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ABSTRACT
The origin of a decrease in the amount of soluble material from coal upon a reflux
treatment has been investigated in an attempt to obtain insight into the nature of the
interaction in the macromolecular network structure of coal. This decrease in the extractable
material is a result of an increase in the amount of physical cross-links associated with
secondary interactions. The alternate possibility of covalent cross-link formation by ether
linkage was found to be unlikely because the coal hydroxyl content remains unchanged upon
heat treatment. The functional groups responsible for forming these physical cross-links and
their contents vary from coal to coal with coal rank. Carboxylate/cation complexes, similar to
those found in ionomers, dominate in low rank coal. In high rank coal, the clusters involving
π-cation interactions were observed. Both mechanisms seem to play a role in mid rank coals.
These physical cross-links are responsible for a lowering of the extraction yield of coal, but
are disrupted by a treatment with acid solution, resulting in an increase in the extraction
yield. As a consequence, the cross-links in coal structure should be classified into two types;
a “permanent” covalent cross-link, which break under extreme conditions such as chemical
reaction and pyrolysis, and “reversible” cross-links, largely associated with ionomer-like
structure and π-cation interactions.
The interaction between a “magic” solvent of N-methylpyrollidone and carbon
disulfide (NMP/CS2) and its role in the unusual extractability enhancement of Upper Freeport
coal has also been investigated. The results strongly suggest that NMP/CS2 mixed solvents
form complexes with cations. These mixed solvents are capable of forming a solid complex
with cations from NaOH and some simple salts, such as NaCl and LiCl. Given that Upper
Freeport coal contains a large amount of mineral matter, it is not surprising that these types
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of complexes could be formed in the present of the mixed solvents, which in turn enhances
the coal extraction yield.
Finally, the evidence for the presence of a glass transition temperature in coal was
examined. The results from Differential Scanning Calorimetry showed that no transition
similar to the Tg can be observed in bulk coal or its low-molecular weight fraction, pyridine
soluble extracted material, at a temperature near 110 ºC. In contrast, an irreversible
transition that is due to water evaporation has been found. Thermomechanical
measurements, which are very sensitive to the presence of a Tg in synthetic polymers, also
provided no evidence for a Tg below temperatures where chemical reactions occur.
Additionally, the results from Thermomechanical Analysis showed an expansion in size
when the coal was heated to 300 °C, which is associated with a “caking” process. The
degree of expansion during this “caking” process is about five times greater in the direction
perpendicular to the bedding plane than the parallel, indicating an accommodation of
anisotropic strain relaxation, which was generated in the direction perpendicular to the
bedding plane during the coalification process.
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Chapter 1
Introduction

1.1 The Origin and Formation of Coal1-6

Coal is formed by an accumulation of organic precursors, ranging from proteins,
carbohydrates, lipids, glycosides, resins, and lignin, in an anaerobic environment. Because of
the variety in these organic precursors, coal becomes a highly heterogeneous material. Coal
formation consists of two processes; diagenesis and catagenesis. First, during diagenesis, the
organic precursors decompose, forming a mixture of small molecules such as humic acids,
resins, and hydrocarbons. The components of this mixture then react with one another,
generating higher molecular-weight compounds called kerogen, which can be classified into
three types depending on its source materials. Type I is algal kerogen, as it is derived mainly
from algae, while type II, liptinitic kerogen, is produced from plankton and some algae.
Finally, type III is mainly derived from higher plants and called humic kerogen. These three
types of kerogens have distinct chemical compositions, for example type I & II contain high
amounts of hydrogen and aliphatic hydrocarbons. In contrast, type III is oxygen-rich and
contains high amounts of aromatic compounds.
Subsequently, the kerogen undergoes the catagenesis process under anaerobic
conditions and high pressures and temperatures. This involves complex chemical reactions,
such as dehydration, decarboxylation, and hydrogen redistribution. Type I and II kerogen
subjected to catagenesis gives rise to the formation of methane, natural gas and petroleum
oils, while type III kerogen is converted to coal at the end of the catagenesis.
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Coal formation during catagenesis is represented by the van Krevelen diagram (see
figure 1.1), where the O/C and H/C ratios are plotted against the degree of catagenesis. At an
early stage, the O/C and H/C ratio is 0.6 and 0.1, respectively. The ratios then start to
decrease as the catagenesis progresses, because of oxygen and hydrogen removal. Moving
along the catagenesis pathway, peat, which contains about 55 % C, 6 % H and 35% O, is
initially generated. The subsequent loss in oxygen results in the formation of brown coal
(about 65% C, 6% H and 25% O). Further compaction and decomposition gives rise to
lignite, which has about 72% C, 6% H and 20% O. Beyond lignite, a loss in carboxyls and
methoxyls occurs, resulted in a drop in the H/C and O/C ratio and the formation of sub
bituminous coal (75% C, 5% H and 15% O).
The later stage of catagenesis, commonly referred to as coalification, starts at
bituminous coal (~80% C). A major chemical reaction taking place during this stage is
hydrogen redistribution, for example dealkylation of aromatic rings, which leads to a rapid
decrease in the H/C ratio. The resulting coal at this stage is anthracite, containing higher than
90 % carbon. Finally, graphite is obtained when hydrogen is completely removed.
Given that coal is generated from various types of organic precursors under a broad
range of chemical reactions, it is highly heterogeneous in nature and consists of compounds
with distinctive appearances and chemical compositions. These are referred to as macerals,
which are classified into three categories; vitrinite, liptinite, and inertinite. The shiny, glasslike vitrinite, a major component of coal, is oxygen-rich with moderate hydrogen and
aromatic content. On the other hand, the waxy liptinite is hydrogen-rich and highly aliphatic.
Finally, the charcoal-like inertinite is carbon-rich and contains a high aromatic content.

3

H/C

Peat
Lignite
Sub bituminous

Brown coal

Bituminous

Anthracite

O/C

Figure 1.1 The van Krevelen diagram representing a coal formation
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1.2 The Classification of Coal1-6

Due to variations in its chemical composition and properties, coal is classified by a
variety of methodologies. The common method sorts coal by its carbon content or “rank”,
from low to high as follows; brown coal, lignite, subbituminous, high volatile bituminous,
medium volatile bituminous, low volatile bituminous, and anthracite. Other properties, for
example, calorific value (the amount of energy released when coal is burned), are related to
and presumably vary systematically with coal rank. Bituminous coal has a high calorific
value, while its lower and higher-rank counterparts show a relatively lower value. Elemental
composition also varies with coal rank. The hydrogen content of low rank coal (<80% C)
remains unchanged or slightly decreases with an increase in the carbon content. However,
the number starts to decrease sharply for coal with a carbon content higher than this value, as
a result of hydrogen redistribution. The oxygen content also decreases dramatically for coal
with higher than 88 % carbon. Beside the weight percent variation, the nature of the oxygen
functional groups also changes with the coal rank, as summarized in figure 1.2. In low rank
coal, oxygen is present as a variety of functional groups, ranging from carboxylic acids,
ethers, and phenols to quinones. Moving up in rank, the number of ether and carboxylic acid
groups diminishes, resulting in a domination of phenols in mid-rank coal. Finally, in high
rank coal oxygen is largely present in quinone and phenol forms.
Coal also contains significant amount of water bound to its structure. The water
content usually varies with coal rank (low rank coal has a high water content) and the
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Figure 1.2 The variation of oxygen functional groups with coal rank

(Source: Schobert, H. H. The Chemistry of Hydrocarbon Fuels; Butterworth-Heinemann:
Oxford, 1990, reference 5)
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geographic origin of the coal. Inorganic matter content also varies for coals mined from
different geographic origins. This inorganic matter includes clays, cations (Na+, K+ etc.),
carbonates, silica, sulfide, and pyrite, and the inorganic content is reported in two different
ways; as ash or mineral matter content. The ash content is measured by proximate analysis,
where the coal is subjected to combustion and the amount of remaining ash is determined.
Alternatively, the amount of individual mineral matter is determined directly by analytical
methods, without burning the coal. This procedure is referred to as an ultimate analysis.
The fundamental data of coal (the content of water, C, H, O, N, S, ash, mineral
matter, and calorific values) obtained from both proximate or ultimate analysis is reported in
different ways, depending on how the data is to be utilized. The major classifications are as
followed; as received basis (AR) - the coal is analyzed as received without further
modification; a dry basis – the data is reported by an exclusion of water content; a dry-ashfree basis (daf) – the data obtained from the proximate analysis is reported by an exclusion of
moisture and ash content; a dry-mineral-matter-free basis (dmmf) - the data obtained from the
ultimate analysis is reported by excluding water and mineral matter content.

1.3 Extractability and Swelling Properties1-6

Coal is considered a macromolecular structure, similar to highly cross-linked polymer
networks. Although it is highly cross-linked and its molecular structure is not as well defined
as those of synthetic polymers, some coal properties can be described by the classic theories
of polymer physical chemistry, for example, dissolution and swelling properties. When a
polymer is placed in a solvent, the solvent molecules diffuse into the polymer matrix
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generating a swollen polymer chain. The swollen chain then dissolves in the solvent to
produce a true solution. Similarly, dissolution of coal occurs in the same fashion.
Essentially, due to its heterogeneity and a broad range of molecular size, once coal is placed
in a solvent, low molecular weight molecules dissolve the same way as in synthetic polymer
networks. However, the remaining cross-linked network and possibly sterically trapped high
molecular weight material is unable to dissolve. As a result, a residual fraction remains as a
swollen network. The amount of soluble material is described in terms of a % extractability,
which varies with the coal rank and its origin. The degree of swelling of the extraction
residue (insoluble network) depends on the cross-link density; the higher the cross-link
density, the lower the swelling ratio.

1.4 Coal Network Models

Although research on coal structure has been carried out for over half a century,
several issues remain unresolved. One of those is the nature of the coal network. For many
years, the “standard model” has essentially considered coal to consist of a covalently crosslinked network with a cross-link density and sol fraction that varies systematically with rank.
This covalent network traps some small molecules in its network. It has also been proposed
that certain types of secondary interactions, such as hydrogen bonds or charge-transfer
complexes, can act as cross-links.7
There is an alternative model that considers coals to be associated structures held
together largely by secondary interactions.8-11 This school of thought is based largely on the
seminal work of Iino and co-workers,10-13 who obtained some surprising results by extracting
coal with a mixed solvent of N-methylpyrollidone (NMP) and carbon disulfide (CS2). The
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authors observed a large increase in the extraction yield, which cannot be explained by the
conventional covalent network model. In summary, the two models are represented by a
schematic in figure 1.3.

1.5 The Use of Model Compounds in the Study of Coal Networks

Given its compositional variations and its glassy, largely insoluble, amorphous
nature, it is extremely difficult and challenging to characterize the structure of coal.14 There
is, however, an alternative experimental procedure that should prove useful in characterizing
this material, the use of so-called “model” compounds. In fact, a suitable model for a
particular compound should contain an "average" structure for the molecule it represents, so
a suitable model for coal should be a macromolecular and cross-linked but a less-complicated
structure, compared to coal.15,16
The idea of using polymers as models for coal was first proposed by Larsen16 on a
basis of a similarity in the extractability of condensation network polymers and coal. When a
condensation polymer is extracted, the proportion of soluble to insoluble parts decreases with
an increase in the degree of cross-linking. Similarly, coal possesses soluble and insoluble
parts, whose proportions vary systematically with an increase in coal rank. Therefore, coal
can be considered to be a complex condensation polymer, and can perhaps be modeled by
some synthetic condensation polymers.

9

Covalent cross links

(a)

Secondary interactions

(b)

Figure 1.3 The network models for coal; the covalent network model (a), and the associated
model (b)
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In order to explore the validity of using such a polymer as a coal model, various
techniques have been used to compare the properties of coal and its polymeric models. These
techniques include a measurement of extraction yield and the degree of swelling.
Additionally, spectroscopic techniques, for example FTIR, 13C and 1H NMR spectroscopy,
are also used to compare coal and its representative models.
In previous work from this laboratory,17,18 a phenol-co-dihydroxynaphthalene
formaldehyde (PDHNF) copolymer was used to represent the structure of low to mid-rank
coals in an attempt to quantitatively examine the degree of cross-linking of coal from a
known model compound of known structure. The amount of pyridine soluble material and
the degree of swelling were determined. The results from these techniques, along with FTIR
and 13C NMR spectra, showed a good agreement between the properties of coal and the
synthetic models. Furthermore, it was also observed that the extraction yield and the
swelling ratio of the PDHNF copolymers decrease with an increase in the content of larger
aromatic units, dihydroxynaphthalene. Although the exact cross-link density of these
copolymers is not known, this approach proved valuable in sorting out various models of
coal structure and the role of secondary interactions such as hydrogen bonds.

1.6 The Argonne Premium Coal Samples19,20

Although phenolic resins serve as excellent models in some initial studies of coal
structure, direct experiments on coal samples are, of course, necessary. Given their
heterogeneous nature and compositional variations, even coal from the same seam can have
different characteristics, which leads to an inconsistency in reporting experimental results.
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Therefore, it is challenging to compare data obtained from different laboratories.
Accordingly, “universal” samples are necessary in order to eliminate this inconsistency and
allow researchers to determine if the difference in results obtained from two laboratories is
significant or simply due to sampling problems. Such standard samples were introduced by
the Argonne National Laboratory. A sample suite consists of eight coals, ranging from
lignite to low volatile bituminous, selected on the basis of using a limited number of samples
to represent the significant different parameters of coals mined in the United States. The
samples were selected from about 200 coals in the Penn State Coal Sample bank.
Information on coal rank and the original seam are summarized in table 1.1. Additionally,
fundamental and extensive data obtained on these samples, for example proximate and
elemental analysis results, are also provided for the coal research community. These are
summarized in table 1.2, including the content of volatile matter, moisture, and ash reported
on AR, dry, daf, and dmmf bases. (The coals are abbreviated as followed; UF = Upper
Freeport, WA = Wyodak Anderson, ILL = Illinois #6, PIT = Pittsburgh #8, POC =
Pocahontas #3, BC = Blind Canyon, LS = Lewiston-Stockton, and BZ = Beulah-Zap). The
inorganic matter content is separately determined and summarized in tables 1.3 and 1.4.
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Table 1.1 Information on coal rank and original seam for the Argonne Premium coal samples

Sample name

State

Rank

Beulah-Zap

ND

Lignite

Wyodak-Anderson

WY

Subbituminous

Illinois #6

IL

High volatile Bituminous

Blind Canyon

UT

High volatile Bituminous

Lewiston-Stockton

WV

High volatile Bituminous

Pittsburgh #8

PA

High volatile Bituminous

Upper Freeport

PA

Medium volatile Bituminous

Pocahontas #3

VA

Low volatile Bituminous
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Table 1.2 Results from proximate and ultimate analysis for the Argonne Premium coal
samples, reported on an as-received (AR), a dry-ash-free (daf), and a dry-mineral-matter-free
(dmmf) bases

Coal

UF

WA

ILL

PIT

POC

BC

LS

BZ

AR H2O

1.13

28.09

7.97

1.65

0.65

4.63

2.42

32.24

AR Ash

13.03

6.31

14.25

9.1

4.74

4.49

19.36

6.59

AR VM

27.14

32.17

36.86

37.2

18.48

43.72

29.44

30.45

AR S

2.29

0.45

4.45

2.15

0.66

0.59

0.69

0.54

AR BTU

13315

8426

10999

13404

14926

13280

11524

7454

Dry Ash

13.18

8.77

15.48

9.25

4.77

4.71

19.84

9.72

Dry VM

27.45

44.73

40.05

37.82

18.6

45.84

30.17

44.94

Dry S

2.32

0.63

4.83

2.19

0.66

0.62

0.71

0.8

Dry BTU

13467

11717

11951

13629

15024

13925

11810

11001

Dry C

74.23

68.43

65.65

75.5

86.71

76.89

66.2

65.85

Dry H

4.08

4.88

4.23

4.83

4.23

5.49

4.21

4.36

Dry N

1.35

1.02

1.16

1.49

1.27

1.5

1.25

1.04

Dry Cl

0

0.03

0.05

0.11

0.19

0.03

0.1

0.04

Dry F

Below detection levels for all samples

Pyritic S

1.77

0.17

2.81

1.37

0.15

0.24

0.16

0.14

Sulfate S

0.01

0.03

0.01

0.01

0.03

0.03

0.03

0.03

Organic S

0.54

0.43

2.01

0.81

0.48

0.35

0.52

0.63

daf C

85.5

75.01

77.67

83.2

91.05

80.69

82.58

72.94

daf H

4.7

5.35

5

5.32

4.44

5.76

5.25

4.83

daf N

1.55

1.12

1.37

1.64

1.33

1.57

1.56

1.15
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Coal

UF

WA

ILL

PIT

POC

BC

LS

BZ

daf org S

0.74

0.47

2.38

0.89

0.5

0.37

0.65

0.7

daf BTU

15511

12843

14140

15018

15777

14613

14733

12185

dmmf C

88.08

76.04

80.73

84.95

91.81

81.32

85.47

74.05

dmmf H

4.84

5.42

5.2

5.43

4.48

5.81

5.44

4.9

dmmf N

1.6

1.13

1.43

1.68

1.34

1.59

1.61

1.17

dmmf org S

0.76

0.48

2.47

0.91

0.51

0.37

0.67

0.71

dmmf Cl

0

0.03

0.06

0.12

0.2

0.03

0.13

0.04

dmmf O

4.72

16.9

10.11

6.9

1.66

10.88

6.68

19.13

13020

14696

15336

15908

14728

15247

12370

dmmf BTU 15980

*VM is the volatile matter

(Source: Vorres, K. S. Users Handbook for the Argonne Premium Coal Sample Program.
1989, reference 20.)
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Table 1.3 The mineral matter contents in ash (wt.%) of the Argonne Premium coals

Elements

UF

WA

ILL

PIT

POC

BC

LS

BZ

Al2O3

24.1

15.5

18.3

25.2

20.1

16.6

31.35

10.22

BaO

0.05

0.5

-

-

-

-

0.02

0.84

CaO

4.2

15.1

7.9

2.6

12.8

9.9

0.38

24.72

Fe2O3

17.3

10.2

18

19.5

15.8

10

2.89

8

K2O

2.7

0.8

2.9

2.1

0.6

1.2

2.92

0.94

MgO

1.6

3.6

1.2

1.3

2

1.5

0.73

7.48

MnO

0.05

0.04

-

-

-

-

0.04*

0.14*

Na2O

0

1.5

0

0

2

3.6

0.34

7.76

P2O5

0.1

1.2

0.2

0

0.4

0.3

0.2

0.48

SO3

3.9

22

6.8

2

12.4

9.8

0.32

17.55

SiO2

44.8

28.7

43.7

45.9

32

45.9

58.26

18.4

SrO

0.05

0.4

-

-

-

-

0.05

1.12

TiO2

1.3

1.2

1

1.2

1.9

1.2

1.86

0.48

Undetermined

-

-

-

-

-

-

0.64

1.87

*Mn3O4
(Source: Vorres, K. S. Users Handbook for the Argonne Premium Coal Sample Program.
1989, reference 20.)
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Table 1.4 The inorganic content as mineral matter and clay in ash (wt.%) of the Argonne
Premium coal samples

UF

WA

ILL

PIT

POC

BC

LS

BZ

Total mineral matter
(%LTA)

15.3

8.7

18.1

10.9

5.5

5.3

21.6

8.7

Quartz

1.5

2

3.4

1.7

0.3

0.8

2.6

0.6

Pyrite

3.4

0.1

5.5

2.4

0.1

0.5

0.3

0.3

Calcite

1

0.4

1.9

0.5

1.7

1.3

0.3

1.7

(diff.)

