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. : ABSTEFCT

- . . N »

,*—1‘WT€h an ever increasing world deﬁandﬂfor efergy, ahd
the escalating costs of oil and gas, coal is ingreasingly
seen as the primary future energy resource of many nations.
- However, combistion of coal, our most abundant fossil fuel,
can create serious environmental problems. Goal “as mined
containsg significant amounts of impurities including sulfur"
bearing minerals. In addition, to satisfy future needs we
will have to switch to coals containing eyen higher amounts
of as¥ and sulfur, because the supply of high quality éoal
.will have been exhausted. Thus, we may foresee - an ever-
more impertant rq f coal cleanlng processes before
utilization in comb 1on\or conversion processes. There
will be a need to'go to very fine grinding of run of the
mine coal to jimprove mineral liberation. Evidently, this
will also lead to more complicated fines separat.ion
processes. Many coal beneficiation processes such as
flotation,uagglomeration, selective flocculation, etc.
exploit the difference in surface properties of the coal
.and its attendant impurities -and hence studies of the
surface properties of coal will become more and more
important. In recent years, considerable attention has
been devoted to the use of electrokinetic ‘methods to
determine’ the modification of the coal-water interface
caused by adsorptlon of surface active agents.

Thls thesis descrlbes a systematic study of the
properties of ‘the coal—water interface for a high volatile
bituminous Eastérn Canadidn coal in the presence of salt,
some simple organic molecules, a nonionic surfactant and
several cationic surfactants. Phe' coal' fines are from the
Cape Breton Development. Corporation, :Nova Scotia, Canada,
Victoria Junction washing plant. The interfacial
properties have been studied by means of’ dlrect adsorption
measurements and eledtrokinetic methods, i.é. microelectro-
"phoresis, and streaming potential measurements. As a result
of this work, a new method for the measurement of free
-.cationic surfactant "at low @oncentratlons in ‘coal
suspensions has been developed.

3 )

Cationic surfactant adsorptlon on coal increases with
hydro..oblc chainlength as well as with-'increasing
suspension pH. Fromn adsorption isotherms obtained, surface
areas and free engrgles of. adsorption were determined.
Electrokinetic studies show that surfactant adsorption on
coal may depend on particle size undér certain local
gonditions. ..,

. From the combined .adsorption and electrokinetic
results, a mechanism which involves both electrostatic- and
hydrophobic bonding, has-been proposed for the adsorption of
catlonlc surfactant on coal surfaces. '

¥

ix
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. ‘ CHAPTER' I N
. e : GENERAL BACKGROUND e
I.1 Iptroduction L
" History documents the key wole of energy and the
g problems\ofhfuel scarcity. For‘}nstance, in ancient

Babylon, deposits of bitumen were discovered and quickly
< used to provide fuel for the smelting of metals ahd the
heating of buildings. When the bitumen déposits were

©

exhausted, the ggbylonian civilization dféappeared (1). The

rise of Crete gé‘a producer’ and exporté}.of bronze weaponry

Jas based on the use of forest fuels :(2)., That society's

» decline resulted from deforestation: T?f salvation of Great
Britain's iFon industry, when facegﬂwith similar
deforestation, resulted from the successful substitution of
coal-based coke for wood-based charcoal (3). In Babylon ahd

‘ Crete, for want of energy a civilizat®on was lost. fn
England, a new Source of energy was found and used widely.

. ‘*\Vch the oil embargé in 1973, the Nort American political
structure becameuaware that oil a gas resource; are

- finite and would-not.suffice to fuel %heir 'economies. This

' %\\has led to the current atteﬁpts to deyelop a ratiopal,'
long~term energy policy. CQnservEtive estimates .(4) of
energy-re;kurces show that by the year 2000, Zd éércent of

the energy used in Noétﬁ America will come from oil and
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x

gas, 15 percent ffomwﬁhcledr sources, 5 percent from solar
energy and about 5 percent from other sources (hydro,

geothermal, etc.). Therefore Jifty-five percent must come

a

from othef*Sources, preSumably fossil fuels. Since coal

- \ »

fossil fuels which can be -used Wlth 1mproved technology

&

©

natural result of governmental attentlon has been the flow *

of money into chemical research of coal. As a result, coal,

which for several decades played d'steadily diﬁinishihg

role 1n the energy economles of 1ndustrrallzed natlons, has
once more moved onto the center stage of the energy scene.

Although it is known where most of the coal 1n Canada
is and how tq mine it, there is a growxng reallzatlon that,

despite what is understood about coal m1n1ng, it is

L]

o

?Lcessar§ to learn more if coal is to be taken out of the -

4

éround aﬁé used in a way that is acceptable to society at,

large. It is well known that with the focus on acid rain
caueed*by S0, and NO, emissions froﬁ fossil fuel combustion
fagilities, perhaps the major constraining factor to
increased coal-utilization, especiallx in regions where the
coal is high in sulfur, is atmospheric emissions. Of longer
term but no less fmportant concern is the is;ue of global
warming caused by the "GreenhouseaEffect”. In® turning from
conventional o0il as its majot‘source of energy to coal and
uraniuﬁbEs its most abcndant fuels, the world.n%z become
trapped in an enéironmentaf vice betweem raoiﬁactive

nuclear waste and CO,, S0,, NO, effects from dombisting .
“ ]

4
)

»

S

constitutes ‘more than eighty percent of North Amerié§; .
r.d L)

@

~
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fossil, fuels, at least if research and development does not
come to the rescue..Hence, developnent-of efficient coal-
cleaning fethods such as selective flotation and othe

processes dependent on interfacial propertiesﬂe

.

flocculation and spherical agglomeration, designed ta
upgrade run of the mine coal, is vital in view of;the_i

current energy development requireménts. Furthermore, coal~
o* » » .\ d
cleaning .processes are mandatérx if codl is to be an
L N 5 M

' e v

environmentally acceptable fuel. It is for these B€asons
that a study of an Eastern Canadian fine coal was

undertaken.
!
» ' ré
IZQhemcalmuqtux.enfc.Qal
Complete eluc1dat10n of the structure of coal has

* . ‘
remained beyond the capabilities of the organic chemist and

his instruments. Howeyer, increased attention has beguan to
give resul;sﬁand although good structnral models for coals
‘and a reasonable understanding of their chemistry stili
seem like a distant ggal, the qnantity and quality of work
being doné now is such that answe;S'to some of the
éundamental questions will be foundi in time to be of

- e

some aid to the development,deconversion and cleaning

processes. \ﬂw:j>// J

It is generally known that co;l is a complex,
hete éneous mlxture .of hlgh molecular weight substances.
ArSE;:%C ringnsystems and condensed aromatic ring systems

are present and these condensed nuclei increase in size and

a

.X |



*

" form an incféasingly*greate; part of total substance as the

v ‘ 3
percent carbo7 content. It is generally agreed that the

E]

rank of thé .coal increases. Whiteh rst (5) reported that
R ’ .

the aromatic content increases-from about 40-50 ‘percent for

sdb-bjtuﬁinoﬁs coal to over 90 pgrcent for anthracite.,

Y

Aliphatic structures)exist(as methyl groups and possibly as
side chaing containing two or more farbon atoms, as
connecting chains btheén aroma;ié nuclei (6)17 Oxygen,
éresent in low andf&ntermediate rank coals, gccurs

predominantly as phendlic or etheric groups th lesser

v
»

amounts of carboxylié acids or esters; some Carbonyls have
1/ B ¢
also been, identified (7). However, these types of

) I e \
structurgs pracglcally vanish as the coal attains about 90

@

nitrogen pfes%nt has come .from plant and ‘animal prokeins,’

- from nitrogeA—rich bacteria and\from plant alkaloids and

. 1
that it is present in coal as pyyidine or pyrrolic type,

]

‘. . 1 « N “a ’ - b
-rings. Sulfuq is found/as, in anic and organic sulfur.
" | '

1

a g ¥
Inorganic sulfur is found mostly in pyrite but some is
. N f‘f-\

found in sulfate. Organic sulfur is thought to.occur in

thiols, sulfides and thiophenes 8). A number of workers

“has atéempted to develop a representative structure gf*

coal whiqh“is consistent in its oberved cheﬁistry (9,10).
A recent model .is shown in Figure I.1 (10). The structure

is consistent with the highly substituted aromatics and\

.with the functionalities which are known to be present in

coal. The arrows indicate a number of relatively weak bonds

which can account for the rapid breakup of coal into

‘



‘Figure I.l1 Represéntation of functional groupsuin coal.

a

(10)






b 3 .
’ -

smaller .more soluble fragmgnts. .

5 Flnall&, one of the discernible.structural featurea of

coal is the pores within the orgamic matrlx, which are of
varying dizes and shapes of 10 -9 107 5 m 1n diameter.

'

. The por051ty Qi coal 1§ perhaps due to the ‘poor allgnment

of the main bu1ldang blocks of coal 1.e.the aromatic and

¢ *

hydroaromatic units (11). Minerals ang organic debris

W L ]
can ‘often be found lodged within the pores. The standard

»classification of pores of different sizes is.as follows

L

. » @
. (12):" pores > 50 nm in diameter are ' macropores, .pores
L]

I s
with diameters in the range 2 -~ 50 nm are mesqpores,

“

“

,pores with diameters in the range 0.8 - 2 nm are
microgores and pores < 0.8 nm in diameter are
submicdropores. "Porosity of coal has-a great influencé on
i?s surface properties and on its behévi;r:auring

‘ L "o
mining, coal-preparation, wutilization  and transport

of coal slurries. Although coal is visibly

H
’

ﬂheterogepeous ip composition, there érejmany regular and
reﬁeatgng features which‘hgve defi;able*physical or
chemical structures. A tporeugh knbwledée of these features
is fhdispenséble for unéerstandingnFQe behavior of coal' in
barious physical and chemical processes such“as cogversion“

to liéuid and gaseous fuels, benefication, combﬁsﬁion and

weathering. -

l . )

Qlass.lf.mammg.ﬁcgal '
Since..coal is a heterogeneous substance usually

containing mineral matter and water as impurities,

°
-,



classification is a matter of some difficulty. Most systeﬁs
(13,14,15,16,) are-based upon some characteristic property
of thé coal series that changes uniformly and progressively -
with increase in rank as the §Eries is ascended. The
properties generally uéed for this purpose are either

Ultimate Analysis or Proximate Analysis. A coal's position

in the continuous series ranging from

-

peat + lignite » sub~bituminous + bituminous » anthracite

determines its rank. As shown in Table I.1, the rank of a
coal is characterized by its fixeé carbpn, .volatile mat;er
and calorific value (17, 18, 19). In Grea; Britaih( Europe
and the U.S.S.R., classification is somewhat different. The
‘Natioﬁai Coél~ﬁoard of GreatBrithin,clgssification is
perhaps ;hé most Somprehensive in use to day. This is based
on the beqqqntage volatile matter at 12008 on a dry, ash-
free (daf) basis and the character of the residue obtained
by carbonizing coal at 900K in a Gray-King test ‘(20).
Table I.2 g?ows the elemental composition of various
Russian coa;s and the respective nomenclature (21,22).
The different‘bands of coal which ?onstitute a coal
seam’ are the coal types (16;53). The macroscopically
‘recognizable coal types are termed the lithotypes.
Lithotypes are of four kinds (23): )
(a) vitrain:.a narrow, brilliantly black, glossy or .
vitreous band which fractures

e conchoidally, or in small cubes and
appears structureless to the unaided eye.

N AYY



.Table I.1 I

B I
Classification ofrcoal by rank (%6, 17, 18) °
ey

—~ N s .

Class anq.Group Fixed Carbon Vblatilé Matter - Calorific1
(@mm£) (dmm£) . Value
% 3 (Btu/1b)

LY

I. Anthracite
1. Meta-anthracite >98 <
2. Anthracite 92-98 2-
3. Semi-anthracite 86-92 8

IT. Bituminous

1. Low volatile 78-86 14-22 - *

2. Medium volatile 69-78 22-31 -

3. High volatile A <69 >31 >14,000

4, High volatile B - - 13,000-14,000
. 5., High volatile C - 7 .- 10,500-13,000

III. Subbituminous _

1. SubbituminousaA 10,500-11,500

2. Subbituminous B , 9,500-10,500

3. Subbituminous C _ . ’ 8,300~ 9,500

IV. Lignite '
1. Lignite A 6,300~ 8,300
2. Lignite B~ . ) <6,300

& ~

1Coa;s having 69% or more fixed carbon on the dry mineral-
matter-free basis (dmmf) shall bge classified according to
fixed carbon regardless of calorific value
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a
’

: Table I.2

Elemental compositions of variou

P

“

.ussian coals (21,22)

g

Chemical Aﬂélys?g)k%)

PR o

o

Type = ° Ash Volatile
- - }\ Matter C B S (N + 0)
D 1-3 39-40 . 79-80 5-6 , 1 11-15
G .2-3 30-44 76-86: 5-6 2 9-14
zh 3 30 90 5 1 5
A 3 21-22 88«91  4-5. 1 2-3
k a
T 2-3 9-16 92-94 4 122 3-4
A 3 8 95 2 - 3
. & ; g
¥
¢ . '
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o) clarain:-a Diack, often’ horizontally striated,
. 1 layer or lenticular mass which has a
. ) silky lustre and which presents a glossy
' surface when freshly broken.

o 0

(c) duyrain: a dull grey-black material which
possesses a tight granular structure and

. whith breaks to display fine-grained or

. mat surfaces.

{d) fusain:  a soft coal which breaks readily-into
. . .fibxpus strands or to g powder/and occursg
chielNy as patches or wedges. '

Although, thls terminology is ﬁalrly generally used for&b

ndlcqgfng the various rock ﬁgpes, this purely macroscopic
%1fferent1at10n is now ‘cohsidered 1nadequate. Tﬁ;mlrUe
petrography of" coal starxs with the microscopic

egamination.

© - t @

- Lithotypes are themsqlves~c6mp1ex aggregates of more
or less homoéeneous’hicr;scop ¢ constituents called
macerals (17). Macerals present themselves in tﬁree main
maceral group§ and the groups,iﬁ turn, occur in a variety
of associationsgteqped mi%rolit?otype‘éroués. fn
contradistinction to the liFhotypes which have the suffix
"-ain", the macerals have name terminationﬁ”-inite"while
the microlithotypes have the suffix "-ite". A study of the
macerals hag shown that the fraction of the totél carbon ip

ardomatic structures increases in the order

t

exinite < vitrinite < inertinite

while the hydroﬂil content decreases in thg same order

(24), However, hydrophoblcie§™of the llthotypes usually
t

. 1
increases “in the order (25)

fusain < durain < clarain < yitrain .
»

Pl

.x - )

11 - 4



Table I,3 lists some individual macerals and maceral groups
now gecognized by the International Committee for Coal

Petrology (ICCP) (16,17). As the coal is oxidized, its

"hydrophibicity decreases. In oxidized coal, the amount of

L}

hydroxyl and carbonyl groups increases as compared with the

natural coal.

+° I.4 Impurities associated with fine goal

Most coal conversion processes have specific limits as

-~

to the amount and/or composition of impurities of coal, in

order for that coal either to be acceptable for the process -

or to optimize the conversion process itself, e.g.coke
production, combustion, cocal liquefaction. A detailgd

knowledge of coal mineral matter is therefore imperative

~

' for proper evaluation and maximum use of coal reserves.

Two types of mineral matter are ugpally encountered in
run of mine coal: (a) impurities inheréptnin4the coal seam
incurred during depgsition and (b) shiles, clays and rockse
which immediately adjoin the coal seam and are unavoidably
extracted with it. Brown (24) 1lists the important
constituents as quartzite, calcite, kaolinite, micas,
feldspar minerals, pyrite, marcasite and gypsum. Sulfur may
occur ;s sulfate, as organic sulfur, and in pyrite. The
sulfate content is usually low ( = 0.02%). The organic
sulfur is . part of the molecular structure of'the'coaln
Basicglly, only pyrit%c sulfur may be partly removed by
flotation 6: other physical separation methods provided the

pyrite particles are not too small to be liberated. Gypsum

, \12 . &

[
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. Table I.3 .
; Classification of coal (16,17) * o
3 . .
. . Megascopic . Microscopic N
- i °¢ . .
: Lithotypes Group Macerals Macerals Microlithotype
Gro
r . %
G;train vitrinite collinite, witrite
<% ’ N . . .
. o tellinite
- A * )
Clarain vitrinite dominant collinite, 2
tellinite
Ve . exinite sporinite, '
-, \ cutinite,
{ waxes and .
) r ‘ resins . clarite
inertinite . fusinite,
less prominent micronite,
scleronite and
. semifusinite durite
- Durain inertinite dominant fusinite,
. micronite,
« scleronite and
semifusinite durite
vitrinite collinite,
tellinite
exinite R
- less prominent spongite,
cutinite,
waxes and
: ’ . resins clarite
L]
Fusain inertinite fusinite fusite

#e
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majibe\depressed by 1in@if it has a tendency to float
(26)% Table I.4 shows some typical minerals found in coal
(27). ‘ 0

%
@

I.5 Problems 'of fine coal p§£paxdting

Four p;iority aféas for résearéﬁ‘in coal preparation
are lithotype separation, fime coal cleaning, pyrite
removal and pollution abatement. With the depletion of

high-grade ore deposits in the future and the increased

i -

*mechanizatign of mining methods, producing large amounts of

fines that are’ difficult to clean by Eonventiogal methods
such as gravity concentration,” new methods or improvements
of existing methods of ceal benefication must be developed.
It is probably convenient to qonsider each of the'four
pasic problems of coal preparation in order’to demonstrate
the possible application oﬁtsurface dependent processes %?h
Eo'iilusérate g%e nggd for a fuﬁdamental understanding og
the surface characteristics of coal.

Macleﬁn (28) suggests that‘flo;ation was the logical
process for recovering -48 mesh coal, yet its adoption had
béen slow. The reasons, as suggested by Mitchell (29) are
(1) marketing problems with fines (2) cost of dewatering
(3) indifferegt test results in Femoving suifur (4)

14

inability to make clean separations with the finer sizes

and (5) the inability to clean slurriesdcoﬁtéining a high

. Iy :
percentage of clay. However, receritly, there ha% been a

rapid growth because (1) flotation has proved an gxcellent

T
*

/
14
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Table I.4 o ‘
! Minerals found in coal (27)
Group ginerals ‘ ,
Shale . , illite,montmorillonite, muscovite }
Kaolin . kaolinite.levisiée,metahalloysite 1
Sulfide ' pyrite, marcasite :
{ .
Carbonate _ - calcite, sideri?e, dolomite -
Chioride ‘halite; sylvite
Accessory minerals . quartz,gypsum, chloride, rutile,
‘ 1 " hematite, sphalerite, magnetite, .
feldspar. . :

o

3
a



¢
means for mitigating the preparation plant "blacgk water"
%

problem, and with substantial iﬂcreéseé in the value of
coal and its costs of prqﬁuction, the fines previously
wasted haveﬁbécome a very valuable product. The 1itho%&pes
of coal have different properties.(30). These differences
are reflgcted in their effects on coal technological
processes such as c;rbonlzatlen, gasification,
hydrogenation. If themlithotypes could be readily
sepaiaged, the products could be sold as individgai
"commoditieé'or as blended;products to meet various
requirements of coking or other chemital and thermail
processesl The separation and degree of blénding woulgd
depend upon the particulatr end use. Specific products would
be made for particular app}ications. The éurfacg
.characterists of individual coa} lithotypes are. virtually
unknown.

As mentioned in Section I.4, sulfur exists as (1)
pyritﬁc (2) organic and (3) sulfate sulfur. The organic
sulfur cannot be dirgctly removed by coal preparation
procedures. It can orily be removed if the entity in which
it occurs is removed. On the other hanﬁ, sulfaéa sulfqr is
easily removed in most preparation practices. Pyritic
sulfur in coal is very difficult to remove. One approach
suggested for pyritic sulfur removal is 11beratlon by fine
grinding and then flotation (28,31). Again, because of
" limits on air and water pollution, the use of‘cpab as a
fuel‘ will be affected directly because of acid mine

¢

' 16
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drainage and black water discharges from preparation plants
and because of the sulfur content in'stack gas discharges
from power plants, the number one consumer of coal.

%p understanding of the surface properties of coal as
tHEy affect processes like flotation, flocculation and
;gglomeratioﬂ would be an important beginning towards the
realization of a solution to thesé problems. Perhaps a
study of the adsorption of surface active agents and how
they affect the electrokinetic propé;ties-of coalwsurfaces
would elucidate tﬁe'méchani%y§”hssoéiated with coal
flztation, establish the existence of a&y interactionsg and
’deliﬁeate, to a great extent, the behavior of various frth

i <

flotation reagents.

I.6 Q_Qalb_enefmmnnr.eaﬂ.entﬁ

>~ The previous sectlons mentzoned the varlous problems
ass001ated with the utilization of f1ne coal as an energy
regource and suggested some methods of’ coal beneflclatlon.
These separation processes, which’ 1nc1uge flogatggp,
agglomeratloq, aggregative flotation and selective
flocculation, depend on the alteration of the surface
properties of fine coals in watéz through the action of
various surface active agents. fufthefmore, there has been

I recent ihterest in employing multi-~stage flotation
processes to deep-clean éoal to less than 1 or 2 percent
ash so it can be used as an ideal feedstock for coal-water
mixtures. A . "

There are several cha}ienging surface schemical

I

/ © 17



pro@lems associated with these new developments. The
proLlem of selectively recovering fine particles hy
flotation has long been recognized but not‘résolved. It ise
generally assumed that the properties of coal surfaces such

-

yas wettability, air-water contact angle and electrokinetic

potentigikare(dependéntcqn the«adsorption\of surface active
moleculés at the coal-water interface. For efample,o
dewatering of coal, which is an indispénsable step in the
production of upgradéd clean coal, 1is favored by an
increase in surface hydrophobicity, There is a genuine need
to design more selective flotation reagents! such as

surfactants that chemisorb on specific minerals. There is

alsd a need for development of chemical Yeaggnts such as

e

flocculaqts, dewatering aids, stabilizers, etc.

