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Particle Size-dependent Dissolution of Uranium Aerosols in Simulated Lung Fluid:
A Case Study in a Nuclear Fuel Fabrication Plant

Edvin Hansson,1,2 Håkan B. L. Pettersson,3 Ibtisam Yusuf,3 Per Roos,4 Patric Lindahl,5 and Mats Eriksson2
Abstract—Inhalation exposure to uranium aerosols can be a con-
cern in nuclear fuel fabrication. The ICRP provides default ab-
sorption parameters for various uranium compounds but also
recommends determination of material-specific absorption param-
eters to improve dose calculations for individuals exposed to airborne
radioactivity. Aerosol particle size influences internal dosimetry
calculations in two potentially significant ways: the efficiency of
particle deposition in the various regions of the respiratory tract
is dependent on aerodynamic particle size, and the dissolution
rate of depositedmaterials canvary according to particle size, shape,
and porosity because smaller particles tend to have higher surface-
to-volume ratios than larger particles. However, the ICRP model
assumes that deposited particles of a given material dissolve at
the same rate regardless of size and that uptake to blood of dis-
solved material normally occurs instantaneously in all parts of the
lung (except the anterior portion of the nasal region, where zero ab-
sorption is assumed). In the present work, the effect of particle size
on dissolution in simulated lung fluid was studied for uranium
aerosols collected at the plant, and its influence on internal dosimetry
calculations was evaluated. Size fractionated uranium aerosols were
sampled at a nuclear fuel fabrication plant using portable cascade
impactors. Absorption parameters, describing dissolution of mate-
rial according to the ICRP Human Respiratory Tract Model, were
determined in vitro for different size fractions using simulated lung
fluid. Samples were collected at 16 time-points over a 100-d period.
Uranium content of samples was determined using inductively
coupled plasmamass spectrometry and alpha spectrometry. In addi-
tion, supplementary experiments to study the effect of pH drift and
uranium adsorption on filter holders were conducted as they could
potentially influence the derived absorption parameters. The undis-
solved fraction over time was observed to vary with impaction stage
cut-point at the four main workshops at the plant. A larger fraction
of the particle activity tended to dissolve for small cut-points, but ex-
ceptions were noted. Absorption parameters (rapid fraction, rapid
rate, and slow rate), derived from the undissolved fraction over
time, were generally in fair agreement with the ICRP default recom-
mendations for uranium compounds. Differences in absorption pa-
rameters were noted across the fourmainworkshops at the plant (i.
e., where the aerosol characteristics are expected to vary). The pel-
letizing workshop was associated with the most insoluble material
and the conversion workshop with the most soluble material. The
correlation between derived lung absorption parameters and aero-
dynamic particle size (impactor stage cut-point) was weak. For ex-
ample, the mean absorption parameters derived from impaction
stages with low (taken to be <5 mm) and large (≥5 mm) cut-points
did not differ significantly. Drift of pH and adsorption on filter
holders appeared to be of secondary importance, but it was found
that particle leakage can occur. Undissolved fractions and to some
degree derived lung absorption parameters were observed to vary
depending on the aerodynamic size fraction studied, suggesting
that size fractionation (e.g., using cascade impactors) is appropriate
prior to conducting in vitro dissolution rate experiments. The 0.01-
0.02 mm and 1-2 mm size ranges are of particular interest as they
correspond to alveolar deposition maxima in the Human Respira-
tory Tract Model (HRTM). In the present work, however, the de-
pendency on aerodynamic size appeared to be of minor impor-
tance, but it cannot be ruled out that particle bounce obscured
the results for late impaction stages. In addition, it was noted that
the time over which simulated lung fluid samples are collected
(100 d in our case) influences the curve-fitting procedure used to de-
termine the lung absorption parameters, in particular the slow rate
that increased if fewer samples were considered.
Health Phys. 123(1):11–27; 2022
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INTRODUCTION

UPON INHALATION exposure to materials containing radioac-
tivity, the lung equivalent dose (Hlung) can constitute a large
fraction of the committed effective dose (CED) due to the
lung’s high tissue weighting factor of 0.12 (ICRP 2007).
This is particularly important in the case of alpha emitters,
e.g., most uranium isotopes, where a radiation weighting
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factor of 20 is recommended for calculations of equivalent
doses (ICRP 2007). Occupational inhalation exposure to ura-
nium is a concern in nuclear fuel fabrication, where committed
effective doses need to be evaluated to ensure worker safety
and regulatory compliance. Calculations are normally carried
out based on the Human Respiratory Tract Model (HRTM)
developed by the International Commission on Radiologi-
cal Protection (ICRP) (ICRP 1994, 2015). The present work
is a case study in a nuclear fuel fabrication plant, aimed at
evaluating how the aerodynamic size of uranium particles
affects key parameters and dose calculations in the HRTM.
This was carried out by size-fractionated aerosol sampling
and dissolution rate experiments in simulated lung fluid.

The HRTM is a compartment model that predicts the
biological fate of inhaled particulate matter following deposi-
tion in the respiratory tract. Clearance of deposited particles
is governed by mechanisms such as coughing, mucociliary
transport, and phagocytosis by macrophages (upon which
dissolution in the phagolysosome will occur). In addition,
particles will start to dissolve in the extracellular lung fluid
followed by uptake to blood. The dissolution process has long
been modeled using a biexponential function (Mercer 1967).
In the ICRP terminology, absorption represents the transfer
of material into blood, i.e., the combination of dissolution/
dissociation of particles and the uptake of material to blood
(ICRP 2015). The time-dependent dissolution of material
deposited in the respiratory tract is modeled in its simplest
form by a set of absorption parameters: a fraction of the
material ( fr) dissolves at a rapid rate (sr) and the remainder
(1-fr) dissolves at a slow rate (ss). Dissolved matter is as-
sumed to absorb from the respiratory tract to blood instanta-
neously if a bound state can be neglected (which is the case
for uranium) (ICRP 2017).