9.4

6.2

7.3

6.3

3.4

2.7

18.4

6.1

Illite

p

N/A

p

p

N/A

N/A

p

N/A

Expandable

p

N/A

p

p

p

N/A

p

N/A

Kaolinite

p

p

p

p

p

N/A

p

p

Gypsum

m

m

n

n

n

n

m

major

Total clay

p = present, analysis in progress
major = major amount
m = minor amount
n = not detected

(Source: Vorres, K. S. Users Handbook for the Argonne Premium Coal Sample Program.
1989, reference 20.)
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1.7 Motivations and Outline of the Dissertation

Although, research on coal structure has been extensively carried out, as mentioned
above the nature of the coal network remains controversial, with essentially two camps. One
considers coal to be a covalently cross-linked network.7 Alternatively, results from recent
studies suggest that coal is held together largely by secondary interactions.8-10 Pertaining to
this, Larsen et al.21 reported that simply soaking Pittsburgh #8 coal in chlorobenzene (at 115
o

C) for a few days resulted in a significant decrease in the amount of pyridine extractable

material, and the swelling ratio of the residue. Soaking in pyridine for just one day also had
the same effect. In work that preceded this, Takanohashi and Iino10 also reported that
refluxing with pyridine greatly decreased the NMP/CS2 extractability of certain coals.
Larsen et al.21 suggested that this decrease in swelling and extractability must be a
consequence of an increase in the cross-link density.
In this laboratory it was postulated that there are two possible mechanisms that would
affect the cross-link density; the formation of new covalent cross-links by a bridging reaction
of aliphatic hydroxyl (methylol) groups, and the formation of (physical cross links), perhaps
a coal-ion aggregate, resulted from the mobilization of mineral matter cations by the reflux
treatment.
In order to explore these possibilities, the formation of covalent cross-links will be
examined and discussed in chapter two. Provided that coal contains a significant amount of
aliphatic hydroxyl groups, it is possible that these functional groups could undergo an ether
bridging reaction similar to those observed in the curing of phenolic (resol) resin. Such
reactions, in turn, reduce the number of hydroxyl groups, which can be monitored by FTIR
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spectroscopy. Accordingly, the hydroxyl content of Pittsburgh #8 coal before and after
reflux treatment was examined. Essentially, the coal samples are acetylated and the amount
of acetyl groups attached to the hydroxyl is measured by FTIR spectroscopy. The results
indicate that the hydroxyl content remains essentially unchanged upon the reflux treatment.
Therefore, it is unlikely that ether bridging is the origin of the increase in the cross-link
density.
Chapter three22,23 demonstrates that the increase in the cross-link density of this heattreated Pittsburgh #8 coal is due to the formation of ionic aggregates involving carboxylates
and mineral cations, similar to those found in ionomers. Ionomers are synthetic polymers
that contain a low concentration of functional groups that are capable of ion-exchange to
form ionic complexes, such as carboxylic acids. Although the domain size is usually small,
these multiplets have a profound effect on properties, effectively acting as thermoreversible
cross-links. The possibility that such “physical” cross-linking occurs during the reflux
treatment is examined by employing an acid treatment to the refluxed coal and measuring its
pyridine extractability. The results indicate that upon refluxing mineral matter cations are
mobilized, allowing an aggregate formation, which results in a decrease in the coal
extractability. Upon acid-treatment, however, the aggregates are exchanged and the structure
collapses, resulting in a decrease in the number of cross-links, which is reflected by a
recovery of the coal extraction yield.
In chapter four,22-24 the acid treatment is applied to all eight samples in the suite of
Argonne Premium coals. A mild acid solution is used in order to minimize side reactions,
such as oxidation, and demineralization. Subsequently, the amount of pyridine-soluble
material from the treated and untreated samples is examined. The results show an increase in
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the extraction yield of all the coal samples upon acid treatment. FTIR spectroscopy is
employed in an attempt to study the functional groups responsible for forming these crosslinks. The results indicate a presence of carboxylate/cation aggregates in low rank coals.
The spectra of high rank coals are relatively complex, but the results indicate that π-cation
interactions are involved. Finally, in mid rank coals both mechanisms seem to play a role.
There are a number of reports suggesting the superior extracting property of a mixed
solvent of N-methylpyrollidone and carbon disulfide (NMP/CS2).10-13 Much of this work,
however, is based on results obtained from a single coal, Upper Freeport, about 59% of
which is soluble in NMP/CS2 mixtures compared to only 35% in pyridine. More recently, an
addition of a third component to the mixed solvents was found to further enhance the
extraction yield of the coal.25-29 Although it seems that this mixed solvent is particularly
effective on a specific coal, Upper Freeport, the fact that it enhances coal extractability is
nevertheless intriguing. Many studies have attempted to describe the interaction and
mechanisms involved in the extraction process.30-33 However, the problem remains
unsolved. Therefore, interactions between NMP and CS2 mixtures and the dissolution
mechanism of Upper Freeport coal will be discussed in chapter five.34
In chapter six,35 a separate concern is a study suggesting that high volatile Bituminous
coals, such as Illinois #6, exhibit a glass transition temperature (Tg) at around 110 °C.36-38
Given the highly heterogeneous nature of coal,17-19 it seems unlikely that this type of material
shows such a well-define transition. Accordingly, the work reported in the literature was
repeated in this study and such behavior was not observed. In contrast, an irreversible
transition similar to those occurring during water evaporation was found. Pertaining to this,
no large change in mechanical properties, a characteristic of the glass transition, has been
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observed in this temperature range.39-44 This conclusion is supported by results presented in
this thesis and it can be concluded that coal does not have a Tg at a temperature lower than
the degradation point.
Finally, a summary of this dissertation will be presented and suggestions for future
work are provided in chapter seven.
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Chapter 2
Determination of the Hydroxyl Content of Pittsburgh #8 Coal
before and after Reflux Treatment

2.1 Introduction

It has been reported that the cross-link density of coals increased after heat treatment.
Larsen and coworkers1 found that refluxing certain coals in chlorobenzene at 115 ˚C for a
few days resulted in a decrease in the pyridine-extractability and the swelling ratio of certain
coals. Their results showed that the amount of pyridine-extractable material of a Pittsburgh
#8 coal decreased from 44 % to 32 % and then to 28 % when the coal was treated in
chlorobenzene for 4 days and 14 days, respectively. Furthermore, these authors reported that
refluxing the coal in pyridine for one day also resulted in the decrease of the extraction yield
to 32 %. These authors suggested that this is a result of an increase in the cross-link density
of the coal network.
Given the chemistry of coal, there are two possible processes that affect the cross-link
density; a formation of new covalent bonds such as esters or ethers, or a formation of
aggregates derived from secondary forces that are relatively strong compared to the coalsolvent interaction. These (non-covalent) secondary forces could involve electrostatic
interactions, π-π interactions, and charge-transfer complexes.2 The possibility of hydrogenbonded cross-links was also suggested, but this is unlikely because the pyridine-coal
interaction is capable of overcoming this type of interaction.3 Accordingly, the nature and
the involvement of these cross-links will be examined. The covalent cross-linking is
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explored in this chapter, while the involvement of secondary interactions will be discussed in
the next two chapters.
Provided that hydroxyls are major functional groups in Pittsburgh #8 coal and present
in both aliphatic (methylol-OH) and aromatic (phenyl-OH) forms, new covalent cross-links
could be generated by various types of reactions involving these functional groups. For
example, hydroxyls react with carboxylic acids to give ester bonds. However, the presence
of this reaction is unlikely because this particular coal, unlike other low rank coals, contains
only trace amounts of carboxylic acids.4 Accordingly, a bridging reaction of methylol
groups, similar to that which occurs in the curing of phenolic (resol) resins is the most
probable.5,6 A phenolic resin is a polymer synthesized from phenol and formaldehyde
monomers. Depending on the starting phenol-to-formaldehyde molar ratio and the catalyst,
two types of resin, whose structure and curing properties are different from one another, can
be obtained. A phenol/formaldehyde ratio of less than one and the use of a basic catalyst
yields a resol, which contains a significant amount of methylol groups. This methylol is
responsible for ether cross-linking formation when the resin is heated above 120 °C,
transforming the low molecular weight resin to a highly cross-linked network. On the other
hand, at a ratio of more than one and using an acid catalyst a novolac is produced, which
does not contain methylol groups and does not crosslink or cure upon heating.
Pittsburgh #8 coal contains both aromatic and aliphatic hydroxyls, similar to those
found in phenolic resin. The aromatic hydroxyl is chemically inert, compared to its aliphatic
counterpart in terms of undergoing cross-linking reactions in the same fashion as resol resins.
The reflux procedure used in the treatment of Pittsburgh #8 coal by Larsen et al.,1 employs
condition that are similar to those used in the curing of resol. Since this cross-linking
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formation would eventually result in a reduction of methylols groups, it is therefore essential
to quantitatively determine the hydroxyl content of the coal before and after the reflux
treatment.
The determination of hydroxyl content can be achieved by two methodologies;
spectroscopically and chemically. Spectroscopic technique, such as FTIR, utilizes a
measurement of a peak area of the OH-stretching band, located near 3400 cm-1. However,
this methodology has suffered from some uncertainties from the interference of water bands,
which fall in the same region. This limitation is a result of sample preparation, because KBr,
which is used as a medium, has a tendency to bind with moisture regardless of how carefully
the sample is prepared. Even though the moisture band can be partially removed by heating
the sample pellet, this in turn affects the coal chemistry. For example, oxidation occurs when
coal is heated to elevated temperatures.7-10 Moreover, coal in general has bound water in its
structure, heating the coal would eliminate this water and perhaps alter its structure.
Therefore, spectroscopic techniques alone may produce large errors in determining the
hydroxyl content.
Alternatively, chemical methodology is used to obtain a more precise result. The
principle of this method involves reacting characteristic groups to the hydroxyl.
Subsequently, analytical techniques such as titration, radiochemical or spectroscopy
techniques are used to measure the amount of these groups. For example, FTIR or 13C NMR
spectroscopy is used in combination with acetylation or silyllation reaction.11 In this study,
acetylation and FTIR spectroscopy are employed. The coal sample is acetylated by acetic
anhydride. The carbonyl stretching bands of acetic esters is then measured to determine the
hydroxyl content.
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2.2 Experimental

2.2.1 Materials

The Pittsburgh #8 coal used in this study was supplied by the Argonne National
Laboratory. The samples were stored under nitrogen and used as received. Pyridine, acetic
anhydride, and chlorobenzene were obtained from Aldrich.

2.2.2 Reflux Treatment

The reflux procedure is similar to that described by Larsen et al.1 Essentially, two
grams of coal was placed in 50 mL of chlorobenzene. The mixture was refluxed at 115 °C
under a nitrogen atmosphere for four days. The chlorobenzene solvent was then removed by
a rotary evaporator and a subsequent high vacuum at room temperature until the coal reached
a constant weight.

2.2.3 Acetylation Reaction

Pittsburgh #8 coal was acetylated by the standard method of Blom et al.,12 as
described by Abdel-Baset et al.13,14 and Snyder et al.11 Essentially, two grams of coal was
placed in 25 mL of pyridine and 8 mL of acetic anhydride. The mixture was heated to 85 °C
under a nitrogen atmosphere and kept at this temperature for two days. The mixture was then
washed with an excess amount of water, and methanol and THF in order to remove the
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residual acetic anhydride and acetic acid by-product. Finally, the mixture was filtered and
dried under a high vacuum at room temperature.

2.2.4 Determination of the Pyridine-Extraction Yields

The soxhlet extraction procedure and the calculation of the extraction yields on a dryash-free (daf) basis were the same as that described by Nishioka.15 The glass timber filter
used in the soxhlet extraction has a pore size of 40-60µ, and was supplied by ChemGlass.
Essentially, the coal was placed in the glass timber and extracted for 2-4 days until a clear
solution above the coal was observed, indicating a complete extraction. The pyridine solvent
was then removed from the extract by a rotary evaporator, followed by a high vacuum at
room temperature for one week until it reached a constant weight. The extraction residue
was washed with large amount of water and finally with 2% THF in water to remove the
remaining pyridine. Subsequently, the sample was placed under a high vacuum at room
temperature for 2 days and its weight was recorded. The extraction yield on a daf basis was
calculated by the same procedure employed by Nishioka,15 and Fletcher et al.,16 as followed:

Extraction Yield ( wt.%) =

total extract
× 100
(residue + total extract − ash)

(1)

The total recovery was calculated on a dry basis by the following equation:

Total Recovery =

total extract + residue
× 100
original dry sample

(2)

29

2.2.5 FTIR Spectra and the Determination of the Hydroxyl Content

FTIR spectra were recorded on a Digilab model FTS-45 at a resolution of 2 cm-1 by
co-adding 100 scans. Samples for FTIR experiments were prepared as standard KBr pellets
using approximately 2 mg of coal in 250 mg of KBr. A pressure of 9 tons was applied for 1
minute to compress the sample pellet. A curve-fitting program integrated in the BioRad
WinIR Pro program was used to resolve the carbonyl-stretching bands, as described by
Painter et al.11,17

2.3 Results

2.3.1 Pyridine-Extraction Yields

It was reported that the pyridine soluble material from Pittsburgh #8 coal decreased
upon refluxing the coal in solvents such as chlorobenzene or pyridine for a few days.1 A
similar procedure was applied in this study and the results on the corresponding coal indicate
a 22% decreases (from 41 to 32 wt.%) after a treatment with chlorobenzene for 4 days (see
table 2.1). This result is equivalent to those reported earlier by Larsen et al.1
In order to explore the possibility that this reduction in the extraction yield is a
consequence of an ether-bridging reaction, the hydroxyl content of the coal before and after
the reflux treatment was determined. The acetylation is carried out using acetic anhydride in
pyridine. Due to the fact that coal has a poor solubility, a good solvent is required in
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Table 2.1 The pyridine-extraction yields of original and treated Pittsburgh #8 coals

Sample

Extraction yield

Total recovery

(wt.% daf)

(%)

Original coal

41

103

Refluxed coal

32

98

Acetylated (original) coal

41

99

Acetylated (refluxed) coal

30

100
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conducting a chemical reaction. Pyridine is used because of its ability to dissolve a large
amount of soluble material, and swell the remaining insoluble coal network, resulting in a
high accessibility of acetic anhydride to the coal hydroxyl groups. More importantly,
pyridine does not react with either acetic anhydride or the coal.
The extraction yield of the coal after acetylation was also determined and compared
to those before acetylation, as summarized in table 2.1. The results indicate that acetylation
does not affect the pyridine-extraction yield. In fact, the original coal and the acetylated
(original) coals show an identical yield at 41 %, while the yields of the refluxed coal and its
acetylated counterpart are slightly different but in the scatter of data (32 and 30 %,
respectively). This replies that acetylation converts hydroxyl groups to hydroxyl esters
without affecting the cross-link density or altering the structure of the coal network.
The effect of hydrogen bonding on coal extractability has been widely debated. On
the one hand, such interactions have been regarded as a major interaction in coal networks,
and the amount of pyridine soluble material is partly dependent on hydrogen bonding
content.1,18 In contrast, Painter3 argued that this type of interaction, whose “strength” or
enthalpy value is about 4-5 kcal/mol, is not strong enough to hold the coal structure against
pyridine extraction. Given the former idea, the amount of pyridine soluble material was
expected to increase upon acetylation, as the conversion of hydroxyl groups would disrupt
hydrogen bonding. According to the extraction yield results, it is reasonable to state that
hydrogen bonds formed by hydroxyls in this coal do not significantly affect coal
extractability.
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Turning now to the effect of reflux treatment on the extraction yield, the amount of
soluble material decreases from 41 to 32 % for coal before acetylation, and from 41 to 30 %
for the corresponding coal after the hydroxyl is converted (see table 2.1). Given that the
extractability inversely indicates the amount of cross-linking, these results indicate an
increase in the cross-link density upon the reflux treatment.

2.3.2 Determination of the Hydroxyl Content

The hydroxyl content of Pittsburgh #8 coal before and after refluxing in
chlorobenzene was determined by employing acetylation and FTIR spectroscopy. The FTIR
spectra of an original coal and its acetylated derivative are shown in figure 2.1. The
difference spectrum, also shown in this figure, indicates a series of characteristic ester bands
generated by acetylation. The bands in the 1765 to 1650 cm-1 region, corresponding to the
carbonyl-stretching mode of various esters, are used in the measurement of the hydroxyl
content. Bands in the lower-wavenumber region are associated with various types of C-O-C
deformation; the strongest band near 1200 cm-1 represents aromatic C-O-C stretching, and a
series of bands near 1425, 1367, 1010, and 900 cm-1 are associated with aliphatic C-O-C
deformation. The former is relatively strong because of the abundance of aromatic
hydroxyls. The band near 1600 cm-1, observed in both the original and acetylated coal
spectra, is characteristic of an aromatic ring-stretching mode. Additionally, the
corresponding spectra of a refluxed coal are shown in figure 2.2, and similar band
characteristics are observed.
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Figure 2.1 FTIR spectra of an acetylated (original) Pittsburgh #8 coal (a), an original coal
(b), and the difference (c)
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Figure 2.2 FTIR spectra of an acetylated (refluxed) Pittsburgh #8 coal (a), a refluxed coal
(b), and the difference (c)
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Before moving on to the quantitative measurement of the ester carbonyl-stretching
bands, it is essential to examine the OH-stretching region of these infrared spectra in order to
determine the extent of the acetylation reaction. The infrared spectra obtained by the Diffuse
Reflectance technique, which minimized interference from moisture bands, of the original
coal and its acetylated derivative are shown in figure 2.3. The original coal has OHstretching band near 3350 cm-1, but the intensity of the OH-stretching band in the acetylated
sample is comparable to that of the blank KBr, (i.e. is due to water) indicating that the
acetylation is carried out to near completion.
Turning now to a measurement of the intensities of individual carbonyl-stretching
bands, the spectrum of the sample before acetylation is subtracted from that of the acetylated
coal in order to eliminate overlapping bands, particularly those from the aromatic-ring
stretching modes near 1600 cm-1. The resulting spectrum is shown in figure 2.4. The
corresponding spectrum from the refluxed coal is shown in figure 2.5.
At first glance, the difference spectrum consists of three bands in the carbonylstretching region (1765 to 1670 cm-1), however, this may not reflect the exact number of
bands. Accordingly, a derivative method is employed in order to resolve the exact number of
existing bands. The results from a second derivative trace reveals the presence of up to six
bands, centered at 1765, 1740, 1711, 1695, 1670, and 1660 cm-1, respectively (see figure
2.6). These bands are assigned to carbonyl functional attached to various groups as followed;
aromatic hydroxyl (Ar-O-COCH3) at 1765 cm-1, aliphatic hydroxyl (R-O-COCH3) at 1740
cm-1, residual acetic acid by-product (CH3COOH)
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Figure 2.3 FTIR spectra (OH-stretching region) of an original Pittsburgh #8 coal (a), an
acetylated coal (b), and a blank KBr (c)
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Figure 2.4 FTIR spectra of an acetylated (original) Pittsburgh #8 coal (a), an original coal
(b), and the difference after overlapping bands are subtracted (c)
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Figure 2.5 FTIR spectra of an acetylated (refluxed) Pittsburgh #8 coal (a), a refluxed coal
(b), and the difference after overlapping bands are subtracted (c)
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Figure 2.6 The difference spectrum from Pittsburgh #8 coal (b), and its second derivative (a)
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at 1711 cm-1, and amide functional groups (~N-COCH3) at 1670 cm-1. The remaining weak
bands near 1695 and 1660 cm-1 are negligible and were neglected.
A curve-resolving program integrated in the BioRad Win-IR Pro program, whose
curve-fitting principle is described in details by Maddams,19 is used to measure the intensity
of the four carbonyl-stretching bands.

