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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, Massachusetts Institute of Technology
and Michigan Technological University. These publications have appeared in scientific journals, proceedings
of the national and international symposiums and at professional mectings in 1988, Complets 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 authors alone and do not represent the
opinions of the Generic Mineral Technology Center for Respirable Dust, the Mining and Mineral Resources
Research Institute Program or the U.S. Bureau of Mines. Citation of manufacturers’ names in the papers were
made for general information purposes, and do not imply endorsement of the products by 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 administered by the Bureau of Mines through the Generic Mineral
Technology Center for Respirable Dust under allotment grant number G1135142 or G1175142.

In addition to 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 available from NTIS. An international
symposium, Respirable Dust in the Mineral Industries: Health Effects, Characterization and Contro!, was
heid at The Pennsylvania State University in October 1986. Co-sponsored by the Generic Mineral
Technology Ceater 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 available from ACGIH, ISBN: 0-936712-76-1 (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.

The support from the United States Congress for the Generic Mineral Technology Center for
Respirable Dust is gratefully acknowledged. We also acknowledge and appreciate the support and inputs from
USBM, NIOSH, MSHA, the Research Advisory Council, and the Committee on Mining and Mineral
Resources Research which have significantly contributed to 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 Respirable Dust
Co-Editor
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THE RESPIRABLE DUST CENTER
Excerpted From The

1988 UPDATE TO TTIE NATIONAL PLAN
FOR
RESEARCH IN MINING AND MINERAL RESEARCH

Repartto: December 15, 1987

The Secretary of the Interior

The President of the United States

The President of the Senale

The Speaker of the iiouse of Representatives

Sectlon 9{e} of Public Law 98-409 of August 29, 1984, (98 Stat. 1536 et seq.)
mandates that the Commiltee ot Mining and Mtneral Resources Research submit an
antnual updale to the Nallonal Plan for Research in Mining and Mineral Resources:
"lmproving Research and Education tn Mineral Science and Technology through
Government-(Federal, Slate and Lecal), Industiy, and University Cooperailon,”

Respirable Dust {centered at Pennsylvania Slate U. and West Virginta U., with afTiliates
at U. of Minnesola and Massachusetis Institule of Technologyl: brings together experts
concerned with particles causing polentlally disabling or lalal discases, Including
panewnocontosts (“black lung”), sillcosts, and asheslosis, ihe latler of deep concern not
Just to woricers tn the mineral secior ol the economy but also lo the general populace.
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Estimating the Crush Zone Size
Under a Cutting Tool in Coal

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

Sommary

As part of an effort to understand the mechanics of fine fragment formation in coal, which is important
in studies of respirable dust due to mining, fracture toughness measurements and the strain energy
density (SED) theory were applied to calculate the crush zone size under a cutting tool in coal. This
zone is the major source of fine fragments in the | to 10 um size range. The model used in these
calculations is a boundary element program containing a failure criterion based on the SED theory.
The boundary element program calculates linear elastic stresses at numerous points in the coal material
ahead of a cutting bit. These stresses arc then input to a subroutine called critical flaw iength and
onientation (CFLO) which uses the SED theory to determine the CFLO for a small crack at the
boundary clement stress computation point. The extent of crushing is based on earlier postulates about
the role of inherent flaws in a fragmentation process. To form | to 10 um fragments requires firstly a
local stress strong enough to activate flaws with a characteristic length less than ! to 10 gm and
secondly, a flaw density sufficient to provide an average spacing between flaws also on the order of 1 to
10 um. The locus of active 10 um flaws represcnts the maximum possible extent of fine fragmentation in
the 10 pm or less size range assuming that a sufficient inherent faw density exists. The approach offersa
first order approximation to the extent of crushing under a tool tip. The size and shape of the crush zone
volume is affected by the attack angie and geometry of the tool.

Keywords: Coal dust; rock cutting tools; boundary element program; fragmentation; strain energy
density.

Introduction

Fine fragment generation in the 1 to 10 um size range under the action of a generic coal
cutting tool may be explained on the basis of fracture mechanics which suggests two major
sources of fine fragments: first in a crush zone near the tooi tip and second by shear fracturing
along major macrocrack surfaces (Zipf and Bieniawski, 1988a). In this paper, fracture
toughness measurements and the strain energy density theory are used to calculate the crush
zone size. This zone represents the major source of fine fragments in the 1 to 10 um size range
and understanding the mechanical factors controlling its size represents a first step toward
using fracture mechanics to characterize the tendency of various coals to produce
undesirable fine fragments.
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Model description

The model used for these calculations consists of a boundary element program containing a -F
failure criterion based on the strain energy density theory. In principle, the program is based
on concepts advanced by Larchuk et al. (1985) for calculating the extent of crushing and
material damage under a grinding tool acting on ceramics. The boundary element program
provides linear elastic solutions for the stresses under a generic coal cutting tool. Stresses at
numerous points in the coal material ahead of the bit are then input to a subroutine calied
critical flaw length and orientation (CFLO) which uses the strain cnergy density theory to
determine the CFLO for a small crack at the boundary element stress computation point.
Based on earlier postulates about the role of inherent flaws in a fragmentation process, the
extent of material crushing in the I to 10 um size range can be approximated. In order to form
fragments in this size range, those postulates state first that the local stress field must activate
flaws with a characteristic length less than 1 to 10 ym and second that the density of those | to
10 pm long inherent flaws is sufficient to provide an average spacing between flaws also in the
order of 1 to 10 pm (Zipf, 1988; Zipf and Bieniawski, 1988a). Finally, the locus of active
10 um flaws represents the maximum possibie extent of fine fragmentation in the 10 um or
less size range 2gain, assuming that a sufficient density of inherent flaws 10 um or less in size
exists.

Subroutine CFLO applies the strain energy density theory fully developed by Sih (1974)
and Gdoutos (1984). Given the stress field in the neighbourhood of a point and a fracture
critena, it calculates the critical flaw length and crack growth direction for select initial flaw
orientations. The output at each stress computation point is: 1, the given flaw orientation; 2,
the calculated critical flaw length and 3, the calculated new crack growth direction. Details of
the equations solved by this subroutine follow.

A crack of length 2a can be subjected to a purely normal stress as shown in Fig. 1ain which
case the mode I stress intensity is given by &, =S,\/E. It can also be subjected to a purely
tangential stress as shown in Fig. 1b where the mode I1 stress intensity is given by ky= S,JE.
The crack can aiso be inclined at some angle A in a uniaxial stress field S,, as shown in
Fig. 1¢. In this case, the crack is subjected to mixed mode loading and the stress intensity
factors are k, -S,,\/E cos A cos 4 and k, =S, /a cos A sin A or equivalently k, "'Sm/‘-'
sin Bsin Band k,= S, /a sin B cos B. The most generai loading case is shown in Fig. 1d
where an inclined crack is subjected to a general loading. The stresses are first rotated into
components normal and tangential to the crack plane with the following relations:

- S,,+S,,+S,,-S,,

S 2 2

cos(2a)— S, sin{2z)

5= 2222 in2a) 45, cos(2a)

The stress intensity factors are then k, = S, /a and k,-S,.\/;.

The strain energy density theory can now be applied to calculate first the crack extension
angie for the flaw and second the critical flaw length that is just unstable in the given stress
field. The strain energy density factor is defined as:

Sma, ki+2a, .k k; +a,,k3
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Fig. 1. Basic loading configurations and stress itenxity factors for: () pure mode 1
loading, k, = S,./a; (b) pure mode II loading, k, = S,/a; (c) mixed mode loading in a
uniaxial stress field, k, = S,,./a sin 2 in B=5,,./a c08 A <03 4, k, = S,./a sin B cos B=
S,/ cos A sin 4; (d) mixed mode loading in a general stress feld, k, =S,./4,
K;=S./a. S, and S, from stress transformation of S, 5,, and S,

where a,,, a,, and a,; are the following functions of the crack extension angle, the shear
modulus and the Poisson's Ratio:

__E
= 3a+n

Kk = 34y {or planc strain




x = (3—v)/{1+v) for plane stress

a,, =-1-é-; {1 +cos 8} {x—cos 6}

a,;—ﬁsin #{2cos 8—~x+1}

a"’-l%,u {{x+1)(1-~cos )+ (1 +cos §) (3 cos §—1)}

According to the hypotheses of the strain energy density theory, the crack extension angle
is found by solving:
a5 , ,
subject to:

1

d

where the o’ and a” functions are:

ay, = % {sin 20— (x — 1)sin 8}

ay, -% {2 cos 26— (xk— 1 )cos 6}
a;,:%{—?; sin 20+ (x — 1)sin 6}
a'{,n%{Zcosw-(x—l)cos 6}
a‘;,-%{—4sin28+(x—l)sin 6)

a;,-%{—ﬁcos%ﬂx—l)oos 8}

When the stress intensity expressions of k, and k; are substituted into the above
expressions for the derivative of S, the crack length and the shear modulus divide out; thus,
the crack extension angle is simply a function of the Poisson's Ratio and the normal to shear
applicd stress ratio. The applied stress ratio S, /S, depends solely on the initial crack angle B
which can vary from —90 to + 90 degrees.

The function d.S/d@ aiways has four roots where 45/df=0 in the interval from - 180 to
+ 180 degrees. Two of the roots can be immediately discarded because they do not satisfy the
conditions that the second derivative of § is greater than 0 (i.e., S is at a local minimum).
Finding the proper root from the remaining two depends on the signs of k, and &, and
whether the local stress field is dominantly compressive or tensile.
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As shown in Fig. 2, four cases arise which correspond to different quadrants in a graph of
k, versus k,. The crack inclination Bis arbitrarily chosen as 45 degrees in this illustration and
the approximate crack extension direction is also indicated in each diagram, In quadrant I,
both k, and k, are positive so S, and S, are also positive. They can be resolved into a positive
uniaxial tensile stress + S, along the y axis. Similarly, in quadrant I11, k, , k, and S, S, are
negative and the corresponding uniaxial stress is negative or compressional along the y axis.
Quadrants IT and IV correspond to an applied uniaxial stress along the x axis that is negative
(compressional) or positive (tensile) respectively.

Knowing the quadrant to which k, and k, belong, places reliable bounds on the proper
root of dS/d#. It is very casy to take advantage of these bounds when using a numerical root
solver to find dS/df =0 thus ensuring rapid convergence to the proper root.

Once the crack extension angle is determined with the root solving routine, solving for the
critical flaw length in the given stress regime is very easy. It follows immediately from the
definition of the strain energy density factor as: '

Loy ™ :r/{allsaz+2allsn' S:""“zzsrz)

In the given stress regime, inherent flaws with a iength less than a,,,, remain stable whereas
those with a length greater than g, propagate unstably in the crack extension angle
direction determined earlier,

Subroutine CFLO

Programming the previous equations into subroutine CFLO and incorporating it into a
boundary element program is straightforward. A flowchart for CFLO is shown in Fig. 3.
CFLO is entered from the boundary element program immediately after stresses are
determined at each user defined point. Stresses at the point are passed to CFLO in the call
staternent whereas the tested flaw orientation angles and the material properties including a
critical strain energy density factor are passed in common, The program then enters the main
do loop to perform critical flaw length computations for each test flaw orientation. The
stresses are first transformed to the crack plane, and based on the signs of S, and §,, the
approximate interval for the crack extension angle is found. Using this interval, subroutine
ZEROIN computes the roots of dS/d8«=0. ZEROIN is a root solver from Forsythe,
Malicolm and Moler (1977). It begins with a bisection method to get close to the root and
then finishes with a secant method. Once the crack extension angle is found, computation of
the critical flaw length follows. Finally, the test flaw orientation, crack extension angle and
critical flaw length are output prior to continuing with a new test orientation.

Subroutine CFLO is easily attached to a boundary element program such as TWOBI from
Crouch and Starfield (1983) with minor modifications.

Calculations with CFLO

CFLO has been used to make preliminary calculations of the extent of crushing under a
geaeric coal cutting tool using typical modulus and fracture toughness values determined
from laboratory experimentation. Results are generally encouraging for this simplistic
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Fig. 2. Tllustration of four separate cases for crack extension angle computations

computational procedure. Fig. 4 shows the boundary element modeis used in these
computations along with the number of clements and stress computation points.

The boundary element models shown in Fig. 4 systematically altered the tool geometry
from a narrow wedge with a 60° included angle through a 90° wedge to a 120° blunt wedge.
The indentation width across the bit is arbitrarily fixed at 4 mm. Penetration depths then
follow immediately as 3.5, 2.0 and 1.2 mm respectively. As 2 boundary condition at the
bit/coal interface, a stress of 111MPa is applied which matches the ‘average’ bit stress
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Fig. 3. Flowchart for subroutine CFLO which calculates critical flaw lengths and crack
growth directions based on the given stress field, material properties and the strain energy
density theory
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Fig. 4. Boundary elements models for three different tool grometries—the number of
clements and stress computation points are indicated

estimated in earlier work by Zipfand Bieniawski (1988a)and Zipf (1988 ). To put this stress in
perspective, the compressive strength of 2 50 mm cube of Pittsburgh coal is typically around
20 MPa (3000 psi). This maximum stress is then rotated to approximately simulate various
combinations of vertical and horizontal forces applied by the bit (i.e., the angle of attack).
Stresses on the left and right sides of the bit/coal interface are given in Table 1. Average
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mechanical properties for the Pittsburgh coal are used in all 15 CFLO models. Young's
Modulus is 2500 M Pa; Poisson’'s Ratio is 0.400, and the critical strain energy density factor is
1 Nm ™! [Zipf, 1988; Zipf and Bieniawski, 1988b). Test flaw orientations range from —90to
+90° in 15° increments.

Tabie 1. Applied normal and shear stress on the left and right bit faces for the 15 CFLO

models
Stress Orientation 60" bit 90° bit 120° bit
Angle of Attack and Bit Face stress MPa  stress MPa  stress MPa
0° (Vert.) normal-left -56 =50 —43
shear-left +32 +29 +28
normal-right - 56 -50 —48
shear-right -32 -2¢ -
15° normal-left -29 0 0
shear-left +17 V] 0
normal-right -78 -9 -107
shear—right -7 ~56 -2
kliid normal-left 0 0 0
shear-left 0 0 0
normal-right -9 —-107 =111
shear-right -56 -29 0
45° " normal-left H 0 0
shear-left 0 0 0
normal-right =107 -=111 —-107
shear—right - =2 0 +29
60° sormal-left 0 0 0
shear-left . 0 0 1]
normal-right -111 - 107 =96

shear-right 0 +29 +56

At each stress computation point, CFLO outputs cach test flaw orientation and the
computed crack extension angle and the critical flaw length in ym. From ail the test flaw
orientations, the smallest critical flaw length is sclected and plotted at the appropriate stress
computation point. Critical flaw lengths in the 1 to §, 5 to 10, 10 to 100 and 100 to 1000 um
size range are displayed as zones in Fig. 5. The crush zone size under the tool tip is
approximated as the locus where 10 um or smaller flaws are active under the given loading
conditions. This crush zone size is based on crucial assumptions concerning the role of
inherent flaws in fragmentation porcesses. Again, to form 10 um size fragments requires
activation of flaws 10 um or less in size with an average spacing also about 10 um.

Promises and pitfalls with the CFLO approach

The crush zone size estimates shown in Fig. 5§ must be considered tentative at best;
nevertheless, they are extremely promising. First of all, the extent of crushing in the 1 to
10 pm size range certainly appears to be of the right magnitude. The calculations show that
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Fig. 5. Potential fragmentation under a tool tip: (a) angle of attack, 0%, (b)angle of attack, 15°;

(c) angle of attack, 30°; (d) angle of attack, 45°; (c) angle of attack, 60°
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the depth of crushing is on the order of 1 to 2 mm below the tool/coal interface which
generally agrees with the depth of crushing suggested in full scale tests with actual cutting
tools (Roepke et al., 1976, Hanson and Roepke, 1979).

The calculations clearly show how the crush zone size is influenced by the angle of
attack. As scen in Fig. 5, normal forces produce the least amount of undesirable
crushing. Increasing the angle of attack, i.e., increasing the tangential force component,
increases the amount of crushing under the tool tip. This numerical observation is also
in good general agreement with the empirical findings (Roepke er al., 1976; Evans and
Pomeroy, 1966).

These calculations do not clearly indicate the effect of tool geometry on the extent of
crushing. At present, they indicate that sharper tools produce more crushing than blunt
tools which of course conflicts with all known observations. The performance of the tool
Scometries considered in these caiculations are not directly comparable since the total
bit forces are not the same for each tool. For this first modelling attempt with CFLO,
the peak stress found from the earlier preliminary calculations is used at the bit interface.
Tool width is also fixed; therefore, total bit forces for the 60° tool are greater than the
90° tool which is greater than the 120° tool. The more correct boundary condition is to
keep the bit interface stresses and the total bit forces constant by adjusting the
penctration depths somewhat; however, these calculations are reserved for further work.

The rather simple calculations by CFLO are not without their limitations. First, the
analysis depends heavily on the nature of the bit/coal interface boundary condition. These
analyses assume a stress type boundary condition; however, since the modulus constant
between the bit and the coal is high, a displacement type boundary condition is probably
better. The analysis also unrealistically assumes a smooth contact between the bit and the
coal material. The actual contact area is more than likely to be highly irregular because of the
rough fracture surfaces that the tool engages.

The CFLO approach makes the assumption that inherent flaws of a sufficient size and
density exist in the material to serve as fracture initiation sites and produce the desired
fragmentation. However, the size and density of those flaws must not significantly distort the
global stress field induced in the material by the cutting tool. Global stresses are computed
with a boundary element program at arbitrarily specified stress computation points. These
stresses are assumed uniform over some small neighborhood of that point. The inherent flaws
must be sufficiently small in size and density so that the computed global stresses are
effectively seen as stresses at infinity by the flaw. In other words, the local stress field induced
by the flaw itself must not significantly distort the global stress field in the neighborhood of
the stress computation point. At fracture initiation, which is the only time when CFLO
applies, this requirement can and must be met; however, as the flaws grow and begin to
coalesce, such a requirement is inevitably violated.

The most serious problem with CFLO is in using a linear elastic continuum approachtoa
fragmentation rejated discontinuous phenomena. As the tool load increases, inherent flaws
grow to create a discontinuous zone of fragmented material in the vicinity of the tool tip. The
four step fine fragment formation model shows that this discontinuous zone will continue to
propagate until a free surface is reached. Fine fragments exist close to the tool tip and grade
into- coarser fragments further away. The CFLO approach neglects the time dependent
evolution of this discontinuous zone and its effect on the global stresses in the surrounding
continuous zone. Of course, lincar efasticity no longer applies in this fragmented
discontinuous zone. This simple calculation procedure essentially assumes that the body
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changes from continuous to discontinuous at one instant in time as opposed to an
evolutionary change with increasing load.

Conclusion and possible related work

Despite the many difficulties associated with CFL.O, the approach does offer a first order
approximation to the extent of crushing under a generic coal cutting tool tip, It is based on 2
linear elastic analysis for the global stresses near a tool tip and a fracture mechanics analysis
with the strain energy density theory of mixed mode fracture. The extent of crushing depends
on activation of flaws below a certain critical size assuming that flaws of that size are present
in sufficient density. As shown in Fig. 5 the CFLO approach can provide reasonable
estimates of the crush zone size for typical cutting tools.

The approach may also offer useful insight in other related research. Howarth and Bridges
(19882, b} provided cross-sectional photomicrographs of the damage ahead of various
percussive drill bits and indentation tools. Most striking in their work was how the grain
structure (the microstructure or inherent flaw geometry) appatentiy controiled the
fragmentation ahead of the tool. If suitable bit loads and material properties (X, ) are
available, CFLO could model these experimental observations. Similarly, Cook et a!. (1984)
provided cross-sectional photomicrographs of microcrack development under a punch.
They subsequently analysed their laboratory experiments using the finite element method
and a Mohr-Coulomb failure criteria. Again, CFLO may provide useful insights into these
experiments if the microstructure is known sufficiently. The observations by Friedman and
Ford (1983) of cracking under a cutting tool might also be examined with an approach based
on CFLO. Finally, CFLO may also assist in studies of the influence and behaviour of
microcracks around a propagating macrocrack subjected to general mixed mode loading.
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Microscopic Studies of Fractures Generated Under
Mixed Mode Loading

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

ABSTRACT:

A set of fracture profile photomicrographs is presented for fractures
generated under mized mode loading of the Pittaburgh coal. The fractal
dimension is used to characterize the irregularity of these profiles
and & tentative relationaship is presented between the fractal dimension
and the fracture toughneas. Surface roughness appears to depend molely
on the stress intensity and no other dependence was ohserved with
fracture losding mode, loading rate or specizmen orientation.
Observations of crack bifurcations in fracture profilea can indicate
crack growth direction whereas direct surface chservations generally
cannot in materials such as rock and coal.

T INTRODUCTION

The production of fine fragments of material as a result of some
loading event occurs in many industrial processes. In crushing and
grinding, the efficient production of fine fragments ia the desired end
result; however, in coal cutting, the production of fine fragments may
lead to high levels of respirable dust in the immediate atmosphers with
the danger of human lung disesses. Two of the most important sources of
fragments in the 1 to 10 micron size range during a cutting process are
1) severe crushing in a zone near the loading tool and 2) subsequent
shearing along major crack surfaces that form the larger fragments
during material reduction. These and other sources of fine Iragments
generstion are diascussed by Roepke {1984) and Zipf and Bieniawsik{
(1986). The physical character of the newly created major crack
surfaces is believed to have a strong influence on the smount of fine
fragment generstion that occurs during subsequent shearing movement.
When the major large fragments initially form, they are "locked" in
place by the irregular character of the new fracture surface. Only
after some relative motion has occurred beatween fragments are they
actually liberated, and the net result is the formation of additional
fine fragments: The fine fragmentation is not necessarily limited to
the shearing of high points from the macrocrack surface since material
remaining in the wake of the crack tip is damaged to a substantial
depth below the actual crack surface.
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2 OBJECTIVES

Quantitative cobservations of the macrocrack surfaces are required for
better wnderstanding of the shearing mechanism of fine fragment
generation. Therefore, this study shall provide direct observations of
fracture surfaces at a scale of 1 to 10 microns and will assesa the
influence of varicus mechanical and geometric propertiea on the
fracture surface character.

3 MICROMECHANICS OF CRACK GROWTH AND CRACK BRANCHING

The failure process in brittle materials is generally consaidered a
continuous process of microecrack nucleatien, growth and coalescence
into macroscopic faults followed by material disintegration. Costin
(1987) traced the development of this concept and discusaed evidence
showing that microcracks originate from local stress concentrations
arising from elastic mismatches along grain boundaries or from natural
flaws and poreas. The same process of nucleation, growth and coalescencs
of mierocracks also describes the growth of a single macrocrack where
the microcracks or so called "advence cracks™ occur in a proceas zone
around the macrocrack tip.

Ramulu and Xobayashi (1985) reviewed experimental evidence showing
that this process generates the roughness of fracture surfaces and
leads to the phenomenas of crack branching. Advance cracks ahead of the
main crack tip have been observed directly by Ravi-Chandar and Knausa
(1984) with high speed photography of fracturing Homalite-100
specimens. They concluded that surface roughness on the main macrocrack
resulta from the independent origins of the asdvance cracks which
coalesce to form the main crack. In their bifurcation mechanism, crack
branching occurs when cne of these off axis gicroflaws connects with
the main propagating crack tip. This same mechanism can also account
for the formation of secondary cracks spproximately parallel to the
main crack if the propagating sdvance cracks do not link up with the
main crack,

The influence of non-singular stresses on crack branching in
conjunction with the microscopic observations has led to development of
the two parameter branching criteria (Ramulu, Kobayashi and Keng, 1584;
Streit and Finnie, 1980). Thess criteria retain higher order terms in
the crack tip stress equations and postulate that branching occurs when
K > Kip 88 a necessary condition snd r < r,  as & sufficient
condition. Here, Kqn i8 the critical streas intensity for branching
and Te is a critical ratic with units of length. The value of r
represents the ratic between the first and second terms of the crack
tip streas series function and it also has a geometric interpretation
as a description of the nearby microcracka.

This theoretical end experimental background suggests that the
roughneas of fracture surfaces generated in coal should ahow some
dependence cn the stress intensity and the microstructure., Subsequent
sxperimental studies have sought to cbserve these possible
relationships aince the fracture surface character has a potential
influence on the generation of extremely fine fragments through a
macrocrack shearing mechanism,

e mam o
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4 EXPERIMENTAL STUDIES

Mizxed mode fracturs toughness testa have been conducted en a fow
different coals under a variety of fracture loading modes, loading
rates and specimen orientations. The testing program and the cperation
of the testing systen are described in Zipf and Bieniawsic! (1987). The
testing rig is capable of applying mode I, mode II and mixed mode loads
to & specimen through any of 7 rig positions. A schematic of the rig ia
shown in figure 1. On certain specimens, the fracture velocity was also
determined with crack propagation gages as discussed in earlier work.

Aside from measuring critical fracture toughness and other mechanical
parameters, the program generated a suite of new fracture surfaces
under controlled loading modes, loasding rates and orientaticns. The
fracture surfaces were impregnated with & casting reain (styrene
monomer and hardener) then carefully secticned and polished for
axamination under a reflecting light microscope. Figure 2 shows a
specimen aketch after fracturing and indicates the plane of sectioning.
A series of photomicrographs beginning near the notch tip was completed
at 500X magnification. Figures 3 and 4 show all mets of
photomicrographs obtained.

Figure 1. Schematic of Figure 2. Schematic of fractured
mixed mode testing rig. specimen showing sectioning and
polishing plane.

Each set of photomicrographs has a specimen designation which
indicates the type of coal tested, the orientation, the loading mode
and the loading rate. All the tests shown are in the Pittsburgh coal
(PT). The starter notch orientation is either parallel to the Bedding
Flane (BP), the Face Cleat (FC), or the Butt Cleat {BC). Rig peaitions
can vary from Hole 1 (H1) which is mode I through Hole 7 (H7) which is
mode II or any mixed mode configuration in between., Last, loading rate
is designated as either Slow (S), Middle (M) or Fast {F) corresponding
to cross head displecement rates of 0.05, 0.5 and 5 mn/minuta.
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Figure 3. Photomicrograph sets 1 to 12 with specimen number,
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point and growth direction shown with arrows. i
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The fractal dimensiocn for these profiles was determined using the
sipple Richardson technique discussed iq_slndclbrot (1982). The total
length of a profile 1s given es L = k S where L is the measured
length, k is a constant, S is the scale length and D is the fractal
dimension, Scale lengths of 12, 5, 2.5, 1 and 0.5 inches were used to
measure L. The relatiocnship between L and S as characterized by D was
very good since the linear regression correlation coefficient always
exceeded 0.95. The fractal dimension D therefore provides a repeatable,
quantitative measure of fracture surface irregularity as was used
earlier by Brown and Scholz (1985), Carr and Warriner (1967) and Turk,
et al., (1987).

5 RESULTS

Measured fractal dimensions, fracture toughnesses and a few approximate
fracture velocities are shown alongside sach set of photomicrographs in
figures 3 and 4. The profiles, numbered 1 through 23, are srranged in
order of increasing fractal dimension which ranges from 1.0034 to
1.0274 while KIc ranges from 0.039 to 0.236 MPa~/E. Next, a plot of
fracture toughness versus fractal dimension {a measure of surface
roughness) is shown in figure 5.

Initial inspection showed no readily apparent relationahip betwesn
fracture toughness and fractal dimension. Furthermore, no meaningful
relationship was discernible between fractal dimenaion and the loading
mode, loading rate, specimen orientation or the few fracture
velocities. However, the maceral composition of the coal did have
considerable effect on the fracture surface character.

Most of the specimens dominantly contain the vitrinite group kmaceral
¢ollinite which is basically gray end structurseless. Considerable
anounts of the inertinite group maceral tentatively identified as
fusinite are found in specimens 9, 16, 18, 20 and 23 whers it appears
as very light, fragmented or hackly shapes. Smaller portions of the
exinite group maceral tentatively identified as sporinite are visible
in specimens 5, 9, 10 and 21 where it appears as large black amorphousa
forms. In specimens 9, 15, 18, 20, 21 and 23 indicated with a + in
figure 5, the macrocrack propagated mostly through inertinite and
exinite group macerals and therfore should be expected to have a
different fracture character than those fractures propagating mainly
through a vitrinite group maceral. A linear regression calculation
disregarding specimen 22 as an anomslous data point determined the best
fit line through the vitrinite group data. That relation is also shown
on figure 5.

6 DISCUSSION

The relationahi}p between fracture toughness and fractal dimension which
is used here as & measure of fracture surface roughness is in basic
agreament with expectations, though at present, the supporting evidence
is still considered tentative. Work is presently underway to extend the
range of the relationship by studying an Anthracite coal which has a
Iracture toughness ranging from 0.3 to 0.5 MPaV'W. The initial results
for Pittsburgh ccal are promising and generally sgree with the fracture
toughnese-fractal dimension relationships reported by Mecholsky and
Passoja, (1985) and Mecholsky, Mackin, and Passoja, (1986) for a wide
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13 D = 1.0099
KIC = ,09%

l4 D= 1.0113
xIc = .13

15 D= 1.0126
RIc = 236

l6 D = 1.0129
K, = .039

17 D= 1.0135
K. = .167

18§ b= 1.0177
K. = .061

19 D = 1.0190
K = .231

20 D = 1.0244
K, = .060

21 D = 1.0252
KI: =~ 087

| 22 D = 1.0261
K, = 062

23 D = 1,0274
‘1: - ,120
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Figure 4. Photomicrograph sets 13 to 23 with specimen number,
fractal dimension and fracture toughness. Crack initiation
point and growth direction showm with arrows.

| Scale - 1 cm is approximately 200 microns.
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Figure 5. Fractal dimension versus fracture toughness
for each numbered specimen in figures 3 and 4.

variety of ceramics. This relationship may provide tne necessary
understanding required for the shearing Dechanism of fine fragment
generation. No other significant relaticonships between fractal
dimension and the fracture loading mode, loading rate and specimen
orientation could be identified.

In further examinations of the photomicrographs, it is poaaible to
discern the direction of propagation from the crack bifurcationa. The
acute angle formed at a crack branch will frequently point upatreazm,
but it must be emphasized that this is not always the case and
exanination of numerocus crack branches over a substantial length of
fracture profile is required. Confusion can result when nugerous
Secondary cracks are present which rejoin with the main crack. A Lew
examples whers these branches do indicate the direction of erack growth
are found in specimens 6, 7, 12, 13, 21 and 22. Other exanples whers
branching indicates the direction of creck growth are found in Freidzan
and Ford, (19€3), and Ravi-Chandar and Knauss, (1984). Usually, it is
the unsuccessful branching attempts that provide the beat indication of
direction. Deducing crack propagstion direction from fracture profiles
is not as convenient as simple fracture surface exanination; however,
with rock, it zay be the only option.

7 REFERENCES
Brown, S.R. and Schelz, C.H., (1985), "A Broad Bandwidth Study Of The

Topography Of Natural Rock Surfacea®™, J. Geophys. Res., V50 nBY4, pp.
12575=12582.



STUDIES OF FRACTURES

Carr, J.R. and Warriner, J.B., (1987}, "Rock Mass Classificaticn
Using Fractal Dimension", Proceedings: 28th US Sympoaium on Rock
Mechanics, A.A. Balkema, Boston, pp. 73=80.

Costin, L.S., {1987}, "Time-Dependent Deformation and Fallure",
Fracture Mechanics of Rock, ed. B.K, Atkinscn, Academic Press, Londen,
PpP. 167-216.

Freidman, M. and Ford, L.M., (1984), "iAnalysis of Rock Deformation
and Fractures Induced by Rock Cutting Tools Used in Coal Mining",
Proceedings: 24th U.S. Rock Mechanics Symposium, Texas A&M University,
PP» T13=T23.

Mandelbrot, B.B., (1982), The Fractal Geometry of Nature, W.H.
Freeman, New York, 468pp.

Mecholsky, J.J. and Passoja, D.E., (1985), "Fractals And Brittle
Fracture", Materials Research Society Extended Abatracts.

Mecholsky, J.J., Mackin, T.J. and Passoja, D.E., (1986), "Crack
Propagation In Brittle Materials As A Fractal Process”, Materials
Research Society Extended Abatracta,

Ramulu, M., Kobayashi, A.S., and Kang, B.S.J., {1984), "Dynamic Crack
Branching - A Photoelastic Evaluation®, Fracture Mechanics: Fifteenth
Symposium, ed. R.J. Sanford, ASTM STP 833, pp.130-148.

Ramulu, M. and Kobayashi, A.S., (1985), "Mechanics of Crack Curving
And Branching - A Dynemic Fracture Analysis™, Int. J. Fract., V27,
1585, pp. 187-201.

Ravi-Chandar, K and Knauss, W.GC., (1984), "An Experimental
Investigation Into Dynamic Fracture: II Microstructural Aspects”, Int.
J. Fract. V26, pp. 65-80.

Roepke, W.W., (1984), "General Methods 0f Primary Dust Control During
Cutting”, Mining Engineering.

Streit, R. and Finnie, I., (1580), “An Experimental Investigation Of
wrack Path Directional Stability”, Experimental Mechanics, V20, nl, pp.
17-23.

Turk, N., Greig, M.J., Dearmen, W.R., and imin, F.F., (1987},
"Characterization Of Rock Joint Surfaces By Fractal Dimension",
Proceedings: 28¢th US Symposium On Rock Machanics, A.A. Balkema, Boaton,
ppu 1223-12360

Zipf, R.X, and Bieniewski, Z.T., (1986), "Mixed Mode Tasting For
Fracture Toughness 0f Coal Based On Critical Energy Denaity",
Proceedings: 27th US Symposium On Rock Mechanics, AIME, New York, pp.
16=23.

Z2ipf R.K. and Bieniawaki, Z.T., (1987), "Development Of A Mized Mode
Teating Syatem For Geologic Materiala®, Proceedings of the

International Conference on Fracture of Concrete and Hock, ed. S.P.
Shah and S.E. Swartz, SEM, Bethel, CI., pp. 338-352,

27

—‘_—__



II

DILUTION, DISPERSION AND
COLLECTION IN MINE AIRWAYS



Dust Flows in Mine Airways:

A Comparison of Experimental Results
and Mathematical Predictions

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

Abstract. The resuvlts of an experi=ental and
thecretical research study into the spatial and
temrporal behavior of dust in mine airways i
sumsarized in the papsr. Experiments were
performed in mine airways under both contrellied
and normal cperating conditions. The concrolled
experiments included the documentation of the
concentration and deposition patterns for two
types of dust under three different velocities.
Real-time dust concentration data wers obtainad
using Real-time Aerosol Monitors (RAM-l) to
determine the dispersion coefficient in s mine
airway, On the cheoretical front, & convection-
diffusion model of the dust flow phencmenon in
mine sirwvays was developed considering dominant
mechanisms affecting dust transport and
deposition in mine airvays. Machanisms modeled
include turbulent and gravitational depesition,
coagulation, and disparsiom.

In this paper, comparative analyses of
results of the controlled experiments with the
predictions of the mathematical model ara
presented. In addition to the overall validity,
the adequacy of the {ndividual components of the
model, euch as deposition in the total and
raspirable range, and dispersion are examined in
light of the experimental observations.

The experimental dsra from controlled
axpericents compared more favorably with model
predictad resules for similar conditions as
opposed to the comparative analysis rasults for
in-mine expariments. Specifically, the model
predictions for an 800-meter stretch of s amine
airway teveal sowe significant differences fzom
the bshavior noticed in the mina, The
deposition vas lower than that predictad by the
model. Consequently, concentrations were higher
than those predicted by the model. The
implications of these and other findings for
further investigations are discussed in che
paper.

INTRODUCTION
A review of literature revaals seversl

theorstical and experimental studies ralating te
dust flow in mine airwvays. During the last

three decades, several theorstical studias on
the various mechanisms affecting dust behavior

have besn reported (Dawes and Slack, 1954,
Perslas, 1358, Hwang st.al. 1972, and Courtney
et.al. 1982). Exparimental studies veras
parformed by Bradshaw and Godbert (1954), Hall
(1935), Hodkinson (1957), Ford (1971} and
Courtney et.al. (1982). The literature survey
hovever, indicated the need for a concarted
theoretical and experimental scudy to predict
dust concentrations in mine atmospheres,
incorporating recent findings in the mining and
the sarosocl sciences, The objective of &
contlouing research project in the Generic
HMineral Technology Center for Respirable Dust
(Ramani, 1983) iz to aid in the conzrel of dust
in underground mines through an improved
understanding of the behavior of dust clouds in
mining environments.

The first phase of the resesrch project
involved the developmant of a mathematical model
to pradict dust concentrations in mine
atmospherss. The second phase involved in-nine
sxperimeantal studies on dust behavier in mine
airways. The third phase involved the comparismon
of the mathemacical model ocutput with the
in-mine experimental date for similar physical
conditions. In this paper, the results of the
work done in the third phase are presented in
detsil. TFor completeness, a brief description
of the work performed in Phases 1 and II are
also presented.

For tha purpose of this paper, total dust
includes sll particles that are airborne.
Respirable dust includes particles that are
less than or equal to 5 microna. Deposition
rate i{s calculated from the experimenctal data as
the mags depositing per unit araa, per unit
time, ger unic :onslntragion
{(ng/m"/nac)/{mg/a’)).

BACKGROUND
MATHEMATICAL MODEL

In phass 1, a mathematical model was
developed to study the disparsion and transpert
of dust in a mine airvay. While mathematical
wodels to study gaseous contaminants have been
devaloped, the major differsnce between gaseous
and particulate contaminanta is the deposition
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phenomenon. The deposition of particulata
contapinants on surfaces 18 a function of
several factors such as particle size, particle
density, air viscosity and airflow rate. The
model has incorporated the following mechanisma:
diffusional deposition; convection-diffusion:
sedimentation and coagulation. The diffusional
deposition aspects of the model wers based on
studies in the aerosol sciences (Liu and
Agarwal, 1974, Wood, 19B8la, 1981b), Diffusion
rates used in the model were cbtained from
studies into dispersion of contaminants in mine
airways (Skobunov, 1973). Sedimentation was
conaidered as s major mechanism of deposition on
mine floors. Due to the non-linear nature of
the sedimentatfon rate equation, the dust size
distribution was discretized into several size
clazses and appropriate sedimentation equations
were applied. Wicth respect to coagulation a
discretized form of the Smoluchowski equation
(Chung, 1981) was used to determine addition and
disappearance of particles from variocus size
claszses, :

A detailed description of tha model 1a
pressnted in Bhaskar and Ramani (1986},
Briefly, the cransport and deposition of dust
was modeled using a one-dimensional
convectlon-diffusion equation of the form
(Figure 1}:

2

dc E "¢ U 3

5t - X~ = I + sources - sinks
ox

where,

¢ - concentration of airborne dust
t - tipe

E - dispersion coefficient

x"~ digtance from source, and

U - velocity of airflow,

The asource term represents the dust gensrated
during the cutting process, and ie deacribed by
a step function. The particle size
distribution of the source is discracized into
small intervals by the model given (a) the
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numbar of size classes desired, (b) the minimum
and maximum particle diameter, (¢} the median
diameter and (d) standard deviation, to better
sioulate the wechanisms scting on the particle.
Initial and boundary conditions apprepriate to
the case under study wers selected and the
equation wvas aclved using finite difference
techniques. The model was programaed for a
computer-oriented solution. Due to the
sparsenesy of the available experimental dsta co
validate the model, preliminary valfdation of
the model was restricted only to the model
deposition component.

EXPERIMENTAL STUDIES

Concurrent with model development, s set of
experiments wera conducted in mine environments
to better underatand dust tramsport phenomena.
The first set of experimencs ware desigoed so as
to acquire data under varied but controlled
experimental conditions. Specifically,
experiments vere conducted st three differsnt
valocities for each of two dust types for a
total of six experimencs.

Controlled Experiments: A long straight section
of airvay in che Lake Lynn Laboratory mine of
the U'.5. Bureau of Mines was aslected for the
experiments. The experimental design for data
collection involved specifications of the
methods of dispersing dust, the number of
sampling pointa, the location of the sampling
pointa and the method of amampling for
determining airborne dust concentrations and
floor depositions. A typical sampling plan is
shown in Figure 2. Specifically, the following
data were collected:

* amblent dust concentration in the total,
and the tespirable size ranges;

® deposition of dust in the total, and the
respirable size ranges; and

* cross~sectional sampling at several points,
along with center-line sampling in the sase
seccions.
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Figure 1. Schematic of Dust Flow in a Mine Alrway.
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Figure 2. Ambient Concentration and
Deposition Sampling Flan
(Controlled Experiment 5}

The comprehensive set of data provided by
these controllasd experiments has enabled
documentation af the behavior of dust clouds
with respect to amblent concentracion,
deposition and size a» a functica of source dust
characteristics and airflow conditions {Bhaskar,
Ramani and Jankowski, 1886),

In-Mine Experiments: To relate the theoretical
results with data frow operating mines, two
experiments were cartrisd out in the return
airwvay of working mine sections, The selection
of site, data collection and analyses are
sinilar to- those outlined above for the
controlled sxperiments. However, instantanecus
concentration data ware alsc cellectad uming
real-time serosol monitors (RAM=-1) connected to
continuous data loggers (DL-331}.

COMPARATIVE ANALYSES

A comparative analysie of the results
cbtained from the set of concrolled experimants
with the rasults of the simulation of the
experimental conditions on the mathematical
model was performed. Ambient concentration and
floor deposition data vere compared in the total
and tha respirable size ranges to identify araas
where the model prediction and sxperimental
obsarvations were in agreaement and where
improvements to the model may be necessary. i
similar but acmewhat limited comparstive
analysis was performed for the in-mine
expariments. In addition to the genaral
ecomparison of the ambient ¢oncentrations and
depositions, comparisons were also made betwaen
assumptions wade in bullding certain sodel

components and the validity of the assunptions
as revealed by the actual cbservations.
Specifically, particle deposition rates, values
of the dispersion coefficient and
cross-sectional concenctration of the duat wers
comparad,

Input to Model

The inputs to the model were prepared basad

on the conditicns under which the expariments
were performed. The inputs include socurce dust
characteristics, airway characteristics and
airflow conditions.
Source Dust Characteristics: The
characteristics inputted to the model are the
density and the size distribution (mean size and
standard deviation) of the source dust. The
total smount of dust disparsed in the airwey aad
the time duration of relesse were used to
calculate the average ralease rate. Due to the
high release rate of dust at the source polnts,
a portion of the released dust settled beneath
tha source dispersal point before they were
airborne. On the basis of the experimental
data, this amount was estimated at sighteen
petcent. This fact ia taken into account in
calcylating the release rate and duration of
raelease for the model.

Mine Airway Characteristica: The inputs to the

model ate the height, width, length and the

friction coefficient of the airway. The average
of the height and width at thirteen equidiscant
locations along the airway was taken ae the
average height and width. The friction factor
of the mine airway was deterained from an
altimeter survey.

Mine Airflow Parameters: Avarage velocity,

temparature and viscosity of the air in the

airway are required inputs to the model. The
valocity and temperature were determined as the
average of several measurements made during an
expariment.

Experimental Conditions and Model Asaumptions

Since the convection-diffusion model is only
a simplified representation of the realworld
dust transport phenomenon, several assumptions
vers made in deriving the model. Some of these
assumpticus ware not fully satizfied in the
experipents, There were also differsnces in tha
exparimental conditions and the conditions
i{ncorporated in the model. In order to compare
model predictions with experimental results,
these differences have to be resolved. The
following factors ware considered important and
accounted for.

* The exparimental data revealed that the
average concentration over an airvay
cross-section is approximately 751 of the
concentration in the center of the alrway.
The modal assumes equal concentration
over an airway cross-ssction. The
exparimental data used for comparison with
the model output was obtained from the
center of the airway. A4s such, the
experimental centerline dats was wulctiplied
by a factor of 0.75, and then compared with
the model output.

* Floor deposition data from the experiments
indicated maximum deposition in the cauter
of the airway while decreasing deposition
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towards the sides., The model assumes aqual
deposition cver an airvay cross-section.

As such, prior to comparison, each
experimental centerline deposition data was
adiusced by a factor representing the ratio
of the average deposition to center value
for the station and experiment.

* Every effort was made to ensure isokinetic
ssmpling of dust. However, there were
deviations from isokinetic gempling. The
exparimantal data was adjusted to account
for this deviation.

* In the axperimencs, dust was dispersed at
four points, one in the center of each of
the four quadrants of the airway
cross-section. This experimental procedurs
resulted in a4 less than complete mixing for
some distance from the source, 1t was,
however, seen that complete mixing of the
diapersed dust with the air was achievad by
the sacond station from the source. The
wodel assumas an ideal dispersion, i.e.,
dust is released at an infinite number
of points in the cross-section.

* The comparison of in-mine experimental
resulta with model predictions for similar
conditions is difficult. Problems in
developing model input erise from the fact
that the source dust characteristics could
not be adequately described. Therefore, in
the input data preparation for the in-mine
experiments, the first stacion located 30
weters from the soutce was used as the
artificial scurce location. In sdditiom,
the mean size and size distribution of the
dust collected at the first station sre
used to describe the source dust. The rest
of the input data were prepared in the same
manner as for the controlled experiments,

RESULTS
Ambient Concentration

The experimental results and corresponding
wodel output for ambient total concentration ara
shown in Figures 3 and & for axperimants
employing the lowest 0.838 a/s (experiment ),
and highest valocity 1,855 n/s (expariment 4).
The comparison for the lowest velocity
experiment show good corralation between
predictions and experimental data. The
deviation between predicted values and
experimantal rasulca are highar at the firse
measuring station. LIt appears that much of this
is due to the fact that exparimencally
determined floor depositien rates per unit
concentration are much higher than theoretically
predicced deposition rates per unit
concentracion. The model preadicted
concentration is in better agreement with
exparimencal data after tha second station,

The predictad respirable concentration appear

to be closer to the experimental value at the
first few stations. As one moves svay from the
source, the deviations batwesn predicted value
and experimental data incressa, with tha model
undarpredicting the concentration.

The comparative analysis for experiment 4 is
similar, vhers the predictad respirable
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Figure 4. Comparison of Model Predicted
Concentration With Experimentzl Data
(Controlled Experiment 4)

concentration is lowar than the experimental
data, with the difference increasing with
distance. The results of the analyses for other
experiments are similar. However, there ia no
consistent underprediction or overprediction
biags batween the predicted concentration
compared with experimental data,

The in-mine concentration daca and model
pradicted concentration for similar eonditions
are presented in Figures 5 and 6. The ambient
concentration at various stations ars pPresented
as a ratio of tha concentration at station 2,
since the data at station ! was disrupted by
high auxiliary fan velocity. There is some
agrezzent betveen experimental data and mcdel
output for the first few stations. However,
there is an inereasing divergence betwvesn the
two sets of data with increasing distance. In
both the tests, the observed airborna
concentration changes very little afcer 250
ometers. The model however continues to predict
a declining concentration, i.e., according to
the todel, the airborne dust ecloud continues to
he depleted of dust due to deposition,

n
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Deposition

The floor deposition data is shown in Figures
7 and 8 for the experiments employing the lowest
{0.838 m/s) (experiment 2) and highest (1.83$
n/8) {experiment 4) velocities reapectively.
Superposad on these figures are the
corresponding model predicted depositions. The
data show good agresment between model predicted
and experimeatal values of total deposition,
especially at the first few stationa., The
respirable deposition also appears to ba wall
predicted.

The predicced values sppear to be bettar
correlated with obsarved values at the lower
valocity. However, the deposicion data for
experiment 4 show a consistent underprediction

o =a = rpuplioisie coNC, (MOdH)

of the total depositicn by the model, whan
compared with the sxperimental data. The
diffarence betwasn tha two values deacresases with
distance. The predictions for the respirable
size range also appsar to be lower than the
experimental data. For cthe other four
expsriments, the differences betwesn predictad
and expearimental values ars more similar te
those in experiment 2.

No deposition dats could be collected for
in-mine experimant | becauss of soggy floor
conditions. Comparison of the cbservad and
model predicted deposition data for ine-mine
exparinent 2 (Figure 9) show that the model
predicts a higher deposition rata than the
experimental dats in the first 300n and lower
deposition rate after that . In fact, the
experimental deposition data show a leveling off
in depogition after about 300 m (l00Q ft),

Deposition Rate

The daposition rate, calculated as the amount
deposited per unit area, per unit time, at a
station to the concentration at that scatfon was
detetmined for all the experiments. The average
of the deposition rates at all stations for each
size in each experiment calculaced from the
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Figure 7. Comparison of Model Predicted
Floor Deposition With Experimental Data
{Controlled Experimant 2)
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Figure 8. Comparison of Model Predicted
Floor Deposition With Experimencal Data
(Controlled Experiment 4)
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model output is presented in Table 1. For
experiments | and 2, which were conducted at low
velocities of flow, the data show an increass in
deposition rate up to 2.63 microns and is
Followed by a decrease in the 5.02 vo 7.10
micron size interval indicating a possible
transition from turbulent deposition to an
increasingly gravity dominatad one. At higher
flov rates (experiment 3 and &), the deposition
rate shows a gradual decrease up to 7-10 micren
range, and then shows an increass. Turbulent
deposition mechanisms, in conjunction with
sedimentacion, mey be causing this behavior.

For the larger particle sizes, gravity dominates
the deposition rate, with the 21.1 micron site
class having the largest deposition rate. In
che large size classes where gravity is the
dominant deposition factor, the deposition rates
for semi-anthracite and bituminous cosl are in
the ssme ratios as their specific gravities.

The affect of velocity on deposition ratas in
the various particle sizes {s obvious in the
smaller sizes where turbulsnt deposition is the
dominant deposition mechanism. At low
velocities (0.838 m/a), the deposition rate for
seni-nnthr,ci:e in the 0.63 micron class is
0.275 mg/m°/min while the rate goes up :020.976
ag/m"/min for 1.525 m/s aod to 1.187 mg/m*/min
for 1.855 m/s. In contrast, for the largest
wvize clase (21.] microms), tha effect is
negligible primerily because gravity induced
deposition rate 1s indepsndent of Flow velocity.
The deposition rate from exparimental data wvas
calculated for various particla size classes
using the gize distribution daca. The results
are presanted in Table 2. The data show that,
in generai, the deposition rate decreases with
the increase in size from 0.43 te 1.69 microns.
Thereafter, the deposition rate increases with
the increase in size. The model calculated
deposition rate shows the minimum deposition
rate coccurring in the 5 to 7 micron range. The
modal predicted rates for the largest size, 21.1
microns, is lower than that obtained
experimentally. The resulcts for the lovest
velocity (experiment 2) and the highest velocity
(axperiment 4} experiments are graphically
presented in Figures 10. As expacted, a stesady
increcass in deposition rate with incresse in
particle size im noticed. However, particles
less than 2 microns tend to behave diffarsncly
from particles in other sizes. This probably
otcuts dus to the increased action of
coagulation or turbulent deposition. From
Tabla 2, for experiments 1 and 5, it appears
that 21.1 micron particlas have a lower
deponition rate than 14.92 micron particles.
The dats however is suspect, because only s
small Eraction of the dust (52) 18 in the 21.]
micron range. .

Experimental deposition rates for selected
size class particles at various measuring
stations along the airway are presented in
Figure I1  for axpariment 5. In general, the
deposition rate is maximum at the first ststiom,
gradually decreasing with distance froam the
source, This occurs across all experimencs and
particle sizes. It must be noted that the size
distribucion of deposited dust is determined by
2 procedure which involves using an ultrasonic
bath te deagglomerate the particles. In
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Table 1. Model Predicted Deposition Rataa

Experiment No, 1 2 | 4 5 ]
Parlicis Dismeter

{nm}
(Projecied Area)

0.568 0.27 0.25 119 1.19 048 09»
nm 0.54 0.54 1.9 1.9 0.98 0.98
1.9 D.54 054 100 1.04 0.94 0.97
2.83 635 055 O 674 0.860 472
1 048 049 052 0.5% 0.52 0.54
527 039 040 0.40 042 0.40 0.42
T.4% 0.34 0.35 0.3% 0.25 035 0.5
10.85 038 0.15 008 0.35 0.8 015
14.92 0.50 048 0.50¢ 0.46 0350 0.46
211 o8 076 0483 0.7¢ 0.8 0.76

“Deposliton In (mgimiimin¥img/m)

ptactice, particles agglomerating to other
particles will appear in a different and higher
size vrange. Therefore, there can be a
differance berween the size distribution of the
setcling dust and the measured distribution.
Since deposition rate decreasea with diatance
from the source, and concentration decreases
with distance, 1t may be that concentration
and/or agglomeration 1is a major factor in
affecting deposition by dynamically changing the
size distribution during flow.

Crogs=-Secticnal Concentration

During the experiments, the ambient
concentration over the cross—section of the mine
alrway was measured at three esquidistant
stations along the airway. Twelve sampling
points were established in a regular grid at
each station. 1In addition, a sampling point was
established at the center of the grid. The data
show that, on the avarage, concentration of dust
increases from the roof to the floor. Also, the
equal-wveighted average crosms=sectional
concentration using data frowm all che
experiments is approximately 753 of the
concentration in the center of tha mine airway,

Disparsion Coefficient

Dispersion can bave significant effacts on
the behavier of fine parcicles in air,
especially deposition, for which reduction in
dispersion increaszes the amount of dust
deposited close to the source. Although the
in-mine experiments were not designad for
accurate determination of dispersion
coefficient, these were calculated from the
data. The,experimental value varied from 11.79
to 45,06 o /s for the same axperiment. Tha
axpetimental data ara in the same order of
magnitude as the model assumed valus.

DISCUSSION

Two kinds of comparative snalyses were
performed with the sxperimental and model
predicted data. 1In the first analyses, history
matching of the concentration and deposition
dats was used to evaluate the appropriatensas of
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-the model.

Table 2. Experimsntally Determined
Deposition Ratax

Deposilion Rate
Size (pm) Exp.1 Exp.2 Exp.J Exp.4 Exp.§ Exp. 8
0.43 052 021 028 047 082 021
0.68 045 011 048 040 D85 0.4
1.01 0.3 0.9 105 042 053 0285
1.49 036 0.2% 0351 D82 042 013
2.6 0.37 0.2 092 048 059 098
R % 5 ] 040 0.13 1.01 047 063 030
£.27 049 Q43 102 039 081 049
7.46 0.54 035 1.2 088 089 058
10.585 083 074 108 072 O08 0.87
1492 1.4 193 112 110 1,29 oee
211 08 138 118 121 o9 1.08

*Deposilion rates sre expressad o3 mg/m/min
concentration (mgimd), ° ¥ pet unit

However, dus to the non-linsar
nature of some of the mechanisas incorporated
in model components, limited comparisons of the
axperimental data and model performance on these
components were made. The following conclusions
are drawn from this study.

(1) Deposition phenomenon, both in the
total and respirable ranges, i{s well
predicted by the model in almost all
the controlled experiments especially
at distances beyond 100 metera. This
is probably due to the gquality of
deposition data collected in the
experiments, as well as the adequacy
of the depoaition functions in the
machematical model. The data for
stations cloee to the source tend to
be distorted due to uneven mixing of
dust., The model tands to compsre well
with experimental results collected at
lower velocities than at higher air
flow rates,

Concentration data comparison show
that the model tendsa to predict bectsr
at lower flow velocities than at
higher velocities. Also, total
concentration sppears to be better
predicted than respirable
concentration. The difference

bacvesn the model predictions and
sxperimental results for total
concentration is primarily due co the
differences between pradicted and
experimental respirable
concentrationa., If the vespirable
concentration wers modelad wmors
sccurately then the model predictions
for the overall size would have bean
better. Among the probable causes for
this difference are (1) variation in
deposition rate with concentration,
(2) variation between model predicted
and actual coagulation and (3)
particle reentrainment. Particls
reentrainment has not been included in
the model.

The croas—-sectional data collectad
from the experiments show that thers
axists a variation in dust

(2

3
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concentration in a mine airway
cross-section. The concentration of
dust increasas from the roof to the
floor. The avarage concentration of
dust i1s approximately 75% of the
concentration in the center of the
airway,

(4) From the experimental results, it
appeara that the depoaition rate may
be function of concentracion, At
higher concentrations near the source,
the deposition rate is high, which
results in large amounts of particles
being deposited closs to the source,
The deposition rate tends o achieve a
fairly uniform valus away from the
source. This behavior is noticed for
all particle sizes,

(5) The in-mine data show that reaspirable
dust continues to be airborne for
saveral hundred meters from the
source, Therefore, while there 15 &
rapid decreaze of dust concentration
near the source, the dust does not
completely settle out aven in the 900
meters of the airwvay and the
concentration asgumes an asymptotic
form. In the model results, the
concentration continues to show &
decrease with distancs,

{6) No definite statement can be made
about the value of the coefficient
from the in-nine experiments due to
both the very limited amount and
coarseness of data. The dispersion
coefficient calculation is sensitive
to the concentration varistion with
time at a point, peak concentrstions
and flow velocity. The experimental
values ranged from 1] to 45 m°/a while
the model assumed Haluc was
approximately 60 m“/a,

(7) The study is of practical importance
when considering vecirculation of mine
air for ventilacion purposea. The
heavier particles in the recirculated
air will deposit along the
recirculation path, while the
recirculated air may contain less dust
in terms of wass but a higher percent
of fines.

The comparative analyses have shown that, in
general, the floor deposition part of the model
is better correlated with sxperimental data,
while the ambient contentration is bettar
predicted at lower flow velociciea., The
analysea, however, indicate areas thar nead
addicional experimental snd modeling studies.
For example, experimental results at tha firet
few staticns may be subject to arror due to
inadequate mixing at the source. Howaver, the
divergence batween the experimental and modeled
raspirable concentration data at distances
further from the source maybe due to scme
phencmena vhich may not have been incorporated
in the model. Clearly, the respirable portion
of the model needs cricical examinstionm,
especially at higher flow velocitias.
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Experimental Studies on Dust Dispersion

in Mine Airways

R. Bhaskarl. R.V. Ramanil, and R.A. Jankowski2
1Department of Mineral Engineering, The Pennsylvania State University

2U.S. Bureau of Mines, Pittsburgh, Pa.

