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INTRODUCTION

The dawn of the machine age, with the introduction first
of steam power and then of electricity, focused attention on
the importance of coal as & primary source of power. The march
of events since the beginning of this century has more than
confirmed man's dependence on coal, not only as a primary fuel
but also as aﬁmajor source of organic chemicals. It is but
logical, that the increasing importance of this raw material

should have resulted in numerous investigations as to its

proper conservation and utilisation.

Coal --- its origin.

Crdinary coal 1s a compact, stratified mass of the
remains of plants, which have undergone partial decay, varying
in character and arrested at different stages. With the
exception of cannels, in the accretion of which the mioro-
organisms of plankton and marine fauna played a part, the
practically, exoclusive vegetable origin of coal requires no
further proof (1)

/Coal....o.QDOODOO



Coal and its assoociated imgurities.

It is well known,that coal is invariably associated -
with a eertain amount of mineral matter apart from the pure
coal substance. Thus from the earliest days of fuel resesmroh,
investigators have been conserned with the nature of the

"non-060al™ associated with eoal.

De Marsilly (1848) was perhaps the first to point out
that "however pure a piece of coal may be, howevsr homogeneous
it may appear to the eye, its different parts do not yield the
same proportions of fixed residue on inecineration™. Thus the
faoct that the mineral matter is not distributed uﬁiformly in
coal led subsequent workers to resognise two different types of
mineral matter --- the inherent and the extraneous --- in coal.
Their origin has been dessribed by Stopes and Wheeler (2) as
follows:- "In nearly all cell walls of plants (forming coal) at
least & minute portion of the mineral matter is incorporated
with the organis molecules and in some plants widely and in some
locally, mineral matter is secreted and deposited in or on the
walls. Such for instance are the silicate-impregnated walls in
the gramineae, the calcerous sheaths of ocharaceag, the aluminium
in the lysopodiaceae. Such mineral matter would be an inherent
Part of the coal formed from any such spescies of plants®™. The

ash corresponding to the inherent mineral meatter of coal is

fotten .........
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often referred to as the true, fixed or normal ash content of the
soal. Little is kxnown about the inherent mineral matter ,because
it cannot be detected by the microscope.

The extraneous mineral matter in coal is that part of
the mineral matter,which is foreign to the plant material forming
coal. This arises either from sedimentary material, which was
deposited contemporanscusly with the accumulation of plant debris,
or from mineral salts (like gypsum, pyrite and marcasite, and
carbonates of lime, magnesium and iron) introduced by ths
infiltration of various solutions after the coal seams were "laid
down". In X-ray photographs, this may be seen in thin 1ayeré on
seveial of the bedding planes and is often referred to as the

adventitious mineral matter in eozal.

The last source from which the ash in mined coal
originates is in the fragments of rock from roof and floor of the
mine, and, in some instances, from ribs of inorganie material
oocourring in the seam itself, which are mixed with the soal during
nining operations. Quantitatively the rock debris assounts for
the bulk of the ash in commercial coal.

The inherent mineral matter of coal varies in quantity
and quality acscording to the eonstituent of coal with which it is

/associated.....ccuuuuennnnn



associated. Thus according to Lessing (3)

(a) elarain and vitrain eontain the inherent mineral matter of
the plants (or what remains of it) yielding on incineration
1-1 to 1+3 persent of ash, whieh consists largely of water
soluble matter together with & small proportion of clay
material, which d4id not arise fram mineral salts in the
parent plants.

(b) Durain yields from 6 to 7 percent of ash mostly derived from
clay and silt.

(0) The ash from fusain may vary from 4 to 30 persent and it shows
evidence of having been introduced as carbonates of lime and
iron in solution in hard waters and partly in suspension in
the form of clay.

Coal preparation.

The nature of the associated impurities in eoal has a
direst bearing on the preparation of coal for the market. The
inherent mineral matter in coal sets & limit up to whieh a coal
eould be cleaned by meschanical means alone, in the best possible
eircumstances.

The most important single charaeteristie of both coal
and the associated impurities from the stand point of 6leaning
18 the specific gravity. Thus coal ranges in apparent spesifie

/gravity Se OO OTOOEPLPOS
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gravity from 1.2 to 1.7 depending on rank, moisture and ash
content; shale, clay and sandstone range between 2.0 to 26
depending on the degree of purity; pyrite ranges from 2°4 to 4-9;
and calcite and gypsum have a specific gravity of 27 and 243
respectively. Most coal cleaning processes use gravity coneen-
tration methods; but methods based upon surface and magnetie
properties and upon eleetrical conduetivity, sliding frietion

and strength are also sometimes used.

Modern coal cleaning practice and its limitations.

The impuiities with whiohreoal is assooiated as it
comes from the mine are removable only to the extent that they
are present in the formm of diserete particles physieally detaohed!
from the coal and of particle size amenable to eleaning. The
common impurities coming under this head are shale, sand-stone,
clay ete., which get admixed with coal during mining. Finely
@ivided impurities disseminated throughout the soal substance
(the "adventitious mineral matter"™) are not liberated to any

apprediable extent at sizes suitable for cleaning.

The aim of an ideal coal cleaning process should be to
produce not only elean coal but also clean refuse i.e. refuse
relatively free of soal. But imperfeect separation of materials
of density intermediate between coal and "dirt™ is a

characteristie of all gravity concentration processes. Thus

/most ®@so000c000e
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most plants produce a clean coal with a considerable loss in
refuse, a loss partly off-set by recovery of the "middlings".

But it is evident, that in all sush processes, complete or near
complete elimination of impurities eould be achieved only at the
expense of the yield. Besides this, physical methods of oleaning |
are of little or no avail in the cases of eoals of high

adventitious ash like bone coal and most cannels.

Clean coal --- an explanation.

In recent literature,one comes asross expressions like
clean coal, pure coal, very clean coal, clean fine coal etec.,
which frequently do not refer to the same produet,when used by
two different investigators. Most suthors label as clean coal the
product of comparatively low ash sontent, often 5 perscent and
below, prepared by any one of the usual coal oleaning processes.
Bertrand (5) ocalls as pure eoal} the produst which is almost pure
Vitrain (ash less than 1 pereent) prepared by a spescial process
as distinet fram the slean coal prepared by the usual cleaning
Processes. Grumell amd Dunningham (6) define pure coal as the
material floating at specifie gravity 1+35 and as clean coal the
material floating at 1.6 specifis gravity. This is liable to

cause confusion, sinee the authors themselves give examples of
pure coals (1°35 floats) of ash over 6§ percent and of clean coals

(16 floats) of ash 1-1 pereent.

/It .00.0..0....’.:
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It is more or less ascepted now that the ash content
should be the guiding faetor in labelling eoals amd Wilkins (7)
aceordingly makes the following suggestibns:-

(a) Very elean soal (2 to 3 percent ash content).

(b) Super clean coal (or ultra clean coal; usually less than
1l percent ash; o6oal which has been oleaned to its inherent
ash content and beyond).

(6) Clean fine coal (In general, a low grade produst of fine size
| and of relativelj high ash).
This nomenclature has much to commend it and may command
wider acceptanse in due course.
The term pure coal (and in the United States, unit coal) is
generally used to refer to the dry, mineral matter free coal
substance and it is now seldom used in the same sense as by

Bertrand.

Preparation of ultra-clean coals.

For produscing coals of the lowest possible ash content;
there are some advantages in using small sizes of coals; it is
seen from radliographs made at the Fuel Researsch Station that
even 'clean' lumps of coal of the lowest specific gravity contain
some hnndreds of visible patches or striations of "adventitious
ash" per cubie inch (7). Heavy medium cleaning processes are

generally found userul for the production of very clean coals.
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It would be clear that no single stage prosess could be expected
to glve reasonable yields of ulira clean coals in industrial

practice.

The Ougree Marihaye Process (5): ™his Belgian process is claimed

to be useful for the prodmtion of coal of less than 1 percent
ash, In this case crushed coal (5 to 1 mm. size), previously
de-dusted and desludged, passes over Jigging tables on which the
coal is sprayed successively with caleium ehloride solutions of
about 1.05, 1+18 and 1.25 specifie gravity before it is admitted
to the separating bath; on emerging from the bath, the products
are sprayed with the same solutions in the reverse order and
finally with hot water. This prosedure is claimed to eliminate
the difficult and eostly step of reconcentrating large volumes
of weak liquor. The prosess includes a separate treatment for
the removal of fusain. In this process; purification is done

at the expense of the yiélﬁ., the limit for the ash content of
the 6lean product being the inherent ash of pure vitrain; +this
Process is reported to yield ultra-clean coal with ash content

well below 1 perocent.

Some German two-stage prosesses: Many important two-stage

Processes were developed by the Germans during the war for the
produstion of ultra-sclean coal; of these, those involving acid
extraction of impurities are deseribed later.

/(L)Heavy euvveen...
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(1) Heavy medium washing followed by froth floatation (8) (10):

-~

The Konigin Elizabeth colliery near Essen produsced about
12,000 tons annually of super clean coal by treating fusain
free, de-dusted coal (8-1 mm) first in the Vogel laminar flow
washer and then arter‘reorushing in a froth floatation unit,
using a tar oil fraction as the floatation agent. The final
sample had an ash content of 0+6 percent.

(2) Electrostatic cleaning followed Qxﬁtrothprloatatiqn.

The application of eloctrostatic methods to the treatment of coal

is of very recent origin. In its simplest form (7) the

separator consists of two rbllers% which are opp&sitely charged
to between 10,000 and 40,000 volts, with an arrangement for
feeding fine graded particles to one of the rollers as a thin
layer, and themn collesting the products,which during falling,would
have been deflected to different extents from their normal
trajectory by the electrostatis field. Moisture content of the
raw coal has to be within 1 percent. In Germany; the dry coal
(10 to 0.1 mm size and 8 to 10 percent ash) was eleaned

éleotrostatioally to between 1°*5 to 4 percent ash and after
orushing recleaned by froth floatatiom (10).

The Pott-Broche Process: Pott and Broche were the first to
Produce on a large seale "ashless" coal (ash less than 0°1

Percent) by dissolving the soal in oil under pressure.

/%ey S0 0000000000



They found that the ternary mixture of tetralin, phenol, and
naphthalene in a weight ratib of 2:1:2 was the most satisfactory
solvent for bituminous eoals. Continued work on the pressure

extrasction of coal (11) at 400°C has proved,that high boiling

aromatic solvents such as naphthalene extract 20 to 30 percent

of the coal; a readily dehydrogenated, hydroaromatie solvent sush
a8 tetralin dissolves about 50 percent of the coal and hydro-
aromaties compounds containing a phenolie group sueh as
o-syoclohexylphenol or 1,2,3,4 tetra hydro-5-hydroxy naphthalene
dissolves more than 80 persent of the coal. The last two are the

best known solvents for coal.

While the industrial significance of the Pott-Broche
process could be scarcely underrated, it is evident, its
importance would not be as a producer of clean coal for
industrial purposes. An ideal process for such purposes would be
what one might eall the reverse of the Pot$-Broche process ---
namely, one, which instead of attempting a solution of the
organic coal substance,attempts to eliminate the mineral

impurities of eoal by solution. Thus Lessing (12) remarks ---

"The tendency of modern methods of coal refining is
undoubtedly aiming at a complete elimination of the removable
ash. In order to bring about this object, far going disintegra-
tion is essential and this san be brought about or at least

assisted by acid treatment".

/Ultra"cle&no ceo0eoe



Ultra-clean coals bz a0id treatment - a historical survey.

Treatment with varying eoncentrations of hydrofluoric
and hydrochlories asid has long been &n important method in the
determination of combustible matter in silicate and carbonate
roocks. Lissner suggested that the silicious matter in such
rooks could be extracted by evaporating the sample to dryness
with a mixture of two parts of 40 percent hydrofluorie acid
end one part of hydrochloric acid of specific gravity 1-18,
after which, the residual combustible matter eontaining small
quantities of inorganic materials could be analysed in the usual
way. PFieldner, Selvig and Paylor (14) attempted to evolve an
experimental procedure based on the above suggestions and found
that there was a loss of organie hydrogen and carbon due to the
use of hot acids; for reducing such losses to a minimum, they
advised against the use of hot concentrated acids.

By applying the lLissner method to coals; Gallard (13)
successfully reduced the ash sontent of bituminous soal samples
from an initial value of 8-12 pereent to one percent and below.
He also noted that the elimination of the mineral impurities in
coal, either by the Lissner method or by modifications of it,
was always aceompanied by & loss of organie earbon, hydrogen
and volatile matter.

/Turner .........



Turner (15) modified the above procedure of acid treat-
ment of coals, by Ffirst refluxing the sample (6C mesh) with
concentrated hydrochloric acid for half an hour, washing it
froe of the acid and then treating it with 49 percent hydro-
fluorie acid at a temperature of 95°C, care being taken to
prevent evaporation to dryness. The sample, after this treatment%
was again boiled with concentrated hydrochloric acid for one |
hour and washed free of acids. Thus he reduced the ash content
of samples of bituminous soal, charcoal, anthracite and
graphite with an initial value between 093 and 3063 percent
%o between 0409 and le1l percents The ultimate analysis showed a
loss of about 1.5 percent carbon, and O+l persent hydrogen faor
anthracite, and about 06 percent carbon and 1le0 percent
hydrogen for bituminous coals.

Karavaev and Rapoport (16) were the first to point out

that the use of cold dilute (10:1) hydrofluorie acid to dissolve
the siliocious impurities in coal before the usual combustion
experimenﬁ, would avoid errors due to water of hydration of the
silicates in the ultimate analysis. Niocolls and Swartzman (17)

too realised the importance of coals freed from inorganie
material by acid treatment for purposes of classification,

In Britain, Lessing (12) was the first to draw attention
to the potentialities of acid treatment of coal;

/he...........
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he Purther developed a process (18) for breaking down coal
during mining by the use of aocid vapours. In 1932, Pawlikowski
(19) secured a British patent covering the removal of the more
easily removable constituents of the mineral matter in eoal by
washing with aoid ai & preliminary to its use in internal combus-
tion engines.

Down (20) developed a procedure fr the elimination of
the mineral matfer in oil shales using hot dilute hydrochlorie
a6id (5 N for 2 hrs. at 100°C), nitrie asid (of 1°18 sp.gr for
100 hrs. at room temperature for the oxidation of the pyrites)
and finally hydrofluorie acid. Nitric acid was substituted by a
mixture of zine dust and hydrochlorie asid by Himus. Himus and
Basak (22) tried this improved method on bituminous coals and
found that the sample became oxidised during sush treatment
resulting in a loss of carbon and hydrogen.

The removal of the mineral impurities in brown coals
by acid treatment has engaged the attention of investigators in
G ermany since the early twenties. Follman (23) investigated the
action of hydrochlorie and hydrofluorie aci&é on the mineral
impurities in brown coal. Hankiss (24)(4) studied the effest of
varying concentrations of hydroohlofic éeid (2 to 10 persent) on

various particle sizes of coal.

/sustmann'.......Ol.....
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Sustmann and Lehnert (25) were the first to carry out a
systematic study of the preparafion of super clean coals by acid
treatment of brown and bituminous coals. Apart from stndyingvthe
effect of acid treatment on high and low ash coals with varying
concentrations of dilute hydroshlorie and hydrofluorie ascids, they
compared the ignition temperature, melting point of the ash etc. of
the original and acid treated samples. They also pointed out the
loss of coking properties due to acid treatment.

The outbreak of the war anmd the consequent searsch for an
alternate source of ultra clean cocal for the produstion of
electrode ocoke required in the sluminium industry, saw the
development in Germany of tﬁo processes, one based on the removal

of mineral matter in coal by acids anmd the other by alkali.

(1) The Deashing of Coal by Froth Floatation and Acid
Extraction. OCarl Alexander lﬂne', Ru‘hr (26). - e

The froth from the froth floatation unit (1°l percent ashy
is led into the acid extraction (carbon) pot and the acid mixture
(2 Xgn of 40 percent HF and 4 kgm of 70 percent HGC1L in 200 kgm
ﬁater) led in, in the ratio of 2 parts of acid to one of coal by
weight. The pot is kept at 100°C for one hour by blowing in live
steam, after whioh the 6cal is filtered through rubber lined acid
resistant dise filters prepared fram synthetiec plastisc materisl
Inown as spalatite, The advantage of acid treatment is that the

[57161Qc.ceeecans
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yield of the final product with 0.5 percent ash is almost the
same as the effective yleld of the prod.uot with lel percent ash
from the floatation unit. It is needless to add that the yield
of 0*5 percent ash soal by float and sink methods alone is
negligible.

(2) The Deashing of Coal by Combined Jig Washing; Froth

Floatation’ and‘Extraotion with Alkali. (27) (I.G.Farbenindustrie
A.G.Hochst). Raw coal of 4 to 5 peréent ash i8 cleaned by two
successive jig washings to 18 percent ash, finely ground and
froth floated to a produst of 0.8 percent ash., This produst is
extracted with a 25 percent solution of caustic soda far twenty
minutes at 120 atmosphere pressure and 250°C. The product is
subsequently acid and water washed smd contains 0¢28 percent ash.
In the United States too} an apprehemsion regarding the
possible shortage of carbon suitable for electrode mamufacture
led Selvig, Ode and Gibson (28) to examine the possibilities of
production of ultra-clean ec;als by the acid treatment of clean
low ash Appalachian coals. As a result of the investigation they
found that three out of the seven coals examined by them aould be
made to meet the specification for the mamfacture of elestrode

carbon by acid treatment.

/Tms...........
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Thus a survey of the available literature on the
"gleaning™ of coal by acid treatment points to the necessity for
é farther study of the various faetors influencing this process.
Complete and comprehensive data on the optimum concentration, of
the 201ds to be used, the sizes of coal to be treated, the
temperature of sush treatment, and a suitable vessel for the
rezotion with hydrofluoric acid would be of some importance in
the wider development of "deashing®™ of coals by acids as an

industrial process.

Unlike the physical methods of coal cleaning;, the
removal of impurities by acid treatment depends on the schemical
nature of the impurities conscerned. It has been pointed out
earlier that the gquality and quantity of the inherent mineral
matter in ecal varies with the nature of the banded constituents
of coal with whieh it is associated. D a study of the effect of
acids on separate samples of each of these petrographiec
components of coal might throw some light on the nature of the
inherent mineral matter in coal.

In the few cases,wrere acid extraction of the mineral
impurities of coal. 1is practiced industrially, the general
tendensy seems to be to apply acid treatment to coels, whish have

already been cleaned to a fairly low ash content by one or the
other of the physisal methods. Thus the production of ultra-

clean coals by the present methods is a two or a three stage

/Process.....ccucnnee
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process; but the chances of industirial application of acid-
treatment of coals would be considerably improved, if a study
could be made of the possidility of producing ultra-clean coals
or very clean coals from coals high in adventitious ash or cannels
(which eannot be oleaned to any appreciable extent by the
brevalent physieal methods) by acid extractiom alone.

It will be noted that most of the earlier workers in
this field have referred to the loss of organie carbon and
hydrogen in the socal (with a consequent loss of volatile matter,
and unit coal calorific value) in the course of treatment with
acids. So it becomes necessary to examine whether the conditioms
of experiment could be so devwised as to avoid any oxidation of
the pure coal substance; for, a sample of coal with little or no
"ash", prodused by acid treatment, without in any way oxidising
the éo&l smbstance, would be of oconsiderable theoretical
signifieance. It is well-known that what is usually referred to
as the ash in coal originates from the mineral matter in coal,
which undergoes many changes during incineration, the prinsipal
ones being:

(1) dehydration of hydrated materials, like silicates,
' &ypsum eta.

(11 )the decomposition of carbonates (of calsoium, magnesium
and iron)s

(111) the decomposition of sulphides (mostly pyrite and
marcasite) and

/(iv)the.. ccsveee
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(iv) the volatilisation of the shlorides of alkall metals.

At present the general methods followed for the determination
of the true content of the mineral matter in coal, fall into
three categories (a) those taking into aceount the reactions
ococurring in the nineral matter during ineineration (b)Brinsmaid's
nethod (later modified by Stansfield and Sutherland) in wrich
the ealorifis value is determined as a function of the ash
eontent after separating the cocal by float and sink methods

into fractions varying in ash content and (e¢) methods

depending on the extrastion of all or partﬁaf the mineral
matter of coal with aeids.

The general literature available under these three
heads is summarised in the introduetion to Part Two of this
thesis., Among the various formulae proposed under (a), from
the point of view of sclentifie justification; the most accurate
yet advanced for the caloculation of mineral matter of coal from
its ash content, is that due to King, Maries and Crosslay (29),
although another one due to Parr (30) has gained widespread
acoeptanse in the United States. If the extraction of the
mineral impurities in coal ocould bé effected, without oxidising
the soal substanse; this would provide an important means of
studying the limits of applicability of the warious formmlae
in the fiela.

/.hesaoooooooj
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These were some of the main considerations wiith which

the present investigation was undertaken.

Given below are some of the major probable uses of
ultra-clean eoal. It need hardly be emphasised that 1f a success-
ful industrial process could be worked out, the demand for ulira-

|
|
|

clean coals would also inerease sonsiderably.

Some uses for specially oleaned coals (5) (7).

(a) Hydrogenation: In the hydrogenation of coal, the ash
complicates the probvlem by accumulating in the plant and
causing abrasion, while the ash constituents dilute and even

poison the catalyst. The inoreasing purity of the raw material

would provide better control over the reastion.

(b) Diesel fuel: For several years, experiments have been carried
out at the fuel research station and elsewhere, to replace the
mineral oil used in Diesel motors by a less expensive fuel ---
namely pulverised fuel. The main problem is one of preventing
the coal from ssouring the eylinders and the moving parts.
Generally this astion leads to a rapid fall in efficiency,
stoppages and excessive maintenanse costs. Ultra-elean coal,
the ash sontent of which has been reduced below its inherent
ash, would permit motors to be run sontimiocusly on pulverised

fuel. Recently attempts have been made by Pawlikowsky (58) and
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Wahl (5b) to burn the fuel in the pre-combustion chamber
of thé internal sombustion engine. The successful

adoption of sush a device would facilitate the use of

ultra-clean soal as a diesel fuel.

(6) Colloidal fuel is known to be a mixture of heavy mineral

| 0oil or anthracene oil and pulverised coal. The mixture
is stabilised by various reagents; which even if they
stabilise the coal particle, have only very slight effect
on the inert matter which is intimately mixed with it.
This results in sedimentation in pipe lines leading to
unscertain performance. The substitution of ultra-clean
coal would therefore widen the field for the use of

colloidal fuel.

(d) The eleoctrometallurgy of aluminium, magnesium and other
light metals requires anodes sontaining less than one

Percent of ash or more exactly less than 0.5 persent of
and

iron/silica. At present in the aluminium industry three
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quarters of a pound of earbon electrode is consumed for easch
pound of aluminium produced. OCalcined petroleum coke, the
residue from orude oil distillation, has till recently been
the starting point in the production of sueh electrodes. The
war gave an impetus to the search for an alternative process
and the results aschieved by the German war machine have been
enumerated above. Klectrode carbon has, for years, been
prepared from coke manufactured within ten miles of Glasgow. It
might safely be c¢laimed, that the use of low ash coke prepared
from ultra-clean cosls would completely replace the use of

Petroleum coke in the near future.
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PART I

THE PREPARATION OF ULTRA-CLEAN COALS BY ACID

A.

GENERAL CONDITIONS OF ACID TREATMENT OF GOALS.

In the methods descrived in the literature oited earlier, '
use has been made both of hydrofluoriec acid and hydrochlorie
acid, under different econditions for the extraction of the
mineral impurities in coal. The different practices

followed by previous workers are discussed below.

(1) Concentration of the acids used: The earlier workers

1ike Lissﬁex?ﬁ Gallard(l3), ‘Fleldner (14) and Turner,
more or less confined themselves to the use of fairly
high eonscentrations (generally 40 persent and above) of
hydrofluorie acid. Karavagy and Rapoport (16) and
later Nicolls and Swartzman (17) recommended the use of
10 percent hydrofluoriec acid. Susimann and Lehnert (25)
used 15 percent hydrofluoric acid for brown coals and
Presumably the same strength for bituminous coals; they
varied the concentration of hydrochloric acid from

1 to 6 percent. The German Carl Alexander Mine process

(26) employed an aeid mixture of 0-4 percent hydrofluoris
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acid and 1°4 percent hydroschloric acid. Fieldner and
co-workers (28) used varying conscentrations (5 to 10
percent) of the two acids along with wetting“ agents.

The use of organic aeids, particularly formic and
acetisc acids, for the removal of impurities in brown coals |
has been reported (25), but their use is presumably limited
to special cases like lignites and brown coal. ;
Temperature of zcid treatment: The earlier practice was to

treat coals with varying concentrations of hydrofluorie

acid for definite periods, evaporate it to dryness over a
water-bath and then lsash it with water. Later workers
preferred to keep the acid mixture simmariﬁg below the
boiling point, while some others advised definitely
against the use of hot acids. In the Carl Alexander
Mine process, the coal was boiled in a mixture of the two
acids at 100°C.

Size of coal used: There is general agreement that finer

sizes should be -1;.865.; but Sustmann and Lehnert (los. oit)
eonducted their experiments with cosls just under 4 mm. in
size. In the Germman Carl Alexander Mine process (los.cit)
the main feed foar the froth floatation unit, (the product

from which was later acid treated) was 0°75 mm. in size.

/Fieldner LI N A e
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Fieldner and co-workers used eoals orushed to pass a 60
mesh sisve (0°250 mm. opening). Hankiss (4) (24) studied
the effect of acid treatment on soals of sizes 0°5 to O-1

mm.

Ratio of coal to acid mixture (by weight): Sustmann and

Lehnert used two parts by weight of a.ci&to one of coal;

the proportions between coal and the acid mixture were the
same in the German industrial process. Fieldner and co-
workers (loec cit) varied this ratio from one part of coal
to one part of acid mixture to one part of coal per 17 parts
of the acid mixture.

Vessel for hydrofluoric acid treatment of soal: Reference

to the nature of tho-roaction vessel, apart fz;om cases
where & platinum dish had been employed, was absent in most
of the papers mentioned. The use of the platimum dish was
obviously limited to experiments dealing with a few grams
of eoal only.

In the Carl Alexander Mine process, the acid
extraction pots were made of moulded carbon blocks, cemented
by pitoch.

[/Be  ciiiieene



- 25 -

B, CONDITIONS OF ACID TREATMENT IN THE PRESENT INVESTIGATIION.

(1) Conscentration of acids used: The sucscess of any process

(2)

for the preparation of ultfa-clean coals by acid-treatment
would largely depend on keeping the eoncentration of the
aclids used, as low as possible. According to the above
survey, apart from the German industrial process, the
lowest concentration of hydrofluoric ascid used was 5 percent
and that of hydrochloric acid lel percent but Sustmann and
Lehnert, who used the 1+l percent acid, indicated that
better results were obtained with 3+3 percent hydrochloric
acide. In view of this, it was decided to carry out the
Present investigation with 5 persent hydrofluorie and

5 percent hydroshloric acids.

The search for a sulitable reaction vessel: The first few

éxperiments on the hydrofiuorio aoid treétmant of coal was
carried out at the laboratory temperature in a rock jar,
the inside of which had been coated with a hydrofluorie
acid resistant bitumin paint. fhe contents of the jar were
kept stirred by a motor driven stirrer with wodden arms.
Prolonged treatment of a sample of coal (bituminous coal
sample fram the Iugar works, ash (dry) 26 percent) for
24-48 hours under these conditions seldom reduced the
initial ash content by more than helf, Thus quite early
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in the course of the present investigation, it was realised
~ that the hydrofluoric acid treatmemt to be eIfestive must be

carried out at higher temperatures.