The curve-fitting procedure and band assignments

are summarized in figure 2.7. Essentially, the band shape is fixed as a Gaussian, while the
width-at-half-height and band position are allowed to vary narrowly during the resolving
process. Peak intensity (peak height) and peak area of the individual bands are determined in
absorbance unit. Although these two sets of data are equivalent, the peak intensity is used in
order to compare the results and use the conversion factors reported earlier by Snyder et al.11
Three pellets are prepared from each coal sample and the average results from these three
sets of data are summarized in table 2.2.
The extinction coefficient of individual C=O stretching band is required in the
determination of acetyls fraction from the infrared spectrum. However, due to the difficulty
in obtaining these values directly from coal, low-molecular weight model compounds have
been used. Bellamy20 reported that the extinction coefficient of the carbonyl-stretching
mode of certain functional group does not significantly change between different molecules.
Therefore, it is reasonable to apply the values obtained from low molecular weight analogues
to coal. However, this does not apply to the amide group, as its coefficient varies from
sample to sample. Nonetheless, amide is only a trace component in this particular coal and is
not a major concern in this study. The data shown in table 2.3 represents conversion factors
for acetylated coals, reported by Snyder et al.11
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Figure 2.7 A curve-resolved procedure and band assignment of an acetylated (original)
Pittsburgh #8 coal
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Table 2.2 Curve-fitting results of an acetylated (original) and an acetylated (refluxed)
Pittsburgh #8 coal

Sample

Weight

1765 cm-1 band

1740 cm-1 band

1711 cm-1 band

1670 cm-1 band

(mg)

I

Norm I

I

Norm I

I

Norm I

I

Norm I

Original #1

2.86

0.93

0.36

0.29

0.11

0.18

0.07

0.11

0.04

Original #2

2.10

0.74

0.39

0.24

0.13

0.16

0.08

0.11

0.06

Original #3

1.85

0.65

0.39

0.19

0.11

0.13

0.08

0.08

0.05

0.38

Average

0.12

0.07

0.05

Refluxed #1

2.21

0.70

0.35

0.23

0.11

0.15

0.07

0.08

0.04

Refluxed #2

2.32

0.77

0.36

0.25

0.12

0.17

0.08

0.09

0.04

Refluxed #3

2.41

0.79

0.36

0.26

0.12

0.19

0.09

0.11

0.05

Average

0.36

0.12

0.08

I is the peak intensity (absorbance unit).
Norm I is the peak intensity normalized to 1 mg of organic matter in coal.
Original is the acetylated (original) Pittsburgh #8.
Refluxed is the acetylated (refluxed) Pittsburgh #8.
1765 cm-1 band: Aromatic ester
1740 cm-1 band: Aliphatic ester
1711 cm-1 band: Acetic acid
1670 cm-1 band: Amide

0.04
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Table 2.3 Conversion factors for acetylated coals

Functional groups

ε

Aromatic ester

0.217

Aliphatic ester

0.176

Amide

0.323
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These values are obtained from model compounds that have a similar structure to coal,
including 1-naphthyl acetate, acetylated anthraflavic acid, n-acetyl-L-tryptophan ethyl ester,
and acetylated 9-anthracene-methanol.
The measurement of the hydroxyl content is then described by this definition:

I = aω W

(3)

where I is the peak intensity
ω is the weight fraction of the acetyl groups present in the compound
W is the weight fraction of material present in a KBr pellet
a is the extinction coefficient defined in term of weight units

Then, ε is defined as a conversion factor, which will be used to determine a concentration of
group when multiplied by the intensity of a normalized band. This conversion factor is a
reciprocal of the extinction coefficient and obtained from model compounds, as described
above. The band intensity is normalized to 1 mg of organic matter, which is corrected for the
amount of mineral matter in coal, by multiplying with 1/(1-MM). The mineral matter (MM)
content of Pittsburgh #8 coal is 9.2 %.21 Consequently, the weight percent of O as aromatic
and aliphatic OH and N as NH are determined by the following equation:

OOH =

( I ⋅ ε ⋅ A / 43)
(1 − I ⋅ ε )

(4)
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where OOH is oxygen content as OH, and A is the atomic weight of the atom to which the
acetyl group is attached (16 for O or 14 for N). The calculated OH and NH contents on a daf
basis are summarized in table 2.4.

2.4 Discussion

It is useful to address the accuracy of this methodology. Snyder et al.11 noted that the
results obtained from this technique are in very good agreement with those from solid state
13

C NMR spectroscopy and chemical methods, such as titration. For example, the results

reported by Yarzab et al.14 and Abdel-Baset et al.13
Dyrkacz et al.22 suggested that the extent of the acetylation reaction, the curve-fitting
procedure, and the nature of infrared spectrum might contribute to some error in determining
the absolute value of the coal hydroxyl content. However, the objective of this study is to
compare the hydroxyl content of coal before and after the reflux treatment, which does not
require an absolute value.
Finally, errors due to the presence of acetylated clays can be precluded. It is well
known that coal contains various types of clays; for example kaolinite and montmorillonite,
which also contain hydroxyl groups. The hydroxyls in these clays may be acetylated,
resulting in an overestimate of the coal hydroxyl content. Nevertheless, Abdel-Baset et al.13
reported that these clays, in the worse case, accounted for less than 0.1% error for a coal of
about 3% OH content.
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Table 2.4 The OH and NH content of coals (daf)

Sample

Aromatic OH

Aliphatic OH

NH

%

%

%

Original coal

3.3

0.8

0.6

Refluxed coal

3.1

0.8

0.5
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2.5 Conclusion

The origin of an increase in the cross-link density of Pittsburgh #8 coal upon a reflux
treatment was examined. The coal, subjected to a reflux treatment at 115 ˚C for two days,
shows a decrease in the pyridine extraction yield, reflecting an increase in the number of
cross-links. The possibility that this was due to covalent cross-linking formation (ether
bridging) was investigated. Provided that the ether bridging reaction consumes hydroxyls
groups, the amount of this functional group before and after the reflux treatment was
measured. The results showed that the hydroxyl content remained unchanged, indicating that
the increase in the cross-link density is unlikely to be a consequence of covalent crosslinking. The other possibility of non-covalent cross-link formation will be explored in the
next two chapters.
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Chapter 3
Ionic Cross-Links in Coal Network

3.1 Introduction

As mentioned numerous times already in this thesis, the nature of cross-linking in
coal remains controversial. On the one hand, the "standard model" treats coal as a covalently
cross-linked macromolecular network. In contrast to this approach, Iino and co-workers1,2
and Nishioka3-6 proposed that coal is largely an associated structure, held together by
secondary forces. The arguments and counter-arguments surrounding this issue provided the
impetus for this work, where the insight into how various solvents interact with coal has been
explored. One result that was particularly intriguing was obtained by Larsen et al.,7 who
determined that simply soaking Pittsburgh #8 coal in chlorobenzene (at 115 oC) for a few
days resulted in a significant decrease in the amount of pyridine extractable material. The
swelling ratio of the gel also decreased. Soaking in pyridine for just one day had the same
effect. In work that preceded this, Takanohashi and Iino8 also reported that refluxing with
pyridine greatly decreased the NMP/CS2 extractability of certain coals.
Larsen et al.7 observed that this decrease in swelling and extractability must be a
consequence of an increase in the cross-link density, but these authors observed no evidence
of the formation of new covalent bonds. This finding agrees with the result observed in this
laboratory, as discussed in the previous chapter. The results show that the hydroxyl content
of this coal remains unchanged after the reflux treatment, indicating that the increase in
cross-link density is not a result of covalent cross-linking.
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In this chapter,9,10 the possibility of the formation of physical aggregates held together
by secondary interactions, will be explored. Given that coal contains a significant amount of
mineral matter cations, which are capable of forming ionic interaction with various oxygencontaining functional groups, it is possible that this might be the origin of newly formed
cross-links in the coal structure. The formation of these cross-links effectively reduces coal
extractability. Pertaining to this, Larsen et al.7 found an X-ray diffraction peak
corresponding to structures of approximately 20 Å in size, after applying a reflux treatment
to Pittsburgh #8 coal. This structure size is comparable to the domain size of ionic clusters
found in ionomers, a name used to describe synthetic polymers that contain a low
concentration of functional groups such as carboxylic acids that are capable of ion-exchange
to form ionic complexes (see reference 11 and citation therein).
Ionomers are synthetic polymers containing a relatively small fraction of ionizable
functional groups, in which the polymer properties are governed by the formation of
“multiplets” or clusters of these functional groups. Such ionomeric polymers consist of nonpolar groups, for example styrene or ethylene, and groups that are capable of forming ionic
interaction, such as methacrylic acid. The composition of these polar and non-polar groups
varies from sample-to-sample, resulting in different properties, e.g. modulus, glass transition
temperature, and viscosity. The ionic functionality is introduced to the polymer chain by
means of pendent groups. A wide range of pendent anions, largely involving oxygencontaining functional groups, has been used, for example, aromatic-O-, aliphatic-O-,
aromatic-COO-, aliphatic-COO-, ~SO3-, and ~PO32-. The counter cations, to which the
pendent anions form an ionic bond, range from alkali, alkali-earth to transition metal cations,
such as Li+, Na+, Ca2+, Mg2+, and Zn2+.
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When the ionizable functional groups are converted, these groups micro-phase
separate from the non-polar hydrocarbon matrix to form multiplets that act as cross-links.
The size and shape of these multiplets is dependent on the pendent anions, counter-cations,
and the bond strength. The presence of multiplets consequently affects chain mobility and
relaxation processes, for example, the segment adjacent to the multiplets, as shown in figure
3.1(The schematic represents a molecular structure of poly(styrene-co-sodium
methacrylate)). The multiplet size is about 6 Å in diameter, while the restricted mobility
effect is expanded to a region of 26 Å in diameter.
Given the largely hydrocarbon nature of the organic components in coal, it is likely
that oxygen-containing functional groups and mineral matter cation complexes resemble the
multiplets or clusters of ionomers. Although the concentration of such groups is usually
small, they have a disproportionate effect on behavior and this would explain a number of
recent observations of coal properties. Accordingly, the Pittsburgh #8 coal is treated by acid
and base solutions and its pyridine-extractability before and after the treatment is determined.
The extraction yields in combination with FTIR spectra results indicate that the increase in
the cross-link density is likely the result of ionic complex formation involving carboxylate
groups.
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Figure 3.1 Schematic represents the cluster and segment of restricted mobility in
poly(styrene-co-sodium methacrylate) ionomer.

(Source: Eisenberg, A.; Kim, J. S. Introduction to Ionomers; Wiley: New York, 1998,
reference 11)
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3.2 Experimental

3.2.1 Materials

The Pittsburgh #8 coal used in this study was supplied by the Argonne National
Laboratory. The sample was stored under nitrogen and used as received. Chlorobenzene,
pyridine, tetrahydrofuran (THF), sodium hydroxide (NaOH), and hydrochloric acid (HCl)
were obtained from Aldrich and used without further purification.

3.2.2 Reflux Treatment

The reflux procedure was equivalent to that employed by Larsen et al.,7 as previously
described in chapter 2.

3.2.3 Acid and Alkali Treatments

The acid-treated sample was obtained by soaking in a 1N HCl (in THF) solution,
prepared by diluting a desired amount of concentrated HCl (~12 mol/L) in THF. Essentially,
2 g of coal was placed in 100 mL of acid solution, and the mixture was stirred at room
temperature under a Nitrogen atmosphere for 2 days. THF was then removed using a rotary
evaporator, followed by a high vacuum treatment at room temperature until it reached a
constant weight. The alkali-treated sample was prepared by a similar procedure, except that
a 1N NaOH solution was used. The alkali solution was prepared by dissolving the desired
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amount of NaOH in a small amount of water, followed by dilution with THF. The sample
subjected to an acid-treatment was placed in the alkali solution. The mixture was then stirred
at room temperature under a nitrogen atmosphere for 2 days and the THF was removed.

3.2.4 Determination of the Pyridine-Extraction Yields

Extraction experiments and the determination of the pyridine-extraction yield and the
total recovery were performed using the soxhlet technique, as described in chapter 2.

3.2.5 FTIR Spectra

FTIR spectra were recorded on a Digilab model FTS-45 at a resolution of 2 cm-1 by
co-adding 100 scans. Samples for FTIR experiments were prepared as standard KBr pellets
using approximately 2 mg of coal sample in 250 mg of KBr. A pressure of 9 tons was
applied for 1 minute to compress the sample pellet.

3.3 Results and Discussion

The Pittsburgh #8 coal is the focus of this study in order to directly compare the
results reported here with those previously discussed in chapter 2 and those reported by
Larsen et al.7 The weight percent yield of pyridine extracted material of the original and
refluxed coal obtained earlier are shown in table 3.1. After heating in chlorobenzene at 115
ºC for 4 days the amount of extractable material decreased from 41% to 32 wt%, a 22%
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Table 3.1 The pyridine-extraction yields of original and treated Pittsburgh #8 coal (daf)

Sample

Extraction yield

Total recovery

(wt. %)

(%)

Original coal

41

103

Refluxed coal

32

98

Refluxed coal + acid treatment

46

98

Acid-treated coal

53

99

Acid-treated coal + alkali treatment

33

96
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decrease relative to the extraction yield of the original coal, mirroring the changes observed
by Larsen et al.7
It is well known that methylol groups in phenolic resins (resols) can form cross-links
at temperatures above 120 ºC and given that coal has some alkyl OH groups the similar
reactions could perhaps occur. However, the alkyl (and phenolic) OH content of the starting
and treated coals measured by the acetylation/FTIR method was within error the same, as
reported earlier in this thesis. This result rules out any possible involvement of phenolic and
alkyl OH groups in cross-link formation and the decrease in extraction yields. Furthermore,
the acetylated starting coal gave an identical extraction yield to the parent sample (41%),
indicating that hydrogen bonding formed by hydroxyls does not affect the pyridine
extractability of this particular coal.
Turning to the effect of heat treatment on the decrease of the extraction yield, the
infrared spectra of the treated and original coals were examined. The 1850-1450 cm-1 region
of the spectra of the original and heat-treated coal are shown in figure 3.2, which also shows
a difference spectrum. Essentially, this difference spectrum shows a slight decrease in a
broad band envelope between 1650 and 1735 cm-1, characteristic of carboxylic acid groups
and perhaps some acid salts, and an increase due to a broad mode near 1600 cm-1, which
overlaps the aromatic ring stretching mode of the coal. Carboxylate and acid salts have
bands in the range 1500 - 1650 cm-1, the precise position of the bands is dependent on the
nature of the counterions and the degree of hydration of the complexes, as reported by
Painter and Coleman et al. in studies of the ionomer, poly(ethylene-co-methacrylic acid).12-16
This suggested that heat-treating in chlorobenzene may mobilize ions, presumably from the
mineral matter component of the coal, forming what are often called “clusters” in the
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Figure 3.2 FTIR spectra of a chlorobenzene-treated Pittsburgh #8 coal (a), an original
sample (b), and the difference (c)
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ionomer literature. The strongly polar carboxylate salts essentially phase separate from the
non-polar part of the material to form ionic microdomains that act as cross-links or, more
accurately, junction zones. Even though the concentration of carboxylic acid groups is often
small (~5%) in commercial resins, they have a profound effect on properties. The formation
of ionic clusters is also accompanied by the appearance of an X-ray scattering peak
corresponding to average cluster spacing of ~20 Å in size,11 an intriguing parallel given the
X-ray diffraction results obtained by Larsen et al.,7 mentioned earlier.
This hypothesis is easily checked. If ionic clusters are the cross-linking entity that is
responsible for the decrease in swelling and extraction yields, their effect should be reversed
by simply washing with 1N HCl. And it is, as also shown in table 3.1. After washing the
refluxed coal with 1N HCl the amount of soluble material obtained increased from about
32% to 46%. Washing the original untreated coal with 1N HCl in THF increased its
extraction yield from 41% to 53%. Rewashing the acid washed sample with 1N NaOH
(again in THF), which would form sodium salts, results in the extraction yield again
decreasing, to 33%.
The FTIR spectra of these samples confirm these conclusions, but also reveal some
added complexity. First, the spectrum of the heat-treated sample and the sample subjected to
acid-washing are compared in figure 3.3. The difference spectrum, also shown in this figure,
illustrates similar characteristics to that of the heat-treated and the raw coal (see figure 3.2).
However, the negative peak in the difference spectrum in the carbonyl region now shifts
from 1735 cm-1 and the band is broader and more intense in the acid washed sample
compared to the parent coal. This indicates that the difference in carboxylic acid content is
greater in the acid treated and refluxed coal. The result implies that acid treatment converts
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Figure 3.3 FTIR spectra of a chlorobenzene-treated Pittsburgh #8 coal (a), a corresponding
sample after acid wash (b), and the difference (c)
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the carboxylate complexes generated by heat treatment and those naturally occurring in the
parent coal to carboxylic acid groups, as reflected in the greater negative peak.
The infrared spectrum of the acid-treated and the original coal are compared in figure
3.4, where the different spectrum is also shown. When the original coal is washed with 1N
HCl, a -COOH band, centered near 1723 cm-1, increases significantly in intensity, but the
difference spectrum reveals an additional mode near 1540 cm-1, indicating that not only some
salts and acid salts are converted to acid groups, but also some ionic clusters of a more
specific character than those that give rise to the broad band near 1600 cm-1 in the
chlorobenzene soaked coal are generated. This is probably a result of a complex equilibrium
that would be set up between the mineral matter, coal functional groups and the acid in the
confined volume of the swollen coal particles.
The strength of the ionic junction zone depends upon how the metal ion is coordinated
by the carboxylate groups, which in turn depends upon the size of this counterion, the degree
of hydration and the presence of unexchanged acid groups, which can form acid salts with the
cluster. Some band assignments have been made by Painter et al.12-16 in the study of a zinc
ionomer, as shown in figure 3.5. Similar spectroscopic results are obtained for sodium and
potassium ionomers, with the bands shifted and broadened somewhat, depending upon the
structure and its degree of hydration. For example, washing the acid washed coal with 1N
NaOH results in a marked decrease in the 1720 cm-1 mode and the appearance of bands near
1580 cm-1 and 1667 cm-1, as shown in figure 3.6. The spectroscopy of these treated samples
is complex and needs a more detailed study, but these results clearly support the conclusion
that a proportion of the cross-linking in this coal is “reversible”, involving ionic clusters.
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Figure 3.4 FTIR spectra of an acid-treated Pittsburgh #8 coal (a), an original sample (b), and
the difference (c)
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3.4 Conclusion

Given the recent results of Aida et al.17,18 that coals have a much higher carboxylic
acid content than previously thought, the conclusion that Pittsburgh #8 coal has an ionomeric
structure may have broader ramifications. Aida et al. reported that the carboxyl functionality
in coal is not present solely in carboxylic acid form, but also in the form of carboxylate salts.
In some coals this carboxylate content accounts for almost 80% of the value.
It is interesting to note that 1m mole of COOH groups per gm of coal corresponds to
5% by weight, about what is found in ionomers such as Surlyn. Even coals with 25%-50%
of this value, corresponding to those with a carbon content of up to 87%, according to a plot
presented by Aida et al.,18 would be affected by the formation of ionic clusters. Accordingly,
coals in general may have a higher content of pyridine soluble material than previously
thought. Also, unlike single hydrogen bonds, ionic complexes do have sufficient cohesive
strength to act as cross-links, and it will prove interesting to investigate the extent to which
this affects coal properties.
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Chapter 4
Ionomer-Like Structures and π-Cation Interactions
in the Argonne Premium Coals

4.1 Introduction

Ionomers are synthetic polymers containing a relatively small fraction of ionizable
functional groups, a classic example being ethylene/methacrylic acid random copolymers
containing about 5% methacrylic acid groups. When these acid groups are exchanged to
form salts the resulting ionic groups micro-phase separate from the non-polar hydrocarbon
matrix to form small domains, often referred to as clusters or multiplets. Although the
domain size is usually small, perhaps of the order of 6 Å or so in diameter for the copolymer
mentioned above (see Eisenberg and Kim1 and citations therein), these multiplets have a
profound effect on properties, effectively acting as thermoreversible cross-links. For
example, the region surrounding the multiplets is one of restricted mobility, greatly affecting
relaxation processes.
In the previous chapter,2 the presence of an ionomer-like structure in Pittsburgh #8
coal was suggested, as the amount of pyridine soluble material increased dramatically on
treatment with acid and infrared spectroscopy showed that carboxylate groups were
converted to carboxylic acid groups by this treatment. Obviously, it would be important to
determine the generality of this observation. Accordingly, here results obtained from studies
of the Argonne Premium coals before and after acid treatment are presented.
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4.2 Experimental

4.2.1 Materials

Coal samples were supplied by the Argonne National Laboratory. The samples were
stored under nitrogen and used as received. Model compounds; 2-hydroxy-9-fluorenone
(2H9F), 2-methylnaphthoquinone (2MNQ), 4-hexylbenzoic acid, and 4-hexyloxylbenzoic
acid were obtained from Aldrich and used without further purification.