Abstract — The spatial distribution of airborne
dusts, deposition of dust in the girway, as well as the
effect of airflow velocity and particle density on dust
behavior in mine airways were studied in o set of
erperiments performed in a mine airway under
controlled conditions. Considerable deposition of dust
near the source was indicated. Pronounced effects due
to velocity were obaerved in ambient dust concentra-
tion and deposition along the mine airway, both in the
respirable and the total size ranges. Cross-sectional
concentration measurements indicate gn increase in
concentration from the roof to the floor. The average
cross-sectional concentration is abowt T5% of the
concentiration in the center of the airway.

Introduction

A number of studies have been performed
early 1850s on the behavior of dust in

(Bradshaw and Godbert, 1954; Dawes and Slack, 10564;
Bradshaw et al., 1054; Hall, 1058.56; Reinhardt, 1971;
Ford, 1971; Courtney et al., 1982). While the experi-

since
mine

specific situation, no generalized conclusions can be
drawn because of the lack of data on parameters such
as flow velocity, size distribution of the source dust,
and particle denaity. These change from mine to mine
or even within the same mine. The present study ia
aimed at providing a better understanding of the
temporal and spatial behavior of dust particles in
underground mins ajrways (National Academy of
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Sciences, 1980). The characteristics studied ency
passsd airborne concentrations and floor depositiy
over the entire size range as well as the respirable g
range. The sxperimental results in this paper g
intended to complement a mathematical model dew
oped to predict ambient concentration and deposity
of airborne dust in mine airways (Bhaskar u
Ramani, 1988).

Experimental design

The sxperiments were desigrnied to simulate du
transportation and deposition in mines. They we
performed in the D-drift at the Lake Lynn Laboratx
of the US Bureau of Mines. Comprehensive descripth
of this experimental mine can be found in Mattes eti
(1888). The drift has a crosa section of 2.1 x 8.1 m (h
20 £t) and a length of 507 m (1883 ft). About 400 m (1
ft) of the drift was used in the experiment. In ali, ¢
experiments were conducted, with each experime

R Bhasksr and R.V. Ramani, members SME, are reses?
associate and protessor of mining snginesring, respective
Depariment of Mineral Engineering, The Psnnsyivania S
University, University Park, PA. R.A. Jankowskl, membaer S
Is a physical scisntist with the US Bureau of Mines, Pittsbug
PA. SME preprint 88-140, SME-AIME Annusl Meeting, N#
Orieans, LA, March 1988, Manuscript March 1988, Discussd
of this paper must be submitted, in duplicate, prior to May ¥
1588.
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ring from the others either in the type of dust
rsed or in the velocity of the air in the drift. The
.;,;pgrlmenta are coded as follows:

Dust Type Velocity, m/s
Expenment 1 Semianthracite 0.838
xpenment 2 Bituminous 0.838
Experiment 3 Semianthracite 1.855
Experlmel'lt 4 Bituminous 1.868%
Experiment 5 Semianthracite 1.825
Experiment 8 Bituminous 1.825

For each experiment, 10 to 13 measuring stations
were set up, each 30.5 m (100 ft) apart (Fig. 1). The
gpacing between measuring stations was selected to
utilize the maximum possible length of the drift for the
experiment. The experiments were designed to pro-
vide data for studying:

¢ variations in ambient concentration (both total
and respirable size range) along the length of a typical
airway,

« variations in deposition of the dust (both total and
respirable size range) along the alrway,

» changes in the size distribution of the airborme
dust as the cloud travels along the length of the airway,

» variations in duat concentration at various cross
sections of an airway, and

» relationship between the average cross-sectional
concentration and that in the center of the airway.

Sampling procedures

Sampling procedures were developed for collecting
airborne concentration and floor deposition data.

Ambient concentration sampling

Two types of ambient concentration sampling were
performed: sampling of air at the center of the airway
and croas-gectional sampling. In each experiment,
three measuring stations were selected for detailed
cross-sectional sampling. At each cross section, 12
points following the equal area representation method
were delineated, and personal gravimetric samplers
were set up at these points (Fig. 2). These 12 sampling
points were in addition to the sampling point in the
center of the cross section.

Isokinetic sampling: To ensure isokinetic sampling
under experimental conditions, specially shaped
sharp-edged nozzies were designed and fabricated for
use with conventional two-plece personal sampling
units to reduce disturbance to the airflow at the point
of sampling. By adjusting the pumping rate of the
sampling unit, the velocity of the air through the nozzle
was matched with the velocity in the airway. This
procedure ensures that a representative sample of the
mine air concentration is obtained in the cassette.
Analysis of the data obtained from the experiments
with the Belyeav and Levin (1874) correctiona for
isokinetic sampling. indicated very little correction of
gravimetric data for the size distribution of the dusts
used in these experiments. If the experiments were
performed In calm air, considerable correction would
have been required.
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Fig. 2 — Cross-sactional nmbicnt concentration sampling plan

" To reduce the amount of dust deposited on the inner
surface of the tube connecting the nozzle to the
cassette, the tube was kept as short as possible.
Howmr,ﬂwmbewulongomughtokaepthe
sampling assembly from intarfering with the airfiow
at the nozzle. The amount of dust deposited on the
inner surface of the connector tube was determined
and added to the fliter weights.

*The use of specific brand names of products is for ilustrative
purposes only. This does not imply endorsamant by the US Bursau
of Mines or The Pennsylvania State University.
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Filiers: For this study, Nuclepore® filters were
conaidered most sultable for sampling purposes, as the
deposited dust would be subjected to gravimetric and
size analyses. Compared to conventional filters,
Nuclepore filters have a smooth surface, good control]
of pore sizes, and are nonhygroscopic. These fflters
also have a lower and more uniform weight but similar
flow rate/preasurs drop characteristics.

Pumps: Constant-volume flow pumps (MSA Fixt
Fio and DuPont 2500 series) were used to ensure that
pumping rate did not vary with filter loading,

Deposition

Deposition plates were placed at the measuring
staticns along the airway. To ensure that the amount
deposited was cormnparable to that on the floor, flat
Plates without any lips were used. The absence of lips
reduces the formation of eddies near the deposition
sampling area. The flat plates were covered with
“'sharkakin' filter papers, which do not tear easily
during sample handling. The rough texture and ex-
tremely light weight ot the paper (about 2 g, or 0.07 oz,
for a 20-cm, or 11-in., diam paper) make it ideally
suited for gravimetric analysis.

Dust source

Dust generation

The dust was dispersed by a fluidizad bed-type trickle
duster through a specially destgned system of 25-mm
(1-in.) dlam piastic tubes to four release points in a
cross section. The location of the source in the airway
(Fig. 1) was dictated by the need to ensure that at the
point of relsase, the airflow is uniformn, and that there
is good mixing of dust with the air in the drift before
the firat sampling point.

Source dust

Two types of dusts (semianthracite and biturninous)
were used in the experiments. The size distributions
of the two source dusts (Table 1) show a significant
proportion of respirable dust. The densities of the
semianthracite and bituminous dusts were 1.567 and
1.4 g/m?, respectively.

Table 1 = Cumulative Size Distribution of Source Dust

Slre*® Samianthracite Btumineua
{microns} (% finar) {% finer)
2.8 100.0 100.0
bR 100.0 8.0
1492 L L) 640
10.54 882 84,0
T4 TA0 458
57 5.8 38
i1 E A 205
28 2.8 127
1.9 121 T4
1.0 a7 EE
0.08 20 . 13
0.43 08 0.2
0.34 02 0.0

“ Size anatyzes parfonmed on Microtret SPA.

Sample analysis

The cassettes from the personal gravimetric .
plers and the deposition plates were processed at the
dust laboratory at The Fennsylvania State Universi
Themmofduatwumeasuredusingauem,,l
electronic microbalance. All size dstributions wary
determined using an X.ray diffraction device (Miery,
trac amall particle analyzer} capable of m
dust in the 42.21. t6 0.17-micron range.

Results

Several analyses were performed on the expep.
mental data. The results of the following analyses are
presented:

* amblent concentration characteristics of the dyg
cloud in the drift,

s depoaition decay curves of the dust cloud,

* effect of velocity on ambient concentration ang
deposition patterns,

*® cross-sectional sampling results, and

* variation in size distribution as the dust cloud
traverses the drift and the relation between the velocity
of airflow and size diatribution of the dust at any point,

Ambient concentration

The ambient total concentration and a&mbient
respirable concentration of dust along the jength of the
airway for experiments 1 and 6 are shown in Fig. 3.
The respirable concentration is obtained from a size
analysis of the total concentration dust. Particles leas
than 5.27 um in projected area dlameter are taken as
respirable. This translates to slightly less than 5 um
aerodynamic diameter. In all the aix experiments,
ambient total concentrations decrease with distance
faster than respirable concentrations, indicating longer
restdence times in the airflow for smaller particles.
The rates of decrease in the concentrations, both total
and respirable, are higher in the first 80 m (197 £1) than
At greater distances from the source. Also, with
distance, the total concentration curves tend toward
the respirable concentration curves, showing that
most of the larger particles are deposited in the initia]
portions of the alrway.

Deposition

Depositions as a function of distance from the source
!orexpeﬂmmtslandem_shownmm. 4. As one
moves away from the source, the total deposttion
curve approaches the respirable deposition curve,
indicating & high proportion of respirable dust in the
ambient alr. At stations further from the source, both
the curves assume an asymptotic form, indicating
little change in depoaition.

Effect of velocity on concentration
and deposition patterns

The concentration and deposition results from
experiments 2, 4, and 8 (bituminous dust at three
different velocities) are presented in Figa. 5and 8. The
concentration data were normalired with respective

r
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concentrations at the first point and expressed as a
graction of those at the firat point. With the increass in
velocity, the amblent concentration of total dust
(Fig. 5) is more even along the airway, a trend that is
also seen in the respirabie size range (Fig. 6). At
velocities of 1.525 and 1.885 m/s (5 and 6.1 fps), con-
cantration curves approach a limit value after some
distance from the source, indicating little deposition
after that distance. In Figs. 5 and 8, this distance is
about 290 m (850 ft). The effect of velocity on total and

le dust depoaition is shown in Figs. 7 and 8,
respectively. Again, the curves tend to be flatter at
higher velocities though the effects of velocity on
depositions is not as drarnatic as on ambient concen-
trations.

Cross-sectional sampling

Data from 18 ¢cross-sectional concentration sampling
setups (three cross-sectional sampling stations per
experiment and gix experimenta) show that the average
concentration across the cross section is 75% of the
concentration at the ¢enter of the atrway, with all the
points in the croas section given equal weight. How-
aver, the concentration increases as one moves down
from the roof to the floor. Specifically, for the consol.
idated data, the top third of the airway has & concen-
tration 72% of that in the lower third. The concentra-
tion in the middle third of the airway is 889% of that in
the Jower third. An example of the cross-section data
is shown in Fiig. 2.

Variation in size disiribution

The change in size distribution of the dust cloud as it
traverses the alrway is shown in Fig. . The data is
from experiment 1. Similar analyses were performed
for all the experiments, A distinct decrease in the
larger-sized particles is indicated by a corresponding
shift in the peaks for the §1-, 244-, and 388.m (200-,
800., and 1200-ft) station arnbient concentrations. The
change in the shape of the curves in the smaliler size
range s less compared to that for the larger size. This
complements the ambient concentration and deposi-
tion data, which show that smaller particles (respire-
ble range) have a reduced rats of deposition.

» - iotal size (M0 1)
» - Wtal size (mn @)
x+ respible size (stn 1)
». mupirable sl (sn 1)

Akbormne Concenirstion mg'm?

] G‘O 12'0 ulll zio 360 30'0 420
Disiance (meters)

Fig. 3 — Concantration of airborna dust atong airway
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Depesiion gim!
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"
/

3 -\..\_:\:. oy
% €0 130 180 240 300 380 420

Distance (maters)

Fig. 4 — Deposition of airborne dust along airway
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Fig. § — Effect of velocity on total sirbome concentration

{concentration normalized with respect to source toncen-
tration)

1.0
a- 0538 mvs
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Fig. 8 — Etiect of velocity on respirable airbomse concentration
{concentration normalized with respect to socurce concen-
tration)
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Fig. 9 — Change in size distribution of airborne dust with
distance from scurce (experiment 1)
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The size distributions of the du.ltdwdstoro
1.85%, and 1.625 my/s (2.75, 6, and 5 fps) measureq o
366-m (1200-1t) station are shown in Fig. 10, The ;0
here i al30 from experiment 1. At the lower Veloq%
4 comparatively leas amount of large.sized pn.rucl:*
found. As the velocity increases, larger particle, !
carried longer distances and, therefore, contribygy ;"
higher concentration of large-sized particles q%}
stream. Therefore, the peaks of the distributions "M
to be flatter at high velocities. Again, the effeo;
velocity on the distribution for the smailer sizes iy 1‘:
noticeable.

2 0an
* e :
AL T

% Fraction

@ 2 4 & 8 10 12 14 18 P
Size {microns)

Fig. 10 — Size distribution at 385.8-m statton at oy
velocities (experiment 1}

Discussion

The data from the ambijent concentration-depositiy
experiments have enabled quantification of the spath
behavioroturbomedustclmd:mmmeurwuyl-w
decay patterns for ambient total concentration, an
bient respirabie concentration, end deposttion. Expe
mental studies such as the one presented here arem
without problems, For example, some deposition ¢
extremely fine particiea was noted on the sides of th
airway. In some deposition plates, small pisces ¢
falling roof rock caused distortion in values. Congit
edngﬂwfaetﬂmtalargem:mberofdepodﬁmm
were collected, no systematic error contribution fror
the falling particles was noticed.

Errors in the amblent concentration data can resi
tmmvnﬂatlomlnpmnprateduﬂngtheexpedmeﬁ
as well as callbration, deviation from isokinetic sar
pling principles, and static charge effect during waeigt
ing. Pumps calibration errors of 1109 may ocel
During the correction of concentration data for not
isokineticity, a correction of + 89 to — 119 was neces
sary for a few samples. However, no major erron
were found in the concentration data, lending credens
1o the validity of the experimentai design, samplin
Procedures, and sample analyses techniques. B



DUST DISPERSION IN MINE AIRWAYS

Acknowledgments

The cooperation of the statf of the Ventilation
Group, Pittsburgh Research Center, US Bureau of :
Mines, the staff at the Lake Lynn Laboratory, and the
Department of Mineral Engineering is gratefully
acknowledged.

The research reported in this paper was supported
under the Mineral Institutes Program by Grant No.
G1135142 from the Bureau of Mines, US Department
of the Interior, as part of the Generic Mineral Tech-
nology Center for Respirable Dust at The Pennsylvania
State University.

References

Betysay, 5.P., and Lavin, LM, 1974, “Tachniques ior Codlection of Aspresaniative
Asroso] S of A i/ 5 , Vol 5, No. 4, pp. 325.334,
' Bhaskar, R, and Ramani, N.Y., 1984, “Sehavior of Dust Clouds In Mine Airwaya,”
Trans. SME-AIME, Vol. 280, pp. 2081.2080.
Braciahaw, F., and Gadbert, AL, 1954, “The Dwoosition of Dust in Asium
Alrways.” Research Report No. 92, SMRE, p. 37,
Bradshew, £. Godbent, AL, and Lesch, E. 1954, “The Deposilion of Dust
Conveyor floads,” R h Raport No. 108, SMRE p. 82
Courtney, W.G., Kost, J., and Collnet, J.. 1982, “Dust Deposition In Coal Mine
Alrways,” Technical Progress Repon 118, US Bureau of Mines.

! Dawes. J.G., and Slack, A., 1954, “Depostiion of Alrborne Dust In a Wing Tunnel,”
» {interim Report) Resasrch Repon No. 105, SMRE.

u Ford, V.H.W. 1971, “Expeimental lnvestigations Info the Dispersion and
T port ol Respi Dust in Mach Caal Mining,” PhD Thesis, University
of Newcasiie Upan Tyns, Juns.

1 Hall, D.A_, 193%.58, "Factors Affecting Airborne Dusi Concentrations with Special

. Raterwnce 1o the Effect of Ventilation,” Trans. instituion of Mining Engineery,
Vol. 113, pp. 248.200.

Mattes, .M., Sacno, A., snd Wade, LW 1982, “Lake Lynn Laboratory: Congtrue-
i tion, Physicai Description, Air CapabHity,” BuMine |.C. M1, p. 40,

Nationsd Academy of Sclences, 1080, “Msasurament and Control of Raspiralyia
| Ousl In Mines.” Report of the Committes on M t and C ¢ of

Baspirabla Dust, NMAB 302, p. 408,

Reinnardt, M., 1071, “Untersuchungen In Srecken uber das Verhaiten von Staub
. Y ttarn,” Qluckeut-Forschung . Yol. 33, Na. 1, pp. 19-32 (“Studies
' in Mine Rosds on thm Behavicr of Dust in Alr Cuments” NC8 Translation,
A ZMSIAL).

|
i
i
[
!
1
i
!




On the Transport of Airborne Dust |
in Mine Airways

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

Cne of the primary means of control of health hazards from respirable contaminants iy
mine atmospheres is through design and operation of mines to meet mine health and safety
regulations and recommended practices., A U.S. National Academy of Sciences study
concluded that for significant progress in coal mine dust control, research should be

inC

iev
directed more toward obtaining fundamental understanding of the origin, transport and ia
characteristics of respirable coal mine dust. Theoretical and axperimental studies on :Zi
trangport of dust in mine airways, particularly coordinated efférts to validate theory ol
with practice, are scarce. Some empirical wodels, developed of the basis of experi- pro
mental data, are available but these models cannot be applied to new conditions. The ana
purpose of this paper is to present the results of theoretical and experimental studies are
on the transport and deposition of dust in mine airwvays. This study is a part of an che
on~going research project in the Generic Mineral Technology Center on Respirable Dust. gen
In the paper, the assumptions of the modeling phase of the project and the develop- mat
ment of a convection-diffusion equation for dust transport in mine airways will be :::
outlined. The {mportant aspect of the modeling effort is the capture of the deposition co
phenomenon. The experiments performed under controlled conditions in a typical mine tha
airway as well as under normal mine operating conditions will be discussed. The tha
comparison of the model predictions with experimental results will be made to identify 3:

critical areas of agreements and deviations. The implications of the findings and areas

for further research and development will be identified.
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On the Relationship Between

Quartz in the Coal

Seam and Quartz in the Airborne Respirable Coal

Dust

RV. Ramanil, J. M. Mutmenskyl, R. Bhaskarl, J. gin! and J. Organiscak?2
Department of Mineral Engineering, The Pennsylvania State University

2y.S. Bureau of Mines, Pittsburgh, Pa.

ABSTRACT

The resuvlts of a rwo—yexr research atudy
joto the relationship barwesn quartz dust
ievels 1o bost material and in respirable dusat
in contiouous mining sections are presented in
this papar. The experimental design and
sampling procedures for vndergrowmd data
collection are outlined. The sxmpie analysis
grocedures for quartz determipation, the -
mslysis resnlts and conclasions of the stundy
are discussed,

The resulrs of the study indicate that
the quartz comtents of rhe airborne dusts are
y higher than those in the hoat

material and bulk ssmples; and the quarc:z
cwotent Increases with dacreasing size of the
sizborne dust. The source for quartz appears
to be the Toof and the [loor materials rather
than the cosl seam itself. It also appears
that the material containing quartz may be
yreaking into a different size distribution
than coal.

IETRODUCTION

Without dooht. the potential for
Zreanent smd savers health danage exists due
ts respirable dust in the work envivonment.
The actention dirscted ar the radnction of
respirable alrborne dust to levels balow thoss
specified in the law amnd the achiesvemsnrs to
date in seeting thrse standards are but a
teflection of the recognicion by wany parties
- goverpeeat, imdustry, and labor — of thia
ptential and the need to reduce ic.

The smbient dust standard in onderground
U.5. coal wines (2 mg/m®) has a qualifier
(Code of Pederal Ragulatioms, Title 30, Part
1.101) to determina an applicable dost
ttandard vhen a respirable dust sawple
“ontains more than 5I quartz. This standard
is frequencly refarred to as the "reduced
ftandard." The reasoning behind the reduced
Mandard is the ralative toxicity of the

quartz dust compared to that of pure coal
dust. As the quartz levels in samples
increase, the applicable standards become more
stringent and maintaining the workings in
compliance becomes increasingly difficult.

The number of underground work locations
operating under the reduced standards has
ahown a dramatic incraase since 1980 (Figure
1), For comparison purposes, there were no
mining encities operating on reducad standards
prior to 1977. The emergence of this problem,
which affects the health and safety standards
on one hand and creates severes compliance
problems on the ocher, has baen rapid.

The search for control of quartz dust
exposure in underground coal mines raises
several questions as to the origin, formatiom,
entrainment, sectling behavior and transpotrt
of quartz dust. The U.S. Bureau of Mines
research program, iu identifying the sources
of quartz in continuous miner sections, has
resulted in the development of more effective
operational and maintenance procedures for the
machines and the ventilation systems
(Jankowski and Niswiadowski, 1987). However,
the results of rssearch studies point to the
need for s clearer understanding and
dafinirion of the relationships between: (1)
the natural conditions such as coal seam, roof
and floor charactsristics, quartz occurrences,
snd quartz breskage functions; (i1) the
operational conditions such as machines, cut
plana, face ventilation plans, dust control
tachniques, and quartz analysis procedures;
and (4111) the amount of quartz in the dust
samples (Kok et sl., 1985; Taylor et al.,
1986)., The U.S. Bureau of Mines funded a
study at Penn State encitled "Fundamental
Studies on the Ralacionship Between Quartz
Dust Levels in Host Material and Respirable
Duat Ceneratad During Mining"” in September
1985 to further the understanding of the
relationships betwean quartz in the airborne
dust and that in the material being cut. The
twc specific objectives of this research
project were to:
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fef, Jankewski et al., 1985),

ii} study the relationship berween quarcz
levels ip the material being cut and
those fn the respirable dust. amd

f$3} satudy the relationship berween types of
zarerial be:ng cuz, size consist of
broker saterial and amount of
respirable dest.
The vesvrlits ai the studr with respect to the
flvst cbhlecrive are presented in this paper.
¥ore complece description of the stady ftself
with complete documentation of the research
desiyn, experimental procedures and dataz and
results can be fonnd in cthe final report by
Ramar:l et al. {1987).

ETPERTMENTAL DESICN

Thia work was carried out in continuous
ainer develcpment sections. There were three
major tasks in the field work, viz:

Task } - airborme cozl mine dust sampling at
several points {a the mining section.

Task 2 - channel sampling of the aining horizon
at the mining face or locations close
te the face.

Task J -~ processing and sampling of ROM coal
off che shurtle cara near the saction
feeder or feeder-breaker.

The sampling of the airborne dust is the
most complicated of thbese tasks due to the
larger ounber of sawpling points required in
the sectfon. For batter control over data and
to enhance the ability to determine the
relationship between the coal properties and
the airborue dust properties, more extensive
aampling near the continuous ainer was
perforned during one carefully selected cut,
hereafter called the selected cur., A
generalized version of the sampling plan for
airboroe dust is {llustraced in Figure 2.

Four mines were chosen for the field datas
collection. For each selected cut, the

Cominuous

Miner ™\ Soher ~

¢ ¢

Fuader.]
Breaker

l.malm=
Alr
:’llcluu
Ar

et

AR N I N P "

A Sampling Locmiany

n
Yigure 2. Generalized version of the airborne ;_
dust sampling pian. e
an
following data were collacted: (1) channel co
and chip samples at the working face to op
provide data on the quartz content in the coal Th
and roof/floor scrata; (ii) bulk (ROM) samples e
from the shuttle car/feeder-breaker discharge ScC
to provide data on (a) che size distribution
of mined material, (b} the quart:z content in we
each size fraction of the mined material, (c) st
the total quartz content in the wined <L
material, (d) the Hardgrove Grindability Index F

{HGL) of the ROM material, (e} the fraction eof
the ROM material which can he identified as
rock, and {(f} the size discribution of the
tock fraction in the ROM material; (1ii)
gravimetric samples (total airborne dust and
respirable airborne dust) to provide data on

‘the quartz content in the airborne total and

tespirable dust; and (iv) total airborne dust
sanples using multi-stage cascade impactors to
provide data on (a) the guartz content in the
various sized dusts and (b) the quartz content
in total airborne duset. Some of the locations
also had a Realtime Aerosol Monitor (RAM)
fitted with data loggers to continuously
monitor the dust concentration in the air
stream. All of the instrument packages weres
hung from the roof bolts in the section or
from telescopic poles at a position as close
to the rib as possible.

Other necessary data collection
activities such as ventilation plans and air
quantity measurements were made for each
sampling site. Time studies were performed
using permissible tape recorders to correlate
the RAM data with the specific activities of
the continuous miner and shuttle cars., A
summary of the sampling activities in the mine
is shown in Table 1. The sampling plan for

ol |
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Table 1. Salient data on mines and sections sampled.
= pwmber of Shifes Selectwd Cucs Section Section Section Oust
e Section Lacatiom  Seame{e) Samp Lad Sampled Vantilation Typs Standard (mg/s®)
A 1 FA tppay 2 EJ Braceice. Devalopmant Minar: 1.0
Fresport Double=5plit Boltar: 1.0
] 1 a8 Pitcsburgh I K Tubing, Davelopmsnt Miner: 1.0
Single-Splic Bolcer: 1.7
» 2 on Mctabwrgh 2 & Tubing, Davelopment Miner: 2.0
Single-Splic Balter: [.2
[ L uy Ne. 2 Gam 2 L Brattica, Davelopmant Minec: 0.7
Single=Split Bolcer: 1.0
s ] L [ Lower amd 2 1 Braceice, Pillar Miner: [.0
Middle Eagde Single=~Splic Bolter: 0.3
wing  alprr wich the cross-sectic— <ur =%~
spovn in Figures 3 and 3. [ snaty Moot
B con
SAMPLE PROCFSSINT El shaty Fioor

The various steps in the procerasing of
rae collecied samples are presented in Figure
5, Gravimetric samples, including toral,
-gspizable and oversize samples, were dried
in6é wveighed o determine the airborne dust
concentration, Size analvses vere performed
on some of the samples for each selected cut.
he sxaples were then ashed in a low-
resperature 2sher and subject to an Infrared
scan to determine quartz peaks,

Impactor samples from the warious stages
were dried and weighed. The samples from
stages 2 and 3, & and 5 and 6§ through 8 were
spebined to obtain threes reconstituted size
¢lasses for quartr aralysis,
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Tigure 3. Secrion layout and ssmpling plan,

Mine C, Cut 1.

Crosa-section of channel samplesa
(Mine C).
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Figure 5. Samplea processing procedure.

The channel samples from each horizon
were crushed and ground to minus 400 mesh
in a ball mill and quartz analysss performed.
The ROM samples were screened {(+4"{l10 cm),
=4"(10 em) + 2"(5 em), =2"(5 cm) + L"(2.5
em), -1"(2.5 em)) and each individual size
material weighad to determine the mass size
distribution. The =1"(2.5 cm) material was
further analyzed for aize disrribution to
minus 400 mesh. The channel sample was
taconstituted from the various size material.
The sample was then crushed to winus 400 mesh
before being subject to a quartz analvsis,
Chip samples were crushed and ground to
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minus 400 mesh to determine their quartsz
content.

SILICA ARALYSES
Airborne dusc samples

The airborne dust samples from the various
sanplera ware asnalyred for their quartz content
using the F7 method (Anon., 1984). For the
inpactor samples, it was necessary to combine
the collected dugt masses from mors than one
stage (substrate)} in order to increase the maas
of dust and the mass of quartz to achieve the
ranges suggested In the P7 analysis procedure.

Balk samples

To avoid differznces due to methads, the
P? procedure was used for bulk ssmwples as
uwell. T¥or this purpose, chammel, chip and
ARt samples were ground to minns 400 sesh ag
follows:

Step 1. Crush representative ssmple {say,
40 1bs (18 %g}} in a jaw aud roll
erusher to minns 10 mesh.

Step 2. Riffle sample to a 2 1b (0.9 kg)
representative sample,

Step 3. Eoll crush cthe 2 lbg (0.9 kg) of
material further to produce 16 x 30
and mipas 30 mesh material.

Step 4. Recombine proporticunlly, samples
of 16 x 30 and minus IO mesh
marerial to cbtain a 20 to 40 gram
sample which is then put into a
ball =iil and crushed to minus 400
mesh.

Step 3. The uniform suspension of minus 400
=esh material can be obtained by
aixing the mious 400 mesh material
with coal dispersent in a beakar.
After uitrasonic treatment, samplas
can he obtained by transferring the
suspension and depositing om DM-450
fiflters.

Srep 6. ZRepeat the procedure of soalyzing
airborne dust.

Data nanagement

To arganire the large smounts of data,
the data were saved as sequential records in
computer files accessed by BASIC programs
vritten for the IBM PC. This data can be
listed, modified, supplemenced or utilized for
subsequent graphical and stacistical analysis.

ANALYSIS OF RESULTS
Analvais of the quartz data
The quartz content in the chamnel
szmples, airborve dust and ROM coal for all

the four mines are presented in Figures 6
through 9 and summarized in Table 2, Several
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aspects of the data should be noted. An
examination of the data shows that che quare,
that the quartz is high mainly in the roof
floor, The quartz in the respirable dust {,
higher than that in the eotal dust for Mineg
An € and Dl whil. for

Figure 6. Quartz content in Mine A samples.

Figure 7. Quartz content in Mine B samples,

Figure 8. Quartz content in Mine C samples,

Figure %. Quartz content in Mine D samples.,

L. .
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Table 2. Average gquart: content (1) in various samplas.

Huombar of

Salncoad Averaze {uart: Pevcent Rasplrabla Tocal
Mine Cut thanoel Reof Flaor Coal Adrbotne Alrboene ROM,
At 3 s 1.8 5. 0.8k 1.7 5.11 1.98
B 5 .99 .23 _— 0.95 3.57 1.7 3.82
c L 3.5% 5.08 10.17 1.24 18,58 7.3% 3.4
Dan 2 &.06 L16.03 10.1 1.07 $.21 &.D& 3.09

+ = The major portisa of the vock was cut separately snd gobbed in cute I and 3.
MR quarer is ouly from cthe coal seaw and any resaining dilution,

® . The face vencilation syscem practiced wasm tubing with suxiliary fen.

wt - g cwt 2 the chayme! smmple and the mschine cut wera not in the ssme locacion.
Also, the sirkoros sewples could not ba locatsd closs to the cut.

wine B, it is lower than the gquartz content in
tne total duxt. For Mine A, the quartz
contents of the roof and floor are an order of
sageitude higher tham the quartz content in
the coal. The awerage quartz content in the
chanpel sample for the three cuts is 3,8%,
wnile che gwvarage quartzr content in the ROM
coal Is only 1.982. This is because the roof
rock was cut geparately for cucs 2 and 3 and
gobbed. As a result, the quartz content showm
in the ROM sampie pettains only to that in the
coal.

For Mine B, vhere the floor was not cut,
this gereral tremd iz again apparent. The
roof has, on the average, about ten times the
cuartz in the coal {0.95% for coal, 9.23% for
reof). The zverage quartz content of the coal
chip sanples is 0.871 the quartz in chas
channel cosal samples being comparable at 0.95%.
The chip smmples of the roof have an average
quarcz content of 10.48%, again comparable to
9.23% obtained for the channel samples. This
alne used a tubing system for face ventila-
tioca. There appesrs to be a segregation of
the airborne dasc in the tube., For the six
cuts, the average quartz contant of the
airhorne respirable samples is 3.57%, while
the gravimetric total airborne quartz has an
average valne of 4.0%. The average quart:z
content in the ROM coal is 3.82%, while the
average chammel quartz content is 3%,

The gquartz data for Mine C (Figure 8),
vhich was operatcing under reduced standards,
show that che average quartz content in tha
floor pateriml is 10.17Z, twice the average
quartz content in the roof (5.081), while the
average quartz comtent of the coal 1a 1.24X%.
The airborne gravinetric data show that the
average quartz in the respirable sample is
13.58Z, the corresponding value for total dust
being 7.35X. Cme of the respirable samples
(cut 3) has & quartz content of 31.05%. The
average quartz in the channel sample is J.5%2,
gh::e the ROM coal has a comparable average of

-84,

The data for Mine D (Figure 9) show that
the roof and floor have considerably more
quartz than the coal. However, the gravi-

metric total airborne sample has an average of
4,06% quartz while the respirable data show a
6.23%7 quartz average, The ROM average quarc:
content is 3.09%. The channel sample yielded
4.06% gquarcz.,

The quartz content in the chip and
channel data for all the samples are presented
in graphical form in Figure I0 and show good
correlation between the quartz contents in the
samples implying that, with care, chip samplas
can be taken in lieu of channel samples,

To further study the relacionship between
quartz in airborne dust and quartz in host
material, a number of analyses were performed:

(1) relationship between quartz in zirborne
dust and quartz in channel samples
including composite channel sample and
individual roof, coal and floor
componancs;

(it) relationship between guartz in channal
samples and quartz in run-of-mine
samples; aad

(iii) relationship between quartz in various
size fractions of the airborne dust and
quartz in channel samples,

Results of the respirable dust analyses
are prasentad hers. In general, the results
of the total dust analyses are similar to
those obtained for respirable dust.

Scatter plots of the quartz in airborne
reaplrable dust and quartz in the average
channel sample {Figure 11) show chat the
quartz contents in the airborne dust are
generally higher than thac in cthe channel
sample. The quartz content in the channal
rangea from approximately 2 to 5 percent while
the airborme reapirable dust contains approx-
imately 3 to 31 percent. As the quarcz
content in the channel sample increases, chere
is a cousiderable non=linear increase in the
airborne quarcz. .

The airborne quartz concentration was
plotted against the average quartz content in
the roof and floor (Figure 12). The daca
points indicate a higher concantratiom of
quartz in the respirable samples than in the
corresponding combined roof and floor channel
samples., <Conaildering only the roof quartz
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against airborne dust quartz content (Figure
13), the results are similar to the above
case. Cuts ! and 3 of Mine C have extremely
large amounts of quartz in the airborne
sampies, which is aot in line with that
observed in other mines. In both these mines
not onlv the proportion of the cut in the rock
I3 higher but some floor was also taken. The
tloor comtained high proportioms of quartz,

Corparison of the guartz content in the
WM ccal with the quartz in che channel
samples (Figure !4) shows thatr the data
pcines, in general, lie slightlr above the
line of perfect correlatiom indfcating that
20 quarrz content is slightlv higher compared
to chamme! guarez.

QUAHTZ IN CHIP 5AMBL§ (%)

QUARTIZ D4 CHAMMEL SAWPLE ()

Figure 10. Correlatiom of cuartz content in
chip with quartz in channel

sampies.
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The relationship between quartz in the
=otal airborne dust, and goarcz in respirable
dust £¢ shown In Figure !5. An Inerease in
ene leads to an increase in another. Howewer,
toe quarrz concentrarion in respirable dust is
wuchk higher than that in che total dust.

In summary, the graviastric data indicate
that quartz tends to be prefsrsutially
segregated into the airborme dust with more
quartz neing presenc in the respirable dusc
thay o the total dust and thar the source of
much of the airborne quartz iz roof and floor.

impactor quarrz amalvsis

impactors wvere placed in a noumber of

locations in ecach of the oives samwpled.

The locarious analyred in detail for thi

study were a5 follows: ’
{i) Face return: this location represents
the imnediate return of the continnous
ajner. In minea vaing braceice for
fare ventilation, the impactor wvas
placed ciose to the center of the
cross-sectional area behind the return
bractice. Where a2 tubing was oted, the
impactror wvas placed under the tubing
about 3-3 fr from the end of the tubing
whare airborme dust generated by the
continmouns miner is assuvmed to exisc.
Locatioz ZX: this locacion is two
breakthroughs downwind of the comrinuous
miner.
Location 4X: this location is four
breakthrougins dowiwind of the
continuous miner.

The results were consistent from locatiom

to location even though the sanple sizes for

any size range were not large. The pattern

for the samples taken at the differemt return

locations for Mines B, C and D can be observed

in Figures 16, 17 and 18, respectively.

(ii)

(118)

Vigure 16. Quartz content in various dust

parcicle sizes (Mine B).

Quartz content in various dusc
particle sirzes (Mine C).

Figure 17.

Figure 18.

Quartz content in varicus dusc
particle sizas (Mine D).

The increase in quartz content with
decrease in size is consistent in the results
at the face return, the 2X and the 4X loca-
tions. A basic conclusion is that the parcent
quartz in airborne dust 1g greater in the fine
size range than it 1is in the two larger size
fractions, confirming gravimecric results.

CONCLUSIONS

This fundamental end experimental study
has led to the following findings with respect

_—_
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to quartz levels in the material being cut and.
those in airborne dust in continuous miner )
sections,
{i} 1In the mines sctudied, the quartz
contents of che roof and floor materia)
are generally higher thaun those in the
channel and ROM samples. Furthermore,
the coal portion of cthe channel samples
had smaller percentages of quarcz
compared to roof and floor.
The gravimetric and impactor data
reveal that the quartz contents in the
respirable airborme dust are generally
higher than the average quartz content
in the channe! or the ROM szmples.
Cuartz level in the host material,
expressed is welghted-average-quartz
percent in a channel, does nor show a
strong relationship to gmarcz fo
airboroe respirable (gravimetric
samples). _
Cuartz lewel in the roof and floor
material, axpressed as weighted-average-
Juartz percent, shows & strong
relationship to quartz in airborme
respirable dust (gravieetric samples).
Quartz level ip the roof mareria:z,
exnressed as a percent, shows a
stronger Telationship to quartz in
airborne respirable dust (gravimetric
samples).
Analwsis of the quartr level (n the
sirhorne rotal dust shows that gquarcz
content in the finest size range is
higher than in the ocher size ranges
({iopactor samples). ’
& major conclusion of this study is chatc
quartz in the airboroe dust is wmore & funcrion
of quartz in roof and floor and the amowmt of
rocf and floor cut rather than the average
quartz in che ctotal marerial cur. Also,
becanse quartz coutent is higher in the finer
size ranges of the airborne dust, the manner
iz which high-qoartz containing material
breaks into fine particles and gets sntrained
wiy be different from that of other materials.
Entratmment and quarcz size distributiom
stodies on samples of coal and rock separately
miy help explain any differenmces in breakage
characceristics and entrainment propensity of
the varicus sactions of the material being
mined.

(11}

(iti}

(1w}

{vr

(vi)
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Characterization Problems in Comminution --
An Overview

R. Hogg
Mineral Processing Section, Department of Mineral Engineering,
The Pennsylvania State University

ABSTRACT

Hogg, R., 1988. Characterization problems in comminution—an overview, Int. J. Miner. Process.,
22: 25-40.

The problems of sampling particulate materials, and of characterizing the distributions of par-
] ticle size and composition are reviewed. Requirements for sampling from comminution systems
. mdiscmudmdalimphfomuhhpmenudfmutimnﬁnztheminimumumphsiunudnd
{ The limitations and errors associated with the techniques available for particle size analysis are
evaluated and guidelines are suggested for the selection of appropriate methods. The use of micro-
scopic and macroscopic approaches to the characterization of particle composition are discussed.

INTRODUCTION

Comminution is a process of particle size reduction in which the goal is to
produce a material with a specified particle size distribution from a coarser
feed. In mineral processing applications, the product size distribution is often
_| of secondary importance to the extent to which individual mineral grains can
be liberated from one another. However, due to poor understanding of the na-
ture of the liberation process and the lack of reliable procedures for character-
izing it, the actual specification is normally in terms of particle size.

Particle size distribution can be regarded as the fundamental characteristic
of a particulate system. The distributions of particle shape and composition
among the various particle sizes present are often sufficient to define the bulk
properties and behavior of the system. Description of the distributions of size,
shape and composition of the different phases which may exist within individ-
ual particles is necessary to complete the picture and is especially important
for predicting liberation ete., in comminution processes. It is quite obvious that
the complete characterization of real particulate systems is a formidable, if not
imposaible task. Practical characterization procedures ahould involve evalua-
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tion of those characteristics which are deemed to be important and which can
be measured. In comminution systems, this should ideally include the particle
size distribution, the size-by-size distributions of particle composition, and as
much information as can be acquired on the internal composition and strye-
ture of individual particles. In most cases, of course, we fall far short of even
this rather limited goal.

SAMPLING PARTICULATE MIXTURES

Virtually all particulate systems, especially those associated with commi.
nution processes, are mixtures of particles of varying size, shape and compo-
sition. Sampling of such mixtures is the first step in any characterization
procedure. There are two factors to be considered in any sampling scheme: the
basis for sample selection, and the required sample size,

Semple selection

The ideal sampling procedure would involve the examination of individual
particles one at a time on a random basis, such that at each step every particle
in the population has an equal probability of being selected. This, of course, is
very rarely practical, although the successive splitting procedures such as rif-
fling and the cone-and-quarter technique can provide a reasonable approxi-
mation if properly applied. Simple grab sampling is seldom adequate unless
the system is thoroughly mixed. However, a series of grab samples taken from
different locations, or with intermediate mixing, may be sufficient and is often
the only practical alternative for very large populations. If these are analyzed
separately rather than combined into a simple analysis sample, information
can be acquired on the heterogeneity of the mixture and on the extent of the
sampling problems. Procedures for sampling from both batch and continuous
flow systems have been disctssed at length by Gy (1982). '

Sample size

The discrete nature of particulate systems imposes constraints on the size
of the sample which must be taken. For example, if a sample of ten particles
were taken from a mixture containing 5% of one kind of particle, the best
possible estimate of concentration (0 or 10%, corresponding to zero or one
particle) would be in error by 100%. In other words, the sample must be large
enough that each identifiable constituent can be expected to be present as a
reasonable number of particles. Based on the statistics of random mixtures, it
can be shown (Buslik, 1950; Stange, 1954, 1963: Poole et al., 1964; Harnby,
1967) that the expected variance of samples of mass M taken from a mixture
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containing i=1,2,3,... size classes and j=1,2,3,... composition classes is given
by:

=fu(1—f;}')wgf +fE(B-wy)
M

where f; is the mass fraction of the material which falls in size class i, and
composition class j, w;; is the corresponding mean particle mass, i is the overall
mean particle mass:

m:;}{_&w (2)

If the 95% confidence interval is approximated by two standard deviations
on either side of the mean, the relative error ¢, at the 95% confidence level, can
be expressed as:

20
fE=— ( 3 )
fi
Combination of eqs. 1 and 3 leads to the following simple expression for the
minimum sample weight M;; required to estimate the concentration of the ij
component with relative error e:

Mﬁzei![(/%-z)wﬁm] (4)

The required sample weight would be equal to the maximum value of M, In

Practice, this will generally correspond to the coarsest size class and the com-

position class with the lowest concentration at that size. Note that eq. 4 also

indicates a minimum sample size for any component in a given system i.e.:
4

Mo =z (5)

R (1)

Thus, for systems containing some large particles (giving large 1) quite large
samples may be needed for evaluation even of the very fine components. Eq. 4
can also be used to estimate the relative errors €; which can be expected for a
sample of mass M.

An example of the application of eq. 4 to sieving analysis of a system of
quartz particles with a Rosin~Rammler distribution of sizes is given in Table
L In principle, the analysis can be extended indefinitely to coarser and coarser
sizes simply by including the appropriate screens. However, the calculations
show that, in order to obtain reliable information at these progressively coarser
sizes, it is necessary to increase the sample size massively. While a 40 g sample
i sufficient when all material coarser than 1 mm (18 mesh) is regarded as the
top size, almost 6 tons would be needed to provide an accurate estimate of the




TABLE I

Sample size requirements for sieve analysis (quartz particles with a Rosin-Rammler size distri-
bution with =1 mm (18 US mesh) and m= 1)

Coarsest Expected weight Required sample 100 g sample
screen used percent retained weight for <5%
0N CORTSest ertorin estimate  parcent error 95% confidence
screen, &, of @, ing@, range on Q,,
estimate
+15 US mesh 36.8 40g 3.2 35.86-38.0
+14 24.3 130¢ 5.7 22.9-25.7
+10 13.5 500 g 11 12.0-15.0
+7 5.9 25kg 25 4.4-74
+5 1.8 18.4kg 68 0.5-3.1
+35 0.35 230 kg 240 0.0-1.2
+5/16" 0.03 5.7 tons 1200 0.0-0.43

amount of +8 mm (5/16 inch) material in the distribution. It is clear that the
50-100 g samples commonly used in sieve analyses should be quite adequate
for materials which are predominantly finer than about 1 mm. However, the
sample size requirements can be severe for large particles — in the evaluation
of crushers, autogenous grinding systems etc.

Sample size restrictions can also be very important in particle counting pro-
cedures, especially microscopy. An example is given in Table II for a fairly
typical, sub-sieve, size distribution from a comminution process. In order to

TABLE Il
Sample size for microscopy
Size range Weight percent Roquired particle count
(um) in size range for 10% error in top
size
a5 -50 293 200
25 -35 20.7 400
18 -25 14,8 8o0
12.5-18 10.4 1,800
8.8-125 73 3,200
6.3-8.8 5.2 6,400
4.4-8.3 3.7 13,000
3.1-4.4 28 26,000
2.2-3.1 1.8 50,000
1.6-2.2 13 100,000
11-18 0.8 200,000
0.8-1.1 0.8 400,000

Total count: 800,000 particles; sample size: 0.1 mg.
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TABLE II1
Size-specific gravity distribution of coal (after Sokaski ot al., 1963). Values of f; (wt.%)

Specific  Size X,
gravity p;
6" %3" 3 x1}t H{Txit txys 1"x8 Bxl4 1448 48 mesh
mesh maesh mesh x0

13float 4.44 5.73 16.30 8.75 275 491 5.58 2.32
13x14 182 2.09 5.63 3.2 3.05 054 0.77 0.23
14x15 064 0.68 1.40 0.84 093 032 0.25 0.12
15x16 043 0.46 0.86 0.34 043 017 0.18 0.08
16x1.7 021 0.26 0.49 0.17 02z 009 0.08 0.04
1.7x18 013 0.18 0.37 0.11 018 0.06 0.06 0.04
1.8 sink 4.13 2.79 ass 0.82 128 051 0.40 0.28
Total 11.6 122 286 14.3 158 7.0 7.3 a2
Mean particle weight (&=143 g.

obtain an estimate of the mass fraction in the coarsest size fraction (35-50
pm ) with less than 10% error, it would be necessary to count about 200 of these
particles. This would entail a total particle count of about 800,000. These num-
bers can be reduced substantially through the use of several magnifications but
new errors are introduced in matching the counts at different levels.

The examples given in Tables I and II refer to the evaiuation of particle size
distribution only. Obviously, the problems are very much exacerbated for het-
erogeneous systems containing many different kinds of particles. The appli-
cation to the evaluation of size~composition distributions is illustrated in Tables
III and IV. Some published data {Sokaski et al., 1963) for the size-specific
gravity distribution of coal are given in Table III. The sample weights, as cal-
culated from eq. 4, which would be required to obtain the f; values of Table III
to within +10%, are listed in Table IV. Strictly, the required sample size should
be the maximum of these values, i.e. about 350 tons (for the 1.7 1.8 specific
gravity fraction of the 6" X 3" particles). Obviously this would generally be
impractical and it would be necessary to accept larger errors. For this partic-
ular system, in fact, an error of 100% in the amailest f; values ( ~0.1% ) would
not usually be considered serious. Consequently, in using this approach, it is
normelly necessary to make judgments as to what kinds of errors may or may
not be acceptabie.

PARTICLE SIZE ANALYSIS

In comminution systems, the particle size distribution of the product is the
direct measure of process performance. Particle size information is needed for




THE RESPIRABLE DUST CENTER

TABLE IV

Minimum sample weights (kg} required for estimation of individual /; values with relative
error < 10%

Specific  Sizs X,
gravity
r 6"x3"  3"x1§" 1f*x4 1mx§r {"X8  BX14 14X48 4Bmesh
mesh meah mesh x0
1.3 fioat 6,625 755 70 39 58 58 58 58
13x14 21,200 2,350 111 83 58 58 58 58
14x15 58,750 7,825 310 83 59 58 58 58
15x1.6 93,750 12,375 500 128 62 58 58 58
1.6X1.7 205000 23,325 8908 205 67 58 58 58
L7x%18 352,500 36000 1238 298 i 1. 58 58
1.8 mink 12,875 2,800 202 97 58 58 58 58

process evaluation, modeling (parameter estimation etc.) and control. In gen-
eral, particle size distributions can be expressed in the form:

Q(x) =relative quantity of material which is smaller than size x

Quantity can be represented by number of particles, volume, surface area etc,
If density is constant, the volume and mass distributions are identicajl.

In principle, experimental determinations of particle size distributions in-
volve two sets of measurementa: quantity and size. In most practical proce-
dures, however, x is assigned according to some specific criterion (sieve aperture,
sedimentation time, etc.) and only q is actually measured. Similarly, commi-
nution processes generally operate on @ not x. Particles do not change in size;
they are destroyed and new ones are created, (An exception to this generali-
zation is found in the case of abragive grinding, where a particle may retain its
identity but be reduced in size. )

Errors in particle size analysis

Precision in the measurement of particle size distributions and in the de-
scription of comminution processes depends on how accurately Q can be mea-
sured. A typical example of the changes in particle size distribution during the
course of a comminution process can be seen in Fig. 1. The family of curves
shown is the remltofatranslationintheQdimcﬁon.Thiameansthat,in
modeling the process, information obtained at short times (low Q) is used to
predict the higher Q values at longer times. Ideally, this would require fixed
relative errors in the @ measurement whereas the esgentially linear response
of most sizing techniques gives rise to fixed gbsolute errors, i.e. small measured
Q values are subject to large relative error.
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Fig. 1. Typical product size distributions in comminution.

Errors associated with the experimental determination of particle size dis-
tributions can be classified into three general types:

(1) “Error-free” size (e.g. sieving, sedimentation). Since size is predeter-
mined, errors can be assigned to Q.

{2) Independent size and quantity (e.g. simple counting procedures). Ide-
ally, the error should be in the size estimate, but there will often be missing or
false counts,

(3} Estimated size/inferred quantity (e.g. Coulter counter vohume distri-
bution). Individual particles are sized and the quantity is assigned based on
the size estimate. This leads to inter-dependent errors in both Qand x.

These different kinds of errors can be partially responsible for apparent dis-
crepancies among size distributions obtained by different techniques.

Size limitations

Essentially all particle sizing techniques have a limited range of applicabil-
ity. Some common examples are shown in Table V. Both upper and lower limits
can lead to problems in data evaluation and interpretation.

The upper limit is generally less serious than the lower limit since it can
usually be circumvented by pre-classifying the sample at a smaller size. The
classification must be very sharp, preferably by screening. This can present
significant problems when the upper limit is less than about 30 um (e.g. small
aperture Coulter counter). The use of pre-classification requires careful eval-
uation of the correspondence of the definitions of size used in the size analysis
and in the classifier.
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TABLE V
Methods of particle size analysis
Method Range of
applicability
Sieving (conventional) > 30 1m
{micromeah ) > 5um
Microscopy (optical) > lum
{SEM) 0.05-100
um
(TEM) 0.1 um
Sedimentation (gravity) 0.5-50 um
(centrifugal)  0.01-20 ym
Classification (liquid) >10 zom

{uir) > lum

Light scattering (photometry) all sizes

(counters) >0.2 um
(Fraunhofer diffraction) >2um
(Fraunhofer/right angle)  >0.1 ym
{dynamic) 10 A-5 um
Electrical sansing >0.5 um
Impactors 0.4-10 ;am
Acceleration 0.3-15 um
Permeametry 0.1-50;m
Gas adsorption <20 ;an

Limitations ste.

Blinding
Lower limit of

resolution
at any

magnification

Mean size only*!
Lower detaction
limit

Upper and iowasr
datection limits
Uppaer and lower

Mean size (surface
area)

Surface ares (incl
internal surface}

*'Distribution can be estimated by curve fitting.

Examples of commercial
equipment
Alpine jet nieve, Sonic sifter

Zrisa particle analyzer
Quantimet

Coulter Model N4, Nicomp.

Coutter Counter,
Electrozone

Andersen 2000

TSI Aerodynamic particle
sizer
Blains, Fisher sub-sieve
sizer

Quantasorb, Micromeritics
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Fig. 2. The effect of a lower detection limit on a measured (apparent) size distribution.

The lower limit is generally the more serious of the two. Lower limits for
different analytical procedures fall into two types:

(1) Measurement limits. Techniques with measurement limits give the
quantity finer than the limit (x,) and report the correct @(x) for x> x, but
give no information for x < x,. Sieving and incremental sedimentation are im-
portant examples of this class of methods.

(2) Detection limits. Particles smaller than the limit are ignored. The ap-
parent size distribution is reported as:

Q(x)—Q(x;) x2x
Q(x)= 1—-Q(x;) (6)
0 X< Xy

All methods which involve counting and sizing individual particies are subject
to detection limits and give apparent distributions based on eq. 5 with Q(x,)
unknown,

The effects of (lower) size limitations are illustrated in Fig. 2. Obviously,
the measurement limit is to be preferred. Data obtained from techniques which
involve detection limits should be questioned whenever significant quantities
are reported at sizes close to the lower limit.

Methods of size analysis
Procedures for measuring @(x) also fall into two general types:

(1) Methods based on the collective response of the assemblage of particles,
e.g. measurement of mass, scattering or absorption of radiation, etc. These are
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generally subject only to measurement limits but there may be effective detec-
tion limits in specific applications {e.g. sedimentation balance, Microtrac).

{2) Methods based on the response of individual particles, e.g. microscopy,
optical and electrical resistance counters. These methods are invariably sub-
ject to detection limits since there can always be some particle which is too
small to “see”. For microscopy, the detection limit can be extended indefinitely
in principle, but there is usually some arbitrary cut-off in practice (limit of
resolution of a particular instrument).

The collective response methods can give precise information on the volume
(or area) distribution in the range between the upper and lower limits, even
when there are particles outside of the range. However, transformation of the
data to give the number distribution, for example, involves extrapolation be-
yond the lower limit and may be subject to serious error.

The individual responise methods generally provide better estimates of the
number distribution (albeit normalized, above the lower limit). In this case,
transformation to the volume distribution is often suspect due to statistical
problems at the coarse end. Individual response methods, especially automatic
counters, are also subject to “coincidence” problems where two or more par-
ticles are counted and sized as one. This problem can be exacerbated by the
presence of particles smaller than the detection limit. A device may respond to
a group of particles even though the individuals are not detected. Coincidence
of this kind would not be accounted for using the normal statistical criteria.
To some extent, coincidence due to “undersize” particles may compensate for
undetected material, but not in a reajistic manner.

Definition of particle size

The definition of particle size, especially as a linear dimension, is unique
only for simple shapes such as spheres and requires specification of the shape.
Practical sizing methods typically resort to “equivalent sphere diameter” def-
initions where size is defined in terms of the response of a spherical particle.
1t follows that methods based on different kinds of measurements (settling
velocity, light scattering etc.) use different definitions and give different re-
sults. Practical definitions can often be considered to involve combinations of:

d.: volume diameter (diameter of a sphere with the same volume as the par-
ticle), and

d,: projected area diameter (diameter of a sphere with the same projected
area as the particle, in random orientation).

By considering size definitions in these terms, it is possible to obtain a qual-
itative picture of the relative magnitudes of the variations among methods. For
example, electrical resistance methods such as the Coulter Counter, Elzone,
etc. provide a direct estimate of d,. Optical methods such as the Microtrac,
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Fig. 3. Particle size distributions for air-classified narrow size fractions of Upper Freeport coal.
Microtrac SPA measurements (after Dumm, 1986).

grarulometer, etc., are based on d,. Sedimentation methods yield the Stokes
diameter d,, and:

d
d.t~Jd__._

Where precise correlation of different methods is required, it is usually nec-
essary to determine empirical conversion factors. Because particle shape can
have a major influence on the definition of size, these conversion factors will
generally be material dependent. If possible, several narrow size fractions of
the material of interest should be prepared in the appropriate size range and
direct measurements made on each. An example, for fine coal dust in the res-
pirable size range, is given in Fig. 3 and Table VI, based on recent work by
Dumm (1986). The fine coal was classified into four narrow fractions of nom-
inal size 1X2, 2X3, 34 and 4X5 um using a Donaldson Acucut classifier.
The size distributions, determined using a Leeds and Northrop Microtrac small
particle analyzer are shown in Fig. 3. Size analyses were also performed by
sedimentation (LADAL pipet centrifuge), electrical sensing ( Coulter, Model
TA) and scanning electron microscopy in conjunction with a Zeiss, Model TG
particle size analyzer. The observed mass (volume) median sizes are listed in
Table V1. Conversion factors for each method, relative to sedimentation, are
also given in Table V1. The results show the factors to be generally conaistent,
with no evidence for systematic variations with size. Similar measurements on
a variety of coals and quartz with relatively broad size distributions ( —10m)



TABLE V1

Correlation of methods for sub-sieve size analysis of classified coal dust

Size Mass median size £ (im) B gl
fraction
Ladal Coulter Microtrar  SEM Coulter Microtrac SEM
centrifuge Counter SPA Counter SPA
4X5um 512 4.66 6.20 693 091 1.21 1.35
Ix4 3.68 3.58 5.05 5.44 0.97 137 1.48
2x3 2,63 2.81 3.88 4.28 0.99 1.40 1.63
1.2 1.86 1.89 2.19 2.86 1.02 1.18 1.54
Mean= .97 1.29 1.50
Std. dev.=  0.05 0.11 0.12

could be correlated using essentially the same factors as for the narrow frac-
tions (Dumm, 1986).

Choice of method

Sieving procedures are almost invariably used in laboratory evaluation of
comminution processes. This is an obvious choice for many grinding systems,
where most of the material is coarser than about 50 Mm — a size range where
gieving is generally the preferred method. Furthermore, the use of sieving
methods allows the same procedures to be used in feed preparation as in the
evaluation of performance, thus obviating the problems of different definitions
of size.

In the case of fine grinding, it may be necessary to use sub-sieve sizing meth-
ods to extend the measurement range. Here, the choice of method becomes
much less clear, and the selection will depend on availability and economic
factors in addition to the actual merits of different procedures. Material factors
can also be important: fine cement cannot be dispersed in water, for example.
In general, the problems, errors, and limitations discussed above can be used
as guidelines for the selection and application of fine-sizing techniques.