The choice of a mitable vessel for HF treatment at or
near the boiling point of the acid presemted considerable
difficulties. Attempts to use a glass vessel soated with the
hydrofluorie acid resistant paint, had to be given up, since
the paint did not withstand temperatures higher than 85°C.

The first series of experimemts on the hydrofluoric
acld treatment at 90°C and above was carried out in a lead
lined cast iron vessel. This too eould not be used far long,

since the lining was not quite resistanmt to hot hydrofluorie
acid.

The first sucsessful set of experiments on hydrofluoric
acid treatment near the boiling point of the acid was carried
out in a keebush beaker (capacity two litres). After a few
trials with water and brine baths, an air bath was considered
to be the most suitable for heating this bakelite vessel.

An air oven was devised out of a suitably insulated bucket,
supported on a ring burner; an inverted tripod, suspended
inside the bucsket supported the bakelite vessel, the base of
the vessel being a few inches above the bottom of the busket.
The econtents of the beaker were kept stirred by a motor
driven stirrer, vith a vulcanite stem and wooden arms.
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The stem stood the acid well, but the arms being of soft wood had
to be replaced every week. A wooden cover was provided for the
vessel and the bucket. This arrangement enabled aecid treatment to
be oarried out at 90-95°C and was in use for a comsiderable period
during the present investigation.

The main defects in this set-up were:-

(1) Bakelite being a very poor somdustor of heat, it took
ninety minutes for the contents of the beaker (one litre) to
reach the maximum temperature of 90-95°C. ‘

(11) The maximum temperature obtainable under this arrange-
ment was below the boiling point of the aeid and experiments on
acid treatment at the boiling point eould not be carried out.

(111) The bakelite developed sracks due to gquick heating and
eooliig and the average life of the vessel was only three months
of eontimuous use. (There was no evidence to suggest that the
bakelite itself had been affected.by the hot hydrofluoric aeid).

(iv) In this case there was no provision for sondensing the
hot a&m vapours and so the consentration of the acid was

continually changing during the experiment.

(v) Examination of the results of the ultimate analyses of
the oi-iginal and the acid treated samples of the soals, led one to
suspect the possibility of oxidation of the coal when treated

/'D.nder (N W Y



GAS

N2 INLET.

WATER

A |
\r:,, WATER OUTLET._

___WATER COOLED
COPPER TuBE CONDENSER.

INLET.

WOODEN LID FOR POT.

Q

INLET.

|/
N\ / ASBESTOS COVER FOR
f_w_{gux o / BUCKET.

\ CARBON POT,

| INSULATED BUCKET.

INVERTED TRIPOD.

SUPPORTING. METAL
PLATE FOR CARBON PorT

/

< ' _ RING BURNER.
)i I _ ,\

Fig. |.

————
.



- 28 =

under these conditions. Hence it was desired to sarry out
the acid treatment in an inert atmosphere, for the main-
tenance of which this set-up was hardly suitable.

(3) Use of & carbon pot for the l;xdrotlnor:lc acid treatnont ot
ooﬁl il

It was noted that most of the defeots mentioned above

sould be overcome by substituting a sarbon pot in plase of the

bakelite vessel, and this was done, as soon as one was 3

available. | ;
The final set-up is shewn in Fig. 1. The arrangement of
the air bath was the %ame as before. The cylindrieal carbon 1
vessel was fitted with a separate tight fitting, two holed
wooden 1id (made of hard wood and coated with the acid i
resistant paint). Through one of the holes in the 1id was
fixed a water-sooled, sopper tube sondenser and the other
served as inlet for nitrogen. In this arrangement, the contezrl;l}

of the carbon pot (1 1itre) reached the boiling point (100°C) i

in less than 45 minmutes, after whish boiling could be maintain- ‘
ed with reduced flame. !

The above arrangement was found quite satisfactory; bDut b
it must be mentioned that a ecylindrical vessel was by no means i
the ideal one for refluxing. A spherical vessel, wktih a |

b

reasonably wide opening, which eould have been closed with a

]“
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tight fitting cork, would have been more sulitable. But
oarbon vessels in special shapes were diffiocult to get.

In the experiments with the cylindrical carbon pot,it
was found necessary to seal the orevices betweem the wooden
1id and the pot, with olay in order to prevent the leakage of
acld vapours. Thus there was always the possibility, that
while removing the hardened clay at the end of an experiment,
a few particles might fall into the extrastion pot and there-
by spoil the experiment. This problem could have been
solved by using a more suitable sealing substanae than elay,
but no such substanse could be readily found and the
experiments wers carried out in the cylindrieal carbon pot,
using olay to seal the crevices between the 1lid amd the pot.

The coal samples used in the investigation: Table No.l gives

éﬁb proximate analyses of the coal samples used in this
investigation.

Sample No.,1 was clarain from the main seam, Barony
colliery and this was found to be remarkably free from
durain. Sample No.2 was obtained originally for preparing
a sample of clarain, but had to be examined as received,
since it was not quite easy to separate it from the other

banded constituents present. Sample No.3 of durain was

/prepared. essecscecee
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PARTICULARS OF COAL AND CANNEL SAMPLES EXAMINED

- - - . - " cwp o = W . WD = e B . D T D T T W G mm G am - D

Humbex Details
1. Clarain, Main Seam, Barony solliery.
2. Bituminous coal sample, Iugar Works.
3. Durain, Thankerton colliery.
4. Durain containing bright coal, (Lugar Works).
5. Fusain, Diamond Seam, Ayr colliery.
6. Fusain, Warrix colliery.
Te Cannel, Loanbead colliery.
8. Cannel, Cowdenbeath solliery
9. Cannel, Randolph eolliery
10. Cannel, Virtuewell Seam, Royal George cdllisry
11 Cannel, Kiltongue Seam.
12. Inferior cannel, Whitehill colliery.

In the subsequent tables, these samples are referred to

by the numbers cited above.
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PROXIMATE ANALYSIS
(Air dried basis)

- S s en on an o = = -

Sample Moisture Ash vVolatiTe "Fixed

No. % % matter carbon”

(dry %
CO> free)
T

1 2.0 1.3 5006 451
2 3.9 2.5 45+0 48-6
3. 2+ 5 3¢5 3420 60.0
4. 2+0 4.8 3806 546
5. 8e2 Hed 19°6 6648
6. 2+5 234 21-5 5206
T. 5e2 2-9 Jso.o 419
8. 304 3¢9 51e2 41e5
9. 4°4 65 633 258
10. 3.9 265 40°1 295
11. 3.9 3303 488 135

12, 4+5 4305 40-8 11.2
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prepared from a coal sample from Thankerton colliery; the band
of dull eoal was fairly thick and it was easy to separate the
durain from the rest. Sample No. 4, contained reasonable amounts
of durain, but in view of the very thin layers of bright coal .
interspersed in the layer of dull coal, it was oonsidered advis-
able to examine it as sush. Samples 5 and 6, of fusain were
ocollected over a period of time, at the sollieries mentioned,
specially for the sake of this investigation.

l

All the cannel samples were examined as received; of these '
Ssamples 7, 10, 11 and 12 had been stored in the laboratory for 1
some time. Two samples, differing widely in ash content, of the '
cannel from Randolph eolliery were available.

The wide variations in ash content (noted in Table No.l)
made these samples specially suited for exi:erimenhs on aeid treat- .
ment of coals; bvesides none of these samples could be cleaned to
anyappreciable extent by any of the usual physical methods. By
the very nature of the mineral matter in cannels, the density
separation methods were inapplicable to them; bdut of the six
other samples, only one gave any separation in the course of an
examination of their washadility eharasteristies by float and sink
determinations using mixtures of earbon tetra ohloride and
benzene. This was sample No.2 (the coal sample from Iugar works;
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ash 2°6 percent (dry))which gave a 1 persent yield of a
sanple of 0.98 pément ash and a 38.5 percent yield of a
sample of 1+58 percent ash, with solutions of specifie
gravity 1.255 and 1¢263 respectively.

(5) A procedurs for acid treatmemt: In all the following

' experiments the treatment with the two acids was earried out
separately with 5 percent hydrofluoris acid and 5 percent
hydroshlorie ascid. 40 percent commercial hydrofluorio acid
and 35 percent pure csoncentrated hydrochloriec acid were
available in the laboratory amd the required quantities of
the two 5 percent acids were prepared by dilution.

At first hydrofluoric acid treatment was continued
t111 there was no further redustion in ash content of the
soal and this was followed by treatment with hydrochloris
aeid again, $1l1l no further reduction in ash sontent was
noticeable. This normelly meant the continuation of the
treatment with eash asid for tem to fifteen hours; subse-
quently it was found that better results eould be obtpééiﬁeaia
by treating the sample with hydrofluoris acid for a short /.,
followed by hydroshloric asid treatment for the same
Guration and then by repeating the treatment over again.

This procedure, apart from the saving in time involved,
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almost invariably gave a product with lower ash ocontent. The
period of treatment with hydrofluorie acid was five hours
when the bakelite vessel was used but with the carbon vessel,

it was reduced to four hours.

(6) merimental details for lgldrofluorio acid treatment of coal:
' 250 gms. of the sample (100 percent through 72 mesh

B.S.sleve) were mixed with 1000 ml. of 5 percent hydrofluoriec
acid in the carbon pot; the pot was closed with the 1lid,
sealed with clay and placed inside the air oven as shown in
Fig. 1; the water-ocooled copper tube condenser was.fitted

in and the air inside the vessel flushed out with nitrogen,
after which the heating was started. A full flame was main-
tained at the start till the contents were raised to boiling,
after which a reduced flame was maintained. A very slow
stream of nitrogen was passed through the pot during this
treatment. At the end of four hours, heating was discontinued,
the apparatus allowed to cool, the clay used for sealing
sarefully removed, and the contents of the carbon pot filtered
in a suction filtex,

(7) Experimental details for hydrochlorie acid treatment of coal:

250 gms. of the sample were taken in a two litre
round bottomed flask sontaining 1000 ml. of 5 percent
bydrochlorie acid; the flask was fitted with a water-scooled

/rerlu-x 0..0.000:
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reflux condenser and heated over a bunsen flame; refluxing
was contlmed for four hours, at the end of which, the

contents were cooled and filtered.

Washing of asid treated eoals: Washing the coal samples

thnértiéafed oompiétely rree<or the acids was not quité
easy. Normally by washing the produet with hot tap water,
three to four times the quantity of acid used, followed by
8 final wash with hot distilled water gave a sample which
was neutral and free of shlorides; but on keeping the same
sample in distilled water for a few minutes, the chloride
reaction reappeared; and the sample could be sompletely
freed from chlorides only by repeated boiling with hot
distilled water. No difference in ash content was noted
between the samples which had been freed from ochloride and
the ones which had been washed wiith tap water three to four
times and finally with distilled water. So in all oases,
the acid treated samples were washed with hot tap and
distilled water only, and whenever necessary, completely

chloride free samples were prepared fram this main sample.

Sustmenn and Lehnert (25) noted this difficulty in
freeing the coals completely of the acids and they
recommended that for ash determinations, it was not

neoessary to use a completely shloride free sample.
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(9) Drying:
Drying of the acid treated samples was

carried out in an electrically heated moisture

oven at 50~55°C.
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C. EXAMINAYION OF THE FACTORS INFLUENCING ACID TREATMENT:

(1) The results of the general procedure:

The results of the acid treatment of the twelve
samples are summarised in Table No.2. The samples were
subjected to alternate treatments with 5 percent
hydrofluoric and 5 percent hydrochlorie acid, each
treatment being for four hours. The quantity of aoid
used in each case was four times the weight of coal
taken.

The ash determinations were made on air dried samples
and in Table 2 they are given on a moisture free basis
for purposes of comparison. The persentage yield of
ultra=-clean coals has been caloulated on the dry weight
of the original sample.

In cases where the sample even after two altermate
acid treatments had an ash oontent over 1 perscent, the
aclid treatment was repeated a third time under the same
conditions to see whether any further reduction in ash
content was possible. But in no case was there any
further reduction in ash sontent. So it was considered
necessary to examine the effest, of treatment with

stronger reagents on such samples.
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Size of coal = 100% through 72 mesh. (B.S.Sieve).
Quantity of acid = 4 times the wt. of coal taken.

HF treatment done in Nitrogen atmosphere.

Ash content - dry basis Yield of
Sam-| Original (a)boiled  (b)refluxed (oail- @)reflux~{ultra |
ple | Semple with 5% EF, with 5. HCL, ed with od with5p|Clean ool
No. 4 hours. 4 hours. 50 HF, HCl,4 mral(prof dy
4 hours. coal taken
(2) (b) (o) (a) (e)
o -% % P -To P
(1) | 1.34 1.10 0.88 0.72 0.53 98.0
(2) | 2.60 1.10 0.80 0.70 10,52 96. 0
(3) | 3.59 2.10 1.80 1.10 0.82 95. 0
(4) | 4.90 2.40 1.60 0.70 0.42 93.0
(5) | 5.88 3.80 1.70 1.40 l.34 91.5
(6) |22.00 12.60 6.50 4.50 3, 03 66.0
(7) | 3.06 1.90 1.20 0.80 0.73 94.5
(8) | 4.02 2.10 1.20 0.70 0.52 95.0
(9) | 6.80 3.90 2.60 2,10 2.01 91.5
0o {27.57  20.00 15.42 4.60 1.37 70.5
1) 135.18  18.60 10.62 3.60 1.25 60.0
(L2) {45.55 25.60 1.70 1.50 0.63 50. 0

NOTE. In the case of samples (Nos. 5, 6, 9, 10 and 11) the HF
and HC1 treatments were repested a Bhird time under the
same conditions without any further reduction in ash

content.
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Use of sironger acids (Cf: Table Fo. 3).

Five samples already acid treated under conditions
referred to in Table No.2 were chosen for these experiments.
Three had ash contents above and two below 1 perscent. These
experiments eould not be earried out with the two samples of
acld treated fusain, since they were not available in
suffieient gquantities.

50 gms. of sample were used for these experiments, the
quantity of acids used being twice the weight of the sample
taken. The hydrofluoris acid treatment was carried out in
an open nickel vessel by boiling; since in this ocase, fresh
acld was added during the experiment to make up the loss due
to evaporation, the concentration was not constant throughout
each expe riment. The treatment with HCl was carried out as

usual.

Variation of the order of treatment with acids:

In Table No.4 are given the results of experiments,
which were undertaken to see how the extrastion of the
mineral impurities in coal was affected by treating the
samples first with 5 perecent hydrochlorie acid instead of
with 5 percent hydrofluorie =20id; alternate treatment with
the two acids was repeated till the minimum possible ash

eontent was reached.

J(d) civeiiennnnns
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TABLE N O. 3

ACID TREATMENT OF COALS -~ USE OF STRONGER REAGENTS

(21l ash values on a dry basis)

Sample Sample Sample
DETAILS No.7  No.9  No.10

Ash %+ Ash % Ash %

Sample
No.1ll

Ash %

Sample
No.1l2
Ash %

(1) original sample

(ii) (a)treated with
acids as in Table

(14) (b)boiled with 10
HF for 2 hrs. &
10, HC1 for
2 hrs. “““““““““““ (0) 0.70 109'0 1.30

(1v) (o)boiled with 20%
HF for 2 hrs. &
20% HC1l for
2 hours. =—==-=--= (d) 0.70 1.90 1.30

(v) (@) boiled with 30,°
HF for 1 hr.
307 HC1l for

1 hours -~----==== (e) 0.70 1.90 1.00

(v1) (e)boiled with 407
HF for 1 hr. &
oone. HO1 (35%)
for 1 hour.e —=~-= (f) 0070 1090 0. 96

35. 10

1.25

1.20

1.00

1.00

1.00

4555

0.53

0.60

0.60

0.50

0.46
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ACID TREATMENT OF COALS : VARIATION OF THE ORDER OF
TREATMENRT WITH ACIDS

e e - R S ER . TR W TE R WD WS D NG S D W W WS S S WS W DGR wn = M -

Size of coal : 100% through 72 mesh B.S.Sieve.
Quantity of acid : 4 times the weight of coal.

Expt. Sample Sample
No. Details No. 2 Ng.’(
Ash % (dry) Ash % (dry)

I
(1) Initial ash content, sample....(a) 2.60 3. 06
(11) (a) refluxed with 5% HCl

for4hours.oooo...QOOOOOOO(b) 2000 2.70
#ii) (b) treated with 5% HF
: for 5 hourS....cceceeseesees(0) 1.02 1.40
(iv) (o) refluxed with 5% HCl .

f°r4hours..o.......t.....(d) 0080 ltoo
(v) (a) treated with 5% HF

fOrShm.....oo......-oo(e) 0080 0.90
(vi) (e) treated with 5% HC1
- ror 4 hOurSOOQOO ooooooooo ..(f) 0.50 0070
II
(1) Sample (a) treated with

570HFfOI‘5 hO‘D.rS..-...........(g) 1020 1070

(11) (g) refluxed with 5% HCl
- f0r4hO'llrS-.-..........oo.(h) 0080 1030
@ii) (h) treated with 5% HF, -
- -~ forshours.....t..........(i) 0060 0‘90
(iv) (1) refluxed with 5% HCl ’
‘ f0r4hO'llrS.......-oo-...oo(J) 0050 0.70

HF treatment in the above experimentswas carried
out in the bakelite vessel at 95°C.
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Influence of particle size of coal on the extrasction of the
___gnrit:les in coal with a.oids.

It is well known that in chemical reasctions finer
particle sizes facilitate gquicker reasction with the solvent;
thus the effectiveness of acid treatment should be determined
by the particle size to which the coal was crushed before
treatment.

A1l the experiments that have been reported in the
earlier tables were done with samples crushed to pass through
& 72 mesh B.S.sieve; in this set of experiments, (CL Table
No.5) samples crushed to pass through 18,140, 200 and 300
mesh B.S.sieves were treated with the two acids under the
same conditions as before. The various samples were nrepared
by carefully adjusting a coffee mill to give a produet that
would just pass 'throngh a partiocular sieve without an unduly
high percentage of fines; ash deteminations of the samples
of various sizes of each scoal showed that they were

representative of the original sample. %

Le:ld. treatment of ooko. It i8 well known that eoke is more
porons than ooa.‘l., it was thought that the higher porosity of

the coke would facilitate better interaction between the

impurities in coke and the acids tham would the sorresponding
sample of cosl. This was the mzin idea behind the experiments
desoribed inm Table No.6.

/TIO ooooooooo.é
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ACID TREATMENT OF CQAL - INFLUENCE OF PARTICLE SIZE.
Quantity of acids - 4 times the welght of coal.

e " D W - m Y W . D G5 n . G

ASH CONTENT (DRY )
No. ple 100% origi- (a)sahrs. (b)4hrs. (e)4 hrs. (d)4 hrs.
No. Thro' nal 5% HF 5% BCL .5% HF 5% HCL
B.S. - sample

Slewe (a (v) (c) (d) (e)

2 T Te T T

I (1) 18 1.3 1.2 1.1 1.1 0.7
‘72 1.3 1.1 0.9 0.7 0.5

140 1.3 1.l 1.0 0.7 6.5

200 1.3 1.0 1.0 - 0.5

300 1.3 1.1 1.0 0.8 0.5

I (2) 18 2.6 1.3 1.0 0.9 0.8
72 2.6 1.1 0.8 0.7 0.5

140 2.6 l.1 0.8 0.7 0.5

200 2.6 - - 0.7 0.5

300 2.6 1.1 0.8 0.7 0.5

III (9) 18 17.3 15.0 6.8 5¢0 2.8
72 17.3 12.4 Te5 3.7 2.1

140 17.3 12.2 7.0 2.2 1.9

200 17.3 11.5 6.7 3.9 1.8

300  17.3 9.6 6.0 2.0 1.5
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Expt. Sam- Size ASH CONTETXNT (DRY BASIS)
No. ple 100% origi- (a)amrs (b)4hrs. (o)4 hrs. (d.%:i hrs.

No. +thro' nal 5% HF 5% HCL .5% HF 5% HC1
B.S. - sample
Sieve (a (v) (a) (a) (e)
P e % P %
Iv (10) 18 27.6 23.4 16.3 6.5 2.5
72 27.6 20.0 15.4 4.6 l.4
140 27.6 17.9 8.3 3,1 1.4
200 2706 1601 70 3 b 104
300 27.6 15.9 6.4 3,2 l.4
v (12) 18 45.6 28.7 14.0 4.8 2.0
72 45.6 25.6 14.7 - 0.6
140 45.6 25.4 12.0 3.3 0.6
200 45.6 22.4 12.5 3.7 0.6

300 45.6 20.4 8.7 2.5 0.5
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TABLE N O 6

- - -y o . - . -——

ACID TREATMENT OF COAL AND COKE

Sizes of coal and coke
used for acid treatment. g 100% through 72 mesh, B.S.Sieve.

. D . TR W AT R L L WP T GD WD D G D S D MR S S TR W GO T wn

Expt Bituminms Cannel,
No. Details coal sampls Loanbead
* from Imgar acolliery.

Ash (dry) Ash % (dry).

%1) Original 8ample eo.coceecceas ceses(a) 2,60 3, 06
(i1)a.oarbonised at 800°C .......coke (b) 3.70 5. 00
(111)b. treated with 5% HF, 5 hrs. ....(6) 1,25 2.46
(iv)o. refluxed with 5% HCl, 4 hrs. ..{(d) 1.00 1.90
(v) d. treated with 5% HF, 5 hrSce....(e) 1.00 1.20
(vi)e. refluxed with 5% HCl, 4 hrsS....(f) 1.00 1.20

II
(1) (a) acid treated as per

TAD1e NOeZeveveosssasasnccsesl(g) 0.52 0.73
(11) (g) carbonised at 800°C,.....coke(h) 0.80 1.20
(111) (h) treated with 5% HF,
: 5 HOUPBecesccsscsascacassaseaa(l) 0.80 1.20
(iv) (1) refluxed with 5% HC1,
| 4 HOUTBeceecevecnccanscassasald) 0.80 1.20
(v) (3) treated with 5% HF,

5 HOUFBeeeveeseseesecccsaneselk) 0,80 1.20
(vi) (k) refluxed with 5% HC1,

4hcurs......................(l) 0080 1020

NOTE: The HF treatment was carried out in the bakelite
vessel at 95°C.
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Two different sets of experimente were carried out
(a) the coal and the cannel samples were carbonised (in an
electriec furnace at 800°C, the charge being contained in a
siliea tube) and the ecoke samples were acid treated under
same sonditions as before; (b) the same coal and cannel
samples were first treated with the two acids under conditions
desoribed in Table No.2 and the resultant ultra-elean (coal)
samples were carbonised at 800°C; the coke samples thus
obtained were again ascid treated under the same conditions.

The coal sample from Iugar works gave a good Goke,
which was orushed to pass through 72 mesh B.S.sieve before
acld treatmemt; the coke from the cannel was powdiery; So were

the two samples obtained fram the ultra-~sclean coal and cannel.

Use of mixed acids: The main reason for carrying out the

freatmant with the two ascids separately was the non-
avallability of a suitable condenser, that eoflld be used with
both acids. It was learnt that by using condensers, where

the inner surface was soated with resins, which were resistant
to both acids, the set up used for hydrofluorie acid treat-
ment, could be used for a mixture of the two acids.

/me ...........’
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One such resin was the Marco resin 61C, supplied by
Messrs. Scott Bader and Coe. Ltd., and this was dessribed as a
"versatile resin, with exsellent fabricating properties and
characterised by exseptional interlaminar adhesion, outstanding

weather and chemical resistance'", in their literature.

This resin was dissolved in monomer C (also supplied by
the firm) in presence of the supplied ca.talysf (Benzoyl Peroxide)
and the solution was used for soating the inside of a reflux
oondenser; oare had to be taken to ensure that a light coating
was obtained; for with a thiock coating, besause of the poor
conductivity of the resin, there was little or no condemnsation

of the acid vapours, even with maximum water eireculation. But
even with a thinly coated oondenser, the use of this resin for

combined acid treatment could not be deseribed as an unqualified
success; with thin coatings, it was difficult to get thorough
adhesion on glass, with the result that the hydrofluoric aoid
vapours started attacking the uncovered spots. Three condensers
had to be rejested during the experiments reported in Tables 7

and 10.

/In ® G000 000000
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B e e e b ke B Y

ACID TREATMENT OF COALS -~ USE OF A MIXTURE OF ACIDS.
Aoids used: 5% HF and 5% HCl, twice the weight

of coal taken.

Size of coal used: 100% through 72 mesh B.S.Sieve.

- v . D G e WD W WD TS R A - . YN We S B W A S A S -

Expt. Sam- ASH CONTENT ( DRY BASIS )

Ash content

No. ple origi- Samples taken at the end of:- :zigagii::ed
No. nal 5 10 15 20 as per Table
sample  hours hours hours hours No. 2.
I (1) 1.34 0,70 0.50 0,50 = 0.53
11 (7)  3.06 1.10 0,70 0.70 - 0.73
IIT  (12) 45.55  14.20 = 1.50 0.60 0.60
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In these experiments (Cf Table No. 7) three samples
were treated with a mixture of 5 percent hydrofluoric and
5 perecent hydrochlorise acids in one operation; the only other
modification in the proscedure was that the total quantity of
a0ids used was reduced to twice the weight of csoal taken. The
acid treatment was stopped at intervals of five hours for

taking samples.

/D. ®0 0600000000000
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D, EXAMINATION OF THE EFFICIENCY OF ACID TREATMENT OF COALS.

(1) Examination of the ash: The aim of acid treatment of soal

is the removal of the 1n6£ganic constituents of coal by
solution. From the results tabulated earlier, it can be seen
that there remains in all the samples of coals, a small
percentage of mineral matter, whish could not be removed by
a0id treatment. Thus for a proper determination of the
effisclency of extraction of the mineral matter in coal by the
two acids (in terms of the ash), it would be necessary to
analyse the ash of the original and acid treated samples; but
in the case of the ultra-clean coals prepared by acid treat-
ment, because of the very low ash content, it would be tedious
to obtain sufficient quantities of the ash nesessary for
complete ash analysis.

In view of this difficulty, the following experiments
were designed to examine how far the different constituents
in the ash of the various coals, which were soludle in water,
dilute hydrofluoriec acid and dilute hydroshlorie asid, had
been extracted by acid treatment.

Experiment: About 01 to 02 gms of ash was weighed out in a
Platinum orucible and digested with water for half an hour

over an air bath; the contents were then filtered, repeatedly
washed with 6old water,and the residue incinerated to constant
welght; the difference in weight gave the water soluble
Portion in the ash.