In nuclear fuel fabrication, occupational inhalation expo-
sure to uranium aerosols must be considered. For manufactur-
ing of fuel for light-water reactors, exposure to several uranium
compounds is expected and varies depending on the produc-
tion method used. The calculation of CED and Hlung requires
knowledge about the absorption parameters ( fr, sr, ss). The ab-
sorption parameters are known to vary with different chemical
compounds of uranium. The ICRP gives default absorption
parameters for a variety of chemical compounds; e.g., ura-
nium dioxide (UO2) and triuranium octoxide (U3O8) are
considered Type M/S (intermediate moderate/slow absorption
type) in the latest ICRP recommendations (ICRP 2017). The
default absorption parameters are fr = 0.03, sr = 1 d−1, ss =
5�10−4 d−1. However, data on these parameters, derived from
in vitro experiments, animal experiments and human con-
tamination cases, indicate large variability for a given ura-
nium compound (Davesne and Blanchardon 2014). In the
review article by Davesne and Blanchardon (2014), results
for ss for UO2 ranged from about 5 � 10-5 d−1 to about 5 �
10−3 d−1 (mean and median of 9.1 � 10−4 d−1 and 5.6 �
www.health-phy
10−4 d−1, respectively). Process history of material (e.g., calci-
nation temperature), experimental conditions, and model used
for fitting were mentioned as causes of variability. It is desir-
able to determine material-specific absorption parameters to
improve dose calculations (ICRP 2002).

The absorption parameters ( fr, sr, ss) can be estimated in
vitro by studying the dissolution of sampled particles in simu-
lated lung fluid. Typically, collected particles are sealed within
a filter membrane “sandwich” and allowed to dissolve in
simulated lung fluid for a certain amount of time, after which
the lung fluid is collected and replaced (Ansoborlo et al. 1999).
The absorption parameters ( fr, sr, ss) for the specific mate-
rial can be derived by fitting a two-component exponential
function to the undissolved fraction over time (eqn 1):

U tð Þ
U0

¼ fre
−srt þ 1−frð Þe−sst; ð1Þ

where U(t) and U0 are the amounts of radioactivity at time t
and 0, respectively. The equation only describes removal of
material by dissolution (instantaneous uptake to blood is as-
sumed). The equation contains no information about particle
clearance through other mechanisms, uptake rate of dissolved
material to blood, or the presence of a bound state. In this type
of experiment, the absorption parameters thus represent disso-
lution only. In the present work, the term absorption param-
eter is used for consistency with the ICRP terminology.

Numerous experimental setups and compositions of
simulated lung fluids have been proposed over the years
(Ansoborlo et al. 1999; Marques et al. 2011). The earliest
published composition of simulated lung fluid is the Gamble’s
solution (Gamble 1967). Concentrations of phosphates, car-
bonates, and chelating agents are likely to be important in
dissolution tests (Ansoborlo et al. 1999). Typically, a static
experimental setup is used for simplicity, although flow-
through systems have been evaluated as well. In vitro experi-
ments are considered useful to screen compounds at a work-
place and provide approximations of absorption parameters, al-
though in vivo data are preferred, if available (Ansoborlo et al.
1999). Similar experimental set-ups have been used to study
dissolution characteristics in other solvents as well; e.g., Eidson
andMewhinney (1984) studied the dissolution of mixed-oxide
fuels in 0.1M HCl in addition to simulated lung fluid.

Phagocytosis by alveolar macrophages is important for
particle clearance from the respiratory tract, and several
studies have used alveolar macrophages in vitro (Guilmette
1998; Ansoborlo et al. 1999). Ansoborlo et al. (1998) dem-
onstrated that a culture medium with macrophages better
represented in vivo data of rats following intratracheal instil-
lation of UO4. Another study reported that phagocytosis oc-
curs rapidly; e.g., more than 90% of lavageable particles
(PuO2 and iron oxides) were found in macrophages by 24 h
(Guilmette 1998). A review by Oberdörster et al. (2005)
sics.com
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reported that approximately 80% of 0.5–10 mm particles
were retrieved by 24 h in alveolar macrophages from rats
exposed to different particles. For particles <0.1 mm, ap-
proximately 20% were retrieved by 24 h. Phagocytosis by
macrophages can also occur in the alveolar interstitium
(Liegeois et al. 2018). After formation of phagolysosomes,
engulfed particles are exposed to a lower pH (about 5), proteo-
lytic enzymes and oxygen radicals (Kreyling 1992). The dif-
ferent chemical environment in the phagolysosome is associated
with different particle dissolution characteristics. Stefaniak et al.
(2005, 2006) developed a simulated phagolysosomal fluid
to study the dissolution of beryllium aerosols. Regarding ura-
nium particles specifically, it has been shown that uranyl phos-
phate needles can form in the phagolysosome (Hengé-Napoli
et al. 1996; Berry et al. 1997). Macrophages are clearly impor-
tant for particle clearance but it can, however, be challenging
to maintain normal functionality of macrophages in vitro,
and systems without macrophages are therefore typically used
in health protections programs (Ansoborlo et al. 1999).

Following inhalation exposure to aerosols, the spatial
deposition of particles in the respiratory tract depends on the par-
ticle size distribution. This is of great importance since it affects
Hlung, CED, and the urinary excretion pattern. For aerosols with
an activity median aerodynamic diameter (AMAD) of 15 mm,
approximately 3% of the total inhaled activity is expected to de-
posit in the alveolar region, whereas the corresponding figure for
an AMAD of 5 mm is 10% (ICRP 2015). This results in dif-
ferent dose coefficients, 3.6 and 5.5 mSv Bq−1 for AMAD
15 mm and 5 mm, respectively (for Type M/S material and
234U inhalation intake). The urinary excretion rate (modeled
using Taurus software, Base version 1.0; UK Health Secu-
rity Agency, Didcot, Oxon, UK) is approximately a factor
of 2 to 4 times lower (time-dependent) for the AMAD 15
mm compared to the AMAD 5 mm scenario.

Since the surface-to-volume ratio increases for small
particles, one can suspect that small particles reaching the
alveolar region will dissolve at a more rapid rate than large
particles (Mercer 1967). In the HRTM, absorption is regarded
as a two-stage process (dissolution/dissociation and uptake)
(ICRP 2015). Uptake of dissolved material to blood is as-
sumed to occur instantaneously (if the bound fraction is as-
sumed to be zero, which is the case for uranium) in all regions
of the respiratory tract (except the anterior nasal passage, ET1,
where no absorption is assumed). It is recognized, however,
that the absorption likely is faster in the alveolar region due
to a thinner air-blood barrier (not accounted for in the model)
(ICRP 2015). Particles in the bronchiolar compartment (ciliated
airways) are transported to the bronchial compartment at a rate
of 0.2 d−1 (corresponding half-time 3.5 d) (ICRP 2015). This is
considerably faster than the transport rate of 0.002 d−1 (corre-
sponding half-time 350 d) from the alveolar to the bronchiolar
compartment. Thus, one can speculate that dissolution of parti-
cles that deposit in the alveolar region should be given more
www.health-phy
weight to the overall absorption than particles that deposit in
other regions of the respiratory tract. Thus, dissolution rate
experiments using only the smallest particle size fraction
might yield more representative absorption parameters.