On-line sizing procedures are attractive for the control of comminution sys-
tems. Most sizing devices, however, are incapable of providing the instanta-
neous read-out desired for on-line measurement. Typical analysis times range
from a few seconds (automatic particle counters) to more than 24 h (gravity
sedimentation ). Rapid-response instruments such as the Leeds and Northrup
Microtrac device can provide data on an almost continuous basis and have
been used, for example to monitor the grinding of taconite ores (Carr and Catz,
1976; Anonymous, 1977). A major problem appears to be the ability of the
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equipment to withstand the adverse conditions (vibrations etc.) which com-
monly prevail in comminution plants.

The Armco-Autometrics particle size monitor has found considerable appli-
cation, in the copper industry for exampie ( Bassarear and McQuie, 1972). The
basic device uses attenuation of ultra-sound to estimate slurry density and a
single point on the size distribution. Alba and Herbst (1985) have extended
the system to yield multi-point size distributions. Elimination of entrained air
is critical to the successful use of these systems.

DISTRIBUTION OF PARTICLE COMPOQSITION

The separation or liberation of individual mineral grains from composite
particles is very commonly the primary purpose for CAITying out comminution
operations. Characterization is necessary to define the extent of liberation in
a ground product and the potential for furthker liberation by additional grind-
ing. The extent of liberation can be described using the set of size—-composition
distributions:

q{(x,¢;)dx de, =fractional quantity with size x to x-+dx
and concentration ¢, to ¢; +de; of mineral constituent ;

In general, it would be necessary to specify one such distribution for each of
the important mineral species present. In some cases, complex sulfide ores for
example, several distributions may be required. Often, bowever, the distribu-
tions of one or two constituents would be sufficient. Further information on
the distribution of mineral grains within individual particles, would be re-
quired for evaluation of liberation potential.

Image analysis techniques using optical and/or scanning electron micro-
scopy are widely used for characterizing the distribution of particle composi-
tion. In principle, this approach can yield the size-composition distributions
and also the distribution of grain structure within the particles. Major prob-
lems remain, however, in the transformation of data from two-dimensional
images to give realistic volumetric concentrations etc. (Miller and Lin, 1985).
Furthermore, the statistical problems discussed previously can cause data ac-
quisition and interpretation to become prohibitively time-consuming even for
modern image-analysis systems.

Macroscopic methods can also be used for determining size-composition dis-
tributions. This approach involves fractionation of the material on the basis
of specific, composition-related properties such as density. For complete char-
acterization of a system containing N constituents, N~1 such separations
would be required. Thus for binary materials, the size—composition distribu-
tion can be obtained by gravity fractionation using heavy liquids followed by
particle size analysis on the separate fractions as in Table I, for example.
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Extension to ternary mixtures using, for example, high intensity magnetic sep-
aration in addition to gravity separation may be possible in some cases.

The macroscopic approach is widely used for evaluating the washability of
coals. While most applications are to relatively coarse particles ( + 30 mesh),
Dumm (1988) has successfully applied the technique to ultra-fine coal dust.
An example showing the size-specific gravity distribution of an anthracite coal
in the respirable size range ( —10 um) is given in Fig. 4. Fairly complete lib-
eration of the organic matter (specific gravity ~ 1.6) from the mineral matter
(specific gravity > 2.2) can be seen. In principle, the washability type of anal-
ysis can be applied to any mineral system using solutions of heavy metal (e.g.
thorium) salts as the separation media. Macroscopic techniques, of course,
yield essentially no information on the internal structure of particles and are
of very limited value for predicting liberation during comminution.

In general, the microscopic methods provide the greatest amount of quali-
tative information but quantification is often questionable. The macroscopic
approach, on the other hand, is more limited but is capable of significantly
greater precision. A combination of qualitative/semi-quantitative image anal-
ysis with a washability-type analysis will usually provide the most compiete
picture of the size—composition characteristics of a complex particulate sys-
tem. Microscopic analysis is probably necessary for forward prediction of lib-
eration behavior; macroscopic analysis, especially in conjunction with a
liberation model, will often be adequate for monitoring liberation as a function
of grinding,

CONCLUSIONS

The selection of representative samples of appropriate size is a crucial first
step in any characterization scheme. In the context of comminution systems,
sample size requirements car become critical when large particles are present,
as in coarse crushing or autogenous grinding, and in the use of microscopic
methods for determining the distributions of particle size and/or composition.
Specific guidelines are available which can be used to estimate minimum sam-
ple size requirements and to establish confidence limits on characterization
data.

Produet size distribution is obviously the most direct measure of perfor-
mance in comminution systems. Available techniques for particle size analysis
involve errors and are generally applicable only over limited ranges of size. In
addition, different methods are based on different definitions of particle size.
Careful consideration should be given to these factors in the choice of sizing
methods to be used and in the interpretation of the resulting data. Errors,
limitations etc., can be especially significant in the use of measured size dis-
tributions for estimating model parameters.
~ Particle size-composition distributions are important in the prediction and



evaluation of mineral liberation. Microscopic methods are excellent for quali-
tative evaluation of size-composition relationships but generally lack preci-
sion in quantitative use. Macroscopic methods yield less information but at
greater precision. Combinations of the two probably represent the most usefy]
approach to the analysis of mineral liberation.
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A Rapid Method for Determination of Changes in

shape of
piffractometer

Comminuted Particles Using a Laser i

L. G. Austin}, O. Trass2, T.F. Dumm! and V.R. Koka?
IMineral Processing Section, Mineral Enginecring Department, The Pennsyivania State

%’Depal'hnent of Chemical Engineering, University of Toronto, Toronto (Canada)

Abstract

The size distributions of carefully screened |- 2 size fractions
of ground materials were determined using a Microtrac laser dif-
fractometer. The size distributions were fitted to the empirical
function P(x) = I/[t + (xy/x)%] where P(x) is cumulative
mass fraction less than Microtrac size, x. The standard deviation

of 4 for 2 50 second test time was approximately 0.5, so that

seventeen test times give a mean with an estimated error within

1 Introduction

Koka and Trass have presented evidence (1,2] that materials
ground in the Szego mill [3] give different shapes depending on
the milling conditions. The variations in shape were deduced
qualitatively by viewing SEM photomicrographs of selected |2

screen fractions. This paper quantifies their observed differences
in shape by using measurements of the size distributions of |2

screen fractions examined in a laser diffractometer [4)
{Microtrac, Model 7991), The basic concept is that particles of a
given “screen” size will give a wider distribution of *Microtrac”
size when the particles are flaky with high aspect ratios, and a
narrower distribution when the particles approach the cubical
and spherical geomerries.

2 Theory

Austin and Shah [5] have shown that coal screened withina |2
upper-to-lower sieve size range will give rise to a much wider
distribution of Microtrac size. They found that the 1/2_ screen
interval of irregular fragments of comminuted c¢oals or quartz
gave Microtrac size distributions which could be described by the
simple function

1
1+ (xgp/x)

where P(x) is the cumulative mass fraction less than Microtrac
size, x, as reported by the instrument; A was found to be about
five, and a mean shape factor, », defined by x,, divided by the
geometric mean screen size was in the range 1.2 to 1.3. Figure 1
shows typical results plotted in the form of 1/P(x)-1 versus x on
log-log scales, It is convenient to analyze results on this basis

Plx) = )

1 0.25 (95% confidence level). Values of 1 were 5.44, 4.82, 4.40
for a coal ground under different conditions, indicating
statistically different shape distributions; the average value for
mica was 2.91 owing to the high aspect ratio of the particles, The

- ratio of X, to the geometric mean sieve size was 1.2 for the coal

and 0.70 for mica,

because the size distribution is expressed in terms of the mean
shape factor, r, and the distribution coefficient, 4, where a
smaller value of 1 means a distribution spread out over a greater
range of sizes. Figure I shows that this function is a reasonable
approximation for the major mass of the samples.

3 Experimental Technique

Sunﬂes of relatively strong material such as coal were received
in /2 screen size fractions, which were then wet screened at 400
mesh to remove any fine material formed during transport.
These samples were tested in the usual way in the Microtrac using
0.1% Calgon as dispersing agent, and 0.1% Aerosol OT as wet-
ting agent, in concentrations of 0.50 g coal per liter of water, with
2 50 second test time. Samples of comminuted mica were found
to be fragile enough to break up on screening, so the samples
were dispersed in water, aflowed to settie for a few seconds and
fine suspended particles decanted. The remaining slurry of
screen-size material was then dispersed and tested in the
Microtrac.

4 Results

The size distributions of each sample were run five times to
enable statistical analysis to be performed. In addition, five
separate tests using fresh samples were also performed for the
coal ground under conditions A and B, as shown in Table 1. This
data does not allow clear decisions to be made concerning
statistical reliability because of wide variations in the estimates
of standard deviations based on only five tests. Therefore, one

“
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Fig. 1: Typical Microtrac size distributions for material in a | 2
screen interval, plotted to fit Ple) = (/] + (xg/x)4) from [5). 2:
coal. dry grinding, sieve size 38-53 um, T: coal, dry grinding, sieve size
53=75 um.

sample was run repeatedly for seventeen rests to obtain & better
estimate of siandard deviation, giving the results shown in Table
2. To ensure consistency in data handling, the fit of Eq. (1) to the
daia for each test was performed by linear regression analysis
using an unweighted least squares criterion.

The dats of Table 2 show, as expected, that standard deviations
about the mean are widely variable for each group of five tests
taken from the population. The overall standard deviations
based on the seventeen tests were 2.93 um on x,y and 0.50 on 4
for the coal of sieve size 53 % 75 pm from dry grinding and 3.08
and 0.49, respectively, for the coal from slurry grinding.

The estimates of standard deviations based on the N tests give
estimates of the error band on the means, to a 95% confidence
level, of £2a/)YN ~ 1 . Forthe results from only five tests {see
Table 1), the values of g for x,, and A determined above, gave
error bands of about 2.9 um on x4 and £0.5 on A, and
hence, no startistically significant difference was present between
tests A, B and C on either r or 4. As expected, there was a ciear
difference between these and tests D and E on mica. There was
no statistically significant difference between the standard devia-

Table |1 Microtrac size analyses: average of 5 tests of $0 seconds
duration,

Test operated five times

Test sample Sievesize x @, - i a,

1.2) Wm um um

A. Coal: dry 13-1 337 058 120 498 031
grinding 33-75 13 129 115 52 0.

B. Coal: 25% in 38-53 46 0.8 122 452 03
waler shurry 53-7% 748 150 1.19 45 0.20
grinding

C. Coal-Qil-Wuier i8-1) 554 089 124 am o7
gnnding £3-75 7.8 130 L3 475 008

D. Mics: wet 38-53 124 155 072 122 0.08
grinding 53-75 42.3 188 067 2.79 020

E. Mica: dry 3§-53 3.2 065 070 LIl 017
grinding 53-75 421 215 0.67 252 0.3

Five separate tests of 50 second duration

A. Coal: dry 3g-53 4.7 185 122 501 Q.16
grinding

B. Coal: 25% in 38-53 558 155 L4 443 0.53
water slurry
grinding

Table 2:  Parameters for 50 second Microtrac tests repeated seventeen
times.

A. Coal: dry grinding B. Coal: 25% sturry grinding

{33-75 um) (53-75 um)
Xyg i Xy A
773 512 3.7 150
716.0 5.35 73.6 4.01
768 . 511 75.3 4.16
78.6 6.13 .2 424
79.3 563 70.2 4.15
74.0 4.9 8.3 4,26
733 5.07 71.4 4,14
714 538 83.0 1.8t
68.7 6.78 9.4 4,10
n.2 5.80 75.7 494
5.2 5.4 78.9 4,21
69.8 4,89 80.7 4.62
T34 5.4 78.7 3.28
73.0 5.27 79.9 4,68
7.3 5. 149 514
15.6 4.96 78.6 5.06
I8 5B 28 an
Mean 746 5.44 B i B ] 4 40

tions obtained from one test run five times or five separate tests
each run one Lime

In order to clarily the differences berween the coal samples, the
number of tests for each sample was increased to 17, reducing the
95% confidence levels on the mean 4 to £0.25 for the 53-75 um
samples, giving the results in Table 3, A and B. Due o the close
agreement of standard deviations between A and B, test C was
just performed for a time of 17 x 50 = 850 seconds. The
distribution of shapes is significantly wider (4 is smaller) for the
25%s slurry ground coal than for the coai-oil-water ground coal
than for the dry ground coal, in sgreement with the qualitative
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* results of Trass and Koka {1]. The calculated mean distributions

are shown in Figure 2 in the form of Schubmann plots.

Table 3: Micratrac size analyses: average of seventeen tests of 50 second
duralion.

Sievesize Xy, @

Test sample o um “':;-‘ r A a,
:. Dry grinding 53-7% 146 293 .18 544 050
B 25% slurry 53-75 772 308 122 440 0.49

grinding
C. Coal-oil-water 53-78 76.0 -— [.21 482 -

grinding
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Fig. 2: Caiculated average Microtrac size distributlons for 53-75 um
sieve samples, averaged for seventeen west times of 50 second duration for
coals and five test times of 50 second duration for wet.ground mica.

Austin, Gardner, and Walker [6} have shown that the mean
bydrodynamic shape factor, ¢, obtained from liquid
permeability tests on packed beds of coal is a function of coal
rank, for coals comminuted under identical conditions.
However, the laser diffractometer measurement is simpler and
more rapid to perform.

5 Conclusions

Differences in shape between |- 2 sieve size fractions of ground
materials can be quantitatively expressed in terms of a2 mean
shape factor, r, and the spread of the distribution, 4, as measured
in a laser diffractometer. However, the standard deviation of the
value of 2 was 0.5 for a 50 second test time, in the Microtrac in-
strument, so that at least seventeen (est limes are necessary to
give 2 an accuracy within £0.25. The instrument is easy to use,
and running a measurement for 2 15 minute test time presents no
problem for strong materials that are not broken down by
repeated passage through the circulating impellers. Future work
will examine the variations of r and 4 from a more fundamental
viewpoint, but the technique can be used to obtain empiricai
shape factors which enable variation of shapes to be detected in
a statisticallv relizble form.
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7 Symbols and Abbreviations

N number of tests [—]

r mean shape factor [—]

Pix) cumulative mass fraction less than Microtrac size [~
particle size [L]

median size of particle distribution [L]
hydrodynamic shape factor [—]

standard deviation {L, -]

distribution coefficient [—]

e G M
R

8 References

1] O Trass, V. R. Koka, G. Pupachristodoulow; Perticle Shapes Pro-
duced by Comminution in the Szego Mill: Ist World Congress Parti-
cle Technology, Part 2: Comminution. NMA Narnberger Messe und
Ausstellungs GmbH, 1986, pp. 505-514,

{2] V. R. Koka, Q. Trass: Analysis of the Kinetics of Coal Breakage by
Wet Grinding in the Szego Mill. Powder Technol. 43 (19835) 287-294.

3] £ A. 1 Gandolfi, G. Papachrisiodonion, O. Trast Preparation of
Coal Slurry Fuels with the Szego Mill. Powder Technol, 40 (1984)
269-282,

{4] Microtrac Operators Manual. Leeds & Northrup Corp., Large,
Florida.

{51 L. G. Austin, I. Shah: A Method for Interconversion of Microtrac
and Sieve Size Distributions. Powder Technol. 35 (1983) 271-278,

I6] L G. Austin, R, P. Gardner, B L. Walker, Jr- The Shape Factors of
Coals Ground in a Standard Hardgrove Mill. Fuel 42 (1963) 319-323.




Washability of ultrafine coal

T.F. Dumm and R. Hogg

Abstract — With increasing interest in the physical

cleaning of fine coal, there i3 ¢ need. Jor extension of -

the sink-float analysis procedure to finer sizes. Prob-
lemas arise, however, in ensuring compiete dispersion
of the particles in the heavy Hauids. A procedure has
been developed in which surfactants are wsed as dis-
persing agents, and solids concentration is minimized
(using a simple formula to estimate the minimum
weight needed for statistical reliability). Using cen-
trifuges to increase separalion rates and subsisve
particle size analysis of the specific gravity fractiona,
a complete size-specific gravity distribution can be
obtained. Analyses have been performed on coal sam-
ples as fine ay - 10 um,

Introduction

Traditional gravity separation techniques such as
Jigging, heavy media and water-only cyclones, shaking
tables, etc., have been used to remove impurities from
coal ranging in size trom about 15 cm (6 In,) to about
150 um (100 mesh), The coal washabllity or float.and-
sink technique js a well-established procedure for
determining the optimum extent to which a coal can be
cleaned by such physical separation methods. Because
of the desire to recover even finer coal fractions by
gravity separation techniques, there iz a need to
extend the coal washabllity anaiysis into the ultrafine
range. The purpose of this paper is to describe some of
the significant factors that influence fine particle
specific gravity separation. Washabillty analyses
have been performed on three ultrafine (<10 um} coal
samples representing three general mining districts in
Pennsylvania. Results of these analyses indicate that
the washability technique can be successfully applied
to ultratine particles when proper care is taken,

Specific gravity fractionation

It is possible to characterize, to some extent, the
mineral-organic associations in coal particles on a
bulk basis using an analysis called float-and-sink,
washability, or spectflc gravity fractionatton. By
choosing a liquid that has a specific gravity that is

intermediate between the range of specific gravities of
the coal particles, a physical separation will occur
when the coal powder iz placed in the liquid. Particies
with specific gravities less than the liquid will float,
and particles with higher specific gravities will sink.
The float and sink particles are collected, dried, and
weighed to determine the fraction of coal powder
greater and less than the liquid specific gravity. The
sink fraction can then be redispersed in a liquid of
higher specific gravity than the previous liquid, result-
ing in another float and sink fraction. This float
material has specific gravities that range between
those of the two liquids; the closer the liguids are in
specific gravity, the narrower this range. By succes.
sively redispersing the sink particles in higher specific
gravity fluids, or redispersing the float particles {n
lower specific gravity liquids, the coal powder can be
separated into Its specific gravity components.

Heavy organic liquids or solutions of zinc or calcium
chloride are commonly used as the liquid medjum.
The salt solutions are the least expensive, but liquids
heavler than about 1.8 g/cm? become too viscous for
practical use unless more expensive salts, containing
heavy metals guch as thorium, are used. Organic
liquids, such as mixtures of chlorine and bromine
halogenated hydrocarbons, are generally more expen.
sive than sait solutions, but offer a wider range of
specific gravities (1.0 to 2.9 g/cm?) with low viscostty.
Far most fine coal (<76 yum) float-and-sink analyses,
organic liquids are most destrable. The organic lquids
used In this research are available commercially from
American Chemsol Inc. under the trade name of
Certigrav.

T.F. Dumm and R. Hogg, members SME, are graduats assistant
and prolessor and section chairman, respectively, Mineral
Processing Sectlon, Department of Mineral Engineering, The
Fennsyivania State University, University Park, PA, SME
preprint 871368, SME-AIME Annual Meeting, Denver, Co,
February 1987. MMP paper 87-824. Manuscript Februmry 1987,
Discussion of this paper must be submitted, in duplicats, prior
to April 30, 1988.



COAL WASHABDITY

By separating the coal particles into size intervals
before or after the liquid separation procedure, com-
plete gize-spacific gravity units can be deltneated from
a sample of coal. The coal powder can then be charac-
terized in terms of & two-dimensional, size-specific
gravity matrix, or surface. Ash analyses performed on
these units show how the inorganic material is distrib-
uted throughout the coal.

Separation rate

When the coal particles dispersed in a heavy Ntquid
form distinct float and sink layers, with no particles
in between, the separation is said to be complete. The
time needed for particles to either float or sink can be
calcuiated from Stokes' law knowing the particle
densities, Particles with densities near to that of the
heavy liquid. the '‘near.gravity" particles, may take
a very long time to float or sink.

As can be seen from Table 1, the gravity settling of
“near-gravity'’ particles (in this case, particles with
densities within +0.01 g/em? of the liquid density)
hecomes extremely siow for particles less than aboyt
150 pm (100 mesh), Consequently, for ultrafine coal
washability analyses, It is necessary to use centrifuges
to Increase particle settling rates.

Normally, a prior knowledge of the specific gravity
distribution of a coal is not available. If 2 large portion
of the coal consists of “near-gravity'' particles, a
compiete separation may take an extremely long time,
It is usetul, therefore, to centrifuge for various lengths
of time until the best separation is obtained.

Table 1 — Particle Separation Times

#a 0.0t gremd; # = 0.01 poise; setiling distance = 1 cm.

Satliing Time
Size Gravity Cenirltugal®
4 mash 0.2 we -
12 mesh 2 e -
30 meah 15 spe _
100 meah 4 min - © 05 sec
200 mesh 18 min 2 swr
400G mesh 1.1 hry 8 sec
10 pm 153 hry 1.T min
8 pm 1.5 days 7 min
1 um 2.1 months F3 1

“ 25-cm-giem centrifuge &t 2000 rpm,

Sample size

When a coal washability analysia is pericrmed, it ia
common practice to fractionate the coai sampte into
size fractions, and then submit each size fraction to
specific gravity separation, In order for these size and
composition fractions to be representative of the hulk
material, it is necessary that each fraction contain a
sufficient number of individual particles.

The critical size-specitic gravity unit for a distribu-
tion of coal is usually the coarse, top-size particles
that comprise a minimum weight percent of & certain
specific gravity. To determine the required welght of
coal, My, based on the critical unit, the following
equation can be used (Hogg, 1985):

4 —

where C; t8 the overall mass fraction of specific
gravity constituent j, fy; is the mass fractlon of con.

stituent § that falls in size class W,y Is the mean
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particle weight for constituent j in size class §, W iz
the overall mean particle weight of the distribution,
using average denalty and size, and ¢ Is the acceptable
tolerance at the 859, confidence level.

Table 2 shows the minimum amount of the size
fractions listed to be used in a washability analysia
that would give results having a tolerance of 5% at the
93% confldence level. Aa can be seen, the amount of
coal needed for large particles, {.e., those above 2.5 cm
(1in.}, is significant. However, the amount needed for
an accurate representation of the fine fractions below
150 um (100 mesh) is much less than1 g, Commonly,
for reascns dictated by subsequent analyses of the
float and sink fractions for such things as ash and
sulfur or by gravimetric detection limits, the minimum
welght used in a specific gravity fractionation i about
5 to 10 g. However, for separating ultrafine particles,
it is necessary to minimize particle-particle interac.
tlons during separation to engure complete disperslon
of the particles. It {3 useful, therefore, to minimize the
solida concentration by using the calculated minimum
sample weight.

Tabile 2 — Minimum Sample Requirements for
Washabillty Analysis

Siza Recommaendad Amount
5 x Jin, 18 fony
2x%in. 2 1ons

4 x & mesh 1.1 kg

13 x 18 mesh oy

20 x 30 mash LY.

M x 100 mazh O1g

200 mesh x O 64 mg

400 mesh x ¢ Emg

10pum x 9 18 mg

Fractionation scheme

There are several ways in which the washability
analysis can be performed. Usually, the coal to be
tested is sieved Into size intervals, and each size
Interval Is fractionated by successively redispersing
the sink fraction in higher specific gravity liguids,
However, in the case of ultrafine coal, it Is not usually
practical to separate the coal powder into size frac-
tions. In this case, the specific gravity fractionation
can be done on the entire size distribution, and sub-
sleve size analyses performed on the resulting sperific
gravity units. This method of float-and-sink analysis,
using successive separations of a single sample, wili
be referred to as the incremental method.

Another method of fractionating the ultrafine mate-
rial is to disperse the calculated minimum amount of
powder Into each heavy liquld where a separation jia to
be made. After separation has occurred in each vessel,
the resulting float fractions will represent the cumnula-
tive fraction of the total coal that floats at that specific
gravity. The Incremental weight fraction of material,
wy, contained within each specific gravity unit can be
determined from

W= W, - w,_, (2)

where W, and W;_, are the curnulative fractions of
coal floalglng In the jt separation and the previousily
lower specific gravity j-1 separation, reapectively.
For the first float and last sink fraction of a series,
w; = Wy. This float-and-sink method wili be referred
to as the cumulative method. The cumulative method
is preferred when analyzing ultrafine particles because
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they are only ever in contact with one specific gravity
fluld and because small differences in specific gravity
fractions can be determined without handiing extreme-
ly small quantities of coal,

Size analysis

It a large portion of the uitrafine coal powder ls jess
than 38 ym (400 mesh) in size, subsieve sizing tech.
nigues must be used. Appropriate methods include the
electrical sensing zone (Coulter Counter), lght
obscuration (Hiac/Royco Model 4300), and lght
scattering (Mlicrotrac Particle Analyzer) techniques,

Size analysis on the cumulative float fractlons will
also yleld cumulative size information. The incremen-
tal mass fraction #y; of particles of size | within each
specific gravity unli ] can be extracted from the size
distributions £}, of the cumulative float fractions such
that

Wity - W,

nom . .
z I (wjfu‘wj-lfu-l]
]=11l=1 L

ty = (3)

where {j; is determined by using a suitable particle
sizing technique. For the first float and last gink
fraction of the series, 1y = )Wy,

Ash analysis

Ash anglysis can be performed on the incremental
or cumulative float-and.sink fractions to determine
the ash content of each specific gravity fraction. If the
cumujative washability technique is used, the incre-
mental ash content value, &y, can be determined by
dividing the incremental weight of ash, by, by the
incremental weight of coal, wj, such that

a=3.|.-_-_BJ-_B_.I:l (4
T owy W —w,

where By and By_; are the cumulative ash weights,
and W; and W,_, are the cumulative total weighta
at the j™ separation and next lowest specific gravity,
respectively,

Since the particles are not physically separated into
size classes within each specific gravity unit, ash
analyses can only be done on the entire unit. Although
this does not give results on how mineral matter is
distributed with particle size within the coal, its assc-
clation with the specific gravity distribution can still
be made. :

Experimental
Materials

Three coals were chosen from the Penn State Coal
Data Base to represent three different ranks of coal
from three different mining areas in Pennsylvania.
These coals are designated PSOC 1192M, PSOC 1361P,
and PSOC 887. All coal samples used were originaity
collected as channel samples ao that the composition
of the final product would be representative of the
whole seam. Thres coal powders were prepared by a
special technique (Dumm, 1986) to produce standard
respirable dusta, 1.e., coal powdery that were less than
10 um in size and that had uniform eomposition within
each sample. Table 3 lists some trnportant Information
on each of the three coals.

Table 3 — Coats Used in the Study

Cosf Devignation PEOC 1192M PFEOQC f31P FROC N7
Seam Lower Kitlsning  Upper Ereepont  Primwosy
Seem Lacetion, County Chleartinid Lawrance Schuyhill
ASTM Rank Mad. Vol, Bit, Hi Vol. A, L Anthracile
% Low Temparature Ash .54 i 2420

Float-and-sink analyses were performed on the
standard respirable dusts to determine their size.
specific gravity and low temperature ash-specific
gravity distributions,

Size analysts of one of the coal powders revealed that
the top-size iInterval of the coal contained 2.3% by
welght between 10.55 and 14.92 um. Assumling that 109
of these particles are mineral matter (density 2.85
g/em?), the minimum amount of coal to be represen.
tative of the bulk sample of standard respirablie dust
was determined to be about 2 mg using Eq. 1.

To avoid measurement limitations while welghing
the specific-gravity fractions, however, the minimum
amount of standard respirable coal dust used In the
float-and-sink procedure was increased to about 10 mg.

Particle dispersion

When an adequate amount of coal dust had been
determined using Eq. 1, the coal dust was dispersed in
the desired Certigrav liquid. When this was done with
the standard resplrable dusts, 1t was observed that n
certain degree of agglomeration was occurring. After
ultrasonic treatment falled to alleviate the probiem,
several dispersants were tried. Of the dispersants that
were available, 1009 soild (nonaqueous) Aerosol-QT,
distributed through Fisher Sclentific Qo., was found to
give the most stable dispersion,

To determine the required amount of Aerosol.OT
needed In solution with Certigrav, a series of Aerosal-
OT/Certigrav mixtures was prepared using 1.4 specific
gravity Certigrav with varying concentrations of
Aerosol-OT. A 10-mg sample of a 1:1 coal {PSOC
1182M}/clay mixture was dispersed In each solution in
a special centrifuge tube. These suspensions were then
centrifuged for various lengths of time after which the
float and sink were separated. The ash content of the
float fraction was determined for each mixture and
plotted ngainst Aeroaol-OT concentration. The opt.
mum concentration of Aeroscl-OT is that needed to
reduce the ash content of the fioat to a minimum level,
This procedure was repeated for a higher specific
gravity of 1.9. Figure 1 shows the resuits of this
procedure for both specific gravity liquids. It can be
seen that both float fractions reach a tairly constant
ash content of about 109 at Aerosol-OT concentrations
greater than 20 mg/mL or 29 by weight. For all
subsequent float-and-stnk analyses, Certigrav contain-
ing 2% by weight of 1009 solid Aeros0l-OT was used.

Heavy liquid separation

Approximately 10 mg of coal dust was dispersed
into two 50-mL Teflon FEP centrifuge tubes, each
containing 30 mL of the same specific gravity, pre-
pared Certigrav. It is necessary to use the Teflon
centrifuge tubes hecause this plastic is inert to the
Certigrav: 1t is also durable, flexible, and transiucent,
The two tubes containing the dispersed particles were
balanced and placed into opposing holders in e, Dynac
Model 0063 centrifuge, In a stmilar manner, two more
coul samples were dispersed into tubes containing
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COAL WASHABILITY

another specific gravity Certigrav, balanced, and
placed into the centrifuge. When the centrifuge,
which is capable of holding four 50-mL centrifuge
tubes, was full, the contents were centrifuged at
about 2000 rpm (about 800 G) for a set period of time.

O-14 Specitic Gravity
o 4-19 Specitic Gravity

N FLOAT FRACTION

PERCENT LTA

0 10 20 30 40 SO

mg. AEROSOL-OT per mi, CERTIGRAV

Fig. 1 — Percent ash in lNoat fraction as a tunction of Aerosol-
OT (100% solid) concentration in Certigrav from PSOGC 1192M/
clay mixture

When centrifuging was compiete, the float and sink
Iractions were ready for separation. After a centri-
tuge tube was removed from the holder, the tube was
carefully pinched at a predetermined level using a
modified pair of Vice-grip clamps. The position of the
clamp was such that 509 of the fluid was in each half
of the tube after a tight sea] was made, When the
centrifuge tube had been crimped {n the middle, the
float material was poured onto a 26.mm, 0.4.um pore
size Nuciepore polyestsr membrane filter using a
glasa tiber backup filter, Nuclepore polyestsr mem.-
brane filters were used because they have very low
tare weights, do not absorb ambient molsture, are
Inert to the Certigrav, and the deposited particles are
easy to remove for subsequent size analysis,

The top half of the centrifuge tube was ringed clean
with ethyl acetate onto the fliter, and the particles
deposited on the fliter were further rinsed to remove
any residual Certigrav. The filter was removed from
the filter holder and air-dried. The clamps were
removed from the centrifuge tube, and the sink
naterial was poured onto another Nuclepore filter,
insed with ethyl acetate, and dried, This separation
Procedure was then repeated on the remaining cen-
trifuge tubes. When all the tubes were emptied,
another series of apecific gravities was used, and the
Process wasa repeated.

Centrifuging time

Float.and-sink analyses of standard respirable dust
PSOC 1182M at centrifuge times of 0.25, 0.5, 1, 2, and

&

3 hours at specific gravity intervals of 1.3, 1.4, 1.5, 1.6,
1.7, 1.8, 1.9, and 2.0 showed that.all separations were
complete after 15 minutes of centrifuging except in the
1.3 specific gravity liquid. Table 4 shows that at least
three hours of centrifuge time is neceasary before the
1.3 specific gravity fraction attains comnplete sspara-
tion. Although the maximum centrifuging time coyld
vary with each coal, three-hour runs were used for aui
subsequent analyses.

Tabig 4 — Welight Percent of PSOC 1192M in
Speciltic Gravity Intervais

Cantritupa Time 51 2000 rpm, Hawrs

$p. Or. 1M 112 1 2 3
1.3 Float »nr 20 184 59 1.7
13 x ra ne 43.2 ars 3 803
td x 15 Ha ng 253 7 248
15 x 1.8 Q0 18 21 02 '3 ]
18 x 1.7 28 09 ar 14 7
17 %18 0.0 11 ] [+ ) 00 7
14 =19 FA 00 1.3 10 0.0
19 = 20 1.4 kT 08 2.0 18
2.0 Sink 8.7 §7 a1 15 82

Size analysis

Size analyses were performed using the Microtrac
Small Particle Analyzer (8PA), manufactured by
Leeds and Northrup Inc., Large, FL. The device
determines particle size distributions of powders
dlspermed in a liquid trom the forward and right angle
zcattering of light emitted from a hellum-neon laser
and a tungsten lamp. The size range determined by the
apparatus is 42 to 0.12 um.

Since there were two sets of float-and-sink data from
each test (the two opposing tubes with the same
specitic gravity), one set was used for size analysis
and the other for ash analysis. After all of the gravity
tractions were wetghed, size analyses were performed
on the float fractions and final sink fraction of one set
of fractlonated coal dust using the Microtrac SPA,
Each fllter with deposited coa] particles on it waa put
into a clean 30-mL, beaker containing 20 mL of water
with 0.29) Aercaol-OT and 0.1%% sodium metaphosphate
a3 wetting and dispersing agents, The beakera were
then subjected to ultrasonic energy for as long as
hecessary (usuaily about three to seven minutes) until
the coal particies were removed from the filter. Addl.
tional stirring and ultrasontc treatment after the filter
was removed frotn the beaker and checking a drop of
slurry under the optical microscope helped insure the
particles were dispersed. The diepersed particles were
analyzed for size by the Microtrac SPA {using a
modified recirculator), Although it i3 possible to
retrieve the particles from the Microtrac SFA after
size analysis ta performed, this was not done for the
standard respirable dusty,

Having obtained a sire analysis on the float and final
sink fractions, Eq. 3 was used to determine the fraction
of particies of size | contained in each specific gravity
interval j. With this information, It is possible tp
deveiop a two-dimensional matrix describing the size.
specific gravity distribution of the dust. It is also
possibie to report this informaton In terms of surface
plots or block dlagrams.

Ash analysis

The complementary set of tractionated eoal dust
samples was used for ash analysis usln; the low
temperature ashing (LTA) technique.

;)
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The weights of the float and sink fractions wers
recorded, and each filter was placed in a 10-mL
beaker, The beakers were then placed in the chamber
of a Branson/IPC low temperature asher and ashed
for about three houra. The LTA remaining in the
beakers was redispersed and redeposited onto similar
Nuclepore membrane fllters. The LTA content wes
determined by weighing the fliters and dividing by the
original weight of coal.

Equation 4 was used to convert the cumulative low
temperature ash content values into incremental ash
content values,

Results

Table § lists the two sets of cumulative float data for
PS0C 1192M. The raw data show that there is a smali
decrease in cumulative welght percent float for both
seta of data at 1.8 specitic gravity. Since all samples in
each separation are considered identical, this decrease
represents an error in either the 1.7 or the 1.8 specific
gravity separation. These terms were corrected by
replacing them with the average of the 1.7 and 1.8
cumulative float values. In both sets of data, the
difference between the uncorrected and average values
was legs than 19 by weight. Whenever the 'difference
between two cumulative values resulted in negative
vhlues in Eg. 2 to 4, the cumuiative values were
replaced with the average of the two.

Tabis § — Uncorrected and Corrected Dala Sets
of Specific Gravily Fractionation

Comecied
Cumuistive Cumuiative
Pereen| Float Pecenl Flost

Fioal Sal1 Sel 2 Set1 Sel 2
13 12 22 1.2 12
1.4 421 519 a2zt 5.9
15 K] 1] 54 a8
18 B M7 a4 1)
1.7 1] 1] s e
e [ FA] prdL] 2.1 g2
19 nr 922 921 924
20 E 1] 029 s g0

Ap can be seen from Table 5, the technique appears
to give very reproducible results for sets that are
centrifuged for the same amount of time.

.The corrected cumulative float values of PSOC
1192M were used with Eq. 3 and the size distributions
of each float fraction to obtain the size-specific gravity
distribution of the coal. The results are given in Table 8

and llustrated graphically in Fig. 2. It can be seen
from the table that the larger size intervals (>2.63 um}
contaln'more lower specific gravity particles than the
smaller size intervals, which saeem to contain more of
the higher specific gravity particles, Size analysis of
the float fractions indicates that the size distributions
of the different specific gravity Intervals ars quite
similar, with an average median size of 4.4 pm;
however, the 2.0 stnk Interval, with a median size of
2.91 um, 18 considerably finer than the float fractions,
Table § and F'ig. 2 show that the size.specific gravity
distribution is distinetly bimodal. About 80% of the
coal particles are less than 1.7 specific gravity, and in
the size range 0.68 to 10.85 um, there are very few
particles between 1.7 and 1.8 specific gravity. These
results are consistent with what would be expected for
a well-liberated coal.

The ash content of each specific gravity interval
from the second set of data was calculated using Eq. 4
and normalized with respect to sample weight. Again,
if the difference between two cumulative values
resulted in & negative Interval value, the cumulative
values were replaced with the average of the two.
Table 7 lists the ash content values of each specific
gravity interval for PSOC 1192M. Cumulative asgh
values in Table 7 were determined by dividing the
cumulative ash weights by 10.000 mg. The caiculated
ash was determined by adding the ash of the float and
sink and dividing by the total weight of coal for each
separation. The average of these values is to be
compared to the total cumulative percent ash., The
distribution of ash with respect to specific gravity is
shown in Flig. 3. '

From Table 7 and Flg. 3, it can be seen that 375 of
the bulk composition of the coal dust above 1.8 specific
gravity is inorganic matter, compared to just 4.2¢% of
the bulk composition below this specific gravity.
Again, these results are consistent with what would he
expected for a well-liberated coal.

The slze-specific gravity distribution of standard
respirable coal dust PSQC 1361P is llustrated in Fig. 4.
The distribution is quite sirnilar to that for PSOC 1102M
(Fig. 2) except that this coal contains substantially
more of the very lightest fraction (1.3 float).

The distribution of ash content of the PSOC 1361P
dust ls pgiven in Table 8. The overall cumulative
percent ash value of 7.6 agrees well with the average
value calculated from each separation.

The slze-specific gravity distribution of PSOC 867 is
shown in Flg. 5. It can be seen that this coal {anthra-
cite) ls slgnificantly different from PSOC 1192M and
1381P, as would be expected. The compasition of this
coal is such that 679 s between specific gravities 1.9

Table & — Size-Specilic Gravity Distribution of PSOC 1182M
as a Percentage of the Total Coal

Stee, pm AL 2903 M0 1A% 1058 T2

.27

(% Teah 00 00 21 1] 83 v 9

SinisFloal
19 00 00 00 0bd o0 02 02
t3x14 €00 00 01 DD 49 134 128
tdx18 03 00 04 05 23 3% )
1I5x14 OG0 60 o000 ‘00 09 2T 14
1Bx17 Q00 00 00 00 0O 00 A8
17x18 00 00 00 00 GO0 QO OO0
1#x1% 00 0O 03 02 O Q0 OO
1Wx20 00 00 10 1 00 to 00
.0 ge ©p 01 00 D2 09 15
80

AN 283 10 101 0 043 00 024 09T
1358 88 73 34 35 19 04 01 00

0y 0% 00 00 a0 Q0 C8 00 0p
80 38 27 18 07 00 Do 00 Q0
21 21 18 t1 0% 00 00 048 OO
29 14 11 0B OF Q0 00 00 Q0
28 00 08 00 08 OO0 00 00 OO
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and 1.5 having size of 1.0 to 14.9 ym. Only 19, by mass
of this coal iz Jess than 1.5 specific gravity compared to
7095 for PSOC 1192M and 809, for PSOC 1361P. The aize
distribution determined from the 1.8 specific gravity
fraction was assumed for the lowar float fractions due
to insufficient amounts of these materials for size

SPECIFIC
GRAVITY

2.6 .7

SIZE, um

5.3

analysis. The float fraction size distributions tended
from falrly coarse with median values of 5.8 um at 1.6
specific gravity float to 4.8 um at 2.0 specific gravity
float. As with the other coals, the 2.0 specific gravity
sink was substantially finer than the other fractions,
having a median size of 3.8 um.

Fig. 2 — Slze-specific gravity distribution of standard respirable dust PSOGC 1192M as a percent of total coal
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Fig. 3 — Low temperature ash-specific gravity distribution of
standard respirable dust PSOC 1192M as a percent of tola!
coal
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Table 7 — Ash Analysis of PSOC 1182M
Specific Gravity Fractions

Tatal Wt n WL Ash in

Specific Inieresl, Inlervel, % Ashin  Cumuistivs  Caicuioted Ash

Gravity pwilmg pec10my Inlerval  Ash Content of Fioat + Sink
1.3 Fiost 02 - - - a3
13 x 14 088 0.075 3 (1] 82
T4 xtS 2.4 0.1458 1 12 .3
14 x 18 0.280 0.e? "2 28 w
18 1.7 0.000 - - 28 74
17 x 18 0277 0.02% v 29 .
1.8 % 19 0.000 - - 29 71
19 % 2.0 0,052 - - 1] 18
2.0 Sink 0.700 0.334 “r ot Avg. = 80
10.000 0.8t
Table 8 — Ash Anslysis of PSOC 1381P
Specific Gravity Fractlons
Tots WL In WL ASh In
Specific Interval,  Intervel % Ashin  Cumuiative Calewiied Ash
Gravity periOmg  partbmy  imtorval  Ash Content of Fleat + Sink
1.3 Float 2002 v.0s8 ar 1] 82
13 x 14 1.578 0.000 0.0 08 78
14 %18 4,350 0.100 22 1.8 79
1% x 18 LYY ooy 21 .7 18
18 = 1.7 Q.AaT4 L] L R 21 19
17 x 18 0.ore - — E A 75
18 %19 0.1%1 - - 2.1 e
19 % 20 0014 - - 21 18
2.0 e 0.008 0308 | 8% 13 Avg. = TR
10.000 0761
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Fig. 4 — Size-speciiic gravity distribution ol standard respirable dust PSOC 1381P as a percent of total coal
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Fig. 5 — Size-specific gravity disiribution of standard respirabla dust PSOC 897 as a percenl of tota! coal

Although the components of this coal have higher
specific gravities than the previous standard respira-
ble dusts, thia technique still detects a distinet separa-
tion between organic and mineral matter at a apecific
gravity of 1.9, which aggin indicates that this is & well-
liberated coal dust. Table 9 shows the ash associated
with each specific gravity interval,

82

Errors

Because of the need to maintain exiremely low
solida concentrationa in the heavy liquids in order to
minimize particle agglomersation, it is cleariy neces-
sary to exercise great caution in performing these
analyses to avold weighing errors, losses during
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transfer, etc. It appears, however, that there may also
be inherent errors in the fractionation process. Exam-
ination of Table 4 reveals that the quantity of material
in the lightest fraction (1.3 float) decreases substan.
tinlly with time over the three.hour centrifuging
period. To some extent, this could be explained by the
low settling rate of the near-gravity particles. How-
ever, calculated settling rates indicate that even
particles of specific gravity 1.31 in the size range 1 to
10 um, typical of this material (see Table 1}, should
have essentially all settled out in less than one hour.

Tabie 8 — Ash Analysis ol PSOC 887
Speclfic Gravity Fractions

Toial Wi in Wt Ashin

Spectiic Intervsd, Interend, % Ashin  Cumulative Cwleulated Ash
Orevily portimg partimg  interval  Ash Contemi of Float + Sink
1.2 Fioat .00 - - - ny
13 % 14 0.022 - - - ns
14 x 18 0.042 - - - 00
15 % 1.8 1.008 ¢.080 8.0 08 18.1
14%17 2413 1.034 1.0 . 14 e
17 %18 F X3 0.054 25 LT 193
1a%x 19 0.240 0.0u3 s T o2e 28
1% % 20 0.000 - - 18 n4
2.0 Sink 1.080 1.849 00 2.1 Avg = 209

10.000 2110

An alternative explanation may be that the heavy
liquida slowly penetrate into the porous coal particles,
Increasing their effective density with time. Such
effects might not be observed In conventional sink-
float analyses on +1%0.um (+100-mesh) particies,
where much greater penetration would be necessary
before the change In apparent density would become
noticeable and where the time of contact with the
heavy liquid {a normally much shorter. Slow penetra-
tion of porous coal particles by heavy liquids could alse
explain some apparently anomalous results reported
by other investigators (US Dept. of Energy: Cho, 1988)
who have cbserved a decrease in the relative amounts
of the lightest fractions as the coal is ground Progres-
sively finer.

It 18 clear that further research !s needed into the
interaction of coal particles with the heavy liquids
used for specific gravity fractionation. The apparent
density of any porous solid in a fluld medium obvious-

ly depends on the extent of penetration of the medium
into the pores. For microporous materials such as
most coals, where penetration rates may be quite low
and dependent on wetting characteristics, ete., this
raises questions not only with respect to the validity of
float-and-sink data but alse of the value of such data
for predicting ‘‘washabiltty.”

Conclusions

The results of this investigation indicate that the
float-and-sink procedure can indeed be extended to
ultrafine particles provided steps are taken to ensure
complete dispersion of the particles in the heavy
liquids and sufficient time i3 allowed for separations to
reach completion. Micron-size particles of near-
gravity material may require very long separation
times {hours) even in high-speed centrifuges. Appro-
priate measures to ensure dispersion of the particles
include the use of surfactants such as Aercsol-OT to
reduce particle-particle attraction and very low solids
concentration to minimize interparticle collisions,
Since statistical constraints are easily satisfled for
very fine particles, sample size can be determined on
the basis of the minimum guantity needed for reliable
weighing of the fractions etc. The relative extent of
heavy liquid penetration into the internal pores of the
coal particle is an area where further research is
clearly needed. B
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Potential Rble of Silicon-Oxygen Radicals in Acute
Lung Injury

N.S. Dalall, X, Shil and V. Vallyathan2

Department of Chemistry, West Virginia University
2Dclvp;slon of Respiratory Disease Studies, National Institute for Occupational Safety and
Health, Morgantown, Wv

INTRODUCTION

This paper summarizes our recent investigations of the potential role of
silicon-oxygen based free radical species in the biochemical mechanism of the
lung injury caused by the inhalation of freshly fractured silica. The impetus
for this study came from the following observations. Inhalation of crystalline
silica is associated with the development of acute and chronic silicosis.
Chronic  silicosis s characterized by the deveiopment of sharply marked
concentric fibrotic nodules in the lung. This occurs over a pericd of several )
decades with the development of progressive respiratory impairment. 1In
contrast, acute silicosis is manifested by the filling of the alveoli with an
amorphous lipoproteinaceous exudate within a short period after exposure, and
rapid development of respiratory disability often leading 1o fatality. Most
studies on the pathogenesis of silicosis have focused on the elucidation of
cellular mechanisms of cel] injury and the development of chronjc silicosis.
Because puimonary responses to crystalline silica are distinctly different for
the acute and chronic silicosis, we hypothesized that the acute response js
associated with some unique properties of freshly formed silica particle
surfaces, due %o the formation of some reactive chemical species caused by the
rupturing of the silicon-oxygen bonds. In occupations involving drilling,
tunneling and sandblasting operations acute silicosis can be correlated with
this unique surface reactivity of silica. The formation of reactive species
was demonstrated, using electron spin resonance (ESR) Spectroscopy (Dalal et
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al.,, 1986; Fuibini et al., 1987; Hochstrasser and Antononi, 1972). Grinding
of quartz crystals under uitra high vacuum (10" torr) leads to the formation
of Si- and SiO+ radicals and these radicals are quenched by exposure to air
and other gases (Hochstrasser and Antonini, 1972). ESR signalis have also been
reported from micronized quartz samples that were evacuated at 413 K (Bolis et
al.,, 1983). In order to find a more direct reiationship of such radicals to
acute silicosis, we made ESR measurements on quartz dusts freshly ground in
ambient air and found- that indeed grinding under ambient environment leads to
the formation of the Si- and SiO- type of radicals which decay on storing the
dusts in air or in biological buffers (Dalal et al., 1986; Vallyathan et al.,

1988). The Si+ and S$i0- radical formation on grinding has also been reported
by Fubini et al. (1987). In addition, we recently found that -OH radicals are
generated in aqueous suspensions of freshly ground quartz (Dalal et al., 1988;
Shi et al.,, 1988; Vallyathan et al., 1988). We have subsequently carried out
detailed cytotoxicity and biological assays on freshly made as well as aged
quartz dusts. As summarized below, the results provide new insight into the
biochemical mechanism of acute silicosis.

MATERIALS AND METHODS

ESR spectra were obtained at X-band (-9.7 GHz) using a Bruker ER 200D ESR
Spectrometer, employing a self-tracking NMR gaussmeter and a microwave
frequency counter. Crystalline quartz with particle sizes of 0.2 to 2.5 mm was
obtained from the Generic Respirable Dust Technology Center, Pennsylvania
State University, University Park, PA. Particles in the range of smaller than
25 microns were produced in an agate mortar ball machine grinder in air for 30
minutes and sieved through a 20-micron mesh filter before use. Al chemicals
and biochemicals used were obtained from Sigma, St. Louis, MO.

Alveolar macrophages were harvested from male pathogen~free Sprague-Dawley
rats by bronchopulmonary lavage using a calcium- and magnesium~ free Hank's
balanced salts solution as described previously (Myrvia and Evans 1967).
Microscopic estimates of purity indicated that 90 to 95% of the lavaged celis
were alveolar macrophages (Phillips, 1973).

Silica-induced activation of respiratory burst in alveolar macrophages was
monitored by measuring 0 and Hzo2 release. 05 release was monitored by

measuring the superoxnde-dependent reduction of cytochrome c spectrophoto-

&
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metrically at S50 nm using a Gilford Spectrophotometer (Mode] 300;!;1) [Swee:ey

et al., 1981). H,0, release was monitored by measuring the change in
fluorescence of scopoletin in the pi‘esenoe of horseradish peroxidase (Van
Scott et al., 1984). Fluorescence was monitored at an excitation wavelength of

JS0 nm and an emission wavejength of 460 nm using a Perkin-Elmer Fluorescence
Spectrophotometer (Model MPG-36) equipped with a stirrer

and temperature
controlled at 37°C.

The cytotoxic potential of fresh or aged silica was monitored by determining

the effects of these dusts on cellular membrane integrity, i.e., hemolysis of

red blood cells and release of cytosolic lactate dehydrogenase (LDH) from

alveolar macrophages. Hemolytic activity of freshly ground er aged quartz

particles was measured in a 2% suspension of sheep erythrocytes as the amount

of hemoglobin released after .indubation in the
{Nolan et al, 1981).

presence of quartz particles
The LDH release was measured by incubating the alveolar
macrophages (2 x !0‘) for different time intervals in a shaking water bath at
37°C in the presence of quartz particles. After incubation,
were centrifuged and LDH released from the
supernate {(Wroblewski et al., 1955).

cell suspensions
macrophages was estimated in the

RESULTS

A. ESR Measurements on Freshly Ground Quartz

Figure | shows some typical ESR spectra of fresh quartz particles ground by

an agate ball machine grinder in air. The measured g-values are 2y = 2.0017

and g, = 2.0007. Such ESR spectra from quartz are characteristic of
silicon-based radicals (Si-, S$i0-) {Hochstrasser and Antonini, 1972; Dalal et
al., 1986; Fubini et al., 1987: Vallyathan et al., 1988). It was found that
these silicon-based radicals decay with a half-life of about 30 hours. We
stress, however, that the decay kinetics foliowed "first order™ only very
approximately and that about 20% of the radicals were still detectable even
after four weeks of storage in air. We note that the spectral resolution and
lineshape depend somewhat op the grinding time and procedure as well as on

temperature. Further studies are under progress to understand the details of
these observations.

r
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Figure 1. Typical ESR spectra from quartz dust f reshly produced by an

agate ball machine grinder in air. The spectra were recorded at
different temperatures as indicated.

—— et } ..

B. Activation of Alveolar Macrophages by Freshly Ground Quartz Particles

In order to investigate the possible role of silicon-based rédicals and the
oxygenated radicals generated upon reaction of f reshly ground quartz particles
with aqueous media (Dalal et al., 1988; Shi et al., 1988). we examined if
freshly ground silica was a more potent stimulant of the respiratory burst in
alveolar macrophages. The experiments consisted of measuring the Oé and HZOZ
after in vitro exposure of aiveolar macrophages to either fresh quartz
particles or aged ones from the same stock. As shown in Figure 2, fresh quartz
| particle~induced 0; release decreased by 16% or 277 after storage in
l phosphate buffer for 24 or 96 hours, respectively. The fresh quartz
l particle-induced Hzoz release decreased by 657 after 24 hours of storage

{Figure 3). From Figures 2 and 3, it may be noted that the half time for
[ thedecrease in the ability of fresh quartz particles to activate alveolar
macrophages was approximately 22 hours, which was comparable with the
half-life for the silicon-based radicals and the fresh quartz dust’'s ability
to generate oxygenated radicals {Dalal et al., 1988; Shi et al., 1988).

87
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Figure 3. The effect of quartz particles on H202 release {rom alveoclar
macrophages.

C. Measurements of Cytotoxicity of Fresh Quartz Particles

e e — e

Figure 4 shows that fresh quartz, particles exhibit a greater disruptive
effect on red blood cell membrane integrity than do particles stored in a
phosphate buffer solution for several hours. Although there was a tendency for
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Figure 4. Hemolytic potential of quartz particles.
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Figure S. The effect of fresh ground quartz particles on release of
cytosolic lactate dehydrogenase, LDH, from aiveolar macrophages.

% LDH Released

the fresh quariz particle-induced release of LDH to decline ag silica apged,

the differences were minimal {Figure 5) compared to hemolytic change.

DISCUSSION

A —— | —— f—

Our results provide evidence that mechanical grinding of crystalline quartz

under ambient laboratory conditions in air produces silicon-based radicals and

89
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that these radicals decay with time (Dalal et al., 1986). In our
precedingpaper (Dalal et al., 1988) and elsewhere (Shi et al., 1988), we have
reported that freshly ground quartz particles have the ability to generate
oxygenated radicals and hypothesized that the silicon-based radicals and their
associated oxygenated radicals might be involved in the initiation of the
lipid peroxidation of the macrophage membrane, resuiting into cell death
(Dalal et al.,, 1988; Shi et al., ‘1988; Vallyathan et al., 1988). The resuits
presented here show. that fresh quartz particles are more biologically reactive
than aged ones, i.e., fresh quartz particles' induce a greater respiratory
burst in alveolar macrophages. The éeneration of Si+ and SiO- radicals and the
formation of -OH radicals in suspensions of fresh silica dusts might partially
explain the enhanced reactivity of fresh quartz particles and the pathogenesis
of acute silicosis which results from the inhalation of f{resh quartz. We also
find that the ESR spectra obtained from quartz particles ground by an agate
ball machine grinder (Figure 1) are different from those ground by hand using
agate mortar and pestle as reported elsewhere {Dalal et al., 1986; Vallyvathan
et al., 1988). In this connecticn we point out that the method of reducing the
particle size for quartz has been found to have a marked effect on the
toxicity. For example, the toxicity was found to increase when quartz was
ground in a mill than when crushed in a press (Rassk and Schilling, 1980;
Robock and Klosterkitter, 1973). Further investigation of the effect of
different ways of grinding on the free radical formation and its relevance to

fresh quartz dust’s fibrogenic and cytotoxic potentials is currently underway.
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Biochemical measurements show that as compared to stale quartz freshly ground
quartz par!ncles cause a greater respiratory burst, i.e., enhanced secretions
of sup?roxxde anion and hydrogen peroxide from macrophage and a greater
CytotoXicity effect op cellular integrity, i.e., an enhanced cytosolic lactate
dehydrogenase release from macrophages and hemolytic potential. These results

indicate 2 possible role of silicon related radi i ;
mechanism of (acute) silicosis. cals in the biochemical



On the Mechanism of the Chromate Reduction
by Glutathioe: ESR Evidence for the
Glutathionyl Radical and an Isolable Cr{V)
Intermediate

X, Shi and N.S. Dalal
Department of Chemistry, West Virginia University

With a view of elucidating the role of glutathione (GSH) in the
biochemical pathways of the chromate-exposure related carcinogenasis,
we carried out electron spin rescnance (ESR) speactroscopic
investigations of the chromate-GSH redox reactions. The ESR
measurements, employing spin-traps, provide evidence for the
invelvement of the gtutathione (GS-) radical, as well as an isolable
Cr{v}i-glutathione intermediate. These results indicate a new
mechanism for the reduction of chromate by GSH in in vitro
cellular environment and help understand the (unexpected) increass in
Cr(vIj-induced DNA strand breaks at slevated GSH lmavels.

We report here indirect electron spin resonance (ESR) svidence
for the involvement of the glutathionyl (GS$-) radical and direct
evidence for a Cr{V) intermediate in the reactions of glutathione
(GSH) with chromate for the first time. This work was undertaken to
clarify the biochemical pathway of the reduction of chromate by GSH,
since this reduction process is thought to ba a critical step in the
pathogenesis of the chromate-exposure related carcinogenssis!., This
follows from the literature reports which show that (a) cr{(vil}
compounds have been proven to be carcinogens in laboratory animals as
well ag in human studies?-¢, (b) Cr(vl) and not Cr(IIl) compounds are
mutagenic?®-7, (c) Cr(VvI) and not Cr(Il1l} compounds can penatrate cell
mambranes® ¥, (d) the final state of Cr(VI}) in cellular reductions is
Cr(111}*, (e) by itself chromate (or Cr(VI}) cannot be directly
mutagenic seince Cr(Vl) is known not to interact with isolated DNA
under physiological conditions'?, suggesting the significance of

Cr(vl) reduction processes. One of the major reductants in cellular
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environments is thought to be the GSH, both cutside and inside the
cellg!1-'2, Other evidence for the rols of GSH in the chromate
toxicity is seen from recent studies showing that exposure of hamster
calls to non-toxic levels of added selenitae increasss the lsvels of
GSH as well as the Cr(VI)-induced DNA atrand breaks'4, and that

such DNA strand breaks in hepatocytes aliso change in direct
proportion to their GSH content!%.7%  Thege observations werae
interpreted as implying that the reduction of chromate by GEH to somes
reactive intermediate is an important step in the chromate
carcinggenicityts. 7%, The following reaction steps were

suggestadis.1v;

(A) Initial step:
CrOaz'TGSCFOJ' (t)
GSM

(B) At high GSH leavals:
GSCrQ; - 7TC!"(IV) {(2)
GSH GssG

(C) At low GSH levels:

GSC?O:'—T'CF(V) (3)
GS-

whare GSCr0a- is the glutathione-chromate-ester, GSSG the

glutathione dimer, and GS- the glutathiony! radical. Thus far,
however, in these reactions, the GS5- radical has eluded

spactroscopic detection, perhaps becauss of its high reactivity,
whereas both positive'7.1% ag well as negative'! evidence for Cr{V)
formation has besn reported. In the present undertaking, we have usad
the ESR spin-trap methodology to c¢ircumvent the aniticipated high
reactivity of GS- and find definitive evidence for the formation of
this radical. In addition, we provide unequivocal! evidence for the

involvement of an intermediate species containing Cr(v).