It is perﬁaps uséful at this stage to briefly mention
the réag;nts‘ugually used in coal benefjcation. Reagents
are named accordipg to their use although one reggent may
have more thanbone application. Chemicals which brin% aboué
selective bubble attachment to pd%ticular mineral speciesé
are collecto;s e.g. kerosene, fuelgpil, organic derivatives
of ammonium hydro;ide (32,33). Frothers are used to -produce
a moderately stable froth“g.g.'MIBC (4-methyl-2-peptan;1),
piné oil, c;esol, creéylic acid. Modifying agents‘éréruséd
in numerous ways to enhance flotation. Modifiers may take
the form of pH regulgtprs, e.g. H+, OH™ ions, activators or
de ré;s;;ts €. liAe for pyrite depression, dextrin for
coal §epression. Fl&cculants, é4p polyacrylamides, starch,

L1
r
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are used to produce coal flocs which settle rapid;y_and
hence improve the "black water" problem. ,
1.7 Surfactants

Any compound collecting at an interface and changing
thé properfies of that interface might be called a su{face—
activé agent. Surfactaﬁts$hre amphiphilic molecules,
‘containing bpth lyopﬁgbic and'}yophilic groups. - Many
surfactants in solution associate above a certain critidai
concentrati?n (termed the CMC) to, form large molecular
aggregates called micelles. The term *normal micelles- is
used tdf;efer-to aggregation in aqueous media at relatively
low concentrations. Surfactants are classified (1) nonionic,
(2) catonic, (3) anionic or (4) amphoteric.

Noniénic surfactants in practical use are chiefly
polyoxyethylene and polyoxypropyleqe derivatives.
Generally, the polyoxyethylene types are of'the fogm, R=0~
(CHy-CH»-0),—-OH where R is alkyl or aryl. Because nonionic
surfactants do not ionize in aqueous solution, they have
qmany advantages as emulsifiers, detergents, wetting agenés
and for chemical studies. The inverse tempeféture—
solubility relation of polyoxyethylene surfactants,
indicates that the overall solubility of these materials
depends,  on the extent of hydration of the hydrophilic
moiety. The water molecules interact with the ether oxygens
by hydrogen bonding. ;gonsequently, diza:ding on the nature

of tHi. hydrophobic group,. at lea I our to-.s5ix ethylene

~
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“oxide units per molecule are required to produce a water-
soluble suéfactant. . : "
Ionic surfactants have the cémbiﬁed properties of both
non-polar ané polar groups. Both the non-polar hydrocarbon
chain and the polar ionic head determine the physical and

v

chemical properties of the §urfactant. Naturally, the
ch;racter of, the ionic head deterpines the sign of the‘
charge on tﬂe surfactant ion. The size of the polér part is
important since it determines the closeness of approach
e.g. to an gasorbent's‘sﬁrface. fhe ionic head also
determines whethér the surfactant is a strong electrolyte,
which completely ionizes in éolution, or a weak electrolyte
which ionizes only slightly ang which hydrolyzes in
solution to form a neutral molecule (34). While the charged
head has an affinity for water, the ﬂonpolar hydrocarbon is
hydrophobic. The length of the hydrocarbon chain determines
the degree of hydrophobicity and the critical micelle
concentration (CMC), the longer the chain the more
hydrophobic it is ih character-and the lower the CMC.
Surface active molecules have been characterized by an
HLB number decribing the hydréphilic—lipophilic balance
(35,36). The HLB number was designed as an empirical scale
to be a guide toward predicting the emu;sifier capacity of
. a compound and despite extensive applicatéon (36) remains

an empirically defined quantity. Table I.5 shows a few

typical surfactantsﬂand some of their properties.
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. Table I.7

~
Properties of a few surfactants (37,38,3%).

-

Name Type General Average Mol.
Formula EO groups Wt.
n
Triton X-4S nonionic > 5 427
*
Triton X-114 " CgHyy -<::}- (OCH,CH,) OH  7-8 537
Triton X-100 i 9-10 $625*
s I S -
DTAB cationic C12H25(CH3)34N) Br , - 308.3
" +_ - -
pPC CN-cy,H,s01 283.9
+ -
TPB " <3N ~Cy4Ha9BF - 356.4
" +_ - -
wee ¢ <:>N €, gt 3BT 384.5

Triton is a trade name g;f the Rohm and Haas Co., Philadelphia, Pa.

DTAB - dodecyltrimethylammconium bromide
DPC ~ dodecylpyridinium chloride

TPB - tetradecylpyridinium bromide -
HPB ~ hexadecylpyridinium bromide

*average molecular weight

2 x 10
~9 x 10
1.4 x 10
1.4 x 10
2.9 x 1073
(6~8)x10"4

.

Solubility
in water at
room temperature
dispersible

L]
miscible
soluble *

soluble -

"

)



1.8 Research Objective

Because of the above-mentioned problems of coél
preparation, the general purpose of this dissertatioq.is to
contribute to an understanding of the colloid chemical
criteria which underly efficient methods for coal
bepeficiation. Iﬁproyemepts in the beneficiation process may
be derived ‘from an increased kno@ledge of the mechanism of
the alteration of the coal surface by the adsofption of
vagio&s hydrophobic, hydrophilic, or_ amphiphilic:

" substances. A survey of the literatnd reveals that such
mechanisms are not adequateély understood. '

An important beginning towards realizing a solution to
this problem, and recognizing that coal-fines and ultra-,
fines will be an important product stream in -any

beneficiation prdcess, is to study the surface

characteristics of the coal water interface. As a regult,
the objectives of this researchpare to study (1) the
ddsorption of organic molecules and simple surfpctants from -
aqu;ous solution on coal surfaces and (2) the
electrokinetic propérties of coal particles in the presence
of various électrolyte— and surfactant - solutions.
Electrokinetic properties of coal were determined in the
presence of (1) salt solutions (2) nonionic surfactants and
(3) cationic surfactants. In the coal-surfactant systems,
the adsorption and the electrokinetic potential of coal
were both studied as a function of solution concentrations

and as a function of pH.

i 22
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Speecific electrokinetic methods used were
L] -
microglectrophoresis for the -200 mesh coal and streaming
potential measurements for the larger -28 +35 mesh coal.

The relationship between the zeta potential measured by

»
t

these techniqueg and the adsorption isotherms is
discussed. From the results of the eﬁfecg\gf eiéctrolytés
and surfactant on the surface charge of coal, we discuss
(for example, Ehe nature of the potential determining ions,
points of zero charge (isoelectric points), and interaction

between ions and surfactants and the coal surface.

1.9 Limitations of the research

According to the objectives of this thesis, this’
investigation is designed to establish the behavior of the
coal-aqueous interface in the presence of salt and
surfactant solutions. The interaction of molecules with a
coal su;face is a complex phenomghon influenced by sevéral
variables related to the characteristics of the coal
surface is well as the nature of the adsorbate. The very
nature of the cba; surface is strongly influenced by its
history and each individual coal possesses Qarying
properties which depend on the coalification process. In
addition, coals are usually pérous, with pore size
distributfcn varying from one coal to another. This can
obviously affect the adsorption of Ygrious reégents since
the surface in the pores may or may not be availablé to the

adsorbate. Thus the determination of the actual surface

23
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area of coal from adsorptiqn data is limited to the active
sites available on the coal surface. & -

In spite of this, knowledge 6f the fundamental
mechanism of adsarption on coal surfaces may be useful in
understanding thL roae of added reagents in various

¢ '

separation processes.

' I.10 gonclusion ‘

'%If ié evident that in any study of coal—waterb
interfaces, one should be aware ofﬁ%he associated probleés
as discussed in the previod% sections. It is generally felt
that more work is needed in ;he area of coal-surface active
agent interactions and a study of adsorption of these
molecules must be correlated with other interfacial
‘propertieé such as electhkinetic potential, contact angle
.eté. The §ext chapt@rs addresg some of these problems.

.Chapter II presents the theoretical foundations and
the relationships and concepts which will be of
considerable importance throughgut the thesis. Chapter III
outlines the experiment&l,techniques used in this resgarch,
including a novel method of direct free catonic surfactant
determinations in adsogption studies. Thq.literaturé\
concerningaadsorbtion on coa; surfaces is discussed in
Chagter IV. This chapter discusses a mechanism for the
adsorption of theﬁvarious molecules on coal and the

chainlength .dependence of the surfactants on the

adsorption. Surface areas and free energies of adsorption

‘! 24
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are also reported. Chapte; V,z?éZrts theneff ct of added
electrolyte and surféctant solutions oniﬁhé\e;;ELrokinetic
potential of coal as determined by microelectrophoresis. In
this chapter, based on the electrokinetic ané adsorption
isotherms, a mechanism of coa&—surfactant is suggested and;

compared to the results obtaiped for mineral-surfactant

system Finally, in Chapter VI, a éreliminar;‘

inveéf;jzkigp Sf thg streaming potential of larger coal
. particles in the piésence of electrolyte and surfactang
v‘solutibns is described. This study provides a basic, look at

surface properties of coal obtaimed by a different

electrokinetic technique on a different size particle.
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. CHAPTER II ( -

4

% ‘ .
THEORY OF COAL-SOLUTION INTERFACE
)

II.1 General Introduction = - -
From the discussion in Chapterui it is apparent that"
in order to beneficiate coal, it“is necessary to study ;pe;
surface:properties of coal in the presence of various
surface modifying reagents. Surfackant molecules -in a
water-solid system are greatly influenced by a combination
of hydrophobic énd double layer effects. Adsorptio; of
surface active agegts at mineral-water inge;fa?es are
controlled in many cases by both of these effects.
Similarly,nthe electrical doﬁble layer infidences the
nature of the adsorption isotherms, zeta potentials, ™mode"
of adsorption of certain species, etc., oﬁ charged

-

colloidal systems. As a result, we will give a brief

overview of the diffuse double layer theory, adsorption and
electrokinetics theories. This is a necessary first step
‘towards ipterpreting many of the experimental observations

concerning the adsorption and electrokinetic properties of

gents. The double layer theory will then be used to

.

cal-water systems in the presence of surface active
y

“fgldevelop a theory .for surfactant adsorption on mineral
‘ surfaces. The aescription will be based on review aréicles

of Overbeek, Grahame, Giles and texts (40-48).
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II.2 The diffuse double layer

Several models have been proposed to expiain double
layéf ﬁhenomena; Helmholtz's (49) and Perrin's (50) very
important theoretical approaches to electrokineticé,,
although long recognized as inadequate, were ‘the first
atteTpts to explain the electrical double layer. These
elementary ideas were later modified by Gouy (51) and
Chapman (52) who introduced the concept of a diffuse ionic
atmosphere. A pictorial representation of the diffuse
double layer, generally used at present, is'seen in Figure
IT.l. The treatment of the diffuse double layef rests on
the Poisson and Boltzmann equations.

The Poiggodmequation relates the potential,y, which
varies from mq at the surface to zero in the bulk solution,
to the dielectric constapt, €, and charge density p af any

point, at a distance of x from the surface, in the medium:

2
V9=~ pre (I1.1)

T

For infinitely flat surfaces, the Laplacian operation
becomes d2/dx2. The distribution of ions in a potential

field is given by
Cj =Cj,o exp (-zjey /kT) ' ' (I1.2)

The charge density at any poiﬁt is given by

i

— P = Z.:ziec‘i " (II.3)
i .

Combining equations (II.1l), (II.2) and (II1.3) yields, for

27 ‘
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©, @& z-z electrolyte, the eguation

dy/dx = ~(2¢y okT/e)1/2 lexp(z;éy /2K) e s
L] . )
- -exp(-z;ey/2kT)] (11.4)

where the negative root is taken so that | y | decreases to
zero in the bulk solution. ’ N
il S

An épproximation valid for small surface potentials,

p » Yields from equation (II.4) '

¥ = Y, expl-Kx) (II.5)
where K = (2e22Li’°ziz/akT)1/2 , (I1.6)
since k™1 has the dimension of length and is the value of x
over which y drops to 1/e of wo, it is often referred to as\

"the thickness of the double layer". For water at 2500.
éﬁl L

)

K = 3.288 1172 pp-1 . (I1.7)

An increase in salt concentration reduces =1 and hence
compresses the diffuse double layer. (

The above equations have bes}lderiﬁed on the following
assumptions , '

1. £he-ions are point charges

2. the diélectric permittivity is constant

3. the energy of an ion is the electrostatic energy of

Fhe average ion-field interaction.

It was soon recognized (53) that the assumptions, in.
particular neglecting the ionic dimensions or ;heﬁhydrated

ion dimensions, cause these equations to predict impossibly

high concentrations near the charged.surface.‘@pch of this

<’
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. discrepancy was explained by Stern (53). He noted that the
ions comprising the double layer have finite siiés’ang S0
" cannot approach one inother and the surface as closely as
assumed” in the Poisson-Boltzmann approach. He .further
recognizeh the existence of specific ion adsorption, ‘based

on the°L?ngmuir theory (54,55) of monomolecular adsorption.

The Stern model in brief, defines a region adjacent to

%sur%ace of width 3§ (approximateiy:a single ion in
thickness); din this regidn™there is a gharp fall in
potential from Y, to wd' The qif}use double laygr-éan be
thought to begin at x = § with "y " = wa. In this*diffuse
atmosphere, the adsorption forces and finite dimensions of
the ions are neglected, so thqt the Gouy-bhapman theory is
applicable.lFigure IT.2 shows a typical variaéion in
potential using the Gou&-Chapﬁan model ((a)) and'the Stern
model ((b)). ‘ |
' Mo;% elaborate models havewbgen proposed by othefs
(56-58); Nevertheless, the nétions‘developed by Gouy an?
Chapman made it possible to explain thg difference between
the thermodynamic zm)and the electrokineti¢ ¢ potentials
ané to discover the cause fé} some of the experimentally
eétabiished relationships of electrokinetics which will be
aiécussedfin‘the later sections of this chapter. On th;
concept of electrokinetic poteﬁt;ald Guggenh?im (59)

¥

pointed out

1

«+ "Most abithors instead of using Helmholt;'s
(49) strength of the double layer here denoted
by r prefer to <consider another quantity

/
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Figure II.2, Diagram of variation of potential With
distance (a) Gouy—Chapman*modél (b) Stern model. %,

~ surface potential; ¢%, Stern potentialy g zeta’potenﬁlal.
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introduced by Perrin (50) and subsequently
denoted by ¢ by Freundlich (60). It is derived
from <t by division by the rational permittivity.
In the author's opinion the introduction of
this subsidiary quantity adds nothing except
unneccessary complication!”
-IT.3 Adsorption at the solid-solution interface
Adsorption from solutions is usually. characterized by
a competition between the solute and solvent for the
available adsorption sites on the solid. There are several
excellent rev1ews of EPIS phenomenon in the literature
(42,44,61-66). The adsorption isotherm, i.e. a plot of the
amount of adsorbate adsorbed per unit weight of solid (or
area if'known) versus the final equilibrium bulk
concentration of the adsorbate, is the mostaconvenient form
to plot experimental data and to éevelop theoreyical
.treatments. Several shapes of the adsorption isotherms of
.80lids from solution have been observed and these have been
classified by Giles (42).*In‘studies of adsorption from
¥ this type of system, the following aspects have emerged as
beipg of gr;atest interest'and importance (61):
(i) the shape of the adsorption isothe;m and the
possibility of fitting it with an appropriate
equation,
(ii) the significance of the adsorption limit or the
p{ateau found in most isotherms,
(iii) the extent “to which the solvent is adsorbed,

(iv) a consideration of whether adsorption is configed

to a single molecular layer or extends over several

34



layers, - .

(v) the orientation of the adsorbed molecules,

(vi) the existence of both physical and chemical,

adsorption. : 'G/

In addition, the measurement of the specific areas of
solids,.is becoming iﬁéreasingly important ?nd a wide range‘
of methods is now available (67). Adsorptibn is useful for
solids of relatively high specific surface area, for
example finely divided solids. Methods based on physical
adsorption of gases (nitrogen, argon, krypton) at 1low
témperatures are as near to being standard methods'as we
have, Because of this, the use of¢adsorption from solution
in determining surfacemareas is of secondary importance.
Nevertheless, for a method based on adsorption from
solution’ to be sound, Kipling (6l) suggests that éwo
fundamental requirements must be fulfilled: (1) it should
be pos#ible -to determine the cénd%ﬁioné under which a
complete mOnolafer of'a given component is formed on the
.s0lid (2) it is necessary to assign‘an accurate value to
the area occupied by the adsorbed\molecular séecies; this
dnormally means that the orientation of the adsorbed
molecules must be known with confidence. ‘

To summarize, it seems that thére is no general
Fquatlon which can be relied upon to give extremely
accurate data of surface areas of porous solids espec1a11y
minerals possessing various functional groups as part of

& ’ \
their* inherent structure. In such cases, different

Fd
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adsorbates will adsorb differently on the solids yielding
different surface areas. Moreover, the fact that the
observed data can be fitted by a particular equation does
not mean that the constants of the equation are necessarily
related to the monolayer. However Sing (65) recommended
that the terms Langmuir or BET area b% used where
apéropriate, witb a clear indication of the range of
linearity of Langmui® or BET plot and the magnitude of the
va}ious constants so obtained from the plot. As such, a
suitable solute can be used for surface area determinétions
of solids from adsorption from solutions. Giles (42,68)
defined the characteristics of such a solute and although
he found no single substance to mee% all the requirements,"”
he met with considerable success in Lsing p-nitrophenol

(68) on finely divided solids such as ceramic, carbon,

coal.

-
>

I1.3.1 Characteristics of adsorption from solution

The experimental measurement in adsorption from
“
solution is the change in concentration of the solution

from whiﬁh molecules are adsorbed. Tﬁere is-always
competition among the solute dand solvent of the solution
for the available adsorption 'sites. The degree of
. adsorption can be determined by mgking use of the standard

Gibbs eguation and from the following material bglance:
n:% = n; - n;? (1I.8)

If it is assumed that component 2, i.e. the solvent, is not

’
¥

-
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adsorbed then equation (II.8) can be written as

o

ni® = Vgolution ©i° - ci) 1.9

Frdﬁ’equation'(II.Q) it can be seen that it is relatively
easy to measure the amount adsorbed by monitoring the bulk
solution concentration. Because of the case in which n;S is
détermined as a function of bulk'concehtration, the results
of studies of adsorption on solids are pres?nted in the
form of adsorption isotherms i.e. plots of amount of solute

adsorbed versus the final equilibrium bulk concentration.

I1.3.2 Ihe Langmuir isotherm

The derivation of the Langmuir equation is‘;ased on
the assumption that the adsorption rate is proportiona1~tp
the bulk concentration of the adsorbate and the number of
vacant adsorption sites on the solid surface, while the
rate of desorption is propoftional to the number“of
adsorption sites occupied by the adsorba?e.'Aqagguiiiérium
the adsorption’and desorption rates are eqﬁal so that for a
one component syétem the degreebof surface-goverage, x/ Xy

is related to the concentration of the adsorbate in the

bulk solution by

x/xm = Keqc / (1 + K.c) (11.10)

eq

which is the form in which the Langmuir isotherm is often

written. For the convenience of testing data, the isotherm

?

is easily linearized to give

c/x = l/Kequ + c/xy (11.11)
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A plot of ¢/x against ¢ should yield a straight line and
values of x, and Keq can be determined. In turn, xm’is
- -

related to the area of the adsorbent by-

xp = Z/Lo° ‘ (IT.12)

Th# standard free energy, AGO, in the case of
adsorptiog from solutions,‘ﬁharacterize; the work of
transfer of the molecules of the sorbage from the bulk
phase of the solution to the surface of the adsorbent and

is given by
AG® = -RT In Keq (I1.13)

The basic assumptions involved in the derivation of éhe
Langmuir isotherm include (i) no lateral interactions
between the adsorbed molecules (2), a homogeneous surface
(3) no formation of a multilayer And (4) a reasonably long
residence time of a mole&ule on the surface.

Other m;thods used to-describe adsorption from
solution include the Freundlich and the BET isotherms. Thei
Freundlich isotherm is generally used for heterogeneous
‘surfaces while the BET takes iﬁto account the concept of

multilayer adsorption. The Freundlich equation, unlike the

. Langmuir one, does not become linear at low concentrations

but remains concave to the concentration axis; nor does it

show saturation or limiting value. Furthermore if data fit
¢

the Freundlich equatien it is only likely, but not proven

-

‘that the surface is heterogeneous. On the other hand, the
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Langmuir equation applies to a large,number of adserption
systems (45). A plot of c/x.against c,should yield‘:a
straight line, but in some systems, an°;péarently non-
" linearity in the linearized Ldngmui;qplot ocsurs. This
might be an indication of preferential adsorp&ﬁonMaF the
more active sites. of a heterogeneous adsorbent surface. In
such a case, the choice of slope i.ejat low concentration
or over the total concentration range of the linearized
Langmuir isotherm usually depends on the*ranée and Sbread
of the data and. on the particular déﬁgk,points to\be
emphasized. Adsofﬁtion on coal surfacesiﬁas been reported
using both the Freundlich isotherm (69-71) andlkhe Langmuik

a v

isotherm (72-75). ‘

[

11.4 Electrokinetic phenomena
Electrokinetics is the general description applied to
the four phenomena which arise when ‘the solution and

‘electrical double layer‘move relative to the solid surface.

