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ABSTRACT

The objective of this researdl project is to underst,'md the fundamentals in-

volved in the flotation and flocculation of com and oxidized coals and elucidate

mechaslisms by which surface interactions between com and various reagents en-

ha,nee coal beneficiation. It is well recogonized that coal surface is heterogeneous.

Often only a ._M1 fraction of the surface needs to posses a given property to bring t'

about a desired iriterfacial effect in flotation or flocculation. An understanding of the

nature of the heterogeneity of , oal surfaces arising from the intrinsic distribution of'

chemical moieties is fundamental to the elucidation of mech,-mism of coal surface

modification and its role in interfacial processes such as flotation, flocculation and

agglomeration.

A new approach for determining the di_¢ribufion in surface properties of coal

particles was developed in this study and various techniques capable of providing

such infbrmation were identified. Distributions in surface energy, contact angle.

and wettability were obtained using novel techniques such as centrifugal immer-

sion and fihn flotation. Changes in these distributions ,_pon oxidation and surface

modifications were monitored and discussed. An approach to the modelling of coal

surface site distributions based on thermodynamic information obtained from gas

adsorption and imnlersion calorimetry is proposed. New information on the surface

structure of coal using Laser Microprobe Mass Analyzer and Deri_-atized Electron

Spectroscopy for Chemical Analysis is presented.

The results of this research project, should prove powerful for proper char-

acterizatio,,_ of com surSaces and for developing an accurate understanding of the

fundamental nature of the complex interfacial reactions in flotation and flocculation

of coal.
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EXECUTIVE SUMMARY

This project is designed to develop ml understanding of the fundamentals

involved in flotation m_d flocculation of com m_d of coals in various states of oxida-

tion. The main objective of this study is to accu, xtely characterize the coal surfaces
. )

mid elucidate mechanisms by which surface lhteractions between coal and reagents

enhance beneficiation of cons. Effects of oxidation on the modification of surface

characteristics of com by various reagents will Mso be studied

Understanding the nature of the heterogeneity of the coal surfaces arising

from di,q*ribu*io'n of chemicN moieties is fundamental to the elucidation of mech-

a,nisms by which reagents adsorb on different coals. Heterogeneities arise flora a

variety of chemicN, minerlogical and morphologicN rea.sons. Such heterogeneities

can play different roles in different interfacial phenomena. The scale of heterogene-

ity can also det, ermine the behavior of the system in such processes as flotation and

, flocculation. In this study a variety of t,echniques each capable of yielding a set

of useful information is employed tc) generate a comprehensive and accurate pic-

ture ()f both the chenfical, and morphological characteristics of coal p_rt, icles, these.

include morphologicM investigations, centrifugal immersion, fihn flotation and dif-

ferent s t):.ct s ' ,"' e ro_cotncs.

Proximate m_d ult, imatc analysis of Bruceton mines coal (supplied by PETC)

rev(._a.led it, to be of high volai, ile bituminous quality. SEM/EDX studies of coal

morphology indicated that the coal samI)les contained iron disulfides, clayey matter,

silicates a_id carbonates. Traces of titanium, mang_m(:'se, fluorine, potassium and

chlorine were Mso recorded. At moderately co_._rser sizes ( I.e. +100 mesh and +200

m(:,'sh ), t.he mind-'ra.1 matter was found to be locked witll each ()t.her and the coal

matrix. Only at 635 mesh individua.l liberated pa.rticlcs of nfinerN Ina.tter were

noticed. In rn_my inst_lccs the minored _-xla_t(,r is c()vcrcd wit.li a fine layer ()f cea.1

:,:i fi i



dust probably due to smearing durbag grinding and sieving.

Centrifugal immemion is a techxfique developed during this project to study

the role of heterogeneity in wetting of com particles. Centrifugal immersion of ms

received com (base coal), oxidized coal and coal particles coated with paraffin wax

vapor revealed that the partition curves constructed from centrifugal immersion

experiments are a manifestation of the surface chemistry, surface heterogeneity,

shape and edge effects, and the dynamics of the wetting process. These studies

also showed that in the wetting of relatively hydrophilic particles, surface chemistry

plays a critical role, whereas, in the cue of relatively hydrophobic particles, the

shape of the particle, and the dynamics of the process predominate. Centrifugal

immersion experiments yield a more accurate characterization of the wetting behav-

ior of hydrophobic particles as encountered in practice since the results obtained

using this technique are functions of the heterogeneity of the solid, dynamics of

spreading wetting and the shape of the particles.

Centrifugal immersion experiments conducted by varying the surface tension

of the wetting liquid showed that the detachment of coal particles from the water-

air inten,_.ce is indicative of a fall-out phenomenon under stress. As the surface

tension of the liquid phase is reduced this phenomenon appears to be less significant.

The family of wettability distribution curves obtained as a function of the surface

tension of the liquid phase is likely to be characteristic of the coal particles used.

! Development of a family of such distribution curves for various coal samples offers

a sensitive means for characterizing the wettability of coal particles from different

sources or with different history.

An approach consisting of study of surface site distributions on coal using film

flotation, including the changes in these distributions upon surface mo, fification, was

developed during the cour_ of this project,, lt was found that the sit,,' distribution

or the heterogeneity of a group of coal particles essentially represented the site

xi\,,



distribution on a single coal particle (in the -35 +80 mesh range). Irl other words

the intrinsic heterogeneity of the surface of a single coal particle was demonstrated.

Surface site distribution cu-ves yield the percent;_ge of surface area on individual

coal particles exhibiting a specific range of critical wetting surface tension values

Low temperature heating of coal at 70°C in tftr results in marked changes in the

surface site distribution. The average % shifts towards lower values indicative of a

more hydrophobic surface. Adsorbed layers of nonionic and anionic polyacrylamide

on heat treated coal were found to exhibit a markedly different site distribution fron.

that of the base coal. More of the hydrocark_., v_rt of the polymer is suggested to

be exposed as compared to amide groups. An analysis of site distribution curves

obtained b;' film flotation of coal heated at 70_C and cooled under different condi-

tions as well as of the coal stored irl a dessicator indicates that moisture on the coal

is present in ordered but heterogeneous ( various degrees of order ) structures and

not as random structures encountered in bulk water. Such ordered surface moisture

could possibly lead to autophobic behavior o_"coals.

Polyacrylamide (PAM) polymer was used to alter the surface of coal. A rela-

tively fast and accurate method of determining polymer adsorption by measuring its

concentrations at the ppm level using a Total Organic Carbon (TOC) analyzer was

developed. Adsorption data obtained from TOC is more representative of the actual

adsorption than that obtained by nephelometry or titration. Based on "adsorption

results for polyacrylamide on co_d, obtained by TOC and Ubbelohde viscometer, it

was concluded that there is preferential adsorption of higher molecular weight com-

ponent. Flourescence spectroscopic studies using pyrene labelled polyacrylamide

polymers gave further support to this obser_z,tion.

!;lte distribution curves constructed from film flotation of PAM treated coal

suggest the cationic PAM of 34% cationicity and nonionic PAM to form a more

XV



compact adsorbed layer than the cationic PAM of 10% cationicity or aafionic PAM..

As the charge density of the polymer increases, the ability of the adsorbed layer to

retain water decreases with a corresponding increase in the fraction of surface area

wi_h exposed amide groups, Coal with the adsorbed nonionic PAM layer exh:bits

merc heterogeneity than those with cationic or anionic PAM layers. There it no

preferential adsorption of nonionic PAM or PAM of 10% cationicity on particular

energy sites indicating an entropically driven adsorption process.

The effect of modification of the coal surface by dodecane was :,tudied by

ane__yzing site distribution curves cbtained from film flotation data for dodecane

treated coals. 75 percent of the surface of coal, agglomerated with dodecane, exhib-

ited a % of around 38 dynes/cm as compared to 30 percent of the surface with a 7c

of 30 dynes/cre for coal sample (5 grams) treated with 80 microlitre of dodecane.

Relative hydrophobicity of dodecane treated coal samples was dependent on both

the amount of v,_ious sites and the magnitude of the surface energy of such sites.

An. increase in the speed of the impeller employed to dis,_erse the dodecane in water

increased the degree of coating of the dodecane on coal surface. However, contin-

ued increase in the speed produ,ed no detectable difference in the degree of coating

indicating the role of other hydrodynamic factors such as the degree of turbulence.

- A thermodynamic approach was used to study th,._ heterogeneity of the coal

su:'face wherein the heat of adsorption of metha_ml on coal was obtained by two dif-

ferent techniques viz. calorimetry and gas adsorption. Analysis of the isosteric heat

of adsorption obtained by this method for this system provided a qualitative picture

of the _urface _ite_ di_tribu_ion on coal. lt appears that the more hydrophobic sites

on the coal surface are located in a dense manner such that the adsorbed molecules

on these sites are in a highly condensed state. The (relatively) hydrophilic sites

are probably more spatially spread out such that adsorbed molecules on these sites

are less condensed than in the liquid state implying some degree of mobility of the

xvJ



adsorbed layer. Integral heat of adsorption curves for the rnethmml-coal system

obtained from the heat of immersion data of coal and coal with various degrees

of precoverage of methanol in methzmol are presented. A double differentiation of

this curve provides a quantitative measure of _he heterogeneity of tlae coal surface

in terms of the site distribution function.

Laser Microprobe Mass Analyzer (LAMMA), a state of the art surface an-

alytical technique, was used tostudy the spatial variation in the moieties on the

coal surface. A line scan was conducted a_,, 4 micron intervals over a 40 micron

' span. Inorganic species like sodium, aluminum, potasium etc. were noticed and are

consistent with the SEM/EDX results. Most importantly, inorganic inhomogeneity

could be observed at micron levels. Micron level spatial fragmentation pattern ob-

tained from LAMMA indicates that the distribution of organic moieties is probably

random. The study also reveals that the average structural unit or "molecule" in

coal, if present, is trger than 4 microns and that this average unit is probably

randomly oriented on the surface leading to exposure of different functional groups.

DRIFT spectroscopic studies of float and sink fractions with a critical wetting

surface tension (7c) from 72 to 44 and from 44 to 32 respectively, revealed that this

technique is insensitive to the distribution of functional groups responsible for the

observed critical wetting surface tension values. Apriori the DRIFT technique was

also unable to predict the relative flotability of Upper Freeport or Pittsburgh No.8

coal samples. It appears that the distribution of sites is more important in governing

the wetting behavior than the absolute amount, of the sites with various surface

energies. DRIFT studies also support the view that 7c distribution of a sample of

group of coal particles obtained from film flotation is essentia, lly the distribution on

every single coal particle in tile sample.

Derivatized ESCA i,_a new technique in which specific polar functional groups

are molecularly tagged mad subsequently analyz_,d quantitatively by ESCA. This

xv:i -i
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technique was o,dopted for determining the absolute amount of phenolic, carboxylic

and carbonyl groups on tile coal surface for the first time. The three functional

groups are present in approximately equal quant, ities ranging from 1 to 2 functional

groups per 100 atoms. Nitrogen in aromatic and aliphatic moieties was detected in

quantities equal to the amount of polar groups. Derivatized ESCA is found to be a

powerful tool for studying quantitatively the role of polar and nonpolar groups in

determining the wettability and fiotability of coal.

Contact angle distributions based on 7c distributions and Nuemmm's equation

of state were calculated and axe presented. Implications of contact angle distribu-

tions on the surface behavior of heterogeneous sllbstances are discussed. Models

which relate equilibrium contact angles to spatial distributions of moieties were an-

alyzed based on these contact angle distributions. The analysis reveals that the

difference between equilibriurn contact angles of surfaces with macroscopic hetero-

geneity and those with molecular heterogeneity is of the order of 0.5 degrees.

The results of this study has direct practical implications to the performance

of advanced physical coal beneficiation processes such as flotation, flocculation and

agglomeration. Our approach for determining di_ribu_ion_ of surface parameters

such as contact angle, wettability and surface energy and surface site types shows

potential for arriving at a method for proper characterization of heterogeneous sur-

faces like coal and thereby for understanding surface interactions more accurately.

The multipronged approach used here has yielded new information on the chemical

and physical heterogeneities of coal particles and the role of these heterogeneities

including the scale of these heterogeneity in wetting.
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1 STATEMENT OF OBJECTIVES

This project is designed to develop anunderstanding of the fundaxnentMs involved

in flotation and flocculation of coals, and of coals in various states of oxidation. The

main objective of this study is to accurately characterize the coal surface and elu-

cidate mechanisms by which surface interactions between com and various reagents

can enhance beneficiation of coals. It was also an objective to study the effects of

oxidation on the modification of surface characteristics of coal by various reagents.

2 INTRODUCTION

2.1 PREAMBLE

CoM is by far the world's las'gest and most uniformly distributed fossil fuel resource.

CoM in the United States accounts for about eighty two percent of the nation's

recoverable energy reserves [1]. The energy information administration reports that

the U.S. has 478.2 billion tons of demonstrated reserves, and that these reserves are

sufficient to meet the demand for coal for 300 years at current consumption levels

[2].

About 50% of all coal mined in 1983 was cleaned in order to produce a product

acceptable to the market [3]. The number of preparation plants treating bituminous

and lignitic coal has increased from 382 in 1973 to 501 in 1983 [4]. The amount

of refuse being produced at the preparation plant has also increased by around

27 million short tons during the period 1973-1983 reflecting the trend that it is

often cheaper to remove waste during preparation than during mining [5]. It is

evident that preparation of coal is an important operation for its efficient use.

The specifications required for different end uses of coal are becoming complex, in

view of increasing economic, political, and environmental pressures. Characteristics

1



such as ash content, volatile matter, particle size, and sulfur content are importa_lt

factors that govern the ultimate use of coals and are determined essentially by

the methods used for gangue liberation and its removal by appropriate processing

techniques. Studies are presently being conducted by utility companies on the

effect of coal preparation on the power plant fuel cycle cost [6]. This reflects on the

desire by the utilities to purchase qllality com at affordable prices rather than the

cheapest coal available in the market. The trend towards purchasing coal on spot

markets ms opposed to the traditional long term contracts is also an indication of

the quality consciousness of power plants. Careflll process design and optimization

of beneficiation techniques hold the key to meet the various market requirements.

With the drive towards reducing the overall mining cost, the modern mecha-

nization and non-selective mining techniques used have led to increased production

of fine_:,. The fines content in ROM coal can vary between 10 and 35 percent by

weight [7]. These fines form a significant portion of the beneficiation plant feed and

their recovery is imperative for the preparation plant to break even. The recovery

of coal fines was valued at $2.3 billion per year in 1983 [8]. The increasingly strin-

gent specifications with regard to ash and sulfur content have necessitated the coal

being crushed to very fine sizes to better liberate gangue minerals. Due to the large

surface area of these fines, beneficiation processes for these particles are based on

surface forces rather than bulk forces. Efficient coal cleaning requires separation

of undesirable ash forming constituents and inorganic sulfur forms from the very

fine coal particles, and hence techniques for the preparation of a clean coal prod-,

uct of required quality are those processes that exploit the differences in sun,¢ace

properties of carbonaceous material and mineral matter. Froth flotation, selective

flocculation and agglomeration have been receiving much attention in recent years.

Probably in excess of 200 preparation plants are currently using the froth flotation



process, though the aggregate tonnage treated is reported to be relatively small 1 [9].

However, in order to reduce sulfur dioxide emissions responsible for acid rain and

in view of other new com technologies like fluidized bed combustion, coM-oil and

coal-water mixtures as fuels and microbially enhanced coal cleaning, all of which

use fine coal, it is expected that tonnage of coal beneficiated by flotation and other

surface based process will increase in the future. These beneficiation tecJmiques,

when applied to coal, are inefficient and the least understood. This results partly

from the complex physical a,_d chemical nature of the coal surface and partly from

the variation in its properties from mine to mine, seam to seam and even within

the same seam. Added to this, coa.1 being a highly reactive substance oxidizes on

exposure to ambient atmosphere over time resulting in its degradation. Oxidation

of coal resalts in the coal surface undergoing drastic changes influencing subsequent

processes.

Coal is a very complex and heterogeneous substance. The absence of any well

defined coal "molecule" precludes the use of stoichiometric chemical equations. The

highly reactive nature of tile coal surface makes it difficult to adopt traditional an-

alytical techniques used in organic chemistry. The porous nature of coal including

the presence of a wide distribution in pore size implies that the area involved in

a surface reactioI, would depend on the adsorbate molecule. In the case of spec-

troscopic tectmiques the black color of coal is responsible for the absence of any

sharp well defined peaks in various spectra. Most importantly, the heterogeneous

nature of coal is responsible for the absence of an3' generalized theory or approach

to coal surface science. In fact, lack of complete understanding of the role of het-

erogeneity itself, has largely been responsible for the poor characterization studies

often conducted in the past. This important issue is the subject of this project. An

accurate characterization of coal surfa-o" will aid in the development of advanced

1Froth flotation accounts for 4,8% of the 425 millionST of raw coal to preparation plants during
1983 ([9].
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beneficiation technologies.

2.2 RESEARCH STRATEGY

In order to meet the proposed objectives, it is essential that an accurate understand-

ing of the coal surface structure be developed. Often in the past, the heterogeneity

of the coal surface, the most important, intrinsic and fundamental aspect in coal

surface studies, has been neglected. In fact, a good knowledge of the nature of

the heterogeneity present on the surface of coal parCAcles is lacking and published

literature in this area is scarce. It is cleax that research on coal surface interactions

and surface modifications requires a proper understanding of the fundamental na-

ture of the heterogeneity of the coal surface. This in turn requires a knowledge of

the distribution ( chemical and energetic ) of various surface sites and their role in

surface interactions. Understanding the nature of the heterogeneity of coal surfaces

arising from the distributions of chemical moieties is fundamental to the elucidation

of mecha:_isms by which reagents adsorb on different coals. It should be pointed out

that only minor changes in surface properties are adequate to affect surface based

phenomena. In the case of heterogeneous materials like coal, knowledge of average

properties would not provide sufficient information to control interfacial properties.

Characterization studies, which take into account the heterogeneity of the

coal surface is considered central to this project. The role of heterogeneity in ad-

sorption and wetting is considered be of fundamental importance in surface based

beneficiation processes like flotation and oil agglomeration. The research approach

adopted in this project is to develop and use techniques capable of providing infor-

mation on the role of the heterogeneity in wetting and adsorption of reagents on

the coal sarface. As a prelude to the results and discussion, relevent literature and

fundamental principles pertaining to this study are discussed in the next section.



3 REVIEW/BACKGROUND

3.1 CONTACT ANGLE

Contact angle directly governs a numbe': of important processes, such as wetting,

penetration of porous solids by liquids, adhesion, flotation etc. The study of contact

angle measurements axe of two kinds:

a) Contact angle measurements can be used[ to study the interfacial properties of a

solid-liquid-gas system from a macroscopic point of view.

b) Contact angles may be used to characterize the solid surface itself,

The equation of Thomas Young treated contact angle (0) of a liquid as being

the result of the equilibrium of a static drop resting on a plane solid surface and

acted up)n by three surface tensions in equilibrium, as shown by three coplanax

vectors in Figure 1. 7_ is the surface tension along the liquid/vapor interface, 70t

is the surface tension along the solid/liquid interface, and 7_ is the surface tension

along the solid/vapor interface.

Young derived for the equilibrium of these surface tensions acting at any point

of such a surface the following relation:

%, - _',t = 7t_ cos O

Young's equation is simple in form only, because both conceptual and experi-

mental difficulties exist concerning it which have been the source of many discussions

[10]. Implicit in the derivation of the Young's equation is the assumption that the

measurable contact angle 0 is independent of the volume of the drop. However, for

best reproducibility of results, the same size of drops should be employed. Not only

is the accurate measurement of the actual contact angle at the three phase line of

contact difficult but. also the theoretical trea.tment of the contact angles in the near

5
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Figure 1' Contact angle of a sessile drop
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vicinity of the three phase line of contact of an actual system in three dimensions

is highly mathematicM and complicated [11] and this is more so in the case of a

heterogeneous system. Analyses of contact angles on rough surfaces, and idealized

rough surfaces have been made by others also [11,12].

