [8]. Particle size of
coal is one of the key variables as well. Pyrolysis temperature affects the composition of pyrolysis products from
a coal as a result of the changes in the coal particle temperature and heating rate. Formation, vaporization and
cross-linking of the tar and light gases are very dependent on temperature as well as heating rate as the results of
the distribution of chemical bonds in coal with differing activation energies.

Coal is a complex substrate whose chemical composition varies with origin and age. Coal molecular structure,
mass distribution and effects of pyrolysis conditions have been investigated using mass spectrometry of various
ionization techniques including chemical ionization [9], field ionization (FI) [9]-[11], field desorption (FD) [9]-
[12], fast bombardment (FAB) [9]-[13], laser desorption (LD) [14] [15], matrix-assisted laser desorption ioniza-
tion (MALDI) [16]-[18] and electrospray ionization (ESI) [19] [20]. Most of these mentioned methods highly
fragment the heavy components into volatiles and analyze complex mixtures offline such as FAB, MALDI and
ESI. The advantage of direct mass spectrometry is their enabling the possibility to analyze such complex organic
gas mixtures as derived from coal pyrolysis online. In this regard photo-ionization provides an alternative tool
for the identification of the broad range of species with minimal fragmentation due to its inherent soft character.
This method presents an opportunity to identify and quantify components such as PAH from bituminous coal
soot in real time [21]. VUV photoionization has been successfully applied to study the volatiles species from bi-
tuminous coal [22]. In a recent study of our own the applicability of single photon ionization (SPI) and reson-
ance enhanced multi photon ionization (REMPI) for the characterization of volatile and semivolatile species
evolved during the pyrolysis of lignite at different temperatures has been demonstrated.

This new study aims to extend the previous one through investigation of coals of different ranks and their be-
havior under pyrolytic conditions. This should be achieved by studying the effect of temperature on the molecu-
lar weight distribution from different ranks of coal using pyrolytic decomposition analyzed by photo-ionization
mass spectrometry.

2. Experimental

The experimental procedure has been described previously [23]. A brief description pertinent to the investigated
samples studied in this publication is given in the following.

2.1. Samples Investigated

Three German coals comprising of lignite, flame coal and anthracite were studied in parallel to three bituminous
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South African coals, viz. gas flame coal with floating density of 2, gas flame coal with sinking density of 2 and
fat coal, which is mostly used for liquid conversion. Particle size of all coals was less than 1 mm in diameter as
the samples were grinded into fine powder. Elemental composition of the studied coals is given in Table 1.
From lignite to anthracite the carbonaceous material and rank of coal increases.

2.2. Analysis Equipment

Pyrolysis VCI Oven: German VCI oven (Heraeus D-6450 Hanua type ROK/A3/30 S) was used for the devola-
tilization of the coal samples. The furnace has the capability of varying pyrolysis temperature. The oven design
provides conditions for a sample size of approximately 100 mg, temperature variations from 200°C to 1000°C in
two separately controlled heated zones, and variable carrier/reagent gas compositions and flow rates. The de-
volatilized products pass through the two hot zones in approximately 2 minutes.

REMPI-TOFMS: principle has been intensively discussed in the literature [24]-[27] ANd:YAG laser (10 ns
pulse width, beam energy: 2.3 mJ, repetition rate 10Hz) was used, providing photons with a wavelength of 266
nm. The method provides efficient ionization, particularly for aromatic compounds using one-photon resonant/
two-photon ionization process. The first photon is absorbed, and elevates the molecule to an excited state, from
which the second photon is absorbed to ionize the relevant molecule. The second photon ionization cross-section
is enhanced considerably when the first photon energy is in the resonance absorption step of the analyte. Laser
ionization with a pulsed laser is ideal suited for the combination with time-of-flight mass spectrometry (TOFMS),
allowing the registration of the total mass spectrum with every laser shot Reflectron CTF10 TOFMS.

SPI-TOFMS: was used to detect all compounds with an ionization energy below the applied 126 nm photon
energy (9.8 eV), giving an on-line overview about the chemical composition of the evolved coal pyrolysis gases.
SPI method uses a single photon for soft ionization which is well suited for detection of both aromatic and ali-
phatic compounds. VUV photons were generated by means of an electron beam pumped rare gas excimer VUV
lamp technology (EBEL). This continuous VUV beam is focused in the ionization source of an orthogonal
TOFMS (C-TOF, TOFWERK AG, Thun, Switzerland). This type of TOFMS is best suited for continuous light
sources such as the EBEL VUV lamp because of the pulsed orthogonal extraction at high repetition rates
(>10000 Hz) (Figure 1).

Standard: REMPI- and SPI-TOFMS were both calibrated by an external standard of 10 ppm gas mixture of
benzene; toluene, benzaldehyde and trimethylbenzene before and after the measurements were taken.