The importance of particle size in dissolution can be il-
lustrated by revisiting the work of Mercer (1967), where the
mass m of a single particle at time t is given as (eqn 2):

m tð Þ
m0

¼ 1−
askt

3avrD0

� �3
; ð2Þ

wherem0 is the initial mass or the particle, as, and av are the
surface and volume shape factors, respectively; k is a propor-
tionality constant (mass per unit area per unit time); r is the
particle density; and D0 is the initial particle diameter. Fig. 1
illustrates the theoretical dissolution of monodisperse particles
(assuming smooth surfaces and spherical shape). Avalue of k
was taken to be 1� 10−7 g cm−2 d−1 [assumed to be constant
and derived from the paper byMercer (1967) by assuming pa-
rametervaluesclose to theTypeM/Smaterial, i.e.,r=3gcm−3,
and a population of particles with biological half-time of
1,400 d and median diameter of 5 mm] (Mercer 1967).

From Fig. 1 it can be seen that particle size can be of
great importance if the total mass contained in small (sub-
micron) particles is considerable. The question arises re-
garding which size-range has the highest impact on lung
dissolution rates. While large particles dominate the total
mass, small particles are expected to dissolve more rapidly
(as illustrated in Fig. 1). In the HRTM, large particles are
less likely to deposit in the alveoli compared to small parti-
cles, and particles with aerodynamic diameters around
0.01–0.02 mm and 1–2 mm are of particular interest since
they have deposition maxima in the alveolar region (ICRP
1994). Previous work at the site has demonstrated a very wide
range of uranium aerosol sizes (below 0.1mmup towell above
10mmgeometric diameter) using electronmicroscopy (Hansson
et al. 2017). The standard assumption of 5 mm AMAD and a
geometric standard deviation (GSD) of 2.5 covers a very
wide range of particle sizes: 95% of the total activity is
contained in particles between 0.8 mm and 31 mm (Hinds
1999). Thus, size fractionation (e.g., by using cascade im-
pactors) might be appropriate for in vitro experiments in sim-
ulated lung fluid compared to using bulk samples where large
particles dominate the mass.

However, experiments on the effect of particle size on
dissolution rates in simulated lung fluid (and thus lung ab-
sorption parameters) are scarce in the literature. Guilmette
and Cheng (2009) studied in vitro dissolution rates of de-
pleted uranium aerosols collected using 5-stage cyclone
samples (cut-points 7.9, 3.3, 2.3, 1.2, and 0.7 mm). The au-
thors found that the dissolved fraction generally increased
with lower cut-points, although exceptions were noted. An-
other study investigated the effect of the specific surface
sics.com
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Fig. 1. Theoretical calculation of the undissolved fraction over time for monodisperse particles of various sizes.
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area (SSA) (range 0.7–15.5 m2 g−1) of U3O8 samples and
found that the fr as well as the ss increased for samples with
higher SSA (Chazel et al. 1998). However, the effect was as
not clear forUO2materials (SSA range 1.1–4.5m2 g−1) (Chazel
et al. 2000).

In the present work, the effect of aerodynamic particle
size on dissolution in simulated lung fluid was investigated.
This is important in order to learn about the role of particle size
in theHRTM.Uranium aerosolswere collected duringwork at
the major workshops at a nuclear fuel fabrication plant. To ob-
tain samples representative for worker exposure, the operator
breathing zone at the main workshops was sampled using
portable cascade impactors, accomplishing aerodynamic size
fractionation. Lung absorption parameters as expressed in
the HRTM were evaluated for different aerodynamic sizes
(i.e., different impactor stage cut-points). The work was car-
ried out in the form of a main experiment and two supple-
mentary experiments to study the potential impact of pH drift
and adsorption of uraniummaterial on filter holders. In addi-
tion, the effect on the curve-fitting procedure used to deter-
mine the absorption parameters was evaluated depending
on the experimental duration.
MATERIALS AND METHODS

Aerosol sampling
The present study was carried out at a nuclear fuel fab-

rication plant run byWestinghouse Electric Sweden AB and
producing fuel for light-water reactors. Operations with po-
tential risk of internal exposure are carried out at four work-
shops. At the conversion workshop, batches of low-enriched
(up to 4.95% 235U enrichment) uranium hexafluoride (UF6)
are converted via ammonium uranyl carbonate (AUC) through
a wet-chemical process and reduced to UO2 in fluidizing
bed furnaces. In addition to the main processes, various
www.health-phy
side-processes associated with other uranium compounds
exist. At the powder preparationworkshop, various processes
including blending of uranium powders, powder milling, and
oxidizing of waste materials to U3O8 are carried out. The
UO2 powder is pressed, sintered, ground, and inspected at
the pelletizing workshop. In addition, burnable absorber
(BA) fuel (addition of neutron absorber, gadolinium oxide,
Gd2O3) is produced at a separate pelletizing workshop. The
processes at the plant have been described in more detail in
previous work (Hansson et al. 2017).

Previous work at the plant has shown bimodal particles
size distributions, with 75–88% of the radioactivity in uranium
aerosols at the plant workshops associated with an AMAD of
15–19 mm (depending on work tasks), i.e., a coarse particle
size distribution (Hansson et al. 2020). Remaining activity (re-
ferred to as a fine fraction) was associated with an AMAD of
2–7 mm. In cascade impactors, aerodynamic fractionation
is accomplished through a series (cascade) of impaction
stages where an airstream is directed toward an impaction
plate through a nozzle, forcing it to a 90-degree bend. Particles
with small aerodynamic diameters align with the airstream
more easily than large particles, which will attach by impac-
tion onto the plate (which can be prepared with an impaction
substrate). Each impaction stage is associated with a cut-point
that corresponds to the aerodynamic diameter that has a 50%
probability of impaction (Hinds 1999).

In the present work, 8-stageMarple 298 impactors (Prod.
No. SE298; Thermo Scientific, Waltham, MA) operated
at 2.0 L min−1 using Gilian 5000 pumps (Sensidyne, St.
Petersburg, FL) were used. The impactor/pump system is
portable, enabling sampling in the operating breathing zone
throughout the workday, allowing sampling more represen-
tative of actual exposure compared to, for example, static air
sampling. Air flow was checked before and after each sam-
pling by a rotameter calibrated with a MB-50 SLPM-D
sics.com
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orifice flow controller (Alicat Scientific, Tucson, AZ). Flow
rate uncertainties were estimated to ±0.05 L min−1. Impac-
tion stage cut-points were 21.3, 14.8, 9.8, 6.0, 3.5, 1.6, 0.9,
and 0.5 mm. The last impaction stage was followed by a fi-
nal collection stage, collecting remaining particles not cap-
tured by impaction. Prior to sampling, a mixed cellulose ester
(MCE) (SEC-290-MCE; Thermo Fisher Scientific, Waltham,
MA) impaction substrate was attached to each impaction
plate. Polyvinyl chloride (PVC) filters (Thermo Fisher Sci-
entific, SEF-290-P5) were used for the final collection
stage. Impactor stages were not coated with an adhesive to
avoid particle bounce, as this could distort the dissolution
rate experiments. The reasoning behind this was that particles
could be partially or entirely embedded in adhesive coating,
thus making the particle surface area less available for contact
with the simulated lung fluid and consequently making inter-
pretation of results difficult.

