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catalyst on extractability of coal through a complex 
series reaction (ATD3 reaction) 
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Coal is a complex macromolecule of predominantly aromatic character. The reaction of coal under 
Friedel-Crafts conditions is not a simple alkylation but involves a series of complex reactions. The molecular 
dynamics of coal molecules under such conditions can be studied by FT-i.r. spectrometry, elemental analysis, 
swelling and extraction. Several alkylating agents such as alkenes, alcohols, alkyl halides, phenol and alkane 
were used in solvents such as CS2, pyridine, quinoline, nitrobenzene, liquid paraffin, anthracene oil and 
tetralin in catalysed and uncatalysed reactions. The mineral matter in coal was found to catalyse these 
reactions. Extraction enhancement was used as a measure ofthe effectiveness ofreactions such as degradation, 
disintegration and transalkylation of coals. The reaction of coal with alkylating agents under Friedel-Crafts 
conditions was found to be a series reaction:alkylation-transalkylation-dehydrogenation-degradation- 
dissociation (ATD3 reaction). 
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Coal is a complex molecule of polyaromatic and 
heteratomic structure, with several reactive sites for 
chemical reactions with other substances. Chemical 
reactions on coal can be of two types: under milder 
conditions at atmospheric pressure, and under the 
severe conditions of high temperature ( > 350°C) and high 
pressure. The reactions under severe conditions do not 
represent true reactions of coal macromolecules, as under 
these conditions coal becomes degraded to other products 
which become the reaction substrates. The reactions 
under milder conditions represent the true reactions of 
coal macromolecules. Coal has been subjected to 
alkylation under Friedel-Crafts conditions in the past. 
Kriiger et u/.‘-~ used alkyl halides to alkylate coal, 
whereas Flores et ~1.~ used alcohols for the same purpose. 
The enhancement of the extractability of coal by 
alkylation with olefins in the presence of anhydrous HF 
or HF-BF, as catalyst has been reported by several 
workers4-’ . Schlosberg er a/.8-l ’ reported that alkylation 
was a beneficial pretreatment for the liquefaction, 
gasification and coking of coals. Research on alkylation 
and other reactions ofcoal has been reviewed recently’ 2-‘4. 

It was previously reported ‘*14-16 that the extractability 
of Assam coal can be enhanced by up to 90% through 
uncatalysed reaction with cetene or cetanol, using 
anthracene oil (AO) as a solvent for the reaction. This 
reaction was found to result in dehydrogenation, 
disintegration and degradation of the coa17.16. To extend 
these studies, Assam coal has now been further subjected 
to reaction with different alkylating agents in several 

different solvents under Friedel-Crafts conditions with 
and without AlCl, catalyst. The reactivity of the coal 
varied with the nature of the reaction solvent. 

The aim of the present investigation was to study the 
effect of the Friedel-Crafts reaction of coal under different 
conditions on the extractability of the coal. The dynamics 
and mechanism of this reaction were studied and various 
process conditions were optimized. Studies on the 
reaction products were extended to decipher the overall 
pathway of the reaction of coal using longer carbon-chain 
alkenes and alcohols in the presence of coal-derived 
solvents such as anthracene oil, liquid paraffin etc. This 
should ultimately reveal the potential of the industrial 
application of this reaction for coal utilization to produce 
clean fuels and valuable chemicals under milder and 
convenient atmospheric-pressure conditions. 

EXPERIMENTAL 

Assam coal was ground to 125250 pm and dried at 105°C 
for 24 h. 

Anthracene oil (AO) was obtained from carbonization 
of coal and had a 270-300°C boiling range and 96% 
aromaticity14. 

The elemental analysis of the coal samples was 
performed on a CHN rapid analyser. Coal-KBr (1:49) 
pellets were used for i.r. spectrometry. 

For reaction, Assam coal (5 g), AlCl, catalyst (4 g, when 
used) and solvent (102 ml) were treated under reflux for 
24 h with alkylating agent (5 ml) added dropwise over a 

Fuel 1995 Volume 74 Number 6 913 



Chemical reactivity of coal: 0. K. Sharma and S. Mishra 

period of 20 min. After cooling, the reaction product was 
recovered by filtration and washed with methanol and 
methanol-water (1: 1 v/v) before being dried at 105°C in 
vacuum and weighed. 

The same procedure was adopted for reactions using 
AlCl, as a catalyst, except that the product was acidified 
using 15% HCl after completion of the reaction. 