2.3. Experimental Method

20 mg sample was loaded on the sample inlet of the quart tube inserted inside the oven. The sample was allowed
to stand in the inlet for 3 - 5 minutes to purge the system with nitrogen at 100 ml/min as inert gas. The sample
was released and pyrolyzed under different temperatures from 400°C - 800°C with increments of 50°C at con-
stant nitrogen flow of 100 ml/min. A fresh sample (20 mg) was used at each selected temperature and the coal
pyrolysis gas was passed through quartz wool to remove particulates. The clean pyrolysis gas produced was
analyzed in real time by SPI- or REMPI-TOFMS. The pyrolysis gas was guided via a heated inert quartz capil-
lary to the ion source of the mass spectrometers. The heating avoids condensation of heavy compounds within
the tubes.

Table 1. Coal rank percentage of elementary carbon, hydrogen and oxygen.

Coal rank Abbreviation % Carbon % Hydrogen % Oxygen
Lignite BNK 70 6 34
Sub-bituminous coal FLK 75 6 >0.8
Gas flame coal” WBF 84 6.23 76
Gas flame coal WBS 84 6.23 7.6
Fat coal SEC 88 45 2.8
Anthracite - 94 3 2

“Gas flame coal WBF differ from WBS coal on the content of inorganics and ash (not investigated in the project).
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Figure 1. Schematic diagram of the experimental setup.

3. Results and Discussion

Characterization of pyrolysis products of different coal ranks using SPI-TOFMS and REMPI-TOFMS at differ-
ent temperatures revealed the presence of both small volatile hydrocarbons and PAH. No detectable compounds
were obtained for anthracite on the studied temperatures as a result of its carbon-rich structure. In the mentioned
previous study, active thermal decomposition of coal could be viewed best at 650°C. Figure 2 depicts the re-
spective SPI-TOFMS spectra of all investigated coals at this temperature. It shows that lignite type coals (BNK)
decomposes to smaller compounds compared to the bituminous type coal (WBS, WBF, SEC) as there are no
species visible above 250 m/z in the former. This demonstrates its higher content of volatile matter.

The distribution and the amount of phenolic compounds in coal and coal derived liquids have been indicated
to play a role in aging reactions of coal liquefaction products, coal degradation and stability [28]. Phenol, cresol
and xylenol content, Table 2 (referred to as PCX content) represents the most intense compounds in all coal
ranks at this temperature, albeit there are slight differences in the signal distribution of different coals.

It was observed that cresol signal percentage (referred to total ion count of PCX) is >44% in the black coals,
while with lignite it is accounted for 37%. On the other hand, phenol amounts to 46% with lignite, whereas
phenol in black coal is 25%, half the amount of phenol in lignite. Higher phenol percentage in lignite can be as a
result of thermal decomposition of alkylated phenols such as cresol and xylenol at temperature 650°C. However
not only volatilization of phenol already existing in lignite contributed. Cleavage of weak C-C and CO due to
thermal cracking of oxygen containing structures such as carboxylic acid, ester and ether linkages, connecting
condensed aromatic and hydroaromatic macromolecular structures occurred. Black coal is known to consist of
phenolic hydroxyl as the main O-containing functional group and higher degree of condensed aromatic rings.
Hence the amounts of phenols generated in lignite seem to be dependent on the properties of coal [29].

Alkenes in both low and high ranks of coal start at the molecular mass 42 (propene) with significant amount
of m/z 54 and 56 (butadienes and butenes, respectively). In WBS coal alkenes (m/z 42, 54, 56) are more intense
compared to all the other studied coals.

In contrast, SEC in the same rank as WBS revealed the less intensity in the low molecular weight alkenes.
The difference of WBS compared to the other coal is high density which is usually associated with the other pa-
rameter that can play a role in molecular distribution that is large quantities of mineral matter.

The large amount of minerals is known to promote smaller fragments as minerals do not expand at the same
rate as organic constituents of coal. This leads to internal stress in the coal particles, which results in the par-
ticles breaking up into smaller fragments [30].

Higher molecular weight signals are more difficult to assign, because many isobaric compounds are eligible.
For example m/z 158 could represent C3 alkylated indenes or C5-alkylated benzenes. An interesting observation
succeeded with the WBS coal, as the adsorbed flotation solvent (dibromoethene and tribromoethene) was also

O,



M. Mthembu et al.

Table 2. PCX content in signal percentages at the temperature of 650°C.

Component Lignite (BNK) Black coals (WBS, WBF, SEC)
Phenol 46% 25%
Cresol 37% 44%
Xylenol 17% 31%
BNK 650°C WBF 650°C
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Figure 2. SPI-TOFMS spectra of different coal ranks at 650°C.

detected and the peaks (m/z 186 and 264) were the first to elute before the pyrolysis products. The identification
is verified by the typical isotopic pattern of bromine containing species.