Sampling campaigns with cascade impactors were car-
ried out in the operator breathing zone at the different work-
shops (Table 1). Each sampling campaign was designed to
collect sufficient amounts of uranium for the dissolution rate
studies but avoid particle overload on the impactions stages
(which can lead to increased particle bounce-off). Time
periods for samplingwere determined based on previous knowl-
edge of typical levels of airborne uranium (Hansson et al.
2020). Sampling was carried out during work in the main pro-
duction lines during normal production conditions. Two to
four different operators participated in each round of sampling
to increase sampling representativeness (e.g., reduce the effect
from different work methodology). Sampling campaigns were
carried out in the conversion, powder preparation, pelletizing,
and BA pelletizing workshops, respectively. Active sam-
pling times (Table 1) vary since time on the workshop floor
varies between the different workshops, and sampling was
not carried out during administrative work in the control
rooms. Following each sampling campaign, filters were
stored in vacuum-sealed containers in order to minimize ox-
idation of particles.

Dissolution rate experiments
Several experimental setups for in vitro dissolution of

particles in simulated lung fluid have been published over
Table 1. Description of the breathing zone cascade impactor sam

Sample-ID Workshop
Sampling
time period

Active sampling
time (h)

74 Conversion 48 h 6.4 Ch

76 Powder preparation 4 d 3.1 Po

72 Pelletizing 48 h 22.7 Pe

73 BA pelletizing 5 d 21.7 Po

www.health-phy
the years (Ansoborlo et al. 1999; Marques et al. 2011). In
the present work, Gamble’s solution (Table 2) was chosen,
as it has been widely used in studies to simulate extracellu-
lar lung fluid (Ansoborlo et al. 1999). Each time new simu-
lated lung fluid was prepared, CO2 was bubbled through the
solution until a pH of 7.3 was reached.

Each impaction substrate and final collection filter was
cut in half and placed in a “filter sandwich.” The other half
of the sample was intended to be used for experiments on
dissolution rates in simulated gastric and intestinal fluids
(under preparation in a separate manuscript). The filter sand-
wich was prepared by placing each sample (impaction sub-
strate or final collection filter) between two membrane filters
(Supor-200, 0.2-mm pore size, 47-mm-diameter, P/N 60402;
PALL Life Sciences, Westborough, MA). The membrane fil-
terswere sealed using custom-made filter holders (polysulfone,
Quadrant 1000 PSU material; Total Plastics International,
Kalamazoo, MI). Each sample was placed in 100 g of sim-
ulated lung fluid in a plastic container, which was sealed
tight to avoid evaporation and placed in a laboratory oven
at 37 °C (Venticell, MMMMedcenter Einrichtungen GmbH,
Munich, Germany). At pre-determined time points (1 h, 3 h,
6 h, 9 h, 1 d, 2 d, 4 d, 8 d, 12 d, 16 d, 20 d, 26 d, 35 d, 50 d,
70 d, and 100 d), the filter sandwich was transferred to a
new container with 100 g of fresh simulated lung fluid. Ex-
perimental durations in the literature vary, with times up to
100 d (Kravchik et al. 2008). To the best of our knowledge,
no recommendations on experimental duration exist, and it
has not been described whether experimental duration might
affect the absorption parameters (e.g., if the ss is low, too
short an experimental duration could introduce increased un-
certainty in determination of the slow component).

After each sample transfer, the collected liquid sample
was conserved by adding 1 mL of concentrated HNO3 (ana-
lytical grade). Liquid samples were analyzed by inductively
coupled plasma mass spectrometry (ICP-MS).

Following the final liquid sample extraction, the filter
sandwich was removed from the filter holder for sample
preparation and alpha spectrometry. The filter holder was
rinsed with 2% HNO3 (analytical grade) to remove any ura-
nium that could have attached to the surfaces. In addition,
the filter holders were leached in 2% HNO3 to ensure that
pling.

Description of main work tasks

anging UF6 cylinders, UO2 powder homogenization, various
sampling and transportation of different uranium materials.

wder milling, oxidizing of discarded pellets, oxidizing of waste
material from pellet grinding, humidity check of uranium powder,
powder blending and powder transportation.

llet inspection and work with pellet grinders.

wder pressing, work with the pellet grinder and pellet inspection

sics.com
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Table 2. Ingredients of the simulated lung fluid based on Ansoborlo
et al. (1999).

Compound Quantity (mol L−1)

NaCl 0.116

NH4Cl 0.010

NaHCO3 0.027

Glycine 0.006

L-Cystéine 0.001

Na3 Citrate 0.0002

CaCl2 0.0002

NaH2PO4 0.0012
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no uranium remained after rinsing. However, it was noted
that some uranium remained, which justified supplementary
experiments (described below).

Supplementary experiments: repeated dissolution rate
experiments

For the samples described in Table 1, it was noted that
the pH drifted from 7.3 to about 7.6–7.7 (up to 8 or higher
for late time-points) while the samples were in the labora-
tory oven. To evaluate the effect of pH drift, a less extensive
version of the experiment was repeated. Breathing zone
sampling was repeated at the pelletizing and BA pelletizing
workshops (Appendix A).

Impaction substrates from every two impaction stages
(cut-points: 21.3, 9.8, 3.5, and 0.9 mm) and final collection
filters were evaluated in parallel in two experimental setups.
One third of each substrate was evaluated in the laboratory
oven and one third in a laboratory incubator (INCO 2,
Memmert GmbH, Schwabach, Germany) allowing for 5%
atmospheric CO2 in the chamber (the laboratory incubator
was not available during the main experiment, in which case
only the laboratory oven could be used). The remaining
third was saved for experiments on dissolution rates in sim-
ulated gastric and intestinal fluids (under preparation in a
separate manuscript).

For the repeated experiment, the pH for samples in the
incubator was stable over time at 7.6 ± 0.1, whereas the pH
for samples in the laboratory oven drifted from 7.7 ± 0.1 to
8.1 ± 0.2. This was higher than in the previous round of ex-
periments, probably since the initial pH was not manipulated
by bubbling CO2 through the sample (this was intentional, as
to allow as straightforward a comparison between laboratory
oven and incubator as possible).

