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FOREWORD

This volume contains publications resulting from respirable dust research performed in the
Generic Mineral Technology Center for Respirable Dust by faculty, staff and graduate students at The
Pennsylvania State University, West Virginia University, University of Minnesota, Michigan
Technological University, and Massachusetts Institute of Technology. These publications have
upperedinscienﬁﬁcjommls.thepmoeedingsofmﬁomlmdinmﬁoml symposiums and at
professional meetings in 1987. Complete citations of the publications can be found in the text. The
Generic Mineral Technology Center for Respirable Dust is funded by the U.S. Bureau of Mines
through the Mining and Mineral Resources Research Institute Program. The opinions and
conclusions expressed in the papers are those of the anthors alone and do not represent the opinioas of
the Generic Mineral Technology Center for Respirable Dust, the Mining and Mineral Resources
Research Instituts program or the U.S. Bureau of Mines. Citation of manufacurers’ names in the
mmmdcfmmuﬂinfumuionpmmddommhqﬂymmofﬂwmby
the authors.

All of the publications in this volume are on research that has been supported by the
Department of the Interior’s Mineral Institute program and administered by the Bureau of Mines
through the Generic Mineral Technology Center for Respirable Dust gnder allotment grant number
'G1135142 or G1175142.

In addition to publishing these papers, the Center has organized a dust conference and an
international symposium. In October 1984, a dust conference was held at West Virginia University.
Co-sponsored by the Generic Mineral Technology Center for Respirable Dust, ACGIH, MSHA,
NIOSH and USBM, the proceedings are available in the publication 1984 Coal Mine Dust
Conference, edited by Syd S. Peng, Morgantown, WV (Publication #PB86-169380). This publication
is availabie from NTIS. An international symposium, Respirable Dust in the Mineral Industries:
Health Effects, Characterization and Control, was held at The Pennsylvania State University in
October 1986. Co-sponsored by the Generic Mineral Technology Center for Respirable Dust,
ACGIH, MSHA, NIOSH and USBM, the proceedings are available in the: publication Respirable Dust
in the Mineral Industries, edited by Robert L. Frantz and Raja V. Ramani, University Park, PA. This
publication is svailable from ACGIH, ISBN: 0-936712-76-7 (Publication #3010).

The Generic Center maintains a reference center that serves as a clearinghouse for technical
information for the generic area and supplies reports on generic center accomplishments.

mwfu&MMTmmCmmhwmmmer
States Congress is gratefully acknowledged. We also acknowledge and appreciate the support and
hrputﬁmUSBMNIOSH.MSHA.meRmchAdvisuyCmﬂmdmeCmnmimmMmhg
and Mineral Resources Research which have significantly contributed 10 the activities of the Generic
Mineral Technology Center for Respirable Dust.

Respectfully submitted,

Robert L. Frantz

Co-Director, Generic Mineral Technology
Center for Respirable Dust

Co-Editor

R. V. Ramani )

Co-Director, Generic Mineral Technology
Center for Respirabie Dust

Co-Editor

vill



Excerpted From The

1988 UPDATE TO THE NATIONAL PLAN
' FOR
RESEARCH IN MINING AND MINERAL RESEARCH

Report tot | : '- | “ December 15, 1987

The Secretary of the Interior

The President of the United States

The President of the Senate L
The Speaker of the House of Representatives

Section 9(e) of Public Law 98-409 of Anugust 29, 1984, (98 Stat. 1536 et seq.)
mandates that the Committee on Mining and Mineral Resources Research submit an
annual update to the National Plan for Research tn Mining and Mineral Resources:
“Improving Research and Education in Mineral Science and Technology
Government-{Federal, State and Local), Industry, and University Cooperation.”

....................

Respirable Dust (centered at Pennsylvania State U. and West Virginia U., with affiliates
at U. of Minnesota and Massachusetts Institute of Technology): brings together experts
concerned with particles causing potentially disabling or fatal diseases, including
pneumnoconiosis ("black lung”), silicosis, and asbestosis, the latter of deep concern not
Just to workers in the mineral sector of the economy but also to the general populace.
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Development of a Mixed Mode Testing System for
Geological Materials

R. Karl Zipf and Z.T. Bieniawski
ent of Mineral Engineering, The
Pennsylvania State University

ABSTRACT

Fracture mechanics plays sn lmportant tole in studies of geologic materisls such as rock and coal, Yet,
fracture dats aTe acatrce for rock and most limited or unreliable for coal. A testing system was developed
which can apply mixed mode loads to a crack tip in wany rocks and geologic materials. It is possible to
subject the test specimen to pure mode 1, various wixed modes and & nearly pure sode 11 fracture lead. The
systen is currently used to study the mechanics of [ine fragment formation in various coals. Experimental
sepsurements fnclude K1 and KII’ fracture velocity and acoustic emission.

INTRCDUCTION

A major research program at The Pennsylvania State University is directed to understanding the
fupdapencal mechanice of fine fragment formacion in various coals. The program represents an effort to
reduce the incidence of coal workers pneuscconiosis (black lung) in coal miners. The principal source of the
respirable coal fragments is the cutting operation which forms snd liberates the particles by = fracture
process., FPresent understanding of the mechanics of the events which form and liberate these particles 1
weager (Cook, 1982),

Cuorrent knowledge of the fundamental wechanisms of coal dust generation snd entrainment in termd of the
underlying fracture machanics 13 critically peeded to improve and posaibly control the processes fnvolved.
Whether the cutting operation ia dome with & ‘continuous miner' cutting sachine, a plov or & longwall
ghearer, 1t is fundamentally a problem of pixed-pode crack propagation. When & cucting toel incevacts vith
coal, 1t causes numerous cracks to propagate through the intact material. WNumarcus larger fragments are
broken free, but ancther quantity of undesirable fine fragments is aleo created. The formation of these
respirabie fragments may be a direct result of the crack propagatiom procast; hence, a thorough understanding
of the fracture mechanics of coal is required to winimize production of the unwanted fine fragoents.

in most rock engineering applications, the rock material properties are of secondary iwportance to the
rock mass propercties; however, for rock fragmentation and rock cutting problems, it is roek wmaterial
properties such #s fracture toughness which are of prime interest (Bienlawekl, 1980). Several vock cutting
and rock failure theories have been proposed, but it is only very recently that f{racture wmeachanics concepts
have been successfully mpplied to the study of rock cutting sechanics. All cutting models seek to predict
the cutting forces and the cutter geowetry necesdary to ceuse rock braskage snd chip formation given some
fundspental mechanical properties nf the rock, Such wodels have wide applications in drilling, tunnel boring
and mining problems. Nelson et al., {1985, 1986) has provided & wary usaful correlation between the
laboratory measured fracture mechanics propecties of rock and the performance of the disk cutters on tunnel
boring machines.

Only one model successfully analyzes rock cutting using fracturs sechanics concepta. Saoums snd
Ingraffea (1981) designed an interactive finite element program called FEFAP that simulaces wixed mode crack
propsgation based on linear elastic fracture mechanics., The program can pradict the failure lbads end the
radial pattern of cracking under a TBM roller cutter (Ingratfes, 1985}, Ssouwa and Kleinosky (1984) use a
similar program called SICRAP to sffectively wodel the action of drag bit cutter. The finita elament mesh
and the calculated erack path for chip Formation are shown in Figure i. The analyses are qualitacively
highly realistic hut the predicted failure loads are gomewhat lower than the experimentally decerained
values,

R. Karl Zipf is s Doctoral Student and I. T. Bieniavski is Profeasor of Mineral Engineering, Departoent of
Mineral Engineering, Pennsylvania State University, Universicy Park, PA. 16802,
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The research reported in this paper seeks to pProvide accurate weasurements of the fracture toughness of
coal subjected to reslistic wixed mode loading conditions. In conjunction with the mixed sode fracture
toughness measurements are fracture velocity weasurements during unstable crack propagation in coal. This
novel expericental concept {s based on the observation that crack bifurcation occura abave sowe critical
fracture velocity. The hypothesis is that in part, Eine fragments are formed am a result of crack
bifurcation; hence, knowledge of the fracture velocity and the factors controlling it way lead to furthar
understanding of the mechanies of regpirable dust formatcion,

The saoe models uysed to predict cuctting forces and chip formation are vary siwilar to those used to
understand the fundamenta) wechanisss of airborme reapirable dust (ARD) formation. The model proposed by
Roepke (1984} served as a baests for several postulates by researchers at the Southwest Reseavch Institute
{Stecklein et, al. 1982) regarding the mechanics of ARD production, These postulates have been wodified and
extended at The Pennaylvania State Universicy to include the folloving:

1) Cru:hlns. Erinding and scraping by the tool tip
2) Energy dissipation during fracture within the fracture process zone

3} Crack bifurcacion during unscable crack propsgation
4) Explosive disintegration during chip formacion caused by violent release of elastic strain energy
5) Preferential detachmant of impurity particles during fracture due to differing elastic moduli.

The relstive iaportance of thege mechanises and the factors which influence their relacive iwportance
are not vell understood. Most regard the crushing wechenisw as moat important; although, experimental
svidence for this contention ia sparse (Zipf and Bieniawaki, 1986 b). The present ressarch focuses on the
energy diasipation and the crack bifurcation msechanisms and their influence on fine fragment formation. Two
experimental approaches have been advanced te understand and quantify the fracture procass as it relaces to
fine fraguent formation according to the mechanisms discussed sbove (24pf and Bleniawski, 198& a).

In the first approach, theoretical models which describe the size of the fracture Process zone in a
brittle material aze relaced o the awount of paterial dasage on & newv fracture surfsce which may
characterize the propensity of a coal to generate undesirable fine fragments, The second approach is based
on relationships between crack tip scress intensity and the weasured fracture velocity and their sffect on
new fracrure surface Appearance, Higher strass intensities ang higher fracture velocities are ghowm to have
a significant effect on fracture surface appearunce and therefore the potential for increased Tespirabla dust
formation. Figure 2 shows a typical SEM micrograph obcained during the course of this atudy. Damage to and
fragments on the nevly created fracture surfaces appear ag lighter areas in these ipages. A detailed
discussfon and interpretation of these imagas is beyond the scope of this paper which incends to focus more
on our mixed mode Lesting oethodology.

NATURE OF COAL

As a teet matevial, coal is probably one of the more difficult substances, It can be very friable,
heavily flawved and frequently moisture and oxygen sensitive. Extreme care in collecting, pPressrving, and
Preaparing test specimens is & Pré-requisite to obtaintng quality test results.

Coal 1s 2 sedimentary rock composed of the decayed, altered rewmains of ancient plant life. Just ap a
rock iz composed of minerals, cosl g cosposed of a variety of macerals that are readily distinguishable
under a sicroscope. Of Breat importance to fracture mechanics teating of coal 1s the complex flew sbructure
that exists within coal. Typically, coal 1is dissected by sn orthogonal set of discontinuities called the
bedding planes, the face cleat snd the bute cleac. Theitr spacing way range fros less than a millimeter to
tens of centimetars. Many other randomly oriented discontinuities ®ay be present am wall,

A

Figute 1 = Finite Element Mesh And Crack Path For Drag Cutter (Sacums and Kleinosky, 1984)



MIXED MODE TESTING SYSTEM

On the smallest semle of thase Flaws are those discontipuicies arising from differences ip molecylar
structure and cowposition within individual wacersls. AL & higher scale which 1s of
this research, there sre microcracks, voids, etc. At the next higher scala which 1s sbout the eize of most
fracture toughness test specimens there are cracks, small joints and the coal cleacs. Finally, at the
highest scale are major joints end faults.

In fracture toughnesa testing, it 1s critical to remember the key underlying assumption that the starcer
notch 18 by far the most dominant "f£lav" in the waterial. In practice, this aAssusprion may be difficulr tg
meec because flawvs exist st all scales within cosl and in most recks. Thus, for practical testing, it ia
difficult to get & test specimen that §s ssy one order of eagnitude larger than some flaw size of interesc
vithout introducing effects from the next highest scale of flaw,

Many factors complicate the brittle fracture of rock waterials (Bleniavski, 1980). They are:
anisorrepy, confining pressure, moisture content, leading rate, specimen size and shape, temperature and
humidity. While all these fyctors are important, the size effect iz of greatest practical importance, This
effect 12 related to the scale of flaws within the test specimen. As shown in Figure 3, the compressive
acrength of & cube of rock decreases as the tast cube size increases. For ecoal, sbove a critical size of
sbout | meter, the serength rematns cenatant. This aize effect s intimstely related to the acale of [laws
one can expect in a material. Flaws on a seale STeater than about | metey are much less frequent in coal so
the strength remains constant. A similar size effect exiscs for ceramics (Batderf, 1978 and Hecholsky et al.
1979). The upper bound on the inherent flaw size in ceramics {8 on the order of one pillimster; therefors,

Figure 2 - SEM Micrograph Of
Pirtsburgh Coal
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Calculated loads from these equations serve as input to the finite element program ANSYS used for stress and
displacement analysis of the test specimen geometry. ANSYS* uses 2 crack tip element with an inverse
Square-root singularity in the displacement ficld st the crack front. The final mesh used in these anslyses
is shown in the Figure |0, Forces &, B and C and zero displacements at A', B' and €' are applied az shown in
this figure, Model dimeneions are 100 by 00 millimeters. Material properties are E= ),45 GPA (500,000 psi}
v = 0,25 for the coal. Elements along the top and bottom rows of elements ave wodeled as alusinue with E= 70
GPa (10,000,000 paf) and v = 0,33, Convergence studies demonstrated that a final mesh with 588 elements
provided sufficiently accurate numerical results for estimates of KI and KII as a function of loading
conditions,

Stress intensity factors sre then computed irom these stresses with the following relations.

Ty T Oy, T281~ Ty 8y
K. = \V2hr K., = 2r
t 1% © 1%, 1 S1%22 T 8%,
1, " cos % (1 + sin %) 3, = cos % {1 - sin g)
. -stn 24l V4L 2 T N SV A 2
alz gin 2 + 3 [ 3zin"8 .22 sin 273 & - 3sin“g

The computed K factors are given by the following relation:

p
K,r1 = 5,1 (®

vhere K = geress intensity factor (Parg)
P = gpecimen load (M}
t = specimen thickness (m)

Values of £(8) for the different testing rig position are tabularized as follows:

e 0* 15°* 0* 45" &0 75" g0*
{mode I) (mode 1I)

fI (e) 16,58 8.78 6.40 4,22 2.51 1.14 0.00
III(B) 0.00 0.40 0.86 1,31 2.51 411 .n
Richerd (1984) derfved the folloving more general stresa intensity factor equations for the originel compact

tenslon shear test rig valid in the range 0.5 < a/w 0.7

0.26 + 2,65 —'—-]
L

- P = cos 8
KI wyp e a

a a _\|_ a |2
1-0 V 100 4 0.55(-2—) o.08 2 2}

—.23 + 1.40 _.‘_)
Ky = :: Ve Ao : Y . '1 a_ )2
1-2 VY 1.00 - 0.67 + z.oaf ]
w w -~ al ¥ -a

where w = specimen width {®)
4 = crack length (=)

In addition, fresh coal is stored in ® chamber ac 100X huaddity at all tipes to prevent drying and shrinkage
cracking. In order to obtain more weaningful cross correlations between tests, specimens for a mixed mode
Cest, compressive strength test, tengile strength cest and all the other tests are all cut from the same lump
of raw coal. With these pProcedutes, sample preparation has been extremely reliable, eince it i{s possible to
Prepare fracture toughness test spacimens from over 75% of the cogl lumps collected in che field, Such
Practice certainly leads to becter quality fracture toughness daca more representative of the in altu coal.

BANSYS 13 developed by Swanson Analysis Systemns, Ine., Houston, Pa.
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Figure & - Schematic Of Richard's Compact Tension Shear Specimen And Loading Rig
(Richard, 1984)

MIXED MODE TEST SYSTEM DESIGW

To realiscically study the wechanics of fine fragment formation in coal requires a mixed pode test
procedure since the actual ecrack propagation in the vicinity of s coal cutting toel is also & pixed mode
process. From a general reviev of the rock mechanics literature, relatively little cest work has been
conpleced under mixed mode loading conditions {Ouchterlony, 1982). Only recently has such testing become
izporcant in other materisls such as metals and ceramics. Ingraffea (1977, 1981) completed the wost recent
studies on rock under mixed mode loading conditions using Indianna Limestone and Westerly Granite. He used a
variant of a single edge notch beam in four peint bending to generate s spectium of mode 1 through mode II
loading conditions on the starter notch. More recently, Laqueche et.al,, (1986), studied mods I and wmode II
crack propagation in-a highly orthotropic slate schist.

For practical reasony, a specimen width of 100 om with a crack length of 50 =m was selected even though
this specimen is theoretically subsize {Zipf and Bieniawski, 1986 a). Such a specimen size doss match the
scale of fracture occurring in the viciniety of a coal cutting tool. Bean type fracture specimens wers
considered for mixed mode testing; however, for the large sizes that vere desired, such specimens became
quite impractical. For thix reason, we elected to modify and develop a wixad mode testing concept initially
presented by Richard (1984). Figure 4 ghovs a schematic of the compact tension shear speciven and loading
rig uwed by Richard on mecals and plastics. A tensile losd is applied to the appropriate pair of outer holes
in the loading rig. This lcad in turn generates tensile and bending losds on the spaciman through the six
pins placed in holes near the outer boundsry of the specimen. With this concept, it is possible to subject
the test specimen to pure mode 1, varicus mixed modes and s nesrly pure mode II load. Using a compact
speciven has the advantage that effectively larger test specimens of difficult materiale like coul become
gore feasible to test,

The system ag designed and in use st Penn State is shown in Figure 5. Very basically, the system
containe the fellowing Sajor components:

1} a test specimen equipped with & pair of glue-on specioen gripa.
2) two pairs of loading plates that apply tensile snd bending loads to the specizen,
3} en apsortment of hardware for attaching the loading fixctura in en Instron testing mschine.

The test epecimens are square or nearly square in cross section with the length and width ranging from 80 to
110 mtn end a thickness ranging from 40 to 60 mm, A 0.5 mu starter notch is cut to the specimen midpoint with
the smal} dismond bandzaw. Instead of applying load to the test specimen through holes drilled in the
aspecimen, sets of gripping fixtures which contain the sppropriste loading holes were fabricated from alumimm
channel. These flxtures are then firmly attached to the test spacimen with epoxy adhesives (M brand 1338)
using a special gluing Jig. TFigure 6 shows a typical tesc specimen in this gluing jig. Tensile and bending
losds are -applied to the test specimen through the gripping fixtures via two pairs of lobe shaped aluminge
pletes. It is possible to change the main load application point on these plates snd thereby subject the
specimen to a range of fraocture wode loadings. Other hardware in the fixture im & section of chain to
elipinate any spplied torsion on the speciven and a turnbuckle to cake up play in the system pricr to
starting the testing machine.

Test methodology and monitoring are scraightforward. A 2500 N {500 1b) load cell sbove the test fixture
records load and an LVDT placed across the specisen gripgjnonitcrl the crack cpening. Resclution of these
inscryments i3 less than 2.5 N (0.5 1b) and less than 10 ~ = (25 wicro-inch). Total acoustic smission
counts are monitored with a transducer placed ahesad of the starter noteh tip. Signels from these devices are
recorded on a #trip chart recorder. Fracture velocities are meapured with a crack propagation gage
(Micro-Meaaguraments Divisicn)., One of these gages is shown in Figure 7. These gages are bonded to the
specimen much like & strain gage shead of the srea of expected crack growth. A known voltage is applied
scroes the gage and as the crack propagates, the gage strands break which causes the voltage to change in

7



Figure 5 - Photograph Of The PSU
Mixed Mode Test Fixture

steps. The changing voltage versus time is recorded with s NICOLET 4094 digital storage oscilloscope.. From
the voltage versus tipe recording, it ie straightforvard to extract distance versua time and hence fracturs
velocity. The cscilloscope Provides time weasurements ss ssall as 0.5 wicro second which is enough
resolution to calculace high apead crack velocities. A photograph of che NICOLET displaying a typical
voltage versus cime recording from a crack gage is shown in Figure 8.

ARALYSIS OF MIXED MODE TEST SYSTEM

K. and X_. factors for this particular specimen and loading grometry ware derived. Staric aquilibrive
lncl}l}l gave squations relating the rig load P to the applied forces on the specimen. Fres body diagrams
for the speciren snd rig are shown in Figure 9. The resulcing load equacions are

. 1 v
A-—:-(-E:—sino-cossl B=Fsinb c--;—(%:—unaq-eo-a)

the strength or fracture toughness remains fairly constant above test specimen sizes greater than a fevw
centimeters.

TEST PROGRAM

The present experisental vork aiss €0 provide the necessary mechanical properties data to quantify the
energy diesipation and crack bifureation mechanisas postulated for dust production. The wost important

y T
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ssasuresents are mixed wode fracturs tohghnns measuresents many u'rith associared fracture velocity
determinations. In designing this test Program for cosl, the following factors wars considered essential to
address: S T T .
1) fracture loading mode 2) fracture orientation ' ~3) loading utcl
Table 1 shows the basic structurs of the test progras that ir pressncly well underway, It fastures lﬂﬁ
wixed mode fracture toughness tests for each of thrae fracture orientations and thres loading rates. .In the
testing rig thar is utilired, there are seven positions ranging from mode 1 ac 9'_:0 sode 11 st 90° by 13°
. oLt el enEow, o At g oe o wm T L FERT



THE RESPIRABLE DUST CENTER

increments for mixed modes. The inicial scarter notch is cut parallel to either the bedding planes, the face
cleat or the butt cleat. Last, the di{fferent loading rates are achisved by changing the cross-head speed on
the testing frame to 0,05 m/min (slow lcad rate), 0.5 =m=/win (medfium load rate) or 5 mm/min (fast load
rate).

Table 1

Mechanical Propertieas Teats For Each Coal Seawm

Perpendicular Perpendicular Perpendicular
Tast Tvpe t¢ Bedding Planes to Face Cleat to Butt Cleat Total
Mixed Mode Fracturs
Toughness Tests
= slow load rate ? 7 7 21
= medium load rate 7 7 ? 21
- fast load rate 7 7 7 21
Tensile Streangth Tests 5 5 5 15
Unconfined Compressive 3 5 5 15
Strength Tests
Dynawic Moduli Tests 21 21 21 63
Point Load Index Teszs 10 10 10 30
Schmidt Hardness Tes:zs 10 10 10 30
NCP Indenter Tests 10 10 10 30

In conjunction with the fracture toughness cesting, determination of related coal material properties is
essential. These properties include the direct tensile strengeh, the unconfined compressive strength, sonic
velocity tests for the dynamic modulil, the point lpad index, Schmidt hardness number and NCB indenter teats.
Datermination of these related coal material properties enables more complete characterization of the various
coals and also provides useiul cross checks and possible correlations with the fracturs pechanics properties.
In additjon, fracture velocity determinations are attempted on ail mode 1 tests {at the 0° tig position), wmode
11 tescs (at the 90" rig position} and mixed mode teste (at the 45° rig position).

In essence, the test program is designed te supply input data for two approaches that may quantify the
energy dissipation and crack bifurcation mechanisms for dust production. These approaches usze wodels of the
size of the fracture process zone and relationships between ¢rack tip strese inteneity, fracture velocity and
surface appearance as vieved under a scanning electron wicroscope (Zlpf and Bieniawski, 1986 4). The program
addresses the mixed wode fracture processes and different loading rates that oceur in a real cutting
operation as well as the highly anisotropic nature of the coal material.

Sample preparation is a crucial aspect of this test progran. Bacause of the friable, moisture sensicive
nature of coal, only the strongest, wost durable samples ever aurvive the preparation efforts, Inferior
sample collection, preservarien and Preparation practices tend to produce vary suspact fracture toughness
tast data. Accordingly, the laboratory at Penrn State has acquired a suite of delicate, 'low energy', dry
preparation equipment, The major pileces are:

i} » horizontsl bandsaw with a tungsten carbide abrasion blade for sajor cutting and trieming
2} & belt/disc ssnder for minor shaping and finishing
3} & smail disoond bandsaw for cutting a 0.6 ma wide atarcer notech,
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Figura 9 - Free Body Disgrama Of Tast Specimen And Loading Plate
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ANSYS 4.2
v R JAN 6 1986
11:26:06
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Figure 10 - Finite Element Mesh For
Stress And Displacement
Analyses At Crack Tip

For a = 0.05 m and v = (.10w, these equations become

P P
KI ry 11,15 cos @ KII . 5.52 ein @

There is good sgreement between these equations snd our equatione at the endpoints, but there iy considerable
discrepancy in oixed mode conditions. One possible reamon for the discrepancy is ocur methed for computing K
factors, While the stress and displacemenc [ields calculated by ANSYS are evidently quite good, it is better
to use the displacement fileld to determine K as opyosed to the stress fleld (Ingraffea, 1979). Another
source of the discrepancy may be related to non singuisr stresses in the vicinity of the :51?5 tip. Tys
3575r11 solution for stresses around a crack tip is a power aeries with tergffsontaining r I L
', r®'" 1o our computatious for KI and Kl , only the first terw with r 18 included in the solutiomn.
Dally et.al. (1985} discusses atudies shoving Ehe necegsity of including higher order terms to reduce ervors
in deterwining K. Aside from trying to resolve these problems of sccurate K factor computation, we must also
generalize cur K factor relations to include & wider range of specimen geometries.

MIXED MODE TEST RESVLIS

Prier to embarking on the mixed mode program as outlined in Table 1, several test specimens prepared
from Plaster of Paris were {racrured in the test rig. It wvas found that the initisl]l fracture sangle incresses
as the proportion of wode 1l load increases. Qualitatively, this observation agrees with expectations;
however, no quantitative analyses were conducted,

Twenty five mixed mode tests were then conducted on che Pittsburgh Coal according to the test plan for
various fracture modes, different fracture orientations and increasing loading rates. The fracture téughnesa
test results are shown in Tables 2, 3 and &. Each test provided X, and KII data at fallure frowm which ch
and S are calculated based on Sih's strain energy density theory. {5ih, 1973 and Gdoutos, 1984}. The
calculited K, and §__ values sre based on an average Young's Modulus and Poisson's Ratio of 1.0l GPa and
0.37 as repogscd by k5 and cerstle (1976) for the Pictsburgh Coal. Average values for K C and 5 _ for three
otientations in Pitcsburgh Coal are presented in Table 5. The K. values are cnnslderahiy highe%rthsn
earlier results for this coal. Advani (1978} obtained 0.0281 MPa vYuo basad on 2 tests and Powell et.al.
(1981) reported 0.0629 MPa v based on 15 tests apd 0.0472 MPa va based on 25 tests, The measured K. and K
values are alsc plotted in Figure Il. Though testing and analysis are still in progress, the bedding plane,

11
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Figure 11 - KI Versus KII Values For Piitsburgh Coml

the face cleat and the butt cleat orlentations have significant differences, but it is still too early for
conclusive statements.

FRACTURE VELOCITY MEASUREMENTS

Measurements of the fracture velocities with the crack propagation gages have provided intereating
results. Three good memsurements and a fourth partial messuremsnt are nov available. The crack length
versus time date for these tescs are shown in Figure 12. Two tests labelad "5" are st test machine cross
head displacement rates of 0.05 wa/min, one test labeled “M" i3 at 0.5 wm/min and the last test labeled "F"
is ut Sme/win. In the slov loading rate teets, the crack appears to grow at velocities of about & and 22
m/s. 1o the higher losding rate test, the crack intcially grows st about 500 m/eec then slows to 22 w/s,
Fioally, in the highest loading rate test, the crack appears to inicially grow at speeds in excess of 1000w/a
bafore slowing to agsin about 22 »/s.

Figure 1) ia a semi-logarithmic sketch of instantansous crack propagation velocity versus crack length
as suggeated by this data. It appears that higher loading rates induce higher inteial crack velocities which
then dectemse to sowe indererminate lover velocity. Wide variations axist in the deterninations of
instantaneous crack velocity as shown {n Figurs l&, Many possible cavsas exisc for the varfation, which
unfortunately may be inherent to the gage.

DISCUSSION

The fracture toughness data reported in this study are the first ever mixed mode test results for coal,
to the bast of our knowledge. An ix expected in moat rock testing and especiaslly in coal, considersbls
varistions axist in the data. Prelicinary observations and comwents are as follove.

1} As shown in Table 5, the critical fracture toughness and the critical strain energy denmaity faceor
are significantly lower for the tust oriantation with the starter notch parallsl to bedding plenes. K., and
5., values for the face cleat and butt cleat orientations do not appear to differ significancly frow u%i
aficther. Several possible reasons exist for this observed difference which relate to the stress analysis
about the crack tip, the subsequent K factor determinations and finally the data analysis. A linesr,
izotropic constiturive model 1s used throughout our anelyses with E and v values reported by Ko and Gerstle
(1976). Using a2 wore complex wodel may significantly charge the reported X . and $  values or decreass the
varlance in the data. Sonic velocity measurements in three orthogonal direifions hibe been completed on each
specisen from which values of dynamic E and v were calculated. Using these values say also contribute to
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PI=-BP-HiM

PFI-BP=-H7M
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FT-BP-B5F
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Figura 14 - Instancenecus Crack Velocity Versus Crack Lengch For Specimen PT-BC-H?S

Table 2 - Ceal Fracture Toughness Data - Along Bedding Planes

Croses-head KI
Load Angle Speed mm/win ¥ 1 K c Ser Fracture Total AE Comments
H;a/;_ H!lfiﬁ Nim Angle Counts
o* .05 L0601 0601 214 0 87,000 broke along
(mode 1) 0000 bedding
&5° .05 0420 .0585 203 0 15,000 broke along
{mixed mode) .0208 bedding
L .05 - - --- - ema - - failed test
{mode 11)
o.
5 0725 D728 311 o* 100,000 broke slong
(mode 1} . 0000 bedding
&5° .5 05315 D746 .329 0* 85,000 broke along
(mixed mode) L0285 . bedding
’0* 5 0000 . 1485 1.304 0* i 335,000 broke along
{mods 1I} L0757 bedding
0* 5 0637 L0637 240 0° 100,000 broke aleng
(mode 1) 0000 bedding
s 5 -- e m-e -aa --- failed test
{uixed mode)
60* -] .0151 .0295 .051 0* 33,000 broke along
(nixed mode) .0129 bedding
990 5 0000 0350 072 700 10,000 later turned
(wode 11) 0274 and broke
along
bedding

14

sp

PT

P1

Pl

P?

P

a0 B - ]

oo



ing

td

MIXED MODE TESTING SYSTEM

Table 3 Coal Fracture Toughness Data - Along Face Clasts

K

I
gpecimen Load Angle Cross-haad | 4 K Scr Fractura Total AE Comments
szber Speed em/uin uii#:" HiE/;_ K/m Angle Counts
pT-FC-H2S 15 .05 1288 1408 1.172 14° 44,000 - - --
{mixed mode) L0171
pT-FC-H4S 45 0489 ’ turned and broke
(wixed wode) .05 0232 +0540 172 50* 19,000 along bedding.
patrtial velocicy
recording.
FT=-FC=HM 15* .1028
(mixed mode) .5 0136 L1128 .753 15* 92,000 - - -
PT-FC-HEM i5° 0387
(mixed mode) W5 L0714 L1157 .793 [ X 185,000 - -
PT-FC-H2F 15° L1429
{mixed mode) 5 L0190 1555 1.430 13* 64,000 - -—-
PT-FC-HEF 75" .0596 broke along
{zmixed mode) < Lo L1279 L9967 90" 125,000 bedding

Table 4 - Coal Fracture Toughness Data - Along Butt Cleats

X

Specimen Load Angle Cross-head KI K Ser Fracture Total AE  Couments
Kumber Speed mm/min HP;?;_ H}S/;- N/m Angle Counts
PI-BC-H2S 15 .05 D679

(wixed mode} 0090 0745 329 15° 25,000 -—-—
PT-BC-H4S 45° L0549

{nixed mode) .05 .0272 .08BC  .458 a5 15,000 -——
PT-BC-HIS 90 . 0000 good velocicy

{mode 1I) .05 .0877 1188 .B32 63* 75,000 recording
FT-BC-H2H 15* 1225

{mixed mode) .5 0162 .1288 901 5* 48,000 -———
PT-BC=H4M 45° 0984 good velocity

(sixed mode) 1 L0487 15355 1.432 27 102,000 recording
PT-BC-HTM 90" 0000 broke slong

{wode 11) 5 0916 J107 . 726 so* 600,000 bedding
PT-BC-H2F 15* 1129

(mixed mode) 5 L0150 1212 869 10* 22,000 - -
PT-BC-H4F 45* .1337 good velocity

{mixed wode) 5 0662 L2090 2,584 23* $1,000 recording
PT-BC-HTT go0* 0000

{mode II} 5 1066 1360 1.095 10* 94,000 -———

significant changes in ¥__ and Sc values and the variance. Thus, the observed directional dependence of KIC
and §__ may change with subsequenf re-analysis. 1f it does remain though, the directionality of K.  and §

might e exploited in a Eragmentation process to decrease energy consunption and unwanted fine Eraghent er
fornation during smining.

2) The obaerved fracture angle deviates substantially from the expected crack propagation path for test
orientations parallel te bedding planes. From theoretical considerations, the fracture angle ghould inctwase
48 the wode 11 loading component increases. For starter notch orientations parallel to the face cleat or the
butt cleat, this increase is obeerved and at laant qualitatively ggrees with theoretical expectations. With
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Table 5 ~ Susmary of Critical Fracture Toughness Values and
Strain Energy Density Fractors for Pictaburgh Coal

Pireceion X MParm Scr - N/m
¢ atandard standard
men deviacion mean deviation

aleng

badding planes +0678 $54% 341 tl18x
aleng

face cleatys 1178 £30% 881 £491
aleng

butt cleats 1269 312 1.034 2652

the bedding plane orientation, the growving crack always remaing in plane and does not change direction or
increase ag axpected. Agein, the theoretical direction of crack grovth will certainly change 1if & more
complex, anisotropic macerial eodel ix used in caleulations; however, the diffarance s likely to remain due
to the direcrionality of KIC and scr for coal.

3) The scoustic emission counts seem to increase as the smount of mode I loading increases, Part of
the increase may be due to greatar energy dissipation associated with wode I loading. Another part oay be
due to the d4fFerent frequencies of elastic waves generated by mode II {shear) loadings.

4} The fracture velocity messuremants conducted as part of this study show that increasing the loading
TAte on the test apecimen appears to increase the velocity of infcial crack grawth. The velocity then
decreases when the crack length increases as was shown in Figure 13. Measured dilations] and distortional
velocities for Piresburgh Coal are on the order of 2400 w/s and 1000 n/s. On speciman PT-BC-H4F, the initial
erack valocity may have exceeded 2000 o/e and 1t decressed from upeeds of 1000 m/s to 600 a/s over 10 o= of
crack growth. These observations of high, almost supsrsonic crack velocitiss are identical to those Teported
by Huang and Viker, 1985, g thelr tests on glass using a very similar velocity gage technique. Data s
quite sparse at this time and significant experimental probless exist with these velocity gages. In many
tests, especially those with the starter notch parallel to bedding planes, the crack did not grov in the
expected direction, missed the gage completely, and rendered it useless. In other tests, the crack evidently
began growing at a very slow rate perhaps less than i u/s. The slow growth period then filled the available
time window in the storage oscill pe which e d us to miss the later pericds of crack growth. Also,
there is some evidence that the fracturing atrands of the velocity gage Bsay lead or lag the actual crack tip
a4s reported by Swan, 1975,

CONCLUSION

The test system developed in the course of this project re study the wmechanics of fine coal fragment
formation has Provided the first mixed mode studien of the cricical Eracture toughness and strain energy
density faceor for coal. The testing system way have other applications in other geologic materigis and
possibly concrete. The fracture valocity maasurement kystem has aignificant experimental difficulties and
uncertaint{es, but doss appear to provide sowme consiscant Beasurements of the unatablie fracture veloedicy.,
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Indentification of Fracture in Coal by AE
in Dynamic Test

A. Wahab Khair and S. Jung

Department of Mineral Engineering, West
Virginia University

ABSTRACT

This paper dezls with the Evscturing process of late-z2llv confined
blocks of coal sutjected to impact indentarion. During tle test,
blocks of coal with approximate cimensions of 10 in. x 10 in. & 6 in.
were laterally confined to predetarmined equivalent in-situ stresses
and then subjected to an impact indantation by dropping coal cucting
bits (various shapes) attached to a known weight from a known heiche.
During the test a number of parameters, namely surface strains (using
strain gages), penetration depth (using L.V.D.T.) and acoustic
emissicn characteristics were measured. afrer the tesc, the fractured
surfaces were photographed with the aid of a camera attached to a
microscone. The fracture, its intensity and extended zone within the
coal blocks were mapped using sonic techniques. By correlating
measured parameters, fractured zones under a given set of test para-
meters were ijdentified and characterized.

INTRODUCTION

To improve the understanding of basic failure rechanisms in coal
cutting, a better knowledge of fracture and crack regions caused by
the indentation in coal is needed. This study reports the detrailed
experimental procedure used in fracture analysis of indentation
experiments on coal specimens using the Acoustic Emission (A.E.
hereafter) and sonic techniques. '

The relationship between microcracking and the inelascic deforma-
tion of rock was confirmed bv a series of experiments in which the
A.L. generated by the cracking in the rock specimen wire reczrded and
the number of events were compared to the strain measuremen:

(Scholz, 1967). '

According to fracture mechanism theory, crack initiatien in

brittle materials such as rocks begins from "flaws" either pre-existing
or induced by the indentation process itself. Rocks are pervaded by
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FRACTURE IN COAL BY AE

natural cracks and pores, from which numerous possibilities for crack
initiation arise (Lindquist, Lai and Alm, 1984).

Microseismic/A.E. techniques are based on the fact that manv
materials including coal, emit transient noises or vibration. These
yibrations are called microseismic activity, rock noise, seimo-acousti-
cal or A.E. The fact that these microseismic activities are generated
from regions of instability probably due to loral failure, makes it

possible to monito: failure of geologic materials (Khair, 1981).

The nain objective of this study was to understand the fracture
mechanist in coal using impact indentation technique with five
different types of bits at various predetermined confining pressures
simulating equivalent in-sit. stresses.

Hence, de-elopment of cuicks due %o impact indentation was recorded
br A.E. and was napped with the help of photograpns taken by microscope
(Zoom .66) with an attached camera. Also L.V.D.T. and SR-¢ strain
gazas were used to measure the peretration depth and suriace strain
on the coal block respectivelw., Sonie tacnnique was used to determine
the dvnamic Young's modulus, and depth and intensity of fracture during
the impact indentation tests.

SPECIMEN PREP:MRATION

Coal specimens used in this study were part of the Wavnesburz coal
seam. Large blocks of coal were obtained from a surface mine. These
blocks were the: cut in the labaoratory to an approximate dimensica of
7in. x 7 in. x 5.3 in. A tvpical specimen with cutting face,
perpendicular to face cleat direction, was placed in a wooden box of
10 in. x 10 in. x 6 in. in dimension. Two pileces of wood 1.25 in. x
1.5 in. % 5 in. were wedged between the coal sample and the wooden
box to make rorm for housing the sonmic transducers. Then plaster »f
paris was pourzd in the box to fill all the remaining space other zhan
thzt occupied by the coal block. After a week, the molded coal g.7ple
was removed from the box and the wooden blocks thar were wedczd h.iore
pouring the mold were dislodged from the sample carefully, tiius
creating room to house the sonic transducers. Finally, a sander was
used to grind the sample surface by hand. This process gave a :rfect
dimension of 10 in. x 10 in. x 6 in. which was very essential to avoid
stress concentration in the specimen when confining pressure was
applied. After this process, the strain gages were mounted in a
rossecz2 fera to provide straia discrit-:iion on the surfacz vf zhe :zal
block; one was attached parallsl to bec.ing plane direction, anotzer
was attacned at an angle of 43 degrees izom the bedding plane direction
and the other was atttached perpendicular to the beddirz plane
direction. Each of the three strain gages were set 2 in. awc from
the impact point. )
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EXPERIMENTAL PROCEDURE

The molded specimen was placed in the confining chamber, the test
conditions were set, and in-situ and operating parameters were marked
on the top mold layer of the specimen. A sonic test .as cone by
which the stress wave travel time through the coal sample and the
amplitudes of the signals were measured and recorded (Fig. 1-A) before
and after applying confining pressure. Predetermined equivalent
in-situ stresses wera then applied to the specimen using two sets of
hydraulic jacks (ore set for horizontal and the other set for vertical).
A 1 in. thick steel plate was positioned between the specimen and
hydraukic jacks in order to distribute the pressure uniformlv over the
whole surface of the specimen. Ezch set of hydraulic jacks were
connected in parallel to a hand puap. Total impact weight was 90 lbs
including weight of guide frame, bit holder and bit. The inpact
weight was raised by a hand drivea winch, waich allows the weigh: to
drop freely when unlocked. In order to give better free drop ef’zct,
grease was put on the guiding pive line.

Throughout these experizents, a 10 channel signal conditioner
{(Fiz. 1-B) and a 6 channel recorder (Fig. 1-C) were used to monitor
the output of strain gages, L.V.D.T. and A.E. activity (Fig. 1-D).
Af-er the impact, data were recorded for a short period of time
corresponding to the diminishing A.E. activity. A sonic test was made
and the corresponding stress wave travel time and amplitude were
measured. Deep fracture formation in the coal block results in reduc—
tion of the stress wave amplitude and increases its travel time. After
completion of the evperiment, the weight was raised and the microscope
was placed on the specimen. Then photographs were taken in order to
trace the crack propagation with zoom .66 (Fig. 1-E). This process
was repeated three times for each sample.

RESULTS AXD DISCUSSION

The mechanical properties of cosl which is part of the Wavnesburg
coal seam was detarmined in the laboratory and are tabulated in Table 1.

Table. 1. ‘rachapical Prasertiss of Warnesburz Cozi

Cleat/Bedding Comr:ass_ve Younz's Poisson's  Indirect Divace
Plane Strengtn  Modulus Ratio Tensile e
Orientatrion . strength Siranzin

psi(KPs) psi {X?Pa) =51 (KP2) pg  XPa)
Face Cleat 1289 5.1x 10°  0.25 154 94
(473.9) (7.3 x 10%) (22.2) (22.4)
Butt Cleat 3659 4.7 %100 0.3 205 180
(490.1) (6.8 x 10%) (29.5) (25.9)
Bedding Plane 4912 4.6 x 10°  0.32 146 30
(707.4) (6.6 x 10%) (21.0) (11.5)
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The five different types of bits used in this study are shown in
ig. 2+ Tests were done under different drop heights and confining

F S;sures. To simulate the general cutting condition in the mine,

re imens Wwere tested parallel to bedding plane along the face cleat
spes The specimens were tested with two different drop heights

direccion- : : :
RE and 2') and five different tvpes of bit.

-
3
.
-
3
l_

i puration of tests were very short due to the nature of the
experiment. The data obtained during the test was characterized by
the fracture—deformation behavior of coal within this peried. For
: example, the magnitude of strain was the highest at the instant oI

E impact imposed upon the eoal block. Due to chipping and fracture

£ P,opagation. strain redistribution occurred in the coal block., This
’ strain redistribution and relaxation can be observed on the strain

gages. Afrer this relaxation period, changes in strains were
hed as shown on each experimental data. This relaxation period

.

diminis
was also identified by the A.E. activity.
i
Fig. 1. Experimental set-up A) sonic test unit, B} 10 channel signal

conditioner, C) 6 channel recorder, D) acoustic emission unic,
E) microscopic photographic unit.