/The eeveeeenes
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TABLE

R el

|

Ash Water  Si0p Fep03 Balance
(ary Soluble ¢ op % of  * OF
PARTICULARS bagis) Portion "sgn. Ash. Ash.
% % of ash
(1) (2) (3) (4) (5)
SAMPLE NO.I
(a) original sample l.3¢  42.8 8.1 21.3 27.8
(v) acid treated sample 0.53% 7.0 8.7 13.5 70.8
(a) Efficiency of extraction
(% of original sample) 60.7 9%3.6 57.9 7T5.1 ~(?)
SAMPLE NO.2
(a) original sample 2.60 38,0 31.1 16.5 14.4
(b) 20id treated sample 0.52 3.7 22,5 22,9 50.9
(a) Efficiency of extraction
(% of original sample) 80.4 98.1 85.8 7T2.8 30.8
SAMPLE NO. 3
() original sample 3.59 9.0 48.6 6.8 35.6
(v) acid treated sample 0.82  trace 33.4 3.2 63,
(o) Efficiency of extraction
(% of original sample) 778 100.0 84.8 89.6 60.4
. SAMPIE NO.4
(a) original sample 4.90 7.9 38,8 17.5 35.8
{b) acid treated sample 0.42 trace 5.0 1.4.0 81.0
(o) Efficiency of extrastion
- (% of original sample) 91.8 100.0 98.9 93.5 81.5

/SAMPLE NO.5

e 00000000000



TABLE No. 8 (Contd.).
et Jater 5105 F6505 Balauce
PARTIGCULARS bac/s;is) El.:°§§i:§h P OT kO yen,
(1) (2) (3)  (4) (5)
SAMPLE NO.5
(a) original sample 5.88 13.3 16.0 14.3 56.4
(b) a0ld treated sample l.34 6.4 4.3 20.1 59.2
(o) Efflaiency of extraction
- (% of original sample) 78.3 89.5 80.6 69.5 T77.1
SAMPLE NO.6
(a) original sample 24.00 20,8 13.1 6.4 59.7
(b) acid treated sample 3, 03 3.6 14.%3 13.7 68.4
(o) Effioclency of extraction |
(% of original sample) 90.1 98.3 89.3 78.9 88.6
SAMPLE _NO.7
(a) original sample 3. 06 To7T  5l.6 16.8 23,9
(b) acid treated sample 0.73 trace 9.0 31.3 59.7
{6) Efficiency of extrastion
- (% of original sample) 76.8  100.0 95.9 56.6 41.8
SAMPLE K0.8
(a) original sample 4.04 6e3 48.6 17.3 27.8
{b) acid treated sample 0.52 trace 13.7 16.5 69.8
{o) Efficiency of extraction
- (% of original sample) 87.6 100.0 96.5 88.1 68.8

/SAMPLE XO.9 .

00000
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TABLE N 0.8
(Continmed).

- . - - D .- - G

Ash Water 3102 E’Q203 Balance

Soluble - . % of
: a : » 0f % of
PARTICULARS é;g{s) Portion “pgp, gsh, Ash.
% % of ash
(1) (2) (3)  (4) (5)
. SAMPLE KNO.9
(a) original sample 6.80 7.8 60.5 28.5 3,2
(b) acid treated sample 2.01 trace 38,5 52.5 9.0
(6) Efficiency of extraction
(% of original sample) 7T2.0 100. 0 82.1 48.2 21.3

SAMPLE NO.10
(a) original sample 27.57 4.9 61.6 2.8 30.7
(b) acid treated sample 1.37  trace  37.5 28.2 3.3
(o) Efficiency of Extraction
(% of original sample) 96.3 100. 0 97.7 63.3 95.9
| SAMPLE NO.1l
(a) original sample 35.18 8.5 57.8 13.3 20.4
{v) Acid treated sample 1.25  trace  44.2 43.5 12.3

{c) Efficiency of extraction
(% of original sample) 97.T 100. 0 98.3 92.4 98.4

SAMPLE NO.12
(a) original sample 45.55 9.1 72.7 16.3 1.9
(b) acid treated sample 0.63 trace 12.7 22.7 64.6

() Efficiency of extraction
% of original sample) 99.2 100. 0 99.9 99.0 74.2
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The water insoluble portion was carefully digested in the
platinum crucible with 40 persent hydrofluoriec acid over an air
bath for forty mimutes at the end of which it was allowed to
evaporate to dryness; the residue in the crucible was then heated
over a strong flame and weighed; the digestion and inoineration
were repeated till concordant values were obtained. The loss in

weight gave the hydrofluorie acid soluble portion.

These experiments were repeated with the original and acid
treated samples of all coels and cannels (Cf Table No.8).

The efficiency of extraction of each somponent sould be

!

expressed only on the basis of the ash or the corresponding portionw

of the ash of the original sample. Since each gram of the acid
treated sample would have been derived from more than one gram of
the original sample, all the values for the ash ( and the
different fractions) of the acid treated sample given in Table
No.8 were corrected to the same basis as the ash content of the
original semple before calculating the efficiency of extraction.

For purposes of comparison the values for iron (as F°2°3)’

which were obtained by separate determinations, are also given in
Table No.S.

(2) Examination of the distribution of iron in coal and the
efficiency of its extraction by acid treatment.

Iron is xnomto ocour in the mineral matter of coal in the
form of carbonate and sulphate (soluble in dilute hydroshlorie
acid), pyrite' (partly soluble in hot dilute hydrochlorie aciad)
&nd also as silicates and oxides.

/So....'.‘....
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So no data of the effisiency of extraction of iron in coal by acids
would be complete without a knowledge of the form in which the
iron was present. In the following experiments separate determina=-
tions were made for (1) the dilute hydroohloric acid soluble iron,
(2) the pyritie iron and (3) total iron in coal. In the results
tabulated in Table No.9 the difference betweem the total iron and
the sum of pyritic and dilute acid soluble iron has been reported
a8 iron present in other forms.

Determination of the total iron in coal: This was determined from

a4 sample of the ash; the silica in the ‘ash was removed by
voltalisation with hydrofluoric acid; the residue was gently

heated with sadium pyrosulphate and finally extracted with dilute
sulphurie acid) made up to a known volume and titrated against
standard titanous chloride using thiocyanate indieator in a 0arbon
dioxide ' atmosphere.

The values for the total iron present are given as ferries
oxide in Table No.8 and as iron in Table No.9.

Dilute hydrochlorie acid soluble iron and ﬂntic iron in coal:

These two determinations were originally made in connestion with
the evalustion of the correst value for the mineral matter in coal

and the experimental details are given in Part II of this thesis.

/EQ #0000 0e000o0
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E. SOME VARIATIONS IN THE GENERAL PROCEDURE FOR THE ACID TREATME NT
OF COALS.

(1) The use of bromine water with a mixture of acids: It would

be seen from the results mentioned in Section D, that iron
was not completely removed by the method of aeid treatment
followed earlier, due mainly to the presence of pyrites in
the mineral matter of coal. The nommal procedure for the
extraction of pyrite in coal was by the use of dilute

nitrie acid and dbromine water, a treatment, which would
oxidise the coal sample as well. So the use of nitric acid ~
or any other oxidising agent was not considered advisable.

It would be noted from the experiments detailed in table
Nos9, that the pyritis iron in coal had been partially
extracted by hot dilute hydrochloric acid; in the experi-
ments summarised in Table No.10, it has been examined -
whether the presence of bromine water along with the dilute
acid would improve the efficienscy of extrastion of the
pyrite in coal.

The experimental set-up was the same as that for the
use of mixed acids - the acid treatment being done in an
atmosphere of nitrogen. Three samples, which were known to
eontain a fair amount of pyritie iron were chosen for these

experiments; otherwise the general procedure was the same.

/(2) [N RN Y YY Y |
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TABLE ¥ 0 10

- "D - ey . - - o - =

ACID TREATMENT OF COALS HIGH IN PYRITIC IRON.

Acids used : a mixture of 5% HF and 5% HC1l with 50 ml.bromine
watex.
Quantity of acids : 4 times the weight of coal.
Size of 6oal : 1007 through 72 mesh B.S.Sieve.
Nitrogen atmosphere used throughout.

Expt. Sam- & S H CONTENT (DRY B 4SIS)Ash content

No. ple origi- Samples taken at the end of:- :ﬁigaxgﬂ.::éd

No. nal 5 10 15 20
sample hours hours bhours hours as ;g. gable
b I . b
I (9) 17.30 8.40 3¢50 2.00 2.00 2.10
II (10) 27.57 12,40 5.80 2.00 1.30 1.37

III  (11) 35.18 12.20 3.70 .30 1.30 1.25
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(2) Treatmemt of coal with dilute alkali: A comparison of the

' data in Tables 8 and 9.,-", showed that the percentage
extraction of iron was in most cases higher than percentage
extrasction of the hydrofluorie acid insoluble portion in
ash; this might be due to poor extraction of the alumina
present by acid treatment; if the primary objest were to
extract the alumina in the mineral matter, dilute alkali
should be a better reagent than any other used till now.

Extraoction of specially treated coals with alkali at
high pressures was done in Gemmany during war time (27).

~

In the first expariment, the acid treated bituminous
coal sample from Iugar works (ash: 0.52 percent) was refluxed

with 5 percent potassium hydrdxide solution for four hours;

the resultant product had an ash content of 0e35 percent, but

the yield was only 82 percent of the weight of acid treated
sample. Since the main objest of this investigation was to
evolve a progedure for the extrastion of the mineral
impurities in coal without in any way affecting the coal
substance, in the next set of experimemts, the alkali treat-
ment was done at the laboratory temperature by mixing the
acld treated coal sample with alkali in a bottle ami then

/OOD.tin'lling oooooooooo"g
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TABL N 0. 11

EFFECT OF DILUTE AIKALI ON ACID TREATED COALS.

o e . n - N D D v A e WD P P o WD AN WD GE - WD WA G S W ) G S W e

Quantity of alkali (5% potassium hydroxide): 4
times the weight of coal.

Each sample kept in an electrical shaker for
18 hours at lsboratory temperature.

Ash in acid Ash after
Experiment Sample treated coal alkali

No. No. %(dry basis) treatment

(C£. Table 2) % (dry)
I (1) 0653 0,50
II (2) 0.52 0.50
111 (3) 0.82 0.80
Iv (4) 0.42 0.40
v (5) 1l.%4 1.35
VI (6) 3. 03 3. 00
VII (7) 0.73 0.75
VIII (8) 0.52 0.50
Ix (9) 2,01 2.00
X (10) 1. 37 1l.40
XI (11) 1.25 0.90

XII (12) 0.63 0.65
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continuing the treatment by vigorous agitation for eighteen
hours in an electrical shaker. The results are given in
Table Ho.ll; the soal, after the alkali treatmemnt was washed
firet with dilute acetic acid until free of alkali amd then
with hot water till free of acid. The initial filtrate was
almost colourless and neutralisation with acid gave only a
very faint trace of a precipitate in all the ocases.

/F. ® 0000000000
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P, DISCUSSION OF RESULTS.

The aim of acid treatment of coals is the extraction of
the mineral matter associated with it by solution; in this
case, the mineral matter forms the ‘'solute' and the hydro-
fluorie and hydrochlorie acid solutions, tﬂe solvent. The
solubility of any given solid is known to deperd® upon (1) the
temperature (2) the nature of the solvent and (3) the nature
of the solid. So one of the means of examining the results
submitted earlier would be to study the influence of these

faoctors on this process.

(1) The temperature of acid~treatment of coals: Generally

the solubility of a solid in a liquid increases with rising
temperature, but the rate of increase differs widely for the
different solids, and in some cases, the solubility is
diminished by incoreasing the temperature in same ranges.

In the present investigation, the extrastion with the
aclds was carried out at the boiling point of the acids; but
it was mentioned that in the ease of the coal sample from
Ingar wrks (sample No.2; ash 26 percent) even prolonged
treatment with 5 pereent hydrofluorie asid for 24-48 hours at
room temperature did not reduce the ash content below half
that of the initial wvalue. The comparatively lesser
solubility of the inorganis matter in coals at ordinary

/temperatms ecescscsnse e
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temperatures has been noted by the earlier workers.

Gallard (13) found that 1 gm. of kaolin (one of the common
silicate minerals associated with ecoal), when treated with
120 co. of 10 percent hydrofluorie acid for 24 hours with and
without heating dissolved to the extent of 97.86 and 77.88

percent respectively.

Selvig, 0de and Gibson (28), who earried out the treatment
with the two acids (5 to 10 percent) and wetting agents, at the
room temperature had to continue digestion of the samples
(initial ash content between 0.56 and 2.13 percent) for 24 hours
to obtain a final produect with ash contents between 035 and
0-60 pereent (dry basis).

Turner and co-workers (15) treated the eoal samples with
hydrofluorie acid at a temperature just below the boiling point
of the acid; so did Sustmann and Lehnert (25). In the present
investigation also, when a bakelite vessel was used for the
hydrofluorie acid treatment, the temperature was below the boil-
ing point of the acid; but in such eases for effecting the same
reduction in ash content as given in Table No.2, it was found
nesessary to continue the treatment for five hours, instead of the
normel four hours, while using the earbon pot. (The longer period
of treatment was partly due to the poor candustivity of the
vessel).
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So, it eoculd be stated that the solubility (and hence the
rate of extraction) of the mineral matter of ocoal in the two
acids, increased with rising temperature.

(2) The nature of the solvent.

(1) Consentration: The "solvents" employed in this case

were five percent solﬁtions of hydrochloris amd hydrofluoric
acids. The results of acid treatment following the general
procedure outlined in Sestion C, san be seen in Table No.Z2.
The ash contents of the final samples after two altermate
treatment with the two acids (with the exception of samples
Fo.6 and No.9) varied between 0-42 to 1e37 persent, while the
initial ash contents were between l.34 amd 45¢55 percent

(dry basis). These values compare very favourably with the
ash eontents of samples obtained by previous workers, who

had used mush higher soncentrations of the same two acids.

Gallard (loc oit) used two parts of 40 percent hydrofluorie
acld and one part of hydrochlorie acid of Sp. gr. 1.18 to
reduce the ash content of two coal samples from 1224 and
874 percent to 094 and 058 percent respestively.

Turner (loec cit), who boiled the samples with consentrated
hydroshlorie acid before and after the treatment with

bydrofluorie acid, used 49 percent hydrofluoric acid at
950C; thus from samples of anthrageite, graphite,bituminous
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coal and charcoal with ash sontents varying between 0°90 and
30°63 persent, he obtained ultra-clean samples, the ash sontents
of which were below 117 percent, the lowest value being

030 percent.

Sustmann and Lehnert (losc oit),boiled the brown and
bituminous coal samples first with le5 percent hydrochloric acid
and treated the product with 15 percent hydrofluoric acid for
four hours at 90°C; the ash oontent of the final samples were

between 006 to 2¢0 DPercent while the initial values were

between 204 and 16¢2 persent.

Selvig, Gibson and 0de, (loe oit), who used a mixture of
the two acids with wetting agents found, that for the seven
samples of bituminous 6oal examined by them, a mixed acid
golution containing 5 percent hydrofluorie acid and 5 percemt
hydrochlorie acid was as effective in reducing the ash sontent
as 10 peroent hydrochlorie acid and 5 percent hydrofluorioc acid
or 10 percent hydrochlorie and 10 percent hydrofluoriec acids.

The yield of ultra-clean coal given in the last column of
Table No.2, as a weight percentage of the dry original sample
indicated, that there was no appreciable loss of the coal
substance due to acid treatment under these conditions; but any
definite conclusion about sueh losses can be drawn only from the
resulis of ultimate analyses of the samples, which have been
reported in the second part of this work.
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The effest of stronger acids on the acid treated samples
mentioned in Table No.Z2, can be seen in the results given in
Table No.3. In this experimaxt, the consentration of the two aciis
was gradually inocreased to a maximum; but, out of the five ocases
exsmined, it eould not be claimed, that there was any further
appreoiable reduetion in ash content, due to the use of more
eonocentrated acids. This was true also of one of the two
exoeptions noted earlier i.e. the sannel from Randolph colliery,
whose ash eontent eould not be reduced below 2¢0 percemt by

repeated treatments with the two five percent acids.

So it eould be stated that the treatmemt of coal samples
with hydrofluorie and hydrochloric acids did not give completely
"agh free" samples; the maximum possible extraction of the
impurities associated with the samples listed in Table No.Z2 sould
be effeoted by the use of five persemnt hydrofluoriec and five
percent hydrochloriec acids at their boiling points; and that the
use of stronger acids, though it would influence the period of
treatment, was unlikely to give a product of lower ash content.

Apart from other economic considerations, Sustmann and
Lehnert (loc cit) were in favour of the use of dilute aocids,
8ince the quantity of wash water required to free the samples of

the acids incoreased with inoreasing concentration of the acids.
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(ii) The relative solvent astion of the two acids: Table No.2

gives the ash content of the samples after eash treatment
with the two acids. One gram of the sample after each treat-
ment, bescause of its diminishing ash content, would have been
derived from more than one gram of the original sample. So
the results given in Table No.2 were not strisctly comparable.
To facilitate such comparison, values (given in Table No.1l2)
for the reduction in ash content effected by successive
treatments, were caleulated, in terms of the ash content of

the original sample.

A word of explanation might be necessary about the
significance of these values; these were calculated from the
values for ash in each case (Cf Table No.2) and hence did
not represent the sorresponding percentages of the mineral
matter in cosl; but these would be related the same. The
values for "ash" content were determined only as a means of
studying the rate of extraction of the corresponding portions
of the mineral matter in coal.

In Table No.l2, columns 4 and 6 give the reduction in
"ash" content effested by the first and second treatment
with hydrofluorie acid, as a percentage of the ash of the
original sample; columns 5 and 7 give similar values for
the two hydroochlorie acid treatments. The values under
column 8 are the sum of the corresponding values in columns

4 and 6 and represent the reduction in "ash" scontent due to
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the two hydrofluoric acid treatments alone; column 9 gives the
similar values for the two hydrochlorie ascid treatment; in columm
10 are given the values for the total percentage of the "ash" of
the original sample extracted during the entire process. To
enable all the above values to be understood in their proper
perspective, in e¢o0l.1ll are given the wvalues for the total
Peraentage extraction of the mineral matter of the original

gample, by acid treatment. The mineral matter csontenis of the
original and ultra-clean coal samples wewe salcoulated on the
bagis of the King, Maries and Crossley formula, the details of
which, will be found in Part II of this work.

The results in Table No.l2 indicate that the acid extrastion
of the mineral impurities in coal is similar to any normal |
extraction prosess. It is seen that in nearly all the cases
between forty and sixty percent of the total extraction was
effeated by the first hydrofluoriec acid treatment; after this
during each treatment there was a gradually diminishing rate of
extraction; in some cases the reduction in ash content effected
by the final hydrochlorie acid treatment was very slight, but in
the case of the durain sample from Thankerton colliery, the two
ireatments with hydrochloriec acid seemed to be almost equally
effective. The olarain sample from Barony colliery was a major

exception, since it had an almost uniform rate of extrastion

[throughout .....e.u...
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throughout the process, with either acid.

On comparing the values in columns 8 and 9, it will be seen
that 5 percent hydrofluoric acid had definitely a greater solvent
action than 5 percent hydrochloric asid. The percentage of total
mineral matter extracted by either acid would depend on the
nature of the impurities in coal in each case. Thus in the case
of the clarain semple from Barony colliery (sample No.l), the
total percentege extrastion with 5 percent hyirochlorie acid was
dotna.lly higher than that with 5 percent hydrofluorie acld; again
in the ocase of the fusain sample from Diamond Seam, Ayr colliery
(Sample No.5), the total extraction with hydroshlorie acid was
6ompara’ole to, if not higher than that with the other acid. A
high percentage of the mineral matter in these two cases must
have consisted of salts soluble in water gnd dilute hydroshloriec
acid as distinet from the other cases, where the percentage
extraction with hydrofluorie acid was higher.

Column 12 of the same Table giies the values of the quantity

of silica (S10,) (as percemt of the ash of the original sample)
extracted by treatment with hydrofluorie acid; these values were

caloulated by multiplying the SiOp sontent of the ash (Cf Table
No.8) by the sorresponding value for the effisiency of its

extrastion. On comparing these values with the total percentage
extraction effected by the two hydrofluorie acid treatments
(solumn 8), the latter will always be found to be higher; so
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dilute hydrofluoric acid must have extracted other portions of
the mineral matter as well, besides the silicate minerals. This
was only to be expescted; for, being the earlier acid to be used
in the treatment, hydrofluoric acid, besides reacting vigorously
with the silieate minerals, would have extracted all the
nomally dilute acid soluble components like carbonates and
sulphates; moreover, of the other two major constituents of the
mineral matter in coal, both iron and aluminium could form
soluble fluorides. In the case of four, of the six cannels
examined (samples 7-12) the two values agreed within reasonable
limits; tﬁis might be due to the predominantly silicious nature
of the mineral matter associated with the eannels.

Among the previous workers, Turmer ané co~workers, (loe oit )
boiled the coal sample with concentrated hydrochloriec ac 14 before
and after treatment with hydrofluorie scid. In the experiments
of Sustmann and Lehmnert (los 6it), also, a hydroschloris acid
treatment preceded a hydrofluoric acid treatment. The results
glven in Table No.4 show that an initial hydrochlorie acid
treatment was not in any way an improvement over the suggested
general procedure. When the sample was initially treated with
hydroshlorie asid;it required in all, three treatments with 5
Pereent hydrochloric acid and two treatments with 5 percent
hydrofluoric acid, to effect the same redustion in ash content

a8 done by the two alternate treatments with the two acids,

starting with hydrofluorie acid. /Th
G ececocooe
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The difference in the rate of extraction of the impurities
in the two cases sould be explained by the results in Table No.l2.
It is seen that genserally the initial hydrofluoris acid treatment
effected between 40 and 60 percent of the total redustion in ash
gontent; so during the subsequent treatment with dilute hydro-
chloric asid, the reaction between the aeid and the remaining
portions of the mineral matter would have been facilitated by the
absence of impurities, the greater portion of which would
normally have been imsoluble in hydroehlorie acid. So a
hydroohlorie acid treatment, preseded by hydrofluorie asid, should
lead to better extraction.

The more recent workers in this field prefer an initial
treatment with hydrofluoriec acid. Demann and Schonmuller
(acoording to Yancey and Geer (4)) oconsluded that the treatment
iith hydroshlorie acid was more‘effective if preceded by hydro-
fluoric acid to decompose the silicious impurities. But Yaneey
and Geer. (4), after a survey of the literature on the acid
treatment of coals, reported that for brown eoals, hydroshloriec
acid followed dy hydrofluoric acid was the most effective; it was
found that, with brown comls, eash gram of hydroshloris acid

dissolved about three grams of impurities irrespestive of the :

sonsentration of the acid.

A study of columnk 5 and 6 in Table No.1l2 elucidates the
Tunstion of 5 pereent hydroshlorie acid in the present procedure.
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In most cases, the rate of extraction (as studied through ash
determinations) was found to slacken sonsiderably at the end of
four hours of treatment with 5 percent hydrofluoriec acid. This
slackening might have been due to (1) the asid besoming spent
and/or (2) the inaccessibility to the acid of further portions of
minera.lvmtter. The former was unlikely because in all these
oases, the quantity of acid used was four times tﬁe weight of eoal
taken; and the ratio between the quantity of acid and mineral
matter in coal must have been oconsiderably higher. The latter
reason seemed to be more probable, since a re-tresatment of the
sameé sample with 5 percent hydrofluoric acid, after an intervening
treatment with 5 percent hydrochloric acid, effected a further
extrastion, in most cases of about 3 to 20 percent and in the
case of one high ash sample (No.lO) of 35 persent.

So the astion of the two acids was complementary; it was
advisable to start the initial extraction with dilute hydrofluoric
acid; then by selectively extracting a portion of the mineral
matter of the coal, each acid facilitated the further extrastion

by the following acid of additional portions of the mineral
matter.
The percentage extrastion of the mineral matter in coal

(e0l. 11, Table Fo.12) varied between 65 and 99 persent; this

would have been influenced solely by the nature of the mineral
matter present in each case. It might be mentioned that such
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high efficiencies would be unattainable with any of the
usual physical methods for eleaning coals.

The use of a mixture of the two acids: The general

prosedure for asid treatment rolloweé in this investigation
involved separate treatments with the two acids; eaoh

sample of eoal or cannel was treated with the same quantities
of the two asids, for the same periods, irrespesctive of its
initial ash sontent. So no definite conclusions regarding
the rate of extraction of the mineral matter eould be drawn

from the same.

Some conclusions on the rate of extraction of the
mineral matter were possible from the results of experiments
given in Table No.7, where each sample had been treated with |
& mixture of the two acids. For the first two samples,

(the clarain sample from Barony colliery and the cannel
from Loanbead 6olliery) a treatment for just over five hours
was sufficient to effesct a redustion in ash sontent from
1l°34 and 306 percent to 0-50 and 070 percent (dry basis)
respectively; the inferior oamnel from Whitehill eolliery

required between 15 to 20 hours for a reduction in ash
content from 45+55 to 0-60 percemt.

Before attempting any comparison of the three cases,
1t should be noted that, the conditions of extrastion being
the same, the rate of extrastion of the mineral matter would

/depem.........._é
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depend on (1) its chemical composition (2) its physical
condition and (3) its gquantity. The results in Table No.7,
show that with decreasing quantities of the mineral matter, the
rate of extrastion also diminished. This must have been due to
the fast, that, towards the later stages of extrastion, the
acids had to deal with those portions of the mineral matter,
which were elosely bound up with the coal substance and hence

were less acsessible to the asids than the other portionms.

This was in accordance with the experiensce of the earlier
workers, who found, that the extrastion with hot acids of the
mineral matter associated with bituminous coals, was essentially
& 8low process. Thus in the German Carl Alexander Mine process
(26), the bituminous coal sample with lol percent ash had to be
'boiled for one hour at 100°C with a mixture of the two acids, to
Jield a produot with 0.5 percent ash, The results in Table No.7,
indicated that along with bituminous coals, in the case of cannds

also, the extrastion was a slow process.

(iv) The variation of the total quantity of the aoids: An

important factor governing the solubility of solids in
liquids is the ratio of the quantity of the solvent to that of
the solute.

/In'l........’...
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In the general procedure outlined earlier, the quantity
of acids used was four times the weight of coal taken; the
ratio of the quantity of ascids to that of the mineral
matter would have varied roughly betweem 200:1 (in the case
of the clarain sample from Barony) and 8:1 (in the case of
the inferior cannel from Whitehill eolliery). In the
experimentw listed in Table No.7, the quantity of acids used
was twice the welight of coal taken and so the latter ratios
would have beem halved.

It will be seen that the ash contents of the final
samples were nearly the same in both cases; this confirmed
the finding of Selvig, Ode and Gibson (loe eit), that there |
was no difference in the ash contents of the treated eoals,
using either a ratio by weight of ome part of coal and cne
Part of acid or a ratio of one part of coal and 17 parts
of acid solution.

The influence of the nature of the minersl matter in coal
on acld tregtment.

The nature of the mineral matter in coal has been
discussed by Crossley (36). The three main kinds of
minerals associated with coals aré shales or clay, sulphide
minerals and earbonates.

/TheOOOQQOOOOOOO
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The shaly matter consists mainly of kaolin, micas and
feldspar with some quartz. The individual minerals in these
classes have been identified by Ball (31) and Gauwger, Barrett
and Williams (32). According to Ball, the non-clay minerals,

although always present are gquantitatively of minor importance.

The most common sulphide minerals are pyrite and marcasite,
the two distinet orystalline forms of iron disulphide, the
former being oublie and the latter orthorhombie; small quantities
of sulphate usually of iron and calecium occur with these
minerals.

A wide range of carbonate minerals is known to be
assooclated with the impurities in coal, the most common ones
being those of calcium and iron and the less fregquent ones being
those of magnesium, manganese, sodium and Potassium.

(1) Influence of particle size: The solubility of solids in
liquids is generally kndﬁﬁ to increase with decreasing
particle size; according to this, finer grinding of the ooal
sample should lead to better extractiom.

The effect of varying the particle sizes will be seen
in Table No.5. In all the five cases examined, there was a
distinet improvement in the quality of the final product,

when the samples were crushed to pass 72 mesh B.S.Sieve;

/ooarser ...........