The plastic containers in the incubator were open to allow
for gas exchange, which led to approximately 1% evaporation
loss per 24 h in in the chamber. Samples were collected at 1 h,
3 h, 6 h, 9 h, 1 d, 2 d, 5 d, 8 d, 16 d, 26 d, and 40 d.

Supplementary experiments: uranium adsorption on
filter holders

Following the main experiment, the filter holders were
leached in 2%HNO3 (analytical grade) toverify a lowadsorption
www.health-phy
of uranium onto the filter holders. The solution was prepared
and analyzed using alpha spectrometry. A negligible adsorp-
tion was expected onto the filter holder (polysulfone mate-
rial), but the levels were considerable compared to the total
amounts detected in the liquid samples. The median ratio
of uranium on the filter-holder to the total dissolved amount
in liquid samples was 0.29 (Q1–Q3 range: 0.12–1.84). Sim-
ilar observations have been made elsewhere; e.g., Sdraulig
et al. (2008) noted a significant fraction of uranium activity
in a precipitate on filter holders and in the calculations allo-
cated the material to the dissolved fraction proportionally to
concentration. Cera et al. (2000) discovered the formation
of a secondary solid phase of uranium following dissolution
of UO2 pellets in simulated saline water.

Our observation could be described by dissolved mate-
rial attaching to the filter holder (e.g., as a precipitate) or by
particle leakage from the membrane filter. We decided to
further investigate this. By preparing a solution with 235U
in solution only, particle leakage can be safely disregarded.
Thus, if uranium can be detected on the filter holder or
membrane filter, it can originate from formation of a precipitate
(other than liquid soaking into the membrane filter and droplets
on the filter holders, but this would be expected to be constant).

Samples (15 in total) of fresh simulated lung fluid were
prepared, and 0.3 mg of 235U from a certified uranium solu-
tion (Eckert & Ziegler Isotope Products, Valencia, CA; ref-
erence number 1263-94) was added to each sample. Themass
corresponded to approximately the maximum mass of ura-
nium dissolved in any liquid sample for the experiments of
samples described in Table 1. The samples were placed in
the incubator using the same settings as for the repeated disso-
lution rate experiment (previous section). Samples were col-
lected at about 1 h, 2 h, 3 h, 4 h, 6 h, 21 h, 2 d, 4 d, 6 d, 8 d,
11 d, 15 d, 22 d, 32 d, and 39 d. Procedure blank samples were
collected at 2 h and 11 d. Upon collection, the filter sandwich
was immediately removed from the solution, and the mem-
brane filter was removed from the filter holder. Themembrane
filter was acid digested in concentrated HNO3 and aqua
regia following addition of 232U yield determinant (Isotrak,
AEA Technology, PLC, Didcot, UK). The filter holder was
leached in 2% HNO3 following addition of 232U yield de-
terminant. The samples were analyzed using alpha spec-
trometry.

Analysis: ICP-MS
All sample solutions in the main experiment, including

the two procedure blank series (i.e., leaching of a blank
MCE impaction substrate and a PVC final collection filter)
were analyzed using ICP-MS (Agilent 8800 Triple Quad;
Agilent Technologies, Santa Clara, CA). When needed, sam-
ples were diluted to ensure analysis in pulse count mode only,
avoiding calibration uncertainties between count and analogue
mode. A 233U tracer calibrated against a 232U standard solution
sics.com
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(National Physical Laboratory, Teddington, UK; product code
R20-02) was used. Samples from the repeated experiments
(section: Supplementary experiments: repeated dissolution rate
experiments) were analyzed using anAgilent 8900 Triple Quad
ICP-MS in single quadrupole mode (Agilent Technologies).
A cross-comparison between the two ICP instruments was
carried out by analyzing 40 samples from the main experi-
ments on both instruments. The total amount of 238U agreed
well (median ratio 0.997 with Q1–Q3 range: 0.965–1.088).

Mass numbers 232, 233, 235, and 238 were analyzed.
Mass number 234 was analyzed occasionally, but levels
were generally too low and would have required a different
sample preparation. The dwell time was typically set to 0.1
ms for each mass number, and the number of replicates per
mass was 4–5. A rinse protocol (3% supra pure HNO3) was
run between each sample to minimize the contribution from
sample residue in the instrument (e.g., tubes). In addition, acid
blank samples were run regularly (typically every fourth sam-
ple) to determine the machine background level. Uranium
standards (certified reference material 112-A and U500;
New Brunswick Laboratory, New Brunswick, NJ) were run
regularly to monitor mass-bias and ensure instrument stability.

Mass number 232 was used to evaluate the presence of
232Th, since the hydride 232Th1H+ can affect the count rate
at mass number 233. The median count rate ratio for mass
numbers 233 and 232 was 1.4 (Q1–Q3 range: 0.7–2.2) for
all samples. The maximum ratio was 19. Shi et al. (2013)
have demonstrated that the 232Th1H+/232Th+ ratio was 6.6
� 10−5 for a 232Th standard solution. For samples in the
present work, the contribution from 232Th1H+ was thus con-
sidered negligible.

The following data processing was carried out to obtain
the total amounts of 238U in each liquid sample:

1. Replicates were evaluated for potential outliers (that might
be present due to sample heterogeneities, which can cause
sampling and injection of nanometer-sized particles in the
plasma). Outliers identified using Grubb’s test (0.05 sig-
nificance level) were excluded (Grubbs 1969);

2. Count rates for each sample and mass number were
corrected by subtracting the average instrument back-
ground level before and after sample analysis. When
more than one consecutive sample had been analyzed,
linear interpolation was used; and

3. The final 238U result was calculated using the 238U/233U
ratio and the known amount of tracer in the sample. Cor-
rections taking into account tracer interference for mass
number 238, procedure blank levels, and aliquot frac-
tions were carried out.

Only the data for 238U were used in the present work.
Analysis: alpha spectrometry
Filter samples were acid digested in conc. HNO3 followed

by aqua regia after addition of 232U yield determinant
www.health-phy
(Isotrak, AEATechnology, PLC, Didcot, UK). Samples were
prepared by radiochemical separation (Holm 1984) and
electrodeposition onto planchettes (Hallstadius 1984). Alpha
spectrometry measurements (analysis using ICP-MS would
have introduced uncertainties due to required dilution of ap-
proximately a factor 500) were carried out using passivated
implanted planar silicon detectors (Canberra PIPS, Mirion
Technologies Inc, San Ramon, CA), ORTEC (Oak Ridge,
TN) Octête MCA system, and ORTEC Maestro software.
Counting times varied between 2–33 d.