A.E. rate (Fig. 3, line 5) showed peak value at the impact time,
then tractures were further developed for a short periocd of time as
shown by both A.E. rate and total count (Fig. 3, line 6). Therefore
further A.E. activity indicated fracture propagation. Generally,
deeper penetration produces higher rate of A.E. activity. The impact
load created numerous cracks. . The major cracks generally developed
parallel to the bedding plane while chipping and mincor cracks developed
in tne radial direction from impact point. Strain gages located
perpendicular to the bedding plane generally showed tensile strain
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#4,BT =&, H =1', Sh;=Sh,= 0 PSI

E TEST #3

TN NN WA i s TUD - A ]
#3,BT =1,H =1, Sh=Sh =0 P

Fig. 2. Five tvpes of bits
and specimen aiter
the test with the
corresponding bit
shown .n the
figures.

(indicating bending deformation of the coal block) while those at the
other direction showed compressive strain. However, magnitude of the
tensile, strain was much less than that of the compressive strain.

Drop tests in which the weight was dropped frem 2 ft. high were

conducted with the same test conditions described in the case of ! ft.

hizh drop test. The magnitude of A.E. activity indicated higher rate
and total counts. Alsc the magnitude of strain was higher (Fig. 4).
During these experiments, the impact energy was so high that, some of
the strain gages failed at impact moment. By observation and sonic

technique, it was determined that damage zone was deeper and wider than
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the 1 ft. high experiment. Furthermore, most of the cracks developed
were major when the drop height was 2 ft. BRit penetration was deeper
in unconfined specimens than in those subjected to confining pressure.

Under the confining condition, A.E. activity rate and counts werae
higher after the impact than in the unconfined condition. This increase
in A.E. activity after the impact is probably due to the effect of
confining pressure causing oscillation/vibration, stress redistribution
in order to create new equilibrium state in the coal block. Under
these conditions only small fractures were developed in the radial
direction without the formation of deep fracture in the coal block.

The lacl of this deep fracture was substantial by conic technigue.
Furthermore, only small crushed area developed. The magnitude of
strain and depth of penetration in tested specimen under confining
pressure was less than in the unconfined case. As the confining
pressure increased, the wagnitude of strain, penetration depth and ALE.
activity were decreased. The rate and tctal count of A.E. decreased
further in subsequent cycles (Fig. 5). This decrease in A.E. activity
is indicative of less penetration and damage {less fracture
formation) in the coal block, resulting in localized crushing of the
¢oal under the bit,

The microscopic photographs were taken with zoom .66. Generallw,
pictures were taken at the impact point where the bit made conctzct with
the coal specimen. Major cracks around the impact peirn: are
characterized by glitter which was caused by the high dynamic force.
The width of major crack increased as the ¢rcle number incraased.
Major cracks developed paraliel to the bedding plane directionm.

Near the impact point, coal chipped out, thus creating a crater. The
size of the crater developed decreased as the confining pressure
increased. No major cracks developed in specimens tested under
confined conditions. Only minor cracks were developed in the radial
direction. However, size of cracks were getting smaller as the
confining pressure increased (Fig. §).

BT TYPE-1I, WEHIMT-00 Ibs, DROP HEIGHT - 111
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GAGE 2 2V PR’

GAGE 3 IV ¥ 8.
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AL AECORDER DUTPUT {TOTALIZE-T)
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C. Drop test for bit rype IV,

Tvpical data from drop test showing surface strain, bit
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penetration, A.E. rate and total count at the impact moment
and shortly after for three repeated tescts (drop height is
S A) bit type II, B) bit type III, C) bit tvpe IV).
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COXNCLUSION

The failure mode developed in the coal block was a combinacion
of tensile and shear failure. Generally, in the unconfined case,
major cracks were developed parallel to the bedding plane direction
and the failure was in tensile moce. In this case, bedding plana was
the weakest plane, having the least tensila strength as indicaras ip
Table 1. Major crack obviously developed parallel te the bedding
plane. The formation of the crater near the impact point was in
shear failure mode.

The rasults of the tests and cbservation could be summariszd
follows:

[ ¢
n

l. Major cracks were developed when the specimen was
impacted under the unconfined condition. Only minor
cracks were developed under the confined condition.

2. AL.E. technique could be very useful to detect the

fracture propagation, its intensity and length if
combined with sonic technique.

3. Microscopic photozraphv proved to be very useful in

observing crack Propagaticn and the cracking pattern
on the surface of cocal block,

4. Sharper and thinner bits create more damage and thus

create a larger crater with deep fractures in the
specimen.
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Applications of Knowledge Based Systems
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Managers need quality information for effective decision making. This de-
mand, at the present time, is being fulfilled by the increased use of computers
via information systems, decision support systems and management infor-
mation systems. The idea of incorporating intelligence into computers to aid
decision-makers has been evolving for over two decades. In recent years, signifi-
cant progress is reported on applications to business and sciences. In engineer-
ing functions, the Artificial Intelligence approach that seems to have great
potential is the application of Knowledge Based Systems.

The primary objective of this paper is to identify domains in mining engineer-
ing where application of knowledge based systems could be beneficial. In-
corporation of the expertise required during the analysis and interpretation
stages of an engineering design problem through knowledge based systems
is recognized as an area of significant benefit. To this end, the components
of knowledge based systems for mine ventilation and strata control design
are described. The potential applications and limitations of knowledge based

systems are outlined.

Introduction

Correct decisions are the key to success in
any enterprise. Scope of decisions varies
with the echelons of management hierarchy.
The decisions of top management are
strategic, relating to the long-term future
of the organization. In a mineral
prganization, these deal with such issues
as the acquisition of a new mineral
property or the diversification of the
business to exploit additional markets. At
the operational level, a manager is
concerned with decisions pertaining to day-
to-day eventualities related to production
activities and other short-term needs. In
either case, the prerequisite is the timely
availability and use of information. The
difficulty involved in decision-making
depends on the situational aspect. In many

cases, the decisions to be made under given
conditions are fairly straight-forward and
standard. This may be due to experience
gained from decision-making fn similar
situations in the past. In fact, many
decisions 1in operations management are
either repetitive or routine.

However, there are several situations,
particularly at the higher management
levels, 4in which the decision-making
procedure does not fit a standard mold, the
available information is uncertain or there
are no clear guidelines as to how to make
the decisions. These semistructured and
unstructured decision problems, defined
nereafter as complex problems, require the
incorporation of judgement and experience

in the decisfon-making process. Several
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problems in engineering design can fall in
the Jatter category.

Mine engineering design is a complex
problem invelving subproblems which can be
structured, semistructured or unstructured.
Structured design problems can be handled
with standard algorithmic approaches. The
solution of semi- and  unstructured
problems, however, has posed great
difficulties, in some cases, in defining
the problem itself. From the early
sixties, the wuse of computers and
mathematical logic to aid managers in
decision-making has taken several
algorithmic and heuristic approaches., The
earliest information systems (IS) were
concerned with producing historical reports
with Tittle information pertaining to
current and/or future operations. Most of
these IS were accounting and payroll
systems, These were followed by
rudimentary management information systems
(MIS) which focused on summarizing data
from past operations and providing Timited
decision-oriented information to managers.
Over time, the role of MIS has increased to
a2 point where today there are systems for
providing managers with the latest
information, Developments in data base
technology, particularly data base
mnagement systems (DBMS) and relational
data base schemes, and decision support
systems  (DSS} have been key in the

zontinual evolution of MIS.
In recent years, advancements 1in the

ield of Artificial Intelligence (Al),
articularly Knowledge Based Systems ({KBS),
)ave made significant contributions in
winging novel computer-oriented approaches
0 the solution of compiex problems. KBS
:an incorporate aspects of reasoning under

uncertainty in situations where information
is incomplete or unreliable. KBS have
incorporated formalized approaches such as
fuzzy logic and Bayesian probability
schemes to quantify incomplete ‘artistic/
soft’ knowledge, The KBS approach has
permitted the knowledge of ‘'experts’ to be
captured in computer oriented symbolic
programs and bear upon the problems of
users in many diverse {ll-structured
domains. Examples of highly publicized
areas of applications of KBS include
medicine (MYCIN),] mineral exploration
(PROSPECTOR) , 2 chemical structure
identification (DENDRAL)3 and structural
engineering (SACON).%

The flow of information in a typical IS
and MIS framework with an expert system
interface is shown in Figure 1. The data
collected from the system and via sensors
are first sifted to filter out unwanted
'noise.' The filtered data are stored in
data bases and is also available online.
In structured decision situations, the data
are fed to algorithmic models, the output
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which 1 made available to the
o n-maker in the form of information
rts. [n case of semi- and unstructured
reP:Sion problems which defy a programmed
::;roach, the expert system can provide the

f

experiential and judgemental knowledge
required. As shown in Figure 1, the expert
system functions in close interaction with
classical MIS and as such it is an
integrated part of MIS - a broad epithet
encompassing all systems aiding management
in decision-making.

The objective of this paper is to present
the principies of the knowledge based
paradigm and to outline its usefulness as a
decision support aid for solving mineral
engineering design problems. This
discussion will alse focus on two
functionally important areas of mine
engineering  design: mine ventilation
system design and mine strata control
design.

Knowledge based systems

Knowledge based systems are sophisticated,
interactive computer programs which use
high quality, specialized knowledge in some
narrow problem domain to solve complex
problems in that domain. KBS have been
referred to with a variety of names such as
expert systems, intelligent assistants,
epistemological systems and design and
analysis systems. The two terms most
popular in common usage, often used
synonymously, are KBS and expert systems.

This is unfortunazte because some systems
which are advanced as expert systems do not
have the essential elements to be
considered as such, Strictly speaking, the
term expert system implies that a
predominant part of the knowledge in the

7

system has been acquired from expert

- practitioner{s) in the chosen field. As a

result of their unique experiences, experts
solve complex problems in reasonable
{minimal) time using creative approaches
and rules of thumb. As such, a strict or
straight-forward mathematical algorithm
cannot be an expert system. Further, with
KBS, there is no implication of the
presence of  expert knowledge. The
knowledge could be gathered from disparate
sources in the public domain, Expert
knowledge can be viewed as a particular
instance of total knowledge (both expert
and other). Expert systems, therefore, are
a special breed of KBS where an expert(s)'s
knowledge takes prominence over the public
domain knowledge., The more encompassing
term KBS will be used in this paper.

KBS features

There are four important aspects of KBS
which need to be emphasized: (i) they are
knowledge 1intensive, i.e, it s the
fundamental hypothesis in  Artificial
Intelligence, the parent field of KBS, that
the problem solving power of a program
comes from the quality and quantity of
knowledge it possesses relevant to the
problem; {ii} the inference or reasoning
mechanisms are  human-like, i.e, the
reasoning strategies adopted by the program
reflect the reasoning style of the humans;
(iji) the domain of application is narrow;
this requirement is a consequence of the
high levels of performance expected of the
program; expertise is deemed to come with
great depth of knowledge in  some
specialized area rather than general
knowledge of several different fields; (iv)
KBS are able to explain their line of
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reasoning to the user, i.e. they can give
Justifications as to ‘'why' a particular
line of reasoning was or is being pursued
over another and explanations as to how it
arrived at a certain conclusion. Clearly,
problems requiring significant infusion of
common sense and general knowledge for
soTution are not suitable for KBS
applications,

KNOWLEDGE
BASE

FACTS
RULES

INFERENCE
ENGINE

INTERPRETER
SCHEDULER

USER INTERFACE
FIGURE 2. Anatomy of a knowledge based system

KBS components

There are two main parts to any KBS - the
knowledge base and the inference engine
{Figure 2). In addition, there are
peripheral features designed to facilitate
interaction with end-users {user
interface), explanation of a line of
reasoning {justifier), etc. The knowledge
base consists of two different kinds of
domain specific knowledge: (i) declarative
knowledge which includes facts related to
the domain and the specific problem, and
{i1) procedural knowledge which contains
rules (or procedures) and heuristics which
generate alternate paths of reasoning., The
facts and rules constitute a body of
information that is widelv sharad, publicly

available and generally agreed upon by
practitioners in the field. The
heuristics, on the other hand, are private,
experientially gained rules of thumb (rules
of plausible reasoning, rules of good
guessing, etc.). The primary role of
heuristics is to aid in limiting the search
for solutions to a problem. This is
probably the most powerful feature of XBS.

Knowledge representation

The predominant means of representing the
vasi amount of problem specific knowledge
in KBS has been by production rules.
Production rules are of the form
‘situation >> action', i.e. they are
syllogisms of the form 'IF a certain
situation holds THEN take a particular
action'. The IF portion of the rule is
called the antecedent and the THEN portion,

the consequent of the rule, The reasoning

mechanism of KBS (Inference Engine) uses

these IF...THEN rules to arrive at a
conclusion, establish the validity of a
fact, etc.

Because of the inherently uncertain
nature of the system knowledge, in many
instances the rules may not imply strict
Togical implication. That is, each ruie is
not deemed to be categorically true or
false but rather a qualified statement
having a certain amount of ‘'strength
associated with it. The strength value
could have a probability interpretation as
in PROSPECTOR, or could be an ad hoc
'‘certainty factor' (-1 to +1, certainly
false to completely true) measure, as in
MYCIN,

-
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[aference engine

The jnference engine is made up of two
parts: {i} an interpreter which decides on
now t0 apply rules to infer new knowledge,
and {ii) the scheduler which decides on the
order in which the rules should be applied,
generally, the interpreter validates the
relevant conditions of rules and performs
the tasks which the rule prescribes, The
scheduler maintains control of an agenda
and determines which pending action should
pe executed next. There are two major ways
in which inference engines apply reasoning

strategies to arrive at  plausible
conclusions:
{i} Data driven reasoning/forward

chaining: To 1illustrate this type :of
reasoning, consider the following three

rules:
RULET: IF A THEN B

RULE2: 1IF B THEN €

RULE3: [IF C THEN D
when it is known that A is true at a
particular instance, The system starts
drawing inferences on this newly asserted
fact. The new fact asserted satisfies the
antecedent of RULET. This establiches fact
B. Since the truth of 8 satisfies the
antecedent of RULE2, C is established and
$0 on,

{ii} Goal directed reasoning/backward
chaining: Consider the following set of
rules in the knowledge base.

RULEY: IF (A and B) THEN C

RULE2: IF (D and E) THEN A

RULE3: IF (F and G) THEN B
The problem to solve may be to find out if
C is true., To establish C (the consequent
of RULE1), the inference engine tests if
the antecedent is true. The antecedent

involves the establishment of the truth of
A and B. Two subgoal problems are now set
up: (i) prove truth of A and (ii) prove
truth of B, Only when A and B are proven
true, C is true. But proof of A and B
themselves involve two more conjunctive
sub-goal problems - proof of D and E, and F
and G. Therefore, the truth of the facts
D, E, F and G are checked in the knowledge
base. If they explicitly exist in the
knowledge base, then C is established,
otherwise the inference engine has two
pptions: (i) report that it does not have
sufficient information to establish the
truth of C, or (ii) query the user for any
information regarding the truth of D, E, F
and G. This is a very common reasoning
process used in medical diagnosis, or any
system diagnrosis for that matter, when it
is desired to establish if a patient has a
certain disease, i.e., check if the patient
has the symptoms endemic to the disease,

MYCIN (an expert system, developed at
Stanford University, for providing
physicians with advice on diagnosing
bacterial infections) uses  backward
chaining for 1its reasoning process. The
advantages over forward chaining are very
apparent jimn  this instance,. If the
inference mechanism had started out to
establish C by looking into the knowledge
base trying to find an antecedent which is
true and initiating forward chaining on the
fact, it could be led into blind alleys and
may never realize the goal of establishing
€. Im a knowledge base with hundreds of
rules, this could mean an 1ngfficient and
unintelligent search procedure, even if C
were to be established,
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This is not to imply that backward
chaining would always yield petter resul ts.
There are problems in which the current
system knowledge is wused to infer mgre
interesting knowledge which Teads the
System closer to the goal. Forward
chaining s ideally suited for such
problems, There are also situations where
even a combination of forward and backward

chaining might be necessary. The choice,
however, is critical.

Strict delineation between the knowledge
base and inference engine is a desirable
feature. If the two are intermixed, domain
knowledge gets spread out through the
inference engine and it becomes less clear
what ought to be changed to improve the
system at a later date. The result is an
inflexible system. If all the task
specific knowledge has been kept in the
knowledge base, then it is possible to
remave the current knowledge base and 'plug
in' another. The explicit division thus
offers a degree of domain independence. It
does not mean, however, that the knowTegge

base and inference engine are totally
independent, Knowledge base content is
strongly influenced by the control paradigm
used in the inference engine,

User interface

The user interface is basically a language
processor which permits the end-user to
communicate with the KBS in a problem/task
Jargon, usually some restricted variant of
English, TypicaTTy. the user interface
parses and interprets user questions,
commands and  volunteered information,
Conversely, the interface formats
information generated by KBS, including
answers to questions, explanations and

Justifications for its behavior and
requests for information.6

KBS versus conventional programs

The utitlity of KBS and its superiority over
conventional computer programs are not
obvious. A frequently asked question is:
What is the difference between a KBS and a
normal program? Consider the IF...THEN
statements versus the IF...THEN rules. The
difference is analogous to the difference
between sequential and direct access of
information from disks {as far as program
execution is concerned}). In conventiona)

computer programs, the IF..,THEN statements
are executed in a preset sequence and the
execution is  entirely control flow
dependent. In KBS, on the other hand, it
is the state of the system's current
knowledge which determines its future
course of execution. The system's current
knowledge accesses the relevant IF...THEN
rules and chooses from them the most
appropriate one, Therefore, in KBS, the
execution is totally knowledge dependent,
A further difference emanating from the
above argument is that in a KBS the control

of execution is in the hands of the user,
i.e. what question will be asked next, or

what piece of information will be necessary
next is entirely dependent on what response
is given to the present question,
Moreover, explanations and justifications
can be requested of the system at any time,
These explanations and justifications are
more powerful and context dependent than
information obtained by invoking HELP menus
in conventional computer programs.

The knowledge base in a KBS is organized
in a way that separates the knowledge about
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the prob]em domain from the system's other
tnowTedge' viz. general knowledge about how
to solve problems in the domain - the
snference engine. This aspect highlights
one more important difference between KBS
and conventional computer programs, viz.
additional knowledge in the form of
IF...THEN added to the
gnowledge base of a KBS without any adverse
gide effects in terms of system
functioning. Adding an additional piece of
code to & conventional

rules can be

computer program

might prompt a major restructuring of the
program,

pevelopments of knowledge based systems
in widely different fields have shown that
the same inference engine can be used in
different application areas (e.g. EMYCIN}.
The popularity of the rule based knowledge
representation approach has also
contributed to the development of 'canned'

reasoning sirategies. Therefore, 2 gradual

shift towards a formalized means of
developing these inference engines has
evolved. These inference engines

interfaced with other peripheral components
the name of
inferencing

are being marketed wunder
‘expert system shelis', The
scheme in these shells is built by assuming
a certain knowledge representation scheme.
Therefore, one can conclude that some. of
the aspects of KBS development are being
algorithmized. However, development of the
domain dependent knowledge base remains the
key activity involving the most time and
effort.

KBS for engineering design
Hifherto the dominant application area of
KBS has been in diagnostic fields, i.e.
weighing and classifying complex patterns
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of evidence to evaluate a situation that is
etther abnormal (as in diseases and fauits)
or developable in new ways (as in mineral
prospecting). But diagnosis is just one of
the tasks that requires expertise. There
are other tasks which are equally demanding
of expertise.7 These include:

(i) INTERPRETATION: analysis of data
to determine its meaning and
implications. Diagnosis can be
considered as a major component of
interpretation. But use of the
term diagnosis has been reserved
exclusively for evaluating
maladies/abnormalities from
available symptomatic data.

(i1) PLANNING: creating programs of
action to achieve goals,

(ii1) DESIGN: constructing or creating a
system or object that satisfies
certain stipulated requirements.

(iv} PREDICTION: forecasting the future
from a mode! of the present or past
{(or both}; forecasting the values
at locations where there is no data
from data at known locations,

In engineering disciplines, the role of
design is important. The view of design
here is different from that stated above.
In an engineering design problem, there are
strong underpinnings of both planning and
interpretation. Diagnosis also plays an
important part in the design process but it
is not the objective per se. The overall
design process can be viewed as consisting
of the following three major components:

{i) ANALYSIS COMPONENT: this includes
the planning and interpretation
tasks and involves the idealization
of the given problem situation to
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make it amenable to engineering
analysis.

(i1) SOLUTION COMPONENT: this involves
the use of major algorithmic
programs to operate on the
idealized model and provide
results,

{ii1) INTERPRETATION COMPONENT: this
invelves diagnosis and
interpretation of the model results
to check the validity of the
idealized model and hypothesize
refinements {if needed) before
going back to the analysis step for
another iteration, if necessary.

The solution component is a structured
problem and its computerization and
automation in mining engineering have
reached a high Jevel of maturity.
Excellent computer programs are available
for the solution of, for example, finite
element models of mine structures, network
models of mine ventilation systems and
influence function models for subsidence
prediction, The complexity of these
programs has grown to such an extent that,
user's manuals notwithstanding, it takes
months to use the program options. Even if
one learns how to run the program, the user
is ill-prepared for the tasks of analyzing
a physical problem in terms of the model
and interpreting the model output in terms
of the overall design objectives and
constraints. This is because the analysis
and interpretation components are not
structured and require experience and
expertise. At the same time, there are
recognized ‘experts' (albeit few in number )
who perform the analysis and interpretation
lasks with relative ease and with great
competence.

Advances in computer hardware and
software have been incorporated in recent
computer application packages to alleviate
some of these problems., Programs have been
made interactive and user-friendly,
Interfaces with graphics devices have been
established to aid interpretation of data
and results., These approaches, however,
have not addressed the real problem. The
"experts’ perform better than others
largely because of their greater knowledge
acquired through exposure to different
kinds of problem scenarios and experience
gained therefrom. The requirement is to
transfer the accumulated analysis and
interpretation expertise of experienced
people to other, less experienced users.

For example, geostatistical techniques
have been used for years in ore reserve
estimation, Much of the methodology bhas
been formalized and programmed in the last
two decades. The first step in any
geostatistical study is the determination
of the form of the spatial variability
function (the variogram}. The choice of
the form of this function is highly
Judgemental and depends heavily on the
knowledge of the geology of the area.
Similarly, the interpretation of the
results from a geostatistical investigation
is also dependent on experience gained with
the applications of this and other
techniques in specific deposits. Without
this expert analysis and interpretation,
the geostatistical exercise may not provide
valid information to decision makers. The
tapping of this expertise and its
incorporation in the knowledge base are
crucial. To achieve this goal, the KBS
approack. seems viable.

-
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incorporation of expertise in programs
yia KBS is not new, As mentioned earlier,
there has been great success in such
efforts in fields such as medical
diagnosis. But a significant limitation of
such KBS is that they tend to be based
solely on rules of experience gleaned from
‘experts'. Since the solution component is
a major stage in engineering design, in
addition to experiential knowiedge, the
capability to model the behavior of the
system under  consideration s  also
necessary. This kind of system would take
advantage of the synergistic efficiency
afforded by using expert rules of
experience and algorithmic programs ({to
provide information needed by a rule, e.g.
pressure drop in a particular branch of a
ventilation network). The integration of
algorithmic programs with expert systems
for analysis and dinterpretation would,
therefore, represent a major step in
enhancing design capability.
knowledge  based

A generic
system  anatomy is
illustrated in Figure 3,

A mining knowledge based system must have
as a minimum the following features which
also permit identification of programs

which are not legitimate KBS.

{i) A knowledge representation
formalism and a knowledge base.

The knowledge should not be mere
numeric data but must include

symbolic data as well.

(ii) An inference engine which
manipulates the knowledge to arrive
at conclusions. The inference
should not be an algorithm, If the
problem has an algorithmic solution
it is not necessary to build a KBS
for it.

(ii7) An explanation facility capable of
providing explanations (in terms of
the system knowledge) as to how the
system arrived at a certain
conclusion or result and
Jjustifications as to 'why' a
certain piece of information is

: being requested.

(iv) A user interface that facilitates
communication between the user and
the KBS in a subset of English,

(v} Input and output interfaces between
design and analysis programs and
the KBS.

Mine ventilation system design
Although the importance of mine ventilation
has been recognized from the earliest days
of mineral extraction, ventilation planning
is, even today, more commonly considered an
art rather than a science.

Ventilation system design is an
engineering design problem whose solution
requires the  steps of
idealization, modeling,

feedback and contro].8

perception,
interpretation,
During the analysis
phase, since ventilation system design is a
part of the overall mine design,
consideration must be given to the
interrelationships which exist between the
mine infrastructure and mine ventilation
system. The adequacy of the input data and
their reliabilities are also of paramount
importance. In the interpretation phase,

an objective analysis of the output is
necessary. This step may identify weak

areas in the definition of the problem in
which case redefinition of the problem may
be in order. The solution may have

undesirable elements or maybe infeasible to
implement, leading to guestions on the
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FIGURE 3. Anatomy of a knowledge based system for engin-
eering design
design or the data.
when properly analyzed and interpreted, can
Tead to a better definition of the problem,
or superior alternatives to the problem.
The design process can be visvalized as an
iterative
perception, idealization,
solution of the problem.
The application of digital computers tg
solve the pressure quantity problem
associated with mine ventilation systems
began to make an impact only two decades
ago. It is important to stress that the
solution of the pressure quantity problem
is only one step in the total planning
process outlined before, There are
important analysis steps prior to this
'solution' stage and even more important
interpretation steps after the
stage. Considerable
expertise are needed

Also, the solutions,

process Teading to improved

definition and

‘solution’
experience  and
in mine ventilation
systems and mining engineering to arrive at
good ventilation designs. Many benefits of
computer-aided analysis are not realized in
practice as this expertise is not readily
available. Therefore, integration of KBS
reasoning with mathematical models seems
desirable, The essential elements of such
a system are shown in Figure 4.
There are three major elements in the
integrated system: (i) the KBS and its
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input-output interfaces to the design and[
analysis programs (DAP); (ii) the design§
and analysis programs, consisting of P
ventilation data base and ventiTatmon
programs, and (iii) the actual mine SYsten
which is operated on by natura) (mine
location, seam tharacteristics, methane,
etc.}) and (equipment
Characteristics, operation, etc,)
resulting in dust, gas, heat and humidity,
and from which data can be collecteq
The KBS element i
the prime mover of the whole system.

In the analysis step, decisions have to
be made regarding some of the following

cultural factors

fan

etc,
an a real time basis.

factors:
(1) What is the problem to be
addressed? Is it dust generation?
Is it Tack of requisite air
guantities? Is it the excessive
Tiberation of methane? Is it a
combination of the above?

(i1} Interrelationships of the problem
with other mine design aspects,
e.g. ground control, mining method
and extraction, hydrology,
regulations, etc. have to be
identified.

(iii)} Since an engineering problem is
rarely amenable to engineering
analysis as is, the problem has to
be idealized with simplifying
assumptions. A major decision has
to be made regarding the relevant
assumptions to make so as not to
sacrifice the purpose of the
analysis. An appropriate model
will have to be hypothesized.

An appropriate design and analysis
program will have to be selected

commensurate with the availability

(iv)

Folle
DAP is
stage,
follows
model
any dis
overall
Questig
follow;

(i)
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FIGURE 4. A logic flow diagram of a knowledge based system for planning mine ventilation systems

and quality of the input data and
desired accuracy of results. . The
data necessary for the model have
to be developed.

Following the analysis step, the selected
DAP is executed and after this solution
stage, interpretation of the output
follows. In the interpretation stage the
mogel results have to be interpreted and
any discrepancies diagnosed in terms of the

tverall design chjectives.  Among the
Questions arising at this stage are the
following:

{i) Are the model results realistic?
Is the hypothesized model a valid

-

{ii)

(iii)

(iv)

idealization of the problem
situation?

What do the flow directions, air
quantity, dust and methane
concentration values mean and

What are the fan gperating
Are they realistic?

imply?
conditions?
How sensitive is the solution? Are
the conditions critical in any
branch of the network? If so, what
could be the possible reasons?

What are the refinements which can
be made to the current analysis?
What other model alternatives can
we choose from?
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(v) Which one of the available options
should be chosen?
Most of the knowledge involved in answering
these questions and making these'decisions
ts experience dependent. This know)edge
can be acquired from public domain sources
and from experienced mine ventilation
practitioners, and incorporated in the KBS
for ventilation systems. An integration of
KBS and traditional algorithmic programs
yieids a superior decision support system
system design,

for mine ventilation

Development of such a system is possible

with the current state of system
technology.5
Mine strata control design
Mine strata control design is another

important area where an integrated approach
seems to hold promise. An outline of a
typical strata control design approach is
shown in Figure 5, As can be seen, the
philosophy s still the

same, i.e. it fits the standard ‘analysis

overall design
~- solution -- interpretation' mold.

The objective in a strata control design
program is wusually the selection of the
Tocation and subsequent design
access and
openings and structures. To achieve this
objective, three types of information are
essential: (i) knowledge of the material
properties of the different rock strata in
the area -- these include the comopressive,
tensile and strengths, RQD, RMR,
etc., {ii} knowledge of the in-situ stress

{construction) of seryice

shear

regime in the area, and (iii) knowledge of
the Tlocation and frequency of major
eenlogical like folds, faults,
etc. in the area. Most of this data is

collected during the exploration stage from

features

cored borehoies and geophysical
‘measurements.
The above information is often not

adequate to characterize the behavior of
the various rock strata completely., An
appropriate materijal
hypothesized.
material

behavior has to be
Moreover, once some form of
behavior is assumed, an
appropriate analysis tool has to be
selected. These two aspects form the core
of the ANALYSIS stage in strata control
design. In this stage questions such as
{i) Should
the design be based on empirical formulae

the following must be answered:

or should a more rigorous analysis {such as
Finite Element Method - FEM) be adopted?
(i) How should the material behavior be
characterized? What failure criterion is
most appropriate? What are the loading and
boundary conditions? What will be the
granularity of the analysis? (iii) From the
quantity and quality of the input data
available, which design and
program would be most suitable?
the reasoning in this
nonalgorithmic

analysis
Most of
stage is
and requires considerable
experience and expertise.

The selution stage, as shown in Figure §,
can be purely algorithmic, the input to
which is generated in the analysis stage.
Here use is made of algorithmic design and
analysis programs such as a finite element
analysis program for an idealized coal
modeT.  The number of programs
available to the user at this stage is
numerous, In

pitlar

the mining domain, for
example, one could use ADINA/BM or BMINES
etc. These programs generate reams of
output, usually the stresses and strain in

each element of the model,

J
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PREMINING INVESTIGATIONS
'GEOTECHNICAI:: Mechanicsl proparties of
rock, jolnt properties, permasbility, cresp and
— g dynamic responss, in-situ stresses, moisturs,
sUratigraphic sequence elc,

*GEQLOGICAL: Folds, faults, washouts, rolis,

IN-SITU | GEOLOGICAL
STRESSES |  DATA

PROPERTIES
Compreasive, lensiie, shear Gaclogical maps showing
sirengths, RCD, RMR of coal, g;:i::::a fand Vartica location of major geclogical
roof and fioor sirata features

SELECTION OF AFPPROPRIATE
MATERIAL BEMAVIOR
CHARACTERISTICS pa———
Linear stastic, slastoplastic

viscoelastic

SELECTION OF APPROPRIATE
ANALYSIS ToOL

Ermpirical, Finlts Element Method,
Boundary Elsment Method

ALGORITHMIC COMPUTATION
STAGE

Feedback

MOBR-HAWwe O_tn-<rF»

Calculation of stressas, strains, piller,
onlry si2es and assoclated safety factors

Additional Data, Anatysts and Interpretation

DESIGN EVALUATION STAGE

Evaluation of design with respect ko other
constraints - vantilation, subsidence, atc. and
satisfactoriness

Mo

DESIGN RECOMMENDATIONS

Enumerstion of ditierent plausibie alternativas,
Guidelines lo Implemantation

IMPLEMENTATION

* Instalation

* Monitoring -
* Maintenance

[ mor e =i in zo——-u-lm::u-o:nj-tz—

FIGURE 5. An outline of the design approach for strata control in mines
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The  interpretation of the  output
generated by the solution stage aga
requires considerable expertise. What o
the stress and strain values in the
different elements imply? s there local
failure in a certain portion of the mine?
If so, what can be said of overall
stability and the type of amalysis
procedure chosen in the analysis stage?
Was it adequate? Was it representative?
Is the design satisfactory with respect to
the design in other areas such as the
ventilation system? 1If there s some
experimental data available, how does the
model output compare with the real world
scenario? Are the discrepancies due to
poor material behavior idealization? If so
what changes should be tried out? In thig
stage  too, judgemental krowledge is

necessary to identify the overal] adequate
design.

Other application areas
In  addition to the twe applications
discussed above, there are several other
areas in mining engineering which can
benefit from the KBS approach. The
potential for the development of a K8S$ far
geostatistical studies Was already
mentioned. KBS wuse in the analysis of
investment and risk also falls in the same
category. Other major design elements in
mining engineering such as electrical,
drainage and haulage systems, and surface
mining reclamation schemes can also benefit
from KBS applications. There also are
promising applications in the area of
diagnosis, viz, troubleshooting and
maintenance of mining machines and
equipment via goal directed KBS.
Development of these systems will also be

of value in computer assisted training ang
instruction,

Conclusion
This paper has highlighted the 1mp0rtam
of incorporating experiential ang
judgemental knowledge in engineering demgn
problems.  This issue, as it relates tg
mine ventilation and mine strata contry
systems, has been outlined, It
imperative that efforts be made ¢,
formalize this ‘artistic' information Vi
knowledge engineering so that it jg N}de”
available, Nonavailability or difficuly,
in accessibility of expert opinion ang
input has severely throttled design effort
in the past. In Tight of this paucity, the
advantages of mathematical models  for
design have npot been fully realized. The
benefits accruing  from the proposed
approach are:
(i) Permanent availability of timely,
high quality and diverse expertise
for analysis and interpretation.

(i1) Assistance in characterization of.
the problem situation and proper

consideration of relevant (and
critical) factors.

{ii1) Avoidance of misinterpretation of
program outputs and assistance in
faster convergence of the iterative
design process towards the goal,

(iv) AbiTity to solve problems where
incomplete or uncertain data only
are available.

(v) Enhanced training of new engineers
and analysts.

(vi) Increased productivity and better
designs,

It is  important to evaluate the

suitability of the problem for calution
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through & KBS approach, A common pitfall
has been the recasting of algorithmically
solvable problems in the KBS mold. In
looking for appropriate problems for KBS
development instead of seeking problems
which require expertise to solve, a commor
error has been to Jook for experts whose
knowledge can be captured. A better
approach is to look for engineering design
problems which are demanding of knowledge
and expertise. Moreover, in any problem
being considered, it is essential to filter
out the algorithmic portions and attempt to
use the KBS approach for the judgemental
and experiential portions only. KBS
technology is successful only when applied
in narrow, specialized domains. Extending
the problem domain to such areas as overall
mine design will involve large commitment
of funds and efforts without any guarantee
of success,
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A Comparison of the Performance of Impactors and
Gravimetric Samplers in Mine Airflow Conditions

R. Bhaskar and R.V. Ramani
Department of Mincral Engineering, The
Pennsylvania State University

Abstract, While the Nationzl Academy of
Sciences hag stated that gravimerric sampling
technology for compliance purposes is adequace,
regearch into various aspects of respirable dust
contrel require data on many other parameters of
airborne dust, These, in turn, have created the
need to use many instruments, other than
Fersonal gravimetric samplers, in mine
environments for dust measurement. There is a
need to evaluate the performance of these
instruments under conditions of potential use,

As part of research in the Generic Technology
Center for Respirable Dust, ceacade impactors,
gravimetric personal samplers and gravimetric
samplers collacting dust using isckinetic
sampling principles were employed for dest
measurements under identical conditionz in a
aine airvay. During the course of the
experiments, 8-stage cascade impactors and
gravimetric samplers drawing air isokinetically
were located in the center of a mine airvay at
varicus stations, Two types of data wers
examined - concentration of dust and mize
distribution of the dust collectad in the
Samplers. The data show that the amount of dust
collected by an impactor ias less than half the
amount coilected isokinetically. The size
distributions of the dusts collected from the
two Instruments, though comparable, show a
consistent difference in wedian diameters. The
cause for thim bias 1is examined.

The paper presents and discusesn the tesults
of the tests, including the concentrations and
sire dimtributions obtained from the two
instrumants for different experimental
conditions. There i{s a nesd to document the
performance of various dust meazuring devices in
nine sirflow conditionms.

INTRODUCTION

* The sampling of airborne dust in mines can be
done for saveral purposes, Traditionally, dust
sszpling has been restricted to the gravimetric
neasuresent of airborne respirable dust te
comply with the regulations governing the mining
industry. Instruments such ze the MRE

gravimetric sampler, and personal gravimetric
samplers that have collection characterigtics
similar to the human regpiratory systen

have been in use for the last two decades.
Presently available ingtrumentation for the
purpose of regulation have been considered
adequate by the Committee on the Messurement and
Control of Rezpirable Dust in Mines (National
Academy of Sclences, 1980).

The increased resesrch activity in etudying
the other attribures of airborne dust such as
total size range concentration, particle gize
distribution, particle shape and elemental
composition has created a need for instruments
which selectively collect dust for evaluating

‘these propertiea. 1iIn relation to mining, efforts

have been made by various researchere to adspt
instruments developed in areas of aerosol science
for mining requiremente with varying degrees of
success as no instrument is specifically
available for these purposes for use in the
mines,

One instrument that has been vssd in wining
research is the cascade impactor. The cascade
impactor has been used for several decades (May,
1945} in various forms, but the development of
smalier versions (Sierra Models 296 and 298)
increases the scope of its use in the industry,
The instrument has been used wich very good
tesults in other areas of research apd has scope
for extensive application in nining,

During the course of a research experiment
conducted by the authors in a efne airvay
{bhaskar, Rsmani and Jankowski, 1986), 1t was
decided to evaluaste the sampling efticiency of
cascade impactors against snother inetrument used
to measure sirborne dust. The instrument was an
assembly containing a filter holder connected to
a nozzle designed to draw air isokinetically.

The two instruments were Placed ut the same
location in o flowing stresm of air, The study
1s aimed st providing potential UBerE an
understanding of the collection characteriscice
of the instruments so that proper precauvtions and
inferences can be drawn from the collected data,
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LITERATURE SURVEY

Several studies have been conducted on the
performance of impactors. Becavse the design of
impactors vary between varicus brands,
quantifications of errors and the limitations of
the instruments have to be determined. Rubow et
al. (1985) and Marple and Willeke (1976} have
presented a list of operational precautions that
have to be taken when collecring aerosols and
interpreting the data. The authors note that
precaution must be taken in the use of sampling
efficlency charts when sampling conditlons are
different from those specified in the charts,
Some of the precautions that have been studied
are (Marple and Willeke, 1976);

(1) High velocity through the nozzles

The authors note that high velocity through
the nozzles of the impactor stages may result in
particle loasses between stapes and from the
impaction plate due to rxeentrainment., The use
of proper substrate coatings {& suggested., A
discusgion of varioue substrates and filters has
been provided by Rao and Whitby, 1978; Dzubay,
Hines and Stevens, 1976; Esmen and Lee, 1980;
and Lee, 1986.

{2) Inlet Losses

Studies on the sampling efficiency of the
impactor in calm air conditions was studied by
Agarwal (1973) and Agarwal and Liu (1980).
Agarwal (1975) showed that particles up to about
100 microns can be sampled with nearly 100%
efficiency in still air. However, Harple and
Willeke (1976} note that there may be
considerable losses on the internal surfaces of
the inlet due to impaction and settling,

{3) Wall Loases

These losses occur between stages due to
deposition of particles on surfaces other than
the impaction plates. Rao (1975) studied the
losses in variocus iwpactors and determined the
losses as a function of particle aerodynamic
size,

The literature survey indicates that litrle
work has been done to evaluate the performance
of the impactor under flowing air conditions as
opposed to calm sir conditions, particularly
under mine sirway conditions. While some
researchers have used isokinetic sampling
attachments with impactors {Courtney et al.,
1986) thereby reducing sampling inefficiencies,
the use of impactors without such isokinetic
sampling attachments will cause data collection
problems, Lee (1986) performed studies
comparing the sampling efficiencies of impactors
with and without isokinetic sampling
attachments, for velocities under 250 fpm, both
in the laboratory and in wines. His results are
presented in Table 1. The amount of dust

5l

collected isokinetically 1s legs than that
collected nonisckinetically, The data ghow that
under mine conditions the ratio is nearly 1.0 for
velocities abour 100 fpm, while at 210 fpm, the
value {s 0.72, the ratico varying from experiment
to experiment and demonstrate the need for more
extensive data for drawing conclusions.

Table 1. Impactor data collected with and
without f{sokinetic sampling
nozzles (after Lee, 1986),

Test Velocity Sample Weight
Number {ipm) Ratig*
1 97 1.02
2z 103 0.57
3 150 0.87
4 192 0.74
3 195 1.03
6 205 0.96
7 210 0,72
8 230 0.77
9 230 0.88

* lsokinetic to non-isokinetic sample wveight.

Inlet line (9" in length) loszses not accounted
for,

Besides the understanding of the limitation of
the impactor in terms of mass measurements, it is
helpful to develop relationships between dust
size distribution parameters obtained from
impactor data with that obtained from other size
beasurement instruments. One zuch fnstrument is
the MICROTRAC for which the size distribution
relationship 15 examined here.

The MICROTRAC Small Particle Size Analyzer
provides & rapid method of analyzing size
distributions of particles in solution form. The
instrument uses the laser diffraction principle
for size analyeis. Studies have been performed
by DBumm (19856) relating the size distribution of
dust derived from the mass collected on the
impactor substrates with the same dust
redispersed from the substrates into solution and
subject to MICROTRAC random projected area
diameter eize anelysis. Dumm (1986) compared the
median diemeter (d 0) of two samples. The ratios
of d . obtained usifg the MICROTRAC and the d 0
obtained from impactor data were 1.03 and l.lg
for the two samples examined by the author. This
is the shape factor between the two size
distributions.

EXPERIMENTAL SET-UP

The present research was conducted as part of
a study on the behavior of dust clouds in mine
airways. The exparimental studies were conducted
in the Lake Lynn Lsboratory of the U.S. Buresu of
Mines and have been described in a papar by



Bhaskar, Ramani and Jankowski 1986, The atudy
was aimed nt examining the change in dust
concentration, depoaition and site distribution
of the dust ag 1t traveled the length of an
airway under varfous airflow velocities, A
total of six experiments were conducted, at
thres velocities uning dusts of twn different
densities. Two types of ambient concentration

sampling were performed: {1) sampling of atir nt

the center of the airway, and (2)
Cross-sectional sampling, In four of the stx
experiments, Sierra 298 cascade impactore were
also used to mample the dust, 4 description of
the instrument set-up follows.

Instrumentation
Pl L0 1P Y

Three different inatruments were used in the
study: (1) MSA personal gravimetric zamplers,
(2} Sierra 298 B-stage cascade impactors, and
(3) an isckinetic sampling arrangement, A set
of one each of the thyee instruments were hung
from a telezcopic pole in the center of the
aitrway, at thres locations in experiment 3 and
ar four locations in experiments 4, 5 and 6.

