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Method for determination of in-vitro fiber dissolution rate by direct
optical measurement of diameter decrease
Russell M. Potter

Owens Corning Science and Technology Genter, Granville, OH (USA)

Α new method for measuring in vitro fiber dissolution rate in physiological saline Solutions is based on direct optical measurement
of fiber diameter decrease. Dissolution times measured by this new method for a variety of vitreous Silicate fibers with  a wide ränge
of dissolution rates are in good agreement with results from SEM and from traditional mass loss and Solution analysis techniques.
The new method is conceptually and experimentally simple, and it can be applied directly to fibers pulled from the original fiber
sample with no pretreatment.

Methode zur Bestimmung der In-vitro-Auflösungsrate von Glasfasern durch direkte optische Messung der Durchmesser-
abnahme

Es wird eine neue Methode zur Messung der In-vitro-Auflösungsrate von Glasfasern in physiologischen Kochsalzlösungen vorge-
stellt, die die Abnahme des Faserdurchmessers optisch direkt mißt. Die mit dieser Methode für eine Anzahl von Glasfasern mit
sehr unterschiedlichen Auflösungsraten gemessenen Auflösungszeiten stimmen gut mit Ergebnissen überein, die mit dem SEM-
Verfahren sowie mit traditionellen Gewichtsverlust- und Lösungstechniken erreicht wurden. Konzeption und experimentelle Durch-
führung der neuen Methode sind einfach. Sie kann direkt auf Fasern angewandt werden, die ohne Vorbehandlung von der Original-
faserprobe gezogen werden.

1 . Introduction

F o r abou t the last 20 years there has been interest in the
dissolut ion rate of fibers in mode l physiological fluids
t h o u g h t to simulate the env i ronment in the lung. This
interest has intensified in recent years as the link be-
tween  a fiber's durabi l i ty a n d its associat ion with lung
disease has been clearly identified [1 to 4]. Throughou t
this t ime  a n u m b e r of different in-vitro labora tory tech-
niques have been developed a n d used to quantify fiber
d i s so ludon [for example, 5 to 21]. These differ in the p H
a n d chemical compos i t ion of the mode l physiological
fluid, in the flow rate of fluid pas t the fibers, in the na
tu re of the measu remen t s used to assess the fiber disso-
lu t ion rate, and in the way in which the dissolution rate
is calculated a n d expressed. The re is general consensus
tha t f low-through techniques which minimize alteration
of the fluid by the dissolving fibers m o d e l most accu-
rately the envi ronment in-vivo [19]. T h e mos t widely
used analytical m e t h o d has been chemical analysis of the
fluid for one or m o r e of the dissolving components . The
mass loss is calculated from these da ta , a n d a dissolution
ra te cons tan t is derived from the mass loss. The disso-
lu t ion rate is m o s t c o m m o n l y expressed as k ^ i s , the mass
loss in Units of ng/(cm^ h) . It is also expressed as a disso-
lu t ion velocity in var ious uni ts of length per time.

Received 27 September, revised manuscript 23 November 1999.

Despite the success of the various in-vitro methods
in measur ing fiber durability, there are a number of fun-
damenta l and practical problems with the available
m^ethods that have prevented  a general acceptance of any
one as a universal Standard. Besides the overriding re-
quirement of good correlation with in-vivo data , such
a Standard in-vitro fiber dissolution rate measurement
technique would have the following attributes:

a) Conceptua l simplicity: Biopersistence of long fibers
in the lung is related most directly to fiber diameter de-
crease and, perhaps, the formation of leached layers. An
in-vitro technique should measure these parameters di-
rectly rather than infer them from o ther measurements .

b) Exper imental simplicity: Labora tory and compu-
tat ional procedures should be as simple as possible and
the same for all fiber types regardless of dimension, geo-
metry, or composi t ion.

c) Isolated fiber model : To model the fiber environment
though t to exist in the lung, an in-vitro technique should
be designed so that dissolution products do no t reach
concentrat ions in Solution high enough to influence the
rate of dissolution.