MATERIALS AND METHORS: ESR spectra were obtained at X-band (-9.7

GHZ) using a Bruker ER200D ESR spectrometer. The magnetic field was
calibrated with a self-tracking NMR Gaussmeter (Bruker, Model ERQ3ISM }
and the microwave frequency was measured with a Hewlett-Packard {Model -
5340A) frequency counter. The spin probes, a-(4-pyridyt-t-oxide)=-N
=tert-butyinitrone (4-POBN)} and 5,5-dimethyl-1-pyrroline-t=oxide
(OMPO} were purchased from Aldrich, and used without further
purification since very weak or no spin adduct signals were obtained




from the purchased sample when used alone. K20ra07 was purchassd
from Fisher. A1) expeariments wers done at room temperature.

RESULTS AND DISCUSSION: An aquecus sclution of 0.1 M spin trap a=-(4-
pyridy1-1-oxideJ-N-tcrt—buty1nitrono (4-POBN), either with chromate
alons or GSH alone, did not give a detectable ESR spectrum. However,
when chromate, GSH and 4~POBN were mixed, an ESR spectrum was observed
which was a composite of the spin adduct signal. (sharp doublets of
triplets) and that of Cr(v)17.1%, the broad peak at g = 1.995 (Fig. 1
a-c}. About ten minutes Tater, when the signal from Cr(V) had decayad,
a clear spectrum (g = 2.00681), consisting of only doublets of triplets
was obtained (Fig.1 f). This spectrum is assigned to the 4-POBN~=-GS
adduct by its strong gimilarity to the spectrum reported earlier?'’ for
the same adduct. The analysis of the spectrum in Fig. 1 f gave the
nitrocgen hyperfine coupling aw = 15.0 G and proton hyperfines coupling
a4 = 2.3 G, which compare well with those (aw = 15.13 G and aw =

2.32 G) reported earlier'®,

Additiona! support for this identification was seen from ESR
spectra using 5,5-dimathy1-!-pyrro11nc-1-oxide {DMPO). The spectrum
obtained, Fig. 2 a, is composite of that of the 8pin adduct, a 1:2:2-1
Guartet, and that of Cr(V), as evidenced by the broad peak at, g =
1.995. The analysis of the ESR 8pin adduct Spectrum gave any = 15,2 @
and an = 15.9 G, These values are very similar to those (aw = 15.4 G
and aw = 16.2 G) reported2%.21 gariiar for the DMPO-GS spin adduct.
The spin adduct spectrum shows rapid decay ezzentially as
decribed29.27 previously,

An important observation in the spin-trap studies was that an
increase in the amount of QSH caused an increase in the spin adduct
ESR signal until the intensity levelad off at a molar ratio of about
fifteen to one of GSH to K2Cra0y (Fig. 1 a-c). No spin adduct
ESR signal was detected for the molar ratio of less than one
(Fig. 1 o). This observation is in contradiction to the staps (B)
and (C) as outlined in equations (2) and (3) above.

Fig. 1 and Fig. 2 a-b provide direct evidence for the formation
of a fairly long-lived Cr(v) intermediate whe the molar ratios of GSH
to KaCrz0r are higher than one. In agreement with earlier

studies'?. '8, different kinds of Cr(Vv) complex are formed depending
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on the reaction conditions (Fig, 1 a-d). We were able to isclate the
g = 1.995 species with a yield of about 50 percent. A typical ESR
spectrum for the powder ig shoewn in Fig. 2 ¢. The measured g-valiues
are g, = 2.007 and g, = 1.989, with Tittle variation with temperature
from 115 K to 310 K. These values are typical of Cr(V) solids??, wWhen
the isolated Cr(V) intermediate was redissalved in water, its ESR
spectrum was identical with that from the original solution.
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Fig. 1. ESR spectra recorded 2 minutes after mixing a 0,016 M
sclution of KiCrz0r with the following concentrations of GSM:
(a) 0,376 M, (b) 0.18 M, (c) 0.075 M, {d) 0.03 M, (@) 0,007
M. The spectrum in (f), corresponding to [GSH] = 0.575 M, was
taken after 10 minutes of tha mixing, in order to cbtain the
spin adduct signal free of the Cr(V) signals. The
concentration of spin trap used, 4-POBN, was 0.1 M.

Fig. 2. ESR spactra of chromate-glutathions mixtures: [KeCrz07] =
. 0.015 M; [glutathione] = 0,375 M; [ PO] z= Q.1 M; (a) pH = 7.2;

(b) pH = 4.0 M, recorded 2 minutes arter mixing. (c) ESR

spectrum of an isolated Cr(V} complex. The astriske indicate
minor Cr{v) speciss.
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Using the isolated Cr(v) complex, as well as KaCrCa, a
known Cr(V) compound??, it was found that the cr(v) intarmediate alsc
serves as an oxidant for the formation of GS-, a result not discussed
in any of the eartier studies of the chromate-GSH reaction!.s-1e We
thus suggest the following alternative mechanisms for the chromate

reduction:

(A) At high GSH levels:

Cr(VI)[GS)ﬁCP(V)GS (4)
GSH Gs-
cr(v)es 7;’————Cr(V)(GS}z {5)
GSH
Cr(v)(Gs)z TCr(III)GS (6)
GSH
265 - ——— G556 (7)
{B) At low GSH levels:
Cr(vIi)as Cr{Iv) (8)
GSH GS58G
Cr(IV) + Cr(vl) 2Cr(11I)GS (8)
6GEH 2@8385

The above resuits also halp understand the recent reports1s.1s
that increased levels of GSH in the cells result in increased DNa
damage by Cr(vI)., In the cellular environment the concentration of
GSH is much higher than that of Cr(vVI)'®, Now this study shows
that the simultanecus formation of GS- and Criv) takes place only
&t higher levels of GSH relative to Cr(VI}. It thus appears that
increased Cr(vI)-induced DNA strand breaks noted at higher GSH
levels are related to the simuitansous formation of the GS: radicals
and Cr(V) intermediatas,

In concliusion, this work shows that both a long~1ived,
isolable, Cr(v) intermediate, and the GS- radical are formed in the
reaction between chromate and GSH, but only at high levels of GSH
relative to chromate ions, in disagresmant with an sarlier proposed
mechanism'? . 18, Thyus, a new mechanism has been Suggasted, which also
provides a plausible explanation for the recent (unexpectad) report
of an increass in Cr(vI)-induced DNA strand breaks at increased GSH
leveis. Qur succeas in isolating the Cr(V) complex opeans up the
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possibility of carrying out a detailed single crystal characterization
l of Cr(VvV)~(@SH}a complexation, which may provide cluas as to the
mechanism of the chromate reducﬁion by .cellular thicls. Alasc a
methodology for combating chromate-related carcinogenesis may be

available as a results of thess investigations.
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Electron spin resonance measurements have now been completed on the ter f

decay kinetics of the organic free radicals formed on crushing or ﬁ;‘;

grinding of a well characterized anthracite coal. The free radicals velo

exhibit a complex decay pattern for the first few hours after the ' ;‘t;i

grinding, and a smooth decay thereafter. Parailel hemolysis studies set 2
indicate a half-1ife of the decrease in the cytotoxicity of the fresh the

dust to be about half-a-day. The cytotoxicity of the freshly-made dust g;’(
decreases on addition of superoxide dismutase, catalase and sodium rato

benzoate. The hemolysis rate is lower for the dust stored in puffers as It
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Generation of Free Radicals from Freshly Fractured
Silica Dust: Potential Role in Acute Silica-Induced

Lung Injury
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Introduction
Occupalional exposure to crystalline sil-
jcacan be associated with either chronic
or acute pulmonary disease. Chronic sili-
cosis becomes manifest 20 to 40 years af-
ter first exposure and is characterized by
development of concentric hyalinized
nodular lesions in the lung with the de-
velopment of dyspnea over a period of
several decades. Acute silicosis, on the
other hand, is manifested by a rapid on-
set after exposure and is characterized by
the accumulation of an amorphous
granular lipoprotein exudate in the air-
spaces and rapid development of respi-
ratory disability within a few years (1-3).

Information is growing concerning the
etiology of chronic silicosis. Studies sug-
gest that several mechanisms may be in-
volved in the development of fibrosis.
Lung injury may result from silica-
induced release of lysosomal enzymes
from alveolar macrophages (4, 5). in ad-
dition, silica-induced activation of su-
peroxide anion and hydrogen peroxide
release from alveolar macrophages may
result in oxidant-induced darmage to jung
parenchyma (6). Silica exposure can also
resuit in the release of mediators from
abveolar macrophages which enhance the
proliferation of fibroblasts and the syn-
thesis of collagen by these pneumocytes
7, 8).

In comparison with chronic silicosis,
very little is known concerning the de-
velopment of acute silicosis. Because the
pulmonary responses to silica differ in
the chronic and acute presentation of dis-
case, it does not seem likely that acute
silicosis can be explained simply as the
response of the lung to high levels of sili-
¢a. We propose that at least part of the
acute response is due to some unique
characteristic of the dust inhaled. Acute
silicosis is commonly associated with
sandblasting, rock drilling, tunnelling,
and silica mill operations, i.c., operations
In which silica particles are crushed or
sheared (9). Therefore, it is possible that
freshly sheared silica may have surface

...

SUMMARY Data prusentsd hery indicats that freshiy fractured sllice sxhibits surface charscteris-
tica and blologie reactivity distinct from aged sitica, and on thvis besis we proposs thet these surtaos
teatures may jead o snhanced mentfesiations of lung injury. Geinding of silica produces ~10'* 8
and 81-0 (sllicon-based) radicals per gram of dust on the particulate surfscs which s charachertsed
by sn slectron apin resonance (ESR) specitrum centensd sround g = 2.0015. Thees sillcon-besed
radicals react with sguecus media 10 produce OH rudicals, which are demonatrable using & DIWPO
spin trap. The concentration of slicon-based redicals in silics decrasses with aging in air and ex-
hibits & hatt-iite of ~30 h, whemas te sbility to generute OH radicals In aqueous solution decresses
with a hatl-iite o ~20 h, Howwver, on storage in aquecus media, the concentration of siiloon-based
racicals snd the dust's abiity 10 genersts ON rdicais decrasss signtficantly within s few minues.
Ereshly ground allica Is also mors biclogically mective than aged sllica, becauss freshly crushed
sllics sctiviies a grester respirsinry burst In siveoier macrophages than aged silica, 1.4, storege
of ground dust In air decreasss sllica-induoed superoxide snion secretion, hydrogen peroxide re-
lonse, and NBT reduction by 25%, 5%, and 43%, respectively. Furthermonm, compered Yo aged
sllica, freehly ground slilca exhibits & grestar cytotoxic effect on cefiutar membrane inwgrity, Le.,
8 1.5-fold increase In LDH releass from macrophages, a J8-foid Increese in hamolylic sctivity, and
a three-foid incresas In tha abliity to induoe lipid peroxidation. Because acute ellicosis is frequently
sssocisted with occupations in which freshly frectured crystalline sllica of respirable sizw Is gener-
#tad, the preasnt study suggests that fracture-gensrted silicon-besed radicals may play & signifi

cant role In the pathogenasis of this dissase.

properties that make it more reactive with
lung tissue than aged silica, and that it
is this unique reactivity of freshly sheared
silica that leads t0 manifestation of acute
pulmonary disease.

Earlier studies have suggested that
freshly fractured silica may exhibit sur-
face reactivity not found in aged silica.
Hochstrasser and Antinini (10) reported
that silicon-based radicais could be
generated upon cleavage of a quartz crys-
tal under ultra-high vacuum (10" mm
Hg). Karmanova and colleagues (11)
reported release of singlet oxygen from
silica dust upon heating, whereas Kol-
banev and associates (12) reported gener-
ation of H,0, from the reaction of freshly
ground silica with water. In addition,
Marasas and Harington (13) reported that
sitica exhibits oxidant properties that may
be related to its pathogenicity. However,
to date, a systematic evaluation of the
generation of silicon-based radicals as a
result of shearing or grinding under am-
bient air which mimics occupational con-
ditions, as well as the decay of these sur-
face radicals and its relevance to biolog-
ic reactivity, has not been conducted,

The objective of this study was to
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cvaluate whether freshly ground silica
was more surface reactive and/or cyto-
toxic than aged silica. First, the genera-
tion of short-lived silicon-based radicals
on freshly ground silica and possible re-
lease of oxygenated radical species was
evaluated using electron spin resonance
(ESR) techniques. Secondly, the reactiv-
ity of freshly ground silica was monitored
by comparing its ability to activate a re-
spiratory burst in alveolar macrophages
to that of aged silica. Lastly, cytotoxic-
ity of fresh versus aged silica dust was
compared by measuring their effects on
red blood cell hemolysis, LDH release
from alveolar macrophages, and lipid
peroxidation.

Methods

Reagents
Horse heart ferricytochrome ¢, N-2-hydrox-
yethy! piperazine-N-2-ethane suifonic acid
(HEPES), horseradish peroxidase (Type [X),
scopoletin, superoxide dismutase (SOD), cata-
lase, cis-9-cis-12-octadecadienoic acid (linole-
ic acid), sodium benzoate, sodium dodecyl
sulfate, diethylenctriaminepentaacetic acid
{DETAPAC), dimethyl sulfoxide (DMSO),
ethylenediaminetetraacetic acid (EDTA), and



D-mannitol were obtained from Sigma Chem-
ical Company, St. Louis, Missouri. The 5.5,-
dimethyl-l-pyrroline-l-oxide {DMPO), 1,3
dimethyl-2-thiourea (DMTU), and 1,13,3-
tetramethoxypropane were obtained from Al-
drich Chemical Company, Milwaukee, Wis.
consin, and 1-butanol was obtained from
Fisher Scientific Company, Pittsburgh, Penn-
sylvania.

Preparation of Sitica
Crystalline silica (0.2 to 5.0 mm in diameter)
was obtained from the Generic Respirable
Dust Technology Center, Pennsylvania State
University, State College, Pennsylvania. Sili-
ca was ground in an agate mortar with a pes-
tle for 30 min and sieved through a 20-micron
mesh filter before use. Representative sam-
ples of the ground silica were subjected to X-
ray spectrometric analysis to confirm that the
silica samples were mineralogically pure and
contained no detectable trace elemental im-
puritics. For measurement of decay of ESR
signal or biologic effects, samples of a single
stock of ground silica were taken at various
times after grinding to assure uniformity of
shearing and particle size.

Measurement of Electron Spin
Resonance (ESR)
ESR spectra were obtained at X-band (~ 9.7
GHz) using a Bruker ER 200D ESR spectrom-
eter at the Chemistry Department of West Vir-
ginia University. For accurate measurements
of the g values and hyperfine splittings, the
magnetic field was calibrated with a seli-
tracking NMR Gaussmeter {Bruker Model
ER035M) and the microwave frequency mea-
sured with a Hewlett-Packard (Mode! 5340A)
frequency counter. All the measurements were
made at room temperature, Typical spectroms-
eter settings are given in the figure legends.

Isolation of Alveoiar Macrophages

Alveolar macrophages were harvested from
male pathogen-free Sprague-Dawley rats by
bronchopuimonary lavage using a calcium-
and magnesium-free Hank’s balanced salt
soiution (14). Macrophages from ten 8-ml
lavages were sedimented by centrifugation at
500 g for 5 min at 2° C and suspended in
HEPES-buffered medium containing 140 mM
NaCl, § mM KCl, 10 mM HEPES, | mM
CaCl,. and 5 mM glucose (pH 7.4). Cell via-
bility counts were made using the trypan blue
dye exclusion procedure (15). Microscopic es-
timates of purity indicated that 90 t0 95% of
the lavaged cells were alveolar macrophages.

Activation of Alveolar Macrophages
Silica-induced activation of the respiratory
burst in alveolar macrophages was monitored
by measuring superoxide and hydrogen perox-
jde release. Superoxide anion release was
monitored by measuring the superoxide-
dependent (SOD inhibitable) reduction of
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cytochrome ¢ spectrophotometrically at 550
nm using a Gilford Spectrophotometer (Mod-
¢! 300-N) (16). Briefly, alveolar macrophages
2 x 10° cells) were added to 2 ml of HEPES-
buffered medium containing 0.12 mM cy-
tochrome c either in the absence or presence
of silica (1 mg/ml). At zero or 30 min, par-
allel cell suspensions were centrifuged at 2,000
g for | min and the absorbance of the super-
natant was measured. Superoxide release was
proportional to the difference between the ab-
sorbance values at 30 and zero min. Absor-
bance values were converted to nmoles of
cytochrome ¢ reduced using an extinction
coefficient of 21 mM 'cm™*.

Hydrogen peroxide release was monitored
by measuring the change in fluorescence of
scopoletin in the presence of horseradish per-
oxidaze {17). Fluorescence was monitored at
an excitation wavelength of 350 nm and an
emission wavelength of 460 nm using a Per-
kin-Elmer Fluorescence Spectrophotometer
(Model MPG-36) equipped with & stirrer and
temperature controlled at 37° C, Briefly, al-
veolar macrophages (5 x 10*cells) were add-
ed to 3 mi of HEPES-buffered medium con-
taining 2.4 uM scopoletin and 6.6 units of
horseradish peroxidase either in the absence
or presence of silica (I mg/ml). The decrease
in fluorescence was converted to nanomoles
of hydrogen peroxide released, using a stan-
dard curve constructed by adding known
quantities of hydrogen peroxide to the assay
Clrvette.

Reduction of nitro biue tetrazolium (NBT)
to formazan was also monitored to measure
respiratory burst activity in alveolar macro-
phages, using a histochemical technique (18),

Measurement of Cytotoxicity

The cytotoxic potential of fresh or aged sili-
ca was monitored by determining the effects
of these dusts on cellular membrane integri-
ty, i, hemolysis of red biood cells and re-
lease of cytosolic LDH from alveolar macro-
phages, as well as the ability of silica to in-
duce lipid peroxidation. Hemolytic activity
of freshly ground or aged silica was measured
in a 2% suspension of sheep erythrocytes as
the amount of hemoglobin released after in-
cubation in the presence or absence of silica
(10mg/ml for 1 hat 37* C). After treatment,
the suspension was centrifuged and the ab-
sorbance of the supernates read at 540 nm
using a Gilford Spectrophotometer (Model
300-N). Percentage of hemoglobin released
was calculated as the ratio of the absorbance
value for the supernatant sample from silica-
treated red blood cells to that from cells lysed
with 0.5% Triton X-100.

The effects of freshly ground or aged silica
On membrane integrity were also monitored
by measuring cytosolic lactate dehydrogenase
(LDH) release from alveolar macrophages.
Alveolar macrophages {2 x 10*) were incubat-
ed for different time intervais in a shaking

100

water bath at 37° C in the presence or ab-
sence of silica (1 mg/ml). After incubation,
cell suspensions were centrifuged and LDH
rejeased from the macrophages was estimat-
ed in the supernate (19). The reaction mix-
ture in & total volume of 3 ml contained phos-
phate buffer (pH 7.4), 0.1 ml of enzyme su-
pernatant, 0.07 mg/mi NADPH, and 0.0007
M sodium pyruvate. The reaction was initiat-
ed by the addition of sodium pyruvate to pre-
incubated reaction mixture. LDH secretion
was expressed as percent total enzyme released
by Triton X-100 lysis of cells. One unit of LDH
activity equals the amount of enzyme that
catalyzes the reduction of a umole of reduced
nicotinamide adenine dinucleotide in 1 min
at 37° C as measured spectrophotometrically
by a decrease in absorbance at 340 nm.

Peroxidation of the polyunsaturated lipid
linoleic acid (cis-9-cis-12-octadecadienoic acid)
by freshly ground or aged silica was moni.
tored using a fluorescence method (20) with
some modifications. The reaction mixture in
a total volurne of 0.5 ml contained freshly
ground or aged silica and 20 ul of 0.52 mM
linoleic acid emulsion in 95% ethano! in
HEPES buffer (pH 7.4) without calcium and
giucose. After 1 h of incubation in a shaking
watet bath at 37° C, the reaction was termi-
nated by the addition and mixing of 0.5 ml
of 3% sodium dodecyi sulfate foliowed by 2.0
ml of 0.1 N HC], 0.2 ml 10% phosphotungs-
tic acid, and 1.0 mi 0.7% 2-thiobarbituric
acid, respectively, The mixture was then heat-
ed for 30 mio at 95 10 100° C, and the thio-
barbuturic acid reactive substance formed was
extracted with 5 ml 1-butanol after cooling.
The test tubes were then centrifuged at 3,000
rpm for 1 min, and the fluorescence of the
butanol layer was measured at 515 nm exci-
tation and 555 nm emission using a Perkin-
Eimer (Model MPG-
36). Malondialdehyde standards were pre-
pared from 1,1,3,3,-tetramethoxypropans, and
the malondialdehyde produced was calcuiat-
ed from the standard graph.

Effect of Scavengers

SOD, catalase, sodium benzoate, mannitol,
DMSO, and DMTU were added to the cyto-
toxicity assays of hemolysis, H;O, release, and
lipid peroxidation in different concentrations
to evaluate the most effective dose response.
SOD and catalase were added to the test in
final concentrations of 85, 170, and 340
units/mi and 312, 625, and 1250 units/ml,
respectively. Sodium benzoate, DMSO0, and
DMTU were added to the test bioassays in
0.05, 0.1, and 0.5 mM, and 0.1 M final con-
centrations. All the scavengers were added im-
mediately prior to the addition of test silica
and evaluated with positive and negative con-
trols. In few experiments, SOD and catalase
were denatured by placing in a boiling water
bath for 3 min and then used in the test.
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Statistical Analysis
Data presenited are means x standard devia-
tions except where indicated. Measurements
concerning the time-dependent decay of
slicon-based radicals by ESR or loss of bio-
[ogic activity were made on the same prepa-

ration of ground silica by a one-way analysis

of variance. In other experiments, compari-
sons of data were made by a two-tailed Stu-
dent’s ¢ test. In all daca comparisons, a prob-
ability value of less than 0.05 was considered
significant.

Resulis

The presence of reactive free radical sites
on the surface of silica particles was
monitored using ESR spectroscopy. No
ESR signal was observed with unground
crystalline silica particies. However, up-
on grinding of these silica particles in air,
an ESR spectrum centered around g =
20015 =+ 0.0003 was observed (figure
1A}. Such z signal is characteristic of
silicon-based radicals (Si-O and Si), the
so-called E-center (18, 21). Comparing
the peak-to-peak height of the ESR sig-
nal from freshly ground silica to that of
diphenyl picrylhydrazyl (DPPH), a stan-
dard of known radical concentration, we
estimate that approximately 10" silicon-
based radicals were generated per gram
of silica after 30 min of grinding in air.
As discussed elsewhere (22), these radi-
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| Fig. 1. A Atypical ESR spacirum of silicon-based rad-

mmmmmmmumm.mm
heigit, ipp, i proportional ko the radical conosntration.
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~als are localized on the dust surface and
the decay in air was noted by the decrease
in signal height, Ipp, with a half-life of
about 30 h in air (figure 1B) and an ap-
proximate half-life of few minutesin PBS
buffer (data not shown). It should be not-
ed that the ESR signal of freshly ground
silica decreased in air by about 30%s af-
ter approximately first-order kinetics.
However, 20% of the ESR signal was de-
tectable even after 4 wk of storage in air,

ESR data also suggest that freshly
ground silica can react with water to re-
lease short-lived, oxygenated free radi-
cals. The generation of such radicals was
monitared by ESR after the addition of
a spin trap, DMPO, to an aqueous sus-
pension of freshly ground silica. The ESR
signal observed from freshly ground sili-

ca in aqueous solution in the presence

of DMPO is shown in figure 2A. The
ESR spectrum was centered around g =
2.0059 £ 0.0003 and exhibited a 1:2:2:1

N & A
’

Relative Intensity

» H

guartet pattern with a spliting of 14.9
G, quite characteristic of a DMPO-OH
adduct (23-26). Therefore, the results in-
dicate OH mdicals can be produced dur-

ing the reaction of freshly ground silica

in an aqueous environment.

In order to verify further the presence
of the OH radicals, 30% ethanol was
added as a secondary OH radical trap
{27). Under these conditions, the inten-
sity of the DMPO-OH adduct signal de-
creased because ethanol served as a scav-
enger for the QH radicals (figure 2B). The
reaction of OH radicals with ethanol
results in the production of ethanolyl rad-
icals that in turn react with DMPO to
give the spin adduct, DMPO-CHOCH,,
The characteristic ESR signal of this
DMPO-CHOCH, adduct was observed
as indicated by arrows that became the
dominant peaks in excess ethanol (figures
2B and 2C). DETAPAC or EDTA, metal
chelators, had little effect on the DMPO-

| 15G
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JH signal (data not shown). This sug-
ests that OH radicals are generated
lirectly from the reaction of silicon-based
adicals with water (see DISCUSSION).

The ability of silica to react with wa-
or and generate OH radicals decreased
vith time after crushing, as shown by the
tecrease in the intensity of the DMPO-
5H adduct ESR signat as a function of

ime after grinding and storage of silica
n air (figure 3). The half-time for this
iecay was approximately 20 h.

In order to determine if freshly ground
iilica was a more potent stimulant of
‘e respiratory burst in alveolar macro-
shages, superoxide anion release, hydro-
zen peroxide secretion, and NBT reduc-
-jon were monitored after in vitro ex-
sosure of alveolar macrophages to either
freshly crushed or aged silica. Freshly
srushed silica activated alveolar macro-
~hages to a greater extent than did silica
after storage, i.e., silica-induced superox-
ide release decreased by 16% and 27%
after storage of silica in phosphate buffer
for 24 or 96 h, respectively (figure 4),
whereas silica-induced hydrogen perox-
ide secretion decreased by 65% after 24 h
of storage (figure 5). Furthermore, NBT
staining was 69 t+ 1l% with freshly
ground silica compared to 39 x 8% af-
ter 48 h of storage. The hatf-time for the
decrease in the ability of ground silica
to activate alveolar macrophages was ap-
proximately 22 h, which was compara-
ble with half-life for the production of
the OH radicals from freshly ground sil-
ica (figure 3).

The next series of experiments com-
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Fig. 3 ESR insnsity of the DMPO-OH
adduct as a function of the freshness
of ground shica. Dum sampies for ESR
measurements were taken from the
same slock of ground silice sioned in air
ot various times sfter crushing. The con-
comrition of DMPO was 100 mM in
aquecus solution, Spectrometer set-
tings were the same as thoss given in

figurs 2.

pared the cytotoxicity of freshly crushed
silica with that of aged silica dust. The
results indicate that freshly ground sili-
ca exhibited a greater effect on membrane
integrity than did silica dust after stor-
age. Indeed, compared to aged silica,
freshly ground silica was significantly
more potent in inducing hemolysis of red

Superauicds secration was massured

blood cells (figure 6). The half-time for
decay of the hemotytic potential of crushed
silica was approximately 10 h. Although
there was a tendency for the silica-in-
duced release of cytosolic enzyme LDH
to decline as silica aged, the differences
were minimal (figure 7) compared to
hemolytic changes.

Cyiotoxicity of freshly ground and aged
silica was also determined by monitor-
ing the ability of these dusts to induce
peroxidation of lipids (table 1). It is evi-
dent from the data presented that fresh-
ly ground silica induced lipid peroxida-
tion in a dose-dependent fashion. This
is clearly evident for dust freshly ground
(zero to 5 min). The ability of ground
silica to peroxidize lipids decreased with
storage at all doses, i.e., the rate of silica-
induced Lipid peroxidation declined mark-
edly over the first 48 h after grinding and

~ remained relatively constant thereafter,

Effects of scavengers on the preven-
tion of silica-induced cytotoxicity are
presented in table 2. Addition of exoge-
nous SOD and catalase inhibited the cy-
totoxicity of freshly ground silica in vas-
ious bioassays at different levels. The
results indicate that in bioassays of
hemolysis, SOD, catalase, and sodium
benzoate provided a partial protection,
whereas DMSO, DMTU, and mannitol
were totally noneffective in preventing

o 24
TIME (HOURS) AFTER GRINDING

Fig. 4. mmummummmwmmmmmm
spactropholometrically

by monitoring the reduction of cytochwome ¢ The

data presenidd are The means = SD of fve experiments.
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hemolysis. Among the various scaven-
gers, catalase provided the maximal pro-
tective effect in hemolysis. On the other
hand, in bioassays of lipid peroxidation
and H,0; release, many hydroxyl radical
scavengers such as DMSO, DMTU, man-
nitol, sodium benzoate, and catalase
provided a significant inhibitory effect
in one or both the bioassays. Catalase
provided a complete abrogation of fresh
silica-induced secretion of H,0, even at
an enzyme coacentration of 312 unjts/mi,

whereas it was effective in preventing lipid
peroxidationtoa 52 + 11% level only at
a higher concentration (1,250 units/ml).

DMTU and sodium benzoate were less
effective in preventing H.0, release. A
potential for DMTU and sodium benzo-
ate to react with H,0, could not be
ruled out.

Discussion

Our results provide evidence that me-
chanical crushing of crystalline silica for
30 min in air at room temperature pro-
duces a significant concentration (~ 10"
radicals/g of silica) of silicon-based rad-
icals and that these radicals decay with
time. Aithough the generation of silicon-
based radicals upon cleavage of silicon
crystals under ultra-high vacuum (10~
mm Hg) has been reported earlier {10),
recent studies from our laboratories and
by Fubini (28) have shown the genera-
tion of free radicals from silica crushed
in air. This report further indicates that
these silicon-based radicals exhibit a half-
life in the order of 30 h in air and have
the ability to generate OH radicals in
aqueous medium, making freshly ground
silica biologically more reactive than aged
silica. Our data aiso demonstrate that
even after 4 wk of storage in air after
grinding, as much as 20% of the origi-
nal ESR signa! remained detectable. This
suggests the existence of at least two
modes for the decay of the silicon-based
radicals, i.c., a fast decay with an “aver.
age” half-life of about 30 h and a much
slower decay with a much longer half-
life. The decay mechanism is probably
related to their reactions with a variety
of chemica) species in the atmosphere,
including trace amounts of water vapor,
We propose the following reaction
sequence:

Si-0 + H,0 = SiOH + OH ()
Si-0 + OH=SIOOH (2

Equation (/) indicates that the silicon-
based radicals could react with water in
biologic solutions to generate OH radi-
cals. Results shown in figure 2 confirmed
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TABLE 1t

EFFECT OF GRINDING CRYSTALLINE SILICA ON THE RATE OF LIPID
PEROXIDATION AND THE TIME-DEPENDENT LOSS OF LIPID
PEROXIDATION POTENTIAL ON STORAGE IN AIR*

Malondigicdehyce Formation
(s mol
Time After Grinding

Silica
img/m) O~5 min 24h 48h L))
1.25 M = 070 4.72 = 055 185 = 045 203 = 049

® <009 p < 0.0} {p < 0.01)
25 5.48 = 0.1 450 = 0.98 1658 = 0.26 143 = 0.14

p < 0.0 p < 0.01 {p < 0.00)
50 750 = 08 434 = 0.32 1.96 = 028 154 = 0.38

{p < 0.01) {p <0.01) p < Q01)

" Data prosentod are the Meant + SO of m Minimum of lour dets of Supanments in duplicals.
values Qiven are ior differances compared 10 0-5 min afer gRNGING silica. EEach sxperimental set used

the st $90ck Of freshly ov

timaa alter grnding

TABLE 2

COMPARATIVE EFFECT OF SCAVENGERS IN THE PREVENTION OF
CYTOTOXICITY INDUCED BY FRESHLY FRACTURED SILICA*

Percent Dwcreass in Comparison o Controls®

Scavenger Hemolysia H,0, Release Lipid Peroxidation
SO0, 30 units/mi kX 21z 49+ 23
Catsinse, 1,250 units/mi B0 = 16 1000 2+sMn
Sodium benzoate, 0.1 M Mz 10 26 & 2 ™l
DMEO,. 01 M 1205 WHr=0 100 = 0
DMTU, Ot M ax2 Txs W0 20
Mannitol, 0.1 M t20 100 20 1000
* Duta prosentsd ae the maans = 5D of & mi of two expar N sach MRy,
14 were d put in the p ot 10, 1, and & mgimi kor hemolysis. H,0, relesases, s

wmm

: formation of OH radicals when fresh-
crushed silica was suspended in aque-
s solution. Because OH radicals are
thly reactive toward biologic tissue (21,
, 30), the generation of such radicals

fresh dust could have important im-
.cations regarding the effects of inhaled

ica.

We note that SIOOH could be formed
iring the decay of silicon-based radi-
Is (equation 2) and that SiOOH could
- hydrolyzed to produce H,0, accord-
g to the following reaction (12):

OOH + H,0 - SiOH + H.0, 3)

1is H,0, could react with Fe** possibly
esent as a trace impurity in aqueous
lution or on the silica particles them-
Ives to generate OH radicais by the Fen-
n reaction as follows:

e + H,0, = Fe* + OH- + OH
@

ur results show that DETAPAC, a
rong metal chelator, had little effect
n the DMPO-OH adduct ESR n;nal

snerated by fmhly crushed silica in
queous solution, i.e., there was little or
o variation in the g value or the split-

ting pattern of the signal, with less than
a 20% decrease in signal intensity even
at an extremejy high (3 mM) concen-
tration of chelator. Because an iron-
DETAPAC complex is unable to catalyze
OH radical formation by equation 4
(24-27), these results indicate that the OH
radicals detected were generated directly
from the reaction of silicon-based radi-
cals with water possibly according to
reaction:

Si + H,0, = SiOH + OH (5

This hypothesis is supported by our find-
ing that addition of catalytic amounts of
catalase, which disproportionates HyO,
and O3 suppressed the formation of OH
from fruhly sround sifica.

Other i have shown that sil-
jca could peroxidize the lipids in biolog-
ic membranes (31-33). Our mvesusanon
confirms these results and, in addition,
indicates that the ability of silica to perox-
idize lipids was enhanced by grinding of
silica (tabie 1). The parallelism of the time
dependence of lipid idation with
decay behavior of the OH radical produc-
tion by freshly ground silica (figure 3)
leads us to propose that this enhanced
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ability may be related to the generation
of OH radicals by the reaction of freshly
ground silica with water. Because lipid
peroxidation has been proposed as a
mechanism for celiular damage (34-37),
it is possible that some of the harmful
effects of silica on membrane integrity,
such as hemolysis (figure 6) and LDH
release {figure 7), could be mediated by
this mechanism.

Data presented in this study indicate
that freshly ground silica is more biolog-
ically reactive than aged silica, ie., freshly
crushed silica induces a greater respira-
tory burst in alveolar macrophages (fig-
ures 4 and 5) and greater cytotoxicity
{figures 6 and 7, table 1). The generation
of silicon-based radicals on the silica sur-
face and the formation of OH radicals
in solution may partially explain the en.
hanced reactivity of freshly fractured sil-
ica. Ancther possibility is that silanol

" (SiOH) groups on the fractured surface

are formed by the hydrolysis of silicon-
based radicals (equation 1) and that these
groups increase the interaction between
dust and chemical sites on the cell mem-
brane. The presence of the surface silanol
groups has been verified by infrared spec-
troscopy (38). Cell membranes contain
several sites, ie, oxygen or nitrogen
groups that have electron pairs that can
form hydrogen bonds with silanols. For
example, bonding between a sccondary
amide and silanol has been reponied (39),
The formation of such hydrogen bonds
may bring the silica particle and cell
membrane closer together and, thus, pro-
vide more favorable conditions for the
intiation of lipid peroxidation or activa-
tion of the cell surface.

It should be noted that the silicon-
based radicals generated by grinding (fig-
ure 1) and the resultant OH radicals
formed in water (figure 3) decayed over
the course of days. Although the reac-
tivity (figures 4 and 5) and cytotoxicity
(figures 6 and 7, table 1) of freshly ground
silica also decreased with time, a substan-
tial potency remained even after 4 days.
In addition, silica dust aged for years still
retained the ability to stimulate alveolar
macrophages (40), decrease membrane
integrity (33, 41}, and cause lipid peroxi-
dation (31-33). Therefore, silicon-based
reactive oxygen species can only partly
explain the biologic reactivity of silica.
Indeed, we have found that superoxide
dismutase, catalase, and sodium ben-
zoate were only partially effective in
decreasing lysis, in contrast to a signifi-
cant or complete abrogation of H,O, re-
lease and lipid peroxidation by several
hydroxy] scavengers (table 2). It is in-
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jeresting to note that all the potent OH
gers provided a significant protec-
{ve effect in lipid peroxidation and H,O,
release except for DMTU, sodium ben-
soate, and SOD. This ability to amelio-
mte the fresh silica-induced lipid per-
oxidation and H,0, release by several
pydroxyl scavengers provides direct corre-
jasion between the hydroxyl radical gener-
gtion and cellular injury. Therefore, it is
our hypothesis that although aged silica
is biologically reactive and cytotoxic,
{reshly fractured silica is more potent due
to newly generated silicon-based radicals
as well as the propagation of other oxy-
genated radicals in aqueous environment.
These reactive radicals plus the enhanced
levels of reactive forms of oxygen secret-
od from alveolar macrophages exposed
1o freshly crushed silica may result in ox-
jdant loads that exceed the capacity of
the defense mechanisms of lung tissue.
In conclusion, this study documents
that respirable-size freshly ground silica
contains silicon-based radicals that react
with aqueous environments to produce
OH radicals. The free-radical concentra-
tion and the biologic reactivity of fresh-
ly ground silica are higher than those of
aged silica as measured by ESR and silica-
induced O3 and H,0, release from mac-
rophages and by lipid peroxidation. We,
therefore, propose that silicon-based rad-
icals on silica and the resultant genera-
tion of OH radicals may play a signifi-
cant role in cell membrane damage by
initiation of lipid peroxidation through
a chain reaction. This mechanism should
beparticularly relevant to the pathogen-
esis of acute silicosis where inhalation of
fresh silica occurs, as in sandblasting,
rock drilling, tunnelling, and silica flour
mill operations.
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Detection of Hydroxyl Radical Formation in Aqueous
Suspensions of Fresh Silica Dust A

and Its Implication to Lipid Peroxidation
in Silicosis

X. Shil, N.S. Dalal? an¢ 7. Vallaythan2
2Departmcnt of Chemistry, West Virginia University

Divison of Respiratory Disease Studies, National Instiute for Occupational Safety
and Health, Morgantown, WV

Cellular damage induced by silica dust is known to be associated
with increased fragility and destabilization or destruction of the cell
membranes. The mechanism by which silica dust effects biological
membranes is stil]l unknown. Using the ESR spin-trap methodology, we
find that hydroxyl radicals are generated in aqueous suspensions
of freshly ground silica. The amount of the radicals generated depends
on the axtent of grinding and "freshness" of the dust. Using linoleic
acid as a model lipid, we show that the silica dust causes 1ipid
peroxidation via ‘OH, Oz2-, or linoleic acid related radicals as
intermediates. Catalase and superoxide dismutase inhibit the formation
of these radicals. The results suggest that free radicals associated
with freshly ground silica and the related lipid peroxidation of the
memberanes may be the starting point of the s1licotic processes.

INTRODUCTION

Degpite considerable ‘effort over the Years, the mechanism by which
the quartz particles exert their toxic action on cells and the
process{es) by which these actions Progress to fibrosis are still
not fully understood (1,2}. It is generally thought, nevertheless,
that the interaction of the quartz particles with the cell membranes
is the starting point of the silicotic process (3). We felt that
the mechanism of the membrane damage by quartz might involve
oxygenated free radicals because (a) 2 suspension of quartz particles
in contact with alveolar macrophages has been reported (4,5) to
‘initiate an enhancement of lipid peroxidation, defined broadly as the
oxidative deterioration of polyunsaturated components of lipids, and
(b) hydroxyl (-OH) radicals are known to be capable of peroxidation
by abstracting hydrogen atoms from cell-membrane lipids (6) and
initiating lipid peroxidation in lysosomal membranes {7). Moreover it
is known that exposure of cell membranes, fatty acids and unsaturated
food oils to ionizing radiation, which generates ‘OH radicals,
causes rapid peroxidation (6). Earlier studies of the aqueous
chemistry of quartz suspensions have reported detection of Hz02 (8),
implicating the formation of '‘OH radicals as transient species,
but, we are not aware of any report of the detection of :OH
radicals in quartz suspensions and this provided the motivation for
the present undertaking. Since it is known that, because of their
high reactivity (hence short life time) in aqueous media, the -‘OH
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radicals cannot be detected via electron spin resonance {ESR)
directly (9,10), we have used ESR combined with the spin~trap
methodology (9) for studying the ‘OH formation.

MATERIALS AND METHODOLOGY

Crystalline silica with particle sizes of 0.2 to 2.5 nm was
obtained from the Generic Respirable Dust Technology Center,
Pennsylvania State University, University Park, Pennsylvania.
Particles in the range of smaller than 25 microns were produced by
hand grinding in air, using an agate mortar and pestle because of the
structural similarity of agate to that of quartz. Also a rather mixed
particle size, rather than a specific range, was employed, with a
view to roughly approximate the random particle-size distribution in
the mining atmosphere. ESR spectra were obtained at X-band {(-9.7
GHz) using a Bruker ER 200D ESR spectrometer. For accurate
measurements of the g-values and hyperfine splittings, the magnetic
field was calibrated with a self-~tracking NMR gaussmeter (Bruker,
model ER035M) and the microwave frequency was measured with a
frequency counter (Hewlett-Packard, Model 5340A). 5,5-dimethyl-1-
pyrroline-l-oxide {DMPO) was purchased from Aldrich and used without
further purification, since very weak or no ESR signals were
obtained from the purchased sample when used by itself. If necessary
the background signals were substracted from those related to quartz
by using an Aspect 2000 microcomputer.

RESULTS

Some typical results of the ESR spin-trapping studies are shown
in Fig. 1. We found that 'a 0.1 M aqueocus solution of the spin-trap
DMPO alone, with unground particles or with TiO:z powder did not give
a detectable ESR spectrum. TiOz was used as a contrcl because it is
known not to be fibrogenic (11) and has a structure resembling quartz
‘ (Si02). However, when quartz was ground in a 0.1 M DMPO {aqueous)
solution or when ground quartz particles were mixed with 0.1 M DMPO
(aqueous) solution, an ESR spectrum (g = 2.0059), consisting of a
1:2:2:1 quartet pattern with a aplitting of 14.9 G, was observed
{Fig. la). Based on earlier work (9, 12,13), this spectrum was
considered to be due to- the DMPO-OH adduct.

Two further tests were made to identify the spectrum. First, the
Fenton reaction (Fe2* + H202 — Fe3* + -OH + OH") (14), known to
produce ‘OH radicals, was used as a standard. The ESR spin-adduct
spectrum obtained by mixing 0.085 M H202, 0.0165 M FeSO4 and 0.1 M
DMPO was the same as that of Fig. la (obtained with ground quartz),
thus attesting to the formation of the ‘OH radical in the quartz
suspension. )

: As a gsecond, confirmatory, test of the ‘OH radical formation,

| spin-trap ESR experiments were performed in which ethanol was added

: as a secondary trap. It has been shown (10,15) that in the presence
of ethanol, the intensity of the DMPO-OH signal decreases, because
ethanol scavenges some of the ‘OH radicals to form the ethanoclyl
radicals (12) which react with DMPO to give the spin-adduct DMPO-
.CHOHCH3s. The ESR spectruam of the spin-adduct DMPO-CHOHCHj» was indeed
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Fig. 1 ESR spectra recorded 2 minutes after mixing 100 mM DMPO
aqueous solutjon with (a) freshly ground quartz particles;
(b) same as (a) but with 30% ethanol added; (c¢) same as (a)
but with excess ethanol. Receiver gain, 5 x 105; modulation .
amplitute, 2 G; scan time, 100 seconds; field, 3460 * 75 G,

observed as indicated by arrows in Fig. 1lb (for 30X ethanol) and
more clearly in Fig. lc, obtained in the presence of excess ethanol,
thus confirming the -OH radical formation in the quartz suspension,

The intensity of the 'OH radical adduct signal increases with the !
amount of grinding (Table I), thus showing that the 0OH radical '
generation is related to some surface Property of the freshly made
dust, most likely the silicon-oxygen radical sites known to form on
grinding (16-21). Additional Spin-trap measurements as a function of
the time of "aging” of the dust after grinding showed that freshly ;
generated quartz dust produces more -OH radicals than that which |
had been stored in air after grinding (Table II). In order to
characterize the kinetics of the dust'’'s aging on its ability to
generate :‘OH radicals, attempts were made to determine whether the |
reaction was of the first order (a straight line Plot for log {con.) |
vS. time) or second order (straight line plot for (con.}-1 vg, ;
time). The analysis indicated the kinetics to be neither first nor |
second order but of a more complex nature. Thus while it was not |
Possible to define a unique half-life for the decrease in the *OH
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Table I S e

Dependence of the ESR intensity of the DMPO-OH adduct (i.e. -OH
production) on size (grinding times) of quartz particles.

Grinding times {minutes) Relative ESR intensity
0.0 0.0
0.5 0.3 £ 0.3
1.0 1.1 £ 0.8
2.0 2.3 * 0.7
4.0 3.4 £ 0.8
10.0 5.1 = 1.2

|
Table II

! Dependence of the ESR intensity of the DMPO-OH adduct (i.e. -OH
| production) on the "aging" of quartz dust.

Time after grinding Relative ESR intensity
5 minutes 5.2 £ 0.8
1 day 3.2 ¢ 0.8
2 days 1.9 £ 0.7
3 days 1.7 £ 0.8
4 days 1.3 £ 0.7

radical producing potential of the quartz dust on storage after
grinding, we note that, on the average, freshly ground quartz dust
loses its ‘OH-generating capacity to about 50% in approximately

l day.

DISCUSSION

It is clear that the breakage of quartz crystals implies the
homolysis of Si-O-Si bonds and the generation of silicon-baged
radicals (®Si-, ®Si0O-, #SiCO-) (8, 16-21). We have indeed verified
that Si: and SiO-~type of radicals are produced by grinding in air,
and that the radicals decay as a function of time when the dust is
stored in air after grinding (17), with a half-life of about one and
a half day. Earlier workers {16) have reported that the crushing of
quartz under vacuum produces SiO-~type radicals whose concentration
decreases drastically on exposure to atmosphere with a half-life of
about 30 hours.

_ Following Kalbanev et al. (8), we suggest that the -OH radical
{ production might involve the following steps (8):

i 2510 + H20 —ESiOH + ‘OH (a)
25i0- + -OH —~ ¥SiOOH {b}
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Kalbanev et al. have also suggested (8) that the hydrolysis of Siog
could produce H20:, according to reaction (¢): i

#SIOOH + H20 —~8Si0- + H2032 (c) '

The yield of H20:, depending on the PH and the temperature of
hydrolysis, was reported to be as high as 1013 molecules/g quartz

particles (8), enough to be measured by the standard method of wet
analytical chemistry, the MnO4- reduction:

2MnO¢~ + SH202 + 4H* —= 502 + 2Mni* + 8H:20 {d)
{pink} (colorleas)

We verified the reducing activity of our quartz particle suspensiop
with respect to KMnO4, although the H20: Yield was measured to be '
about an order of magnitude smaller for our samples than those of
Kalbanev et al. (8). Thus experiments were carried out to examine
whether the -OH radical formation was through the Fenton reaction
{14}, the Fe2* possibly being a trace impurity. The experiments
consisted of spin-trap measurements in which diethylenetriaminepent,.
acetic acid (DETAPAC) (0.03 - 3.0 mM) was used as a strong metal-jop '
chelate. It it known that the iron-DETAPAC complex formation stops !
the -OH generation from H202 (9). On adding DETAPAC the -OH :
radical-related ESR signals showed no variation in either the g valye
or the observed splitting pattern but only a small {(-20 X} decrease
in intensity even at the high DETAPAC (3 mM) levels. This result,
together with the dependence of the ‘OH radical concentration on
time and surface freshness, suggests that the Fenton-type mechanism
is not a major contributor to the :‘OH radical generation in our
quartz suspensions.

After this work was essentially complete (17-20), two significant
reports have appeared. In the first, Fubini et al. (21) have reported
the formation of Si:, Si0:, and SiO2: radicals on quartz particles
ground in air, without contact with water. They suggest a possible
role of these radicals (or some other surface property) in the
mechanism of quartz-induced fibrosis. Our ESR results on the silicon-
based radicals (18, 19) agree with Fubini’s (21). We further show
that the concentration of the Silicon-based radicals is time _
dependent (17) and that their reaction with agqueous media generates
{perhaps) an even more potent species (18-20), the ‘OH radicals. The
second paper, by Gulumian and Van Wyk (22), reported the detection of
*OH formation in aqueous suspension of glass and quartz fibres in the
presence of H202, and the scavenging of the generated ‘OH radicals !
by the prophylactic agent (polymer) polyvinylpyridine N-oxide !
(PVPNO}. They suggest that the therapeutic efficacy of PVPNO in ?
gilicosis might be related to its scavenging effects on -OH radicals. |
Our work shows that the grinding process itself causes the quartz
surface to be a source of -OH radicals in aqueous media and that
this activity decreases with the aging of the dusts {(19,20). This ‘
higher toxicity of fresh dust must be taken into consideration in the
future in vitro or im vivo laboratory (e.g., animal exposure)
studies of quartz and related mineral dusts.
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Suppression of Inhaled Particle Cytotoxicity by
Pulmonary Surfactant and Re-toxification by

Phospholipase: Distinguishing Properties of
Quartz and Kaolin
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Castranova, and F.H.Y. Green

West Virginta Untversity and Appalachian Laboratory for Occupational Safety and
Health, Division of Respiratory Disease Studies, National Institute for Occupational
Safety and Health

Abstract—Inhaled particle contact with pulmonary surfactant in the hypophase linieg puimonary
' alveoli was modelied in virro by exposing two respirable sized dusts, kaolio and silica quartz, o
lecithin, 2 major component of pulmonary surfactant, emulsified in physiological saline. Lecithia
adsorbs to the dusts upen incubation st 37°C and suppresses their cytotoxicity a3 measured by
pulmonary macropbage anc erythrocyte assays, suggesting that pulmonary surfactant provides a
defence system against prompt cell membrane lysis by inhaled dusts. Subsequent pulmonary
macrophage phagocytosis and lysosomal enzyme digestion of the coated dusts was modelled in vitro
by incubation with photpholipase A, for one Bour. With increasing lipese activity, silica haemolytic
potential was restored to native silica levels. Kaolin was retoxified to levels far in excess of native
kaolin hasmolytic powential. Elution, thin layer chromatography and phosphate assay of treated
dusts indicate that most lecithin on silica is dipested to lysolecithin and desorbed, silics retoxificstion
being due to surface and adberent lysclecithin effects. Most lecithin on kaclin is not digested in the
same time; that which is, resuits in adherent lysolecithin which is responsible for the kaolin
retoxification. Digestion with phospholipases A,y and C together produces ouly weskly retoxified
kaolin. Rzsults suggest that surface adsorplion properties which control the adberence of
prophylactic surfactant distinguish the pathogenic potentials of quariz, kaolin and mixed dust.

INTRODUCTION

ERYTHROCYTE HAEMOLYSIS and pulmonary macrophage enzyme release assays show
quantitatively comparable high cytotoxicities for both silica quartz and kaolin
respirable sized dusts (BROWN, e al., 1980; DANIEL and LE BOUFFANT, 1980.) This
contrasts with the strong potential for respirable quartz dust to induce pulmonary
fibrosis and the much more timited potential of kaolin dust to do the same (MORGAN
and SEATON, 1975).

In an attempt to understand this anomalous situation, assays were performed on
quartz and kaolin dusts incubated with dipaimitoy] lecithin emulsified in physiologicai
saline, to simulate the initial contact of a respired dust with the pulmonary aiveolar
hypophase. The ability of kaolin dust to adsorb dipalmitoyl lecithin from physiological
saline has been quantified (WALLACE, et al., 1975). Such lecithin treatment suppresses
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the cytotoxicity of both silica and kaolin to background levels (WALLACE, et al., 1984).

Surfactant coated de-toxified dusts should then be phagocytised by pulmonary
macrophages, incorporated into a macrophage secondary lysosome and exposed to
hydrolytic lysosomal enzymes. Among these is phospholipase A,, which hydrolyses
diacyl lecithin to lysolecithin. This was modelled by incubating lecithin treated dusts
with phospholipase A, in vitro to determine if the enzyme can digest the dust-adsorbed
lecithir, and if the retoxification differs between the two dusts in 2 manner which might
distinguish their pathogenicity.

MATERIALS AND METHODS

The silica used was at least 98.5% pure as determined by X-ray energy spectrometric
analysis and was alpha quanz as determined by X-ray diffraction. Its N, adsorption
specific surface area was 3.97 m?/g. The kaolin used was at least 96% pure, contained
no crystalline silica, and had a specific surface area of 13.25 m3/g.

L-a-dipalmitoy! glycerophosphoryl choline (lecithin) (DPL) was ultrasonicaily
dispersed in 0.165 M NaCl saline to produce an emulsion of 10 mg DPL per ml saline.
Dry silica or kaolin dusts were mixed into a concentration of 7.5 mg dust per mi
emulsion. Mixtures were incubated for one hour at 37°C in a shaking water bath,
centrifuged for ten minutes at 990 xg, and the dusts resuspended in calcium and
magnesium free phosphate buffered 0.165 M NaCl saline (PBS). This washing
procedure was repeated to remove unadsorbed lecithin, the lecithin coated dusts being
suspended finally in PBS,

Aliquots of native or lecithin-treated dusts in PBS with 2.0 mM CaCl, were
incubated with Phospholipase A, (PLA,), obtained from Crotalus adamanteus venom,
at 37°C for one hour. The concentrations used covered a range of activities from that
needed to digest from one-tenth to 1000 x the amount of kaolin-adsorbed lecithin had
the digestion been for a homogeneous phase. ‘Phospholipase activity’ is given in terms
of ‘activity equivalents’ which are equal to 0.0817 units of phospholipase. Following
digestion, the samples were centrifuged and the dusts resuspended in PBS containing
2.0mM EDTA 10 stop the enzymatic digestion. This washing procedure was repeated,
with the dusts suspended in PBS alone. All procedures were done under sterile
conditions.

Suspensions of 2% by volume sheep erythrocytes and 1.0 mg native or treated dust
per ml PBS were incubated in a shaking water bath at 37°C for one or two hours, as
indicated, to assay the dusty’ haemolytic potential (HARINGTON, et al., 1971). Samples
were then centrifuged at 990 xg and the optical density for haemoglobin read at 540 ;m
on a spectrophotometer. Haemolysis assays were also performed using kaolin
incubated with L-o-lecithin, # paimitoyl (lysolecithin) using the lecithin treatment
procedure.

Macrophages lavaged from male Sprague Dawley rats were mixed with native or
treated dusts to produce concentrations of 2 x 104 cells per mi and one mg dust per mi.
These were incubated for two hours at 37°C in a shaking water bath. Released enzyme
activities were determined for lactate dehydrogenase (LDH) (REEVES and FIMIGNARI,
1963), beta-glucuronidase {B-GLUC) (LOCKART and KENNEDY, 1976), and beta-N-
acetyl glucosaminidase (B-NAG) (SELLINGER, ef al., 1960). Percentages of enzymes
released were calcuiated relative to Triton X-100 lysed samples.
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Parallel samples of dusts were eluted with methanoi/chloroform solvent (2:1 vol/vol)
following their lecithin and phospholipase treatments. The eluted material was
quantitated for lecithin and for lysolecithin by wet phosphate assay of thin layer
chromatograph separated materials (BARTLETT, 1959).

Adsorption by silica and by kaolin of lecithin from physiological saline emulsion at
37°C was measured over a range of final (unadsorbed) supernatant concentrations of
0.02 to 10.0 nanomoies per ml emulsion, as quantitated by wet phosphate assay.

RESULTS

Native quartz and kaolin dusts produce comparable high haemolysis cytotoxic
response (Fig. 1). On a surface area basis the two dusts were aiso comparable with
haemolytic strengths of 22.6% for kaolin and 24.4% for silica per square decimeter
dust surface area in the dispersion.

Lecithin treatment of dusts suppressed their haemolytic strengths to background
levels (Fig. 1). This is due principally to lecithin interaction with the dust rather than
with the cells (WALLACE, er al., 1985). Lecithin treatment also suppresses the
cytotoxicity of both silica and kaolin for pulmonary macrophages (Fig. 2). The kaolin
and silica used in this study had specific adsorptions of around 150 mg lecithin/gram
kaolin and 50 mg lecithin/gram silica over the supernatant concentrations of interest
(Fig. 3).