The HSA perponal gravimetric sampler ig
tesentizally the same instrument used for MSIA
compliance. However, the conventional MSA
pre-~weighed cassette was replaced by a two
plece MSA casmette holder containing a 0.2 um
Ruclepore filter, The advantages of using this
filter are cthe superior collection efficiency of
the filter and the easge with which the deposited
dugt can be ultrasonically washed off ite
eurface for gize analyvsie, The pumps used were
constant flow DuPont pumps set ac 2,0 1/min,

The Sierra 298 Bestage Impactor im a compact
personal impactor fitted with g cowl and visor.
The impactor can be operated at 2,0 1/min to
¥ield a standard set of particle size cuts of
the collected dust. To reduce the posaibility
of particle bounce, the mylar substrates were
sprayed with a 207 petroleum Jelly 1in toluene
Solution. Almost 99.5% of the dust was lese
than 25 ym. The sampling time and concentration

were such that no overloading of the impactors
took place.

The igokinetic sarpling arrangement consisted
of & MSA two-plece camsette holder containing a
0.2 vm Nuclepore filter, The cassette holder
vas connected to a short tubs with a nozzle
firted st the other and, To ensure isckinetie
Bampling under the experimental conditiens,
special sharp-edged nozzler were designed and
fabricated for use with the sampling units. The
chamfer angle of the hozzle's exterior surface
was lesn than 30°, further reducing the
disturhance to the air flow at the point of
sampling., A typlcal arrangement of the norzle
1s shown in Figure I. By adjusting the pumping
rate of the sampling unit, the veloeity of the
air through the nozzle was matched with the
velocity in the airway. Thim procedure ensures
- that a reprementative sample is collected,

Figure 1, Assembly for Ambient Concentration
Sampling.

Nust was dispersed vuging & dust dispersion
device at the head of the airway located at least
500 feet away from the sampling stations having
impactors. Flow velocities were 365 fpm for
experiment 3 and 4, end 305 fpm for experiments s

and 6. HNo impactor sampling wae conducted for
experipents 1 and 2,

At the end of the experiments, the instruments
were catrefully removed from the sampling pole
with minimal disturbance. The impactor =ae well
88 the total and respirable dust caxgettes were
‘transported to the lab whera gravimetric and size
analysis were carried out after dessication of
the samples.

DATA ANALYSIS

The total and respirable dust were degsicated
and welghed and the concentration of the airborne
dust cloud wag determined. The impactor
substrates were also desgicated and the masses on

the individusl substrates and back~up filter wete
determined. ‘

The total and respirable dusts deposited on
the Nuclepore filter were ultrasonically removed
from the filter and dispersed in water. The
#olution was then subjected to & MICROTRAC size
analysis. The size distributions of the impactor
dust were determined directly from the mass of
dust deposited on the individual substrates and

the cerresponding sire cut off points for a flow
rate of 2.0 lpm,

RESULTS

Two types of data were obtained from the
experimente — concentrarion and size analysis,

Lencentration
~——rh tation
The concentration data 1e presented in Table 2

for the thres inetrumencs used, The last column
contains the ratio of the concentration obtained

T | e g

R e

' TN TR o 10



IMPACTORS AND GRAVIMETRIC SAMPLERS

Table 2. Comparison of Sampling Efficiency of Impactors in Flowing Alir.

CONCENTRATI ON (ag/a)

Experiment
Number Impactors Respirable

3 16,7 9.36
3 15.88 10.95
3 17.34 7.03
4 14.33 8.35
4 15.63 B8.33
4 15.4% 11,38
[ 16,14 -

5 19.09 10.78
5 19.68 11.17
5 22,56 11.10
5 24,74 11.61
6 6.91 18.08
6 37.1% 17.1

6 29,70 22.06
6 31.73 21,06

ugsing impactors and isokinetic samplers,
However, the analysis and discussion in this
paper iz limited to the resulte from the
impactors and isokinetic samplera. The data are
for four experiments. While semi-anthracite was
dispersed in experiments 3 and 5, bituminous
conl vas disperssd in experiments 4 and 6. The
average ratlo is .33 for 305 fpm and 0.41 for
365 fpm indicating that with increase in
velocity, the ability of the impactor to capture
dust decreases., The sampling stations were
located 100 to 200 feet

apart and deposiction between stations leads to
reduction in concentretion. Therefore, the
concentration varies from instrument to
instrument of the same type, e.g., personal
satiplers, depending on its proximity to the
aource.,

Size Distribution

The size distribution of the duat chtained
from impactor data and that obtained from the
total dust samplers were compared and are
presented in Flgures 2 through 5, with cne graph
for each experiment. The data for the other
samples collected during the study are
seasentially similar to the representative
diagrams presented. Additional diagrams for the
rest of the samples are presented in Bhaskar
(1987).

The size diatribution data show that, in
general, the slopes of the two size
distributiona are similar. The ds values for
the 13 gets of data are presented Yn Table 3.
The avarage d 0 for isokinetically collected
dust 1is 4.13 Em. while the d.,. for impactor data
i 4.98 ym. The ratio of thié d 0 of isokinetic
sample to d_. of impactor s-mpli iz 0.8 which
can be conaiggred to be the shape factor between
the two techniques of measurement. The value of

Ratio of
Yelocity lnpactore
leokinetic (fpm) Isckinetic
43.41 365 0,384
46.66 365 0.34
67.19 365 0.26
38,84 365 0.37
44,34 365 0.35
52.5 365 0,30
$7.225 365 0.28
41.78 305 G.46
41.53 305 0.47
53.70 305 0.42
64,55 305 0.38
70.19 305 0.38
80.6 o5 0.46
80,42 305 0.37
99,98 305 0,32

0.83 is, however, dependent on the dust type
used and the flow velocity and therefors cannot
be used as a geueral value. Three causes can be
attributed for thie difference:

(1) The dust collected on the impactor is
clapsified on the basis of aercdynamic
sizes, while the data collected through
isokinetic sampling end analyzed for
size in a Microtrac are based on
projected area dismeters. Due to the
difference in the two size measurement
techniques, the medisn diameter
difference in dust obtained by isokinetic
sampling and in the impactor may be
strictly a shape factor effect.

(2} The agglomeration of particlas im the
air can lead to an increase in effective
£izes of the particles. Thereforas,
smaller particles tend to grow to
larger sizes, If the particles do not
deagglomerate at high velocities
encountered in the impactor between the
atages, then they will be deposited in
the upper stages leading to an apparent
increase in the median size.

{3) The deviation from isokineticity at the
entrance to the impactor has to be
considered. Since the particle laden
air has to turn a 90* bend at least once
to enter the impactor, the latge
particles may not be complately captured
by the impactor. This will lead to a
dietortion in the data. O(me can expect
& lowering of the median size due to
this error.

The average median diamecer (d 0) values for
cach experiment are also prelentea in the table,
It is expected thet for a given dust, an
increase in flow velocity will result in larger
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Table 3. Values of d__ for dust collected -
using isckinetlc samples and

impactors,

Experiment Isokinetic Impactor
3 3.2 4.9
3j 2,3 4.9
k| 3.8 5.2

Average 3.1 5.0

& 6.3 4.1
4 5.0 4.2
4 5.1 4,1
4 4.5 4,5
Average 5.23 4,22

5 3,2 5.8
5 3,7 5.7
b 3.6 4.5
5 4.0 6.1
Average 3.63 5.55

& 4.2 4.9
6 4,8 5.8
& 3.8 5.1
6 4.8 4.8
Avarage &, 4 5.15
4,13 4.98

Jverall Average

dust particles being carried longer distances,
In ether words, in general, the d, _ value of the
dust cloud at a point will tend tgnbe higher as
the flow velocity increares, This phenomenon is
not noticed in the impactor data where for
experiments 3 (velocity = 365 fpm) and §
(veloeity = 305 fpm), the decrease in velocity
should have resulted in a decrease in d_.. The
npposite effect appears to he the case ofen
comparing experiments 3 with 5 and experiments 4
with 6. One possibility i3 that with increase
in flow velocity, more particles do not get
deflected into the impactor, esperially the
larger particles. This will result in a
lowering of the d 0 value, Examination of the
i{sokinetic data sﬂow that d 0 decreases with
flow velocity for experimen? 4 and 6, while for
experiments 3 and 5, the effect iz reversed
primarily due to the extremely low d o (2.3 um}
for the second isokinetic dSD value En
experiment 3,

DISCUSSION

The comparative analysis of the collsction
characteristice of the impactor with an
inokinetic sampler has heen presented in this
study, The size distribution obtained using the
impactor data and the MICROTRAC Small Particle
Analyzer show differences in the apparent d
values, resulting in the need for a shape f;gtor
to relate the twe d 0 values, On the basis of
this study, which 128°1imited 1n the range of
velocities employed, it appears that the
impactor should be used in conjunction with an
i{sokinetic nozzle tc mample airflows at higher
velocities sncountered in minea., Studies hy Lee

(1986) show that the effect is not pronounced at
low velocities (100 fpm). However, it appears
that the higher the velocity, the greater the -
discrepancy hetween the impactor and 1sokinetic
saniples,

The shape factor relating the size
diseribution obtained using the two instrumencs
appears to vary with flow velocities (primarily
due to Inlet sampling errors) and particle
density.

The role of flow velocity in the sampling
efficiency of impactors in flowing air can he
easily reduced by using isokinetic sampling
nozzles. The role of density in determining
Aerodynamic size distribution can be accounted
for by experimentally determining the ghape
factor for the particular density and type of
dust used. The reduction or control over the
influence of these factors will snable better
and more accurate interpretation of the valuable
data obtained using impactors.

The study is limited and only indicative of
the problems that may arise in the collection and
interpretation of impactor data in mine atrways,
There is a need for more evaluative studies on
the use of impactors in flowing air, The
impactor contributes a wealth of data, especially
when studying size preferential properties of
dust in the characterization of various coal
seams and the dust generated during mining in
these seams and, therafore, deserves ateention,
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Particle Size Distribution of Airborne Dust

in Coal Mines

T.F. Dumm and R. Hogg
Department of Mineral Engineering, Mineral Processing
Section, The Pennsylvania State University

Abstract. Procedures for particle size analysis
o respirable dust from cosl mines have been
evalusted. Using respirable dusts dispersed in a
laboratory dust chamber, size distributions
seasured using cascade impactors have besn com-
pared with the results of a variety of laboratory
gizing methods performed on samples collected on
filters placed side-by-side with the impactors,
The lsboratory techniques included centrifugal
sadimentation, laser diffraction/scattering and
automatic particle counting. The general
sgresment among the varioue methods wae very
good, with systematic differences which can be
actributad to the different definitions of size
used. Simple conversion factors have been
obtained which can be used to transform the
laboratory data to squivalent zerodynamic eizes.
Similar comparisons have been made on
samples collected in underground coal mines.
Again, the results are in quite good agreement
although small discrepancies ware cbserved in’
some caseg, These have besn attributed to some
degres of agglomeration in the airborne duat,
leading to slightly coarser apparent
distributions in the impactor samplas.

INTRODUCTION

A primary goal of mine ventilation 15 the
control of airborne dust, especially in the
“respirable” sire range, typically defined as
finer than about 5 to 10 um. It follows that
determination of the smount and characteristics
of the respirable dust is an important factor in
avaluating the performance of ventilation
systems. Particle size information on airborne
dust in mines is commonly obtained by in-gitu
ssasurements using cascade impactors. However,
these tend to be inconvenient for routine data
collection and the alternetive approach of
collecting sanples in the mine, on filters for
sxample, and returning them to the laboratory for
detailed analysis fs very attractive. Q(usstions
have oftan been raised, on the other hand, as to
_the appropriateness of this approach, How wall
do such laboratory methoda deseribe the distri-
bution of serodynamic diameter of the airborne
dust particles in tha mine anvironment? The
purposa of the work described in this paper was
to evaluste sooe laboratory sizing methods and to

1 "

compare the results of such measuremsnts with the
slze data obtained by the direct, in-gitu method.

PARTICLE SIZE ANALYSIS ON RESPIRABLE DUST

A variety of instrumentation is available
for determining the size distribution of
respirable dust particles., Typically thase ars
based on one or another of & few gensral
principies such as sedimentation, light
acattering, inertial impaction, etc. The
neasurad size of a particle will depend on the
principle and epacific technique used to
determine it, 1f all particles were perfect
spheres, or some other uniform shape, it would ba
poesible to correlate the sizes measured by all
techniques through simple gecmetric laws.
However, since dust particles do not have uniform
shapes, and becausa particle gizing devices may
have detection or weasurement limitations,
converaicn factora are generally neaded to
correlate sizes maasured by diffarent techniques.

In practice, all sizing techniques have &
limited range of applicability. For respirable
dust particles, the lower size limit is often a
critical factor. This lower limit may represent
a measurement limit below vhich useful
information cannot be obtained, or, mors
ssriocusly, & detection limit below which
particles are not even observed. HMathods subject
to detaction limits provide size data which are
based on the implicit assumption that the sntire
sapple ia coarser than the limit. This can lsad
to highly significant errcrs, especially since
there is generally no simple procadure for
tasting this assumption. The results of such
measuraments should be regarded as questionable
whenever thers are significant quantities of
material close to the lowar limir.

Sedimencation methods are very reliable and
widely used for size analysie on fine powders.
Their range of npplicnbility for coal psrticles
(with density p=1.5g/ce”) is from about 90 ym to
1 ym using gravity settling. This range can ba
extended to about 0.05 ym using centrifuges. For
ths the moat part, these are messursmant limics
only, i.s. the smount of material finar than the
limit is determined, but no further information
on the size distribution of this undersite
matarial is given. The principal dafacts of the
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ssdimentation methods are that the procedures
tend to be time consuming and relatively large
samples are needed.

Electrical sensing methods, such as the
Coultar Countar, are based on messurement of the
#lectrical resistance of = small apertura
containing an electrolyts solution, This
rasistance depends on the amount of slectrolyte
present in the orifice. Displecement of the
electrolyte by a particle results in & resistencs
change which 1s proportional to particle volume.
The elactricel sensing methods suffer from a
detection limit at about 0.5 to 1 ym. Finer
particles are complately excluded from the
measured dietribution.

Light acattering methods have become
increasingly popular for fine particle sfzing in
receant years - largely due to the availabilicy of
laser optice and the powerful microprocessors
nesdsd for data snalysis. The Leads and Northrup
Microtrac Small Particle Analyzer (SPA) usen s
combination of Fravnhofer diffraction and right
angle scattering to determine particle size In
the 0.1 to 40 ym range. Again, the lower limit
is one of deteaction, and finer particles are not
included in the reported distribution,

Microscopy 1s espacially attractive for fine
particle characterization, since particles are
observed directly and information om shape,
morphology snd compesition can be obtained in
addition to size data. Microscopic examination
iz invaluable for qualicative evalustion of
particle systems, but there are serious defeces
in ite uss for the quantitative determination of
size dietributions. Sampling problems and the
nesd to count axtremely large numbers of
particles generally more than compensate for the
potentisl advantages of this approsch, In
practice, microscope aizing methods are
invariably associated with lower detection
limits.

Cascads impactors are commonly used for
measuring the particle size distribution of
airborne dust. Thess are size-selactive,
multi-stage, maapling devices through which a
stream of dust-laden air {s drawn at a fixed
rate. The sir and dust pass through a eeries of
Progreszively smaller mozzlas, each situated
directly above an impaction plate, At any given
stage, particles with sufficient inertia
(determined by :the valocity of flow through the
noxzle) strike the plate and are removad from the
airstresm. Piasr particles temain entrained in
the air and pass on to the next (higher velocity)
stage. The final stege consists of s finpe filter
which collecte all undersize particles. Cascade
impactors can provide very reliable size data and
ars subject to measurement limits only. Bacaume
of their sensitivity to disturbance during use
and thair susceptibilicy to ovarloading, however,
they ars rather fnconvenient for routine data
collection 1in mines.

_ EXPERTMENTAL
Matarials

The materials used in chie investigation
wera standard vespirable dusts prepared from
Pennsylvania coals: a wedium volatile bituminous

coal, from the Lower Kittanning seam, (designated
1192M} and an enthracite coal, from the Primrose
sean, {designated 867). Details of the
preparation and characterization of these dust
samples have baen given slsevhere (Dusm and Hogg,
1986a),

Procedures

Laboratory Sizing. Since each of the laboratory
¢izing methods involved the use of particles in
liquid suspension, dispersion of the dust in a
suitable liguid medium was a eritical factor,

DISPERSION PROCEDURE: The dust particles
ware dispersed in an agueous solution containing
0.22 by weight of a wetting agent (sarosol OT)
and 0.1% by weight of a dispersant (eodium
mataphosphate) and adjusted to pH 8 using sodium
hydroxide., Deagglomeration was sccomplished by
Placing the suspension in an ultrasonic bath for
tvo minutes, with stirring. Particle dispersion
vas verified by visual examinstion of a drop of
the suspension under an optical microscops,

LADAL PIPET CENTRIFUGE: Sedimentation aise
analysis vas parformed using a LADAL, pipet-
vithdrawl centrifuge system. Details of the
procedures used have been given alsevhere (Dumm
snd Hogg, 1986b),

MICROTRAC SPA: The procedura for particle
size snalysis using this instrument has baen
described in a previous publication (Dumm and
HI’.‘IBS. lgaGC)l

COULTER COUNTER: Analyses were parformed
using s Coulter Counter Model TA following the
Count Mode operating procedurs recommended by the
manufacturar. Dispersed particles were diluted
inte Isoton Il alectrolyte solution and passad
through & 140 ym sparture. A total of about
400,000 counts were taken and data wers collected
in all 16 channels. The instrument was
calibrated with 10,02 ym diameter latex spheres
and set so that this size correspondad to the
boundary betwaen channels B and 9,

SCANNING ELECTRON MICROSCOPY: Analyses ware
carried out or & Japaness Elsctron Optical Ltd.
(JEOL) Model 504 scaoning electron microscops
interfaced to a Digital Equipment Corporation
(DEC) PDP-11/20 minicomputer. The computer
prograam used for the sutomated particle
charscterization wvas the Computer Evaluation of
Scanning Zlsctrom Microscope Images (CESEMI)
program {Hoover, et al., 1975). Samples were
preparsd by paswing a sufficient quantity of a
dilute suspsnsion of the dispersed dust through a
0.1 ym pors size, 25 ma dlamater polycarbonste
Nuclepore filter to produce & uniforn
distribution of the particles en the flat surface
of the filter. Size analysis was partformed at a
magnification of 500X.

Afrborne Dust. Compariscas of the laboratory and
in-situ site analyses were obtainsd by ssmpling
standard dust dispersed in a laboratory dust
chamber and on samples collected in underground
wmines.
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DUST CHAMBER: Airborne dust was prapared in

pe laboratory by loading sbout 1-2 g of dust
e a TSI Model 3400 Fluidiced Bad Aerosol
Genarator, passing it through a TSI Model 3012
Aerosol Neutralizer and then directing it into an
gipram Systems Inc., Aeroscl Test Chamber.
Cascade impactor analyses of the dust were

rformed using an Andersen 1 cfm cascade
mpactor and an Anderson {formerly Sierra} Model
298 persoual cascade impactor. Assesbly and
oparation cf the impactors was according to the
..nufuturcr'l recommended procedure., Bulk
ganples vers algo taken from the chamber using a
Ruclepore Open-Face filter system, operating
gide-by-side with the ispactors, at an air-flow
rate of 2 l/min.

MINE SAMPLES: Dust samplas wers collacted
from the return airweys in three underground
minss designated a» mines A,E, and C, using
modified persounsl samplars, HNuclepore Cpen-Face
#11vers and Anderaen Model 298 cascade impsctors,
The sampling procedures etc., have been describad
alpevhera (Dumm and Hogg, 1986c; Lee, 1986).

RESULTS AND DISCUSSION
Particie Size in Liquid Suspension

The measurad particle size distributions for
standard respirable dust 1192 M dispersed in
vater ars compared in Figura 1. As pointed out
previously, wost of these techniquas ars subject
to lower detection limite vhich can lead to
significant errors in the seasured distribution,
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FIGURE 1, Particls size distributions for
standard dust 1192M obtained ueing varicus
techniques.

particularly at fine sizes, closs to the limit,
This problem is especislly savers for the Coulter
Counter for which the detection limit in this
case vas about 1.6 ym, Centrifugal sedimentation,
which has no detaction limit, indicated that over
20X by weight of the dust was finer than this
size. TFor comparison purposes, therefors, ws
have correctad the Coulter distribution by adding
the underaize material (estimated from the LADAL
data) and renormalizing the distribution using

F(x} = u + (l=u)F'{x) (1)

where F{x} is the corrected cumulative size
distribution, P'(x) is the apparent distribution,
read directly from the instrument, and u is the
eatimated undersize (<l.6im) fractiom. The
corrected form fs given in Figure 1. A gimilar
correction could have been applied to the
Microtrac SPA data, but was considered to ba
unnecessary dua to the very esall amount of
vndersize (< 0,12 ym for tha 5PA) eetimated. Ths
application of such a correction to the SEM data
was not sattespted because the detection limit for
this systesm is not clearly defined.

The results showr in Figure 1 indicated that
the measured size distributions have similar
shapa but are shifted to smallar or larger sizes
depending on which sizing method was used. Thess
differences have besn attributed to the diffarant
definicions of "size™ employed. In a separate
series of expsriments, using very narrow size
fractions of coal, wa have investigated thess
variations and determined size converaion factors
using sedimentation size (Stokes diameter) as ths
astandard (Dums, 1986). The results are given in
Table 1.

“ Table )
Size Conversion Factors, Based ou Stokes
Dismater, Obtained From Experiments on Harrow
Size Fractiona

Method Size Definition Conversion Factor
(Rpethod)  Tmethod/*stokes

Sedimentation Stokes disseter 1.0
Coulter Counter Volume diamster 0,97 2 0,05

Microtrac SPA Random projected 1.29 2 0.11
area dianeter

SEM Stable projectsd 1.50 & 0,12
area dismatar

Application of the conversion factors from
Table | to the messured mize distributions for
respirable dusts 1192M and 867 leads to ths
normalized distributions {(corrected to Stokes
diameter) shown in Figures 2 and 3. It is clear
that the general asgrasment between sadimentation,
electrical sensing (when corrected for undersizae)}
and light scattering is very good., The slight
deviations in tha tails of the distributiom,
which are somawhat exaggerated by the scales used
in plotting, probably reflect the detection limit
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FICURE 2, Distribution of Stokes dismeter for
standard dust 11924 obtained by applying
convarsion factors to the results obtained by
different tachniques.

of the Mierotrac SPA.

The SEM

significant departures from the

data show vary
ather techniques.

This {s probably the result of poor counting

statistics due to failure to resolve

large

mumbers of submicron particles and leading to an
affective detection limit in the 0.5 to 1 um
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FIGURE 3. Distribution of Stokes diameter for
standard dust 867 cbtained by applying comversion
factors to the results obtained by different
techniques.

Alrborne Duat

Disparaion of fine particles in air §g
conaiderably less apenable to precise control
than is dispersion in liquide. In particular,
there is no guarantes that dispersion is not
Sccompanied by some degree of classification,
®.8. preferential loss of coarse particles from
the air-stream. A comparison of Microtrac SPA
analyses of standard dust 1192M from a bulk
sasple and from a filcer ssaple collected after
dispersion in the Elpras Asroso] Test Chamber i,
showa in Figure 4. The axcellent agrssment
indicatesn complete dispsrsion of the dust in the
chamber with minimal loss of coarse material in
the aerosocl generstor,
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FIGURE 4, Comparison of Microtrac SPA sise
distributions for standard dust 11924 ap prepared
and following disparsion in a laboratory duat
chamber and collection op an opan~face filter.

Cascade impactor analyses of standard dust
11924 are shown in Figure 5. The results show
good reproducibility sven when different
instruments are used. Comparison of these
distributions with the daca shown previously in
Figures 1, 2 and 4, tgain shows a definite
similarity 1n the shapes of the distriburions
vith a lateral shife due to the definttion of
“eize."

Direct comparisen of the impactor data with
sedimentation leads to a conversion factor of
1,2] ¢ 0.02 for the two dust samples. Siuce
serodynamic dismeter 1s defined using an
arbitrary density of unity, the conversion factor
for serodynamic to Stokes dismetsr cen be
expacted, on theoretical grounds, to be equal to
the square root of the 80lid density. The value
of 1.21 obtained here would correspond then to a
density of about 1,46 g/ca® vhich s quice
Teascnable for coal,
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FIGURE 5, Aerodynamic aize distribution of
standard dust 1192M dispersed in a dust chamber
and samplad using Andersen Model 298 and ICFM
cascade impactors,

If asrodynamic diameter is used as the
standard for respirable dust, the conversion
factor for aixze data obtained by gedimentation
vould be 1/1,21=0.83£0.0), Similarly,
comparison of the impactor data with the Coulter
Counter, Microtrac SPA and SEM results in factors
of 0.7920,06, 1.1020.09 and 1.1920.17, respec-
tively for converting data from these instruments
to an equivalent asrodynamic size.

Sanples of atirborne dust from enderground
coal mines were collected by three different
techniques: & modified parsonal sampler (MSA
Gravimstric Dust Ssmpling Kit), Kuclepore Open-
Face Filters, and Andarsen Model 298 caacade
impactors. The perscnal sampler separates the
dust, using a cyclone, intc a coarse and a
_"respirable” fraction. Size anslyses ware
“perforzed on both fractions using the Microtrac
.SPA, The overall size distribution can be
obtained by combining the data for comparisen
vwith the filter aamples and cascade impactors.

A comparison of the personal sampler with
the open-face filter is shown in Table 2, which
gives Microtrac SPA sire distributions for two
personal samplies and two filters located in close
proximity in a return ajrway in Mine C. The
close agreement among the four distributions
indicates that the procedures ars reproducible
and not subject to significant biaa. The overall
size distributions and those of the respirsble
fractions are shown in Figure 6.

For direct comparison with cascade impactor
results, it is necesmary to convert ths Microtrac
SPA eires into equivalent ssrodynamic diameters
using the convarsion factor of 1.10 cbtained
praviously. The rasults of such comparisons are
shown in Figures 7, 8, and 9 for three differant

Table 2
Comparison of Overall Dust Size Distributions for
Sanples Collected from Mine ¢ Using Modified
Personal Samplers and Open—Faca Filters

Cumulative Weight Percent Finer

Particle Filrer Pearsonal
Size, um lS!!zles Sampler
2 1 2
42,21 HO.0 1000 100.0 100.0
29.85 6.0 90.4 91,2 88.6
21.10 87.8 78.7 79.4 76.6
14,92 71.6 62.6 6l1.5 5.1
10.55 55.6 46.5 46.0 45.3
1.46 41,3 34.3 35,4 35.0
5.27 21.6 22.6 24.2 24,2
3.73 18.9 14,7 15.5 16,4
2.63 11.4 8.8 10.2 10.6
1.69 6.8 5.1 5.5 6.1
1.01 3.8 2.5 3.0 3.1
0.66 1.3 0.8 1.1 1.1
0.43 0.1 0.3 0.1 0.3
0.34 0.0 0.1 0.4 0.1
0.24 0.0 0.0 0.0 0.02
0.17 0.0 0.0 0.0 0.0

mines. In general, the overall distributions, as
determined by the two different techniques, agree
quite well although the impactor distributions
tend to be slightly coarser, sspecfally for the
eamples frow mines B and C. These discrepancies
have been attributed to the pPresence of
agglomeratee in the airborne dust (Dumn and Hogg,
1986c; Dumm, 1986). Such agglomeratey
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FIGURE 6., Microtrac SPA eize distributions of
coal dust collected at Mine C using personal
samplers (respirable fraction) and open-face
Eilters (total dust).



mmrmmgnmm

"o - -

99 - Persona) Sampler -
Respirable ©

o - Total Fa -

80 - Impactor {Tolal) O -

CUMULATIVE WEIGHT PERCENT FINER

[ AT Lo nn ot
oy o2 05 1 2 5 w20

AERODYNAMIC DIAMETER (pm)

FICURE 7, Distributions of serodynanic dismetsr
of dust collected in Mine 4 using a modi“ied
parsonsl samplar (respirsble fraction and total
dust) and an Andersen Model 298 cascass impactor.

would be registersd as coarse particles in &
cascade impactor but would be broken up by
disperaion in liquid.

It is interesting to note that the aize
distributions of the afrborne dust from the three
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FIGURE 8. Distributions of asrodynamic diameter
of dust collected in Mins B using a modified
personal sampler (respirable fraction and total
dust) and an Andersen Model 298 cascase impactor,
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FIGURE 9, Distributions of asrodynanic diameter
of dust collected in Mine C usfng a modified
perscnal sempler (respirable fraction and total
dust) and an Andersen Model 298 cagcade impactor.

mines were quite similar, probably bacause of the
natural classification effects of gravity
ssttling etc. The respirable fractions vers also
eimilar for the mine duste and for the standard
dust 1192M indicating that the latter simulates
actual mine dust quite well.

CONCLUSIONS

Baged on the results of thass iovestiga-
tions, the following general conslusions can be
drawn:

- 1. Different laboratery sizing procadures
used to analyze particles dispersed in
liquid or in air, give consistent Tesults
provided proper allowance is mada for the
different definitions of sire used and for
the existance of detection limics for some
techniquas.

2, The Mierotrac SPA ia sspecially
appropriate for the analysis of reaspirshls
dust, Samples of as little s 0.1 ng of
dust can be analyzed quite accurataly, the
analysie is simple and rapid, and the lower
detection limit at about 0.1 um does sot
lead to significant srrors. Centrifugal
sedimentation would gleo be highly
2ppropriate, parhaps even mors eo than the
Microtrac eince there are no detection
linits involved, Howaver, the large sumple
size required (vig) render this tachuique
iwpractical for routins analyses. Becauss
of the fairly coarse detection limit (~0.8
um) the Coulter Counter i not recomminded
for the analysis of raspirable dust. Our
results indicate that sbout 10% of the

wrte
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respirable component of mine dust is finer
than this size. Scanning alectron
microscopy (SEM) is not generally suitable
for particls sixza anslysis on respirabla
dust, dua to the problems sssociated with
poor rssclution of submicron particles and
the need to count extremaly large numbers of
particles to obtain reasonable estimates of
the numbers of large particles present.

3. Microtrac SPA snalyses of dust collected
using modifisd perscnal samples or simple
filters offers a useful and reliasble
altarnative to in-situ snalyeis ueing
impactors. It is fmportant to recognizas,
howsver, that the SPA has a lowsr detection
limit at about 0,1 ym. For samples which
are found to contain significant quantities
in the 0.1 to 0.2 m range, further
investigation using, for example, cascads
impactors would bs recommended.

ACFNOWLEDGEMENTS

The wvork described in this papar was
., supportad by the Mineral Institutes program by
Grant No, Gl135142 from the Bursau of Mines, U.35,
Departuent of Interior, as part of the Generic
Hineral Technology Center for Respirabls Dust.

REFERENCES

pusm, T.F,, 1985, "An Evaluation of Techniques
for Characterizing Respireble Coal Dust", M.S.
Thesis, The Pennaylvania State Univeraity,
Univarsity Park, Fa.

Dusm, T.F, and Hogg, R., 1986a, "Standard
Respirable Dusts", Proceedings International
Symposium on Respirable Dust in the Mineral
Industriss, The Pennsyvlanis State University.

Dumm, T.F. and Hogg, R., 1986b, "Estimation of
Particle Sixze Distributions Using
Pipst-Withdrawl Centrifuges", Particle
Characterization, Vol. 3, pp. -128,

Dumm, T.7. and Hogg, R., 1986c, "A Procedure for
Extensive Characterization of Coal Mina Dust
Collected Using a Modified Personal Sempler",
Procesdings Internationsl Sywposium on
Reapirtble Dust in the Mineral Industries, The
Fennsylvania State Univesity.

Hoover, M.R., White, E.W., Lebledzik, J. snd
Johnson, C.G., Jr, 1975, "Automated
Characterization of Particulates and
Inclusions by Computer-Controlled SEM/Probe",
Procesdings of the Microbesm Anslysis Society,
Tenth Annual Conferance, August 11l-15,

Les, C., 1986, "Statistical Analysis of the Size
and Elemental Composition of Airborne Coal
Mine Dust", Ph.D. Thasim, The Pennsylvania
State University, University Park, Pa.



Distribution of Sulfur and Ash in Ultrafine Coal

T.F. Dumm and R. Hogg
Department of Mineral Engineering, Mineral Processing Section,
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ABSTRACT

A procedure for svaluating the size/spacific gravity diser{bucion of
ultrafine coal and tha distributions of sulfur and ash vith raspect to
particle vize and specific gravity is described. Tha procedura is
sessutially an extemsion of the conventional coal washability cechnique in
vhich special precautions axe taken to ansure particle dispersien in the
hesvy organic liquids, ¢entrifuges sre used to obtsin adaquats saparation
Tates, and micromesh sisves are used for size ssparation ac fine sizes.

An exswple of the application of this technique to the evalustion of the
extent of liberation of sulfur and ash tn a coal sampla ground to NI
paseing 200 mesh (74 um) is describad,

INTRODUCTION

In order to detarmine the potentizl for deep cleaning of coal by fine
srinding to libarate sulfur and dsh-forming minerals, (¢t Lis necessary to
obtain data on the discribdutions of thess species by siza snd spacific
gravicy. In conventional cosl Processing operations, this informstion 1g
obtained by mesns of g standard "washabiliey” analysis. Attewpts to
extend this procedure to ultrafine coal, hovever, have gensrally beenm
unsatisfactory and have often led €0 uarelisble and inconsistent results
[1]. The present suthors have described & modified washability procedure
i vhich cumulstive epacific gravity lractionation is combined with
sub-sieve aize analysis (by laser diffraction/light seattering) <o
datermine tha particle size/specific gravity distribucien of ultrafine
coal {2]. Unfortunately, because this tachniqua doss not iovelve
separation of the individusl fractions, ouly limited fnformation can be
obtatined on the specific discributions of sulfur and ash,

The objective of tha work described in this papsr was to devalop and
avaluate a procedurs for sizs and specific gravity fracciomation of
ultrafins cosl and to ase conventional snalyses for sulfur and ash to
daternine thair relative disertbution 4o the cosl. Tha procadurs is
essencislly a simple extension of the scanderd washability amalysie (3]
but incorporating spacial precautions for tresting ultrsfine particles,

EXPERIMENTAL
Material

Tha material uead in the development snd eveluation of the ultrafine
coal frasctionscion procedurs was & medius volatile bitumineus coal from
the Lower Kittaoning seem. A wample of the coal (nominslly - Kk tnch),
obtained from the Penn Stace Coal Dats Basa, was ground te 902 passing 200
wesh by the following two-stags grinding procedure: About 2 kg of the
as-received coal wers ground to sbour 30% passing 200 mash in & Hodel 4-E
Quakertown =11l (“"coffee grinder"). Aboue 1 kg of this product vas then
ground to abeut %0I passing 200 mesh in 2 Holmes Model 300 Pulvariser.

Specific Cravicy Practionation

Ssparaticn into specific gravity fractions was sccowplished by
centrifugation in heavy orgsaic liquids obtained from Amaricen Chameol
loc., Coranpolis, PA. Approximately ) g samples of the coal were
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dispersed in 500 ml Teflon bottles containing 300 ml of tha appropriste
liquid to which 2I by weight of the surfsctant Aerosol OT {vonaqueous) had
bean added to snsure adequate dispersion of the particles. The heavy
liquid suspensions were subjected to a 1-2 minunee ultrasonic treacment for
deagglomeration of the fine particies prior to separation. The botelas
vars centrifuged at 1000 rpm {n ao International Equipment Co., Model K
centrifugs. Saparation times vers establizhad by visual examination of
the suspension, 1.ea., centrifugation was econtinued until the central
portion of the bottle vas essentially clear., Timas vanging from about 5
hours up to 20 hours (for the lighter fractions which concainm many near-
gravity, fine parcicles) were found to ba necessary for complete
separation. The float and wink fractions wers collacted using che
pinch-clamp techniqua described in a previcus publication [2). The solid
particles vere separated from the liquid uaing 0.2 um pore size Nuclepors
polyeststr membrane filters,

Sire Separation

Aftar drying end weighing, che individual specific gravity fractions
vare removed from the filters and dispersed in an aqueous solucion of 0,21
by waight Aeroscl 0T, 0.1% sodium metaphosphate and 0,12 Daxad i1 KLS, in
distilled wetar. Ultrasonic trestment vas used to aid in resoval of the
particles from the filter membrane and for deagglomeration. The resulting
suspsnsions were wet-screened ac 200, 270 and 400 mesh using conventional
woven-wire acreens and using the dispersing solution only to wash the
particles. FPurcher classification of the —400 mesh matarial vas
accomplished using electroformed micromesh scraeng, {(Buckbes Mears Co.,
5t. Paul, MN) by ths following procedure: :

The =400 mash filtrate vas alloved to stand for 10 to 15 minutes in a
500 wul beaker. A 43 mm diameter electroformed screes was placed intc a
Nuclepore filtar holder and claamped in place. 4 slight vacuuw wam
applied to the microsesh sieve using an aspirator. The solution in the .
besker vas carsafully decantad through the sisve and collectad in a 500 ml.
filter flask. The settled particles in the beaker wers then redispersed
with about 30 ml of dispersing agent, given a fev wore minutes to stand,
aod decanted through the sievs. This decanting process wvas tepsatad two
or three times depanding on the quenctity of the settled particles and
density of the liquid sfter aach decantation. In order to remove ag many
Basr-size particles as possible, the settled partfclea vere poured onto
the sieve. The Tygon tubing leading frow the filtar flask to the filter
holder vas clemped by hand, end & small smount (~ 10 ml) of dispersing
solution was added te the particles in the holder. Whila providing an
agitation to the slurry in the Filter holidar, the clasp on the tubing was
seatly relessed providing & emall amounc of suction for removing the
undersize particles while at the same time siniaizing the formation of a
filter cake on the screen. When all of the fluid hed passead through the
scresn more dispersing liquid was added and the process was continued
until the fluid leaving the filter holder wam ciear. The undersize
particlas were then placed into suitable beskers and given time to sattle
for the next decantation through a smaller screen. The oversize particles
vers rinsed from the micromesh screen and filtered onto & 0.2 ym Nuclepore
filter.

Sglfur and Ash Analyses
The total sulfur content of each size/spacific gravity fraction wvas

determined using a Leco sulfur analyzar (Laboratory Equipment Corp., St.
Joseph, HMieh.).



Ash contents ware determined by the scandard ASTH procedure [4],
¥han thers vas fnsufficient material in a fraction (leas than ~ 0.1 g) to
deteruine the ash centent by this procedure, & modified ash analysis vas
usad. In the modified procedure, & small amount (5-50 g} of the sample
to ba ashed vas dispersed in approximacely 20 ml of dispersing solution
and daposited onte & 25 m 0.2 um Nuclepors membrane filcer of known
weight.

‘ The conl and fileer wers Tewelghed on s Mettlar M) microbalance to
obtain the weight of deposited conl, The filter was then placed inte a
elaan porcelain erucible, which vas put intc a muffle furnace and ashed
aceording to the ASTM recommendations. When ashing wvas complete, the
crucible was removed and the ash vas disparsed in the crucidle using
disparsing solution and ultrasenic agitation. The contents ¢f tha
crucible vare poured onte a tared Nuclepore wembrane filter and raveighed
to detersina the weighc of ssh,

RESULTS AND DISCUSSION

Approximacaly 35 grans of coal vas sepsrated into specific gravicy
fraceions of 1.3 float, 1.3xl.6, 1.6x2.0, 2.0x2.5, 2.5x2.95 and 2.95 eink.
The specific gravity fraceions vere then sieved at sires of 74, 53, 3a,
26, 17, 10 and 6 ym. The tesuleing eize/specific gravicy discribution
aleng with the corresponding ash snd sulfur for aach size/specific gravity
fraction are showm In Table I. In soma instances, it was not possible to
determine the ssh or sulfur content because thars wvas an insufficient
amount of material io the fraceion. In perforaing the mass balancs and
ploteing some of the data, therefore, reasonable estinetes of these
uvadeternined values were made bazed on values obtained for the ocher sixe
fractions of that particular spscifie gravity. From a sasa balance of the
data, the caleulated sulfur concent of the cosl was 2.052 compared to the
actunl of 2.451. The caleulated ash content of the coal was 9,507 and the
actual ash contant was 9,702, .

The size discributions obtzined oo each specifit gravity fraction are
shown in Figure 1., As expactad, this figure shows that there 13 an
obvyious trend 1in the sizs diseribucions wich increasing epacific gravicy.
The 1.3 float sire distribution 10 quite cozrse and narrow vhile tha
2,522.95 fraction has the finest and brosdest distribution, The 2.95 sink
matarial, vhich appasred to be mostly liberated pyrice, did net follow the
trend and was cosrser and narrower that the 2,5x2,95 fraction.

The weight parcents of coal i aach size/specifie gravity fraction {»
Prasanted as a block disgram in Figure 2. Thia figure clearly shows that
the 1.3 float and 1.3x1.6 fractions comprise slmost 90 parcent of the
total weight of tha cosl. The ramaining 10 percent is distributed fairly
evenly throughout tha highsr epecific gravity fractiona. The gize
distribution within sach specific gravity fraction is approximately
normally distributed allowing for the fact that the +74 ym and =6 ym
fractions ars the widest intervals,

Figure 1 shows the weight percent sulfur vetsus mean particla size
for each spacific gravity. 1t can be sasu from the figura that there ia
vary littla change in sulfur content as particle size decrasses vithin the
1.3 float and 1.3x1.6 specific gravity fraccions. Hevever, thers do
&ppear to be slight decreases in the sulfur contents of tha larger aize
fractions of tha higher specific gravicy fractions.

The sulfur content fn each atse/wpacific gravity fraction, axprassed
4% & percent of the totzl sulfur in the coal, iz presented e & bloek
diagram in Figurs 4. Wieh the sulfur discributien expressad this way, i
can be seen thar thy distribution 1s bimodal and that the largesc
concentration of sulfur occurs in the vary fina, high specific gravice
fractions. Despite the fact that the sulfur coocentrations in the 1.3x1.6
spacific gravity fracetion is telativaly lav (v 1I), thia fraction actually
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TAME I. Size-specific gravicy distribucion with corresponding ash and
sulfur valwes of ths ground coal.