d) Independence from o ther sample proper ty measure-
ments : The technique should no t require addi t ional
sample proper ty measurements , such as fiber diameter
distr ibution or surface area, whieh are difficult to meas-
ure accurately and can introduce significant error.
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Figure 1. Α cross-sectional view of the fibers (C) and mount
(A) in place in the cell (B) and a planar view of the mount
without fibers.

e) Direct application to in vivo samples: Direct meas-
urement of samples used for in-vivo studies is preferable
to inferring rates for these samples from measurements
on differently-prepared material from the same sample
or on a different sample of similar composi t ion.
0 Rapidi ty and low-cost: The technique should be quiek
and inexpensive.

This paper describes an in-vitro technique based on
direct optical measurement of fiber diameter decrease
which has been developed with these desirable criteria
in mind.

2 . Equipment and materials
The essential difference between the optical technique
and other currently-used flow-through methods for
measurement of fiber d issoludon rate is in how the dis
solution process is measured, not in the nature of the
physiological fluid or the suppor t ing equipment to
mainta in constant fluid flow and temperature. The op
tical me thod requires an appropriately-equipped optical
microscope and suitably-designed sample holders. These
holders can then be used with an existing flow-through
System wi thout essential change.

For the work reported here the physiological saline
Solution is a modified Gamble 's Solution having a p H
near 7.4. The sample holders were mainta ined at 37 C,
the sample flow rates were generally in the ränge 0.2 to
0.3 ml/min. Details of the f low- through system have
been pubhshed by Mat t son [13].

The sample holders for the optical technique consist
of a cyhndrical m o u n t and cell (figure 1). The fibers are
at tached to the m o u n t with epoxy so that they span the

slot. T h e m o u n t is enclosed in the cell, which is he ld
together by four bol ts a n d sealed wi th O-r ings at t o p
a n d b o t t o m . D u r i n g a run , 1.5 cm long pieces of r u b b e r
tub ing are a t tached to the lower bol t heads o n the o u t
flow side of the cell to tilt it so tha t bubbles are r e m o v e d .

T h e measurement device is an opt ical m i c r o s c o p e
with a 40x, 8 m m focal length, 0.5 numer ica l a p e r t u r e
objective a n d a 16X digital filar ocular. Th i s p rov ides
direct Observation of the fiber du r ing measurement,
which is essential to ob t a in accurate, r eproduc ib le fiber
diameters . S t an d a rd video measur ing e q u i p m e n t gave
diameter measu remen t s which varied u n r e p r o d u c i b l y
wi th br ightness of the microscope field of view, v ideo
gain, a n d fiber characterist ics.

Table 1 con ta ins details of the fibers inc luded in this
study, which were p roduced , free of b inder o r o t h e r or
ganic coatings, by a variety of commerc ia l o r l a b o r a t o r y
processes. T h e chemical compos i t ions were m e a s u r e d
using Standard techniques (X-ray fluorescence, i n d u c -
tively-coupled p lasma, a tomic absorp t ion , a n d va r ious
wet chemical techniques) on either the bu lk glass f rom
which the fibers were m a d e or on the fibers themselves .
In the case of a few samples, the repor ted analysis is t h a t
of a different fiber sample formed from the s a m e b u l k
glass. Several fiber compos i t ions in table 1, wh ich a re
wel l -known in the fiber dissolut ion h tera ture , a re iden-
tified by n a m e in the table. These are n o t necessar i ly
samples of the identical mater ia l s tudied elsewhere.

3. Measurement procedure

3.1 Sample pretreatment

Binder or o ther organic coat ings such as oil can , if de -
sired, be removed by low tempera ture ash ing in oxygen
plasma. Removal by heat t rea tment may c h a n g e the a n -
neal ing State of the fibers a n d should be avoided.