[y

These effects may arise either from an external electrical

field directed along the phase boundary resulting in a

a >

movement (electroosmosis, electrophoresis) or from a

»

movement of phases along each other, resulting in a
transport of charge (streaming current, ,streaming

‘potgntial, sedimentation potential). In each of the

[

electrokinetic phenomena, a slip plane between the charged
surface and the medium is involved. The electric potential

at this "plane of shear" between an assumed fixed layer

@

-
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directly adjacent to the particle and the 1liquid
constituting the buik solution determines the
electrokinetic phenomena and is called the zeta potential,
r -« The location of the slipping plane is not too well
defined. Early estimates of the position of thé'plane of
sgéar are well documented in the literature (76-78) for
ek%mgle,“Ovenbeek (77) suggested that thé slipbing plane
was situatdfin the Stern layer, in.the diffuse layer, or
just in thg.transitiop plane between the two.(Figuré I1.2
(b)) . ' '

Any theoretical treatment of electrokinetics must
start from the fupdamentai‘equations describing (1) the
electrostatic potential (2) the fluid flow and (3) the
ionic current flows which are generated by the relative
motion of the phases. The following subsections .discuss the
classical'&heoret{cal treatment of the two electrokinetic
tqfhniques used in this research and someuge?eral
refinements. A detailed treatment is given by Overbeek- (40)

and Dukhin and Derjaguin (47). Section II.5 will discuss

the relations between the various electrokinetic phenomena
A

using the model of "irreversible thermodynamics rather than

the double layer model. a )

"II.4.1 Electrophoresis

Electrophoresis is the process in which bXe

épplicatiop of ‘an electric .field causes the motion of,

3

¥
pagrticlés through a liquid. One of the most commonly
_ . ) ~
applicable forms of the zeta potential-mobility
\ s '
VL - 40
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relationship is the Helmholtz~Smoluchowski eqﬁztion
(49,79). The deriéation of this equation is based on the
following considerations. When an electric field {.is
applied*parallel to a flat nonconducting surface, each
layer of liquid will rapidly attain a uniform velocity
parallel to thq ;urface with electrical and viscous forces
balanced. Equating the electrical and viscous forces on a

liquid layer of unit area, thickness dx, distance x from

the surface and having bulk charge density p ,
/2 Xpdx = (ndv/dx)y g, = (ndv/dx), - (11.14)

Inserting the.Poisson equation (II.1l), and integrating with
the boundary conditions, at x = «» , d¥/dx = 0 and dv/dx =

' €
0), € and n are constants yield

~-Xep = nv + constant ) (IT.15)

The boundary conditions for electrophoresis and y = 0, v =
0 at x == and § =7, V = -V, at the surface of shear.

Equation (II.15) becomes

&

ug = Vo/% =et/n _ (II.16)

a

The approximatfions implicit in this equation are (i)
the parfacle.}s non-conducting (ii) the radius of curvature
is large compared with 1/ (iii) the viscasity and
dielectric .constants are constant and (iv) the
distriSution of the charges in the ionic double layer is

not affected by the applied field. At 25 oc, equation

a

4



(I1.16) becomes | ¥

3

[

z (in mv) = 12.8 x Ug(inum cm vl égl) (I1.17)

-

I1.4.2 S_t_:_eammg potential T AN

. Streaming potentials were first 'introduced by‘quncke'
(80) (quoted in (47)). The effect is based on the following
considerations. When 'a liquid is forced through a
capillary or porous plug by application of\prﬁssure, the
charges in the mobile part of the double layer are carried
towards the end. This constitqtes a streaming current. As a
consequence of this transport of chafge a potential
difference arises between the ends of the cap;llary or
plug, which causes a conduction current throug% the
capillary directed oppositely to the convection or
streaming current. In the stationary state, the convection
current, which is proportional to the pressure difference
P, counterbalances the conduction current, which is
proportional té_the potentigl difference or streamilg

potential, E. As a result, the streaming potential i

related to the pressure difference by the equatiénr(40,46)

v 4

E/P = eg/nR . (I1.18)

> ~

In aqueous systems at 25 °C, equation (II.20) becomes

z (in mV) = 9.69 x 104 E /P (11.19)

? /

. ) g . |
measuring E in millivolts, K in ohm lem™Y anap in cn’ of/

Hg. A plot of E versus P should yield a straight line.

i

2

Y

y
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Conditions which are to be satisfied for the validity
of equation (II1.18) are
d (l)ﬂthe flow of the liquid must be laminar,

(2) the pore size of the plug must be much 1argér than
the thickness of the double layer, ' :

(3) the conductance determiqing the conduction current °
should depend solely on the bulk conductivity of the
liquid. The surface conductance should not play a part of
any impo;tance. If this condition is not’ fulfilled,

corrections can sometimes be applied (78).

I1.4.3 Restrictions on the use of electrokinetic equations
Some important phenomeﬁa that restrict the useuof
equations (II.16) and  (II.18) in determining \:hq “zeta
potential are (i) relaxation effect (ii) Brownian
motion (iii) viscoelectric effect and (iv) surface
conductance. These’ effects have been discussed in detail by
Overbeek (40,81,82), Booth (83,84), Henry (85) and others
(44,46,86). They will only -be briefly examined. here.

Mickel (87) obtained a significantly different result
from equation (II.16) for the dete}mination of the zet;
potential of a spherical pgrticie. Briefly, the derivation
of the equatioﬂ is based on thgﬁfollowing considerations: '

(1) a is small enough for the spherical particle to
. be treated as a point charge in an unperturbéd field.

(g) the part%cle is, neVerﬁh;&ess, large enough for .
Stokes' law to apply.

By balancing the electrical force on the particle against
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the Stokes functional resistance we obtain
X =6 wnav; ‘ (11.20)
ue = ve/X = Q/6ma (I1.21)
The zeta potential on the particle is tgiven, by

0 = 4meayd(l +xa) ) ) (11.22)

/ 0
Sub'stituting equation (II.22) in equation (II.21) we get

. . ”
Ug = 2 €Z(1 +x.a)/3 (11.23)

Since, k a<<l, equation (II.23) becomes

é

® VL i ) L .
ue = 2€%/3n . © °'(.11\.24/))

. The apparent contradiction between équa“tions‘ (I1.16)

g0

& s A\
and (II.24) was resolved by Henri (85). Henry showe& that

when dn external field was superimposed on a local f\aieald

f N |2 i “. d
around a particle, the mobility could be written as

i

Ug = (2e7/3 ) £(ka) . T .+ (I1.35)

v s . U
‘where k is given by equatian (II.6) and a is the radiu§ of

, the pgrticle. In the limiting case k a>>1 (i.e. when the
doubl; layer is-.small compar'éd' to the radius of the
« particle), f(xa) = 3/2 and Henry's equation(II.25) .is
reduced to the Helmholtz-Smoluchowski equation (II.16).
When Ka<J<1, :‘.’(ga) =1 a"lnd«equationh(II.ZS) is reduced to
equation (IT1.24). Equation (If.24) is not likely to be

"applicable to particle electrophoresis in aqueoug media;
LA

®
<
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for ex:’:lmple ka = 0L.1l-would mean that the radii of pérticles
suspended in an aqueous 1l-1 electrolyte solution of
concentration 10-4M would be aboutf%nmgi.e.<<lu ). The
radii of the coal particles used in this study are much
greater than 100nm and as such the use of eguation(II.lG)
is valid in calculating zeta potential bararfng othef
egfects. .

The super1mp051t10n of the applled fleld and the fleld
of the double layer leads to a mutual dxstortlon of each
field. The relaxation effect is a resu}t of the fi‘nite time
reéuired for the origi;ai*symmeﬁry of&the double layer to
be restored in a moving system. The result of this effect
_causes a velocity" reductlon of the mlgratlng partlcle.
B?cause of’pathematlcal dlfflcultles, calculations of the
5eiaxation‘effect are difficult and.the validity of the _
resultsais.ratheryrestricted (81-85). In general, the
relaxation effect is‘ﬁégligible for large ayd:small values
of a i.e. for xa > 1000 or ka < 0.01 (81,82). In eéfect,w
equation ¢II.16) remafﬁs valid, irrespective of the shape
?f the particle, if relaxation is taken into ‘account for

" ka > 1000,

-

A

* In§e1ectropho}esis, the motion of the colloidal'
partlcle 1n the direction of the field is superimposed.on
its Brownlan motion. Wiersema (88) suggested that the
Brownian motiop correction is negligible in most practical

cases. The presence of an electrical double layer exerts a

profound influence on the flow behavior of 'a fluid. The

N ¢
» o
S
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electric field strength close to the shear plane can be
high enqugh to significantly affect the ratio n/e by ﬁipole
orientation. All such influences are brouped together under
the name of elept;oviscous effects. As a result of the flow
of a liquid, under a pressure graéient, through a capillary

or porous plug, the liqﬁid_appears‘to exhibit an enhanced
. o . .
viscosity. A similar effect; occurs when a dilute suspension_

of colloidal particles is sheared. Lyklema and Overbeek
(77) concluded that the effect of the electric field
strength on the dielectric constant was insigqificant but

its effect on the viscosity might be significant. Hunter

0N

(46) discusses these effects and their contribution to the

A

calculation of the zeta potential. In brief, thq most
practical approach seems notvtq take the viscoelectr;c
effect inéo account (88). The influence of tﬁe surface
conductivity of the colloid éarticle has been discu;sed in
several reviews (47:82,85). It is generally conéiuded that

no surface conductance correction should be applied when

)

the relaxation correction_hés been found to be negligdible

-w

(i.e. for spherical partic;eé and ka << 1 or«ka > 1).
- To summarize the discussion in this section, it
appears as if-the simple model inocalculatiﬁg zeta potential

based on’equations (II.lb} and (I1.18) ‘has a wider range of
/ :

.y

application thanwong'm/ght expect. One of“the reasons is

that some of the complications are quite negligible or can

k4

be avoided experimentally without much trouble.’In any

case, nearly all studies on the qptd potential of

v
-

7
"

o~ o
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particles whose sizes are greater than that of colloidal
particles( > 11 ) use the simple Smoluchowski equation

<46,69—71.73l75) . - .

\

IISI:memblei:hﬂmndynamm

Absolute tests of the equatlons developed in' Section
1&

IT.4 are not available because there is no independent
measurement of the electrokinetié\potentiel. The equations
in Section II.4 were based on the double layer model. It
can be demonstrated that the relations between the
electrokinetic phenomena are generally valid and
’independent of the chosen model. Such relations can be
discussed convenientiy using the theory of the
thermodynamlcs of irreversible processes, as founded by
Onsager (89) and developed by Prigogine (90), de Groot (91)
and- applled to membrane phenomena by Stawverman (92(93).

ot The theoreti;al analysis is based on an expreesion for
the rate of entropy production which is a trademark of
igreversibility. The entropy production per unit time for

an irreversible system must be written as a function of the

fluxes of the components and the conjugete thermodynamics

\ »

which give then . ,

ac s tae = zayx; (I1.26)

’M
where Jfrire the fluxes and Xifare the forces. The most
general expression for the macroscopic laws or
phenomenoloéical equations assumes that every force

influences a flux and considering only states close to
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equilibrium, we can.relate the fluxes to the forces through

linear phenomenological equations of the form

= X Lij Xj (IT1.27)
¥ .

where i, = 1,2,3,...,n for a system of n components. The

Ji

Lj; are the phenomenological coefficients, which according

to the\Onsager reciproca#@;elation are interrelated’

»

L{j = Lji (i#j' ihj = 1,2.3,...n) (I1.28)

Although equation (II.28) has a general validity, it is
restricted to systems not too far from equilibrium. These
2deas can be applied to electrokinetics to show that
certain electrokinetic phenomena are quantitively
interrelated by reciprocal relations.

Qonsider a system, containing n (f.= I')2,...n)
cemponents carrying eleﬁtrical qparges and eﬁclosed in a
reservoir which contains two vessels connected by a porous
plug and in each reservoir is ssituated an electrode. Such a
system c¢an be described in terms of two flﬁxes and two
forces. The forces are the electrical potential, E, and the
pregsuie gradient, P, while the fluxes are the current, I,/
and the volume flow, V. The rate of entropy production can
be¢determined by considering the energy dissipation as

éroduced by thg sum of IE and VP '
T(dS;/dt) = VP + I ) RN (I1.29)

The phenomen©logical-equations are

48



I =1Lj3E + LyoP . (I1.30)

v

it

L21E + L22P (11.31)

Volume flow is in principle not conserved. However, the
génerél equations give species fluxes, which can be related
to volume flows, current, etc. as in equation (I1.29) (94).

In the absence of an electric ffeld (E=0) equation

(I1.31), reduces to

Lag = (V/P)pog ' (I1.32)
from which we have according to Poiseuille's law .
Lyy = r2/8n : . (11.33)

Streaming potential is defined 3‘he potential difference,
E, generated by a pressure difference, P, in a stationary

state with zero electric current. From equation (II.28)
(E/P)1o0 = -L12/L13 (I1.34)

Electroosmosis is defined as the flow of matter or volume
.flow, V, per unit electric curgent in a state of uUniform

pressure. From equation (IT.30) and’ (I1.31) we get

(V/I)P=0 = Lp3/L11 N (I1.35)

+

From the Onsager relation and equations (II.34) and (II.35)

we get . ~

(E/PY1og = =(V/Dpog . ' Ti (I1.36)

In the absence of a pressure gradient, equation (11.30)

»

-

~
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becomes R

»

Lyy = (I/B)pg™ (II.37)

which is just the electrical conductivity.

L

Other similar relationships for example elegtroosmotic
pressure, streaming current can be determined. Equation
(II.36) is known as Saxen's relation and shows that the
electroosmotic volume f£low is equal to (although opposite
in sign) tq the st;eaming potential. It can be shown that
the coefficient Iij; = Ly is closely related to Ehe

strength of the electric double layer , 1 ,by the equation

A

L21 =T/n ) (11.38) //\

Non—equil}brium thermodynamics has established general

relations which cannot be invalidated by complications of

s

surface conductdnce, tortuosity, etc. and as Guggenheim
(95) quite succinctly states

"The essential consequence of Onsager's relation
is this. All the electrokinetic effects require
for their quantitative description a knowledge of
the electric conductivity, the viscosity and gone
other coefficient not two."

)
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CHAPTER III

» EXPERIMENTAL .

.

III.1 Materials

Coal fines selected for thié study'wege froﬁ the -28 .
‘nesh fines circuit of the Victori§ Junction Wash Plant ,of
the Cape Breton Dévelopmeqt“Corporation, Glace Bay, Nova
Scotia, Canada. The coal treated 'in this plant is a highly
volaq’le bituminous coal from the Harbor Seam. Because of
the hydrophobic nature of the coal treated in this plant,
no collecting a;;nts have to be added in the flotation
unit. Thus the coal has only been in c¢cgontact with
relatively low 4-methyl -2—pentanol,“(HIBé§ concentrationé,
not with o0il or kerosenex The fineg-cofiected after
flotation were dry'ground and sieved. &he ~28 + 35 mesh (-
425 + 600 ym) and the =200 mesh (<75 um) portions were
collected and evacuated at room temperature for 4 days
prior to surfactant adsorption- or electrokinetic studies.

Phenol, p-nitrophenol (Fisher Scientific) and Triton
X- 100 (Rohm and Haas), a w1deq% used commercial product
consisting of a mixture of octylphenol polyethoxylates with
an .average of 9:10 ethylene oxide groups per molecule, were
ﬁsed without further purification. Dodecyltrimethylammonium
bromide, DTAB, (Rodak Laboratory Chemicals),
dodecylpyridinium chloriée, DPC, (TCI Chemicals, Japan),

tetradecylpyridinium bromide (96), TPB, and
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hexadecylpyridinium bromide, HPB, (Kodak Laboratory
Chemicals) were purified by repeated recrystallization f;om
ethanol/acetone. Sodium dodecylFulfate, NaDS, used in

preparing the membrane electrodes, was prepared from
dodecylalcohol purified by ?ractional distillation through
esterfication with chlorosulfonic acid (97).
ﬁoly(vinylchloride) (gVC, high molecular weight, Aldrich),
bis(z—ethy%hexyl) phthalate (GR, Aldri;h) and
.tetrahydrofuran (aR, BDH Chemicals) were used without
further purification. Analytical-grade sodium chloride was

also used without further purification.

I1I.2 Analysis of coal samples ~

Both proximate and ultimate analysis of the coal used
in this research ‘were carried out. Proximate analysis
determines the moisture, volatile matter, fixed carbon (by
difference) and ash in the coal. Ultimate analysis gives
the percent chrbon and hydrogen in the sample, .as found in
the baseogs products of its complete combu§tion, the
percent sulfur, nitrogen and ash in the material as.a whole
and the percent oxygen by difference. The methods of
analysis are well documented by The American Society for

Testing Material, A.S.T.M. (98) and by Montgomery (99). The

fuel ratio was calculated from the equation

Fuel Ratio = % volatile matter / % ash (IT1.1)

and the fixed carbon from the equation ,

Fixed carbon = 100- (% ash + %.volatile matter + % moisture)
. "(I11.2)

-
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I11.3 Principle n;fsnxfantant'ign selective électrode
A recent study of a number of surfactafit ion selective
'membrane electrodes (100-104) has shown the utility of such
electrodes in e.g. the determination of critical micelle
concentrations as well as in potentiometric tltration. In
addition, the use of suffactant ion selective electrodes
has made it possible to obtain information regarding the

surfactant ion activity in solution of ionic surfactant of

P

low concentration and 1n the gresence of added salt

(101,103) ., “ ' o
. .%) , .°
The potential across a membraneé separating two

g !

0

i
solutions containing electroactive ions, i, and interfering
ions, i, which can be transported across the membrane is

commonly repre§ented vy the equation of the form (100),

]

E = E, -(RT/nF) [In {(a; + K;§ a3)/a;%}] (II1.3)

According_ tothe theoretical treatment of membrane
potentialé (150-104), the selectivity coefficient is a
function of the mobility of the prima;y ion, uj, and the

Zpartition coefficient, k, between the membrane and the bulk

e

solution. In the case of the liquid membrane, Kij is given
by (100) . ’
ot
] X '\
Kijpét = Ujkj/Uj_ki (ITI.4)
iwt

Surfactant ions are soluble both in water and in the

@

organic phases such as organic 11qui@ and plasticizers

while inorganic ions are less soluble in the organic phase.
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This means that the partltlon coeff1c1ent of the surfactant
ions, k. gg;aeen water and organlc phases is much larger
than that of the partition coefficient, kj, pg inotganic
ions,‘As a result, organic liquida or plastic membranes

.which are immiscible with water can be used as surfactant

ion sglectlve membranes. Some surfactant selective
electré\es have- Qgen developed which make use of this
differenge 1a solublllty, and these electrodes han been
applied to the study of surfactant solution chemistry and

| ’ N
surfactant adsorption (102,. 105-108).

III.4 Methods of measurements *

There-are many reviews of the aaalysis of adsorption
densities and surface charge in the 11terature
(40,45,46,61,62, 70). Some of the methods used to determlne
free surfactant concentration include refractometry,
cglgrimetry,\titriﬁetric analysis, the use of ‘radioactive
tracers and ;urface tension measurements. Electroosmosis,
sedlmentatlon gotentlal, tltratlon, and suspens1on effect
have also been used to determlne the ‘electrokinetic charge
_on a solld surfade. Only the methods used in thls research

N

will be dlscussed.\
: \

\
¢ \

II1.4.1 Adsorption measurements n
2 N . ‘*’
The Tethods used to determine free solute concentration
o e
were (1) direct spectrophotometry and (2) emf mfasurements.
Direct spectrophotometry is a convenient way of measuring

surfactants with aryl groups in very small concentrations.

M B »

\
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The free concentration of 4 surfactant in suspension can be
determined from a calibration curve for the maximum
ultraviolet abSorption of the component of interest.
Concentrations of ionic surfactants in colloidal or
particulate suspensions can be determined by the use of a
sur?actant ion seleétive electrode. The electromotive force
(emf) versus log concentration of free surfactant {CS)*can
be used as a calibration curve at concentrations below the
CMC.

The adsorption of varioué reagents on coal was
determined by meqsuring the a@sorbate concentration in
solution before and after adsorption. pH was adjusted by
addition of either 0.1 M HCl or 0.01 M NaOH. The
suspensions were shaken at room temperaﬁure for a required
time, usually 23 hours, after which they were centrifuged
for 20 minutes at 10,000 rpm, removing all turbidity. The
concentrations of the reagents were measured by the
different techniques previously mentioned. In a number of

cases the time dependence of adsorption was also studied.

I11.4.1.1 Spectrophotometric concentration determination
The solid/solution ratio used was 0.50 g/30 cm3.
Solution concentrations of phenol, p-nitrophenol, Triton X-
100, DPC, TPB and HiB were determined by direct UV
spectrophotometry at the wavelength of maximum absorption
(269.9, 316.1, '278.0 nm for phenol, p-nitrophenol and
Triton X-100 respectively‘and 259.1 nm fﬁr DPC, TPB and

HPB) using a Cary 219 (Varian, Palo\elto, California)
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spectrophotometer. 1
III.4.1.2 Potentiometric concentration determination

The solid/solution ratio used in these measurements was
1.00g/30 cm3. Free surfactant concéntrations of DTAB, DPC
and TPB in solutions with pH values between 4.0 and 10.0
were determined by means of gurfactant selectiv; plastic
membrane electrodes (106-108). The cation selective
membrane was prepared frqﬁ_Zwat% PVC, 76 wt % bis (2-
ethylhexyl) phthalate as plasticizer and 0.7 wt % carrier

complex. The carrier complex used in this membrane was
.

,pfepared by dissolving equivalent amounts of surfactant and

NaDS.’&heﬁresulting white precipitate was washed with water
followed by recrystallization from acetone. A mixture of
0.35 g of PVC, 1.15 g of bis-(2 - ‘ethylhexyl) phthalate and
10 mg of carrier complex was dissolved in about 6 cm3 of
tetrahydrofuran by heating. The clear viscous solution was
cast in a petri dish of ld cm diameter. The solvent,
tetrahydrofuran, was gradually evaporated.off in air. A
piece of the resulting poly (vinylchloride) membrane was
é&ued to the bottom of a hard PVC tube by using a
tet;ahydrofuran solution of PVC as an adhesive (102). The
carrier complex in the active membrane was changed for each
diffetent_éurfactant. ¢

The membrane potential was measured with the following
cell ; |

calomel electrodelsatd. KCl soluti‘nﬁhgar, 3m NH4C1l
test4sol&;ionlmemﬁfane1r:;erence golutionﬁagar,

3m NH4C1Isatd. KCl solutionlicalomel electrode (II1.5)
7 8 9 *

»
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where the reference solution was 0.001 m surfactant. The

cell assembly is depiéted in Figure fI;.l, where the
ndmbers correspond to the numbers in electrqphemical cell
in 1?1.3. The emf of the cell was measured by a Keithley
616 digital electrometer with a stability of 0.1 mV. The
potential was monitored with a recorder..The electrode was
tested for Nernstian behavior before and after use in the

colloidal suspensions. A ’ .

[t

III.5 Electrokinetics »
IT1.5.1 Electrophoretic measurement

Electrokingtic properties of the -200 mesh coal were
determined by means of a microelectr&phpres}s“techniqﬁ;.
The mobilities of all solid were determined over"a wide pH
range in the presence of Both salt‘an@ surfact;nt using
both a Carl Zeiss Cytopherometer and a Rank Brothers Mark
II Particle Micro-Electrophoresis Apparatus with TV monitor

and rotatlng prism attachment. Both instruments contalned a

flat cell. 0.50 g samples of coal were added to 100 cm§:of

surfactant solutlons of known concentrations and pH. The |

samples were shaken at rodm tgmperatﬁre for 23 hours before

measurement. All measurements were made in 1 x 10-4 in NacCl

solutions.