SPECITIC +74 53 x 74 ym ¥x 3y
GRAVITY B2 X 25 WX 15 ¥e.r I 1s

1.3 FLOAT  3.85 1.65 0.8l 3.32 1.9 0.8% .62 1.27 o.n
L3x1.6 9.3 4 o097 .77 8,04 0.9 .15 &.9% 1.0
1.6 x 2.0 0,86 36.% 1.52 0.52 .5 1.93 0.43 32,7 1.2
2,0 x 2.3 0.25 68,3 1.42 0.11 38.4 - 0.13 60.5 -
2.5x 2,95 0.19 76.2 - o.10 72.3 - 0.11 7.5 -

2.95 SINE 0.08 71,1 27.8 0.06 - at.s 0.12 64.9 40.0
13,38 1588 15,56

SPECIFIC 26z 3 m 17 x 26 ym W=7 ym

GRAVITY ¥l A 15 We.l 2 Is Be.I IA 13

1.3 AT 4,63 L.22 079 0.80 0.92 0.83  0.25 1.51 1.04
L3z 16 1746 533 093 695 374 0.95 .96 3.35  0.95
1.6x2.0  0.84 36 200 033 264 200 041 3.4 2.0
2.0x 2.3 0.26 56,9 4.18 0.16 54.0 - 0.26 38.7 3,60
253295 023 7L T4 042 6.2 - 0.27 ey  s.02

2.93 SINK 0.4k 67.8  42,) 0.24 66.8 4l.6 0.40 67.0 4.1
oI

SFECIFIC §x 10w -
GRAVITY We.X F'Y p] we.l _!:_ 15 IWe . X IAL IsT
1.3 r.oar 0.05 - - 0.13 - - 16.7 0.22 0.14

13z L6 335 311 o 1235 303 LO? 724 396 .70
L6x2.0 012 M6 297 0.8 193 202 ad 1.2 0.09
20x2.3 011 M5 - 02 S8 LM 2.0 L 0.
252295 018 66 838 120 604 818 2.4 187 0.0

3.95 SO - 0.25 66,3 459 0.5t 3.9 3.4 .1 0.0 31,
LR 50 WS & !Tlsr}
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contains about ons-third of the total sulfur, simply because it is the
domipsnt fraction by weight. In order te gain a better undarstanding of
the sulfur distribution in the coal, further specific gravity
fracticnation betwesn 1.J and 1.6 specific gravities would be necessary,
Also, it would be of considerabls interast to determine the sulfur forms
in these lowver, but most abundant specific gravicy fractions. This
information could be used to determine at vhac size liberation of pyrite
is complate and only organic snd sulfate sulfur remain.

The ash content is ploctted versus mean parcicle size for aach
spacific gravity in Figure 5, which shows, chat thare is a significant
change in anh content wich size for each specific gravity fraction except
the 1,3 float. The scatcer associated with the ash content values of the
higher specific gravity fractions is dus to the fact that only small
quanticties of material wvere svailable for analysis. Tha decraase in ash
content in the 1.3x1.6 specific gravicy fraction could be explained by
libevation of locked ssh particles at the finer sizes. It would appear
that the inharent ash content of the 1.3x1.6 fraction is about thras
percent, Agein, hovever, further specific gravity fractionstion of the
1,3x1.6 interval would ba necessary in order to fully evaluate the ash
distribucion,
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FIG. 5. Variation in ash content with particle size for the
different specific gravicy fractions.
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The ash distribucion is shown in Flgure © as a block diagram, This
showe that over 40 percent of the total ash In the coal occurs within
specific gravicy fractions less than 1.6. Also, about 20% of the ash in
the coal ia asycciatad vith particles which are smaller than 6 ue in size,
In particular, the 2.5x2.95, -6 um fraction, vhich sppeared to be mostly
fine clay, contributes s significant amount of ash. Othervise, tha

parcent of tocal ash is fairly evenly distributed in the specific gravicy
fractions greater than 1.6.

SPECITIC
CRAYITY

&.0 19.0 1.0 .0 n.e .0 .0

SIIZ, wm

FIG. 6. The distribution of ash content {expressed as percent of
total ash) with respect to size and specific gravicy,

A more conventional representation of the ceal washability is shewm
in Figure 7. 1o this figure, the data are couptessed to give tha product
characteristice vhich would result from any given specific graviey
separation. Representation in this form {a very useful for estimsting the
perforasnce of gravity separation processes and for specifying operating
conditions, Howsever, the block diagrams given in Figures 2, & and 6
provide considerably mora information on how ssparations wight be effected
snd on the potential for further grinding to increams liberation or for
the use of staged separation processas.

CONCLUSIONS

A size/specific ‘gravity distribution and the asscciated sulfur and
ash distributions were determined for a medium volacile, Lower Kitcaning
coal crushed to 90X minus 74 yn. From the results, it would appear that
the convantional washability technique can indeed be extended to includa
subgieve particles, however, certsin precautions must be obaerved.

The centrifugstion time can be considersble (up te 20 hours ae 1000
.Tpm) for the very small, nesr-gravity particles to separats, particularly
in the 1.3 and L.6 specific gravity fractionstions. Care muat be taken to
ansure that the particles are dispersed in the heavy liquids and thae they
remain dispersed vhile separating. Also, the solids content of the
particles {n suspansion should be kept sy lov as possible (prefarably lesa
than ~ 11 by weight) to reduce the chance of sgglomeration.

Care muet also be taken to keep the particles well disparsed during
subsieve size fractionatiou. Having wall dispersad suspensions allows
assy passuge of vndarsize particles through a micromesh sieve by decanting
the cop part of the suspension, Some patience must be exercised in

resoving the nesar-size particles b this pr will take more time
than the removal of the finer sires.
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riG. 7. Washability curves for the ground coal.

Although the vashability procedurs for ultrafine coals is more tine
consuming &nd requires more funalycicel care, the results yield much
information on the distribueton of sulfur and ash in the coal. The
specific gravity iatervals of choice are srbitrary and {¢ appaars from
this study that for thie Particular coxl, more spacific gravicy

' fractionation should be perforaed between the 1.3 end 1.6 intervals.
Finally, although 35 grams of coal wers fractionated, thera atill resulted
soma aize/epecific BTavity intervala which had vary lictlc materia] in
thew. In order to ieprove the aceoracy of the subssquent sulfur and ash
anzlyses for this particular coal, mors feed coal (100-200 grams) would
have to be processed,
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Surface Characterization for Coal Processing

R. Hogg and S, Chander
Department of Mineral Engincering, Mineral Processing Section,
The Pennsylvania State Unjversity

INTRODUCTION

The behavior of particulate systems In general is determined by the
properties of the solid and fluid phases and of the interfaces between them.
As particle size is reduced, the interfacial effects become increasingly
important until, in colloidal systems, they become completely dominent,
Interfacial phenomena are especlally importent in coal processing for a
variety of reasons. Because coal is naturally hydrophobic and its density
fa low, surface forces begin to dominate over gravity at relatively coarse :
sizes. Coal 15 thermodynemically unsteble in the presence of air, so that
eurface oxidation occurs readily leading to important varistions in surface
propertles with time and environment, These effecta are further i
compounded by the inhersnt heterogeneity of the material,

Burface characteristics and properties play a significant role in mast
aspects of coal processing. Comminution, for example, is & process of
creating new surface, while agglomeration involves the reduction of surface
area and is usually controlled by surface forces, Both solid-solid and
solid-liquid separations are influenced by interfacial phenomena, Gravity
separations are usuelly performed in a liquid phase and are affected by the
wetting characteristics of the various solids present and by the need to
ensure proper dispersion of the individual particles. Froth flotation, of
course, separates particles on the basis of differences in surface
characteristica, Chemical processes such as leaching generally involve
interfacial reactions whose rates dep. nd on surface area and may be
influenced by electrochemical effects in the electricel double layer at the
solid-liquid interface, or by sadsorption of reactant and/or product species
from solution. SoMla-liquid separstions and associated pProcesses such ag
flocculation are strongly dependent on the nsture and propertisa of the
solid-Hguid interface.

In characterizing solid surfaces, it is important to congider firat the
surfsce area, since this determines the relative importance of the interfacial
effects, The structure and chemical composition of the surface may
depend on the distribution of different petrographic constituents and
impurities such as finely diaseminated mineral matter, on the extent of
surface oxidation, and on adsorption from the environment. These, in
turn, will generally determine the surface properties which define particle
behavior. Since the relationships between structure ete,, and properties
are not generally known, it is usually necessary to measure properties such
as wettability and electrical charge directly.
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SURFACE AREA

1t i convenient to consider two contributions to the surface area of a
particulate solid; external and internal surfece. The asxternal surface ie
determined by the geometry (size and shape) of the particles as modified by
surface roughness. Internal surface refers to the contribution of pores,
eracks, etc., within the individual particlea, and is particularly important
in coal, which {a typically highly porous. The distinction between internal
and external surface is generally somewhat arbitrary and may depend on
the method of measurement.

Geometric Surface Area

The external surface area of a particulate material can be evaluated
from & knowledge of the particle size distribution and the particle shape.
For a single particle, or a system of identical particles, of size x the
volume specific surface 8§ (surface area per unit volume) is given by

¥,
Sv = ;3— (1)
where k_ and k_ are the sppropriate shape factors which relste the linear
dimensiof x .to the surface area and the volume of the particle,
respectively. Since these factors are not generally known, except for

simple shapes, they are often combined into a single, specific surface shape
factor k av {equal to kafkv) such that Equation 1 reduces;to

k
BV
= 3

For spherical particles of diameter x, k“ = §, and Equation 2 can be
used to define & specific surface mean diameter, isv such that

Yov K, 3

In a real powder with a range of barﬁcle sizes, the specific surface
area can be obtained by integration over all sizes. If the shape factors are
independent of size, this leads to

=
s\"

8, =k ‘;r %! q(x)dx 4)

where q(x) is the particle size density function such that q(x)dx is the
volume fraction of particles whose diameter lies between x and x+dx.

Equstion 4 can be used to svaluate the aspecific surface area of a
perticulate material by numerical integration using measured sisze data.
Alternately, if the size: distribution can be shown to conform to a specific
mathematical function, the integral can often be evaluated to yleld a direct
relationship between specific surface and the parameters of the distribution.
(Hogg, 1980). It is important to recognize that such relationships generally
lead only to an estimate of the external surfsce area, and may be subject to
significant error due to:

1)  imprecise knowledge of the shape factors and thelr possible
variation with size.

) incomplete information on the size distribution, especially in
the fine sizes which tend to dominate the surface srea.

Nevertheless, these relationships can be useful. Comparison of calculated
with directly measured areas, for example, ean give information on surface
roughness, porosity etc.
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External Surface Area

External surface area can be obtained directly from measurements of
the permeabllity of a packed bed of powder to a fluid (ges or liquid). This
approach is based on the assumptions that the pores in a packed bed can
be treated as a bundle of cepillaries with some effective mean radius, and
that fluild flow jis laminar through each pore. Flow through the bed can
then be deacribed by the well-known Carman-Kozeny equation (Carman,
1936; Kozeny, 1927) which relstes flow rate at a given applied pressure to
the porosity of the hed and the external surface area of the particles,

Commercially available equipment for the measurement of specific
surface grea by gas (air) permeametry includes the Fisher-Sub-Sieve Sizer
which usee a system of callbrated jets and a manometer to determine gas
flow rate at fixed pressure through a specially prepared powder bed, and
the Blaine Permeameter which uses Mquid displacement to force a fixed
volume of gas through e particle bed. Preparation of the bed is critical for
both instruments, and stsndardized procedures must be followed, Liquid
permeameters can also be used (Allen, 1981) to estimate external surface
area for relatively coarse particles,

Total Surface Area

Gas Adsorption: Gas adsorption messurements can be used to
determine the fotal (external plus available internal) surface area of solids.
At the interface between g solid and a gas, there is an jmbalance of
intermolecular forces. Attractive forces exist which are opposed by the
thermal motion of the gas molecules. The net result {a aitendency for gas
molecules to accumulate in the vicinity of the surface, i.e. to adsorh, The
extent to which a given gas at a given temperature and pressure is
adsorbed onto the surface of a solid i in direct proportion to the surface
area. If the specific relationship between gas pressure and amount
sdsorbed - the adsorption isotherm - 1s known, adsorption data can be uged
to evaluate the surface ares of the solid,

Various empiricel and semi-theoretical models are used to describe
edsorption isotherms. The well-known Brunaver, Emmett and Teller (BET)
isotherm (Brunauer et al., 1938) is based on the assumption that adsorption
takes place reversibly at specific sites on the solld surface and that
multiple adsorbed lgyers can be formed, by succesaive adsorption, in &
Process similar to condensation of the gas st the surface. The BET model
leads to the following expression for the adsorption isotherm:

p_,.1 (C-1) p
vpo-p vlll * vlll pO ®

where p_ is the saturation pressure of the gas and C is a constant which
denotes the strength of the adsorption of the first layer relative to thet of
subsequent layers. If the volume of gas adsorbed is messured at a series
of preasures and, from the data, a plot is made of the quantity p/v(p -p)
versus the relative pressure P/p_. a straight line should be obtaifled.
From the slope 8, and the intercept I at p=0, the monolayer volume and the
constant C can be obtained from v = 1/(I+8) and C = 1+I/8. It is
generally found that, for the phylicalmadaorption of gases such as nitrogen
on typicel mineral surfaces, the BET equation appliea for pressures ranging
from 5% to 30% of the saturation preasure,

When, as fs often the case in prectice, the constant C is large,
corresponding to strong adsorption of the firgt layer, drastic simplification
of the BET equation is possible. Under these conditions, Equation ¢5)
reduces to

= =
v

m Po P

(6)

and the monolayer volume Vi C8n be calculated from a single determination
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of the volume adsorbed at some pressure. This equation forms the basis of
the so-called singie point techniques for surface aree measurement. [t
should be emphasized that Equation (8) is wvalid only when C is large, so
that the single-point determinations should be used with care. If possible,
the validity of this approximation should be tested by determination of

several points on the isotherm before the single-point method is aceepted,
say for routine work.

For highly porous materlals like coal, and where total surface area is
important, the BET type of gas adsorption models are not appropriate
because:

f)  adsorption equilibrium is not attained at the temperatures normally
used for measurements

ii) the BET model is ineppropriate due to the finite (and small) size
of the pores.

The Dubinin-Kagener-Radushkevich (DKR) Adsorption Isotherm (Dubinin,
1955; 1960) which has found increased application in recent years for
determining surface area of coals, i a semi-empirical expression of the
form,

2
1n (v!vm) = -B(1ln pofp) (7

where B is constant., The DKR equation is particularly useful at very low
relative pressures, where the BET isotherm is inapplicable, and has been
applied to the adsorption of CO2 on coals at room temperature (Mahajan and
Walker, 1978).

Once the monolayer volume Yo is known, the surface ares of the solid
can be calculated from:

S = 0.268 9%, Vm (8)

where § is . the total surface area of the sample (mz) V_ 1s the monolayer
volj.lme (em™) end o 1s the area occupied by a single adsorbed rnolecuie
(A®). The moleculas® area for nitrogen is generally accepted to be 16.2 A :
values for other gases are available in the literature (Sutherland, 1867;
Kantro et al., 1967),

An alternative spproach for the application of gas adsorption
measurements for surface characterization makes use of the observation
that, when fractional surface coverage v/v_ is plotted against relative
pressure p/p_ for a asingle gas on & Warlety of solids, a single
characteristic Ysotherm s obtained. Based on this concept, de Boer et al.
(1956; 1964) developed the so-called “t-plot" technique in which the
quantity v/v_ is interpreted in terms of the thickness t of the adsorbed
film. t is dssumed to be uniquely related to relative pressure for any
particular gas and extensive tabulstions are aveilable (de Boer et al., 1856;
Lippens et al., 1864; Adamson, 1982).

The t-plot is obteined by plotting the messured volume of gas
adsorbed at different relative pressures sgainst the corresponding t values,
obtained from the tables. The resulting plot should be a straight line
whose slope ls proportional to surface area. Devlations from linearity can
give additional information on the morphology of the surface, the presence
of microspores ete., (Mikhail et al,, 1968).

Gas adsorption 1isotherms can be measured experimentally by
volumetrie, gravimetric, or continucus-flow (chromatographic) techniques.
In the volumetric approach (Emmett, 1840) the solid is first outgassed,
usually by heating in high vacuum, and then exposed to a known quantity
of the adsorbing gas. The amount adsorbed is determined from the
difference between the measured equilibrium pressure and the ecalculated
velue based on the guantity of gas admitted and the system volume,

79
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Gravimetric methods involve direct messurement of the welght of pgas
adsorbed at different pressures. This approach is rarely used for surface
area determination. The continuous-flow techniques (Nelsen and Eggersten,
1958) use gas chromatography to measure the change in composition of a
mixture of the adsorbate gas (usually nitrogen) and a non-adsorbing carrier
gas (usually helium) after passing over a sample of the powder.
Advantages of the continuous-flow method are that the messurement is
direct rather than by difference and that the need for troublesome,
high-vacuum systems js eliminated, Disadvantages are that the systems are
inherently expensive and that they are less suited then the volumetric
types for satudies of hysteresis effects etc., which can provide useful
information on pore structures and the nature of the internal surface., Gas
adsorption procedures have been described in some detail by Alen (1981).

Gas adsorption measurements can provide wuseful, but sometimes
ambiguous, informetion on the cheracteristics of coal surfaces, For
example, nitrogen adaolrption typically indicates internal surface areas of
the order of 1 to 10 m*/g depending on the coal. CO2 adsorption, on the
other hand, often gives values which are ten or more®times larger on the
same coal. The discrepancy has been attributed to the considerably more
rapid diffusion of CO, into extremely fine pores at the higher temperatures
which can be used fo:z this gas (Mshefan and Walker, 1978). However there
is also evidence that CO, adsorption cen cause frreversible changes in coal
structure, suggesting thit there may be a specific chemical affinity of the
gas for the soljd.

Adscrption from Solution: In principle, it should be possible to use
adsorption at the solid-liquid interface to determine surface area in much
the same way as gas adsorption is used. If dye or other large molecules
are used as the adsorbing species, such that they do not penetrate the
micropores, this method could also be used to estimate the external
(accessible) surface area of porous solids such as coal. In' practice,
however, a number of problems are encountered due to the greater
complexity of the adsorption phenomenon, competition between solvent and
solutes for surface sites and the effects of solution composition on the
interaction forces responsible for adsorption (Somasundaran and Fuerstenau,
1966; Wakamatsu end Fuerstenau, 1968). Probably as a result of
complications such as these, surface areas measured by adsorption from
solution tend to be inconsistent and often do not agree with values obtained
by ges adsorption. Nevertheless, a number of methods have been
described in the literature and are discussed at some length by Allen
(1881),

PORE STRUCTURE

QGas adsorption measurements can be usged to obtain information on total

pore volume, pore size distribution etc., from studies of hysteresis in the
adsorption-desorption isotherms (Crenston and Inkiley, 1957) or from
non-linearities in the t-plot (Mikhafl et al., J868), These methods are
particularly useful for pores in the 30 to 300A size reange (Pierce, 1953;
Mehajen and Walker, 1878). Very emall pores can be investigated by
"molecular probing", i.e. by comparing apparent pore volumes obtained
using gases of different molecular size (Spencer, 1967).

Larger pores (>300A) are usually studied by means of mercu
orosimetry. Since most eolids, including cosl, are not wetted by mercury,
external pressure must be applled to force the liquid to penetrate the
pores, For a pore of radius r, the required pressure p is given by a form
of the Laplace equation (Washburn, 1921):

p= '21 cos 6 (g)

r

where y is the surface tension of the liquid (480 m-gm'c-m2 for mercury) and
@ fis the contact angle (about 140° for mercury on most solids).
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Experimentally, the volume of mercury which enters the pores {8 measured
as a function of progressively inereasing pressure, leading to a direct
estimate of the cummulative (volume) distribution of pore radius.
Commercial porometers are avallable which can operate, at pressures up to
100,000 pel, corremponding to pore radii of about 10A. Such pressures,
however, can lead to disruption of the solid. Mercury porosimetry hes
been discussed at length in the literature (Alien, 1981; Scholten, 1967;
Rootare and Nyce, 1971),

SURFACE COMPOSITION AND STRUCTURE

The chemical and physical nature of the surfaces of coal particles can
have very significant effects on their behavior during processing, eapecially
In view of the inherent heterogeneity of coals, the potential for alteration of
surface functional groups due to oxidation, and the presence of finely
disseminated mineral matter,

Surface Analysis

The objectives of surface anslysis of a solld are determinations of
composition (elementsl, mineralogical, etc.}, structure (atomic geometry,
vacancies, morphology, ete.), and molecular and electron dynamics of
surface atoms, Surfece analysis of solids is, unfortunately, not an easy
task because in rea! solids, the properties of the material often deviate from
their ideal bulk values, for depths of up to & micron, in a spatially
inhomogeneous manner.

A large number of instrumental methods, see listing in Table 17.1, is
now available for surface analysis of solids in which an excitation signal
(electrons, photons or lons) is used and the emission from the solid
(electrons, photons and ions) is detected and measured. The sanalysis of
surface leyers is achieved by either limiting the excitation signal such that
only the surface layers are penetrated or by measuring a signal which
comes from surface layers only (the signal from atoms beneath the surface
is absorbed by the solid). The thickness of the material which generates a
signal to be measured by the detector is called the escape depth, The
escape depth, which can vary from a few angstroms to a micron, is an
indicator of the thickness of the layer of the surface being probed by the
measurement technique, When the escape depth is small, the technique can
be considered as a true surface analysis method., The escape depth is a
complex function of the type and energy of the excitation signal and the
absorption characteristica of the solid.

The type of analysis technique to be used depends upon the objective
of the analysis, that is, how the information 1s to be used. Unlike the
physical methods of surface characterization (surface area, pore volume,
ete,.) which may be used for routine characterization, chemical methods are
used mainly as research tools. Therefore, only the broad principles,
capabilities and limitations of these methods are given in this chapter. The
purpose of this discussion is to make the resder aware of the availability of
a large number techniques for asurface analysis of solids. Many of the
instruments are commercially avallable and the reader must refer to
additional literature (books {(Casper and Powell, 1882), review articles
{Chander, 1981; Fuerstenau and Chander, 1982; Giesekke, 1883) and
manufacturer's guldes) once the need for e certain kind of surface analysis
has been established,

Surface Structure: Relatively large-scale features can be investigated
by microscopy, using optical micrgscopes down to about 1 uym or scanning
electron microscopes to about 100A. Optical reflectance messurements are
used extensively in coal characterization, but the results are generally
interpreted in terms of bulk rather than surface characteristics,

Diffraction Methods such as low energy electron diffraction (LERD) and

8l
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reflection high ener electron diffraction (RHEED) can be used to obtain
information on the atomic structure of the surface layera (Adamson, 1982;
Casper and Powell, 1982). Essentially, a diffraction pattern iz obtained
much ae with conventional x-rey diffraction, However, due to the low
penctrating power of low-energy electrons or by using glancing incidence of
& high energy electron beam, the pattern obtsined is indicative of
periodicity etc., in the surface rather than in the bulk solid.

Surface Composition: It is obvious that the composition of the surface
layers will significantly affect the surface properties. Impurity levels in
the surface may be quite different from those in the bulk due to adsorption
or to segregation within Individual particles, Indeed, impurities whose bulk
concentration is too low for detection could pPlay a dominant role in
determining surface characteristics. Examples of such cases are very
common in mineral processing systems, It is well known, for instance, that
surface oxidation has very important effects in sulfide flotation; surface
hydroxylation in oxide minerals largely determines the electrical charging of
such particles in water. Flotation of coals depends strongly on the nature
of surface functional groups.

A number of techniques is available for determining the chemical
composition of surface layers. An energy dispersive spectrophotometer
attached to a scanning or transmission electron microscope can be used to
determine the spatial distribution of elements in the surface layers of a
specimen, The electron microrrobe attachment to a scanning electron
microscope cen be used to iden ify surface species over an area of about
one square micron. In Auger electron spectrogcopy, an incident electron
beam is used to excite surgace atoms leading to the emisstion of so-called
Auger electrons (Brundle, 1982). The emission spectrum 1s characteristic
of the particular atom. Auger spectroscopy 18 used primarily for the
identification of surface species. Auger and LEED capability are often
combined in e single instrument.

Electron spectroscopy for chemical analysis (ESCA), also known as
x-ray photoemission spectroscopy (XPS), and ultraviolet photomission
spectroscopy (UPS) are techniques based on principles similar to Auger
spectroscopy, except that x-ray or ultravialet radiation fe used for
excitation. Because of the smaller escape depth of emitted electrons
{10-50A), the technique is suitable for analysis of surface layers.

Infrared (IR), Fourier transform infrared (FTIR), Raman, nuclear
magnetic resonance (NMR) and electron spin resonance (ESR) spectroscopy
can be used to evaluate the structure and binding of adsorbed layers
(Adamson, 1982; Little, 1966; Fuerstenau and Chander, 1982).

Ellipsometry has been widely used in investigations of surface flimas.
In this technique, an incident beam of plane polarized light is elliptically
polarized on reflection from the surface. From the phase shift sand the
relative amplitude of the parallel and perpendicular components, the
thickness and density of the film can be evaluated (Archer, 1964).

Photo-aceoustic spectroscop (PAS) is & technique in which a
photo-acoustic slgnal is generated when the sample absorbs electromagnetic
radiation of a specific wavelength, The absorbed energy is converted into
thermal waves that produce acoustic waves in the gas surrounding the
sample and ere detected by a microphone. Fourier transform infrared PAS
has been used for coal characterization {Vidrine, 1980) and the spectrum
shows comparable, if not better, resolution compared to the diffuse
reflectance IR spectra of coal obtained under similar conditions, One of the
mein advantages of PAS {s that the analysis does not require any special
sample preparation.

It should be emphasized that the above techniquee ecan give information
on the physical structure and chemical composition of the aurfaces and
adsorbed films, but that the relationships between thege characteristics and
the actual response in the various fine coal processing methods are not
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generally known, Consequently, these ghould be regarded es largely
qualitative tools for investigating differences in properties end departures

from norma! behavior. At present,. they have very Ilittle predictive
capability, .

Composition of Cosal Surfaces

Coals are generally analyzed either for the moisture, ash and volatile
matter content or for elemental (C, H, N, S and O) content,. Sometimes
composition of minerals in the ash is salso determined. Only in recent
years, since it has become necessary to process fine coals more effectively,
the need to characterize surfaces of coals is being fully recognized, Of
major importance to coal processing is the nature and concentration of
functional groups containing oxygen. The oxygen-containing funectional
groups inciude -COOH, =CO, -OCH_, and both slcoholic and phenolic -OH,
There is some evidence for pero:ade and esteroxygen and heterocyclic
oxygen. The methods which could be employed to determine these
functional groups may be divided into two Eroups:

+ Spectroscopic methods
+ Chemical methods

Bpectroscopic methods ineclude IR, FTIR, PAS and Raman Spectroscopy
and are described in a previous section of this chapter, These methods
have been used to determine the nature of functional groups in coals.
(Fuerstenau and Chender, 1982; Giesekke, 1983). Chemical methods include
various titration procedures in which the amount of a chemical reagent
reacted per unit weight of coal is determined. By selecting the chemical
reagent, which will react with a specific functionel group, both the type
and concentration of functional groups can be determined. For example,
concentration of acidic groups can be determined by neutralization with a
base (Nancoa. Na coa, NaOH, etc.). Alternatively, surface groups can
be reacted “to t‘grm products which can be jdentified and whose
concentration can be determined by standard analytical techniques. Some
examples are given below:

a) Carboxylic groups may be determined by their methylether
derivatives. Methylation may be carried out by diezomethane in the
presence of a Broensted acid, such &s HC1 or in the presence of a Lewls
acid such as BF,, or in methanol. Phenolic-OH may also be estimated by
this method if mgthylation In ether is followed by saponification to eliminate
interference from -COOH.

b) Carbonyl functional groups can be transformed into an oxime
derivative by aicoholic hydroxylamine chlorohydrate and monitored by the
liberation of HC1,

¢} Phenolic groups and hydroxyls can be measured most accurately by
acetylation and subsequent hydrolysis of the acetylated sample with barium
hydroxide,

d) Carbon dioxide evolved when coal i heated with a suitable catalyst
(such as copper carbonate or copper sulfate) is a measure of carboxyl
groups. Other reducing agents such as emalgamated Zn with HC1, LiAlH
and NaBO, attack different groups differently and may be used fo?
charscterization .

SURFACE PROPERTIES

The properties of cosl surfaces in general, and of the coal-water
interface in particular, play a : cominent role in most of the operations used
in coal processing. The stability and rheology of coal-water slurries, froth
flotation, flocculation, and solid-liquid separation processes such s
thickening and filtration sre obvious examples, Other processes such as
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heavy medium and other gravity separations may also depend on surface
properties through their effects on wetting charscteristics ete. It follows
that the design and contro) of the various processing operations and their
successful integration into a coal cleaning circuit may depend heavily on cur
ability to evaluate and control surface properties.

Surface Free Energy (Surface "Tension")

The surface tension, or surface free energy, of a liquid is a
fundamental, thermodynamic quantity which can be defined unambiguously
and messured quite easily (Adamson, 1982), Thus, the surfece tension y of
a liquid {s generally defined as

v= % (10)

T.P,ni,E

where G is the Gibbs free energy of the eystem and A is the surface area,
The partial derivative is expressed under conditions of constant temperature
T, pressure P, chemical composition Ny, end electrical potential E.

Equation (10) describes the work involved in a reversible change in
surface area, Such a process can readily be carried out on liquids, but it
is not generally possible to vary the surface area of a solid reversibly,
Consequently, ,while therc is no doubt that there are surface energles
assoclated with solids, the concept of surface energy as sanalogous to
surface tension in liquids is of quite lmited practical value (Guggenheim,
1867). i

Changes in the free energy of solid-fluid interfeces, on the other
hand, cen often be measured, at least indirectly, and provide useful
relationships for the description and correlation of various interfaclal
phenomena such as wetting and adsorption.

Wettability

The three kinds of wetting phenomena which might occur in a aystem
containing a solid, a Hquid and a gas phase are: adhesional wetting,
spreading wetting and immersional wetting. Adhesional wetting is the
process of formation of a three phese contact, spreading wetting is the
process of displacement of the gas by the liguid on the surface of the salid
and immersional wetting is the process of transfer of the particle from gas
into the llquid phase. The free energy changes for the three wetting
processes can be represented by the following relations:

Adhesion: AGA = YsL " Ysg - LG

Spreading: aas ® YgL - YsG + YLG
Immersion: aG! =Yg YsG
where vo., Yo, 8nd y are the respective surface free energles of the
nolid!liqﬁkl. ﬁaid!gas kRa Hquid/ges interfaces. For s more detatled
discussion of wetting phenomena, see Blake (1964), The importance of
these phenomene in capture of coal dust particles by water sprays has been
discussed by Chander et al, (1986).

The spreading cocfficlent is defined as the negative free energy
change (-AG.) in the displacement process. In pgeneral, for the
replacement o§ phese 1 by phase 2 at the solid surface, the spreading
coefficlent 512 is given by: '

s (11)

12% Y5 " M5 " Y2z
If 812 is positive, phase 2 will displace phase 1 and vice verss.

3
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The quantities v and vy are not generally known, but the
difference between them“ can be eXPressed in terms of the contact angle 8,
which is defined, for a gas-liquid-sclid eystem as the engle, measured in
the liquid phase, at which the liquid surface meets that of the salid. An
analogous definition cen be made for a solid in contact with two immiscible

lHquids. The contact angle can be related to the interfacial tensions
through Young's equation:

Y15 ¥ Yag* Yy 008 O 1z
and Equations (11) and (12) can be combined to give

S12 il P (cos 8 - 1) (13)

It shouid be noted that Equations (11) and (12) apply only when the
contact angle is finite. If (112 - 125) > Yq9 there 1s no stable three-phase
contact and 812 > 0,

The displacement of one liquid by another at a solid surface can be
expressed by (Hogg. 1980):

312 = vy, cos al = Yy cos 02 (14)

where vy, and y, are the surface tensions of the two liquids and ¢, and &
are the kontact ?hngles of the sepsrate liquids with respect to a cou‘}mon gsa
phase, Equation (14) is particulerly useful in that the displacement process
can be predicted knowing only the properties of the individual liquids,
provided they are immiscible. i

Wetting behavior can be significantly affected by changes in the
various interfacial tensions due to adsorption. For e solid-liquid-gas
system, for example, in which the liquid may be a solution and the gas may
be a mixture (e.g., air), vy g may be affected by adsorption from either
the gas or the liquld, and ¥ may be affected by adsorption from the
liguid. Any slight solubility o]'Qhe gas in the liquid could lead to changes in
YLS end LG while velatility of the liquid could affect 1sG and LG

The effectas of adeorption on the interfacial tensions can be described
by the Gibbs adsorption isotherm: :

dy = - I Iy duy (15)
i

where T'. and ) are, respectively, the adsorption density and chemical
potential of specles i in the system, Equation (15) is quite general, but its
application requires a knowledge of the adsorption behavior of the various
species present in the different phases. Some generalizations can be made,
however. Positive adsorption of any species will always tend to reduce the
interfacis! tension. Thus, by rearranging Equation (12):

Yea~ Y
cos § = G LS (16)
YLG

it can be seen that positive adsorption at the solid-gas interface should

‘increase contact angle (decrease wettability) while adsorption at the

solid-liquid and/or llquid-gas interfaces will decrease contact angle (Improve
wettability). So-called wetting agents are typically surfactants which
adesord readily at solution interfaces, reducing ¥ and/or Y18 Their
affects are often attributed primarly to the }b%uction of "y g Dbut
solid/surfactant specificity indicates that reduction in Ygp, may glao be
important. It has recently been shown, for example, that a given
surfactant can have quite different effects on the wettability of coals of
different rank (Chander ct al,, 1886b).
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Measurement of Wetting Characteristics: Contact angle provides a
useful measure of the wettabllity of solids. Various techniques sre aveailable
for the experimental determination of contact anglea (Adamson, 1882;
Neuman and Good, 1978).

Direct observation of sessile drops using a microscope and goniometer
arrangement is simple and quite accurate. An alternative approach makes
use of the captive-bubble technique, in which the solid is immersed in
Hquid and a gas bubble, formed at the tip of a syringe, is brought into
contact with the solid surface. This method glves good control over the
gas phase and can readily be used to obtain both edvancing and receding
angles, For small drops, which can be agssumed to be spherical in shape,
contact angles can be calculated from the dimensions (height or volume and
radius).

When the solid is available only az a fine powder, it may be possible to
compact the material into a flat disk and use one of the techniques
described above. However, it may be very difficult to obtain a sufficiently
smooth surfece. BSeveral other methoda are available to determine wetting
characteristics of powders including: displacement preasure, capillary rise,
immersion/gink time, bubble pick-up, induction time, imbibition time, etec,
Each technique measurcs a somewhat different property and, therefore,
quantitative correlations between different measurements are difficult,

The displacement pressure method is very slmilar to that used in
mercury porosimetry. The pressure needed to force a non-wetting ligquid,
or prevent a wetting liquid from entering the pores of a packed bed is
given by Equation (8). By comparing the experimental pressure for the
lquid of interest with that for one which completely wets the solid (¢ = 0),
the contact engle can be estimated from:

cos § =p -rolpoy
where P, and Yo refer to the wetting liquid,

A variation of the displacement pressure is the capillary rise method
(Crow! and Wooldridge, 1967), In this case, the powder whose wetting
behavior is to be determined is placed in a tube which has a filter paper or
porous disc at one end. The porous-end of the tube is placed in contact
with the surface of the wetting solution. The liquid rises into the tube by
capillary forces against gravity. The height of the liquid rise or weight of
liquid in the bed is taken as & measure of wettability,

An immersion/sink time procedure was used by Walker et al. (1952) to
determine the effect of surfactent on wetting of coal dusts., In this
pProcedure, a amall quantity of powder (v 1 g) is dropped onto the surface
of surfactant solutions of different concentrations. The most dilute
concentration in which the powder would sink ‘instantaneously' is
determined. In this way, the effectiveness of various surfactants for
wetting powders cen be compared, Other investigatiors modified this
technique in different ways. Some investigators measure the time for
wetting a given amount of powder, whereas others measure a wetting rate.
Mohal and Chander (1888) have recently described a technique in which
wetting rate is measured as a function of time, from which information
regarding the heterogeneity of the powder can be obtained. The technique
is especially useful for heterogenous materials like coal,

In the same study, these investigators describe a method of imbibition
time measuremenis to determine wetting characteristics of powders.
Imbibition time is defined as the time between the instant a particle firsgt
contacts a liquid-ges interface and the instant when the particle detaches
from the interface and becomes engulfed in the MNquid. The method
provides a m. .ns to determine a distribution of wettability for an assembly
of heterogeneous particles. Samples from different coals were observed to
give different distributions of imbibition times.
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Prediction of Wetting Behavior: Characteristics such as spreading
coefficient, contasct angle, ete., are useful for describing and correlating
wetting behavior, However, since they depend on the intersction between
the phases, they provide little or no predictive capability., Zisman (1964)
developed an empirical approach which cen be used to estimate contact
angles, He showed that, for a given golid and a homologous series of
liquids, there is a linear relationship between y and cosd. Furthermore,
a spimilar relationship was found to hold nppr&ﬁmately for any series of
liquids. The intercept of the line at cost=1 (8=0) is termed the ecritical
surface tension Yo and is characteristic of the solid. It follows that any
liquid for which % G Y will wet the solid spontaneously. 2The values of
y,, for coals seem {‘o' be fairly congtant at about 45 ergs/em® (Parekh and
A'i:alnn. 1978). It is interesting to note that the slope of the linear
relationship appears to vary with rank,

A more theoretical approach to the prediction of contact angles was
taken by Girifalco and Good (1957; 1960; 1964) and later extended by
Fowkes (1864). The latter considered that interfacial tensions result from
contributions due to various kinds of intermolecular forces, Thus,

7=7d+7m+yH+....etc. (18)
where yd is the conﬁribution due to dispersion forces, 1"' is that due to
metallic bonding, y  refers to hydrogen bonding, etc. The relative
importance of. each contribution will depend on the nature of the phase.
For ;non-polar liquide such as hydrocarbons, it is reasonable to assume that y
= vy eince the intermolecular forces will be dominated by dispersion forces.
Similarly, when & polar and a non-polar phase are in contact, it can be
expected that interactions between the phases are due to dispersion forces
only. Fowkes demonstrated that, for such systems, simple relationships can
be derived for evaluating dispersion force contributions to the various
interfacial tensions involved in wetting phenomena and for predicting
contact angles etc,

Unfortunately, the applicability of the Fowkes approach to mineral
systems, including coal, appears to be limited, The interactions between
water and the surfaces of oxides, silicates etc., slmost certainly include
important contributions from hydrogen bonding as well ss dispersion forces.
Even for coal, which is normally regarded as a non-polar substance, the
presence of surface functional groups and inherent mineral matter may lead
to a significant degree of hydrogen bonding with water,

Electrical Charge

It is a general rule that differences in electrical potential usually exist
at the interface between two phases., Such effects sre especially important
in aqueous suspensions of solid particles where thelr existence leads to
disproportionation of charged species (ions) adjacent to a charged surfece.
When such s surface is in contact with an electrolyte solution, oppositely
charged lons -~ counter fons - are attracted to it resulting in the formation
of an electrical double layer at the interface. Because of mixing effects
due to thermal motion in the liquid, the counter ions form a diffuse layer of
charge extending out into the solution, The electrical potenfial decays from
its wvalue at the interface - the surface potentiel - to gzero in the bulk
solution, far away from the surface. Detsails of the electrochemistry of the
double layer are given in most standard texts on colloid and surface
chemistry (e.g., Kruyt, 1952),

The charge at a solid-water interface can arige in a variety of ways.
In the case of sparingly soluble salts such as sitver lodide, the charge
results from disproportionate adsorption of the constituent fons - known as
potential determining ions - at the interface. In the ideal case, this leads
to & simple relationship between the surface potential and the activities of
the potential determining jons - the Nernst equation (Kruyt, 1952):
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RT o
"0 = 'F-—ll'l ao— (21)

where ¢ 15 the surface potentiel, R is the gas constant, T is the abeoclute
temperature, F {s Fareday's constant, a is the activity of the potential
determining ion in solution and 8, is the activity at which the surface is
uncherged. a_ defines the point "of rero charge (PZC) of the solid. For
such solids, tRe surface potential is completely defined by the activity of
the potential determining jona relative to the PZC.

For oxide minerals, whose surfaces are probably hydroxylated in the
presence of water, there is considerable experimgntal evidence that surface
potentials are controlled by the activities of H' and OH , i.e., by pH.
Consequently, these are often regarded as the potential determining ions
for oxide systems. The surfaces of oxides have been discussed at length
by Healy and Fuerstenau (1965), Parks (1965) and Healy and White (1078).

For certain types of minerals, especially the alumino-silicates, the
surface charge may be fixed by substitutions in the +51':11(! crygtal durw its
orig‘lngs formaﬁo&. For example, substitution of Ca “ or Fe = for Al °, or
of Al for Bi leads to & residual negative charge on the crystal.
ldeally, the charge on such surfaces is fixed by the degree of subsatitution
in the solid and is independent of conditions in solution; there is no point
of zero charge, The surface potential, on the other hand, is free to vary
according to the concentration of different ionic species in solution (Kruyt,
1852).

The clay minerals are often given as examples of fixed-charge
surfaces. However, it should also be recognized that these minerals have
structures which are finite in one direction only, ldesally, the erystal
would be an infinite sheet. The edges of actual clay platelets will have
uneatisfied valcrces which probably become hydroxylated in water and
behave much like oxide surfaces. Thus, & clay particle in water will have
face areas with fixed (negative) charge and edge areas whose potential
varies with the pH of the solution., The edges will generally be positively
charged in acid solutions and negatively charged in base (van Olphen,
1977). It has been estimated (Willlams and Williems, 1978) that the edges of
kaolin clay particles are uncharged at about pH 7.

Surface potentials on coa! also appear to depend on pH (Wen and Sun,
1877; Arnold and Aplan, 1886). In this case, the surface charge probably
results from ecid-base dissociation of surface groups such as carboxylates,
with additional contributions from orientation of water molecules and
preferential adsorption of certein ions on the hydrophobic surface. The
apparent point of zero charge for coals variee between pH 2 and pH 7
depending on rank, degree of oxidation etec., (Arnold and Aplan, 1986),
From the nature of the variation in potential with pH, it seems quite
unlikely that Equation (2]1) is applicable to cosl-water interfaces. Perhaps,
complete dissociation of fonogenic groups occurs at alkaline pll's and the
potential remains constant. Similar behavior is observed for other naturally
hydrophobic solids such as molybdenite and graphite containing ionogenic
surface groups (Chander et al., 1875). The surface properties of coal may
also be affected by the adhesion of very fine particles, particularly of clay
minerals.  Although attempts have been made to demineralize coels by
chemical dissolution methods, care must be exercised because the effects of
chemical treatments on surface functional groups of coal are not fully
known,

Zeta Potential

Characterization of the electrical effects at particle surfaces is usually
accomplished by means of eclectrokinetics measurements, These involve
evaluation of the relative motion of the solid and solution phases in an
electric field. The messurements most commonly used for coal end mineral
systems are electrophoresis, in which an applied electric field causes
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migration of the solid particles relative to the solution, and streaming

tential, where the particles are fixed, in a packed bed, and an electric
Eela Iz established in response to forced motion of the solution.

The basic principle underlying these techniques is that relative motion
of the solid and fluid phases causes the diffuse double layer to be stripped
away from the interface. The results of electrokinetice measurements are
commonly represented in terms of the so-called zeta-potential which is
defined as the potential difference between the _WEWTM and a
hypothetical plane, close to the interface, at which shearing of the fluid is
considered to begin. It is known from hydrodynamics that fluids do not
slip at solid surfaces. In the usual continuum treatments of fluid flow, this
leads to a condition of zero relative velocity at the surface. At the
molecular level, however, the fluid cannot be treated as a continuum and
there is considerable uncertainty as to what is actually meant by the "plane
of shear", The problem may be compounded by the presence of relatively
immobile s&dsorbed layers at the interface and by the electrostatic
interactions between the charged surface and the jons in the double layer.
Thus, 1t is conceivable that the location of the sheer plane, and hence the
precise definition of the zeta-potential, may themselves depend on charge
and potential in the double layer.