3.2 Fiber mounting

Fibers can generally be pulled by h a n d directly f rom the
original sample a n d m o u n t e d individually. Typical ly
these fibers will be larger in d iameter t h a n the average
of the original sample since the larger d i ame te r fibers
tend to be longer a n d easier to see a n d to w o r k wi th .
N o a t t empt was m a d e to pull fibers representa t ive of the
average fiber diameter , a l t hough this could be done . T h e
fibers are m o u n t e d by applying a layer of epoxy resin t o
the t o p surface of the m o u n t on either side of the slot
a n d placing eight to ten individual fibers at a b o u t equa l
intervals a long the slot. Each fiber should s p a n the slot
a n d be immersed in the epoxy on each side.

For samples which have been processed for sho t re-
moval , to isolate a respirable fraction, or for s o m e o t h e r
reason, it may no t be possible to hand le fibers ind iv idu-
ally due to their shor t length or small d iameter . In this
case abou t 2 m g of fibers are dispersed in a b o u t 5 ml of
deionized water by ul t rasonic t rea tment . T h e fibers a re
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filtered on to a 45 m m diameter m e m b r a n e filter and al
lowed to dry thoroughly. Α very thin layer of epoxy resin
is applied to the top surface of the m o u n t on either side
of the slot and allowed to eure to a tacky stage. The
m o u n t is turned upside down and pressed gently onto
the fibers on the filter. The filter is then gently peeled
off and discarded. This will leave many fibers adhered
to the epoxy and sticking out over the slot in the mount .
After the epoxy has cured, a b inocular microscope is
used to identify ten to twelve fibers which are good can-
didates for measurement due to their smooth , uniform
diameter, good adherence to the m o u n t , and clear visi-
bility in the slot. These fibers are marked by a small spot
of colored nail pohsh as close as possible to them on
the moun t .

3.3 Starting a run

The m o u n t is loaded into the cell as shown in figure 1 
and filled by syringe with simulated lung fluid at room
temperature. The initial diameter of each fiber is meas-
ured using the diameter measurement procedure given
below. The flow lines are connected to the cell, the tub-
ing feet are placed on the bolt heads on the cell bo t tom
at the outflow side of the cell, and the cell is placed into
the constant temperature bath .

3.4 Fiber diameter measurement

Typically, a product ion fiber can change diameter signif-
icantly even within a Single microscope field of view
(170 pm). It is therefore essential tha t successive diam-
eter measurements be made at the same place on any
given fiber. This is most easily aecomphshed by measur-
ing the diameter at a set distance (1/2 the field of view,
for example) from the edge of the slot. N o reduct ion in
dissolution rate has generally been found at the slot edge
even though a s tagnant layer might be expected there,
but it is good practice to check for this dur ing a run.

The ideal image for measurement depends to some
degree on the fiber diameter and whether the dissolution
is congruent or incongruent . It probably also depends
on the part icular microscope design. The author ' s ex
perience indicates the following guidelines:

a) Congruent dissolution: When the focal plane is just
below the Optimum posit ion for measurement , the fiber
appears dark at the edges, grading to light in the center.
As the focal plane is raised, the lighter, central p o r d o n of
the fiber expands, and two dark bands appear a long the
edges yielding the image shown in figure 2a. Often, par-
ticularly with smaller diameter fibers, there is a blue tinge
outside of these bands. As the focal plane is raised further,
the two bands lighten and become tinged with yellow. For
fibers greater than about 4 pm in diameter, the image di
ameter is the same th roughout this change in focal plane,
bu t for fibers less that about 4 pm in diameter, the image
diameter changes. The true fiber diameter is always the

dis tance be tween the ou te r edges of the d a r k b a n d s as
shown in figures 2a a n d b jus t before they b e c o m e t inged
with yellow. W h e n the fiber d iamete r is smaller t h a n a b o u t
2 p m , it may yield a sharply defmed image like t h e Images
of figures 2a a n d b , bu t often the d a r k b a n d s a re absent ,
a n d the best image is tha t shown in figure 2c, in wh ich the
fiber is uniformly da rk .