Incubation of lecithin-treated quartz with PLA, resuits in increasing retoxification
of the silica with PLA, activity, up to native quartz haemolytic potentiai (Fig. 4). Data
are fitted by non-linear regression to a first order kinetics curve. Incubation of quartz
with PLA, (alone) in physiological saline produces dusts of comparabie cytotoxicities
to native silica. Incubation of lecithin-treated kaolin with PLA; results in increasing
retoxification of the kaolin with PLA, activity (Fig. 5). However, unlike the quartz,
kaolin retoxifies to an anomalously high level, well above (of the order of twice) the

LECITRIN SUPPRESSION OF SILICA AND KAGLIN TOXICITY
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FiG. |. Silica and kaolin hasmolytic strength. Percent hacmoiysis of sheep erythrocytes induced by
incubation for one hour with 1 mg/mi of native or iccithin-treated kaolin or silica.
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MACROPHAGE ASSAY OF LECITHIN TREATED QUSTS
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Fic. 2. Macrophage assay of lecithin-treated dusts. Release of beta-glucoronidase, beta-n-acetyl-
glucosamuntdase. and lactate dehvdrogenase {rom rat puimonary macrophage induced by 1wo hour
incubation with imgyml of native or lecithin-treated kaolin or silics.
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FiG. 3. Adsorption of lecithin on kaolin and on silica. Adsorption isotherm data for mass lecithin adsorbed
per mass of kaoiin or silica versus concentration of lecithin remaiming in the supernatans.

cytotoxicity of native untreated kaolin. Incubation of kaolin with lysolecithin alone
dispersed in physiclogical saline reproduces this high ¢ytotoxicity (Fig. 5). Incubation
of kaolin with PLA. alone in physiological saiine produces dust of comparabie
cytotoxicities 10 native kaolin,

After PLA, digestion a high percentage of adsorbed lecithin is retained on the kaolin
surface (Fig. 6). A significant amount of lysolecithin produced by the lecithin digestion
is also associated with the lecithin-kaolin complex. A much smaller fraction of the
initially adsorbed lecithin remains on the silica as lecithin or lysolecithin following
PLA, digestion. Haemolysis assays of parallel samples are shown in Fig. 7.
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FiG. 4. PLA, retoxification of silica/lexithin. Erythrocyte haemolysis induced by two hour incubation with

silica treated with lecithin for one hour, and then with differing amounts of phosphoslipsse A, for one hour.

Ordinate values are expressed as percent of the haemolysis induced by untreated silica. Abscissa values are

the number of activity equivalents of phospholipase A, applied. Haemolysis by dusts treated with lecithin
only is shown at the smallest sctivity value.
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Fia. 5. PLA,; retoxification of kaolin/lecithin. Erythrocyte haemolysis induced by kaolin treated with
lecithin for one hour and then with differing amounts of phospholipase A4 for one hour, and haemoiysis by
kaolin treated with lysolecithin only.

COMMENT

A major component of pulmonary surfactant, dipalmitoy] lecithin, can adsorb to
quartz and to kaolin and suppress their cytotoxicity. This is consistent with lipidosis
associated with large puimonary dust burdens. Subsequent treatment with phos-
pholipase A;, a known component of pulmonary macrophage lysosomal enzyme,
restores haemolytic ability to both treated dusts. However, this restoration differs

quantitatively and qualitatively between the two dusts. This may be a basis for their
differing pathogenicities.
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F1G. 6. Lecithin/lysolecithin on PLA,; retoxified dusts. Lecithin and lysolecithin eluted by organic solveat

from silica or kaolin treated with lecithin or treated first with lecithin and then with 1000 activity equivalents
of phospholipase A;. Ordinate values are percent of the lecithin eluted from lecithin-treaied dusts.
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Fic. 7. Dust/lecithin retoxification by phospholipase A;. Erythrocyte hacmolysis induced by the dusts
assayed for lecithin/lysolecithis shown in Figure 6.

Retoxification data indicate that the quartz surface is functionally bared by the
digestive action of the PLA,. Retention of most lecithin by kaolin after PLA, treatment
indicates that kaolin is not functionally bared of iecithin for the short digestion times
used here. The presence of lysolecithin on PLA; treated kaolin-lecithin and the
simulation of kaolin retoxification by kaolin-lysolecithin indicate that kaolin
retoxification is due to adherent lysolecithin. _

The lysolecithin-based retoxification of kaolin would seem to be a bioassay result
contrary to the differences in pathogenicity of the dusts. One must ask: in the normal
course of digesting bacteria or other lipidcontaining material, is the produced
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Fic. 8. PLA, and PLC retonification of kaolin/ecithin. Erythrocyte haemolysis induced by kaolin treated
with lecithin and then with phospholipase A, and phospholipase C together in equal activity equivalents.

lysolecithin further digested by lysosomal lysophospholipase enzymes? Or is the
interior of the phagolysosome immune to lysis by lysolecithin? Figure 8 shows the
cytotoxicity of kaolin which first has been incubated with lecithin, then retoxified by
incubation with PLA, and PLC together for one hour. Data are fitted to a first order
kinetics model of lecithin conversion to lytic lysolecithin by PLA, and subsequent
lysolecithin conversion by PLC to non-lytic phosphoryl choline and glycerol palmitate.

The mineral surface properties responsibie for these differences in retoxification
could involve different strengths of sorption or conformations of the adsorbed lecithin.
Kaolin is a mineral of layered alumina octahedra and silica tetrahedra. Alumina
catalyses the hydrolysis of lecithin in organic solvent (RENKONEN, 1962); this does not
occur for lecithin dispersion in saline. Surface properties would be expected to be more
important to disease pathogenesis than the bulk non-biologically available mineral
content of an inhaled particle. Occlusion or surface contamination of quartz by
alumino-silicate or other coatings in mixed dust atmospheres should affect the
biological activity expected of a respirable dust of a given silica concentration. by
affecting the retention of surfactant during clearance in vivo. And the effectiveness of
additive prophylactic agents for quartz-bearing dusts might be affected by their ability
1o be retained under the action of pulmonary surfactant solubilization and lysosomal
enzyme digestion. Tests using lavaged surfactant with isolated lysosomal enzyme in
longer term macrophage incubations should determine if such simple initial events in
the interaction of mineral dusts with the lung are determinants of the potential for dust-
induced puimonary fibrosis.

Acknowledgernents—We thank Dr. Larry Clyde Headley of the U.S. Depariment of Energy-Morgantown
Energy Technology Center for providing specific surface ares measurements and particle nize disinbuon
measurements and for productive discussions; Jerry L. Clere for particle classification; and Nikki Snider for
typing the manuscript.

119



THE RESPIRAHRLE DUST CENTER

REFERENCES

BantLETT, G.R. (1959) Phosphorus Asay in Column Chromatography. Biolog. Chem. 234, 466-458.

BrownN. R.C.. CHAMBERLAIN, M., Davies, R.. Moraan, DM.C., PooLey, F.D. and Rickanos, T. (1980)
A comparison of 4 In Viiro Systems Applied to 21 Dusts. In: The I Virro Effects of Mineral Dusis, (Ed,
Brown, R.G., GoaMLEY, L. R., CHAMBERLAIN, M, and Davizs, R) Academic Preas, Lonadon, pp. 47-52.

DantzL, H. and Le BourranT. L. (1980) Study of & Quantitative Scale for Assessing the Cytotoxicity of
Mineral Dusts. In; The In Viro Effects of Mineral Dusis (Ed. Brown, R.C., GormLEY, LR,
CHaMBERLAIN, M. and Davies, R.) Academic Press, London, pp. 13-39,

HARINGTON, J.. MILLER, K. and MAcNAD, G. (1971) Hemolysis by Asbestos. Env. Res. 4, 95-117,

LockART. V.G, and KENNEDY, R.E. (1976) Alterations in Rabbit Ajveolar Macrophages As a Result of
Traumatic Shock. Lab. Inves:. 38, S01-506.

Moraan. W.K.C. and SEATON, A. {1975) Occupational Lung Diseases. W.B, Saunders, Philadelphia.

REEves. W.J. and FIMIGNARI, G.M. (1963) An Improved Procedure for the Preparation of Crystalline
Lactic Dehydrogenuse from Hog Heart, Bioiog: Chem. 238, 3533858,

REMKONEN. O. {1962) Breakdown of Lecithin on Aluminium Oxide Columas. Lipid Res. 3. 181-143,

SELLINGER, O.Z.. BEUFAY, H., JacQues, P., Dovan, A. and Depuve, C. (1960) The Intracelluiar
Distribution of (Beta)-N-Acetylgiucosaminidase and of (Beta)»Galactosidase in Rat Livers, Biochem. 7.
4, 450-456.

WaLLACE. W.E.. Jr., HEADLEY, L.C. and WeneR, K.C. (1975} Dipalmitoyi Lacithin Surfactant Adsorption
by Kaoiin Dust /n Virro. J. Coll. Imterf, Sci. 8%, 535-537.

WALLACE, W.E., KEANE, ML, VALLYATHAN, V., OnG, T-M and CASTRANOVA, V. {1934) Pulmonary
Surfactant interaction With Respirable Dust. In: Gemeric AMfineral Technology Center—Coal Mine Dust
Conference Proceedings, (Edited by PEng, 5.), PP- (80-187. Available from National Technical
Information Service, Report #PBS6 169380/AS,

WaLLACE, W.E., VALLYATHAN, V., KEANE, M.S. and Rominson, V. (1985) In Viro Biologic Toxicity of
Native and Surface-Modified Silica and Kaoiin. J. Tox. awd Environ. H. 16, 415424,

e e




ﬂ Oxygenated Radical Formation by Fresh Quartz
Dust in a Cell-Free Aqueous Medium and Its
Inhibition by Scavengers

1 1 2
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| Abstract: Using ESR spin trapping methodology, evidence was obtained
l that fresh quartz dust in a cell-free aqueous medlum generated
hydroxy! - and possibly superoxide radicals. The hydroxyl radical
generation potential decreases on storing of fresh quartz dust in

ambient air and on the addition of -either catalase, superoxide
! dismutase, desferoxamine, or DMSO. The role of quartz related radicals
in the biochemical mechanism of acute silicosls ls suggesied from
these findings.

Introduction

l This report summarizes our electron spin resonance (ESR) detection of
l oxygenated radical formation by freshly crushed quartz particles in a
cell-free aqueous medium, and its inihibition by radical scavengers. This
study was undertaken with to elucidate the primary biochemical mechanism
involved in the development of silicosis (Farber, 1983; Reiser and Last, 1979;
Silicosis and Silicate Disease Committee, 1988). In particular the mechanism
by which the quartz particles exert their toxic action on cells and the
process(es) by which these actions progress to fibrogenesis are still not well
understood (Farber, 1983; Reiser and Last, 1979:). It is generally believed
that the action of quartz particies on the cell membrane is the starting point
of the silicotic process (Farber, 1983; Parazzi et al., 1968). Thus the
surface characteristics of the quartz particles have been the subject of
several recent studies {Bolis et al., 1983; Dalal et al., 1986; Fubini et al.,
1987). Recently, We reported that mechanical crushing of quartz under normal
atmosphere generates free radicals which decay with time, and that these free
radicals are associated with a higher cytotoxicity of fresh quartz dust as
| compared to aged dust from the same stock (Dalal et al., 1986: Vallyathan et
‘ al., 1988). The formation of Si- and SiO--type of radicals from quartz

T S ——

l particles crushed under atmospheric conditions has also been reported by
| Fubini et al. {1987). In addition, Gulumian and van Wyk (1987) have reported
that quartz particies react with hydrogen peroxide (8202) t2 generates
hydroxyl radicals (-OH) and suggested that this process might contribute to
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quartz’s pathogenicity. However, these authors did not report the effects of
metal chelators, so it was not clear as to whether the detected -OH radicals
simply resulted from the Fenton reaction involving exogenous metal ion
contaminants. Earlier, Marasas and Harington (1960) reported that quartz
particles could function as an oxidant in a number of In vitro oxidations,
including the hydroxylations of proline and lysine. They postulated that
silica dusts, on reacting with water, could release HZOz which might have the
potential to react with various biological constituents and thus cause tissue
damage. In fact, Gabor and coworkers {Gabor and Anca, 1974; Gabor et al.,
1975) suggested .that the éy‘totoxicity of quartz particles might be associated
with the generaticn of some factor or factors possessing the properties of a
free radicals capable of promoting the peroxidative chain . cleavage of
poiyunsaturated fatty acid moieties of the phospholipids in the cell membrane.
More recently Weitzman and Graceffa (1984) reported that asbestos is able to
catalyze the generation of -OH radicals from HZOZ' Their later work indicated
that lipid peroxidation may be one of the mechanism by which asbestos produces
tissue injury (Weitzman and Weitberg, 1985). This is significant because -OH
radicals are capable of causing peroxidation by ahstractin‘g' hydrogen atoms
from cell-membrane lipids and Iinitiating lipid peroxidation in lysosomal
membrane (Fong et al., 1973). In fact, the formation of oxygenated species in
reactions involving quartz was suspected since Kolbanev et al. (1980) reported
the detection of 1-1202 in the reaction of fresh quartz particle with aqueous
medium. The present work was thus undertaken to detect the anticipated
formation of some oxygenated radical species by reactions of quartz in a
cell-free media and its inhibition by radical scavengers. Because of the
reactive nature of the oxygenated radicals and their short half-lives, ESR
spin trapping methodology (Buettner, 1984) was employed in the present
studies, as in the studies using asbestos (Weitmen and Graceffa, 1984} and
quartz with Hzoz (Gulumian and van Wyk, 1987). The results show that -OH and
possibly 0; radicals are formed by fresh quartz dust in cell-free aqueous
medium and their formation can be inhibited by the dust as it ages or by
radical scavengers. Some preliminary results have been reported recently (Shi
et al., 1988).

Materials and Methods

ESR spectra were obtained at X-band (-9.7 GHz) using a Bruker ER 200D ESR

spectrometer, employing a self-tracking NMR gaussmeter and a microwave
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frequency counter. An ASPECT 2000 computer was used for data acquisition,
] analysis, and for ESR spectral simulations to obtain the splitting constants,
w Crystalline silica with particle sizes ranging from 0.2 to 2.5 mm was obtained
from the Generic Respirable Dust Technology ‘Center, Pennsylvania State
University, University Park, PA. Particles in the range of smaller than 25
microns were produced by hand grinding in air, with an agate mortar and pestle
because of the structural similarity of agate to that of quartz. Also, a
rather mixed particle size rather than a specific range, was employed, to

roughly approximaie the random particle-size distribution in the mining
atmosphere. '5.S-dimethyl-l-pjrrroline—N-oxide (DMPO) was used as a spin trap
for the -OH radicals. The DMPO was purchased from Aldrich, Milwaukee, WI and
used without further purification, because very weak or no +OH radical signal
was obtained from the purchased sample when used by itself, Superoxide
dismutase (SOD) and catalase were obtained from Sigma, St. Louis, MO. Dimethyl
sulfoxide (DMSO) was obtained from Fisher Scientific Company, Pittsburgh, PA.

All experiments were performed at room temperature {22°C).

ch — e . o — — . ——_ - e T R - Al

f Results and Discussions

Figure 1 shows some typical results of the ESR spin trapping measurements. A
0.1 M aqueous solution of the spin trap DMPO with as received (unground)

' quartz particles did not give a detectable ESR spectrum (Figure la). When the
quartz particles were crushed in a 0.1 M DMPO aqueous solution or when fresh
| quartz particles were mixed with 0.1 M DMPQ aqueous solution, an ESR spectrum
: (g = 2.0059), consisting of a 1:2:2:1 quartet pattern with splittings of a =
a, = 14.9 G, was observed (Figure 1b). Based on the splitting constants and
1:2:2:1 lineshape this spectrum was assigned to the DMPO-OH adduct (Buettner,
: 1984). As supporting evidence for the -OH radical formation, ESR spin tapping
| measurements were made in which 307 ethanol was added as a secondary trap
{(Buettner, 1984). It has been shown (Buettner, 1984; Shi et al., 1988} that in
presence of ethanol, the intensity of the DMPO-CH spin-adduct signal decreases
because ethanol scavenges some of the -OH radicals to form theethanolyl
radicals. The signals from the DMPO-trapped ethanolyl radicals are indicated
[ by arrows in Figure 1b. The measured splitting constants, L 15.8 G and a =
| 22.8 G, for these signals are indeed typical of those of the DMPO-CHOHCH,
adducts (Buettner, 1984), thus supporting the -OH radical formation in the
quartz particle aqueous suspension, without any added Hzoz.

An important observation was that the concentration of the -OH radicals, as
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a _ DMPO + unground Qz
DMPO +freshly
ground Qz

¥ b+30% ETOH

frmemsimine]
- H

Figure 1. ESR spectra recorded 2 minutes after mixing a 100 mM DMPO
aqueous solution with (a) unground quartz; (b} freshly ground quartz
particles; (c) same as (b) but with 307 ethanol added. The arrows show
the signals from the DMPO-ethanolyl radical adduct, attesting to the

-OH radical formation.

measured by the peak-to-peak height of ESR spin trapping adduet signal, which
increased with time of grinding (Figure 2). This showed that the -OH radical
formation is related to some surface property of the fresh quartz particles
(Kolbanev et al., 1980). The likely active sites may be the silicon-based
radicals (Si- and SiO-) formed after grinding (Bolis et al., 1983; Dalal et
al., 1986; Fubini et al., 1987; Vallyathan et al., 1988). Additional spin
trapping experiments show that the ability of the fresh quartz dust to
generate -OH radicals decreases with the aging of the dust in air (Figure 3).
It was found that, on an average, freshly ground quartz particles, when kept
in air, lose their <OH-generating capacity by about SO0%Z in approximately a
day.

To detect the possible formation of the Oé radicais in the fresh quartz
particle suspension, SOD (50 ug/ml) and catalase (5000 units/ml) wereadded
individually into the reaction medium. As noted in Figure 4b, SOD reduced the
+OH ‘radical formation to about 65%, indicating that 0;_ radicals may be

involved in the mechanism of -OH radical formation (Weitzman and Graceff a,
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Figure 2. Dependence of the ESR intensity of the DMPO-OH adduct (i.e.
+OH radical production} on grinding time (i.e. surface) of quartz
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Figure 3. Dependence of the ESR intensity of the DMPO-OH on the aging
of the quartz particles.

1984). Catalase, however, completely suppressed the -OH formation (Figure 4c),
indicating that HZOZ plays an important role in the ‘OH radical formation as
reported earlier (Vallyathan et al,, 1988]. The pgeneration and detection of
Hzoz was reported with wet analytical chemistry, the KMnO“ reduction
(Kolbanev et al., 1980), Using the same methodology, we did confirm the
reducing activity of fresh quartz particle suspension with respect to KMn04.
al?hough the Hzoz yield was measured to be an order of a magnitude smaller for
our sample. Further experiments showed that DMSO, commonly used radica)
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DMPO + freshly
grouna Qz
a+sob
a+catalase
a+bDMso
e a +desferal
20G
et —
i H

Figure 4. ESR spectra recorded 2 minutes after mixing 100 mM DMPO with
(a) fresh quartz particles; (b) same as (a) but with SOD (SO ug/mi);
(c) same as (a) but with catalase (S000 units/ml); (d) same as a but
with DMSO (257); (e) same as (a) but with desferal (1 mM).

scavenger (Britigan et al., 1986), suppresses the -OH radical formation by
more than 707 (Figure 4d). We noted that addition of desferal (] mM) reduced
the -OH radical! formation by more than 807%. Thus the Fenton reaction, Fe® «
Hzoz — Fe™ ¢ -OH « OH', may play some role in the -OH radical formation
(Morehouse and Mason, 1988). The Fe®' may be present as a trace impurity or
impregnated in the chemical structure of quartz dust.

The above results Jead us to suggest the following model of the initial
events in the reaction of the quartz dust with a cell membrane. The free
radicals (Si- and Si0-) on the surface of silica dusts and their associated
oxygenated radicals (-OH, 0;. and HZOZ) are involved in the interaction of
cell membrane with quartz dust. The results of this interaction would be the
release of reactive oxygenated species (HZOZ. 0;. OH, R:, and RO:). These
reactive oxygenated species would further react with the’ cell membrane leading
to additional release of these species and to lipid peroxidation (Fantone and
Ward, 1982). As 1o the sites of the reactions between the cell membranes and
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the quartz dust, we Noted that the reaction of quartz particles with H,0

. produces silanol (SIOH) groups on the particle surface, as detected by

/ infrared spectroscopy (Tsuchiya, 1982). These silano]l groups could form

hydrogen bonds with the nitrogen or oxygen atomic sites on the cell membrane,

This is supported by the report of & weak (hydrogen) bond formation between a

secondary amide (peptide} of proteins and silanol moleties (Summerton et al.,

1977). Such hydrogen bonding could bring the silica surface and cell membrane

close” enough to provide a.favorable environment for the initiation of lipid

peroxidation by the silicon-based radicals and their associated oxygenated
radicals. '

Conclusions

The present ESR spin trapping experiments show that freshly generated,
micron-size quartz particles have an ability to generate the -OH and possibly
the o; radicals in a cell free media. Moreover, the ability of such particles
to generate these oxygenated radicals decreases with aging of the particles.
This result implies that fresh quartz particles should be more fibrogenic than
the stale dust (Dalal et al., 1986 Shi et al., 1988; Vallyathan et al., 1988).
Indeed, we have reported recently that fresh quartz dust activates a greater
respiratory burst in alveolar macrophages than aged dust and that fresh dust
| exhibits a SO07% greater ability for Inducing lipid peroxidation (Vallyathan et
[ al., 1987, Vallyathan et al, 1988). We hypothesize that silicon-based
radicals and their associated oxygenated radicals may be involved in the
initiation of the lipid peroxidation of the cell membrane which results in
cell death (Vallyathan et al., 1988). “
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Mineral Surface-Specific Differences in the
Adsorption and Enzymatic Removal
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INTRODUCTION

Respirable quartz dust and a kaolin clay dust have been found to bde of
comparsble cytotoxic potential in vitro on a specific surface area basis
(Wallace, et al,1985), despite the distinctly differenmt potentisls of quarts
and clay for causing pneumoconiosis or pulmonary fidrosis (Sheers, 1984). A
respired particle depositing in s respiratory bronchiole or alveolus will
contact a pulmonary surfactant hypophase, of which & primary component is
diacyl glycerophosphorylcholine, or diacyl lecithia (DPL) (Clements, et al,
1970). Several studies have found that adsorption of such surfactant
suppresses in vitro cytotozic effects of quarts dust (Marks, 1957).
Subsequent phagocytosis and digestion by a macrophage may remove the coir.in;.
Trestoring cytotoxic potential and initiating disease processes (Iler, 1979).
Adsorption of dipalmitoyl lecithin (DPL) from emulsion in physiologic saline
by respirable sized quarts dust and kaolin dusts, and consequent diminution of
the dusts' hemolytic and macrophage cytotoxic potential have been reported
(Wallace, et al, 1985)., This report presents additional data on the cell-free
in vitro phospholipase A2 enzymatic digestion of dipalmitoyl lecithin adsorbed

~on & quartz snd a keolin reepirable sized dust (Wallace, et al, 1988) to

investigate mineral specific differences in the rates of digestion and of

consequent restoration of dust membranolytic potential.




area of 3.97 »"/g. Respirsble ksolin dust was ninety pPercent smaller than $
micrometer dismeter and had o specific surface ares of 13.2% lzlg.

L-alpha~dipalmitoyl glycerophosphoryleholine (lecithin)  (ppr) obtained
commercially wage ultrasonically emulsified into 0.165 M NaCl. Phospholipase
Az (PLA,) enzyme obtained commercially from porcine pancreas ves dissolved

in 0.165 M saline at a pH between 6.5 and 7.0, with 2.0 wM calcium chloride.
Quartz and kaolin dusts were incubated with DPL in physiologic saline emulsion
for 1 hr at 37°C at a ratio of 100 =g DPL/g quartz and 200 mg DPL/g kaolin.
After incubation, the dusts were washed twics in phosphate buffered ssline
(PBS), and the DPL-costed dusts finally suspended ot o concentration of 2 mg
dust/ml PBS. Parallel sets of dusts wvers used for hemolysis and for phosphate
asssy of residual adsorbed lecithin gnd lysolecithin, Sgline dilution of
lecithin stock emulsion vas used for tests which messured the suppression of
dust hemolytic potential as a function of adsorbed DPL,

Incubations of DPL-costed dusts with enzymes, carried out for periods of 2,
20, 44, and 72 hours, vere started sequentially so thet all assays for an
experiment were performed at the same time. Pollowing incubation with enzyme,
samples were resuspended twice in PB8 contaianing 2.0 aM ethylene diamine
triscetic acid (EDTA) to stop the enzymatic digestion. Semples for asssy of
hemolytic potentisl were resuspended in P38,

Hemolytic potential of native dusts, dust plus the maximm value of PLA,
applied, dusts incudbated with DPL/saline emilsion, and DPL-coated dust
subsequently incubated with PLA,, vere measured by the method of Harington,
et al. (1971). Sheep erythrocytes were vashed six cimes in PBS gnd prepared
as a 4% by volume suspension in PBS. These suspensions vere mized with equal
volumes of dust in PBS suspension to result in 22 by volume erythrocyte
suspensions with dust concentraion of 1 eg/ml. The mixtures were incubsted at
37°C for 1 hour. After incubation the optical density of the supernatant at
340 om wavelength was determined to measure hemoglobin release. Samples for
Phosphate deterinations were vacuum-dried 4t room temperature, and them eluted
vith chloroform/methanol (2/1 by volume). Amounts of phospholipid edsorbed to
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dust samples vere qunti.tatod a9 lecithin or lysolecithin (L~alpha=~lecithin,
I bets palmitoyl). Aliquots were separated by thia layer chromotography, and
the bands for lecithin and lysolecithin quantitated for phosphate by the
sethod of Bartlett (1959).

RESULTS

Incubation of these quartz and kaolin dusts with increasing amounts of DPL
results in neutrslization of hemolytic potential between 15 and 20 mg DPL
adsorbed per gram quartz, and betveen 75 to 85 mg PPL/g for kaolin (Kesne ¢t
&1, 1988). This quartsz adsorbs about 60 ug DPL/g dust and this keolin adsorbs
about 150 mg/g dust at high lecithia dispersion concentrations. But saline
vashing removes sll but a constant specific adsorption amount retained for
sach dust. For a series of 24 such measurements the residual adsorbed value
for this quartz wes 16.5 mg DPL/g querts, and a series of 12 tests gave the

value of 83.0 mg DPL/g kaolin. Using the nitrogen adsorption specific surface
areas for these dusts, these lecithin retention values are 5.7 micromoles
DPL/square meter of quarts surface, and 8.5 micromoles Dﬂ.hz of kaolin

surface.

The digestive removel of DPL from quartz and kaolin is shown in Figure 1. for
applied specific activities of 0.82 units PLA2 per micromole DPL om quartz,
.i and 0.96 units PLA2 per microwola DPL om kaolin. Date vare taken in three
separate experiments with eriplicate points for each; standard deviations
shown are for the nine values at esach time point. Parallel measurements shov

that most of the produced lysolecithin remains adsorbed on both dusts at the 2

\ hour time point, with a significant amount still retained on the quarts at 20
hours. It is gone from both dusts at 44 hours. Figure 2 shows the resultant
hemolytic potentiael of the trested dusts.

1 Digestive removal of DPL when the specific activity applied to quartz is

' decreased to 0.082 units PLA2 per micromole sdsorbed DPFL, and when the

' specific activity applied to kaolin is incresad to 2.9 units PLA2 per

| micromole kaolin-adsorbed DPL is shown in Figure 3. Parallel messurements
show the hemolytic potentisls for the two dusts track each other from -
approximately 302 native dust level at 2 hrg digestion to about 50% native
dust level at 72 hrs digestion.
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In our thin layer chromstographic Separation of DPL and lysolecithin ve note ,
band running at the solvemt fromt vhich {s visible afeer heating but mot after
staining for phosphate. Two sets of experiments using C-14 radiolsbel on the
Palmitic acid moiety of DPL have found about 502 of the ¢igtction-produc.q

fatty acid steys associated with quartz at the 2 hour time Point, and aboye
70Z with the kaolin,
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Figure 1. Digestive removal of dipalmitoyl lecithin from quarts (solid
line) end from kaolin (daehed line) for applied phospholipase A2 specific

activities of 0.32 and 0.96 units per micromole adsorbed lecithin on
quartz and kaolin, respectively,

Limited infrared spactroscopic exsminetions vere wmade of kaolin incubated with
critical asmounts of DPL in saline, then dried under mild conditions, and
analyzed in potassium dromide pellets by grating IR $pectroscopy. Contrasting
the spectra of kaolin, of DPL, and of DPL adsorbed to kaolin indicates
suppression of the broad DPL band in the region of the 3400 em ! for DPL
adsorbed on kaolin. This band is assigned to the hydrated acidic phosphats
group of DPL. Subsequent FTIR examination has indicated this band suppression
occurs for DPL on kaolin but not significantly for DPL on quartz, vhile a weak
band ateributed to the trimethylamine of DPL is diminiehed for both dusts
(Keane, et al, 1988).
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DISCUSSION

The quarts and kaoclin used in this vork are comparably hemolytic on a surface
area basis. The amounts of DPL needed to fully suppress the hemolytic
potentials of the dusts is about equsl to the amounts of DPL retained on the
dusts after mild saline rinsing. The ratio of these critical smounts of DPL
for kaolin to quartz is about equal to 1.5 times the ratio of their nitrogen

8

Z rotive duet hawoliysts

i
i =
f Ao — JRRTReTIILLL vee
u L } . temssersisscement
0 . ) -

n
| digestian time Chre)d

Figure 2. Hemolytic potential of lecithin costed quartz {(solid line) and
kaolin (dashed line), expressed as percent of native dust potentisl,
following tha digestion by PLAZ shown in Figure 1.

adsorption specific surface areas. The critical DPL values ars about half the
amounts of DPL adsorbed before rinsing. They are a factor of two or more
; greater than estimates of amounts needed for monolayer coverage using the
| nitrogen adsorption surface areas and information on wolecular size or on
| ' vater-air interfacial surface spreading of DPL. This is consistent with a
[ picture of the stable DPL coating being & monolayer coverage of the dust
| surface by DFL molecules oriented with their zwitterionic head groups toward
the dust surface, and backed by a second layer, with palmitate tails of the
two layers in association and with ionic phosphorylcholine heads of.the second

*  layer pointed outward into the surrounding aqueous media. Such an arrangement
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would permit iomic interaction of acidic or basic dugt surface sites with the

svitterionic DPL phospborylcholine head group, while minimiging comtact of
hydrophobic scyl groups with the surrounding aqueous medium.

X dpl remining adeorbed

0 =S o .
digmtion tias Chra)

Pigure 3. Digestive removal of dipalmitoyl lecithin from éutu (eolid
line) and from kaolin (dashed line) for applied phospholipase A2 epecific

activities of 0.082 end 2.9 uynits per micromole adsorbed lecithin on
quarts and kaolin, respectively.

Application of phospholipsse A2 to DPL coated dusts results in digestion snd
eventual removal of DPL end {ts phosphate-bearing products of digestion. The
produced sod initially adherent lysolecithin is iteelf & membramolytic agent.
This correlates with exaggerated levels of hemolytie potential seen for all
samples at the two hour time point. As the DPL is digested from the dust
surface the lysolecithin mey be lost by dissolution into the surrounding
vater, or it may be subject to further ensymatic hydrolytic attack.
Nor-phosphate fatty acide are also present as msasured at the two hour time
point. Thus, the hemolytic potantisl at any tims is due to & mixture of
effects: direct potertial of wmineral surface partislly bared of lecithin,
modified by further suppression of that surface potential by adsorbed palmitic

acid product, and wodified by aedditional 1ytic activity of adsorbed
lysolecithin preduct.
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gor the applied specific PLA2 activities of about 1 wait per micromole of

| gdsorbed DPL, the quarts is fully stripped in three days, while kaolin retains
' sbout 302 to 40X of the BFL. This epecific ensyms activity level is aa order
of magnitude estimate of the total lysoscmel phospholipase activity which a»
gingle cell contsins (Hostetler, st al, 1982) in ratio to the critical DIFL
coating for a 1 micrometer diameter quartz particle. After initial rapid
decresse in adeorbed DPL in the first two hours of digestion, there is &
glover rate of digestion over the three day period. This longer time behavior
may represent digestive removal of the mineral- surface bound layer of DPL,
and therefors be wmost significant for the restoration of dust surface
sembranclytic poteatial. This is indicated by Pigures 1. and 2., in which
quarts hemolytic potential is fully restored with oo contribution from
lysolecithin, while kaolin is still significantly suppressed at twe and three
days digestion. Figure 3. shows that a 30~ fold increase in applied ensymatic
activity is needed to restore the surface potential of keolia at the same rate
as quarts. This suggests a greater hindrance to enzymstic hydrolysis of DFL
bound to kaolin. This is consistent with the spectroscepic indicatiom of
| association of the DPL-phosphate moiety with keolin. PLA2 induced hydrolysis
| of DPL occurs at tha glycerol carbonyl ester linkage of the palmitic acid
) residue adjacent to the phosphate of DPL. This phosphate is acidic, and
I

|

|

therefore more likely to associste with basic aluminol groups on the kaolin
surface rather than acidic silsnol groups om the ksolin or quarts surfacs.
The positively charged trimethylamine head group of DPL may associate with the
silanol groups of either dust. A wmodel which suggests iteself is that outer
adsorbed bilayer DFL molecules are readily enzymatically digested from both
duste; wvhile for the inner, dust surface associated DPFL, a clay surface basic
sluminol group intersctiom with the DPML acidic phosphate group results in
greater hindrance for PLA2 digestion of kaolin= in coantrast to quarts-
sdsorbed lecithia. This ie a much simplified model of cellular phagolysosomal
. digestion which additionally involves phospholipase €, acidic pR wedia, and
| wembrane bound enzymes. To determine if such mineral specific differences

e ————

1 occur in phagolyscsomal digestion within a pulmonary wmacrophsge, and to
| deterwmine if osuch dust-specific differences fall on either side of
- characteristic clearsnce times for respired particles from the scinsr region
| of the lung, requires dats from a more representative digestion system. We
are attempting measurements of radiolabelled surfectant digestion from
phagocytized dusts and measurement of associated cytotoxic responsa.
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ABSTRACT: Respirable quarts and kaolin dusts are comparably cytotemic to
pulmonary wmacrophage and wembranolytic ia vitro. Whea {ncobated im
dipalmitoyl glycerophosphorylcholive (lecithin)™ dispersed in physiologic

saline, a component of pulmonary surfactant, the lytic potential

is suppressed. Subsequent incubation with ’pholphoylipn': A2 cuy:n‘ :: t:p::;::
activity of one unit per aicromole of adsorbed lecithin, a simplified model of
cellular phsgolysosomal digsstive processes, fully restores quarts hemolytic
potential in three days, vhile one quarter of kaolin potentisl is restored. A
30~ fold increase in applied activity is necessary to digest lecithin coating
from kaolin at the same rate the coating is digested from qusrts. Lecithin
phosphate interaction with kaolin aluminol groups, indicated by IR spectra
are diacussed as dases for the mineral- specific digestion rate differences. '



ESR Evidence for the Hydroxyl Radical Formation in
Aqueous Suspension of Quartz Particles and Its
Possible Significance to Lipid Peroxidation in

Silicosis

N.S. Dalall, X. Shil and V. Vallyathan2

1Department of Chemistry, West Virginia University
2D%10n of Respirable Disease Studies, National Institute for Occupational Safety and Health,

' Morgantown, WV

Electron spin resonance (ESR) spectrum of the hydroxy! ¢+ OH) mdical spin adduct
with the spin trap 5, 5-dimethyl-1-pymoling-N-oxide has been obtained in suspensions
of freshly ground quartz particies. The concentration of the spin adduct (and hence
of the - OH radiicals) increases with the amount of grinding. The dust’s potential for
the generation of the « OH mdicals is maximum when fresh (i.e., immediately after
grinding) and decreases to 50% in about a day on storage in air. Studies involving
metal chelates indicate that the - OH ndical formation invoives mainiy the silica sur-
face and H,0 nather than the Fenton reaction. The resuits suggest that hydroxy! radi-
cal reaction(s) couid be important in the lipid peraxidation and fibrogenicity by
quarz dust, particulardy in acute silicosis.

INTRODUCTION

In this paper we report on our electron spin resonance (ESR) detec-
tion of the formation of hydroxyl (- OH) radicals in aqueous suspen-
sions of freshly crushed quartz particles. This work was undertaken
with a view to find possible clues to the role of free radicals in the
pathogenesis of quartz-induced fibrogenicity, commonly known as sili-
cosis. We noted that while silicosis is one of the major health hazards
in coal and mineral industries, the mechanism by which the quartz par-
ticles exert their toxic action on cells and the process(es) by which
these actions progress to fibrogenesis are still poorly understood
(Reiser and Last, 1979; Singh and Rahman, 1987). It is generally
thought, nevertheless, that the action of quartz particles on the biolog-

This research has been supported by the Department of the Interior's Mineral Institute pro-
gram administered by the Bureau of Mines through the Generic Mineral Technology Center for
Respirable Dust under grant G1135142,

Requests for reprints should be sent to Dr. N. S. Dafai, Department of Chemistry, West Vir-
ginia University, Morgantown, West Virginia 26506,
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ical membranes is the startinﬁ'epoint of the silicotic process (Parazzi et
al., 1968). A possible clue to the mechanism of the membrane damage
by quartz particles, in terms of the role of oxygenated free radicals, is
suggested by the following observations. A suspension of quartz parti-
cies in contact with alveolar macrophages has been reported (Gabor et
al., 1975; Koike et al., 1982) to initiate an enhancement of lipid peroxi-
dation, defined broadly as the oxidative deterioration of polyunsatu.
rated components of lipids. Hydroxy! ( OH) radicals are known to be
capable of peroxidation by abstracting hydrogen atoms from cell-mem-
brane lipids (Halliwell and Gutteridge, 1985) and of initiatin lipid per-
oxidation in lysosomal membranes (Fong et al., 1973). A ong other
lines, it is known that exposure of cell membranes, fatty acids, and
unsaturated food oils to jonizing radiation, which generates - OH radi-
cals, causes rapid peroxidation (Halliwe!l and Gutteridge, 1985). Thus
* OH radicals (and also other oxygenated species such as 03,0, and
H,O,) mi;ht be expected to play a role in the toxicity of quartz, Earlier
studies of the aqueous chemistry of quartz suspensions have reported
detection of H,O, (Kalbanev et al., 1980), implicating the formation of
* OH radicals as transient species. However, we are not aware of any
report of the detection of - OH radicals in quartz reactions, and thus
the present study was undertaken. Since it-is known that, because of
their high reactivity (hence short lifetime) in aqueous media, the - OH
radicals cannot be detected via ESR directly (Finkelstein et al., 1980;
Buettner, 1982), we have used ESR combined with the sfpin-trap meth-
odology (Finkelstein et al., 1980) for studying the - OH formation. The
results show that - OH radicals are indeed formed in agueous suspen-
sions of freshly ground quartz, thus pointing to a possible new clue to
the cytotoxicity of freshly formed quartz particles and thereby to silica
fibrogenicity.

MATERIALS AND METHODOLOGY

Crystalline silica with particle sizes of 0.2-2.5 mm was obtained
from the Generic Respiraglae Dust Technology Center, Pennsytvania
State University, University Park, Pa. Particles in the range of smaller
than 25 um were produced by hand grinding in air, using an agate mor-
tar and pestle because of the structural similarim of agate to that of
quartz. Also, a rather mixed particle size, rather than a specific range,
was employed, with a view to roughly approximate the random parti-
cle-size distribution in the mining atmosphere. ESR spectra were ob-
tained at X-band (~9.7 GHz) using a Bruker ER 200D ESR spectrometer.
For accurate measurements of the g values and hyperfine splittings, the
magnetic field was calibrated with a self-tracking NMR gaussmeter
(Bruker, model ER035M) and the microwave uency was measured
with a frequency counter (Hewlett-Packard, model 5340A). The micro-
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wave power and magnetic field modulation amplitude were adjusted to
obtain optimum ESR signal resolution and intensity; the values used
are listed in the figure captions. 5,5-Dimethyl-1-pyrroline-N-oxide
{DMPO) was used as a spin trap for the - OH radicals. The DMPO was
purchased from Aldrich Chemical Company, Milwaukee, Wis., and
used without further purification, since very weak or no - OH radical
signal was obtained from the purchased sample when used by itself. An
Aspect 2000 computer was used for data acquisition and analysis and
for ESR spectral simulations. Different concentrations of DMPO
aqufous solutions were made by adding distilled water and frozen
until used.

RESULTS

Some typical results of the ESR spin-trapping studies are shown in
Fig. 1. As may be noted from this figure, a 0.1 M aqueous solution of
the spin trap DMPO alone (Fig. 1a), with TiO, powder (Fig. 1b), or with
unground quartz (Fig. 1c), did not give a detectable ESR spectrum. TiO,
was used as a control because it is known not to be fibrogenic (Gorm-
ley et al. 1985) and has a structure resembling quartz (5i0,). However,

en quartz was ground in a 0.1 M DMPO aqueous solution or when
ground quartz particles were mixed with 0.1 M DMPO aqueous solu-
tion, an ESR spectrum (g = 2.0059), consisting of a 1:2:2:1 quartet pat-
tern with a splitting of 14.9 G, was observed (Fig. 1d-g, Fig. 2b). Based
on earlier work (Bannister and Bannister, 1985; Finkelstein et al., 1980;
Rosen and Freeman, 1984), this spectrum appeared 1o be that due to
the DMPO-OH adduct according to reaction (a).

H - ] "
l-l:c:’ * I : + OH — u%‘__ﬁ: (a)
He | » | OM
o~ o

Two further tests were made to identify the spectrum. First, the
Fenton reaction (Fe2* + H,0, — fe’* + - OH + OH-) (Halliwell and
Gutteridge, 1984), known to produce - OH radicals, was used as an ad-
ditional standard for the - OH identification. The ESR spin-adduct spec-
trum obtained by mixing 0.085 M H,0,, 0.0165 M FeSO,, and 0.1 M
DMPO (Fig. 2a) was the same as that of Fig. 2b (obtained with ground
quartz), thus attesting to the formation of the - OH radicals in the
quartz suspension. A pH variation study over the range of 4-10 or
DMPQO concentration over 10-3 to 10-? M showed no measurable
change in either the g factor or the observed splitting pattern.

As a second, confirmatory, test of the - OH radical formation, spin-
trap ESR experiments were performed in which ethanol was added as a
secondary trap. It has been shown (Buettner, 1982; Weitzman and Gra-
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FIGURE 1. ESR spectra recorded 2 min after mixing 100 mM DMPO aqueous solution with (a)
distilled water, (b) 110, powder, (c) unground quarsz, (d) freshly ground quartz particles, grinding
time 0.5 min; (e), (f), and (g) correspond to grinding times of 1, 2, and 4 min, , Re.
ceiver gain, 5 x 10%; modulation ampfitude, 2 G; scan time, 100 5; field, 3460 = 75 G.

ceffa, 1984) that in the presence of ethanol, the intensity of the DMPO-
OH signal decreases, because ethanol scavenges some of the - OH rad-
icals to form the ethanolyl radicals (Buettner, 1982), which react with
DMPO to give the spin adduct DMPO-CHOHCH;, as shown below:

“.c\ c"'l""?"a
OMPO o ethanol s 0% M)\T;’ —on, b)
o

The ESR spectrum of the spin adduct DMPO-CHOHCH, was indeed
observed, as indicated by arrows in Fig. 2¢ (for 30% ethanol) and more
clearly in Fig. 2d, obtained in the presence of excess ethanol, thus con-
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HEOE + Fé+ DMPO

& b« DETAPAC

WG
He

FIGURE 2. ESR:peclramwded:minsaﬂermwng1MmMDMPOwid1(ﬂH,0,.!5mMmd
FeSO,. 16.5 mM; (b) freshly ground quarzz particies, grinding time 10 min; (c) same as (b), but
with 30% ethanol added; () same as (b) but with excess ethanol; {e} same as (b) but with 1 mM
DETAPAC added. Receiver gain, 5 X 108; modulation amplitude, 2 G; scan time, 100 5; field, 3460
27506 '

firming the - OH radical formation (Buettner, 1982) in the original (i.e.,
quariz suspension) system.

An important observation was that the intensity of the - OH radical
adduct signal increased with the amount of grinding (Fig. 1d-g, Fig.
2b), thus showing that the - OH radical generation is related to some
surface property of the freshly made dust, most likely the silicon-oxy-
gen radical sites known to form on grinding (Hochstrasser and Anto-
nini, 1972; Dalal et al., 1986). Additional spin-trap measurements as a
function of time of “aging” of the dust after grinding (Fig. 3) showed
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FIGURE 3. Dependence of the ESR intensity of the DMPO-OH adduct on the “aging” of quartz
dust, i.e., the time of storage in air after grinding. The concentration of DMPO used was 100 mM.
The - OH radical formation is seen to decrease by 50% in about a day.

that freshly generated quartz particles produced more - OH radicals
than particles that had been stored in air after grinding. Thus the sur-
face reactivity of the quartz particles for producing the + OH radicals
decreases with the time of storage in air. In order to characterize the
kinetics of the dust’s aging on its ability to generate the + OH radicals,
attempts were made to determine whether the reaction was of the first
order [a straight line plot for log(conc.) versus time] or second order
{straight line plot for (conc.)~? versus time]. The analysis indicated the
kinetics to be neither first nor second order but of a more complex
nature. Thus while it was not possible to define a unique half-life for
the decrease in the (- OH radical-producing) potential of the quartz
dust on storage after grinding, we note that, on the average, freshly
ground quartz dust loses its - OH-generating capacity to about 50% in
approximately 1 d (~24 h). This time scale should be kept in view in
laboratory studies of the toxicity of quartz dust.

DISCUSSION

The spin-trap ESR spectra shown in Fig. 1d-g and Fig. 2b—e demon-
strate that - OH radicais are generated by the reaction of freshiy broken
uartz particles with aqueous solutions. While the exact mechanism of
the - OH radica! production is not yet understood, it is clear that the
breakage of quartz crystals implies the homolysis of Si-O-Si bonds and
the generation of silicon-based radicals (=Si - , =SiO -, =SiOQ0 )
(Hochstrasser and Antonini, 1972; Kalbanev et al., 1980). We have in-
deed verified that the SiO - type of radicals is produced by grinding in
air, and that the radicals decay as function of time when the dust is
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stored in air after grinding (Dalal et al., 1986), with a half-life of about

- 1% d. Earlier workers (Hochstrasser and Antonini, 1972) have reported

that the crushing of single quartz crystals under a very high (10~ Torr)
vacuum produces SiO - -type radicals whose concentration decreases
drastically on exposure to atmosphere with a half-life of about 30 h. For
the =SiO - radicals, the bonding between the Si and O atoms is quite
strong (AH = 108 kcal/mol) (Durrant, 1970). Hence this bond will not
be easily broken upon hydrolysis. However, the - OH radical produc-
tion might involve the following steps (Kalbanev et al., 1980):

=5i0 - + H,0— =SiOH + - OH (c)
=5i0 - + + OH — =SiO0H {d)

it has been argued (Kalbanev et al., 1980) that the hydrolysis of SIOOH
could produce H,0;, according to reaction (e):

=SiO0H + H,0 — =Si0 - + H,0, (e)

The yield of H,0,, depending on the pH and the temperature of hydro-
lysis, was reported to be as high as 10™ molecules/g quartz particles
{Kalbanev et al., 1980), enough to be measured by the standard method
of wet analytical chemistry, the MnO3 reduction:

2MnO; + 5H,0, + 4H* — 50, + 2Mn?* + 8H,0 )
(pink) (colorless)

We verified the reducing activity of our quartz particle suspension with
respect to potassium permanganate, aithough the H,0, yield was mea-
sured to be about an order of magnitude smaller for our samples. This
observation led us to carry out additional experiments in order to ex-
amine whether the - OH radical formation was through the Fenton re-
action (Halliwell and Gutteridge, 1984), the Fe?* possibly being a trace
impurity in the system. Thus spin-trap measurements were made in
which diethylenetriaminepentaacetic acid (DETAPAC) (0.03-3.0 mM)
was used as a strong metal-ion chelate in the quartz particle suspen-
sion. It is known that the iron-DETAPAC complex formation stops the
hydroxyl radical generation from H,0, (Finkelstein et al., 1980). On
adding DETAPAC the - OH radical-related ESR signals showed no varia-
tion in either the g value or the observed splitting pattern but only a
small (~20%) decrease in intensity even at these high DETAPAC con-
centrations (Fig. 2e). Although not conclusive, this result, to ether with
the dependence on surface freshness, is evidence against the Fenton-
type mechanism for the - OH radical generation in our quanz suspen-
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In conclusion, our ESR spin trapping studies show that - OH radicals
are generated by freshly ground quartz particles in aqueous media. The
* OH production increases with the surface area generated on grind-
ing, but decreases with the “aging” of the dust after grinding. The
mechanism of the - OH production seems to be the reaction of the
newly generated silica surface with water, rather than trace minerals.
The implication of these results to fibrogenicity is that the quartz parti-
cles may damage the cell membrane through lipid peroxidation via the
free radical chain mechanism initiated by the - OH radical, thus sug-
gesting a possible new clue to the biochemical mechanism of pneumo-
coniosis, in particular of acute silicosis. More recent studies in our lab-
oratory have shown that fresh guartz dust indeed causes a higher
degree of lipid peroxidation, and that this lipid peroxidation can be
suppressed by radical scavengers (V. Vallyathan, X. Shi, N. S. Dalal, W.
Irr, and V. Castranova, 1987, unpublished results).

REFERENCES

Bannister, ). V., and Bannister, W. H. 1985, Production of axygen-centered radicals by neutrophils
mdmcmphqunmdmbydmmsﬂnmﬁsm.wm.mm:pem
64:37-43.

Buettner, G. R. 19&2. The spin trapping of superoxide and hydroxyl radicals. in Superoxide Dis-
mutase, vol. 2, ed. L. W, Oberly, pp. 63-81. Boca Raton, Fla.: CRC Press.

Dalaf, N. 5., Suryan, M. M., Jafarl, B., Shi, X., Vallyathan, V., and Green, F. H. Y. 1986. Electron
spin resonance detection of reactive free radicals in fresh coal dust and quartz dust and its
implications to pneumoconiosis and silicosis. In Proc. Int. Symp. Respir. Dusts in the Minera!
ind. Pennsylvania State University, University Park, Pa., pp. 25-29.

Durrant, P. ). 1970. Sub-group IV N, Carbon, silicon, gefmanium, tin and lead. In introduction to
Advanced Inorganic Chemistry, pp. 633-644. New York: Wiley.

Finkelstein, E., Rosen, G. M., and Rauckman, E. ). 1980, Spin trapping of superoxide and hydroxyl
radical: Practical aspects. Arch. Biochem. Biophys. 200:1-16.

Fong, X. L., McCay, P, B, Poyer, ). L., Keel, B. B., and Misra, H. 1973. Evidence that peroxidation
of lysosomal membranes is initiated by hydroxyl free radicals produced during flavine en.
Tyme activity. [, Biol. Phys. 248:77902-7797.

Gabor, S., Anca, Z., and Zugravu, E, 1975, In vitro action of quartz on alveolar macrophage lipid
peroxides. Arch. Environ. Mealth 30:499-501,

Gormiey, |. P., Kowolik, M, J., and Cullen, R. T. 1985, The chemiluminescent response of human

ic cells to mineral dusts. Br. J. Exp. Pathol. 66:409—416.

Halliwell, B., and Gutteridge, ). M. C. 1984, Oxygen toxicity, cxygen radical, transition metals and
disease. Biochem. J. 119:1-14,

Halliwell, B., and Gutteridge, J. M. C. 1985, Lipid peroxidation: A radical chain reaction. In Free
Radicals in Biology and Medicine, pp. 153. Belfast: The University Press (Belfast) Ltd.

Hochstrasser, G., and Antonini, ). F. 1972. Surfsce states of pristine sllica surfaces. Surface Sci.
32:644-664.

Kalbanev, 1. V., Berestetskaya, {. V., and Butyagin, P. L. 1960. Mechanochemistry of quanz sur-
face. Kinet. Katal 21:1154—1158.

Kolke, 5., Kuno, Y., and Morita, H. 1982. The effects of silica on lipid peroxidation, and the pro-

duction of superoxide radicals by phagocytizing rabbit macrophages. jpn. /. Hyg. 37:510-
515.

144




OH RADICALS FROM FRESH QUARTZ DUST

Paratyi, E., Secchi, G. C., Pernis, B., and Vigliani, E. 1968, Cytotoxic sction of silica dusts on
macrophages in vitro. Arch, Environ, Heaith 17:850-859.

Reiser, K. M., and Last, ). A. 1979. Silicosis and fibrogenesis: Fact and artifact. Taxicofogy 13:15-
n

Rosen, G. M., and Freeman, B. A, 1984. Detection of superoxide generated by endothelial cells.
Proc. Natl. Acad. Sci. USA 81:7269-7273.

Singh, 5. V., and Rahman, Q. 1967. Interrelationship between hemolysis and lipid peroxidation of
hummemhroqms induced by silicic acid and silicate dusts. /. Appl. Toxicol. 12:91-96.
Weitzman, 5. A., and Graceffa, P. 1904, A:bestosnuiyzuhydrommdsupemuidendinlmr-

ation. Arch. Biochem. Biophys. 128:373-376.

143



Do Silicon-Based Radicals Play a Role in
Quartz-Induced Hemolysis and Fibrogenicity?
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Correlated spectroscopic and Cytotoxicity measurements were made on
newly crushed silica to find whether the fracture-induced, silicon
related (Si-O- or Si- type) free radicals Play a direct role in
the mechanism of hemolysis by silica particles. The free radical
content of the silica particles was controlled through the radical
decay, thermal annealing, and boiling pProcesses, and was followed with
electron spin resonance spectroscopy. Portions of the same sample were
evaluated for their hemolytic potential, employing sheep erthyrocyte
and optical absorption techniques. The results indicate little, if
any, correlation between the amount of the silicon-based radicals ang
the hemolytic potential of the fresh dusts, but these or related
radical sites might be contributors to silica cytoxicity and
fibrogenicity via peroxidative pathways.

INTRODUCTION

In an earlier communication (1) from our laboratory it was
reported that mechanical crushing of coal and quartz under normal
air atmosphere generates free radicals on the particle surfaces,
and that these radicals decay with time, hence pointing to a higher
toxicity of fresh dusts in relationship to pneumoconiosis and
silicosis. More recently Fubini et al.(2) have algo reported the
detection by electron spin resonance (ESR) of the formation of S$10-
and Si-~type of radicals from quartz particles crushed under
atmospheric conditions. In agreement with earlier £SR studies on
single crystails of quartz crushed under high vacuum (-10-'0 torr)
(3) and subsequent exposure to air (3), and to other gaseg (4), these
radicals were identified (2) as being formed by the homolytic
cleavage of the S§i-0-S8i bonds and the reactions of the Si- and 81i0-
.radical with atmosphere. Fubini et al. (2) also suggested that these
radicals might be involved in the mechanism of the fibrotic action by
s8ilica, either by transforming the particle surface into a selective
oxidating agent or as an initiator of a sequence of reactions leading
to fibrosis. Earlier Gabor and Anca (5) had reported that lipid
peroxidation caused by free radicals on the silica surface might be
involved in the red blood cell membrane damage. Thus far, however, no
parallel cytotoxicity, fibrogenicity, and free radical studies on a
given quartz dust sample have been reported, except for some earlier
work from our laboratory (1,6,7). We now present more recent results
obtained from parallel cytotoxicity, fibrogenicity, and free radical
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measurements on a freshly made quartz dust. The dust’s free radical
content was measured using ESR spectroscopy while its cytotoxicity
potential was estimated via hemolysis. Hemolysis was employed as the
toxiCity test bscause it is a widely used method for estimating the
potential of a dust for disrupting the cell membrane (8). The
fibrotic potential was followed by measuring the dust-induced 1ipid
peroxidation, using l1inoleic acid as a model lipid. As discussed
below, the results obtained suggest new clues to the mechanism of the
quartz-related cytotoxicity and fibrogenicity.

MATERIALS AND METHODS
(a) Reagents

Crystalline quartz particles with a size range of 0.2-2.5 mm were
obtained from the Generic Respirable Dust Technology Center,
Pennsylvania State University, University Park, Pennsyivania. These
particles were crushed in air to obtain quartz dust samples with
particle sizes smaller than 20 microns. We chose to work with a dust
with mixed particle sizes, rather than a specific range, as an effort
to simulate the mining atmosphere. An agate mortar-pestle arrangement
was used for the crushing and grinding because of the close
similarity of the structure of agate to that of quartz.
Diethylenetriaminepentaacetic acid (DETAPAC) were purchased from
Sigma. A1l other chemicals were purchased from Fisher or Aldrich.

(b) Hemolysis Experiments

Hemolytic activity of silica was measured, following an established
procedure (9), as the amount of hemoglobin released from a 2%
suspension of sheep erythrocytes after incubation with 10 mg of
silica dust for one hour at 37°C. The hemoglobin release was
estimated via the absorbance at 540 nm using a Gioford
spectrophotometer. The procedure was calibrated by substituting the
silica dust by a phosphate buffer solution as a negative control
(background) and 0.5% Triton-X-100 as a positive control (100%
hemolysis). The percentage of hemolysis was calculated as follows:

% Hemolysis = (Isittca = Ineg)/(Ipos = Ineys)

where Isiv1ica i the absorbance after incubation with the silica
dust, while Iaeg and lpos are those with buffer only and 0.5%
Triton-X-100, respectively.

(c) Lipid Peroxidation Measurements

Peroxidation of the polyunsaturated lipid linoleic acid (cis-9-cis~
12-octadecadienoic acid) by freshly ground or aged silica was
monitored using a fluorescence method (10) with minor modifications.
The reaction mixture in a total volume of 0.5 ml contained freshiy
ground or aged silica and 20 ul1 of 0.52 mM linoleic acid emulsion in
95% ethanol in HEPES buffer (pH 7.4) with calcium and glucose. The
mixturs was heated for one hour in a shaking water bath at 37°C.

This procedure was followed by the addition and mixing of 0.5 ml of
3x sodium dodecyl sulfate and then of 2.0 m) 0.1t N HCY, 0.3 m] 10%
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phosphotungstic acid and 1.0 m) 0.7x 2-thiobarbituric acid. The
mixture was then heated for 30 min at 95-100°C and the reactive
substance formed was extracted with 5 ml1 t~butano) after cooling, ¢
extraction was then centrifuged at 3000 rpm for one minute and the'h |
fluorescence ¢f the butanol! layer was measured using a 515 nm
excitation and 555 nm emission, with a Perkin-Elmer
fluorospectrophotometer (Model MPG-36). Malondialidehyde standards
were prepared from 1,1,3,3,-tetramethoxypropane to obtain a i
calibration curve, which was used for calculating the amounts of
malondialdehyde produced.

(d) ESR Measurements

ESR spectroscopy was used for identifying the crushing-induced
silicon-oxygen radicals, and to follow their concentration as
described eleswhere (1,6,7). The ESR measurements were made with a
Bruker ER 2000 spectrometer operating at X-band (-9.5 GHz)
frequencies, and 100 kMZ magnetic fiel!d modulation. The magnetic
field was calibrated with a self-tracking NMR gaussmeter (Bruker, F
model ERO35M). The microwave frequency was measured with a Hewlett-~
Packard, Model 5340A, digital frequency counter. A1l ESR measurements

were made at room temperature.