Young's equation describes the interplay of forces at the three phase boundary

line. Since, force is the derivative of energy with respect to displacement, and a

derivative can be evaluated only at a point, it is not the energies of the three phase

interface that determine the contact angle but the derivatives of the energies with

respect to the displacement of the line boundary. The major conceptual difficulty

associated with the Young's equation is the fact that it is valid only at a point on

• the solid whereas the measured 0 is assumed to be related to the entire system.

This difficulty becomes evident in the case of heterogeneous solids. If the surface

is grossly heterogeneous, there will be a driving force for local contact angles to be

the local equlibrium ones, different on various portions of the surface. As a result,

varying local curvatures would be introduced in the liquid surface and there would
n

be a tendency for the liquid to extend over low contact angle regions and retreat

from high contact angle regioI_s. This indicates that contact angles measured at

various places along a 360 degree arc centered about, the drop would yield different

values. Indeed for liquids of ordinary viscosity, in the causeof homogeneous surfaces,

. the requirement of uniform hydrostatic pressure will be overriding and the various

local contact m3.gles may repres_mt some compromise demanded by this condition.

A second possibility is that the locally varying angles may be on such a small a

scale ms to average out to a single obser_,able one. In a formal way ;

(_mtn

where f(0) is an apt,ropriately definc.d distributicm function.

: Brady aa_d Gauger [13] measured cow,tact angle on polished coal specimens and



concluded that high rank bituminous coals give greater contact angle values thaal

anthracites, which in turn give greater contact angles than lignites. This finding

has since been verified by other researchers [14,15]. Brown, [15] plotted contact

angle as a function of carbon content of coal on a dry mineral matter free basis

and showed a pronounced maximum at about 89% carbon. The reasons for this

maximum are not known. Based on a hypothesis by Sun [16], however, a semi

qumatitative explanation has been proposed by Rosenbaum [17]. Horsely and Smith

[14] showed that using the captive bubble technique, the contact angle on com could

be correlated with carbon content on a dry ash free basis. Their data indicate that

coals of high carbon content would be hydrophobic, but below 80% carbon (DAF),

corresponding roughly to coals of high volatile B (HVB) bituminous rank and below,

are not very hydrophobic ( that is 0 _ 0). Aplan [18] cautioned that although this

procedure may be reasonably accurate, it is an approximation, since, only one of

the four ASTM criteria ( %C, %VM, BTU, agglomeration characteristics) is used.

Other data by Parekh and Aplan [19] indicate that if the sessile drop is used instead

of the captive bubble method, a smooth trexlsition in the value of contact angle of

water on coM, ranging from 50° for lignite to 75° for LV bituminous occurs. These

data indicate that coal is a much more hydropt,obic solid than would be assumed

from the captive bubble data.

Gayle and Smelly [20] investigated the effcct of temperature on the contact

angle of coals and found that contact angles vary in a marked and complex manner

between 1 and 60 degrees. Other researchers [19,21] have also discussed the direct

correlation between contact angle and oxidation at varying temperatures. Neumann

and Good [221 gave a detailed summary of the techniques used for contact angle

measurements and not,ed that the choice of the method depends on tt_e gross ge-

ometry of the system. For example, the most convenient method for a flat plate

is not suitable for the inner surface of a capillar?' tube, and fine textile fibers and

_II ' 'lt ' ' ' _P 'Rill ' '



powders raise specific problems of measurement that are not present in other sys-

tems. Several values have been reported for the contact angle on coal such as 0°

for lignite, 48° for anthracite, and 60° for high volatile bituminous coal [15]. No

two measurements even for the same coal appear to be the same, especially if these

measurements were taken on two different spots on the coal surface. Several rea-

sons like surface roughness, chemical heterogeneity, have been given to explain this

behavior [14].

Laskowski [23] has discussed the vital aspect of sample preparation for con-

tact angle measurements. Both the reproducibility and the reliability of the results

are dependent on how well the samples are prepared prior to the measurement.

Moreover, because of the heterogeneous and easily oxidizable nature of the coal,

sample preparation for coal contact angle measurements becomes even more impor-

ta.at. Lastly, it should be noted that contact angle measurements do require special

sample preparation and polishing, and therefore do not reflect the nature of particle

surfaces encountered under operating conditions.

3.2 WETTING

Wetting is the inost important phenomenon that controls a variety of surfa ;e based

processes such as flotation, flocculation and agglomeration. Wetting, in the most

general sense is the displacement of one fluid from a surface by another. This

definition implies that wetting must always involve three phases of which at least

two must be fluid. Wetting phenomena are generally classified as adhesional wet-

ting, spreading wetting and immersional wetting. In adhesional wetting, a second

fluid not originally in contact with the substance makes contact and sticks to it;

in spreading wetting the liquid already in contact with a substance spreads and

displaces the second fluid; and in immersional wetting the material is transferred

from a gas phase into a liquid phase.

9
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All wetting processes can be described in terms of the respective surface free

energy changes involved. Equations describing the free energy chap.ges for adhe-

sional wetting (AG.), spreading (AG,) and immersional wetting (AGi)in systems

involving a solict, a liquid and a gas phase are the following:

AG_ = 7,t-'7°g-Ttg

AG, = 7,t+Ttg-7,g

AGi = 7,_-7og

where 7ag, 7,t and 7,g axe the surface tensions at tt,e liquid-ga.s, solid-liquid and solid-

gas interfaces respectively. Incorporating the Young's equation in above expressions,

we can write:

AGa = -Ttg(cosO+l)

AG, = 7rg(1 - cosO)

AGi = -7_cosO

Thus the wetting process can be described in terms of two measurable quan-

tities: the surface tension of the liquid and the equilibrium contact angle.

There are two types of spreading of liquids on insoluble solids which resemble,

respectively duplex and nondupiex spreading in liquid-liquid systems. Spreading

and wetting usually occur when solids have a large surface free energy with respect

to tile liquid. Spreading of a liquid into a stable multimolecular film on the solid is

often observed, and is analogous to tile spreading of a liquid into a multimolecular

fihn on another liquid. Such a fihn on another liquid is not stable, however, and thus

reverts to a monolayer. The latter is called duplex spreading. Nonduplex spreading

10



of a liquid on another liquid has its counterpart in liquid-solid systems, in which

an adsorbed, oriented, or close-packed monolayer is formed upon which the liquid

cannot spread. These liquids, which cannot spread over their own monolayers,

are referred to as autophobic. The distinction between nonspreading systems and

solid/liquid autophobic systems can be subtle, since drops with finite contact angles

are found in both cases.

3.2.1 Presentation of wetting behavior

Wetting behavior is frequently assessed by measuring the contact angle as discussed

above. Because of the difficulty in evaluating contact angles on particulate materi-

als, various techniques involving wetting of particles by solutions of different surface

tensions have been used to measure wettability. One such technique involves the

rate at which a powder transfers from a gaseous phase into a liquid phase. In an

investigation of the action of surface active agents in coal dust abatement, Walker

et al. [24] studied wettability by determining the surface tension of the solution

into which individual particle, would be imbibed immediately when dropped from

a height of one centimetc,. Another variation of their experiment involved dropping

100 #m particles onto the surface of solutions of wetting agents, and taking the time

for the particles to disappear from the liquid surface as the time of wetting.

3.2.2 Critical wetting surface tension

Zisman with his co-workers devoted his whole career [25,26,27,28] measuring the

spreading and wetting of liquids, such as homologous series of alkenes and surfac-

tants, mostly on polymeric substances. This effort has provided the concept of

critical wetting surface tension %. l:'rom Young's equation, coso = (7,_ - 7,1)/71_;

if the solid has a finite angle in a liquid phase, then _,_._> 7,_ - %1. By reducing

11
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71,, it is possible t.o bring the contact angle to zero. Accordingly, if one determines

contact angles on solids and plots cos 8 versus _%, a straight line is usually obtained
:!

which can be extrapolated to cos _ = 1 i.e. _ = 0, on the Y-axis. Zisman defined _/

the 7e of a mat.erial as the surface tension of the liquid, 7t_, at which 8 just becomes

zero. By deductive analysis and considerations regarding the orientation of solid

surface groups, the classical diagram given in Figure 2 [29] has been generated with

other relevant information. The staxldaxd polymer handbook [30] carries 7c values

for entire ravage of polymers.

Lucassen-Reynders [31] and Sergemar. et al. [32] have derived correh ,tions on

the effects of surfactants on contact angles, and presented their data iD the form

of 7t, cos8 versus 7t, plots, where the former expression corresponds to the well

known adhesion tension. Kelebek and co-workers [33,34] have used these diagrams

for discussing the wetting behavior of hydrophobic solids. The Lucassen-Reynders

plots produce lines like (a) and (b) as shown in top of Figure 3. If 8 is kept constant

and 7,_ is varied, lines (c) and (d) result, ttornsby and Leja [35] have observed

from such plots that, if two particles have different %, they should be separable

(by means of float-sink test) under the following conditions; %1 < 71_ < 7c2 where

7cl and 7,2 are critical wetting surface tension of particle 1 ax,d particle 2. Under

such conditions particle 1 would be wetted by solution of 71_ and should sink while

particle 2 should float. These authors used teflon-coal mixtures to demonstrate their

point in test tubes. Similar results were previously reported by Finch and Smith [36]

using magnetite and silica, made hydrophobic by treatment with surfactants prior

to mixing of powders. These observations have resulted in an approach to flotation

called "Gamma Flotation" using liquid surface tension control. A schematic plot

of Gamma flotation where flotation recovery versus 7t_ is plotted is shown in the

lower part of Figure 3. The validity of these observations has been demonstrated

with sulfide minerals, silica, and oil shale by others [37,38].

12



Figure 2: The wettability "'spectrum" for selected low energy surfaces (from Shaf-
frin, E.i_. and Zisman, W.A., in J. Phy. Chem., vol 64, (1960), pp 519-524)
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Yaxar et al. [39] evaluated 7_ of minerals by extrapolating the "percent re-

covery versus surface tension" curve to zero recovery. Considering the linear part

of the curve they derived the following relation

= - Tn(Tt- 7°)

where/L r is percent recovery at any given value of solution surface tension 7t,.

The Zisman relationship is described by

cos/9 -- 1 - b(Tl, - %)

where b is the slope of the line in a cos/9 vs. 7t, plot. Both 7_ and b (i.e the slope)

values have been used to characterize the relative hydrophobicities of solids. For

example, Shafrin and Zisman [29] used 7_ as a criterion to classify highly nonpolax

polymers with respect to their atomic constitution, and others [19] have related

b (i.e the slope) to the coal rank. Parekh and Aplan using pure liquids and the

Zisman's approach found % of coals ranging from anthracite to lignite to be nearly

constant at about 45 mN/m. Yang [40] also observed that % of a number of coals

in alcohol-water mixtures to be constant but at about 23 mN/m. These results

essentially indicated that % was independent of the coal rank but the slope of the

line (b) is strongly dependent on the rank. This is difficult to understand because

it has been shown that different coals exhibit different degrees of hydrophobicities,

more specifically different contact angles [14,15]. It is possible as pointed out by

Good [41], that the lower values in the case of alcohol-water mixtures are due

to preferential adsorption of one of the component of the binary solution used.

This adsorption is also possibly the reason for the constancy of the 7_ obtained

using aqueous solutions. Paxckh and Aplan [19] postulated that the reason for the

constancy of 3,, when measured using pure liquids may be related to the inherent

surface moisture of coal.
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lt should be remembered that 7c discussed above is an empirical parameter

obtained from contact angle measurements. In general we would expect the %

to depend on the solid and the liquid series. However, when dealing with simple

molecular liquids (where van der Waals forces are dominant), Zisman observed that

7c is essentially independent of the nature of the liquid, and is a characteristic of the

solid alone. In view of this, various authors have attempted to relate 7c to physical

parameters of the solid surface [11,41].

Young's equation gives cos/9 as a function of interfacial energies. The special

case where 7t_ = 7,_ - 7,t and cos/9 = 1 or/9 = 0 (complete wetting) leads to the

concept of 7c. In thermodynamic equilibrium 7,t +Tt_ can never be larger than 7,_. If

it were larger, this would imply that the free energy of a solid/vapor interface ( 7,_ )

could be lowered by intercalating a liquid film of energy ( 7,t + 7t_). The equilibrium

solid/vapor interface then automatically comprises such a film. Bangham et al [42]

put forward the concept of equilibrium film pressure 7r,

= (1)

where 7, is the surface free energy of the solid in vacuum and is equal to one half the

free energy of cohesion with respect to the specified surface dividing the bulk; 7sv

is the surface free energy when the solid is in equilibrium with the saturated vapor

of the wetting liquid. The spreading coefficient S defined as S = 7_ -7or -"r't_ is

related to 7r_. It should be noted that 7r_irl some systems (water on metallic oxides)

may be as lax'ge as 300 ergs/cm 2 [43] and this will affect the spreading coefficient if

%_ is taken instead of %.

Most molecular liquids achieve complete wetting with high energy surfaces.

On the assumption that covalent bonding controls 7s and van der Waals interactions

control 7,t we can write
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%_= %+ _t_- v0t (2)

-Voz describes the attractive van der Waals interactions between solid and liquid

near the surface. The above equat]0n shows that when liquid and solid regions are

well separated the energy is 7s + 7t,; when contact is established the energy V0t is

recovered. Similarly, when two liquid portions are contacted, the original interfacial

energy of 27t_ is reduced to zero. Therefore:

0 = 2_ - y,. (3)

where-_1 represents the liquid-liquid attractions. Using equations (2) and (3)

the spreading coefficient S can be written as

S = -271,+ V_t= _I- V. (4)

and the condition for complete wetting corresponds to

Y.t> v, (5)

To a first approximation the van der Waals couplings between two species (i)

and (j) are simply proportional to the px.oduct of the corresponding polarizabilities

(c_), therefore

where k is roughly independent of (i) and (j). The condition for complete wetting

corresponds to

17



_. > _ (7)

Based on equations (2) to (7) and assuming polarizability o'f vapor to be

negligible, Young's equation can be written as

coso = %v--%t
7tr

7, -- %t

7tr

7tr

= _ (s)
Crl

When one constructs a Zisman's plot it is ai that is varied, atc, the value of

at at which cos 0 extrapolates to 1 is

_l_=a_ (9)

' 'ka'_. When 0 just equals zero 7t,In terms of surface tensions 7t, = _Vtt =

equals %; and equation (8) can be written ms

}1/2
coso = 2 _'---_-_ - 1 (10)

7Iv

1 ka2 (II)
Z

Numerically the above equation is a simplification. Good [41] has conducted

a more rigorous discussion on the relation between 7c and%.

Even though the theoretical treatment of 7_ and its physical significance is

still under development, and a direct relation between % measured by the Zisman's
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plot using mixed liquids a_ld the surface energy has not yet been established 2, the

concept of % has been useful from a practical point of view as evidenced by works

of Zisman and the Gaxnma flotation process. From a surface chemistry point of

view, Zisman has demonstrated that surface functional groups can be characterized

on the basis of %. Parekh and Aplan have correlated surfactant adsorption mech-

anisms with 7c. Puerstenau et al [44] have used 7c as a means to characterize coal

surfaces by film flotation which is discussed below. It should be pointed out that

% obtained by contact angle measurements has the disadvantages associated with

sample preparation which is ever more serious in the case of coal surface studies.

Use of alcohol water mixtures gives low values due to adsorption of alcohol since

contact angle measurements require that the liquidbe in contact with the solid for a

sutticient length of time to make mttltiple measurements. Also in certain instances it

is the slope of the straight line drawn in a Zisman's plot that might be more mean-

ingful. Finally it should be noted that % obtained by contact angle measurements

is only an average a value of the surface.

3.2.3 Film flotation

' Walkers test for studying wettability ofFihn flotation is a technique based on the ' _ '

powders aa_d which was further developed at the University of California, Berkely

under a DOE project. The details of the technique and its efficacy is provided

in the final report submitted to DOE (Grant No. DE-FG22-84PC70776). The

reseaxchers at California established the efficacy of this technique and used this

technique mainly to characterize the surface of coal obtained from variou_ _ource,_.

This technique was used here to study the surface of coal and modified coal surfaces

from a _ingle _ource (Bruceton mines, seam pgh) and extend the understanding of

2An indirect relationship d_s exist [41]
aThe deviation from the actual statistical average is dependent on the spatial distribution of the

measurements and the total number of measurements made
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significance of film flotation bahavior from a more fundamental point of view.

Relevant sections from the above report are presented below.The concept of

film flotation is based on wetting phenomena that occur when a particle is trans-

ferred from the vapor phase into a liquid phase as illustrated in Figure 4. This

process can be divided into three steps. The first step when the particle is dropped

onto the surface is adhesional wetting. As the p_ticle begins to submerge, the

process is immersional wetting. The final step as the particle is imbibed into the

liquid as the film spreads over tile solid surface is spreading wetting. For adhesional

wetting the free energy change is given by

AG, = -Ttg(cos O + 1) (12)

Equation (12) shows that adhesional wetting is spontaneous (AGa < 0) when the

contact angle is less than 180 degrees. For the immersional wetting step, the change

in free energy is

AG; = -71g coso (13)

which shows that immersion is spontaneous when the contact angle is less than 90

degrees. In the final step, namely spreading wetting, the change in free energy

zxa,=-rt,(1- (14)

in which case spreading wetting is spontaneous when 0 is equal to zero 4. In the

limit the film flotation process is ideally controlled by particles whose contact angle

is just zero.

4Inactual cases,due to gravitationaleffectsthe contact angle must be slightly greater than zero
when the particles just sank.
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Figure 4: Schematic representation of film flotation process
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In a typical film flotation experiment closely sized particles are sprinkled onto

the surfaze of a liquid or aqueous solutions having different surface tensions. Nor-

really sufficient material is sprinkled onto the liquid so that a layer of particles

remains on the liquid surface. Depending on the surface characteristics of the

material and the surface tension of the liquid the particles either remain at the

liquid/vapor interface or are immediately imbibed into the liquid. After performing

the film flotation the float and sink fractions are recovered by decantation, dried

aald weighed. The weight percent of the particles reporting as float for each solution

is then determined and the results together with the surface tension of the solution

axe then used to construct the cumulative partition curve for the sample. A typical

partition curve obtained during the present study is shown in Figure 5.

There exists a surface tension of the solution below which none of the particles

will remain at the liquid surface, that is the surface tension below which all particles

are wetted by the solution - % of the most lyophobic 5 particles. Similarly the 7c

of the most lyophillic particles in the powder is the surface tension of the liquid at

which ali the particles are lyoohobic, that is the surface tension above which none

of the particles are wetted by the solution. Whereas conventional methods of %

estimation provide only one value irrespective of the heterogeneity of the sample,

film flotation results ca.n be used to obtain a distribution of % values. A frequency

distribution diagram can be generated from the partition curvet as shown in Figure

6, implying the existance of a surface parameter distribution for coal particles.

Since the act of imbibation is instantaneous in the film flotation process the

possibility of molecules adsorbing from the solution to change the surface char-

acteristics is negligible. This indicates that _ ubtained by film flotation does not

have the experimental disadvaJltages associa.'_ed with measurement of contact angles

5At a particular surface tension of the wetting licuid those particles that are wetted completely
(sink) are lyophillic,and those that are not wetted (t?oat)are iyophobic.
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using alcohol water mixtures.

It is also evident that since this process is based on the change in interfacial

energy of the particle the weight percent lyophobic plotted on the Y-axis is actually

proportional to the total surface area of the particles.

3.3 HEAT OF WETTING

Heat of wetting or heat of immersion (AH;,_,,_) is a small exothermic quantity that

is released when a clean solid is immersed in a pure liquid, and it cml be used to

characterize a solid in terms of hydrophobicity and hydrophilicity and to estimate

the relative wetting tendency. Calorimetry, a fundamental analytical method is the

widely used technique to study heat of immersion.

Chessick and Zettlemoyer [45] presented a detailed explanation of the thermo-.

dynamics involved in the heat of immersion. They measured the heat of immersion

of various solids like teflon, Graphon, rutile, and clay, in various liquids (water,

organics, surfactants etc.) to determine a number of properties like wettability,

surface polarity and site energy distribution. They measured the heat of immersion

of butylamine on attapulgite clay to determine the acid strength of exchange sites.