Inszsr.mmngp_o_tentulmeasmmenm

Zeta potentlals of the -28 + 35 mesh coal were
determlned by streaming potential measurements. The

streaming potential apparatus used in this invéstigation

Y

»s



Figure III.l. Schematic diagram of potentiometric cell

assembly. 'Numbers correspond to numbers in eqdagion III.5.°
"E- digital electrometer; A and B~ autoburets; H- pinhole

Th- thermostat; MS-.magnetic stirrer.

-~
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was essentially the same as that described by Campbei&
(30), Fuerstenau’(109) and Parreira (110,111). A schemati
aXrangement is given in Figure III.2., The ‘heart of thS
app\ ratus is formed by bulbs (VL, VR) and cell (C). The)
cell consusts of two 14/35 ground-glass joints, the erids of
wh;chare closed off by platinum disk electrodes with holes
‘drilled though t%em to permit passage of.the solution.
Theee elect;odee were connected to a Keithley 600 B
electrometer wﬁich ie in turn connected to a Fisheru
‘“Recogda}l 5000 Series reco;fer to maonitor the streaming
. %

¢potential. To facilitdté the dismantlingvand reaésembling

‘.

of the equipment for cleanlng, tygon tublng was useﬂ for
» Y

) md%t connectlons (labellﬁd T in Figure III 2L.The vacuum

in bulb (B) pulls the llquid slowly through the cell with .

o

the porous plug. Tﬁe pressure under whlch Ehe liquid is
forced through the p&ug 1s£measured by the manometer, M.
With the'electrodes in place, the'cell (C) was filled
with -28 + 35 mesh.coal‘by,tappingxto pnsq}e properJ}
kpacking.When the outer-joini is full, the inner joint, is'
inserted and the cell is reassembled into the apparatus.
The bulb (VL) is f111ed with the solution to be studled at
its natural pH (i.e. tpe pH -of the solﬁtlnn=conta1n1?g only.
salt and surfactant) ;nq left overnight to Eqﬁilibra?e.
?treaming potentials, E, were éhen %easured a; a2 functjon ;
of driviné pressure, P > From a plot of E vs P, the s'lope of
the straight line was obtalned. The conduct1v1ty of the

bulk solution was measured with an Industrial Instruments
.

P bl
.
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 Figure III.2. Schematic d,ia\gram of streaming potent{al
.apparatus. B- vacuum bullb“; C- cell; E- Pt e!ectrodes; EL~

. electrometer; M- 0il manometer; R- recorder; T- tjrgon
tubing; VL and VR~ liquid bulbs.
} u
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{Cedar G;ovef New Jersey) Conductivity Bridge. Streamipg
potentials were measured as a function of salt aﬁd
surfactant concentration at. different pHs. Once a solution
of fixed cpncentration wés left ih contact with the porous
plug overnight, ;olutions of similar concentra;ions but
different pH were allowed to equilibrate for 1/2 hour
before the measurements. This method has been f#und to
oA .

produce reproducible results.

w

III.6 General conditions b

> All experiments were carried out at 25:1 9C and at

<

‘ ’f ﬁHZ()I I'ﬂ) -

surfactant solution concentrations well below the critical
micelle concentration (CMC) of each surfactant. The coal-
surfactant suspensions were studied at natural pH (i.e. the
pH of coal fines directly suspendkd in 10~4 m NaC1 and/or
%urﬁactant{ and under varying pH!conditions. All aqueous
solutions were prepared by weiqht from surfactant and

sodium chloride stock solutions in distilled'and deionized

- water. All "concentrations are given as molalities (mol/kg

-
v
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CHAPTER IV
ADSORPTION OF SURFACE ACTIVE AGENTS

IV.1 Introduction

Adsorptlon of .appropriate addltlves at the solid-

¢

11qu1d 1nterface can ceontrol the surface charge and/or the
hydrophobic~hydrophilic character of the surface. One or
other of these characteristics, and often both, may be
important in determining the wettability, the stability,
flotability and theitheology of the system.ﬂ In recent
year;, the role of sq;facéﬁnts apd polymers at the coal-
water interface has‘been the subiect of considerable
attention. Because of the natural hydrophobicity of coal
(24), many“amphiphilic molecules adsorb at the qoal—water
interface at very low amphiphile solution cbncéntrations.
Thus difficulty of measurement as well as problems with
sample inhomofeniety and diversity in properties of
different coals may be reasons for the relative scarcity of
sy;ﬁematic investigations on adsorptioﬁ at the coal-water

interface. The next section reviews the available

literature on adsorption from solytion on coal surface.

N [

IV.2 Review of related studies
The adsorption of electrolytes on active carbons has

»
been rather thoroughly studied (61,66)." In these

i

- investigations, a number of inte@%sting principles have

‘been reported concerning the adsorption of both strong and

L
i
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weak electrolytes on active c§;gons. In contrast, only a
small amount of research has been reported on the
adsorption of eléctrolytes on coal surfaces. ﬁost of the
adsorption studiés on coal ha;e been done in the
ﬁLS.S@L, on Russsian coals. It should be .noted that
active carbons and coals are quite different Yith respect
to porosity, surface functional groups, eéc. and that
results relating to the adsorption of“é pQrticular
‘electrolyte on either surface can be very different.
Neverthéless, séme Eéview of the adsorption on carbon
surfaces is warranted since the mechanism of adsorption of

; & ‘
similar electrolyte on both carbon and coal surfaces will

be compared. P

Y

Wheeler and Levy (112) conclﬁded that the adsorption
of ortho-alkylated phenols on carbon from cyclohexane
solutions takes place only at certain "active centres" on
‘the adsorbent and that the hydroxyl group is largely
responsible for the adsorption. Other research gféups
(113,114) reported that phepol Edsgrbsafrqm:aqugous
solutions through interaction between the benzeqe ring, and
the carbon surface.' Bennett and Abram (115) studied'£he
adsorption of hexadecyltr1methy1ammon1um bromide, HTAB, and
Aerosol OT (di- 2-ethy1hexy1 sodlum*sulfbsucglnate) on -
carbon and bone char -and gonc{uded that the Aerosol OT
adsorption from water gives the whole surface, wﬁiie the

HTAB adsorptlon gives the. hydrophoblc part ‘of the surface.

Evanspp et al. (116) have shown that phenol is

v 3 o \,}'
- 65 . . .



adsorbed considerably on low rank coals inma short period
of time and that those coals are porous. Vlasova et al.
(117) found thatftﬁe adsorption on coal surfaces of n-
aliphatic alcohols incfeases with the degree of oxidatiﬁn.
It was suggested thgt the adsorption of n-hexanol and n-
heptanol from aquebus solution on the surface of oxidized
coal 'involves hydrog;n yonding. The treatmehf of 6xidized
coals w%th alcohols makes their surfaces less'hyﬁrophilic.

3o

This effect ig more pronounced as the Qlcohol carbon chain
length is increased (the range studied was C3~Cg). K As a
result, éhe fiotation properties of the coal/alcohol entity
is improvéd. The adsorption of phenol andfn-hexanolerom
water on coals of different rank was found to take place
through their hydrophobic moieties (21) with the
hydrophi)ic parts oriented towards the aqueous phase. Also
the free energy of adsorption was found to increas§ with
the rank of the coal. ' ’
Shanter (118) studied the adso;péion of acids,
alcohols and esters from aqueous solution by coals and
conéluded thqt the molecules o0f these compoundg are
oriented with their apolar part toward the surfaces of
coals.of high agd medium rank and with their polar;moiety
toward the surfaces 9f coals of low rank,and also highly
oxidized coal. Giles and Nakhwa (68) h"e concluded that
the adsorption of p-nitrophenol from solution at room
temperature ig suitable for specific surﬁfce area
measurements on a wide variety of solids, including carbon,
4I '
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coals and fibres. TLaskowski (119) éuggestea‘hhat the
hydrophobic carbon part of a coal surface can be dq&efhined
. by the aésorption of the cationic surfactant, HTAB, from
aqueoué solution.

*  PBasenkova and Zubkova (120) found that anilihe adsorbs
better 6n oxidizéd coal than on the initial, untreated cogl
of low rank but the adsorptien is the same in both states
for the lean, higher rank coal. It was concluded tﬁg? the
interaction of aniline from aqueous solution has a specific
néture and probably takes place through funqtional groups.
It was also found that the adsorption of propanoic acid’and
of l-propanol and 2—pr9panol on "fat™ (high'volatrle.medium
rank) run of the miné& coél is smaller than that on "lean”
(low volatile yigh r;nk) unoxidized coal. The eiplanatioq‘
given was that these compounds are orientéd with their

hydrophobic egds'to the coal surface and their polar ends

directed towards the solution. BET sqrfacé areas of 0.8

<

-

m2g*1 and 2.0 m2g~1 vere determined for "Zh"-and "T" coilg
respectivelyi based on areas covered by nitrogen.

Kucher et al. (22) investigated the adsorption of a
number of inorganic (HC1, H,S804, H4qPO,) and oréanic
(oxalic, malonic, succinic, adipic) acids on unoxidizea and 4
. oxidized Russian low ash ( =23%) coals of varioés rank. It
was found that the adsorption of the inorganic acids on the
oxidiggd coal was much less than on the original unoxidized’
coal and in the order

v HCl > Hy504 > HyPO,
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. ,
It was suggested that this decrease in ad%orption with
increase in molecular weight of th€ inogorganic acids was
. j .
probably due to anion adsorption in\addition to Ht

" adsorption and that the tadsorption from a\qu'eous solutions

3

of strong inorganic acids dn the coal su&ﬁace-depends on

o

the oxygen-containing groups on the~surfacLb Fu;thermdne,

this adsoqation‘was due to electrostati forces'add is

ionic in nature. ,It was also reporEed that\inqthe csse of
'oxidized coals, the anlon adsorptlon

L LI
1n51gn1f1cant compared to the hydrogen ion adsorption. The

was probably

.authors suggested that weakly dlssoc1at1ng frganlc acids
(su001nic and adipic) were“adsorbed on the su;face'ofpboth
run of tﬁe mine and'oxidized coals by a med%anism'which
involved theﬂ;nteracélon oetWQEn the dpplar\oart of ‘the
acid and_the coal surface.’ Thls mechanlsm was refgrred to
as a moléﬁhlar mechanism.. nghly dlssocjatlng organlé
acmds (oxallc and malonlc) were adsorb@d on thé surface by

‘a mixed mechanism 1 e partly ionic .and Qartly molecular.
P The adsorptaon of. n-hexanol and- hexa pic acid from-

aqueous solutlon on the mlcrocomggnents of oxldlzed coal oE‘

type Zh was also repog;ed (121). The observed 1ﬁcrease in

N '

the amouﬁtopf hexanuic ac1d adsérbed wikh 1ncrea51qg
. ; 2

oxidation was attrlbuted to the prevalence of an- ionic
mechanlsm. The main differdnce in the behavior oft
#fiphat1c alcohols and acids in &agueous solutions is that

“the letter are capable of dissociating and their adsorption

. Rt . S VI |

is determined ‘not ohly by heir doncentiatlgn-pf
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undlssoc1ated molecules but also by the concentration of
1ons. The adsorptlon of hexanol on unoxldlzedahydrophoblc
coal as well as on v1tr1n1te and fusinite takes place with
the alcohol oriented with the long axis of the carbon chain
;éfa11E1 to\the plane of t?e adsorbent anﬁ.tﬁe hyaroxyi
group projecting inFo the bulk of'the solution. On
oxidation of the coal, the interaction of the hydroxyl
group of the’'al oho; with the coal surface increases and
adsorption takes lace through the functional grodpé (122).

Recently, Fuerstenau and Pradip }74) §tudied the
adaorption of phenol’ aaa three commonly used frothers,
o -terpineol, meth 1i§6bﬁtyl carbinol (4-methyl-2-pentanol,
QIBC), and o-cresoll (2-hydroxy-toluene) on coal. surfaces.
These autﬁ?fs found that the rate of attaining adsorption
eqallibrium was un xpebteé}y slow; possibly due to pore
diffusion. They alée repogied that the adsopption of these

nonionic surface‘active agents on oxidized coal is reduced,

‘ because of the possiblé& increase in the hydrophilicity of
. the oxidized coal. They concluded that adsorption gccurred

axthrapgh hydrophobic , interactions between the frother

. i) “ '“v @
molecules and the coal surface. Surface areas of the coal
A o .y

¥y

", and frée energies of adsorbtion were determined on the

‘°ba81s of Langmu;r—type 1sotherms. Surface areas of 23. 6

ng 1 and 34 1 ng '*based On phenol adsorptxon were'

E

'reported for a rud of the mine codl called Geneva Mine coal

- o H

h and HF—treated anthra01te respectlvely. Free energies of

&
.

’

adsorptlon,emt;mated«for a~terp1neol, o-cresol and phenol‘

. . !
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on Geneva Mine coal were -40.6, —34.5 and -33.4 kJ mo1~l,

Miller et al. (75) found that dextrin, a
polysaccharide with a dextrose monomeric unit, adsorbs by,
hydrophobic interactions on the coal surface. It was glso
Eeported'that demineralized coal exhibited an adsorption
density twice the adsorption density of natural coal and
that -adsorption decreased with increased oxidation but was
largely independent of pH. Free energies of aésorption,
based‘on Langmuir-type plots, of about ;23,0 kJ mol™l were
also reported. On-the other handﬂ Rosman and Rowell (123)
proposed that the cationic 'surfactant Atlas G-271'(N—soy;-
N-ethylmorpholinium ethoéulfate)‘w&é adsorbed on. the coal
surface not only from hydrocarbon.medium but also fro;
water as-an'ion—pair unit with the polar head group
oriented toward eiectron donating sites on the' coal matrix
and the hydrocarbon tail extending outwards to the solution
phase.

Thé‘adsorptionvof dodecylpyridinium chloride (DPC),
sodium dodecylbenzenesulfonate (ABS) and a nonionic
polioxyethylene nonylphenyl ether (NP-7.5) surfactants on
Japanese coals was also studied in relation to the
corresponding change of zeta potential (69). The results

indicated that the adsorption of these surfactanés was in

.the order

-~

-y o®

f ‘" DPC >  NP-7.5 > BaBS
The zeta potential of each coal increased positively with

increasing concentration of: DPC, while it repained constant

\J .
o . v

®
- '
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with incgeasing concentration of NP-7.5 and increased
negatively with increased”adsorptionﬂof ABS. 1In the case
of the adsorption of the cationic surfactant, DPC,. the
results appear to indicate that Fhe adsorptien of DPC on
these coals increases rapidly with the concentration of the
surfactant and that an adsorption plateau was reached above
the CMC. The two mechanisms proposed for the adsorption of
DPC on the coal surface were (1) at low surfactant
concentration, the positively charged head group éf the DPC
molecule is oriented towards the negativeff charged sites
on the coal and (2) at higher surfactant concentrétiog, the
DPC molecules are - adsorbed on ﬁhe nonpoiar surface
of the coal with the polar head group extending outward in
the aqueous‘phase. }n this study no mention was madg of
the pH of the system except that all but one of the coals
Zused were ‘found to be negatively charged in conductivigy
watér: C ' Cee
In conclusion, several factors must be considered in

I3 r
elucidating the nature of the interaction of surfactdnts-

t

with- a coal surface. The nature of the surfactant

molecules themselves and the medium from which {hey adsorb

+

'onto the coal surface are important. Equally, the very
nature of the coal surface,'strohgly influenced by its

history is equally importéné. Siﬂpe goa&s\aré usua%lg
pd}pus, thg Qariatioﬂ of ?ore.sizeténd thé aﬁéorp?;on
kinetics'must alsb be taken into consiaeration‘yheq
sfhd&ing the inier;ctionh of moleéﬁies;ofhvariou; si;és
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wﬁth coal.

-

IV.3 Results and discussion -
IV.3.1 Characterization of coal sample
The coal'sample was characterized by both proximate,
and ui%imate ghalyses (section YII.2). The results are
given in Table IV.l, where it should be noted that the
\percent moisture is as determined after grinding and
v;cuatiog. The ash content of the coal is rather low.
The reason for using such a coal waé, as Fuerstenau (74)
suggested, to ayoid complicqyinhs arisiqg from the presence
' of éhtirely different surfaces i.e.'ﬁoai_and mineral. ,The-
isoelectric point of this coal was’ at pH 5.3 in 104 p

NaCl (Chapter V).

ES

IV3QQnthennnisnanmnhnmmmAamExni
»surfactant adsorption in snap.enaigna

A number of experimental techniques -have been used to

b . - .
”~

determine quantatively the concentration of surface active

v

ageﬁts (39,61). These include titrimetn&. grdvimetry,

surface tensaon Measurements and dxrect spectrophotometry

o

(sectlon III.4). The use of direct spectrophotometry in
deterﬂlnlng free su;;agtant @oncentraﬁlons depends on the |
hsensit;v;gy “of the’ maximum absorptlon peak to chahge 1n-the

.. solution conéentration. Flgures,IV 1, Iv. 2 and 1V.3 show

» LY

the ultraviolet maximum absorpt1on peaks of HPB, DEC ‘and

oe o T

iTPB respectlvely.. yo s?if; in the peak-of maximum,

absorption was obserVed ‘in the calibratien curve-nor in the \

S
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Table 1V.1

Characterizafion of coal sample .

{a) Proximate analysis

1

-

L7

‘Oziqin Description o/o Moistire o/0 Volatile o/c Ash o/o Fixed FPuel Ratio
J : Matter - Carbon
T N / B
o B - .
Harhor Seam =~ L N
Cape Breton H.V. Bituminous 0.41 * 0.01 33.3 # 0.2 .3.32 + 0.03 63.4 * 0.2 1.9 0.2

Nova Scotia J‘

-

wa & i . 1 *
. (b} Ultimate analysis
. o/scC o/o H : L, ofos * o/o N 0(MIkg™1) 2(Btu/lb)
;84.8 + 0.1 5.1 £ 0.1 1.2 * 0.1 0.5 £ 0.1 34 ¢ 1 s 400

,lerrors are standard deviations

14600,
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Eigm:g IL.L Var1at1cm in absorbance with wavelength for
HPB (1) bal1brat10n curve, conc.=5 82 x‘10“5 m, pH=2.3, (2)

calibratlon curve, conc.=1. 25 x 10-4 n, pH=4.9,} (3)

N .

calibration curve, gonc.=1.75 x 10~4 m, pH=10.5. 1 = lcm

cell. N ’ ' N\
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Figure IV.2. Variation. in absorbance with wavelength for
DPC. (1) coal:-wat\er supernatant, (2) coal-DPC supernatant,
(3) calibration curve, c=1.424 x 10~4 m. pH=4.5. 1=1 cm

&ell.
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Eigure IV,3, Variation in absorbance with wavelength for

* »

TPB. (1) coal-water.supernatant, (2) coal-TPB supernatant,

(35 calibration curve; c=1.620 x 10~4m. pH=7.1. 1=lcmﬁce1f.
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coal-supernatan£ at the various pHs studied for these
alkylpyridinium surfactants. The calibration curves were
found to kg very reproducﬂi/bl‘g and linear over the range of
concentrations studied. However, the coal-supernatant,
blank solution does show an absorbance at each of the
wavelengths of maximum absorption studied (Figures IV.2 and
;V;B)., This is perhaps due to some water soluble compounds
from the coal surface. Similar results were reported by
Nogly (i25) and by,Kglebek (126). As a result the
adsorptiég‘data obtained from dire?t spectfophotometry were

corrected. ’

e
’

'IV33an;h.emgismiagkmglmmdemms.tndxg£
- surfactant adsorption in suspensions

Experimental techniques such as :spectrophotometry,
titrimefry and gravimetry, thatkhave been used to determine
free concentration of ionic surfactants, become
increasingly more difficult at lower coqcénfréiions in
particular in the case of coai-‘or othér suspensions such
as~s£udied here. Use of surfactant selectixe electrodes.§n
~adsorption studies.  has the advantage of very-good
sénsiti&iﬁy and reproducibility, small volume and tole£ance
of the presencé of large excess of elecérolytes and of

solid particles. Figure Iv.k”shows the response of the
. . . !

DTAY electrode without and with excess sodium chloride.
AV .
7 I * . .
The cationic surfactant selective electrode shows §ernst1an
Eesponse from the critical micelle formation concentration,

%

(CMC) down to about’ 2x10™> m even in the presence of a



. ) . .
Figure IV.4. Response of the DTAY electrode to change in
DTAB concentrations (a) Osalt free and (b) A in 0.05 m

NaCl. c=moles/kg H;0.

'181



. 2 Boj
P.l . . Mwl > m....
| ' | .
- . 00"
. c °
Ww goL0" = oW (AW)
~ 43
» i
] -
w SpLO =owWwo . —|oo*




- ¢ . L
L4

large excess of sodium chloride 10.05 ﬁ inthe case

presented). The excellent reproducibility of the potential.

)
‘allows us to use a plot of emf vs log ¢ (c is the.molal

-

surfactant concentratlon) as ogllbratlon cupve. S
Flgures IV 5, IV 6 and IV.7 show the observio‘
potentiometric curves for the various solutlon mlxtures
. under 1nvestlgat10n and thelr dev1at10n from the
caldbration curve. From these, data, adsorptlon isotherms,

as showh for example in ?igure IvV.13, can be constructed.
M #
The measurement 1s*re1at1ve1y easy Ain that the electrodé

can be 1nserted directly 1nto “the collo1dal suspenelon"

a

w1thout prlor .removal of turbldlty by centrrfugatlon (106).