b) Incongruen t dissolut ion: Α leached-layer o n a n u n
al tered fiber core could be detected and m e a s u r e d only if
the layer was thicker t han abou t 1 pm. A t some pos i t i ons
of the focal p l ane mos t fibers show s t ructures wh ich a p
pea r to be leached layers bu t are no t . It is g o o d pract ice ,
when fibers are first immersed in the Solution, t o observe
several as the focal p lan is raised a n d lowered t o identify
s t ructures which could be mis taken for a l eached layer.
T h e appea rance of leached layers varies, d e p e n d i n g o n
h o w m u c h mater ia l has been leached from the layer, f rom
barely dis t inguishable from the fluid to barely d is t inguish-
able from the una l te red core. T h e image in figure 2d is of
a highly leached layer which tends toward the former. T h e
ou te r leached d iamete r is measured in a way s imilar t o
tha t of congruen t fibers  by raising the focal p l ane
t h r o u g h tha t level which makes the ou te r p a r t of the fiber
as d a r k as possible unti l it jus t begins to l ighten. T h e t rue
d iamete r of the leached layer is then the d i s tance be tween
the ou te r edges of the darker area. The best image for
measu r ing the core is when it first presents a clearly de
fmed b o u n d a r y wi th the leached layer as the focal p l ane is
raised. If the leached layer is highly leached, it m a y never
be d a r k e n o u g h to obscure the core. This is the case in fig
ure 2d, which shows a good image for m e a s u r i n g b o t h the
leached layer a n d the core. If the leached layer is only
slightly leached, the core may no t appea r unt i l t he focal
p lane is raised further after measur ing the leached layer.
T h e lower relief of the leached mater ia l , par t icu la r ly after
comple te leaching, is good conf i rmat ion tha t a leached
layer was measu red ra ther t h a n some o ther s t ruc ture .

3.5 Frequency of measurement

Typically, it is no t necessary to p lan a set m e a s u r e m e n t
schedule, bu t ra ther to Start with daily m e a s u r e m e n t s
a n d then lengthen the t ime interval as necessary unt i l
there is a 0.5 to 1.0 p m difference in d i ame te r be tween
subsequen t measu remen t s (or less if the initial d i ame te r s
of the fibers are nea r 2 pm) . This interval is t hen con
t inued unti l the fibers are completely dissolved, t o o
m a n y fibers are b roken or unmeasurab le in s o m e way,
or the fibers have been measured at e n o u g h t imes to de-
fine the d issolut ion rate with confidence. T h e d a t a d o
no t defme a clear, consistent po in t (such as a d i ame te r
decrease of 2 pm, for example) at which such conf idence
is generally possible, so it is advisable to follow the dis
so lu t ion as far as t ime cons t ra in ts allow.

T h e cool ing of the cell dur ing the m e a s u r i n g process
sets an uppe r limit to the frequency at which d i ame te r
measu remen t s can be m a d e wi thou t in t roduc ing signifi-
can t error in to the calculated dissolut ion rate d u e to t ime
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Figures 2a to d. Micrographs typical of fibers for diameter measurement; a) cöngruentiy-dissolving fiber about 10 μιη in diaineter,
b) congruently-dissolving fiber about 4 pm in diameter, c) congruently-dissolving fiber about 2 pm in diameter, d) incongruently-
dissolving fiber showing the unaltered core surrounded by a leached layer.

at redueed temperature . Cell t empera tu re measurements
dur ing the fiber d iameter m e a s u r e m e n t a n d subsequent
reheat ing of the cell in the water ba th toge ther with pub -
hshed da ta on the effect of t empera tu re on fiber disso-
lu t ion rate [10] allow an est imate of this error. For a 
typical measuremen t t ime of 20 min , 3 % error in the
dissolut ion rate co r responds to abou t three measure-
m e n t s per day, which is n o t a serious l imitat ion even for
the mos t rapidly dissolving fibers.

3.6 Ending a run

A t the end of a run , if S E M d a t a are desired to confirm
the optical measurement s or to defme the thiekness of a 
leached layer, the cell should be taken apa r t while com
pletely immersed in water, a n d the m o u n t lifted vertieally
th rough the water surface to minimize stress on the fi
bers. Α few drops of e thano l p u t on the water surface
nea r the fibers jus t before they b reak the surface will
also help prevent fiber b reakage by reducing surface ten

sion. For S E M examinat ion the m o u n t should be em
bedded in epoxy and a polished eross-section made as
nearly as possible at the point the fibers were measured
optically.