The heat of immersion was measured as a function of surface concentration.

Marsh [46] presented a review on the surface area of coal determined by heat of

immersion, neon adsorption and carbon dioxide adsorption methods. He concluded

that the surface area. of coals was around 200 to 300 m2/gm.

Various researchers [47,48,49] working with Pittsburg and Illinois coals found

that the heat of immersion for Pittsburgh coal increased linearly with increasing

outgassing temperature; however, in the case of Illinois coal, there was a decrease in

the heat of immersion with increasing outgassing temperature. Fuller [50] showed

that the heat of immersion increases a.s the rank of coal decreases. The heat of
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immersion was ,also reported to be higher for mineral rich fractions due to the

greater polarity of the minerals and/or to the more open structure. Yang [40]

reported that heat of displacement of methanol by water is a function of oxidation

and rank. Oxidized coal evolves less heat due to the increase in the polar sites and

preferential adsorption of water over methanol on coal. Nordon and Bainbridge

[51] measured the heat of wetting of an Australian low rank bituminous coal with

different initial moisture content and found that as moisture content increased the

heat of wetting decreased. This study was related to the spontaneous combustion of

low rank bituminous coal and it was concluded that under natural conditions heat

of wetting could cause a temperature rise of only 2°C and is unlikely to contribute

to spontaneous ignition.

Glanville and Wightman [52] have shown that the heats of immersion of pow-

dered coal in water methanol mixtures vary with changing concentration. A max-

imum value of 16 J/gin at 30 mole % methanol was attained. The heat was also

observed to be released upon immersion over a period of up to nine hours. Allen and

Burevski [53] based on gas adsorption studies using a flow microcalorimetry con-

cluded that, 7 alumina, is energetically heterogeneous and Degussa silica is energeti-

cally homogeneous. This study clearly demonstrated the utility of raicrocalorimetry

to study the nature of surface heterogeneity.

Heat of wetting is essentialy equivalent to heat of adsorption. Heats of ad-

sorption provide a means of characterizing surface properties. The classical text

"Physical adsorption of gases" by Young and Crowell [56] provides an excellent

exposition of the kinds of information obtainable from heats of adsorption and dis-

cusses the characterization of surfaces based on heats of adsorption.

It is clear from the published literature that heat of wetting studies can be

used to characterize surfaces and provide a potential approach to the study of coal

surface heterogeneity.
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3.4 ADSORPTION OF VARIOUS REAGENTS

3.4.1 Surfactants

Adsorption of surfactants at solid/liquid interfaces is of practical importance irl ar-

eas involving the control of wettability of solids. Coal, being naturally hydrophobic,

can be usually floated without the addition of collectors or surfactants. However

collectors are used in the flotation of poor quality or oxidized cons.

Adsorption of ionic surfactants results from their inherent amphiphatic nature,

namely the presence of polar and nonpolar groups. The nature of the polar head

group determines whether adsorption occurs by electrostatic or chemical interaction

with sites at the solid surface, while the structure of the hydrocarbon chain controls

the extent of adsorption and interaction with the aqueous medium. If the solid

surface is hydrophobic, adsorption generally is controlled by interaction between

the surface, water molecules and the hydrocarbon chain. Overall the adsorption

of surfactants at the solid liquid interface may involve a complex combination of

electrostatic, chemical and hydrophobic interactions.

In systems consisting of aqueous suffactant and carbonaceous material the

adsorption of the surfactant clearly involves strong chain/solid, chain/chain, and

electrostatic interactions. A number of adsorption studies on carbon black and ac-

tivated carbon has been reported. Most of the systems are extremely complex, but

were interpreted in terms of simple vapor phase adsorption concepts [54]. The main

difficulty involved with surfactant adsorption on carbon blacks is the characteriza-

tion of the surface. Graphon has been used as a model hydrophobic surface in many

studies. Day et al [55] determined adsorption, isotherms of sodium dodecyl sulfate

on Spheron 6 and Graphon. It was noted that a marked point of inflection occured

at an equilibri_un bulk concentration below CMC in the case of Graphon but not in

the case of Spheron 6 ( i.e., two plateau regions were observed in the isotherms for
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Graphon). Adsorption on Graphon remaiI_ constant above CMC, but on Sphemn

6 the adsorption decreased at higher concentrations. After heat treatment. Spheron

behaved similar to Graphon; probably due to removal of surface oxygen groups.

Similar results have also been reported by Tmnamushi [57].

Adsorption of anionic surfactant (Aerosol OT) and cationic suffactant (CTAB)

on carbon black shows typical Langmuir isotherms with long plateau [58,59]. This

signifies that a high energy barrier to further adsorption exists after initial satura-

tion. Effect of chain length of surfactants on their adsorption on carbon and coal

has been studied and have been found to obey Traub's rule [60,61].

Adsorption of dodecyl ammoniumchloride has been studied by Yoo [62] and

the isotherm is shown in Figure 7. The extent of experimental scatter points in this

isotherm is indicative of the heterogeneity and is typical of such systems.

3.4.2 Polymers

Use of polymers in the selective flocculation of fine coal has been reported widely.

BlascJake [63] reported studies in which coal slimes containing about 39% ash were

selectively flocculated keeping the coal dispersed using sodium salt of carboxymethy-

cellulose as the dispersent and an anionic, modified polyacrylamide ("Gigtar") as

the flocculant. By this method ash content of the slimes could be reduced in one

stage to about 20%, with coal recovery of about 40%. Hucko [64] conducted a

detailed study on the selective flocculation of coal _s a function of several impor-

tant process parameters such as pH, dosage, and ionic strength of the medium.

He concluded that selective flocculation is favored by alkaline conditions, and that

naturally occuring organic colloids such as starches and guars were only moderately

selective but low molecular weight nonionic polyacrylan:fides were more selective. A

nonionic polymer with a. molecular weight of about 4 million exhibited better se-
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lectivity than ethers in the 0.6 to 8 million range. Of the dispersants used, sodium

hexametaphosphate was the most effective.

Commercial and modified polyacrylaanide polymers tested with individual sus-

pensions of coal, shale and mixtures of equal amounts of coal and shale revealed

that anionic flocculants produced higher settling rates ( about 25%) for shale than

cationic flocculrmts. In the test with mixtures, both type of polymers produced

low ash coal product [65]. The authors concluded that preferential adsorption of

the flocculants onto the coal surface was responsible for the observed effect, the

requirement for adsorption on coal being met prior to signiticant adsorption on

shale. Krishnan et al [66] used water-dispersable flocculant containing hydrophobic

functional groups and based on kinetic studies also concluded that there is signif-

icant adsorption on coal a.s compared to shale. Moudgil [67] has reported on the

depres,_nt action of polyacrylamide and polyethelyene oxide polymers on coal flota-

tion. The author also reports that, based on visual observation polyaerylamide did

not affect frothing characteristics b::t polyethelyne oxide tended to increase bubble

size in the coal polymer systems studied.

3.4.3 Fuel Oil

Use of small amounts of collector, usually fuel oil or its derivatives in conjunction

with frothers, is known to enhance flotation significantly [14,67]. The role of fuel

oil as collector in coal flotation has not yet been flllly understood. Explanations

based on the electrokinetic properties of the oil droplets and coal surface have been

proposed [69]. Other authors have examined the interfacial reactions of coal/fuel

oil on the basis of p,xrticle particle interactions [70]. It is possible that hydrophobic

interactions would play a major role. Also, it apperas tha.t the beneficial effect of

fuel oil on coal flotation is governed by the probability of contact between coal aald

oil droplets than the energetics of adsorption.
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3.4.4 Frothers

The mechanism of frother interaction with coal h_s been studied by Osatca [71]. His

studies suggest the following : Typical frothers have both collecting and frothing

properties. The amount of frother adsorbed on coal after periods of time such that

equilibrium is not established are not in direct proportion to the totM surface area

of com and is probably due to the ease with which these molecules carl penetrate the
,,

pores of coM. Tile rate of adsorption of frothers decreases with time. Tile author

suggests that there is a need to design larger molecular weight frotl!ers, possibly

with collecting properties incorporated.

Surnmarisirlg, it is seen that reagents like surfa,ctmlts, hydrocarbons, frothers

aa_d polymers have been studied for toa.1 beneficiation, lt is also noted that in many

instances the optinmm reagent scheme often consists of usi.,._.gu hydrocarbon. The

hydrocarbon surfactant relationstfip is synergestic; Surfactants are used to emulsify

the hydrocarbon before introduction into tlm flotation (.',ell,and hydrocarbons are

used to displace water from the coal surface and aid in the surfactant adsorption.

Polymers have been used in selective flocculation; however, a high degree of selec-

tivity has not been achieved and the mecha.nisms of polymer interactions with coal

surface are not yet clear, lt appem's that there exists a multitude of reagents, each

reagent scheme specific to a particular coal. Lack of efficient surface characteriza-

tion coupled with our inadequate knowledge of reag(.'nt interaction mechanisms has

been responsible for our inability to predict arid control coal surface properties.

3.5 OXIDATION

In their natural state, most coals are susceptibl(_ to oxidat, ion. Oxidation affects

many of the surface-ba,sed processes emI)loycd in c()_dpreI)arai, ion and coal utiliza-

tion [21,72]. CoM oxidation is I)a.rti(:ularly imI)ortant in coal flotation since tllis
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affects the wettability and hence floatability of the coal. In the future, oxidation

will become even more important since advaxlced flotation processes will require fine

grinding. Particles produced by fine grinding have an enormous surface area which

will lead to extensive surface oxidation.

Coal oxidation progresses through a number of stages when coal is exposed to

an oxidizing atmosphere [73]: i) surface oxidation, ii) production of alkali solubles,

and iii) production of acid solubles, As oxidation continues and the oxygen content

of the coal increases alkali-soluble compounds called humic acids are produced. On

further oxidation, the humic acids degra.de to low molecular weight acids that are

soluble in acidic and neutral media as well as alkaline media. In the initial stages of

oxidation, chemisorption of oxygen takes place leading to the formation of various

functional groups, such as phenolic (-OH), carboxylic (-COOH) mad carbonyl (C=O)

[74]. As oxidation proceeds, gaseous products such as carbon dioxide and carbon

monoxide together with water-soluble:' acids are produced. The exact nature of

chemic'M changes that occur during coal oxidation is still not clearly understood.

Laboratory investigations concerned with the effects of oxidation on coal have

usually been carried out either by air-oxidation or by the use of chemical oxidants.

Air oxidation below 300°C normal] 3, stops at the formation of surface functional

groups, whereas chemical oxidation in either an acidic or alkaline medium can form

water-soluble products on coal surface.

Another important technique used for assessing the degree of oxidation is

infrared absorption spectroscopy [75]. More recently' high speed and improved
:

resolution FTIR (Fourier Transform Infrared Spectroscopy), a powerful tool, has

been extensively used in the stud), of oxidized coal [76]. Modifications to this

technique involving Diffuse reflectance (DRIFT) and Attenuated total reflection

(ATR) axe also employed to study coal [77,78]. These studies clearly show the

formation of COOH and OH groups on coal surfaces upon oxidation.
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An ion-exchange technique developed by Brooks, Sternhell and Schafer [79,80,81]

is widely used for quantifying functional groups. However, this method determines

only the leachable Oxygen functional groups and cannot distinguish between surface

and internal oxidized sites [40].

Oxidation of coal occuring in the bulk of the sample or the sla-fa,e layer, can

affect surface properties significantly. Studies by Sun [16] showed the flotation yield

to decrease with increasing degree of oxidation, indicating increased hydrophilieity

of the coal. He attributed this behavior to the accumulation of water-insoluble oxi-

dation products at the coal surface. Chemical oxidation of coal, according to Celik

and Somasundaran [82] can completely depress coal flotation. These researchers

also found that ultrasonieation restores the flotability of treated coals. Gutierrez-

Rodrigues [21] inferred that at ambient temperatures aqueous oxidation decreases

the hydrophobicity and hence the flotab!tlity of bituminous and lignitic coal.

Coals contain a variety of functional groups involving oxygen, nitrogen and sul-

fur. Among these oxygen groups, carboxylic and phenolic oxygen groups (-COOH,

-OH) alter the wetting behavior of coM.,;. The extent of change, however, depends

on the susceptibility of a given coal to oxidation. Fuerstenau e_ al. [83] corre-

lated the concentrations of phenolic and carboxylic groups with flotation response.

Their results, indicate that the functional groups control wettability through the

balance of hydrophobic/hydrophilic sites, and control flotation by their influence

on surface charge. Oxidized coal float,_ less favorably because of the interaction

between oxygenated sites and the polar water molecules. According to Rosenbaum

[17] who measured contact angles on co_d, the increasing hydrophilicity of coal with

decreasing rank is due to the high concentration of oxygen groups on the surf_e.

Laskowski et al. [84] found that, humic acids, which are products of coal

oxidation, have a deleterious effect on coal flotability. They also observed the elec-

tronegativity of coal surface to increase with oxidation. The detrimental effect of
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oxidation on coal wettability is evident, however there is no definite method by

which their effect can yet be quantified.

Oxidation of coal has been shown to lead to the formation of polar groups on

the surface. In view of the heterogeneous nature of coal, different moieties on the

coal surface will probably oxidize to different extents. How oxidation affects the

surface heterogeneity still remains an open question.

4 CRITICAL ISSUES

4.1 HETEROGENEITY

The above review of literature on coal beneficiation and coal surface science clearly

shows that our knowledge is largely emperical and results on a particular coal sample

is not necessarily valid for other samples. Often reagent consumption is found to

differ even for coal samples from the same source as a function of time due to

oxidation. This is due to the inherent heterogeneous nature of coal. Heterogeneity

of coal consists of a) heterogeneity due to random dissemination of mineral matter

in the coal matrix and b) The inherent heterogeneity of the coal surface itself.

The former is related to the liberation of mineral particles during grinding. It

is technicMly feasible, to a large extent, to control this type of heterogeneity by

' grinding coal to very fine sizes. This should liberate most mineral matter which can

be subsequently separated by flotation or selective flocculation. The latter is due

to the presence of various chemical moieties which form the organic matrix of coal

and their distribution.

34



4.2 ROLE OF HETEROGENEITY IN INTERFACIAL PHE-
NOMENA

Interfacial phenomena in heterogeneous systems will often be goverened b,, more

than one mechanism. For example adsorption on a particle could be due to hy-

drophobic interaction on hydrophobic patches and by electrostatic interaction on

oxidized patches. Also a small area on the surface with sites of a particular sur-

face energy or charge could control the overall observed effect; for exaraple, lu-

bricating property of graphite is greatly enhanced by adsorbed water on a few

isolated hydrophillc s!_es [85]. Zettlemoyer and co-workers [86] have suggetsted that

hydrophobic- hydrophilic ratio ( 3 or 4:1 ) may be an important parameter in

determining the efficiency of ice nucleation. Recent surface studies have shown

that important characteristics of adhesion, wettability, and printing are associated

with a relatively few number of specific carbon-oxygen bonds within the outermost

monolayer [87,88]. In the case of microbial adhesion and desulfurization it is quite

possible that few isolated sites are points of attack in the gradual remo'ral of sul-

fur. It is seen from the published literature that coal is often treated as any other

homogeneous hydrophobic solid, neglecting the nature of heterogeneity. It should

be pointed out that only minor changes in surface properties are adequate to affect

surface based phenomena. In the case of heterogeneous material like coal, knowl-

edge of average properties would not provide sufficient information for controlling

the interfacial properties. The distribution of chemical moieties on coal surface is

of direct significance in interfacial processes and a fundamental knowledge of their

distribution is essential to design effecient flotation and flocculation systems.
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4.3 ACCURATE CHARACTERIZATION OF COAL SUR-
FACES

There exists no published material adressing the important issue of heterogeneity

in coal surface characterization studies. Accurate characterization should include

the heterogeneity of coal. Studies on the chemical structure of coal axe numerous

end are summarised in [89] with various types of models being proposed for various

ranks of coal. However, there is nc consensus regarding the nature of the average

structural unit. It is evident that the average structural unit consists of various

organic moieties; both aliphatic and aromatic in nature. Oxidation will induce

polar groups like hydroxyl and carboxyl groups. The surface of coal is thus likely

to be composed of varying quatities of polar and nonpolar sites of different degrees.

From the works of Zisman, Good and others it is clear that characterization of coal

surfaces based on the concept of critical wetting surface tension would be useful in

understanding the chemical structure of the coal surface.

How chemical groups are distributed on a surface is a generic question in sur-

face science having implications in the field of color sciences, drug delivery systems,

molecular electronics, mineral processing and most importantly in coal cleaning.

5 MATERIALS AND METHODS

5.1 MATERIALS

' 5.1.1 Coal

. Fifty two (52) pounds of coal from seam pgh, Bruceton mines in Alleghany county,

PA was received from P ETC. The tag on the package indicated that the coal was

packed under argon atmosphere. Examination on delivery indicated that the plastic

bags were ruptured p_obably during transport. The as recc;ved coal was in the form
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Ultimate analysis: as received

Description Percent
Moisture 1.79
Carbon 80.65

Hydrogen 5.30
Nitrogen 1.74
Chlorine 0.10
Sulfur 1.12
Ash 3.29

Oxygen (by diff.) 7.80

Proximate analysis: as received
Volatile matter 36.29
Fixed carbon 58.60

Calorific value 14000 BTU/lb

Sulfur Forms: as received

Pyritic 0.28
Sulfate 0.0083

Organic 0.83

Table 1' Proximate, ultimate and forms of sulfur analyses.

of large pieces of rocks. The large pieces were broken down and crushed in a Quake¥

mill and subsequently dry ground in a ball mill using ceramic balls. The crushed

product was sieved and various size fractions stored in plastic bottles in a glove bag

under nitrogen atmosphere to minimize ambient oxidation. Proximate and ultimate

analysis of the coal sample is shown in Table 1. The coal sample is high volatile B

bituminous quality.

5.1.2 Polymer

Commercial polyacrylamide polymers were obtained from American Cynamid Corn-

pan.v. Cationic polyacrylamides of 10% and 34% cationicity, anionic polyacrylamide

of 30% anionicity and a nonionic polyacrylamide were used. The molecular weight

of all the polymers used was approximately four million as specified by the manu-

facturer.
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5.1.3 Other

All other chemicals used were reagent grade. Distilled water was used throughout

the experiments.

5.2 METHODS

5.2.1 Morphological Studies

Systematic analysis of samples from +8, +100, +200, +635 mesh fractions were

conducted using a SEIvl Cambridge 250 mark 2 coupled with a Kevax 8000 EDX

analyzer. Samples for SEM were prepared from grain mounts fixed to aluminium

stud sample holders and carbon coated prior to analysis. Representative photomi-

crographs of inclusions in coal and their elemental analyses were obtained.

5.2.2 Adsorption Studies

Adsorption isotherms were generated by the depletion technique. Typically 0.25

gram of coal was mixed with 5 ml of triply distilled water for one hour, after which

15 cc of polymer solution of the desired concentration was added. The suspension

was conditioned for a known period of time, followed by separation of solids by

centrifugation. All experiments were done under natural pH conditions. Adsorption

experiments were conducted using the rest method ( vials were allowed to stand in

a stationary position and gently inverted by hand three times every 24 hours ).

Polymer adsorption studies invariably require measurement of polymer resid-

ual concentrations. A survey of the literature on polymer adsorption reveals that

polymer concentations at the ppm levels are usually measured by titration or neph-

elometry which are often very tedious and unreliable methods. During the course

of this project we identified the Total Organic Carbon (TOC) analyzer as a simple



and reliable system for measuring polymer concentration at the ppm levels. The

residual concentration of polymer was measured using a Dohrman DC-90 model

TOC analyzer.

5.2.3 Film Flotation

The experimental technique involved sprinkling of coal (typically 0.25 gms.) on

water-methanol mixtures of varying concentrations. The resulting float and sink

fractions were separated by decantation and dried under ambient conditions and

weighed. The weights recorded were used to construct cummulative site distribu-

tion curves. Experiments were conducted with coal samples subjected to heating

in an air heated oven at 70°C and performing film flotation. The effect of cooling

the sample under different conditions were also monitored. Film flotation experi-

ments were also conducted after subjecting the sample to reoxidation at 70°C. Film

flotation of coal oxidized at a temperature of 140°C in a muffle furnace for 24 hours

was also performed. Samples of coal were placed irl a dessicator under vacuum for

twenty four hours after which fihn flotation was performed in order to study the

effect of moisture removal on film flotation response.