-80-

coarser sizes than this yielded a product of higher ash content,
while erushing to finer sizes had little or no influence on the
quality of the product; but the rate of extrastion of mineral

matter increased with finer sizes.

Bankiss (24) (4) observed that the reduction in ash content
possible with eoal of 0.5 mm, size was doubled when coal was

orashed to O+l mm, size.

The size of aperture in inches for the different sieves

used is given below:-

B.S.S. No. Size of aperture
- in inghes.
18 0+ 0336
72 0+ 0083
150 0+ 0041
200 00030
300 00021

The 05 mm. size referred to by Hankiss would correspond approxi-
mately to a 30 mesh B.S.Sieve, while the 0.1l mm. would sorrespond

to the 150 mesh B.S.Sieve.

The rank of the coal examined by Hankiss was not known
(referred to as Maza coal); for the samples examined in this
investigation, the limiting size for obtaining best results was
between 18 and 72 mesh B.S.Sieves; as such there was agreement
with the upper limit for sizes (0.02 in. or 30 mesh B.S.Sieve)

/Tecommended.....e.v.....
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recommended by Hankiss. The improvememt, due to fine grinding
in three samples (Nos. 9, 10 and 12) out of the five examined,
could be deseribed in the words of Hankiss ™as a doubling of
the possible reduction in ash sontent™ compared with the

gcoarser sizes.

Selvig, Ode and Gibson (loe oit) found that the crushing
of one of the bituminous coal samples to pass & No.200 Sieve
(U.S.51eve) series (?) opening 0.0029 in.) gave the same
reduetion in ash content as a Ko.60 Sieve (opening 0.0098 in.).
Though the coal was treated in the cold in this case, the size
ranges mentioned agreed closely with the resulis presented.

This limiting value for sizes should have a bearing on the
nature of the mineral impurities assosciated with coal. The
sllicate minerals occur as distinet bands, elay veins, sandstone
intrusions and in many other forms; the sulphides too are
Present as bands, nodules and pyritised fossil; but both the
silicate and the sulphide minerals are also known to be finely
disseminated throughout the coal substance. Thus, Thiessen (37)
found that there were microseopie partiel;%smging in dismeter
from a few microns to 100 microns and that the majority measured
between 25 to 40 microns, with relatively few particles
eéxceeding the latter diameter.
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Assuming that the average diameter of finely disseminated
pyrite and other minerals, to be 40 microns (1 micron = 0000004 in),
the dlameter of each sush particle would be 00016 in. and below.
This diameter would compare favourably with that of a partiocle
passing through a 300 mesh B.S.Sieve (opening 0-0021 in.), yet -
even at these sizes, complete extrastion of mineral matter was
not possible. This might be due partially to the faoct that some
of the minerals like pyrite- eould not be extracted completely
by the two acids; but in the oase of the other minerals, whieh
were normally extracted by the two asids, it was possible that
small amounts of inorganic matter were (as suggested by Fieldner
in the discussion of Turner's paper (15)) adsorbed in the eoal
6olloid and so resisted ext;aotion with aecids.

(11) Influence of the chemical eondition of the mineral matter
- (acid treatment of coal and coke).
‘These experiments (Table No.G) ‘iere undertaken to

examine whether thé physical changes undergone by the coal
during carbonisation would in any way fasilitate better extrastion
of the inorganiec matter associated with it.

It was noted from the results, that,

(a) 1t was possible to obtain coke samples with lower ash

- eontent by carbonising ultra-olean coals (obtained by
aoid treatment) rather than by the acid treatment of
ooke samples obtained by the carbonisation of uhtreated

S8amples of the same coal, and
/(b) .O.C...QO...
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(b) the ash sontent of a sample of eoke obtained by the
sarbonisation of ultra-clean coals (prepared by acid treat-
ment) could not be redused any further by repeating the acid
treatment with the coke sample.

Oshima and Fukuda had shown (38) that the acid treatment
of ocoke did not give a product with very low ash content. They
treated finely ground samples of cocke, with concentrated

hydroghlorie and hydrofluoric acid with the following results:i-

Before After

extraction extrasction

Ash (dry) Ash (dry)

Pergent. Pergent.
(1) Metallurgical coke I 5o68 0.51
(2) Metallurgical coke II 14.15 3¢9l
(3) Gas coke I 13.73 2479
(4¢) Special coke I 1274 2012
(5) Speeial coke II 15. 05 4488

The present results also confirm the same.

These results on the acid treatment of coal and coke offer
an insight into the probable mechanism of extraction of the
mineral matter in coal by acid treatment.

Fischer (according to Sustmann and Lehnert (loe cit) was
the first to propose, that the capillary strusture of brown
eoals facilitated the extraction of impurities, during acid

ireatment. The capillary structure :is oharascteristiec of the ]
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bituminous coals also, though perhaps not to the same extent as
brown cozls. King and Wilkins (47), after an examination of the
free space within the coal substance, concluded, that in general,
coal was interspersed by pores or capillaries of various sizes.
The diameter and the extent of these capillaries would determine
the extent of penetration of the acids and sonsequently the

amount of mineral matter extracted. The difficulties experienced
in washing the samples completely free of the acids after the acid
treatment, indicated that the extent of sush penetration was

econsiderable.

In eoke, the mineral matter is not present in the same
condition as coal. It is known that carbonisation would be §
attended by two fundamental changes in the original structure of
eoal. The first one, which would follow the decomposition of the ;
coal at temperatures, varying betweem 320 and 450°C, would result !
in the cementing of the fusing mass of coal to form a coherent t
coke; the cementing action is known to be fascilitated by the ;
DPresence of resinous compounds (the gamma compounds) in the
original coal; secondly, almost simultaneously with the fusion)due
to the evolution of the volatile matter, the coal would swell up
resulting in a spongy mass, that is characteristic of the

appearance of coke. It is this spongy mass, that acscounts for the
higher porosity of coke. The amount of extraction of the mineral
matter in coke, would be determined solely by the ability of the
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acids to react with the fused particle and this was bound
to be low; hence the poorer extrastion with coke as sompared

to ocoal.

Thelohemioal nature of the mineral matter associated with
coa [ ]

Most studies on the nature of the mineral matter in
goal are based on a chemical examination of the ash; ash is
the residue, on ignition in air of the inorganic compounds
in the mineral matter of coal that have not been volatilised;
on inoineration the silicate minerals usually ocontribute
silioca and alumina, while the rest contribute small quantities
of the oxides of iron, caleium, sodium, potassium,magnesium,
titanium and phosphorus.

Normally a complete chemical analysis of the ash from
each sample would require about five grams of ash, which in
the oase of the acid treated samples, with their ash contents
varying between O+4 to le4 percent would involve the |
incineration of 350 to 1250 gms. of each of the samples. This‘

oonsideration ruled out the idea of complete ash analysis.

After an examination of the numerous coal ash analysis,
ocalculated to a sulphur trioxide free basis, Thiessen (33)
found that over 95 percent of coal ash, with few, if any
exceptions, was composed of alumina, silica, iron oxide,

lime and magnesia, the magnesia oontent being frequently
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negligible; the remaining five percent consisted of such items
as the oxides of sodium, potassium, phosphorus, and titanium and
chlorine. Thiessen further commented that the values for these
items making up the 5 percent became even less important, when
the ash analysis was saloulated back to the original mineral
matter in coal.

So, it was thought, any indirect method that would give an
1dea of the silica, alumina, iron and lime content of the wash,
might justifiably be adopted in place of complete ash analysis in
this investigation.

In the final procedure adopted (experimental details are
glven in Section D), the ash was first extracted with water by
digestion, washed repeatedly with cold water and incinerated; the
Drocedure was repeated to sonstant weight; then the residue was
digested with hydrofluorie acid twice, allowed to evaporate to
dryness, raised to red heat, cooled and weighed. The loss of
weight on digestion was assumed to be the silica content (Sioa).

The correctness of the silica value would depend entirely
on the complete elimination of caloium oxide at the first stage;
for caleium oxide would form caleium fluoride in the subsequent
treatment with hydrorlnofio acid; since this fluoride 1i8 stable

%o red heat, the values for silica would be lowered.
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These experimeunts were carried out with 0°2 gms. of the
ash; 8o even if the oalecium oxide content were to be as high as
50 percent, it was quite possible that it could be extracted by
repeated washing with cold water. (The solubility of lime 0°131
gn/100 ml. at 10°C). Of the other two major constituents of the
water insoluble residue i.e. iron oxide and alumina, according
%o Gore (in Mellor's lreatise on 'Inorganic and Theoretical
Chemistry' Vol.II, 1;.133), the higl:xer oxides of iron would not be
attacked %y hydrofluoric acid; as for alumina, the formation of
i1ts fluoride would not affect the result, since it is not
stable to heat. So, barring the chance fomation of complex
double fluorides with any of the trace alkali oxides, the wvalues
obtained for the silica content should be reliable. The results
in Table No.3, showed them to be of the right order.

The main justification for the adoption of this procedure
was that it enabled certain general conclusions ahout the nature
of the mineral matter in eoal to be drawn, in the absence of
ocomplete ash analysis.

The results of the analysis are given in Table No.S.
Column 5 of this table gave the difference of the sum of the
values in columns 2, 3 and 4 from 100 percent; since these three
solumns accounted for the water soluble, silica and iron content

of the ash, from a general knowledge of the ash compositions,

Gne could expect a high percemtage of alumina in the remaining
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portions (i.e. the values in Col. 5).

The ash of the clarain sample (No.l, Table No.83) contained
a high proportion of water soluble salts and the silicate content
was low; the latter aoéording to Lessing (3) represented trapped
detrital matter not strictly belohging to the group. The ash
was of a light reddish brown colour, due perhaps to the iron in

the sample.

The ash of the bituminous coal sample from Iugar works
(Noe2) had also a brownish tinge; the values more or less had
the same sSignificance as sample No.l; the distinctly higher
Percentajge of silica was due to intrusions of durain in the

original sample.
The ash of the durain sample from Thankexrton colliery

(No.3) was greyish; it was oharacterised by high silica and
alumina content with a low value for iron. Lessing (loe cit)
showed the ash of durain samples to consist predominantly of
olay substance, sinece the alumina to silica ratio for kaolin
agreed closely with the corresponding wvalue for the ash of

durain sasmples.

The values for the ash of the durain sample containing
bright coal (No.4) followed the same trend as the earlier
Sample; the effeet of the intrusion of bright coal was to lower
the silica content and increase the iron content; the solour of
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the ash was light brownish grey.

The two samples of fusain (No.5 and No.6) showed wide
variations in ash content, that was typiecal of them. The ash
in either case was dense and dark brown. The moderate amount
of water soluble, low silica and the high values in column 5,
indicated their derivation from the sarbonates or the other salts
of infiltrated water, retained by the highly absorptive surface
of fusain.

The ash samples of most of the cannels (Nos.7-12) were
white, with a brownish tint in some cases; bnf samples Nos.9 and
1l were deep brown in colour. The chief characteristic of all
these was the high silica content; the iron sontent showed

considerable variations.

(a) Efficiency of extraction of the water soluble portion of the
ash. (Table No.8, 0ol.2).

The figures for the efficieney of extrastion varied
between 89 and 100 percent; the majority of the samples had
an almost complete extraetion. (In the ash of all acid
treated coal samples, there was a small but negligible
portion extracted with water).

The water soluble material in the ash would be the oxides
of alkali metals and lime, the latter being the only one
likely to ocour in any quantity.
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The influence of temperature on the extraction of the
impurities sould be seen from the relative proportions of the
water soluble portion of the ash in the following cases.

In the present investigation, where the extraction was
carried out at the boiling point of the two acids, the water
soluble portion of the ash of the acid treated sample rarely
exseeded 7 percent of the ash; in most cases (eight out of the
twelve cases) it was below one percent, whioh’is regorded as

trace.

The total lime and magnesia content (roughly corres-
ponding to the water soluble portion in the bresant case) of
the ash from the coke in the Germman Carl Alexander Mine process
was 4+4 percent (alkali and S03 not detemmined). But in the
ash analyses of samples, acid treated at room temperature by
Selvig, Ode and Gibson (28), the total lime, magnesia and SO3
content varied between 32 and 57 percent; this figure was
partly due to the 303 sontent of the ash which varied between
12 and 32 percents In the present investigation, due to the
adoption of standard procedure of ashing, the 803 in ash never
exgeeded 5 percent of the ash of the original sample, while it
was negligible in the ash of the acid treated sample. In the

results of Selvig and co-workers for ash of the treated coals,
the magnesia oontent was always below 4 percent while the lime
varied between 8 and 23 percent. The low figures for the water
80luble portion of the

/aShooooooooo--oo-.(



-0l -

ash of the treated coals, in the present case, can therefore be

attributed to the higher temperature of extraction.

Terres and Rost (39), after a complete examination of the
mineral constituents of a number of coals, by analyses of the
ash and of agueous and acid extracts, showed that in brown coals
a large proportion of these constituents might exist as salts of
the humioc a0ids or of resin or wax acids; they further pointed 1
out that the perscentage of such salts was negligible in the case |
of bituminous coals. In the latter ocase the possible presence
of oaloium humate was mentioned by Fieldner (in the discussion of
Turner's paper (15)). Normally calcium humate should be decompos-%
ed by ﬂydroohlorio acid forming a soluble chloride and insoluble
humio acid. The comparatively lower values for the percentage
extrastion of water soluble salts (89 and 93 percent) were
obtained in samples (fusain from Diamond Seam and clarain from
Barony colliery respectively) likely to contain & fair amount of
lime.

So 1% might be assumed that at least in some cases, a small
Portion of the normally water soluble oxides in ash was originallyi
Present in the coal, sombined with organis radiscals in such a |

formm as to resist attasck by acids.
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(b) Efficiency of extraction of silioca. (Table No.8, Col.3).

The values in this case varied between 58 and 100 pereent;

the majority of the samples had over 80 percent of their

sllioa content extracted by acid treatment. The very high

percentage of extraction indicated that the silicate minerals

assoociated with coal, besides being the most abundant, were 1n§

a form that reacted easily with hydrofluoric aocid.

did oontain small but definite amounts of silica i.e. the
silicate minerals were not completely extracted by acid
treatment. This might have been due to any omne of the

following reasons:-

(1)

(2)

(3)

It was also significant that all the acid treated samples

the minerals were not completely soluble in the acids.
Gallard (13) (discussed earlier under the influence of i
temperature) has shown that a sample of kaolin was |
dissolved only to the extent of 97+86 persent by boiling
with 10 percent hydrofluoric acide

Small parts of the inorganic matter containing silicates |
might have been adsorbed in the coal colloid and resisted %
the attack by acids (suggestion by Fieldner referred to

earlier); and

Ball and Cady (40) attempted a study of the charaster and
composition of the mineral matter in bituminous coals by
recaloulating the ash composition as kaolinite, calecite,

Pyrite and silica; in all the cases, they found that 94
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percent or more of the mineral matter was acocounted for. Silica
was present at times in oonsiderable exscess above that nescessary
to ocombine with alumina to form kaolinite and was by far the
largest component not readily associated with any other
constituent in the ash; The two possible explanations suggested
by them were (1) that the excess of silica represented finely
divided quartz of detrital origin or (2) that silica of organic
origin, though not necessarily in organic combination, was
present in the coal.

The present results indicated that a small amount of the
total silica was present in the coal, in a form that was either
not readily attacked by the acids or was inaccessible to them.
The one sample that gave the lowest ps reentage extraction of
silica (olarain from Barony colliery) was also the one that had
the lowest silica ocontent. ITessing had shown that the silicates
in The mineral matter of clarain were of detrital origin. This
would suggest that the reason for incomplete extrasction was

mainly the inability of the ascids to reach such fine partiacles.

(a) Effiolency of extrastion of iron sompounds.

The nature of the iron sompound present: The iron

compounds most commonly associated with the mineral matter
in coal are pyrite and marcasite; besides these, Marson and

Cobb (41) have mentioned the possible occurrence, in small
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quantities of the oxides and sulphates of ferrous and ferrie
iron, ferrous carbonate, iron silicates and iron in organiec

gombination.

Iron, as pyrite in coal generally predominates, but
exceptions are known. These are only to be expected, for the
analyses of three different samples of pyrite by Sinnatt and
Simpkin (44) revealed, that between 122 and 4609 perscent of

the total iron was nonpyritie (FeO) in character.

Woolhouse (42), studying the distribution of iron in
Parkgete goal, found that the pyritic iron constituted over 80
to 90 percent of the total iron in five out of the six cases
examined; the last sample contained only 526 perscent of pyritiec |

iron.

Sinnatt, Grounds and Bayley (43) found, that in Lancashire
'
Seams, the percentage of iron in ferrous condition varied

between 15 and 35 percemt of the total iron.

Sinnatt and Simpkin (loe cit) examined the distribution
of the various forms of iron, in seven different Lancashire
seams. They found (1) that the iron extracted by water (mostly
the sulphates present) varied from nil to 24°79 persent of the
total iron; but as a rule the amount of iron extracted by water
wa8 negligible, in some cases, the extract being merely acidie
in reaction; (2) from 0484 to 35°76 percent of the iron present
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went into solution in 10 percent hydroshlorie acid (all the
carbonates and sulphates); (3) the pyritic iron content
(extracted with dilute nitrie acid) varied between 5555 and
9805 persent and (4) that the silicate iron content was between
nil to 952 percent.

In the present investigation separate determinations were
made of the dilute hydrofluorie acid soluble iron, pyritie iron
and totel iron; the values reported under the column iron in
other forms, were the difference of the sum of the first two,

from the total iron. (Table No.9).

The values for the dilute acid soluble form of iron were
between 0-89 and 20+ 00 perscent of the total iron; for nine out
of the twelve samples, the value varied between 10 and 20

peraent.

The pyritic iron content varied between 55 (sample No.1l)
and 98 (sample No.9) percent of the total iron; five samples
had values between 84 and 86 percent; four had between 66 and
68 percent; and one more had 74 percent of the total iron as

Dyritie irom.

The values for pyritic and dilute acid soluble iron
obtained in these experiments were somparable to those of the

other workers, mentioned above.

/Simpkin..... cecesne



- 96 =

Simpkin and Sinnatt (loe oit) showed that iron silicate
was not extracted by dilute nitrie acid, and so in this investi-
gation, the nonpyritie, dilute hydrochloriec aeid insoluble fomm
of iron should be the iron silicate.

The silicate iron content was found to vary between nil
and 33 persent; the two fusain samples had the nil values;
samples 1 to 4 had between 5 and 14 percent; but the values in
the case of the cannels showed wider variations i.e. between 1
and 33 percent, the wvalues for samples No.1lO, No.ll, and No.l2
belng 24, 33 and 22 percent respectively. Thus three of the
cannels examined had a higher silicate iron content than
bituminous 6oals; such a result was quite likely, because of the
Predominantly silicious nature of the mineral matter in eannels.

The efficiency of extrasction of the different forms of iron: The

results indicated that,in all oases, the dilute hydrochlorie

acid soluble form of iron had been readily extracted during acid
treatment; the extraction of iron silicate too was eomplete for
s8ix out of the ten samples, in which it was present; only in the
case of the cannels it was incomplete; here again, the percentage
of extraction was between 71l and 388 percent. So hydrofluorie
acid was able to extract iron silieate, with comparative ease,

the efficiency of extraction being governed mostly by the
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accessibility of the eompound to the asid.

The high persentage of extraction of these two forms of
iron indicated, that their presence in any sample was unlikely
to affect the overall efficienscy for the extrastion of the
total iron adversely.

The values for the extrastion of pyritie iron showed
marked variations. In the case of three cannels (Nos.7,9,10)
and the bituminous eoal sample (No.2), it varied between 50 and
60 percent; the values for the two samples of fusain (Nos.5 and
6) and of olarain (No.l) were comparatively higher, being 64
and 75 persent and 11 percent respectively; for the other
samples, the efficiensy of extraction was comparable with that
of the other forms of iron, the variations being only between

85 and 94 percent.

Normally pyritic iron was not sompletely extracted by
dilute hydrochloric acid. So the efficienscy for the extrastion
of total iron was influenced also by the fact that the pyrites
was the predominant form of iron present in the mineral matter
of coal. The comparatively high figures for the extrasction of
pyritioc iron in some cases, suggested, that in presense of

hydrofluorie acid, pyrite was extrasted to a greater extent.

The values for the efficiency of extraction of iron were

Over 75 persent for seven samples, and over 63 persent for ten
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samples; only two samples had the relatively low figures of 57
and 48 percent (Nos.7 and 9 respectively). The highest
efficiency, 99 persent, was obtained in the case of the inferior
cannel sample (No.1l2) but two cannels (Nos.4 and 11) had 93 and
92 percent of the total iron extracted. The figure for the
minimum extraction (52 persent for No.9) was also obtained with
a cannel. This suggested, that the extrasction was not
influenced by the type of coal.

Bearing in mind, the difficulty of the elimination of
pyrite in the prevalent methods of @oal oleaning, the above
Tigures might be regarded as satisfactory. This should be one
of the important factors in deciding the future of acid treat-
ment as an industrial process. This aspect has been considered

in the chapter on general discussionm.

Use of bromine water with a mixture of acids: Attempts have been

made to effect a complete extraction of the iron in the mineral
matter of coal by modifications of the treatment with acids. The

normal procedure for the determination of the pyrite in coal
was extraction with dilute nitric acid and bromine water. |
Himus (22) attempted the redustion of the sulphide with zine and
hydroshloric acid, whereby the iron could be removed as the
ochloride. But in the present investigation, the use of strongly
oxidising or reducing agents was avoided, in view of their

Possible effesct on the coal substance. g
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Three experiments (Table No.l0) were conducted with coals
high in pyritic iron using a mixture of the two five percent
aclds with 50 ml. of bromine water, to see whether the pyritiec
iron was extracted to any greater extent than before. The results
indicated, that the reduction effected in ash content was the
same as in the former case; consequently the efficiency of

extraotion of iron also was the same as before.

This was only to be expected, for the complete extraction
of iron could be effected only by converting the sulphide into
the easily soluble forms of sulphate or chloride of iron.

MoCulloch and co-workers (45) in the course of a study of
the halogenation of coal, found that when coal was ohlorinated
to the extent of 26.6 percent, the iron present could be removed
as the chloride.

A 35 percent solution of iodine trichloride was the most
satisfactory reagent (46) for removing the pyrite; but the use of
such quantities of costly reagents was undesirable; besides this

too might have an oxidising action on the coal substance.

So a complete elimination of pyritiec iron was impossible in
any process, where oxidising agents eould not be used.

(d) Extraction of alumina: The values in col. 5 of Table No.8

Sshow that the water insoluble, non silicate portion of the
ash of the acid treated coal sample varied between nil and
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81 percent of the ash. Since alumina was likely to be the
major component of this portion of the ash, this oould only
indicate inocomplete extrasction of alumina.

The results of Selvig, Ode and Gibson (28) also showed
that the extraction of aluminium compounds from the mineral
matter of coal, by acid treatment (at room temperature) was not
very efficient; they found that the alumina content of the ash
of the seven acid treated bituminous coal samples varied between

18 and 41 percent.

Acld treatment at higher temperatures did not increase the
efficienoy of extraction appreciably. The ash of the coke,
prepared from the ultra-clean coal of the Carl Alexander Mine
Process (26), where the extraction was carried out at the boiling
point of the acids, contained 23+65 percent alumina. |

Aluminium is Xnown to occur in the mineral matter of coal
either as a component of the silicate minerals, or as alumina

itself.

Gauger, Barrett and Williams (32) in the course of
petrographic studies of ten coal samples, found kaolin minerals

(51203» 2 8105, X Héo’ in all the samples, but detected
diaspore (A1203,H20), the one mineral where alumina is not

Present in combination with silica, only in two samples; the
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ocourrence of alumina by itself, in the mineral matter of coal

samples, seems to be relatively infrequent.

Hydrofluoric acid rescts vigourously with the silicate
minerals, which almost invariably contaln alumina; on comparing
the efficiency of extraction of silica (Col. 3) with the corres-
ponding values for the water insoluble, non siliocate portion of
the ash (Col. 5; Table No.8), in five cases, the two values were
comparable (samples 4, 5, 6, 10 and 11;)the values for siliea
varied between 80 and 99 percent, while those for the latter were
between 81 and 98 percent); in three cases (samples 3, 8 and 12),
the two values differed by about 30 percentAand in the rest by
about 50 percent, the values under solumn Fo.5, almost always
being the lower ones. The very low value for sample No.l might
have been due partly to experimental errors. So, in seven out of
the twelve samples, the silica portion of the mineral matter had
been extracted to a much greater extent than the alumina one.

One possible explanation for this would be the formati on of
insoluble fluorides. This was hardly likely for (1) Selvig, Ode
and Gibson confirmed the absence of any fluorine in the ash of the
801d treated ocoal samples, by qualitative tests; and (2) when
hydrofluorie acid reacts with the aluminium compounds to form
aluminium fluoride (2 11F3, T Héo), only under sonditions of

8upersatuation, it could be deposited; such sonditions sould not
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have prevailed during the present experiments, where for every
part of the mineral matter, the quantity of acid was between

8 and 200 times; so the fluoride would have dissolved in the
exaess of soid to formm a salt of hydrofluoaluminie acid. (The
existence of this acid is not confirmed but its salts are
known, oryolite, NazAlFg, being the most important).

In view of the large number of compounds of aluminsa and
silioca, which are known to exist in the mineral matter of coal,
it would be difficult to predict the exact form in which
alumina might be present in the mineral matter of acid treated
samples; it is not unlikely that it might exist as alumina
i1tself.

Demann and Schonmuller (35) were the first to suggest the
use of alkalil for extracting the alumina in the mineral matter
of coal. This was applied industrially in Germany (27) when a
sample of coal, after being sleaned by jig washing, was
extracted with 3 percent potassium hydroxide at 120 atmospheres
and 250°C for 20 mimtes. The yield of the ultra-clean coal
(ash 026 percent) was not kmown; but it must have been low,

because of the action of the hot alkali on the @oal substance.

Refluxing of the acid treated bituminous coal sample
from Ingar works (No.2) with 5 percent potassium hydroxide,
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though it reduced the ash content from 0¢5 to 0-35 persent

(dry basis), affected the coal substance to the extent of 18
ﬁeroent of the initial weight of the coal taken. So further
experiments were carried out at room temperature; provision for
the intimate contact of the alkali and coal partidle was made by
attaoching the bottle containing the two to an eleotrisal shaker
for 18 hours. The alkali extract, on neutralisation gave only

a faint precipitate; no loss of the coal sample could be

datboted by weighing.

The results (Table No.ll) did not indicate that any
further reduction in ash sontent could be effected by treatment

with alkali at room temperature.

The use of 20id trested coals for the manufacture of eleatrode

goke.

It has been mentioned, that one of the important uses
of ultra-clean coals produced by acid treatment would be in the
field of electro-metallurgy of aluminium and other light metals.
The aluminium industry requires anodes with less than 1 percent
ash or more exactly with less than 05 percent of iron and

8ilioon.
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Of the twelve.samples examined in the course of the
present investigation, seven gave a final product with less
than 1 percent ash. Table No.1l2 (L) gives the ash, silica and
iron oontents of these ultra-clean coal samples and also the
eorresponding values for the coke obtainable from 1Vl;hem ; the
latter values were calculated on the basis of a coke yield of
65 percent. It will be noted that all the seven samples
(inoluding Nos. 3 and 7, the ooke samples of which had more than
1 percent ash) complied with the specifications for iron and
silicon required by the aluminium industry. The values compared
very favourably with those obtained in German industrial practice
by acid treatment; the Carl Alexander coke (26) contained 0.11
S lica (AB5C) arndd 6:12 hoak) o4 Wt fan 100 haAl, of-Cous-
parts of geke. A general feature to be noted in connestion with
all acid treated samples was that most of them were richer in

iron than in siliea.