REMPI-TOFMS spectra, Figure 3 at the temperature of 650°C revealed mostly alkylated PAH. Phenols can
be also detected with a very low intensity due to less efficient photo-ionization of single ring aromatics at the
wavelength of 266 nm.

High peak overlap was observed due to thermal decomposition combined with the high sensitivity of REMPI-
TOFMS for detecting the PAH makes the interpretation of REMPI-TOFMS spectra often difficult, when looking
at distinct molecular structures. However, single to 5-membered rings were observed in the form of homologue
rows of alkylated PAH. Alkylated phenanthrenes were well-defined in all coals and also phenanthrene (178 m/z)
in SEC and WBS coals. Note that the isomeric anthracene is not detected under the chosen analytical conditions,
since its ionization cross section is negligible compared to that of phenanthrene. Hydroaromatics e.g., dihydro-
pyrenes were observed in all coal ranks and more highly alkylated peaks in BNK, FLK and WBF coals were
identified. Longer chain substituted PAH in the high coal rank were observed at this temperatures Cy-Cy3 al-
kylnaphthalenes (m/z 268, 282, 296 and 310); C,, alkylphenanthrene (m/z 318) and Cg alkyl-benzopyrenes (m/z
336). The longer chain can be the products from Diels-Alder and concerted reactions during the thermal de-
composition of the different coal ranks. In conclusion, production of PAH increase with rank. The lower ranked
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Figure 3. REMPI-TOFMS spectra of different ranks of coal at 650°C.

coals, especially lignite, produce more oxygenated compounds and a reduced variety of PAH. Decomposition of
WBF coal generates a large variety of PAH with molecular masses up to 400 m/z. The heavy coal WBS tends to
behave more like a lower rank coal, producing more phenolic compounds and lower molecular weight PAH
confirming the catalytic effect of the minerals. SEC high carbon content black coal generates less volatile matter
i.e. less phenolic species and PAH compared to WBF at 650°C. High volatility of the low rank coal BNK and
WBS might resolve to high porosity char which provides more active sites for gasification reactions. SEC higher
rank coal exhibiting higher aromaticity has a possiblity of forming chars with less surface area and ordered car-
bon lattice structure that may lead to fewer sites on which gasification can take place.

Principal component analysis was investigated for the molecular weight distribution as a function of tempera-
ture in different ranks of coal.

The first principal component describes the influence of temperature on the variance of the pyrolysis product
patterns, which is the comprehensible main influential factor. The variance originating from different coal ranks
is explained by the second principal component, however, it is much less pronounced. The loading plots disclose
the opportunity to investigate, how the temperature dependency of certain substance classes behave with respect
to their appearance in the pyrolysis gas. With SPI-TOFMS Figure 4 phenols were the first and major coal prod-
ucts released at lower temperatures of 400°C - 700°C in the different coal ranks with an exception of up to
650°C for both lignite coal and WBS. For the high volatile matter comprising lignite, benzene and alkenes were
already the main produced compounds at 700°C with lower concentration phenolic structure. Therefore thermal
decomposition of lower rank coal occurs at lower pyrolysis temperature in comparison to black coal as a result
of lower carbon content and the abundance of thermal labile groups. The macromolecular network is more stable
and the labile bridges are progressively removed when coal rank increases. As a consequence, the volatile matter
content decreased and the characteristics temperatures shift to higher values with increasing rank [31].
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Figure 4. Principal component analysis of significant masses in SPI-TOFMS.

Alkenes which are known to be high temperature gaseous products of the released alkyl side chains are main-
ly observed between temperatures of 700°C - 750°C together with less alkylated aromatics such as toluene (m/z
92) and methylnaphthalene (m/z 142). The reason for the shorter chains of alkenes to show high loadings at the
specified temperature is owing to the decomposition of saturated hydrocarbons and larger olefins (C;7-Cy;) to
generate small molecular compounds. At the highest temperature of 800°C all coal ranks produce stable aromat-
ics such as benzene, naphthalene, phenanthrene and pyrene, since chemical reactions always move in the direc-
tion of the most stable species, when the temperature increases which in this case are the non-alkylated aromatic
ring systems.

Benzene was practically the most varying compound in all the coal ranks at high temperatures, this can be at-
tributed to concerted reactions which involve simultaneous rupturing (and forming) of more than one bond.
Based on the explanation of the formation of CO at high temperatures, one typical reaction scheme involved si-
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multaneous reaction of hydrogen radical with cresols to form a seven-membered ring which later reacts with
hydrogen radicals to form benzene and CO [32]. This may possibly be the reason benzene is the most dominant
pyrolysis product compound in the SPI-TOFMS spectra at 800°C, and why cresols (o-cresol) are the main phe-
nolic compound at the othertemperatures.