5.2.4 Centrifugal Immersion

Typically about 0.1 to 0.2 gram of coal particles in the desired size range was gently

placed on the surface of water in a centrifuge bottle and subjected to different

degrees of centrifugal force for a constant time and temperature. The float and sink

fractions were seperated, weighed and data used to construct partition curves. A

Dupont Sorvall RC-5B refrigerated superspeed centrifllge was used.



5.2.5 Wax Vapor Deposition on Coal

In order to create a relatively homogeneous surface, tile coal particles were coated

with wax vapor. Chemical grade Paraffin wax from Aldrich Chemical Company

was used. Granules of para_n wax were placed in a conical flask and heated by

an electric heating mantle. The wax was melted and subsequently vaporized. The

vapors were pa._sed through a bed of com particles held in a fritted glass funnel by

applying vacuum. After 10 minutes of vapor deposition the vacuum was broken

and the bed gently tumbled in order to expose fresh surfaces to the vapor. This

procedure was repeated 20 times. A schematic illustration of the experimental

assembly is shown in Figure 8. The wax coated coal samples were stored in a

desiccator and used for centrifugal immersion tests.

5.2.6 Adsorption Gravimetry

The experimental apparatus used in the present study has been reported in tile

literature [94,95,96] previously; however a brief description follows. The general

arrangement of the system is shown in Figure 9. A symmetrical microbalance (Se-

taram MTB 10-8) is connected to vacuum pumps (oil diffusion pump and two-stage

rotary pump) including liquid nitrogen trap, the vapor source , a gas manifold,

and two pressure gauges: a Pirani gauge for the 10.6 to 10-'l torr range, a Texas

fused silica Bourdon tube automatic gauge for the 10-_ to 500 torr range. The gas

manifold and the associated valve set allow vacuum control and pressure measure-

ments in different parts of the apparatus. A symmetrical thermostat around the

balance allows a wide range of temperature conditions under which to conduct the

experiment while simultaneously providing constant temperature control. The va-

por supply is connected to the balance and the sample through a Granville-Philips

leak val,:e, and is immersed in an air thermostat in which the balance and the
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manifold are encased. An XY recorder and analog to digital converter provide the

necessary data acquisition hardware. A known amount of coal sample (typically a

gram) is placed in the sample cell and the system subjected to degassing at room

temperature for 14 hours.

Subsequently the entire apparatus is set to the desired temperature at which

the adsorption isotherms eu'e acquired and the system allowed to equilibrate for a

further period of 4 to 5 hours. The pressure gauges and the leak valves are then

set at their respective starting points and the experiment commenced. The change

in weight of the sample is obtained a.s the output as a function of relative pressure.

Thermodynamic equilibrium was checked over the entire relative pressure range. At

a given p/po value the adsorbate introduction was stopped and the system checked

fox' any mass or pressure evolution. Error analysis reported earlier for this system

[96] shows that the amount adsorbed can vary in the range +3.7 x 10.6 mol/g and

the relative pressure can vary by :t=0.03 units P/po. Coal samples used in the study

were -200 mesh samples prepared by dry grinding of coal in a ball mill.

5.2,7 Immersional Calorimetry

A conventional Tian-Cah, et differential microcalorimeter was used in the immer-

sional calorimetry experiments. A brief description of the microcalorimeter however

follows [97]., however a brief description follows. The microcalorimeter has two cells.

The output of the microcalorimeter is connected to a digital millivolt meter and a

chart recorder. A cross sectional view of the immersion cell is shown in Figure 10.

Sample (numbers refer to the preceeding figure) 1 is prepared in a glass bulb

2 with a brittle end 3 and sealed to a glass rod 4. When the experiment is started

the gla_ssrod is depressed mid a small frictional heat takes place against the O-ring

5 which ensures ax, air-tight :_eal; nevertlmless, since tlfis O-ring is located about
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Figure 10: Cross sectional view of tll(_ _iai1-Calv('t calorimeter (:ell.
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9 cm above the detecting therm0pile 6, the microcMorimeter recording remains

undisturbed by that friction as can be seen from a steady baseline in the output

recorder. In the meantime when an extra volume v of the glass rod enters the liquid

7 there follows a rise in its level, a compression of the gas phase (air + saturated

vapor of the liquid), and an exothermal effect approximately equal to f{pAcIV

(compression of the air phase with initial partial pressure PA) + (Ahti_)/RT x p0 x v

(liquefaction of the saturated vapor previously contained in v). Finally the brittle

end breaks, with a small energy output IYB (typically around 10 4- 5 mi), allowing

the liquid to enter the bulb (in which the sample is kept either under vacuum or

under a pressure p of the vapor) and to fill it completely. The heat effects detected

then are: (i) the enthalpy of immersion AHimm, (ii) the enthalpy of liquefaction

(Ahliq)/RT x p x V of the vapor previously filling the bulb (void volume V) at
J

the pressure p, and (iii) the enthalpy of vaporization - (&htiq)/RT x Po x V of

the saturated vapor which has to fill the volume liberated by the lowering of the

liquid level. These heat effects finally result in a heat flow through the 400 junction

thermopile 6 which delivers the calorimetric signal. A detailed thermodynamical

analysis of this type of experiment is given elsewhere [98]. The magnitude of various

terms are calculated by performing blank experiments. In a typical experiment the

enthalpy of immersion contributes about 90 percent of the total heat, the enthalpy

of liquefaction and vaporization i.e. items (ii) aad (iii) above contribute about 7

percent while the other effects contribute around 3 percent.

The immersion experiments were performed with methanol as the immeI_sional

liquid. Calibration experiments were also performed to relate the area under a

thermogram to the heat output. In experiments involving the enthalpy of immersion

of com samples with preadsorbed layers of methanol the following procedure was

adopted. Samples held in the gla_s bulb were outga,ssed at ambient temperature for

14 hours and then kept for another 14 hours connected to the methanol vapor source
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in a twin thermostat arrangement. The sample is always held at the temperature at

which the adsorption study is conducted (30°C in this case) whereas the temperature

of the methanol vapor source is varied in order to attain various degrees of partial

pressures and hence various coverages. At the end of the equilibration period the

sample bulb is sealed, attached to the glass rod and introduced into the calorimeter

where thermal equilibrium at 30°C was awaited for about 4 hours before start of

the immersion experiments. After 'thermal equilibrium has been attained the glass

rod is depressed to break the brittle joint and the heat evolved measured. The

output of the experiment in the form of a thermogram curve is available from the

chart recorder connected to the calorimeter. The area under the thermogram was

obtained using a pla_nimeter and converted to heat units using calibration data.

5.2.8 Spectroscopy

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)

Infrared spectroscopic investigations were conducted using a Perkin Elmer FTIR

1800 instrument. A Perkin Elmer DRIFT accessory was used to acquire the spec-

tra of coal, oxidized coal and polymer treated coal. The spectra of float and sink

fractions obtained ( at 30% methanol concentration ) from film flotation experi-

ments were recorded. The typical spectral acquisition procedure involved the initial

recording of a background spectrum of KBr powder in the single beam mode. Sub-

sequently about 0.05 gram of the sa.mple was mixed throughly with 0.25 to 0.5 gram

of KBr powder, transferred to the sample holder and the spectrum was acquired in

the single ratio mode. Typically 100 sca.ns were collected. The difference spectrum

was obtained using the interactive mode provided in the software.

Fluorescence: Spectroscopy :

40



f

' Pyrene labelled polyacrylaxnide polymer synthesized at National Chemical

Laboratory, India, was used. Coal was treated with 250 ppm of polymer solution

for 48 hours after which the slurry was separated by centrifugation. The supernatant

and slurry were analyzed. A blank containing 250 ppm of polymer was also analyzed.

The fluorescence spectra was accquired using a SPEX Fluorolog spectrophotometer.
J

Laser Microprobe Mass Analyzer (LAMMA) :

A brief description of LAMMA is given in Appendix C. A +8 mesh coal

sample was analyzed using LAMMA along a line scan in thermal desorption mode

to identify the desorbable components present (both elements and molecular frag-

ments). The LAMMA spectra were obtained from Surface Sciences Laboratories

Inc., California and are enclosed in Appendix D. Positive and negative ion spectra

were acquired at locations identified oil the spectral plot. Appendix C also contains

the photomicrograph of the +8 mesh coal sample showing the analysis location and

the LAMMA line profile end points.

Derivatized - Electron Spectroscopy for Chemical Analysis (D-ESCA)

An ESCA instrument comprising a Surface Science Instruments Inc., spectropho-

tometer, model SSX-100 equipped with a A1K alpha X-ray source was used. Typi-

cally during the experiments the pass energy was maintained at 25 eV at a pressure

of 10-s torr. The spectra were obtained from Surface Sciences Laboratories, Cal-

ifornia. A +8 mesh sample of coal was analyzed using ESCA to obtain surface

elemental composition and chemical binding states. Subsequently the smnples were

submitted to site specific reactions resulting in the incorporation of fluorine and the

spectra of derivatized samples obtained. The number of functional groups per 100

atoms is calculated by dividing the atom percentage of fluorine by the number of

fluorine atoms in the tag molecule. The derix-dtization reactions which enabled the
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quantitative determination of phenolic OH, carbonyl and carboxyl groups which

were pursued in this study are as fl,llows:

I

_-OU + CI-Si-( CH 2 )2( CF2 )s CFa _ -O-Si-(CH2) 2........
r

F s

-COOH + BrCH2-(_ _ COOCH2. _
Fs Fs

6 RESULTS AND DISCUSSIONS

6.1 MORPHOLOGY

The results of morphological studies ar_',summalized below. Detailed discussion of

the micrographs and elemental allalysis is given in Appendix A. The coal sample

contains iron disulptfides refered to generally as pyrites, clayey matter, silicates and

carbonates. Traces of titanium, manganese, fluorine, potassium and chlorine were

also recorded. The mineral matter in coal is closely associated with the coal matrix

and also with each other. Only a.t G35 mesh fraction individual particles of mineral

matter are noticed. Single inorganic crystals of complex compositions were noticed

in this size range. Even at moderately coarser sizes ( such as +100 mesh and +200

mesh ), the mineral matter was foltll(l to l>e h,ck(,d wittl each other and the coal

matrix.

In many instances the mineral matter is covered with a fine layer of coal

dust probably due to smearing durillg grinding (dry) and sieving. This could have

important implications for subscqllent surf,,c(, mo(lification studies and advanced
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cleaning processes based on surface properties.

6.2 WETTABILITY DISTRIBUTIONS

Wetting is an important phenomenon in physical beneficiation processes such as

flotation and agglomeration. Since coal surface is heterogeneous it is to be ex-

pected that various domahls on the coal surface would posses different degrees of

wettability. Wettability distributions presented in this study were obtained from

the centrifugal immersion technique which was developed during the course of this

project. CentrifugM immersion involves forces required to detach particles from

the liquid-air interface and to immerse them. The theoretical treatment of floating

bodies has been undertaken in tile past by means of force analysis [99,100] and free

energy analysis [101,102]. These studies axe for particles with simple geometries

like those of spheres or cylinders. For a smooth chemically homogeneous particle

with a single geometry there exists a single critical force for its detachment from

the liquid-air interface. Recently the centrifugal immersion technique has been used

to examine the role of collective adhesive effects (or ensemble effects) of particles

on the force required to detach particles from the liquid-air interface [103]. This

study showed that thougtJ significant ensernble effects were observed with particles

smaller than 90 microns, larger particles did not produce any measurable effects. In

other words the larger particles in a group behaved like single particles. The average

size of the coal particles used in centrifugal immersion experiments is around 165

microns.

In order to obtain a chemically homogeneous surface while maint_ing the

shape, some samples of the coal particles were coated with wax vapor. Flotability

of particles residing at the liquid-air interface in solutions of varying surface tension

[104,105] was used t_ characterize the wax coated coal surface. Figure 11 shows the

...... 1_+;...... _;¢;_,n ,.,,r,o ,_ht_;r,_,-1f,-nm ,:_eh flc_t_t;cm t.est.s usine wax coated coal
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particles.

The wax coated particles yield an almost vertical partition curve. The mini-

mum and maximum critical wetting surface tension (%) values of wax coated coal

particles axe 25 and 30 mN/m respectively, as compared to 32 and 72 mN/m re-

spectively for untreated coal. This shows that the wax coated particles have a more

chemically homogeneous surface. The mean 7c value for the wax coated coal parti-

cles is 26.5 mN/m and this is in general agreement with reported values for par_

The wax coated particles were subjected also to centrifugal immersion exper-

iments and the results are shown in Figure 12.

The curves corresponding to the untroated coal and coal oxidized at 140°C

for 15 hours are also included in Figure 12. All coal samples are of minus 80 plus

100 mesh fraction (149 to 177 microns). It can be seen that at lower speeds the

oxidized coal sinks more than the untreated coal or wax treated coal indicating

that its relatively more hydrophilic. Similarly the detachment speeds for the wax

treated coal is more than those for others. As expected wax treated coal is more

hydrophobic than the untreated or oxidized coal samples.

The wide range of forces (corresponding to 2000 rpm to 16000 rpm) required

to detach wax coated coal particles (which have a chemically homogeneous surface)

from the liquid-air interface is illustrated in Figure 12. Such a wide range is not

predicted for particles with chemically homogeneous surfaces by any of the models

referred to herein. This is becuuse these models take into account only bodies

of well defined geometry. The works of Rapacchietta et al [101,102] and detailed

calculations based on the approach adopted by Nutt [106] have demonstrated that

shape does have a substantial effect on the force required to detach particles from

the interface as is to be expected.
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Figure 12: Cumulative wettability distribution curves of base coal, wax coated coal
and oxidized coal constructed from centrifugal immersion experiments.
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Homogeneous particles with a single specific geometry would yield a single

value for the detachment force. A mixture of particles (contact angle being the

same for all the particles) having a variety of shapes would yield a distribution of

detachment force. Apart from the shape effects, edge effects [107] which can cause

line pinning [11] and the dynmnic effects of the moving interface [108,109] as the

particle sinks could also contribute to the distribution of detachment force. We shall

call these collectively as shape effects. The movement of the three phase contact

line on hydrophobic surfaces is more akin to rolling than spreading. The rolling

motion of the foot of the three phase contact line has been discussed by de Gennes

[11]. The manifestation of these shape effects is more likely in the case of a rolling

three phase line than in the case of spreading three phase line. To paraphrase,

if a liquid is capable of wetting a solid then the geometry of the solid is not of

primary importance, on the other hand if the liquid is incapable of wetting the

solid then the geometry of the solid plays a significant role in the wetting process.

This aspect is demonstrated in the design of many natural systems such as in the

case of duck's feathers. Therefore, the collective shape effect can be expected to be

more predominant in the case of hydrophobic surfaces.

The trends of curves for tile untreated and wax treated coal in Figure 12 are

similar, even though film flotation tests did indicate that the surface of the wax

coated particles was more homogeneous. The only invariant property of the two

smnples is the collective shape effect. The shape of the curves in these cases is

therefore a manifestation of the particle shape effects. Tile shape of the curve for

the oxidized com is different, from that of the untreated coal curve. Oxidation is

not expected to alter the shape of the particle; the difference in the curve of the

oxidized co._.l sample cannot be due to shape effects. Oxidized coal is more easily

wetted axld the wetting fluid can easily spread around particles of various shapes.

The shape of the curve in this c_se therefore can be considered to be determined
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mainly by tile moietic distribution on the surface.

Figure 13 shows the frequency distribution curves corresponding to the cu-

mulative curves in Figure 12. The lateral shifts in the curves axe indicative of

the degree of hydrophobicity, and as expected, the curve for the most hydrophobic

sample shifted towards higher detachment speed and that for the least hydrophobic

shifted towards lower detachment speed. Since the particle size range of all coal

samples is the same, the differences in the shape of the curve cannot be attributed

to size effects.

The wettability site distribution diagram in Figure 13 shows the wax coated

coal to exhibit bimodality. Since the surface of this sample is essentially homoge-

neous this can be attributed to the shape effects encountered during the immersion

process. Since the shape effect is also a function of the hydrophobicity of the particle

the modality will be influenced by the degree of hydrophobicity of the particle.

Clearly in the case of coal particles which posess hydrophobic and hydrophilic

sites of varying degrees, the surface chemistry and shape effect are likely to play a

role in determining the dynamics of tile spreading wetting and the force required

to detach particles from the liquid-air interface. The shape effects are likely to pre-

dominate in the case of relatively hydropt_obic particles, and the surface chemistry

to predominate in the case of relatively hydrophilic particles. Figure 14 shows the

wettability site distribution diagram for the untreated coal sample constructed from

data obtained from centrifugal immersion experiments conducted in April 1988.

Three major peaks at around 3000 rpm, 6000 rpm and 8000 rpm are noticed.

The wettability site distribution diagram of the same sample obtained in April 1989

shows marked differences in the height of peaks corresponding to the above speeds.

The peak at. 8000 rprn is suppressed, a1_(la significant increa._ in the height of the

other two peaks is noticed. When the coal sample was oxidized at 140°C for 15 Lours
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ali the above mentioned peaks were suppressed. However, 20 percent of the coal

sinks at zero speed. A general trend in the wettability site distribution diagram is

noticed upon oxidation of the com sample. As oxidation proceeds it is accompanied

by a reduction in the height of peaks at high speeds with a corresponding increase

in the height of those at low speeds. These changes can be attributed to a loss of

nonpolar groups and the appearance of polar groups which accompanies oxidation

[21,831.

Cumulative wettability distribution curves generated from centrifugal immer-

sion experiments relate the forces required to detach heterogeneous coal particles

from the liquid-vapor interface and the corresponding weights of the particles de-

tached. Cumulative wet*ability distribution curves obtained from centrifugal im-

mersio_ experiments conducted in methanol-water mixtures are shown in Figure 15.

Examination of the wettability distribution curves obtained for different sur-

face tension of the liquid phase shows that as the surface tension of the liquid is

lowered, the force required to immerse coal particles decreases as expected, since

surface tension forces counteract the centrifugal force required to detach the parti-

cles from the liquid-vapor interface. Certain interesting features of these curves are

to be noted. Firstly, in the case of liquids with surface tension of 72 mN/m and

59 mN/m, 80 percent of the particles are detached from the liquid-vapor interface

between 5000 and 7000 rpm, indicative of a "fall-out" phenomenon under stress.

However as the surface tension of the liquid phase is decreased this phenomenon

appears to be of less significance. Secondly, the slope of the wettability distribution

curve becomes less steep as the surface tension of the liquid is lowered.

The sudden increase in the amount of particles detached from the liquid-vapor

interface warrants the description of this phenomenon in terms of probability distri-

butions which relate fall-out under stress conditions. In the present case the amount
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of particles residing at the liquid-v,_pox" interface is a measure of the probability of

detachment or attachment. In fact, recently such a treatmei_t has been suggested

for the determination of adhesive strength of particles within the liquid-gas interface

in flotation by means of a centrifugation method [110].

A Weibull distribution of the form W, = [1 -e -_'/"'_°m] was used to fit ex-

perimental data. W_ is the relative attachment probability which takes the value

of 1 and 0 corresponding to 100 and 0 percent float respectively in the wettability

distribution diagram, az is the centrifugal acceleration which can be calulated from

the rpm values using tables given in the centrifuge (model Sorvall RC-5B, Du Pont

Instruments) manufacturer's operating and maintenance manual. The parametrs

a,s0 and m are obtained by fitting the equation to experimental data. This distri-

bution is a special case of gamma distribution which describes fall-out phenomena.

Essentially the equations for such distributions have two parameters characteris-

tic of the distribution curves viz. azso parameter which provides a measure of the

average of the wettability distribution and another exponential parameter 'm' char-

acterizing the width of the distribution. The latter depends on factors, such as

irregularity of particle shape (varying extent of wetting), heterogeneity of particle

surface (distribution function of contact angles) and polydispersity of the chosen

particle size. Various modifications to the above equations are possible, one such

modification for example is W= = e -t"2='/°'_°m. These equations can be linearized

and parameters a,s0 and m can then be obtained from the slope and intercept of the

straight lines, lt was found that these distributions did not provide a reasonable fit.