In the case, of tltratlon and spectrophotometry,Fturbldlty

*2

removal is® essentlal prior to analy51s, but even then the .
measurement may Stlll be subject to-ambiguity. \Surface

ben51on measutements are sens1t1ve to contamlnatlon by
N
other surface active materlals. However; it should be
) - I
pointed’ out that the use of the surfactant membrane ion °

[ ]

selective electrode is restr1cted by the pH of the coal

suspension in ‘that- the reSponse.tlme of the electrode is

‘very long even at high surfactant concentrationédwhen the
b N { . 4 .

pH >,10 or < 4.- The surfactant ion membrane electrode

Py T , I . R - .

works very well between pH 4 and 10 and cén be used e.g. in
flotation cells to follow the changes in concentratlons of

these surfactants durlng flotatlon. Accurac;es and

reprodu01bllit1es are éh511y suff1c1ent to allow ior

comparative studles betweenudlfferent different

a

oals(

.
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Ejgure IV.5. Response of the DTAY electrode to the change
;. C w . L. .
in DTAB-concentration in coal fine centrifugates. pH=:7%.q8. .

° o

c=moles/kg H,0. @ - calibration curve.- c is the amount of .

-
.

prat on the .coal. ch is the corresponding equilibrium
- . S . ] ‘x ’,
., Molal concentration. cp! is the initial molal
s 2

®

13

& concentration. .

“e
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Figure IV,6. Response of thé“DP+ electrode to the c}:ange in

o

DPC concentratlon.)ln efdal fine' centrifugates. gH=4.5.
“!

. . e <
c=moles/kg Hy0., @ - calibration curve.
- 'l; . . . . \ v - v
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Eigure IV.7. Response -0f the TP? electrode to the change jn

TPB nccm,cent;:at::i.cm in coal fine centrifugates. pH=4.l.
i N

c=moles/kg*H,0. @~ calibration curve. i ~
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degrees of oxidation of the coal, 1nf1uence of sallnlty

and, to a certaln .extent, 1nf1uence of pH. , -

E ¢

Iv.34uysp.egtr_ophnmmemnem£meas.ur.ements 'a_

(8

o o

°

IS

specﬂrop tometrlc “and’ the potentlometr;c methods to

«

»

determine the adsorptlon of thetsurfactant, in thli

instance DPC and TPB respectively, on coal at its netufal
\ -

*
Fi gijfs 1V.8 and fv.9 111ustrate a comgarlson of the=

ia

,pH‘i.e. the pH of coal fines Hirectly suspended in

10"4 m NaCl (pH = 4, 3 to 4.7, ¢ = +20mV to +1lmy), and at a
.PH where %he coal is negatlvely charged. The results
indicate éhat w1th1n the exgerlmental error assoc1ated
with each method of measurement, both methods produce

ﬁ(

51m11ar results. Again, the use of the Surfactant -ion
4 ‘ ) ‘

]

membrane was preferred when conditions, for instance pH of ,

Q
N . v a T
.

“the suspen81on, permltted. - .

. poue %

Iv.BZ:SIimedependenoeoismrfaé;antadsmp,timonmh‘i

o
®

In secﬁion Iv.3.2, it‘was mentiomed that the data .

- LA

‘obtained by direct, spectrophotige%ry had to be corrected

17

because the coal—water supernatan%fdlsplayed ah absorbance

whlch might, for 1nstance, be,due to “water soluble organics
“ a
present in the coal used. Flgure Iv. 10 shows how the coal=-

water superqgtant absorbance depends on the cpntact time.
“« , - . . - . %
The absorbance of the supefhatant solution of a coal water

4 A

0 mlxture was measuqed at? 259. 1,4269 9 .and 278 nm
‘respectively. The absorbance was found to be constant’.and

was used to correct for the final- concentration of all

a

[
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Figure IV.%, Comparison ‘of the spectr,ophotometr‘ic and the

' potentiometric methods for the adsorption of TPB on coal.

14

O,‘V pH=4.3 and 4.1; A,[] pH=6.7 and 7.1. A,v potentiometry
0,00 spectrophotometry. 'c=;noles'/kg H;,‘O.'"
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*Figure IV.10, UV. absorbancé& of pure water’ in contact

with coal fihes vs. contact time.

Ar=26‘9-9 nm, A,.A‘ =2»78.0 nme.
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species dq;ermined‘bi ﬁpectrophotometryf

3
4

The adsorption kinetics of phenol, Trlton X- 100 .and

DTAB are shown in Figure IV 11 whlle those for DPC, TPB and.

HPB are shown, 1n Fmgure IV 12, In all cases, except for

phenol, adsorptlon equlllbrlum 1s essentlally ﬁeached

within the equilibration tlme of 23 hours used infl our

\ ¥

adsorptlon experiments. In the case of phenol, adsorption.

‘-

e . .
is found to increase-even after up to 300 hours of contact °

«

"time. Similar results have been’reported by Fuerstenafi and

¢ t

Pradip (74). Tﬁis may be indicative of the porous nature
: 4 . < ¥

of the coal, with the phenol molecules being ‘adsorbed into

small poxes of the coal which cannot be reached by tpe

larger hydrophobic chain of DTAB, DPC, - TPB and HPB nor by

the larger alkylphenolpolyethylene oxide molecules of

Triton X-100. As Figure IV.11 fllustrates, the amoﬁnt of

o

Triton X-100 adsorbed, even on amolar basis, is actually

significantly ldrger than‘ﬁor phen&l, at Teast for.times

.

less than 100 hours while the adsorption of HPB is

‘considerably higher than. that of the Cjg Surfactant, DEC

and the C14 surfactant, TPB. On the other. hand, the

adsorptlon of Triton X- 100 and HRB appears to be similar.

Another possible explanatlon fo: the hlgher HPB and Trlton'

X-100 adsorption, at least “at short contact times, relative
to the other surface active agents might be that the small
pores of the coal surface are not wetted with water,
phenol, and the C12 and Cy4 surfactants, or only very
slowly, but are wetted rapidly with HPB and Triton X~100.

0
1 1
"
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y cFrom this study, it can be concluded that alfhough a
pore mechanism might be responeible fbr the initial
’ ¢ 1norease in adsorption (for times shorter than maybe 10
hours),ﬂlt is also possible that the abrdlty of the
surfactant to "wet" the coal surface and indeed the poges
. might also contribute toiﬁpe increase in adsorptlon of the
* ~ particular surfactqnt. Theé greater adsorptlon of HPB on
doal can, also be attributed t% the longer hydrophoblc
chainlength compared-with either DPC or TPB ﬁerhaps
' suggesting that the important Qdeorﬁiion mechanism at this
' pH (where the coal is pokitively charged) is a hydrophobic

interaction of the surfactant and rheacoal surface. In the

case of Triton x-lpq, we might conc¢lude that - either phenol

:
2 2 a

) finds fewer specific adsorption sites than. the amphiphilic
’N\\\\S;N?ritonrx—loo molecules, that Triton X-100 "wets" the coal

surface and the pores mére rapidly than phenol, or that

“ Triton X-100 molecules uﬁdergo "end-on" and/or multilayer
s adsorption even at rather low so}ution°concenrrations,
leading to relatively high amphiphile adsorption -as
compared to phenol. Obviously, surface area determinations‘
v based on phenol adsorptlon w111 depend on coaract time and,
if taken after 1ess than 48 hours, may not include the area
of the finest potes.
/ ' '
Iv.3.6 Adsorption of smlee organic molgcnles ’

-
: Adsorptlon‘botherms for phenol and p-nltrophenol, at

the natural pH of the coal suspension, and taken after 23
- ’
hours of contact time, .are presented along with their

.

7 -
. 102



~5

=u

respectlve llnearlzed f.angmulr plots in FlgUres IV 13 -

"

Iv. 16. In ‘the case of phenol adécfrptlon on carbon, an -

adsorptlon mechanism 1nvolv1ng both hydrophoblc

A

mteractwns» and T-bonding 1ntegchc10ns between the phenol -

>
a

. R . » .
- irr-electroné and the carbon surface has-been suggested

(112,11”3',11{7,,124)‘. It haé also‘been” argued that at high” ,,

Al 3
solute concentrations, these molecules tend to be.
« ' L4 ’
feoriented to an "end-on" posjtion, giving rise to a t'w9~
step adsorptiqn isotherm (124,127). The phenol adsorption
L ]
in Fzé

isotherm ure IV.13 levels off ‘at about '(3.95 & 0.40)

‘ x 10 -6 moles phenol adsorbed Rper g coal with no 1ndlcatlon

of a second adsorptlon step w1th1n the concentratlon range
studled. If we assume that the phenol molecule is

positioned flat on the active coal surfaf"ce,and using an '

t

area for the phenol moleculg ofw0.41 ni? (74), we find the

active surface areh of coail covered by phenol to be (0.98 ¢

0.10) 'ﬁizg‘l "

W ) ©

Adlthough thls value is qulte typlcal for: vanbus coals

I
/(69, 75, 120), 1t is obvious from the discussion in the .
- $
previous section that surface areas determ;ned with
a n" )

different adsgorbates may give entirely .different results.

For excampolé since coals are normally porous, the surface

~

avai lable for ad‘sorption may not be the same as that by BET

¥y

method when either nltro?en or carbon dioxide is used as - -

et \y

adsorlgate. Furthermore, it should be mentioned that the

choice of slope (of“the linearized Langmuir ‘isotherm in

which some non-linearity is evident is also important in

\ L
» o} . -

4
w

103
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Figure 1IV.ll. Adsorption of phenol on coal .at natural

pH=4,5 x 0.1. c=mble/kgH0. Ps
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Figure IV.l4. Linearized Langmuir isotherm for the

adsorption of phenol (pH=4.5 % 0.1). c= moles/kg H90. -
c/x = g coal/kg Hy0.
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Eignﬁﬁﬁlﬁ;lﬁ; Linearized Langmuir isotherm for }he

4

adsorptidh of p-nitrophenol (pE=4.5 * 0.1). c=moles/kgH30.
c¢/x =g céal/kg Hy0.
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surface areas determinations (section II.3). In the
surface areas and free energies of adsorption calculations,
we have taken the low concentration or higher slope of the )
linearized Langmuir isotherm in each case. &n a few cases
(phenol, p—nitrophanol,nTriton X-100), the 1low

concentration slope happened to be about equal to the total

- 7w
slope. . .

Fuerstenau (74) suggested that the well-characterized
case of phénol adsorption may be usad to assess the surface
area available on coal for adsorption from solution. On
the other hand, p-nitrophenol (Figure ‘IV.15) has a maximum
adsorption:almost three times higher ‘than pheholtwith
indications of a two—step adsorption mechanism. If we can
- assume that this is caused by multllayer adsorptlon, éhis
appears to 76mmence at a free‘p~n1trophenol concentration
of about 5. 4 x 103 m, and at a surfacf coverage of about

6 x 10~ moles/g coal.

' ',
\ .
! i . /
‘ - y

IV.3.7 Adsorption of surfactants

. The adsorptlon of the nonlonxc surfactant, Triton X-

%

100, is shown [in Figure IV.1l7 and the corresponding

e e

linearized Langmuir plot in Figurg Iv.18. Triton X-100
shows about the same maxingum adsorptlon dens1ty capac1ty as
p-nltrophenol, but the dsorptlon plateau is reached only
“at higher solution concentrations. The adsorption
isotherms %f‘tthem cayionic surfactants,
' dodécyltrimctbylam@onium bromide (DTgb), QOdecyfbyridinium

chloéide (DPC), tetradecylpyridinium.brombde (TPB),

2 s 112
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Eigu;é Iv.18, Linearized Langmuir isotherm for °the
adsorption of Triton X-100 (pH=4.5 * 0.1). c=moles/kgH20;

c/x =g cogl/kg H40.
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hexadecylpyridinium bromide (HPB), at various suspension pH

values and their linearized Langmuir isotherms (at.the
natural pH) are shown in Figures IV.19 - IV.26. 1In.
general, aasgrption is found to be strongly pH dependent,
with higher suspehsioﬁ pHrleading to higher surfactant
adsorption. This may be indjcative of a surface charge
effect on tbe*adsorption of the catjonic amphibhile, or it
may simply mean that-additional anionic sites become

-

available on the coal surface as the pH is increased. The

Y

. adsorption isotherms do not show the three. distinct regions

o

observed by Gala et al.|(71) for the adéorption of DPC on
-32 mesh Pittsburg’;e ;’céal,\nor éo they exhibit the
apparently increasing adsorption gvidént‘from the data of
Esumi et al. (69), also for DPC but with points at very
high concentrations.

Figure 1IV.27 illustrates a comparison of the
adsorption of DTAB, DPC, TPB, HPB on coal at approximately
constant pH. The ad§orption at any g{ven surfactant

~

concentration increases as the chainlength of the

@

hydrocarbon tail increases i.e.
C1gPt >> Cy4Pt > CPt > cppMticHy)

Although the pHs are somewhat different leading to

.

different-zeta potentials, i.e. § = =34 gV at pH 7.1 and

H
tr = -52 mV at pH 8.6, the increase in adsorption is

-probably due not only to the increase in negative sites on

the coal but to some hydrophobic interaction of the

»
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Figure IV,19, Adsorption of DTAB on coal at different pH.

O pH=4.7 + 0.1 (natural pH), A pH=7.8 & 0.1,

c=moles/kgH0.
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Figure IV.20. Linearized Langmuir isotherm for the

adsorption of DTAB at natural pH=4.7 : 0.1.

c=moles/kg H,0. c/x = g coal/kg Hy0. l
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Figure IV.22. Linearized Langmuir isotherm for the
adsorption of DPC at natural pH=4.5 * 0.1l. c=moles/kg Hy0.
c/x = g coal/kg Hy0. .
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- Figure IV.23, Adsorption of TPB on coal at different pH.
O pH=4.3 % 0.1 (natural pH), A pH=7.1 # 0.1, [J pH=9.1 % -

0.1. c=moles/kg Ho0.
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Figure IV.24, Linearized Langmuir isotherm for the
adsorption of TPB at natural pH=4.3 3 0.1l. c=moles/kg Hp0.

c/x = g coal/kg Hs0, . .
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gign;g IV.25, Adsorption of HPB on coal at different pH.
O pH=4.8 * 0.1, A pH=6.4 0.1, [] pH=8.6 * 0.1, v pH¥10.0 2
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Figure IV.26, Linearized Langmuir isotherm for the

@

Yy

adsorption of HPB at natural pH=4.8 + 0.1. c=moles/kg H,O0.
c/x = g coal/kg Hy0.
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Figure 1V.27, Comparison of the adsorption of various
surfactants on coal. O DTAB, pH=7.8; A DPC, pH=7.9; (0 TPB,

pH=7.1 and V HPB, pH=8.6. c=moles/kg Ho,0.
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surfactant tail and the coal surface, this interagtion

being stronger as the chainlepgth increases. ®&lso the,

adsorption of DPC is somewhat greater than'that of DTAB..

Since both surfactants have a c12~a1ﬁy1 chain, one can
interpret this increase in adsorption ié tef%é of the
aromatic ring playing some paxt in the adsorption ﬁéﬁhaﬁism
of the dodecylpyridinium cation 'relative, to the
dodecyltrimethylammoniu? entit&. Againﬂthis is possible

since the -T-electrons of the aromatic ring can integpact

- with the surface of the coal (61,66,74,112,124).

v 1 '
The:free energies of adsorption of each surface actjive

agent can be calcplated from thé linearized Langmuir plot’

#H

if we assume the isotherms to be Langmuirian type.'These .

are shown in Table IV.2. The errors in AGygg are obtained

from the &tandard deviations in the intercept of the .

linearized Langmuir isotherm. It is of some importance to
include such errbr estimaggs in AG,3s values, in order to
prevent unrealisticaliy detailed discqssiqnsoof small
‘diffeiences in AG 44 sometimes found in the literature.
Thus the free energies of adsorption of phenol and p~-

nitrophenof are essentially equal. Comparing the A Gads

© oo~

values for the cationic surfactants, we find'that the free

energies of adsorption ofﬁDPC and TPB are essentially the

same, that of HPB marginally lower while that for DTAB
slightly higher. . The AG,44 of Triton X-100 is the lowest
and this lowerwfree energy adsorption might be explained by
an “end-on" mechanism. * .
b . *
| 136
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. Table IV.2

®

Surface areas and free energies of adsorption on coal by

different adsorbatesl. X . )
Adsorbate Surface area Area per molecule - AG
. . adsorbed using (kJ mol-l)
. (m2g—1) phenol as reference
. - . (nm2)
- - Q— ————————————————————
phenol 0.98 + 0.2  0.41 '28.7 % 242
' p-nitrophenol - 0.25 * 0.03 28.1 = 2.2
Triton X-100 - 0.12 = 0.02 . 23.8 + 1.6
» o -
.DTAB (pH 4.7) - 0.42 * 0.09 . 35.7 + 2.5
Co. . ‘
. DPC (pH 4.5) - 0.37 + 0.08 . 34.0 + 1.0
HPB (pH 4.8) - 0.17 * 0.01 30,1+ 2.2
\ ‘ ,
’ A Y

1erro_r estimates are from the standard deviations of the
1

linearized Langmuir isotherm.

’
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v
+ If it assumed that adsorption of the various surface
active agents occursiat the same sites as phenol
adsorption, then the adsorption area per molecule of e¥ch
surface active agent usiqg"phenoi surface areas as a
reference can be calculated<from'the respective linearized
Langmuir isotherm. Such areas are presented in Table IV.2,
Again'the error estimates'for the surface areas are.
obtained from the standafé deviatigps in the slope of the
linearized Langmuirwp}ot.. The surface area per molecule of
/%riton X~100 and HPB appears to,be similar and lower than
the other surface areas. In the case of Triton X-100, the
sharply lower value ﬂay be caused by additional surface
sites specific to the alkylphenol amphiphile, by tqe
ability of this surfactant as well as HPB to "wet" the
pores more rapidly than the other.surfactapts, by multi-
layer adsorption, or by an "end-on" adsorption mechanism
where only a small part of this molecule is in contact ;ith
the coal surface.

The possibility of multilafer adso;ption is certainly
not apparent érom the relatively smooth Langmuirian
adéorptiom isotherm (Figure IV.17). If the ethylene oxidé
chains are adsorbing, then the coal surface becomes more
hydrophébic ;ith increasing adéorption of *Triton X+-100,
‘until multilayer adéofbtion occurs. On the other hand, the
'end—oé' Aéchanism might explain ghe §light1y lower freg
energy of adsorption and the fact %hat Triton X-100 is an
excellent wetting agent (128)' for coal even at low

L)
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concentfatipns. furthér indicates that the:hydrophilié part
of ;he molecule.is indegd in the aqueous ﬁhgﬁe.

Finally, we observe a definite levelling off of the
surfactant-coal adsorption isotherés a%“the natural ﬁH\\'
unliké the results of Esumi and others (69-71). Esumi et
al. found very low areas covered per DPC molecule,
typically in tﬁeﬁrange 0.01 - 0.07 nm2, at least at the - .
higher surfactant equilibriam concentraETﬁns. The
"standard" area used &n these calculations was based on

nitrogen adsorption.‘ . These ' very low areas probably

_indicate multilayer adsorption at the very high equilibrium

concentrations of DPC studied.
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CHAPTER V

ELECTROPHORESIS OF COAL PARTICLES ®

V.1 Introduction

In Chapter III, we discussed the interpretation of the
zetd potential and the relation between electrokinetic
potentials and flow behavior of colloidal systems has been
examined. This chapter examines the applications of the
zeta ;otential in coal ahd mineral science, 5;rticularly'
the extent to which % -potential can be used as a tool to
study features of charge distfiyution at the coal interface
in the pgesen;e of a.simple salt and several surfactants.
A model which has been applied to electrokinetic data‘on
adsorption of surfactants at the solid-liquid interface
will be examined and compared to the coal=-surfactant
systems studied.

A large number of authors (e.g. 30,34,71,75,129-140)
have gescribed electrokinetic properties }zeta potentials
derived from electrophoresis or streaming potential) for &
variety of particles and adsorbates, for example simple
inorganic oxides, silver‘halide sols, glass, clays and

f

simple inorganic ions to more complex organic adsorbates.

~ Bs a result, no atteﬁpt is made to review the literature

exhaustively and only the research relevant to the present
study will be discussed. In spite of difficulties inherent

in the theory relating measured quantities to zeta

140



. Y
potentials, it is still possible to establish a useful .

correlation between a desirable but yet difficult to
- measure parameter, for instance flow behavior of colloidsl
systems, and the electrokinetic potential of the system
(129). Typically, it has long been recognized that the
zeta potential is.a good index in asseséﬁng the stab%lity
of a cdlloidal sol (43,130-133). The efficiency and

coqtrol-pf~flocculation‘or coagplation can be achieved by

7

routine zeta pétential measurements (133).

1

on the use of electrokinetic data in understanding the

L)

nature of the interaction of the surfactant with the coal

surface. As Hunter (46) suggeg%f, emphasis will Be placed

on the variation 0f electrokinetic quantltles with varlous

3
variables rather than on whit is meant: by a glngle
\

electroklnetlc potentlaltmeasurement.
V-2E.Qintgﬁm.a's:hm.e ; ; Cy -

The ionic speéies that exert a fundamental contryl on
\thq surface charge and the potential of the'diéperseq hase

are called the pdtential"determining ions (pdi). The ionic

4

species that control in general the extension of the double

layer out into the solution bit are not involved in any

specific interaction with the‘surfaée are referred to as
indifferent electrokyte ions. ‘The particular bulk
concentratlon of the potentlal\determlnlng ions for which
the surface charge is zero is termed the point. of Zéro

.charge (pzc) and is determined by a direct measurement of

<~
&

Vo
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the surface charge as a function of.the pdi concentration.

Since other ionic or polar species may absorb on a surface,

e L] - " " (] []
the surface charge effective in electrokinetic experiments

v G

may not be zero at the pzc. The point at which the pdi

concentration has been adjusted to make the zeta potential -

zero is called the isoelectric point (iep). inhthé absence
of specific adsorption of any’ionic or polar species and of

other source of charge, the‘’pzc and iep are equal (134).

V.3 Theory of ionic surfactant i on mimeral
(/"Tnkrecent years, gﬁd%rstanding of the nature of the
surfactagtbaasorption p}ocess has been greatly improved by

-the adsorpfioh and electrokinetic studies of especially

o

Dttewill,,Fue:stenau, Healy, Somasundaran and otheré"

(43,46,132,135-139). Although surfactant adsorption -

studies on' coal are relatively scarce, a wealth of

information exists concerning their adsorption from water

on various minerals such as oxides, and it is useful to

compare our work with the results of such studies. The
theoretical treatment of ionic surfactant adéorption on

mineral surfaces essentially retraces the work ‘of Ottewill

)

' (43,132) and Fuerstenau (135-139) and is generally based on

an elgbdkétion of the Gou&— Chapman-Stern~Grahame model ‘of

the double layer.