A comparison of the alpha spectrometry and ICP-MS
analysis was carried out by analyzing 8 liquid samples with
both methods. The results agreed within 10% (mean ratio
0.93 ± 0.11 for 238U, only taking into account counting sta-
tistics), which was considered satisfactory.

Data evaluation and statistical analysis
Data for 238U were used to evaluate the undissolved

fraction as a function of time (eqn 1). U0 was defined as
the sum of (1) 238U in all liquid samples, (2) 238U in the filter
sandwich at the end of the experiment, and (3) 238U after ad-
ditional leaching of the filter holder. In addition to the undis-
solved fraction, the dissolution rate [i.e., 238U mass (mg) in
the sample divided by the sample time (d) in solution] was
evaluated. For 20 liquid samples (576 in total) among 15 fil-
ter series (36 in total), unexpected increases in the calculated
dissolution rate that did not follow the general trend of the
data were observed. These samples were considered outliers,
and the dissolved amount of 238Uwas approximated based of
the dissolution rates of adjacent samples instead. This is fur-
ther discussed in the Uncertainties section.

Lung absorption parameters (fr, sr and ss) were derived
by fitting experimental data to eqn (1) using a nonlinear re-
gression model fit in MATLAB (version R2018b). A statis-
tical evaluation of uncertainties was carried out by random
sampling from assumed normal distributions of the ICP-
MS and alpha spectrometry analyses, as well as the tracers
used (3% and 2% for the 233U and 232U tracers, respectively,
with assumed rectangular distributions). Uncertainties due
to weighing were considered low in comparison to the other
uncertainties and thus not considered. Simulations and curve-
fits were repeated 5,000 times for each analyzed impactor
stage [10,000 simulations per sample gave the same results
for parameters (within 0.1%) and standard deviations (within
1%) based on a comparison of 5 randomly selected samples].
Lung absorption parameterswere expressed as themeanwith
its standard deviation.

Dosimetric evaluation
It has been demonstrated that activity size distributions

at the plant can be describedwith a bimodal size distribution
(fine and coarse fraction), with some variations across the
different workshops (Hansson et al. 2020). For the dosimet-
ric evaluation, it was thus assumed that impactor stages with
sics.com

http://www.health-physics.com


18 Health Physics July 2022, Volume 123, Number 1
cut-points greater than 5 mm (i.e., the first four stages) rep-
resent the coarse fraction, and remaining impactor stages +
final collection stage represent the fine fraction.

Dose coefficients (committed effective dose, CED and
lung equivalent dose, Hlung) for each workshop were evalu-
ated using the Taurus internal dosimetry software. The ICRP
130 particle transport model was used to simulate inhalation
intake of 1 Bq of 234U (which typically constitutes >80% of
the uranium activity at the plant). The average lung absorp-
tion parameters for the coarse and fine fraction, respectively,
were used. The alimentary tract transfer factor ( fA) was calcu-
lated as 0.02 � fr (ICRP 2017). An AMAD of 15 and 5 mm
was used for the coarse and fine fraction, respectively. De-
fault geometric standard deviation (GSD = 2.5), aerosol den-
sity (3 g cm−3), and shape factor (1.5) were used, as they were
not possible to modify in the software.
RESULTS AND DISCUSSION

Activity measurements
Radiometric data of undissolved uranium on the filter

sandwiches (membrane filter with either impactor substrate
or final collection filter), as determined by alpha spec-
trometry, are presented in Appendix B. The 238U activity
was converted to mass using a specific activity constant of
12,436 Bq g−1 (Nuclonica.org, Nuclid Datasheet ++ appli-
cation). Levels ranged between 0.05-4 mg 238U. Procedure
blank levels were 0.01–0.03 mg 238U.

Levels of 238U in liquid samples for ICP-MS analyses
ranged between 2–4,000 pg mL−1 (procedure blank levels:
3 ± 1 pgmL−1). About 1% of the samples (575 in total) were
below the average procedure blank level, and 17% of the
samples were below two times the average procedure blank
level. The majority of these samples originated from four
different sample series where at least 8 samples per series
(16 in total) were below double the average procedure blank
level. The affected series were the 0.5 mm stage at the con-
version, pelletizing, and BA pelletizing workshop, and the
0.9 mm stage at the BA pelletizing workshop. This was
due to the low sampling flow rate (2 L min−1), which re-
sulted in insufficient material during the time of sampling
for the sub-micron stages, which were associated with a
small fraction of the total collected mass. Thus, derived
lung absorption parameters for these series should be viewed
with caution.

Lung absorption parameters
Undissolved fractions (stages with cut-points 21.3, 3.5,

and 0.9mm) for 0–100 d are given in Fig. 2. The full figures
(all impaction stages) are given in Appendix C, Fig. C1.

From Fig. 2 it appears that the dissolution characteris-
tics can differ between impaction stages, which is expected
since the SSA of small particles can be expected to be higher.
However,manyexceptions from the relationship can be seen; i.e.,
www.health-phy
a lower cut-point does not always indicate a lower undissolved
fraction at the end of the experiment (Appendix C, Fig. C1
and Fig. 3). Several explanations are plausible, e.g., the results
may be due to the presence of multiple size distributions of
particles with different properties (e.g., chemical compound,
porosity, AMAD, and density). This is discussed in further
detail in the Uncertainties section. A previous study noted
a similar pattern (Guilmette and Cheng 2009). Interestingly,
the undissolved fraction at the end of the experiment was
higher for the final collection filter compared to the final im-
paction stage (cut-point 0.5 mm) for some workshops (Ap-
pendix C, Fig. C1 and Fig. 3). We interpret this as a result
of particle bounce in the impactor, i.e., large particles that
have bounced off the impaction stages and reached the final
collection filter. Signs of particle bounce have been observed
for the 0.9 mm and 0.5 mm impaction stages and the final
collection filter (Hansson et al. 2020). As a result, absorption
parameters derived from these stages might be less credible
(e.g., underestimating the rapid fraction) than parameters
derived from earlier impaction stages.

Absorption parameters per impaction stages and work-
shops are presented in Fig. 3. It is evident that the conver-
sion workshop has the highest fr, indicating a presence of
uranium materials that are soluble in the respiratory tract.
This is expected due to the variety of different uranium
compounds handled at the workshop. The fr appears to
range between 0.2–0.8, suggesting material intermediate
to Type M and Type F/M, with a sr more resembling Type
F. The ss, however, appears to be close to Type M/S mate-
rial. It is likely that the observations correspond to a com-
bination of uranium compounds that are soluble (e.g., AUC)
and relatively insoluble (e.g., UO2 powder) in the respira-
tory tract.