Selvig and coworkers (28) refer to the specifications for
the manufacture of some special electrodes (also for the
aluninium industry) which require the maximum iron and silicon
content to be below 0.06 and 0.08 percent respectively. Of the
Samples listed in Table No.33, three (No.l, 4 and 12) would meet

éven these requirements.

Table 12(L) gives the values for the "goke”™ from cannel
samples also; these values, which are only of theoretical
interest, were inoluded,mainly because all the acid treated

Samples woul v
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TABLE N o. 12 (4).

- Gy . - G T S AD P S TS WS S R D Cw G

SILICON AND IRON CONTENTS OF THE MINERAL MATTER OF ACID
TREATED COALS AND COKES.

S cC 0 A L C 0 X E
g.m- Ash per 100 parts of coal Ash per 100 parts of cdwm|
e | laxy) si Fe (ary) st Fe ]
Oo ; [
% o
1 0.53 0. 02 0. 05 0,82 0.03 0. 08
2 0.52 0. 06 0. 08 0,80 0.09 0.12
3 0.82 0,13 0. 02 1,26 Q.20 0. 03
4 0,42 0. 0L 0. 04 0,65 0,015 0. 06
7 0.73 0. 03 0.16 1.12 0.05 0. 25
8 0,52 0. 03 0. 06 0.80 0.05 0. 09
12 0.63 0. 04 0. 0L 0.97 0.06 0. 015
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The possibilities of manufacture of coke suitable for the
aluminium industry by acid treatment of soals have been
examined in somewhat greater detail in the general discussion.
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The Preparation of Ultra-Clean Coals N
by Acid Treatment.

SUMMARY

The extraction of the mineral impurities in soal with
aclds is similar to the solution of solids in liquids.

(1) The nature of the "solvent”.

The maximum possible extraction (between 66 and 99 percent)
of the mineral matter associated with the coal and cannel samples
examined, could be effested by the use of 5 percent hydrofluorie
and hydrochloric acids at their boiling point in an inert
atmosphere. The use of stronger .acids,though it would influence
the period of treatment was unlikely to give a final product of
lower ash content.

If a mixture of the two acids was not used, it was advis-
able to start the initisl extraction with dilute hydrofluorie
acid; of the two acids, the latter was definitely the better

'solvent' for the mineral matter in bituminous coals and cannels.

The efficiency of extraction was the same when using a

acid to coal ratio (by weight) of either two or four.
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(2) The nature of the "solute".

The quality of the final product was not improved by
grinding the initial sample to sizes finer than 72 mesh
BsS.Sieve. The critiocal size was likely to be betweeﬁ 30
and 72 mesh B.S.Sieve.

Better results ocould be obtained by the acid treatment
of ocoals than of coke.

Acid treatment under the suggested conditions effected
a ocomplete or near complete extrasction of the water soluble
vortions and the silica of the mineral matter in coal.

The efficiency of extraction of iron varied between 60
and 99 percent; of the different forms of iron present in

the mineral matter,both the iron silisate and the dilute
hydroschloric acid soluble iron were almost completely
extracted; the overall effieienc} of extrastion of iron was
determined mainly by the pyrite present. The mere addition
of bromine water to the mixture of acids did not improve

the percentage extraction of pyritioc iron in the absence of
an oxidising agent.

There were reasons to believe that the extzastion of

alumina by the two acids was far from complete in some
cases. The use of 00ld alkali had no influence while hot

alkall attacked the coal substanee as well as the slumina. b
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A STUDY OF THE INFLUENCE OF ACID-TREATMENT ON
THE COAL SUBSTANCE.
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A. INTRODUCTIORN

Methods of determination of tvne mineral matter in goad:

An attempt to develop a method for the preparation of
ultra-clean coals by acid treatment, has, quite naturally, to be
followed by a comparative study of the properties of sush coals
with those of the original samples; but since both the original
and acid treated samples contain assoclated inorganic impurities
in varying amounts, it becomes necessary to decide upon the
method of determination of the guantity of minersl matter present
in each case.

From the early days of fuel research investigators have
been conscious of the fast, that a proper somparison of the
broperties of different coals ocould be made only on the basis of
"pure goal™ i.e., coal free from associated mineral matter. Thus
Reynault's olassifiocation (1837) used the analytical results on
a dry, aéh free basis. Till the beginning of the present
ommtury, the distinection between ash and mineral matter was not
PTOPeily appreciated. The first oritical study of the calcula-

tlons to ™pure coal™ basis appears to have been made by Parr

and Wheeler (1909). Since those days, a considerable volume of

Work has been done on the relation of the minersl natter in ao
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to its ashe -

The general methods, now avallable, for determining the
true content of the mineral matter of coal fall into three
ocategories,namely (a) methods based upon a study of the chemical
nature of the minersl matter and those based upon the reactions
ogourring in the mineral matter during "ashing"; (b) methods
involving the separation of coal fractions of different density
end ash content and (c¢) methods depending on the extraction of
all or part of the mineral matter with acids. Among thess,
methods based on (a) being the most satisfactory for general use,
have olaimed by far the greatest attention from investigators.

(a) Methods based upon the chemical nature of minersl matter and
the reactions during insinerstion:

The two most important formulae to be considered under
this heading are those due to Parr and Wheeler (30) and King,
Maries and Crossley (29). |

The Parr formula: This formula follows certain assumptions
regarding the chemical nature of the mineral matter. According
to this fomula,

Mineral matter z 1.08 ash 4 0.55 sulphur
The factor 0.08 ash is the correction for the water of sonstitu-
tion of the shaly matter associated with coal. Parr was the
first to point out the need for this correction and this figure
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(with slight modifications) is widely accepted. The main
assumption of Parr's formuls is that all the sulphur in ocoal is
pyritie. A.ttem;ptshhave been made to £ive a proper correction
for the pyritic sulphur in coal by Tideswell amnd Wheeler (49),
Fieldner and Selvig (50), Fieldner, Selvig and Gibson (51) amnd
Thiessen (52, 53). Cady (in the discussion of Fieldner's
paper (51)) has listed the ten possible modifications o% this
formmla. The theoretical errors involved in the Parr formula and
its limits of applicability have been discussed at length by Ball
and Cady (40).

Parr's formula is widely used in the United States. In
the United Iiingdom also, Seyler's classification of solid fuels
employs the same basis. The coﬁsiderable attention that this
formula has received, is mainly due to its simplicity and to the
fact that it enables values for the mineral matter to be derived
from available commercial analysis. The one important feature ‘
of the King, Maries and Grossley 8 formula is that it is govemed. ‘

more by considerations of accuracy rather than of simplicity.

The King, Maries and Crossley formula: This fommula is
based on the faot that the ash from a coal differs from the
mineral matter in cosl by an amount depending on the changes
undergone by the mineral matter during incineration. The

following are the more important reactions that oceur during
ashing:~
(1) loss of water of constitution of the shaly matter;
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(ii) conversion of iron sulphide into ferric oxide and
sulphur dioxide and the fixation of 803 in the lime

and the alkalli oxides of the ashj;

(1ii) loss of earbon-dioxide by carbonates resulting in oxides
and

(tv) desomposition of the ohlorides.

The corrections to be applied to the ash due to eash of these
reactions have been discussed in detail in the original paper.
The final formula is as follows:

Mineral matter = 1.09 ash40+5 pyritic sulphur +
0°8 carbon-dioxide =~ lel S0z1in
ash4-503 coal +- 0-5 chlorine.

The two most probable sources of error in this formmula
would be due (1) to the probable variations in the combined
water ocontent of the shaly matter associated with coal and (2)
to the proposed conversion factor for the decomposition of {:he

ochlorides in the minersl matter of coal.

The combined water content of clays associated with coals
is kmown to vary widely and the only satisfactory convention
would be to assume a mean value, that would be applicable to as
wide an area as possible. The factor 009 represents such a
Value derived from an analysis of air dried clays from all over
Britain and the authors have also recommended separate values
for Scotland, Wales and England.
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As regards the conversion factor for the decomposition
of the ohlorides, the suthors have pointed out that since at
least half the chlorine in coal is known to be inorganic, the
nett correction factor in terms of shlorine should be between
0¢35 and 070. In the absence of complete knowledge & factor
05 chlorine has been adopted. When the shlorine content of

the 0o0al is between 0°1l and 0°2 percent, the error involved in
the assumption cannot exceed 1003 to -~ 0e 04 percent of the

coal.

An essential difference between the K.M.C. formula and
the Parr one is that the latter is on a sulphur free basis. So
the oxygen figure (including analytical errors) calculated in
all methods by difference has & greater error in those formulae,
which neglesct organic sulphur than in that due to King and
00-workers.

Since the formula was first proposed in 1936, apart from
oritioisms about the labour involved in carrying out the
negcessary determinations, the accuracy of the values obtained

has never been questioned. This formula has been adopted in
the more recent reports of the physical and chemical survey of
the National Coal Resources. Edwards (54) after a review of
the various formulae proposed for the evaluation of mineral

matter up to 1944 (inocluding a simplified form of the K.M.C.

formula proposed by Mott and Spooner (48)) commented that from
the point of view of scientifie Justification, the most

acourate
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formula yet advanced is that due to King, Maries amd Crossley.
So it might be stated that this formula represents the most
reliable basis available at present, for the evaluation of the

pure coal substance i.e. coal free from mineral matter.

The K.Me.Ce formula and acid treatment of coals: Acld treatment

provides a chemical means by which the ooal sﬁbstance could be
essentially freed from the inorganic impurities. It has been
pointed out earlier that Gallard (13), Turner (15), Nicolls

and Swartzman (17) and others had referred to a loss of

organic carbon and hydrogen during acid treatment. So a com=~
Parison of the amalytical results of the original sample on the
XK.M.Co basis, with those of the acid treated samples would
indicate, whether the coal substance had been affected during

the treatment with acids. If, on the other hand, the procedure 1
of acid treatment adopted in the present investigation, was i
successful in extracting the mineral matter without affecting ;
the coal substance, the results would offer a means of studying i
the validity of the K.M.C. formula.

The experiments detailed in the following pages were
carried out with this objeet in view.

(b) Methods based on the density separation of coal:

Brinsmaid (55) was the first to desoribe a graphical
method to construct a calorifie value/ash curve; he caloulated

from the ourve, both the pure coal ealorifio value and the
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deocrease in calorific value due to each percent ash.

Stansfield and Sutherland (56) modified the technique
for the graphical determination of the pure coal calorifies
value and mineral matter content of coal. They fractionated
samples of Albérta coals (size through 28 mesh Tyler) in a
centrifuge using solutions of specifie gravity 1l-30, 1le33,
1.35 and 1+38. The ocalorific value and ash content of these
samples, when caloulated to a dry basis and plotted, were found
to 1lie on a straight line. The extrapolation of the straight
line to zero calorific value would give the ash equivalent of
100 percent minersl matter and the extrapolation to zero ash
would give the calorific wvalue of the pure coal substance. Since
the ocalorific value at zero ash content was the same as the
value at zero mineral matter, another straight line connecting
the calorifiec walue at zero ash with zero coal represented the
varlation of calorific value with mineral matter; thus the
mineral matter corresponding to any partiocular ash content sould
be read diresctly from the graph.

Fieldner, Selvig and Gibson (51), on comparing the
corrected B.Th.u. values obtained by the Stansfield and

Sutherland graphieal method with the results by the Parr,
modified Parr and ordinary dry ash free caloulations, found

olose agreement between the graphical method and the Parr basis.
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Hertzog (57), after a study of the various methods for
the evaluation of the pure coal calorific value, recommended
as the most reliable method, the use of "the pure coal
constant™, which was the arithmetis equivalent of the graphie
extrapolation method.

Thiessen and Reed (55) applied this graphic extrapolation
metho@ to a number of Illinois coals; they found the linear
relation to hold good for values of ash content up to 40 percent;
but according to Grudner (quoted by Thiessen and Reed) the

linear relation did not hold good for ash values over 20 percent.

The eritical assumption of the graphical method is that
the surve provided by gravity separation is a true dilution
ourve, which can be extrapolated sorrectly as a straight line to
Zer0 ash and zero heat value. This rests upon two assumptionsj-
(1)that the pure coal and mineral matter component of the coal
iamain constant in ocomposition and properties throughout the
various fractions of the samples and (2) that the transformation
of mineral matter to ash involves no éppreciable production or
absorption of heat. Available literature throws doubt on the
validity of eithex.

It is well known that density separation methods effect a
Preferential separation of the petrographic components of coal.

Lessing (3) used float and sink methods for the separation of
Olarain and vitrain. The Belgian process (5) for the
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preparation of ultra-clean coal: exploits the same principle.
The authors of the graphical method also (Stansfield and
Sutherland, loe cit) refer to "a barely noticeable tendency for
very clean coals to have slightly lower calorifiec values than
antioipated.™

As for the second assumption, the thermal decomposition
of the mineral matter in coal has been studied by Stumper (56)
and Purdon and Sapgirs (57).

Stumper found that the value of unit coal calorific
value was not affected by the additions of gypsum to the coal up
to 25 percent of the weight of the coal; similarly the values for
unilt ocoal remained unchanged with additions of silica up to
15 percent of the weight of coal. Increase of gypsum over
25 percent resulted in incomplete combustion. The decrease in
unit ocoal caloriflic values with additions of silica over
15 peracent must also be due to the same reason. Excess of inert
material simply made: the coal diffieult to burn by preventing

acoess of oxygen.

Purdon and Sapgirs (los eit) found that the influence of
caleium carbonate on the unit coal calorifies values, when
Presen# in quantities up to 20 percent of the weight of coal
taken was negligible. But with pyrite, the increase in unit

coal calorifie values was more or less proportional to the
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quantity of pyrite: added. The exast increase noted was equal
to two thirds of the theoretical wvalue calculated for the
oxidation of the pyrite and the formation of sulphuric acid

with the water formmed during combustion.

Besides a very small error is likely to be introduced if
the ratio of organic sulphur to pure coal does not remain

oonstant with a ochange in the ash content of the sample.

The main assumption of the graphical method is that a
sample of coal could be regarded as a mixture of pure coal
substance and inert material with no salorifie wvalue. Since
gypsun, siligca and caleium carbonate are unlikely to be present
In such guantities as to affect the salorific wvalue, this
assumption, in the absence of appreciable amounts of pyrite in
the mineral matter of the original sample, sould be regarded as

essentially correct.

This method has found only limited application till now;
for Thiessen and Reed (loc oit), among others, have demonstrated
that from the point of view of acouracy, the results obtained
are in no way better than those from the Parr formula. Moreover
as Thiessen comments "this procedure involved too great an

amount of labour to make its use very common".
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It will be appreciated, that unlike the gravity
separation methods, acid treatment of coals does not involve a
separation of the petrographic components of coal. When
samples with differing ash contents are obtained from a partiou-
lar ooal by acid-treatment, the nature of the coal substance in
all the samples would be the same, provided there has been no
oxldation of the sample during the treatment. So one of the two
major objeotions to the use of the graphical method would not
arlse in this case; as for the correction necessary for the
heat of formation of ferric oxide from pyrite, it will be seen,
that in the case of the samples examined, the values (discussed
later) are not of such an order as to affect the calorifia

value to any appreciable extent.

In view of this, there is greater justification for
applying the graphical method to the acid-treated coal samples
than to those obtained by float and sink determinations; besides
a comparison of the pure coal calorifie wvalues and ash to
mineral matter ratios obtained by this improved graphical method
with those from the King, Maries and Crossley formula would
throw some light on their relative merits.

Experiments deseribed in Tables 26-29 were carried out
with this objest in view.
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(o) Determination of the mineral matter by acid extraction:

This method of determination of mineral matter has
received comparatively little attention. Follman (61) digested
finely powdered cozsl with hot dilute hydrochloric acid, washed
the sample free of acid and dried at 110°C; the loss in weight
gave the moisture and mineral matter soluble in acid. The
total mineral matter was determined by adding to the above
value, the ash content of the hydrochlorice acid treated coal.

Altermatively, the sample was evaporated to dryness with
hydrofluoriec acid and then digested with dilute hydrochlorie
acld; the loss in weight added to the ash content of the dry
acid treated sample was taken as the mineral matter content of
the coal., Adopting this method for various coals from China,
Tiflis and Germany, Follman obtained mineral matter/ash ratios
varying between 1¢05 and 1le¢21, with an average of le12,

Mayer (62) slightly improved the above procedure by
determining,tﬁe iron sontent of the ash from the hydroechloric
aeld treated sample and sorrected for pyrite not extracted by the
acid. The average mineral matter to ash ratio obtained by
him was 1°13. |
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Neither Follman nor Msyer adopted precautions to prevent
possible oxidation of the coal sample. To obtain correct
values, 1t would be necessary to treat small gquantities of the
sample in an inert atmosphere. Even then, the accuracy of the
values was unlikely to be greater than those obtained by the
King, Maries and Crossley formula. In view of this, it was not
oonsidered advisable to carry out experiments along these lines.

B. EXPERIMENTAL PROCEDURE.

(1) Determination of the mineral matter content of coal by the
King, Maries and Crossley formula.

The results of these experiments are set out in Tables
13-24. All the determinations for acid treated samples
mentioned in this section were carried out with specially
prepared chloride free samples. The prosedure adopted for
most of these determinations was the same as outlined in
the 'British Standard Methods for the Analysis and Testing
of Coal and Coke' (British Standards Institution No.1016
of 1942). But in the following cases, there were slight
varieations from the recommended procedure.

() Ultimate analysis -~ determination of carbon and

hydrogen: The set up of the apparatus was the same as

recommended; but in the last seoction of the sombustion
tube, instead of a 4 om. roll of silver gauze, a
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reduced copper gauze of the same length was used; the
reduction of the copper gauze was done at the beginning of

each experiment.

(11) Sulphate sulphur: 5 gm. of finely powdered coal (through
120 mesh B.S.S.) was extracted with 300 ml. of 3 percent
hydrochloric acid for 40 hours at 60°C with frequent
shaking. After filtering, the filtrate was boiled with
bromine water and the iron presipitated with ammonium
hydroxide and eéxtracted with dilute hydrochloric ascid.
The iron present, determined by titration with titanous
chloride using thiooyanate indicator in a CO, atmosphere,
has been reported as dilute hydrochloric asid soluble iron
in Table No.9 (Part I). The sulphur in the filtrate was
determined as barium sulphate.

{1i) Pyritic sulphur: 5 gms. of finely powdered coal was
extracted for 24 hours at room temperature with 300 ml. of
dilute nitriec acid (1 volume of acid of Sp.gr. 1l°42 with
3 volumes of water)ﬁand 10 ml. of bromine water. After
filtering and boiling off the bromine, the iron was
Precipitated by ammonium hydroxide; nitric acid was
ocompletely eltminated by double precipitation of iron,which
was estimated as before. The difference between this
value and the dilute hydrochloriec acid soluble iron has
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been reported as pyritic iron in Table No.9. The percentage
of pyritic sulphur in coal is 1l¢15 x the percentage of pyritie

iron.

This procedure was adopted in preference to a direct
determination of pyritioc sulphur, because the treatment of
coal with dilute nitrio acid and bromine water is liable to
cause oxldation and solution of part of the organic sulphur in
some cases. Any error due to this would be avoided by calocu-
lating the quantity of pyritic sulphur from the pyritic iron

present.

Application of the K.M.C. formulas to analytical results.

The following formulae (as derived by the authois) were

used:
The percentage of carbon in the coal substance (GP) is

glven by the expression
Cp = (C = 3/11 C02) 100/100 = (I+M)

where C is the experimental value for carbon including COp
and N and M are moisture and mineral matter respectively of
the air dried ocoal.

In the 6ase of hydrogen, it is necessary to deduct the
Proportion of hydrogen corresponding to the water of hylration
of the olay. Thus

By = (H - 0°0LA+ 001 Spyr + 0°0L COp) 100/100 - (N4 M)

/Where..eeeseees



- 124 -

where Hﬁ ® hydrogen content of the pure soal substance, H, the
experimentally obtained value, A = the ash, Spyr, the pyritiec
sulphur ocontent and COo the carbon dioxide content of the air

dried sample.

Since all the nitrogen in coal is taken to be organiec,
the expression for nitrogen in the coal substance (INp) would
be

Fp = N'100/100 - (N+M)
N being the experimentally determined nitrogen content of the

alr dried sample,

For sulphur, it is necessary to determine the organie
sulphur content of the coal. The difference between the total
sulphur and the sum of the pyritie and sulphate sulphur (this
being caloulated from the SO3 coal given in the Tables) in coal
would be the organic sulphur content (Sorg). So sulphur in

the coal substance (Sp) would be
Sp = Sorg 100/100 - (N+M)

The difference from 100 of the sum of the Cp, Hp, Np

and SP figures has been reported as oxygen and errors.

Calorific value: In the determined figure for the calorifiec

value of air dried coal, correction is made for the heat of
formation and dissolution in water of sulphurie aociqd,
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assuning that all the sulphur in coal is odnverted to sulphurioc
a0id. A further correction is necessary to take into account
the heat of formation of ferric oxide from pyrite; the corrected
value would then represent the heat of combustion of the pure
ocoal assuming that the organic sulphhr is burnt to sulphur
dioxide only. The figure for the heat of formation of ferrie
oxide from FeS; is 3032 gm.\cal. per gm. of pyritic sulphur.
Since the fomation Fe304 is possible in part, the authors of

the formula recommended a figure of 3000 gm. cal. per gm. of
pyritic sulphur. The expression for the calorific value of
pure coal substance (C.Vp) in B.Th.u would then be

CeVp = (CeV = 54 Spyr) 100/100 = (N +1M)

where C.V is the experimentally determined wvalue.

Caloulation of the mineral matter content of the acid treated
Sample.

For this the following formula was adopted.
Mineral matter s 1¢00 ash~+ 06 Spyr -+ 05 chlorine

The derivation of this formula is given in the following section

on the discussion of results.

(2) The determination of the mineral matter content of coal by
. the Parr fommula.

Even though, the present investigation was concerned
mainly with the K.M.C. fomula, it was considered
advisable to obtain values for the mineral matter sontent

and calorific value of cosl by the Parr method also for
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purposes of comparison. The values are given in Table No.25.

(3) The improved graphical method.

The calorific value of the different samples obtained in
the course of the acid treatment of the original samples

(Nose 9, 10, 11 and 12) were determined by the Bomb~-calorimeter.

The results are given in Tables 26, 27, 28 and 29 and
graphs Nos. 1, 2, 3, and 4. The figures for ash and calorific
value obtained experimentally with air dried samples, were
corrected to 2 dry basis and plotted as shown. The calorifie
value of dry, mineral matter free coal, and the ash equivalent

of 100 percent mineral matter were obtained by extrapolation

of the ash = galorific wvalue line to zero ash and zero calorifie .

value respectively. The ocalorifioc value - mineral matter line,
obtained by conneoting zero coal with the point representing
the calorific value of dry mineral matter free coal, made it
rossible to obtain the mineral matter eontent corresponding to

a glven ash content of the soal, to be read from the graph.
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Original Acid treated
Sample Sample

(1)

(1)

Proximate analysis

Moisture
Ash

Volatile Matter (dry, CO,free)

Fixed oarbon

Ultimate analysis
Carbon (excluding 002)
Carbon (present asc()3 )

Hydrogen
Nitrogen

Sulphur (volatile)
Oxygen and errors (diff.)
Calorifie value B.Th.u./lb.

Evaluation of Mineral Matter
(K.lle Uo formula).

Total sulphur

Sulphate in cazl (as 303)
Pyritic sulphur

Sulphur in ash (as % of ash)
Sulphur in ash {(as % of coal)
803 in ash (as % of coal
Carbonate in coal (as CO2)
Chlorine

Mineral Matter

(air d.ried.)j; (air dried)%

3.0
1.3
50.6
45.1

78.60
0,04

.60
20

1.06
9.2D
14180

1.&
0. 03
0.19
1.60
0. 02
0. 05
0.14
0.16
1.68

6.0
0.5
51le4
42.1

77. 00

2+20
1.20

0.90
8.90
13870

0.90

0.10
0.58
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(Continued)

L e R e R R Y bt

NO.13

ORIGINAL SAMPLE

ACID TREATED SAMPLE

dry ash dry min-| dry ash  gry mineral
02 eral GOz matter free
free matter free basis
basis free basis
basis
P % % P
(iv) Ultimate analysis
: of "unit coal".
Carbon 82.2 82.5 82.4 82.4
Hydrogen 5.9 5.9 5.9 5.9
Nitrogen 1.3 1.3 1.3 1.3
Su.lpm 1.1 0.9 1.0 009
Oxygen and
Calorifie value
B.Thou. /1D 14,840 14,880 |14,840 14,840
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TABLE

BITUMINOUS COAL SAMPLE FROM LUGAR WORKS
(SAMPLE NO.2)

original
sample

(air dried)

o

Acid treated
sample
(air q.ried.)

%

(1)

(11)

{it)

Proximate analysis

Moisture
Ash

Volatile Matter (dry, CO,free)

Fixed carbon

Ultimate analysis

Carbon (exeluding CO,)
Carbon (present as CO3")
Hydrogen

Nitrogen

Sulphur (volatile)

Oxygen & errors (difference)
Calorifie value B.Th.u./lb.

Evaluation of mineral matter
(K.M.Co formula).