3.7 Calculations

In this paper congruent fiber dissolution rate is ex
pressed as dissolution time, / ^ i s ^ the time in days to dis-
solve a 1 pm diameter fiber. This parameter has the ad
vantage of expressing directly the biologically relevant
aspect of dissolution [22]. Fur thermore , t^is can be calcu-
lated from the optical da ta by a simple equat ion which
depends on no other properties of the fiber or fiber
sample:

^ d i s
do-d Ad m 

( 1 )
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The slope, m, is obta ined by least-squares ' analysis of
the change of Μ with time, and i^is is calculated from
the slope. The least-squares ' analysis does no t force the
line to pass through the origin since the initial measure-
ment is no t necessarily more accurate than any sub-
sequent one.

For incongruently-dissolving fibers it is not yet
known whether biopersistence depends on leaching rate
only, on tota l dissolution rate only, or on some combi-
nat ion of both . For this reason it is useful to define a 
leaching time, t\, the time in days for a 1 p m diameter
fiber to be completely leached, and a total dissolution
time, the time in days for a 1 p m diameter to be com-
pletely dissolved. They are given by equat ions similar to
equat ion (1), where  d is the diameter of the unaltered
core for ίχ, and  d is the outer diameter of the leached
layer for t^. They are evaluated in a m a n n e r analogous

to /dis.

For congruently dissolving fibers, k^^^ in ng/(cm^ h)
is approximately equal to 5000/^dis [22]. The exaet re-
lationships between /c^is and the dissolution times are:

^dis
10^ ρ

24 2 / a .
(2)

for congruently-dissolving fibers. And:

^dis
10^ · ρ / Χχ \-Χχ 
ΙΑ-2

(3)

for incongruently-dissolving fibers. The factor 2 in the
denominator of equations (2) and (3) reflects the fact
that the decrease in fiber diameter is twice the disso-
lution velocity. The mass fraction leached, is defined
equal to 0 for congruent dissolution. By this Convention
congruent dissolution is a special case of incongruent
dissolution with /^is equated to /„· Generally, for incon-
gruent dissolution, Χχ will not be known, and /cdis can
be only estimated from the diameter decrease. For many
compositions the mass fraction of Si02+Al203 is a 
rough Upper limit to Χχ.

4 . Results and discussion
Table  2 summarizes the results of ^dis measurement by
the optical me thod and by the methods of mass loss,
Solution analysis, and S E M fiber diameter measurement .
The latter three methods have been described elsewhere
[10 and 13]. For the mass loss and Solution analysis
methods , values for and ίχ are calculated only for those
samples for which the rate of mass loss with time (meas-
ured directly or calculated from Solution analysis) shows
a clear break attr ibutable to complete leaching of the
fibers. Only when this break is apparent in the data , is
it possible to determine unambiguously bo th the leach-
ing and total dissolution. Thus, for example,  a single,
congruent dissolution rate is reported from the mass loss
a n d Solution analysis me thods for sample no. 4 even

t h o u g h S E M analysis shows the dissolut ion t o be incon-
gruent . T h e initial fiber d iamete r da ta in table 2 a re for
the m o u n t e d fibers only a n d d o no t necessari ly reflect
the average fiber d iameter of the sample.

4.1 Validity of the dissolution model

T h e da ta in table  2 indicate tha t the Standard e r ro r as -
sociated wi th  a hnea r fit to the da t a for a single m e a s u r e -
m e n t of ^dis by the optical m e t h o d is typically less t h a n
ab o u t 10 % of the measured value. M o s t of the ins tances
of larger Standard e r ror are the result of small ini t ial
fiber diameter , which limits the n u m b e r of m e a s u r e d
poin t s a n d the accuraey of each m e a s u r e m e n t . F o r in
congruently dissolving fibers, the Standard e r ro r in b o t h

a n d ίχ is typically less t h a n about 15 %, wh ich reflects
the greater complexi ty of the opt ical image. T h u s , t he
mode l of cons t an t d iameter decrease wi th t ime is in gen-
eral  a good one for b o t h congruen t a n d i n c o n g r u e n t
fiber dissolut ion.