However, reports of reasonable fit in the case of data obtained with mono-disperse

glass spheres are available [110]. It apperas that the role of shape of particles in the

present case is probably very significant.

A better method for characterizing the detachment of particles from the liquid-

vapor interface could be obtained by adopting classical statistical methods for cal-
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culating the moments of the frequency distribution curves which can be obtained

from the experimental cumulative wettability distribution curves. For exaxaple, the

moments of the detachment probability density distribution function can provide

measures of the symmetry, skewness and flatness or steepness of the' distribution.

It is possible that a family of wettability distribution curves obtained as a

function of the surface tension of the liquid phase is characteristic of the coal particle

used. In other words, development of a family of such distribution curves for various

coal samples might offer a sensitive means for characterizing the wettability of coal

particles from differing sources or with different history.

Wettability distribution curves constructed from centrifugal immersion data

as a function of the surface tension of the liquid pha.se shows a complex and as yet

undetermined relationship between the shape, surface tension and the force required

to detach heterogeneous coal particles from the liquid-vapor interface. It appears

that the series of wettability distribution curves as a function of surface tension of

the liquid phase will be sensitive to the surface properties of coal particles in cases

where a single wettability distribution curve is not sensitive.

Wetting of particles is a phenomenon with important effects on interfacial

processes such as flotation and flocculation. Usually wetting is studied by measur-

ing contact angles on polished surfaces. However such studies lack the ability to

predict the macroscopic wettability of particles with irregular geometry and het-

erogeneous surfaces. This is because the dynamics (the movement of the three

phase line), and the shape (edge) effects play an important role in the spreading

wetting of particles. Further more the measurement of equilibrium contact angles

provides little information on the ability of the liquid to spread over heterogeneous

surfaces. The force required to detach particles from the liquid -air interface which

is the measured parameter irl centrifugal immersion experiments, is a function of

the dynamics of spreading, surface heterogencity, and shape effects. This technique
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is clearly a powm'ful fool for studying t,ll(, relative weft, ing bel lnvior of irregularly

shaped hydrophobic particles.

6.3 SURFACE SITE DISTRIBUTIONS

Partition curves constructed by film flotation yield a graph of the cumulative weight

of the particles as a function of critical wetting surf_me tension (%). Ithas been

previously established by Zisman [26,27] that % is a surfime parame._er which de-

pends not only on the nature of the surface molo.cules but als() on their orientation/

conformation. % is also a measure of ttm.suri'ace eller/?;y and their relationship is

given by % = ¢2 × % where o is tlle interaction parameter _md % is the surface

tension of the solid in vaccnnl [43]. Ass/lnliIlg tll_,t tile interactions at, the interface

are of the London type mid Sl:>r_ading 1)ressm'e (_,) equal to zero, 05could be taken

to be unity. As weigtlt is l>roportionnl to the surface _tre_t, _l.ild film flotation is a sur-

face based process t,l_ese 1)artit, io_ curves ess(-'.ilt,ially give dist, rib_ltion of the sm'face

energy sites olt tile particle.,_.

Surface heteroge_leit, y in a l_nrt.ic_ll_t,e i__opul_tt,ioll can be. of two kinds, In the

first kind, individual mmnbers ()f t.lle 1)¢,t)tll_tti()li call possess homogenecnls surfaces

but the population as a whoh, cot:l(l I>(.,llet.crc_gel:co:ls, ,'\ schernatic, illustration

of ,rech a population is shown below,, t,),i.)itied by a nlixtul"(, of pa,rticles having

different surface features. However, each i)article has o_ly one type of feature on its

surface (in t.hi:s se_se <tcl_ l_article is l_(nn(Lt,;c,_:,,,t_s), St_cl, l)_rtic_la,/e pol>ulations
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In the second case, the individ_t;_l members of tlie population can be heteroge.

neous and therefore the population as a whole will Be heterogeneous. An illustration

of this is shown below, typified by a lnixture of particles where each particle posses

all of the features on its surface (in this sense each particle is heterogeneotls). This

category falls under a homogeneous mixture of het,erogeneous particles.

.... • ¢' ."
' . :''_'_' [ , ,,t

.. ." o o c' " " 2 _ ,,_., r'\O_.,O°,,.2_j-_If2":L ' ; ill'ii

, A partition curve obtained t'ron_ fihn fl()tation is indicative of the gross het-

erogeneity. It cannot be distinguished from the partit, ion curve if the heterogeneity

is of the first kind (discussed above) or if it is of the second kind. Curves shown

in Figure 16 and Figure 17 below are for illustrating a working hypothesis and

are not constructed from experiment, al data. Tlle working hypothesis is as follows:

Construct a partition curve. Remove the material floating on solutions of various

concentrations and repeat, t_heexl_'l'ix_c.'nt,

Figure 16 shows that if the heterogeneity in the population is of the first kind

then one can expect a series of partition curves as shown; in other words it would

be possible to separate the particles based on tlmir surface features. Figure 16 is
|

the basis of the "gamma flotation:' prc_cess d_,scribc._clearlier in the literature by

Hornsby and Leja [37] and Yarar a_d co-,vorkc,rs [39]. Figure 17 shows the expected

response of the second case wl_er_' it w(,_flrll_t I_('1)_._sil)l(;to separate the particles

based on its critical wetting surfi_ce t,elision \';_lues (or it,s surface features). The

mathematical model of the film flot_ti_m i_l t,('rm.s of the differential free energy

analysis l_s been provided in refl:rcnc_' [-16]
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The working hypothesis was tested and the results are shown in Figure 18.

The data presented in Figure 18 was obtained by doing film flotation experiments

using base coal (raw coal), coal samples floating on a 10% vol. methanol-water

mixture, those floating on a 20% vol. methanol-water mixture and those floating

on a 30% vol. methanol-water mixture. The test itself is described in detail in the

experimental section.

Film flotation partition curves provide critical wetting surface tension distri-

butions of particulate samples. Critical wetting surface tension is a m_.asure of the

surface energy. Since Figure 18 shows that the heterogeneity of the coal particles is

essentially of the second kind (discussed above); i.e. heterogeneous populations in

which every pm'title is heterogeneous, these distributions are representative of the

surface energy of individual particles. The surface area distribution is taken to be

the same as mass distribution since the process is interfacially controlled (reference

[46] provides a sensitivity analysis of the model where it has been established that

the interfacial energy contribution to the process is in excess of 85% of the total

free energy change). Thus, 7c partition curves constructed from film flotation data

essentially dcm_oT_,Jtratethe heterogeneity on the surface of single coal particle8 of

size-35 +80 mesh.

As an additional test various float fractions from the partition curves were

treated with cationic polyacry!amide along with base coal and subjected to film

flotation. The results given in Figure 19 show the distribution of energy sites after

polymer treatment to be representative of a single particle, since the curves follow

the trend indicated in Figure 17.
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6.3.1 Effect of Oxidation on surface site distributions

The effect of oxidation on the natu, re of the site distribution curve was examined by

heating the coal at 70°C m al.co_wectlon oven as a function of time ranging from

short periods ( in hours; Pigure/2o),'_o longer duratiol_s ( in days; Figure 21). It is

observed that the heating of com results in a marked shift in the site distribution

curve towards the region of lower critical surface tension, with the maximum shifting

from a "}'cvalue of around 44 for the base coal to 38 for heated cons. There is also

an increase in the area under the peak corresponding to 7c between 37 and 39, with

an increase in the time of heating. The above observations may be explained on the

basis of either one or a combination of the three possibilities mentioned below: a)

loss of surface volatiles, b) loss of surface moisture and c) change in the structure

of adsorbed moisture on coal, after heating.

Experiments were conducted with coal samples subjected to heating in an air

heated oven at 70°C and performing fihn flot.ation using the hot com sample, same

sample cooled under dessicator and ambient conditions. Experiments were "also

performed by subjecting a sample whictl has been heated and cooled to reoxidation

at 70°C. Fihn flotation of coal heated at a temperature of 140°C in a muffle furnace

for 24 hours was also performed. Simultaneously base coal smples of coal were

placed in a dessicator under vacuum for twenty four hours after which film flotation

was performed in order to study the effect of moisture removM on. film flotation
J

response.

Film flotation experiments yield information on the percentage of surface area

with a particular 7_ value. 7_ values tending towards 72 indicate increased hy-

droph.ilicity whereas lower 7_ values indicate increased hydrophobicity. Discussion

in the previous paragraph suggested tllat when coal was heated in air at 70°C for

two days the coal surface became more tlydrophobic as evidenced by the peak shifts
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Figure 20" Site distribution curves of base coal and base coal heated at 70°C for
different durations (in hours) and cooled under ambient conditions.

= 09 o



60-----
"i

• !
50 ,- t

I
I

I
i ."",_

J " '_ /% Bcse CoQI40 " 1: ""..
O_ I"

• 'i, \_ 7 dc_s{70C)

" 30- _ '
:::I _ /_ X

I.' / \,',_ I ' / _ "
° \ '

_i , / , ,
/ ,.\• ! \ .

I " t

/._ \'..

, \
¢

O-- {"" .... _ k_
"J _ ,_ - I ,,

25 35 45 _5 05 75

Figure 21: Site distribution curves of l_ase co_ll and l_a.se coal he_ted ut 70°C for
different dura, tions (in days) and cooh, d 1111d_,rmnljicnt conclitions.

J

70



in the site distribution curves from around 45 7c to 36 7c. The same trend was

noticed upon heating the coal for seven days at 70°C. These curves axe reproduced

in Figure 22 which also shows the site distribution curve of a coal sample heated in

a furnace in air at 140°C for 24 hours. As expected oxidation of the coal renders

the com surface Lydrophillic as indicated by the fact that around 12% of the surface

area has a 7_ of 72 or more and this surface is spontaneously wetted by water.

It is therefore suggested that 12% of the surface of this sample consists of

moieties resembling the structure of water; namely OH groups. An increase irl

hydroxyl groups on coal surface upon oxidation has ah'eady been reported [85].

The site distribution curve of coal oxidized at 140°C shows a wider distribution

than the site distribution of base coal oi' coal heated at 70°C. This wider distribution

is indicative of the increase in heterogeneity of this coal surface which is possibly

due to difference in the extent of oxidation of the various moieties on the coal

• surface. Figure 23 shows the site distribution curve for base coal, coal heated to

70°C ' and cooled under ambient condition and aga,in subjected to 70°C for 2 more

days and subsequently cooled (rehea, ted sample). It can be observed that there

is no measurable change in the site distribution curves between 26 7_ and 52 %.

This indicates that there is no further increa.se in hydrophobicity upon reheating.

However, there is aJ_ increase in the percentage of surface area for % between 52

and 65 indicating the appearance of hydrophilic groups.

It is suggested that the initial heating removes surface moisture and volatiles.

During suba._quent ambient co(,ling water adsorbs on the coal. Subsequent reheat-

ing removes the adsorbed water and also oxidizes tl_e coal surface renedering it

comparatively hydrophilic.

In order to study the eff,_ct of inherent surface moisture in coal, samples were

placed in a dessicator under va,cuum f(_r twenty four li(nirs after which film flotation
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was performed. The'site distributioll curve obtained is shown in Figure 24 along

with those for base coal. It is noticed that there is no shift irl the peak at around

44 7c of base com compared to that for dessicated coal; however, the area under the

peak increases in the case of the dessicated sample. This increase is concomitant

with the decrease in the area of surface sites with % wdues between 47 and 72 and

can be attributed to removal of water in thL dessicator. One would have expected

a % of 72 for free moisture resembling water. However, in view of the wide range

of % values for inherent surface moisture, it is suggested that the surface moisture

is present in a heterogeneous but ordered structural form.

Figure 25 gives the site distribution curve fl:)r coal heated to 70°C without

cooling, the same sample cooled under ambient condition and in a dessicator, to

show the effect of moisture which adsorbs during cooling. The sample cooled in the

dessicator shows only a marginal increase in tlydrol_hobicity whereas a significant

increase in hydrophobicity is seen for the sample cooled under ambient conditions.

This is possible if the adsorbed water exhibits autophobicity possibly due to ordering

in the adsorbed water layer. Recent nuclear magnetic resonance (NMR) relaxation

studies of moisture in coal indicates a. range of heterogeneous water environments

to exist rather than a single homogeneous l)hase [111]. The results presented in

this section tend to support this observation and also are indicative of the ability

to derive sensitive information fi'om such analyses.

6.3.2 Surface Modification:Polymer Adsorption

Polyacrylarrfide is used in the flocculat, ioll of fine coal I)articles and was hence used

to modify coal surfaces. Tlm prol_erties of (:()al surface ttlus modified are discussed

in subsequent sections. In this sectiol, a.dsoI_)tioll of l)olyacrylanfide on coal is

disc'_s_d. Adsorption isotherm and kinetic data were generated by the depletion

- 74
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technique.

Initially concentration of polyacrylamide (PAM) in the supernatant was de-

termined using a Ubbelohde viscometer. The viscometer was calibrated for the

polymer under study and the equation of best fit used to determine residual con-

centrations. All experiments were done at 25°C in a temperature controlled bath. It

was found that Ubbelohde viscometer is unsuitable for determing residual polymer

concentrations in the case of PAM of higher cationicity ( 34% ) and anionic PAM

(30% anionicity) due to a nonlinear relationship between concentration and drain

times, and therefore the adsorption data using this method were obtained only for

PAM of 10% cationicity and nonionic PAM.

During the preliminary experiments it was also observed that fines were gen-

erated while conditioning on a wrist action shaker. Hence experiments were con-

ducted under static conditions with the vials being gently inverted by hand three

times every 24 hours.

Kinetics of adsorption of cationic PAM on coal was examined first and is

shown in Figure 26. The results show a large degree of scatter which is probably

due to the inherently heterogeneous nature of coal. Previous work in our laboratory

on the kinetics of PAM adsorption on oxide minerals has shown equilibrium to reach

in 400 minutes [112]. However, in the present case the kinetic study of adsorl_tion

of cationic PAM show that. equilibrium is reached only in 2000 minutes. In view

of the scatter (see Figure 26), residual concentration measurements for obtaining

adsorption isotherm were conducted only after 10.,000 minutes in order to ensure

equilibrium.

Figure 27 shows the adsorption isotherrns of cationic polyacrylamide of 10%

c, .ionicity and nonionic polyacrylamide on coal. Both the isotherms are of the

high a_nity type typical of polymer adsorption. Adsorption of nonionic PAM is
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essentiMly by hydrogen bonding as tlm I)olyn,er is ll(,t expected to have any resid-

ual charge. The adsorption density of cationic PA_,I in the initial portion of the

isotherm continues to rise steeply till a plateau value equal to that of the nonionic

PAM isotherm is readwd. This indicates that tile initial adsorption of polyacry.-

lamide is by hydrogen bonding. In the case of the cationic PAM, the polymer being

positively charged adsorbs on the few available negative sites on coal in addition to

adsorption by hydrogen bonding. The continuing increase in the adsorption density

of cationic PAM is due to possible conformational chmlges of the polymer adsorbed

by hydrogen bonding. Effect of porosity, polydisI)ersity and polymer migration will

also contribute to the slow increase in adsori)tio11.

As mentioned earlier residual polymer concentration measurement by Ubbel-

hode viscometer could not be adopted in the case of po!yacrylamide polymers of

high charge density. In view of this a Total organic carbon (TOC) analyzer was

acquired and since this enables a more accurate determination of residual poly-

m,_.r concentration, a dsorptioil experiIllents were repeated. Figure 28 shows the

adsorption isotherm for nonionic, cationic (10% and 34(;4, cationicity) and anionic

polyacrylamides (30% anionicity)in which the adsorption density was calculated

from residuM polymer concentratioll ol_taiIled usil_g the T()C analyzer.

Comparison of Figure 27 and Fig_lr_, 28 shows tllat plateau adsorption val-

ues obtained using viscosity meas_lreInents ar_' one order of magnitude higb . than

those obta_,ned using TOC. However, botll lIl_",tl(_(!s yield typical high affinity type

isotherms. The tfigher values of adsoI>tioxl usiilg viscosity measurements indicate

that there is preferential adsort)tio1_ of polymer of cert.ain molecular weight compo-

nents, lt is suggested that the higtler molecular weigtlt comI)onent adsorbs prefer-

entialy under equilibrium con(titioiJs ils_,(t iii t tie l)res(,l_t exl)eriments. This leads

to a supernatant (after adsorption) ('oxltai_illg a larger l_roportion of low molecular

weight COlnl)onents and tlierefore l(_w_,r ¢t1,_ix,ti_'s wliicl_ in t._rn yields lower cal-
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culatcd resid_m] ¢on('cxltrati(_I_ mid lli_t_w a(t_r],ti(_1_ donsity. Si,_('v tile l_olvme.rs

used are of conlnlevcial ttuality, l)()lydisi_(,rsity is t_ b_' eXl_Cct_'d. Evidently, adsorp.

tion data obtained using TOC method will be more x'epresentative of the actu',fl

adsorption.

The adsorpt, ion isotherms for cationic polyacrylamide (34% cationicity) and

anionic polyacrylasnide (30% asfionicity) show continued increase in adsorption den-

sity. As mentioned earlier effect of coal porosity, polydispersity and polyIner migra-

tion and changes in conformation will contribute to tlw slow increase in adsorption

den si ty.

Fluorescence spectrosc(_l)y ht_s reccllt, ly l_eml sll(JwIl to be a powerful tool to

investigate adsorl,,:_d layers [113]. Esse,_t ialy the technique consists of using a probe

molecule (typically pyrene) attached to the i)olymer of interest mad subsequently

following the response of the probe molecule to systematic vaiations in the adsorbed

layer environment. The fluorescence spoctra of pyrene labelled polyacrylamide so-

lution, supernatant of the solution aftor ads(wl)tion a11d tile coal slurry after ad-

sorpt.ioll are sh(m,'ll in Figures 29, 30, 31 resi)octively. The presence of an excimer

peak at. 492 hill in Figure 29 indicates tl_at tlle l)olyacrylamide molecules in the

solution are in coiled form [113]. Ttw foriilati(,1 of an excimer is due to interaction

betwema an excited and unexcited pyrene on tho sanw molecule. Higher molem.,htr

weight components of the polymer are likely to have more intrainolecular pyrene

than lower molecular weigllt components. Coillpari,wn of Figures 29 and Figure 30

reveals that the excimer intensity of tlle s_._lwrllatailt is sigi_ificantly reduced aft,or

adsorption. This indicates t t_a.t tl_e SUl)ernata._t of the polymer after adsorption

has a significm_tly larger t.m,l)ortion (_f lower n_olecular weight components than

the original solution suggesting pref(wential a(tsorption of higher molecular weight

coIIlt)oneI_ts. These results are i_ agree_i_ent with tl_c at_ove a.dsori)tion studies.
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Wavelength-1 Assignement

3600 OH stretctfing

3300 N-H stretching and OH (H bonded)

3000 to 2900 Aromatic C-H stretch, Aliphatic C-H stretch

1600 Aromatic ring C = C vibration enhanced by oxygen groups

1460 Aliphatic CH2 bendipg
1250 (3-0 or C-O-C

850 Aromatic C-H out of plane bending

Table 2: Major infrared peak assignments for coal.

As seen from Figure 31, the intensity of the flourescence emmision is extremely

low to draw any meaningful conclusion regm'ding polymer conformation on the coal

surface. This low intensity of emission is due to the high absortivity of light by coal.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy ( DRIFT ) was

used to study polymer treated coal surfaces. Figure 32 shows DRIFT spectrum of

the coal. sample used in the present, study.

The spectrum is typical of bitmninous coal. The major peaks aa_d their as-

signn,ents are shown in Table 2 [114].

Figm'es a3,34, 35 show the DRIFT spectra of commerci_d grade nonionic poly-

acrylamide, and cationic polyacrylamide of 10% :'hd 34% cationicity respectively.