In streaming potential measurements, the relative motion gives rise to a
convective electric current in the direction of flow which is opposed by a
conduction current through the solution. At steady-state, this leads to an
electrical potential gradient across the bed of particles. If the streaming
potential E is measured as a function of applied pressure P, the
zeta-potential ; can be estimated (Overbeek, 1952) from:

dmpd (g)

Y (22)

where ) is the conductivity, y the viscosity, and ¢ the dielectric constant
of the solution,

In the case of electrophoresis, the charged particles and the layer of
oppositely charged fluid In the double layer are attracted towards the
appropriate electrodes. The relative motion of particles and fluid is
opposed by viscous forces, and a steady state can be established where the
electrical and viscous forces just balance. The zeta-potential can be
determined from measurements of the electrophoretic velocity v, for a given
potential E_, applied between electrodes a distance L art, using
(Overbeek, 1952):

_ wmlL
L= p— - e (23)

where f is a correction factor whose value is 1/6 for particles which are
emall compared to the double layer thickness {(Huckel, 1924) and 1/4 for
very large particles (Smoluchowski, 1803). Many practical cases fali in the
intermediate range for which extensive tabulations are available (Loeb et
al., 1960),

Streaming potential measurements are usually carried out using systems
designed and constructed in the laborstory (Fuerstenau, 1856;
Somasundaren and Kulkarni, 1873). Varlous instruments are avallable
commercially for measuring electrophoretic mobllities. For the most part,
these use the microelectrophoresis technigque in which the motion of
individual particles is observed directly through a microscope as a function
of the potential applied across the ends of the cell. Problems arising due
to the simultaneous establishment of an electroosmotic flow of fluid adjacent
to the cell walls are minimized by careful choice of the position in the cell
at which the particles are observed (Overbeek, 1952).
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SUMMARY

The complete characterization of the surfaces of coals and assoclated
minerals is obviously impractical and, in fact, rarely necessary. At the
same time, however, surfece phenomena can have importent effecta in most
aspects of coal processing and some knowledge of surface characteristics is
generally useful for the design and operation of coal cleaning processes,
The extent to which characterization should be underteken will usually
depend on the nature and magnitude of the problems encountered in
processing a particular coal or performing a specific operation.

Surface characterization may involve evaluation of surface area
(external and internal) and pore structure, investigation of the phyaical
and chemical nature of the surface regions, and determination of surface
properties such as wetting behavior &nd surface charge. The various
techniques available for measuring surface characteristics are outlined in
this chapter; the reader is veferred to the sources listed In the
bibllography for details on specific procedures, ete.

It is well known that surface characteristics, and their variation due
to weathering and oxidation of coal, can significantly affect behavior during
processing, However, sgurface characterization has not generally been
regarded as necessary to the operation of coal preparation plants., This
may change as the use of physical cleaning methods is extended to finer
sizes. Charagterization of the surfaces of coal and its associated minerals,
especially fine clays, could becomc¢ & requirement for the proper control of
fine coal processing operations,
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Wetting Behavior of Coal in the Presence of Some
Nonionic Surfactants

S. Chander, B.R. Mohal and F.F. Aplan
Mineral Processing Section, Department of Mineral Engineering, The
Pennsylvania State University

ABSTRACT

The wetting behavior of coal has been determined in the presence of nony! and octyl series of
nonionic surfactants containing polyethoxy groups of different sizes. The wetting behavior was
determined by a modified Walker technique and contact angle messurements. The results show
that the wetting rate of coal varies with coal rank, structure of the hydrocarbon chain and number
of ethoxy groups in the hydrophilic group of the surfactant. A close relationship has been chserved
between the wetting rates and the short-time advancing contact angles.

INTRODUCTION

Noricnic surfactants are used in many applications to improve wettability
of solids. They can be used as dispersing agents 1] or dust suppressants [2-5]
and to control the flotation, flocculation, filtration and flowability of particu.
lates. This study was undertaken to study the effect of a series of nonjonic
surfactants on the wetting behavior of coal. Two series of surfactants, namely,
ethoxylated nonyl and octyl phenols were used. The nonyl phenol series con-
tains a linear hydrocarbon chain containing nine carbon atoms
(CH,(CH,)4~C4H,-(OC,H, ), Where n is the number of ethoxy groups). The
octyl phenol series contains a branched hydrocarbon chain containing eight
carbon atoms ({CH,),CCH,C (CH;);-C,H,~(OC,H,) ).

Initial wetting rates — modified Walker technigue

Walker et al. [6) developed a sink test to determine the wettability of coal
particles. In this technique, coal particles are dropped individually onto the
surface of surfactant solutions of different concentrations, and the most dilute
concentration in which coal would sink “instantaneously” is determined. This
technique is a variation of a procedure initially developed by Draves and Clark-
son [7] to determine the effect of surfactants on wettability of cotton fibers.
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Fig. 1. The amount of a HVA-bituminous coal wetted by a 4x10-* M Triton X-100 solution
versus time in a typical wetting rate measurement.

In this procedure commonly known as the Draves test, the concentration of a
surfactant required to give a ‘sink time’ of 25 s is determined.

Other investigators have used slight variations of the Walker method to study
the wetting of fine particles [8-12], by measuring the time for wetting a given
amount of powder. There are differences in the manner in which the time of
wetting is measured, however. Some investigators measure the time for the
last trace of coal to disappear [8,11] whereas others determine the time for
the vast majority of particles to sink [10]. Some investigators report a wetting
rate [11] which is a value calculated on the basis of the time for the ‘last traces
of particles to sink’. The differences in choice of criterion for wetting can result
in different values for wetting rates as illustrated in Fig. 1 which is based upon
our measurements of the amount of powder wetted as a function of time. The
procedure for wetting rate measurements is described in the next section. The
technique in which time for disappearance of the ‘last traces of particles’ is
determined gives the smallest value for the wetting rate, while the technique
in which the time for wetting of the ‘vast majority’ of particles is determined
will give intermediate rates. The terms ‘last traces of particles’ and ‘vast major-
ity of particles’ are usually not defined explicitly and can lead to large differ-
ences in wetting rates measured by different investigators. Since our
measurements show that the wetting rates for an assembly of powder decreases
with timne, we have used the initial wetting rates to compare the wetting behav-
ior of coal in solutions of different surfactants.

EXPERIMENTAL METHODS AND MATERIALS
Wetting rate — modified Walker technigue

To avoid some of the inherent difficulties associated with the measurement
of time for wetting of powders, as discussed in the previous section, we have
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WETTING RATE MEASUREMENT APPARATUS
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Fig. 2. A schematic diagram for the wetting rate measurement spparatus.

modified the Walker method. In this method, shown schematically in Fig. 2, a
40 mg sample of 250 X 150 um coal was dropped on the surface of a surfactant
solution and the amount of coal imbibed into the liquid was measured by plac-
ing the pan of a Cahn electrobalance beneath the liquid surface. The initial
wetting rates were determined from measurements of the amount of coal wet-
ted as a function of time, as illustrated in Fig. 1. The rate of wetting was found
to be independent of the amount of the coal sample in the range 20-100 mg.
The data reported for the wetting rates is an average of at least four replicate
measurements in which the coefficient of variation was about 0.08.

Contact angles

The sessile drop contact angles were measured on carefully selected samples,
avoiding those with cracks, locked particles of pyrite, mineral occlusions, etc.
The coal was polished following the procedure of Gutierrez et al. [13]. Briefly,
the procedure consisted of a rough polish on a series of emery papers followed
by wet polishing on rotating laps (250 rpm) using, successively, 0.3 and 0.05
#m levigated Linde Alumina. The samples were washed thoroughly with water
to remove any adhering alumina particles and stored under distilied water. The
contact angles were usually measured within ten minutes of sample prepara-
tion. Surgeon’s gloves were used for the entire polishing sequence and all spec-
ireen handling was done with gloves or glass forcepts to avoid contamination.
The apparatus used for measuring the contact angle was the Ramé-Hart Mode)
A-100 Contact Angle Goniometer,

Advancing contact angles
The advancing contact angle measurements were made by observing the

advance of the three-phase perimeter on a polished surface of coal. A drop of
the surfactant solution (diameter ~2 mm) was dropped from & height of 1 cm
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TABLE 1

Proximate and ultimste analysis of coal samples

HVA-bit. Sub-bit. Anthracite

Moisture 3.2% 10.24% 1.5%
Proximate analysis {dry basis %}

Ash 847 6.64 8.2

VM 38.18 40.00 5.3

FC 53.37 53.36 86.4
Ultimate analysis (DAF basis %)

C 81.94 75.42 94.3

H 5.70 515 2.3

N 1.54 0.84 09

L 212 0.35 06

0 8.7 18.22 19

Cl - 0.22 -

from a Gilmont microsyringe onto the polished specimen. The height of 1 em
was chosen to obtain a free falling drop. The progression of the drop was
recorded using a Spin Physics Model SP2000 High Speed Motion Analysis
System. The contact angle was measured during the period when the move-
ment of the three-phase contact attained a constant velocity. This was taken
to be the advancing contact angle.

Coal and reagents

The three coal samples used in this investigation were: a HVA-bituminous
coal from the Upper Freeport seam obtained from the Penn State Data Bank
(PSOC 1361p), a sub-bituminous-A coal from Wyoming also obtained from
the Penn State Data Bank (PSOC 512), and an anthracite coal obtained from
Reading, PA. Proximate and ultimate analysis of the coal samples are given in
Table 1. The coal samples were crushed and screened to obtain a 250 X 150 um
fraction which was then used for the wetting tests.

The ethoxylated nonyl phenols { Triton N series) and octyl phenols ( Triton
X series) were obtained from Rohm and Haas and some of their properties are
given in Table 2.

RESULTS AND DISCUSSION
Wetting rates

The initial wetting rates for 8 HVA-bituminous coal as determined by the
modified Walker technigue are given as a function of surfactant concentration
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TABLE 2

Surfactant properties and parameters of coal wettability

Surfactant No. of HLB Cimc (M) C (M) C../Comc Slope*
ethoxy
groups
Nonyl Phenols
N-60 6 109 2.7x10-8 5.4x10-° 0.20 7.9
N-101 9-10 13.4 3.3x10-% 8.2x10-" 0.25 14.5
N-111 11 138 8.0x10-% 1.8x10-" 0.30 13.7
N-150 15 15.0 89.3x10-8 4.5%10°% 0.48 8.2
Octyl Phenols
X-45 5 10.4 (1.17Tx10-) 43x10-3 0.37 1]
X-114 7-8 124 {21x10-%) 5.7x10-% 0.27 21.7
X.100 9-10 13.5 2.2x10-4 1.3x10-* 0.59 34.0
X102 12-13 14.6 - 80x10-* - 25.4
*The Cemc value given in parentheses are from the literature [14], other values were obtained in
thir investigation.

*Critica] wetting rate concentration, see text.
“Slope of the log surfactant concentratipn-initial wetting rate plot, see text.

in Fig. 3. The surfactants used in this series of tests were ethoxylated nony!
phenols with varying number of oxyethylene groups, the properties of which
are given in Table 2. In the range investigated, the wetting rate increases lin-
early with the logarithm of concentration. The minimum concentration at
which wetting occurs, obtained by extrapolating the wetting rate versus loga-
rithm of concentration plots, is referred to as the critical wetting concentra-
tion, C,;. In practical application in controlling wettability, C.. would determine
the minimum amount of surfactant needed to wet a given powder. Concentra-
tions greater than C,, will give higher rates of wetting. The C. values for var-
ious surfactants in the nonyl pheno! series are shown by vertical arrows in
Fig. 3 and are tabulated in Table 2.

The initial wetting rates, normalized with respect to the critical wetting con-
centration, are given in Fig. 4 for the nonyl phenol series and in Fig. 5 for the
octyl phenol series of surfactants, The error bars for replicate measurements
are given in Fig. 5, but are omitted from other figures for purpose of clarity.
The results in Figs 4 and 5 show that the concentration dependence of wetting
rates, measured in terms of the slope of the wetting rate versus log concentra-
tion, first increases and then decreases with an increase in the number of ethoxy
groups. The slopes are given in the last column of Table 2. With the exception
of Triton X-102, the C_, increases with increase in the number of ethoxy groups.
The ratio, C.,/Ccpc, depends upon the number of ethoxy groups in the hydro-
philic group of the surfactant and the nature of the hydrophobic group. This
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Fig. 3. The initial wetting rates for HVA-bituminous coal for various ethoxylated nanyl phenols,

is considered to reflect the importance of the adsorption phenomena at various
interfaces in the three-phase system. These results are discussed later in the
section on contact angles. The meximum in the slope occurs at about 9-10
ethoxy groups per molecule, or an HLB value of 13.5, for both the nonyl and
the octy! phenol series of surfactants.

The initial wetting rates for three different coals, namely, an anthracite, a
HVA-bituminous and a sub-bituminous, are given as a function of surfactant
concentration in Fig. 6 for Triton N-101 and in Fig. 7 for Triton X-100. The
effectiveness of the surfactant in wetting coal clearly depends upon both (a)

the coal rank and (b) the type of surfactant. For example, the rate of wetting
for Triton N-101 follows the order: :

HVA-bituminous > anthracite > sub-bituminous
whereas for Triton X-100, the order is:
anthracite 2 HVA-bituminous > sub-bituminous

These differences in the effect of surfactants on wetting rates are attributed
to differences in the adsorption behavior of surfactants on the surface of coal
and are discussed in the following section.

Contact angles — sessile drop

The sessile drop contact angles for HVA-biturninous and anthracite coals
are given in Fig. 8 for Triton N-101 and in Fig. @ for Triton X-100. As the
concentration of the surfactant is gradually increased, the contact angle first
increases and then decreases. The critical wetting concentration (C_.) as
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Fig. 5. The initial wetting rates for HVA-bituminous coal as a function of normalized concentra-
tions for various ethoxylated octy! phenols,

determined by wetting rate tests {Table 2) for these surfactants are shown by
vertical arrows in both the figures.

The increase in contact angles at low concentration can be used to explain
the zero wetting rate at concentrations below Cer At these concentrations the
surfactant adsorbs on the hydrophilic sites at the coal surface through the polar
head groups thus making coal more hydrophobic and non-wettable. Since coal
consists of a distribution of hydrophilic sites on a hydrophobic surface [13],
it is likely that at low surfactant concentrations, adsorption occurs simulta-
neously through hydrophobic interactions between the hydrocarbon chain and
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Fig. 7. The initial wetting rates for various coals as a function of Triton X- 100 concentration.

the hydrophobic coal and through polar interactions between the ethoxylated
group in the absorbed molecule and the hydrophilic sites at the surface of coal.
At high surfactant concentrations, the surfactant molecules adsorb through
hydrophobic chain interactions with a resuitant decrease in contact angle and
an increase in the rate of wetting. A direct correspondence between the wetting
rates and the contact angles is not observed, however. For example, for Triton
N-101 wetting occurs as soon as the concentration is such that the contact
angle begins to decrease from its maximum value which is 75° for the HVA-
bituminous coal and 70° for the anthracite. For Triton X-100, the contact
angle must be reduced to ~ 55° for the HVA-bituminous ¢oal and to ~50° for
the anthracite coal before wetting is observed. Furthermore, on the basis of a

101
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Fig. 9. The sessile drop contact angles for a HVA-bituminous coal and an anthracite coal asa
function of Triton X-100 concentration.

thermodynamic analysis, involving the concept of immersional wetting
(Wi=ps1 ~ysv= —y,vc080),a large effect on wetting rate is not expected when
contact angle changes from ~75° tg ~ 50°.

Contact angles — advancing

In an attempt to explain these observations, advancing contact angles were
measured and the results are presented in Fig. 10. From the concept of immer-
sional wetting the free energies involved in transfer of particles from air into
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Fig. 10. The advancing contact angles for a HVA -bituminous coal as a function of concentration
for Triton N-101 and Triton X-100.

an aqueous solution, wetting is expected when the contact angle is less than
90°. The results in Fig. 10 show that the effect of surfactant concentration on
the advancing contact angle is very different for the two surfactants. In fact,
the higher slope of the contact angle versus concentration plot for Triton X-
100 than for Triton N-101 is in agreement with the slopes of the wetting rate
versus concentration plots for these two surfactants. The minimum concen-
trations needed to decrease the advancing contact angles below 90° is higher
for Triton X-100 { ~3x10~* M} than for Triton N-101 { ~10~* M). The C,,
values for the above surfactants are 1.3X10* M and ~1X10-% M, respec-
tively. These relate reasonably well but more importantly the slopes of the
curves for the two surfactants (cf. Figs 4 and 5) for the wetting tests can be
related to the slope of the curves in Fig. 10. Thus the concentration dependance
of wetting rates can be explained in terms of the effect of surfactant concen-
tration on advancing angles.

SUMMARY

On the basis of the results reported in the previous section, it may be con-
cluded that the wetting of coal particles depends upon the nature of interac-
tions between coal surface and the surfactant. At low concentrations, the
surfactant adsorbs through the polar ethoxy head group making coal non-wet-
table. Most likely, the hydrocarbon chains lie parallel to the surface resulting
in an increased free energy of adsorption due to hydrophobic interactions
between the hydrocarbon chain of the surfactant and the hydrophobic surface
of coal. With increcsing concentration, the contact angle decreases and the
rate of wetting of coal increases. At higher concentrations, the orientation of



adsorbed molecules is likely to be such that the polar ethoxy groups are ori-
ented towards the solution.

The wetting behavior of coals by surfactant solutions varies with the coal
rank because the nature of coal-surfactant interactions depends upon both the
properties of the surfactant and type of hydrophilic and hydrophobic sites on
the coal surface. Thus, the effectiveness of a given surfactant as a wetting agent
for coal may be expected to vary with coal rank. For a HVA-bituminous coal,
Triton-N-101 was found to be & superior wetting agent whereas for an anthra-
cite coal, Triton X-100 was superior.

The results of wetting rate measurements correlate very well with the
advancing contact angles. A comparison of the effect of surfactant concen-
tration on wetting rate shows that the slope of the wetting rate versus loga-
rithmn of concentration plot for Tyiton X-100 is greater than the slope for Triton
N-101 (cf. Figs 4 and 5). The slope of the advancing contact angle versus
logarithm of concentration plots for Triton X-100 is also significantly greater
than the slope for Triton N-101. Wetting is observed for conditions when the
advancing contact angle decreases below about 100°. Thermodynamically,
wetting is expected when the contact angle would be less than 80°. The slight
difference is probably due to; (1) the differences in geometry of the system
(the contact angles are measured on a polished surface whereas the wetting

face); (2) the effect of particle-particle interactions at the interface on wet-
ting rate measurements. (More recently, through direct observation of a particle
at interfaces, we have observed that the time of wetting of a particle is influ-
enced by the presence of another particle at the interface.)
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ABSTRACT

The adsorption and wetting behavior of freshly ground and aged
coals has been determined in the presence of a nonionic surfactant. The
amount of surfactant adsorption changes with the concentration and "age"
of the coal. The freshly ground coal has smaller amounts of adsorption
at lower surfactant concentrations than the "aged" coal whereas at large
surfactant concentrations, the order is reversed. In the latter case,
more surfactant is adsorbed on fresh coal than on the "aged" coal.. It
is proposed that at low concentrations, the surfactant adsorbs through
both hydrophobic and hydrophilie interactions with the molecule lying
Parallel to the surface, whereas at higher concentrations surface
micelles form at the hydrophobic sites. The wetting behavior correlates
well with the adsorption behavior.

INTRODUCTION

Nonionic surfactants have many applications in the coal and mineral
Processing industry. They can be used as dispersing agents to modulate
flotation, floceulation and filcration of particulates (1). They can
also be used to increase the wettability of hydrophobic solids such as
coal and can hence be used as dust Suppressants (2,3). Although the
adsorption of representative nonionic surfactants such as Triton N-101
(an ethoxylated nonylphenol with 9.5 moles of ethylene oxide and HLB
equal to 13.4) have been studied extensively on substrates such as
calcium carbonate (4), silica (5) carbon black (6) and graphite (7),
very few studies are available for coals. Coals differ from other
substrates with respect to two important characteristics: 1) coal are
pPoTous and 2) coals consist of a patchwork of hydrophobic and hydro-
philic sites (8). Since the adsorption characteristics of a surfactant
are influenced significantly by the nature of the substrate the charac-
‘teristics of the coals must be taken into consideration,

Kinetics of surtactant adsorption is likely to have a major influ-

énce on the wetting of coal, since the coal particles are wetted in 4
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few seconds or less (9). Equilibrium adsorption measurements are
normally carried out for a period ranging from of 2 to 18 hours to
achieve equilibrium (4,5). For porous solids such as coal, the sur-
factant molecules can diffuse into the pores of the coal thereby showing
a much greater adsorption than would be possible on the external surface
only. Therefore for wetting studies in which the coal particles are
wetted in a few seconds, the wetting test data might not be directly
relatable to equilibrium adsorption measurements. In additioen, it {is
well known that coal particles undergo disintegration when being agitat-
ed during the adsorption tests. The disintegration and dissolutions of
dissolved species (10} is a function of time and weould therefore have an
influence on the equilibrium adsorption results. The influence of the
dissolution of species from coal probably does not exist during the time
frame of a few seconds during which wetting occurs. Thus the rapid
adsorption stﬁdies become even more important to understand the mecha-
nisms of surfactant-coal interactioms during rapid processes such as
wetting.

In this investigation, rapid adsorption measurements have been made
to study the influence of aging on wetting behavior of coals in the
presence of surfactants. It is well known that oxidation or aging of
coal increases the relative proportion of the hydrophilic sites of coal
and effect their floatability (11). These studies have been conducted
to determine the effect of the relative amounts of hydrophobic to

hydrophilic sites on coal on the mechanism of surfactant adsorption.
EXPERIMENTAL MATERIALS AND METHODS

Coal and Reagents

The two coal samples used in this investigation were: a HVA bitumi-

" nous coal from the Upper Freeport seam (PSOC 136lp) and a sub-bituminous

A coal from Colorado (PSOC 1382p), both were obtained from the Penn
State Coal Data Bank. The analysis of the coals are given in Table 1.
The coal samples were crushed and screened to obtain a 250 x 150 gm
fraction used for the tests. For the aging tests coal samples were aged
in ambient air for a period of one week,

The surfactant used in this investigation was an ethoxylated nonyl
phenol (Triton N-101) obtained from Rohm and Haas. Conductivity water
(18 mohm cm-1l) obtained from a Millipore Milli-Q water system was used
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tor the adsorption experiments. Distilled water from a tin lined
Barnstead still equipped with a Q baffle system was used for the wetting

experiments,

Surfactant Adsorotion

For adsorption measurements a 10 g sample of 250 x 150 um coal was
deslimed over a 150 um screen in distilled water. The coal was then
placed in an agitated vessel and enough water added to make up the
volume to 300 ml. A liquid sample was continuously withdrawm through a
10 pm filter with the help of a peristaltic pump and transferred to the
spectrophotometer. A schematic of the apparatus is shown in Figure 1.
At the start of the experiment the solution in the flow cell was ref-
erenced as the blank using an HP 8451A Diode Array Spectrophotometer.
The UV spectra in the range 190-300 nm was then monitored every 1.2
seconds. A known quantity of surfactant (1-5 ml depending on the
desired concentraticn) was injected 10 seconds after the solution was
feferenced. The adsorption test was carried out typically for about 6-7
hours. The coal was then filtered, dried and weighed. The surfactant
Triton N-101 has two absorbance peaks at 224 nm and 276 nm due to the

Phenol. In the concentration range investigated the 224 nm peak was

10 um
PERISTALTIC PUMP FILTER
AGITATED
»| VESSEL
Uv-vis
SPECTROPHOTOMETER

Fig. 1. Schematic of the setup for adsorptions measurements.:
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TABLE 1

Analysis of the coal samples
iVA-bituminous Sub-bitupinous
H20 3.2 % 13.03 »

Proximate analysis
{Dry basis %}

Ash 8.47 5.65
M .16 34.20
FC 53.37 47,12

Ultimate analysis
(DAT basis %)

¢ B1.94 75.19
H 5.7 5.04
H 1.56 2.01
5 2.12 0.40
O (Diff). 8.7 17.37

Surface area (250 um x 150 pm fracrion)
N2 (BET) cml/g 3,300.0 2530.0%
Blaine  eml/g 618.0 1942.0

* Estimated from Esposito (13)

TABLE 2

F;ee Energy and Area Per Molecule for ‘dsorption of Ethoxylated Nonyl
Phenol

arsa per molecule, 2

Concentration AG ssarsrv-bagig--rrccnnanana-
Range Keal/mole coz (DF) Nz (BET) Blaine
Sub bituminous
Eresh
Conc, «< CMC -9.07 £ ,%00 70 53.7
Conc. > CMC -8.07 2,400 26 20.0
Aggd
Conc. < CMC -10.03 60,000 11 50.&
Cone, > CHC -8.07 35,700 L 30.2
HVA_bituninous
Exesh
Conc. < CHC -%.19 105,000 151 28.2
Conc, > CMC -7.83 42,000 6l 11.4
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linear and had a stronger sbsorbance than the 276 nm peak. Due to
greater sensitivity of the former peak it was used for the adsorption

isotherms.

Wetting Rate of Powders by the Modified Walker Method

In the Modified Walker Test a 30 mg sample of 250 x 150 #m coal was
dropped on the surface of a surfactant solution and the amount of coal
wetted by the liquid was measured by placing the pan of a Cahn electro-
balance beneath the liquid surface. The initial wetting rates were
determined from measurements of the amount of coal wetted as a function
of time. The rate of wetting was found to be independent of the amount
of the coal sample in the range 20-100 mg. The data reported for the
wetting rates is an average of at least four replicate measurements in
which the coefficient of variation was about 0.08. Additional details

of the measurements are given elsewhere (9,12).
RESULTS AND DISCUSSION

Adsorption Kinetics

The absorbance at a wavelength of 224 nm of a solution containing
3 % 10-5 ¥ (initial concentration) Triton N-101 is shown in Figure 2
with and without the addition of a HVA bituminous coal sample. The
solution (without coal) reached 90 § of the equilibrium value in about
40 seconds and 100% in about 5 minutes after the addition of the sur-
factant. A constant absorbance thereafter showed negligible adsorption
of the surfactant on the sides of the tubes or the agitated vessel,

In the experiment in which coal was present in the solution the
absorbance first increased rapidly after the addition of the surfactant
and then it started to decrease as the surfactant adsorbed on coal. The
maximum absorbance was lower thap the case where no cocal was present.
The plot of the absorbance vs. /t after the initial rapid adsorption is
linear for a certain time period that ranged from about three to seven
hours depending on the surfactant concentration. The mechanism of
adsorption in this time period is considered to be that of slow dif-
fusion into the pores of coal. Extrapolation of the linear diffusion
curve to short times gives the amount of surfactant adsorbed at the

external surface as shown in Figure 2. The absorbance becomes constant
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Fig. 2. Absorbance of a solution containing Triton N-101 with and
without the presence of a HVA bituminous ceal.

at longer times indicating equilibrium adsorption at the inner surface
of the pores. The results of this aspect of the investigation will be
reported elsewhere. Since different amounts of surfactant may be
adsorbed depending upon the time for which adsorption is allowed to
occur the amount of surfactant adsorbed during "Rapid" adsorption on the
external surface was chosen as the parameter for comparison. The
external area was measured using the Blaine surface area measurement

device, so that the adsorption density at the external surface could be

- . ARAFrwr—— S T e ————— ———

determined.

Disintegration and Dissolution of Coal During Surfactant Adscrption
It is well known that various soluble species are leached out from

coal in an aqueous environment (10). These soluble species have an

|
|

absorbance in the UV range and therefore can interfere in the determina-
tion of surfactant concentration using UV spectrophotometery. In order
to determine the effect of the soluble leached species from coal on the

absorbance measurements the spectra of the solution containing an aged
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Fig. 3, Spectrum of & solution containing an aged sub-bituminous coal

A) before centrifugation and B) after centrifugation at
15,000 RPM for 1/2 hour.

sub-bituminous coal was measured after equilibration for 2 1/2 hours and
is showm as curve A in Figure 3. The spectra of the same solution after
centrifugation at 15,000 RPM for 1/2 hr is shown as curve B in Figure 3.
The decrease in the absorbance of the solution after centrifugation
indicates that some fines are also being produced but they are not the
sole cause for the increase in background sbsorbance. The amount of
fines produced and the specles dissolved depend upon the surfactant
concentration as shown in Figure 4. In this figure the absorbance at
298 nm is plotted as a function of Triton N-101 concentration at various
times of equilibration. Similar Plots would result for other wave-
lengths also. The results at 298 nm were selected to minimize the

effect of Triton N-101 absorbance on the spectra. At concentrations
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ABSORBANCE € 298 nm

23 min

0 t 1 1 1
1] 0.05 0.4 6.5 0.2

TRITON N-104 CONCENTRATION, mmole/liter

Fig. 4. Background absorbance at 298 nm for an aged sub-bituminous

coal as a function of the Triton N-10l concentration.

below CMC the background absorbance decreases with increase in concen-
tration whereas at concentrations above CMC the background absorbance
inereases.

For concentrations lower than the CMC the greater quantities of the
monomer present in the solution tend to bleck the pores and slow the
dissolution and disintegration of coal. For concentrations greater than
the CMC the micelles can solublize the leached species and lead to an
increase in the extent of dissolution and disintegration. The leaching
is time dependant and therefore to minimize the interference from the
leached species the "Rapid" adsorpticn on the external surface was

chosen for subsequent experimentation.
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Adsorption Isotherms

The rapid adsorption isotherms for Triton N-101 are given in Figure
5 for the fresh and aged sub-bituminous coal and in Figure 6 for the HVa

bituminous coal. The corresponding Langmuir plots are given in Figure 7

and 8, respectively. The aged sub-bituminous coal adsorbs a greater
amount of surfactant at concentrations less than the CMC and adsorbs a
lesser amount at concentrations greater than the CMC than the freshly
ground sample. The break in the Langmuir plot near the CMC indicates
two modes of adsorption. For concentrations less than the CMC the
adsorption is due to monomers, whereas for concentrations greater than
the CMC the adsorption is due to "surface micelles", At longer times

the adsorption continues to occur by diffusion of monomers into the

pores of the coal as stated in a Previous section.
’.‘ 1
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Fig. 5. Adsorption of Triton N-101 versus equilibrium concentration

for a (A) freshly ground and ([)) aged sub-bituminous eoal.
(For filled symbols error bars are less than symbol size)
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Fig. 6. Adsorption of Triton N-101 versus equilibrium concentration
for a HVA bituminous coal.

At concentrations lower than the CMC the surfactant can adsorb on

both the hydrophobic and hydrophilic sites of coal. The schematic of a

surfactant molecule adsorbing on a hydrophobic substrate is shown in

Figure 9. The adsorption on the hydrophobic sites 1s due to the hydro-
carbon chain and the adsorption on the hydrophilic sites is due to
hydrogen bonding between the substrate and the ethylene oxide part of
the molecule. The free energy of adsorption for the aged coal surface
is greater than the free energy of adsorption for the fresh coal surface
for concentrations lower than the CMC as shown in Table 2. Since both
types of adsorption (hydrocarbon chain interaction and hydrogen bonding)
may take place simultaneously at low surfactant concentrations, the

total adsorption would depend upon the relative proportion of hydro-
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Fig. 7. Langmuir plot for adsorption of Triton N-101 on (A) freshly

ground and ([3) aged sub-bituminous coal.

phobic and hydrophilic sites. The results show that the aged coal with
a greater proportion of hydrophilic sites adsorbs a greater amount of
surfactant as compared to the freshly ground coal.

At concentrations greater than the CMC, the relatively small ares

tion. The cross sectional area for Triton N-101 is about 56 32 (14) for
the vertical orientation. Adsorption in multilayers might be considered

"but the shape of the adsorption isotherm ig Langmuirian. Alternatively,
one may consider that the micelles Present ir solutioen might attach

through colloidal interaction but this mode is considered less likely
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TRITON N-10%1 CONCENTRATION, mmole/liter
Fig. 8. Langmuir plot for adsorption of Triton N-101 on a HVA

bituminous coal.
because the coal is hydrophobic whereas the micelle is hydrophilic,
Therefore the concept of a "surface micelle" has been proposed in this
investigation. A surface micelle is formed by a mechanism in which the
surfactant adsorbs on the hydrophobic coal surface by hydrocarbon chain
interaction in the horizontal orientation. More molecules can adsorb on
this first layer due to hydrocarbon chain interaction by a mechanism
very similar to the formation of a micelle in the bulk solution as shown
in Figure 9b-d. The surface micelle can be considered to be equivalent
of half a micelle with the hydrophilic portion (ethoxylated part)
exposed to water. Coal particles are wetted very easily at these
surfactant concentrations as discussed in the paragraphs that follow.
The interaction energies for the surfactant at concentrations greater
than the CMC with the three substrates : aged sub-bituminous coal,

freshly ground sub-bituminous coal and a HVA bituminous cocal are very
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Fig. 9, A) Surfactant adsorption on a patchwork of hydrophobic and
hydrophilic sites.
B) Surfactant adsorption on a predominantly hydrophobic
surface,
C) Growth of Surface Micelles on hydrophobic sites.
D) Schematic of a surface micelle.

similar as shown in Table 2 which is consistent with the hypothesis that
surface micelles are formed at energetically, similar sites which we
consider to be the hydrophobic sites. Since the aged coal has a smaller
number of hydrophobic sites the adsorption on it is less as shown in
Figure 5 (at concentrations Ereater than CMC).

Wetting Rates

The initial wetting rates are shown in Figure 10 for fresh and aged

sub-bituminous coals and in Figure 11 for fresh and aged HVA bituminous
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Fig. 10. Initial wetting rate vs. concentration for a (A) freshly
ground and ([J) aged sub-bituminous coal.

at low concentrations of the surfactant for both the sub-bituminous and
the HVA bituminous coals. These results correlate well with the results
in Figure 5 where at concentrations below the CMC the aged coal adsorbed
a greater amount of the surfactant than the freshly ground ceal.
Wetting of the coal in this low concentration range implies the adsorp-
tion of the surfactant onto the hydrophobic coal surface by the hydro-
phobic chain such that the hydrophilic portion of the surfactant extends
outwards, as represented in Figures 9b and c¢. At higher surfactant
concentrations, the wetting rate of aged coal is less than that of the
freshly ground sample for both the coals. These results also correlate
with the effect of aging on adsorption densities. As stated in the
previous section, the aged coal have a smaller density surface micelles

which gives rise to & smaller rate of wetting.
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Fig. 11. Initial wetting rate vs. concentration for a (A) freshly

ground and ([J) aged HVA bituminous coal.
SUMMARY

The adsorption of ethoxylated nonyl phenol on coal may be summar-
ized as follows: rapid adsorption of the surfactant on the external
surface; slow equilibration by diffusion of the surfactant into pores
and adsorption on the internal surface. For coals investigated in this
study the pores accessible by nitrogen in surface area determinations
are available for surfactant adsorption also. The break in the Langmuir
plot near the CMC indicates two different modes of adsorption. For
concentrations below the CMC the adsorption is due to surfactant
monomers. For concentrations above the CMC the adsorption is through
the formation of surface micelles at the external hydrophobic surface

and as monomers at the internal surface.
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This investigation shows that the presence of the surfactant
affects the dissolution of species from coals. Significantly greater
amount of soluble species leach oﬁt from the aged sub-bituminous coal as
compared to the freshly ground coal. The amount of dissolved species
depends upon the surfactant concentration with a dissolution minima at
the CMC. For concentratiors below the CMC, an increase in concentration
of the monomer prevents the dissolution of the soluble species whereas
for concentrations above the CMC the surfactant micelles can solublize
the dissolving species and thus promote dissolution.

As compared to the freshly ground coal the aged coal adsorbs a
greater amount of surfactant at concentrations less than the CMC and
adsorbs a lesser amount at concentrations above the CMC. The effect of
aging on surfactant adsorption can be explained if it is considered that
the moncmers adsorb (at conc. < CMC) on both hydrophilic and hydrophobic
sites whereas the surface micelles form {at conc. > CMC) only at the
hydrophobic sites. The wetting rates correlate very well with the
adsorption results for both the HVA bituminous and the subbituminous

coals.
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Photoacoustic Spectroscopy of Quartz: Chopping
Frequency Dependence, Saturation Phenomenon
and Quantitative Analysis

M.S. Seehra, P.S. Raghoottama and L. Cheng
Physics Department,
West Virginia University

The four major IR bands of a-quartz at 1080, 797, 693 and 488 cm ! are
studied at room temperature by FTIR-Photoacoustic Spectroscopy. Using
Rosencwaig-Gersho theory, equations for the PAS signal q for the thermally
thin and thermally thick cases are derived and it is shown how thin to thick
transition occurs and leads to saturation as the sample mass is increased.
For sample mass < 2 mg, q is proportional to sample mass thus defining the
region for quantitative analysis. The dependence of q on the chopping
frequency f is found to vary as q ~ £ © with n & 0.9 for quartz, in good
agreement with the RG theory.

INTRODUCTION:

The technique of photoacoustic spectroscopy (PAS) is becoming an
jmportant tool for investigating the IR properties of materials.'™ This
technique offers several advantages over the standard IR or FTIR spectroscopy
{vhere samples usually need to be mixed with KBr and mede into pellets):
First, no special sample preparation is required in PAS; Second, opaque or

light scattering substances can be studied by PAS; And third, depth profiling
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of the samples is possible by changing the chopping frequency of the _incident
radiation. Despite these advantages, PAS has not yet reached the same level of
acceptance as FTIR spectroscopy in quantitative analysis of samples because
problems of saturation usually encountered in PAS are not vet fully resolved.

A detailed theory of the PAS in solids was first proposed by Rosencwaig
and Gersho (RGI.1 There are three important length scales in this theory:
the sample length 2, the optical absorption length b = 3-1, where § ig the
absorption coefficient of the sample; and the thermal diffusion length Mg T
I&c/pm!%. where x is the thermal conductivity, p» is the density, c is the
specific heat and w = 2nf is the chopping frequency. As f increases, Pe
decreases. This results in a decrease in the PAS signal since, now, a smaller
volume of the sample contributes to the signal.

In this paper, we report the results of our recent studies on the PAS
spectroscopy of «-quartz (hereafter referred to as quartz}. The four
prominent bends near 1080, 797, 693 and 488 cm » have been investigated as to
their dependence on the chopping frequency and the sample mass leading to the
saturation phenomenon. These results are compared with the predictions of the
RG theory. Although the cases of thermally thick (£ > ps) and thermally thin
(8 << psi samples have been discussed in literature, (e.g. by Teng and Royoeg

and Holter and Perkampzsm respectively) how one case merges into the other as
the sample size is increased has not received adequate attention. Using

the general result of the RG theory, we derive expressions for the two cases,
compare our results with the theoretical predictions and demonstrate the
conditions under which PAS can be used ms a quantitative technique., We also
study the chopping frequency dependence of the PAS signal for the cases when
the chopping i'reque:ny f of the sample equals fo' the chopping frequency of
the reference signal and when f # fo' A good agreement with the theory is

obtained. These results are presented and discussed in this paper,
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Theoretical Considerations:

In order to put the experimental results in proper perspective, we
briefly outline some of the important theoretical results besed on the RG
theory. For the thermally thick case (& > pai and for opaque samplea (§

large or u, << 2}, the RG theory yields the following result for the FA signal
B

Q
o - Cofrg | Pug=2i-tbug} 1)
Jef 2 ,.
(ﬂpsl =21
I yP «
where c oo  _____ (2)

B8 ent Bpgc gTo(P gc g+pscsi
In the above, g and s respectively refer to gas and sample in the PAS cell and
other symbols have their usual meanings in the RG theory. If only the
amplitude of the signal is detected, as in our work, then q = 1Q] is the
observed signal and from Eq. (1), it follows that

C
qs = —;‘: Flﬁpal ------- {3}
2
(Bu_} Y%
where F(gu ) =[ s ] --—- (4)
2
(Bu Y 421pn )42

Eq. (3) is, for example, discussed in Ref. 9 and applies to the thermallv thick case.
For the thermally thin case (4 << psl, one can follow a similar procedure
as above and show that
c -8, .

- 2
q = f‘ﬂﬂpsl-ll-e
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Although in Ref. (10), an equation similar to Eq. (5) is given, it is shown
only here, for the first time, that the function Flﬂns) given by Eq. (4) is
exactly the same for the thermally thick and thermally thin cases. This has
important consequences when discussing the saturation phenomenon,

In actual experiments, the signal is referenced against a standard
absorber such as carbon black for which Bps > 1. The function Fippsl then

equals unity and referenced signal q is then given by

fo =248 -
Q(thin} = C = F(fu_)-[1-e™"] - oo .. (61
f
and
fc>
qithick) = Co —Flauy)  =w--o (7)
f

where t‘o 1s the chopping frequency of the reference and

CO:?‘:J;!% -- e - .- (8)
£E '&s
For very thin sample such that g8 <« 1, githin) ig proportional to 22, the
absorbance. For thick sample so that g2 »> j, Eq. (6) reduces to Eq. (7),
leading to the saturation phenomenon. An important consequence of Eq. (6) is
that PAS signal is proportional to absorbance £2 for the thermally thin case.
Of course if f = fo' then the only frequency dependence is the implicit

dependence in the function F{Aps) through the frequency dependence of M

Pertinent Experimental Details:
The FTIR-PAS was carried out on Mattson Instrumentg Cygnus 100 FTIR

spectrameter in conjunction with MTEC PAS cell. Normally, averages of 32
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Fig. 1. Reproduction of the PAS signal of quartz at different mirror speed.s.

scans at 8 om | resolutions were recorded. The carbon black was dried at
20600 before it was used as the reference sample. Mt:aClelland3 has discussed
in some detail major experimental aspects of the PAS., The powder sample of
silica was obtained from Dr. W. E. Wallace of the National Institute of
Occupational Safety and Health (NIOSH) and it had particle size < 5 wm.

All spectra were taken at room temperature.

Experimental Results and Discussion:
Fig. 1 shows the photoacoustic spectra of quartz taken at different
mirror speeds and under the condition f ¥ fo. From the mirror speed Vicm/s},

the chopping frequency f = Vv can be determined for each spectral wave number v

in cm'l. The decrease in the intensity of the peaks with increasing mirror
gpeeds (or f) is obvious from fig. 1. These measurements refer to thermally

thick case since the PAS sample ¢ p was nearly filled with the sample. The
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The normalized intensity of the four major bands of quartz at 1080, 797,
693 and 488 ca™! as a function of the chopping frequency f is shown in Fig. 2.
Here f # fo and intensity refers to the area under the bands. The solid lines
are theoretical fits to Eq. {7), where Co is evaluated by normalization at the
lovest f and values of g for the various bands of Quartz are from the work by
Spitzer and Kleinman'! (4 = 960, 295, 55, 715 cn”! for the 1080, 797, 693 and
488 cn ! bands respectively and corresponding mglum) = 85, 100, 106 and 126

rspectively at 0,169 ca/s mirror speed}. There is a general agreement. between

48/8 im/-‘eoa cm-1797 cm”!
1- -~ Quartz -
. . fhf, )
c
o )
=
o - -
) -
N
© . -
£
o - -
< i
- I-
0 toa | t 1 1 ' (T N | |
0.1 0.3 1 2 3
f(kHz)

Fig. 2. Normalized intensity (area under bands) of the four bands of quartz
as a function of the chopping frequency f.- and f_ corresponds to the
lowest mirror speed = 0.169 cm/s in each case. The solid lines are
fits to Eq. (7). p_ was caloulsted using p = 2650 kg/n®, ¢ = 745
J/kg K and x = 7.61 W/mK for quartz.,
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theory and experiment, except for chopping frequencies above 1 kHz, where
experimental values are a bit higher than the predictions.