A l t h o u g h the dissolut ion process is essential ly  a lin-
ear d iamete r decrease with time, there are s o m e d e p a r -
tures from strict l inearity which may be significant t o
details of the dissolut ion process. F igure  3 shows d i a m -
eter decrease da t a for a ränge of /dis values toge the r w i th
the l inear fits to the da t a by least -squares ' analysis . T h e
dissolut ion of samples no. 2 a n d no . 30 are strictly linear,
which is the case for the major i ty of fibers. S o m e fiber
samples, such as no . 31 , show an initial pe r iod of slower
dissolut ion. This may relate to the presence of a th in
surface layer on the fibers from which the m o r e volati le
c o m p o n e n t s have been partial ly removed d u r i n g the fi
ber izat ion process as discussed by Bauer [23] a n d by
M a t t s o n [24]. Typically, this is a smaü p a r t of the d isso-
lut ion process b o t h in t e rms of t ime a n d in t e r m s of t he
a m o u n t of fiber dissolved. Some fibers, such as no . 8,
show an initial per iod of m o r e rapid d i sso lu t ion . Th i s
has been found pr imari ly with p roduc t ion of mine ra l
wool samples. This initial rapid dissolut ion c a n last for
weeks t h r o u g h  a d iameter decrease of several m i -
crometers , so it is unlikely to be related to a surface ef-
fect. It may relate to leached layers which are n o t reco-
gnizable optically.

4.2 Reproducibility

Table  2 con ta ins da t a for replicate runs for a n u m b e r of
samples a n d the Standard deviat ion of the d i s so lu t ion
times of these replicate runs expressed as a percen t of
the m e a n value. This Standard deviat ion is typically less
t h a n a b o u t 20 % for b o t h congruen t a n d i n c o n g r u e n t
dissolut ion. Higher values are the result of t o o few di
ameter measu remen t s because the d issolu t ion process
was no t followed far enough (a to ta l d i ame te r decrease
of 0.4 p m for the second run of sample no . 33, a n d
0.8 p m for the second run of sample no . 29) o r was n o t
measured frequently e n o u g h (only one m e a s u r e m e n t of
unal te red core d iameter for each of the runs of sample
no. 22).
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no.2: tdis=0.8 6/μπ\

no.8: tdjs=20.5 d/pm

•

no.31: tdis=36.4 6/μπ\

2 0 4 0 6 0 80 100 120 140 160
Time in d ^ 

Figure 3. Typical optical data of fiber diameter decrease (Ad) 
with time. The four samples shown span the ränge of disso-
lution times measured.
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Figure 4. The correlation between optical and SEM diameter
measurements of the same fibers. The line is a least-squares' fit.

4.3 Calibration of diameter measurements
against SEM

In Order to check the accuraey of the optical fiber diam-
eter measurements , we measured the final fiber diam-
eters by S E M for a number of completed runs. In all
cases the fibers are from  a cont inuous laboratory bush-
ing, so that  a small difference in the measurement posi
t ion a long the length of the fiber is no t significant. Fig-
ure  4 shows  a good correlat ion between the two diam-
eter measurement techniques. The slope of the least
Squares' fit line is 1.00 with  a slight offset indicating that
the optical technique tends to yield  a slightly larger di-
ameter. This offset is small and, in any case, can have no
effect on the dissolution rate calculated by the optical
technique since the rate is based on diameter change.

4.4 Effect of flow rate

Sample no. 25 was used to examine the effect of flow
rate since its very rapid incongruent dissolution should
m a k e it particularly sensitive to flow rate changes. The
dissolut ion rate is significantly reduced under stagnant
condi t ions but is independent of flow in the ränge stud-

ied and reported here,  i.e. 0.06 to 0.40 ml/min. F o r con-
venience, the Standard flow rate was set at 0.25 ml/min;
it could certainly be reduced.