Total sulphur

Sulphate in_coal (as 303)
Pyritic sulphur

Sulphur in ash (as % of ash)
Sulphur in ash (as % of eoal)
S0z in ash (as % of coal)
Carbonate in coal (as COp)
Chlorine

Minersl matter

B

O W
L] L J L

oo VW

81. 00
0. 02
4.90
1.40
1.0l

5e 27
14,880

1.06
0. 06
0.22
2005
0. 05
0.125
0. 07
0. 01
2.82

82.70

4.90
1.40
0. 85

5+45
15,110

0. 85

0. 01
0.56

—
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TABLE N O.
(Continued)

R R N e ekl e

14

ORIGINAL SAMPLE

dry miner-

ACID TREATED
SAMPLE

dry ash dry ash d4dry mineral
CO2 free &l matter CO2 prgg matter free
basis free baals basis basis
P P P T
(iv) Ultimate analysis
of "unit coal”
Carbon 86.2 86.8 86.8 86.8
Hydrogen 5.2 5.2 5.1 5.1
Nitrogen 1.5 1.5 1.5 1.5
Sulphur l.1 009 0.9 0.8
Oxygen and errors
(aifz.) 6.0 546 57 58
Calorifio value
B. Theue /10. 15,920 15,950 15,860 15,870
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DURAIN SAMPLE FROM THANKERTON COLLIERY

(SAMPLE NO. 3)

- D o B Y D . T D D D G WD WD T WL S S . W% e -

Original Acid treated
sample gample (air
(air dried dried basis)
basis)
P %
(1) Proximate analysis
Moisture . 2.5 1.8
Ash 3.5 0.8
Volatile matter (dry, COp free) 34.0 34.6
Fixed carbon 60.0 62.8
(ii) Ultimate analysis
Carbon (exoluding COp) 74.00 76.60
Carbon (present as 003) 0. 03 -
Hydrogen 5.10 5.20
Nitrogen 0.90 1.00
Sulphur (volatile) 0.95 0.80
Oxygen & errors (difference) 13,02 13,80
Calorific value B.Th.u./lb. 13270 13790
(lii) Evaluation of the mineral
: matter (K.M.C. fommula)
Total sulphur l.0L 0. 80
Sulphate in coal (as 803) 0. 06 -
Pyritio sulphur 0.13% 0. 02
Sulphur in ash (as % of ash) 1.71 -
Sulphur in ash (as % of coal) 0. 06 -
SO3 in ash (as % of ocoal) 0.15 -
Carbonate in coal (as c02) 0.11 -
Chlorine 0. 01 0.01L '
Mineral matter 3.87 0.82

e o 0000000000
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TABLE

N 0. 15

(Continued)

- . - ey - - -

ORIGINAL SAMPLE

ACID TREATED

dry ash 4ry min- SAMPLE
€02 - akal dry ash dry
Prees matter CO, mineral
basis free free matter
basis basis free
‘ basis
* )2 % % -
(iv) Ultimate analysis
of "unit coal”
Carbon 78.8 79.0 78.6 78.7
Hydrogen Sed 5¢3 503 5¢3
Nitrogen 1.0 1.0 1.0 1.0
Sulphur 1.0 0.9 0.8 0.8
Oxygen & errors
(a1fference) 13.8 13.8 14.3 14.2
Calorifie
Value B.Th.u./1lb 14,140 14,180 14,160 14,160
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TABLE N 0. 16

RS T e et m m e B o o w m G . e " - - -

Original Acid treated’
sample sample .
(air %ried) (air dried)
A %

(1) Proximate analysis

"~ Moisture 2.0 3.8
Ash 4.8 0.4
Volatile matter (dry, CO2 free) 38.6 29.5
Fixed carbon 54.6 56.3

(i1) Wtimate analysis
Carbon (exeluding CO2) 71.70 T4. 00
Carbon (present as 003") 0.0 -
Hydrogen 4.50 4.60
Nitrogen 1.20 1.20
Sulpmur (volatile) 1.13 0.59
Oxygen & errors (difference) 14.62 15.41
Calorific value B.Th.u./lb. 13340 13770

(lii) Evaluation of the minersl
matter (KQM.CO fomula.)
Total sulphur - 1.23 0.59
Sulphate in _caek (as 303) 0.15 -
Pyritic sulphur 0.51 0. 045
Sulphur in ash (as % of ash) 2.00 -
Sulphur in ash (as % of coal) 0.10 -
S0zin ash (as % of coal) 0. 25 -
Carbonate in coal (as CO2) 0.20 -
Chlorine 0. 04 0. 04
Mineral matter 5¢54 0.45
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TABLE N 0. 16

(Continued)
ORIGINAL SAMPLE ACID TREATED
dry ash dry min- SAMPLE
Coz eral dry ash gqpy
free matter Co2 mineral
basis  free froe matter .
| basis basis  free basis
% % % s
&ﬂ Ultimate analysis
of "unit coal”
Carbon 77.1 775 77.2 773
Hydrogen 4.8 4.8 4.8 4.8
Nitrogen ile3 1.3 1.3 1.3
Sulphur 1.2 0.7 0.6 0.6
Oxygen & errors 15.6 15.7 16.1 16.0

(difference)

Calorific value
BeTh.uw. /1D 14,340 14,430 14,370 14,380
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A SAMFLE OF FUSAIN FROM DIAMOND SEAM, AYR COLLIERY

(SAMPLE NO.5)

L R R e T

——

Original  Acid treated
semple sample (air
(air dried dried basis)
basis) )
% %
(1) Proximate analysis
Moisture ) 8.2 2.8
Ash 5.4 1.3
Volatile Matter (dry CO2 free) 19.6 14.2
Fixed carbon 66.8 1.7
(i1) Ultimate analysis
carbon (exeluding CO2) 78. 00 87.60
carbon(present as COz") 0. 33 -
Hydrogen 2.60 2.80
Nitrogen 0.90 1.10
Sulpmr (volatile) 1.21 0.90
Oxygen & errors (difference) 36 37 3.50
Calorific value B.Th.u./1lb. 12,470 13,900
(i) Evaluation of mineral matter
(K.MoCoe formulsa)
Total sulphur 1.28 0.96
Sulphate in gtal (as S03) 0. 06 -
Pyritioc sulphur 0.53 0.21
Sulphur in ash (as % of ash) 1.32 -
Sulphur in ash (as % of coal) 0. 07 -
S0z in ash (a8 % of coal) 0.18 -
Carbonate in eoal (as COp) 1.20 -
Chlorine 0.16 0.12
Mineral matter 7. 05 1.49
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TABLE XNO. 17

(Continued)
ORIGINAL SAMPLE ACID TREATED
dry ash dry min- SAMPLE
oz eral dry ash dry
free matter c02 mineral
basis %ree Pree matter
asis besis  ZIree
, _ bagis
c/O C/O (70 L‘/‘O
uw Ultimate analysis
of "unit coal™
Carbon 91.6 92.0 91.4 91.5
Hydrogen 361 3.0 2.9 2,9
Nitrogen 1.1 1.1 1.1 l.1
Sulphur 1.4 0.9 0.9 0.7
Oxygen & errors »
(difference) 2.8 3.0 20T 3.8

Calorific value
BeTheuw. /1b 14,630 14,680 14,500 14,520
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TABLE N 0. 18

Original Acid treated
sample sample (air
(air darted dried basis)
basis)
T %
(1) Proximate analysis
' Moisture 2¢5 1.2
Ash 23.4 3.0
Volatile Matter (dry, COp free) 21.5 23.1
Fixed carbon 52.6 72.7
(i1) Ultimate analysis
Carbon (exeluding CO2) 58.70 84.30
Carbon (present as C03") 1.95 -
Hydrogen 2.40 3. 00
Nitrogen 0.80 1.10
Su.lpm (VOlatile) 204:5 1092
Oxygen & errors (difference) 7.80 5.48
Calorific value B.Th.u./lb 9,550 13,440
(1ii) Evaluation of mineral matter
(K«M.Cse formula)
Total sulphur 2.65 1.92
Sulphate in coal (as S03) 0. 06 -
Pyritie sulphur 1. 03 0. 33
Sulphur in ash (as % of ash) 0.85 -
Sulphur in ash (as % of coal) 0.20 -
S03 in ash (as % of coal) 0.50 -
Carbonatda in coal (as CO ) 7.18 -
Chlorine 0007 0003
Mineral matter 31. 30 3.23%
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TABLE N o, 18

(Continued)
ORIGINAL SAMPLE ACID TREATED
dry ash  dry min- SAMELE
C02 eral dry ash dry
free matter c02 mineral
basis free free matter
basis basis free
) basis
% T T T
(1v) Ultimate analysis
of ™unit coal"
Carbon 87.7 88.7 88.0 88.2
Hydrogen 3.6 3.4 301 3,1
Nitrogen l.2 1.2 1.1 1.2
Sulphur 367 244 2.0 1.7
Oxygen & errors
(difference) 3.8 4.3 5.8 5.8

Calorific value
BeTh.u. /1D 14,280 14,350 14,030 14,040
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Original Acid treated
sample sample (air
(eir dried dried basis)
basis)
e %
(1) Proximate analysis
Moisture ' 5e2 4.6
Ash 2.9 0.7
Volatile matter (dry CO2 free) 50.0 50.2
Fixed carbon 41.9 44.5
(i1) Ultimate analysis
Carbon (excluding CO2) 69. 00 71, 00
Carbon (present as 003 ) 0. 03 -
Hydrogen 6.40 6.60
Fitrogen 1.30 1.40
Sulphur (volatile) 0.97 0.79
Oxygen & errors (difference) 14.20 14.91
Calorific value B.Theu./1lb 14,040 14,460
(iii) Evaluation of mineral matter
- (KOM.CO to:mm.la)
Total sulphur 0.98 0.79
Sulphate in coal (as 803) 0. 005 -
Pyritic sulphur - 0. 33 0.17
Sulphur in ash (as % of ash) 0.40 -
Sulphur in ash (as % of coal) 0. 0L -
S0z in ash (as % of coal) 0. 025 -
Carbonate in coal (as CO2) 0.12 -
Chlorine 0.24 0.20
Mineral matter 352 0.90

A § R P
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TABLE N O.19
(Continued)

ORIGINAL SAMPLE

ACID TREATED

dry ash dry min- SAMPLE
COo2 eral dry ash dry
free matter CO2 mineral
basis  free free metter
_ ) basis
T T s To
(iv) Ultimate analysis
of ™unit coal”
Carbon 75. 2 75.6 75.0 752
Hydrogen T+0 T«0 T+0 7-0
Nitrogen l.4 l.4 1.5 1.5
Sulphnr 1.1 0. 7 0. 8 007

&
?ii%%ﬁran§§§°r° 15.3 15.3 15.7 15.6

Calorifio ¥alue

B.Th.u. /1b 15,300 15,360 15,270 15,300
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TABLE N 0.

Original Acld treated
sample sample (air
(air dried dried basis)
basis) ,
P P
(1) Proximate analysis
Moisture 30 4 4. 6
Ash 23¢9 0.5
Volatile Matter (dry CO2 free) 51.2 53¢ 3
Fixed earbon 41,5 41.6
(11) Ultimate analysis
Carbon (excluding COs) 75.60 77.80
Carbon (present as 603 ) 0.01 -
Bydrogen 5.40 550
Nitrogen 1.10 1.10
Sulphur (volatile) 1l.29 0.80
Oxygen & errors (difference) 9.30 9.70
Calorifiec value B.Th.u./1lb 14,400 14,780
(i11) Evaluation of the mineral matter
- (K.ll. Ce farmula )
Total sulphur 1.37 0.80
Sulphate in ooal (as S03) 0. 09 -
Pyritie sulphur - 0.47 0. 06
Sulphur in ash (as % of ash) 2.00 -
Sulphur in ash (as % of coal) 0. 08 -
S0z in ash (as % of coal) 0,20 -
Carbonate in coal (as CO3) 0. 03 -
Chlorine 0.18 0.15
Mineral matter 4.47 0.55

JlA¥)eeeeenecencsnna
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TABLE N 0. 20

(Continued)
ORIGINAL SAMPLE ACID TREATED
dry ash d4ry min- SAMPLE
02 eral dry ash dry
free matter COz mineral
basis free Pree matter
basis basis free basis
% % % %
(Lv) Ultimate analysis
of "unit coal"
Carbon  8L.5 82.1 82,0 82.0
Hydrogen 58 5.8 5.8 5.8
Nitrogen 102 l.2 l.2 1l.2
Sulphur 1.4 0.9 0.8 0.8
Oxygen & errors
(difference) 10.1 10.0 10.2 10.2

Calorifie wvalue
B.Th.w. /1D 15530 15,600 15,570 15,590
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ITABLE N O 21

- . - D - WD W - - S - . . o - - -
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Original Acid treated .
sample sample (air
(air dried dried basis)
basis)
% %
(1) 2Proximate analysis
Moisture ' 4.4 5.6
Ash 6.5 1.9
Volatile matter (dry CO2 free) 63.3 64.7
Fixed carbon 25.8 28.8
(i1) Ultimate analysis
carbon (exscluding CO2) 62.90 66. 00
sarbon (present as 003") 0.11 -
Hydrogen 6.50 6,70
Nitrogen 1.00 1.10
Sulphur (volatile) 314 2.17
Oxygen & errors (difference) 15.45 16.53
Calorific wvalue
BeTheu. /10 13,400 14,000
() Evaluation of mineral matter
(KsM.Co formula).
Total sulphur 3.30 2,17
Sulphate in coal (as S03) 0.30 -
Pyritiec sulphur 1.46 0. 74
Sulphur in ash (as % of ash) 2.50 -
Sulphur in ash (as % of coal) 0.16 -
S03 in ash (as % of coal) 0.40 -
Carbonate in coal (as CO2) 0.40 -
Chlorine - 0. 06 0. 04
Mineral matter 8. 03 2436




TABLE

N 0. 21

(Continued)

B e e el L b L

ORIGINAL SAMPLE

ACID TREATED

dry ash' dry mine SAMPLE
co2 eral dry ash d4ry
free matter cO2 mineral
basis  free Pres matter
‘ basis basis free basis
b % Z v
(1v) Ultimate analysis
of ™init coal”™
Carbon 70.9 71.9 Tl.4 T1e7
Hydrogen To3 Te4d Te2 Te3
Nitrogen 1.1 lel l.2 l.2
Sulphur 3et5 2.0 2.3 1.6
Oxygen & errors
(difference) 17.2 17 .6 17.9 18.2
Calorifie value .
B.Theu. /1b 15,110 15,220 15,140 15,170
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TABLE I o.

- - - . - en - - - -

CANNEL FROM VIRTUEWELL SEAM, ROYAL GEORGE COLLIERY

(SAMPLE NO.10)

- a . wn - -

Original Acid treated

sample sample (air
(air dried dried basis)
basisd)
o %
(1) Proximate analysis
Moisture 3.9 52
Ash 26.5 1.3
Volatile matter (dry CO» free) 40.1 49.9
Fixed carbon 29.5 43.6
(11) Ultimate analysis
' Carbon (excluding CO5) 53. 00 74.40
Carbon {present as 003") 0.20 -
Hydrogen 6.00 8.80
Nitrogen 0.80 1.20
Sulphur (volatile) 0.76 0.62
Oxygen & errors (difference) 8.14 8.48
Calorific value B.Th.u./1lb 10,840 15,050
#i1) Evaluation of mineral

matter (K.M.Coe formula)
Total sulphur "
Sulphate in coal (as SO3)

Pyritie sulphur
Sulphur in ash (as % of ash)

‘Sulphur in ash (as % of eoal)

S0z in ash (as % of coal)
Carbonate in ocoal (as CO2)
Chlorine

Mineral matter

0.84 0.62
O. 08 -
0.44 0.24
0. 30 -
0. 08 -
0.20 -
1.10 -
06 0. 08

o.
29,88 1.48

VAT R J PR
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TABLE N O, 22

(Continued)
ORIGINAL SAMPLE ACID TREATED
dry ash dry miner- SAMPLE
COo2 al matter dry ash dry
free free bakis CO2 mineral
basis free metter
free
basis basis
P * % e
(iv) Ultimate analysis
of ™unit coal™
Carbon TTe4 80.0 79.6 T97
Hydrogen 9.6 946 9.4 904
Nitrogen 1.2 1.2 1.3 1.3
Sulphur 1.1 0.6 0.7 0.4
Oxygen & errors ‘
(d1fference) 10.7 8.6 9.0 9.2

Calorific value
BoTh.u. /1D 15,820 16,320 16,100 16,120
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CANNEL FROM KILTONGUE SEAM (SAMPLE NO.11)

Original Acid treated

sample sample (air
(air dried dried basis)
basis) ,
T %
(1) Proximate analysis
Moisture ) 349 4.2
Ash 33.8 1.2
Volatile matter (dry CO, free) 48, 54+ 6
Fixed oarbon - 13.5 40.0
(11) Ultimate analysis
carbon (excluding CO2) 46.60 74.60
Carbon (present as 003") 0. 02 -
Hydrogen 4.30 6.20
Nitrogen 0.90 1.50
Sulphur (volatile) 2443 0. 85
Oxygen & errors (differencs) 8.05 11.45
Calorifiec value B.Th.u./1lb 8750 13,720
(1i1) Evaluation of the mineral
matter (K.M.Co formula)
Total sulphur ) 2.73 0.85
Sulphate :in doal (as S03) 0.24 -
Pyritic sulphur 1.98 0.20
Sulphur in ash (as % of ash) 0,90 -
Sulptur in ash (as % of coal) 0.30 -
S0z in ash (as % of coal) 0.75 -
Carbonate in coal (as CO2) 0.07 -
Chlorine 0. 4 0,04

Mineral matter 3T.32 1.3




TABLE
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N 0. 23
(Continued)

- - - - =D e 0 p . - -

A

ORIGINAL SAMPLE ACID TREATED
dry ash dry min- SAMPLE
co2 eral dry ash dry
free matter Co2 mineral
basis free free matter
basis basis free
, basis
% % % %
(1v) Ultimate analysis
of "unit coal"”
carbon T74.9 79.3 78.8 79.0
hydrogen 6.9 648 6.6 6.6
Nitrogen l.4 105 1.6 1.6
sulphur 3.9 1.1 0.9 0.7
oxygen & errors
(difference) 12.9 11.3 12.1 12.1
calorifie value
BeTheu. /1b 14,0060 14,700 14,500 14,510
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INFERIOR CANNEL - WHITEHILL COLLIERY
(SAMPLE NO.12)

Original  Aoid treated |

sSample sample (air
(air dried dried basis)
basis)
T %
(1) Proximate analysis
' Moisture 4.5 4.2
Ash 43,5 0.6
Volatile matter (dry Copr free) 40,8 62.4
Fixed carbon 1l.2 32,8
(11) Ultimate analysis
g Carbon (exeluding C0)) 38,20 76. 00
Carbon (present as COz") 0.41 -
Hydrogen 4,30 - 7.80
Nitrogen C.70 l.40
Sulphur (volatile) 0.68 1.07
Oxygen & errors (difference) TeT1 8493
Calorifie value B.Th.u./1b 7,600 15,120
(iii)Ehaluation of mineral
matter (K.M.C. formula)
Total sulphur - 1.00 1.07
Sulphate .in doal (as SO0z) 0. 06 -
Pyritioc sulphur 0. 38 0. 07
Sulpiur in ash (as & of ash) 0.74 -
Sulphur in ash {as % of eeal) 0.32 -
in ash (as % of coal) 1] -
Carhonate in coal (as C0,) 1.50 -
Chlorine 0. 04 0. 06

Mineral matter 48,00 0,67

/(iv)..............;
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TABLE N O. 24

(Continued)

ORIGINAL SAMPLE ACID TREATED

dry ash dry min- SAMPLE

Cco2 eral dry ash dry

free matter Cco2 mineral

basis free free matter

basis basgis free basis

* % % %

(iv) Ultimate analysis
of "unit coal®

Carbon | 757 80.4 79.8 79.9
Hydrogen 8.5 8.2 8.2 8.2
Nitrogen l.4 1.5 1.5 1.5
Sulphur 1.3 1.3 1.1 1.1

Oxygen & errors
(difference) 13.1 8.6 9.4 9.3

Calorific value :
B. Theus /1D 15,050 15,960 15,890 15,900
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APPLICATION OF THE PARR FORMUIA FOR THE DETERMINATION
OF MINERAL MATTER IN COAL

Sam- Moisture Ash Minsal Mineral Calorlific wvalue

Ple - matter matter/ of dry mineral

No. % % % ash matter free
ratio coal B.Th.u./1lb

(1) 3.0 1.3 2,00 1.54 14,870

(2) 2.9 2,5 328 1.7 15,980

(3) 2.5 3.5 4.34 1l.24 14,190

(4) 2.0 4.8 5,86 1.22 14,410

(5) 8.2 5.4 7T.83 1l.45 14,770

(6) 2.5 23.4 34.49 1.47 14,950

(7) 5e2 2.9 3,67 1l.27 15, 360

(8) 3.4 2.9 4.96 1l.27 15,630

(9) 4.4 6.5 8484 1.3%6 15,260

(10) 3.9 26.5 30.26 1.14 16,400

(11) 3.9 33,8 38,00 1.12 14,830

(12) 4.5 43,5 49.15 1.13 16,290

NOTE: Because of the high CO2 ocontent of Samples
~ (Nose 5, 6, 10 and 12) the modified Parr
formula (1.08 (A+C05)+0.55 sulphur) was
used in those cases.
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TABLE N 0. 26.

- -y - - - - G - - -

DETERMINATION OF THE MINERAL MATTER BY THE
GRAPHICAL METHOD.

Cannel from Randolph colliery (Sample No. 9)
(c£ : graph No.l)

. - - D D W T WD S S wh WS L D WD D TN D D . WD . D -

Experiment Ash (dry) Calorific value (dry) °
No. % B.Theu./1b
I 17.3 12,000
II 11.0 13,090
III 6.8 14,020
Iv 2.0 14,830

Ash equivalent of 100% g F

mineral matter(from graph) 77.0
Mineral matter content of g % 8.5
original sample from graph

Mineral matter/ash ratio 1.3
Calorifie value of the dry,

mineral matter free coal by 15200
extrapolation B.Th.u./1b




GRAPH N° |.
(SAMPLE N°)9)
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DETERMINATION OF THE MINERAL MATTER BY THE
GRAPHICAL METHOD

. —n - . ey . D S —— WD - - e D =t W e ws

Cannel, Virtuewell seam, Royal George Colliery
( Sample No. 10 )

(C£: graph No.2)

Experiment Ash (dry) Calorific value (dry)
Xo. A B.Th.u. /1b
A. I 27.6 11,280
II 18.4 12,750
III 10.2 14,320
Iv 6.8 14,900
\ 1.5 15,970
B. Ash eguivalent of 100 % ; o 89. 0
mineral matter from graph I 9«
Minersl matter content of)
the original sample from ) % 30. 0
graphe. )
Mineral matter/ash ratio. 1.13

Calorific value of the dry,)
mineral matter free coal by 16,250
extrapolation B.Th.u./1b




GRAPH N9 2.
(SAMPLE N® 10)

C.V.—MINERAL MATTER LINE.

CV.—ASH LINE
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DETERMINATION OF THE MINERAL MATTER BY THE GRAPHICAL
METHOD

T B L S T M . - . o = - D L D et D S . S W D S M D ah A -

Cannel, Kiltongue seam (Sample No.1ll)
(Cfs graph No.3)

Experiment Ash (dry) Calorifie wvalue (dry)
No. A BeTh.u. /1D
I 35.0 9,110
II 18.0 11,980
III Te5 13,750
Iv 1.3 14,410
Ash equivalent of 100 % ; % 88.5
mineral matter from graph *

Mineral matter content of the; q 38.0
original sample from graph ° *

Minersl matter/ash ratio 1l.12

mineral matter free coal by

Calorific value of the dry,i
extrapolation B.Th.u./1b |




Ne 3.

GRAPH
(SAMPLE N9 I11)

C.V.— MINERAL MATTER LINE.
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DETERMINATION OF THE MINERAL MATTER BY THE GRAPHICAL
METHOD

Inferior cannel, Whitehill colliery (Sample No.12)
(C£: graph No.4)

Experiment Ash (dry) Calorifie value
No. %- Be.Theu. /1b
4. I 45.5 7,960
II 33,8 9,870
IIT 2604 11, 090
Iv 18.8 12,500
v 10.0 14,000
VI 6.0 14,680
VII 0.6 15,700
Be Agh equivalent of 100 % o
mineral matter from graph 3 k 91.0
Mineral matter content of the) % 48.0
original sample from graph )
Minersl matter/ash ratio - 1l.10

Calorifie wvalue of dry mineral
matter free coal by extrapola- 15,900
tion B.Th.u./1b
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C. DISCUSSION CF RESULTS.
(1) General: In the Tables 13 to 24, the ultimate analyses of
the originel and acid treated samples are given, both on a
dry, ash, COp free basis and dry mineral matter free basis,

the values for the mineral matter being calculated by the King,
Marles and Crossley formula. The necessity for expressing the

gomposition of a coal on a dry, mineral matter free basis rather
than on a dry, ash, COp free basis is clearly brought out by the
markedly lower values for carbon obtained on & dry, ash, 002 j
free basis in the case of samples with over 5 percent ash
(Nos. 6, 9, 10, 11 and 12). |

In view of the theoretical considerations advanced
earlier, it will be appreciated that, from the point of view of
solentific justificstion, the most reliable means avéilable at
present for estimating the composition of the pure coal
substance is the uitimate analyses of the eoal on a dry, mineral
matter free basis, the latter values being caleulated by the
K.M.C. formula. These wvalues eould, therefore, be taken as a
standard for examining the acouracy of the values obtained by

other methods.

YL -3 P
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(2) The mineral matter content of acid treated coals.

An examination of the analyses of the origimal
samples (Fos. 1, 2, %, 4, 5, 7 and 8) revealed that the
difference noted between the values on a dry, ash, CO, free |
basis and those froﬁ a dry, mineral matter fiee basis were of a ;
low order for samples with ash content below 5 percent. So i
when the ash content of a sample of coal has been reduced to one
percent and below by acid treatment, the error involwved in

expressing the composition on a dry, ash, COp free basis should

be negligible; but when the ultimate analyses of the acid treated:
samples on a dry,ash, CO; free basis were compared with the
values of the original sample on a dry mineral matter free basis,?
the total difference between the two sets of values was between
0+l and 15 percent. This diserepancy could partly be due to

the ash sontent of acid treated coals not being stristly equal

to the mineral matter content of the sample. Any difference
between the two values could be easily ascertained by deriving

a formula for the mineral matter content of the acid treated
eoal, on the same basis as the K.M.C. fommula.

The King, Maries and Crossley (29) formmula for the
evaluation of mineral matter in coal involves sorrections for
(1) water of sonstitution of the shaly matter; (ii) decomposi-
tion of the pyrite and fixation of the 803 in the ash; |

JETEE B P
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(111) decomposition of the sarbonates and (iv) the decomposi-
tion of the chlorides.

(1) Water of constitution of the shaly matter: In the

ocoase of the acid treated sample, no correstion would be

necessary for the water of constitution; for

(1) it has been noted earlier (Table No.8) that in eleven out
of the twelve samples examined, more than eighty perscent of |

the silicate minerals were removed by hydrofluoric acid;

(2) Karavaev and Rapoport (16) have pointed out that in coal
analyses the errors due to the water of hydration of the
clay minerals were avoided by a preliminary treatment of
the coal with 1:10 cold hydrofluoric acid for 24 to 48

hours.

(11) Decomposition of the pyrite and fixation of the

803 in the ash: It has been noted that pyritic iron was mnot

completely eiéracted by treatment with hot, dilute hydrofluoric

and hydrochloric ascids (Table No.9). During ineineration, the
pyrite would be converted to the oxide as followsS:i=

2 FeSz . —» Feop 03.+.4302
112 128 160
240

/The..ceceecsecens
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The loss of weight due to the replacement of four atoms
of sulphur by three of oxygen would be 80/128 or 5/8 times the
vercentage of pyritic sulphur. So for the acid treated coals,
the correction for pyrites would be ash 0¢6 pyritie sulphur.

No correction for the fixation of the 803 by the lime or

the alkali oxides during 'ashing' would be necessary; for

~

(1) the results (Table No.8) showed that a high percentage of
the mineral matter in coal corrsesponding to the water
soluble portions of the ash (lime and alkali oxides) was

extracted by acid treatment;

(2) the results detailed in Tables 13-24, showed that all the
original sulphate present in coal was extracted by the acids
and that the sulphur in the ash of the acid treated sample
was negligible i.s. that the sulphur present in the acid
treated coal sample could be regarded as completely volatile.

(1i1) Decomposition of the carbonates: No sorrection would be

necessary in this case also, for the coal sample did not contain
any ocarbonates after treatment with hot asids. Thus, the
conventional "dry, ash, COp free" values would only be dry ash

free values in the case of acid treated samples.

/(iV)-o.ooo--.o.oo
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(iv) Decomposition of the chlorides: To obtain a correction

a factor for the conversion of the chlorides present in the
acld treated coal samples, the chlorine sontent of these
samples was determined. The difficulties of preparing & sample
of acid treated coal completely free from the chloride reaction
have been referred to earlier. So in the case of the samples
used for chlorine determinations (Tables 13-24), besides
repeatedly boiling with distilled’water, as an additional
precaution the samples were kept in distilled water for 24-48
hours. It was very unlikely that any free acid could still

have been present.