4.2.2 Preparation of Phenolic Copolymer Models

Phenolic copolymers were synthesized by condensation polymerization of
(alkyl)phenol, dihydroxynaphthalene and formaldehyde by a method described elsewhere.3,4
Essentially, the desired amount of (alkyl)phenol and dihydroxynaphthalene were dissolved in
water. An oxalic acid catalyst was then added and the mixture was stirred and preheated at
65 ºC for 30 minutes. Next, formaldehyde was added and the mixture was refluxed at 100 ºC
for 2 hours. As the polymerization proceeded, the mixture gradually changed color. Finally,
water was removed by heating under vacuum at a temperature of 180 ºC and a black solid
resin was obtained.

70
4.2.3 Preparation of Acid-Treated Coal Samples

The coal samples were acid-treated using the methodology described in the previous
chapter,2 except that here a 0.1N HCl was used rather than 1N HCl, to minimize any side
reactions. Essentially, 2.5 g of coal was placed in 250 mL of 0.1N HCl solution. The 0.1N
HCl solution was prepared by diluting concentrated HCl (37% in water) with THF so that
250 mL of the solution contains about 2 mL of concentrated HCl (and about 1 mL of water).
The mixture was stirred at room temperature under a nitrogen atmosphere for 2 days. The
THF and the trace amounts of water were then removed from the coal using a rotary
evaporator followed by high vacuum treatment at room temperature until it reached a
constant weight.
The possibility that HCl reacts with THF is unlikely under the conditions using in this
study (at room temperature and without the use of any catalyst). THF is the least reactive
cyclic ether in term of ring opening reactions.5 A strong initiator, such as a benzoyl cation
(C6H5CO+ SbF6-), is required to polymerize THF to polyTHF (-CH2CH2CH2CH2O-)n.6 To
confirm this, the FTIR spectrum of polyTHF was compared to that of THF + HCl and the
result showed no evidence for polymerization as a consequence of simply mixing the two
compounds.
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4.2.4 Preparation of Alkali and Acid-Treated Model Compounds

The model compounds were treated by 0.1N NaOH employing the same procedure
previously applied to coal.2 Essentially, solid NaOH was dissolved in as small amount of
water as possible and then diluted with THF. The model compound was soaked in this
solution at room temperature for 2 days. The solvent was then removed and the treated
sample was placed in vacuum at room temperature. In some experiments, the alkali-treated
samples were then soaked in 0.1N HCl to generate acid-treated samples.

4.2.5 Determination of the Pyridine-Extraction Yields

The soxhlet extraction procedure, and the calculation of extraction yields and the total
recovery were the same as that employed by Nishioka,7 as described earlier in chapter 2.

4.2.6 FTIR Spectra

FTIR spectra were recorded on a Digilab model FTS-45 at a resolution of 2 cm-1 by
co-adding 100 scans. Samples for FTIR experiments were prepared as standard KBr pellets,
using approximately 2 mg of coal or model compound samples in 250 mg of KBr. A
pressure of 9 tons was applied for 1 minute to compress the sample pellet.

72
4.2.7 Proximate Analysis

Proximate analysis was performed by the Center for Applied Energy Research,
University of Kentucky.

4.3 Results

In the previous chapter,2 attention was focused on Pittsburgh #8 coal and the results
indicate that the formation of ionic clusters, which act as cross-linking zones, are responsible
for the decrease in the extraction yield and the swelling ratio of this coal when it is soaked in
chlorobenzene, a result reported earlier by Larsen et al.8 The FTIR spectra of the original
and treated coal show that this is a consequence of the formation of carboxylate ions and
carboxylic acid salts from carboxylic acid groups, presumably by exchange with ions from
the coal mineral matter that become mobilized in the presence of chlorobenzene. The FTIR
spectra of the subsequently acid-treated coal reveal the regeneration of carboxylic acid
groups together with the disappearance of carboxylate bands. The removal of the ionic
clusters, which act like cross links, results in an increase in the pyridine-extraction yield.
Here the study is broadened to cover the set of Argonne Premium coals. The
pyridine-extraction yields of the original and (0.1N) acid-treated coals, calculated on a daf
basis, are shown in table 4.1. These results are the average of multiple extraction
experiments run on many of the coals. The numbers in parenthesis indicate total recovery.
The table also includes extraction yields reported by Nishioka,7 Fletcher et al.,9 and
Takanohashi and Iino,10 the latter using an NMP/CS2 mixed solvent system.
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Table 4.1 The pyridine-extraction yields (daf) of original and acid-treated coal samples, with
the number in parenthesis indicating total extraction recovery

Extraction yield (wt. %, daf)
Coal sample

Ash*
Original
coal

Acidtreated coal

Nishiokab

Fletcher et al. c

NMP/CS2 d

Beulah-Zap

9.7

8 (102)

36 (98)

15

3, 3

2

Wyodak-Anderson

8.8

15 (101)

39 (102)

24

7, 6

10

Illinois #6

15.5

34 (104)

45 (99)

42

38, 32

33

48 (101) a
Blind Canyon

4.8

32 (102)

39 (98)

-

29, 28

34

Lewiston Stockton

19.8

26 (104)

35 (100)

-

34, 27

27

42

17, 15

39

45

17, 15

59

5

1, 1

3

41 (103) a
Pittsburgh #8

9.2

41 (103)

45 (101)
53 (102) a

Upper Freeport

13.2

35 (100)

39 (99)
39 (97) a

Pocahontas #3

4.8

6 (101)

13 (107)

* Results from the Argonne Premium coal database
a

Soaked in 1N HCl solution

b

The extraction yield of original coals reported by Nishioka, reference 7

c

The extraction yield of original coals (daf basis), recalculated from data reported by

Fletcher et al., reference 9 The second set of data is the original result reported on a dry
basis.
d

The extraction yield of original coals using NMP/CS2 as mixed solvent, reported by

Takanohashi and Iino, reference 10
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The results that are most directly comparable to those reported here are those of
Fletcher et al.9 (which have been converted to a daf basis). Nishioka7 used complex, multiple
extraction schemes that varied from coal to coal and involved chemical modification (such as
methylation) and, for low rank coals, treatment with strong acid solutions (2N HCl).
Accordingly, these latter results are not comparable to those presented here. The NMP/CS2
extraction yields obtained by Iino and co-workers10 will be discussed later.
The largest increase in extraction yield is (unsurprisingly) observed in low rank coals,
Beulah-Zap and Wyodak-Anderson coals (350% and 160% increase in pyridine soluble
extraction yields, respectively). It is well-known that these coals contain exchangeable
carboxylate groups, but the size of the increase in extraction yield obtained by the relatively
mild acid treatment used here is, surprising, particularly compared to the results obtained by
Nishioka7 using a much stronger acid treatment.
Moving up in rank, Illinois #6 coal also shows a significant increase in extraction
yield (from about 34% to 45%), as does two of the high volatile bituminous coals, Blind
Canyon and Lewiston-Stockton. Pittsburgh #8 coal and Upper Freeport coal have smaller
(but reproducible) gains in extraction yields. Surprisingly, the highest rank coal in the set,
Pocahontas #3, has a 117% increase in extractable material upon acid treatment. High rank
coals are believed to have little or no carboxylic acid content.11
As mention above, previous studies have shown that a removal of cations in low rank
coals results in an increases in the pyridine extraction yield,7,12,13 (and of liquid yield on
liquefaction14). Sugano et al.,13 for example, observed an increase in the pyridine
extractability of low rank coals after demineralization (by treating coals with 4.6 N HCl and
2.3 N HF aqueous solution, followed by a rinse with large amount of water). However, the
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demineralization process employed by these authors, which removes almost 90% of the
mineral matter from the coals, is different from the mild acid treatment procedure applied in
this study, where a low concentration of HCl (0.1N) was used and the samples were not
washed after the treatment.
A proximate analysis of the samples before and after acid treatment reveals only
minor changes in the mineral matter as a result of mild acid washing. These results are
reported in table 4.2. The analysis was performed by an external laboratory and the samples
were sent in a random order and were not identified. There is a surprising amount of scatter
in the data, but the results suggest that the mineral matter content decreases a small amount
as a result of acid treatment. FTIR analysis indicates that this decrease is due to the removal
of carbonates such as dolomite or calcite in these samples (the calcite content in dry coal
basis is also shown in table 4.2). For example, the infrared spectrum of Pocahontas #3 is
shown in figure 4.1. Also shown in this figure is the spectrum of the coal after acid
treatment, together with a difference spectrum. Bands due to clays (between 1100 and 1000
cm-1 and 600 to 400 cm-1) do not appear to be affected, but there is a significant decrease in
the intensities of bands near1435 cm-1 and 870 cm-1, characteristic of carbonate minerals.15
However, these bands are very intense in the spectra of pure minerals, as reported by Snyder
and Painter et al.15 It was found that a sample of less than 0.1 mg was required in a
preparation of standard KBr pellet to obtain the bands within the Beer-Lambert law range.
This indicates that there is only a small change in mineral matter content as a result of acid
treatment, a conclusion supported by the proximate analysis results, where observed changes
are almost within the scatter of the results. Such relatively small changes do not affect the
conclusion that the extraction yield of soluble material increases significantly on acid

76
Table 4.2 Proximate analysis results of selected coal samples reported on a dry basis
Coal sample

Ash

Calcite*

Volatile

Fixed carbon

matter
Beulah Zap

0.1N HCl treated Beulah Zap

9.0

1.7

48.4

42.6

8.9

46.8

44.3

8.9

48.9

42.2

8.6

49.2

42.2

39.8

44.0

Illinois #6

16.2

1.9

0.1N HCl treated Illinois #6

15.8

42.1

42.1

14.6

42.3

43.1

38.2

52.3

Pittsburgh #8

9.4

0.1N HCl treated Pittsburgh #8

8.5

39.1

52.4

8.7

38.9

52.4

26.9

60.0

12.3

28.3

59.4

0.1N HCl treated Upper Freeport

12.3

30.2

57.5

1N HCl treated Upper Freeport

12.7

28.3

59.0

12.8

28.1

59.0

Upper Freeport

13.1

0.5

1.0

* The carbonate content reported in wt. % of calcite (dry basis), results from the Argonne
Premium coal database
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Figure 4.1 FTIR spectra of an acid-treated Pocahontas #3 (a), an original coal (b), and the
difference (c)
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treatment. Furthermore, there is no measurable increase in volatile mater, indicating that any
free HCl has been completely removed (the boiling point of HCl is –85 ºC).
An elucidation of the changes that are occurring in coal structure as a result of acid
treatment is now considered. This is fairly straightforward for low rank coals, but the results
from higher rank coals are less easily interpreted. The former will be considered first.
The 1800-1300 cm-1 region of the spectrum of the original Beulah-Zap coal, the acidtreated sample, and a difference spectrum are shown in figure 4.2. The corresponding
spectra for Wyodak-Anderson coal are shown in figure 4.3. The difference spectra from the
two coals show a decrease in the intensity of bands near 1555 cm-1 and 1400 cm-1 and an
increase in the intensity of a 1715 cm-1 band upon acid treatment. This change is similar to
results obtained by Painter and Coleman et al.16-19 many years ago in a study of the
ionomeric polymer, poly(ethylene-co-methacrylic acid), and the FTIR results obtained from a
neutralization of aromatic-acid model compounds; 4-hexylbenzoic acid and 4hexyloxylbenzoic acid, as shown in figure 4.4 and 4.5. The bands near 1555 cm-1 and 1400
cm-1 are assigned to carboxylate groups and the decrease in the intensity of these modes
implies that the coal loses ionic clusters upon acid treatment as a result of conversion to
carboxylic acid groups. This is reflected in the appearance of the 1715 cm-1 band in the
difference spectrum.
It is useful to now jump to a consideration of the highest rank coals in this sample set;
first, because their spectroscopic characteristics are distinct from the low rank coals; second,
because the coals of intermediate rank show elements of both types of behavior, so it is
useful to examine the extremes first.
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Figure 4.2 FTIR spectra of an acid-treated Beulah-Zap (a), an original coal (b), and the
difference (c)
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Figure 4.4 FTIR spectra of an aromatic-acid model compound, 4-hexylbenzoic acid, before
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Figure 4.5 FTIR spectra of an aromatic-acid model compound, 4-hexyloxybenzoic acid,
before (a) and after neutralization (b)
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The infrared spectra of Pocahontas #3 and Upper Freeport coals are shown in figures
4.6 and 4.7, respectively. Unlike the low rank coals, where the intensities of the OHstretching modes near 3400 cm-1 in the infrared spectrum of the acid-treated and original
samples appeared comparable, these coals have more intense OH modes, due to the presence
of some bound water. These samples were not dried at elevated temperature, because any
oxidation would interfere with the interpretation of the spectra. Accordingly, the aliphatic
CH stretching modes (near 2900 cm-1) were used as an internal standard, (as opposed to a 1:1
subtraction based on weight), on the assumption that these groups would be little affected by
mild acid treatment under nitrogen. As a result, the difference spectra, shown in figure 4.6
and 4.7, display a band near 1630 cm-1 due to water, which can be ignored. Just as in the pair
of low rank coals in this set, the pair of the highest rank coals displays remarkably similar
changes. There is a negative (below the baseline) band in the difference spectra (acid
treated–original coal) near 1430 cm-1, indicating the presence of some carbonate mineral or
minerals removed by acid treatment. There are also positive difference bands near 1693 cm-1
and 1590 cm-1 that appear upon acid treatment. The alkyl carboxylic acids that appear in the
spectrum of low rank coals have bands that appear at wavenumbers above 1700 cm-1. Bands
below 1700 cm-1 usually indicate the presence of conjugated carbonyl groups of some types.
Aromatic acids are one possibility. These have not been detected in other studies of coals,
but they are stronger acids than alkyl carboxylic acids and phenols and so may have
remained undetected in the titration and exchanged procedures usually used to detect such
groups. This means that some sort of negative difference peak round about 1550-1500 cm-1,
characteristic of carboxylate groups in the original sample, would be expected.
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Figure 4.6 FTIR spectra of an acid-treated Pocahontas #3 (a), an original coal (b), and the
difference (c)

85

1590

(b)

1690

1632

(a)

1439

(c)

1800

1700

1600

1500

1400

1300

-1

wavenumber (cm )
Figure 4.7 FTIR spectra of an acid-treated Upper Freeport (a), an original coal (b), and the
difference (c)
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Unfortunately, the presence of any such group is masked by the difference band due to the
elimination of carbonate minerals.
Quinone and semi-quinone groups are another possibility for the origin of the 1690
cm-1 band. The reason why bands due to these groups may become more apparent upon acid
treatment will be discussed later. Finally, one cannot rule out that at some stage in our
handling of samples some mild oxidation occurred, in spite of our attempts to limit this by
using a nitrogen atmosphere, etc. In this regard, it should be noted that bands near 1690 cm-1
in the spectra of lower rank coals, which are more liable to oxidation (methylene groups
adjacent to aromatic rings being particularly susceptible) are not observed.
In addition to the difference band near 1690 cm-1, there is one clearly resolved near
1590 cm-1 in the Pocahontas #3 difference spectrum and present as a shoulder in the Upper
Freeport difference spectrum. This band is most likely due to aromatic groups that have been
shifted from their position near 1600 cm-1 in the spectra of the original coals, for reasons
which will be made clear below.
The 1800-1300 cm-1 region of the spectra of the remaining four coals are shown in
figure 4.8-4.11. The Blind Canyon coal (figure 4.8) shows changes similar to but less
pronounced than those observed in the low rank coals. The Lewiston-Stockton and
Pittsburgh #8 coals show spectroscopic characteristics that are closer to the higher rank coals,
but the carbonyl or carboxylic acid band is much broader and probably a composite of
contributions from bands observed at wavenumbers above and below 1700 cm-1. Illinois #6
coal shows only small spectroscopic changes in the band near 1600 cm-1 and this is partly
masked by the 1630 cm-1 water band. This leaves a conundrum; it is clear that extraction
yields increases significantly with acid treatment, but the origin of this effect in anything but
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Figure 4.10 FTIR spectra of an acid-treated Lewiston-Stockton (a), an original coal (b), and
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difference (c)
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the low rank coals is not at all obvious from the infrared studies. However, these will
provide some supporting evidence for other results that will now be considered.
There is a recent body of work dealing with π-cation interactions in aromatic systems
(see references 20-22 and citation therein). Essentially, it has been shown that cations bind
to the π face of an aromatic structure through a surprisingly strong interaction (19 kcal/mol
for K+/benzene in the gas phase). Recent work indicates that for cations such as Li+ and Na+
the interaction predominantly involves induction forces. Coal is, of course, not only a
complex organic system but one that is almost invariably found with various types of mineral
matter. It is possible that π-cation interactions could well exist in coal. Indeed, given the
nature of coal and the recent work demonstrating both the strength and ubiquity of this
interaction20-22 it would now be surprising if they were not present. But could such
interactions act as cross-links, reducing the solvent swelling and extractability of coal? In
previous work in this laboratory, Painter et al.4 have argued that point interactions such as
hydrogen bonds with “strengths” or enthalpies of the order of 4-5 kcal/mol cannot. This
interaction is apparently four or five times “stronger” than hydrogen bonds and would
therefore behave very differently.
In recent work,3,4 it has been demonstrated that phenolic resins are good models for
coal and for the purposes of this study three resins were synthesized, using
dihydroxynaphthalene, phenol and ethylphenol in various proportions, all reacted with
formaldehyde. The extraction yields obtained from these networks was determined before
and after treatment with 0.1N NaOH and 0.025N NaOH. In each case about 1 g of resin was
treated with 50 mL of THF to which was added the appropriate amount of a 1N aqueous
solution of NaOH to obtain the desired NaOH concentration. The ratio of NaOH to phenolic
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OH groups was about 1:5 for the 0.1N NaOH treated samples and 1:20 for the 0.025N NaOH
treated samples. Accordingly, it seems unlikely that there is significant ionization of the
(weakly) acidic phenolic OH groups under these conditions in this medium. Nevertheless,
there is a significant reduction in the amount of pyridine soluble material in these samples, as
shown in table 4.3. The three resins had a range of cross-link density, such that the amount
of pyridine soluble material varied from a high of 94% in the first sample to a low of 12% in
the third. All displayed a marked reduction in pyridine extraction yields, the most surprising
being the first sample (2,7-DHNF40), where the amount of pyridine soluble material
decreased from 94% to 3% when treated with 0.1 N NaOH and from 94% to 79% when
treated with 0.025N NaOH.
If the origin of this reduction is π-cation interactions, which are non-specific and do
not involve particular functional groups, then only subtle changes in the spectrum would be
expected, related predominantly to the ring modes. Indeed, this is largely the case. The
spectrum of a copolymer made from ethylphenol and 2,7-dihydroxynaphthalene (50:50)
reacted with formaldehyde (EPDHNF50) shows a broadening of the characteristic ring mode
near 1600 cm-1 and a shift to lower frequency, near 1590 cm-1, as shown in figure 4.12,
similar to the changes observed in medium and high rank coals. These spectra were obtained
in diffuse reflectance in order to examine the OH-stretching region, shown in figure 4.13,
where there are also significant shifts and intensity changes. π-Cation interactions would be
expected to change the distribution of electrons in an aromatic system, thus affecting various
band frequencies and intensities and this type of interaction might be significantly stronger in
heterocyclic systems (there is not much work in the literature on this point as yet, most
studies have focused on biological systems). Indeed the spectra of samples of a quinone and
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Table 4.3 The extraction yields (in pyridine) obtained from phenolic resins