In the case f = fo' the frequency dependence is only due to the factor
Ftppsl. In this case, the comparison between theory and experiment is shown
in Fig. 3 for the three bands. The data for the lowest band at 488 cu ! is
not shown because of the excessive noise. Excellent agreement is observed,
suggesting that values of g used in the fit are correct.

Another way of plotting the data of Fig. 2 is shown in Fig. 4 as a log-

log plot of q vs f. The slope of these plots, denoted by index n, vary

1 —
> -
& - * 1080 cm™’
e

- A

@
= - 797 em™?
‘8 -
N 693 cm™
©
£ Quartz
z - f=1,

0 1 i 1 1 o0 |

0.1 1 2

f(kHz)

Fig. 3. Normalized intensity of three bands of quartz as a function of

chopping frequency f. Here f = fo i.e. the signal from the sample
and carbon black were taken at the same mirror speeds. The solid
lines are fits to Eq. (7) with f = foa
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between 0.82 for the 693 cm™! band to 0.95 for the 797 cg- band. In the
limit that fu_ >> ) and f # f_, Eq . (7) yields q ~ £~} and for Bu_ << 1, q-~

f‘3/2

. Forqmrtzﬁus}l forva.rioml:andaaulhenoevalue of n near 1}
observed here are quite understandable.
The saturation behavior of the three bands is shown in Fig. 5, where we

have plotted the PAS intensity of a band against the sample mass. The solid
line is a fit to Eq. (6} where all the dependence on the sample mass is

contained in the term e-p‘0 and the curve was normalized at one point. We note
that 2 is proportional to mass since the base area of the sanple cup is

constant in each case. The saturation limit is given by Eq. (7) and here it

3.5- Quartz -

Log f

Fig. 4. Plot of Log q versus Log f to determine n in the equation a~f ",

The experimental values of n for various bands are shown. The data

were at the lowest mirror speed.
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Fig. 5. Normalized PAS signal (area under bends) against sample mass of
quartz for the three bands indicated. The solid line is fit to Eg.
(6) and the saturated value is normalized to tnity. The data were

taken at the lowest mirror speed.

is normalized to umity. It is clear that major features of the data are well
described by Eq. {6}, For small masses, the PAS signal does measure the
absorbance g¢ of the sample. For quartz, near saturation is obeserved for
sample masses > 2 mg.

For the narrowest band of quartz viz. band at 693 cm"l. we have compared
the signal for PAS and standard FTIR transmission spectroscopy using the KBr
pellet method as a function of the sample mass and the results are shown in
Fig. 6. It is evident that the two techniques coincide for small sample

masses. This is the region where PAS can be used for quantitative

' determination of quartz in unknown samples e.g. in mine dusts. Of course the

major advantage of PAS is that no sample preparation is necessary unlike the

case of FTIR spectroscopy.
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- Quartz, 693 cm™' band
10 -

Peak Intensity (a.u.)

o 1 2 3 4 5 8
Sample Mass (mg)

Fig. 6. Peak intensity (area under the band) of the narrowest band of quartz

at 693 o ! in arbitrary units (a.u.) versus sample mass. The data
is shown both for the standard FTIR technique and the PAS technique.

The solid lines are drawn through the points as guides., The FTIR and PAS

techniques agree for sample mass < 2 mg.

Concluding Remarks:

The major limiting factor for the use of PAS in quantitative analyvsis has
been the saturation phenomenon. In this work, we have shown how the PAS
signal for the thermally thin case (Eq. (6)) leads to the PAS signal for the
thermally thick case (Eq. (7)) as the sample masas (or length #) is increased.
This has led to an enhanced understanding of the saturation phenomenon and
provided the limits under which PAS can be used for quantitative analysis.
This and the chopping frequency dependence of the PAS signal in quartz has

provided additional verification of the correctness of the RG theory.lz
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Oxygen Effects on Free Radicals and
Cytotoxicity of Freshly Crushed Coal

N.S. Dalail, B, Jafaril, M.M. Suryanl and V. VallyathanZ2
;I?ae&alitmelg of uShegnstJy West Virginia University

ology Section, Naticnal Institute of Oceupational
e ony Sect u pational Safety and Health,

The biologic events leading to coal workers' pneumoconiosis (CWP) are not
yet fully understood., There is no good correlation between toxicity studies or
animal models with human epidemiologic and pathologic data. Several studies
have shown that the gseverity and prevalence of the CWP in miners correlate
strongly with the rank and type of the coal mined. However this has not been
found to be the case with laboratory animal models or in vitro studies. 1In 1980
Russian ¢cientists Artemov and Resnik suggested that the discrepancy may be
related to the excessive amount of ghort-lived free radicals present in freshly
generated coal mine dust. Because of their short life, such free radicals would
be absent in the “"stale” coal dust used in most animal experiments. To test
this hypothesis we have undertaken a systematic study of the generation,
reactivity with oxygen and biological significance of free radicals in coal
dust.

Electron spin resonance (ESR) was used as a technique for the direct
detection of radical production and kinetics of decay. ESR signals from the
newly generated radicals decreased with time on exposure to oxygen or when
stored in biological buffers at a rapid rate. In vitro biological tests were
carried out which suggest that the reaction between the newly generated radicals
and oxygen plays a significant role in the sample's cytotoxicity.

Materials and Methods

ESR measurements wvere made at X-band (~9.7 GHz) using a computer-controlled
Bruker ERZ00D ESR apectrometer, The two coals studied in detail were obtasined
from the Pennaylvania State University Coal Depository. These were, a
bituminous sample, PSOC-1172 (72X carbon) and an anthracite sample, PSOC 867
{95% carbon)., Coal particles of several millimeter (mm) dimensions were
evacuated to a pressure of ~1073 mm Hg typically overnight. Without exposure to
air, these particles were ground in an agate mortar with an agate pestle for
sbout 30 ainutes and then sieved through a 20 ym mesh filter before ESR
messurements or cytotoxicity studies. As an index of cytotoxicity, hemolysis
wvas mseasured according to the sethod of Harrington, with minor modifications.
Sheep erythrocytes (2%) were incubated with test samples at 37°C for one hour,
and the hemoglobin released was quantitatively estimated photometrically.
Additionslly, telease of alveolar macrophage enzyme lactate dehydrogenase (LDH)
was eatimated after incudbation of the macrophages with the coal particles at
different time intervals after the grinding., Enzyme activity was assayed
according to the method of Wrobleski and LaDue and expressed as percent of
enzyne released in 2 hours per million cells with 1 mg of coal.
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FREE RADICALS IN COAL DUST

Repulta and Discussion

Figure 1 shows EPR spectra of freshly ground coals. Fig. [(a) shows the
ESR spectra for the bituminous coal, demonstrating that grinding indeed causes
an increase in the concentration of the coal~based organic free radicals.
Fig. 1{b) shows the decay of the free radicals from the two coal sanples as 2
result of admitting a low pressure of oxygen into the ESR sample tube,
demonstrating the reactivity of oxygen with the coal-based radicals.
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Figure 1. Time dependence of ESR spectra of crushed coal particles.

Figure 2 shows a plot of the decay of the coal-based radicals when the
anthracite sample wag crushed in air and then kept in air,
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Figure 2. A plot shoving time dependence of the concentration of radical-oxygen
complexation.,

Figure 3 shows a bar-type graph of the time dependence of the hemolysis
caused by a 2 mg per ml of coal dust. The time refers to the time elapsed after
the dust preparation. The results show that the cytotoxicity of the freshly
ground coal dust is the highest when {t is Juet produced snd 1t decreases on
storing the dust in either air or in & phosphate buffer solution.
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FREE RADICALS IN COAL DUST

EFFECT OF CRUSHING COAL ON CYTOTOXICITY
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Figure 3. A bar graph of time dependence of hemolysis caused by freshly crushed
anthracite coal.

The cytotoxic activity of the coal dust wae found to be decresoed partially
by superoxide di{smutase while catalage inhibited the toxicity completely. More

detailed studies of the mechanism of this inhibitory action are currently in
Progress.

We belfeve that the resulte summarized sbove and to be presented 4n fuller
detail at the conference, could provide a novel mechanism for understanding the
primary steps' in the biochemical mechanism of CWP. Moreover the methodology for
the radical production under controlled environment and the reactivity studies

will be of general interest of all interested in the toxicology of free radical-
oxXygen complexes,



Role of Reactive Oxygen Radicals in Silica Cytotoxicity

V. Vallyathanl, X. Shiz, N.S. Dalal? and W. Irrl
Ipathology Section, National Institute for Occupational Safety and Health, Morgantown WV
and ZChemistry Department, West Virginia University

Inhalation of crystslline silics is assoclated with s biphasic biologie
response of acute cell injury and chronle pulmonary fibrosis. Dust induceq
cell membrane injury leading to the release of lysosomal enzymes and cell death
hes been implicated as the initial important blologic event triggering the
fibrosis. Howsver, it is alsc possible other blologic reactions could
alternatively, or in addition to these enzyme related cytotoxicity reactions,
slter the normal functioning of cells. It is well known that phagocytic
activation results in the production of oxygen radicals which are highly
cytotoxic to cells. In healthy lung, protection against the toxic effects of
the normal balanced bilologic reactions are provided by a number of defense
systems including antioxidants. In disesse or conditions of overproduction of
oxygen radicals, blochemical protection may be overwhelmed with resultant
cellular injury.

Our recent observations have shown that resctive oxygen radicals (ROR) ars
generated during grinding of crystalline silics. We hypothesized that these
newly generated RORs may cause cell injury, lipid peroxidation, or even danage
to wmacromolecules such as DNA. Biochemical aberrations caused by the
inhalation of crystalline silica with ROR at occupstional settings might
overwhelm cellulsr and antioxidant defense systems of the lung leading to
injury and subsequent fibrosis.

To test this hypothesis, we have investigated the generation and decay of ROR
produced by crystalline silica using selectron spin resonance (ESR) and
investigated its toxicity with conventional biologic tests at various time
intervals after grinding. We also studied the decay of these newly generated
RORs in buffer and the effect of antioxidants and scavengers in the abolition
of cellular damages.

Crystalline silica with a particle size of 0.2 to S mm was obtsined from the
Ceneric -Respirable Dust Technology Center, Penn State University, State
College, PA. NIOSH crystalline silica with a particle size of less than 5 m
was used in al) the tests as a positive control. As negative controls titanium
dioxide or barite were used as non-toxic inert dusts. Silica was ground in an
agate mortar with a pestle for 30 min and sieved through a 20 ym mesh filter
before using in the ESR and diologic tests. For investigations on decay and
toxicity of ROR during exposure to air and buffer, stock samples of ground
silica were studied st time intervals of 0-30 min., 4 hrs, and 1, 2, 3, 7 and




REACTIVE OXYGEN RADICALS

14 days after grinding. ESR spectca ware obtained at X-band (9.7 GHz) using a
Brucker ER 200D ESR spectrometer. For the efficient detection and specific
identification of ROR we used a spin trap 5, 5-, dimethyl-1-pyrroline-N-oxide
(DMPO). In addition, we also used ethanol as & secondary radical trap to
further verify hydroxy radicals.

As an index of cytotoxicity, hemolysis was measured according to the method of
Harrington, with minor changes. Sheep erythrocytes (2%) were incubated with
test samples at 37°C for one hour, and the hemoglobin released was
quantitatively estimated with positive and negative controls. As an sdditionsl
measure of cellular cytotoxiclty, release of enzyme lactate dehydrogenase (LDH)
was estimated after incudation of alveolar macrophages with freshly ground
sllica. BPEnzyme activity was assayed according to the method of Wrobleski and
LaDue and was expressed as percent of enzyme releaped.

The particle characteristics end size of erystalline silica. genersted by
grinding varied greatly between samples. Therefore, quantitative analysis of
sach sample generated was trested independently for the evaluation of ROR decay
and cytotoxicity after exposure to air and storage in buffer. The mean
particle size of fresh ground silica was considerably larger than the ¥IOSH
standard with less than S um particles. NIOSH silica with smaller particle
size was more cytotoxic than the freshly ground gilica.

When crystalline silica was ground in 0.1M DMPO, an ESR spectrum with a typical
DMPO-OH adduct was obtained. This +OH radical signal was also increased with
more grinding. Studies with ethanol, as a secondary trap, further
characterized the ESR signal as +OH radical. The newly gensrated ESR gignal
showed slow decay when exposed to air and g dramatic decay in phosphate buffer.

The two cytotoxic evsluations showed consistent results with degree of
cytotoxicity correlations to ESR signals ROR reactivity and its decay during
time intervals tested, Freshly ground crystalline gilica induced a
significantly greater hemolysis and release of LDH within 0-30 min after
grinding than at later time intervals. Cytotoxicity of silica samples exposed
to ambient alr showed a gradual decrease of toxicity over two waeks. Phosphate
buffer storage of freshly pground silica resulted in a rapid loss of
eytotoxicity and ESR gignal.

Studies on the effect of exogenous scavengers showed differential inhibitory
effect of the cytotoxicity. Superoxide dismutase snd sodium benzoate provided
& partial protectlon to the cytotoxic effect, while catalase completely
abolished the cytotoxic effect of gilica. The newly generated ROR was also
completely scavenged by boiling silica in water.

The results presented here support s role of ROR in silica toxicity, which may
be significantly greater in occupational exposures where the inhaled dust
contained freshly fractured silics particles. Sandblasting and eilica flour
mill operations create worksite atmospheres with great quantities of freshly
fractured respirable silica particles and are associated with partcularly high
risk of acute silicosis.
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Mutagenicity of Diesel Exhaust Particles and Oil
Shale Particles Dispersed in Lecithin Surfactant

W.E. Wallacel:2, M.]. Keanel, C.A. HillZ and J. Xu3
INational Institute for Occupational Safety and Health,

Division of Respiratory Discase Studies,

Morgantown, WV

2West Virginia University

3Shanxi Medical College, Taiyuan, Shanxi, China

Diese! exhaust particulate matenal from exhaust pipe scrapings of two trucks. diluted
autcmobile diesel exhaust particuizte matenal collected on fifters. and two oil shale
ores were prepared for the Ames mutagenicity assay by dichioromethane (DCM) ex.
traction. by disperston into 0.85% saline, or by dispersion into dipaimitoyl lecithin
(DPL) emuision i saline. Saimonella typhimurium TASS was used to detect frameshift
mutagens i the samples. Sampies of diese/ 500t gave positive mutagentc responses
with both DCM extraction and DPL dispersion, with the DPL dispersion giving higher
results in some cases. The results suggest that possible mutagens associated with
inhaled particles may be dispersed or solubilized into the phospholipid component
of puimonary surfactant and become active i such a phase.

INTRODUCTION

The Ames Salimonella/microsome assay (Ames et al., 1975) has been
shown to be a useful test for detecting genotoxic properties of various
agents. Hundreds of specific chemicals have been screened (McCann
et al., 1975), and the test has been applied for many types of environ-
mental samples. Airborne mutagenic agents, for example, have been
found in urban air (Chrisp and Fisher, 1980; Hughes et al., 1980; Ro-
senkranz et al., 1978), in diesel engine exhausts {(Huisingh et al., 1978),
and in the byproducts of coal combustion processes (Chrisp et al.,
1978).

Samples of airborne particles are typically collected on membrane
filters, and undergo a rigorous extraction procedure with organic sol-
vents and/or ultrasonic agitation (Clark and Hobbs, 1980). Often ex-
tracts are transferred to another solvent that is compatible with the
assay system. These extraction procedures, while efficient from an ana-
lytical perspective, are not physiologically plausible. The questions that
present themselves are whether a demonstrated mutagen can be taken
up in vivo and whether the process is quantitatively or qualitatively dif-
ferent from the above laboratory procedure (Wallace et al., 1984).

When a particle of respirable size is inhaled to the alveolar region
of the lung, its first physiological contact is with pulmonary surfactant
that lines the inner surfaces of the alveoli. This surfactant is an aqueous
fluid containing proteins, phospholipids, and other components (R. }.
King, 1982). The principal phospholipid constituent is 1-alpha-phospha-
tidylcholine, beta,gamma-dipalmitoyl, or dipalmitoyl lecithin (DPL)
(L. C. King et al., 1981)}.

The objectives of this study were to determine whether mutagenic
“compounds can be transferred to a fluid representative of the phos-
pholipid component of pulmonary surfactant and whether the resuits
of mutagenicity testing following such preparation are comparable to
the resuits of preparatory procedures using organic soivents. These
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objectives were intended to address the question of in vivo biologic
availability of mutagenic hydrophobic respirable particles deposited in
the acinar region of the lung and to test a preparatory procedure for
mutagenicity assays of respirable particles that takes account of that
question (Wallace et al., 1986).

The fluid used was dipaimitoyl! lecithin emulsified in physiological
saline. Several substances not expected to exhibit mutagenic activity
were also assayed to screen for possible false positive results.

MATERIALS AND METHODS

Diesel soot (D1) was obtained by scraping the inside of the exhaust
pipe of a large diesel truck at the West Virginia University Medical
Center. The soot was collected immediately after the engine was
stopped. Magnetic particles were removed with a magnet. Diesel soot
(D2) was provided by Dr. Trent Lewis of the National Institute for Occu-
pational Safety and Health (NIOSH) Division of Biomedical and Behav-
ioral Science. The soot was generated by a stationary diesel engine,
and was over 1 yr old at the time used. The particulate matter was
scraped from the inside of filter bags. Dusts D1 and D2 were stored in
sterile jars at —10°C. Diesel soot (D3) was provided courtesy of Dr.
Roger McClellan of the Lovelace inhalation Toxicology Research Insti-
tute (ITRI). Exhaust particulate material was collected by high-volume
sampling on filters in a dilution tunnel diluting the exhaust of a General
Motors 5.7-1 engine operated on a federal Test Procedure Cycle, and
the filter was stored at —80°C. Paraho oil shale (OS1) and Scottish oil
shale (OS2) were provided by Dr. James Jackson of Los Alamos Na-
tional Laboratory (LANL). The ores were ground to fine powders with
mortars and pestles, and stored in sterile vials at —=10°C.

Dipalmitoyl Lecithin Emulsion, 10 mg/ml

. For this preparation, 100 mg L-alpha-lecithin, beta,gamma dipalmi-
toyt {DPL} (Calbiochem, La Jolla, Calif.) was weighed into a sterile 50-mi
centrifuge tube, 10 ml of 0.85% physiological sterile saline (PSS) was
added, and the liquid was sonicated 10 min at 40 W (Heat Systems-Ul-
trasonics, Plainview, N.Y.). The probe was wiped with 95% ethanol and
was covered with Parafilm during the sonication.

Dichloromethane Extraction

For this, 2.5 mg of each particulate material was suspended in 2.5 ml|
of dichioromethane (DCM) (Mallinckrodt, St. Louis, Mo.} in sterile
15-ml| glass centrifuge tubes and sonicated in a water bath (Bransonic,
Shelton, Conn.) for 30 min at room temperature. Tubes were placed in
a dry bath at 45°C, 2.7 ml dimethy! sulfoxide (DMSQ) (Baker, Philips-
burg, N.J.) was added, and the DCM was evaporated under nitrogen,
until 2.5 m| of liquid remained.

DPL Dispersion

For this, 2.5 mg of each particuiate material was weighed into a
sterile glass centrifuge tube, 2.5 mi of 10 mg DPL/m! saline was added,
and the tube was placed in a water bath for 60 min at 37°C. PSS disper-
sion was similar to DPL dispersion, except PSS was used.

Samples extracted with DCM were diluted 1:2 and 1:4 with DMSO;
samples dispersed with DPL or PSS were diluted likewise with PSS. Par-
ticulate matter was not removed in any of the assays except the experi-
ments involving sedimentation, as described below. Negative controls
were DMSO, PSS, and DPL. Positive controls were technical-grade tri-
nitrofluorenone (TNF) (Aldrich, Milwaukee, Wis.), 1 mg/ml, for experi-
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ments without S9, and 2-aminoanthracene (2AA) (Aldrich, Milwaukee,
Wis.), 2.5 mg/ml, for the experiment with 59.

For experiments that involved separation of dispersed or extracted
diesel soot into a liquid phase and a sedimented phase, samples were
centrifuged 10 min at 2000 x g after the extraction or dispersion proce-
dure. The supernatant was removed and diluted as above, and the sedi-
ment resuspended in either DMSO or PSS, vortexed, and diluted as
above. For experiments that involved filtration of the supernatant from
centrifugation of dispersed or extracted diesel soot, samples were first
dispersed or extracted and then centrifuged as above. The supernatant
was then filtered through an 0.2-um syringe filter (Millipore, Bedford,
Mass.). The filtrate was then diluted as above for assay.

The Ames Salmonella/microsome assay was used for mutagenesis
testing, and the S9 mixture was prepared as described by Ames et al.
(1975). The preincubation test was used as the assay system. In brief,
0.1 ml of each sample, 0.5 mi PSS or 59 mixture, and 0.1 ml of TA98
culture was added to a 16 x 100-mm piastic culture tube, and all sam- -
ple tubes were rotated in a 37°C incubator for 90 min. Samples were
then mixed with 2 mi top agar supplemented with biotin (0.05 mM) and
histidine (0.05 mM), and mixtures were poured into Vogel~Bonner
minimal media plates and incubated 48 h at 37°C. Revertant colonies
were counted with an electronic counter (Artek, Farmingdale, N.Y.);
plates containing visible diesel particles were hand counted to assure
that only Saimonelia colonies were counted. Since diesel soots D1 and
D2 had been shown by previous work in this laboratory to be muta-
genic to TA98 without 59, this tester strain was used exclusively, and 59
activation was used in only one experiment. :

RESULTS

Figure 1 shows the results for D1 for each of three preparation
media: dichloromethane, physiclogical saline, and dipalmitoyl lecithin
emulsified in saline. Mutagenic response increases with dose in all
cases. The responses of DPL-dispersed samples and the DCM-extracted
samples both substantiaily exceed the response of the saline-dispersed
samples, The resuits from duplicated experiments show that the re-
sponse in revertants per plate is generally higher for DPL-dispersed
than for DCM extracted samples. An additional experiment was done
to see the effect, if any, of $9 microsomal fraction on the samples pre-
pared by the three methods. The 59 fraction supressed the mutagenic
response in all the samples, especially those dispersed in DPL, Poten-
tial reasons for this have not yet been investigated. The S9 fraction also
elevated the controls. This is not unexpected, noting that some histi-
dine may be present in the liver homogenate.

As shown in Fig. 2, diesel soots D2 and D3 both met the criterion
for mutagenicity (response producing an increase equal to two or more
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FIGURE 1. Mutagenic response versus extraction or dispersion medium for diesel soot D1 with
and without 59 microsomal activation.

times the control for at least one concentration tested, and a positive
dose related response at three concentrations) {Ames et al., 1975). The
responses from OS1 and OS2 were similar for all three preparation
media; OS1 minimally meets the criterion for mutagenicity with DCM
extraction, but otherwise the responses for all preparation media were
very weak. The mutagenic responses of both positive and negative
controls were typical for the TA38 tester strain in all experiments.

To examine whether DPL was acting as an extracting agent or as a
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FIGURE 2. Mutagenic response versus extraction medium for diesel soot DI and D3. and ol
shales OS$1 and OS2,
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solubilizing or dispersing agent in this system, samples were centri-
fuged 10 min at 2000 x g after the DCM extraction or DPL dispersion
procedures. The supernatants were transferred to vials, and the sedi-
ments were resuspended in DMSO or saline, respectively, for the
OCM-extracted or DPL-dispersed sampies. Figure 3 shows that virtually
all of the mutagenic activity for the DCM-extracted samples is in the
supernatant, but the greater activity lies with the sediment phase in the
DPL-prepared samples. To investigate whether the mutagenic activity
in the supernatant was due to dissolved or dispersed soot fractions, a
set of samples were subjected to this same procedure of DCM extrac-
tion or saline or DPL-saline dispersion and subsequent centrifugation.
The supernatant fraction from the centrifugal separation was filtered
through a 0.2-um filter. The filtrates were then assayed. Figure 4 shows
that this filtration removed all mutagenic activity from the DPL-saline-
prepared sample supernatants.

An experiment was performed to determine the effect of varying
DPL emuision concentration (the concentration of dipalmitoyl iecithin
emulsified in saline) on the mutagenic response of diesel soot D1 dis-
persed in the emulsion. Figure 5 shows that the response increases
with increasing DPL concentration up to 7 mg DPLUmI saline, where the
effect levels off.

Another experiment showed that mutagenic response is essentially
constant for unseparated sample D1 incubated for times of 1, 2, 4, and
8 h in dispersion in 10 mg DPUmi satine at 37°C: the dispersion times
do not include the 90 min associated with the preincubation proce-
dure.

1 VIRTANT AR

‘.? _&.-! P

TLoEEILTIOTE Iom

FIGURE 3. Mutagenic response for supernatant and 2000 x g sediment phases of diesel soot D1
versus extracnan or dispersion medium.
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FIGURE 4. Mutagenic response for filtered supernatant and 2000 x g sediment phases of diesel
soot D1 versus extraction or dispersion medium.

DISCUSSION

From this study it seems clear that mutagenic agents from some
diesei soots can express mutagenic activity when dispersed in phos-
pholipid emuision that resembies a major component of pulmonary
surfactant. (t is especially surprising that the response in many cases is
greater than that using extraction with organic solvents. This seemingly
ts contradictory to the findings of L. C. King et al. (1981) and Brooks et
al. (1981), who found, respectively, mild response with lung lavage
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FICURE 5. Mutagenic response verus lecithin cancentration in emulsion for diesel soot D1, with-
out 59 acuvanon,
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fluid extracts and no response with both lavage fluid and DPL extracts
of diesel particulate material. However, one crucial difference between
this work and those studies is that in this work particulate materials
were not removed by filtration or sedimentation before the assay. Their
studies used several hours to several days of incubation with extrac-
tants, but this would not appear to be the basis for the differences in
results (L. C. King et al., 1981; Brooks et al., 1981).

In the experiment where samples were separated into a superna-
tant and a sedimented phase, both fractions were assayed. After 2000
X g centrifugation, most of the mutagenic activity was found in the
sediment for DPL-dispersed samples, in contrast to DCM-extracted
samples. Filtration of the supernatants removed the remaining muta-
genic activity from the DPL-dispersed sample supernatant. it therefore
appears that the supernatant-fraction mutagenicity of the DPL-dis-
persed samples is due to very fine dispersed particles, which might be
removed by the separation procedures used in other studies (L. C.
King et al., 1981; Brooks et al., 1981). DPL may be solubilizing the diesel
soot, rather than extracting a soluble fraction.

Since the majority of mutagenic response with DPL-dispersed sam-
ples is with the sedimented material, this is evidence that the DPL. may
facilitate interaction of diesel soot particles with the Saimonefla auxo-
trophs. Microscopic examination of D1 revealed most particles were
less than 1 um in diameter, consistent with published data on other
diesel exhaust particulate material (Cheng et al., 1984). This is very fine
but still sizeable relative to bacteria (less than 2 um in length). Since the
TA98 auxotrophs have cell-wali defects (Ames et al., 1973), these de-
fects may allow contact of the plasma membrane with particies or
agents adsorbed on particles.

These results suggest a research premise that components of pul-
monary surfactant provide a solubilization mechanism for hydrophobic
or sparingly water-soluble respirable particulate material that deposits
in the acinar regions of the lung. Such solubilization might affect one
or more steps in the chain of exposure from contact to uptake to me-
tabolism and interaction with genetic materiat within the cell.

In any case, this sample shows that surrogate physiological fluid is
capabie of efficient delivery of mutagenic agents from particles to
tester ::Ils. Additional research is needed to elucidate the mechanisms
involved.
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A Method for Resuspending Particles
Deposited on Filters

V.A Marple and KL. Rubow
Merchanical Engineering Department,
University of Minnesota

Filter samplers are one of the simplest methods and, in some instances, one of
the only methods that can be use to obtain samples of particulate matter
suspended in a gaseous medium. Once collected, particles are normally analyzed
directly on the filter by gravimetric, chemical or microscopic techniques.
However, it is sometimes desirable to resuspend the particles in an airstream
for analysis. This would be the case if the size distribution of the particles,
were to be measured using one of many particle sizing techniques such as
inertial classifiers, optical particle counters or the TSI Aerodynamic Particle
Sizer (APS). '

A technique has been recently developed whereby one can resuspend particles from
filter samples in an airstream. The technique has been used for the
resuspension of coal dust from filters. The resuspended particles were then
introduced into the APS. This development was necessary since an APS can not be
taken diractly into an underground coal mine. For this application, particle
samples are ¢ollected on membrane filters in the underground mines. The mass
concentration of the particles determined through gravimetric analysis. The
particle size distribution was then determined by resuspending the particles and
passing them through a TSI Aerodynamic Particle Sizer (APS). Excellent
agreement has been obtained between the size distribution directly measured
underground with a cascade impactor and that measured from the resuspended
particles. For this experiment, an open-faced filter sampler was placed
adjacent to the cascade impactor 1in the mine. The particles coliected on the
filter were resuspended in the laboratory and measured with the APS.

A venturi aspirator is used in the apparatus developed for resuspending the
particles. The venturi has a small diameter capillary tube placed in the
venturi throat. High velocity air flow is passed through the venturi, thereby,
creating a lnw pressure region at the exit of the capillary tube. The low
pressure draws air tihrough the tube. The filter with deposited particles is
located at the inlet to the capillary tube where the air flow into the capillary
resuspend the particles. Once airborne, the particles are deagglomerated as
they pass through the high velocity air flow in the venturi throat.
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An Impactor with Respirable Penetration
Characteristics and Size Distribution
Capablilities

V.A. Marple and K.L. Rubow
Mechanical Engineering Department,
University ofMinnesota

In our laboratory several impactors have been developed in the past which
have penetration characteristics that approximate that of the ACGIH or the
British MRC respirable curves. In these impactors the large nonrespirable par-
ticles are collected on an impaction plate of a multiple round nozzle stage
where the nozzles are of different diameters. The principle for designing a
respirable cut impactor is quite simple in that the respirable curve is divided
into two or more segments and the nozzles are designed with the correct diame-
ters and number of nozzles to have collection characteristics with 50% cutpoints
at the center of each segment. The particles not collected on the impaction
plates are then collected upon a filter. These particles represent the
respirable fraction of the aerosol. Therefore the respirable curve is approxi-
mated in a stepwise fashion with the approximation becoming better as the
respirable curve is divided up into increasing numbers of segments. It has
generally been felt that three segments is satisfactory for most cases.

A new version of the respirable impactor has recently been developed in our
laboratory. This impactor approximates the ACGIH respirable curve in three
steps at a flow rate of 30 liters per minute. However, unlike previous models
where all of the particles larger than the three cut points designated by the
three steps are collected upon one impaction plate, a separate impaction plate
is now used for each of the three cut sizes. To approximate the respirable
curve in three steps, the cut sizes must be 2.2, 3.5 and 5.8 microns diameter.
Therefore, on each of these stages the particles collected will be the mass of
particles that are larger than these three cut sizes. By determining the mass
of particles collected on each of these three stages plus that on the after-
filter using Gravimetric techniques, some information can be obtained on the
size distribution of the aerosol being sampled. Furthermore, the impaction pla-
tes of the three stages are rotated and the nozzlies are placed in such a
position such that a uniform deposit is obtained on each of the impaction
plates. Therefore, the deposits collected are suitable for X-ray fluorescence
analysis or other types of analysis where a uniform deposit is required.

Under normal use, the particles which penetrate the impaction stages are
collected upon a filter and these are considered to be the respirable particles
in the aerosol. This impactor, however, contains an adapter so that the
penetrating particles may be passed directly through a cascade impactor such as
a Micro-Orifice Uniform Deposit Impactor (MOUDI). Therefore, the respirable
fraction of the aerosol can be divided into distinct size fractions from .05 um
up to the upper size of the respirable curve (about 10 ym), for further size
distribution analysis or chemical amalysis of particles in specific size ranges.

150




Crossflow Influence on Collection Characteristics of
Multinozzle Micro-orifice Impactor

C. P. Fang and V.A, Marple
Departmz?lfof Mechanical Engineering,
Untversity of Minnesota

For lower stages of multinozzle micro-orifice impactors, as many as
two thousand nozzles are uniformly arranged within a cluster
diameter of 1.06 inches. In the impaction region the mass flowrate
of the spent air increases along the radius and reaches a8 maximum at
the periphery. This crossflow can significantly deflect the air
Jets of the outer nozzles, hence the Characteristics of impaction
changes.

Investigators in heat transfer and fluid mechanics have studied the
influence of crossflow on jet deflection and found the dimensionless
deflection of the jet centerline X/0n 1s a function of (S/Dn) (1/m).
only, here X is downstream coordinate measured from the center

of the jet orifice, S {s the Jet-to-plate distance, D 1s the ori-
fice diameter and m is the Jet/crossflow mass flux ratio defined as:

e Y.
=

where p is the air density, V is the velocity and the subscripts j
and » represent jet and crossflow respectively.

To apply the results of the heat transfer investigation to multi-
nozzle impactors, assumptions must be made: (1) mass flux is uni-
form over the cluster area; (2) the crossflow velocity is uniform
between the nozzle plate and fmpaction surface at a specific radius;
(3) Pj=fws+ Therefore, at the periphery we obtain:

DnN

(§;J @ =,

where N is the number of nozzles and D, is the cluster diameter. It
1s interesting to note that at the periphery this parameter is inde-
pendent of $/Dg. _

Impactor calibration data shows that the geometric standard
deviation of the collection efficiency curve increases with {ncrease
of DN/4D. and 100% collection efficiency can not be guaranteed when
OpN/4D¢ >71.2. Therefore, a design criterion of DpN/4D¢ < 1.2 is
recommended.
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ent Size Distributions from Simple Fracture of

Coal and Rock

CJJ. Tsal, D.Y.H. Pui, R, Caldow, K. Olson and B. Cantrell
Particle Technology Laboratory, Mechanical Engineering
Department, University of Minnesota

The amount of new surface generated during fracture of coal
and rock has been found to be directly proportional to the amount
of energy associated with the fracture. To confirm this and study
the relationship between the new surface and dust aerosol formed
during fracture the U.S. Bureau of Mines has conducted experiments
simulating fracture as it occurs during mining operations. In
addition to fracture energy measurements, fragment size distribu
-tions were determined over a size range of 0.5 microns to 1 fnch.
The size measurements accounted for the mass of the original sample.
Material studied was I11inois No. 6 coal, coal from the Taggart
seam of Virginia, and Berea Sandstone. The experiment employed
a chamber to confine sample fracture fragments and a combination of
particle measuring systems. Measurement methods included aerodynamic
sizing of entrained dust aerosol with optical counting and inertial
impaction techniques, physical sizing of non-airborne fragments'
by sieving, and optical sizing of fragments using optical counting
and scanning electron microscopy.

 Results of the size distribution measurements indicate that
a single size distribution law does not adequately describe the
entire fragment size distribution. A combination of two size dis
-tribution laws, such as the Rosin-Rammler and log-normal distri
~butions, is necessary to describe this size distribution. New
surface created by fracture is primarily found in particulate
between 2 and 50 microns with a mean size of 12 microns. It was
also found that the specific energy of fracture can be linearly
retated to the .concentration of aerosol in this size range.

Only a small fraction, between 0.02 and 0.16 pct, of the
dust particles .generated during fracture become airborne. The
remainder adhere to the new surface created during fracture. An
entrainment fraction, defined for a given particle size is the ratio
of the mass of airborne particles to that of the total particiles
generated in that size range. This experimental entrainment fraction
is related to the Van der Waals adhesion force and the electrostatic
forces operating during fracture and is used to derive empirical
parameters to model these two processes.
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Measuring the Size Distribution of Diesel
Exhaust and Mine Dust Aerosol
Mixtures with the Microorifice

Uniform Deposit Impactor

K.L. Rubow, V.A. Marple, D.B. Kittieson and C. Fang
Particle Technology Laboratory, Mechanical Engineering
Department, University of Minnesota

Under contract to the U.S. Bureau of Mines, a study was
conducted to investigate the feasibility of using the microorifice
uniform deposit impactor (MOUDI) to measure the size distribution of
aerosols containing various mixtures of coal dust and diesel exhaust
particles. The project objective was to determine {f the mass
concentration of diesel exhaust particles, in an airborne mixture of
coal dust and diesel exhaust particles, could be determined on the
basis of .the size distribution of the two aerosols. In general, the
mass of diesel exhaust particles is in the submicrometer size range
while that of the coal particles lie in the larger size ranges.

The MOUDI is a cascade impactor with small diameter nozzies to
obtain small cutsizes and rotating impaction plates to avoid
particle overloading of the deposit. For this study, a 7 stage
version was wused. At the sample flow rate of 30 L/min, the cutsizes
were 0.10, 0.23, 0.70, 1.0, 2.6, 4.9 and 10 pm.

Size distributions of aerosols generated in the laboratory and
in several wunderground coal mines were measured. The primary
emphasize of the laboratory tests was to ascertain if the diesel
exhaust particies could be separated from the coal dust, regardless
of wmass fraction of the diesel exhaust particles in the total
aeroso) mixture. Diesel exhaust, from a Caterpillar Type 3304 NA
diesel engine, was mixed with coal dust generated with a TSI Model
3400 fluidized bed dust generator. Experiments showed the size
distributions of the mixed aeroscls exhibited two definite modes
with the minimum between the two modes in the 0.7 to 1.0 um size
range. Distinct modal separation was obtained as the mixture
fraction of the diesel exhaust aerosols was varied from 3X to 98%.

The field study was conducted in three underground coal mines,
two utilizing diesel-powered equipment and the third exclusively
using electric equipment, Sampling sites were selected to obtain a
wide variety in the diesel exhaust and dust aerosol concentrations.
Size distribution data showed these aerosols are bimodal. The mass
nedian aerodynamic diameters of the diesel particulate mode and the
coal dust mode were approximately 0.15 um and 3 to 10 um,
respectively. The results, in all cases, clearly show a separation
between the two modes in the 0.7 to 1.0 um size range with the
minimum in the vicinity of 0.9 ym. The separation was found to be
independent of mass fraction of the diesel exhaust particles, total
particle concentration and sampling site.
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Detection of Receptor and Synthesis
Antagonists of Platelet Activating Factor
in Human Whole Blood and

Neutrophils Using Luminol-Dependent
Chemiluminescence

K. VanDykel and V. Castranova?

lpepartment of Pharmacology and Taxicology, West

Virginia University and < Division of Respirable Disease
Studies, National Instiute for Occupational Safety and Health,
Morgantown, WV

INTRODUCTION

A soluble mediator has been described which is released from activated rabbit
Jeukocytes and induces histamine secretion from rabbit platelets (Barbaro and Zvaifler,
1966; Siraganian and Osier, 1971). This factor has been isolated, characterized and
named platelet activating factor, PAF (Benveniste er. al., 1972). PAF has since been
chemically identified as 1-0-alkyl-2-acetyl-sn-glyceryl-3-phosphocholine (Benveniste

. al., 197%; Demopoulous er. al., 1979).

PAF is a lipid mediator of broad biological activity. It causes smooth muscle
contraction, contraction of lung tissue and decreased FEV; while enhancing capiil-
ary permeability thus causing edema (Pinkard, 1983). In addition, PAF is a chemo-

attractant and can lead to inflammation.

PAF has been reported o stimulate the release of lysosomal enzymes, leukotriene
B,, and lipid metabolites from neutrophils (Smith ez. al., 1983; Shaw e, al., 1981;
Lin e. al., 1982; O'Flaherty er. al., 1984). The objective of the present investigation
was 10 further characterize PAF-induced stimulation of granulocytes and to develop
a bioassay, i.e. chemiluminescence, for screening PAF receptor antagonists and
inhibitors of PAF-induced activation of granulocytes. The possible use of the chemi-
lurninescence assay w monitor PAF synthesis by human granulocytes is also described.

METHODS

Blood was drawn from healthy volunteers into a blood storage bag containing CPD
anticoagulant. Granulocytes were partially purified by dextran sedimentation and
further purified by centrifugal elutriation as described previously (Jones er. al.,
1980). Granulocytes obtained by this procedure were approximately 95 percent pure.
The number of granulocytes in this preparation was determined using an electronic
cell counter (Coulter Model Z,, Coulter Instrument Co., Hialeah, FL). Isolated
granulocytes were used to monitor membrane potential, hydrogen peroxide and
superoxide release, oxygen consumption, calcium uptake and, in some cases, chemi-
luminescence. Studies of PAF receptor antagonists were conducted using neutrophits
isolated by density centrifugation. Briefly, blood was layered onto Mono-Poly-Resol-
ving Medium (Flow Laboratories, McLean, VA) and centrifuged at 22 °C and 300 g
for 30 min. Neutrophils collected from the second band of this gradient were at least

90 percent pure,

Transmembrane potential (E,,) of human granulocytes was measured fluorometri-
cally at 37 °C at an excitation wavelength of 622 nm and an emission wavelength of
665 am using the fluorescent probe, Di-S-Cy(5) (Jones et. al.. 1980). Samples
contained 066 ug ml~'Di-S-Cy(5) and 2.3 x 107 cells in 3 m! of HEPES-buffered
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medium (45 mM NaCl, 5 mM KCl, 10 mM Na HEPES, 5 mM glucose, and | mM
CaCl,; pH-1.4).

Hydrogen peroxide release was measured by monitoring the fiuorescence of scopo-
letin at 37 °C at an excitation wavelength of 350 nm and an emission wavelength of
460 nm (Root er. al., 1975). Samples contained 1 x 10’ cells in 2.5 ml of HEPES-
buffered medium containing 2.5 uM scopoietin and 40 ug ml™ horseradish peroxid-
ase (165 units mg™').

Superoxide anion release was measured by monitoring cytochrome C reduction
spectrophotometrically at 550 nm at 37 °C (Babior et. al., 1973). Samples contained
1 x 10 cells suspended in 2.5 ml of a HEPES-buffered medium containing
1.2 x 10™* M cytochrome C.

Oxygen consumption was measured at 37 °C using a Clark electrode (Castranova
et. al., 1980). Samples contained 6.5 x 10° cells suspended in 1.7 m! of HEPES-
buffered medium. _

Caicium transport was monitored at 37 *C by measuring the uptake of “Ca by
granulocytes. Briefly, cells (2.5 x 10°) were suspended in 1.5 ml of HEPES-buffered
medium. At zero time, 7.5 uCi of “Ca was added and a 200 ul sampie of this
suspension placed immediately over a 100 ul cushion (dibuty| phthalate-mineral oil,
density = 1.025 g ml™"). This sample was centrifuged in an air-fuge (Eppendorf
Model 5412, Brinkman Instrument, Westbury, NY) and the supernatant and cushion
removed by suction. The cell pellet was dissolved in 100 ul of 0.1 percent Triton
X-100, mixed with 10 ml of Aquasol (New England Nuclear,Boston, MA) and coun-
ted in a liquid scintillation counter. In this manner, uptake was monitored by taking
cell samples at various time intervals.