Briefly, the system is best exemplified by the

treatment of the adsorption of longchqin alkyammonium ions

on quartzf(IB?B. At low concentfagions,‘tﬁe surfactant

. »
1 kY
.
. -
N .
’
.
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adsorbs in much the same way as any positive ion but at a
certain*critical concentration of surfactant there is a
sud?en change in the ¢ -potential and a rapid increase il
adsorption density which is attributed to "hemi-micelle"
formation i.e. a, two-dimensional association on the surface
instead of the usual three—dimensioﬁal associaéionhéo form
migelles in bulk solution. %, 4 , .
Grahame's treatment of the compact double " layer
(56,132,137) leads to the following expression for the
ad§orption of surfactant ions ) -

)

3

ﬁ.= 2rc exp(~ AG%,44/RT) (V.1)
where Y ‘
8G%,q5 = zZey, +\B¢ + épa o v

Ze{p6 represents the coulombic interaction with the surface
charge in the double layer, ¢gg is the interaction of the
head group with the surface, "¢ measures the interaction of .
each of the n CH; groups between adjacent chains of the

adsorbed surfactant molecules, r is the radius of the -

adsorbing ion and ¢ is the surfactant conceﬁtration. At

thé point of zeta potential reversal (pzr) ie. when the

- @

surfactant adsorption has reduced- the C -botenfial to zero,

-

Vs is set to zero and 7&uation (v.l) becomesuc .

lIn ¢, = (In r*,o - lq 2r + ¢pe/kT) + h? /KT (V.3)

L4

o

2

Aplot of ln ¢, (where ¢, is.the surfactant concentration

at the pzr) against chainlength, n, ig linear with slope

¥
-

e
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equal - to - ¢/KT.

The éssu?pﬁioﬁs’inherent°in eguation (v.3) include
(1) thg p;tential difference between the OHP Qnd the shear
plane is sméli compared to the tot§1'éotentigltacrOSS'the
double. layer, (ii) the term in parentheses in equation

(v.3) is cons%ant at the pzr.

Q‘moﬁxﬂaﬁeﬂﬂnﬁm

Few authors have studled the effect of electrolyte and
, surface active agents on coal surfaces electrokinetically.
Klassen (140) studied the fixation of frothers on coal
electrokinetically. He found that alcohols are actively
adsorbed by coal, and to a much lesser extent by gangue
minerals. The adsorption is greatest for altohols with 6-8
carbon atoms. Jowett (141) used zeta potentiél
measurements in work involving slime'coéting ofﬁéoql by
ciay in flotation pulps. Zeta potential measurements for
both the slimes and the coal were found to be negative in
deionized)water. Fushimi (142) used electrophoretic
measurements in experiments oh %he flotation of coal. He
founq that the electrophﬁretic velocity of coa£ particles
was inversely proportional to the ash content. Campbell
and Sun (30,245,144) measured, using a streaming potential
method, the zeta ;::énhéal of Pittsburg bituminous coals
and tﬁeir lithotypes as well as‘Fhat of an anthracite coal.
They réported that H' and OH™ were the potential

determining ions (pdi). The measured iep of the bituminous

coals was in a pH range between 3.5 and 4.6 and for the /

144



anthracite between pH 2.0 and 4.5. They also found that
the iep for a specific lithotype of one porticular ceal
seam was different from the iep of the same lithotype of
another coal seam. They concluded that since the iegw and
hence the hydrophob1c1ty of the lithotypes, were pH
controlled, then the flotation of the lithotypes us1ng oily
collectors would also béﬁﬁbntrolled by the/pH.

Wen and Sun (145,146) 1nvest1gated the electrokinetic
behav1or of oxidized Plttsburg coals, by micro-
electrophoresis, in the presence of v;rious inorganic salts
Landféodecylamine. The iep reporLed forranthracite, LV-
bituminous, HVA-bituminous and lignite were respeotivel§
5.0, 4.6, 4.5 and 2.3. The iep of the HVA-bituminous coal
_‘éécreased ;s oxidation iocreasod. Again, the HY and OH™
ions were found to be potentially determioing.. Charge
réversal of oxidized HVA-bituominous coal was observed in
the presence of 10744 re3t and Fe?t ions and dodecylaminev
(l-ami;o—dodecone) respectively while Caz"',_Mg2+ and Na*
ioos_hﬁd no effect on the zeta potential of this coal.
Attgmpté to describe the role of surface forces in wet
oleaning methods of fine coal have included maximum hydro-
phobicity of the coal surface relative to the attendant

ineral matter, and it has been suggested that a criterion
for hydroéhobicity of coal is that it should have a point
of zero charge (24,33,144-147). On the other hand, Jessop

and Stretton (148) disggree with this view. They concluded




>

. criterion for hydophobicity and'that changes in the

electrokinetic potential, r , produced by altering

conditi?ns rather than the actual ¢ -values are important
as.guqh changes would indicate whether a particular ion or
surface active agentais adsorbed at-the surface. Another
hypothesis (149) argues that the contamination of the coal
surface as weil as oxidation might be reséonsible for its
negative surface charge. ’

Fuerstenau, Somasundaran and others (34,135-139,150)

i

have discussed interfacial processes in mineral/water

. systems. They have correlated measurements that reflect

A

conditions at the solid/liquid interface (adsorption
density aﬁd zet; potential) with surface éhenomena
reflecting conditions ét the sii’d/liquid/air interface
(contact angle). .Perhaps the best system representiné this
kind of reasoning is thenadsorption of lopgchain
alkylammonium. (Cy09-Cjg) acetates on quartz studied by
,Somasundaran et ait (138). From adsorption isotherms and
electrokinetic behavior of the mineral-surfactant E&stem,
‘they suggested that at low cogcéptrations.the surf;ctant
ions are adsorbed éé individual céuﬂter ions, while at high
solution concentrations interactions between the
hydrocarbon chains of those ions adsorbed in the Stern
layer cause increased adsorption. This surface aggregation
process is called 'hemi;ﬁicelle' formation. From the
chainlength dependence qf the charge. reversal

concentration, these authors calculate the surfactant-

Al

»
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surfactant hydrophobic interaction to be about 0;97 kT (2.4
kJ molfl) per CH, group. This is slightly less than the
free enerqgy of tr;gsfer of a CHy group from water to
hydr;carbon medium, which is ab;ut 1.3 kT (43).

Nicol and Hunter (151) studied the adsorption of

‘1ongchain trimethylaﬁmonium ions (Cyp-Cy4) on kaolinite and

reported the value of 1.2 kT per CH, group for tﬁe
surfactant-gurfactant interaction. Simiiagly Rendall et
é}. (152) found that the adsorption on a nylon sol of a
series of aliphatic.sulfonates (CIO'C16) in?reases by about

kT per CHy group. Recently, Gala et al. (71) reported that

the adsorption of the cationic surfactant dodecylpyridinium’

chloride, DPC, on coal followed a mechanism similar tpffg;\*\\\

surfactant—-quartz .system studied by Somasundaran et al.

(137). |
V.5 Results and discussion

v.5.1 Measurement of electrophoretic mobility by
. . ] I ] » /./

/

Traditional -methods for measuring elebtrophoretic
mobility have been tedious and slow. The transit time of a

particle is measured over a fixed distance in the

" microscopic eyepiece. This is repeated again and again for

different particles in order to compute a statistically
significant mean mobility. Poor image contrast and
difficulty of keeping track of the selected particle add to
operator fatigue. The tendency, when timing indiwvidual

particles, to pick out the big bright ones which may not be

147
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typical of the total population leads to operator bias in
the reported results. The Carl Zeiss cytopherometer
operates on such a principle. On the other hand, the Rank
) Brothers Mark II micrbelectrophoresis apparatu; with the

Y

rotating priénlmeasures the movement of a large number of
particles at the same time. Modern instruments ;uch as
this one are designed to make zeta potentialgmeasuremeats
quick, easy and accurate. ‘

Figure V.1 illustrates the zeta potential as’
deterq’ned by both the Carl Zeiss cytopherometer, and the
Rank Mark II apparatus_using the flat cell, both pnder
identical conditions (-200 mesh, 10'4m NaCl). The results
are identical within expected experimentalférror: Platinum
electrodes were used in the Carl Zeiss, cytopherometer while
both platinum and palladium electrodes (153) %ere used in
the Rank Mark II instrument. We found Ehat the palladiuﬁ
electrode precharged with hydrogen (153) was more useful
thanthe platinum electrodes especially at high electrolyte
‘concentration as the use of palladium electrodes eliminates
the problems of electrode polarization. Thg rotating prism
method has an advantage over the one~particle measurement
metﬁoé in that a large number of particles.are, in effect,
observed at once and this gives a better distribution of
the total particie population. HowéVer, there is a greater
scatter in the data obtained by the Rank Mark II than with
the Carl Zeiss. This is dug'to the fact that the rotating

prism gives a better dist;ibution of the particles whose

4
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Figure V.l. Comparison of the z;ta i)oténtia} as determined
by the Carl Zeiss cytopher.ometer (open symbols) and the
Rank apparatus (flat cell) (closed -symbols) of coal
particles in surfactant suspensions. O, DTAB pH 4.5, 4.7;

.,D DPC pH 9;0' 9-2.
}
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electlrophoretic mobility i easured anfi hence an

average mob‘ﬁ’ity perhaf)s \closer to the actual particle
mobility than the one-particlel of the Carl Zeiss
instrum;ent. In o;:her words the seemingly lowe‘r‘ scatter
shown for the data collected with the.Carl Zeiss
cytophsrometer may in fact Jref'1e~ct a combination of
restricée\d par%:i%igégelection and operator bias. We also
compared \Qhe electréphoretic mobility as determined from
both the flat cell and the cylindrical cell of the Rank
Mark+II apparatus using the potassium chromium sulfate

hydrosol, KCr(S04),.12H,0, employed by Hepler (154), as

well as coal part;icles. The electrophoretic mobility for

KCr(S04) 9.12H,0 was found to be 1.41 * 0.03 ums"™

l/ven~! (flat cell) and 1.44 # 0.10 yms~1/vem™!

(cylindrical cell). 'Hepler et al. (154) described a

velocity~depth profile method used i{:o calculate
;-

electrophoretic mobilities of colloidal particles. These

4
authors state that normal microscopic electrophoresis

"

" methods using only measurements at the plane pf Zero
" osmotic flow are known to.be poorly reproducible. They

‘reported, from velocity-depth profile measurements, a valq}e

Il

of 1.64 + 0.12 ums~L/vem~! for potassium chromium sulfate

hydrosol, lKCr(SO4)2.12H20. Our results E:Omparé gxt;remely
wellxz’vith} another literature value of 142' ums‘l/\“!cm"l

(155) and moderately well with Hepler's result.: It should
be mentioned tIhat the velocity-depth profile method

regquires several measurements to obtain just one

151 ‘ B

r


http://to.be

»

3

¥

L3

*

1

electrophoretic moébility* and hepce can be more time
consuming than even tHle one-particle measurement at the
stationary plad@. We found that the electrophoretic
mobility of coai particles determined using the cylindrical
cell was systematically about 5-10 per cent higher than
when the flat cell was used. It should be noted that part
of this error may be caused by the optical correction
necessary with the cylindrical cell gu& not with,the flat
cell, a correction which may be i;ﬁer}or‘if the thicknéss
of the glass is not accurately known. Furthermore, location
of the stationary plane is more cr}tical in the cylindrical
cell. Because of the fairly good agreement between the
ﬁata obtained with the flat cells in both the Carl Zeiss
and the Rank Mark II instruments for thebcoal particle
electrophoretic mopility measurements, and the good
correspondence for the.botassium chromium sulfate hydrosol
data obtained in these cells with literature values, we
have used the flat cell of the Rank Mark II instrument for-

most of our investigations.

V.5.2 Electrophoresis

v.5.2.1 The effect of electrolyte on the electrokinetic
potential of coal

Figure V.2 shows the zeta potential of the coal as a
function of pH in the presence of*varying concentrations of
NaCl solutions. THE isoelectric point (iep) of the coal in

104 m NaCl'was at pH 5.2. There ié a small acidic shift

of .the iep as the coqcentratig; oﬁltpe electrolyte
A

increases (Figure V.2, insert (a)). a given pH, the

o
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Figure V,2, Variation of zeta potential with pH at various
salt (NaCl) concentrations. A 1 x 107% m NaCl (iep 5.2);

O 0.017 m NaCl (0.1 %) (iep 4.6); Dd 0.034m NaCl (0.2 %)
(iep 4.1); VvV 0.68 m NaCl (0.4 %) (iep 3.8). Insert: iep
vs. % NaCl; arrow: % NaCl of CBDC washing plant process

water.
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absolute value of the zeta potential decreases with

increasing electrolyte concentration. This is due to the

compression of the electric double layer around the coal
. )

particle. The cross-over point for all four electrokinetic

isotherms is at pH 6 when ¢ is about -10 mV. This C:J:‘
perhaps indicative of some C1~ adsorption on the coa —

surface. Similar results were observed in the detailed
electrokinetic studies of Angle and Hamza (156). Although
the reSqlts suggest‘some c1- adsorptién{ i.e. NaCl may not
bé an indifferent electrolyte (section V.2), the dramatic
effect that the pH exerts o? the c-poéential (and, by
inference, the su;face charge) indicates that Ht and OH™

are potential determining.ions in this system and that

perhaps the HY and OH™ are much more important Eh@n the C1™°

ions. Campbell and Sun (30) and Wen and Sun (145) likewise

reported that Ht and OH™ ions were potential determining
t

for several Pittsburg coals but NaCl was an indifferent

electrolyte in those coal systems. The coal used in the

‘" present study is positively charged ( z = +10 mV) ‘in

deionized distilled water in contrast to the coal used in
the studies of Wen and Sun (145) and the coals used by

Esumi et al. (69). ] ’ 7 .

V.5.2.2 The effect of surfactant ,Qn the electrokinetic
potential of coal , ’

. . L
The effect of surfactant adsorption on ‘the
electrokinetic potential of ~200 mesh coal is shown in

Figures V.3 - V.7. Figure V.3 shows that'the zeta
. » - N 5
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Eigure V.3, Effect of Triton X-100 on the zeta potential of

A

B

coal at pH 4.7 + 0.1.
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Figure V.4. Effect of DTAB on the zeta potential of coal.
r—~
A pH 3.1 % 0.1, O pH 4,7°+ 0.1, [J pH 7.0 %= 0.1, y pH

8.6 + 0.1, NaCl'concentration 1 x 10-4.
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Figure V.5, Effect of DPC on the zeta potential of coal.
v pH 2.7 2 0.1, O pH 4.6 0.1, A pH 7.0% 0.1, [0 pH

* 9.2 %0.1. NaCl concentration 1 x 10-4,

*
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Figure V.6. Effect of TPB on the zeta potential of coal.
vV pH 2.7 * 0.1, O pH 4.5 * 0.1, A pH 6.8 = 0,1, [] pH

8.2 + 0.1. NaCl concentration 1 x 10—4,

-
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Figure ¥.J7. Effect &f HPB on the-zeta potential of doal.
v pH 2.5 0.1, O pH 4.5 £.0.1, A pH 6.8 0.1, [J pH
9.8 + 0.1. NaCl concentration 1 x 10-4.
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potential is virtuglly unchanged by the additiqn of Triton
X-M0.. This must mean that the shear plane is not
noticeably changed by the adsorption of this non-iogic
sﬁrgactant. In a study of the stabiIity'of carbon
suspensions, Kratochvil and-Matijevic (157) reported that
the pointmof‘zero.ghhrge (pze) of all carbons studied
shifﬁed towards lower pH values with increasing
concentration vf Triton X-100. The electquin;tic
mobilities are hardly"affected by the addition of Triton X-
100 at high pH val&es,: However the carbon particles become
less positive in the acidic range as the-added surfactant
‘concentration increas;s. Since it was also found that ;he
ddsorption_of Triton X-100 was noé pH dependént, they
contluded that, in acidic solutions, the surfactant is
adsorbed on thel caarbon//surface in a "collapsed"
configuration én? consequently the shear of ;lane would be
nearer to the particle surface in acidic suspensions. They
'claimgd that thié configuration would‘rgsult from less
’hyd;atioﬁ, presumably implying that the poﬁgnt@al
gl‘éegefyining it or H30¥¢;ons-a€e displaced froy the surface
by the Tcollapsed", noniﬁgénazéd.;urfactant chain. In the

¥ lcba;JTgigon'X~iOO syséem%' ﬁgé’constancy in the zeta
ﬁ,potentigllﬁiéht'Euq%§§F the adégrhed surfactant ;s~indeed
presén@jin‘a&'69llépsed”“cgh@ﬁgp%ation bt without

' .displacing plane @f.shear, or without displacing potential

"+ determining ions. Another Eﬁésiﬁrx“more simple -explanation

. Ln @

is that the Triton X-100 molecule is adsorbed mainly, on the’
[ < !

v
)
'/ . L] s Lt PO . .

v

&
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inner surfaces of the coal and as such does not influence
the surface of shear. - ;

On the other hand, the adsorption of the cationic’
surfactants, DTAY, pp*, TP* and HP*, strongly alters the
electrokinetic potential of the coél. In general, when the
coal is initially negatively charged (pH > iep), catio;ic
surfactant adsorption causes charge reversal. However, for
§olution pH below the iep, the surface charge still
increases upon surfactant adsorpt%on, in -spite of the fact
that the surface chargebig already positively ?harged.
These observations seem to indicate that the adsorption of
the cationic surfactants occurs throughg? combination of
electrostatic and hydrophobic binding. The initigl slopes
of the electrokinetic isotherms fot DPC, TPB and HPB are
rather sharp and similarmin contrast to the slspe‘for DTAB.

This is hsually an indication of a highly favourable
-1 .

adsorptioﬁ'process and suggests that the adsorption of DPY,

° 7p* and HP' is more favourable than that of DTAY. This is

also shown in the adsorptién isot@grms of these surfactants
on coal (Figure 1IV.27). l

In view, of an interpretation in t;rms of the
adsorption mechanism, it is of particular igt&rest to
compa‘r:e the chainlength dependence of ?ese electrokigetic

isotherms "and the -corresponding adsorption isotherms with

the ‘electrokinetic isotherms for surfactant adsorption on . ~

oxide mineral surfaceb,“teported by Somasundaran et éf.
(136-139,150). . The theory of ionic sgrfacﬁ%nt‘adsorpﬁion
4 ; ' . - .

S & "
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has been discussed in )section V.3. .From Figures V.4 and
V.5, we find that cha;ge reversal occurs at a free.
surfactant concentration of 6 x 10~5 m £or DTAB at pH 7.0
and at 2.2 x 1075 m for DPC at the same.pH. Similarly,
t = 0 at 7.3 x 10~5 m for DTAB at pH 8.6 and at 3.3 x 1075
m for DPC at pH 8.2, Charge reversal of the coal particle
occurs at a higher surfactant cencentration for DTAB than
for DPC at a fixed pH. This is probably due to the added
surface interactions of the pyridine ring of DPC with the
coal. Similar resulis were reported on.the behavxor of
silver iodide 501;/1n the presence of the same catloglc
surface active agentS‘by Ottewill (42,132,158).
Somasundaran et al. (137-139)nfeuﬁd that the charge
reversal for alkylammonium ions on quartz variee from about
2.2 x 1073 K for €, to about 6.6 x 1075 M for Cyg. When
we consider Figures V.5 - V.10, we note a very dxffebent;
behavior, for the surface charge reversaltgf coal due to
alkylpyrld}nlum cation adsorption. For example, 1& Figure.®
V.8 the surfactant concentration at zero charge ( Z\= 0,
sczc, determined fr;m interpolatioﬁs of - the data in Eigures
V.4 - V.7, is found to be practically ihdeée ent of the
alkyl chalnlength at a glven pH, and equals about 8 x 10 -6
m at pH 7y at which pH the zeta potentla%ﬁft the coal
iﬁself is about -30. mv. Howeverq ,the Bczc (surfactant
concentratlon .at zero charge) seems to be dependent an the
added interaction of - the pyridxne rxpg\of‘fhe

&

‘alkylpyridinium surfactants s;nce, for example, at pH 7 the .

168 -
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chainlength aund

« % -

.

scze is about 2.8 x 105 m for DTAB while, as previously

N

mentioned, it is about 8 x 10-6 m for all the

alkylpyridinium surfactants. ‘“

Figure V.9 shows that at a given pH and equilibrium

surfactant concentration, the zeta potehtial varies

regularly with pH and is practic&ly independent of the

surfactant chainlength. Yet, the actual adsorption;dens_i‘ty.

€ -

at the iep, n,g, increases with“increas‘i‘ng :Ehainlength‘, as

can be seen in Figure V.10. 'nzc is calculated from the

adsorption isotherms shown in.Figures IV.21, IV.23, and

Iv.25. T&pically, ‘again at pH 7, n,o equals 2 x 1076 mole/

g coal for DPC, 4 x 10~6 mole/ g’conl for TPB and 8 x 10‘;5'

mole/ g' coal for HPB, According to Somasundaran et‘al.,

(137), a plot of in sczc vs. n (equation V.3) should

- determine the interaction of each CHz group betWeen the

adsorbed surfactants. . In this =200 mesh coa'1-surfactant

éystem, there . \is\ no such correlation between the

é concentration of the surfactant at zero”
zeta potential. As previously mentioned, the sczc of the

[}

alkyipyridinium surfactants seem to be independent of alkyl

) cha1n1ength, for instance at pH 7 the sczc .is about 8 x
10'6 m.. The reproduc1b111ty of the sctzc at the/se low
'surfactant concentx:atlons 1s ‘rather poor. Nevertheless e
the: important pomt is that whenk’ﬁ:-he sczc for a Cyg-

’surfac’tant is around 10"5 m, "that for ,ar Clz surfactént

should be around 1073 m accordance’ w1th the theory of

Somasundaran et a“’l. (137) and this is cert,?inly not the"

~

¢

)

bt 3
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‘case in this‘coal—surfactant s§stem studied.
nOsseo—Aqgre et al. (159) in a study of the
electrokinetics ,of silver iodide sols in various longchain
sulfonat;s, obtainea a value of 0.50 kT for the interaction
per CHp andﬁs&ggésted that pé;haps this low value was due
to the,sﬁrfaétant‘ﬁolgédles lying flat on the surface of
the silver iodide at least near the iep. This might be the
, 'case in the coal-surfactant systém or it might be that as
| the .surfactant concentration increases, there is a
“displacegent of the §hrface-of'shear and hence the measured
zeta_ﬁoteniial'is not. at the same distance from the

surface. It should be'noted thaﬁ Mishra et al. (160) also

did notgobserve-"hemi-micelle” formation for the adsorption
., :

kS

-

df DTAé on hyéroxyapatite. _They suggested that the large

prat héadgroup probably prevents the chains of the adsorbed -

; surfactants "from int;racting.