Table 30 gives the relative chlorine contents of the

original and acid treated samples (dry), along with the percent-

age of chlorine (per part of the dry, original sample) removed

during acid treatment and subsequent extraction with water. It

is noted that in four cases over 95 percent, in seven 0ases over

80 yercent and in eleven cases over 60 persent of the chlorine
present in the original sample was retained in the final sample.
The two comparatively high values of 33 and 44 percent for the

extraction of chlorine were obtained with the two fusain samples

(Fos.5 and 6), which are known to contain high concentrations of

water soluble chlorine (mainly sodium chloride).

[King.eeeseennnn
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EFFECT OF ACID TREATMENT ON THE CHLORINE CONTENT

OF COALS
Sam- Ash content Chlorine Chlo=- Chlo- Io of chlorme '
ple origi-‘-er&m content  rine rine in the origl-
Noe nal treate of origl~ ocontent extracte nal sample
semple ed nal of acid ed by retained in
sample sample treated aoid treatk- +the acid !
% of sample ment per treated i
P % dry » of part of sample ‘
: coal dry dry origie
coal nal ;sample
e fo
(1) 1.34 0.53% 0.17 C.11 3503 64.7
(2) 2.60 0.52 0. C1 C. 01 2.1 S7.9
(3) 2459 0. 82 0,01 C. 01 2.8 97.2
(4) 4,90  0.42 0.04  0.04 500 95.0
(5) 5.88 1.3 0.17 0.12 32.9 67.1
(6) 24,00 2, 03 0. 07 0. 05 44.3 55¢7
(7) 3,06 0.73 0. 25 0.21 18.0 82.0
(8) 4.04 0.52 0.19 0.16 18.9 81.1
(9) 6.80 2.01 0. 06 0. 04 36.7 63.3
(10) 27.57 1.37 0. 06 0. 08 1.7 98.3
(11) 35.18 1.25 0. 04 0, 04 35.0 65.0

(12) 45.55 0.63% 004  0.06 17.5 82.5
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King, Maries and Crossley (loc cit) stated that at least
half the chlorine in coal is inorganic; they also mentioned
that the remainder also could be inorganie but proof had not
been obtained. According to the Fuel Research Survey Reports “
(quoted by Mott and Spooner (48)), in most English and North ?
Welsh coal samples, between 8 and 60 percent (for most samples
between 33 and 60 percent) of the chlorine is soluble.

Chapman and Mott (63) mention that at least half the water
soluble chlorine in coal is removed from small coals during wet |
washing. But in the present investigation, it will be appreciat-;
ed, that after the use of hot dilute hydrochloric acid for over
eight hours on finely divided eoals, no definite conclusions
either on the chemical nature or the perscentage of soluble

ohlorine, could justifiably be drewn from the results in
Table No.30.

King, Maries and Crossley (los oit), after examining the
oxides and shlorides of sodium, potassium, calcium and
magnesium showsed that the relationship betweeh chlorine and the
difference between the chloride and oxide is 1/0e78 irrespective
of the base soncerned. So for the original samples, since
(ehlorides - oxides)/chlorine = 0°78, (ehlorides - 109 x oxides)

would be 0-70. But in the case of acid treated coals, the
fagtor 1¢09 (for the water of canstitution of the shaly matter)

would not arise; so the conversion factor would be 0°78.

/If.ao--...ooooo
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If approximately half the chlorine in the original sample were
inorganis, then according to the results in Table No.30, between
13 to 50 percent of the chlorine present in all the acid treated
samples (excepting No.6) would be inorganiec. Then the correction
fastor for the conversion of the chlorides would vary between "
010 to 0°78; for seven of the samples, it would be between
0:62 and 0+78. In the absencs of asomplete knowledge, the same |
factor as used in the original formulas 1.e. 0¢5 chlorine was P
adopted. u

So the final formula used for the evaluation of the

mineral matter in acid treated coals was ;

Mineral matter x 1+00 ash + 0+6 pyritic sulphur +
0-5 chlorine

It should be stated that the correction factor for the
chlorides in this case was not of much importance. The maximum |
and minimum values for the chlorine content of the acid treated
samples were O*20 and C*Ql percent (sample Nos. 7 and 2
respectively on an air dried basis)j the increase in the carbon
values due to the correction for the shlorides in the mineral
matter in these two cases would be 0409 and nll respectively.

Calorific wvalue of acid treated coals: The same formula as in
the case of the original sample, was applisable.

[(B)eceeiiiienns
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(3) The influence of acid treatment on the coal substance.

All the values given in this sestion are on a dry,
mineral matter free basis unless otherwise stated; the values
for the mineral matter content of the original samples were
caloculated by the King, Maries and Crossley formula and those
for the acld treated samples by the formula given in the
Previous section. Table No.3l summarises the differences noted

in the composition of the original and acid treated sample.

(1) carbon and hydrogen: Generally the carbon and
hydrogen values for the acid-treated samples were lower than
those of the original samples. The carbon sontent of only ome
acld-treated sample (lNo.2) was ejual to that of the originsl
one; for two samples (Nos. 1 and 8) the carbon contents were
lower by Ol percent, for two others (Nos. 4 and 9) by 02
percent, for three others (Nos.3, 10 and 11) by O*3 percent;
only one (No.7) differed by 0e4 percent while three others were
lower by 0-5 persent of dry mineral matter free soal (Nos. 5,
6 anad 12).

In the case of hydrogen six of the acid treated samples
{Nos.1; 3, 4, 7, 8 and 12) had the same values as the original
6nes, three samples (Nos. 2, 5 and 9) had values lower by 01
Dercent, two (Nos. 10 and 11) by Oe2 percent and only one by
0.3 percent of dry mineral matter free coal.

/SuchQOQOIOOOOQ
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EFFECT OF ACID TREATMENT ON THE COAL SUBSTANCE ULTIMATE
ANALYSES

. et e e e W - . . - - D o G S S W = o TS b N D P A G D . S e o= mn G

sam’ DRY, MINERAL MATTER FREE BASIS

7le Decrease due to acid treatment Inerease in the
Ho. Caréghfh§y§?§3°so§§§ﬁic Calori- Zigu:rggrgxygen
gen sulphur fie
value

(1) (2) (3) (4) (5)

% % % BeTheu. /1b %o
(1) 01 nil nil 40 0ol
(2) nil 0.1 0.1 80 0.2
(3) 0.3 nil 0.1 20 0.4
(4) 0.2 nil 0.1 50 0.3
(5) 0.5 0.1 0.2 160 0.8
(6) 0.5 0.3 0.7 310 1.5
(7) 0e4  nil nil 60 0.3
(8) 0,1 nil 0.1 10 0.2
(9) 0.2 0.1 0.4 50 0.6
(10) 0.3 0.2 0.2 200 0.6
(11) 0.3 0.2 0.4 190 0.8
(12) 0.5 nil 0.2 60 | 0.7

NOTE: For samples (Nos. 7, 9, 10 and 11), the values in Cols. 1,

‘ 2, and 3 do not add up to that in Col. (5) due to an
inorease of 0.1l percent of nitrogen noted in those cases.
(experimental error).
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Such differences as the above, between the composition of
the original and acid treated samples might be due to (a)analyti-
cal errors; (b) the variations inherent in the assumption of
average velues in the K.M.C. formula for the water of constitution
of shaly matter and/or (o) the effeet of the two hot acids on

the coal substanae.

(a) Analytical errors: The maximum permissible difference
between duplicate determinations of ecarbon and hydrogen by
the British Standard method (BeS.I, No.1l0l6 of 1942 page T1)

on a dry, ash free basis would be 050 and 0+17 percent

respectively for coals of moderate ash and moisture contents

(of about 4 percent each). The results given in Tables 1l3e24

are the mean of values obtained for each sample, the differences

in each case being within the permissible limits. If it eould
be assumed that such limits without muoh modifiscation would be
applicable for the processes involved in acid treatment, then it
could be argued that in all cases the variations between the
original and acid treated samples were within this limit

(excepting for the value of hydrogen for sample No.6).

J(D)eueenneeennen
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(b) Variations due to the fastor for the water of constitution
of shaly matter: It has been pointed out that the
ocorrection factor of 0+09 ash for the water of constitution
of the shaly matter is based on the fact, that on an
average, the clays associated with British coals contain 8
percent of water of constitution and yield 90 percent ash.
The authors of the formmula have shown that the proportion of
the combined water in shales varies in different districts
and suggested the acceptance of the combined water correction
faoctors of 009, 0.13 and Oe07 for English (and British),
Seottish and Welsh coals. It might be noted that the Parr
formula adopted a factor 0°08.

Any variation in this factor is bound to affest the
value for mineral matter and consequently the carbon,
hydrogen»values; also the magnitude of such variations would
inerease with increasing ash content. It will be noted
that of the three cases where the maximum difference of 0-5
percent between the carbon contents of the original and acid
treated samples was noted, two had high ash contents
(Sample No.6 with 24°0 percent ash and No.1l2 with 45¢6
percent ash (diy basis)). So the lower values in the case

of the acid treated samples might partly be due to the

/o0rrection. cceeseees
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correction factor of 0°09 for the water of constitution of
the shaly matter being slightly on the higher side. 3But no
great stress could be laid on this argument; for the authors
recommended a factor 0+1l3 as being more suitable for Scottish
coals. If this faoctor had been adopted for the calculation
of the mineral matter of the origihal samples, the differences
between the wvalues for the two would have been slightly
higher than those given in Table No.3l. In the analyses of
Seottish shales, there is nothing to suggest that the com-
bined water content is much lower than the figures suggested
by King and co-workers. So while the correction factor of
0+ 09 might have been slightly on the higher side in some
cases, it would not be justifiable to assume, that it was so

In all the cases.

Even granting the wvalidity of these two arguments,
it would still have to be explained as to why the acid
treated samples had the lower values in all the cases. So
the differeneg might probably be due to the effesct of the

hot acids on the cozal substance.

The effect of the two hot acids on the coal substance:

All the previous workers, who attempted the extrastion
of the mineral impurities in coasl, with hydrofluorie and

hydrochloric acids, reported a loss of organic carbon and
hydirogen due to such treatment.

/Gallard....'l.......
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Gallard (13) after reducing the ash content of a
bituminous coal sample from 12.24 perceent to 0«94 percent by
treating with 2 parts of 40 percent hydrofluorise aeid and one
rart of concentrated hydroshlorie acid (voth acids hot;
conditions deseribed in Part I) found that this prosedure
involved a loss of 0+30 percent sarbon, 0e59 percent hydrogen,

- 0013 of nitrogen and 010 of sulphur, all the results being
expressed on a dry, &sh free basis. The differensces would have

been higher, if expressed on a dry mineral matter free basis.

Fieldner and co-workers (14) also working with hot,
concentrated acids on a bituminous coal found that acid treate
ment resulted in a loss of organic carbon of about 047 to
2+*'70 percent of coal and of hydrogen by about 0¢2 percent of

qoal.

Turner end co-workers (15), after experiments under
conditions similar to the above, reported that acid treatment
resulted in a loss of carbon and hydrogen to the extent of
le5 and O+l percent of coal respestively for anthracites and

of 0¢6 and 1¢0 percent respectively for bituminous coal samples.

Himus and Basak (22), who followed the extraction of the
bituminous coal with hydrofluoric acid by a treatment with
d1lute hydrochloric acid and zine dust, found the loss of sarbon
to be between 1°4 and 27 percent and of hydrogen between 0°17

and 0+35 percent of coal on a dry ash free basis.

/Compared.....coenneeee



- 170 =

Compared with the above methods, the sonditions of a&acid
treatment in the present investigation were very mild. The
oonsentration of the hydrofluoric anmd hydrochloric acids used
were only 5+0 percent; the extraotion was sarried out in a
nitrogen atmosphere to prevent any oxidation. The resulis given
in Table No. 31 are on a mineral matter free basis unlike those

quoted above and are therefore more strictly eomparable.

The results reveal a much . closer agreement between the
carbon and hydrogen wvalues of the original and acid treated
samples than that noticed in any one of the above cases. But for
the faoct that a deorease in carbon and hydrogen content is
accompanied also by a loss in calorifioc wvalue (this is discussed
in a subsequent sesction) the differences noticed in all the
samples, could be attributed mostly to analytical errors.

Subject to the limitations of drawing inferences about
the coal substanse solely from the ultimate analysis, it might
be stated that acid treatment, under the conditions of the
present investigation, reduced the loss of organioc carbon in
most cases to & negligible minimum. This procedure had almost
no influence on the carbon content of the pure coal in the ocase
qr samples with an initial ash sontent below 30 percent; the use
of hot acid did seem to affect the coal substance slightly in

the oase of readily oxidisable samples like fusain (Nos.5 and 6)

8nd ocamnel samples with very high initial ash content (No.12;ash
45.6 percent (dry)). /Similar)ye.cceecccecccccccns
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Similarly the present procedure had no noticeable effect
on the hydrogen content for samples of moderate ash content;
the effest was slightly felt in fusain samples or in cannels,
which, besides thelir generally high hydrogen content, were also
high in ashe(In the case of sample No.1l2, a very high ash
inferior oanﬁel, the carbon content was noticeably affected but

not hydrogen).

(11) Nitrogen: The results in Tables 13-24 indicate that
nitrogeﬁ has not been affected at all by acid treatment
under the conditions of the present investigation. (In the
case of sample Nos. 7, 9, 10 and 11, an increase of 01
percent in the nitrogen sontent of the acid treated sample
was noted; this must have been due only to experimental
errors and to the procedure of correcting the values in

each ocase to the first decimal place).

Gallard (loc oit) indicated that there was a loss of
nitrogen content of the coal due to treatment with
consentrated hydrofluoric and hydrochloriec acids. Apart
from Gallard, the other workers on the acid treatment of
soals have not referred to any effeat of the aclds on the
nitrogen content of coals. Shasklock and Drakeley (64)
showed that part of the nitrogen in coal could be extracted

by dilute sulphuric acid. But generally it is known that

/the............'......’
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the more mature the fuel, the lower the percentage of nitrogen
extractable.

It is well known that nitrogen is the only element
present in the coal that is exclusively inorganic combination.
As a result of extensive chlorination studies, Heathooat and
Wheeler (65) conoluded that nitrogen in coal is in a highly
stable form and that it is an integral part of the ring
structure of coals. Besides, the work of Bone, Horton and Ward
(66) on the benzene Soxhlet pressure extraction of lignite
indicated that the nitrogen compounds present in the humio acids

are resistant to oxidation.

In the present investigation, the nitrogen in coal was
completely unaffected by acld treatment. This must mainly be
due to (1) the method of extraction being very mild compared to
those of Gallard or Shacklook and Drakeley and {(2) to the
nltrogen in coal being present in a very stable fomm.

(1i1) Sulphur
' (a) distribution of the forms of sulphur in coal:

-~

Table No.32 gives the percentage variations of
the three different forms of sulphur present in coal.

The sulphate sulphur content was generally below 5
percent but mostly below 2¢6 percent of the total

/mpmr..OQQ....o.
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Sulphur; the pyritic sulphur content varied between 17 and
72 persent of the total’sulphur, while the organie sulphur
content was between 24 and 85 percent of the total sulphur.

In the Introductionto Part II of this work, i1t has been
mentioned that the Parr formula for the evaluation of the
mineral matter in cosl assumed that all the sulphur in coal
was pyritie. With a view to modify the Parr formula, Tideswell
and Wheeler proposed that total sulphur in execess of 1 percent
could be taken as pyritic sulphur while Fieldner and Selvig
(50) suggested that pyritic sulphur would approximately be
équal to half the total sulphure

The results in Table No.32 indisated that none of the
above assumptions was likely to be correct in all the cases;
this confirmed the conclusion of King and so-workers that a
separate determination of pyritic iron was nesessary in each
oase.

The total sulphur of the acid treated sample sonsisted
mostly of organic sulphur (between 60 and 94 percent of the
total) with a little.pyritic sulphur, (between 5 and 39 percent).
The sulphate sulphur was completely exiracted by acid treate
ment. The efficlency of extraction of pyritic sulphur by acid
treatment would follow the same trend as that of pyritic iron

/(Pyritic....................
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(pyritic sulphur = 1le¢15 x pyritic iron), which has been
discussed in Part I (Table No.9) of this works

(b) Effeot of acid treatmen t on organic sulphur.

The necessity for expressing the ultlmate analysis of
the acid treated sample also, on a dry, mineral matter free
basis was clearly seen in the case of the organic sulphur
values. It will be noted that it in the analyses of the acid
treated samples on both dry, ash, COp free basis and dry
mineral matter free basis, apart from sulphur the differences
in the case of the other values were of a minor nature. When

the results are expressed on a dry, ash, C0» free basis,sulphur

oconventionally represents volatile sulphur, which in this gase
would include varying amounts of pyritie sulphur. If such
values were used, the real difference between the values for
organic sulphur content of the two samples could not be proper-
ly appreciated.

It is only organic sulphur that forms a part of the coal
substance. The organic sulphur of the original and the acid
treated samples is found to differ between nil to 0-7 percent
of the coal; only two samples (Nos. 1 and 7) had the same
organic sulphur contents for tﬁe original and acld treated

sample; <for frar (Nos. 2,3,4 and 8) the difference was Ol

P
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percent of coal; for three others (Hos.5,10 and 12) it was
0*2 percent and for two more (Nos. 9 and 11) Oe4. Only in one
case (No.6) the maximum difference of 0.7 percent of Goal was
noted.

Very little information is available on the nature of
the sulphur compounds in coal. Stopes and Wheeler (67) suggest=-
ed that a majority or all the complex molecules whiéh form the
coal conglomerate possess each a sulphur atom, in some grouping
in their structure. Wheeler (68), in view of his finding that
the pyridine and chloroform extracts and the extraction residue
all had the same sulphur content as the original coal, concluded
that organic sulphur compounds were part of the fundamental
constitution of coal and were uniformly distributed.

Powell and Parr (69) distinguished between phenol soluble
and phenol insoluble orgsnic sulphur, but the significance of
such a distinction is not clear. According to Powell, Fischer
in 1899 coneluded that by the use of bromine (or preferably
sodium hypobromite) on coal besides the pyritic sulphur some
organic sulphur also was dissolved. This observation has been
confirmed by numerous workers; but relatively little is known
about the sulphur compounds in coal affected by such =

treatment.
/In.'........l.b...
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In the present investigation, in view of the faets that
(1) the organie sulphur was determined by differenace;
(2) the differences waresmall and within experimental
limits in most cases (excepting Nos. 6, 9 and 11)
it would not be justifiable to draw any definite conclusions
about the influence of the hot acids on the organic sulphur in
coal. But in some cases (for e.g. Samples Nos. 6, 9, and 11)
the present results indicated that a portion at least of the
orgsnic sulphur present in coal was relatively weakly attached
to the cozl molecule and that it was affected by the use hot

dilute aclds even in an inert atmosphere.

(iv) Oxygen: The oxygen content is usually obtained by
deducting from 100, the percentages of carbon, hydrogen,
nitrogen and organie sulphur of the pure coal. Since the
oxygen values are obtained by difference, they inelude the
possible analytical errors in the determination of sarbon,
hydrogen, nitrogen and sulphur.

It has been pointed out that the Parr formula is on a
sulphur free basis. It is nne of the chief merits of the
King, Maries and Crossley formula that by allowing for the
presence of organic sulphur in coal, it completely limits
the probable error in oxygen values, obtained by

[AifLerence. .cooueeeenn
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P

difference, to analytical errors only.

It was one of the aims of the present investigation to
avold oxldation of the coal sample, during acid treatment; but
the oxygen values of the acid treated sample were found to have
increased by 0.1 to 1.5 percent (Col. 5, Table No.3l) of the
coal; for eleven out of the twelve samples, the increase was by
less than 08 percent of the coal. Such variations were gquite
possible, due to experimental errors alone. But in the present
investigation, the increase in oxygen sontent was 1n every case
acgcounted for by a slight decrease of carbon, hydrogen and
organic sulphur contents as also the calorifiec wvalues. Of these
the decrease in carbon, hydrogen and also sulphur in most cases
have been shown to be not of a serious nature; but in some sases,
like fusain samples or high ash cannels, the hot acids did seem

to effeot a very mild oxidation of the coal substanace.

This would, perhaps, be the main eriticism against the
present procedure of acid treatment. But the chief merit of
this procedure would be that its results on the extraction of
the minersl impurities in coal were as good as those obtained
by any other procedure employing more concentrated asids; but
at the same time, i1t reduced the shances of oxidation of the
coal substance to what might perhaps be, an irreducible

/minimume oo neinnenns
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minimum. In the results of the previous workers for bitumi-
nous coals, the minimum increase (of 1e6 percent) in oxygen
oontent due to acid treatment was'obtained by Turner and
so-workers (loc c¢it) and the maximum (2.9 percent) by Himus and
Basak (loc oit), the results being on a dry ash free basis. In
the present investigation, with a much wider variation in the
ash ocontent of the samples examined (exsepting in the case of a
fusain,sample No.6), the maximum inerease in oxygen content was

less than half the minimum noted above.

(v) Calorific values: These are discussed along with the
results obtained by the Parr formula and the graphical
method.

(4) Comparative values for the mineral matter content of coals
by the Parr and graphical methods.

(i) The Parr formula: This formula has received considerable
P attention from numerous investigators and it would not
be strictly within the seope of the present investigation
to deal at length with the implications of the formula.
Table No.25 gives the wvalues for the mineral matter
content and calorific wvalues for the twelve samples on
the Parr basis. The mineral matter values for
samples (Nos. 5, 6, 10 and 12) were calculated by the

modified Parr method (the samples had high CO, contents)
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and others by the original Parr formula. Table No.33 gives
the comparative values for the mineral matter obtained by the
Parr, K.M.Co and graphiocal methods. The results are also
expressed as mineral matter/ash ratios, since these offer a

better means of comparison.

It is noted that for all the twelve samples under
oonsideration, the mineral matter values obtained on the Parr
basis were always higher than those obtained by the K.lM.C.
formula.

The mineral matter/ash ratio, as determined by the Parr

formula may be expressed as follows:-

Mineral matter/ash = 1°08 + 055 x iSuigh» ;

It is olear from this manner of expression: that the ratio sould
never be below 1+08 and the amount by which it exceeded 108
would be determined entirely by the sulphur to ash ratio. But
the sulphur to ash ratio does not represent any fundamental
relation between the components of the mineral matter and so any
value obtained from it could only be arbitrary. Himus and Basak
(looc 6it), whose work is perhaps the most recent attempt to
éxamine the validity of the Parr formula (lMarch 1949) coneluded,
that while it would be justifiable to apply the formula for
coals with ash contents below 15 percent, its application to

/KBTOgen. s s erecnnnnss
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Kerogen rocks, high in ash and possibly in cearbon dioxide and
sulphur, might give 'misleading and even absurd' results. In
the present instanoe also, the maximum differenoe in the wvalues
for mineral matter obtained by the Parr and K.M.C. fommulae was
noted with the fusain sample No.6 (ash 23.4 percent and COp
Te2 percent) in spite of the appliéation of the rscommended CO2
ocorrection.

It is also noted that in some cases (Samples 4, 7, 10,
11 and 12) the Parr method gave a reasonably close approximation
to the K.M.Ce values. This, according to Cady (70) could be
aserivbed to "the probable compensation of opposing errors

involved in the ealeculation™.

(11) The improved graphical method (Cf Tables 2629 and graphs

E:%l: It was stated in the introduction to Part II of this
worﬁ, that one of the sources of error in the application of
the graphical method to the acid treated cosls would be the
absence of ocorrection for the heat of formation of the ferries
oxide from pyrite. For the four samples (Nos. 9, 10, 11 and 12)
used in this investigation the pyritic sulphur contents were
1e46, 0-44, 198 and 0-38 percent respectively. Since the
agcaepted figure for the heat of formation of ferriec oxide from
Pyrite is 3032 gm. cal. per gm. pyrite for these samples, the

/eorrection.......uee...
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correction nesessary for the salorific wvalue of the original
sample would be between 20 and 110 B.Th.u# /lb. In the graph,
the calorifie wvalues are plotted only to the nearest hundred
B.Th.us; so the correction necessary for samples (Nos. 10 and
12) would not make any appreciable difference. But in the
other two cases (Nos.9 and 11) the calorifie wvalue of the
initial sample would be in error by 100 B.Th.us; in the
subsequent samples from each of these cannels, the error would
be much less, since pyrite has been shown to be extracted by

agid tregtment.

For the four samples examined, the linear relation
between ealorific walue and ash held good even up to an ash
content of 45 percent; the very mild oxidation of the sample
due to the solution of a portion of the organic sulphur did
not depress the calorific value to any noticeable extent.

By the very nature of the graphical methods, the mineral
matter values could be determined correst only to the nearest
half of the whole number. With this limitation, the mineral
matter values showed oclose agreement (Table No.33) with the
K.M.Ce wvalues; they were a definite improvement over the Parr
values, though not as exact as the K.M.C. values. In spite of
this agreement, the mineral matter values obtained from the

graphical method could only be studied with reserve, since the

/extrapolation...ceeeeennnnas
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extrapolation of the graph both ways could not be easily
Justified.

(5) A _comparison of the salorific values by the different
methods. -

The values obtained by the different methods are

summarised in Table No. 34.

(1) Calorific wvalue of the pure coal -~ K.l.C. basis and dry
~ ash CO, free basis (Col. 1 and 5 of Table No.34):
The results show that the expression of the ealorific
value on a dry, ash, CO, free basis, while justifiable in
the case of samples with very low ash ocontents, introduced

increasing errors with increase in ash content.

(i) Calorifies value of pure coal (calculated from the acid
treated semple on a dry, mineialematter free and dry ash,

CO2 free basis = Cols. 4 and 6 of Table 34).

The difference between the two values seldom exceeded
30 B.Th.us and was mostly below 20 B.Th.us. In the case of the
dry, mineral matter free basis, the slightly higher values were
due to; (1) the use of the special formula for the derivation
of the minersl matter oontent of the acid treated samples and

(2) correction for the heat of formation of ferric oxide from

Pyrite; this was necessary,since the previous results

/(Table..-..-oooo.oooooo
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(Table No.9, Part I) showed that the pyrite in the mineral
matter of coal was not completely extracted by acid treatment.
Thus of the two sets of values, there would be greater
Justification for comparing the wvalues on a dry mineral matter

free basis with those from the K.M.C. formula.

(111) Calorifiec value of the pure coal (values from the K.M.C.
formula applied to the original sample and the special
formula for the aocld treated sample. Cols. 1 and 4 of
Table No.34).

The difference between the two values was between 10 and
310 B.Th.us/1lb; the variations noted in the case of

eight samples (Nos.l, 2, 3, 4, 7, 8, 9 and 12) were

below 80 B.Th.u./lb and could normally be attributed to
experimental variations; but that sould not asecount for
the acid treated samples always having the lower values.
So apart from experimental errors, the decrease in
salorifie value must have been due to the slight decrease
noted in the earbon, hydrogen and sulphur values noted
earlier.