4.5 Effect of fiber diameter

T h e opt ical technique yields m o r e accura te a n d r e p r o -
ducible dissolut ion rates when the initial fiber d i a m e t e r s
are greater t h a n abou t 2 p m since the m e a s u r e d fiber
d iamete r changes can be larger a n d m o r e p o i n t s c a n be
measured . Th i s is also t rue of the mass loss a n d Solut ion
analysis m e t h o d s due to p o o r dispersion of fme fibers in
the ma t s [10 a n d 13]. I t is therefore of general c o n c e r n
tha t measu remen t s on larger d iameter fibers be appl i -
cable to the dissolut ion of respirable fibers, which have
d iamete rs typically less t h a n abou t 2 pm.

In m o s t of the p roduc t ion fiber samples, t he individ-
ua l fibers measu red by the optical technique s p a n  a large
ränge of fiber diameters . In over half of these cases t he
dissolut ion t imes calculated from the indiv idual fibers
show  a r o u g h t rend with dissolut ion t ime increas ing w i th
decreasing initial fiber diameter, par t icular ly at d i a m -
eters nea r 2 p m a n d below. T h e increase in d i s so lu t ion
t ime can be as m u c h as a factor of 3. In add i t i on , a n
increase in measured dissolut ion t imes somet imes oc -
curs, regardless of initial fiber diameter, as ind iv idua l fi-
bers dissolve to d iameters near 2 p m a n d below. Th i s is
t rue for b o t h l abora tory con t inuous fibers a n d for woo l
fibers. F ibers tha t have dissolved to d iamete rs n e a r 2 p m
somet imes remain visible significantly beyond the t ime
at which their earlier d iameter change w o u l d pred ie t
comple te congruen t dissolut ion. The only evidence for a 
decrease in dissolut ion t ime with fiber d i amete r decrease
is the larger dissolut ion t ime of sample no . 4 relative t o
sample nos. 5 a n d 6.

In general , one might expeet tha t if there were any
diamete r effect, d issolut ion t imes would decrease r a the r
t h a n increase with fiber d iameter since finer fibers w o u l d
be cooled m o r e rapidly a n d have, in consequence , m o r e
open structures. It is par t icular ly h a r d to conceive of a 
process tha t would cause the small centra l p o r t i o n of a 
large, congruent ly-dissolving fiber to dissolve m o r e
slowly t h a n the rest of the fiber. T h e a p p a r e n t co r re -
lat ion of dissolut ion rate to fiber d iameter c a n n o t be the
result of systematic inaccuracies of the opt ica l d i a m e t e r
m e a s u r e m e n t below a b o u t  2 pm. F igure  4 shows g o o d
agreement between opt ical and S E M diamete r m e a s u r e -
ments . In addi t ion , fibers somet imes remain visible l ong
beyond the t ime of comple te dissolut ion predic ted f rom
their earlier rate of d iameter reduct ion.

To further examine the effect of diameter , c o n t i n u o u s
fibers samples (nos. 13 to 17) were p roduced at va r ious
d iameters between 2.7 a n d 10.3 p m from  a c o m p o s i t i o n
for which labora tory wool samples (no. 18 a n d no . 19)
show  a large effect of fiber diameter . T h e d i sso lu t ion
t imes measu red by the optical m e t h o d suggest little, if
any, increase in dissolut ion rate for the smaller d i a m e t e r
fiber samples. Potent ia l effects of fiber d i amete r on dis-
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Solution time remains an important, unresolved issue
and the subjeet of eontinued investigation using the op
tical technique and other in-vitro methods.

4.6 Effect of forming and preprocessing

Table  1 conta ins  a number of sets of fibers w^hich are
essentialy the same composit ion but differ in the forming
process or sample preprocessing (nos.  4 to 21). These
samples provide some idea of how such differences can
affect the dissolution time of a given composition. For
the optical technique, the variations within  a compo-
sitional set are not significantly greater than the typical
reproducibility of the measurement except for cases
which include samples with an average initial fiber diam-
eter of 2 to 3 μ τ η . T h e large Variation in these cases may
relate, in part at least, to the limited number of measure-
ments possible for the small diameter samples and the
large uncertainty of each measurement. T h e mass loss
and Solution analysis data are more limited than the op
tical data, but the average Variation for all the sets of
similar compositions is about the same.