- RESULTS AND DISCUSSION

Fig. 1 shows a typical, room temperature, ESR spectrum of freshly
ground quartz particles. The spectrum is not identical but similar to
those reported earlier for the measurements made at room temperature
and ambient air environment (1,2). Here we focused on the major °
species, characterized by g = 2.0015, and assigned to a combination
of silicon-oxygen radicals (1,2). To correlate the radical content
with hemolysis, it was necessary to control the radica) '
concentration. The first method used for this was thermal annealing.
Thue the free radical concentration was measured via ESR (at room
temperature) after thermal annealing from 50° to 800°C for 30 minutes
at each temperature. Fig. 2 shows the change in the.radica)

Fig. 1. A typical, room temperature, ESR spectrum of freshly ground
quartz particles.
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concentration on thermal treatment (Plot A) and the corresponding
hemolysis measurements (Plot B). The data for the samples heated
above 300°C show that while the free radical content dacroasos
sharply with the heat treatment above 300°C, the hemoliytic potential
remains virtually unchanged for heating up to 550¢C, and starts to
decrease on further heating only. It, thus, follows that there is
little, if any, direct correlation between the concentration of the
free radicals and the hemolytic potential of the dust samples.
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Fig. 2. The effect of heating on the ESR intensity of the grinding-
induced silicon-oxygen radicals, plot A (e), and silica-
induced hemolysis by the same samples, plot B (O).

Second, measurements of both the radical concentration and the
hemolytic potential were made at several time intervals after the
dust preparation. Fig. 3 shows the time dependence of the free
ragical concentration on storing the dust in air after grinding
(Piot A) and the hemolygsis induced by the same sample (Plot B). It
is seen that while the radical concentration decreases with a half-
1ife of about one and a half day, in agreement with our earlier
studies (1,6,7), the hemolytic potential does not change noticeably
over at least two weesks, again showing that the grinding-induced
radicals on the quartz particles do not play any direct role in the
mechanism of the hemolysis by quartz particles.

As the third method for controlling the radical concentration, some
freshly ground quartz particles were boiled in a phosphate buffer for
about 30 minutes. ESR measurements on these samples showed that their
radical concentration decreased to about 10X, while their hemolytic
activity decreased to almost zero. In order to find if this decrease
was related to the silicon-oxygen radicals, experiments were
conducted as an attempt to restore the hemolytic activity. It was
found that while an sxposure to a phosphate buffer or a KMnO.
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solution (a strong oxidant) did not restore the hemolytic activity,
the addition of DETAPAC, a strong metal chelate, to the incubation
medium restored the activity to about 60%. Thus, the boiling-induceqy
reduction in the silica's hemolytic potential cannot be attriduted ty
the loss of the radicals on boiling, since it isg unlikely that the
addition of DETAPAC could restore the silicon-oxygen radicals. Thesge
results seem to indicate that the attachment of metal ions to the
particle surfaces causes the 108s in the hemolytic activity by
quenching certain reactive (surface) sites. Thigs conclusion is not
unprecedented since earlier hemolysis studies (8) have shown that the
presence of metal ions such as A1?¢ causes & significant decrease in
the quartz dust’s hemolytic potential. we indeed confirmed that
addition of A13*, Cu2+, or Fe?+ ions, at about 1.0 mM concentration,
to the incubation medium results in the loss of the hemolytic
activity. The new result obtained here is that the subsequent
addition of DETAPAC restores it, implying that the metal ions were
only loosely bonded to the silica surface. .

The above results are consistent with an earlier suggestion (8)
that surface silanol (SiOH) groups play a key role in the mechanism
of hemolysis by quartz particles. Metal ions are expected to be
bonded via the surface silanol {SiOH) groups by replacing the H*
ions, thus reducing the number of silanol groups responsible for red
blood cell membrane damage (8). Infrared studies on heated silica~ge]
(11) and silica surfaces (12) demonstrated that silanol groups are .
formed on the silica surface, and that these moieties are anneated
only if gilica is heated to higher than 700°C (11, 13). Since the
present work shows that the hemolytic activity of silica decreases
markedly on heating to 700¢C (Fig. 2), the role of the silano]
groups in the hemolysis by silica seems fairly well establighed. This
finding is consistent with an earlier report (8) of the reduction in
the silica toxicity by A1%¢* and polyvinyl-pyridine~N-oxide (PVPNO).

For obtaining further clues to the mechanism of gilica's
fibrogenicity, we investigated the possible relationship between
silicon-oxygen radicals on fresh dust particles and the dust's lipid
pPeroxidation potential by parallel meagsurements of the time
dependence of radical content by ESR and of the silica-induced lipid
peroxidation using 1inoleic acid as a model lipid (10). Fig. 4 gshows
the time dependence of the lipid peroxidation. It is seen that the
ability of freshly ground silica to peroxidize a 1ipid decreases on
storage, since the rate of silica-induced 1ipid peroxidation declined
markedly over the first 48 hours after grinding and remained
fairly constant thereafter. The similarity of the time dependence of
the tipid peroxidation (Fig. 4) with the decay behavior of the
silicon-oxygen radicails (Fig. 3, plot A ) indicates that these
radicals might be directly or indirectly involved in the &ilica-
induced lipid peroxidation, which may result in a progressive
degeneration of the membrane structure and eventual loss of membrane

activity (14),.

In conclusion, this work shows that the fracture-induced silicon-
Oxygen radicals are not directly involved in the mechanism of the
erythrocyte hemolysis by quartz. This is congistent with earlier
reports which suggest that dust-induced hemolysis and 1ipid
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peroxidation proceed via independent mechanisms (15,16). Thus the
hypothesis (5) that lipid peroxidation caused by free radicals on
silica surface might be directly involved in the erythrocyte membr:“
damage does not seem likely. However, these radicals might be e
directly or indirectly involved in an oxidative-type chain reaction
leading to macrophage membrane perturbation through lipid
peroxidation and eventual fibrosis as noted earlier (2,6,7). It ig
interesting to note that fibrotic action, as a result of failed
phagocytosis, was suggested to be due to the perturbation of
macrophage membrane and the consequent release of a macrophage
fibrotic factor (17). Recent ESR studies have shown that gilica
particles release -OH radicals in the presence of exogenous H20:2
(18) and even without it (7), and that the amount of the -OH
radicals formed decreases with the “"aging” of the quartz dust (6,7).
Thus it is suggested that the -OH radical retated mechanism of
fibrogenesis by silica might be a fruitful new approach to
understanding the pathogenesie of the silica-induced lung injury,
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Respirable Particulate Surface Interactions with the
Lecithin Component

of Pulmonary Surfactant

M.J. Keanel, W.E. Wallacel:2, M.S, Seehra2, C.A. HINIZ,

P.S. Raghootama? and P. Mike2

lwest Virginia University

2ptviston of Respirable Disease Studies, National Insttute for Occupational Safety
and Health, Morgantown, WV !

ABSTRACT

Dipalmitoyl glycerophosphorylcholine (lecithin) dispersed in phyeiologic ealine,
model of the primary component of pulmonary surfectant, is adsorbed by respirable
quartz and aluminosilicate dusts. Dust cytotoxicity as measured by erythrocyte
hemolysis and pulmonary macrophage enzyme release is suppressed by this

adsorption. The degree of suppression of hemolytic potential versus specific
adsorption of lecithin from dispersion in saline by respirable quarte, kaoiin, snd |
alumina dusts are compared with dusts' BET specific surface areas to interpret the
prophylactic effect cf lecithin adsorption. Dust hemolytic potential versus medis
pH are presented. Fourier transform infrared spectroscopy and photoacoustie )
spectroscopy of lecithin on quartz and of lecithin on kaolin are presented and
reviewed with results of studies of the time course of removal of lecithin adsorbed
on mineral surfaces by digestion by phospholipase enzyme. Results are discussed in -
terms of a model of prompt neutralization of respired mineral duste by pulmonary
surfactant, and & gradual re-toxification by digestive processes acting on the
adsorbed prophylactic surfactant coating following phagocytosis.

Inteoduction

Quarts dust of respirabdle size i3 will known to cause fidrotic lung disecass,
but numerous questions persist in the understanding of the initistion and -
progresaion of this disesse. Our sppreach concentrates on physical and
chemical aspects of mineral dusts early-on in their interactions with living

organisms, and we have chosen simplified models to investigatse that
intersction.

-
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In the alveclar speces of the lung, tissue 1is mtidvlthamfm—uun
msterial (pulmensry surfastant), which, smong other functions, ssshemieally

~stabilises the lung from ecellapse by reducing the surfece tenaion of water ia

the alveoclar sacs.(1l) This surfactant is also the material thet is first
contacted by & mineral particle that is trensported to an alveolus and is
impacted there. This surfectant material has been studied extensively. The
primary components are known to be proteins (about 11% in dog lavage fluid),
and phospbolipids (about 88%1).(2) Phosphatidyl cholines comstitute

80% of the phospholipid frastiocn; sbout 708 of the phosphatidyl choline
fraction is dipalaitoyl leecithin (DPL).(2) BRespirable aluminesilicate
particles are capable of adsorbing dipalaitoyl lecithin from dispersion in
physiclogic saline, a model for & possidble imitial event occuring upon
deposition of a particle in a pulmonary alweclus.(3)

As may be seen from Pigure 1, the DPL molecule has several fixed charges at
neutral pii; & positive charge on the trimethyl amine (choline) moiety, and a
negative charge on the phosphate group. Alse evident are the two fatty scid
residues of palmitic scid, which are donded through ester likages to the
glycerol segment of the moleculs. The fatty acid moieties of phosphatidyl

&“:’a

ok

Figure 1:Structural Pormulas of Fhosphatidyl Choline Neleeule




~ THE RESPIRABLE DUST CENTER

choline maks the molecule inseluble in aquecus solutions wnder mermal
conditions, dut & colloidal wnit of tggregated molecules called o alcelle is
ususlly formed spontanecusly above 3 certain ainism concantration. sma})
alcellar vesicles are Senerully formed im the ladorstory by waing ultraseaie
agitation or by solvent evaporation sethods.

Our sisplified system uses dispersions of Dot in physiological sal
amutopullmuymfutut.ﬂhhnw 'y el

Qiarts, s erystalline,
fidrogenic dust, and kaolin, sn sluminosilicste elay . —
considered fibrogenic.(4-10) The pproach has been to use i3 vitre
cytotoxicity sssays (sheep erythrocyte hanolysis and

lyscscmal engyne release
from pulmonary Racrophages) to examine the affects of the surrogate surfactant

on ailnsral dust eytotoxieity.(11)

QUARTZ: HEMOLYSIS vs. DPL: DUST RATIO
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Figure 2: Percent Nemolysis vs. DPL: Quarts Ratie

The first nmlttofthhﬂinmt.mthtmm"am
concentration virtually elimingtes cytotoxicity of both dusts;(11) curves of
cytotoxicity vs. DPL to dust ratios are showm in Pigures 2 and 3. The of foct
has also been demonstrated with other materials, sueh as serum protains and
alveolar washings.(12,13) The effect was sean in both cytotoxiecity assays,

and a dose-respouse pattern is odserved for both dusts.(11) The two untrested

dusts are sbout comparsbie ia eytotoxicity on a BEY specific surface basis:
the quarts is about 4 mi/g for the less tham S micron size, and the kaolin
is about 13 ad/g for the seme size fraction.(11)
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While

INTERACTION OF DUST AND LIVING ORGANISM

this finding is sigaificant, it is surely not the ip Yive situstiom.

Quarts is certainly fibregenic in sormel individuals, at least after axtended
periods. Sems of the prevailing theories on silicosis have besn recantly
reviowed; (14) ocur next approach was to resxamine the current hypotheses on the

initiation of fidrosis, and modify thea 1if necessary. Owr working hypotheasis
is showm in Figure 4.

PERCENT HEMOLYSIS

PENSBAUN

KAOLIN: HEMOLYSIS vs. DPL: DUST RATIO

§p————-e =

0. 10 % % k9
CONCENTRATION of LECITH;& ON f?AULINb(ng/ gfu h ¥

Pigure 3: Percent Nemolyeis vs. DPL: Kaolin Ratio

HYPOTHESIS: EVENTS OF SILICOSIS INITIATION

IMHALATION OF SLICA FARTICLES TO ALVEOLAR REQION
mmmmmmmwrmmmmw
PHAQOCYTOSIS OF COATED PARTICLE #Y ALVEOLAR MACROPHAGE
FORMATION OF PHAGOLYSOSOME IN THE MACROPHAOE

HYDROLYSS OF SURFACTANT BY LYBOSOMAL ENZYMES
RETOXIFICATION OF DUST

.mmmmwwmwmwwmmm

PROLIFERATION OF FIBROBLASTS AND COLLAGEN SYNTHEMNS
FIBROSIS

Figucre 4: Working Mypothesls for Silicosis Initietion
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Our principel offorts were directed townrd item 5, the degradation of
surfactant coating on dusts by pulmonary macrophages. Ue have been using o
cell-free in Yitro model to cheracterize ensymatic digestion ef dipalmitey)
lecithin sdscrbed on mineral dusts, while developing cellular i vitre ssthods
to measure digestion of ladelled dipelaitoyl lecithia from phagoeytised
respirable dusts. In particular, we sought te determine if such adsorption
could occur, and if there are minersl specific differences in the rate of sush
digestion. Our artificial “lysosome™ contained the entyme phospholipese A4,
derived from porcine pancreas, to simulate the phospholipase enzymes found ig
vive.(15) These enzymes have been identified in many cells, and we have
isolated and concentrated phospholipase A sctivity from rmat liver cell
lysosomes, but not at sufficient activity levels to allow largs scale
laboratory use.(13) The use of commercially prepared enzyms of knowmn

activity, rather than a cell culture or lp yivo system, allows the eliminstion

of numerous uncontrollable variables, 90 that attention can be focussed on
differences between dusts.(16-10) Our laboratory protocel is shown in Pigure
s'

LABORATORY PROTOCOL

PREPARE DPL DISPERSION IN SALINE WITH ULTRASONIC AGITATION
DUST COATED WITH DPL FOR 1 HOUR AT 37 DEGREES C

EXCESS DPL RINSED FROM DUST

INCUBATE DUST WITH PHOSPHOLIPASE A2 FOR 2 TO 72 HOURS
DUST RINSED WITH EDTA BUFFER TO INACTIVATE ENZYME (TWICE)
DUST RESUSPENDED IN BUFFER/CYTOTOXICITY ASSAY

LIPIDS EXTRACTED FROM REST OF DUST WITH SOLVENT

LIPIDS SEPARATED BY THIN LAYER CHROMATOGRAPHY

LIPIDS RECOVERED AND QUANTIFIED BY PHOSPHORUS ASSAY

PENODNrUN

figure S: Laboratory m&eal for In ¥Yitro Call Free Systea

Resylts end Discugpjon:

Vhen the coated dusts are treated with the phospholipase A3, several

are evident (Pigures ¢ and 7), PFor both dusts, for a short period of timme,
toxicity in the hamolysis assay may exceed that of the untrested dusts
Pigures indicate that this is invariably the case st the 2 hour poin
Subsequent assay of lipids indicate that the hydrolsls product
1ysophosphatidyl choline (lysolecithin) is retained om the dusts. This
product results whea the fatty scld ester linked to the centar carbdom of the
glycerol chain is hydrolysed to & fres fatty seid, leaving aa hydroxyl group;
this substance is also highly lytie to cell plasaa sembranes, thus explaining
the axaggerated cytotoxicity. As time progresses, less lyselecithin is found
to be associated with the dusts, as seens in Pigures § and 9.

The most significant finding is that the quarts toxieity returne te
essentially its untreated value, even with fairly low sazyms levels relative
to the kaolin. Anslysis of the retained lipids confirms that the dust is
almost free of adsorbed DPL or other lipids, es seen ia Pigure 10.
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LYSOLECITHIN REVAINING ON KAOLIN AFTER PLA2 INCUBATION
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The situation for Raolia is quite different; toxieity h_:.t cestored except
at quite high astivity lewels, end lipids are retained on the surface to a
much greatar astent, o8 sesn ia figure 11.

The results up te this peiat reise an important question: what is the basis
for a differemes in retoxification of quarts and kaolin Gusts? e have looked
st several methods te try te clarify this difference, although the case is by
no means closed.

In general, enzymatic digestion of substrate melecules is wite dependent ca
molecular conformation. BSecause quarts and Raolia surfsce structure and
functional groups differ significantly, we are investigating the possibility
that conformationsl differences between lecithin sdsorbed to quarts and to
kaolin surfaces might provide differing degrees of steric hindrance to teo
digestive removal, with resultant differences in rates of restorstion of
surface cytotoxic potential.

To examine this bypotdesis, we used Fourier Trensfora Infrared
Spectrophotometsy at the West Virginia University Physics Departasnt te leok
atth.-putnofmﬁhthmmnnh.u‘cmmmetm
festures to the pure DPL spectrnum. mmmmmmmmm
shown in Pigure 12. Ssmples were prepared as wet films of DPL or eosted Gusts

Figure 12 FIIR spectrs of DPL- Coated Quarts and DPL only, 2730-3600 ca-1
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-NON is not supressed. For the kaolin, showm ia figure 13, the
:::-Ou‘lm has virtuslly dissppeared, and the trimathyl amine h'nd is
supressed and shifted. The evidence bere 1s strongly suggestive of s
quarts-trisethylamine assoclistion, and a Raclin-phosphate association. there
also exists the possidbility of a kaolin-trisethyl amine sssocliation, dut the
evidence iz not as strong. The use of dry or seist samples for IR
spectroscopy limits extrspolation of these results to dusts immersed in
' aquecus medis. But the data suggest an asseciation of the phosphate moiety of
lecithin with dasic aluminel groups on the alumina octabedrs porl:il.c:: of the
xaolin surface, and s consequent hindrance of enzymatic hydrolysis the

nearbdy glycercl-to-fatty acid ester.
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] Figure 13 FTIR spectrs of Dpl-costed Ksolin and DPFL caly, 2800-3600 ca-l
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To consider quarts and keolin surface functicas involved in direet lysis of
ecythrocyte sembrans, in the sbsence of surfectent coating, we also perforaed

| cytotoxicity in the hemolysis assay. Quarts wouléd be axpected to show oaly

‘ aeidic charsctecistics, due te surfoce silanol roups, whils kaolin say have

acidic silsncl surface groupe, as vall as weakly acidic and weakly dasic

I sluminel surface groups. An experisental prodlem srises here, however: the
ted blood ecsalls are sudbject to hemolysis when o hydrogen ion, or other ion,

J sradient is present across the membrane. e tried to 5es whether the sxternsl
ommolarity could be increased to offset this gradient, and the results are
shown in Pigure 14. m-mmmhmuns. 20 all blood
suspensions were adjusted to 400 mOsa for the P dependence sxpeciments.
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PERCENT HEMOLYSIS vs. DSMOLARITY FOR
RBC’S AT pH 5.0 AND 5.5
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Figure 14: Percent Hemolysis va. Osmolarity at pif S and pH 5.5

Figure 1S shows the dependence of bamolysis on pi. Por both quarts and
ksolin, the slope is positive detween pif 5 and 7, suggesting that ¢ charge
dependent mechanisa is involved with hemolysis for both dusts. The acidie
character of both dusts suggests an scid-dase interaction of the minerals with
the trimethyl amine group of membdrane lecithisa. Interpretation of theve
results on the pN dependance of the lytic potential of uncoated dusts are

compromised by questions of the affect of pif on the lytie fregility of tha
senbrane itself.

An overall resesrch hypothesis which presents itself is that native gquartz and
sluminosilicate dusts cam damsge cellular sembrane by direct interaction with
dissociated minersl surface acidic silanel groups; that edsorption of the
lecithin portion of pulmensry surfactant masks and theredy passivates these
aineral surfaces; that phospholipase enzymatic digestion of lecithin coated
dusts following their phagocytosis can remove the protective surfactant
coating and restore cytotoxic potential of dusts within the phagoeytic cell;
and that the rate of this restorstion say be affected by conformational
differences bDetween lecithin sdsorded to acidie silanol groups on quarts and
to acidic silanol and dasic aluminel groups on kaolin.

Conclusions

The surface toxicity both of quartz and kaolin dusts 1s eliminated in
short-ters cytotoxicity ssssys dy coating the dusts with bor.

Lecithin treated quarts is resdily retoxified by phospholipase A In a
ceell-free in vitro system, and is relatively free of retained phospholipida.
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PERCENT HENOLYSIS ve. pH
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| _ 5i (MERES) K (MERRS) w

PERCENT HEMOLYSIS
8

5 5.5 a5 7.5 8.5
pH

’ rigure 15: Percent Hemolysis vs. pi for 3ilica and Kaoclin ¢ 400 mOmm

DPL treated kaolin is not readlly retoxified at comparadle enzyme levels, and
. cetains both DPL and phospholipid degradation products.

The pH dependence suggests that both quartz and kaolin have scidic surface
groups that are involvad in hamolysis, and also may associate with the
positively charged trisethylamine group of DPL.

FTIR spectra suggest that kaolin probably interacts with the phosphats group
of DPL, and both gquarts and kaolin probably intaract with the trimsthyl amine
group. Thus, thare may bde a surface chemistry effect in the differing cates

of hydrolysis by phospholipass Aj.

This research has been supported by the Departsent of the Interior's Minaral
Institute Program admninistered by the Buresu of Hines through the Canerie
Minersl Technology Center for Respirable Dust under Grant number G1135142.

Ref

References
(1) King. B.J.:Pulsenary Surfactant. J. Applied Physiology $3:1-8 (1982).

(2) King. R.2., Claments. J.A.:%urface Active Materials From Dog Lung. IX.
Composition and Physiclogical Correlations. American Jourmal Of Physiolosy.
223:715-72¢ (1972).

(3) Wallace, W.EK., Headley, L.C., Weber, K.C.:Dipalmitoyl Lecithin Surfactant

Adsorption by Kaolin Dust jn vitre. J. Colloid and Intecface Science
$1:535-537 (1975).
165

“



THE RESPIRABLE DUST CENTER -’r

(4) Hamilton. A., Hardy.H.:Indygtrial Toxicology, Littleton, MA (1982).P.44S8.
(3) Parkas.¥W.:0ceypations] Lung Disorders Boston, MA (1982).
(¢) Hunter. D.:The Diseases of Occupstions, éth ed., London (1978)p.992.

(7) Sheers.G.:Prevalence of Pneumoconiosis in Cornish Xaolin Worksrs. x.J.
Ind. Ned. 21:218-225.

(8) Warraki.S., Herant. Y.: Pneumoconiosls ia China-Clay Workers. 3p. J. Ind.
Med. 20:226-230.

(9) Lynch.K. ,Ne Iver.PF.: Pnesumoconiosis from Deposure to Eaolin : '

Dust:Xaolinosis. Ag. J. Path. 30:1117-1122 (1954)

(10) Lapenas.D.,Gale.P., Kennedy.T., Rawlings.¥W., Dietrich.P.:Raolin

Pneumoconiosis. Radiologic,Pathologic, and Mineralogic Findings. im. Rev.

Resp. Dis. 130:282-288.

(11) Wallace.¥W., Vallysthan.V., Keane.N., Robinson.V.:In Vitro Biologle mez

Toxicity of Native and Surface Nodified Silica and EKsolin Dusts. J. Tox. Env. (  on

Health 16:413-424. sol

(12) Allison.A., Harington.J., Birbeck.N.:in Bxamination of the Cytotoxice :::

Rffects of Silica on Macrophages. J. Bxp. Med. 124:141-154 (1966). the

(13) Emerszon.R., Davis.G.: Rffect of Alveclar Lining material—coated 3ilica on th:

Rat Alveolar Macrophages. Wnv. Health Perspect. 51:81-84. and

(14) Bowden.D. Macrophagee, Dust, and Pulsonary Diseases. Rxp. Lung lnioarch :::

12:89-107 (1987). T

(15) DeHaas.GC., Postams.¥., Fisuwenhuizen.¥., VanDeenen.L.: Purification and ::g

Properties of Phospbolipase A from Porcine Pancreas. Blochom. Bjiophys. Acta was

159:103-117 (1968). | to
', spe
!

(16) Wallace, W.R., Xeane, N.J., Vallyathan, ¥., Ong, ?-U., Castranova, V.:
Plmonary Surfactant Interaction with Respirable Dust. Proceedines:Generie
Mineral Technology Centep for Respirable Dust, Coal Nine Qust Conference, pyp.
130-187. S.Peng, B4. (1984). ZReport No. !PCG 169380/A8. National t.e!n.iel.l
Information Service, Springfleld, VA (1986). l

(1’) Hl.llm. '0.'0 mo "J'l 'ulnmi'°! "‘m’. "’ m. I.D..
Castranova, V., Oreen, F.A.Y: Suppression of Inhaled Particle Cytotoxicity by
Pulmonary Surfactant and Re-Toxification by Phospholipase; Distinguishing
Properties of Quarts and Ksolin. Proceedings: Bpjtish Oceupationg] Nealth
Society, Inhaled Particles Conference, 1985, in press.

{18) Vallace, ¥.B., Kuna. X.J., Hi1ll, C.A., Yallyathan, V., Saus, 7.,
Castrenova, V. Bates,D.: The lf!-ct of I.aelth.ln Surfactant and !hocpholi.pu.
Enzyme Treatment on Sun Cytotoxic Proparties of Respirabdle Quartz and Kaolin
Dusts. Proceedines: Respicable Dust in the Minera] Industries: Health

Charsctarization. and Control. pp. 134=1646. Frantz, R.L., and Ramani,
R.V., Rds.;(1986¢). Ame:ican Conference of GCovernmantal Industrial MHygienists
(ACGIH) monogrsph (1988); ISRN 0-938712-76¢-7.

166
L L



s ——— e ¥ il

Mineral Dust and Diesel Exhaust Aerosol
Measurements in Underground

Metal/Nonmetal Mines

B.K. Cantrelll, and K.L. Rubow
117.S. Bureau of Mines, Twin Cities Research Center, Minneapolis , MN
2Mechanical Engineering Departient, Ulniversity of Minnesota

Two source apportionment techniques have been applied by the Bureau of Mines to aerosol
secasurements in diesel equipped underground noncoal mines. The first technique is based
on size selective sampling and the premise that the diesel exhaust fraction of the aero-
gol 1s predominately sub-micron in size while the mineral dust fraction of the aerosol is
wstly super-micron In size. The second technique, Chemical Mass Balance (CMB) modeling,
vas used to referee the analysis of diesel and mineral dust aerosol concentrations with
the size selective method.

The size distribution data were modeled using a log-normal regression to parameterize
the sub~ and super-micron fractions of the sampled aerosol and to estimate the mineral

. and diesel contributions to each. For the mines visited, analysis of the size selective

samples yielded an average value for the fraction of the fine aerosol attributable to

pineral dust of 3 pct.
The CMB analysis, applied to both fractions of the respirable mine aerosol, yielded the

- amount contributed to each by the diesel and dust aerosol sources. Less than 5 pct of the

sub-micron fraction was mineral dust, however, as much as 20 pct of the diesel aerosol

~wss found in the super-micron fraction requiring a correction of the sub-micron fractiom

i
|
J

to account for the missing diesel mass. More accurate measurement will require a carbon
specific analysie of the aerosol.




Measurement of Coal Dust and Diesel Exhaust
Aerosols in Underground Mines

E.L. Rubow and V.A.
Particle Technology Laboratory, Mechanical Engineering
Department, University of Minnesota

Diese]l exhaust and mineral dust concentrations have been measured for aerosols
generated in the laboratory and as found in five underground coal mines- 3 utilizing
diesel-powered hallage equipment and two electric-powered equipment. Two source
apportionment techniques have been applied to differentiate between the mineral dust ang
diesel exhaust serosol concentrations. The first technique, using a microorifice tnifory
deposit impactor (MOUDI) for size selective sampling, is based on modeling aerosol Size
and the premise that the diesel exhaust portion of .the aerosol 1is predominately
submicrometer and the mineral dust portion is mostly greater that one micrometer in
size. The second technique, Chemical Mass Balance (CMB) modeling, was used to referee
the analysis of diesel exhaust and mineral dust aerosol concentrations from the size
selective sampling results.

The MOUDI size distribution data were modeled to obtain parameters describing the fine
and course fractions of the sampled aerosol and to estimate the contributions to each
mode from both mineral dust and diesel exhaust aerosol sources. The results showed the
size distribution of the mixed aerosols exhibited two definite modes with the minimum
between the modes occurring at 0.8 um. For the diesel equipped mines, this analysis
yielded an average value for the fraction of the fine aerosol attributable to minera)
dust of 1 pct. Less than 5 pct of the coal mine diesel aerosol was found in the coarse
size fraction. CMB analysis confirms the original premise for .using aerosol size to
separate diesel exhaust and mineral dust aerosol during sampling.
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' gxperimental and Theoretical Measurement
' of the Aerodynamic Diameter of Irregular Shaped

‘ particles

|

' ¥. Marple , K. Rubow and Z. Zhiqun

j gart.icle Technology Laboratory, Mechanical Engineering
| Department, University of Minnesota

|

A theoretical technique has been developed and verified experimentally for deter-
sining the aerodynamic diameter of irregular shaped particies. The aerodynamic diameter
of 8 particle is a very important property in determining where that particle deposits
in the respiratory tract. Many instruments, such as impactors and cyclones, will deter-
sine the aerodynamic size distributions of aerosol particles but few analyze the parti-
'cles individually. The theoretical approach of our technique is to solve, by use of
'pigh speed computers, the three dimensional Navier-Stokes equations to obtain the flow
 field around an irregular shaped particle of any contour. The computer program will
"then determine the drag on the particle, and thus the aerodynamic diameter of the parti-
'cle can be calculated. The experimental approazch has been to pass the particles through

‘acentrifuge and collect the particles upon a collection foil. The position of a
particle on the foil is an indication of its aerodynamic diameter. These particles were
then shadowed in two orthogonal directions and inspected under an SEM. The top view of
the particle in the SEM plus the views of the two orthogonal shadows allows one to
determine the three dimensional shape of the particle. Studies have been performed on
silica, coal and talc particles with aerodynamic diameters in the 1 to 4 pm size range.
The three dimensional shape, as is determined from SEM analysis, was used in the theoret-
ical computer program and the results compared. It was found that in most cases the
igreement between the experimentally snd theoretically determined aerodynamic diameters
vas within 5%.



Some Observations on Particulates Collected in
Diesel and Non-Diesel Underground
Coal Mines

;gé:g;;gﬁgfg?::z:;::gghiﬁifﬁ;g.The
Pennsylvania State University
ABSTRACT

This paper outlines the results obtained when sampling twenty
underground coal mine sections, each in a different mine. The
sampling effort was oriented toward a detailed characterization of
coal mine dusts and thus eight-stage Anderson Model 298 impactors
were used as the primary collection 1nstrument.‘ This instrument
allowed a rather detailed size distribution for each of the
particulates sampled. Because four of the mines used diesel outby
equipment and/or diesel shuttle cars at the face, it is possible to
make some comparisons on the particulate distributions in diesel
versus non-diesel mines,

One of the more interesting results is the pattern that exists
in mines that contain only diesels used for outby utility haulage.
Particulates in these mines seem to be consistehtly heavy in the fine
size ranges, perhaps being of significant concern to the industry.
While no definite conclusions can be achieved from the limited data
collected in this study, the data indicates that more detailed study
of particulates in diesel mines is needed so that some idea of the

particulate loadings in diesel mines can be achieved,
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S8AMPLING AND ANALYSIS

INTRODUCTION

The subject of particulate emissions from underground diesel
equipment is currently a very important topic as health concerns
and regulation of diesel particulate emissions have emerged and
created new environmental problems for mine operators. The amount
of particulate matter originating from diesels has not been
extensively measured and problems with differentiating coal and
mineral dust from diesel particulates make existing data
questionable, However, it iz important to make an assessment of
the problem to prepare to solve it.

It is known that particulates from diesels are solid aerosols
formed in the combustion pProcess in diesel engines, Technically,
this places the particles in the category of fumes. It is also
known that about 90% of diegel particles are less than 1 um in
aerodynamic diameter. This information comes from Khatri and
Johnson (1979) and represents data collected in tests where no
mineral dust could be a factor in the meéasurements. To measure
the diesel component of a coal/diesel particulate mixture, 3ohnson
et al, (1982) have developed procedures for utilizing laser Raman
spectroscopy. The determination of diesel content in a
coal/diesel mixture is a difficult one due to the chemical
similarity of the two organic materials, However, laser Raman
spectroscopy, which is often used for identification of organic
materials, has potential if the Raman spectra for the two

materials are different and unique. The study concluded that an

171



THE RESPIRAELE DUST CENTER L 4

accuracy of * 6% could be achieved for mixtures containing up to
55¢ diesel particulate. The method is relatively complex and
would need additional development for routine application.

Other researchers have made an attempt at measuring the
amount of diesel particulates that exist in the coal mine

enviromment when diesels are employed. McCawley and Cocalls

(1986) have discussed measurements of particulates collected where

diesels were used in coal mine sections. Their work utilized

multi-stage impactors plus cyclones and single-stage impactors
designed to separate submicron particles. The results indicated
submicron particle mass concentrations of 0.22 to 0.60 mg/m3 in an
Illinois mine and of 0.10 to 0.77 mg/m3 in a Utah mine. This
paper made no attempt at analysis of what proportion of the
particles were of diesel origin.

Another paper of importance here is that authored by Cantrell
(1987). His work was oriented toward the chemical mass balance
process by assessing the proportions of the mine aerosol collected
that originated from the coal seam, the rock dust, the diesel fuel
combustion process and the lubricating oil fumes emanating from
hot engine surfaces. Using the aerosols collected from a diesel
mine and a statistical source apportionment procedure based upon
neutron activation analysis of the elemental makeup of the
aercsols and sources, the study indicated that 75% of the minus
0.7 pm aerosol was originating from the diesel fuel combustion.

This study was an important step in the direction of source
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jdentification but 1t.has some limitations. First, it is based
upon work previously performed on atmospheric aserosols. In this
application, pollutant sources (power plants, chemical plants,
etc.) are characterized by sampling their emitted material and an
attempt is made to apportion the material collected in a sampler.
In the mine diesel study, however, the diesel fuel and lubricating
oil were characterized rather than the aerosols emitted. This may
possibly affect the precision of the results. Second, there was
no easy method of cross-checking the results.

A very recent paper (Rubow, Cantrell and Marple, 1988) has
revealed additional information on field experiments where the
chemical mass balance approach was used to estimate the diesel
content of submicron coal mine particulite matter. Using a
multi-stage, uniform-deposit impactor and chemical mass balance
procedures to determine the proportion of diesel matter, the
authors show that a size cut at 0.8 um offers the least error.
Again, however, the gquantitative analysis depends entirely upon
the chemical mass balance procedure. The method was changed for
this study by characterizing the diesel tailpipe emissions but it
{8 not clear how much this will improve the precision of the
chemical mass balance procesdure.

This paper will not provide an answer to the question of how
much of the submicron aerosol in diesel coal mines is of diesel
origin. However, it will provide additional data on submicron

concentrations in underground coal mines. It is based upon a dust
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sanpliﬂg prograﬁ that wn;-c;ndﬁcted in twenty u;&érgrbund coal
mine sections, each section located in a different mine.
Efght-stage Anderson Model 298 impactors were used as the primary
collection instruments. This instrument allows a rather detailed
size distribution for each of the particulates sampled. Because
four of the mines used diesel outby equipment and/or diesel
shuttle cars at the face, it is possible toc make some comparisons
on the particulate distributions in diesel versus non-diesel
mines.
SAMPLING PROCEDURE

Preparation for Sampling

Our research was specifically oriented toward the
determination of coal mine dust characteristics over its entire
glze range. As a result, we considered a number of gravimetric
dust samplers, Most of the gravimetric dust collection devices
that can be utilized in a mine environment can be classified as
either single- or multi-stage samplers. Personal dust samplers
that collect compliance dust samples and single-gtage impactors
that simulate the characteristic curve of the human lung belong in
the former category. Because these samplers normally collect dust
on filters, the dust must be separated from the collection filter
and dispersed in a gaseous or liquid suspension medium to obtain
size distributions. During these preparation procedures,
important {nformation about the agglomeration and deagglomeration

is likely to be lost. Furthermore, the sizing in the different
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size analyzers may not be based on the aerodynamic diameter. To
avoid problems of this type, it was decided to utilize multi-stage
cascade impactors for respirable coal mine dust collection in our
research.

In choosing a multi-stage impactor for use in an underground
coal mine, a number of different requirements must be met. Firseg,
the impactor must be powered by a permissible pump. This more or
less limits the samplers to those that can utilize the standard 2
1/min permissible pumps now available on the market. Second, the
sampler must be relatively compact, rugged enough for underground
use, and able to be transported underground without speclal
handling. There are only a few multi-stage impactors that can
reet these requirements. We chose the Sierra Model 298 Marple
personal cascade impactor now marketed by Anderson Samplers, Inc.
{Rubow et al., 1985): This multi-stage sampler was designed to be
used on a personal basis and hence is rather compact, As shown in
Figure 1, the sampler has been combined with a DuPont Model P2500A

pump to form a manageable package for use underground,

Figure 1. Sierra Model 298 pulti-stage impactor and DuPont Model
P2500A constant-flow pump.
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The Sierra Model 298 consists of eight stages and & backup
filter. It is shown in its disassembled form in Figure 2. The
dust-laden air enters the instrument at the top and passes through
a series of progressively smaller jets. At each stage, there is a
collection substrate of mylar or stainless steel on which
particles are impacted according to their aerodynamic diameters.
The cut points range from 0.6 to 21 pm for this‘impactor. A 34-mm
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Figure 2. Disassembled Sierra Model 298 multi-stage impactor.

PVC backup filter with a five-micron pore size is used to gather
the dust that is not impacted on the mylar substrates. & grease
or other collection medium is normally used on the substrates to
provide a more efficient collection process. It should be noted
that we used mylar substrates in all of our research.

To provide accurate estimates of the mass of dust on each of

the substrates, a microbalance capable of determining the masses ' L

of the substrates plus dust to a precision of 1 spg was used, To

insure that moisture .did not affect the mass determinations, the
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substrates were greased and placed in a desiccation chamber
overnight before the final mass determinations were performed.

The PVC filters were handled in an identical manner except that ne
collection grease was applied, To overcome the effects of any
static charges that might build up on the surface of the mylar
substrates, a small polonium 210 radiation source was located in
the weighing chamber. The substrates vere passed over the source
before weighing to remove the static charges.

A series of tests was then run in our Elpram Systems aercsol
test chamber (Marple and Rubow, 1983) to select a proper
collection grease for the impactor substrates and to determine
proper sampling times. The test work concluded in the choice of
petroleum jelly as our collection grease and in the determination
of the variable sampling time dependent on dust mass concentration
to collect proper loadings on our substrates., More details on
this test work is available in Lee and Mutmansky (1986).

Samplinz Procedure

The primary objective of this research study is to collect
coal mine airborne dust at various locations in continuous miner
development openings for characterization purposes and to identify
sources in the mine that contribute to the various characteristics.
As a tesult, the sampling plan was designed to allow sampling at
various points throughout the section with samplers located from
outby the section in the intake airway to four breakthroughs
downwind of the last dust source in each return airway. A typical
sampling plan for a continuous miner section employing a
double-split ventilation plan is shown i{n Figure 3. Obviously,

the_plan fo: sappling in each mine section will differ, depending
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on the section layout, the equipment utilization and the
ventilation plan,

In reporting resﬁlts in this paper, we will concentrate on
three sampler locations. We designated the intake to the section
(sampling location #1 in Figure 3) as the IN location, the iIntake
to the continuous miner (sampling location #2 in Figure 3) as the
CI location and the return from the continuous miner (sampling
location #3 in Figure 3) as the CR location. The data quoted in
this paper will be entirely from these three locations. The
individual samplers used here were not always used in exactly the
same fashion due to section differences. The IN sampler was
normally hung at the centroid of the intake cross section. The CR

sampler was hung from the roof with the sampler at the
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Figure 3. Typical sampling locatioms for a continuous miner
development section using line brattice and a double-split

ventilation plan.
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centroid of the area behind the brattice. In mines using
ventilation tubing, the sampler was hung near the end of the
tubing in the dust cloud caused by the miner.

The CI sampler was located in the face intake but typically could
not be located at the airway centroid because of the shuttle
cars, Instead, it was typlcally hung from a roof bolt near the
left or right side of the opening where it would mot hinder the
section operating crew.

The sampling times in these three locations were variable
with the amount of sampling time being inversely proportional to
the dust concentrations measured periodically with a mini - RAM.
Typically, the IN samplers were operated for most of the shift
(typically 5 to 6 hours), the CI samplers were operated for
several hours or several cuts, and the CR samplers were operated
for one cut (generally about 30 to 45 minutes). The samplers were
moved when the continuous miner was moved so that their positions
were kept constant relative to the continuous miner. The IN
sampler was not normally moved and the CR samplers were normally
operated for only one cut; thus these samplers were not normally
affected by moves. However, the CI sampler normally made several
moves during its sampling period. Also, the samplers were shut
off during rock dusting to help eliminate rock dust from the
samples.

The sampling procedures were applied in twenty different

mines in the states of Pennsylvania, West Virginia, Ohio,
Kentucky, Illinois, Colorado and Utah. Eighteen of the mines

employed continuous miners; the anthracite mines used the

breast-and-pillar method employing explosives for coal breakage.
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Thus, eighteen of the mines should allow for valid comparisons.

Of these eighteen, fourteen were all-electric mines, three
employed diesels for outby utility vehicles and one mine employed
two diesel shuttle cars as well as diesel outby equipment. While
activity at the face was similar in the eighteen continuous miner
sections, intake activity varied significantly with some intakes
being heavily used for supply purposes and others being associated
with little or no activity,

Finally, it should be mentioned that the dust samples were
not compliance samples taken to insure that dust regulations were
being met. The samplers collect total dust samples and were
located in some positions (behind the brattice, for example) where
extremely high dust concentrations are found. The dust
concentrations reported are therefore not representative of the
respirable dust concentrations in the atmomsphere of the miner,
This point should be noted by those using this data.

SAMPLING RESULTS

Because the multi-stage impactors provide information nn
eight cut sizes of the mine aerosocls, it is possible to look at
the results and make some conclusions concerning the nature of the
particulates in diesel versus non-diesel mines. A general summary

of results in the eighteen continuous miner sections is shown in

Table 1. All mines are identified by letter only as anonymity was
guaranteed by the investigators. A number of data values have
been left out of the table. Several of the mass concentrations
ware omitted from the CI and CR columns because they were not
considered to be vglid and numercus mass concentrations for the IN

sampler were omitted because they contained insufficient

ey — ———— .
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SAMPLING AND ANALYSIS

particulate quantities to be measured with acceptable precision.

A study of the data patterns in Table 1 and Table 2 shows
that the mass concentrations in the < 0.6 ym and < 1.0 um ranges
are higher for diesel mines than in non-diesel mines. This is in
general agreement with measurements made by other researchers. In
intake (IN) airways, for example, an aversge of 0.05 mg/m3 is <
1.0 um in non-diesel mines while an average of 0.24 mg/m3 1z < 1.0
pm in diesel mines. For the CI location (intake vo the continuous
miner) an average of 0.09 mg/m3 of the particulate matter is < 1.0
gm in non-diesel mines while an average of 0.27 mg/m3 1s < 1.0 um
in diesel mines using outby diesel vehicles only and an average of
1.09 mg/m3 is < 1.0 um in diesel mines using outby and/or face
diesel vehicles. This may be the most neaningful data because the
CI location is close to the location normally sampled for
compliance purposes,

In the return airway of the continuous miner (CR location),
the average mass concentration of submicron particles is 0.39
mg/m3 for mon-diesel mines, 0.81 ng/m? for mines using outby

vehicles only and 1.46 mg/m? for mines using outby and/or face
diesel vehicles. It should be noted that the mass concentrations

for mine R, where both outby and face vehicles were used, are
quite high, These values may be abnormally high due to adverse
grade and bottom conditions and thus any averages calculated using

the data may be affected. Caution should be exercised therefore

 {n drawing conclusions from the mine R data.

Perhaps a more meaningful way of looking at the data would be
to study some of the mass distribution curves for the particulate

matter. Figures & and 5 show the mass distribution at the IN
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location for the non-diesel mines B and D. They tend to show a
single distinct mode at about 3.5 um. Figures 6 and 7 show a
different distribution for mines S and R in which diesels are used,
These distributions show a distinct mode in the area below 0.6 um
and a less peakad mode at around 2-5 pm. We must assume (because of
the intake location) that most of the mass below 0.6 um in gize was
of diesel origin due to outby vehicles operating in the intake
airways.

A look at some typical distribution curves for the CI
location is also of interest. Figures 8 and 9 provide the mass
distributions for mines B and E, indicating a much coarser average
particle size (probably due to vehicles kicking up dust) with only
small percentages of material in the submicron range. Figures 10
and 11 show the CI distribution data for two of the diesel mine
sections (from mines Q and R)., Here, the distribution of the

particle mass indicates a high percentage of submicron material
45
40 ~

35—
30':
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15-
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0.1 06 1 2 35 6 101520 35 100
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Figure 4, Particulate mass distribution at the IN location in mine B.
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Figure 5. Particulate mass distribution at the IN location in mine D.
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Figure 6. Particulate mass distribution at the IN location in mine §.
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Particulate mass distribution at the IN location in mine K.
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Particulate mass distribution at the CI location in mine B.
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Figure 9. Particulate mass distribution at the CI location in mine E.

with most of the submicron mass being in the < 0.6 pm range. It
must be assumed that most of the material in the < 0.6 um range is
of diesel origin as the range of percentage of < 0.6 um material
in non-diesel mines is shown in Table 2 for the CI location to be
0.07% to 5.5%.

A similar pattern of distributions occurs for the CR
location. However, the amount of dust from the continuous miner
in this location tends to reduce the overall percentage of diesel
particulate matter. Figures 12 and 13 show the mass distributions
for non-diesel mines B and E at the CR location. They indicate a
large amount of dust iﬂ the coarser ranges, obviously a result of
the miner operation. The distributions also show & small
percentage of submicron dust. The distribution for diesel mines Q

and R are shown in Figures 14 and 15. In these two distributionms,
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the mode occurs in the 6-10 um range but a significﬁnt percentage
of material occurs in the submicron range.

An overall analysis of the data would tend to support the

fact that a rather large proportion of submicron particles in
diesel mines is due to diesel material. However, no side-by-side
experiments were conducted in which diesel versus all-electric :
equipment could be compared to determine the coal and mineral dust

contribution to the overall submicron particulates. One rather

surprising result in the data is the concentration of submicron

particulate matter in the intakes of mines using diesels only for

outby utility vehicles. These mines show an average submicron

mass concentration of 0.24 mg/m3. These mass loadings varied from
43% to 55% of the total mass concentration of particulate matter.
This may represent a problem if it is proveﬁ that this material is
of diesel origin. However, there was no attempt to measure the

diesel content of this material in this study.
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Figure 10. Particulate mass distribution at the CI location in mine Q.
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1 —
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Particulate mass distributien at the Cl location in mine R,

The particulates generated by diesel outby vehicles are

perhaps due to the size of the particulate matter. Because the

particle emissions of a diesel engine are 90% in the submicron

range (Khatri and Johnson, 1979), outby vehicles represent a

significant problem if it is shown that diesel particles are

hazardous. This can be shown by the use of Stokes’ law which is

given as follows:

wherea:

Ve
F."'
P
d
[ 4
B

(o - n') d2 £

18 p

terminal settling velocity, cm/s
solid density, g/cmd

fluid density, g/cm3

particle diameter, cm
acceleration of gravity, 980 cm/s2
viscosity of the fluid, g/cm-s

Whila this equation is not normally applied to a turbulent, moving

air mass, the settling velocity is indicative of how readily



particles will settle out of the mine air. For example, at a air
density of 0.00122 g/cm3 and an air viscosity of 18l g/cm-s, a diesel
particle of 1.0 um aerodynamic diameter and an assumed density of

0.83 g/cm? will fall at a velocity of only 0.0025 cm/s. If the
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Figure 12. Particulate mass distribution at the CR location in mine B,
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Figure 13. Particulate mass distribution at the CR location in mine E.
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particle is emitted at a height of 2 m, it would then take sabout 1300
minutes to fall to the mine floor. However, the velocity of air in
the pine would normally be 30 to 400 m/min, insuring that most
particles of less than a micron in dismeter generated in the intake
air stream would be carried through the entire mine and out the mine
exhaust before settling out of the air stream. This tends to make
outby vehicles almost as important in particulate generation as
equivalent equipment operated in the section.
OBSERVATIONS

The research outlined here was oriented toward study of dusts in
coal mine sections. By chance rather than plan, four of the mines
visited used outby and/or face vehicles in their operating plan.
This allowed some comparisons to be made cn'diesel versus non-diesel
mines. Because of the small numbers of mines sampled with diesel
equipment and the absence of the capability for separating diesel
from coal and mineral articles, definitive conclusions cannot be
made. However, the following general cbservstions seem to apply:
(1) The mass concentrations and gize distributions in diesel and

non-diesel mines found in this study are in general agreement

with those of other authors on the topic.
(2) The wmine particulates in non-diesel mines showed a definite

trend to have only one mode with that mode varying in particle

size from 2-10 microns depending on location in the mining
section.

(3) Mine particulates in diesel nines all seemed to possess two
distinct modes with the second mode occurring somewhere below
0.6 pm in particle size.

(4) The proportion of diesel particulates in the submicron size
range is impossible to determine from the data obtained.
However, general scrutiny of the data would lead one to
conclude that most of the submicron material in the diesel mines
1s of diesel origin.
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Figure 1l4. Particulate mass distribution at the CR location in mine Q.
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Figure 15. Particulate mass distribution at the CR location in mine R.
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The absence of a method for differentiating between diesel and other
particulate matter on impactor substrates is a serious limitation in
this type of study., The samples in the CI location in non-diesel
mines showed submicron mass readings of up to about 0.2 mg/m3 while
sanples in the CR locatlon in non-diesel mines showed mass
concentrations of up to 1.09 mg/n3. The existence of this level of
dust in the submicron range would make a size-selective particulate
measuring procedure inaccurate in some mines. The overall results
indicate that a size-selective sampler with a cut size of 0.8 um
would, in general, give a good reading with deteriorating accuracy as
more fine-size coal dusts are generated in the working section.

The use of any method for determining the percentage of diesel
particulate in a coal/diesel particulate mixture is a difficult
process. Both the Raman spectroscopic method and the chemical mass
balance (source apportionment) method have been applied to the
process, Tb avoid the many problems associated with complicated
analysis procedures of determining the proportion of diesel matter in
a coal mine particulate, a size selective method has also been
proposed. The size-selective impactor method is simple and easy to
apply but cannot differentiate between coal and diesel particles.

Before any diesel exposure measuring technique 1s adopted,
additional research is necegsary. Neither the analysis techniques,
which are relatively complicated, nor the gize-selective method has
been sufficiently proven as yet. Before such a procedure is adopted,

studies proving the validity of the measurement cross-checked by both
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the Raman spectroscopy and the chemical mass balance methods would be
necessary. Other analysis methods, 1f;not too complicated, would be
welcome as the method of determining diesel particulates in mines

should be both accurate and easy to apply.
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Effect of Thermal Treatment on the Surface
Characteristics and Hemolytic Activity of Respirable
Size Silica Particles

B.L. Razzabonil, P. Bolsaitis!, W.E. Wallace2-3and M.J. Keane?

1Energy Laboratory, Massachusetts Institute of Technology, Cambridge, MA

2Division of Respirable Discase Studies, National Institute for Occupational Safety and Health,
Morgantown, WV

SWest Virginia University

Thermal treatment of respirable size silica dust samples results in marked
changes in their hemolytic activity. These changes can be correlated with chanpes
in the characteristics of the particle surface as measured by infrared spectrs,
zeta potentials, and specific surface area. Silice samples from various sources
(Min-U-Sil, fumed silica, and a NIOSH standard sample) were heated or calcined at

temperatures ranging from 100-1095C. The hemolytic activity of the crystalline
materiels decreased after thermal treatment., The behavior of the fumed material

was found to be more complex. Material of very large surface area (small particle
size) exhibits an initial increase in hemolytic activity upon calcination. This
result confirms other experimental observations pointing to a particle size of
maximum toxicity. The changes in hemolytic activity can be related to infrared
spectra and zeta potentials of the materials. The absorption band in the
3200-4000 cm~ ! frequency region of the fumed material disappears upon heat
treatment while & sharp, characteristic band at 3750 em ] increases in
intensity. Zeta potential measurements conducted in the pH range of 2.0-10.5
exhibit a unique change in zeta potential v.s. pH profile with beat treatment.
These findinge indicate that the removal of active surface silanol groups by
calcination results in reduced cytotoxicity, as measured by a hemolysis test.




Alteration of Respirable Quartz Particle Cytotoxicity
by Thermal Treatment in

Aqueous Media

C.A. Hilll, W.E. Wallace!:2, M. J. Keane2, 8.J. PageS and P, Bolsaitis?

lWest Virginia University ' -

;Dtvis:lm of Respwvmle Disease Studies, National Institute for Occupational Safety and Health,
organtown,

SU.S. Department of Interior, Bureau of Mines

4 Energy Laboratory, Massachusetts Instttute of Technology

ABSTRACT

Boiling respirable quartz dust in water for 10 to 40 minutes decreases the
eytotoxicity for both erythroeyte hemolytic potential and pulmonary macrophage
release of lactate dehydrogenase in vitro. The potential is reduced to near gero
in the boiling concentration range of 1 to 10 mg quartsz per wl water in boiling
times of 20 to 40 minutes., Below this range the detoxification occurs over a

. longer boiling time. Above this range the hemolytic potential remaining after 40

minutes of boiling approaches native quartz potential with increasing
concentration up to 30 mg quartz per ml water. Replacing the media with fresh at
the midpoint of boiling results in full detoxification through 20 mg per wl.
Pre-boiling the medium with quartz or silica gel reduces the effect of
subsequently boiling test samples. Detoxification persists after mild drying at
110 C for 8 hours, and persists after three days of resuspension in water at room
temperature. Additional data on persistence of the effect, on the use of acidic
and basic media treatment, and on surface analyses are presented, with a
discussion of a working hypothesie and research needs.

‘Introduction:

Reassarch undervay to determine intersctions of quarts and other alners]l dust
surfaces with pulmonary fluids snd alveclar macrophages in culture led te the
observation that whea dusts were sutoclaved in agquecus suspension, their
cytotoxic offects on macrophages ware suppressed, in same cases fully and eves
sfter several days incubation with the cells. This finding was in direct
contradiction to sarlier results frea both short term macrophage lysosmal
ensyms release sssays, as well as longer term cytotomicity assays froa
macrophages in culture; in those studles, dusts were steam sutoclaved at

121 °C with no liquid water but with steam present.(1,2) Nowever .
detoxification under bolling conditions has been reported in other
research.(3) It was decided to use the hemolysis assay to further investigate
these findings, because of ites sensitivity, simplicity and cost.

Results and Discussion: .
Respirable quarts dust used in this study wvas takan from a stock of

erystalline silica, Min-U-82i]1, obtained froa Pennsylvania Sand Glass
Corporation, fractionated in air with a particle classifier. The small sise
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fraction retained for use was 80% less then 5 micrometer particle dismeter,
with sa ares equivalent median diameter of 1.24 micrometers as eotimated by
sutonated image analysis. 7The silica was at least 98.5 sass porcant silica o,
deternined by X-ray energy spectrometric analysis; and the erystalline form
was alpha-quarts as determined by X-ray diffraction. It's specific surfece

ares was 3.97 square meters per gram as determined dy nitrogen adsorption
isothera sathods. (1)

To seasure the srythrocyte bamolytic potential of treated and untrested dusts
we use the method of Harington et al,(4) with sinor medificstion. (1)
Briefly, dusts suspended in duffer are mixed with an equal volume of 4% shewp
red dlood cells, and incudated 60 min. at 37°9C with periodic mixing. Baxt
the cells are spun down, and the absorbance of the released hemoglodin from

" any lysed cells read at 340 nm. Absorbance valuas are compared to positive
controls (100% lysed cells) and negative controls (cells in buffer only).

Initial experiments involved bringing delonized water to s boil, adding the
dry dust (12 =g), vortexing, and boiling for periods up to 60 min., without
stircing. This was done in flint glass tubes for samples with dust
concentrations of greater tham 1 mg/al, and in polycarbonate tubes for lower
concentrations. After the bdolling period was completed, sample tudbes wvare
spun dowm for 40 sec., the supernatant discarded, and the dust resuspended in
- phosphate buffered saline (PES) and run in the hamolysis assay. BResults
indicated that the toxicity was reduced alamost Lo sero at 1 sg/al, and
increased in s roughly linear fashion to approximately full (native Gust)
toxicity at 20 mg/al dust concentration during boiling.(Pigure 1). \

SILICA CYTOTOXICITY WITH BUILING

0
O NATIVE DUST 4 TIME = 2D MINS
25t O TIME = 40 MINS ¥ TIME = B0 MINS

20 -
16 -

10-

PERCENT HEMOLYSIS

0 -2 3 4 5 0 7 8 e 10 .
BOILING CONCENTRATIDN, mg/ml
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ALTERATION BY THERMAL TREATMENT

when individusl magnetic stirrers were used in sech sample, resilts wers
sisilar, except the toxicity was reduced to virtually sero st concentrations
to 10 mg/ml, and then increased in a linear fashion. Samples were alss
bolled for half the specified tises, centrifuged, the asdium changed to fresh
water, and bolling continued for the rest of the peried. The toxicity was
reduced to very low levels through tha highest concentration tested. (Figure
2) As also showmn, pre-boiling the water with a separste quarts sample defore
using the still hot supernatant to doil the test sasple, scmewbat diainished
the detoxification phenonenon. Ve observed this diminution also in the case

-of pre-boiling the water with uilleca gol.