Chemiluminescence generated from purified granulocytes was measured at 37 *C
using a liquid scintillation counter operated in the out-of-coincidence mode (Trush ez.
al., 1978). Briefly, granulocytes (1 X 10° cells) were suspmded in § mt of HEPES-
buffered medium containing 1 X 10~* M luminot.

Whole blood chemiluminescence was monitored at 37 °C using a luminometer
(Berthold Model LB 9500T, Berthold Instrument Inc., Wildbad, W. Germany) linked
to & computer data handling system (Edinboro er, al., 1985). Briefly, whole blood was
diluted 1:50 in HEPES-! uffered medium (500 1) containing 1.12 X 10~ M luminol,

PAF was obtained fro1.1 Bachem (Torrance, CA). This PAF was used as a mixture
containing 60 percent Cy, and 40 percent C,,. PAF was dissolved in 1 percent bovine
serum albumin diluting with HEPES-buffered medium.

RESULTS AND DISCUSSION

The present study characterizes the effects of PAF on the membrane potential, ionic
permeability, and respiratory burst activity of human granulocytes. Furthermore,
these responses to PAF are compared to those for a known stimulant of phagocytes,
i.e. the chemotactic agent FMLP. These results are summarized in Table 1.

Table 1. Characteristics of PAF Stimulation of Human Neutrophils: Comparison to Stimula-
tion with FMLP'

Response PAF FMLP
Chemiluminescence + +++
Superaxide release + R b
Oxygen consumption 0 +++
H,0, ++ +4+++
Depolarization +++ +++
Increased P, 0 ++
Increased Py, +++ ++4

' Responses to maximal doses of stimulant, ie., | X 1075 M PAF and | x 10-" M FMLP. The relative
magnitude of enhancement is signified by +. No response is signified by 0.
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PAF induces a rapid but transient depolarization of the granulocyte plasma
membrane, This depolarization peaks within 15 s in response 1 a maximal dose of
PAF (1 x 107° M). This response is short-lived with the membrane potential
repolarizing to the resting level within 90 5. PAF fails to alter membrane potential in

PAF on the membrane potential of human granulocytes is dose-dependent. Responses
can be measured between doses of 1077 1o 10-* M with an EDy 0f 2.5 x 10~5 M. At
doses of PAF above 2.5 x 10-*M, the magnitude of the response declines. This
PAF-induced depolarization is similar in magnitude and time course to that produced
by FMLP. However, unlike FMLP, PAF does not produce a delayed fall in fluores-
cence signal below the resting level. It has been shown that this fal] is the result of
mycloperoxidase-H,0, dependent oxidation of the fluorescent probe (Castranova

FMLP is a known stimulant of respiratory burst activity in human granulocytes,
i.e. FMLP stimulates large changes in Oxygen consumption, secretion of superoxide
anion and H;0,, and chemiluminescence. In comparision, stimulation by PAF is
smaller and less complete. PAF-induced secretion of superoxide anion is only 20 per-
cemoftlntinducedbyFMLPde,O, mleaseinresponsebwisonlymper-

presence of extracellular sodium, i.e. litle chemiluminescence is seen if external
sodium is replaced by potassium.,

Chemiuminescence
{com X 10°4)

PAF
Lyso-PAF
. M
1 v h] L] ] ] i L] 1 ]
[ 3 ) 7 9
Time {min)

Figure 1. Chemituminescence genented from human whole
blood in response to | x 10-* M PAF or lyso-PAF
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Chemiluminescence has proven (o be a simple and rapid method to monitor the
effects of PAF on granulocytes. In contrast to other parameters studied, chemilumine-
scence can be monitored with whole blood. This eliminates the time involved in cell
purification. An example of PAF-induced chemiluminescence in whole blood is
given in Figure 1. PAF-stimulated chemileminescence generaled from purified
granulocytes exhibits & time course which is similar to that of the whole blood
response. However, the magnitude of the response is somewhat larger with purified
cels because of quenching of light by red blood cells in the whole blood assay, In
addition, the EDy, for PAF is higher, i.c. 9 X 10°* M in the whole blood system
because of non-specific binding to ceils other than granuiocyies,
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Figure 2. Dose~response curves for inhibition of PAF-induced chemiluminescence
from purified granulocytes by 63-072 (A) or kadsurenone (B). Granulocytes were stimu-
lated with 1 x 10-? M PAF

Table 2. Effect of Inhibitors on PAF-Induc~d Chemiluminescence in Human Neutrophils

Inhibitor Maximal inhibition' IC,}
63072 88% I2x 10 M
Kadsurenone 0% 27 x 10*M
NDGA 62% -
Indomethacin 20% -

! Maximal inhibition was measured at an inhibitor dose of 1 X 10~ M
2 IC,y is the inhibilor concentration which results in S0 percent of maximas inhibition,

The effects of PAF-receptor antagonists on PAF-induced chemiluminescence are
shown in Figure 2. 63-072, an inhibitor synthesized by Sandoz Research Institute,
is & potent inhibitor of PAF causing an 88 percent decrease in PAF-induced chemi-
luminescence at 1 X 10™* M with an IC,, of 3.2 x 107 M. Kadsurenone, & Merck
compound, is less potent causing 70 percent inhibition at 1 X 10~* M with an IC,
of 2.7 x 107¢ M. The lipoxygenase pathway seems 1o be much more imporant in
the generation of PAF-induced chemiluminescence than the cyclo-oxygenase
pathway, since nordihydroguaiaretic acid (NDGA) is an effective inhibitor of PAF-
stimulated chemiluminescence while indomethacin is not very effective (Table 2).

The effect of lyso-PAF on chemiluminescence is shown in Figure 1. Note that lyso-
PAF, the inactive metabolite of PAF, does induce chemiluminescence in leukocytes.
Compared to PAF, the response to lyso-PAF is delayed and of decreased magnitude,
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This delay suggests that lyso-PAF may be used by the cells as a substrate to synthesize
PAF and that it is this newly formed PAF which induces chemiluminescence. This
hypothesis is supported by the following evidence, Calcium has been shown o be
essential for the conversion of lyso-PAF 1o PAF and our data indicate that addition of
EDTA, a calcium chelator, to the cell suspension inhibits chemiluminescence in
response to lyso-PAF by 75 percent while decreasing the response to PAF by only 50
percent. It is interesting that there seems 10 be a wide interpersonal variation in the
ability of leukocytes to synthesize PAF from lyso-PAF, i.c. the deizy before initiation
of chemiluminescence following lyso-PAF treatment ranges from 15 s 10 4.5 min with
an average delay of 1.5 min (n=75).

In conclusion, the data from this investigation indicate the PAF is not only a secret-
ory product of granulocytes but is also an activator of these cells. PAF induces an
increase in sodium permeability in these phagocytes as well as sodium dependent
depolarization and generation of chemiluminescence. The chemiluminescence assay
has proved to be useful in screening inhibitors of activation and PAF-receptor antago-
nists. In addition the chemiluminescence assay may also prove useful in monitoring
synthesis of PAF from lyso-PAF.
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Measurement of Superoxide Release
from Single Pulmonary Alveolar Macrophages

K.A. DiGregorio, E.V. Cilento and R.C. Lantz

Department of Mineral Engineering, West
Virginia University

K. A. DiGrecorio, E. V. CILENTO, AND R. C. LanTz,
Measurement of superoxide release from single pulmonary al-
veolar macrophages. Am. J. Physiol. 252 (Cell Physiol. 21}):
C677-C683, 1987.—An electrooptical method was developed to
quantify superoxide (07) release from single rat pulmonary
alveolar macrophages (PAM) during adherence to the bottom
of a cultyre dish. This was done by meaguring the reduction of
nitro blue tetrazolium (NBT) to a diformazan precipitate at
550 nm from videorecorded images of individual cells. Temporal
changes in cell optical density, which are proportional to the
mass of diformazan produced, were calculated from video-
photometric measurements of the change in light intensity over
individual cells, Total diformazan produced increased 78 and
126% with an increase in NBT from 0.5 to 1.0 and 2.0 mg/ml,
respectively. Total diformazan produced and maximum rate of
production among individual PAM varied two- to threefoid
providing strong evidence for heterogeneity in O5 production.
Specific inhibition of O production by superoxide dismutase,
iodoacetate, and chlorpromazine significantly reduced the total
diformazan produced and maximum rate of diformazan pro-
duction. Hydrogen peroxide was not involved in NBT redue-
tion, since catalase alone did not significantly change diform-
azan preduction. This novel method to quantify Q; release
from single PAM should be valuabie in analyzing heterogeneity
and single cell kinetics of 07 production, in assessing the effects
of exposure of cells to particulates on O3 reileage, and in relating
release to electrophysiological measurements.

rat; nitro blue tetrazolium; macrophage heterogeneity; single
cell kinetics

PULMONARY ALVEOLAR MACROPHAGES (PAM) protect
the lungs by phagocytizing foreign debris and bacteria
{24). This process involves ingestion as well as destrye-
tion of foreign matter. Phagocytosis is usually accompa-
nied by a respiratory burst that increases cellular oxygen
consumption and glucose metabolism in the hexose
monophosphate shunt (7), which leads to the release of
highly reactive oxygen metabolites at the surface of the
plasma membrane (6, 27). These agents have been im-
plicated in the killing of bacteria by phagocytes (22), but
have also been shown to be toxic and have been linked
to cancer, emphysema, arthritis, diabetes, and other dis-
eases (17, 22, 30}, Toxic effects may be a result of either
an abnormally low production of metabolites, resulting
in damage to lung tissue by respirable bacteria and dusts,
or an abnormally high production, resulting in direct
damage to lung tissue by metabolites themselves.

The initial oxygen metabolite is thought to be super-
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oxide anion (03), produced from the reduction of oxygen
by NADPH oxidase (6). Superoxide can readily dismu-
tate to form hydrogen peroxide and, subsequently, other
antimicrobial agents: hydroxyl radical (OH-), singlet
oxygen (O'), and hypochlorous acid (HOCI) (7, 292).

Two important areas of current interest concern the
activation of the superoxide generating system (7, 18)
and the heterogeneity of superoxide production among
cells (19}, Studies on groups of cells, separated into
subfractions according to cell density, suggest that phag.
ocytes from different subpopulations are heterogeneous
in terms of superoxide production (19), However, signif-
icant variability may also exist among individual cells
within each subfraction (15). Absolute quantitation of
variability with a population can only be performed by
making measurements on individual cells.

Evidence suggests that activation of phagocytes to
produce superoxide occurs in response to changes in
electrical potential across the cell membrane (18, 23).
However, aithough electrophysiological measurements
have been made on individual cells (14), measurement of
superoxide production has only been possible on large
numbers of cells in culture (22, 24). Therefore, no tech-
niques are presently available to measure electrophysio-
logical changes and superoxide release simultaneously
on the same cell.

As such, the purpose of this study was to develop an
electrooptical technique to quantitatively measure the
release of superoxide from single cells in culture, Devei-
opment of this methodology would be useful in analyzing
heterogeneity among cells and in studying the dynamics
of superoxide production by single cells. Ultimately, this
approach combined with measurement of transmem-
brane electrical changes simultaneously on the same cell
should prove valuable in understanding the production
of superoxide and other metabolites by PAM. The
method reported in this study uses electrooptical tech-
niques to measure nitro blue tetrazolium (NBT) reduc-
tion to a diformazan precipitate as an indicator of super-
oxide production by single PAM stimulated by adher-
ence. Specificity of the technique for superoxide was
tested using either known blockers of superoxide produc-
tion or superoxide dismutase (SOD), which leads to
superoxide dismutation,

MATERIALS AND METHODS

Solutions. Lavage fluid contained 145 mM NaCl, 5 mM
KCl, 1.9 mM NaH,PO,, 9.35 mM Na,HPQ,, and 5 mM
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glucose at pH 7.4. Resuspension fluid consisted of 140
mM NaCl, 5§ mM KCI, 1.5 mM CaCl,, 5 mM glucose and
10 mM Na-N-2-hydroxyethylpiperazine-N'.2-ethane-
sulfonic acid (HEPES) at pH 7.4. Lavage and resuspen-
sion fluids are those used in previous work (12, 23). NBT,
80D, catalase, iodoacetate (IOD), chiorpromazine
(CHL), and bovine serum albumin (BSA) were purchased
from Sigma Chemical and dissolved in resuspension
fluid. NBT was added to the resuspension fluid, warmed
to 25-30°C, and stirred to obtain soluble NBT solutions
at concentrations of 0.5, 1.0, and 2.0 mg/ml. SOD (3,100
U/mg protein) was purchased in a suspension of 3.8 M
(NH,).S0,, separated from (NH,),S0, by centrifugation
at 13,000 g for 3 min, and dissolved in resuspension fluid.
SOD, catalase, and BSA were added to 3 ml NBT solu-
tion in culture dishes containing PAM to obtain a final
concentration of 100 ug/ml. lodoacetate and chlorpro-
mazine were added to culture plates to obtain final
concentrations of 10 mM and 50 M, respectively (10,
13, 26).

Surgical preparation. PAM were obtained from male
Long-Evans hooded rats (Charles River) weighing be-
tween 250-300 g using the tracheal lavage method devel-
oped by Myrvik et al. (25). Briefly, anesthesia was ad-
ministered by intraperitoneal injection of pentobarbita)
sodium (0.1 g/kg body wt), the diaphragm was severed,
the animal was exsanguinated, and a 15 g needle was
inserted through an incision in the trachea. Fresh lavage
fluid (7 ml, 4°C) was injected into the lung through the
needle and slowly withdrawn to obtain cells. A total of
80 ml of lavage fluid was collected by repeating this
process 12 times. PAM collected were centrifuged at 500
g for 5 min at 4°C and resuspended in ice-cold HEPES-
buffered medium. After a second wash, PAM were resus-
pended in ~6 ml of HEPES-buffered medium at pH 7.4
and placed in an ice-water bath. It has been shown in
other studies that as much as 99% of lavaged rat cells
are macrophages (21} and that 85-95% of PAM obtained
by lavage are viable (12, 32).

Ezxperimental design. An aliquot of 400 ul of the cell
suspension (2-5 X 10° celis) was added to 3 m] of NRT
solution at 37°C in a tissue cuiture dish (Falcon 3001).
A layer of paraffin oil (37°C) was placed on top of the
aqueous layer to reduce evaporation. The remaining cell
suspension was kept in an ice-water bath until needed.

The culture dish, containing PAM and NBT, was
placed on a temperature-controlied (37°C) heating ele-
ment located on the stage of an Olympus (model IMT)
inverted light microscope and transilluminated at 550
nm, the peak absorbance wavelength for turbidimetric
assay of insoluble diformazin in aqueous solutions (5,
26). A field of at least six PAM was randomly selected
such that the cells were well separated from each other.
The microscope image was televised using a low-light
level Cohu (model 4410) silicon-vidicon television cam-
era and videorecorded for 40 min using a % in. Sony
(model V05600) videocassette recorder. The complete
system operates essentially as & vertical densitometer.

Temporal changes in light intensity over single PAM
were determined by playing back previously videore-
corded images through an IPM (model 204A) video pho-

tometric analvzer. The analvzer generates two windows,
with size and position in the video image user selectable,
which act as phototransistors sensitive to changes in
average hight intensity in the window area. The output
voltage from each window was filtered (0.23 Hz) to reduce
signal noise, digitized (12 hit) using a Keithley DAS
{model 520} every 10 s for 40) min, and stored on an IBM
PC-XT. This procedure was repeated to obtain measure-
ments from at least six PAM in each videorecorded
image.

Background light intensity variation was determined
in regions of the image containing no cells. After correc-
tion for any background variation, optical density (OD)
for each cell at each time interval was calculated using a
Beer-Lambert equation. The incident intensity was cal-
culated as the average of the initia] 3 intensity values,
representing 20 s of base line. OD was then converted to
mass of diformazan using the Beer-Lambert equation in
which OD is equal to the product of an extinction coef-
ficient, concentration, and pathlength.

This system is analogous to a vertical spectrophotom-
eter so that OD is independent of the vertical distribution
of the absorbing material (28). Although the Beer-Lam-
bert equation is strictly true for dilute compounds in
solution, it is also used for densitometric and turbidi-
metric measurements where the extinction coefficient js
measured for the insoluble product (1). The molar ex-
tinction coefficient for insoluble diformazan in buffered
agqueous solutions at neutral pH is 30,000/M.cm (5).
Since concentration is mass per unit volume and in this
system volume is the product of the area of the ce}l and
the pathlength, the pathlength effectively cancels out in
the equation. Therefore, the OD value calculated was
multiplied by the window area and the molar extinction
coefficient to determine the mass of diformazan pro-
duced.

Calibration of the electro-optical system, using neutral
density filters, showed that OD was linear over the range
of 0 to 0.7 OD units (Fig. 1). For comparison, OD for
diformazan production from cells was typically <0.3 OD
units.

Temporal changes in cumulative mass of diformazan
produced for each cell (M), exhibited a time delay fol-
lowed by an exponential-like increase to an asymptotic
maximum value (MAX). The data were fit to the follow-
ing equation

M = MAX]1 - exp(—(t — t)/T)]

where t is the time in s; ¢, the delay time measured
betweeri ‘stimulation and detection of diformazan pro-
duction in s; and T the time constant. The total difor-
mazan produced, MAX, was determined by averaging the
last minute of diformazan data, and ¢, was estimated by
observing the point at which diformazan production in-
creased significantly above bage line. A value for 7" was
determined by fitting the data to the log-linearized form
of this equation. The maximum (initial) rate of difor-
mazan production, R, was calculated from the derivative
of the equation at time ¢y, that is, as MAX/7T. The main
parameters of interest in this study were the total difor-
mazan produced, MAX, and the maximum rate of pro-
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CALCULATED op

ACTUAL OD

FiG. 1. Calibration of electrooptical system a¢ 550 nm using neutra|
density fiiters. Light intensity was measured and optical density (OD)
calculated using Beer-Lambert law, Systern response was linear up to

duction, R.

To establish the methodology and to determine the
best NBT concentration to use in the culture dish, cells
from 3 animals were examined at each of 3 NBT concen-
trations, 0.5, 1.0, and 2.0 mg/ml.

Specificity of the assay for superoxide was determined
by addition of 1) SOD, which competes with NBT for
superoxide by catalyzing the dismutation of superoxide
to hydrogen peroxide and oxygen (22); 2) iodoacetate,
which inhibits the releage of superoxide by blocking
regeneration of NADPH needed for NADPH oxidase
(10, 26): 3) chlorpromazine, which inhibits superoxide
release by competing with oxygen for the NADPH oxi-
dase (13); and 4) BSA, a nonspecific protein. To elimi-
nate animal variation all inhibitors were tested on cells
from each of four animals,

Because SOD dismutates superoxide to H,0,, the ef-
fect of catalase alone (CAT) and catalase with 80D (s-
C) on NBT reduction was tested in four additional anj-
mals. Catalase catalyzes the degradation of H;0; to ox-
ygen and water, thereby preventing H,0, from reacting
further with superoxide to produce other oxygen tnetab-
olites (30).

Experiments were analyzed using ANOVA at the 85%
confidence level, When significant differences were
found, the Newman-Keuls test was used to determine
the significant differences among means.

RESULTS

The production of diformazan, indicated by the pro-
gressive darkening of PAM at 10, 20, and 40 min com-
pared with time 0, is illustrated in photographs taken
from televised images of PAM shown in Fig, 2. A window
(white box} generated by the photoanalyzer is shown in
the image at time 0. Since the PAM attach to the dish
surface and spread during the 40 min, as illustrated by
the increase in cell area as time progresses, the window
size used for measurements was adjusted to the cell area
at the end of the experiment. To evaluate whether
spreading effects OD, experiments were done without
NBT in the culture medium, No change in OD was seen
due to spreading alone, Experiments done with and with-
out an oil layer showed no differences.

he average mass of diformazan produced vs, time for
six PAM from each of three animals at each NBT
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concentration is shown in Fig. 3. The cumuiative mags
of diformazan produced increased in an exponentiai-like
manner with time to an asymptotic maximum by 40 min.
Increasing NBT concentration from 0.5 to 1.0 or 2.0 mg/
ml increased both the tota] diformazan produced (78 and
126%, respectively) and the maximum rate of diformazan
production (72 and 148%, respectively). Concentrations
>2.0 mg/ml led to NBT precipitation that interfered
with measurement of diformazan production, Therefore,
to maximize detection of diformazan, 2.0 mg/ml NBT
was used in all subsequent experiments. These data fit
the equation very well; coefficients of determination (72)
for individual cells ranged from 0.91 to 0.97.

Importantly, it alse should be noted that statistical
analysis of total diformazan produced (MAX) and rate
of production (R) revealed that PAM ysed immediately
after washing provided results similar to ceils that were
maintained in an ice-water bath for up to 4 h. System
reliability and repeatibility were excellent based on pe-
beated measurement on one cell with either window (%
2%). Importantly, for a]l control cells (102 PAM), in-
cluding those analyzed with 0.5 and 1.0 mg/ml NBT,
only one did not release superoxide to produce diforma-
zan.

Heterogeneity among individual cells analyzed in the
same culture dish was demonstrated by the fact that
diformazan production varied widely among PAM from
the same animal and under the same experimental con-
ditions. For example, total diformazan produced and
maximum rate of diformazan production are given for
individual PAM at 2.0 mg/ml NBT in Table 1. Values
for MAX and R from individual PAM varied two.- to
threefold and coefficients of variation ranged from 31 to
42%. Similar variation was found among PAM at 0.5 and
1.0 mg/m] NBT and for PAM exposed to inhibitors {see
below).

Specificity for reduction of NBT by superoxide was
tested using five treatments in each animal: ) control
{NBT alone); 2) S0D; 3) BSA: 4) IOD; and 5) CHL.
MAX and R were significantly inhibited (P < 0.01) by
each treatment compared with contro] (Fig. 4). SOD,
IOD, and CHL inhibited MAX by 48, 51, and 43%,
respectively, when compared with control. Interestingly,
BSA, a nonspecific protein, also decreased MAX (58%).
R was inhibited 49% by SOD, 41% by 10D, 60% by CHL,
and 65% by BSA when compared with control. The
equation also fit the data obtained from the inhibitor
experiments. However, 13 of 96 PAM exhibited complete
inhibition of superoxide production and another 13 PAM
showed a very small Jinear production of diformazan, For
the 13 PAM showing a small production, 4 were treated
with BSA and 9 with SOD, whereas for cells that showed
complete inhibition 5 were from BSA, 4 from CHL, and
4 from 10D, Again, heterogeneity among individual PAM
exposed to inhibitors in the same dish was also apparent
since some cells showed no production (complete inhj-
bition), whereas others that produced diformazan ex-
hibited up to a 10-fold variation in MAX and R,

Since SOD only inhibited diformazan production by
49%, the effect of H.0, and its oxygen metabolites on
NBT reduction was examined. Addition of reagent grade



FiG. 2. Photographs of puimonary alveolar macr

ophages (PAM) taken from video monitor at 0, 10, 20, and 40 min.

-ogressive darkening of cells is due to diformazan precipitate. One photosnalyzer window (white bur) is shown ai

n¢ 0. PAM spreading is apparent but did not affect optical density.
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J; to NBT solution alone did not result in production
liformazan. Production of diformazan by H,0; or its
tabolites tested using catalase alone showed no signif-
1t differences from control cells (Fig. 5). Also, because
D dismutates superoxide to H,0,, the effects of SOD
| catalase together (S-C) were tested, The inhibition
IAX and R produced by S-C (60 and 57%) were not
ificantly different from SOD alone (49 and 48%).
rortantly, the inhibition of MAX and R by SOD in

set of experiments was very similar to the previous
eriments with 10D, CHL, and BSA. Heterogeneity

FIG. 3. Cumuiative mass of diformazan produced

with time for nitro blue Letrazolium (NBT) concentra-

e a = tions of 0.5, 1.0, and 2.0 mg/ml. Each curve IEpresents
an average of 16 cells, 6 from each of 3 animals.

35 40

was also apparent among PAM treated with catalase,
SOD, and S-C; 12 of 72 cells were completely inhibited
{7 from S-C and 5 from SOD).

DISCUSSION

To measure the release of superoxide from individual
cells, several qualities of the chemical probe and the
measuring system used to detect superoxide are desirable.
After reacting with superoxide, the probe should change
its light absorbance properties and should become im-
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TABLE 1. Total diformazan produced
and initial rate of diformazan production

Total i
Produstion, Production Rate
final 10 finoi/a
Al A2 AJ Al AZ A3
8.8 128 96 10.6 209 9.4
124 17.0 16.8 13.7 2.2 2.7
13.6 171 20.3 14.0 174 220
13.5 22.7 22.5 14.8 215 248
239 23.8 25.8 27 23.0 276
25.5 30.5 26.0 24,8 26.0 311
Means 163 206 20.2 16.7 25.2 229
58D +638 6.4 6.2 +5.6 +88 274
cov 42% A% % 4% 5% 32%

Measurementa for 6 individual pulmonary aiveolar macrophages
from each of 3 animals (Al, A2, A3), COV, coefficient of variation.
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nG. 4. Top: total diformazan produced (MAX); and bottom: maxi-
toum rate (R) of diformazan production in presence of superoxide
dismutase (SOD), bovine serum albumin (BSA), iodoacetats (10D,
and chlorpromezine (CHL) as compared with control (CON). Values
are means + SE of 24 cells. * P < 0.01.

mobile at the site where it is produced. The response of
the probe and the measuring system should be sensitive
enough to detect production of superoxide from single
cells and should be linearly related to the production of
superoxide. The measuring probe should be specific for
superoxide release., Although no perfect system exists,
the electrooptical system described in this study using
NBT adequately meets these requirements. NBT, in the
presence of a strong reducing agent such as superoxide,
is reduced to an insoluble diformazan precipitate at the
reaction site that absorbs maximally at 550 nm. Attempts
to use cytochrome ¢ that produces a soluble, diffusable
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TREATMENT
FiG. 5. Top: tota] diformazan produced (MAX); dottom: maximurm
rate (R) of diformazan production in presence of superoxide dismu-
tase(SOD), catalase (CAT), and SOD with catalase (S-C). Vaiues are
means + SE from 24 cells, *P < 0.01.

reaction product were unsuccessful.

Pick et al. (26) have used NBT in a similar densito-
metric microassay for superoxide relesse from whole
populations of macrophages in culture. A variety of sol-
uble compounds were used to stimulate adhered PAM.
In the present study, once PAM were attached they could
not be stimulated by either soluble compounds or partic-
ulates. However, cells produced superoxide during at-
tachment to the bottom of the culture dishes and this
stimulation was not enhanced further by the addition of
stimulants to the medium. These resuits are supported
by other studies that have shown that adherence stimu-
lates the respiratory burst (9, 31} and that prolonged
adherence alters the ability of cells to release superoxide
(9, 16). A possible explanation for the inability to stim-
ulate adhered PAM in this study is that serum was not
used in the resuspension medium, whereas it was in the
study by Pick et al. (26).

As NBT concentration was increased diformazan pro-
duction increased and the time delay decreased. Also, the
measurement area (window size) decreased with increas-
ing NBT concentration. These changes indicated that at
low NBT concentrations superoxide diffused furtl_:er
from the cell surface before reacting. The most conclusive
evidence for this fact came from observatipns of the
videorecorded images, In contrast, with the highest con-
centration of NBT (2.0 mg/ml) diformazan appeared
concentrated on the cell, indicating that there was no
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interference from reaction products produced by other
cells. In addition, background variation was negligible.
For these reasons, and the larger values for total cumu-
lative diformazan production, the highest NBT concen-
tration provided the most sensitive measurement of su-
peroxide production.

The electrooptical system responded linearly using
neutral density filters. The use of different window sizes
on the I[PM photoanalyzer did not affect this calibration
curve because the filters provide & homogeneous light
intensity in the window. If the reduction of NBT to a
diformazan precipitate by a cell is not homogeneous,
then the OD as calculated in this study underestimates
the true OD (2, 11). Such distributional errors occur
commonly in microspectrophotometry whenever the
light-absorbing material does not distribute uniformly
within the measurement area. More sophisticated image-
analysis methods can eliminate this problem by caleulat-
ing OD for a number of pixels {smaller homogeneocus
areas) comprising the total cell area and determining an
average OD from these values. It was not possible to do
this with the equipment available in this study, However,
OD calculated for one window covering an entire cell was
compared with the OD calculated by summing OD values
for a number of smaller windows over the same cell. In
all cases there were no significant differences indicating
that distributional errors were probably minimal.

10D, CHL, SOD, and BSA significantly inhibited, but
not completely, the total diformazan produced and the
maximum rate of diformazan production when compared
with control cells. These results support the specificity
of superoxide for NBT reduction. The small inhibition
provided by 10D and CHL may have resulted from the
low concentrations used, however, no dose-response
studies were done.

SOD specifically catalyzes the dismutation of super-
oxide to hydrogen peroxide and oxygen and thus should
be a specific inhibitor of NBT reduction by superoxide.
Since SOD at 100 ug/m! did not completely inhibit NBT
reduction (49%) perhaps an optimum concentration was
not used. However, other studies have also shown incom-
plete inhibition of NBT reduction using different con.
centrations of SOD (4, 26). Therefore, it is possible that
other antimicrobial agents or membrane enzymes re-
duced 51% of the NBT.

It is not clear why there was nonspecific inhibition of
NBT reduction by BSA, although other investigators (4,
26) have also shown nonspecific inhibition of NBT re-
duction by BSA and other proteins. However in this
study, catalase, which is also a nonspecific protein for
superoxide, did not cause inhibition of NBT reduction.
Large ditetrazolium salts, such as NBT, readily bind to
tissue components (3}, therefore, BSA may have in-
hibited reduction by simply complexing with NBT. Al-
ternatively, it has been suggested that BSA may be a
scavenger of oxygen radicals (20).

The time course observed for diformazan production
by single PAM in this study is very similar to that
exhibited by groups of phagocytes, as measured by SOD-
inhibitable cytochrome ¢ reduction and chemilumines.-
cence (10, 13, 23, 24, 28). The derivative of the exponen-

tial equation used to fit the date provided an unbiased
estimate of the R. To assume 50% of the diformazan
produced resulits from reaction of superoxide with NBT,
and that the stoichiometry of the reaction requires two
moles of superoxide per mole of diformazan (8), values
of the rate of superoxide release reported in this study
ranged between 9 and 31 fmol O7-s7%.cell™ x 10~%
Values reported for whole cell cultures by Holian et al.
(18, 18}, for guinea pig PAM, and by Sherman and Lehrer
(28}, for adult rabbit PAM, using various stimulants
ranged between 18-67 and 33-57 fmol Q5.5 -cell™! x
107, respectively.

PAM have been shown to represent a heterogeneous
population with respect to superoxide production, im-
munological function, enzyme release, morphological
characteristics, phagocytosis, and respiratory burst activ-
ity (15, 19, 32). Most of these studies were performed by
separating phagocytes into smaller fractions based on
cell size or cell density. However, Gallin (15) has sug-
gested that significant variability may exist even in cells
separated by & common characteristic such as density.
This study supports this suggestion and provides a means
to quantify such heterogeneity in terms of superoxide
release. Cells from the same animal and under the same
experimental conditions showed large variability in di-
formazan production.

In conclusion, a technique has been developed to mea-
sure superoxide production by single pulmonary alveolar
macrophages isolated in culture. Further development
and refinement of the technique will provide a useful
method to study cellular parameters associated with mac-
rophage function.

We acknowledge the support of West Virginia University Center for
Generic Respirabie Dust Technology Grant (1135142 awarded to E.
V. Cilento and R. C. Lantz and of CDC-Nationa! Institute for Ocecu-
pationa! Safety and Health {1K01-0OH00019-01) awarded to R. C.
Lantz.

Received 1] August 1986; accepted in final form 20 January 1987.

REFERENCES

1. ALT™MaAN, F. P. The quantification of formazans in tissue sactions
by microdensitometry. 1I. The use of BPST, a new tetrazolitum
salt. Histochem. J. 8: 501-506, 1976.

2. ALTMAN, F. P. The quantification of formazans in tissue sections
by microdensitometry. [Il. The effect of objective power and acan-
ning spot size. Histochem. J. 8: 507-511, 1976.

3. ALTMaAN, F. P. Tetrazolium salte and formazans. Prog. Histochem.
Cytochem. 9: 1-56, 1976.

4. Amano, D., U. Kacosaki, AND T. Usul. Inhibitory effects of
superoxide dismutases and various other proteins on the nitroblue
tetrazolium reduction by phagocytiring guinea pig polymorphonu-
clear leukocytes. Biochem. Biophys. Res. Commun. 66: 272-279,
1978,

E. AUCLAIR, C,, AND E. Vi0sIN. Nitroblue tetrazolium reduction. In:
CRC Handbook of Methods for Orygen Radica! Research, edited by
R. A. Greenwald. Stony Brook, NY: CRC Press, 1985,

€. Banior, B. M. The enzymatic basis for 05 production by human
neutrophils. Car. J. Physiol Pharmacol 60: 135631358, 1982

7. BABIOR, B. M. The respiratory burst of phagocytas. J. Clin. Invest.
73: 599-601, 1984.

B. Baznner, R. L., L. A. Boxer, anp J. Davis. The biochemical
basis of nitroblue tetrazolivm reduction in pormel human and
chronic granulomatous disease polymorphonuciear leukocytes.
Blood 48; 309-313, 1976.

9. BERTON, G., AND §. GORDON. Superozide relense by peritoneal
and bone marrow-derived mouse macrophages. Modulstion by



10.

11.
12.

13.

14.

15.
15.

17,
18.

19.

21,

. HoLt, M. E., M. E. T. RvaLL,

SUPEROXIDE RELEASE FROM SINGLE MACROPHAGES

sdherence and cell activation. Immunciogy 49: 693-704, 1983.
BHATNAGAR, R., R. SCHIRMER, M. ErNST, aND K. DECKER, Su-
peroxide reiease byzymosan-stimulated rat kupffer eelis in vitro.
o. Biochem. 119: 171-175, 1981,

Brrensky, L. Microdensitometry. Ezcerpta Med. Int. Congr. Ser.
181-202, 1980.

CASTRANOGVA, V., L. BowMan, AND P, R. MILEs. Tranamembrane
potential and ionic content of rat alveolar macrophages. oJ. Ceil
Physiol 101: 471-480, 1879,

Conen, H.J,, M.E. CuOvANIEC, AND S. E, ELLIS. Chlorpromazine
inhibition of granulocyte superoxide production. Blood 56: 23-29,
1980,

GaLLinN, E. K., AND D. R. LIVENGOOD. Nonlinear current-voltage
relationships in cultured macrophages. J. Cell Biol 85: 160~ 165,
1980.

GALLIN, J. I. Human neutrophil heterogeneity exists, but ia jt
menningful? Blood 63: 977-983, 1984,

GERBERICK, K., J. B. WILLOUGHBY, AND W, F. WiLLOUGHBY,
Serum factor requirement for reactive oxygen intermediate release
by rabbit aiveolar macrophages. J. Exp. Med, 161: 392-408, 1985,
HaLLIWELL, B. Oxygen is poisonous: the nature and medical
importance of oxygen radicals. Med. Lab. Sci. 41: 157-171, 1984,
HoLw, A., AND R. P. DANIELE. The rols of calcium in the
initiation of superoxide release from alveciar macrophages, J, Cell,
Physiol 113: 87-93, 1982,

HoLiaN, A., J. H. DauBer, M. S. DiaMOND, AND R. P. DANIELE.
Separation of bronchasiveolar ceils from the guinea pig on contin-
uous gradients of percoli: functional properties of fractionated fung
macrophages. J. Reticulpendothel. Soc, 33: 157-164, 1983,

AND A. K. CaMpPBELL. Albumin
inhibits human polymorphonuclear leucocyte luminol-dependent
chemiluminescence: evidence for oxygen radical scavenging. Br. J.
Exp. Pathol 65: 231-241, 1984.

KIMURa, A, E. GoLDsTEIN, R. M. Donovan, N. P. VERWOERD,
AND J. S, PLOEM. Comparison of lavaged and intrapuimonary
macrophages in respect to lysozyme contant and size in the rat.

169

23.

4.

25,

26.

2%.

28.

Am. Rev. Respir. Dis. 129: 149-154, 1984.

- KLEBANOFF, §. J. Oxygen metabolism and the toxic properties of

phagocytes. Ann. Intern. Med. 93: 480489, 1980,

MILES, P. R, L. BOWMAN, AND V. CASTRANOVA, Transmembrane
potentisl changes during phagocytosia in rat alveolar macrophages.
J. Cell Physiol 106: 109-117, 198].

MrLes, P. R., V. CASTRANOVA, aND P. Lzk. Reactive forms of
oxygen and chemiluminescence in phagocytizing rabbit alveolar
macrophages. Am. J. Physiol. 235 (Cell Physiol 4): C103-C104,
1978,

MyRviK, Q. N., E. S. LEAKE, AND B. FaRiss, Studies on pulmonary
alveolar macrophages from the normal rabbi: a technique to pro.
duce them in a high state of purity. J. Immunol 86: 128-132, 1961,
Pick, E., J. CHARON, AND D. MIzEL. A rapid densitometric mj.
croasany for nitroblue tetrazolium reduction and application of the
microassay to macrophages. J. Reticuloendothe! Soc. 30: 581-593,
1981,

Roos, D., C. E. ECKMANN, M. YAZDANBAKHSH, M. N, HameRs,
AND M. DeBOER. Excretion of superoxide by p. measyured
with cytochrome ¢ entrapped in reseajed erythrocyte ghosts, J
Biol Chem. 258: 1770-1775, 1984,

SHERMAN, M. P., aND R. L. LEHRER. Superozide generation by
neonatal and adult rabbit alveolar macrop 5. . Leukocyte Biol.
36: 39-50, 1984,

. SUOVANIEML, Q. The vertical measurement principle in photoma-

iry. Am. Biotech. Lab. 2: 40-43, 1984.

. WEISS, 8. J., aNp A. F. LoBucLio. Biology of disease: phagocyte-

31.

32

.

generated oxypen metabolites and celiular injury, Lab. Inyest 47:
5-18, 1982,

WILLIAMS, A. J., aND P. J. CoLE. In vitro stimulation of ajveolar
macrophage metabolic activity by polyatyrene in the sheence of
phagocytosis. Br. J, Exp. Path. 62: 1-7, 1981.

ZwLLING, B. §., L. B. CAMPOLITO, AND N. A, REetcHES, Alveslar
macrophage subpopulations identified by differential centrifuga-
tion on a discontinuous alburnin density gradient. Am. Rey. Respir,
Dis, 125: 448452, 1982.



Mucins Secreted by Rat Tracheal Explants in Culture:
Characterization and Influence of Coal Dust

V.P. Bhavanandan and S.B. Dubbs

Department of Biological Chemistry, The Milton S.
Hershey Medical Center, The Pennsylvania State University,
Hershey, PA

The mucus secreted in the respiratory tract provides the first
barrier against inhaled particulate and gaseous toxicants. The major
component of mucus which is responsible for the physical properties and
protective functions of the respiratory mucus s mucin. We have ini-
tiated investigations to determine the effects of coal mine dust on the
synthesis of respiratory mucin by rat trachea under in vitro and in vivo
conditions. In this study we have established optimum conditions for
the asceptic growth and mucin secretion of rat tracheal explants in
culture. The best outgrowth of ciliated epithelial cells and maximum
mucin production was obtained in CMRL 1066 medium containing 10% fetal
calf serum. The explants continued to secrete mucin even after three
weeks in culture. For the estimation and characterization of mucins the
tracheae were cultured in the presence of [3H]glucosamine and
[355]sulfate or [14C]leucine. The mucins were isolated from the medium
by gel filtration, treatment with hyaluronidase, ion exchange chroma-
tography and CsBr density gradient centrifugation. Precipitation of
polyanionic material in the culture media with cetyl pyridinium chloride
and fractional extraction with NaCl also yielded mucin free of glycosa-
minoglycans, but in low yields. The tritium label in the purified mucin
was distributed in sialic acid {50%) galactosamine (37%) and glucosa-
maine {13%). The density of purified mucin as determined by CsBr gra-
dient centrifugation was about 1.43g per ml in comparison to 1.46g per
ml for human respiratory mucin with a carbohydrate content of about 80%
by weight. Alkaline borohydride treatment released saccharides which
contained about 80% of the radipactivity. The effect of adding varying
amounts of coal dust to the culture medium is under investigation.
(Supported by U.S. Bureau of Mines Grant G1135142, Project 4210).
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Application of the Size and Elemental Characteristics of
Airborne Coal Mine Dust for Dust Source

Indentification

C. Leel and J.M. Mutmansky?
1Dong-A University, Pusan, Korea

2Department of Mineral Engincering, The
Pennsylvania State University, University Park, PA

ABSTRACT: Measurement of the size and elemental characteristics was performed
on airborne coal mine dust samples collected by multi-stage cascade impactors as
well as channel samples of the geologic materials. Size distributions were
obrained using precise weighing techniques on the impactor substrates.

Elemental anslysis on the samples was performed by the proton-induced x-ray
emission (PIXE) method, a rapid and nondestructive method of multi-element

analysis.

The various analyses were performed on 9 major and 21 trace elements. The
results indicate the importance of intake air and shuttle car movements as
sources of dust. The association of coal dust characteristics with channel
samples was investigated using the coefficient of proportional similarity as a
statistical measure, Results show a strong relationship between major elements
and the geologic material being cut but a similar relationship between trace
elements and geologic materials is not consistent,

1. INTRODUCTION

The most significant occupational
disease in the coal industry is known
as coal workers' pneumoconiosis (CWP).
While CWP has existed for centuries,
its mechanism of occurrence and
association with coal dust has been
vell understood for only a few
decades. 1In the 1930s, the signifi-
cance of this disease led state and
government officials in the USA to
perform extensive epidemiological and
environmental studies in the major
coalfields, Study of these results
plus later studies in the coal~
producing countries of Europe
eventually led to the dust regulations
that appear in the Federal Coal Mine
Health and Safety Act of 1969.

The impacts of the 1969 act were a
productivity decline and increased
production cost. Many analysts
attributed this in large part to
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difficulties in complying with the new
dust standards (Brezovic 1981).
However, compliance was met in most
continuoug miner sections rather
quickly. The remaining problem area
is that of longwall mining where the
procedures and layout of the mining
system make it difficult to meet the
standards.

Medical efforts to control CWP have
been directed at identifying causal
variables and establishing threshold
limit values (Hammad et al. 1981),
Epidemiological studies in many
countries indicate significant
regional differences in the
prevalence of CWP, Subsequent
efforts to correlate the
environmental characteristics with
this discrepancy resulted in a number
of hypotheses to explain the
differences in incidence values
(Mutmansky and Lee 1984). The primary
variables thought to pldy a part in
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this process fnclude mass of dust,
rank of coal, free-silica content, and
the chemical and mireralogical
composition of the airborne dust.

This paper is oriented toward
determining the size and elemental
characteristics of airborne coal mine
dust. Characterization of the size of
the particles is essential in
determining the mass of dust that will
reach the human respiratory tract
while the elemental characteristics
will establish the potential for
toxicity of the dust that may be
related to regional differences in CWP
prevalence. In addition, a study of
the elements will enable us to
identify the sources of the dust from
the geologic horizons.

2. COAL MINE DUST SAMPLING AND
CHARACTERIZATION

2.1 Sampling methods

The primary source for airborne dust
in underground coal mines is normally
the face operation while the intake
air and reentrainment by equipment are
secondary sources. Samples used for
this study were all collected in the
intake and return airways in
continucus miner sections from six
mines in Pennsylvania and West
Virginia., Both airborne and channel
samples were taken in each section,
Channel samples were taken near the
face with individual samples taken
from each geologic laver that could be
visually distinguished in the coal
seam.