Extraction yield (wt. %)
Resins
Original sample

Treated sample

Treated sample

(0.025N NaOH)

(0.1N NaOH)

94

79

4

35

-

2

12

9

-

40% 2,7-Dihydroxynaphthalene/
60% phenol/formaldehyde
(2,7-DHNF40)
50% 1,5-Dihydroxynaphthalene/
50% ethylphenol/formaldehyde
(EPDHNF50)
40% 1,5-Dihydroxynaphthalene/
60% phenol/formaldehyde
(1,5-PDHNF40)

1455

1591

1414

1456

1664

1640

1601

1502

94

(b)

1800

1774

1664

(a)

1750

1700

1650

1600

1550

1500

1450

1400

wavenumber (cm-1)

Figure 4.12 FTIR spectra of poly(ethylphenol50-co-dihydroxynaphthalene50 /formaldehyde)
resin (a), and the resin after treatment with 0.1N NaOH (b)
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Figure 4.13 FTIR spectra of poly(ethylphenol50-co-dihydroxynaphthalene50 /formaldehyde)
resin (a), and the resin after treatment with 0.1N NaOH (b)
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semi-quinone before and after NaOH treatment, shown in figure 4.14 and 4.15 respectively,
also show significant changes in the aromatic modes. Again the aromatic ring-stretching
mode near 1600 cm-1 shifted to 1590-1580 cm-1 and, interestingly, the band near 1670 cm-1 in
the quinone is eliminated and the 1690 cm-1 carbonyl band in the semi-quinone is reduced
significantly in intensity. The C=O vibrations in quinones are coupled strongly to the ring
modes, so these changes are not unexpected if the π bonds of the system are strongly
perturbed by an interaction. (Note that a strong band near 1450 cm-1 appears in both spectra.
NaOH has a band at this frequency, so we cannot attribute this to a change in the system).
These results suggest that the band near 1690 cm-1 in the spectra of the acid washed coals
may be due to a removal of cations, hence π-cation interactions upon acid treatment.

4.4 Discussion

These results are by no means as definitive as one would like, partly because π-cation
interactions, which may be significant in medium and high rank coals, are not specific in the
sense that, say, hydrogen bonds are and are thus less easy to characterize spectroscopically.
Nevertheless, the results obtained from treating phenolic resins indicate that such interactions
could have a pronounced effect on solubility. In this regard, the recent results of Takahashi
et al.23 that anions with a small radius or large electronegativity increase the amount of
soluble material obtained in the NMP/CS2 extraction of coal is important. Such anions
would be expected to preferentially bind to the cations involved in any π-cation complex,
thus removing the junction zones that such complexes might provide.
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Figure 4.14 FTIR spectra of 2-methylnaphthoquinone (2MNQ) (a) and 2MNQ after alkali
treatment (b)
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No doubt other possible causes for the increased solubility of these coals upon acid
washing can be invoked, but this study has attempted to account for these. Radicals
generated from THF could be involved in breaking covalent bonds, for example. To
preclude this possibility some coals were simply soaked in THF and their extraction yields
were measured. No increase in pyridine soluble material was observed. Also, Chen et al.24
reported that hydrolysis of some weak ester and ether bonds can occur during treatments with
concentrated acid/alkali solution (40 g of coal with 160 mL of 3N HCl or 1.5N NaOH for 1
hour at 180 ºC). There is no evidence for any appreciable amounts of esters (bands near
1730 cm-1) in the original spectra of these coals and it seems unlikely that ethers would
cleave under these mild room temperature conditions.
Accordingly, the evidence presented here indicates that in most coals there are
“reversible” cross-links associated with ionic structures (low to medium rank coals) and with
π-cation interactions in higher rank coals. This, in turn, suggests that the cross-links in coal
should be considered in a different way, classifying them into two types; first “permanent”
covalent linkages that only cleave at high temperatures or through chemical reaction; second,
“reversible” cross-links, largely associated with ionic structures such as carboxylate salts and
probably π-cation complexes. Others would add hydrogen bonds to this list, but these are
relatively weak interactions compared to the linkages considered above and the contacts are
transient above the Tg or in solution.
There is a school of thought that regards coal as largely an associated structure, based
largely on the seminal work of Iino and co-workers.25,26 However, much of this work is
based on results obtained from a single coal, Upper Freeport, about 59% of which is soluble
in NMP/CS2 mixtures compared to only 35% in pyridine. This coal appears to be
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anomalous. The NMP/CS2 solubility of the Argonne Premium coals are also shown in table
4.1 and it can be seen that with the exception of the Upper Freeport coal the yields are
comparable to those obtained with pyridine before acid treatment. This will be explored in
chapter 5.
Finally, these results have a number of ramifications. First, the cross-link density of
coal as a function of rank has historically been regarded as reaching a minimum for coals of
about 86 %C, based on the observation that coals of about this carbon content swell more and
give the highest extraction yields using solvents like pyridine. If attention is now just
focused on “permanent” cross-links, the pattern is different, as shown in figure 4.16. The
trend appears to be an exponential (e-x) variation, with pyridine extraction yields ranging
from values of about 43% for low rank coal, dropping slowly to near 40% for coals of carbon
content of about 86%, followed by a precipitous decline at higher rank. These “permanent”
cross-links presumably have a greater effect on properties than their ionic counterparts,
which at least in synthetic polymers are thermoreversible.
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Figure 4.16 The pyridine-extraction yields of original and acid-treated coals with various
carbon content
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4.5 Conclusion

The results presented here indicate that ionic clusters formed by carboxylate groups in
low rank coals and π-cation interactions in higher rank coals are significant components of
coal structure and act as “reversible” cross-links. The nature of the ionic clusters varies with
coal rank, with carboxylates dominating in low rank coals, and π-cation interactions probably
dominating in high rank coals. In between, both mechanisms appear to play a role. The
existence of these ionic structures is responsible for significantly lowering the solvent
extractability of coal and presumably affects other properties in a significant manner.

103
4.6 References

(1) Eisenberg, A.; Kim, J. S. Introduction to Ionomers; Wiley: New York, 1998.
(2) Painter, P. C.; Opaprakasit, P.; Scaroni, A. W. Energy & Fuels 2000, 14,
1115-1118.
(3) Opaprakasit, P. M.S. Thesis. The Pennsylvania State University 1999.
(4) Painter, P. C.; Opaprakasit, P.; Sobkowiak, M.; Scaroni, A. W. Pap. Amer.
Chem. Soc. 1999, 218, 17.
(5) Odian, G. G. Principles of Polymerization; Wiley: New York, 1991; pp 535538.
(6) Alamgir, M.; Moulton, R. D.; Abraham, K. M. Electrochim. Acta 1991, 36,
773-782.
(7) Nishioka, M. Fuel 1991, 70, 1413-1419.
(8) Larsen, J. W.; Flowers, R. A.; Hall, P. J.; Carlson, G. Energy & Fuels 1997,
11, 998-1002.
(9) Fletcher, T. H.; Bai, S.; Pugmire, R. J.; Solum, M. S.; Wood, S.; Grant, D. M.
Energy & Fuels 1993, 7, 734-742.
(10) Takanohashi, T.; Iino, M. Energy & Fuels 1990, 4, 452-455.
(11) Schobert, H. H. The Chemistry of Hydrocarbon Fuels; Butterworths: London,
1990; p 123.
(12) Nishioka, M.; Gebhard, L. A.; Silbernagel, B. G. Fuel 1991, 70, 341-348.
(13) Sugano, M.; Mashimo, K.; Wainai, T. Fuel 1999, 78, 945-951.

104
(14) Mochida, I.; Moriguchi, Y.; Shimohara, T.; Korai, Y.; Fujitsu, H.; Tenjiro, T.
Fuel 1983, 62, 471-473.
(15) Snyder, R. W.; Painter, P. C.; Cronauer, D. C. Fuel 1983, 62, 1205-1214.
(16) Coleman, M. M.; Lee, J. Y.; Painter, P. C. Macromol. 1990, 23, 2339-2345.
(17) Painter, P. C.; Brozoski, B. A.; Coleman, M. M. J. Polym. Sci. Polym. Phys.
Ed. 1982, 20, 1069.
(18) Snyder, R. W.; Painter, P. C.; Havens, J. R.; Koenig, J. L. Appl. Spectrosc.
1983, 37, 497-502.
(19) Squires, E.; Painter, P. C.; Howe, S. Macromol. 1987, 20, 1740-1744.
(20) Tsuzuki, S.; Yoshida, M.; Uchimaru, T.; Mikami, M. J. Phys. Chem. A 2001,
105, 769-773.
(21) Ma, J. C.; Dougherty, D. A. Chem. Rev. 1997, 97, 1303-1324.
(22) Dougherty, D. A. Science 1996, 271, 163-168.
(23) Takahashi, K.; Norinaga, K.; Masui, Y.; Iino, M. Energy & Fuels 2001, 15,
141-146.
(24) Chen, C.; Gao, J. S.; Yan, Y. J. Energy & Fuels 1998, 12, 1328-1334.
(25) Iino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 1639-1647.
(26) Takanohashi, T.; Iino, M.; Nishioka, M. Energy & Fuels 1995, 9, 788-793.

Chapter 5
NMP/CS2 Mixed Solvents
and the Dissolution Mechanism of Upper Freeport Coal

5.1 Introduction

As mentioned elsewhere in this thesis, the nature of the network structure of coal
remains controversial, although a vast amount of research has been carried out over the last
half a century. Because of its complex amorphous and heterogeneous structure, it is difficult
to apply traditional methods of characterization to this material. One approach, based on
traditional polymer science, is to use the solvent extractability and the degree of swelling in
solvents to get a measure of cross-link density. Based on results obtained by these
techniques, two ideas have been proposed. The first idea considers coal to consist of a
covalent network, with lower molecular weight molecules trapped inside the network. The
amount of this material varies systematically with coal rank. Others consider coal to be
largely an associated structure of smaller molecules held together by secondary interactions,
such as hydrogen bonding, π-π interaction, and charge transfer complexes. This idea is based
mainly on the results obtained by Iino and coworkers1 using the extraction of coal with Nmethylpyrrolidone/carbon disulfide (NMP/CS2).
It has been reported that the pyridine extraction yield of coals reaches its maximum at
~ 40% (daf) for coal with ~86 % C and drops to ~5 % for higher and lower rank coals.
Results presented earlier in this thesis have modified these results somewhat (see chapter 4),
but the main point remains, coal contains a large insoluble fraction. However, the seminal
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work of Iino and coworkers1-6 indicated that NMP/CS2 mixed solvents gave a much higher
extraction yield, at least in certain coals. These authors also suggested that chemical
reactions and bond cleavage are unlikely to occur during the extraction and concluded that
coal largely consists of molecules that are bound together by secondary interactions.
Furthermore, the addition of a third component, such as tetracyanoethylene,
tetracyanoquinodimethane, p-phenylenediamine, and tetrabutylammonium fluoride further
increases the extraction yield.1-3,7-11 However, significantly enhanced extraction yields
seemed to be confined to a specific coal, Upper Freeport (the results for other coals are
comparable to the yields obtained from pyridine extraction, as shown earlier in chapter 4).
Although the superior extractability of NMP/CS2 mixed solvent is specifically
effective on Upper Freeport, which may therefore just be an anomalous coal, it is still
important to understand the synergistic effect obtained by combining these two solvents.
Two questions needs to be answered. First, is there a specific interaction or a complexation
taking place between the two solvents that promotes its ability to break coal interactions?
Second, does Upper Freeport coal contain specific functional groups that are suitable for
dissolving in this particular mixed solvent? If so, how would these specific functional
groups interact with the solvent? The answer to the first question needs to be addressed in
term of self-association or interactions of the individual solvents and how these interactions
change when the solvents are mixed. That is the question that will be addressed in this
chapter.
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5.2 Experimental

5.2.1 Materials

The Upper Freeport coal sample used in this study was supplied by the Argonne
National Laboratory. The sample was stored under nitrogen and used as received. Pyridine,
N-methylpyrollidone (NMP), and carbon disulfide (CS2) were obtained from Aldrich and
used without further purification.

5.2.2 Determination of the Extraction Yields

Upper Freeport coal was extracted by various single and mixed solvents. The
extractions with NMP, NMP/CS2, NMP/toluene, and NMP/cyclohexane were carried out
using the procedure reported by Iino.12 Essentially, the coal was placed in the appropriate
(binary) solvent and the mixture was stirred for 4 hours and passed through a glass filter.
The remaining solvent was then removed, the extract was stored in a vacuum for one week,
and its weight was recorded. The residue was washed with an excess amount of water and
finally with 2 % THF solution in water. The solid was then dried in a vacuum oven and its
weight was recorded. Acid-treated coal was extracted using a similar extraction procedure.
The extraction by pyridine and pyridine mixed solvents used the same procedure as that
described in chapter 4.
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5.2.3 Study of the Interaction between NMP and CS2

FTIR, UV-Vis and NMR spectroscopy were employed in an attempt to obtain insight
into the interaction between NMP and CS2. Infrared spectroscopic measurements were
recorded on a Digilab model FTS45 FTIR spectrometer at a resolution of 2 cm-1. A
“Thunder Dome Digi” ATR cell supplied by Spectra Tech was used in an Attenuated Total
Reflectance (ATR) FTIR experiment. 1H-Detected Heteronuclear Multiple Quantum
Coherence (HMQC) and Heteronuclear Multiple Bond Connectivity (HMBC) experiments
were performed on a Bruker WP-400 MHz FT-NMR spectrometer, in order to study any
complex formation by NMP and CS2. Finally, UV-Vis spectroscopic measurements were
made on a Perkin Elmer spectrometer model Lambda 2S.

5.3 Results and Discussion

5.3.1 Extraction Yields and the Infrared Spectra of Upper Freeport Coal
Extracted by NMP/CS2

It is intriguing that an NMP/CS2 mixed solvent (50:50 v/v) has a large effect on the
extraction yields obtained from Upper Freeport coal, but does little to enhance the extraction
yields obtained from most other coals. Iino’s experiments were repeated and the results are
shown in table 5.1, where the yields obtained from other solvents are also listed. The results
indicate that pyridine is the most effective single solvent (35 %). When the coal was acid-
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Table 5.1 The extraction yields of Upper Freeport coal extracted by various types of solvents
(daf)

Solvent

Extraction yield
(wt. %)

NMP

22

Pyridine

35

NMP / toluene

17

NMP / cyclohexane

20

NMP / CS2

50

NMP (Acid-Treated sample)

33

Pyridine (Acid-Treated sample)

39

NMP / CS2 (Acid-Treated sample)

27
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treated, the amount of extractable material increases to 39 % due to a removal of physical (πcation) cross-links, as described earlier. As expected, the extraction yield obtained using
pure NMP (22 %) is lower than that of pyridine, indicating a poorer extractability, partly
because of its weaker basicity and a less accessible N atom. The N atom in pyridine has one
lone pair electron available for hydrogen bonding with coal OH groups. Even though the N
atom in NMP also contains a lone pair electron, its electron donor ability is lowered by
resonance stabilization with the adjacent carbonyl group. Moreover, the N atom is methyl
substituted and this gives some steric hindrance.
When acid treated coals are extracted with NMP, an increase in the extraction yield is
also observed, so that it becomes equivalent to yields obtained by pyridine extraction. The
amount of soluble material increases from 22 to 33 %, indicating that a “loosening” of the
coal structure as a result of acid treatment occurs, regardless of the solvent used in the
extraction. When using NMP/non-polar mixed solvents, however, the extraction yield
decreases dramatically. The amount of soluble material from NMP/toluene and
NMP/cyclohexane is 17 and 20 %, respectively. This is not surprising, since these non-polar
solvents “dilute” the number of interactions that occur between coal and NMP, resulting in a
decline in coal-solvent miscibility.
Intriguingly, when CS2 is added the extraction yield increases to almost 50 %.
Although this yield is less than that reported earlier by Iino et al.,2-6,13 it is apparent that the
yield is nevertheless greatly enhanced by adding this second component. However, it is
useful to note that when this mixed solvent is applied to an acid-treated sample, the yield
decreases to 27 %, which is lower than the extraction yield obtained with pyridine. Given
reports that an addition of anion species further promotes the extraction yield obtained with
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NMP/CS2 binary solvents, this reduction in the yield may not be unexpected, because acidtreatment removes anion species from the coal structure. This approach has been discussed
previously in chapter 4, where the infrared spectra of Upper Freeport coal before and after
acid treatment were examined. The difference spectrum displays a negative band near 1430
cm-1, indicating a removal of some carbonate minerals, and a positive difference band near
1690 cm-1 that corresponds to a conversion of conjugated carbonyl anions or aromatic
carboxylates to carboxylic acid upon acid treatment.
The infrared spectra of Upper Freeport coal and its extraction products are now
examined. A Diffuse Reflectance FTIR was employed to obtain more information in the
region below 1300 cm-1 and to minimize a moisture bands in the OH-stretching region.
Figure 5.1(a) shows a spectrum of the original coal. The bands due to mineral matter are
particularly strong because of the high mineral matter content. This coal contains about 13 %
ash that is formed from various mineral species (largely clays). A strong aromatic band at
3045 cm-1 also indicates a high content of aromatic groups, a characteristic of high rank
coals.
The spectrum of an extract shows a similar pattern to that of the original sample,
except that bands due to mineral matter appear to be absent (there are some weak bands, such
as the one at 1038 cm-1 that may be due to traces of mineral matter). As a result of this lack
of mineral matter content, bands due to aromatic group vibrations, for example the three
bands between 870-753 cm-1, are relatively much stronger. Additionally, a new carbonylstretching band is observed at 1678 cm-1. This corresponds to residual NMP that is very
difficult to remove completely from the extract. The carbonyl-stretching band of NMP also
appears in the spectrum of the residue.
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Figure 5.1 FTIR spectra of Upper Freeport coal (a), the residue from an NMP/CS2 extraction
(b), and the soluble material (c)
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The FTIR spectra of soluble material obtained using other solvents are shown in
figure 5.2. The spectra of extracts from NMP/CS2, NMP/cyclohexane and pure NMP are
almost identical to one another and do not provide additional information about the
difference in functional groups of these three samples, despite a large difference in extraction
yields (an almost 200 % increase in the extraction yield from NMP/cyclohexane to
NMP/CS2). In fact, the spectra indicate that the functional group content of each of these
samples, or, more accurately, the functional groups that give rise to significant IR bands, do
not vary much from extract to extract. Accordingly, in order to elucidate the nature of the
coal/mixed solvent interaction responsible for enhanced extraction yields a more detailed
examination of the spectroscopic characteristics of the solvent was initiated.