QUARTZ BOILED 40° IN VARIOUS SOLUTIONS

© NATIVE SILIOA A HED & H2D EXCHANGE
0 GAT'D B SOLN

8 8 8 8

PERCENT HEMOLYSIS

11

6 10 15 a
ROTLING CONCENTRATION. ma/mi

Experiments involving various beiling times showed

a weak depandenc
detoxificatlon with time, axcept st 1 ag/ml, where detoxification pmﬂuol. -
with boiling time.(Pigure 3)

HENMOLYSIS vs. BOILING TiME

<UNSDILED 01 mg/ml &5 ag/al  + 10 sg/ml
o 1Emg/ml E20 mg/ml B 25 eg/ml O30 wg/ml

10 15 20 25 2
BOILING TIME, MINUTES
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Linited tests of the persistance of the detoxification have been made and e
continuing. One question was whather or not the passivation effect was due ¢

Samples were vacuum dried after boiling, and assayed the following day. Pully
detoxified samples remained the same, and partially detoxiflied samples had
slightly less toxicity aftar drying than replicate samples promptly

-~ assayed. (Pigure 4) Pully detoxified samples bolled at 1 and 10 sg/nl which

HEMOLYSIS vs. POST-BDILING DRYING
0
O BOIL 30 DRIED & BOIL J0°UNDRIED D UNBOILED
- il
[1)]
g
g n
16 -
é Io-
¢ \
5.
N _5/:\ . . .
0 5 10 Is 2 P> .

BOILING CINCENTRATION, ng/m|

were decanted and placed in fresh distilled water or Pg did not retoxify over
& 3 day period.(figure S) Other samples were left standing after boiling in
the supernatant fcom the bolling water at room tesperature. Pully detoxified
samples boiled st 1 mg/ml remained st zere toxicity after & days. Samples at
higher concentrations showed some increase with time; the sample boiled st 10
ag/al was essentially fully retoxified. (Figure 6)

Certain samples in the assay yielded consistently anemclous results, and ware
difficult to reconcile with any simple physical model; specifically, samples
boiled at 0.5 ag/ml were not detoxified. The only expecisental difference in
these samples was that they were boiled in plastic (polycarbonate) centrifuge -
tubes, since glass tudes were not available in on appropriate size. When
quartz wvas boiled in flint glass, polycarbdonate, and Tefsgal tubes, only
partial detoxification was seen. Whon bolled in polycarbonate tubes using
water that had been boiled only in polycardonate, no detoxificatioa wYas seen

at any concentration.(Pigure 7)

3ince the effect seemed clsarly to bs sn effect of the glass containers, -
additional experiments were done to clarify the finding. Quarts dusts wers
boiled in water Iln polycarbonate tubes with varying amcunts of 3 sm soda-1lime
glass beads.(Figure 8) There i3 a roughly proportional dependence of
detoxification on the mmber of glass Eaads, and thus the glass surface ares
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PERCENT HEMOLYSIS

ALTERATION BY THERMAL TREATMENT
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present. The effect was investigated alse by using shards of glass cover
8lipe in polycarbdonate tubes during bdoiling. In general detoxification oceurs
with increasing glass content, dut with a lessening of the eoffect sean at the
highest glass content level.(Pigure 9) The converse of this hypothesis, thet
polycarbonate somehow supressed the detoxification of quarts, was tested dy
bolling quarts ia flint gless tubes with polycarbonate pleces in suspension;
no significant eoffect of the polycarbdonate was soen. (Figure 10)
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An sdditional snemolous result occured when thare was a failure ia the
osnosis water purificstion cartridge in our lsdorstory bullding distilled
water system, resulting ia s higher impurity level tham thet present in tap
water. Toxicity was partially supressed in all samples, evem those boiled ip
polycarbonate; but detoxification was not complete for any treataent, even
using flint glass tubes.(Figure 11) When the water systes was restored to
proper operation, the results agreed with previous findings.In a limited
investigation of this, quartz samples were boiled with sodius and calcium
chloride selutions of several different concentrations; the affects wers weak
slightly lessening the detoxification. (Pigure 12)
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Initial seta potential msssurements have been made on samples of unbdolled
quarts and oa quarts bdolled at S ag/ml in flint glass and in polycarbonate
tubss. The seta potentials for unboiled quarts and for quarts boiled ia
polycarbonate are essentislly identical, while the samples dolled in flint
glass show a lass negative szeta potential.(Pigure 13)

The boiling treatment wag slseo applied to kaolin and alumina dusts. The kanlin
dust, previously descrided (1), was unaffected. A commarelally cbtalned
respirable sized slumina expressed hamolytic potential in its untrested state,
and weas detoxified upon boiling.(Figure 14) The untreated and treated aluming
sasples were subsequently analyszed by photoslectron spectroscopy, courtesy of-
the U.S. Department of Bnergy, Norgantown Energy Technology Center. The
intention was to determine if the slemental composition of the slumins surface
showed substantial levéls of silicon in eddition to aluminum after treatment.
Results of the test showed, however, that the surface of the untreated aluming
itself had a silicon-to-sluminum slements] ratlo of about 4-to-1. This wap
reduced to adout 1-to-1 after bolling. 3Studies using other dusts inciuding
asbestiforn materisls are ongoing.

ZETA POTENTIAL OF QUARTZ BOILED N FLINT OR POLYCARBONATE
n

OROILED IN POLYCARS
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HEMOLYSIS OF BOILED KAOLIN AND ALUMINA DUSTS
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conclusions:

At this point, several conclusions may be stated, and s partial working
hypothesis formulated, namely:

-Quarts boiled in flint glass for times greater than tea ainutes st

concantrations between 1 and 10 mg/al is partially to fully detoxifled in the
hemolysis assay.

-The effect ls strongly concentration dependent between 10 and 30 ag/al

-If & change is made to fresh deiling water aidway in the process, then
full detoxification occurs scross the entire concentration range.

-The effect l» present ocaly in samples boiled in glass tubes, flint or
borosilicate having been tested thus far; plastic tubes do not show the effeet.

-The effect is only moderstely time-dependent, tests having been limited
to boliling times of 10 minutes or more thus far; at most concentrations the
offect seems nearly complete at 10-13 minutes.

-The effect seams t0 persist on nild drying (overnight vacuum drying).

=Fully detoxified samples appesr to show little or no cytotoxicity after
soaking at room temperature in the supernatant from dolling for periods up to
4 days; partlially detoxified samples show an increase with time.

~The detoxification shows soms proportionality to availabdle surface ares
of glass presant during boiling.

=There is soms indication that pre-doiling water with silica partly
diminishes the detoxification effect for subsequently doiled quarts.




ALTERATION BY THERMAL TREATMENT

Further investigstion is needed to more fully clarify the mechanism of quarts
detoxification, but a partial hypothesis can be stated:

Boiling water releases s soluble or partislly seluble factor, possidly
silicic acid or sodium and/or calcium silicates or hydroxides, which, ia
monomeric or polymeric form, resct or are physically adsorbed on the quarts
surfsce, which fully or partlally detoxify the ainersl surfaces, as shown in
in vitro cellular toxicity assays.

There is a significant amocunt of discussion in the litersture concerning the
dissolution of silica in water. Molt and King found that all sizes of quarts
particles behave as If a soluble fraction of silics is leached from their
surface, and that surface leached at pH 9 will rapidly adaocd the dissolved
silics species.(5) Baumann measured the uptake of silicie acid by quarts from
aqueous solution prepared by aixing silica gel in water.($) In genersl,
various silicates, including vitreous glass and quarts, are reported to have
alight selubilities in aquecus media. The valuss found for quarts are
order of one magnitude lower than the values obtained for glass under
test conditions.(7) Iler states that the abllity of quarts surface to
water of hydration even after outgassing at 100C, 1n contrast to the behavier
of amorphous silica, suggests a powerful hydrogen bonding capacity of the
quarts surface silanel groups. Ne suggests this may be related te the
peculiar power of quarts to sdsord multilayers of silicic acid as noted by
Baumarn.(8§) This seems to favor s hypothesis that soms soluble form of
silica dissolves from both quarts particles and the glass container: that the
“silicic acid” or a polymecized derivative re-adsorbe to the quartz; and this
nasks or otherwise passivates the quarts surface. Tests using pre-sstursted
medium raise the possidbility that the quarts surface sust undergo a desorption
step or same conditioning before or in conjunction with adsorption of
passivating specles. ,

the
same

Eh

Suggested strategies for clarifying this would inelude radicladel experiments
to distlnguish the source of surface silica groups after bolling treatsent,
and to deternine if native quarts surface groups are sxchanged with the medium
in the passivatiocn process; further investigation of the sffect of treatment
on the zeta potential of quarts; and the sttempted use of surface spectroscopy
methods, such as diffuse reflectance Pourler transform infrared
spectrophotometry to ldentify surface structural changes following treatasnt.
If scid-base reactions are involved, the pit dependence of datoxiflcation
should be looked at in detall.

The prime question raised here is under what moderate trestment conditions
will quarts be surface modified so that it becomes Diologicsally inert for
cytotoxicity in ecellular assays or for fibrogenicity in vive. Thet is, what
physicsl and chemical conditions are necessary and sufficient to passivate the
quarts surface? This study has ldentified some parsmeters involved: the
process proceeds in aqueous solution; glass surface must bDe present; there ls
8 concentration dependence; details of the boiling procedure can significantly
affect the results. :

Another question is whether the passivation effect persists. The affect
should be monitored in long term experiments involving physicsl and/or
chemical methods, as well as in vitro assays, and pessibly in vivo biocassays
to determine the long tera persistance in air and in physiological fluids.
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The last question is whether this phencaenon is a feasidle desis for

prevention stratsgies. One major unknown bere is the long term persistance of
the effect undar ip vive conditions.

In any event, the possibility exists for de-toxification of gquarts by
relstively mild trestaent conditions. Seemingly innocuous preparation
procedures used in biclogical assays of quarts could produce respirable dust
surface property changes which are not readily dstected by chemical or
physical analysis, dbut which can confound interpretation of biocassay results.
The possibility for such should be recognized in research protocols.

Rafarences:

(1) Wallace, W.E., Vallyathan, Y., Keans, M., Robinson, V.: In Vitro Blologice
Toxicity of native and Surfece Nodified Silica and Keolin Dusts. J, Tox. Env.
Health 16:415-424 (1986).

(2) Wallace, W.K., Keane, N.J., Nill, C.A., Vallyathan, V. Ssus, F.,
Castranove, V., Bates, D.: The Bffect of Lecithin Burfactant and Phospholipase
Enzyme Ireatment on Soms Cytotoxic Proparties of Respireble Quarts and Esolin
Dusts. Proceedinzs: Respirable Dust ip the Miners] Industries: Health
gffects, Charscterizstion. gnd control. pp.154-166. Frunts, R.L., and Esseni,
R.V., Eds.;(198¢). Amarican Conference of Governsental Industrial Hygienists
(ACGIH) publication (1988); ISEE 0-934712-7¢-7.

(3) Personal communication; Dr. Klsus Rebeck, Bergbau-Forschung Sablt, Rspen.

(4) Marington, J.8., Miller, X., Macnab, G.: Hemolysis by Asbestos. Environ.
Res. 4:95-117 (1971).

(S) Holt, P.F., King, D.T.: Solubility of Silics. BEgture 175:514-515 (1955).

(6) Baumann, H.: Adserption von Kiaselsaure an Quarts. Baturwissentschaften
53: 177-178 (196¢).

(7) Iler, R.K.: The Chemigtry of $ilica, John Wiley and Sons. IZNN
0-471-02404-X. p.37 (1979).

(8) Iler, R.K.: The Chemistry of $ilica, John Wiley and Sons. ISMN
0-471-02404-X. p.641 (1979).

Acknowledgments:

The suthors gratafully acknowledge the support of the U.S. Buresu of Nines
under Interagency Agreement HO338030, and also gratefully acknowledge support
by Crant # C1135142 of the Department of Interior’s Minersl Iastitute Program
sdainistered by the U.S. Bureau of Mines through the Generic Minerul
Technology Center for Respirable Dust.




IV

INTERACTION OF
DUST AND LUNGS



H U U OU U W W e W e e



Factors that May Influence Interactions Between
Mineral Dusts and Lung Cells

G.L. Barlett and J.D. Barty
Milton S. Hershey Medical Center, The Pennsylvania State University,

Hershey, Pa.

Supernatant media of dust-exposed pulmecnary alveclar macrophages (PAMs) were
inactive in assays for both Interleukin-l and fibroblast growth factors (FGF). We have
begun to evaluate geveral factors that may interfere with dust-PAM interactions.

To determine the effect of sterilization on the activiry of dusts, PAMs were exposed
to autoclaved dust, heat-gterilized dust or to dust that had not been heated.
Supernatants from the first two groups were inactive in the FGF assay, but supernatant
from PAMs exposed to unheated dusts stimulated growth of lung fibroblasts.

Recent data have revealed that freshly crushed mineral dusts possess labile free
radicals that are absent in dust that has been stored for more than a few days.
Suspensions were prepared of a "stale” sample of anthracite dust 867 and of a freshly
ground sample of the same dust. These suspensions were instilled intratracheally into
gulnea pigs under general anesthesia. Two, five or eight days later, PAMs were
collected from the lungs by bronchoalveolar lavage, and the cells were counted. At two
and five days after instillation, all lavage suspensions contained 70 to 85% PAMs, of
which 5 to 182 contained phagocytized dust particles. On day eight there were again .
80-84Z-PAMs in all suspensions, but in the presence of “fresh” dust, 48% of PAMs had
phagocytized particles in comparison to 16% in the presence of “"stale” dust. A similar
experiment was performed in short-term cell culture. During 24 hours, >95% of PAMs
phagocytized dust particles, whether or not the dust was "stale” or "fresh”. Our
studies are being extended to determine the effect of (1) removing surface oil
contaninants by organic extraction and (2) suspending dusts without surfactant.
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Effect of Coal Dust on Mucin Production
by the Rat Trachea

V.P. Bhavanandan
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. Trachea removed from pathogen-free rats were
maintained as organ cultures and used to study the effects of coal dust exposure on the

synthesis of mucin. The high molecular weight isotopically labeled (3H-glucosamine, 14C-
leucine or 35S-sulfate) mucin could be purified by gel filtration, treatment with testicular

hyaluronidase, ion exchange chromatography, delipidation and CsBr density gradient
centrifugation. To examine effect of coal dust on mucin production, groups of explant

cultures were exposed to media containing coal dust at 100 pg per ml every 2 days for 2
weeks while control cultures were treated with media without dust. Analysis of the spent
culture media showed that treatment with dust markedly decreased the production of non-
dialysable glycoproteins as well as hyaluronidase-resistant acid-precipitable fraction
consisting mainly of mucin. Since the synthesis of protein was not affected to the same
extent the decrease in mucin production is not entirely due to cell deathi In sephrate
experiments rats were subjected to in vivo coal dust exposure in inhalation chambers and
tracheae of these and control rats were removed for explant cultures. The incorporation of
precursor isotopes into mucin by these explant cultures are being examined. (Supported
by U.S. Bureau of Mines through the Generic Mineral Technology Center for Respirable
Dust under grant G1135142, project 4210).
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Acoustic Impedance Method for
Detecting Lung Dysfunction

J. Sneckenberger and T. Whitmoyer
West Virginia University

ABSTRACT

The acoustic impedances of seven rat lungs were measured at
frequencies between 100 and 6400 Hz. Rats were divided into two
groups: a silica exposed group (N=3) and a control group (N=4),
The silica exposed group was injected intratracheally with silica
solution. Three of the control group were intratracheally
injected with saline. Between four and six weeks after the
injections, all lungs were excised and degassed. Lungs were
suspended in a pressure chamber, with the trachea canula attached
to the end of a tapered impedance tube. The lungs were subjected
to transpulmonary pressures between -30 cm H30 and 6 cm H,0 to
simulate deflation and inflation. With transpulmonary pressure
being held constant, the impedance tube was excited with random
noise. A dual channel analyz=ar calculated Hj2{f), the transfer
function between the two microphones. This function was used to
calculate the lung's impedance at that pressure. The impedance
magnitude spectra of both groups typical}ty had peaks at 2000,
3500, and 5500 Hz. Statistically significant differences. (90%
confidence level or greater) between the two groups occur at the
3500 Hz peak at transpulmonary pressures of 20, 8, 6, 4, and
2 cm of H,0. This fact ssems to confirm that this method can
detect lung disease. Further research will indicate whether this
mathod will be able to detect the conset of coal worker's
pneumoconiosis.

INTRODUCTION

one of the first studies of impedance of the human lung were
conducted by DuBois et al.[2] using the forced oscillation
technique. This technique, however, was limited to frequencies
below 30 Hz. Further studies by Van Den Berg [6] revealed that
the lung reflected higher frequency sounds (100-10,000 Hz),
ingtead of behaving as an anechoic termination. This discovery
has lead to several studies of the acoustical properties of both
human and animal lurngs at high frequencies {3,4,%].

Ishizaka et al.[4] measurad the input impedances of laryn-
gectomizeé human subjacts using a two microphone technique. This
study reported peaks in the impedance magnitude at 640, 1400, and
~100 Hz. Fredberg et al.{3] used a transient forced oscillation
tachnigque to measure the input impedance of excised canine lungs
for freguencies up to 10,000 Hz. Jayaraman and Frazer [5] used a
two microphone technique in combination with transmission matrix
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theory to study changss in the acoustic impedance of excised rat
lungs during deflation and inflation. '

This study's fccus is to determine the differences in the
acoustic impedance of excised silicotic and healthy rat lungs.
Seven Long Evans Hooded rats, weighing between 200 and 250 g,
were divided into two groups. The silica-exposed group {N=3)
were intratracheally (injected with a silica-saline solution to
induce silicosis. Three rats of the control group (N=4)} were
given a sham exposure of saline. During a period four to six
weeks after injection, all lungs were excised and degassed.

METHODS

Figure 1 displays a block diagram of the impedance tube
facility used in this study. An excised lung is attached to the
end of a tapered tube within a plexyglass pressure chamber.
Fandcm noise, produced by a Bruel and Kjaer 2032 dual channel
analyzer, is amrlified and introduced into the tube via a side-
mounted speaker driver (University, type ID-30C-8). The standing
waves thus formed in the impedance tube are measured by two Bruel
and Kjaer 4136 pressure microphones mounted 2.3 cm apart in a
plexiglass ecylinder. The signals of these microphones are the
inputs to the dual chiannel analyzer, which calculates the
transfer function between the two microphones, Hiy, and its
inverse Fourier transform, h(t). Following Jayaraman and
Frazer‘s example [5]), exponential weighting is applied to h{t)
and transmission matrix theory applied to the resulting transfer
function to yield the input impedance of the excised lung.

The plexiglass chamber's pressure is controlled by a variable
speed pump to produce transpulmonary pressures between 30 and
-6 cm of H,0. The difference betwesn chamber pressure and
atmospheric pressure is monitored by a water manometer. A lung
is first inflated to 30 cm of HyO, then deflated to -6 cm of H50,
pausing at several pressures for impedance measurements. Once
fully deflated, the lung is inflated to 30 cm of HZO' again
stopping at various pressures for measurements.

RESULTS

The averages magnitude spectra of the silica and control groups
are presented in Figures 2, 3, and 4 for transpulmonary pressures

of 30, 8, and 2 cm of HZO' respectively. .

DISCUSSION

The impedance magnitude spectra of all rats have been computead
for transpulmonary pressures of 30, 20, 10, 8, 6, 4, 2, 0, and -2

cm of Hzo. Typical rats in both groups had peaks at 2000, 3500,
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and 5500 Hz. The placemant of thess peaks compare favorably with
the study of Jayaraman and Frazer [5], with the exception that in
this study, no peak occurred at 600 Hz.

significant differences between the silica and control groups
occurred at the peak at 3500 Hz. T-tests performed on the peak
magnitudes at this frequency showed that the silica group had
significantly higher impedance (90% confidence level} at
transpulmonary pressures of 20 and 8 cm of H,0 during deflation.
The silica group also had significantly higher impedance {98%
confidence level) at 3500 Hz at pressures of 6 and 4 cm of H30
during deflation. These findings show that changes in the
mechanical properties of lung tissue and the closure of airways
occurred at higher pressures in the silica group then with the
control group. This finding agrees with the work of Chvalova
et al. [1] which found that the pressure-volume curve of
csilicotic rats was shifted to higher pressures tompared to normal

rat lungs.

CONCLUSIONS

The above findings indicate that silicosis in rat lungs can be
detected by measuring the lung input impedance. The key
indicator thus far is the impedance magnitude of the peak at
about 3500 Hz. TFurther studies will determine the effectiveness
of the method in detecting the developement of lung diseases and
if the measurement of acoustic impedance can be an effective
clinical tool for the treatment of lung diseases.
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Bronchoalveolar Lavage in Subjects
Exposed to Occupational Dusts

(}.(}oodhnaxn.hLIﬁZLap;u*V.(kuﬂ:axuwva.vVJi.I&ﬂlessuuil).lxmwis
West Virginia University Hospital and

Division of Respiratory Disease Studies. National Institute for Occupational
Safety and Health, Morgantown, WV

We performed bronchoscopy with bronchoalveclar lavage (BAL) in 8 control subjects with
no exposure to occupational dusts, 8 healthy power plant workers exposed to mixed dusts
(primarily fly ash), 1 healthy coal miner and 1 rock driller with acute silicosis., All
subjects were non-smoking males. We analyzed lavage effiuents for total numbers of ,
alveolar macrophages, 1ymphocytes and neutEophils and monitored chemiluminescence at rest
(REST CL) and after stimuiation with 3x10-°M phorboi-12-myristate-13-acetate (PMA CL) or
2 mg/ml zymosan (ZYM CL). The data are as follows: |

ACUTE |
CONTROLS FLY ASH COAL DUST SILICOSIS
{mean + SEM) (mean + SEM) . _
# ALVEOLAR MACS x106 7.4+ 1.2 14,1 + 2.1* 4.0 9.8
4 LYMPHOCYTES  x106 4.5 % 0.8 8.4 F 1.1* 4.6 65.6%
# NEUTROPHILS  x108 2.9% 0,7 7.3+ 2.5* 3.1 30.3*
REST CL TOTAL COUNTS x106 27.0 % 6.0 38.9F 6.0 65.8 144 6*
PMA CL  TOTAL COUNTS x106 68.2 T 22.6 83.0 ¥ 10.7 64.5 250.2*%
7yM CL  TOTAL COUNTS x106 41,4 ¥ 12, 84.0 ¥ 8.4% 47 .4 509,0*

*significantly greater than contral at p<0.05

The data indicate altered alveolar cell populations and phagocytotic activity in

qsymﬁtomatic occupationally exposed subjects. Similar, more extreme changes were seen
in the subject with acute siiicosis.
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Microcomputer Control of Particle Concentrations in

a Cotton Dust
Exposure System

T. B. Whitmoyerl, J.E. Sneckenbergerl, D.G. Fraser?,

V.A. RobinsonZ, A. Giza? and D.S. DeLong2

IDepartment of Mechanical and Aerospace Engineering,

West Virginia University

2Physiology Laboratory, Investigations Branch, National Institute for

Occupational Safety and Health, Morgantown, Wv

ABSTRACT

A totton dust animal axposure SYStem has been
modified to incorporate a microcomputer feedback
loop to monitor particls concentrations. The
logp's RAJOr CORPONSNLE ATE &4 MINATULE real-time
asrosol monitor (miniraa] to astimate cOn~
cantraticns and a microcomputer to read the
niniran': data and to controel & stepper motor that
adjusts the asount of dilutant air mixing with
respirable cotton dust. Hinaty sinuta trials of
thia system indicate that the standard deviation of
particle concentrations is within 0.68 lq/n’ of the
average concentration, insuring & near constant
concentration of respirable dust throughout the
EXPOSUTE.

INTROCUCTION
Pravious Wark

wWeyel ot al. (1984} have datarsinsd that
rasfirabla cotton dust can ba shaken fros bulk
cotton SAMples usihg acouxtical snergy. The
particle generator daxigned to utilize this fact
oparates like a commercially available sonic
aifter, but on a much larger scale. .

While this generator sucessfully resuspended
trapped respirabla cotton dust, the genecator
QULDUL concentration dacrssased exponentially wath
time, This disadvantage was solvad by Frazer
at al. (1986) by coparating The generator with a
sinusoidal voltage near the sinigus CeSONANCSE
frequancy of ths generator. This adjustment
snabled the generator to producs respirable cotton

dust for six hours or longar.
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Frazer ot al. [1987) utilized the modifaed
acoustical generator toc produce & cotton dust
anisal exposurCe system. The cotton dust
concentrations wers estimatsd by & oiniram, a light
scattaring aerosol monitor. The system operator
used the Biniram values to adjust tha systam's
parametars to maintaln the desired concentration
lavel.

Purpose

The objective of this study was o intloduce &
cocputarized feedback loop to the operater
coatrolled cotton dust animal exposure system. Tha

Einisam’s estimATES wers analyzed by a micro-
copputer to determine what adjustzents in the flow

of dilutant air were necesSary to paintain tha
desirad cotton dust concantration. Thasae
nodificaszionz ware jntendad to improve Eystex
performance and ease the systen operator's work
burdan.

RETHODS
Eipcsute System with Operator Feedback

The cperator faedback exposure ;r::an is fully
daseribed by Frazer ot al. [1987). Alr antering
tha exposurs systes is conditionad by & water seal
a1 compresyor, & -HEPA and charcoal filter, .nd 2
fiow-temperaturs-huaidity contreller. Cottri du.-
resuspended by acoustical energy 1g carriec. Joward
the sxposzure chambar by conditlonad air en'diinc at
the genarator’'s base and exiting fros its taf.
Nenrespirable cotton dust particles are rinuved {n
s settling cvank. The respirable cotten .. 0 3.
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diluted with conditioned air to achieve the desired
particle concentration.

The cotton dust aeroscl is passed through a
minatuce real-time aerssol monitor (miniram}, which
uses light scattering to estimate the particle
concentratich. The miniram's output is racarded on
a printer for permanant record. The dilutant air
flow is adiusted by the operator according to the
miniras’'y measuremsnts. The aearcsol leaving the
miniram anters the exposure chamber. A porticn =14
the aerosol i5 removed fram the exposurs chamber by
a e=nstant flcw pump. The catton dust is removed
fesm this sampla by & P filter. The remaining
asrosal ts passed through a HEPA filter and
exhaustad,

Computerized Feedback sSubsystenm

The oparator feedback loop is replaced by a
microcomputer contralled feedback loop. The
min:ram's d:gital output is received by 2
m;c:ocoiputer [IBM XT) via an RS-31JI serial
connection. The mihiram estlmates particle
esncantrations svery ten seconds. Each
mesgsurament is compared with the concentration
setpount indicated by the operator. If the
current coneentratien ls above the setpoint, the
microcomptuter opens the dilutant air valve. If
the concentration i5 below the sstpeint, the
dilutant air valve ls closed. The amocunt of
cpening or closing depends upon the distance to
the setpoint.

The dilutant air valve is activated by a
panzake type, four-phase, bidirectional stefper
porar {(Copal Electrunics 076197). The shaft of the
stepper motor is connected ta the fnput pinion of
a 7.5 t3 1 gear veduction system to compenzate for
the stepper meter's 0.015 N-ﬂ driving torsue, The
cutsit of the gear reducction is mated to the
dilu=ant a.r valve by a machined adapter.

The stepper motor 1s coniralled by the
fiITocomputer uglng & SteFper motor diiver {Alpha
Products model 5T-141) and a bus adapter [Alpha
Productis modal AR=131}. These products allow the
stecpat metor o be astivated using BASICA's O
inscruction.

The number of steps the stepper motor tuIns is
linearly prapreticnal to the difference betwaen the
miniram reading apd the sstpoant. If the miniranm
reading 1s within five perzent of the seftpoint. the

stepper motcr is not moved. The number of staps
the moter moves is limited to prevent system

instability. The selection of this limit is
discussed in mores detail in the following section.
The block diagram of the computerized feedhack
animal eéxposule system 1S5 presented {n Figure 1.
The components of the conmputerizesd feechack
subsystem are indicated by darkened lines,
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FIL
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FLOW-TEMP
HUMIDITY
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S5YSTem
STEPPER
MOTDR
1
PRINTER ~DMPUTER MINIEAM
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CHAMBER
HEPA I PUMP }—1 FILTER
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HED & ]

. FILTER
T EXKALUST 1

'riqura 1. Bleck diagrac of cotton dust anidal

exposure system with microcomputer
fapdback. Feedback subsystem drawn
with smphasized llhes.

RESULTS AMD DISCUSSICH
Faesback Stability

The stability of the microcomputer controlled
fpedback system depends on the maximum stepper
notor movenent allowed during each adijustment of
the dilutant air. Since adjustments are made every

~ten zeconds, the feedback loop overreacts to lacge

differences betweesn the setpoint and measured
concentrations. If the stepper MOLOr DoVEments are
small encugh, the particle eoncentrations converge
to the setpoint. Sevaral trials indicate the the
eritical stapper mdtor novement per adjustment te
be between six and seven steps (one step equals 7.%
degrees). At six steps paximum per adjustnent, the
par:tcle rencencration converge, while ssven SLeps
er greater Fer adjustment leads to large
oseillations in the particle congentrations.




MONITORING PARTICLE CONCENTRATION
. o + T al
Graviaecric Analys:s CCHCENTRATION AVERAGE
TIME FROH HINIRAM
. . GRAVIHETRICS CONCENTRATION
Tha p.rfurnanca of the ajcreconputer control- (ﬂil‘l] lﬂg/ﬂ"} lmq/m’l
léd animal axzcsurs system wis avaluated by
ReASUIlNg thée amount 2f 2ocCton dust trappad in the Jg 2: :g :'f; ig°;
FUC Siltars. TWwe Trials of the systen ware padé: 60 to 9¢ 8.66 lﬂ:l
one with a sa:ipoint of 10.0 mq/n’ . the other with bl
8 sétpoint of 32.0 mg/m’ . E£ach trial lasted 90 TINE coucgggﬁarzcu ﬂgﬁ%*as
BlRutes, With the PVC filtars Raing changad evary GRAVIMETRICS CONCENTRATION
30 minutes. The average pACticle copcentration (min) (mg/z’ | img/m?)
dectarizinad by gravimetric Sa2pling and the average 0 ta 10 33.7 148
miNiram measurement for each test are dispilayed in 0 to 60 33.3 A%.9
/,
Table 1. Additional tests ware conducted to 80 to 3¢ 3.0 35.0
meazurs tha systen's parlormanze over longer
perzods of tima. Figure 2 shows the piniraz's
3 Tatle 1. Rasults of %0 minute c>ial
gutyput for & 1%.0 mg/a"setpaine during a six hour a) Secpaint = 10.0 sg/od
trial. Figure 3 shows the gravimetTic results for E::::::c::: 0.9 2 0.68 mgs/mt.
saveral long term tests AL vAriOuEs SeLECints. B} Sazpoint = 13.0 mg/m? .
Cravioatric
. Averags = 13.7 2 0.10 ag/m!,
comparison of Operator and MicTocomputRs Centrol

TYPICAL MINIRAM CONCENTRATION READINGS

The periormance of the operator controlled 0 MMNEER OF EXPESURES « 4
syitem with 4 setpolnt cf 35.0 nq!n3 wald reported
! oy Frazer et al. {1987). The aversgs parcicle »=
capcantration was 1.5 :$ 1.5 mq;a’tar &4 #£1% houy
&LFOSUPE.  The sicroccaputer controlled systan
yle.dec an avarage of 13,72 0.2 -qf-’!ar a %0
Elute eXposure., The aversge minitram output for
the same 90 mainute period was X4 8 nq!n: . Th:ys
£asr indicaces that the dissrapancy between the
i AaxsDEUT2'S SeCPolnt ang the calculatad
cenngntracior is due to inaccsuracies i the
mifRiram's estipation af partisle concentratlon.
' Th+ stancard devistion of the ccAcentrations
| andicaca that the misrocompusar sontrolled syscen '
yie.ds mere conzisteNt consEntracions. Since the
s7stem jukpending the c2ttsn dust i1z the same for
both forns of contral,the sverage and standar2
deviatisn of cciton dust concencratisng of Lhe
| miirssoaputar system does not change significantly

(mg/n"3)

CONCENTRAT 10N

is0
TIE  (mind

Figure 2. Miniram output for a six heur trial

with a setpoint of 15.0 sg/n’

GRAVIMETRIC CONCENTRATION DATA
al=h

1f the trial tize 15 LRerzased from 99 BLGUTEE £

S$1x hours. In any case, the gRicrocoapuler- » MMEER OF EXPMOSURES = { LN ] aje2

controlled syscem requited far less stZantion than
tha apara:or-con:rollqd systam.

]

COHCLUSION IE I-
- |
In suzmary, & microcoaputer cantrolled
Essdback subsysten has bean incorporatad into 3 .
cotton dust animal exposurs systam. The resyliing e

cembination yieldad a systag producing mors
consistant concentration levels and requiring less
supervision than cha operater feedback system that
i1t replaced. In addition, Che microcomputer
cehtsolled system was able to maintain 4 given I(-lnl \ , , \ \

CONCENTRATION {sg/a”3)

18 a0
setpoint for si¥ hours without oFerator intare TIHE  tmir)
farence. While this study focused on cotton dust,
3 ! Il 21l with Figura 3. Cravisetyric relul?: for sextendad
the exposurle sSyYstes should workx squally w I et secrornte of 30.0. 18.0.

othar respiratle dusts, such as silice or csal quit. 5.0, and 0.5 mg/m?
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Effects of Platelet Activating Factor on Various
Physiological Parameters of Neutrophils,
Alveolar Macrophages, and Alveolar Type II Cells
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Sapola2 and V. Castranova2.3

lDepartment of Pharmacology and Taxicology, West Virginia University

2Department of Physiology, West Virginia University

3Division of Respiratory Discase Studies, National Institute for Occupational Safety and
Health, Morgantown, WV

Platelet activating factor (PAF) can be released from pneumocytes following exposure
to occupational dust (Am. Rev. Respir. Dis. 135:83, 1987). In addition, PAF has been
shown to induce pulmonary inflammation, edema, and bronchoconstriction (Hasp. Prac. 18,
67, 1983). This invastigation reports the effects of PAF on the propertias of three
types of cells found in the lung. PAF (1-10uM, Xis2 = 2.5 uM) caused depolarization
of neutrophils as well as genecation of chemiluminescence and secretion of hydrogen
peroxide. These responses were dependent on the presence of extracellular sodium.
However, PAF did not alter oxygen consumption of neutrophils. Although PAF (10 uM)
caused depolarization of alveolar macrophages, no stimulation of chemiluminescance,
superoxide secretion, or oxygen consumption was observed. However, PAF (10 uM) did
potentiate chemiluminescence and superoxide secrstion in response to zymosan (2 mg/ml)
by 55% and 36%, respectively. In addition, PAF (10-90 uM) caused aggregation of
alveolar macrophages. PAF (2-10 uM) alsc caused depolarization of type II cealls,
but did not affect membrane integrity or oxygen consumption. However, PAF (10-18 uM)
enhanced the activities of two distinet forms of cytochrome P-450 in type II cells and
caused aggregation of type II cells at PAF dosas above 18 uM. These data indicate
that PAF can affect the secretory activity of pulmonary phagocytes and the ability of
type Il cells to detoxify foreign compounds (Bureau of Mines Grant — G1175142).

INTRODUCTION

Platelet activating factor (PAF) is g glycerophospholipid (1-0-alkyl-2-acetyl-
sn-glycerol-3-phosphoryl choline) which has been gshown to mediate a droad range
of biological activities (1-3). 1Itg pulmonary actions include contraction of
pulmonary tissue (4), secretion of leukotrienes from leukocytes (S), airway
constriction (6), pulmonacy edema ( 7), and enhanced migration of neutrophils
into the airspaces of the lungs (8,9).

PAF can be released from several different cell types, such as, basophils,
neutrophils and alveolar macrophages, in response to a variety of particulates
or membrane stimulants which include zZymosan, calcium ionophore, phorbdol esters,
chemotactic agents, and endotoxin (10~-13). Therefore, PAF may play an important
role in the development of pneumoconioses by mediating pulmonary responses of
lung cells to a variety of occupational dusts. To investigate this possibility,
we determined the effacts of PAF on several physiclogical parameters of
neutrophils, alveolar macrophages, and alveolar type II epithelial cells,
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METHODS
Isclation of Cells

Neutrophils were isclated from human blood by dextran settling and centrifugal
elutriation (14). Isolated neutrophils (93% pure) were resuspended in HEPES-
buffered medium (145 mM NaCl, 5 mM KCl, 10 mM HEPES, 5 mM glucoge, and 1 mM
CaCly; pH = 7.4), Cell number and volume were determined with an electronic
cell counter equipped with a sizing attactment.

Rat alveolar macrophages were obtained by pulmonary lavage with Ca2+,
ng+~free Hanks balanced salts solution (15). Alveolar macrophages (94% pure)
were resuspended in HEPES-buffered medium, counted, and sized electronically.

Rat alveolar type II cells were isolated by enzymatic digestion for 35 minutes
at 37° C with 40 p/ml type I elastase and 0.1% collagenase and purified by
centrifugal elutriation (16,17). Type II cells (92% pure) were resuspended in
HEPES-buffered medium for measurement of membrane potential, oxygen consumption,
and trypan blue exclusion. Type II pneumocytes were resuspended in 0.1 M l1aCl
plus 0.05 M HEPES (pH = 7.8) to measure cytochrome PASO-dependent activities and
aggregation. Cell size and number were determined olectronically.

Measurement of Transmembrane Potential

Membrane potential of isolated cells in suspension was measured uging a
fluorescent probe, Di-$-Cq (5), as described previously for neutrophils (14),
alveclar macrophages (18}, and type II cells (19). Fluorescence was monitored
at excitation and emission wavelengths of 622 and 665 nm, respectively. An
increase in the fluorescence emission from the cell suspension indicated
membrane depolarization.

Measurement of Respiratory Burst Activity

Release of reactive forms of oxygen by phagocytic cells was determined at 37°C
by measuring the generation of chemiluminescence, secretion of hydrogen
peroxide, or release of superoxide anion. Chemiluminescence from neutrophils (1
x 106 cells/S ml of MEPES-buffered medium) was measured in the presence of 1 x
10-8M luminol using a liquid scintillation counter operated in the
out-of-coincidence mode (20). Chemiluminescence from alvecolar macrophages (3 x
105 cells/0.5 ml of HEPES-buffered medium) was measured in the presence of 1 x
10-5 M luminol using a Berthold 9505 Luminometer.

Hydrogen peroxide release from neutrophils or alveolar macrophages (1 X 107
cells/2.5 ml or 4 X 106 cells/3 ml, respectively) in HEPES-buffered medium
containing 2.5 uM scopoletin, and 40 ug/ml horseradish peroxidase (type IX})
was monitored fluorometrically at an excitation wavelength of 350 nm and an
emission wavelength of 460 nm (21,22).

Superoxide anion secretion from neutrophils or alveclar macrophages (1 X 107
cells/2.5 ml or 4.5 X 106 cells’/6 ml, respectively) in HEPES-buffered medium
was monitored spectrophotometrically at 550 nm as the reduction of 0.12 mM
cytochrome C (21,15).
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Measurement of Cellular Viability

Oxygen consumption was measured at 37°C with an oxygraph equipped with g Clark
electrode. Type II c¢ells (107 cells), neutrophils (6.5 ¥ 109 cells), or
alveolar macrophages (5 X 10% cells) were suspended in 1.7 ml of HEPES-buffered
madium for these measurements (16, 21,23).

Membrane integrity was determined by measuring the exclusion of trypan bdlue
dye under light microscopy (24).

Functional Measurements with Type II Cells

Cytochrome P450-dependent ethoxyphenoxazone dealkylase (EtOPhase) (EC
1.14.14.1) activity of type II cells was monitored at 36°C in a direct kinetic
assay based upon the formation of a fluorescent product, resorufin, measured at
an excitation wavelength of 530 nm and an emission wavelength of S85 nm (17).

NADPH was maintained at 0.5 mM by a glucose-6-phosphate dehydrogenase generating
system.

Aggregation of type II cells was monitored at 37° C using a Lumi Aggregometer.
Increased aggregation was measured as increased Light transmission.

Type II cells used for measurement of cytochrome P450 and'agsre;ation were
isolated from rats metabolically induced by pretreatment with B-naphthoflavone.
For these assays, cells were suspended in 0.1 M NaCl and 0.05 M MEPES (pH = 7.8).

Statistical Analysis

Data are expressed as means + standard errors of n experiments conducted with

cells obtained from different preparations. Data were analyzed by a Student's t
test with significance set at p < 0.05.

RESULTS

Platelet activating factor can initiate a wide variety of pulmonary responses
(1,4-9). However, details concerning the cellular mechanisms responsible for
the activities of PAF are not fully defined. Therefore, this investigation
characterized the actions of PAF on three types of lung cells, i.e., two types
of pulmonary phagocytes (neutrophils and alveolar macrophages) and alveolar type
IT epithelial cells,. .

The effects of PAF on pulmonary phagocytes are summarized in Table I. PAF was a
direct stimulant of neutrophils in vitro. PAF induced substantial
depolarization of the plasma membrane which was rapid (peaking within 15 sec
after addition of PAF) and transient (returning to the resting level within 2
min). The effect of PAF on the membrane potential (E;) of neutrophils was
dose-dependent, exhibiting a Ki/2 value of 2.5 uM. This PAF-induced
depolarization was sodium-dependent, i.e., removal of extracellular sodium
eliminated the effect. PAF (10 uM) was also a potent activator of

neutrophils, i.e., it induced significant generation of chemiluminescencs and
release of hydrogen peroxide. As was the case for membrane depclarization,
stimulation of the secretory activity of neutrophils by PAF was dependent on
extracellular sodium. In contrast to the above responses, in vitro treatment of
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neutrophils with PAF (10 uM) resulted in only a small increase in superoxide
anion release and no significant elevation of oxygen consumption.

As with neutrophils, in vitro treatment of alveclar macrophages with PAF (12
uM) resulted in membrane depolarization. This response was rapid (peaking
within 40 sec) and prolonged (not returning to resting Em). In contrast to
neutrophils, in vitro treatment of alveclar macrophages with PAF (12 uM) digd
not activate the respiratory burst in these cells, i.e., there was little or no
PAF-induced increase in chemiluminescence, hydrogen peroxide release, superoxide
secretion, or oxygen consumption (Table I). However, PAF(12 uM) did
potentiate activation of alveolar macrophages by zymesan (2 mg/ml), i.e., PAF
increases zymosan-stimulated superoxide release by 36% (Figure 1) and
zymosan-induced chemiluminescence by 55% (Figure 2).

The in vitro effects of PAF on isolated type II cells were also characterized.
At levels of 12 uM or below, PAF did not affect membrane integrity or oxygen
consumption, i.e., trypan blue exclusion was 81 # 2% before and 82 t 1% after
PAF treatment while oxygen consumption levels were 0.23 # 0.04 and 0.19 + 0.03
nmoles Ozlmin/105 cells, respectively. However, PAF (12 uM) did cause

SUPEROXIDE ANION SECRETION BY
ALVEOLAR MACROPHAGES
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Figure 1. Effects of PAF on superoxide anion release from rat slveolar
macrophages. Superoxide secretion at 379C was monitored spectrophoto-
metrically by measuring the reduction of cytochrome ¢ over 30 minutes at a
wavelength of 550 nm. Cells (4.5%10% cells/6 ml) were treated in vitro
with 12 uM PAF and/or 2 mg/ml zymosan. Values are means + standard
errors of four different preparations.
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EFFECTS OF PAF AND/OR ZYMOSAN ON CL
GENERATED FROM ALVEOLAR MACROPHAGES
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Figure 2. Effects of PAF on chemiluminescence generated from rat alveolar
macrophages. Chemiluminescence was measured for 10 minutes at 379C in the
presence of 10-5M luminol. Cells (3X10% cells/0.5 ml) were preincubatad
at 379C in the presence or absence of 12 yM PAF for 15 minutes prior to
addition of 2 mg/ml zymosan and measurement of chemiluminescence. Values
are means + standard errors of three different preparations.

depolarization of type II cells which was rapid (peaking within 1 min) and
prolonged. This depolarization exhibited dependence on extracellulsar sodiua.
PAF also enhanced the activity of cytochrome P450-dependent ethoxyphenoxazone
dealkylase (EtOPhase). A maximum stimulation of 2.5 fold was noted at 10 uM

PAF (Figure 3). Such activation was demonstrated in intact cells but not in
sonicated preparations (Table 2} or microsomes. The decline in P450 activity at
higher levels of PAF may be due in part to PAF-induced aggregation of type II
Esé}s which was significant at PAF levels above 18 uM (Figure 4).

DISCUSSION —

Neutrophils are blood phagocytes which are recruited into the pulmonary air
spaces following inhalation of foreign substances, gsuch as, bacteria, virus, or
dugts (25). Alveolar macrophages are free lung phagocytes located on the surface
of the small airways and the alveoli (26). Upon exposure to microorganisms or
occupational dust these phagocytes exhibit a respiratory burst releasing
reactive oxygen species, such as, superoxide anion, hydrogen peroxide, and
hydroxyl radicals (27-29). Evidence indicates that dust exposure may cause
hyperactivation of these phagocytes. The resultant secretion of reactive
products may result in inflammation, cellular damage, and in extreme cages
fidbrosis or emphysema (30,31).
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In this investigation we evaluated the a

(a potentially important mediator of pneumoconioses) to activate phagocytes.
The data indicate that PAF depolarizes neutrophils by increasing membrane
permeability to sodium. Such depolarizatioen may trigger secretory activity in
neutrophils (20). 1Indeed, PAF does activate neutrophils to secrete hydrogen
peroxide and generate chemiluminescence (Table I). However, activation of the
respiratory burst is incomplete in neutrophils since PAF does not gtimulate
oxXygen consumption and elevates superoxide release only slightly.

bility of platelet activating factor

Although PAF depolarizes alveolar macrophages, it does not directly activate a
respiratory burst (Table I). However, PAF treatment does prime the cells to be
more responsive to subsequent exposure to particles (Figures 1 and 2). Since
PAF may be released following dust exposure, the potentiating action of PAF
could have important consequences in escalating the cycle of inflammation and
tissue damage seen in certain occupational lung diseases.

Cytochrome P450-dependent monooxygenases are responsible for the metabolism of
organic chemicals in pulmonary tissue (32). We have shown that within the lung
high levels of P450-dependent activities are found in alveolar typa II cells
(17). Recent studies have suggested that endogenous factors released from _
phagocytes may depress P450-dependent activity in hepatocytes (33-35). Sines
PAF is released from phagocytes (10-13), we tested its effect on P450-dependent
activity of type II cells. In contrast to the hepatic system, PAF (a
phagocyte-derived mediator) enhances P450-dependent activity of alveolar typs II
cells (Figure 3). This effect seems to be mediated through the cell membrane,
since PAF fails to activate P450 in gsonicated cells or microsomes (Table II).

It is possible that PAF may alter membrane structures which translate into
increased P4aS0 activity. Action of PAF at the plasma membrane is supported by
our evidence of PAF-induced changes in membrane permeability to ionsz and
membrane potential. 1In addition, higher concentrations of PAF alter the
membrane surface of type II cell sufficiently to cause aggregation (Figure 4).

In conclusion, PAF may de released from phagocytes following occupational
exposures. This PAF would be inflammatory by directly activating neutrophils
and potentiating the response of macrophages to particulates. In addition,
xenobiotic metabolism by alveolar type II cells would be enhanced affecting the
detoxication and/or activation of foreign compounds. The role which these
cellular changes play in pneumoconioses remains to be defined.

This research has been supported by the Department of the Interior's Mineral
Institute Program administered by the United States Bureau of Mines through the
Generic Mineral Technology Center for Respirable Dust under grant number G1175142.
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TABLE I

Effects of Platelet Activating Factor on Phagocytes

Hydrogen
oxygen Superoxide Peroxide
Cell Types Em Consumption _ Release Chemiluminescence Release
Heutrophils transient 0 + ++ -+
depolarization
Alveolar prolonged 0 0 0 0
Macrophages depolarization

Maximal responses of neutrophils and alveolar macrophageg after ;g vitro
exposure to 10 uM or 12 uM PAF, respectively. The Fe}atxve magnitude of
enhancement is signified by +. No response is signified by 0. Data for each
assay are taken from four separate experiments.

TABLE II
Effect of Sonication on the Responsiveness of

Alveclar Type II Cell Cytochrome P450-Dependent
Activity to Platelet Activating Factor

P450-Dependent Activity?

Additived Cells Sonicate®

None 16.6 + 3.4 38.7 + 5.6
BSA-HEPES 16.2 + 2.4 38.6 + 11.0
PAF (19 uM) 34,0 + 6.4 34.2 + 4.9

8) Specific activity expressed as pmoles resorufin formed/min/mg protein.
Protein determined by the procedure of Lowry et al. (25). Data are means
+ standard errors of two experiments.

b) Additive: None - 0.1M ¥aCl, 0.5 mM NADPH, and 0.05M HEPES (pH = 7.8);
BSA-HEPES - 10 ¥l of 0.5% BSA in 0.01M HEPES (pH = 7.8) added to the

above solution; PAF - 10 ul of PAF in 0.5% BSA and 0.01M HEPES (pH =
7.8) added,

¢) Disrupted type II cells were obtained by pulse sonication (0.33 sec on, 0.67
sec off) of the cell suspension for 30 seconds at 3 Watts at 2°C.
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STIMULATION OF CYTOCHROME P450 DEPENDENT
ACTIVITY OF TYPE Ii CELLS BY PAF

RELATIVE RATE

0 1 L L) 1
0 20 40 60 8o 100

PAF) (uM)

Figure 3. Effect of PAF on cytochrome P450-dependent EtOPhase activity in rat
alveolar type II cells. Type II cells were obtained from 8-naphthoflavone-
treated rats. Cells (1.6~2.5X108/ml) were suspended in 0.1M NaCl, 0.5 mM
MADPH, and 0.05 ¥ HEPES (pH = 7.8) at 3§9C, a fluorescence baseline
established, and the reaction initiated with 2.5 uM EtOPh. 1In the absence
of PAF, EtOPhase activity of 3 separate preparations of type II cell was
1.06, 1.38, and 0.50 pmoles resorufin formed/min/10% cells, respectively.
pata after addition of PAF are rates relative to thegse controls (means +
standard errors).

PAF-INDUCED AGGREGATION OF TYPE Il CEUS
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Figure 4. Effect of PAF on aggregation of rat alveolar type II cells. Type II
cells were cbtained from S8-naphthoflavone-treated rats. Cells (2.5-2.7x10%
cells/ml) were suspended in 0.1M NaCl and 0.05M HEPES (pH = 7.8) at 379C

and aggregation monitored as light transmission. Data are means of two
experiments.
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Use of a Sensitive Electro-Optical Method to Quantify
Superoxide Release from Single PAM Exposed to
Dusts In Vitro or In Vivo: Some Current
Experimental and Model Results

E.V. Cllento, K.A. DiGregorio and R.C. Lantz
Departments of Chemistry and Anatomy, West Virginia University

This laboratory has developed a sensitive electro-optical method to quantify the
initial rate (R) and total amount (MAX)} of superoxide (S0) produced by .single pulmonary
alveotar macrophages (PAM). The method uses a microscope to visualize in culture,
and ‘to videorecord the images during the time the cells produce SO. MAX and R are
calculated from measurement of temporal changes in optical density in the images due to
precipitated diformazan formed by the reaction of S0, produced by each PAN, with
nitroblue tetrazolium present in the culture medium, To date, values of R and MAX,
measured due to adherence of PAM to the dish, have been compared to values obtained
when quartz, coal mine dust (CMD), and kaolin were added to the medium (in vitro). R
and MAX have also been calculated for PAM lavaged from animals exposed to quartz and
CHD in the WVU Inhalation Facility. Presently, experiments are being done using serum
which permits PAM to be restimulated by different dusts to help establish a dose-
response ‘effect, and a means to study the effects of Tung surfactant on modifying the
toxicity of inhaled dusts. Long term, this methodology should provide useful insight
into--establishing the role S0 plays in tihe phagocytosis of inhaled dusts and bacteria,
in PAM dysfunction, and in lung diseases such as pneumoconioses. Supported by the De-
partment of the Interior's Mineral Institute Program administered by the Bureau of Mines
through the Generic Mineral Technology Center for Respirable Dust ({G1135142).



A Kinetic Model of Superoxide Production from Single
Pulmonary Alveolar Macrophages

E.V. Cilento, K.A. DiGregorio and R.C. Lantz
Departments of Chemistry and Anatomy, West Virginia University

_ A kinetic model was developed to describe the production of superoxide
(02 ) by single pulmonary alveolar macrophages (PAM). Model predictions were
compared to experimental results obtained from single rat PAM. The 02— was
quantified by measuring the reduction of nitroblue tetrazolium (NBT)" to a
diformazan precipitate (NBTH,) from video-recorded images of individual cells.
The kinetic model considered three reactions: (1) the production of
extracellular © from the reduction of oxygen by NADPH oxidase using
intracellular NABPH as the substrate, (2) the subsequent dismutation of 0.~ to
form H,0,, and (3) the reaction of 0.~ and NBT. NBT apecificity for 0,= was
analyzéd™ by comparing results in tge presence and_absence of supequldu
dismutase (SOD) which catalyzes the dismutation of 0, to H.O0.. Measured PAM
heterogeneity was accounted for by varying the concéntrati$n®of intracelluler
NADPH, its rate of depletion, and the concentration of intracellular NADPH
oxidase in the kinetic model. Model predictions compared favorably with
experimental results except when SOD was present. This discrepancy may be due
to diffusional limitations since NBT is a relatively small molecule (818 MW)
compared to 50D (34000 MW). In addition, the cell surface is both ruffled and
negatively charged, which may introduce steric hindrences and/or electrostatie
effects since SOD is also pegatively charged.
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Effects of Serum on Superoxide Release from
Single Pulmonary Alveolar Macrophages

K.A. Digregorio, E.V. Cilento, and R.C. Lantz
Departments of chemical Engineering and Anatomy,
West Virginia University, Morgantown, WV

Pulmonary inflammation is accompanied by increased
microvascular permeability and leakage of plasma into
alveolar spaces. Serum has been shown to affect superoxide
(0., ) production from pulmonary alveolar macrophages (PAM) in
vifro, and in some ceses serum has been shown to be necessary
for stimulation of PAM.  An electro-optical method was used
to measure 0, production from single PAM by measuring the
reduction of” nitroblue tetrazolium (NBT) to a diformazan
precipitate (NBTH,) from videorecorded images of individual
cells. PAM were“stimulated by their initial attachment to
culture dishes independent of serum. The addition of 2X
serum to the culture medium increased NBTH, production during
attachment, whereas concentrations of 5 and 10X serum had no
additional effect. In contrast, PAM incubated for 2 hrs
could not be stimulated by phorbol myristate acetate (PMA) or
zymosan particles to produce 0, unless serum was present
during the incubation and/or stimulation; however, NB
production was similar in all cases of serum addition. Also,
serum alone did not stimulate adherent PAM indicating that
serum is necessary but not sufficient for stimulation of
attached PAM, These results suggest that changes in
microcirculatory permeability may have 8 pronounced effect on
superoxide production by PAM and that serum may help regulate
or condition these cells during inflammation of the lung.
(Supported by USBOM G1135142.)

Sub@itted December 1987, for presentation at Microcirculatory
Society Meetings. [WV09-8]
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An Analysis of the Mass-Size Distribution of
Airborne Coal Mine Dust in Continuous Miner
Sections
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Department of Mineral Engineering,
The Pennsylvania State University

Abstract

The size distribution of coal mine dust is one of its most important characteristics because the
particle size is known to govem the region of deposition of dust within the human respiratory tract .
In addition, dust characteristics, particle settling rate, transportability of the dust and the
efficiency of dust control measures are all affected by the particle size. As a result, particle size
distribution of the airborne dust in a coal mine is a fundamental property that impacts on the health
of underground workers .

This papes deals with some basic findings on the size distribution of cral mine dust based upon
the results of data collection in six underground eoal mines using continuous miners. All airbome
dust sampling was performed on development sections using eight stage cascade impactors and
permissible 2.0 ¢/ min pumps. Samplers locations were fixed in the sections with respect to the
continuous miner and roofbolter or with respect to the intake and retumn sirways, Sampling times
varied from 45 minutes to 6 hours, depending upon the dust concentration.

The first topic of analysis was the test to determine whether the commonly used lognormal
distribution is valid when applied to airbomne coal mine dust, Secondly, the conventional method
standard deviation, is questioned. Since almost all size data were found to show some degree of
bimodality,, the two parameter lognommal distribution may not represent the total airborne coal
mine dust size, quite adequately, Bimodal lognormal distribution was tested to be a good
approximation in the case with two modes in the size dismibution.

The final topic discussed in this paper is the locational variation of the airbome dust size
distributions within the contituous mining section. The size distributions varied considerably at
the different sampling locations with the continuous miner and roofbolter producing tha coarser
distributions, Fine size modes in the range of 2 w0 4~ m including mostly respirable dust
particles were present in almost all samples, Second dust generating scurces such as the shuttle
car movement were found to be major causes of high respirable dust concentrations in satne cases .
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b. Curvilinear variation of the residuals.

Fig. 3. Residual analysis for the lognormality
test,
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b. Mass size frequency distributions.

Fig. 2. Cumulative mass size distributions
approximated by Chebychev spproxi-
mation function {solid line) and Cubic-
Spline interpolation (dotted line}and their
corresponding frequency distributions

Table.1. Size distributions of the two dust
samples from roofbolter operations

Cut size (um) Finer than
Sample A{%) Sampie B (%)
21 84. 84 85,95
15 70.83 83.74
10 52.21 80. 53
3 28. 95 59.55
3.5 10. 21 3L 19
2.0 205 5. 48
0.9 1.23 2.46
0.5 0.9 0.95
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Table 2. Results of the size anslyses of the 128 -
two dust samples from rocfbolter a :
. 1.00 -
operations .
Resulis Sumple A Semple B
Residual Analvsis Linear Cuevilinesr

Ewpirial Distribution
Modal Values{zm}
1. Chebychev Approximation M [=10.96 M 1= {37

2. Spline [nrerpolstion Mi=78W M-3R . v LT
M2=154 M =195 1.0 0.5 0.0 a.5 1.0 1.8 1.0
Lognormal Disteibution LOG SZE (MICRONS)
L Unimodal CM=199 CM=42 2. Empirical frequency distributions.
CS§ =20 GS=19%
Ton= 002 5'aee= 0.21 128
2. Bimodal CM1=- 502 GMl= 42

1.00 -
CS51= 168 GS1=- L& o

%1=-03% %1-03%
CM2=1t 40 EM2=%0.31 .
C52= 1% GS2= 14t 080 -
Lane™ 001 g ane= 0.06 .