Table 1 Proximate and ultimate analyses of Assam coal 

Proximate analysis (wt% db) 
Moisture 
Mineral matter 
Volatile matter 
Fixed carbon 

Ultimate analysis (wt% dmmf) 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 

Atomic ratios 
H/C 
Q/C 

2.8 
8.3 

42.0 
46.9 

11.0 
5.7 
1.5 
3.8 

12.0 

0.88 
0.12 

RESULTS AND DISCUSSION 

Tub/e I shows the analysis of Assam (medium-coking 
bituminous) coal. Alkylation of this coal with butyl 
bromide in CS, in the presence of AlCl, as a catalyst 
resulted in a product (yield 104 wt%) which had 29 wt% 
extractability in quinoline (Qn) as against 19% for the 
original coal in Qn (Table 2). The elemental analysis 
showed the addition of 3 C atoms per 1OOC atoms of 
the original coal. However, although the Friedel-Crafts 
reaction increased the Qn extraction yield by 10 wt%, 
the H/C atomic ratio of the reaction product fell to 0.75 
as against 0.88 in the original coal. This showed that the 
reaction resulted in the dehydrogenation and degradation 
of the coal. The FT-i.r. spectra of the product confirmed 
that dehydrogenation had occurred. These studies 
showed that the coal was dehydrogenated, degraded and 
transalkylated under the Friedel-Crafts conditions of 
alkylation of the aromatic structure. 

The use of cetene in the alkylation of the coal in CS, 
in the presence of AlCl, resulted in 120 wt% yield 
of product, which was 36 wt% extractable with Qn 
(Tcrhle 2). The elemental analysis showed an H/C atomic 

Table 2 Alkylation and extraction results 

Coal talkylating Temp. 
reactants” (“C) 

Product 
recovery 
(wt%) 

Extractability in Qn 
No. of Ultimate analysis (wt%) 

On reaction On original C atoms added 
product coal (dmmf) per 100 C H/C 
basis basis atoms of original atomic 
(wt%) (wt%) coal’ C H N ratio 

Untreated coal 

BuBr + AICI, + CS, 
Cetene + AICI, + CS2 
Cetene + Py 
Cetene + AICI, + Py 
BuBr + AlCI, + Qn 
CeBr + AICI, + Qn 
Cetene + AICI, + Qn 
Cetene + Qn 
CeOH + Qn 
Cetene + NB 
Cetene + AlCI, + NB 
CeBr + AICI, + A0 

CeBr + AICI, + LP 
Octene + tetralin 
Tetralin 
Octene + A0 
Octene + LP 
Dodecane + A0 
Phenol + A0 

Cetene + A0 
Cetene + A0 + AICI, 
Cetanol + A0 
Cetanol + A0 + AICl, 
Cetene + LP 
Cetanoli LP 
Cetene + LP + AICI, 
A0 
LP 

_ _ 

40 104 
40 120 

117 120 
117 104 
40 108 

220 110 
220 78 
220 79 
220 21* 
210 103 
210 105 
270 0* 

330-360 Ob 

206 6* 
206 6b 
270 28* 
122 5* 
270 23b 
270 2* 

270 126 
270 104 
270 122 
270 108 
330-360 103 
330-360 99 
330-360 101 
270 72 
330-360 75 

18 19 
28 29 
36 36 
30 26 
28 2-l 
36 35 
40 38 
18 39 
17 36 
20 40 
11 11 
38 37 
30 33 
28 31 
12 19 
9 16 

33 52 
9 14 

14 37 
13 15 
82 68 
73 76 
88 77 
14 13 
45 47 
45 47 
47 49 
20 45 
13 38 

3 

77.0 
78.0 
78.0 
78.5 
79.0 
78.2 
80.0 
64.0 
_ 

_ 

79.0 
_ 

_ _ 

81 5.4 
80 5.6 
80 5.3 
64 3.8 
80 6.6 
80 5.9 
81 5.6 
78 4.8 
79.1 5.6 

5.1 

4.9 
6.4 
5.5 
4.6 
5.2 
5.1 
4.3 
_ 
_ 
_ 

5.1 
_ 
_ 
_ 
_ 
_ 

_ 

1.5 
1.7 
1.6 
4.1 
2.0 
1.9 
2.2 
2.1 

_ 

5.6 
_ 
_ 
_ 

_ 
_ 

3.4 
4.1 
3.8 
2.2 
4.1 
1.2 
1.7 
2.2 
1.4 

0.88 
0.75 
0.98 
0.84 
0.71 
0.80 
0.74 
0.81 
_ 
_ 
_ 

0.77 
_ 

_ 
_ 
_ 
_ 

0.80 
0.83 
0.79 
0.71 
0.83 
0.88 
0.82 
0.76 
0.85 

* BuBr, butyl bromide; CeBr, cetyl bromide; CeOH, cetanol; Py, pyridine; Qn, quinoline; AO, anthracene oil; LP, liquid paraffin; NB, nitrobenzene 
b Product recovered by filtration 
‘Estimated error of + l-2 C atoms may be involved 