5.3.2 Determination of Complex Formation in NMP/CS2 Binary Solvents by 2D
NMR Spectroscopy (HMBC and HMQC)
Turning now to an examination of interactions between NMP and CS2, one
hypothesis concerning possible complex formation can be checked by using two-dimensional
NMR spectroscopy; 1H-Detected Heteronuclear Multiple Quantum Coherence (HMQC) and
Heteronuclear Multiple Bond Connectivity (HMBC). These techniques, called inverse
detection, employ a use of j coupling to promote coherence transfer from 13C to 1H, followed
by a detection of the 1H signal, which is more sensitive than 13C. The major advantage of
this is an enhancement in the detection of signals from atoms other than protons, for
example, the sensitivity of detecting 13C atoms is increased by 32 times comparing to a
normal 13C detector. These two experiments in combination are capable of determining both
close and long-range bonded correlations. Results from an HMQC experiment show a one-
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Figure 5.2 FTIR spectra of Upper Freeport extracts from NMP/CS2 (a), NMP/cyclohexane
(b), and NMP (c)
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bonded or a direct connection of C and H. On the other hand, HMBC provides information
on longer-range (two and three-bonded) correlations. (The one-bonded correlation is usually
filtered out from this NMR gradient, but the correlation maybe present in some molecular
systems.14,15)
NMP has two active “points” that can accommodate complexation, at the N and O
atoms, while CS2 has one active point, at the carbon center. Two possible complex structures
are shown in figure 5.3. The first structure involves a resonance stabilization of the lone pair
electrons of the N atom to the adjacent double bond of carbonyl group, resulting in a
complextion at the O of NMP and the C atom of CS2 (see figure 5.3 b). The other possible
structure is generated by a direct attack from the lone pair electron of the N to the carbon
center of CS2 (see figure 5.3 c).
Figure 5.4 represents the HMQC gradient of NMP, which is used as a reference. The
X-axis of this gradient corresponds to proton signals, while the Y-axis represents 13C signals.
The signal coordinate indicates one-bonded connectivity between corresponding C and H
atoms. In conjunction with this, the HMBC gradient, which reflects any longer-range
connectivity of NMP in d-12 cyclohexane and CS2 are shown in figure 5.5 and 5.6,
respectively. Cyclohexane was used as a control system for the NMP/CS2 mixtures. The
results from this experiment should allow the determination of the presence of the complex
structure shown in figure 5.3 c, which consists of three-bonded correlations between the H
atoms (2 or 6 position) and the C atom of CS2. This correlation would be reflected by signals
at (192 ppm C, 3.1 ppm H) and (192 ppm C, 2.4 ppm H), respectively, and would be present
in the HMBC gradient of NMP/CS2 but not in the NMP/cyclohexane gradient. However, the
results indicate that the correlation pattern between the gradients of NMP in
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d-12 cyclohexane is identical to that in CS2. Although two and three-bonded correlations are
evidently detected, no correlation pattern corresponding to complex formation has been
found, indicating that there is no stable bond formation between NMP and CS2. This result
rules out any possibility of strong complex formation. However, it is important to note that
this result does not rule out dynamic bond formation that constantly forms and breaks in a
shorter time frame than that of the NMR experiment. Nevertheless, we can conclude that a
strong stable bond between the N atom of NMP and the C center of CS2 does not occur.

5.3.3 Changes in the Visible Region of the Spectrum

Given the results reported earlier in this thesis concerning π-cation interactions, it was
decided to consider the changes that occur to CS2 and NMP in acid and base environments.
Color change was used as a simple initial indicator of interactions in both acid and base
environments. The results, summarized in table 5.2, indicate that neat CS2 is transparent and
its color remains unchanged upon mixing with acid solutions. However, a color change is
observed when this compound is mixed with strong base solutions. The degree of color
change seems to increase with the basicity of the added species. For example, the color of
CS2/NaOH is more intense than that of CS2/triethylamine (Et3N). Although CS2 is a non
polar solvent, this is not surprising because CS2 is a very polarizable molecule and
charge/induced dipole interactions are known to occur in these systems. The resulting
perturbation of the CS2 π orbitals results in a shifting of absorption bands to the visible region
and the observed color changes. When pyridine and NMP are added to CS2, however, the
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Table 5.2 The color change results of CS2 in acid and base environments

Sample

Volume ratio

CS2

Color
transparent

CS2/ HCl

1:1 v/v

transparent

CS2/NaOH

1:1 v/v

reddish-yellow (+++)

CS2/NH4OH

1:1 v/v

reddish-yellow (++)

CS2/Et3N

1:1 v/v

reddish-yellow (+)

CS2/NMP

1:1 v/v

transparent

CS2/pyridine

1:1 v/v

transparent

CS2/NMP/NaOH

20:20:1 v/v

yellow

+ indicates the degree of color change
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mixture remains transparent. Clearly, any interaction in these systems is not as strong, but
could still occur.
A more precise measure of interactions than color change is provided by UV-Visible
absorption spectroscopy. The UV-Vis spectra of the single and mixed solvents are shown in
figure 5.7. The spectrum of CS2 shows a λmax in the UV region at 304 and 321 nm, while
NMP also has a strong UV absorption near 252 nm, which is accompanied by a shoulder at
275 nm. These results are equivalent to those reported earlier,16 and these bands are assigned
to n → π* and π → π* transitions, respectively.17 When these two compounds are mixed,
the λmax now red-shifts to 359 nm. This absorption is most likely associated with the n→ π*
transition of CS2, whose energy gap is reduced as a result of an interaction. The mixture also
absorb strongly throughout the region lower than 360 nm. These results are most likely due
to a dipole/induced dipole interaction between the strong dipole of NMP and the highly
polarizable S=C=S bonds. Additionally, when a slight amount of NaOH is added, the λmax
further red-shifts to 374 nm, with a shoulder absorption in the visible region at 467 nm. This
is consistent with the results obtained from the color change experiments, where a reddishyellow solution was observed.
Given these initial results, it was postulated that NMP/CS2 is capable of forming
complexes with cations, possibly on a 1:1:1 molar basis, or with some other fixed ratio of
components. Such complexes would be solvated and transient at high concentrations of
NMP/CS2, breaking and reforming at the urgings of thermal motion, but might precipitate in
the form of a solid complex when the right proportions of components are present. This is
exactly what occurs, as shown in figure 5.8.
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Figure 5.7 UV-Vis spectra of CS2 (a), NMP (b), NMP/CS2 1:1 v/v binary solvent (c), and
NMP/CS2/NaOH 20:20:1 v/v (d)
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The experiments that were conducted were very simple. Solvent, either pure NMP,
pure CS2 or a 1:1 molar mixture of the two were placed in glass vials and a concentrated
aqueous solution of salt (NaCl or LiCl) or NaOH were added dropwise, while the solvents
were stirred. Upon adding NaOH to the1:1 mixed solvent, a black precipitate appeared near
the end of the addition when a 1:1:1 molar concentration of NMP/CS2/NaOH, was reached,
as shown in figure 5.8. This precipitate stayed suspended near the bottom part of the mixed
solvent, while a largely aqueous layer phase separated, forming the bottom layer of the
material in the vial. Adding NaOH to NMP and CS2 alone did not result in the formation of
any precipitated complex, just a phase separation into aqueous and organic solvent layers.
Because NaOH is a strong base, it is interesting to also explore what would happen if
a simple salt, NaCl in the form of an aqueous solution, was added to these solvents. Again,
no precipitate was obtained with pure NMP and pure CS2, just a phase separation into
predominantly organic and aqueous phases, but in the mixed solvent system a precipitate
formed, this time white. Furthermore, this precipitate appeared at much lower
concentrations, approximately a ratio of 1:1:0.1 NMP/CS2/NaCl. Finally, precipitates were
also obtained by adding an aqueous solution of LiCl to NMP/CS2 mixtures (1:1:1 molar
ratio), which can be seen at the bottom of the vial. A faint precipitate was also obtained
when LiCl was first dissolved in dioxane, as opposed to water, before adding to the
NMP/CS2 mixed solvent.
The ability of NMP/CS2 mixed solvents to form complexes with cations, while the
parent solvents cannot, would seem to be at the heart of their ability to dissolve larger
fractions of certain coals than other solvents. At this point it is not clear if this is because
they interact directly with certain functional groups in coal, or species such as cations that
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through strong interactions (e.g. π-cation) act as crosslinks in these coals. Either way,
characterization of the structure of the complexes should provide some clues. Accordingly,
these samples were characterized using FTIR spectroscopy.

5.3.4 FTIR Spectroscopic Studies

Before discussing the interactions involved in NMP/CS2 mixtures and the complexes
formed with cations, it is useful to first discuss the spectroscopic characteristics of these
individual solvents. CS2 will be discussed first. Due to its linear structure and center of
symmetry, CS2 has an extremely simple infrared spectrum, whose fundamental bands have
been assigned as followed;18

ν1 = 655.5 cm-1 (symmetric stretching mode, IR inactive, Raman active)
ν2 = 396.8 cm-1 (bending mode, IR active)
ν3 = 1523 cm-1 (asymmetric stretching mode, IR active)
ν3- ν1 = 878 cm-1 (combination band)
ν3 + ν1= 2179 cm-1 (combination band)
ν3 + 2ν2 = 2330 cm-1 (combination band)

Despite this simple structure, in practice it is not easy to record a reproducible
infrared spectrum of CS2 in transmission. The position and shape of the observed bands are
affected by the volatile nature of the solvent, which tends to leak from so-called sealed cells
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during the course of recording the spectrum. However, the ATR cell used here gave
reproducible results.
Figure 5.9 shows an infrared spectrum of CS2 recorded in the ATR cell. The only
fundamental mode observed in this spectrum is the asymmetric stretching mode (ν3), the
most intense band at 1527 cm-1. The symmetric stretching mode does not appear because it
is IR inactive, while the bending mode occurs out of this spectrophotometer’s range (lower
than 400 cm-1). Combination modes are observed at 2176 cm-1 (ν3 + ν1) and 2330 cm-1 (ν3 +
2ν2), however. The FTIR spectrum of NMP, also shown in figure 5.9, is more complex and
its major bands are assigned as followed;
1686 cm-1 carbonyl stretching (amide I) band
2944 and 2881 cm-1 C-H stretching mode
1503 cm-1 “amide II” band (predominantly C-N stretching)

There are systematic changes in the spectra of NMP and CS2 as a function of
composition, but these do not bear on the main thrust of this chapter and will not be
discussed in details. However, one of the steps leading to this work was a study of
clay/NMP/CS2 interactions, which is discussed in an appendix. Here, a systematic
examination of the effect of additives on the FTIR spectra of the solvents will be considered,
starting with the mixtures listed in table 5.2. The spectra of these samples are shown in
figure 5.10 and 5.11, where the region of the ν3 mode and the ν3 + ν1 combination bands are
displayed. The spectra of neat CS2 and CS2/HCl are very similar, with ν3 and ν3 + ν1 bands at
1527 cm-1 and 2170 cm-1, respectively. However, the ν3 + ν1 band of CS2 in a base solution
shifts to a lower wavenumber, 2155 cm-1. The corresponding ν3 mode at 1527 cm-1 also
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decreases in intensity and a shoulder at 1460 cm-1 appears. This indicates that CS2 π bonds
are affected by base species.
Now consider the FTIR spectra of CS2 in the presence of NMP and pyridine, in which
no color change is observed. The results are shown in figure 5.11, where the spectra of neat
CS2 and CS2 in cyclohexane are also displayed. The spectrum of CS2 in a non-polar solvent,
cyclohexane, shows a ν3 band at 1524 and 1517 cm-1 (shoulder), and a ν3 + ν1 combination
mode at 2172 and 2159 cm-1 (shoulder). This spectrum represents the CS2 molecule in its
“isolated” state, because cyclohexane is a non-polar solvent that effectively dilutes any selfassociation interactions of CS2. The spectrum of neat CS2 shows a broader band pattern that
is probably due to some sort of self-association effect (presumably due to strong dispersion
interactions). The corresponding bands of CS2 in pyridine, however, shift to 2165 and 1519
cm-1, and there is further shift to 2161 and 1520 cm-1 in the presence of NMP. This shift
indicates an interaction that again perturbs the CS2 π-bonding system. It is important to note
that the band shift observed in these two mixtures is different from that found in CS2/strong
base solutions, where the main band does not shift, but a new absorption mode occurs as a
shoulder at lower wavenumber.
Additionally, the spectrum of a pyridine/CS2 mixture, after subtracting the bands due
to pyridine was examined. This difference spectrum should consist of bands due to CS2 if
there is no specific interaction between the components of the mixture. The spectrum, shown
in figure 5.12, displays CS2 bands at 2164, and 1518 cm-1, respectively, but also “residue”
bands due to pyridine at 1581, 1437, 704, and 747 cm-1. The former two bands are due to inplane ring-stretching modes, while the latter two are C-H out-of-plane deformations.19 This
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Figure 5.12 FTIR spectra of pyridine (a), and a difference spectrum from pyridine/CS2
mixture and pure pyridine (b)
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clearly indicates that upon mixing with CS2, pyridine changes its electronic delocalization
pattern in a way that changes its ring mode vibrations.
Similar results were also obtained from NMP/CS2 mixture, as shown in figure 5.13.
The difference spectrum after subtracting the NMP bands (as far as possible) shows that CS2
ν3 band now shifts to 1511 cm-1, reflecting interactions between the two compounds. The
larger shift of the CS2 band in this system, compared to that in pyridine, indicates a stronger
interaction that is presumably related to its ability to extract coal. The difference spectrum
dose not show significant residue patterns from the NMP, as nearly all the bands are
subtracted to the baseline. This is not surprising, given the lack of electron delocalization in
the NMP ring. The major change obtained from this difference spectrum is in the carbonyl
stretching mode, where a shift in the band position is observed, indicating that the interaction
involves the carbonyl group. Whether or not this also affects the amide II mode at 1503 cm-1
can not be determined because of an overlap from the strong CS2 band.
Turning now to the examination of the infrared spectra of complexes obtained from
the NMP/CS2 mixed solvents in the present of NaOH and salts, the NMP/CS2/NaOH (1:1:1
molar ratio) mixture was first centrifuged. A “wet” precipitant, solvated by small amounts of
NMP/CS2 parent solvent, was separated and its infrared spectrum was recorded (see figure
5.14). The spectrum of NMP/CS2 was then subtracted from that of the “wet” precipitant.
The difference spectrum, also shown in figure 5.14, shows a shift in the carbonyl-stretching
band. Given that the position of the carbonyl-stretching mode of NMP shifts upon mixing
and forming interaction with CS2, the further shift here indicates that a stronger interaction is
taking place. The negative band observed in the CS2 stretching mode at 1510 cm-1 reflects
that a composition of NMP/CS2 required to solvate the complex is different from the 1:1
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Figure 5.13 FTIR spectra of NMP (a), and a difference spectrum from NMP/CS2 mixture
and pure NMP (b)
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molar ratio of the parent mixtures. Additionally, new infrared bands observed at 1042 and
877 cm-1 are due to the complex.
The “dried” complex, whose FTIR spectrum is shown in figure 5.15, was obtained by
a complete removal of “uncomplexed” NMP and CS2. The spectrum now shows a distinctive
infrared spectrum that is very different to that of the parent NMP/CS2 mixtures. A strong
band is observed at 1424 cm-1. Given that NaOH is highly reactive and capable of reacting
with CO2 in air to form NaHCO3 or Na2CO3, the spectra of these two compounds were
examined. The results demonstrated that the “dried” precipitant is not due to these products.
At this point an unambiguous assignment of the bands cannot be made and the nature of
these complexes needs further investigation. However, it can be concluded that the
NMP/CS2 mixed solvents are capable of forming a solid complex with cations from NaOH at
a certain composition. In the presence of a large amount of NMP/CS2, the complex is
solvated by these parent solvent molecules.
Similarly, a corresponding result is also observed when mixing the binary solvent
with normal salts, NaCl and LiCl, and the spectra of “wet” precipitants from these systems
are shown in figure 5.16. The results show a large shift in the carbonyl and C=S stretching
modes of the solvated complexes obtained from these two salts, especially the
NMP/CS2/LiCl, whose C=O and C=S bands is now at 1644 and 1510 cm-1, respectively.
This indicates a strong interaction involved in the complexes structure. Although, the
“dried” precipitant again does not shows bands due to CS2 and NMP, this solid complex
effectively attracts the parent solvents to form a solvated state at low salt concentrations. It
seems likely that the ability of NMP/CS2 mixed solvents to form such complexes is
responsible for an enhancement of the extractability of coal.
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5.4 Conclusion

The interaction between the “magic” binary solvent of NMP and CS2, and its role in
promoting extractability of Upper Freeport coal has been studied. It is likely that a complex
formation of these mixed solvents and cations plays a key role. The results indicate that
NMP/CS2 is capable of forming a solid complex with cations from NaOH and some simple
salts, such as NaCl and LiCl. Given that Upper Freeport coal contains a large amount of
mineral matter, it is not surprising that this type of complexes could be formed in the present
of the mixed solvents, which in turn enhances the coal extraction yield.
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Chapter 6
Thermal Properties and the Glass Transition Temperature
of the Argonne Premium Coals

6.1 Introduction

Coal is a glassy solid in the sense that it is amorphous (there is no long range
structural order of the molecules or macromolecules in the material) and it is rigid and brittle.
Most glassy solids are characterized by a glass transition temperature, Tg, where physical
properties change dramatically from solid-like to liquid- like or rubbery, if the material is
polymeric in nature.
The Tg of a material is affected by a number of factors. In macromolecular systems
these would include molecular weight (shorter chains have a higher free volume, hence lower
Tg), chain stiffness (stiff, rigid chemical units, like aromatic rings result in a higher Tg),
molecular architecture (e.g. cross- linking), and the strength of intermolecular interactions.
Accordingly, the detection of a Tg in coal is of some interest and has been pursued by
various groups over the years. In 1981, for example, Lucht and Peppas1 observed a transition
at 327 ºC using Differential Scanning Calorimetry (DSC) and suggested that this was the Tg.
However, Yun and Suuberg2-4 observed that this was not a reversible process and was
accompanied by weight loss, suggesting that the transition was associated with chemical
reactions that are known to occur at these elevated temperatures.
More recently, Mackinnon and co-workers5-9 found a transition near 110 ºC, where
chemical rearrangements within the coal would not be expected to occur. It was reported that
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this transition is a reversible process and the authors concluded that coal has a Tg near 110
ºC. If this is so, it would be surprising; for two reasons. First, if most coals are highly crosslinked networks made up of hydrogen-bonded aromatic rings, then a much higher Tg would
be anticipated. This point will be explored in greater detail in the body of this chapter.
Second, the appearance of any detected transition near 100 ºC in a material containing bound
water is always suspicious. In this regard, Yun and Suuberg4 observed an endothermic peak
due to water evaporation in all the Argonne Premium Coals near 100 ºC. Nevertheless, if
coal is not a highly cross-linked network, but predominantly consists of associated lower
molecular weight molecules, as proposed by Iino and co-workers,10,11 then a Tg near 100 ºC
(or even lower) would not be unreasonable. Accordingly, the DSC experiments of
Mackinnon et al. 7 were repeated and some additional work was performed in order to
determine if the transition detected is indeed a Tg.