Ali spectra, show the characterislic N-H stretching l>eak al. about 3a00cre-', C-H

stretching at 2900 c.m-1 and a broad 1)eak at G00 (:11_-I attributed to N-C=O ben(t-

ing [115]. The peaks at 1640 cm -1 and 1450 cm -_ are assigned to C=O stretching

and CH2 bending vibrations rc::f)ectively.

In the case of nonionic polyacrylamid(: a peak ag. 1300 cm -1 is noticed along

with a shoulder at 1100 cre-_ whereas the Sl_ectrum for 1(}% cationic polyacrylamide

shows two distinct peaks a.t these wavenunfl)('rs a11¢t i11 ,'he ca.se of 34% cationic

polyacrylami(te a broad t)aI,d is 1_()*i('('(1i1_tliis r_'gi()l_, lt al)l)(,ms that t,lle intensity

of the peak at 1100 cm -1 increa.ses r('lativ(, t.(_ tl_at (_f tl_(' l)(,_d<,at 1300 (:ni -1 as the

_-.
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cationicity increased. Also, a sm_dl but rec_lr,-ing pe_k is noticed at, 2100 cn.t-' iii

,.all the spectra.

Figures 36, a7, 38 show the difli.;rence spect, ra of base com aad coal treated

with 1000 ppm of polyacrylmlfide. These spectra are. different from the spectra of

polyacrylamide erystMs shown in Fig_m:s 33,34, il_(tica,ting that the adsorbed

polymer exists in a difDrent stat.e. However, it. is seen that in ali these cases the

ditDrence spectra contain contribution ft'oa the ('oa,l as well as the polymer. This

aspect renders int,erpretation of the adsorbed state (llflic,flt, from the Iii spectra,

6.3.3 Effect of surface modification on surface site distributions

Pihn flotation experiments were cond_lcted as described earlier using the b_e coal

a_d polymer treated samples, The exI)erimelltal teclanique involved sprinkling of

co_d (typically 0.25 ga) on wa, ter-mcttlallol mixtures of varying concentrations. The

reslllting float and sink ft'actions wm'e separa.t.ed by (tecmltation and dried ,ruder

ambient conditions and weighed. The weights recorded were used to construct

cummulative site distribution curves. Polymer treated coal samples were obtained

by conditioning 2 gins of coal in water fl_r one hollr in scintillation vials after which

a known concentration of PAM sol_lt,i_)li WaS a(l¢te(1 a11(t furtllcr co,tdit, ioned for 48

hours, h_llowed by filtering a.i_(1drying of t,lle solids uilder mnl)ient conditions.

Nature of coal surface upon adsorption of PAM: Figtlre 39 shows the %

distril:.)ution curves of base coal aIict c(m.1 t,rcat,:,d wit.ta ll(mionic I.)olyacrylamide,

ca,tionic polya.,.'ryla.lrfide of 10% and 34% cationicity a.xl(.tanionic p(flyacrylamide (_f

30% anionicity. An interesting observati(.,n is tll_, al_scnce, of bound or hydrat, ed

water characterized 1)y a % of 72, (,i1 t,}lc sllrfa(;(, of c()al t.rcat(,d with t,t_(-,(';.at,i(mic

t>olyacrylaInide of 34{)4,cat, ionicity a_<t l ll_' a::i(>_ic l_(_])'a_cr3,1_-_idc, It at>l>ears tllal
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Figure 33: DRIFT spectrum of commercial grade nonionic polyacrylarnide
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Figure 36: Difference spectr_l of base coal anal nonio,_ic polyacryla.mide.
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when the charge density of the polymer is increased the water retention power is

reduced. This is plausible since increased charge density would prevent the pol_nner

from adopting a more compact structure and thus cannot hold more solvent water.

If the amide groups of the polymer are exposed on the surface, "Ycof 40 can be

expected [93]; the peak at "rc 39 in this study is attributed to the amide group. It

is also seen that as the charge density increases the axea under the peak at 38 -39

"rr increases indicating that more of the surface is covered by amide groups. The

trend in the case of 30% anionic poly_crylamide and 34% cationic polyaerylamide is

reversed; the difference of around 5% in the surface area occupied by amide groups

is probably due to artifacts.

Adsorption of the cationic polyacrylamide and the anionic polyacrylamide

takes piace by the anchoring of the hydrocarbon chain such that the amide groups

are pointing towards the surface. In the case of the coal treated with the anionic

polyacrylamide the maximum Vr occurs at 32 suggesting that the adsorption of

the anionic poly_crylam_de takes place in such a manner that relatively fewer hy-

drophilic groups are exposed. However, the surface of coal treated with the nonionic

polyacrylamide appears more heterogeneous. Around 20% of the axea in this case

has a 7_ of 38 to 41. It is also evident that there are sites with Vr ranging from 50 to

68 each occupying an area of around 5 to 10%. These are probably representative

of C=O groups of the polymer.

Figure 40 shows the evolution of the site distribution curve as a function of the

initial concentration of the cationic polyacrylamide treatment. The area occupied

by bound water on the surface chaxacterized by 7_ of around 72, increases from zero

for untreated coal to a maximum value of 35% at 750 ppm followed by a decrease

to 20% as the cationic PAM concentation is increa.sed to 1000 ppm. The amount

of water retained is a fimction of the degree of coiling of polymer molecule. A_

the concentration of the polymer is increased, the polymer in the adsorbed layer
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can undergo changes in conformation. Also, an absence of shift in the minimum 7c

toward lower values, upon increased polymer adsoi]:_tion indicates that there is no

preferen ial adsorption of polymer on higher energy sites. This behavior suggests

that polyacrylaraide adsorption on oal surface is entropically driven. A similar

observation can also be made when the evolution of site distribution curves as a

function of the time of adsorption are analyzed (Figure 41), as would be expected

for a entropica]ly driven adsorption process.

Effect of PAM adsorption on love temperature treated coal: As discussed

in the earlier section, the low temperature heating of com resulted in a shift in the

distribution of surface sites to lower 7c values. The adsorption of the polyacrylaxnide

on the surface modified subst_mce would thus be an importmlt variable to study,

in order to understand the nature of interaction of the polyacryla_nide with various

surface sites o_ coal. Tile nature of changes in the site distribution curve, upon

adsorption of polyacrylamide on low temperature heat treated coal, m-e shown in

Figure 42. It ca_ be seen clearly, in compm'ision with data in Figure 39, that the

adsorbed layer of the polyacrylamide on the oxidized coal surface is different from

that of adsorbed polyacrylmnide layer on base coal. In the case of the nonionic

polyacrylamide, the percentage of sites having a % of 72 has decreased from 30%

on base coal to 15% on oxidized coal. This indicates that the adsorbed layer of the

nonionie polyaerylaxnide on oxidized coal exhibits a less dense structure than that

of the adsorbed nonionic polyacrylamide las'er on base coal. Also, the sites with -)'_

in the range of 52 to 62, that dissappeared on heating, reappears upon adsorption

_- of both the nonionic and the anionic polyacrylanfides.

In the case of the anionic polyacrylamide a.n increase of 15% in the area of

"T_in the above ra_lge is noticed. Upon adsorption of the noniorfic polyacrylmnide

and the anionic polyacrylaanide the percentag_ of area with a % from 22 to 50 on
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oxidized coal surface is identical, in contrast to the behavior observed with the base

coal. More of the hydrocarbon chain of the polymer molecule is apparently exposed

compared to that of the amide groups in the case of adsorbed layers on oxidized coal

as evidenced by the shift in the curve towards lower 7, va.lues. The broad peaks are

also indicative of the fact that the arrangement of polymers in the adsorbed layer

is probably random and guided by entropic considerations, more so in the case of

the oxidized coal than the base coal.

Site distribution on coal surface modified by dodecane: Dodecane is a

collector often used in coal flotation a,nd the effect of dodecane treatment on coal

surface site distribution was studied.

a) Dodecane treatment in Denver cell

A bench scale Denver flotation machine equipped with a Perspex cell was

used. Five gram samples of coal (-80 +100 mesh) were conditioned with 900 ml

of distilled water for 2 minutes. The speed of the impeller was kept at 1200 rpm.

900 ml of water was added along with the required amount, of dodecane and the

slurry was further conditioned for 5 minutes. At the end of the period the coal was

recovered by filtration, dried under ambient conditions and used in film flotation

experiments. The experiment was conducted at two different levels of dodecane

viz. 7 microliter and 80 microliter. The lower limit corresponds to a dosage of 1.7

kg/ton which is a typical amount used in coal froth flotation.

b) Dodecane treatment in a Waring blender

A commercial Waring blender with seven speed settings and equipped with a

2500 ml stainless steel jar was used in these tests. Waxing blender was chosen in

view of the higher speeds achievable which in turn will presumably enable a finer

dispersion of oil in water to be obtained. The variables employed and the conditions

J
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used during these experiments axe given below. In all cases the weight of the coal (5

grams), axnount of water (500 ml) and the dodecane dosage (7 micro liter) were kept

constant. The numbers 'after the word speed corresponds to the speed setting in the

Waxing blender and progressively increasing speeds m'e indicated by l_igher numbers.

After treatment, the coal was recovered by filtration, dried in ambient atmosphere

and used in film flotation experiments. The vaxinus experimental conditions and

the corresponding nomenclature are given below.

WB-1 Water and dodecane mixed a.t speed 1 for 1 minute,

weighed amount of coal added and further con-

dltioned for 1 n:inute at speed 1.

WB-2 Water a_ld dodecane mixed at speed 2 for 1 minute,

weighed amount of coal added and further con-

ditioned for 1 minute at speed 1. ,,

WB-3 Water and dodecane mixed at speed 5 for 1 minute,

weighed amount, of coal added and further con-

ditioned for 1 minute at speed 1.

In all the above tests, dry coal was added to the

oil-water dispersion. In order to determine the

effect of pre-wetting tim coal on modification of

its surface characterist.ics by n-dodecane the tests

mentioned below were conducted.

WB-4 Coal was conditioned with water at speed 1 for. 1

minute, dodecane added and slurry further con-

ditioned for 1 minut.e a!, speed 2.
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WE,-5 Coal was conditioned with water at, speed 1 for 1

minute, dodecane added and slurry, further con-

ditioned for 1 minute at speed 6.

In order to produce maximum modification of the coal surface oil agglomeration ex-

periments were conducted. In these tests, 100 ml of dodecane was added to 5 grams

of coal in i00 ml of water. The entire coal sample was immediately transferred to

the oil phase when agglomeration was noticed as expected. The coal was recov-

ered by :filtration, washing and drying. The dried coal was used in film flotation

experiments.

The cumulative partition curves obtained from film flotation data for the

base coaJl(untreated coal) and the oil agglomerated coal is shown in Figure 43. The

curve corresponding to the oil agglomerated sample indicates that the surface of

coal which has undergone oil agglomeration is more homogeneous than that of the

base coa2[.

Figure 44 shows the cumu!a_ive partition curves of coal samples modified by

dodecane in a Denver flotation cell. An increase in the dodecane dosage shifts the

curve to regions of lower 7_ indicative of a more hydrophobic surface. Figure 45

illustrates the cumulative pal tition curves for coal surfaces modified by dodecane

in a com:mercial Waring blender. Ali the curves in Figure 45 can be considered to

fall in a broad band with the exception of the curve corresponding to sm._ple WB1.

The latter indicates that the surface of particles in sample WB1 has more higher

energy sites than those of other samples.

As dodecane is insoluble in aqueous medium modification of the coal surface

by dodecane can be expected to be controlled by the probability of collision of the

oil drops and the coal particles. In order to analyze the information contained in

Figures 43 to 45 and t,o compare the distrib_tion of sites, frequency dlistribution
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WB1, WB2 and WB3: Dodecane dispersed in water for 1 minute at speeds 1 (WB1), 2 (WB2)

and 3 (WB3); coal added to the emulsion and the slurry conditioned for I minute

WB4 and WB5: Coal dispersed in water at speed 1 for 1minute; dL_dccancadded and lhc

slurry conditioned for 1 minute at speeds 2 (WB4) and 6 (WB5)

Figure 45" Cumulative partitioll cllvx'(,s for c,c_;dsanlples treated with dodecane in
a waring blender.

]()G



plots are required; such a typical plot is shown in Figure 46. For convenience

in deriving trends the frequency plots were reconstructed as distribution curves.

Figure 47 shows the site distribution curves of base coal, oil agglomerated coal and

coal treated with dodecane in a Denver cell.

The mean value of 7c for base coal is around 42 dynes/eta. After treatment

with 7 micro liters of dodecane the mean value shifts to around 39 dynes/era while

the percentage of surface area with 7c values between 25 and 38 increases. This

trend is more pronounced when the dodecane dosage level is increased.

It can be seen from Figure 47 that 75 percent of the surface of oil agglomerated

coal has a 7c of around 38 dynes/cre as compared to 30 percent of the surface with

a 7c of 30 dynes/cm for the coal treated with 80 microliters of dodecane. It should

be noted that sites with lower energies (or 7c) are relatively more hydrophobic than

those with higher energies (or 7c). Interestingly this evidence translates to the fact

that the oil agglomerated coal has a lot more high energy sites while the surface of

the sample treated with 80 microliters of dodecane has lesser proportion of sites of

lower energy. Since the oil agglomerated coal is completely hydrophobic (the entire

sample was ira the oil phase, the aqueous phase being devoid of any particles) it ap-

pears that macroscopic properties of hydrophobicity and hydrophilicity of particulate

matter are governed not only by the magnitude of the surface energies but also by

the amount of surface with various energie_ Site distribution curve of coal treated

with 7 microliters (corresponding to 1.7 kg/ton, which is a typical dosage in coal

froth flotation) shows that there is a 10 percent increase in the surface area with a

38-40 7c. Concomitantly there is a 10 percent increase in the area of sites with 3',

less than 30 dynes/cre (low energy sites). These changes are probably responsible

for the increased hydrophobicity and flotability of the coal during flotation using

dodecane as the collector.

Figure 48 shows the site distribution curves for coal samples after surface
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modification by dodecane (7 microliters) in a XVaring blender at various speeds and

conditions mentioned earlier. The dark line indicates the site distribution curve

for the base coal. It can be seen that an increase in blender speed increases the

percentage of sites with 42 7c from 30 percent in the case of base coal to 60 percent

in the case of coal samples conditioned at hig h speeds. This indicates that samples

conditioned at higher speeds are more hydrophobic. Since the rate of collision of oil

drops with the coal surface is expected to control the amount of coating and since

an increase in the agitation speeds will improve the collision probability, higher

agitation speeds are expected to increa.,;'e the amount of coal surface coated by

dodecane.

In coal froth flotation it has been observed [116] that an increase in the dosage

of dodecane above 1.72 kg/ton (corresponding to 7 microliters for 5 grams of coal)

. does not have any effect on the grade or recovery of coals similar to the one used

in this study. In fact a phenomenon known as "over oiling" has been noticed

in industrial coal flotation circuits where excessive addition of oil decreases the

flotation performance [117]. The results obtained in our study indicate that an

increase in the dosage of dodecane above a criticai value renders the com surface

relatively less hydrophobic. Also the degree of dispersion of dodecane in water does

enhance the hydrophobicity as can be seen ft'ore the site distribution curves for

coal sample treated with 7 microliters of dodecane in the Denver cell and Waxing

blender. In the former case, 30(_, of the surface has a 40 7_ while 50 to 60 percent

of the surface of the latter possesses _ 437_. However, an increase in the speed at,

which the agitation is conducted, above a critical value, does not have any effect

on the site distributions of dodecane treated coal. It has been observed that an

increase in the impeller speed above 1200 rpm in the Denver flotation cell does not

increase the recovery or grade of coal d_lring coal froth flotation [116]. This implies

the existence of an upper limit to 1)robability of collision between oil drops and coal
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surface which is dictated by the flotation cell hydrodynamics.

6.4 CONTACT ANGLE DISTRIBUTIONS

The % (critical wetting surface tension) distribution curves for the base coal sample

which were discussed in the previuos sections cml be converted to contact _mgle

distributions. Contact angle dittribution is a more meaningful description of the

surface property of a heterogeneous substance like coal than average con;,act angle

values. Neumann et al [118] have developed an equation of state which allows the

surface tension of low energy solids to be determined from a single contact angle

formed by a liquid whose surface tension is known. These researchers have published

results of their analyses based on a computer program in the form of a table [119].

% is equal to the surface energy if one assumes a value of unity for the in-

teraction parameter ( a parameter that is dependent on the nature of cohesive and

adhesive forces ) which is valid in the cause of hydrophobic solids [120]. On this basis

the contact angle which would be formed by water drops, whose surface tension was

assumed to be 72 mN/m was obtained ft'oa the above table for various values of %

of the base coal used in this study. The resulting distribution of the contact angle

is shown in Figure 49. It is evident from this figure that there exists a wide range of

contact angles on a tingle coal particle ranging from around 800 to 20 °. About 42°_

of the surface area has a contact angle of around 67°. It is not clear if the observed

macroscopic contact angle (of pellets made from particulate samples) is the mean,

median or mode of the achlaJ contact angle distribution on coal particles.

Tim implications of the presence of sites with high mid low contact angles on

the same surface lead to complex wetting betlavior and is discussed below.

Dettre and Johnson's classical studies [121,122,123] on contact angle hysteresis

have resulted in the diagram shown ill Figur(-, 50, in which advancing, equilibrium
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and receeding contact angles are plotted against the percentage of total surface with

higher energy sites. From the discussion in the previous section we observe that

the fraction of high energy (polar) sites is relatively low. This implies that a small

change in the amount of polar sites on the coal surface will lead to large changes in

the receding contract angle_ while not affecting the advancing angle much.

A decrease in the receding angle with a decrease in the surface concentration

of hydrophilic groups is not unexpected, The constancy of advancing angles as the

surface composition changes is however not self evident, but has been supported by

other researchers also [100]. The advancing contact angle has been regarded not

merely as a measure of wettability but also as an indicator of the surface composition

that can beused for determining fundamental surface properties of solids. The fact

that the advancing contact angle is constant over a wide range of hydrophilic /

hydrophobic ratios supports coal surface studies in which a constant value of 7c

haz been observed [21]. However it should be noted that in these studies only the

average 7c was calculated using a Zisman's plot of advancing contact angles.

In flotation the receding contact angles govern the probability of attachment

of particle to a bubble and advancing contact angles govern the probability of de-

tachment. For a homogeneous hydrophobic surface a small change in the surface

composition can lead to drastic changes in the receding angle while not affecting the

advancing angle. For a hydrophobic substance like coal which shows a distribution

of contact angles, a complex interplay between advancing and receding angles can

be expected to affect the flotation process.

The spatial distribution of sites is a critical parameter in the wetting process.

From Figure 50 it is clear that even though a surface may be grossly hydrophobic,

the presence of small variations in hydrophilic sites can lead to a uniform advancing

angle over the entire surface along with high as well as low receding angles for
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neighbouring microdomains. If such microdomalns are situated within the area of

contact of a bubble, then the system can be expected to be complex. Studies of

contact angle distributions together with the dis_ribution._ of the forces of attachment

and detachment is likely to aid in developing a comprehensive model of the flotation

process for such solids.

For a solid surface consisting of many macroscopic domains, the intrinsic

contact angles with respect to a given liquid being 01,02,03... etc., Cassie obtained

[124] the equilibrium contact angle 0 for a heterogeneous surface as

i

coso = f_ COS01 -_-f2 COS02"1-....... ,(fl + f2 .... = 1) (15)

where fl, f_ ... are fractional areas of various domains. Recently Israelachvilli and

Gee [125] derived a similar relationship

(l+c°sO)2= f_(l+cosO,)2+f2(l+cos02)2+ ...... ,(f_+f2 .... =1) (16)

which replaces the Cassie equation whenever the heterogeneity is of molecular di-

mensions. A test of these equations requires that areas of various domains and their

contact angles be available.

Both the above equations were used in this study to calculate the equilibrium

coso value from the theta distribution shown in Figure 49. It was found that

the equilibrium contact angle given by the Cassie equation was 60.47 °, whereas

the modified equation yields a value of 59.95 °. In view of the sample preparation

procedures currently employed for contact angle studies such as making pellets and

polishing the surface, it is doubtful whether a 0.5o difference in measured angles

would lead to any meaningful prediction of the spatial distribution of the sites.
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However, accurate contact angle measurements on coal particles (not pellets) may

provide useful results regarding spatial distributions.