The remaining workshops handle UO2 and/or U3O8 in
various forms (e.g., powder and/or sintered pellets). The ab-
sorption parameters at the powder preparation workshop
appear to agree well with the ICRP default absorption type
(TypeM/S), with the exception of sr, which is closer to Type
M or Type Fabsorption types. At the pelletizing workshops,
the absorption parameters are closest to Type S absorption
type (with the exception of sr). This is probably due to a
large fraction on particles originating from sintered material
(e.g., work near pellet grinders and pellet inspection), which
has a lower SSA compared to the powder material. The sr
resembled Type M or Type F materials. It is worth noting that
in the previous ICRP recommendations, the srwas 100 d

−1 for
all absorption types.

In general, the correlation between absorption parame-
ters and impaction stages appears to be somewhat inconsis-
tent. This could indicate that the effect of aerodynamic size
is of secondary importance compared to other variations
(e.g., multiple size distributions and chemical compounds,
further discussed in the Uncertainties section). It could also
sics.com
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Fig. 2. Undissolved fraction of 238U for three impaction stages for each workshop. The most relevant ICRP default absorption types are included
for comparison. Error bars correspond to ±1 standard deviation. Samples for the 0.9-mm fraction for the BA pelletizing workshop were frequently
close to the detection limit (i.e., 238U levels close to procedure blank samples), and thus the 1.6-mm fraction was selected instead.
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be a matter of SSA. If the SSA is large (i.e., porous parti-
cles), the particle size might be of secondary importance.
In Fig. 3, a correlation between absorption parameter and
impactor cut-point appears to be present for the ss at the pel-
letizing workshop. The particles are expected to originate
predominantly from sintered material with low SSA; hence,
the particle size could be of greater importance.

Dosimetric evaluation
Dose coefficients for assumed coarse (impactor stage

cut-point ≥5 mm) and fine (impactor stage cut-point <5 mm)
fractions for each workshop are presented in Table 3.

When exposure to uranium aerosols is evaluated, bio-
assay data (e.g., urine samples) are typically used. Although
in vitro experiments using simulated lung fluid represent a
simplified version of the respiratory tract, it might be justi-
fied to adjust certain parameters if this gives a better fit to
the bioassay data (Marsh et al. 2005). Indeed, previous work
has recommended conducting in vitro experiments but as a
complement to in vivo data (Chazel et al. 2001).

Supplementary experiments: repeated dissolution rate
experiments

Absorption parameters following the repeated dissolu-
tion rate experiments were difficult to evaluate due to very
low levels of 238U in the samples. About 20% of the sam-
ples (220 in total) were below the average procedure blank
level, and about 50% of the samples were below two times
www.health-phy
the procedure blank level. This introduces significant un-
certainties when subtracting the procedure blank levels.
Furthermore, it was noted that samples (including proce-
dure blanks) collected at times 2 and 5 d showed higher than
expected dissolution rates (mg 238U d−1) (i.e., an increased
dissolution rate compared to adjacent samples, which could
indicate cross-contamination). The amount of 238U in these
samples and two additional samples showing signs of parti-
cle penetration was approximated based on the dissolution
rates of adjacent samples.

One impactor sample (cut-point 9.8 mm, sampling se-
ries 81, Table A1) generated simulated lung fluid samples
with 238U levels above the procedure blank level throughout
the entire series for both laboratory oven and incubator. The
undissolved fraction over time is shown in Fig. 4 and de-
rived absorption parameters in Table 4.

The results in Table 4 and Fig. 4 indicate similar results
regardless of whether the incubator or laboratory oven was
used. This indicates that the pH variations observed in the
main experiment (samples in Table 1) are of secondary im-
portance. The fr in Table 4 is similar to what is presented in
Fig. 3 and Table 3 for the BA pelletizing workshop, whereas
the sr and ss are lower. Variations in day-to-day work tasks,
and thus sampled aerosols, is a plausible explanation for the
observed differences. It is also noted that the curve-fit for
early samples in Fig. 4 is poor for early samples, which af-
fects the fr and sr parameters.
sics.com
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Fig. 3. Absorption parameters as a function of impaction stage cut-point for the different workshops. The final collection filter does not have a cut-
point, but a value of 0.25 mm was assigned to allow for inclusion in the figure. The most relevant ICRP default recommendations are presented
(dashed lines) for comparison. Error bars correspond to ±1 standard deviation. The y-axis for slow rate, conversion, was cut due to a highly uncer-
tain datapoint for the 0.5-mm cut-point stage (0.02 ± 0.21 d−1). The 0.5-mm stage at the conversion, pelletizing, and BA pelletizing workshop, and
the 0.9-mm stage at the BA pelletizing workshop should be viewed with caution due to several samples close to procedure blank levels.
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Supplementary experiments: uranium adsorption on
filter holders

As previously mentioned (Materials and Methods),
leaching of filter holders from the main experiment revealed
elevated levels of uranium. The supplementary adsorption
experiments using a 235U solution indicated that this effect
was very small: 0.4% of the uranium in solution was at-
tached to the filter holder, and 0.4% to the membrane filter.
Thus, <1% of uranium in each liquid sample can be ex-
pected to be lost to the filter holder and membrane filter
sandwich. These losses corresponded mainly to the uptake
of liquid rather than precipitate. Thus, we consider the effect
of precipitation small for the present work. The observed
uptake on filter holders was interpreted as an effect of parti-
cle leakage and not assigned to the dissolved fraction (but to
the total activity).

Uncertainties
There aremany challengeswhen conducting experiments

to determine the ICRP absorption parameters in vitro in simu-
lated lung fluid. This includes aerosol sampling, conducting
the dissolution experiments, analysis of samples, and data
evaluation (e.g., curve-fitting). The analytical analysis (i.e.,
ICP-MS and alpha spectrometry) of the samples has far fewer
www.health-phy
problems, and the uncertainties from this step are small
compared to the other steps. We find it important to share
our experiences regarding these challenges and the sup-
plementary test we have carried out in order to help other
researchers in the field. Such sources of uncertainty are dis-
cussed below.