‘ Figures V.11 'and V.12 show a comparison of the
elctrokinetic- and adsorption isotherms of DTAB-coal and
HPB—cggl systems respectivg&y. It is clear from this
comparison that electrokinetic isotherms cannot be used to

estimate the adsorption density directly. Reasons fos the

LN

remarkﬁble constancy of the zeta potential}fvenmwhen the -

" adsorption density continues to increase, mak.be caused by

+ \
a displacement of the surface of shear upon further

gsurfgétant adsorption, pa}tially cancelling the effect of

addédxpo itive charge on the surface, or by anxion pair

mechanis as‘huggestse by Kosman and Rongl (105).
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Figure - V.11l, Comparison of the adsorption and the electro-
kinetic isotherms for DTAB-coal system. A adsorption pH

7.8 £ 0.1, v zeta potential pH 8.6 * 0.1. ..
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Figure L.‘Lz._ ComparJ.son of the adsorptmn* and the electro-
’kmetlc 1so‘therms’for HPB~coa1 system. y adsorption pH

10 0 * 0. 1 D zeta potential pH 9.8 x 0.1.
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From' the discussion in the previous sections, it Seems
.that surfactant adsorptién. oa/coal cannok be explaxned by a

"hemi-micelle™ formatlon mec@anlsm as used for the caseoof
\ »r G

varlous oxide m1nera1 surfaces (43, 46,132 135 139). The’

relative constancy-at a given pH &f the surfactant
w ~ »

concentration at Zero charge, sczc, for the Cyj5, €14 and“
s \

Ci6 PYridinium surfactants leadstus-to believe that the
4 . ?

surfactant alkyl chain~finds enouéh space on ‘the coal
surface to adsocb completely. Frgm a compafisonodk the
electnokinetié— and adsorption isotheims, it aﬁg;ars as if
after a certain surfactant concentratlon 1s reached either
(¥) the plane of shear is displaced or '(2)_ the surfactant‘

adsorbs*as an ion palr,when ghe concentration of the'

S

surfactant increases beyond this "critical” concentrption.'
Furthermore, - given _the relatively low value of the
. . Y
apparent’ surface as calculated from the adsorption:<isotherm.

of phenol (Chapter V), a compound which might find

relatlvely less aqtzj:nt sites for adsorptlon, and the fact
E)
that surfactant adsorption den51ty 1ncre2%e§ at pH > iep,

LY

it does- seem that ,4dditional surface t accom@odate the

alkyl'g}oup is available. Thus adsorption of thelcatfonic

L

surfactants may indeed involve both e}ec%rostatic

(headgroup)- and hydrophobic (alkyl chain) bonding to the
|

coal surface. In'addition, because cqarge reversal of a

St

negat%vely > charged ’'coal surface occurs at a higher

’
¥ -

surfactant qpncentration for DTAB than DPC,‘%t seem as.if

L]
o ' 3

. © 181
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the q aruﬁatic ’ ring ‘ plays at least some patt En the
adsorptlon mechanism of these surfactants, poss;bly through
v T -eleqtngns interaction with tHe coal surfac This 1¢
further substahtlated from iZéorptlon data (Figure IV.Z?).
As\ sﬁch, surfactant~surfactént 1nteract10ns :do ‘%chgt
1nf1uence the adsorption of surfactant on -200 mesh coal as
'mthey do on mineral -oxide surfaces. .
* Finally,, Flgure V.13 111ustrates a p0551b1e mechanism
_of agsorptlon of a cat10q1q-surfactant on a coal surface
‘and a<typibal mineral surface. If the alky%_chaln of the
surfactapta does indeed iﬁz’ flat on the coal surface, as
shown -in Figure Vulg aB,"this could imply that adsorptlon
ef these cationic surfactants on the coal surface, even at

pH"S"iep, does not improve the hydrophobicity of the coal

-

surface. Hence .DTAB, ﬁPg, TPB. and HPB will probably be -
! poor dewatering aids as well as‘pogr collectors in- =200
o
‘mesh coal flotation operations.,‘On the other hand, ionic

o

surfactant ad5qxptlbn on a charged m1nera1 surface probably
occursw with the%surfactant alkyl chain orlented awa§ f om
the surfaceJ towards the water phase. This is possible|if
» the* pblar ’sites "sepgratiog "is .not large enough/ to
accommodate’ the tq;l"of the surfactant (Figure Vv.13(b)). In
such a’-case, ‘there is an ' increase in the hydrophobic”
character of the mineral, and ; surfactanttsﬁrfactant
interaction or, "hemiimicelle' formation . may occur. We

could expect an 1ncrea§e in the flotat1on propertles of the

mlneral (33 34,161).
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, . ' CHAPTER vI
STREAMING POTENTIAL- HEASUREMENTS oF COAL- PARTICLES

L4

VI.1 Intreduction ‘ SRR . ) .

, As previously mentioned, considerable ag;ention'hes
> N o

béen éfuhted; in tecent years,~to the use of electrokinetic',

ﬁethods, part1cu1ar1y ele tr0phore515 and streamlng

potent;al measurements, to detect modlflcatlon of mineral

3 r

»

surﬁaces, for example quartz, hydroxyapatlte, corundum,etc.

(110 I35~ 139 150,160). These methﬁds axe belng

F

increasingly applled to coal surfaces as well (30,69-

?L,145,148,149). Becauseoof experimeéntal 11m1tat10ns, for

@ =

v " s
instance gravitatldnal settling, mlcroelectrophore51s is

normally employed to obtain the zeta potentlal of 'small
coal particles, typlcally in the microh range (71,145,156).

Streamlng potentlal measurements are normally performed on

"much latger partlcles, for 1nstance +80 mesh or larger mesh

£
*

size (30,110,148,149). ) , ‘fé .
,f In Chapter V, ve reported~ e zeta potentaal

-l

measurements on fine coal ( 200 mesh), in aqueous solutlons

>

- of various cationic sut¥actants and of warying pH,,by means

of a microelectrophoresis techn i

¥

that the varlatlon of the 1soe1ectrf point did not follow

eleetroklnetlc isotherms

4 * .


file:///nuch

.

o

/

' potentials of coal particies. ;

o
-

. o

" surfactant systems (section 'V,3). “We ‘suggested that,
A
'these catlonlc surfactants fi

perhaps enough space

avallable on the surface of the ~200: mesh coalqand hence

die w1th the hydrocasbcn~ta11 alonq the coal surface rather-

L] -
»

than away from it, o . - . .

In this chapter, we report the zeta potent1a1
measurements of coarser size coal particles (-28 + 35 mesh)
by the streaming potential technique and compare the

results with those obtalned,by mlcroelectrophcre51s

(Chapter V) on a smaller size.fraction (<200 mesh) of the N
1

.v

§ame coa&. Hence, we discuss the effect of particle size
o s "

o

on zeta potential and the relation between electrophoretic-

. 7 PRI

qna streaming potential methods for measuring zeta

o (

V1.2 keviewlof related studies c S
Sections V.3 and V.4 dlscuss the theory descrlblng the

influence of'surfactant adsorption on the zeta potential of

colloidal partlcles and the relevant 11terature. HowevVer,

-

the comparlson .of zeta potentlals of paftrcles as measured

a o

»
by. streamlng potential or ﬁy mlcroelectrophore51s has not

- <
N 1

been examined. Irrever51ble thermodynamics (sectlcn Ii.S)
N 1 -

- shows unegivocally the relatlon between stteaming potent1e1<

« ®

®

and electroosmosis, indéﬁendent of{?xperimental mariables

¥such as void fractlon, surfacé condictance, etc. - 0verbeek

. (40) concluded that equation I‘I 18 égn be applied to porous

plugs’ prov1ded,t§at the surfacevconduptance is zero. As,
"Hunter §46) pcinted odtn,this‘also xeéuires that the_liquié

- . 186 :
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“*

[

B
~

L]

v . °, : N ; .
flow through'the porous plug be 1inedr and laminarnand some -

cautlon is adv1sab1e 51nce streamlng potent1a1 measurements .

4 . -

requlre the” appllcatlon ‘of an external pressure. Although ~°

turbuléence ‘is not a prohlem under normal cond1t10ns, npnr
4 ° . &
llnearrtles occur vhry readily in porous medla. ¥

Furthetfmore; the’ treatment of electrokmnetmc phenomena in "+ .

% -

‘a porous plug presents some prpblems in s1tuat10ns where ¥
’ " . . . i { &. o *

syrface conductance becomes of importance, for instance.at

€.

g

-

&

‘equation II.I8 dnd concluded that if these ate ignored, the’

. : ~ .
low electrolnte condentrafions} This situation is.- .

-

discussed in conS1derab1eflength by Dukhln and, Derjaguin h

(47) and an excellent summary of the llterature is given

S

4
there.* Nevertheless, we w111 g{esent a\brlef dlSCUSSlOH of

the problems associated with. the measurement of streamlng
'vl 3
potentlalsu There has been considerable controversy as.to
. g -
‘the agreement to be expected between the relatlve speeds of

¢

motement of a SOlld and a liquid when such speeds are '

. '

measu;ed by the various electrokinetic methods. Slmllarly,,

there has Heen difficulty - in. assessing the effect™ of °
, .
partlcle size. on the electroklnetlc potent1a1 .

o

Al L

In a review of the mea memeht of streamlnq
@ ® A VA 0
potentials, Fuerstenau and Ball (162) ‘discussed the

.

‘problems for instance of tne choice of the ratio E/P in

7

t

& . M * 1 ‘. - .
measurements cap lead to erroneous conclusions. The proper,
. : i1 i S

R -
qhoige of the ratio E/P- in Equifion II.18.is very important

1n determining the zeta potentlal. Somasundaran ‘as well as s

Campbell (30,163) obtalned the E/P value by d1v1d1ng the n

IR

“

o


http://plug.be

&

.
- a
- © N -~

> ’ 4
ftumerical value of E by the corresponding numerical valye -

of ®. "It was found that the numeric‘al'E/P‘ ratio@%,eré' not
féoqstﬁnt under a given set of conditions but -varied with
wthe %ressure difference, particunlarly at low values. It
was also found that 1n many cases, the\E/P ratios “were
dlfferent for the two 11qu1d flow dlrectlons (162, 163).

‘Other "authors (110,}1;,150,164) have chosen to use the

v
.
2

slope, as indicated by Equation II.18, of a plot of

streaming poﬁentiél,tE versus pressure, P. In most cases,

.although the. plots wéée linear, theyadid‘not pass through

the origin. Also the streaming potential observed when the
1iquid flowed in one direction was not the same when the

flow was %eversed altﬁoﬁgh, in general,ithe slopes of the E

versus P plots we;e usually'éimilar. These occurrences

seem to be the rule rather than the exceptlon and have been

explalned in terms of ‘an asymmetry potent1a1 between the

2 A4

,1nert electrodes used in the streaming potential measure-

y

@

1S -
mgnf;? ., v ~

The effect of particle size on the streaming potential’

I3

has alsowbegn studied in order to test the range of -

applicabi¥ity of Smoluchowski”s equation. In addition, the
’ c

-

following important question cgﬁ also be clarified: "Do the

properties of the surface really remain invariable on

c}ush}ng the folid,,or is the "real" zeta potential a

function of bartic&e’éﬁze'? A 1on§ time ago, Bull and

"

Gortner (165) measured the streaming potential on several

y v "
fractions of quartz powder at constant electrolyte
\

% - “ >

A : - 188
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_ approaches to calculate the zeta potential from streaming .

, where o may be considered as a constant to be determined if

the quantity of material and'the-diaphragm‘packing remains-

concentration. They concluded that the streaming potential
. ¢ ¢ )

El

increases as the particle sire increases up. to about 100

microns and then rehains coﬁstant. 6ukhin and Dergaguin -,
% .ol
(47) suggested that the dependence of the streamlng . -

potential on part;cle 51ze-q;ﬁ not signify @ violation' of

the pgﬁhClples of Smoluchowskl s theory, but’rather

! Lo

reflected the growth of the uniﬁuence of surface .. -

cohduotance with decrease in the average pore radius. A

) 2 ° [
study of the literature reveals at least four dlfferent
>

potential data under,the infldence of:surface éﬁnductivity.
The first attempt to tackle,this problem.was made by Briggs o

(166) hho‘suggested'that, for the case of porous plugs, the

»
>

streaming potential is proportlonal to. the speclflc

conductivity, k. s Of the llgUld in the poréb rather than

p
[
the specific conduct1v1ty, K,rof the bulk solutlon. The

P
conductance, K. » Herce accondlng to BrlggSW(IGG), the
s -

difference betwé%n K'ﬁgnd k is referred to as the sur?ace

L]

"true” zeta potential, Ly ye, is related to the zeta

q .

potential, Tgpy calculated from equation II.18 by 3 ey

t ’ ¢ o

‘ °Etrue/CSm = Kp/x =17+ Kg/K “t vy e

, o ‘ L
Ghosh (167,168) suggested' pye is' relatedN\;o'Ggy by :
Terue’lsm = 1 + akg/x oo , VI.2)
[} ° T g ’ (
Ed A!’

s ’ ‘ . A 7Y
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. invariable. ‘Roy (169) measured electroosmosis and surface

~ - - v

pm) and the sedimentatioh potential on Ewo 1arge fractions
, of the sape powder (89" - 105 umwnz - 211, um). He
~ , ' reported that the values of g calculhted ftom

Smdluchowk1 s equation and of ; calculated from Ghesh's

P ®
o

equati®h (equation vI2) proved to be very close. 1In
Y]

. general, fﬂkhln andgyerjaquln (47)‘st1pu1ated that the
$ * s

ﬂ; . . calculation ofjc. on the basis of elecurokinetic measure-
~a p] "
. - ments in porous dgaphrag@s complicated by surface

Y

conductance is useful only when equations VIi.l'dnd VI.2

s ¢ have been proved valid for. each concrete case.

- -

‘o summarlze, a study of the literature reveals'at .

least. four dlfferent agpvoaches to calculate the =zeta

potential from streamlng 'potential data under the influence

v 3
N v ¢

o of surface conduct1v1tyc Some authors (170 173) suggest
> that in cases 1nvelv1ng the compllcatlng influence of

: isurface conductance, T cannot be caltulated exactly by
. electrokluetlc measurements on porous dlaphragms.Others

\ (170,174J»suggest that the geouetry of the pore space is
s ‘ also an importaﬂt,congr?buting facpor in c‘—potenﬁial
calculation from streaming potential data and that

; ) dependﬂ'! on this geometry, equation VI.l may be ‘either
close qé far from the truth: On the other hand, in

surfaces, most inyestigators (30,111,149,150,173) have

‘ignored the surface conductance or have mentioned that in

. (& < - '
1 ' ) .
@ ° W
.
'
v

i90,.

. . e ) .
: conduqtance-pn four quartz powder fractions (49,56,89,124 -

[

4

d%terminiﬁg'the zeta potential of mineral- and coal®

-
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VI&Besnltsandessussmn R : e g

v L3

Flgures VI 1l - VIS shov the eﬁé’ect ‘of flow on the ’ 4

,
NS ’ .

potentlal measured between platlnum electrodes separa’t

. by a packed ¢oal plg’g in the _presence of 10 -4, m NaCl
(N

'1s allowed ‘to flow through the, cell w1th the coa&@porous Lo e

-

; obtained. . . A

fa

(Figures VI.1 and VI. 2)ﬂané in the'presence of both salt, ' 5 a

and. surfactant (Flgures"VI 3»— VI 5). Th.e meas;urement of * .

=

EAY
lthe streamlng petentlal has already been descrlbed (sectlon Ty

II1.5. 2). The recorder\ is turneld O}at (1) and the liquld . £y

fmd ERY ~—

When the potent1a1 is sgtable at (2), ‘

Ts’*noted.

plug: (Flgure III 2).
'I.‘hre +

PR

the ‘flow is stopfed and the Jpressure
correspondlng streaming potent;al is the d1fference between . q
(2) and (3)." The’ flow in one dlrectlon, say left to rlght. “

is resﬁmed for severai pressures and the correspondlng . oo
streaming potent1als are recorded., The’ flow is reverse&" SRt

',ro

and the process is repeated. From the results, typlcally ) .

-

shown, in Flgures VIi.l - VI.5, plots of streammg potentlals

versus pressures, as shown, in Figures VI.6 - YI.’IO, are, e

' . &
) /.

:
: .

. Typical examples of the-streaming potential versus, ~

pressure plots are shown in Figures VI.G‘:- %I.10. The

Py "

plots are generally linea;%ahé the skopes r‘enain the sa;me

within experi:mental error upon reversal of the direction of B

the flow of the solutlon (110,111,162,176). " In addition,.
the straight llnes do not e}trapolate thrcugh zero B}

potential at zero pressure.

»

) 4
[N

” . . M v

» 191 ) . ' ‘

This is a common obse‘rVatlon g
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Eigure VI.l. Streaming potential of coal plug in 10~ 4m

., NaCl. pH = 9.3 % 0.1. (a) flow right to left, 'R_i-bL, (b)

* flow left to right, L—>R. Negative éqtface of shear.
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Figure YI.2. Streaming potential of coal plug in 10-4p
N ' 1A : [N
Na€l. pH = 10.1 %°0.1. (a) flow right to left, R—»L, (b)
£

1
3

, flow left to right, I~—»R. Negative surface of shear.
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Figure VI.6. Streaming potential' of coal plug as a function

of driving pressure at different pH. O pH 5.1 * 0.1, v pH

6.3 + 0.1, OpH 7.7 * 0.1, A pH 10.6.x 0.1. ‘Open symbol: L3

right—»1eft flow; closed symbol: left—s»right flow. NaCl

conc. 10~4 m. ‘
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', Figure VI.Z, Streaming potential of co.al?plgg wWith

s

surfactant solui:ion: DTAB. O pH 5,3 *+ 0.1, O pH 7.5-°% 0.1, 4

pH 10,3 : 0.1, Opeh symbol: right—sleft flow; closed g

. & A

myacy = 1074 mprap = 6-48 : :
‘X 10_4.; ‘ ' . t o o
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symbol: left—wright “flow.

a ,
’ ’ %
N
. .
Rﬁ -
.

) » . ¥
- a ‘ 3 1 "

. .

o
.
- b [N
1 - ° ~

-~ 204 ..



A

/

A

A\



»

Figure V1.8, Streaming potential of coal plug with
surfactant solution: DPC. O ,pH 5.5 0.1, Q pH 7.0 % 0.1, 4

‘pH 10.1 *0.1. Open symbol: right—sleft flow; closed

symbol: left —» right flow. myucy = 1074, mppe = 3.52 x |
1075, ' '
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Figure VI,9. Streaming potential .of coal plug with

* surfactant solution:

HTAB. O pH 5.4 0.1, v pH 6.4 : 0.1,0
& . " }
pH 7.7 * 0.1, A pH 10.4 *+ 0.1. Open symbol: right—pleft

‘flow; closed symbol: left—»right flow. myacl = 10"4‘
MygrAR = 1.37 x 10-S. ' '

r

.
b »

208



AEAEYA

w4

3

@

=
o *

‘9



Y * 0
R ?
[
‘, ¢ ! '
R
v . \
. A 3
\ L3
- . * . )
4, N 1 ¢ *
' LAY . - - . - .
. o #
< ‘Eigure VI.1l0., Streaming potential of coal plug with
@ surfactant solution: HPB. O pH 5.4 :*.Lo.l,j‘v pPH 6.7 = 0.1,A
X ~g . ) ' v
o : pH 10.4 ¥ 0.1. Open Symbol: right-—sleft flow; closed
- ' symbol: left - right £low. my,e; = 1074, mypy = 1.30 x
1074, :
[y
. t \ )
N .
\ v
. | . .
‘ ' ™ 210 ' C,

db



.