6.2 Experimental

6.2.1 Materials

Coal sample was supplied by the Argonne National Laboratory. The sample was
stored under nitrogen and used as received.
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6.2.2 Thermal Analysis

Thermal analysis was conducted on a Perkin-Elmer differential scanning calorimeter
(DSC-7) coupled to a computerized data station. A heating rate of 20 ºC/min was used. The
temperature and the enthalpy change (∆H) were calibrated using an Indium standard. The
sample was scanned using a similar procedure to that described by Mackinnon et al.,7 as
follows; a preheating scan (from 30 to 110 ºC, where the sample is held for 30 minutes), first
scan (from 30 to 250 ºC), second scan (from 30 to 250 ºC). The heating and cooling rate for
all scans was 20 and 100 ºC/min, respectively. Both bulk coal and its pyridine extract were
used in order to study an effect of molecular size on the detection of a Tg.

6.2.3 FTIR Spectra

FTIR spectra were recorded on a Digilab model FTS45 FTIR spectrometer at a
resolution of 2 cm-1. Ideally, the same sample should be used in DSC and FTIR experiments
to obtain an integrated result. Unfortunately, measuring FTIR spectra in transmission as a
function of temperature is not simple for bulk coal, because of the limitations of sample
preparation, where a KBr pellet (the only suitable transmission sample preparation technique
for bulk coals) is not appropriate due to interference from moisture bands. However, pyridine
extracts can be prepared by casting onto a KBr window, so that the FTIR spectra of these
samples as a function of temperature could be recorded. Films were cast in the usual way and
after a majority of the pyridine solvent was evaporated the sample was placed under vacuum
at room temperature for 24 hours to remove most of the residual solvent. A "HARRICK"
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temperature controller was used in the temperature study, where the sample was heated in
steps of 15 ºC from room temperature to 180 ºC. The infrared spectra were recorded at each
temperature interval. After the heating experiment, the sample was cooled down and kept for
one day, and its spectrum was then re-examined.

6.2.4 Thermomechanical Analysis

Thermomechanical properties were measured by a Shimadsu TMA-50. This
technique measures dimensional change in a material under load while the sample is heated
or cooled. A simple schematic diagram of this instrument is shown in figure 6.1. An
aluminum probe connected to a position transducer, normally a linear variable differential
transformer (LVDT), is employed to measure any dimensional change in the sample. A
thermocouple placed near the sample in the furnace indicates temperature. The instrument is
calibrated by an aluminum standard, whose expansion coefficient is accurately known. A
TMA thermogram of Illinois #6 coal was recorded at a heating rate of 5 ºC/min from room
temperature to 550 ºC. The dimensional change in directions parallel and perpendicular to
the coal-bedding (depositional) plane was studied. Moreover, a thermogram of polystyrene,
known to have a Tg near 100 ºC, was also examined in order to compare the results to those
obtained from the coal samples.
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Figure 6.1 Schematic represents a Thermomechanical Analyzer (TMA).
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6.3 Results and Discussion

As mentioned above, Mackinnon and coworkers7 observed a Tg in the Argonne
Premium coals at a temperature near 100 ºC. According to their procedure, the sample was
first dried at 135 ºC and its thermogram was recorded. A sharp secondary transition was
observed in the thermogram at 112 ºC, with a ∆Cp of 0.22 J/g.K. These authors compared
this coal thermogram to those of polymer models: polypyrrole and polystyrene, where Tg's
were found to be 105 ºC and 104 ºC, respectively (with a ∆Cp of 0.2 J/g.K). Accordingly,
they concluded that they were observing a glass transition temperature. The experiment was
repeated in this study in an attempt to reproduce these results using Illinois #6 coal, as this
was the coal studied in most detail by Mackinnon et al.7 The results are shown in figure 6.2.
A first scan thermogram shows a broad peak centered near 86 ºC, similar to results reported
earlier by Takanohashi et al.10 No transition could be detected in a second scan, however, in
contrast to the results reported by Mackinnon et al.7 Upon carefully examining the
thermogram reported by these authors, it is likely that this was perhaps due to a baseline
artifact or reabsorbed water, depending on how long they waited between scans. The authors
only showed a small region of thermogram around the proposed Tg, making it difficult to
judge whether the change they reported represents a second order transition or is simply part
of a weak broad peak. For example, the first scan thermogram in figure 6.2 could also be
interpreted as a second order transition if the plot is limited to a small region around 70 to
130 ºC, as shown in the inserted expanded scale thermogram in figure 6.2. However, upon
carefully examining the full range, it is apparent that this transition is part of a broad peak.
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Figure 6.2 DSC thermograms of Illinois #6 coal; first scan (a); second scan (b); the same
sample after being stored at room temperature for one day; first scan (c), second scan (d); and
third scan (e). The inserted thermogram is scan (a) shown on an expanded scale.

149
A thermogram of the same sample after it was stored at room temperature for one day
was also examined. Interestingly, an endothermic peak, similar to that found in the first scan
of its parent sample, reappeared at ~106 ºC. As expected, the peak was absent in the
subsequent scans. The endothermic peak in the first scan of the parent sample almost
certainly corresponds to water evaporation, which disappeared in the second scan after
moisture was completely removed. Upon storing the sample at room temperature, the coal
regains water from the atmosphere, resulting in a reappearance of the peak found in the
parent coal. Nevertheless, one possib ility, which cannot be entirely discounted, is that the
peak is related to a structural transition that has a long relaxation time, such that the sample
does not have enough time to relax before the start of the second scan. However, storing the
sample for one day allows the relaxation, reflected by a recovery of the endothermic peak in
the first scan of the "relaxed" sample. A different technique for detecting the Tg, one that is
relatively insensitive to the evaporation or reabsorption of water is needed to resolve this.
The modulus of a glassy solid decreases by several orders of magnitude as it passes
through the glass transition region. Accordingly, thermomechanical analysis, which
measures the change in dimensions of a sample under load as it is heated or cooled should be
a very sensitive probe of any coal Tg. To demonstrate this sensitivity, a well-defined
polystyrene sample (MW 190,000) was first examined. The dimensional change of this
polymer was measured as a function of temperature, and the percentage change of its
dimension is shown in figure 6.3. The original length of the sample was 4.06 mm. Upon
heating from room temperature, the sample size gradually increases due to thermal
expansion. However, when the temperature reaches 95 ºC, a sudden drop in
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Figure 6.3 Plot of dimensional change as a function of temperature for polystyrene (MW
190,000) (Top plot is on an expanded scale to show the thermal expansion of polystyrene at
temperatures below the Tg.)
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sample length occurs. This is a result of the modulus of the polymer decreasing dramatically
as the material reaches the Tg and “softens ”. Even though no load was applied to the sample
during this experiment, the weight of the aluminum probe that is used to measure a
dimensional change provides sufficient pressure on the sample for a large change to be
observed. The first derivative of this thermogram indicates a Tg at 104 ºC, which agrees
with the results obtained from a DSC experiment. The advantage of this technique over DSC
is the much sharper and larger transition that can be observed, significantly enhancing
detection sensitivity when examining coal samples.
This technique was applied to Illinois #6 coal, where sample dimensions in directions
parallel and perpendicular to the bedding plane were measured. The results are shown in
figure 6.4. When the temperature was raised from room temperature, the coal gradually
expanded in both parallel and perpendicular directions, as shown in the inserted expanded
scale plot. The expansion to this temperature is less than one percent of the original sample
dimension and no transition near 100 ºC was detected. Intriguingly, when the sample was
heated to 180 ºC, a decrease in sample length parallel to the bedding plane was observed.
The change in dimension reached a maximum of 4% at 300 ºC and is thus not comparable in
magnitude to the glass transition observed in polystyrene, where the size reduction was
greater than 50% under the conditions of the experiment. Furthermore, this decrease in size
was not observed in a direction perpendicular to the bedding plane. Large dimensional
changes in all directions would be expected if this transition were a Tg. Upon further
heating, the coal starts to rapidly expand in the parallel plane at 300 ºC, while in the
perpendicular direction expansion starts 40 ºC higher. This expansion is a result of a “caking”
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Figure 6.4 Plot of dimensional change of Illinois #6 coal as a function of temperature in
directions parallel and perpendicular to the coal-bedding plane
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process.12-17 Finally, the sample size decreases again at 350 ºC in both directions, indicating
a release of trapped molecules from the coal structure and the occurrence of pyrolysis
reactions, corresponding to a major mass loss observed in TGA experiments.18
The difference in the degree of expansion during “caking” is about five times greater
in a direction perpendicular to the bedding plane than parallel, indicating anisotropic
properties. Larsen et al.19 reported that coal is anisotropically strained and its degree of
swelling in common solvents is greater in a direction perpendicular to the bedding plane.
Additionally, these authors also found that after the swelling solvent was removed the coal
transformed to a lower energy structure by expanding in a perpendicular direction and
shrinking in a parallel direction. This anisotropic strain was reportedly due to the occurrence
of continuous creep from the overburden pressure applied to the coal during the coalification
process. This explanation also applies to the results of the TMA experiment, where a
retraction in a parallel direction and a difference in the degree of expansion during the caking
process occur to accommodate this strain relaxation. But to emphasize, these results show no
evidence of a glass transition at temperatures near 100 ºC.
Thermomechanical analysis shows no evidence of a Tg at temperatures up to the
degradation point. Should one expect to see this transition? To address this question a
pyridine soluble coal extract and a model polymer system, a phenolic resin, were examined.
Many years ago, van Krevelen14 pointed out that the mechanical properties of many coals
and phenolic resins are very similar. Their chemical structures also show a degree of
correspondence, each having phenolic groups linked by methylene and ether bridges
(although coals are, of course, far more heterogeneous). A resol type phenolic resin was
chosen because of its ability to undergo a curing reaction by joining “methylol” groups and
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forming a cross-linked network. The reaction takes place in the temperature range 120 to
160 ºC, depending on curing time and heat transfer rate. For example, a one- inch thick
sample required a curing time of two minutes at 125 ºC, while less than a minute was needed
at 160 ºC. This curing process can be probed by DSC thermograms as shown in figure 6.5.
The resol initially consists of low molecular weight oligomers and thus displays a wellresolved Tg near 49 ºC. When the temperature of the sample was raised to 125 ºC and held
there for 5 minutes, the resin undergoes a cross- linking reaction. Upon cooling and reheating
an increase of the observed Tg to 86 ºC was observed, as shown in the second scan
thermogram. This is not surprising, because the resin is now partially cured, forming higher
molecular weight material. Heating the sample to 140 ºC for 10 minutes after the second
scan allows the resin to completely cure and form a highly cross- linked network. Now no Tg
can be observed in the final scan. Either the Tg of the sample is too broad to be observed, or,
more probably, the cross- linking is so extensive that there is insufficient free volume in the
material for a Tg to occur below the degradation point. Accordingly, it can be concluded that
if coal is a highly cross- linked network, it should not have an observable Tg.
Given the effect of molecular weight and cross- linking on the Tg, the detection of a
Tg in a coal extract might be possible, as this material consists of lower molecular weight
material that is not part of the network. Therefore, pyridine soluble materials from Illinois #6
coal were examined and the DSC thermograms are shown in figure 6.6. The first scan
thermogram shows a peak at 98 ºC, which corresponds to the removal of residual solvent and
water from the coal structure, as this transition disappears in a subsequent scan, equivalent to
the results obtained for the parent bulk coal. This indicates that even in a relatively low
molecular weight fraction of this coal, a Tg cannot be observed. This material is much more
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Figure 6.5 DSC thermograms of resol; first scan (a); second scan after curing at 125 ºC for 5
minutes (b); and third scan after curing at 140 ºC for 10 minutes (c)
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heterogeneous than synthetic resins and its Tg might be too weak and broad to detect. When
the sample was stored at room temperature for one day and its thermogram was re-recorded,
the results show a similar pattern to those of the bulk coal. The first scan shows an
irreversible peak that disappeared in the second run. This reflects the susceptibility of
soluble materials to absorption of moisture from the atmosphere, similar to the behavior of
the bulk coal.
Unlike the parent coal, where water in the KBr used for sample preparation obscures
changes in the coal water content, FTIR can be used to probe the water content of cast films
of the extract. These films were heated to 100 ºC in vacuum in order to remove residual
solvent and water, and its spectrum was immediately recorded and is shown in figure 6.7. In
the OH-stretching region, there is a band centered near 3168 cm-1 . Subsequently, the sample
was allowed to sit at room temperature in air and its spectrum was recorded after one day.
The spectrum shows an enhancement in an intensity of the OH-stretching bands, now
centered near 3196 cm-1 , reflecting water absorption from the atmosphere. Intriguingly when
the sample was heat-treated to 180 ºC, the OH-stretching bands decrease in intensity and the
center shifts to 3264 cm-1 , while a free OH-stretching band appears at 3531 cm-1 . There is
clearly a rearrangement of the pattern of hydrogen bonding at this temperature that could be
associated with the transition observed near 180 ºC in the parent coal. This is interesting and
merits further study.
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Figure 6.7 FTIR spectra of pyridine-soluble material from Illinois #6 coal; an original
sample after preheating to remove residual solvent (a); the same sample after being stored in
air atmosphere for one day (b); and after a heat treatment to 180 ºC (c).
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6.4 Conclusion

The DSC work of Mackinnon et al.7 was repeated in this study and the results showed
no evidence of thermal transition characteristic of a Tg in Illinois #6 coal and its pyridine
soluble extract. Thermomechanical measurements, which are very sensitive to the presence
of a Tg in synthetic polymers, also provided no evidence for a Tg below temperatures where
chemical reactions occur. This latter result is in agreement with other measurements of
viscoelastic properties reported in the literature.20-22 In addition, van Krevelen and coworkers23,24 determined a relationship between the velocity of ultrasonic waves in coal and
its Young's Modulus. Kobayashi et al.25 applied this technique to a study of 27 coals with
different rank (C 71.2-94.5%). Their experiments were conducted as a function of
temperature from -196 to 400 °C. There is no evidence for a Tg near 100 °C in this work.
However, above 250 °C, a sudden change in velocity occurred at temperatures that varied
from coal to coal. The temperature, at which this change was observed, referred to as the
specific temperature, seemed to increase with rank. This specific temperature corresponds to
the softening temperature reported by dynamic viscoelastic measurement and the Gieseler
plastometry20,21 and is not a reversible process.
The modulus of a material changes dramatically, by several orders of magnitude, at
the Tg. Based on the results reported here and previous work in the literature, it is concluded
that coal does not have a measurable Tg below the degradation point.
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Chapter 7
Summary and Future Work
7.1 Summary
Although, research on coal structure has been extensively conducted for over half a
century, the nature of the coal network remains unresolved. On the one hand, the “standard
model” has essentially considered coal to consist of a covalently cross-linked network that
traps some small molecules inside. Another school of thought considered coals as associated
structures held together largely by secondary interactions.1-4 In this thesis, the nature of
physical cross-links in coal structure has been studied in an attempt to resolve this
controversy.
According to the findings from Larsen et al.5 that a reflux treatment on some Argonne
Premium coals resulted in a significant decrease in the extraction yield and the swelling ratio
of the network residue, it was suggested that this was a consequence of an increase in the
cross-linked density. This increase in the number of cross-links is likely a consequence of
two possible mechanisms; the formation of new covalent cross-links by a bridging reaction
of aliphatic hydroxyls (methylols), and the formation of (physical cross-links) coal-ion
aggregates, a result of the mobilization of mineral matter cations by the reflux treatment.
The possibility of a covalent bond formation was examined and discussed in chapter
two.6 Provided that coal contains a significant amount of hydroxyls, it is possible that these
functional groups could undergo an ether-bridging reaction and form new (covalent) crosslinks. This reaction, in turn, reduces the number of hydroxyl groups, which can be
quantitatively monitored by FTIR spectroscopy. Accordingly, the hydroxyl content of
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Pittsburgh #8 coal before and after the reflux treatment was determined. This particular coal
was chosen in order to compare the result with those reported by Larsen et al.5 The results
showed that the hydroxyl content of this coal remained significantly unchanged upon the
reflux treatment, indicating that the ether-bridging reaction was unlikely responsible for the
increase in the cross-linked density. Additionally, it was also found that hydrogen bonding
did not play a key role in holding the structure of coal against pyridine extraction.
In chapter three,6 a formation of aggregates derived from secondary interactions has
been investigated. Provided that coal contains various types of mineral matter cations, it is
likely that these cations are mobilized upon the heat treatment. In accordance to the fact that
acetyl functional groups in coal does not solely exist as carboxylic acids but variously
presents in carboxylate forms, these may perhaps responsible for a formation of cross-linked
points, similar to those observed in ionomers. The hypothesis was checked by treating coal
with acid and alkali solutions, followed by a measurement of its pyridine-extraction yield.
The results obtained from Pittsburgh #8 coal showed that ionic clusters formed by
carboxylates and mineral matter cations played a key role in lowering the coal extractability
by acting as physical cross-links. Upon acid-treating, the ionic interaction in the clusters was
disrupted, resulting in a loosening of the coal structure and an enhancement of the extraction
yield. In contrast, the number of cross-links was increased when the coal was treated with
base solutions, reflected by a large decrease in the amount of the pyridine soluble material.
This result was equivalent to those obtained by Larsen et al.,5 where a formation of structures
of ~ 20 Å in size, similar to the size of ionic clusters found in ionomers, were observed after
the reflux treatment.
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Although the initial results obtained from Pittsburgh #8 coal conclusively indicated
an involvement of ionic interactions in the coal structure, the fact that this was based on
results observed from a single coal is considered. Also, the acid treatment applied to this
coal was relatively strong that may initiate side reactions, such as hydrolysis. Accordingly, a
more intensive investigation was conducted and discussed in chapter four.6-8 In this chapter,
the study was broadened to cover all eight samples in the suite of the Argonne Premium
coals. A mild acid concentration was applied in order to minimize any bond-cleavage
reactions. The results showed an increase in the extraction yields upon acid treatment for all
of the eight coal samples, indicating an involvement of ionic aggregates. Evidence from
FTIR spectroscopy showed that the nature of functional groups responsible for this cluster
formation varied with the coal rank. Carboxylate/cation complexes, similar to those
observed in ionomers, dominated in low rank coals. In high rank coals, complexes derived
from π-cation interactions were observed. In between, both mechanisms appeared to play a
role.
Given these results, it is now reasonable to classify cross-linking in coals as two
different types; “permanent” and “reversible” cross-links. The former is consisting of
covalent bonds that can be cleaved by only chemical reactions or heat treatment. On the
other hand, the latter “reversible” cross-link is largely associated with ionic structures such as
carboxylate and π-cation complexes.
In chapter five,9 the interaction between the “magic” solvents, N-methylpyrollidone
and carbon disulfide (NMP/CS2) and its superior extractability in extracting coal has been
investigated. According to a seminal work by Iino et al.,3,4,10,11 an unusually high extraction
yield was observed by employing a 1:1 v/v NMP/CS2 mixed solvent. Although, it seemed

165
that this binary solvent was particularly effective on a specific coal, Upper Freeport, the fact
that it largely enhanced the extraction yield was intriguing. Many studies have attempted to
describe the interaction and mechanism involved in this extraction process,12-15 however, the
problem remains unresolved. In this study, it was found that a complex formation of this
NMP/CS2 mixed solvent and cations plays a key role. The results indicate that NMP/CS2 is
capable of forming a solid complex with cations from NaOH and some simple salts, such as
NaCl and LiCl. Given that Upper Freeport coal contains large amounts of mineral matter, it
is not surprising that this type of complexes could be formed in the presence of the mixed
solvents, which in turn enhances the coal extraction yield.
Finally, a separate concern is a study suggesting that high volatile Bituminous coals,
such as Illinois #6, exhibited a glass transition temperature (Tg) near 110 °C.16-18 Given the
highly heterogeneous nature of coal, it is unlikely that this type of material showed such a
well-define behavior at temperature below its degradation point. Accordingly, the evidence
for the presence of this transition was examined and discussed in chapter six.19 The results
from Differential Scanning Calorimetry (DSC) showed that no transition similar to Tg has
been observed at the temperature around the 110 ºC. In contrast, an irreversible transition
due to water evaporation has been found. Provided that a Tg of polymer is dependent on
molecular weight and the degree of cross-linking, the detection of a Tg in a coal extract
might be possible, as this material consists of lower molecular weight fraction. Again, no Tg
transition has been observed in this material. Thermomechanical measurements, which are
very sensitive to the presence of Tg in synthetic polymers, also provided no evidence for a
Tg below temperatures where chemical reactions occur. This latter result agree with results
obtained from measurements of viscoelastic properties, where no evidence for a Tg near 110
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˚C has been observed.20-24 The modulus of a material changes dramatically, by several
orders of magnitude, at the Tg. Based on the results reported here and previous work in the
literature, it is concluded that coal does not have a measurable Tg below the degradation
point.
Additionally, the results from Thermomechanical Analysis showed an expansion in
size when the coal was heated to 300 °C, which is associated with a “caking” process.25-27
However, the sample size started to decrease when the temperature reaches 350 °C,
indicating a release of some trapped molecules from the coal structure and an occurrence of
pyrolysis reactions. The degree of expansion during the “caking” process is about five times
greater in the direction perpendicular to the bedding plane than the parallel, indicating an
accommodation of anisotropic strain relaxation. This anisotropic strain is generated in the
direction perpendicular to the bedding plane during the coalification process.