6.5 THERMODYNAMIC APPROACH TO SURFACE SITE
DISTRIBUTION

6.5.1 Gas adsorption

The therm_,_ynamic approach to the study of surface site distributions involves

determination of the heats of adsorption as a function of the amount adsorbed. The

scientific principle on which this approach is based is that if an adsorbent surface

is uniform then the heat Of adsorption for every incremental amount adsorbed will

be constant. In the case of a heterogeneous substrate, adsorption wiU initially

occur on the higher energy sites and then subsequently on the lower energy sites

as adsorption proceeds towards monolayer coverage. In general, the heterogeneity

of the adsorbent will lead to a decrease in the heat of adsorption as adsorption

proceeds. Two different techniques are used to obtain the heat of adsorption viz.

immersional calorimetry and gas adsorption. The former provides .data on the

integral heat of adsorption and the later provides the isosteric heat of adsorption.

Gas adsorption data also enables the calculation of the surface area of the coal

sample under filvestigation (Bruceton mines, hand picked, HVAB).

In general, hydrophobic solids are characterized by higher heat values for

immersion in organic hquids than for immersion in water, wh,_reas the reverse is

true for hydrophilic solids [45]. Similarly the heat of wetting of hydrophobic solids

is gr,eater in polar liquids than in nonpoIar liquids [45,128]. Methanol was used as

an _sorbate in the present study. Methanol is the first member of the homologous

series of monohydric alcohols. It is simllax to water in s'_ructure; one might view

methanol as the methyl derivative of water. As such it has a low surface activity
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at the solution-gas interface and is extremely polar. Though water, possessing two

OH groups, is more polar, this tends to primarily to cause water molecules to be

attracted to one another rather than to other groups. A methanol molecule possesses

only one OH group, so that it is easily attracted to another polar group rather than

to a second methanol molecule, l%rthermore, the polar group is joined to the

smallest possible hydrocarbon group, so that its effect is weakened and, in fact,

the nonpolar group is advantageous since it permits easier wetting or attachment

to carbonaceous surfaces. This unique position of methanol is shown by the fact

that even ethanol is limited by steric hindrance of its larger hydrocarbon group

e.g. the heat of wetting of coal is liberated more slowly in it compared to that in

methanol [129]. Therefore ability of methanol to wet the coal surface completely

and its propensity to adsorb at both hydrophobic and relatively hydrophilic sites

on coal prompted its choice as the adsorbate in this study.

The adsorption isotherm of methanol vapor on coal is shown in Figure 51.

Following the classification introduced by Brunauer et al [130] the isotherm corre-

sponds to type II. Assuming a value of 17.9 ._2 for the adsorbed methanol molecule

[131], BET analysis yields the surface area of the coal sample to be 111 m2/g. An-

derson et al in a study conducted in 1956 had obtained a value of 113 m2/g for the

same coal as that used in this study [132].

Figure 52 shows the adsorption isotherm of methanol on coal at two different

temperatures of 30°C and 11"C plotted _s the amount adsorbed at various pressures

of the adsorbate. This plot was used to derive the pressures at the two different

temperatures at constant adsorption density. Using these values in the integrated

form of the Classius-Clapeyron equation

An = Rr, r2 × (17)
T,-T2
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the heat of adsorption AH is obtained. Since the procedure is essentially based

on the differential heat that can be obtained directly from adsorption isosteres the

heat of a_lsoz_ption calculated in this manner is called isosteric heat of adsorption

and is a differential heat.

Figure 53 shows the computed isosteric heat of adsorption as a function of

the amount adsorbed. It can be immediately discerned that the heat of adsorption

falls below the heat of liquefaction of methanol. Such situations where heats of

adsorption fall below the heat of liquefaction are very rare. In fact only a few

systems showing such behav:,or have been reported in the literature [132,133]. In

order to cross check this observation the isotherms at 30°C and 11°C were plotted as

a function of the relative pressure and it was indeed observed that these isotherms do
• ,

cross over. The lower portion of the isotherms (at low relative pressures) is shown on

an expanded scale in Figure 54. It can be seen that the isotherms cross over at 0 =

0.28 and 8 = 0.98 (8 is statistical fractional coverage). These coverages correspond

to those where the isosteric heat of adsorption crosses the heat of liquefaction of

methanol.

The initial drop in the isosteric heat of adsorption from 44 KJ/mol to 38

KJ/mol as coverage increases can be attributed to the heterogeneity of the higher

energy sites. The heat of liquefaction of metha,nol is around 38 KJ/mol. The de-

crease in the isosteric heat beyond _ "=0.28 to values lower than the heat of liquefac-

tion indicates that adsorbed layer under these conditions is in a less condensed state

than that of liquid methanol. The rise in the heat of adsorption beyond 8 = 0.5 is

probably indicative of the later stages in the adsorption wherein contribution from

lateral interactions is expected. As we approach monolayer coverage the heat of

adsorption once again rises above the heat of liquefaction and approaches its initial

value. This can be construed as indicative of the fact that the energy involved in

the adsorption of the initial molecules on highest energy sites is the same as that
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of the adsorption in the second layer. It therefore appears that the higher energy

sites on coal are clustered densely leading to an adsorbed layer which is in a highly

condensed state, whereas the lower energy sites are sparsely distributed with the

result that individual adsorbed molecules are in a state less condensed than that of

the liquid state. As a corollary, the adsorbed layer in the latter state is probably

mobile.

6.5.2 Enthalpy of immersion

The heat of immersion of coal as a function of precoverage of methanol is shown in

Figure 55. In order to obtain experimental data at low coverages (less than 8 = 0.5)

the methanol vapor source used to precover the coal surface had to be maintained at

minus 30°C, and experimental difficulties were encountered under such conditions.

Heat of immersion experiments as a function of precoverage of the adsorbate

provides information on the composite nature of a solid surface. As pointed out by

Zettlemoyer, "too often the values of the heat of immersion of a solid into a variety

of liquids are compared directly when additional knowledge of the value of the heat

of immersion at various precoverages of the wetting liquid is necessary for proper

interpretation of wetting phenomena." This aspect is particularly important in coal

science and to our knowledge there exists no published information on the study of

heat of immersion of coal as a function of the precoverage of the wetting liquid. It

is also felt that the experimental techniques and the skill required to conduct these

experiments are presently unavialable in U.S. universities.

The heat of immersion is directly related to the integrrl heat of adsorption

H_ds(i) as follows;

Had,{;) -- [hi(sL)- hl(SlL)] + ['HL (18)
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where h1(sl_) is the heat of immersion of the bare surface, h_(slt.) is the heat of

immersion of the solid precovered with N adsorbed molecules (F is the adsorption

density) and Ht. is the heat of liquefaction.

The integral heat of adsorption derived from the experimental data in Fig-

ure 55 is shown in Figure 56. Differentiation of the integral heat of immersion

curve provides a measure of the differential heat of adsorption. The classical work

of Beebe and coworkers [134,135] had earlier demonstrated that in the case of ho-

mogeneous surfaces the differential heat of adsorption is constant as a function of

precoverage of the adsorbate.

Heterogeneous surfaces are characterized by a steady drop in the differential

heat of adsorption as a function of precoverage. Zettelmoyer and co-workers [136]

have used this approach wherein the slope of the differential heat of adsorption as

a function of precovemge was used to obtain a quantitative measure of the surface

site distributions for attapulgite. The theoreLical treatment of the surface site dis-

tribution function has been provided by Prain and Morrison [137]; briefly a site

distribution function g(e) can be defined s,_ that the sites with energy between

and e + 6(e) can accomodate g(e)Se moles at STP of adsorbed gas;

dN

g(e) = d(AHa) (19)

where N is the amount adsorbed. It should be appreciated that the double differen-

tiation necessary to obtain the site distribution function is not sufficiently accurate

to show up minor variations. Nevertheless, the heat of immersion curve, the differ-

ential heat curve and the distribution curve serve to give representative picture of

the distribution of sites and more importantly this procedure provides a quantitative

measure of the heterogeneity in term_ of the _ite di,_tribution function.
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6.6 Spectroscopic investigations

Spectroscopic techniques have been widely used for characterizing surfaces and ad-

sorbed layers. In this project different spectroscopies was employed on the same

coal to obtain complementary surface chemical information.

6.6.1 DRIFT

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy was used to

investigate the differences in functional groups of float and sink fractions obtained

from film flotation experiments.

Float and sink fractions from fihn flotation experiments conducted with 30

weight percent methanol were collected. Particles in the float fraction were found

to have a critical wetting surface tension (%) value between 72 and 44 mN/m

(they are not wetted by the 30 weight percent methanol-water mixture which has

a surface tension of 44 mN/m). Similarly particles belonging to the sink fraction

have 7c values between 44 and 32 mN/m. This difference in the % range for the

float and sink fractions could only be due to the nature of the surface functional

groups (polar or nonpolar) and their distribution. This aspect was investigated

using DRIFT spectroscopy.

DRIFT spectroscopy has been used to study coal surfaces in recent years [138].

Most of the work in this area is concerned with the elucidation of coal oxidation

mechanisms [139,140] where sequential changes in the peaks corresponding to polar

groups are monitored. Oxidation has been shown to affect wettability and flotation

[21,141]. It was felt that the DRIFT spectra of the above float and sink fraction

would reveal the role of surface functional groups in determining the distribution

of 7c values for coal samples. Figure 57 shows the DRIFT spectrum of base coal

and is similar to the spectrum reported earlier. Figure 58 through Figure 60 show
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the spectra of the base coal, float and sink fractions together with the difference

spectrum, plotted in the same scale. The difference spectrum reveals that the

samples have identical spectral features, at least as far as the major coal pe_ks

(listed in Table 2) are concerned.

Laser Microprobe Mass Analyzer (LAMMA) spectra ( discussed below ) have

indicated the possibility that the average structural unit in coal ,_sgreater than

4 microns. Film flotation resultz3 yield a % distribution on each particle of coal.

Therefore, spot analyses by DRIFT would not be sensitive to the differences in

average properties and would yield only information on the local salient features.

This also implies that all particles in the population have a similar distribution of

surface sites (in magnitude). In these cases it would be expected that the d,_fferences

in the DRIFT spectra of the float and sin] fractions would be undetectable, and this

was indeed experimentaly observed here. The surfaces of the float and sink fractions

are certainly differenti this diffrence could be due to the spatial distribution of the

surface sites. DRIFT spectra features would be unable to distinguish differences

in spatial distribution, and would therefore yield similar spectra for both float and

sink fractions.

In a separate series of experiments DRIFT spectra of a sample of Upper

Freeport coal and Pittsburgh No.8 Coal showed Ilo detectable difference in major

peaks. However, flotation results showed that Pittsburgh coal is more hydrophobic

than Upper Freeport coal.

The above results and observations indicate that DRIFT spectroscopy is in-

sensitive to the changes in functional groups which determine the range of % values

of heterogeneou._ particles. It is recogonized that this insensitivity may be due to

the differences in the concentr_tions of the functional groups being below the de-

tection level of the instrument. However, in view of the fact that all particles in a
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: Figure 58" DRIFT abaorbance spectra of base coal and float fraction obtMned from

film flotation and the corresponding (lifferclic(.' Sl)('ctruln.
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Figure 59" DRIFT absorbance spectra of float a]_d sink fraction obtained from film

flotation and the corresponding difference spectr_,
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population have a similar 7c distribution (in magnitude), it appears that the spa-

tial distribution of sites is more important in governing wetting behavior than the

absolute number of the sites of various surface energies.

6.6.2 LAMMA

Laser Microprobe Mass Analyzer (LAMMA) line scan spectra of coal were obtained.

LAMMA is a state of the art surface analytical technique ideally suited for advanced

research on a heterogeneous organic material like coal. LAMMA has already proven

very useful in the investigation of the fragmentation of polymeric substances with a

view to the identification of organic inhomogeneities. Gardella et al [142] were able

to demonstrate using one of the first generation laser microprobes that polymer

side chains yield characteristic fragmentation patterns. It has also been possible to

detect carbazoles in polyethelyene [143] and triphenyl arsenic in polyvinyl butarate

[144]. These researches clee_rly demonstrate the utility of this equipment in coal

research since coal is a heterogeneous mixture of polymeric sub-units.

The LAMMA spectra (both the positive and negative ion spectra) are enclosed

in Appendix C. Spectra are spot analysis at intervals of 4 microns. Normal data

consists of spectrM plots of mass versus intensity. Interpretation of the spectra is

based on the mass number, isotopic pattern and fragmentation patterns. Spatial

variation in both the _elative intensity and fragmentation pattern is illustrated

in the reduced positive ion spectral line scan profile at intervals of 4 microns in

Figure 61. For any given species the variation in the fragmentation pattern is

quite evident along the linescan. This vaxiation in fragmentation pattern shows the

microheterogeneity of the coal.

Inhomogeneity in the distribution of inorganic elements can be noticed even

at 4 micron levels. For example in Figure 61, sodium and aluminum are noticed
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in spots 1, 2, 3 and 5, but are absent in spots 4 and 6. This shows that inorganic

matter in coals are finely dissemenated. Pottasium, Chromium, Manganese and

Cobalt are also noticed. The presence of these inorganic species are in line with

SEM/EDX studies discussed earlier.

A study conducted with LAMMA previously [145] describes the laser des-

orption processes and illustrates the methodology for peak assignments. The coal _'5",

macromolecular system shows major peaks at (B + X,) in both the positive and

negative ion spectra, where B represents the hydrocarbon nucleus and X represents _-

groups typically H, OH, O, CN, and CO.
_.$

Both the positive and negative spectra show a characteristic pattern of peaks

that concentrate around multiples of 12. This aspect appears more intense on
"7"

the negative spectra than on positive spectra. However the negative spectra are _

less intense than the positive spectra. The smaller fragment peaks found in the
"!

neighborhood of the multiples of 12 peaks can be attributed to moieties of the

C,.,H_ type. This is probably indicative of the high aromaticity of the coal sample.
_-

The coal sample is high volatile bituminous type with around 80o£ carbon and has * '

a high degree of lusture indicative of vitrinite. The sample is also hydrophobic.
;.9

These facts are also indicative of high aromaticity. Oxygenated fragments are also

discernable as evidenced by peaks at atomic mass units (AMU) of 47,67, and 83 in .3

the positive spectra attributed to CHOOH, C4H20 and C4HOOH. Peaks occuring

at intervals of 8 in the region 320 to 540 (AMU) in the case of positive spectra can ;.7

similarly arise from moieties like (B + O) or (B + O2) where B is the parent fragment.

Microheterogeneity of organic species is also evident, for example in Figure 61, the 7,1

region 140 to 160 AMU the spectrum at the spot X = 745.9 shows a peak at 150

AMU which is absent at other spots. The peak at 360 AMU appears in ali the

spectra except in the case of spectra at spots X = 745.9 and X = 743.5.

Positive ion spectra in the 40 to 300 AMU range of the fragmentation pattern
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show a high degree of inhomogeneity as can be seen by the variation in the pattern

and in the appearance of various peaks. The 320 to 600 ainu region is seen to be

densely populated and indicates that the major desorbable components fall in this

category. However, even in this region there is no similarity in the fragmentation

pattern along the linescan. Microheterogeneity is also evident as can be seen by the

fragmentation pattern at 4 micron intervals in the case of the negative ion spectra,

given in Appendix C.

Based on the present LAMMA study and the site distribution studies it is

evident that the organic heterogeneity exists on every single coal particle. This

heteroge,_eity is probably due to the distribution of various organic moieties spatially

as seen from LAMMA results. There appears no trend in the fragmentation patterns

at 4 micron intervals along a 40 micron line scan. This is possibly an indication

that the spatial distribution of moieties is random at this micron level. A major

conclusion that is evident from the LAMMA study is that the coal "molecule" or

average repeatable structural unit, if it exists, is larger than 4 microns.

6.6.3 D- ESCA

Since surface characterization is an important aspect in this project, ESCA (Elec-

tron Spectroscopy for Chemical Analysis) study of the coal surface was conducted.

Surface derivatization, a techx_ique often used in the preparation of orgazfic com-

pounds for gas-liquid chromatography, uses site specific molecular "tags" that bond

to key chemical groups on the surface. The ,nolecular tags contain atoms that are

not part of the surface, however; they inc,'ea_e the sensitivity of detection by ESCA

by over an order of magnitude. Surface derivatization is especially useful for tagging

functional groups that are not directly resolvable by ESCA, such as phenolic OH

and carboxyl. Application of derivatization in conjunction with ESCA is a rela-

tively new technique for quantifying functional groups on the surface which has not
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Element Atom percent
Carbon 84.0 ....

Oxygen 11.0
Aluminum 0.8
Silicon 1.3

Nitrogen 2.3
Sulfur 0.3

Table 3: Elemental composition data measured from the coal surface (_ 100_).

been possible till now. To our knowledge there exists no published literature on the

absolute amount of various functional groups on the surface of coals. For the first

time quantitative information on specific functional groups on the coal surface has

been obtained by surface derivitization procedure and is reported here.

The surface elemental composition as infered from the survey spectrum (Spec-

trum 1) is shown irl Table 3 and the corresponding chemical binding states obtained

from the high resolution spectra taken over the C(ls), S(2p), O(ls) and N(ls) pho-

toelectron signal regions (Spectrum la, lb, lc, ld) are given in Table 4. The C(ls)

spectrum (Spectrum 1) exhibits an asymmetric line shape which is characteristic

for polynuclear aromatic compounds [146].

Sulfur was found in elemental form and as a sulphate. Interestingly two com-
i

ponents of the N(ls) signal (Spectrum ld) were observed. The lower binding energy

component most likely corresponds to a nitrogen atom in an aromatic structure.

The higher binding energy component possibly corresponds to an aliphatic type of

nitrogen. The mean 7c of the base coal sample is 44 dynes/cre. Values of 7c close

to 44 dynes/cre are found for many functional groups with nitrogen in them, for

example urea and amides. Silicon appeaxs to be the major inorganic component on

the surface.

In order to estimate the number of surface hydroxyl, carbonyl and carboxylic

groups, the samples were submitted to site specific reactions resulting in the in-
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Peak assignments(R=CH) Binding energy (eV) Atom percent
C-R 284.6 68.0
C-OR 286 11.0
O=C-OR 288.2 1.3

C4(shake-up) 290 2.0
C5(shake-up) 291.2 1.9
Elemental sulfur 164.2 0.2
Sulfate sulfur 168.8 0.1
C=O 531.8 4.0
C-O 533.3 7.0
-N= 398.4 0.9

N aliphatic 400.2 1.4

Table 4: High resolution D-ESCA data: binding energies, utom percentages and

peak assignments.

corporation of fluorine. ,Ordinary ESCA analysis is not sensitive to the hydrogen

present in organic substances.

Since polar groups invariably contain hydrogen, _n accurate estimation of

polar groups can only be obtained indirectly by the deriv_tization procedure. The

survey spectra taken from the derivatized samples are shown in Spectrum 2 to

4. The number of functional groups per 100 atoms are shown in Table 4( the

numbers were calculated by dividing the atom percent fluorine by the number of

fluorine atoms in the tag molecule ). The three functional groups i.e. -OH, C=O

and COOH are present in approximately equal amounts. The number of these

functional groups per 100 atoms is between 1 and 2. From previous film flotation

studies it is known that this sample of coal is not wetted spontaneously by water.

Evidently the amount of polar groups present on the surface of this sample of coal

is insufficient to cause complete wetting.

Based only on the high resolution spectra and the binding states one would

normally infer more polar groups on the surface than is actually the case. The

amount of polar groups is unambigously available from the derivatized ESCA. It is
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felt that derivatized ESCA will provide information on the polar / nonpolar groups

on coal surface and can in turn be used to monitor the effect of oxidation and such

alterations on the hydrohpobicity or flotation of coal in a more quantitaive way

than has been possible till now.

6.7 Other distributions

During the course of this research we identified potential techniques which will give

further complimentary information regarding distribution of surface properties of

coal particulates and these techniques are briefly mentioned below.