4.7 In-vitro method comparison

For congruently-dissolving fibers, figure  5 compares the
dissolution times measured by the optical me thod with
those measured by mass loss, Solution analysis, and
S E M . The agreement is good throughout the ränge. As
expected from the SEM -optical comparison, dissolution
times measured by the optical technique are within ex-
perimental e r ror the same as those measured by S E M ,
falling close to the line indicating perfeet agreement be-
tween the techniques. In almost all cases the dissolution
t imes from the optical technique a re less t h a n or equal
to those measured by mass loss or Solution analysis. This
probably relates to the isolated dissolution environment,
which is characteristic of the optical and S E M methods,
but which is difficult or impossible to achieve with the
mass loss or Solution analysis techniques.

For incongruently-dissolving fibers, figure  6 com-
pares the total dissolution and leaching times measured
by the optical method with those measured by mass loss,
Solution analysis, and S E M . T h e agreement is reason-
able throughout the ränge of dissolution times. The
greater scatter relative to figure  5 is partly the result of
the Scale of the graph, but it also reflects the greater
complexity of the optical image and the a s sumpdons in-
volved in extracting and ti from the mass loss and
Solution analysis data. T h e da t a do not indicate any
t endency for the optical and S E M dissolution times to
be shor ter than those derived from mass loss and Solu-
t ion analysis.

4.8 General conclusions

T h e opt ical m e t h o d presented here provides  a direct
measu re of the t ime it takes  a fiber to dissolve in model
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Figure 5. Comparison of dissolution times for congruently dis-
solving fibers measured by the optical method to those meas-
ured by traditional methods. The line indicates exact agreement
between the methods.
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Figure 6. Comparison of dissolution times for incongruently
dissolving fibers measured by the optical method to those meas-
ured by traditional methods. The line indicates exact agreement
between the methods.

physiological Solutions. The method is conceptually and
experimentally simple and applicable to all fiber types.
It does no t depend on other measurements such as fiber
diameter distr ibution or surface area, which are known
to introduce error and poor reproducibili ty in the Stand-
ard mass loss and Solution analysis methods . N o r does
it rely on expensive Instrumentat ion or extensive labora-
tory expertise such as that needed for chemical analysis.
Because individual, isolated fibers are measured,  a single
flow rate gives for all fiber composi t ions the high surface
area to flow condi t ions thought to exist in the lung. Al-
though the technique produces the mos t accurate and
reproducible results when applied to fibers in the 4 to
10 p m diameter ränge, it can be used to measure the dis-
solution rate of fibers as small as abou t 2 pm in diam-
eter. The time for analysis is roughly p ropor t iona l to the
fiber dissolution time. For d̂is near 50 d/pm, the optical
technique takes about two months .
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5. Nomenclature

d
do
^OPTICAL

^ S E M

Ad

m
Q
t
^DIS

fiber diameter at time / during dissolution in pm
initial fiber diameter in pm
fiber diameter measured by the optical technique in
pm
fiber diameter measured by SEM in pm
fiber diameter decrease: d^-dm pm
fiber dissolution rate in ng/(cm^ h)
the slope in a plot of Ad versus / 
fiber density in g/cm^
time in d 
time to completely dissolve, congruently, a 1 pm di
ameter fiber in d/pm
time to completely leach a 1 pm diameter fiber in
d/pm
time to completely dissolve, incongruently, a 1 pm di
ameter fiber in d/pm
fraction of the initial mass leached during incongru-
ent dissolution

Jon Bauer, Paul Boymel, Thomas Hanton, Martin Moore, and
Thomas Steenberg provided fiber samples. Ciaire Hunkins and
Cheryl Smith did most of the laboratory work which forms the
basis of this paper. Walter Bastes and John Hadley provided
guidance and cridcal review throughout the work. The author
is grateful to all these colleagues for their support.
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