Cresols were observed as one of the main compounds in all coal ranks and also particularly featured in FLK
and WBF at the temperature of 750°C. In general, there are many similarities in the molecular decomposition
pattern of the different ranked coals.

Nevertheless, there were some slight differences which could be observed, e.g. toluene (m/z 92) representing
one of the main compounds in the black coal at 600°C.

REMPI-TOFMS Figure 5 with photon wavelength of 266 nm is highly sensitive for the detection of aromatic
compounds even in low concentrations. In view of the fact that coal comprises of large aromatic structures it
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was a method of preference for studying the molecular weight spread of the aromatics in the different ranks of
coal. Different homologous series were observed resembling alkylated phenanthrenes, naphthalenes, dihydropy-
renes, and stable aromatic skeletons up to approximately six-membered rings. In the previous studies aromatics
have been observed to retain their structures at temperatures as high as 700°C and NMR studies also revealed
that the release of the alkyl side chain is highly dependent on the aromatic skeleton even when the aromatic
content is as low as 40% as they are in sterically hindered positions [33]. This leads to steady dealkylation of the
alkyl side chain from lower temperatures to high temperatures.

At temperatures between 400°C - 700°C alkylated phenanthrenes were observed to be the most dominant
PAH in all ranks of coal with retene (m/z 234) and dihydroxypyrenes (m/z 232) as most important compounds in
the lignite coal. Increase in aromaticity with the high rank of coal was observed with the presence of chrysene
(m/z 228) in SEC coal at a temperature as low as 550°C. The significance of methylphenanthrene (m/z 192) in
the high rank of coal was examined to increase and intensify with the increase in temperature.

In Figure 6 coal pyrolysis gas is known as source of individual chemicals as well as fraction of classes of
chemical mixtures. Hence; alkenes, phenols, alkyl aromatics and stable aromatics are all classes that were iden-
tified in all coal ranks with different intensities at the studied temperatures. In all coal ranks alkenes exhibited a
maximum at the temperature of 700°C, whereas with phenolic species the location of the maximum is depending
on the rank and temperature, respectively. Phenol (m/z 94) concentration is highest at a thermal decomposition
temperature of 650°C in the lignite coal (BNK), 600°C in FLK and WBS, 700°C in SEC and WBF. For cresols
(m/z 108), basically SEC and WBF differ from the other coals, as the optimal temperature for cresol is 700°C,
whereas the other coals exhibit earlier and broader maximum concentration levels as a function of temperature.
Alkylated aromatics and stable aromatics had similar trends in all coal ranks. They show a gradually increase
with temperature up to 750°C; afterwards WBF and BNK tend to decrease, whereas SEC and FLK are still rising.
WBS shows relatively low concentrations throughout, that are not severely affected by temperature. The trend
for stable aromatics is also similar with every coal, again depicting a steady increase with pyrolysis temperature.
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Figure 6. Trends of alkenes, phenols, alkylated aromatics, stable aromatics from the studied coal rank.
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As with the alkylated aromatic species, WBF and BNK show the highest concentration levels, and WBS pro-
duces relatively low amounts. This is consistent with the behavior of aliphatic and phenolic decomposition
products, which show roughly the same tendencies. The pyrolysis behavior of all high rank coal resembles vitri-
nite-rich bituminous coal rich in oxygen with the amount of oxygen approximately equivalent to that contained
in low rank coal. These coals are known to soften during pyrolysis and expand to form cellular structures, which
increase the internal surface area resulting in a porous char [34].

4. Conclusions

Temperature and coal rank have a great effect on the coal pyrolysis gas product composition and the molecular
weight distribution. SPI-TOFMS and REMPI-TOFMS provided insight on the composition of the coal pyrolysis
gas from low molecular weight compounds to higher molecular weight alkylated PAH. Analysis of coal pyroly-
sis gas products yielded some information on the structure of parent coal that can be useful for coal processing,
especially since many structural units of coal are known to be released into the coal pyrolysis gas. In all coal
ranks phenols are the main component of the pyrolysis gas at lower temperatures however they are present in
different signal intensity percentages at different temperatures. It was also observed that at the highest tempera-
ture studied in both techniques the pyrolysis products produced are similar in all the ranks of coal, albeit varying
in concentration.

High volatile content was observed in all coals and had an impact on the properties of the chars formed during
pyrolysis. This is because the evolution of volatile matter from the coal particles affects the porosity of the
formed char and thus influences the overall char reactivity. This is valid, as gasification is a solid-gas reaction
and dependent on the available char surface area. In general low rank coal chars will have higher gasification
reactivity than the higher rank coal. This fact is a result of their different carbon content. The degree of aromati-
zation in the coal structure increases with the increase in the rank of coal and the complexity of the aromatiza-
tion decide the gasification rate [35].
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