914 Fuel 1995 Volume 74 Number 6 



Chemical reactivity of coal: D. K. Sharma and S. Mishra 

ratio of 0.98 and the addition of 1 C atom per 1OOC 
atoms of the coal. This indicated that cetene was effective 
in the alkylation of coal. Since one of the main objects 
was to enhance the extractability of coal in Qn, it was 
decided to use Qn as a solvent in alkylation using butyl 
bromide, cetyl bromide and cetene separately. In fact, 
Qn and pyridine (Py) are commonly used as solvents in 
Friedel-Crafts reactions. The results are also shown in 
Table 2. These reactions resulted in enhancement 
of the extractability by Qn of the product by up 
to 40 wt%. However, the elemental analysis showed 
dehydrogenation of the coal and addition of 1 to 4 C 
atoms per 1OOC atoms of the coal. The FT-i.r. spectra 
of the product again confirmed the dehydrogenation and 
indicated transalkylation of the coal. 

The use of pyridine (Py) as a reaction solvent using 
cetene, cetyl bromide and cetanol as alkylating agents in 
the presence of AlCl, again resulted in dehydrogenation 
and transalkylation of the coal (Tub/e 2). The reacted 
products were 22-27 wt% extractable with Qn. It can be 
seen that Qn was a better reaction solvent than Py as 
regards the extractability of the product. 

When nitrobenzene (NB) was used as a solvent for 
alkylation with cetyl bromide in the presence of AlCl,, 
37 wt% of the product was extractable with Qn, the 
same as obtained using Qn as the reaction solvent. 
This reaction also resulted in dehydrogenation and 
transalkylation of the coal. 

When liquid paraffin (LP) and anthracene (AO) oil were 
used as reaction solvents separately in the alkylation of 
Assam coal using cetene or cetanol in the presence of 
AlCl,, interesting extraction results were obtained, as 
shown in Tuble 2. The extractability was increased to 
68 wt% with cetene and 78 wt% with cetanol in AO. This 
showed that the solvent was playing a predominant role 
in the dynamics of the reaction to give a product of 
enhanced extractability. 

The yield of reaction product in most instances was 
well over 100 wt%. This was due to the combination of 
reactants, i.e. the addition of alkylating agents to the coal 
and AO. With some reactive solvents such as AO, the 
addition of solvent to the coal and its further participation 
in the reaction have also been observed earlier7.16. 
Addition of C atoms to coals is due to combination or 
addition reactions of the alkylating agent with the coal. 
Not only do different solvents provide different chemical 
media (and environments) for the reactants but hydrogen 
exchange, dehydrogenation, degradation, disintegration 
and dissociation of the coal are favoured by an increase 
in the boiling point of the solvent. The chemical nature 
of the solvent has an important effect on any reaction 
through diffusion and mass transport effects, in which 
molecular size, polarity, dipole moment, solubilization of 
coal in solvent etc. play important roles. 

,!$ect qf solvent on alkylution 
The results shown in Tub/e 2 show that anthracene oil 

was the most effective solvent for the reaction, as its use 
resulted in enhancement of the extractability of the 
product to 76 wt% when cetene was used for alkylation 
in presence of AlCl,. The use of liquid paraffin as a solvent 
also showed good extraction results. Tetralin gave poor 
extraction results in the reaction using octene, so it was 
not further used. A0 and LP were also effective when 

long-chain alkenes and alcohols were used as alkylating 
agents, but they did not show encouraging extraction 
results when cetyl bromide was the alkylating agent. This 
showed that chemical nature of the alkylating agent also 
played a role in the reactions. LP has a high boiling range 
(330-360°C) and the coal attains the plastic stage at these 
temperatures. A0 has a 27&3OO”C boiling range and 
consists of chemical components structurally similar to 
coal. A0 can therefore peptize the coal and dissociate its 
molecules, exposing more active sites for reaction. 