’

- "

with this method (111,162,175) and has been attributed to

the asymmetry potential of the electrodes used. In our

"case, this asymmetry potential, was rather small, usually

< 10 mV. BAs the recorder is turned on, a "no-flow"

po;entlal, i.,e. a potential when no llgUld ‘£lows through

the porousj&lug, is observed. ThlS potentlal is usually“

small ( < 16°mV) and constant, as 1ndlcq359zby the falrly
constant- basellne in Figures VI.1 - VI.5. As the llquld
flows through the coal plug, an 1ncrea§e in potential is
obsérved, asmdgscribed ea#lier. This increa®e in potenpial
is taken toabe the snream}ng potenpial and the so-called
"no-flow" potential is neglected in the calculation of the
ﬁ@tn potentiql from streaming potenﬁinl i;ta.t High driving
pressures were also avoided so as to.minimize turbulent
flow thrnugh the porous ilug; We feel that in determ}ning
the zetaapéfentiai, it -is necessafy to determine streaming
potentials at several pressures and use the true sloﬁes of

\

the lines rather than the method of measuring the stfeaming

: J
potential at constant pressure as used .by Somasundaran and

Campbell (30, 163) -

e
|

It is also useful to discuss- the errors 1nvolved in
the actual determination of ¢ . Aq 1ndlcated from equatiodn
II.J:8, tne value of ¢ depends no{t only'on the slope of the
E vs. P plot but also on the specifi¢ conductance, ¢ . At
low pH, typically pH <.4, the observed streaming potential
of the anl'plug is < 0.2 mV and not stable. Thus it is
difficglt to measure”the stream{ng potential of the coal

. 7 ’ \
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plug at eH < g. As a result,‘The‘iowest pH -poé%ntial
values.weretobtained for the coal plug at the natural pH,
i.e. pH 4.3 - 4.7. At extremelf high pH (pH > 10), the
conductance of the bulk solution is high, while the
observed streaming potential d% thevcoal/élug is low,
typlcally say for 6. 48 x 1074 m DTKE in 10~4m NaCl,
aﬂjusted to‘pH = 10.3 by addlng NaOH,‘the measured

condugfpnce = 1,99 x~10'4 ohm™1 cm 1, while the observed

d
[

streamlng potentlals were between ~1 5 and -0.1 mV at the
various ¢riving pressures applled (Flgure VI‘7) The
calculated c—potentlal at this pH is -4 mV (Flgure vI1.1l2),
but because the measured streamlng potentlal is very small,
the error in the calculated -potentlal is as much as
+2 mV for this measurement at this pH. ,However, between
pH 4.5 and 10, the error in the calculated  -potential is
small sfnce the streaming potentials observed in this pH
range were rather large, for instance for 3.24 x_lo‘sg
DTAB in 1074 m NaCl, « =3.95 x 1075 ohm™! cn™! at pH 7.9
’and the observed streaming §§teg;ials were between -22.0
and -39.0 mV (Figure VI.3). The calculated r -potential is
about =13'mV and the error in this particular measurement
is about +0.5 mV. As a resuat} we feel that the
conductance increase'chused by pH adjustment 1£ﬁits the
accuracy of the ;-potentiel at low pH (pH < 4) and at high
pH (pH >qld) for the coal porous plug. Campbel]ﬂs/work,
which reéresents perhaps one of‘the few thorough

investigations of the streaming potentials of Pittsburg

@

4
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‘bitgminous cgals (30), does not discuss the error in the
calculated r-potential although at the limits ;f t?@ pH‘
range covered, this author uSed-qbsegved values of 0.1 mV
fqr observedlstieAHiﬁé potentials of coal in calculating ’
tﬁe ;—pofential. In spite of this, we found the
measurement ko worg'reas;nably well between the natural pH
of .the coal surfactant suspension and pH IQ‘énd indeed
because of associated corrosion problems, we feel that, at
present, tﬁe g-poéeﬁtial of Fhe Aoal particles at
extremely léwxand’high'pH may ;ot be important ih terms of
coal beneficiation. ; | ' K
Figure VI.1ll shows i\pomparfsbn oﬁ the zeta potentials
as determined by microelectroéhoresis on the coal ﬁines
‘ground to -200 mesh size, and the %eta potential of -28 +
35 mesh coal fraction as determined Sy streaming pétential
both in 10”4 m NaCl, as a function of pH. The isoelectric
points,spH 5.3, as determined by both methods coincide.
Indéependent of model considerations the two methods would
be éxpécted to yield the sgme isoelectric points for
partiéles of the same coal differing only in particle size;
As with the finer -200 mesh coal, the léggér ~-28 + 35 mesh
coal is positively charged in conductivity water as-its
natural pH of.4.3 - 4.7 and HY and OH™ ions are again
potential determining ions (30,i45). However, éhe zeta
'potent}al of the larger particles, as calculated from

equation II.18, appears to level off at a value of about

~18 mV for pH > 7, while the zeta potential of the small

/}. 214 .
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Eiguﬁg VI.ll. Comparison of the zeta potentials determined

by different electrokinétic techniques’ on the same coal.

1
&

A -200mesh, microeleétrophoresis; O =-28+35 mesh,

‘streaming potential.. myacl = 10-4,
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particles as-determined by microelectrophoresis continues

tp‘decréése to a value 9f about -67 mV at pH 12. The large

difference in the magnitude of the G¢-potential can be

»

¥
explained in terms of either a surface conductance effect

+ -
or a "real" particle size effect, if we assume that both

methods measure the same potential at the same surface of

" shear. If we simply ignore the effect of surface

conductance as done by-several research?rs (30,111,149,150,
173), as previously discussed, then tﬁe difference in the
zeta potential would indicate a difference in surface
properties and surface functional groups for the external

surface of the larger and smaller particles. From Figure

.

VI.11, Zgp/ Egp at say pH 9 is about 3.2. On the other
hand, if we assume that this d;fference is éaused by a
surface conductance effect, as proposed by Briggs and
others (166-168,172,177), then from equation'Vi.l, at pH 9,
the ratic of kg/Kk needed to gxplain this difference would

have to be about 2.2. Such large ratios for kg/ k have

been reported for quartz particles by Ghosh (167,168)‘and
for thorium oxide by Holmes (177). 1If this is indeed the
case, then the large deviation in Zgpp and Lgp may ge
explained in terms of a surface conductance effect.. It
should also be noted that the surfage conéuctance effect is
slight around the iep (Figure VI.1l) but it -becomes
important ét pB > iep. Even if the magnitude of the
streaming potential of the larger coal particie would be

controlled by ,surface conductance of the particle, the iep

217
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* and the pzr (in the case of surfactant adsorption) should

o

not be affected. In other‘words, if the mechanism of

surfactant adsorption on the large and sma'll cbal partlcles

[y

are similar, then the pzr as determlned by elthem

-

electrophoresis or ?treaging potential should be the same,
again. assuming that both techniques -measure the same

potential at the same surface 6£ shear. In the following

N ol
figures we will give g-potentials on coal-surfactant

f . systems a§~ca1cu1ated from étreaming potential data, using .

&
the simple equation II.18, i.e. not taking into account
'

surface conductance as discusséd above.
b

Figures VI.1l2 and VI.13 show the effect of adsorption

'of DTAB and DPC on the electrokinetlc potential of the
- }. o

larger coal particles (-28 + 35 mesh) while the effect of

HTAB and HPB adsorption is shown in Fiqures VI.1l4 and
VI.15. Also Figure VI,.1 shows the surfactant
o concentration éépéndence, at a pH well in excess of the

iscelectric point (pH = 8), for DTAB, DPC, HTAB and HPB,

again all in 10 ~4 m NaCl. As mentioned previously, the’

coal is negatively chérged at pH = 8 (z = -44 mV from

electrophoresis, ¢ = -18 mV from streaming potential)., It

*®

is clear from these figures that hexadecyltrimethylammonidm

and hexadecylpyridinium adsorption leads to charge reversal
at a piwell above the isoelectric point even for very low

*surfactant solution concentrations (around 10-5 m). In the

Ly

, case of dodecyltrimethylammonium and dodecylpyridinium

adsorption at pH 8 or above, charge reversalutakes place

218
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Figure ¥I.12, Zeta potentials of coal # the presénce of »

DTAB from streaming potential data. O- 0; [J3.24 x 1075 m;

A 3.24 x 1074 n

k!

$

; V6.48 x 10}4 m.' MNacl = 10-4 Ma
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Eigure VI.l3. %eta potentials of coal in the presence of
DPC from streaming potential data. O - 0; [03.52 x 10"5\m;
A 3.52 x 1074 m; 0 3.52 x 1073 m. .myey = 1074 :

“*
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Figure y;_._u,,_ Zeta potentials of coal in the presence of
HTAB from streaming potential data.C~ 0; A1,37 x 10~5 m;
W 137 x 2074 m; A 2742107 me myey =207
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_ -Eigure VI.l6: Variation of zeta potential of coal with ,

., concentration of alkylpyridinium surfactants at constant
pH. O DTAB, |0 DPC, V HTAB, A HPB. pH = 8.0. mg,cq = 1074

Arrow: zeta potential in absence of surfactant.
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only at much higher surfactant solution concentratibnsh
typically 1073 m. This observation, therefore, again
invites a comparison to the results of Fuerstenau,
Somasundaran and Healy and others (137,138,152,159, section
V.3) for the chainlength dependence of ionic surfactant
adsorption on charged mineral surfaces. If we compare the
surfactant concentrations at the pzr (Figure VI.16) of this
coarser coal, i.e. log ¢ = =5.2 for HPB and H.'I'AB, and about
-3.2 for DPC and DiAB, this leads, following equation V.3,
to a free energy of surfactant-surfactant interaction of
1.1 FT“per CHy group added to the chain. Furthermore, it
seems as if the headgroup of these c§tionic surfactants, has
little or'no effect on the surfactant adsorption on the
larger coal- particles (Figures VI.12 - VI.15). 1In
contrast, we found a ﬁ&ﬁor but definite cationic surfactant
‘headgroup influence on its adsorption on the finer =200
mesh coal particles and explained this in terms of an
interactfﬁn between the pyridine ring and the coal surface
(section V.5.2.2). If we assume that both strea&iné
potential and microelectrophoresis measure the same
pgtentia% at the same surface of shear, there is perhaps a
particle size effect which must be taken into consideration
when §tudying the role of surfactant adsorption on coarse
coal particles.

. We should therefore ?e cautious about the apglication
of the Fuerstenau, Healy and Somasundaran model (section

V.)) to the present case of surfactant adsorption on coal.

x

.
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It is our opinion that whether or not the chainlength
dependence of surfactant adsorption should be attributed ‘to
a hydrophobic interaction between the chains rathe; than to
a hydrophobic interaction with the solid surface will
depend on local surface conditions. For instance, in the
case of surfactant binding by polyelectrolytes, where the
binding sites are very olose, it seems reascnable to
attribute the 1.1 kT factor observed to the hydrophobic
interaction between n;ighﬁﬁﬁffﬁgﬁzﬁéins, similar to the
case of micelle‘formation (96,178). 1In the case of coal,
it is possible that the surfactant molecules adsorb on the
surface of very fine coal particles (-200 mesh) with the
tail 1yin§ f}at on the surface while in the case of the
surface exposed by larber coal pait?;les (=28 + 35 mesh)
the surfactant adsorbs with the tail away from the surface
and thus the 1.1 kT factor is indeed the surfactant-
surf@ctant hydrophobic interactien. On the other hand, it
is possible that the»surfactant molecules do adsorb with
the tail lying on the coal,purface and the 1.1 kT factor
obtained from the streaming ﬁbtential data is simpfy a
result of Traube's rule.“"fn either case such an
interpretation of the streaming potential and electro-
phoresis data woyld indicate a definite diffefence between
the properties of the exposed surface of large coal
particles and very fine particleé ground from the 'same
coal, leading to different electrokinetic and su}factant

adsorption behavior. -
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In order to }mprove our understanding of the coal-
surfactant system, considerablemexperimental work; based on
different experimental techniﬁues on the same coal to
provide accurate data, is neeéed. From our study, it seems
" that, if we neglect surface conductance effects as usually
done in coal-electrokinetic studies (30,111,149,150,173),
electrophoresis and streaming potential measurements do not
yield similar absolute ;~potentiél values for the samé
coal of different particle size. This problem can only be
clarified if the complicated issue of surface conductance,
especially of coal systems, is studied mo}e thoréﬁghly.
Nevertheless, irrespective of the éﬁsolute value of ¢
being similar from beth electrokinetic technique, with or
without a surface conductance effect, the pzr, in the
presence of surface active agents, of coal should be the
same as measured by electrophoretic- or streaming potential
methods. Thus when we notice réﬁarkable differences in the
pzr in various surfactant systems for the -200 and the -28
+ 35 mesh frac;ioné, we conclude that ou} study shows that
the adsorption Qechanism as determined from the electfo—
kinetic behavior of coal-surfactant systems might deéend on
particle size. hAs such, perhaps the essential criterion ip
understand;ng coal-surfactant inte}actions might be the
changé in ;;potential and not éhe absolut; value of the

zeta potential and hence surface conductance effects might

after all not be important.

¢ o
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CHAPTER VII
SUMMARY AND CONCLUSION
The work described in this thesis represents an
experimental investigation of the surface properties of
fine coal in aquéous surfaPtant solutions. . Because of
increasing energy demands and escalating prices for oil and
gas, coal has become an increasingly attrabtive.fuel to
meet the energy needs of the present and future society.
Yet increasea coal utilization is progressing only slowly,

in large part because of the stringent environmental

constraints. At present, SO, emissions are high and must"

be reduced if coal is to be an environmentally acceptable
fuel. Recent studies indicate that to liberate 50 percent

—

ash in coal, the ﬁaterial must be groﬁnd4finer than 60 um.
In addition, impxéved technology in coal mining has led to
more coal-fines and ultra-fines being in the product
stream. As a result, fine c;al cleaning will‘be an
important aspect of coal preparagion in the fﬁturg use of

coal as a fuel. This means that more research needs to be

"done on processes which can beneficiate fine coal particles .

‘and coal containing a high percentage of sulfur. Fine coal
. ﬁenéficiation can perhaps best be achieved by the
utiiization of methods“which expléit the differences in the
surface chemistry of the coal and associated mineral

.

matter. These surface dependent processes include froth
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- ‘ flotation, agglomeration and selective flocculation.

It is primarily because of this that coal-surfactant

£

systems are of interest to the “Golloid cheﬁjst especiallyn

from an experimental point of view. the study

o

of course,

“  of the modification of the coal surface by adsaerption of

surface aétive agents falls within the realm of colloid
chemistry'even though the coal particie size may, in most

R [
cases, be gneater than colloidal dimensions. This
dissertatiqn therefore dttempts a systematic investigation
- Q} ’
' of the surface properties of fine coal using the principles

of colloeid cbemistry. i L

introduction to coal chemistry and
3]

mlneralogy is given in the first chadpter.

A general
This chapter”
also looks at the problems associated with coal combustion.

4

The important'conclusion dréwn from this chapter is that,
\ in spite of its impending importanoe, little work has been
done on the study of the surface properties of the coal-
| water interface w1th the Iong term goal of 1mprov1ng eoal

benefi01ation processes. o
Chapter II presents a review of some of the relevant
b;sic equations of colloid chemistry to be used in this
. h research. Téese 1nclude the theory of adsorption from
golution on a solid, the theory of the double layer, and
- .the determination of zeta ?otential (double layér electric
poteﬁtial at the sorface of shear) from electrophoresis and
streaming potentiél measurements. The application of these

generally used in other areas of colloid\

equations,

233
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science, to the coal-solution interfdce is discussed in the

[

later chapters. dhaptér IIT descfibes the experimental
part of this investigation. It includes the methods of
analyges of the coal used, free surfactant concentration ,
.determinations, which includes a description of a novel
. su;{éctant ibp selective membrane eiectrode used to measure
freéucatipnic surfactant coﬁcentrations and ‘electrokinetic
ﬁéthoaé of mel.urement,‘namely microeledtrobhdresis and
stream;ﬂa~potential. ‘ ' .
« 4 'Adsorpti‘on o’.f the various surface active agenﬁs on 3'
b . finer -200 mesh coal fraction is described in Chapter IV.
: The/results indicate that the adsorptiod of cationic
shréactants not only increases as the pﬁ of the coal

s

suspension increases, i.e. as the surface of the coal

bécomes more negatively charged, but also as the

Hydkogpobic chain of these surfactants also increases,

) - From}this we,concludé that cationiC’surfactané adsorpt}oﬁ

C .involves both an electrostatic- (surface chafge) as Qell as

a hydrophobic interaction between the surfactant and the

e coal'surfaget Surface areas and free’ energlies of

adsorpt%on based on phe;;1 adsorption are also presented in

:this-chapter. gecaﬁse of the porous naturé of coal, it is

. difficult to have a real ‘standard for surface area,

. determina&ions. Researchers in coal chemistry have often

used adsorption of either CO; or N for surface area

‘determinagiohs of toal. As shown in most «cases, the

ﬁec;;nism of gas adéorption on AOal’is not the,same as
)
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adsorption from solutiop, since in solution the”;ater
molecules will“aiso compete for the active sites on the
‘coal sx:l_rface. -Although equilibrium conditions are not ‘Lnet,
we have used adsorption'pf phenol from water as the
standard in surface area détermination of the coal used in
this study. Phenol is a simple molecule whose mechanism of
adsorption has been long studied on carbon, and recently on

coal by some resarch groups. Finally, this chapter

describes a novel technique of fre¢e cationic surfactant’

concentration determination. Although limited by the pH of
the suspension, the surfactant ion selective membrane
;lectrode is useful in that it can measure free surfactant
concentration in the presence of the coal fines. Removal.
of the coal fines is not necessary prior to concentratién
determination as with other methods presently used. Hence,
this electrode can be useful in say flotation cells to
monitor free surfactant concentration during various
flotation stages. We have used'suffactants of an extremely
high purity in this study but .we feel that the membrane
electrode may work’in the presence of a mixture of
surfactants. We have also found that the response of the
electrod: is not/affec.t"ed by excess sailt_and s0 its use can
be furtuér éx&ended in coal suspensions normally assoc}ated

4

with excess salt.

.

_ Chapter V discusses the effect of surfactant

adsorption on the zeta potential, as determined by micro-

electrophoresis, of -200 mesh coal. The results of this

)
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_investigation are comgared to a geﬂerally accepted model of
ionic sutfactant aésor%tion on mineral surfaces. From this
study, we concluded that the mechanisnm gof surfactant
adsorption on fine coal is not-the same as gm oth.er miner'a]% ‘
surfaces, for instance quartz and alumina. We found that
althouéh cationic gprfactant adsorption céuses a chagée
reversal of the c6a1 surface at pH >‘iep at extremely low
surfactant concentrations, there is esse&t}ally no
difference in. the surfactant concentration at zero charge
for a Clzisurfactant compared w1th a Ci¢ surfactant. On
the basis of zeta potential and adsorptlon measurements, we
proposed that at pH > iep, the cationic surfactant is
adsorbed at low cohcentrations by an electrostatic
mechanism but with its hydrophobic tall along the surface
of the ¢oal, instead of away from the coal surface 1nto the
aqueous phase as suggested in the case of other minerals.
As a result, the coal may still not be quite hydrophobic a's
in the case of other minerals. If this is indeed the cas

then use of. these éurfactants_ih flotation circuits would
probably not improve the flotation of this coal’even,at pH
>'iep. Preliminary microflotation experiments not
described in this thesis show th;t use of these surfactants
as collectors does not improve the flotation of a poorly
floated -200 mesh coal. However, systemétic flotation
studies must be carried out using these surfactants as
2011ectors before a detinite answer can be éiven as to the

usefulness of these particular surfactants as collectors.

¥
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It must also be remembered that because of the ionic charye
of these surfactants, they will also have an affinity for
the gangue usually associated with the coal. By
efﬁéctively studying the surface properties of the corl and
the ganque, it will be possible in the future to make the
coal surface and the gangue oppositely charged by varying
the pH of the suspension. . ‘
Finally Chapter VI examines the effect of cationic
surfactant adsorption on the zeta potential, as measured by
a streamiﬁg‘potential technique, of the same coal but of a
larger particle size. Since fines.cirguit stream will
inevitably contain coal fines of different particle sizes,
we feel that it is equally important to investigate tpe
effect of particle size on the mechanism of surfactant
adsorption. From suggested model calculations for ionic

surfactant adsorption on miperals, for example quartz, it

. appears as if surfactant adsorption on coal of -28 + 35 -

mesh size occu;s with its hydrophobic tail oriented towards
the aqueous phase. At high éurfactant~conceﬁtration, it
seems‘as ::Lf any. hydrophobic interaction may.be due mainly, -
to thé adsorbed adjacent tail rather than the ‘surfactant
tail and the coal surface as is suggeéted éfor the finer

-~ 200 mesh coal. However, we suggest some degree of

caution in believing that this is the only possible

'ﬁiplanation since the 1.1 kT factor might simply be a

result of Traube's rule. Nevertheless, '‘our study indicates

that streaming potential and eleétrophoresis data suggest
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that there is a definite difference betweeg the.surface
properties.of fine ang large coal particles. If the
surfactant cation does indeed adsoré on the larger coal
Qarticlgs w%th its tail oriented towards the water phase,
then, according to an earlier argument; these surfactants
may be good collec¢tors .in the flotation‘bf largﬁ/coal

particles. No such investigations have been carried out as
" .

yet but in the flotation of larger coal particles, particle
- b - .
size’ will become a limiting factor also.

1 . .
The effect of surfpce conductance on g-potential
' -
calculations has also been discussed in Chapter VI.

Althoigh we -have not dlrectly measured 'the surface

i, “

conductance, we have discussed its effect on the mégnitude

of the f-potential. If wenfﬁsume that both micro-

.t @

eLgctrophores1a and streamxng potentlal measur? the

potentlal at the same surface of’éhear, then our resqlts

t
. indicate that 1f‘surfaceqconductance 38 qgglected, as is

generally done in vy -potential calculations from st;eahing

‘potential data, then particle size influences the absolute

-

value of the g-potential. Irreversible thermodynamics

+

offers a means of comﬁaring data from varions

elect}okinetic methods. If for in§tance we could study the

!

zeta potential of édal surfaces by both streaming potential

and electrophoresis then we should be able to determine the

role of surface conductance in these measurements. *Hence
. :‘ v

we feel that the effect 6f surface conductance on the

streaming pbﬁéntial of coal systems should be thorgughly

’ o L 238



. ) y : studied as it may.not be pbss{;le to neglect this effect in
~ zeta potegtiai calcuiétigns as is normallﬁ dene. .Howévef,
our results show that,‘if boph microelectrophoresis and
streaming potentiaf measure the same potential at the QFE?
s&rface of shear, surface-conductance affects eq;y the
absolute value of the 'c-poteﬁtiar'but net'theﬁiep‘?or. in

the case of surfactant adsorption, the pzr.. Fatlier, we

mentioned that improvement in fine coal beneficiation by

“ *proceeses such‘as flotatfon depénds qn the surface'

®

cqmplete flotation results, it" 1s perhaps difflcult to

/

'conclude as to whether the magnltude of or just the change

. f * in c—potentlal is 1mportant in the benef1c1at10n of fine

coal. To further supplement the conclus1ons of this work,

fle;atlon an@ dewatering studies on this coal-surfactant

BN
"

' .  system shogld'be carried out’. ’
In conclusion, téis idvestigation'hae efferred a

fgr%her ﬁnsight into Fﬁe'the iqperfaciai pFopereies of ,the
coal-water interface. Ay‘preeent, it might be feasible to

5 make broad genefalizaﬁions‘regarding fine coal cleaping by

'a particular method. - Eventually we hope that cleaning

+

technology will reach a point where, giwen a“ certain

) .
minimum amount of information regarding>a coal's surface

. 30 1 . ‘ . :
properties, a coal's performance in a particular process
can be accurately predicted. This neccesitates that more

gtudiesipe done on the surface properties of the coal-water

interface s0 that a suitable data base can be estiblished.
% o : i N ’

N
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properties ‘of the eoal—water 1nterface.- In the absence of-
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