The Dulong's formula for the calsculation of calorifie
values rroﬁ ultimate analysis aseribes a value of 4050
B.Th.us/1b. of sulphur in coal. Thus a loss of O-l
pereent sulphur would involve a decrease of 4 B.Th.us. /1l

/B.ut.oo'ootoobool.
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But for hydrogen the value is about 62000 B.Th.u./lb. Each

0+1 percent of hydrogen would aceount for 62 B.Th.us and
similarly each 0*1l perscent of carbon for 145 B.Th.us. So
assuming the general validity of these figures, the decrease in
calorific value due to the loss of sulphur would be negligible;
it is the decrease in hydrogen content and to a much smaller
extent the decrease in carbon content that could produce any
significant lowering of the calorific value. Thus in the above
eight samples, the decrease in carbon and hydirogen values were
of the order of nil to 04 and nil to 0+l percent respectively
and so the difference in calorific value never exceeded

80 B.Th.us./1b. But in the case of the two fusain samples
(Nos, 5 and 6) and the two camnels (Nos. 10 and 11) where the
decrease in hydrogen content was between 01 to 03 percent of
the coal, the calorific walue also registered a definite
decrease (between 160 and 310 B.Th.us./1b).

This suggested that, even under the controlled conditions
of acid treatment as in the present investigation, the use of
hot dilute hydrofluoriec and hudrochloric acids, #Aid mildly
oxidise the coal substanse in the case of fusain samples
(Nos. 5 and 6) and high ash cannels (Nos. 10 and 11; No.l2 seems

to be an exsceptiom).

/(iV).ooo.oo.oooo
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(iv) Calorifiec value of pure coal from the K.M.Ce and the Parr

(v)

formulae. (Cols. 1 and 2 of Table No.%4):

The results again bore out the earlier conclusions regard-
ing the mineral matter values by the Parr method; in 10
out of the 12 cases, the calorifie value obtained by the
Parr method was higher than the K.M.C. values; with
samples of low ash content, the difference was within the
permissible limits, while for samples high in ash and CO,,

the error introduced by the Parr method was considerable.

Calorific value of pure coal « K.M.Ce values and the
graphical method (Cols. 1 and 3 of Table No.3%4):

The values from the graphical method were higher than
those obtained from acid treated samples on & dry, mineral
matter basis and were reasonably close to the values for
the original sample on a dry, mineral matter free baéis
(KeMeCe). In three (Nos. 9, 11 and 12) out of the four
oases, the values from the graphical method were closer

to the K.M.C. values than those by any other method.

Thus the two main oonclusions are (1) the linear
relation between ash and calorific value held good for
samples obtained by acid treatment and (2) the pure coal
calorifiec value obtained by extrapolation agreed within
reasonable limits with the K.M.C. value. These facts

might indicate that cosl substance had not been affscted
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by the mcid treatment. This would be particularly true of

the samples, Nos. 10 and 12, for in the case of the other

two samples, which contained nearly two pereent pyritie

sulphur,

the absence of a corrsction to the ealorifie

value for the heat of formation of ferric oxide might have

resulted in a slightly higher walus.

(vi) The limitations of the improved graphical method:

(1)

(2)

(3)

(4)

This method is obviously limited to samples high
in ash, at least over 20 percent; with samples of
lower ash content, it would not be possible to
plot correctly the slope of the ash calorifie
value line.

Better results would be obtained with samples low

in pyritic iron.

Being a graphical method, the calorific wvalues
obtained by extrapolation would be eorrect only to
the nearest 50 B.Th.us and the mineral matter
values to the nearest half of a whole number,

The improved graphical method has one specifio
advantage over the earlier Stansfield and Sutherland
method. Thiessen and Reed (55) concluded that the
latter graphs did not give values, more acocurate

than the Parr formula. It is also known that for
very high ash coals, the Parr fommla is not

/applicables......o....
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applicable. The present expe riments showed that the
for high ash coals, the cealorifiec wvalue of pure poal as
determined by the improved grasphieal method was definitely

more aacurate than the value obtained by the Parr formula.

The most serious objeotion against both the original and
improved graphical method would be the procedure of extra-
polating the ash-calorific value line both to zero ash and
zero calorific wvalue. Extrapolation of the line to zero
ash, which gave the pure cosl calorifie value could easily
be justified; for in each case, the calorific wvalues of
samples of gradually decreasing ash oontentdqﬁshto 2 percent
and below had been obtained and the extrapolation to zero
ash could not have introduced any error. But the same sould
not be saild of extrapolating the ash-calorifiec value line to
zero calorific wvalue, for besides the theoretical objections
already mentioned (see introduction to Part II), sush a
procedure meant that in all eases more than half the total
length of the graph was obtained by extrapolation. It could
therefore be stated that the graphical method could best be
used as a means of determination of pure coal salorific
value; the mineral matter values obtained by this method, in
spite of the relatively acourate values noted in the sourse

of the present investigation, were likely to be erroneous.
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This improved method, like its predecessor, is unlikely
to gain wide acceptance; for, inspite of the labour involved,
the values are less ascurate than those obtained by the

K.MeCe formula.

(6) The K.M.Ce formula and the acid treatment of coals:

It was one of the main aims of the present investigation
to compare the values of the composition of the coal, freed as
much as possible of the mineral matter associated with it by
acld treatment, with the composition of the mineral matter free

coal derived from the K.ll.Ce formuls.

The results (Table No.3l) indicated:

(1) in the case of six at least of the twelve samples,
the acid treatment left the coal substance virtually
unaffeocted;

(2) the results of the analyses of the acid treated
samples in these cases showed close agreement with
the values derived from the K.M.Ce formula and

(3) in the other six samples (Nos. 5, 6, 9, 10, 11 and

12), where there were reasons to suspect a mild
oxidation of the eoal substance, the results did not

show any unaceountable variations from the K.M.C.

values.
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It might therefore be conoluded:

(1) that for coal and cannel samples verying in ash contents

(2)

(1)

from 1 to 46 percent, the K.M.C. fomula for the evaluation
of the mineral matter associated with them, held good and

by the use in an inert atmosphere of hot dilute hydrofluoric
and hydrochloric acids, it was possible in most cases to
extract between 65 and 99 percent of the mineral matter
associated with coals (Table No.1l2, Part I) without
noticeably affecting the composition of the coal substance

by such a treatment.

D. SAME PROPERTIES OF ACID TREATED COALS

. - - - - - - - - - E e . b . — wm = M M S W WD M W WS Wb U WH AN G W

Volatile mattex.

Among the previocus workers, Gallard (13) was the first
to mention that a small amount of volatile components had
been eliminated by acid treatment. Nieolls and Swartzman
(17) and later Sustmann and Lehnert (25) confirmed the
same,

The proper basis for expressing the volatile matter is
st111 controversial. Parr recommended a mineral matter
free basis. King, Maries and Crossley (loe oit) pointed
out that during the coking of coal in the determination of
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volatile matter, so many ohanges of an indeterminate nature
ococurred in the minersl matter, that it was impracticable to
ocalculate an exact figure on the basis of pure coal. Some
ohanges like the loss of water of constitution of shaly matter
and the loss of carbon dioxide are complete and properly
understood. The behaviour of pyrite is more complex; Powell
(according to King and co-workers (los oit)) stated that the
decomposition of pyrite, which began at 400°C and was complete
at 500°C, brought about the formation of ferroms sulphide
oontaining dissolved free sulphur. In addition to this ohange,
reactions between organic compounds and inorganic sulphur

compounds resulted in an increased amount of organic sulphur.

In the case of chlorine, experiments at the Fuel Research f
Station (King and co-workers, loc ¢it) have shown that up to two i
thirds of the chlorine in coal might be volatilised during
ooking at 925°C. The manner of combination of the residual
chlorine is not kmown.

Hence in the absence of exaect infommation, King and co-
workers concluded that it would be best to continue to represent :
volatile matter values on a dry ash COp free basis only. This
conclusion has been oriticised by Mott and Spooner (48), who
suggested the adoption of a dry, mineral matter free basis, with

a formula similar to that of Parr. In the present
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investigation, the results are represented only on a dry, ash

CO, free basis (Table No.35).

The results indicated that there was a noticeable
decrease in the volatile matter content due to acid treatment;
in nine out of the twelve samples; The decrease was least
noticeable in the low ash samples (No.3, 4 and 7) but the fusain
sample No.5, though low in ash showed a decrease of over 6
Percent; in most of the high ash samples also the dearease did
not exceed 4 percent excepting samples Nos. 11 and 12, which

showed a difference of over 18 and 9 percent respectively.

The results in Table No.36 (Cf graph No.5) showed that
with the gradual extraction of mineral matter by acids, the
volatile matter eaontent also decreased gradually.

Gallard (loc oit) and others attributed the loss of

volatile matter to an attack by the acids on the coal su.bstance.i

|

|

be influensced by the addition of inert matter to coal by Sinnatt |

The volatile metter content of eoals has been shown to .

and Grounds (71). They used three distinct types of inmert matter 5
pure sand, coal ash from the same coal as used, and electrode |
carbon. With the weight of electrode carbon/unit weight of

goal varying between nil and twenty, they noticed an increase

of 02 to 424 percent of volatile matter: for the ®#ight coals

[examined....ocveiunnnnanns
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EFFECT OF ACID TREATMENT ON THE VOLATILE MATTER
CONTENT OF COALS.

T s e  p >  t =t " D o n D G - - - - - . . e -

Volatile matter; dry ash CO
Sam- Ori:iia? Aéig ‘1:r§a1):ed O:c-ig:t.n:aL:Lfree R%f&strea’ued :
Ple sample sample sample sample
No. % g,
(1) 1,34 0.53% 51.3% 517
(2) 2.60 0.52 46.2 46.2
(3) 2059 0. 82 352 3449
(4) 4.90 0.42 40,6 2967
(5) 588 1e34 20,7 1444
(6) 24,00 34 03 2704 23,8
(7) 3,06 0.73% 51.5 5046
(8) 4,04 0.52 5363 53.6
(9) 6.80 20 0L 67.7 66.0
(10) 27.57 1.37 546 5046
(11) 35.18 1.25 73T 5563
(12) 45.55 0,63 T2.2 62.8
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TABLE NoOo. %

el R R e el

VARIATION OF VOLATILE MATTER WITH REDUCTION IN ASH CONTENT
(C£: graph No.5)

Sample No. Ash (dry) Volatile matter
(dry, CO2 free)

* b

(9) 17.3 70.6
11.0 68.8

6e5 67.7

2,0 66.0

(10) 27.6 5446
' 18.4 53.1
10.2 52,8

6.8 5le4

1.5 50.6

(11) 35.0 73T
24.0 70.0

18.0 65.5

7.5 60.0

g3 5543

(12) 45.5 72.2
33,8 69.0

26.4 67.2

18.8 66.5

10.0 64.6

640 63.5

0.6 62.8
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éxamined by them; the maximum increase was obtained with

inert matter to cogl ratios of 4 and 8.

The results in the present investigation could be
explained in the 1light of the above findings. Since the
addition of inert matter to coal is known to increase the
volatile matter content of coals the gradual removal of the
nineral matter might likewise be expected to cause a decrease
in volatile matter; but it is not clear, why this should be

so.

Since the gquantity of the inorganic matter assocciated
with coal is likely to influence the volatile matter content,
it would not be justifiable to infer a loss of the coal

substance due to acid treatment, by the desrease in volatile

matter alone.

(2) Solvent extrastion of the original and acid treated coals.

The solvent extraction of coal has for a long time beén
an important method of examination of the constitution of coal
and a vast amount of literature is available on this topis. Of
the various solvents in use, one of the most important 1is
pyridine.

Wheeler and his coworkers (72) have developed the use

of this solvent and divided the extract into fractions accord-

ing to its solubility in ehloroform. Wheeler stated that the

extraoction of coal by pyridine followed by the extraction of
/thQOOODQQ-QQQQ.o.
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the pyridine extrasct with ohloroform made a complete or near
complete separation between the resinous constituents and the
degradation products of cellulose of which coal is conglomerat-

ed. The nature of the frastions were described as follows:-

. fraction, insoluble in pyridine consisting of

undispersed uwlmins plus resistant plant remains.

{3 fraction soluble in pyridine but insoluble in shloro-
form consisting of dispersed ulmins and;

X fraction, soluble in both pyridine and ehloroform

consisting mainly of resins and hydrocarbons.

Thus one of the methods of examining the effest of the
aclds on the coal substance would be to study the pyridine
extrastion of the original and acid treated sample.

Table No.37 glves the resulis of pyridine extraction for
four original and acid treated samples (Nos. 1, 2, 3 and 7).
Both the pyridine and the subsequent chloroform Soxhlet
extractions were carried out at atmospheric pressure under a
nitrogen atmosphere, the former for 240 hours and the latter
for 48-60 hours. The experimental procedure recommended by
Illingworth (Analysis of coal and bye-products - Page 334-38)

was closely followed.
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DRY, ASH FREE COAL BASIS

Total Fractions % of
PARTICULARS Pyridine total
Extract 4 @ ¥
7% of coal _
% P T
Sample No.l
(a) Original sample 30.6 69.4 19.5 1l.1
(b) Acid treated sample
. (per part of the original
‘sample). 20.9 79.1 15.5 5.4
Sample No.2
(a) Original sample 28.2 70.8 20.9 8.3
(b) Acid treated sample
. (per part of the original
-sample). 10.1 77-9 17.1 50
Sample No.?3
() Original sample 20.6 78.2  13.0 8.8
(b) Acid treated sample
. (per part of the original
sample ). 14.6 84.2 10.5 5¢3
Samg;e No.7
(a) Original sample 14.1 85.9 10.0 4.1
{b) Aecid treated sample
. (per part of the original \
_sample). 10.0 87.9 8.1 4,0
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According to the results in Table No.37, the main effect
of the acid treatment on the coal substance was to render it

less dispersible in pyridine.

A similar feature has been noted in the case of z Don
basin eoal (78); after extraction ﬁith solvents under pressure
“at 350-390°C, in no case was all the organic matter dissolved.
So when the residue was treated wi th hydrofluoriec and hydro-
chlorie acids to remove the ash, a second extraction removed no

more organic matter.

The results in the present case could be explained fraom

our present-day knowledge of the structure of coals.

Coal has long been assumed to be a eolloid; the first
proof of its colloidal nature was obtained through mieroscopie
observations by Thiel. Thiessen (73) using very thin, trans-
Parent seotions of the soal photographed the coal micelle. The
available literature oun the colloidal structure of ooals 1s
summarised by Hirst (74). Coals are likened to isogels, gels
whose micelle is composed of molecules of similar composition
but of varying degree of polymserisation. The variation of coal
properties with rank is sttributed to a variation of the shape
of the micelle,
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Tideswell (75) suggested that the extrastion of ooal by
solvents sould be considered as a 6olloidal dispersion
process. Pertierra (76) confirmed the same by observing
Brownian movement in an aniline extract of coal. Available
literature tends to support the view that the pyridine
extraction of coal i8 mainly a colloidal dispersion of the coal
substance in the solvent. The arguments for and against such a

view have been summarised by Kiebler (77).

In view of the above, it might be inferred that the
action of the acids on the 6oal substance was mainly a case of
Partial coagulation of the coal 6olloid by the elestrolyte; due
to this partial coagulation the coal substance became mush less

dispersible in pyridine than before.

Nature of the three fractions: Of the three, the /L.
and ?> fractions have been shown to be chemically similar by
their analyses and Xray diffraction studies. It is also
established that the gamma fraction contains resinous
materials, sinsce both this material and true resins affect a
Photographic plate.

The ¥ fraection has been divided into sub-fractions by
the use of suitable solvents; according to Wheeler and soworkers,

the nature of the various fractions is as follows:i="

/Yt....l....'l.....“.



¥ 1: hydrocarbons, saturated and unsaturated, normal
and aromatie;

¥ 2: resinols, resines and resemgsy
Y 3 & 4: resin-like substances.

Coockram and Wheeler (quoted by Kiebler, los eit) stated
that the active coking prineiple necessary for the production of
800d coke was provided by resins and hydrosarbons of the cosl,
since a mixture of A , 3 and Y\ fractions gave the best soke.
But it is still a matter of controversy, as to which of the
gamma fractiors constituted the astive eoking prineiple.

In the present investigation, though no separate
determmination of the caking index was sarried out, the coke

"button™ left behind after the volatile matter determinations
for acid treated samples was always powdery; 8o acld treatment
had oompletely destroyed the coking property. FPrevious workers
also have conflirmed the loss of coking property due to the use
of hot acids on coal.

It is interesting to note that this loss csorresponded to
the definite deasrsase noted in the values for the gamma fractions

of the acid treated sample in three cases (Nos.1l,2 and 3); the
fourth, Sample No.7, in which case there was almost no decrsase,

was a cannel and hence non-coking.

This might suggest a preferential coagulation by the two
acids of the resinous components ( ¥ fractions) of the original
6oal samples.



A: INFLUENCE OF ACID TREATMENT ON THE COAL SUBSTANCE.

(1)

Ultimate analysis: The use of hot dilute hydrofluoric and
hydfoahloric aeids, in an inert atmosphere, did not affect
the carbon and hydrogen contents of bituminous ocoal samples
and ocannels of moderate ash contents In fusain samples

and high ash ocannels a very slight decrease in carbon and
hydrogen contents might be attributed to the use of hot

agids.
The treatment did not affest the nitrogen content of
any sample.

A small part of the organic sulphur of the eoal was

Tound to have been extracted by the two acids in some cases.

The calorific values also were not noticeably affected

except in the case of fusain and high ash cannels.

So the acid treatment of coals by the suggested
Procedure did not involve an oxidation of the coal
substance, detectabls by ultimate analysis in most cases;
but in the case of fusalin and high ash cannels, there were

reasons to suspect mild oxidation,

JUL)eeeieinann,



(i1) Volatile Matter: The removal by acid treatment of the

inorgenic matter associated with coal was followed by
a 8light decrease in the volatile matter contents of
the samples, even when the latter wereexpressed on a

dry, ash CO» free basis.

(1ii)Solvent extraction: The main effect of the hot dilute

éoids on the coal substance was to coagulate the coal
colloid partially and thereby render it less dispersi-
ble in pyridine.

The ocomplete loss of the coking property due to
acid treatment corresponded with a reduction in the ¥

fraction bf the acid treated sample.

B:.THE APPLICABILITY OF THE DIFFERENT FORMULAE FOR THE
EVALUATION OF THE MINERAL MATTER IN COAL.

There was close agreement between éhe values for the
ocomposition of dry, mineral matter free coal obtained by the
King, Maries and Crossley fommula and those from the
analysis of the acid treated samples. In the case of the
latter, since acid treatment did not completely extract the
pyrite and chlorides in the mineral matter of coal, it was
necessary to use a special formula (Mineral matter of acid
treated sample = 1¢00 ash4 06 pyritie sulphur 4 0°5
chlorine).

[T,
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In spite of the theoretical errors involved, the Parr
formula gave reasonably acourate values in the case of low
ash coals, but for samples high in ash, carbon dloxide or
sulpr, it introduced considersble errors.

The improved graphical method gave values more
acourate than the Parr formula but not as exact as the King,

Maries and Crossley formula.
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THE STUDY OF ULTRA-CLEAYN COAL

TR e i R e S v - D o . D D W —u U T . ———  — — W

GENERAL DISCUSSION

(a) The possibilities of industrial development of acid treatment
as a coal cleaning process. ‘

In Part I of this investigation, a study has been made

of the optimum conditions under which the acid extraction of

the mineral impurities in coal could be carried out. ZPart IIL
of this work is concerned mainly with the effect of hot
dilute ascids on the coal substance. On the basis of the
avallable data, it would be reasonable to examine whether,
in the near future, the preparation of ultra-clean coals

would find wider industrial application than at present.

(1) The influence of the rank of the coal: The present
investigation was concerned only with the different types
of eoals, all of which were of the same rank. The samples
examined were limited mainly to the different banded
constituents of bituminous coals and to bituminous or

sub-bituminous cannels. It could be stated with regard

to these samples, that the efficiency of extraction of
the mineral matter waw influenced largely by the chemical
nature and physieal distribution of the impurities.

/Aocording....'...I.......
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According to Fischer (as quoted by Sustmann and
Lemnert (25)) the acid treatment was more effsctive with
brown coals than with bituminous eoals. But Turner and
coworkers (15) were able to reduce the ash of samples of
anthracite, graphite and bituminous coals to well below 1
percent by treatment with concentrated hydrochloric amnd

hydrofluoric acids. Available literature does not indicate :

that the rank of a coal has any definite bearing on the
effectiveness of the extraction of the mineral impurities
by acld treatment. Thus it would be possible to treat by
this process a much wider range of coals than by any of the

Physical prosesses.

The production of ultra-clean coals suitable for electrode
manufactures It has been mentioned that one of the
important uses of ultra-clean coals produced by acid treat-
ment would in the field of the electrometallurgy of
aluminium and other light metals. Table 12(4) (Part I)
indicated that five. out of the twelve samples examined
would comply with the normal specifications for the
mamufacture of electrode coke and three out of the twelve
samples would be suitable for the manufacture of very

speclal electrodes.
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The significance of these values will be better appreciated,
when it is realised that the original samples were chosen at
random without reference to the neseds of any particular
industry. This makes it clear, that by a careful selection of
the original sample, acid treatment of coals would make it
possible to comply with any particular specification, regarding
the presence of inorganic impurities in coal.

In the last decade the electrodes foyr the aluminium
industry were manufactured almost exelusively from oil coke,
which is the residue from orude oil distillation in petroleum
industry. Due to improved methods of distillation amd cracking,
the supply of oil coke has gone down considerably.

Among the prevalent methods for the manufascture of
electrode coke, the most important are (1) froth floatation

and (2) the carbonisation of pitch.
The first process suffers from the defesct that the
pyrite in coal, being a sulphide, is more difficult to remove

by froth floatation than are other impurities like fine clay or
shaele particles. According to Proctor and Carlson (81) a

better reduction of free pyrite is possible when the floatation

units are operated on a low over-all efficlency.

In in this respect acid treatment of coals has distinet |
advantages over froth floatation. It has been shown (Table No.9 %
Part I) that, in most cases, between 65 and 99 persent of the

|
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iron present in coal could be successfully removed by acid
treatment. As regards the yield, it is one of the chief merits
of this process, that its effective yield would almost be equal
to the pure coal content of the original sample. Acid treatment
could be worked with slightly "coarser™ ' si%esthaen that
required by froth floatation. The absence of any product of

intermediate ash content is likely to be another advantage.

The oarbonisation of piteh was practised widely in pre-
war Germany; this process required nearly two tons of piteh for

every ton of coke and was uneconomical.

The only known instance of the producstion of ultra-clean
coals for electrode manufacture by acid treatment is the Carl
Alexander Mine Process (26). Any future process employing the
same principle is likely to use a carbon pot as the reaction
vessel. The different operational results of the German
process have been referred to in Part I of this work.

The following are some of the main conslderations which
weigh against the widespread adoption of this prosessi=

(1) The acid treated samples are likely to contain free
aeid, since it would be very difficult to wash fine
coal particles completely free of acid on an
industrial scale. It is well known that appreciable

quantities of chlorides in coals to be carbonised ig
very detrimental to the brick wark of the coke ovens,

/The..........l"...!
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The difficulties due to this could be minimised by using as
low a concentration of acids as is consistent with efficiency
Thus in the Carl Alexander Mine process (loe ¢it),which used
only 1l+4 persent hydrochloric acid, it is reported that no
deleterious effect on the oven walls, due to the presence

of halogen acids, was noticed. But the use of hydrofluoriec
acid in large scale industry might create some new problems.
The development of acid resistant filters, and the disposal
of large quantities of water containing traces of hydro-
fluoric acid are likely to constitute a problem of some
magnitude.

The acid treated sample would be completely non-ooking.
Carbonisation would be possible only by blending the acid
treated sample with piteh or with ultra~clean co0al samples
produced by any of the physical methods. Such a procsdure
is likely to inorease the cost of this process.

The German war time practice (26) was to blend piteh
and Pott-Broche extract with the acid treated product. Even
then the final product left much to be desired. This is an
aspect of the problem, whioch could be satisfactorily solved
by further research.
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(3) Period of Treatment: Available evidence shows (see Table

(4)

No.7) that the acid extraction of the mineral impurities

in coal to be a slow process. The comparatively longer
veriod of treatment is likely to prevent the development of
any single stage process for the preparation of ultra-clean
coals from coals of moderate ash content by acid treatment
alone; but this difficulty should be viewed against the
advantage that this is the only process likely to give the
maximum yield of ultra-clean coal of uniform ash content.

Cost: The data available on cost is very meagre; the cost
of the coke obtzined by both the war time German
processes - one employing acids and the other alkali - was
hizsh even aceording to war time standards. The general
tendency seems to be to try acid treatment on coals already
0leaned by any of the physical methods. The German process
attempted acid treatment on samples from a froth floatation
unit. But among the different methods of coal cleaning,
froth floatation is one of the costliest;»in any process
employing acid treatment, if there were to be an initial
froth floatation unit, the over-all cost is bound to be
excessive.

The future of acid treatment of coals as an
industrial process will depend largely on & solution of

these problems or on the development of some unforeseen

demand for
/ul‘bra"OIGmoooo-ooooooo.
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ultra-olean coals; till then the use of this method is
likely to be limited to the preparation of small quantities

of ultra-clsan coals for special purposes;

The possibilities of oxidation of the coal sample during

acld tregtment.

It has been pointed out that acid treatment even in
an inert atmosphere might involve mild oxidation of the

coal in the case of fusain samples and high ash cannels.

It is known that the absorption of relatively small
quantities of oxygen can change profoundly the coking
properties of a coal. Wheeler and Woolhouse (79) have
shown that a degree of oxidation insufficient to affect the
ultimate analysis, can reduce the caking power of a ocoal
almost to zero. Schmidt, Elder and Davis (80) report that
most of the coals they studied, showed serious impaiment
of ooking power before they were oxidised sufficiently to
decrease the calorific wvalue by 1 percent or before their
proximate and ultimate analyses showed any diseernible
changes.

But in the present instansce, one cannot suggest that

all the samples were oxidised merely because of the loss of

coking property. For Nesterenko's (78) Xray studies on coal ;
has related the loss of soking property to the loss of the ‘

/001101&.&100..0...0-




()

- 213 -

colloidal miscellar strusture. In the course of the present
work also, the experiments on the pyridine extraction of
coal indicated that the colloidal structure of coals was
affected by acid-treatment. Besides, since the acid treat-
ment was carried out in an inert atmosphere, it will be
more justifiable to attribute the loss of coking property
to the loss of the eolloidal micellar structure than to
oxidatione

It could therefore be claimed as one of the chief
merits of the suggested procedure of acid~treatment, that
i1t 1limited the chances of oxidation even of fusain samples
and high ash cannels to what might perhaps be am irredusible

minimam,

Aold treatment and coal elassification. y

It has been shown that the ultimate analysis of acid M

treated coals agreed closely with those obtained from the

K.M.Co formula. 1

The gorrection of the results of the acid treated coals|

to a minersl matter free basis did not show any marked

variation from the dry, ash free values except for organiec
sulphur. On the basis of these results, one might find an
important use for the suggested procedure of ascid treatment

of coals in routine coal analyses.
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Karavaev (16), Nigolls and Swartzman (17) have used
0old hydrofluorioc acid and hot hydrochloric acid for the
Preparation of coal samples free from inorganie matter for
purposes of olassification. The present procedure laid down
the conditions for the use of hot hydrofluoric acid by whioch
the ash content of the sample could be much further reduced
without noticeably affecting the ultimate composition of the

pure coal.

It is therefore suggested that wherever 1t 1s not possible%
to carry out the necessary determinations for the use of the
X.MeCe formula, the samples, if amenable to acid-treatment,
ocould be treated by the recommended procedure and the results
examined on a dry ash-free basis. Such results would vary very
little from the K.M.C. values; in the case of samples with
high ash and earbondioxide, such values would definitely be

more ascourate than the corresponding values by the Parr formulae
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