&fect qf ulkyluting ugent 
Cetene and cetanol were found to be good reagents 

for the alkylation reaction in A0 and LP respectively. 
The other alkylating agents studied - butyl bromide, 
cetyl bromide, octene, dodecanol, phenol, dodecane, 
liquid paraffin and tetralin - did not show such good 
results (Tuble 2). 

Interestingly, the use of AlCl, as a catalyst in the 
alkylation/transalkylation reaction did not improve by 
more than 5 wt% the extractability of the coal beyond 
that obtained in its absence, except in a few instances 
(Tuble 2). The uncatalysed reaction with cetene in A0 
rendered 58 wt% of the coal extractable, as against 
76 wt% when AlCl, was used. 

The catalyst also aided the reaction of cetene with the 
coal in nitrobenzene (Table 2). However, the use of AlCl, 
in the reaction with cetanol in A0 resulted in a drop in 
the extraction yield to 13 wt%; perhaps the production 
of water from the conversion of cetanol to cetene inhibited 
the reaction using AlCl, or the AlCl, reacted with cetanol 
to form a strong complex which did not decompose to 
further the reaction to alkylated or transalkylated 
products. 

Alkylation has been a great commercial success in the 
petroleum and other industries. The use of this reaction 
in coal processing is not economic at present. However, 
the use of coal- or petroleum-derived chemicals such as 
anthracene oil or liquid paraffin would make this reaction 
relatively economic. On the other hand, the chemistry of 
the reaction of the complex macromolecules of coal in 
these complex solvents is not readily understood. 
Here an attempt has been made to understand the 
dynamics of the reactions involved in alkylation and 
transalkylation of coal in these solvents. 

Mechunism qf the reuction 

The reaction of Assam coal with alkylating agents in 
presence of AlCl, catalyst resulted in moderate (up to 
38 wt%) extraction enhancement when solvents other 
than A0 and LP were used. However, the initial reaction 
in most instances was alkylation; later, hydrogen 
exchange between the alkylated coal and solvent led to 
transalkylation, dehydrogenation and degradation of the 
product. Since the reaction conditions involve heating of 
the reaction product at a high temperature (generally 
>2OO”C) for 6-24 h, the molecular dynamics of coal 
predominate over the stabilization of the alkylated 
and transalkylated products formed. Only in a few 
instances was alkylated coal product observed. Generally, 
dehydrogenation, disintegration and degradation of 
alkylated and transalkylated coal molecules occurred. 
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Alkylated and transalkylated coals can transfer and 
donate their hydrogen and alkyl groups easily in presence 
of solvents such as A0 and LP. Addition of carbon atoms 
to the coal was observed in the product, but the H/C 
atomic ratio of the product was lower than that of 
the original coal. The FT-i.r. spectra confirmed the 
dehydrogenation of the coal. The extraction enhancement 
confirmed the disintegration, dissociation and degradation 
of the coal as a result of the reaction. Extractive 
disintegration and dissociation of coal in A0 and LP 
solvents has been reported previously7.‘6-18. Since 
the reactions were carried out at moderately high 
temperatures, the shuttling of hydrogen and alkyl groups 
in the coal is promoted, resulting in transalkylation 
reactions. 

The mineral matter present in the coal contains A1203, 
MgO, CaO, Al,SiO, etc. which, aided by the porosity of 
the coal, help in the dehydrogenation, disintegration, 
degradation and dissociation of the coal. The mineral 
matter can also catalyse the transalkylation reactions and 
dehydrogenation of these alkylated products. The role of 
mineral matter in these reactions can be understood from 
the fact that the extraction yield was increased to 
> 70 wt% in some instances using cetene or cetanol as 
alkylating agent in A0 even without an external catalyst. 
The significance of mineral matter in catalysing similar 
reactions of coal has been reported earlier’9.20. Moreover, 
when the demineralized Assam coal was reacted with 
cetene or cetanol in AO, only 35-38 wt% was rendered 
extractable, as against 58-72 wt% for the original coal 
in similar reactions. This confirms the role of the mineral 
matter in the chemical reactions of coal. Alkylated and 
transalkylated coals are reactive enough in presence 
of reactive solvents such as A0 or LP and coal 
mineral matter to extend the reaction to more stable 
dehydrogenated and smaller molecules having enhanced 
extraction in Qn by dissociation. 

The reaction of coal with cetene or cetanol in A0 is 
in fact a series reaction, i.e. alkylation-transalkylation- 

dehydrogenationdissociation-degradation. This has been 
termed the ATD’ reaction of coal16. Further work on 
the optimization of reaction conditions for these reactions 
is being reported separately2’. 
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