'AOG SITE
3

028~
Notes:{1) M denoiss the modal value. .
i2) CM and GS denote the geometric mean and .00 ' e . .
starciard devintion, respectively. «1.0 0.5 0.0 0.§ B ' ’
{3) Subscripts 1 and 2 denote the first and second Loﬁmw 0 24
modas, respectively,
(4) %1 denates the muss percentage of the first mode- b. Lognormal frequency distributions,

{5) The unit of the geomerric mesn is micron, . ..
Fig. 4. Empirical and lognormal distributions

of sample A
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Fig. 5. Empirical and lognorma Ildistributions
of sample B
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A Comparative Analysis of the Elemental
\ Composition of Mining-Generated and
' Laboratory-Generated Coal Mine Dust

¢.J. Johnson and C.J. Bise
pepartment of Mineral Engineering,
The Pennsylvania State University

1

g The occurrence of Coal Worker's Pneumoconiosis (CWP) has been potentially linked with
several characteristics of coal such as rank, volatility, percent content of ash and

.non—coal components, quartz content, and the presence of geveral trace e¢lements. Ac—

" cording to the National Research Council, numerous epidemiological studies indicate that

1the incidence of CWP varies significantly with the composition and/or the concentration

i of the coal mine dust.

| Although advances in dust suppression techniques have markedly reduced respirable dust
levels in underground coal mines, the National Research Council has concluded that chem-

jcal characteristies of respirable dust from different coal seams should be studied.

with this objective in mind, research has been conducted in underground coal mines lo-

cated in the eastern and midwestern United States, and in the laboratory to characterize

the elemental composition of mining-generated airborne dust aund laboratory-generated

|dust derived from samples taken from these mines. The goal of the résearch 1is to decer-

lmine if a relationship exists between mining-generated and laboratory~generated dust

from the same mine. Results of this research will be presented.

|




Seeking the "Rank Factor' in CWP Incidence: The
Potential Role of Respirable Dust Particle Purity

R. L. Grayson, R. Andre, and T. Simonyi
West Virginla University,
Morgantown, WV

Results from research directed at determining the reason(s) for the "rank factor"™ in
correlations between coal workers' pneumoconiosis incidence and coal seam of employment
are presented. Using compliance dust samples collected from two longwall panels operating
in coal seams of widely different rank, respirable particles were identified by mineral
species under manual scanning electron microscope (SEM) energy dispersive x-ray (EDX)
analysis and then further characterized by their physical diameter, general shape, and
periphery angularity. Size fractional, mineralogical variations are presented.

Of primary significance, the percentage of mineral particles from the higher rank coal
seam that were uncontaminated by non-stoichiometric elements for a specific mineral
species was twice that of those in the lower rank seam. The relationship held for each
mineral species,'including quartz, This fact may form the basis for the “rank factor”
known to exist as well as provide a reason for the contradictory role of quartz and
other minerals in previous CWP studies.

An important subsequent research priority is now focusing on determining the percent-
age of all respirable dust particles that are minerals versus single-phase organic or
multi-phase organic-inorganic complexes. This effort will be accomplished using
automated SEM-EDX. The mineral purity factor will be developed further, but additional

emphasis will be focused on determining the extent of inorgamic inclusions in organic
particles,
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Mineral Content Variability of Coal Mine Dust by
Coal Seam, Sampling Location, and Particle Size

T.J. Stobbe, H. Kim, and R.W. Plummer
Department of Industrial Engineering,
West Virginia University

The probability of developing coal workers' pneumoconiosis (CWP) varies among miners 4
different geographic areas, coal seams, and Jjobs. Many studies have revealed the
correlation between mineral content and the frequency and severity of CWP development
still remains controversial, Furthermore, the mineral content and its variability in
different areas is unknownm.

Since mineral content is expected to vary from location to location within a nine,
between mines, between coal seams, and over time, this information will be valuable in
understanding the variations in CWP incidence, as well as 1in establishing the appropriaun
kinds of dust to use in toxicological research programs studying CWP,

Size-selective airborne dust samples were collected using 4-stage cassette impactors g
9 different locations in each of five coal seams. These coal seams were the Upper Free-
port, Pittsburgh, Kittaning, Coal Burg, and Pocahontas. Mineralogical analyses were done
by a x~ray powder diffraction photographic technique.

Common minerals found in coal mine dust were illite, calcite, kaolinite, quartz,
siderite, dolomite, gypsum, anhydrite, and pyrite. The distribution of minerals in inter-
and intra location samples will be reported. Early results on the mineral content show
wide variations between locations in a mine and between coal Seams, and small, but
significant, variations between particle sizes.

INTRODUCTION

In spite of its long history of incidence, and the large amount
of research conducted on it, coal workers' pneumoconioais (CWP) is
still prevalent mmong coml miners and needs further research to
develop effective pPreventive and remedial measures. Although the
dose-response relationship between simple CWP and coal mine dust
bas been egtablished (1), the causal agent(s) and the machanism(s)

the mechanisms involved in the disease progression, however, none
of them is satisfactory. In addition, the source of variation in

occurrence of CWP among miners ip different geographic areas (2),
rank of coal seam (3,4), and job (5) remain unsolved.

As a result, more epidemiological and medical efforts have been

directed toward identifying the causal agent(s) by investigating
the physical and chemical properties of coal mine dust. Among the

245
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many factors investigated, the mineralogical composition has
received attention because past epidemiological and post-mortem
lung tissue studies have shown some correlation with the
prevalence and severity of CWP and the quantity and type of
minerals found in the coal mine dust.(6 - 8) Such findings have
inspired many toxicological studies designed to assesas toxicity of
coal minerals in vivo and in vitro. These investigations have
reported toxicity of coal minerals although contradictory
toxicological results on the toxicity of each mineral by itself
and in combinationr have been reported.(9 - 12)

Although these studies have provided us useful medical and
toxicological information of coal minerals, soae of them should be
interpreted cautiously because the experimental settings used may
not be comparable to actual mine situations. Furthermore, the
studies provided little or no information about the "dust" used
(i.e., dust size, mineral content, etec.). A recent review of cne
hundred toxicological studies and experiments designed to assess
the health effects of exposure to coal and coal related minerals
{13) revealed that, in many cases (43 X), the gesographic location
where the test substance was obtained was not reported. Rarely was
a specific seam or mine identified. The review alaso disclosed that
many studies (67 X) did not list how the test substance was
obtained or created. Among those preparation methods reported,
grinding or crushing of bulk coal samples was the main preparation

technique used (22 %). It was followed by collecting airborne mine
dust at the coal face or in the return airway. Compounding the
interpretation problem is the fact that the mineral composition of
the dust was not incorporated for assessing dust toxicity im the
majority of studies. In addition, most studies concentrated on
evaluating the toxicity of a limited number of minerals and were
not designed to assess the interaction of those minerals found in
ccal mine dust.

It is clear that toxicological studies designed to evaluate the
effect of coal mine dust with different mineral combinations and
concentrations are currently lacking because the mineral c¢ontent
as well as variability of coal mine dust has not been defined.
Therefore, the purpose of this research was to identify the
mineral matter contained in coal mine dust, to establish the
variability of each mineral, and to find those factors that affect
mineral content changes so that the results can be used as the
basis of dust selection in toxicological research.

EXPERIMENTAL PROCEDURE
Sampling Location

Details of the sampling methodology have been reported
previously. (14, 15) Thua, only a brief summary is provided here.
Six working sections from five mines, one section from each of
four mines and two sections in one mine, located in the
Appalachian bituminous coal field were investigated. In each mine,
dust samples were collected at nine different locations on a
continuous mining section. These locations include: the intake
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ANALYSIS OF DUST IN CONTINUOUS MINER SECTIONS

airway, the dinner hole, immediately before and after the
continuous miner, immediately before and after the roocfbolter, the
feeder, the haulageway, and the return airway. These locations
were selected such that the researchers could monitor the
contribution of mining activities to the changes observed in the
mineral content of the dust in the mine air as it moves from the
intake side of the face to the return side. These locations are

illustrated in Figure 1.

Saapling Equipment

Dust samples were collected using 4-stage cassette impactors,
They were designed and constructed using a modification of an
original design described by Jones et al.(16) Figure 2 shows the
exploded view of the casette impactor. Aluminua foil was used as
the collection substrate for stages 1 to 4 and a standard 37 am, 5
um pore size, polyvinyl chloride {PYC) membrane filter was used
for the last stage. The aluminum substrates were brush coated with
a mixture of Apiezon L grease and toluene to reduce particle
bounce. Sampling was dope at a flow rate of 5 liters per minute
(LPM) to improve dust collection efficiency by increasing the
Reynolds number (Re). The flow rate was maintained with three MSA
Model G air sampling pumps connected with tubing and Y-connectors
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to a pre-calibrated precision rotameter. Figure 2 a
in-mine dust sampling equipment arrangement. lso shows the

sStagw 1
Stage 2
Stage )

Etage 4

—VC Filter
3= Back=lp Pad

Figure 2. (A) Assembled in-mine Sampling Atrangement
Shoving the Pumps, Tubing, and Impactor

(B) Expleded View of the Cassette Impactor

Analvysis

The analytical method used for the characterization of the
mineral content of the dust sapples was X-ray diffraction powder
photography. The X-ray machine used was a Norelco X-ray generator
type 12045/3 manufactured by North American Philips Electronie
Instruments. The camera used was a Debye-Scherrer geometry camera
of 114.5 mm disameter. The diffraction pattern was recorded on
Kodak diagnostic, direct exposure DEF 323, GRX-2 film. Dust
sapples were mounted onto a thin glass spline mcunted in wax on a
copper stud. The sample to be X-rayed was placed into the camera
which was then mounted on the X-ray generator. The aligned,
rotating sample was exposed to copper Ka radiation monochromated
with ap Ni filter for 5 hours., The X-ray unit was operated at a
voltage of 35 kilo-volts at 20 milliamperes. Each mineral was
identified from the location of its diffraction line by comparing
the film spectrum with the spectral data reported in the American
Society of Testing Materials (ASTM) Powder Data File.
Semi-quantitative estimation of the minerals present in the dust
sample was accomplished by measuring the inteasity of the
diffraction lines and using weighting factors to compensate for
the differences in the diffraction intensity of individual
minerals. In this procedure, the intensity of each mineral was
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measured from the developed X~-ray filma using a micro-
photodensitometer. The height of each peak was measured after the
estimated background which occurs primarily because of the grease
and the orgmanic coal dust matrix was subtracted. The raw
intensities were then multiplied by weighting factors determined
by Renton.(l17) Miperal percenteges were then calculated using the
sum of weighted intensities as the denominator.

RESULTS AND DISCUSSION

Miperal matter here is defined as the inorganic and discrete
mineral grains. In this atudy, only those minerals commonly found
with relatively high abundance (> 0.1 X) were analyzed.

The minerals identified in the airborne coal mine dust samples
were calcite, illite, kaolinite, quartz, siderite, dolomite,
gypsum, anhydrite, and pyrite. The term illite describesa an illite
dominated mixed layered clay. The distribution of each mineral is
deficted in Figure 3. Among these minerals, illite was the most
dominant consiating of 43 X +/- 22 X of the mineral matter found
in the samples collected. The other major mineral was calcite
which amounted to 28 X +/- 24 X of the sample material, Similarly,
kaolinite accounted for 9 X +/- 8 ¥ of the sampled material, while
quartz accounted for 4 X +/- 4 X . For these four minerals, the
coefficient of variation (CV) ranged from 0.5 to 1.0. This is
indicative of the very high variability found in the mineral
content of coal mine duat. Other minor minerals, with

Concenlralion (X T1.)
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Figure 3. Overall Mineral Content Distribution
of the Appalachian Bituminous Coal Field



concentrations ranging from 1 to 10 x,
siderite, and gypsum. The CvVs for these
to 1.47. Trace minerals with less than
anhydrite and pyrite.

included dolomite,
minerals ranged from .68
1l x concentration were

In order to find factors affecting mineral conte
data were analyzed by a two-level nested-crossed analysis of
variance (ANOVA). Subsequently, differences in mean values were
evaluated using the Duncan’s Multiple range Test. The ANOVA
revealed that the coal seapmg factor was the cause of significant
changes in mineral content for almost all minerals in the coal
mine dust sampled in the region. Two exceptions were gypsum and
siderite, A statistically significant high percentage of illite
was found in the Coalburg seam while the lowest concentration was
found in the Pittsburgh seam. Distribution patterns similar to
that of illite were alsoc observed for kmolinite and quartz. The
distribution pattern for calcite, however, was almost opposite the
patterns observed for the silicate minerals. Calcite content was
the highest in the Pittsburgh seam while the lowest concentration
was found in the Pocahoatas and the Coalburg seams., In the case of
such minerals as dolomite, anhydrite, and Pyrite, they were more
coal seam specific. The Pocshontas seanm contained a significantly
high (about 4 to 7 times) percentage of dolomite while more
anhydrite was found in the Coalburg seam. Reportable amounts of
Pyrite were found only in the Upper-Freeport and the Pocahontas
seams. The distribution of mineral content by cecal seam is
provided in Figure 4,
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ANALYSIS OF DUST IN CONTINUOUS MINER SECTIONS

The working sections within a mine did not cause significant
giners]l content changes. No atatistically significant changes in
pineral content were observed between two working sectioms within
a mine located in the Pittaburgh seam for all minerals except
calcite. Similarly, the overall effect of sampling location &n
pineral content was not statistically significant. Although no
statistically significant difference was found, some trends were
observed. The distribution of mineral content by sampling location
is illustrated in Figure 5. High percentages of illite, kaolinite,
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and quartz in the samples collected pear the continuous miner were
observed while their concentrations were low in the samples
collected in the return mirway. Illite and kaolinite percentages
were also relatively high in the feeder area. These results
suggest that coal cutting and dumping liberates those minerals
contained in coal. Their concentration then decreases as they
gradually mix with other minerals as the mine air travels to the
return airway. Quartz and siderite were relatively rich in the
intake air samples while dcolomite was found in the samples from
near the roofbolter. Calcite content was the lowest in the coal
producing area and the highest in the sanples from the return air
followed by the samples from the dinner hole. No particular
patterns were observed for gypsunm, anhydrite, and pyrite.

The distribution of mineral content by particle size is provided

in Figure 6. The results of the ANOVA showed significant size
effects on the mineral content for all minerals except kaolinite
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and pyrite. Subsequent analysis showed that the illite
concentration was the highest in the size range of 1 to 3.5 unm
followed by the size range of 6.6 te 10 um. The pattern for gypsum
was similar to that of illite. For calcite, the trend was exactly
opposite of the illite pattern. The highest concentration was
found at the top stage {(cver 10 um) followed by the third stage
(2.5 to 6.6 um). The pattern for quartz was similar to that of
calecite although the highest concentration was observed on the
third stage. Dolomite content was the highest on the top stage
while no statistically significant difference in mineral content
was found among the rest of the stages. The trend for siderite was
exactly opposite of that eof dolomite., Although some patterns of
minaral content change as a function of particle size were
cbserved, no general relationship was established.

CONCLUSIONS

This research identified nine common minerals associated with
coal mine dust in samples collected on continuous mining section
in the Appalachian Bituminous coal field. Among these minerals,
illite and calcite followed by kaolinite and quartz are the
dominant minerals., The relative abundance of all minerals except
siderite and gypsum, however, is coal seam specific. This
indicates the existence of coal seam variability. Also, miperal
content was affected by pearticle size although no general
relationship was established. The influence of sampling location
upon changes in mineral content proved to be minimal., Likewise, no
statistically significant difference was found between two working
sections within a mine., However, significant variations in
particle size distribution and respirable dust concentration were
observed between sampling locations,
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ANALYSIS OF DUST IN CONTINUQUS MINER SECTIONS

The results of this research clearly indicate that mineral
content is highly variable and dependent upon coal seam and
particle size. Therefore, it is clear that much of the previous
medical and toxicological research on coal mine dust and CWP,
which failed to consider, evaluate, and report the size specific
mineral content of the administered dust can supply only limited
information about the cauael relationship between CWP and coal
mine dust. This has left significant gaps in our knowledge of CWP
causation and is at least to some degree, responajible for the
conflicting results obtained by some of the past research. Thus,
it is imperative that future research of this kind should
carefully consider the physical and chemical nature of the "dust”
used, and report ip detail on the "dust" source, preparsation
method, and nature. This will allow appropriate interpretations to
be drawn from the results, and subsequent research can be based
upon it.
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Measurement of Airborne Diesel Particulate in a :
Coal Mine Using Laser Raman Spectroscopy

B.D. Cornilsen, J.H. Johnson, P.L. Loyselle, and D.H. Carlson
Michigan Technological University,
Houghton, Michigan

In-mine airborne particulate samples have been successfully collecte: and
the relative amounts of diesel and coal determined using the Laser Raman
Quantitative Analysis (LRQA) method. This method allows analysis of
filters which have been collected by a method similar to that used to
determine the airborne respirable dust concentration in US underground
coal mines. Samples were taken near the feeder-breaker, on haulage
vehicles, and in the returns. Sampling methodologies were developed for
coal-only and diesel-only particulate reference samples with sufficient
filter loading for the LRQA method. A statistical analysis of
reproducibkbility has been carried out. Samples have been collected
simualtaneously at two locations using the LRQA and the size-selective
sampling methods. Good agreement between the two methods has been found.

INTRODUCTION

The goal of this rescarch has been to develop the Laser Raman Quantitative Analysis
(LRQA) method to measure the composition of respirable particulare, i.e. the fractions of
coal and of diesel particulate, in the mine ambient air. In earlier Burcau of Mines
sponsored research, we successfully demonstrated that the LRQA method could be used to
measure the fraction of Diesel Particulate Matter (DPM) in coal/diesel particulate
mixtures which were prepared in the laboratery. (1) The immediate objective was to test
and refine this LRQA method on samples collected in a diesel underground coal mine.

Specific objectives required to meet this goal include:

1) Develop in-mine sample coliection methods which will insure sufficicnt particulate
loading on [ilters for LRQA.

2) Develop methodology for in-mine collection of reference samples ("coal-only” and
*dicsel-onty® [ilters) which are required for quantitative LRQA.

3) Apalyze precision and accuracy of the LRQA method.

4) Compare composition messurements with another analytical method, i.e. the
University of Minnesota/Bureau of Mines size-selective sampling Micro-Orifice Uniform
Deposit Impactor (MOUDI) method.

An advantage of the LRQA method is that it allows analysis of filters which have been
collected by a method similar to that used to determine the respirable dust concentration
in US underground coal mines. No new sampling instruments and techniques are
required. Transfer of sample [ro— collection substrate to analysis substrate is not
nceessary, Furthermore, other ar  yscs ¢cap be made on the same sample since the
technigue is nondestructive.

The health affects of diesel exhaust, especially particulate, are a concern in the
underground workplace, The constituents of DPM inciude inscluble carbonaceous particle
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agglomerates, adsorbed or condensed soluble organic compounds, trace metals, and low

level sulfates. Many of the organic compounds are mutagenic and some are known
carcinogens.(2,3)

Measurements made in underground mines witgn diesel equipment have showe that DPM
may contribute as much as 60 % of the 2.0 mg/m” respirable coal mine dust standard.(4)
While coal dust has been an important health concern for a number of years, the concern
about DPM is more recent.(5)

Measurement of pollutant concentrations is prerequisite to cngineering control of ihe
airborne particulate and gasecous pollutants to which a miner is exposed in a diesel
underground coal mine. At the present time, there is no fully-proven quantitative
analysis method which can distinguish between diesel and coal particulate.

EXPERIMENTAL

The mine 3ir particulate samples were cotlected in 2 manner similar to that used for
gravimerric respirable dust sampling in underground coal mines. Respirable dust was
sampled using a personal sampler which draws mine air at 2 L/min through a 10 mm
nylon preseparator and then through a filter at 2 L/min. Dicscl/coal samples were
collected in triplicate (collestion times varied from 2.95 to 7.27 hr). Smaller Gelman A/E
glass fiber particulate collection filters (25 mm fiiters instead of the normal 37 mm
diamctsr) were used to aisure filter loadings close to 0.10 mg/crn2 and preferably .15
mg/em”. This 0.1 mg/cm® pominal level was determined by LRQA of various filter
loadings above ang below this level in previous studies. Only 8% 0!‘}!\: samples [ell
below 0.07 mp/em* with the majority falling in the 0.1 to 0.4 mg/cm® range (72%). Three
locations were sampled for the diese!/coal mixtures each day: near the feeder-breaker, in
the rerurn, and on the ram car within 2 [eet of the operator (as designated in Figure 1).
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Figure 1. Schematic of coal mine section defining sampling
locations.
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As part of a systematic approach to monitoring diesel emissions for control of mine air
quality, we also measure ambient zir pollutants and C02 concentrations.(6) This
approach, developed at Michigan Technological University (MTU), provides a means to
relate air quality measuremenis to enginecring controls. The CO4 concentration, which is
related to the fuel consumption snd airflow per, unit of diesel power used, is related to
the DPM [raction. A typical value of 13 mg/m”/%CO,, determined from previcus
sampling in 4 number of metal mines, was used to calculate this COg-derived DPM value.
The DPM concentration estimated using the % CO4 does not compare well with LRQA
values; % coz -is expected to be 2 rough indicator oaly.

Four “diesel-only” 1ailpipe particulate matter samples were collected from each of 3
Ram Cars using the portable Emissions Measurement Apparatus (EMA). The EMA,
developed at MTU, is illustrated in Figure 2.(1) The EMA is a tailpipe apparatus designed
to instantaneously and dynamically dilute the exhaust to a difution ratjo of abour 20:1. A
63 mm diameter Pallflex TE0A20 filter was used to coliect particulate {ca. 1.5 mia
sampling time).

*Coal-only" particulate reference samples were taken daily for 4 days next to the
continuous miner (CM) scrubber (Figure 3). The collestion procedure was similar to that
used [or the diesel/coal mixture samples. With the high dust concentrations between the
cutter and scrubber, respirable coal dust can be collected in 15 minutes or less.

After weighing to determine the respirable dust concentration, the [ilter is mounted on
a sample spinner and anaiyzed by LRQA. No transfer of the particulate to a different
filter is required. Samples are rotated to prevent decomposition in the laser beam.(l) The
schematic in Figure 4 depicts the LRQA instrumentation.

The LRQA spectral scan procedures have been designed to test {or sampling
inconsistencies which might arise from sample decomposition in the laser beam. Four
specira are collected, a pair at cach of two different radii on the spinning lilter, The
individual spectra are designated as “lx spectra,” The sum of the two spectra at one
radius is designated as a *2x spectrum.® Any decomposition in the laser beam will be
apparent upon comparison of two 1x spectra. Comparison of two 2x spectra will indicate
radial inhomogeneity. This procedure also allowed detection of radial sampling
inhomogencities on a [ilter which are caused by particie size segregation. The sum of ali
four 1x spectra is designated as a "4x spectrum,” and is representative of a given filter,

Figure 2. Schematic of Emissions Measurement Apparatus
(EMA-2) which is used to collect diesel-only
tailpipe sanmples.
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Figure 3. Illustration showing lecation of coal-only
particulate sample collection.

LRQA samples have been collected simultansousty with the size-seiective sampling
method being developed at the Twin Cities Research Center (TCRC) and the University
of Minnesota.(4,7) The latter samples were collected by University of Minnesota
personnel. MOUDI sampiers, used [or this purpose, separate the particles into size
fractions on the basis of their aerodynamic diameters and densities(7) This side by side
collection allows direct comparison of the fractions of diesel and coal in the minc air
measured by the two methods, All samples were collected during one week of
underground air sampling during August, 1987, in the Kerr McGee Galatia Mine.

RESULTS AND DISCUSSION
Coal-onlv and Diesel-only Measurements and Use

A well delined relationship (equation I} exists between the diesel/coal composition (y)
and the intensity ratio (M) of two bands in the Raman specirum of a mixturel) Figure §
:raph::ally depicts this relauonsh:p. Raman spectra of coal-only and diesel-only samples
are shown in Figure 6.

1y = U MMy ¢ 1 )

y is the pereent diesel particulate matter, %DPM, in a coal/DPM mixture. g represents the
coal-only intensity snd g represents the DPM-only intensity. The siope in equation 1,
g'/8. i3 the intensity ratio of the two samples and must be obtained when the two
components are identically sligned. The coal-only intensity ratio (r) and the DPM-only
ratio {r") must be determined 10 allow quantitative analysis of the mixtures,

The ratio for coal-only filters (r) was determined for § filters which were coilected on
three different days. The ix, 2x and 4x spectra demonstrate good reproducibility, This
consistency shows that the samples are not decomposing in the laser beam. The mean and
standard deviation (SDEV) for the coal-only samples are 0.522 and 0.022, respectively
(C.V.=4.3%). This precision is comparable 1o that expected theoretically for these scan
times.(1} The overall accuracy of mixture composition analysis depends on precise
measurement of the coal-only intensity ratio {r) and the DPM-only ratio (r).
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Spectral ratios have been determined Tor four DPM-only [ilters (after-scrubber), )
collected from two dilferent ram cart. A mean r* value has been calculated by averaging
the ratios measured for the [our {ilters (a pair collected from each ram car)._
Reproducibilities for these arc reasonable with an average r* of 0.958 and with a SDEV of
0.089 (C.Y.= 9.3%)},

Figure 4. Schematic diagram of Raman instrumentation used
to collect coal/diesel particulate spectra.

A) Argon-ion laser

B) Spectrometer (double monochromator)

¢} Sample chamber with spinning sample holder

D) Photomultiplier tube

E) Interface between spectrometer and computer

F) Computer used to control spectrometer and
to analyze spectra

Figure 5. A graphical representation of the dependence of

composition, i.e. ADPM (Yy), upon the experi-
mental intensity ratio (R).
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Figure 6. Raman spectra of coal-only and DPM-only filtere
(top), and baseline subtraction procedure for
measurement of the intensity ratic (bottom).

Spectral Analvsis and Reproducibility

The calculated %BDPM values are analyzed statistically to demonstrate speetral
reproducibility for & triplicate set of [ilters. Table I summarizes the %DPM values for
one set of diesel/coal mixture [ilters collected at the feeder-breaker. The %DPM for each
filter in column B of Table I are each an srithmetic mean of four 1x spectra. Column C
gives the correspondiag standard deviations. At the bottom of this tabie the overall
arithmetic mean and standard deviation for the 12 spectra are given. Column D presents
the %DPM measured on the summed {4x) spectra, with the mean and standard deviation
for the set of three at the bowem.  Note that the standard deviation for the dx speetra is
smaller than for the Ix spectrs because of the ingreased S/N ratio in each summed
spectrum. The inter-{ilter mean composition is 64.9% DPM.

The intra-filter reproducibility is measured by the standard deviation of the %DPM {in
column C of Table I} for each [ilter, The 4x %DPM far ¢ach (ilter {column D) must be
consistent with the 1x average (column B), and they are in each ease. These results
indicate that the samples have not changed during the time of measurement in the laser
beam. Table [ also compares %DPM values for 2x spectrs (each 2 sum of two 1x spectra)
collected at two diffzrent radii (columns F and G). This comparison shows whether or
not the sample is radially homogenecous.
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The inter-iiter reproducibility is demonstrated by the standard deviation {or the three
filters (bottom of Table I, columa C). In particular, the values in column D provide a
measure of the inter-sample precision which can be attained for three [ilters collected
simultaneously. The SDEV of 3.0% DPM demonstrates the high precision attainable. 1t i3
compatable to the uncertainty predicied theoretically upon consideration of standard
counting statistics and the count time per data point. SDEV values that arc higher than
this will be found when real sampling differences occur.

Comoposition Mcasurements at the Feeder Breaker. Ram Car. and Returns

Table Il summarizes the DPM compositions at the various mine locations. While we
have observed some inconsistencics for some [ilters, DPM compositions betwesn 60 and
83% (SDEV < 10.5) have been mecasured with good precision. Samples with compositions
cutside this range exhibit inconsistencies among the multipie 1x spectra. Their origin is
under further study.

In some filters the compositions measured at the two different radial positions difler
substantially, as indicated by a I-test on the difference of the means (sce Table 1I). Table
111 presents an example calculation. The null hypothesis that the two sees of data are
equal can be rcjected at the 95 % confidence level il the t-value is greater than 2.9. We
tan reject the null hypothesis since the observed t-valuc is 6.4, This result indicates that
the compositions measured at these two radii are statistically different. The inner radius
has a higher coal content.

Five out of cleven of the [ilter sets listed in Table 11 show significant differences
between the means for the 2x spectra at the inner and outer radii. These results indicate
inhomogeneous deposition which changes the measured coal/diesel ratio. Yisual
observation also reveals the inhomogeneous particulate deposition on some filters.
Therefore steps must be taken to insure uniform deposition.

Segregation by particle size can cause such inhomogeneity, with the larger particle size
coal particulate concentrated toward the center. This natural tendency for nonuniform
deposition of particulate on the filter surface has been observed with asbestos fiber
collection. Size-selective sampling research has indicated that coal dust tends to exhibit a
particle size distribution above +0.7 micrometer with diescl particulate below 0.7
micrometer.(4,7) Improved uniformity of particulate deposition has been achieved for
asbestos [iber collection by using a casserte with a eylindrical "extension cowl®. It should
be pointed out that the observation of radial inhomogencity demonstraies the sensitivity
of the LRQA technique.

Table I.

statistical Analysis of iDPK for a Triplicats Set of Filters
Collascted at the Fesder—Breaker (on B/10/87}

Column: B c p F G

% DPM for four % DPM for one 3 DPFM for thes
Filtar Mean SDEV Inner guter
33192 60.4 9.3 65.9 85.6 70.9
4730 61.9 8.7 67.6 62.5 53.9
6337 §$7.7 B.4 £1.7 57,1 §5.3
valuas for twaslve valuas for thres
1x spsctra: 63.3 e.8 2x spactra, Deant 58.4 68.6
Yalues for thrae and SDEV: 3.6 2.9

4x spectra: 64.9 2.0
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Table II.

Summary of iDPM and Statistical Results to Determine if Inner
Radiug and Quter Radius Analyses Differ.

%t DPM##*

Inhomo- est,

—_NDPM gehaous from
Sample Date €.V. Calec. t at at 95% co,

Location taken Ho.» Masan** SDEV*» ] t 0.05 econf. conc.
Feeder 8/10 2 64.9 3.0 4.6 3.8 2.9 Yes ND
8/11 2 65.1 10.5 16.1 5.9 6.3 - ND

8/13 3 4£7.4 16.4 .6 7.1 6.3 yas 68.8H

8/13 2 47.9 30.3  63.1 3.5 6,3 - 91.6

Ram Car 8/11 k) 48.4 13.4 27.8 6.4 2.9 yes 47.2
8/12 2 €0.2 6.3 $.2 8.1 6.3 yes 65.1

8/13 2 70.0 0.0 14.2 2.0 6.3 - 54.8

Return 8/10 2 77.9 0.6 0.7 2.9 6.3 - 78.9
e/11 3 8).1 7.5 2.1 2.7 2.% - 57.7

8/12 2 82.4 7.9 9.6 3.0 6.3 - 49.9

8/13 3 60,7 11.1 18.3 4.1 2.9 Yes 59.7

* Number of samples analyzed per set.
*+ Mean and standard deviation for two or three 4x scans.
*4% LDPM astimated from CO, concantraticn in mine. ’

Table III.

Statistical Analysis of IDPM for a Triplicate Set of Filtars with Radial
Inhomogeneity; Ram Car {8/11/87}

Column: B c D F [+ H
% DPM for four X DPM for ona %t DEM for two
1x scans 4x scan iX ECans Delta
Filtar Mean SDEY Msan Inney oQuter _F-¢
2022 68.0 4.1 §3.2 9.4 2.7 33.1
24131 5l.8 0.3 45.1 20.8 75.8 54.8
6541 20.2 20,8 6.9 99.0 56,8 55.3
Total numbar of
spectra analyzed: 12 k) 3 3 3
Mean: 46.7 48.4 20.1 68.4 [1: )
SDEV: 21.5% 13.4 19.7 10.2 13.0
t: 6.4

Comparison of Compositions as Measured by Different Methods

For two of three simultaneously coliected samples there is ?xccllent agreement between
the MOUDI and the LRQA results {see 8/12 and 8/13 results in Table [V). The MOUDI
gives %DPM values of 46.2% and 47.4%, while the LRQA gives values of 62.1% and 60.7%
DPM. For these two pairs, the overall time spans for collection were comp;rn'blc am:-l no
sampling irregularities occurred. It is important to note that the Raman triplicate filters
are collected at the same time and {or the whole period (ca_. 5 to 6 hr.), whereas the
MOUDI samples are collected in sequence. Each MOUDI (ilter is collected over a 1 to 2.5
hr period. Thus the arithmetic mean %DPM values calculated Py the two methods may
differ because of the differences in times sampied. For the third measurement (on Sflll).
the two methods do not exhibit such agreement. The mean valges difler -by 25 %. During
the last hour of sample collection on §/11, the dust from the mine face did not pass bg
the samplers. This occurred when the continuous miner broke through the miac face into

the adjacent drift, drastically changing the air [low pattern.
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THE RESPTRABLE DUST CENTER

The 5/N ratio based upon the counting statistics for the scan time used in this study
indicates that precision is not limited by the scan time. (A longer scan time will, of
course, improve the $/N ratic) Radial inhomogeneity reduces inter-[ilter reproducibility,
Empirical variables can be controlied 1o improve precision. These are being optimized in
our continuing work,

CONCLUSIONS

The LRQA mecthod has been tested and refined on samples collected in 3 diesel
underground coal mine. The amounes of DPM (ound ar the feeder-breaker, on the ram
€ar or at the returns, arg in the range from 37 to 43 % DPM Total respirable DPM ranges
{rom 0.18 to 1.6] mg/m” (Table 5). Sampling reproducibility {precision) has been
conflirmed by statistical analysis of results for triplicate filters. Standard dsviations
below + 10 % DPM are attainable. This precision is that expected for the scan conditions
used. Reproducibility can be improved with langer scan times.

Composition measurements for samples collected simultaneously and analyzed by the
LRQA and size-selective methods have been compared. The %DPM values obtainaed for
this limited set of samples at two locations are in reasonable agreement. Two out of three
%DPM comparisons agree very well, the third does not.

Table V.

Sumpary of LRQA 3DPM, Total Respirable Dust, and
Alrborne Diesel Particulata Matter

LRQA Total
Sample Date X DPM Respirable3 DPM N
Lecation  Taken HNo.xx Mean+ Dust, mg/m mg/m
Feeder 8/10 k| 65.1 0.915 0.596
8/11 2 65.1 0.582 0.379
B/12 2 47.4 0.598 0.283
8/13 2 47.9 0.373 0.179
Ram Car 8/11 3 48.4 1.823 0.737
8/12 2 6B8.2 1.158 0,790
8/13 2 70.0 1.074 0.752
Raturn a/lo 2 77.% 1.072 D.B38
8/11 3 83.1 1.590 1.404
B/12 2 82.4 1.957 1.613
a/13 3 60.7 0.987 0.599

* Mean for two or three 4% scans.
**+ Number of samples analyzed per sat.

Sampling objectives were attained which make quantitative Raman analysis possible.
. First, in-mine collection methods have been shown 10 provide satisfactory particulate
loading on [lilters, Secondly, methods to provide the diescl-only and coal-only reference
samples were developed, -

We have demonstrated that sample homogeneity en the filter surface can be conlirmed
by scanning at two different radii. Filter “extension cowls” are expected 0 remove radial
inhomogeneities, and these will be tested in up-coming work.

. These results indicate the importance of DPM-monitoring techniques. Optimization of
the LRQA procedures will allow increased precision and accuracy. Further comparison of
the size-selective and the LRQA methods is nesded. Improved monitoring methods that
are able to quantify the diesel and coal fractions are prerequisitz 1o the development of
adequate control technology.

. — e ———————

e e ——



LASER RAMAN QUANTITATIVE ANALYSIS

REFERENCES

1. Johnson, 1.H. Carlson, D.H., Osborne, M.D., Reinbold, E.O., Corniisen, B.C., and
Lorprayoon, V. Monitorine and Controt of Mine Air Diese! Poltutants: Tailpipe Emissions
Measurements. Aftertreatment Device Evaluation and Ouantification of Diese) and Coal
Fractions of Parriculate Matter bv Raman Spectrosconv. Annual Report to the United
States Depariment of Interior, Bureau of Mines for Contract No. JO199125, Michigan
Technological University. Houghton, Michigan 49531 (November 15, 1532).

2. Dainty, E.D., Mitchell, E.W,, and Schnakenberg, Jr, GH: Obiectives and Achievements
of a "Organization Three-Government Collaborative Program on Diesel Emissions
Reduction Research and Develooment® Heavv-Dutv Diesel Emission Control- A Review of
Technolosy. CIM Special Volume 36 (1986).

3. Freach, LW. and Mildon, MA.; Health Imolications of Exnosure of Undereround Mine
Workers to Diesel Exhaust Emissions - An Updare. 607 pp. CANMET, Energy. Mioes and
Resources, Canada, Contract No. Oust.32-0012! (April 1984).

4. Cantrell, BX. Zeller, HW., Williams, K.L. and Cocalis, J: Monitorimg and
Measurement of In-Mine Ae¢rosel' Diesel Emissions. pp 13-40. USBM IC 9141 {1987).

5. Miner, G. M., Chairman: Report of the Mine Safety and Health Administration
Advitorv Committee on Standards and Regulations for Diesel-Powered Eaquinment in

Underzround Coal Mines. Report to the Secretary of Labor, U. 5. Department of Labor,
MSHA (July, 1988).

6. Johnson, J.H. Carlson, D.H., and Renders, C.F.: Summarv of Results of Diesel Mine
Vehicie Emissions Control Reteareh in MTU Mine Air Qualitv Laboratorv. Final Report
to US. Department of Interior, Bureau of Mines for Contract JO145007, Michigan
Technological University. Houghton, Michigan 49931 (February 15, 1987).

7. Cantrell, BK.: Source Apportionment Analvsis Applied to Mine Dust Aerasols: Coal
Dust and Diesel Emissions Acrosol Measurement. Third US. Mine Vearilation Symposium,
Pena State Univ. (Oct. 12-14, 1987).






IV
COORDINATION






Air Quality in Mines: Progress and Prospects of

Legal Control

R.V. Ramani
Department of Mineral Enginecring,
The Pennsylvania State University

ARSTRACT

Exposure to raspirable contaminants in
mine atmospheres has long posed & serious
hazard to winers. The control of these
hazards, some of which can have sudden and
catastrophic effects and some others, slow and
long enduring consequsances, has been a major
concern for labor, management and government
alike. This concern has manifested itself in
four primary mechanisms of control -- (1)
regulatory control through minimum standerd
setting by the passage of mine health and
safety lawa, (2) engineering control through
design and operation of mines according to the
best recommended practices, (3) medical
control through periodic physical examlnations,
wearing personal protection devices, etc., and
{4) legal and social control through workmen's
compensation laws for occupation related
health deterioration. '

The respirable contaminants ino mine atmo-
spheres are toxic and explosive gases, toxic
and exploeive dusta, diesel exhauat particu-
lates, radon progeny, etc. Perhaps the wost
important of all these and tha most widely
occurring in mine acmospheres ia respirable
dust, an ifnevitable product of fragmentation,
a unit operation fundamental to all mining
operations. In fact, the mest serious health
hazard for workera in the mining and minerals
processing industries is still the exposure to
respirable dust, and solutions to the problem
of respirable dust dimease remajin to be found.

The 1969 Coal Mine Haalth and Safecy Act
and its provisions’ for the respirable dust
standards in underground coal minas are
briefly reviewed. An overview of the research
accomplishzents In meeting the sctandards is
presented, The current state of knowledge on
the effectiveness of the standards and the new
and emerging problems are discussed. A brief
summary of the research programs of tha
Generic Technology Center on Respirable Dust
is presented.

In general, underground mines ars
bacoming increasingly safe. The mine atmo-
spheric environment is definitely improving
* Professor and Head, Department of

Mineral Engineering, The Pennsylvania
State University, University Park, PA

for the better. Significant progress has heen
nade in lowaring the dust levels in mines. It
is generally agreed that mines are lass dusty
today than they were a decade ago. However,
as long as the risks of occupation-relared
diseases are not coumpletely eliminaced,
vigilance can hardly be relaxed, and the
search for enginesring solutions must be
intengified.

BACKGROUND

Prior to 1969, the U,S. Federal govern—
ment was extremely reluctant to intrude inpto
areas of mine health and safety, particularly
the enforcement of standards, which were
viewed primarily as a state responsibility.
Thé concern for health and safery of the
Nation's miners, however, was longstanding.

As early as 1865, a bill was iatroduced in
Congress to create & Faderal Mining Buresu.

In July 1910, an act of Congress sstablished

a Bureau of Mines in the Department of the
Interior. The Bureau of Mines Organic Act,
P.L. 1910, states that the Bursauv shall conduct
® . . diligent investigation of methods of
mining, especially in relation to the safety
of mings, cnd the appliances best adapted to
prevent aecidents, the possible improvements
of eonditions under which mining operations
are carried on . . ." but this Act contained a
spacific denial of "any right or authority in
connection with the inspection or suspension
of mining” (Committee on Human Resources,
1978). As a result, inspection and enforce-
ment were left to the states and atate laws
reflected the nature and extent of mining in
the atates, For example, Pennsylvania's
regulations date back to 1869, and the
Illinoim law dates back to 1872, Furthermore,
enactment of significant health and safety
lagislation at both the federal and state
levels has closely followed major mine
disastera, Changes in the federal govern-
ment's responsibility for mine safety hava
developed through a series of legislative
actiona in 1865, 1910, 1941, 1946, 1947 and
1952, culminating with tha passage of the
Federal Metal and Non-Metallic Mine Safety Act
of 1966 (rhe 1966 Metal Act), the Federal Coal
Mine Health and Safety Act of 1969 (the 1969
Coal Act), and the Federal Mine Safety and



Health Amendments Act of 1977 (the 1977 Mine

Aet),

The 1969 Coal Act represents a signi-
ficant piece of legialacton in the annals of
mine heaalth and safety. In passing thie Act,
Congress declared that "the firat priority and
concern of all in the coal mining industry
nust be the haalth and safety of its most
precious resource - the miner." According to
Congress, the purpose of the Act 18 "io
ectablish interim mmdatory health and safety
standards . . . to protect the health and
safaty of the Eation's coal miners.® In Title
I, the 1969 Act had provisions for mandatory
inspections, investigations, closure orders,
penalties, etc. (U.S. Congress, 196%). 1In
setting mandatory health standards in Title
II, Congrass stated that the purpose is "to
provide to the greatest extemti poasible, that
the working eonditiong in each underground
apal mine are sufficiaently free of respirable
dust eonsentrations in the mine atmosphere to
permit sach miner the opportumity to work

during the period of his entire
adult working life without inewarring any
disability from pnewrwconiosis or any other
oceupation-related disease during or at the
end of muck period.” In Title III, the

Cougreas states its purpose iz "to provide for

the immediate application of mmndatory eafety

standards daveloped on the basis of erperience
and advances in technology and to prevent
newly created hazards resulting from new
teckmology in coal mining.” The Congress
divected the Secretary to “immediately
initiate studies, investigations, md research
to further upgrade such standards and to
develop and promulgate new and improved
standards promptly that will provide increased
protestion to the miners.” 1In Title IV, the

Congress counsldered the plight of miners

suffering from pnesmoconiosis arising out of

eaployment in underground coal mines and
provided for the payment of Black Lung
benefits., In Title V, the Congress ildentified
the weed for studies, research, experiments
and demonstrations snd appropriated funds to
carry oot these directives. These studies
were to encompass scientific, engineering and
medical aspects. Among the specific areas
mentioned include research and studies to:

1. dimprove working conditions and practices
in coal mines, and to prevent accidents
and oocupational diseasee originating in
the coql-mining industty;

Z. develecp new or improved means and methods
of reducing concentratioms of reepirable
dust in the mine atmosphere of active
workings of the coal mine;

. develop epidemiological information to
fa) identify and define positive factors
tnvclved in occupational diseases of
miners, (b) provide information on the
incidenog and previlence of pneumo-
conioais and other respiratory ailments

of miners, and (o) improve mandatory
health staondards;

¢. develop techniques for the prewemtion and
eontrol of occupatioral diseases of
miners, inoluding teste for Rypersuscep-
tibility and early deteotiom;

§. evaluate the effect on bodily impairment
and cocupational disability of miners
afflicted with on occupational disease;
and

6. etudy the relatiomship between coal mine
environments and ocoupational diseases of
miners,

Within eight short years of the enactment
of the 1969 Coal Act, Congress passed the 1977
Mine Safety Act by combining the health and
safety programs of the 1966 Metal Act and 1969
Coal Act into one Act, and transferring the
responsibility for enforcement of the pro~
vimiona to the Department of Labor (from the
Department of the Interior). Purthermore, new
provisions were enscted to provide mandatory
health and safety training to new miners and
refresher training to all miners. The 1977
Mine Act is purported to have adopted the
stronger features of the Occupational Health
and Safety Act of 1970, perhaps the most
significant piece of legislation Iim veference
to workzen's occupations] health and safety in
the U.5. history. It is near}ly two decades
since the enactment of the 1969 Coal Act. This
Act and the regulations thersunder defined in
great specificity many standsrds for healthful
and safe operation of a mine, However, this
paper is concerned with only the respirable
dust standards in underground coal mines, It
is the purpoas of this pressntation to outline
the raticnale of the standarde, discuse the
results achieved to date, and examine both the
success and the emerging new ilssues.

DUST STANDARDS

One of the major objectives of the 1969

- Coal Act was the prevention of Coal Worker's

Pneunoconiocais (CWP), In establishing, for the
firat time, dust standarde for the Nation's
coal mines, Congress considersd the risks of
axposure to high dust levels (Comeittee on
Education and Labor, 1970). According to a
report submitted to Congress by the Department
of the Interior on the causation of pneumocon-
losis, it was indicated that tha probability
of developing aimple pneumoconiosis decreases
with decreasing dust coocentratioms.
According to this report, "at 7,0 mg/m*, the
rate of eimple pnewmoconiosis per 1000 miners,
after 35 years erposure would be 380 (3¢
percent); at 4.5 mg/m®, the expected rate
would be 150 (15 percent); at 3.0 mg/m®, the
expected rate would be 50 (5 pereent); and at
2.0 mg/m®, the ezpected rate would be 20 (2
percent}, " Tha probability of developing
progreszive mapsive fibrosis (complicated
prneumoconiosis) alsc decreasas with reduced
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exposure. For axample, "at 7.0 mg/m?, the
rate per 1000 minars, after 35 yeare ezposure
would be 130 (12 percent), at 4.5 mg/m?, the
sxpacted rate would be €0 (4 percent), and at
3.0 mg/m’, the expected rate would be 20 (2
percent).” These probabilitiss were basad on
British madfcal data on dose-respouse
relationships axtrapolated to various dust
concantraticns.

The 1969 Act states that "each operator
shall oontinually maintain the average
conosntration of respirable dust tn the mine
atmosphere during sach shift to which each
active winer is exposed at or belov 3.0 mg/m®
of air. Effective thres years after the
tmaciment of the Act, each operator shall
oomtimually meintain the average comcentration
of respirable dust . . . at or below 2 mg/m*
of air.* Obvicusly, it was the intent of
Comgress to ensure that the risks of
contacting pneumocomiosis disease during 35
yaars of working life were minimired or
eliminated. The det also called for a reduced
dost standard formmla to be established if the
concentration of respirable dust in the mine
atmosphere of smy working place contained more
thas 5 percent quert:z.

The significance of these quantitative
Frovisions and their impacts on the coal
mining industry were obvious. A U.S, Burean
of Mines survey of 29 mines in the 1958-69
period bad found sverage dust concentrations
in excess of 6 mg/a® of air (Shepich, 1983),
Clearly, a concerted sffort by government and
industry had to be mounted to briag mines into
complisnce. There, however, ware several
quastions as the feasibilicy of achiaving
them, the economic burden that will be Placed
on the underground coal mining industry, and
the adaquacy of the standards themselves.

COAL NINE DUST RESEARCH

The passage of the 1969 Coal Act made
available to the U.S. Bureau of Minas
significant increases in funds for health and
safaty research. In fact, prior to 1969, che
&verage Bursan bodget for health and safaty
Tesearch was less than $2 nillion per year.
In 1970, this was increased to. just under $l11
willion and, by 1972, health and safety
research funds were increased to over $30
million. After the enactment of the 1977 Mine
Act, thare wvas an additional incraase in
health and safety research funds. The total
amouat in 1978 was over $50 million. A
significant fraction of these funds wvere apent
in research directed at improving coal mine
health and safety. Coal mine dust research
was initiated by tha Bureau in several
directions including information collection
and transfer; imstrumentation for, and
ssmpling of coal mine dust; chemical and
phyaical properties of coal mine dust; -
suppression of respirable coal mine dust;
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Figure 1. CONTINUOUS MINER DUST CONTAOL

control of respirable coal mine dust: machine
design to raduce coal dust production; and
collection of respirable and mine dust,
Significant research and devalopment efforts
vers also expended by the coal companiss to
briog operations under compliance and by ths
late 1970"'s, 1t was clear that the vast
mejority of underground coal mining working
sections were in compliance with the mandatory
dust standards. Continuous mining sections
weres brought into mseting the standards with
the application of improved spray systems,
scrubbers and better face ventilation plans
(Figure 1). Longwall mining systems fnitially
possd severe problems. Even here applicariocn
of improved spray systems resulted in mora
compliance (Figurea 2 and 3). A committas of
the National Academy of Sciences (1980) notad
that the diligent application of existing
technology rasulted in procedures and practicea
vhich allowed to meet the 2 mg/m® standard,

The committee, however, concluded that "further
significant progrese requires a new approash.
In the future, research . . . should

directed more tou::f obtaining fhndmmtn::é
wndarstanding of origin, trenaport
charuntcriatgcs of raspirable coal mine dust®
(Rational Academy of Scisnces, 1980). The dust
control resaarch led to methods to reduce tha
generation of dust during cutting, suppress and
ainieize the entrainment of generated dust,
extract and collect the airborme dust, pravent
the dispersion of dust to work locatious,
dilute the airborne dust concentrations and to

' L) L] L] L]
WIS 16TT 0T wes weee el 1mer 1ees
YEAR

Figure 2. LONGWALL FACE DUST CONTROL
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Temove dust from work arsas (Niewiadomeki,
1983). The objective to reduce worker
exposure to high concentrations of dust
resulted in, as far as practicable, keeping
the worker awav from dust or the dust awey
from the worker, even if necessary by
curtailing production aperations.

PEACENT SF TRA TN LONGWALLR
Pyguss 3. COMPLUANCE WITH LONGWALL FACE DUST STANDARDS

NATIORAL COAL STUDY AND OTHER FINDINGS

The adequacy of the 2 mp/m® respirable
dust standard is one key assumption which will
determine the prevaience of pneumoconiosis
wmong coal miners in the future, As has
already been stated, Congress based the dust
standards on British research and extrapolation
of that dars to U.S5. conditions. A wore recent
wpdate of the British study by Hurley et al.
(1982) concludes that, "om average, the new
incidence risks estimated frem a long-term
study of 2600 rriners ave similar to, but
sarginally higher than, those reported 10 years
ago bosed om different observatiome. We
eoneider these average risks a reascmable gquide
to what ts likely to be experienced generally
in a swrviver population. ¥evertheless,
wtreme oollicry-related differences ocour for
regeons e do not wunderstend., No olearcut
overall effect of quartz was found, though eome
men reacted unfavorably over relatively short
[10-year) periods to dust with a relatively
kigh quartz eontent.” 1In the U.S., much of
the findings on the prevalence of CWP and
other mining related lung diseases in recent
years come from the Narional Coal 5Study (NCS)
administered by NIOSH. This study began in
1969 and 1nitially involved the examination of
over 9000 miners 2t 3] mines, distributed
natiowmride. By 1984, three surveys were
conducted. According to Attfield {19B4), the
regults derived from the U.5. miners do not
indicate that the British models are inappro-
priate for U.S., conditions. Specifically,
*Results from the Watiomal Coal Study support
the view that the U.5, mining emvironwment ia
sinmlagr to that of the British. 4ds a consee
quenae it appears that the current Federal
standard will drastically reduce the level of
CWP, both simple and complicated.” The current
prevalence of Category | and 2 cases are
9.12 and 9%, respectively. The projected

previlences. respectively, are 91 and 2%.
There is reason to believe that the dust
s«tandards are having beneficial outcomes.
Whether all pnevmoconiosis will be eliminated
is 2 question that remsins to be aAnBwered. A
fourth round of the NCS hes been in Progress
since 1984 and results from this study are
expected later this year,

Fxamination of the Black Lung benefit
payments under the 1969 Coal Act reveals that
the number of new clatms PET YedaT how average
between 400 and 500, costing an sddirional $60
to $70 million per vear. This compensation
prograr iz funded by » charge on every ton of
coal. At the present time, the charge is $1.10
per ton of underground mined coal and $0.55 per
ton of surface mined coal. The cunulative
annual benefits paid out of this fund, thus
far, totals over $22 billion, The oumber of
claims processed in 1987 under this fund
totalled nearly 300,000, and the amouynt
expended nearly $1.8 billion (Figure 4).
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Figurs 4. TOTAL COMPENSATION FOR BLACK LUNG BENEFTTE

Yet another factor that has become signi-
ficant in recent years iz the quartz concen-
tration in the airborne respirable coal mine
dust, While there was little or no indication
of the severity of the problem in 1980, prior
to 1976 no sections were idencified requiring
the application of a reduced standard. By
1983, the number of much sections had increased
to nearly 2,500 affecting as wmuch as 15,000 to
20,000 workere. The number of sections to be
affected in the future were eatimated to be in
excess of 5,000 and the number of werkforce
affected, one-third of the entire underground
coal mine workforce (Jankowski, Nesbit and
Kingell, 1984). More recent estimates of the
number of work locations to be sffected is even
much higher (Figure 5)}. 1In summary, while all
indications are positive that the dust
standardg are vorking, there still remains
occurrences of CWP among coal workers, and new
problems are becoming apparent as the ability
to measure and characterize dust increages.

The National Academy of Sciences Study
(1980}, proposed a significant increase in dust
repearch considering the impact on aoclety of
mine workers' pneumcconiosis and the magnitude
of the research and development effort needed
to bridge the information geps identified by
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Mg & MUMBER OF WORK PLACES UNDER REDUCED
STANDANDS FOR GUARTZ DUST

the MAS stody group., It is within this
context that a comprehensive program designed
to permit mn accelerated attack on the
fundamental research problems for the control
of respirable dust in wines was inicisted in
1983 in the Geparic Mineral Technology Center
for Raspirable Dust. The Cencer was fundad by
the D.S. Barean of Mines under the Mineral
Imstitates Program.

The primary goal of the Center is to
redoce the incidence and severity of
respirahle dust disease through researching
snd advsacing the fundamental understanding of
all aspects of respirable dust aamociated with
wmining snd milling and the interaction of dust
and lwngn. The Dust Center's research program
explores the health and safety concetns of
Tespirable dust with the objective of refining
exristing strategies and developing nev
reapirable dust control techniques that are
consistent with the fundamental dust-lung
fnteraction processes that lead to wine worker
disability. The work concentrates on (1}
control of duat generation; (2) dilutionm,
dizparsion and collection io mine airways;

(3) characterization of dust particles; (4}
imteraction of dust and lungs; and (5)
relationship of mine enviromment, geclogy and
sean characteristics to dust generation and
wobility. The fundamental aspects of this
work are applicable to the control of
respirable dust problems in both hard rock
wines and coal mines and to other dusts such
as diesel-generated soot., These concerted
efforta by scientists, engineers, biomedical
and medical researchers attempt to answar
such questions as the effact of trace
tlements, fresh dust vs. stale dust, and the
responses of individuals to dust inhalation.

REMARKS

Thers is lictle doubt the underground
mine air in U.5. coal mines has become
cleaner. Also, at the present time, in U,S,
coal mines, there ir 8 greater opportunity to
escape, and lasser possibility of total aine
itrvolvensnt, in the event of a disaster.
These achievements involved considerable cost

273

to government, industry and the general public
{Consolidation Coal Co., 1980). There has been
significant increases in capital investment for
health and safety equipment as well as in
operating costs due to changes in work pro-
cedures and practices. However, as the recent
data point out, there are a mumber of questions
yet remaining to be answered, particularly with
regard to the complete healthful quality of the

mine atmospheric environment. As the abilicy
to monitor, anslyze and charscterize the mine

atmospheric environment increases, these
questions as well as new questions will
continue to be raiged. .

The major success of the 1969 Coal Mine
Act rests on such strong foundations as. methans
concentrations centrol, dust control, intrinsic
safety and explosion proof enclosures, minimm
air quantity and quality standards, escapsway
provisions and miner training. These require-
ments drastically impacted mine vantilation
planning, enginesring and practice lsading to
both greater expectation and fulfillment of
safe working conditions. The Act recognized
the need for increased scientific, engineeriog,
biomedical and medical research and studies not
only to support the new legislation but almo
for the development of new aquipment and
methods. A systems approach to the eradication
of CWP was prescribed through incressed health
and safety standards, medical examinations,
ingpections and development of more effective
engineering controls.

A word of caution, however, is in order.
Mining conditions and work place environment
can be improved only through a batter under-
standing of the causs and effect, doss-response
relationshipe. The experience world over is
that enginaaring controls and & knowledgeable
workforce ara the most effective preventive
measurss from cccupation-ralated health and
safety hazards. Legal controls cannot solve
problems of health and safety if they zre not
supported by extensive research findings,
feasible engineering designs and practices and
excellent profesaional judgement. Otherwvise,
they wfll just be no wmore than statements of
good intent and may even frustrate profesaional
progress tovards safer work enviromaent. In
fact, the search and developmsnt of enginssring
solutions to the emerging problems along with
enlightened legislation are the only raalistic
avenues to the complete elimination of the
health and safety hazards io the mine
atmoapheric environment.
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