Recently an instrument is available in the market which provides a distribu-

tion in the electrophoretic mobilities of particulate populations (Penkem 3000). In

classical studies involving electrophoretic mobilities and zeta potential only an aver-

age value characterizes these properties. However as mentioned earlier such average

values seldom provide an accurate measure of the interfacial properties. Use of this

instument irl coal surface science to measure zeta potential distributions will provide

more accurate representation of interfacial properties. Zeta potential studies using

this instrument have been recently reported in the literature [147,148]

Induction times provide a measure of the bubble particle attachment proba-

bility. Usually, induction time is reported to be the value of a particular contact,

time at which 50% of the tests results in bubble-particle attachment (average value).

Recently however, it has been shown that the distribution of attachment frequency

is, in fact, a more accurate description of the hydrophobic character of a paa'ticulate

population [149]. In this study observed flotation results could not be correlated

with average value,_ of contact angle or induction time. Analysis of induction time

distributions revealed that, though the average induction are the same, there existed

a difference in the induction time distributiol_s.
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Induction time distributions provide a measure of the probability distribu-

tion of bubble particle attachment. Centrifugal immersion experiments discussed

earlier provide a probability distribution of bubble particle detachment. A combi-

nation of these experimentMy determined probability distributions'will aid in the

development of a flotation model.

Recently Wittkopf [93] has developed a model to calculate the desorption

energy distribution of adsorbed water based on mass spectro,, :opic data.. Such

energy distributions were obtained even for persumably homogeneous glass spheres.

A typical energy distribution spectrum is shown in Figure 62.

7 CONCLUDING REMARKS

It is well known that coal is a heterogeneous substance. The concept of critical

wetting surface tension can be effectively used to characterize this heterogeneity

both qualitatively and quantitatively. A new approach for determining the distri-

bunion in surface properties of coal particles was developed in this study and various

techniques capable of providing such information were identified. Distributions in

surface energy, contact angle and wettability were obtained using novel techniques

such as centrifugal immersion which was develol)ed during the course of this project

and film flotation. Changes in these distributions upon oxidation and surface mod-

ifications were monitored and discussed. Results from centrifugal immersion and

film flotation and have confirmed the existance of surface sites of various energies,

and site distribution curves based on these techniques have be obtained.

1. Using the approach developed in this study, it has also been shown for the

first time that the observed heterogeneity of a mass of _oal particles reflects

the heterogeneity of each single particle. In essence i5 has been possible to
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obtain a psuedo map of the surface of coal and of coal surfaces after various

modifications.

2. The inherent surface moisture in coal is probably present as a heterogeneous

ordered structure as opposed to free moisture. Low temperature (70°C) heat-

ing of coal increases the hydrophobicity of high rank bituminous coal due

to the removal of the inherent moisture and possibly surface volatiles. Coal

samples with adsorbed moisture were more hydrophobic than those without

it, indicating an autophobic behavior. Adsorbed moisture is probably present

as an ordered structure and could be responsible for the observed autophobic

phenemenon.

3. Based on the changes in the surface site distribution curve on treatment with

polyacrylan_de (PAM) polymers it is shown that PAM adsorption on coal

is essentially a entropically driven process and more so in the case of coal

heated to 70°C. In the case of base coal it appears that adsorption of charged

PAM takes place by the anchoring of thc polymer hydrocarbon chain such

that amide groups are pointing towards the surface. As the charge density

increases the area occupied by amide groups increases from around 30% for

10% charge density to around 50% for 30% chm'ge density. The adsorbed layer

in the case of nonionic PAM presents a comparatively heterogeneous surface

indicating a random mode of adsorption. The adsorbed layer of cationic PAM

of 10% cationicity and nonionic PAM presents a more dense and compact

structure as compared to anionic PAM and PAM of higher cationicity.

4. Heating of coal at 70°C in air decreased the average value of critical wetting

tension indicating the formation of a more hydrophobic surface. In the case

of adsorbed layers of the nonionic and the anionic polymer on coal heated at

70°C, more of the hydrocarbon chairl of the polyiner is apparently exposed
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compared to the arnide groups. 75% of the area of both polymer layers exhibit

a similar surface energy distribution. The adsorbed layer of the nonionic PAM

on heat treated coal exhibits a less dense structure.

5. A relatively fast and accurate technique to measure polymer concentration at

the ppm levels was developed using Total Organic Carbon (TOC) analyzer.

TOC was used to measure residual polymer concentrations after adsorption.

Adsorption data obtained from TOC is more representative of the actual

adsorption than data obtained by nephelometry or titration. Higher values of

adsorption density were obtained earlier using viscosity technique employed

for concentration determination and this is suggested to be due to preferential

adsorption of higher molecular weight components resulting in lower viscosity

and hence lower "apparent" residual concentrations.

6. Flom'escence spectroscopic studies using pyrene labelled polyacrylmnide poly-

mers supported our earlier conclusions on the preferential adsorption of higher

molecular weight components on coal.

7. Hydrophobicity of dodecane treated coal is governed by both the amount of

sites and the inagnitude of the surface energy of these sites. It appears that

there exists a critical dosage of the reagent above which the coal surface is

grossly less hydrophobic. This is possibly the reason for the "over oiling"

noticed in industrial coal flotation. An increase in the speed of the impeller

employed to disperse the dodecane in water increases the degree of coating

of the dodecane on coal surface. However continued increase in the speed

produces no detectable difference in the degree of coating indicative of the

role of hydrodynamic factors.

8. DRIFT spectroscopy could not distinguish the surface functional groups re-

sponsible for the distributioIl of sites that determine critical wetting surface
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tension of coal. This observation lends support to the conclusion that individ-

ual coal particles in a sample (-35 mesh +80 mesh) exhibit similar distribution

of sites. It also appears that wetting is governed by spatial distribution of sites

with various energies.

9. The frequency distribution of the force required to detach coal particles from

the liquid-air interface obtained from centrifugal immersion experiments de-

pends both on the surface chemistry and the shape oi the particles. In the

case of oxidized coal particles (with a predominately hydrophilic surface) the
p'

frequency distribution curve represents the distribution of surface moieties.

In the case of hydrophobic coal particles, the curve is a collective manifesta-

tion of the distribution of the shapes of the particles and the dynmnics of the

detachment process.

10. Centrifugal immersion technique is a powerful tool for studying the relative

wetting behavior of irregularly shaped hydrophobic particles, including the

stability (probability of detachment) of such particles at the liquid-air inter-

face. In contrast to othertechniques, this technique takes into account the

dynamics of spreading, surface heterogeneity, and shape effects and therefore

provides an accurate characterization of the wetting behavior as encountered

in practical situations.

11. Wettability distribution curves constructed from centrifugal immersion data

as a function of the liquid phase shows a complex and as yet undetermined re-

lationship betw_ the shape, surface tension and the force required to detach

heterogeneous coal particles from the liquid-vapor interface. It appears that

the series of wettability distribution curves as a fur_ction of _'arface tension of

the liquid phase will be sensitive to the surface properties of coal particles in

cases where a single wettability distribution curve is not sensitive.

145



12. Based on the LAMMA study and our previous site distribution studies it is

evident that the organic heterogeneity exists on every single coal particle. This

heterogeneity is probably due to the distribution of various organic moieties

spatially as seen from LAMMA results. There was no trend in the LAMMA

fragmentation patterns at 4 micron intervals along a 40 micron line scan. This

indicates that the distribution of moieties on the surface is random at the 40

micron spatial level. A major conclusion that is evident from the LAMMAJ

study is that the coal "molecule" or average repeatable structural unit, if it

exists, is larger than 4 microns.

13. The absolute amounts of phenolic, carboxylic and carbonyl groups on the sur-

face of coal was obtained using derivatized ESCA which is a new technique.

The polar functional groups are present in approximately equal quantities

and range between 1 and 2 functional groups per 100 atoms. Surface elemen-

tal analysis and information on the binding states of the elements were also

obtained. Aromatic and aliphatic nitrogen were detected. The amount of

aliphatic nitrogen is approximately the same as the amount of polar groups.

14. Using the 3'c distribution and Neumann's equation of state for calculating sur-

face tensions, a contact angle distribution on the surface of coal particles was

calculated. Contact angles on coal particles range from 80° to 20 °. About

40 percent of the surface has a contact angle of about 68°. The existeIlce of

sites with different contact angles is likely to lead to a very complex inter-

play between the advancing and receeding angle distributions in coal flotation

systems.

15. A thermodynamic approach to study coal surface heterogeneity was developed

and is illustrated along with experimental results. A qualitative picture of the

distribution of sites on the coal surface can be obtained from the isosteric
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heat of adsorption as a function of the amount adsorbed. Heat of immer-

sion provides a quantitative measue of the heterogeneity in terms of the site

distribution function. It appears that the more hydrophobic site_ on coal

surface are densely clustered whereas, the more hydrophilic (or relatively less

hydrophobic) sites are distributed sparsely. To our knowledge this is the first

time heats of adsorption have been measured as a function of coverage on coal

and also where both calorimetric and isosteric heats for the same system are

presented.

16. A multi-pronged approach consisting of centrifugal immersion, film flotation,

gas adsorption, calorimetry and different spectroscopies is used to elucidate

the heterogeneous nature of the distribution of surface sites on coal az_d

changes in the distribution upon chemical and thermal treatment. Other

type of distributions and techniques to study them are also discussed briefly.

The present work is a contribution to our understanding of the fundamcntal

nature of the complex coal surface.

7.1 Impact of study on advaced physical coal beneficiation
processes

The results of this research project is of practical importance in the area of clean

coal technology where surface based beneficiation projects are employed for better

utilization of coal. A fundamental knowledge of the distribution of surface sites

on coal and effect of treatments on the distribution should help to control these

processes efficiently since often only a small fraction of the surface need to possess

have a given property to bring about the desired effect.

For example it is conceivable that a particle whose surface consists of predom-

inantly hydrophilic sites (say unliberated mineral matter) can float if the bubble
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attaches to a hydmphobic patch. However the density of this particle will also de-

termine if the surface tension and bouyancy forces are sufficient for the particle to

float. One ultimate objective in fine coal flotation is to relate the density of locked

coM-pyrite particle to its flotability. This in 'turn requires knowledge of the distribu-

tion of relatively hydrophobic and hydrophilic site_ and effect of chemical treatment

on it. Such knowledge will help in designing optimum operation and control of

precleaning circuits and thereby in enhancing the efficiency of advanced physical

beneficiation processes.

In the area of spherical agglomeration and flotation surface heterogeneity plays

an imporatnt role. Its important to note that wettability is a macroscopic concept

which is related on a microscale to the distribution of wettable and non wettable sites

on the surface.The relative distribution of hydrophilic and hydrophobic sites will

govern the absolute wetting of the surface. More specifically, it the rate at which the

leading edge of a spreading liquid moves that will deterimine if the wetting medium

will overide a patch of nonwettable region. If the nonwettable region is "small"

then it is conceivable that the liquid will overide the region and vice versa. Thus

the spatial distribution of sites and its scale is an important and a fundamental

varaible which determines the wetting behavior of heterogeneous surfaces. These

aspects are directly related to the study of dynmnic contact angles and kinetics

of wetting, published infol,-nation on which are scarce. The effeciency with which

the spherical agglomeration process is able to selectively beneficiate coal is directly

related to these issues.
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A SEM-EDX PHOTOMICROGRAPHS

Fig 1 [figure numbers refer to accompanying photomicrographs] shows an inclusion

in a +8 mesh fraction coal particle. Elemental analysis of the overall inclusion indi-

cates that the inclusion is a clay particle coated with gypsum. The presence of iron

together with sulphur shows that pyrite is also present. Fig 2 shows a pyrite par-

ticle located in a fissure of the inclusion matrix. The presence of calcium indicates

that the pyrite particle is coated with calcium sulphate. Fig 3 is rr micrograph of a
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medium bright particle in the inclusion shown in Fig 1. Though the morphology of

the particle indicates it to be clayey particle or a carbonate, the elemental analysis

shows predorninately iron based compound with Zn, Na, A1 and K in the form of

chlorides or sulphates. This clearly shows that inorganic impurities are very finely

disseminated.

Fig 4 & 5 are secondary and back scattered micrographs of particles marked

lD & lE embedded in a coal particle. Fig 4 illustrates the high topography of

the coal surface and similar morphological characteristics of lD & lE. The back

scattered image in Fig 5 clearly illustrates the difference in chemical composition

of the two particles. It can be observed that particle lE is coated with coal on its

edges and fissures. Elemental analysis reveals that particle lD is calcium aluminum

silicate. Particle lE is a pyrite particle. These pictures show the intimate nature of

association of the clay and pyrite particles with each other and the coal matrix.

Fig 6 is a micrograph of an inclusion in a +8 mesh particle. The elemental

analysis of this particle shows it to be composed of compounds involving Na, Ca, Si,

P, Al, Fe, S and C1. It appears that this particle is a polydispersed clay associated

with pyrite and salts of chlorides and sulphates. Fig 7 shows another inclusion in a

similar sized particle as being composed of pyrite and calcium aluminum silicates.

This picture demonstrax_,es the extent of clay and pyrite association. It is also

possible that gypsum is present in particles shown in Fig 6 & 7.

Fig 8 shows a back scattered rnicrograph of a pyrite vein in a +8 mesh particle.

"The elemental azmlysis of this vein also shows presence of A1 and Si and hence

associated clayey matter. Fig 9 & 10 are secondary and back scattered pictures

of two particles marked A & B at another point on the surface vein at higher

magnific' '_ion. P_rticle B is a free pyrite crystal. Particle A is an aluminum silicate

compound associated with calcium sulphate and iron.
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Fig 1 to 10 discussed above are all +8 mesh fraction coal samples. In order

to understand the association of mineral matter in coal better, the analysis was

extended to particles in the +100, +200., +635 mesh fractions end are discussed

below.

Fig 11 & 12 show the +100 mesh particles in the secondary and back scattered

mode. The bottom left corner of Fig 12 shows a classic instance of pyrite encrusta-

tions on coal. Other bright particles in the area were scanned and generally found

to be of clayey nature or pyrites. Areas marked 1, 2 and 3 in Fig 12 were enlarged

and analyzed.

Fig 13 & 14 show the enlarged secondary and back scattered micrographs of

the pyrite encrustation marked 1 in Fig 12. Fig 13 illustrates the high topography of

the surface. The porous nature of the encrustations is also visible. Fig 14 indicates

the disposition of the particles on the coal surface. Areas where coal has smeared

the surface of bright particles are evident. The elemental analysis of particle 1 in

Fig 14 shows it to be of pyritic nature. Trace amount of Mg is also noted.

The magnified secondary and back scattered images of particles 2 & 3 of Fig

12 are shown in Figs 15, 16, 17 and 18. The elemental analysis reveals particle 2 to

be an altered form of feldspar probably cerisite. The difference in relative brightness

og this particle is due to the layered structure. Traces of Ti is noted. Particle 3 is

a pyrite; a small sand grain is associated with it.

Fig 19 & 20 are micrographs of +200 mesh fraction in the secondary and

back scattered modes respectively. The particle in the center of Fig 20 shows bright

inclusions intimately associated with coal. Areas marked 1 and 2 on this particle

along with another bright inclusion marked 3 were analyzed.

Fig 21 & 22 are enlarged views of p.xrticle 1 in Fig 20. The ba,-.k scattered

image in Fig 22 shows the inclusions to be coated with coal ( gray areas ). The
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elemental analysis indicates the inclusion to be aluminum silicates. Free iron is

noted; the sulphur is probably due to the coal matrix. Fig 23 & 24 are enlarged

microgruphs of particle 2 in Fig 20. The elemental analysis indicates the particle to

be pyritic. Tile back scattered image in Fig 24 shows a ring of black particles around

the pyrite encrustation. Analysis of this region as indicated in the spectrum reveals

the black particles to be aluminum silicates. Elemental sulphur in comparitively

large quantities are noticed. These indicate that the clayey matter is coated with

coal dust and that coal matrix near pyrites is rich in sulphur.

Fig 25 & 26 show typical aluminum silicate pm'ticles. Fig 27 shows a secondary

image of +625 mesh coal particles. Fig 28 shows the corresponding back scattered

image. It is evident that at these fine size ranges liberation of mineral matter is

maximum. Three bright inclusions marked 1, 2 and 3 in Fig 28 were magnified and

analyzed as below. Fig 29 & 30 are the magnified secondary and back scattered

images of particle 1. Elemental analysis indicates this particle to be a pyrite crystal.

Fig 29 demonstrates the coating of pyrite surface with coal.

Fig 31 & 32 show the magnified micrographs of particle 2. This particle is an

altered form of feldspar similar to particle 2 in Fig 16. Here also Ti is noticed in

close association with the modified feldspar Fig 33 & 34 are magnified micrographs

of particle 3 showing a single liberated grain in the +635 mesh fraction. Elemental

analysis of this grain indicates it to be a complex substance composed of iron oxid,;

with magnesium aluminosilicate and smaller quantities of calcium sulphate, calcium

fluoride and possibly calcium carbonate. Manganese is also present probably as an

oxide.
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B LASER MICROPROBE MASS ANALYZER

The Laser Microprobe Mass Analyzer (LAMMA) consists of four modules: the laser

generating and corresponding optics system, a staple manipulator and chamber

and a time of flight mass spectrometer. In addition it includes the high vacuum

system, an optical microscope and data :,cquisition and control system. The data

handling system includes a dedicated software for analysis of results and monitoring

the equipment performance. A schematic d:agram of the system is shown in the

accompanying figure. The laser microprobe uses two lasers; a helium-n,eon laser for

sample alignment and a YAG laser for ablatement. The main ablating laser, helium

spotting laser and optical viewing system all use the same objective lens to ensure

accuracy in sample alignment during scanning and analysis.

Q-switched Nd-YAG laser system provides laser pulses of 20 nanoseconds du-

ration. These laser pulses axe then frequency quadrupled to produce the required

wavelength. The laser beam is focussed to a diameter of less than 1 micron. The

amount of optical energy directed upon the sample is continously controllable from

zero to full output by a set of cross-polarized filters. The laser beam ablates the

sample from a microvolume of less than 3x 10-14 cm 3 and produces a vapor plume

which is partially ionized, The area of the sample on which the laser is focussed,

as viewed through the optical system can be continuously scanned and analyzed

by computer control. A laser post-ionization facility which is a unique feature of

LAMMA, provides increased sensitivity. This is achieved by ionization of neutral

atoms / ion fragments in the vapor plume produced by primary (ablating) laser

pulse followed by a second high power (ionizing) laser pulse. This feature also

allows the flexibility of using less intensity in the primary (ablating) laser beam

which produces the least disruption of the surface as compared to other normal

laser microprobes which produce three micron diameter craters.
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Little sample handling is necessary. Solid pieces, powders and vacuum stable

liquids like oils and fats can be routinely analyzed, Typical samples are mou_ted

on metal supports which is inserted rapidly through an all metal sample inlet port

to the sample stage. The sample stage is a high resolution and highly stable device

capable of motion in all three dimensions, The stage can carry eight samples. A

vacuum of 1x 10-9 torr can be achieved in the main chamber. The analysis of ions in

the post-ionized plume is conducted using a time of flight mass spectrometer over a

2.5 meter flight path. A reflectron with second order energy focussing, ion detection

system for positive and negative ions and extraction optics are also included. The

output yields a spectrum ranging from 1 to 10,000 atomic mass units and their

corresponding intensities with each laser pul_. The resolution of the system is

around 1 AMU.

The operation of the system essentially consists of sample loading, evacuation,

scanning, laser ablation and acquiring the spectrum and data analysis. In the

analysis chamber the sampling area is chosen by a XYZ manipulator while the

sample is viewed through the laser optical microscope. The laser energy is set at

the desired level and the sample ablated and the spectrum of the resulting fragments

recorded. Spectra can also be acquired at constant laser irradiation conditions of

various microareas. Operation in this mode should reflect the sample heterogeneity.
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Fig. III a. Photomicrograph of the location on the + 8 mesh coal
sample on which the LAMMA analysis was conducted.

1.86



Fig. III b. LAMMA line scan axis end points spanning 40 microns
containing 10 equally spaced spots where analysis was
conducted.
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