A typical mining section layout for
the continuous miner sections is shown
in Figure 1. All sections were in
seams that were essentially flat and
each utilized a continuous miner, a
bolter and two shuttlecars as the
primary equipment. Four of the
sections used a single-gplit
ventilation system while the other two
employed double-split systems.

The airborne dust samples were all
collected using Sierra Model 298
eight-stage impactor-type samplers.
This type of sampler is ideal to

CuT 2
7

CUT1

=

BELT

i I

Figure 1,
section.

Typical continuous miner

associate dust characteristics with
size and is widely used in the study
of atmospheric aerosols (Ahlberg et
al. 1978). The primary advantage of a
multi-stage impactor is that the dust
does not have to be dispersed in a
fluid medium for size analysis, a
procedure that may affect the
agglomeration characteristics of the
dust. In addition, the size
determined is based on the aerodynamic
diameter, an advantage in considering
the effects upon the respiratory
system,

The collection principle in an
impactor is differential flow paths of
small, low-inertia, versus large,
high-inertia particles in an air flow
where sharp changes in direction are
utilized.  The dust-laden air is drawn
through the sampler by a 2.0 1/min
pump and passes through a series of
progressively smaller nozzles while
the air flow changes directions on
each stage, The stages have 50% cut
gizes ranging from 21 uym down to
0.5um, A PVC filter collects most of
the remainder,

The dust collected on each stage
impacts on a mylar substrate coated
with a sticky substance of some type,
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We tested paraffin, Apiezon L vacuum
grease and petroleum jelly as
collection media with petroleum jelly
being most efficient (Lee 1986). This
material may not be suitable in hot
mines but it worked well for us. Its
primary advantages were its organic
nature, which prevents interference
with the elemental analysis, and the
ability to be gprayed onto the
substrate. This was performed using
an air brush to spray & mixture of
petroleum jelly (20% by weight) and
toluene in & controlled fashion,
Welighing the substrates required
careful control of moisture with the
substrates being dried and weighed
both before and after sampling,

2.2 Characterization methods

Selection of a method for elemental
analysis of impactor substrate samples
depends largely on the size of the
samples and the objective of the
research. Substrate loadings are
generally in the vicinity of 50 to
1000 pg with the backup filter loading
generally being less than 10 ug. 1In
addition, the substrate dust mass is
normally divided into six or twelve
submasses due to design of the
impactor stages. Therefore, the
analytical method must be able to
tolerate an extremely small mass of
dust. In addition, other
characteristics such as the mineralogy
and physical characteristics of the
dust were desired and thus a
non~destructive method was necessary.
The problems agsociated with sample
mass and the need for a non-
destructive method are solved if the
elemental gnalysis is performed by
proton-induced X-ray emission
spectroscopy (PIXE). The normal PIXE
method involves bombarding a thin
layer of the sample material by a beam
of protons and measuring the
characteristics X-rays emitted. The
results are then statistically
analyzed to determine an estimate of
the elemental composition by mass in
the sample. In samples from
impactors, dust thickness has
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invariably been below 5 mg/em2. This
results in negligible matrix absorp~
tion of the characteristic X=-rays
(Orlic et al. 1981).

One advantage of PIXE is that the
variables related to the characteris-
tics X-ray yield are known or can be
experimentally determined (Johansson
and Johansson 1976}, As a result, it
is an absolute method that does not
require standard samples. In addi-
tion, degradation of the proton energy
as a result of use on a thick sample
has been studied (Chen et al. 1981),
Thus, the method can be applied to the
channel samples if they are blended,
ground and formed into pellets of
known thickness. Hence, PIXE gpplies
to both aerosol and channel samples.
Because PIXE has sensitivity for
extremely small samples and can
simultanecusly analyze for numerous
elements, it makes an effective and
cost-efficient a2nalysis method.

3. ANALYSIS OF SIZE AND ELEMENTAL
DATA

The cascade impactors collect a sample
of the total airborne mine dust.
Differences in size and concentration
between isokinetic and nonisckinetic
inlets on the samplers have been
ingignificant in the samples
collected, As a standard procedure,
dust masses from the third (10-15 um),
fifth (3.5~6 um) and seventh (0.9 to

2 um) stages of the impactor were
analyzed as well as the channel
samples, Elements detected in the
dust or channel samples include nine
major elements (Mg, Al, Si, P, 8, K,
Ca, T{ and Fe) and 23 trace elements
(Na, Cl, Sc, Ti, V, Cr, Mn, Co, Ni,
Cu, Zn, Ga, Ge, As, Se, Br, Kr, Rb,
Sr, Y, Zr, Mo, Cd and Pb).

The impactors classify according to
the aerodynamic diameter. This is
defined as the diameter of a
hypothetical spherical particle of
unit density with the same settling
velocity as a given particle of
arbitrary shape and density. Though
airborne coal dust {s a heterogeneous
mixture of coal and other materials of
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different chemical and physical
characteristics, particles in the same
aerodynamic size range will exhibit
similar aerodynamic behavior. 4s a
result, the influence of one sample on
the others downstream can be studied
by comparing the characteristics of
particles in the same size range.

To compare any two dust or channel
samples, the elemental compositions in
the dust samples from the same size
range must be statistically analyzed.
This can be performed using the co~-
efficient of proportional similarity
(Imbrie and Purdy 1962), which ana-
lyzes the interrelationships between
samples with multiple variables as
follows:

T ox.x
Cos & o dm1 ™R (1)
m,n P 5 sz
NPT

where p is the number of elements and
m and n denote the two different
samples. This coefficient is the
cosine of the angle between the two
sample vectors in p-dimensional space,
In the results reported here, the
trace elements were studied separately
from the major elements because the
statistical significance of the trace
elements with smaller weight fractions
is likely to be underestimated.
Limited space prevents the authors
from listing all the results. A com-
plete set of results is provided for
mining section A and partial results
for the others. The sampling loca-
tions have been coded for brevity. The
sample codes are defined in Table 1,
§ix continuous miner sections have
been sampled. Details of the ventila-
tion systems used in each section have
been provided in Table 2. A summary
of the study results in each of the
mining sectlons is provided below.

3.1 Mining Section A

The entire matrix of coefficients of
proportional similarity for the

Table 1, Definition of sampling
location codes,

Code Definition

IN Intake airway

ININ Intake airway inby the feeder-
breaker

INOUT  Intake airway outby the
feeder-breaker

CI Immediate intake of the miner
operation

CR Immediate return of the miner
operation

RI Immediate intake of the bolter
operation

RR Immediate return of the bolter
coperation

CI/RI  Immediate intake of the miner
as well as bolter operations

3 Third-stage (10-15 ym) sample
5 Fifth-stage (3.5-6 um) sample
7 Seventh-stage (0.9-2 um)

sample

Table 2. Description of mining
sections sampled,

Ventilation Face
Section System Ventilation

A Single-split Brattice
B Double-split Brattice
c Single-gplit Tubing
D Single-split Tubing
E Single~split Bratcice
F Double-split Tubing

samples from this mining section are
provided in Table 3, The data shows
that the two top noncoal benches are
very similar as are the two bottom
coal benches, In general, the major
elements in the CR samples were
gsimilar to those in the coal seam
while the trace elements were closer
to those channel samples taken from
coal benches alone,

In the size range of 3.5 to 15um,
the trace elements in the RR samples
show high similarity to the two top
benches which are mixtures of roof
rock and coal, However, in the size
range of 0.9 to 2.0 ym, the trace
elements in the RR samplés show low
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Table 3. The association matrix of the

section A.

Sampies 5 CI5

CI5

8§ &8 §

4 8 858588 8

o

®

saﬁgaag's

0.% 0.8
(0.83) (0.839)
0.% 0.9/
(0.75) (0.67)
0.% 0.%
(0.61) 0.5%)
075 0.74
0.28) 0.34)
.3 07
(0.2/) 10.14)

(0.93)
0.97
{0.93)
0.8
(0.95)
0.%
ko‘ @J
0.
(0.87)

(0.72)
0.9
{0.80})
0.%
(0.76})
0.50
(0.37)
0.9
0.32)
0.73
(0.73)
0.'?6
(0.73)

0.9
10.36)}
0.9
0.20)
0.78
\0.12)
0.76
(0.12)

0.%
(0.%4)
0.6
(0.25)
0.63
{0.25)

dust and channel samples for mining

(R &’/ RI3 RIS RO

(0.65) (0.64) \0.9B) (0.87)

0.% 099 0.9 0% 0.9
(0.57) (0.55) (0.87) (0.9, (0.88)
.5 0.0 0.8 0.9 0.5
(0.63) (0.&) (0.R) (0.95) 0.4}
0.7 0¥ 0% 98B 0.9
{0.49) (0.48) (0.84) (0.8, (0.87)
0.9 o0& 0% 09 09
(0.35) (0.35) (0.22) (0.75) (0.44)
.% 085 0.5 09 0.%
(0.37) \0.36) 10.43) 10.61) (0.31)
0.0 0.7 073 07 075
(0.91) 0.93) (0.38) (0.24} (0.22)
.82 08 07 0.7 0.73
0.91) (0.93) (0.58) (0.24) 0.32)

0.63

\0.34}

0.6 0.8
10.33) 10.99;

Notes: (1) (i1 denotes the first roof bench in the chamel samgle.

{2} G2 denotes the secard root bench in the charnel sample.
doﬁdmtmﬂawdbanhmﬂ:mgﬂ.e.
{4)mmmmmnﬁmmmwmmﬂe.
(5) The values in parentheses are tesed anly Won the trace elaments.
l?)lremnherafﬁxeitotmmﬂ.emiedmtmm;actm

stage rumber.
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similarity to the two top noncoal
benches even though the major elements
closeby reflect the noncoal benches.
In addition, the RR samples in this
size range are similar to the CI and
RI samples which are not associated .
with any of the benches in the coal
seam. This implies that the intake
air may be the primary source of the
trace elements in the RR samples in
the size range of 0.9 to 3.5 pm.

3,2 Mining Section B

Some of the pertinent coefficients for
this section are shown in Table 4.
Both major and trace elements in the
two coal benches show high similarity.
A relarively high concentration of
dust was found in the intake airway,
apparently due to the belt haulage.
The major element compositions of the
IN samples are similar to that of the
coal seam, However, the similarity of
the trace elements to the coal seam
trace elements is low, particularly in
the range of 0.9 to 2um. The
influence of the intake air on the
CI/RI samples is shown by high
similarity coefficients in the range
of 0.9 to 2um and low similarities
between the CI/RI samples and the coal
seam in the same size range. All
other samples in this size range show
high similarity with the coal seam,

3.3 Mining Section C

Some of the statistical data for this
gsection are shown in Table 5. Two
coal horizons with similar elemental
properties were sampled. Two rock
benches, significantly different in
properties from the coal, also showed
a high similarity. Two consecutive CR
samples were taken, the first (CR1)
during coal cutting and the second
(CR2) during floor cleanup. The trace
element composition in the fine size
fraction (0.9 to 2 um) of the CRI
sample shows a weak association with
the coal horizons while both major am
trace slements of the sample closelv
raflect the coal horizon properties

All three size fractions of the CR2
samples are dissimilar from the coal
benches, However, only the two
coarser size fractions show strong
similarities with the noncoal channel
samples. These results indicate that
the fine size fractions of the CR1l and
CR2 samples originate in the intake
air stream rather than at the face,

3.4 Mining Section D

The layout for this typical develop-
ment section is shown in Figure 1.
Onlv one coal horizon was evident at
this face and no rock was mined. The
samples from the first (< 21 ym) and
sixth (2 to 3.5 uym) stages wers
analyzed in addition to those from
stage 3, 5 and 7. As shown in Table
6, the CR samples show major and trace
element compositions in the range of 2
to 15 uym similar to that of the
c¢hannel sample, However, the CR
sample of 0.9 to 2 ym shows no major
or minor element similarities to the
channel sample and the sample of

> 21 ym shows similarity to the
channel sample only in the major
element composition.

The discrepancy between the CR and
channel samples in the 0.9 to 2 um
range can be explained by similarity
in the CR and CI/RI samples, which
suggests that the fine particles
originated upwind of the face
operation., In the < 21 um range, the
differences are probably due to the
cutting of some of the roof materials.
One point of interest is that the
elemental composition of the CR! and
CR2 samples are remarkably similar
even though they were taken during
different cuts. Another interesting
observation is that the CR and RR
samples are quite similar. This is a
result of the fact that the bolter was
downstream of the miner about one-half
of the time and thus the continuous
miner is the source of the elemental
properties in the RR samples.
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Table 4. The association matrix of the dust and channel samples for mining
section B.

Smples CI/RI3 CL/RIS CL/RIS (O CRS CR7 Gi1
CI/RI5 0.8
(0.8}
(I/RI7 081 0.85
(0.78) (0.87}
&3 0.9 0.9 0.8
(0.9) (0.8} 0.78)

B 0% 0% 08 0%
(0.57) 10.9) 0.%0) (0.97)
® 07 0B 08 07 07

(0.96) (0.%9) (0.2) 0.%} (0.95)

CH1 0.81 0.9 0.8 08 08 0.8
(0.%4) (0.89) (0.56) (0.9, (0.85) \0.84)

ae 08 0% 08 08 08 085 0.9
(0.%4) (0.83) (0.56) (0.94) (0.85) (0.84) (0.%9)

Notes: \1) H1 denotes te first cvel bench in the chanrel sample.
{2) 32 denotes the secord coal bench in the chanel sample.

Table 5. The association matrix of the dust and channel samples for mining
section C.

Smpes - (R? CRIS (RI7 (R3 CRS CRY G a2 OB
®15 0.9

@RUT 02 0.9
(0.2) 10.83)
3 0.5 085 o
{0.32) \0.37) (0.34)
®R25 0.0 0.8 07 0.9
{0.51) (0.60) 0.56) 0.95)
RZ 0% 0% 098 0.8 0.&
\0.56) (0.85) 10.98) (0.3} (0.58)
a1 0.9 0% 095 08 0™ 0%
{0.%2) (0.74) 10.29) 0.25) (0.37) (0.3}
. . 0.3 0.8 0.8 0.9
(0.10} \0.08) (0.04) (0.95) (0.81) (0.04) (0.09)
. 0.8 079 0% 0.9 0.8
(0.0} (0.76) (0.3B) (0.26) (0.39) (0.38) (0.9} (0.10)
. 0.4 0% 08 0% 0% 0.5
0.04} 0.03) (0.0 O.%) (0.79) 0.01) (0.04) (0.99) (0.04)

g &8
0O0000D
R8Pk
oB oo
BRABER
pSoBo
RURRYE

Notes: (1) (H1 denotes the first coal bench in the charel sample.
(2) G2 denotes the rirst slate bench in the chamel =sample.
{3) G5 denotes the secad coal bench in the chamel sample.
(4) 4 derotes the secard slate bench in the chearmel sample,
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Table 6. The association matrix of the dust and channel samples for mining

Section D.

Smpes @1 (RS (R7 KR53 @RS CRY CI/R5> CI/RI5 CL/RI7
®1 0.%9

(0.93)

R17 0.8 0.9

0.73) \0.73)

B3 0.% 0% 0.8

25 0.5 0.

0.97) (0.8 (0.57)
0.4 0.%

\0.93) (0.99) (0.72) (0.%8)

g7
%

xR 0.%5 0.8 0% 0% 0.9
7

{0.7%) (0.75) (0.99) (0.80) (0.74)

CI/RI3 62 091 08 0¥ 0.9 0

B
(0.91) (0.80) (0.93) (0.81) (0.89, (0.9}

CI/RI5 0% 0% 0% 0¥ 0% 0% 0.

(0.97) (0.97) (0.57) (0.9) (0.8, (0.60) (0.80)

CI/RI7 0.7 0& 0.8 0& 08 030 0.% 0.8

an

Notes:

.98} (0.89) (0.77) (0.96) (0.99) (0.79) (0.%2) (0.9}
.97 0.9 0.9 0% 068 0.8 0.8 0% 0.8
0.%) (0.%6) (0.50) (0.9) (0.%6) 10.54) \0.75) (0.99) {0.%4)

(1) Q1 denotes the whole =eam crannel sample.

“Table 7. The association matrix of the dust and channel samples for mining

Section E.

Seuples (I3 LIS 7 RS (837 Gy a1 Gk aB

s
7
1036
oo
Ry
ai
aR
a$
ay

0.9
{0.95,

0.7 0O.7%

0.7) 0.78)

0.5 0.51 Q68

(0.31) (0.2) (0.52)

0.5 0.49 0.70 0.58

0.63) (0.55) (0.75) (0.R)

0.5 0.5 075 0.9 0.9

0.8) \0.77) (0.81) (0.70) (0.87)

0.4 043 06 057 0.9 0.8

(0.15) 0,10) (0.20) (0.73} (0.57) (0.29)

0.45 Q.46 0.60 0.96 0.9 0.95 0.9

0.91) (0.91) (0.64) (0.27) 10.51) 0.63) (0.37)

.2 051 08 08 09 0% 0.8 0.9

(0.94) (0.%6) (0.62) (0.10) (0.38) (0.60) 10.10} (0.%4)

0.45 0.42 0.65 0.9 G, 0.8 0.8 .99 0.54
(0.09) 10.05) \0.09) (0.54) {0.36) (0.11) \0.78) (0.38) (0.18)

Notes: (1) G-I1dem‘hestinmoi‘a'ﬁooalbamhmtmclm:almple.

(2) G2 denotes the tory coal bench in the chamel sample,
(3) GD denotes the eott coml bench in the chermel sample.
(4)Gl4demtesﬂnhnttanmckaﬁcoalbenchjnu'edn:EImple.
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3.5 Mining Section E

In this section, four benches were
recognized in the coal seam. The top
bench of roof rock and the bottom
bench of rock were quite similar while
the second bench of bony coal is
similar to the main coal bench, As
shown in Table 7, the CR samples in
the 0.9 to 2 uym range are similar to
the coal benches while the samples in
the 10 to 15 ym range were similar to
the noncoal benches. Again in this
section, the bolter spent half of its
time downstream of the miner., The CR
samples are similar to the RI and RR
samples. This is apparzntly due to
low dust concentratione at the roof
bolter,

3.6 Mining Section F

The two top benches in this coal
gsection consist of roof rock, bony
coal and draw slate, As indicated iIn
Table 8, the trace elements in the two
top benches are not similar to that of
the coal benches but the major element
composition is clcse to that of the
coal benches. The trace elements in
the CR samples are quite similar to
those of the two top benches. Thus it
is reasonable to aysume that the trace
elements in the fine size fraction of
the CR samples originate from the
noncoal benches.

The CR and RR sumples show a high
gimilarity in all size fractionms.
However, the trace element
compositions of the RR samples show
very poor association with the channel
samples, particularly in the 0.9 to
2 ym range, The high similarity
coefficient of this 0.9 to 2 ym RR
gample with the ININ and INOUT samples
indicates that the gsource of the trace
elements in the fine-size RR sample is
the intake air.

4, DISCUSSION AND CONCLUSIONS
Airhorne coal mine dust sampled in the

immediate return of the continuous
miner operation showed that the major
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elements in all the size fractions
analyzed were closely associated with
the coal seam. However, no consistent
relationship was observed between the
trace elements in the airborne dust
and those in the ¢oal seam. In some
of the six sections sampled, the trace
elements seemed to reflect the
properties of the cocal seam while in
others they did not. As a result, we
can conclude that in an airborne
sample taken downstream of a
continuous miner will take its major
element composition from that of the
coal seam but that & similar
conclusion is not true on the trace
elements. This is thought to be due
to the differences in the modes of
occurrence of the trace elements,

In the sections observed, dust
control in the roof bolter cperatiom
was quite good and dust concentrations
were very low by comparison. As a
result, aerosol samples from the
immediate return and intake of the
bolter were quite similar. The
section intake air appears to be a
significant fine-size dust source in
many sections as evidenced by the
pattern of trace elements. It seems
apparent that trace elements recurring
in the mining section intake are also
observed in the immediate intakes and
returns of the face operations,

The overall importance of this study
is that it may be possible to locate
the sources of the various elements in
airborne coal mine dust. As a result,
it may be possible to pinpoint the
areas of greatest concern in a
continuous miner operation in a
particular element or mineral is
established as a primary cause or
contributor of CWP.
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Table 8. The association matrix of the dust and chanpel samples for mining

Section F.
Sepples (I3 €15 CI7 3
CIs 0.8
to.m)
CI7 0.4 0.9
0.8} (0.95)
CR3 0.91 0% 0.8
0.28) 0.8) (0.72)
@®R5 0.3 0% 0.8 0m
0.%4) 0.%5) (0.98) (0.84)
CR7 0. 0.9 0% 0,%
(0.88) (0.95) 10.9) (0.69)
un 0.7 0.8 07 0%
0.24) (0.25) (0.20) (0.11)
a2 0.7% o.& 077 o0y
0.24) 0.28) (0.21) (0.11)
a3 0.8 0.8 0.8 0.9

0.01) (0.44) (0.53} (0.97)

15 Ry i aR

0.97

(0.6)

0.% 0.0

\0.23) (0.18)

0. 0.8 0.9

10,23} (0.19) 10.9)

0.%5 0% 09 0.9
\0.68) (0.48) (0.05) (0.05)

Motes: (1) Qﬂdemtestmtapmckambowooalbsnhmﬂndﬁrmlsmple.
(2) G2 derotes the draw slate tench in the crerrel sample.
(3) G5 derotes the ccel bench in the chermel sample.

The opinions and conclusiong
expressed in this paper are those of
the authors and do not represent the
opinions of the sponsors. Citation of
manufacturers’ names in the paper were
made for informational purposes and do
not imply endorsement of the products
by the authors.
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Worldwide Coal Mine Dust Research - - -

Where Are We Going?

J.M. Mutamansky
Depariment of Mincral Engineering, The
Pennsylvania State University

AT STRACT: Coal mine dust research throughout the world has been stimulated by the
recognition of its importance in the development of coal miners' diseases,

particularly coal workers' pneumoconiosis (CWP).

A historical look at the

problem and the present state of knowledge in this area of importance to the

worldwide coal industry is presented.

A summary of progress made in this area is

provided and some research ideas for the future are discussed.

1. INTRODUCTION

I thank Dr. Yong Won John, President of
the Korean Institute of Mineral and
Mining Engineers, for his invitation to
address the International Symposium on
Coal Mining and Safety. This presents
me with an interesting opportunity to
take a broad look at the research in
coal mine dust and where we are going.
From this broad perepective, we can all
view the progress and problems that are
apparent in the present state of
knowledge of coal mine dust,

One important element in the review
of coal mine dust research and its role
in miners' diseases is that of its
history, The existence of diseases
attributed to the mine atmosphere is
often traced back to Pliny the younger
in the first century A.D., His work on
natural history mentioned observed
human effects attributed to mine fumes
and vapors. However, the subject of
the effects of dust in the mine was not
mentioned in publighed literature until
1556 when Agricola discussed the
ailments of miners in his day (Seaton
1975).

For many centuries, many medical
ailments of the lungs were often
categorized together and distinct
diseases were often not recognized
until more modern times., The ability
to distinguish different lung diseases
was limited until the discovery of
X-rays in 1986. Nonetheless, Zenker
in 1866 applied the term
pneumonokoniosis to any disease where
dust gathers in the lymphatic depots
of the lungs. This term was changed
to pneumoconiosis in 1932, While
pneumoconiosis was defined in the
18008, scant attention was paid to
control of miners' diseases until
recent decades. The first attempt to
control disease through control of the
mine atmosphere has been attributed to
the South Africans who instituted a
silica control in 1910 (Drinker and
Hatch 1954),

In geveral countries of the world,
an awakening to the toxicity of mine
dust came about in the 1930s. In the
U.8., a tunnel driven through a
sandstone mountain near Gawley Bridge,
West Virginia, resulted in the deatha
of 476 workers who were consumed by
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sllicosis after a few years of work in
the tunnel (Seaton 1975). This
historical event provided a turning
point in the fight apainst miners'
diseases and medical knowledge on
eéilicosis and other industrial lung
diseases has advanced rapidly ever
since.

In the 1930s and 1940s, studies of
an epidemiological nature began to
pinpoint the existence of large
numbers of coal workers who had lung
diseases even though they were exposed
only to coal dust, As a result, the
belief that CWP was a disease distinct
from silicosis became prevalent among
medical personnel., During these
decades, X-ray studies became
important and, after several decades
of progress, a CWP classification
system based upon chest X-rays was
established by the International Labor
Organization (ILO) in 1950. This
classification system for categorizing
the degree of development of lesions
in the lung has been updated several
times since and is a verv important
tool in research. Nearly all of the
CWP medical research during the last
several decades has benefitted from
this classification because it makes
comparison between the various
research studies possible,

S5ince 1950, a variety of research has
been conducted around the world in an
attempt to understand the causes of CWP
and the methods for preventing the
disease. Many studies have been
performed that have improved the state
of knowledge on how the disease occurs,
how differing mine environments affect
the disease, and how the mine
environment can be altered to reduce
the incidence of the disease. We will
review these topics by beginning with
some medical concepts.

2. LUNG DISEASE RELATED TO COAL MINING

For mineral engineers who work in the
area of mine hygiene, a general
knowledge of the primary miners' lung
diseases 1is necessary. However, the
Jargon of the medical literature is
often a problem to minerals personnel.

As a result, good general descriptions
of the processes that are involved may
be of help to those of you who are
expert in some minerals field but who
are not educated in the medical
sciences, With some degree of
trepldation, I will venture forth teo
provide these general descriptions.
Readers of this paper may refer to the
rteferences cited for more completea
technical information,

The two diseases of most concern in
the coal mining industry are silicosis
and coal workers' pneumoconiosis (CWP)
with silicosis being the disease that
was described first. Seaton (1975)
defines silicosis as the fibrotic
disease of the lungs caused by the
inhalation of dust containing silicon
dioxide, generally referred to as

silica. The disease process begins when

respirable dust particles (generally
defined as those with a particle
diameter of less than 5 microns) find
their way into the lung in much greater
than normal amounts., When impacted on
the surfaces of the alveoli (the
terminal openings of the lung), the
dust triggers the movement of
macrophages, wandering cells resident
in the lung that attempt to rid the
lung of the dust. The job of the
macrophages is to phagocytose the

dust, i.e., to engulf 1t in order to
consume or remove it, In general, the
macrophages move the dust to the
mucociliary escalator (where the cili:
can expel the dust from the area of the
lungs by transporting it to the throa)
or to the lymphatics where the
lymphatic system can store or dispose
of it (Wright 1978).

When large amounts of dust are
introduced into the human lung, the
capacity of the removal process may be
exceeded, resulting in dust particles
being lodged in the alveolar surfaces
or collected in the lymphatics. If
this persists, the fibroblasts (cells
that produce fibrous tissue) begin to
generate fibers of reticulin or
collagen. The collagen fibers, which
are often very prevalent when the
invading dust is silica, are normally
assoclated with scar tissue.. Thus
scarring of the lung tigsue and an
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accompanying reduction in the
pulmonary function is the normal
result of excessive silica in the
lungs. Free crvstalline silica exists
as the minerals gquarcz, tridymite,
cristobalite, coesite and stishovite.
The first three of these minerals are
all considered to be toxie. However,
in most mining situations, quartz is
the most common form of silica and 1is
therefore the mineral of most concern.
It should be noted that only 2 to 5 g
of silica dust in the lungs is enough
to cause the fibrosis peculiar te
gilicosis (Wright, 1978).

CWP {is now considered by most
medical personnel to be a separate
entity and can be defined as the
accumulation of coal dust in the lungs
and the tissue's reaction to its
presence (Morgan 1975). CWP is
geparated Into two categoriles,
depending on the degree of abnormality
of the chest X-ray, The dust that
gathers in the lungs causes opacities
to develop and the size of the largest
opacity determines whether simple
pneumoconiosis or its most complicated
form exists, For lungs with opacities
below 1 cm, simple pneumoconiosis is
diagnosed. If any of the opacities on
the X-ray is greater than 1l em, then
complicated pneumoconiosis or
progressive massive fibrosis (PMF) is
indicated., WNumerous subcategories are
also recognized in the ILO classifica-
tion in order to further classify the
state of the disease.

It is thought by some medical
personnel that the reaction of the lung
to pure coal dust is decidedly
different than the reaction to silica,
The coal macules (focal deposits of
coal dust) are generally believed to
contain mostly reticulin rather than
collagen fibers, thus resulting In less
scarring of the lungs (Wright, 1978).
In general, it takes about 20 to 50 g
of coal dust in the lungs to cause PMF
to develop. This would suggest that
coal is not nearly as toxic to the
lungs as silica. It should be
mentioned, however, that a miner may
suffer from both diseases 1f silica 1is
present in the eoal., However, the
effects of silica and coal together in

the lungs are not well understood.
This will be discussed in the next
section,

The physical impairment caused by
these diseases varies with the disease
and the degree of abnormality. 1In
simple CWP, impairment is minor and is
not significant enough to shorten
life-span. In some individuals that
have PMF, there is a marked
deterioration of pulmonary function,
reduced sbility to perform physical
tasks and shortened life span (Wright,
1978)., In cases where silicesis 1s
diagnosed, the patient is likely to be
much more severely disabled than
patients with a matched radiographic
category of CWP and death often results
from the development of
cardiorespiratory failure {(Seaton
1975).

3., COAL MINE DUST DISEASE STUDIES

From the time that the first dust
control effort was made in 1910 to the
present, & great deal has been learned
about dust-related diseases, However,
much of the knowledge that applies to
CWP has been obtained since the 1930s
by practitioners in the field of
epidemiology (the science of the
incidence, distribution and control of
disease). The important work in this
field began in the 1930s in a number
of different countries in response to
the recognition that a large
proportion of miners were suffering
from lung disease, In 1934, a study
was conducted by the U.5, Public
Health Service in the anthracite coal
fields of Pennsylvania (Anon. 1934).
The results of this study showed that
22.7%7 of the anthracite miners had
anthraco-~silicosis (sic) as indicated
by X-rays. At about the same time,
the Medical Research Council in Great
Britain started its studies in the
South Wales coal fields, A few years
later, CWP became a compensable
disease based upon the findings in
these fields (Hamilton, Ogden &
Vincent 1983), Recognition of CWP as
a disease distinct from silicosis
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became more commonplace among medical
perscennel.

The nationalization of British coal
mineg in 1947 had a tremendous effect
on the epidemiological study of CWP
because it became easier to organize
mines and miners in a systematic study
of dust diseases. In 1953, the
National Coal Board began the largest
single study ever conducted on the
prevalence of CWP by identifying 25
different mines from various regions
of Great Britain. The research effort
was a systematic attempt at defining
the relationship between CWP incidence
and the dust exposure measured in the
selected mines. Full-chest X-rays,
along with occupational histories,
were obtained every five years on the
entire underground workforce at these
mines. Originally, dust concentra-
tions were measured on a particle
number basis and showed a weak
correlation with CWP incidence; later
measurements, made on a mass
concentration basis, were rmuch more
highly correlated with the incidence.

The results of the statistical
study performed over the next ten
years was the basis cf the dust
concentration legislation in Great
Britain, The results were significant
because 30,000 miners were involved
and 90Z participation was achieved in
each of the five-year surveys conducted
(Jacobsen et al, 1970, Jacobsen 1972).
The work resulted in the conclusion
that no more than 8 mg/m® of dust
ghould be allowed in the return
ajirways. This corresponds to
approximately 4 mg/m® in the workers'
environment. As a result of this
analysis, it was possible to estimate
that no more than 3% of the workers in
mines where the standard was enforced
would develop Category 2 CWP or worse
on the ILO scale after a 35~year
working life. This research was
extremely important because it did
establish that dosage versus incidence
curves were possible on a statistical
basis and also established that mass
concentration values were better than
particle counts for disease studies.

Research conducted in the German

Federal Republic indicated that similar

results in West German mines were
observed. This study, initiated in
1960, involved more than 17,000 men at
13 mines over periods of up to l4
years. The results were based upon
cumulative dust exposure and indicated
that, on a mass concentration basis, an
exposure of 4 to 5 mg/m® would result
in 57 of the miners contracting
Category 2 CWP or worse in 35 years of
underground work (Reisner 1972). These
results tended to corroborate the
results in Great Britain,

In the U.S., a number of epidemio-
logical studies were conducted of a
more limited scope. The results showed
that CWP incidence was roughly
comparable to mines in Great Britain
and West Germany. However, some of the
studies indicated that incidence of CWP
varied considerably with the coal
field, decreasing significantly with
the rank (Morgan et al. 1973, Dessauer
et al, 1972). Several hypotheses were
made to explain the differences.
However, it is still not yet certain
whether free siljca, specific
harmfulness of the coal itself or some
other factors are involved. This
correlation with rank has been found in
similar studies in other coal~producing
countries and thus is generally
accepted even though it may not be
fully understood. However, recent
studies conducted in the anthracite
mines in Korea by Cho, Lee & Yun (19856)
indicated a relatively low incidence of
CWP. This is an interesting result and
may be an indication that CWP incidence
can be controlled in anthracite mines
if all the other as yet unknown factors
in the disease are favorable.

Other research that is of interest
in the analygis of CWP has been
carried out in France (Deguelire 1972)
and Germany (Robock 1972) and involves
the specific harmfulness of dust.
Robock's work in attempting to analyze
the CWP risk uses & statistical
relationship as follows:

Risk = f(mass concentration,
quartz content, time of exposure,
individual factors)
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This type of statistical relationship
i1s valuable but it is difficult to
achieve because of the problems in
interpretting the response of the
disease to silica in the coal and the
many individual factors that are
involved,

Response of miners to silica content
in the coal is a topic that is most in
need of clarification. Research of
various types has yielded results that
are difficult to reconcile, Martin et
al. (1972) indicated that, for
coal-quartz mixtures, the harmfulness
of quartz when mixed with coal was less
than that for the same ocuantity of pure
quartz when administered to laboratory
rats, On the other hand, British
epidemiological studies (Hamilton,
Ogden & Vincent 1983) have indicated
that coals with less than 10% quartz
do not appear to affect the probabi-
lity of development of CWP, Work in
France (Le Bouffant 1972) indicates
that even in coal with less than 102
quartz, the quartz does cause
pulmonary lesions in laboratory rats,
However, Le Bouffant does conclude
that certain minerals do appear to
retard the damaging effects of the
quartz. While studies with laboratoryv
animals have been relatively common,
Harrington (1972) points out the fact
that very few studies have been
performed using cells in vitro.

4. PROGRESS IN FIGHTING CWP

Throughout the world, considerable
progress has been made in the last few
decades in the fight against CWP. 1In
most countries, the efforts have been
made primarily in dust control within
the working environment. In many ways,
the U.S. has paralleled the rest of the
world in this fight but it also has
some peculiar problems. A review of
the progress and problems in the U,S.
may be of interest here.

Coal mine dust control in the U.S.
was not implemented until the Federal
Coal Mine Health and Safety Act of 1969
was enacted. This legislation required
that the average dust concentration by
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occugatinn be maintained below 3,0
mg/m® after June 1970 and below 2.0
mg/m® after December 1972, 1In
addition, quartz content was to be held
below 0.1 mg/m® in the air regardless
of the concentration of the total dust.
It was not easy to meet these dust
standards at first, particularly for
certain mining occupations. As a
result, & great effort was made by the
U.S. Bureau of Mines (USBM) and other
government agencies to develop and
promote better dust control measures.

The attempts to provide good dust
control in underground coal mines in
the U.S. were conducted on a number of
fronts. Particular areas of success
were control of dust generation by
better coal-cutting strategy, better
design of water sprays for dust
suppression and air movement, use of
scrubbers and improved design of face
ventilation systems. While meeting the
new law was difficult for operators at
first, a drastic improvement occurred
over time so that dust contrel in
continuous miner sections was soon
meeting the requirements of the law.
Dust concentrations for continuous
miner operators dropped from an average
of 6,5 mg/m® in 1969 to only 1.3 mg/m
in 1980 (Niewiadomski 1983),

While dust concentrations in mining
sections have been dropping
considerably, one problem area has
been mining sections where quartz is a
considerable portion of the airborne
dust. In these sections, a reduced
dust standard is applied to keep the
quartz below 0.1 mg/m® and many mines
experience considerably difficulty in
meeting the standards. Thig 1s one
area where more definitive research
information and better dust control
measures are needed. The human
response to coal dust/quartz mixtures
18, as yet, uncertain and medical
tesearch 1s needed in this area.

The success of dust control on
continuous miner sections has been a
tremendous achievement., However,
longwall dust levels have been much
higher and the dust control problem is
considerably more difficult because
the vorkman must often travel downwind
of the primary dust source. In
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addition, longwall mining sections
have rapidly increased in productivity
and production capability over the
last decade so that gains in the
control of dust generated per unit of
production have not necessarily
reduced wass concentrations. As a
result, many longwall mines still face
great difficulty in meeting the dust
laws, Much of the research progress
in longwall has been concentrated in
areas where success was achieved in
continuous miner systems. However,
dust avoidance systems have held a
more Impeortant place in longwall
mining operations {(Jankowski, Kissell
& Danjel 1986),.

While great progress has been made
in the area of dust contrcl, many
concerns have been expressed
concerning dust technology issues
because compensation payments to U.S.
miners still total $1.,7 billion per
yvear (Daniel 1984). 1In 1980, the
National Academy of Scilences
considered the needs for research in
the respirable dust area and concluded
that much in the way of research om
respirable dust was needed. Their
report {Anon. 1980) concludes, among
other things, that:

(1) variations in characteristics of
respirable dust should be studied,

(2) samples of respirable coal mine
dust large enough to be characterized
chemically, morphologically and
physically should be ceollected,

{3) research is needed on the
fundamental mechanisms by which
fragments are produced in coal mining,
and

(4) development of techniques for
suppressing respirable coal mine dust
near its source and for collecting it
in high concentrations should be
expanded vigorously.

Partially in response to this report,
nev research activities related to dust
in coal mines have been initiated under
the Generic Mineral Technology Center
for Respirable Dust funded through the
USBM. The Center is primarily manned
by personnel from The Pennsylvania
State University, West Virginia
University, the University of Minnesota

and the Massachugetts Institute of
Technology.

The center has initiated studies that
deal primarily with the areas of
analysis of varying dust character-
istics and basic medical research
dealing with in vitre and in vivo
response of living tissue to respirable
dust materials, While the Center 1is
still in its infaney, several very
interesting projects are currently
ongoing., Some of the medical research
topics of interest include:

(1) an in vitro response study on
proliferation of lung fibroblasts when
in contact with coal dusts,

{(2) an in vitro study on the effects
of coal dust on the metabolism of
arachiodonic acid by lung macrophages,

(3) an investigation into the
quality and/or quality of respiratory
secretions due to coal dust,

{4) a study to compare macrophage
responses in primates and rats,

(5) an investigation into the role
of free radicals in the development of
disease, and

{6) an in vitro research effort on
the production of superoxides by
alveolar macrophages.

In addition to these medical studies,
characterization of coal mine dusts,
development of characterization
methods, research on dust generation
during fracture and studies on wetting
characteristics are also being
conducted. Reports on some of the
results of these efforts will be
gvailable soon (Frantz and Ramani
1987).

5. RESEARCH NDIRECTIONS FOR THE FUTURE

Before bounding off into the future,
it is important to analyze, as nearly
as we can, what has been accomplished
so far in the fight against CWP.
Because most of ocur efforts at control
of coal mine dusts have been
instituted in the last twenty years,
it 1is difficult to perform an assess-
ment because it normally takes a full
working life to assess the total
impact of those controls. However,
tla general picture 1is one of
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significant progress. Epidemiological
data has shown that prevalence of CWP
is dropping both in Great Britain
(McLintock 1972) and in the U,S.
(Althouse 1984). Much of the drop is
due to the tighter control of dusts on
the coal mine working faces. However,
a number of important areas still need
to be researched and it is not a time
to simply relax our attention toward
this problem.

One of the first areas that comes to
mind for future research is the
extension of in vitre and in vivo
studies in the formation of dust
diseases. DBecause of the many
interesting research efforts being
conducted in this area and the
relative lack of intensive research in
the past, this appears to be one of
the most pressing needs. Another
important reason for performing this
type of research is the varietv of
phenomena that epidemiology has
revealed without an apparent cause.
One that comes to mind is the
prevalent finding that CWP increases
with the rank of the coal mined. It
may not be possible for
epidemiologists to find the causes of
this phenomena but it may be feasible
for a medical scientist working in a
lab,

Research into coal/quartz mixtures
and their effect on the human lung is
another area where a real effort is
necessary. It does not take a medical
expert to realize that the studies done
to date have conflicting results. The
studies that show that other minerals
may have a retarding effect on the
harmfulness of quartz are interesting
and may have some connection with the
protection mechanisms that are
cperative in aluminum therapy. Only a
more comprehensive research effort will
answer that questions.

Other characteristics of dust and
some measure of the individual response
variation should also be investigated.
Several interesting, though limited,
studies on the effects of trace
tlements were previously published.
However, the limited nature of the
research prevents us from gaining much
in the way of conclusions from those

studies. Much the same is true with
regard to individual factors. 1In
particular, individual susceptabilitv,
smoking habits, respirator use and
other personal variables need to be
investigated,

One final area of research that must
be tackled by the medical people is the
measurement of the effects of dust and
diesel particulates in the mine
atnosphere., For many years, diesel
emissions were thought to be relatively
innocuous. However, more recent
studies have pointed out that such a
conclusion may not be true, Study of
diesel emissions and their effects both
with and without dust will certainly be
important due to the proliferation of
diesels in the mining world.

Finally, it is important te note
that while a great deal of progress
has been made in the area of dust
control throughout the world, new
Problems arise as the mining methods,
equipment and productivity change. It
is therefore very important for all
mining and mineral engineers to
continue their quest for improved dust
control techniques.

The worldwide mining industry has
changed considerably over the last few
decades. This is certainly true in
the efforts made to control ecoal mine
dust diseases, Nearly all of the
progress in this area has been
accomplished in the last fifty years.
However, 1t is reasonable to expect
that progress in this field will
accelerate. One reason for this is
the tremendous increase in the
worldwide level of social awareness
and the belief that every worker can
and should work in a safe and healthy
environment,

A second reason to feel optimistic
is the improved cooperation between
sclentists, engineers and medical
personnel in the fight against
industrial dust disease. In the last
few decades, cooperation between
scientists and engineers has enabled
mankind to put men on the moon. Even
more significant, cooperation between
medical personnel, scientists and
engineers has resulted in the develop-
ment of human heart replacement



devices. Certainly, a means of
eliminating CWP is achieveable in an
environment of cooperation between the
world's most productive professionals.
While there is certainly some reason
to feel pride in the improvement of
the mine atmosphere for mine workers,
there is much that remains to be done.
The progress being made in
enginreering, science and medicine
appears to be accelerating. This
being the case, progress in the
control of coal mine dust diseases dur~
ing the next fifteen years may equal
the progress made during the last
fifty. One additional point was made
by one of my colleagues in the medical
profession that points out the
importance of the minerals engineers in
the fight against CWP, His comment
emphasized that a cure for disease is
always a second choice to prevention.
The minerals engineer therefore holds a
key position in the fight against CWP,
1 wish all of you success in your
endeavors in this area, an area which
is of extreme importance to the health
of the world's coal miners.
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