7.2 Suggestions for Future Work

Although this study has been carried out mainly by FTIR spectroscopy and extraction
experiments, the results conclusively indicates the involvement of physical cross-links in coal
network. There are reports suggesting equivalent results (i.e. coal in general has more
carboxylic acid group than previously thought) by employing direct chemical reaction
analysis.28,29 However, some other techniques, for example NMR spin-spin relaxation
experiments,30-34 are essential to provide more information on the nature of these structures.
The insight into interactions between NMP and CS2 is also crucial and needs further
investigation. During this past decade, a relatively new technique has been developed for a
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resolution enhancement and a classification of samples by infrared spectroscopy. A twodimensional FTIR spectroscopy (2D FTIR) is a powerful technique to simplify complex
infrared spectra. Based on a mathematical process on a set of spectra as a function of
external factors such as concentration, time, temperature, and pressure, this technique
enhances the spectra resolution to probe a change in intensity, and generate correlation
between bands that leads to an establishment of band assignment and an in-dept
understanding in inter- and intra-molecular interactions.35-38 Accordingly, an answer to the
question why a 1:1 v/v ratio mixture is most efficient may be achieved by applying this
method to the study of NMP and CS2.

168
7.3 References

(1) Nishioka, M.; Gerhard, L. A.; Silbernagel, B. G. Fuel 1991, 70, 341-348.
(2) Iino, M.; Takanohashi, T.; Ohkawa, T.; Yanagida, T. Fuel 1991, 70, 1236-1237.
(3) Takanohashi, T.; Iino, M. Energy & Fuels 1991, 5, 708-711.
(4) Iino, M.; Takanohashi, T.; Ohsuga, H.; Toda, K. Fuel 1988, 67, 1639-1647.
(5) Larsen, J. W.; Flowers, R. A.; Hall, P. J.; Carlson, G. Energy & Fuels 1997, 11,
998-1002.
(6) Painter, P. C.; Opaprakasit, P.; Scaroni, A. W. Energy & Fuels 2000, 14, 11151118.
(7) Opaprakasit, P.; Painter, P. C.; Coleman, M. M.; Scaroni, A. W. Pap. Amer.
Chem. Soc. 2001, 46, 331.
(8) Opaprakasit, P.; Scaroni, A. W.; Painter, P. C. Energy & Fuels 2002, 16, 543551.
(9) Opaprakasit, P.; Painter, P. C.; Sobkowiak, M.; Scaroni, A. W. in preparation
2002.
(10) Takanohashi, T.; Iino, M. Energy & Fuels 1990, 4, 452-455.
(11) Takanohashi, T.; Iino, M.; Nishioka, M. Energy & Fuels 1995, 9, 788-793.
(12) Dyrkacz, G. R.; Bloomquist, C. A. A. Energy & Fuels 2001.
(13) Zong, Z.; Peng, Y.; Qin, Z.; Liu, J.; Wu, L.; Wang, X.; Liu, Z.; Zhou, S.; Wei,
X. Energy & Fuels 2000, 14, 734-735.
(14) Dyrkacz, G. R.; Bloomquist, C. A. A. Energy & Fuels 2000, 14, 513-514.
(15) Dyrkacz, G. Energy & Fuels 2001, 15, 918-929.
(16) Mackinnon, A. J.; Hall, P. J. Fuel 1992, 71, 974-975.

169
(17) Antxustegi, M. M.; Mackinnon, A. J.; Hall, P. J. Energy & Fuels 1993, 7, 10261029.
(18) Mackinnon, A. J.; Antxustegi, M. M.; Hall, P. J. Fuel 1993, 73, 113-115.
(19) Opaprakasit, P.; Painter, P. C. submitted 2002.
(20) Yoshida, T.; Takanohashi, T.; Iino, M.; Katoh, K. Energy & Fuels 2001, 15,
170-175.
(21) Schuyer, J.; Dijkstra, H.; van Krevelen, D. W. Fuel 1954, 33, 409.
(22) Schuyer, J.; Dijkstra, H.; van Krevelen, D. W. Fuel 1955, 34, 251.
(23) Kobayashi, Y.; Oda, H.; Yokokawa, C. Fuel 1986, 65, 177-181.
(24) Yoshida, T.; Iino, M.; Takanohashi, T.; Katoh, K. Fuel 2000, 79, 399-404.
(25) van Krevelen, D. W. Coal--Typology, Physics, Chemistry, Constitution;
Elsevier: Amsterdam, 1993.
(26) Seki, H.; Ito, O.; Iino, M. Fuel 1989, 68, 837-842.
(27) Schobert, H. H.; Bartle, K. D.; Lynch, L. J.; Given, P. H.; Coal Science II;
American Chemical Society: Washington, D.C, 1991.
(28) Aida, T.; Aiko, N.; Yoneda, M.; Yoshinaga, T. Pap. Amer. Chem. Soc. 2001,
46, 325-327.
(29) Aida, T.; Nishisu, A.; Yamanishi, I. Pap. Amer. Chem. Soc. 1999, 218, 7.
(30) Cody, G. D.; Botto, R. E. Energy & Fuels 1993, 7, 561-562.
(31) Hou, L.; Cody, G. D.; French, D. C.; Botto, R. E.; Hatcher, P. G. Energy &
Fuels 1995, 9, 84-89.
(32) Norinaga, K.; Hayashi, J.; Chiba, T.; Cody, G. D. Energy & Fuels 1999, 13,
1239-1245.

170
(33) Das, A.; Sharma, D. K. Energy Sources 2001, 23, 687-697.
(34) Cody, G. D.; Botto, R. E. Pap. Amer. Chem. Soc. 1993, 206, 108.
(35) Kokot, S.; Czarnik-Matusewicz, B.; Ozaki, Y. Biopolymers 2002, 67, 456-469.
(36) Sasic, S.; Segtnan, V. H.; Ozaki, Y. J. Phys. Chem. A 2002, 106, 760-766.
(37) Sasic, S.; Ozaki, Y.; Olinga, A.; Siesler, H. W. Analytica Chimica Acta 2002,
452, 265-276.
(38) Dong, J.; Tsubahara, N.; Fujimoto, Y.; Ozaki, Y.; Nakashima, K. Appl.
Spectrosc. 2001, 55, 1603-1609.

APPENDIX
Dissolution and Swelling Properties of Montmorillonite Clay
in NMP/CS2 Mixed Solvents

One of the steps leading to the work on NMP/CS2/cation complexes describes in
chapter 5 was a study of clay/solvent interactions. It was the color changes observed in these
systems, described below, that suggested that NMP/CS2 mixed solvents might form specific
complexes. However, this work does not fit well into that chapter, but remains important
because most coals have a significant amount of mineral matter that could act as a source of
the cations that form the π–cation interactions that seem to be important in coal structure.
For example, montmorillonite clay contains alkali and alkali earth cations in its interlayer
spaces of Si and Al oxide sheets. These cations bind to the sheet layers by an ionic
interaction. It therefore seemed intriguing to examine how much of these cations are
extracted by NMP and CS2, and whether the amount of extracted cation is enhanced by the
mixed solvent. Moreover, because Upper Freeport coal contains a relatively high content of
mineral matter, mainly clay minerals, it is possible that these clays play a significant role in
the solution behavior of this coal. Accordingly, the information obtained from these clay
experiments may be used to explain aspects of the coal dissolution process.
Swelling properties will be examined first. Montmorillonite clay, commercially
available from Nanoclay co. under a brand name Cloisite Na+, was placed in various solvents
and its volume change was recorded after 2 days of contact. The results, listed in table 1,
show that non-polar solvents are more effective than their polar-solvent counterparts. The

172
Table 1 The degree of swelling of Montmorillonite (Cloisite Na+) clay after 2 days of solvent
contact

Solvent

Swelling ratio

Toluene

2.1

CS2

2.1

Pyridine

1.9

NMP

1.3

NMP/CS2

1.3

Water

N/A *

* The clay forms a suspension in water.
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swelling ratio’s obtained in toluene and CS2 are almost identical at 2.1, while those in more
polar solvents, pyridine and NMP, are 1.9 and 1.3, respectively. The swelling ratio of this
clay in water cannot be determined, because the clay forms a suspension in the presence of
water. Interestingly, the swelling ratio of the clay in the NMP/CS2 mixed solvent is similar
to those of neat NMP (1.3), which is much lower than that in neat CS2. These results indicate
that CS2 alone effectively acts as a swelling agent and opens up the sheet structure of this
clay. However, when mixed with NMP, this ability is diminished.
The ability of solvents to extract cations from the montmorillonite clay has also been
examined. Essentially, 0.5 g of the clay was placed in corresponding solvents, and
ultrasonicated for 30 minutes. The mixture was then centrifuged and its supernatant was
collected. The Na+ cation content of the clear supernatant was then determined using an
Atomic Absorption spectrophotometer. The Na+ cation was chosen to represent the clay
cations because of its abundance in this type of clay. The extractability was calculated using
a calibration curve generated from standard solutions. The results are summarized in table 2.
The extraction yield from CS2 and toluene is, as expected, below the detection limit of the
instrument, indicating that these non-polar solvents are not capable of extracting this
particular cation from the clay galleries. The yield obtained from pyridine and NMP is 8.4 x
10-6 and 5.9 x 10-5 g of Na+/ 1 g of clay, respectively. This result apparently indicates an
ability of NMP and pyridine to beak the clay/cation interactions and extract Na+ species.
NMP is roughly an order of magnitude more effective than pyridine. The corresponding
result for an NMP/CS2 mixed solvent is 7.2 x 10-5 g / 1 g of clay (2 days extraction).
Moreover, the extract (exchange) ability of this binary solvent is dependent on the extraction
time. When the clay was placed in the solvent for 30 days the amount of extracted Na+
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Table 2 The amount of extracted Na+ from montmorillonite clay

Sample

Extraction yield
g of Na+ / 1 g of clay

wt. %*

(x 105)
Toluene

0

0

CS2

0

0

Pyridine

0.8

1

NMP

5.9

6

NMP/CS2 (2 days)

7.2

8

NMP/CS2 (30 days)

38.1

41

* Calculated on a basis of total cation exchange capacity, CEC (92.6 x 10-5 g Na+ / 1 g of
clay)
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increases almost 10 times, to 3.8 x 10-4 g / 1 g of clay. Given an original total Na+ content of
9.3 x 10-4 g / 1 g of clay (obtained from a cation exchange capacity, CEC), the extraction
percentage of these various solvents is 6, 8, and 41 % for NMP, NMP/CS2 (2 days), and
NMP/CS2 (30 days), respectively. According to this result, it is apparent that NMP is the
most effective single solvent in extracting Na+ cations, but the addition of CS2 enhances the
extractability considerably.
The FTIR spectra of these supernatants were examined, because they might provide
evidence of any interaction or complex formation. The spectra in the carbonyl stretching
mode region of NMP are shown in figure 1. NMP in non-polar cyclohexane (1:1 by
volume) has a band at 1689 cm-1. In NMP/CS2 (1:1) mixtures, the band shifts to 1686 cm-1.
When no diluents are present, the neat NMP band is at 1681 cm-1. This result indicates that
in neat NMP the carbonyl groups tend to associate as a result of strong dipole/dipole
interactions between the amide groups. When NMP is mixed with cyclohexane, however,
the non-polar molecule acts to “dilute” such interactions, resulting in a band shift. CS2 is
also considered to be a non-polar molecule and also shifts this band. However, the shift in
this case is smaller than that observed in NMP/cyclohexane. This could be due to a
difference in the refractive index of these solvents. However, it could also be a result of an
interaction between CS2 and NMP, which is not found in NMP/cyclohexane, that offset the
dilution effect, resulting in a small shift.
The carbonyl band position of the supernatant from the clay extractions falls in the
same position as its non-clay counterparts. The carbonyl band of NMP/CS2 1:1 v/v and neat
NMP in contact with montmorillonite clay is at 1686 and 1681 cm-1, respectively. This is
identical to the spectra of that not in contact with the clay. Because these solutions contain
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Figure 1 FTIR spectra of NMP carbonyl-stretching band, from left to right; NMP/CHEX 1:1
v/v (a), NMP/CS2 1:1 v/v (b) and NMP/CS2 1:1 v/v + montmorillonite clay (c), pure NMP (d)
and NMP + montmorillonite clay (e)
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only a small amount of Na+ and presumably other cations from the clay, it is probably not
surprising that the carbonyl band is not shifted to any detectable extent.
Despite the absence of changes in the IR spectra, significant color changes were
observed. The solvents were placed in contact with the clays and the color of the solution
was recorded. The results are shown in figure 2 and 3. Four clays were used in the study;
kaolinite, a clay that contains small amount of interlayer cations, Cloisite Na+
(montmorillonite), a Na+ saturated clay, which contains predominantly Na+ cations, and
montmorillonite KSF and K10, delaminated clays. These latter “delaminated” clays are
treated by acid, resulting in a collapse in the layer structure. Figure 2 shows results obtained
after 2 days of solvent/clay contact. The color of CS2, pyridine, and NMP single solvents
remains unchanged in all the clays. Significant changes were observed using mixed solvents
of NMP/CS2 and pyridine/CS2, however. The largest change was observed using mixed
solvents in contact with “delaminated” KSF and K10 clays. The solution changed from
transparent to black after 2 days. In kaolinite, however, the color remained unchanged after 2
days, but gradually turned to yellow after 2 weeks. This indicates an interaction between the
mixed solvent and extracted material from the clays, presumably cations. The largest
change obtained from the “delaminated” clays is due to the fact that these clays are acid
treated, resulting in a disruption of cations/clay sheet interactions. Due to this treatment the
binding energy is smaller, resulted in an easier cation exchange with the binary solvents. On
the other hand, kaolinite has a lower interlayer cation content and the exchange process, as
reflected by color change, is slower and requires a longer time.
Additionally, figure 3 shows results obtained using cyclohexane/CS2 and toluene/CS2
mixed solvents. After two days of contact with the three clays, the color of the control single

178

Pyridine

NMP

CS2

NMP/CS2

Pyridine/CS2

Pyridine

NMP

CS2

NMP/CS2

Pyridine/CS2

Pyridine

NMP

CS2

NMP/CS2

Pyridine/CS2

KSF

Kaolinite

K10

Figure 2 Color changes of various solvents in kaolinite and montmorillonite clays

179

Kaolinite

KSF

K10

Kaolinite

KSF

Cyclohexane

Kaolinite

KSF

Cyclohexane/CS2

K10

Kaolinite

NMP

KSF

Standard

K10

Toluene/CS2

Toluene

CS2

Standard

K10

NMP/CS2

Cloisite 15A

CS2

NMP

NMP/CS2

Cloisite Na+

Figure 3 Color changes of various solvents in kaolinite, montmorillonite, and modified
montmorillonite clays

180
solvents and standard mixed solvents of cyclohexane/CS2 and toluene/CS2 remains
unchanged. As, expected, the mixed solvents in a low-interlayer-cation clay, kaolinite, is
also unchanged. However, those in KSF and K10 changed slightly to light yellow. The
solutions above the clay appear to phase separate into two layers, with a bottom yellow layer
corresponding to CS2 while the top transparent layer is predominantly cyclohexane.
Corresponding results were also observed in toluene/CS2 mixed solvents. A control set of
samples showed no significant color change and again the solution in contact with KSF
changed to yellow. This solvent, however, does not distinctly separate into two layers, as
does the cyclohexane/CS2 system, due to a closer match of solubility parameter between the
two solvents. Given this result, it is apparent that CS2 is also affected by mixing with these
clays at least its color property, although results from atomic absorption spectroscopy
indicate a lack of detectable extracting ability.
Finally, the ability of NMP/CS2 binary solvents to extract or at least interact with clay
interlayer organic surfactants was studied. Essentially, an organically modified
montmorillonite clay, “Cloisite 15A”, whose interlayer Na+ is replaced by dimethyldihydrogenatedtallow-quaternary ammonium, (CH3)2-N+-HT2, was used. This quaternary
amine carries a positive charge that is equivalent to Na+, but its larger molecular size and
organic nature provides a different characteristic to its Na+ saturated Cloisite Na+ counterpart.
This modification results in an enlargement of the interlayer spacing of the clay. Figure 3,
shows that pure NMP in contact with Cloisite 15A remains unchanged. This is equivalent to
the results obtained with NMP in contact with Cloisite Na+. However, the color of NMP/CS2
mixed solvent changes to dark yellow, also similar to the results obtained with Cloisite Na+.
This again reflects an interaction between extracted cations and NMP/CS2. The results
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indicate that NMP/CS2 mixtures have the ability to “break” or solvate an ionic interaction
and extract these surfactant molecules from a clay interlayer. Moreover, a surprising result
was observed in the CS2/Cloisite 15A system, which is completely different from that in
Cloisite Na+, where no color changed was observed, but the clay swell to about 200%. In
this organically modified Cloisite 15A, CS2 effectively forms a permanent suspension with
the clay particle. This is possibly due to a compatibility of the size-to-charge ratio of the
quaternary amine and CS2, resulted in a miscibility that is not observed in other systems.
Given that the clay sheets are not soluble in CS2, an addition of this surfactant apparently
promotes a compatibility of this clay and CS2.
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