Sampling representativeness and particle losses. Cas-
cade impactor sampling in the operator breathing zone pro-
vides sampling representative to exposure. There are, however,
sources of uncertainty to bear in mind while using cascade
impactors. The impactor stage cut-point is defined as the
aerodynamic size of particles with 50% probability of im-
paction. This introduces some overlap between impaction
stages, and in addition, particles can occur in agglomerates,
and small particles can attach to large particles. Sampling of
agglomerates present in air is correct from a dosimetry point of
view but might obscure the correlation between undissolved
fraction (and thus absorption parameters) and impactor cut-
points. Moreover, phenomena such as particle bounce can oc-
cur in the impactor, resulting in large particles depositing at
low cut-point impactor stages. The issue of particle bounce
is well known to occur in impactor sampling. The bounce
sics.com
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effect can be reduced by using adhesive coating. In the pres-
ent work, adhesive coating was not used due to the risk of
interference with the dissolution of particles in simulated
lung fluid (e.g., if particles were embedded in coating mate-
rial). In the present work, it cannot be ruled out that particle
bounce could have obscured the correlation between ab-
sorption parameters and impactor stage cut-point, at least
for the 0.9 mm, 0.5 mm, and final collection stages, where
indications of a bounce effect has been previously noted
(Hansson et al. 2020). The question of coating is not trivial
considering choice of coating material and how to apply it
in a reproducible way. For example, Khalili et al. (2018)
demonstrated that the choice of coating material affected
the fine particle fraction among other parameters, in next
generation impactors. The impact of particle bounce/
coating on dissolution rates could be studied in future work,
e.g., by applying adhesive coating to a selection of impac-
tion stages.

Experimental setup. There are several methods in use
for evaluation of particle dissolution in simulated lung fluid,
which can affect the experimental outcome (Ansoborlo et al.
1999;Marques et al. 2011). To the best of our knowledge, no
gold standard exists. Variable factors include different formu-
las for simulated lung fluid, whether macrophages should be
included, static/dynamic systems, pH, temperature, filter
materials, experiment duration, etc. In our work, the pH
was slightly higher than 7.3–7.4 (used in most studies).
The effect of pH variations on the absorption parameters ap-
peared to be small (Fig. 4). Previous work demonstrated that
a pH shift from 7 to 8 reduced the dissolved fraction by a fac-
tor ≈0.8 for UO2 material (Duport et al. 1991). Sutton and
Burastero (2004) used a chemical thermodynamic speciation
code to model dissolution characteristics of uranium in sim-
ulated lung fluid. Their results predicted stable solubility in
the pH range relevant for the present work and that carbon-
ate complexes [primarily (UO2(CO3)

3)�4] are the dominat-
ing species. Since the amount of carbonates is stable in the
pH range observed in the present work, we argue that the
observed pH fluctuations are of secondary importance.

Experimental duration. In the present work, the ex-
periment was terminated after 100 d. However, derived ab-
sorption parameters varied depending on the time-period
considered in the curve-fitting procedure. For example,
the ss for the pelletizing workshop increased by almost a
factor of 2 if only samples collected up to day 40 (instead
of day 100) were considered. If only samples collected dur-
ing the first 10 dayswere considered, ss increased by a factor
of 4. The effect on fr and sr was less prominent. This obser-
vation could be of importance when bioassay data are eval-
uated. Considering that some materials (e.g., Type S) corre-
spond to very long half-times (e.g., a ss of 1� 10−4 d−1 cor-
responds to almost 7,000 d half-time), a long experimental
sics.com
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Fig. 4. Comparison of the undissolved fraction for a 9.8-mm cut-point impactor stage following sampling at the BA pelletizing workshop. Error
bars correspond to ±1 standard deviation.
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duration seems appropriate in order to achieve a good
curve-fit if the experimental conditions are stable.

Particle penetration through membrane filter. If
particles penetrate through the membrane filter sandwich,
this can distort the calculated undissolved fraction and thus
absorption parameters. Indications of this phenomenon were
identified by studying the dissolution rate (mg d−1) for each
sample, i.e., the ratio of 238U (mg) in the sample divided
by the sample time (d) in the solution. The dissolution rate
was expected to be highest in the beginning and gradually
decrease. This was indeed observed, but in some cases, devia-
tions were seen (sudden increases in dissolution rate), which
can be interpreted as particle penetration through themembrane
filter sandwich (e.g., due to diffusion and/or disturbances when
the filter sandwich wasmoved to a container with fresh sim-
ulated lung fluid). This was corrected for as described in the
Materials and Methods section. This was particularly promi-
nent for late samples (d 40 or later) at the powder preparation
and pelletizing workshop. Simply excluding samples with a
Table 4. Comparison of absorption parameters for incubator and
laboratory oven for the 9.8-mm cut-point impactor substrates, collected
at the BA pelletizing workshop, in simulated lung fluid. Numbers in
brackets indicate 1 standard deviation.

Incubator Laboratory oven

Rapid fraction, fr (-) 0.022 (0.001) 0.027 (0.002)

Rapid rate, sr (d
−1) 0.70 (0.06) 0.65 (0.07)

Slow rate, ss (d
−1) 1.3 � 10−4 (0.1 � 10−4) 1.3� 10−4 (0.2� 10−4)

www.health-phy
deviating dissolution ratewould have distorted the undissolved
fraction, which is an accumulation of previous samples.

For some data series, a general increase in the dissolution
rate was observed after about 10 d, which could be interpreted
as more subtle particle penetration. This could overestimate
the amount of dissolved 238U (and thus underestimate the un-
dissolved fraction) for late time-points. As a consequence,
the ss parameter could be overestimated. However, excluding
data-points (e.g., only using from the first 10 or 40 d of the
experiment) would also lead to overestimation of the ss pa-
rameter due to bias in the curve-fitting procedure (as men-
tioned in the previous section). Thus, we considered it more
appropriate to use data for the entire time period. This was
obvious when curve-fitting was carried out after exclusion
of late samples: the modeled undissolved fractions at late
time-points was lower than actually measured, even though
late samples could be affected by some degree of particle
leakage. Information on particle leakage during this type
of experiment is scarce in the literature.
CONCLUSION

We have demonstrated that dissolution characteristics
for uranium aerosols in simulated lung fluid, sampled and
size fractionated using cascade impactors, can differ depend-
ing on impactor stage cut-point. A larger mass fraction of sam-
pled uranium was dissolved for stages with small cut-points
compared to stages with large cut-points. This was expected,
since small particles are expected to have a higher surface-
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to-volume ratio. Many exceptions were noted, however. We
speculate that this is primarily an effect of multiple particle
sources of differing physicochemical composition, which is
probable since sampling was carried out in the operator breath-
ing zone during ordinarywork,which consists ofmultiple tasks.
Other reasons may include effects from sampling artifacts,
such as particle bounce.

Derived absorption parameters were in general in fair
agreement with ICRP default parameters. The conversion
workshop resembled Type M or Type M/S material and was
probably a combination of uranium compounds that are solu-
ble and relatively insoluble in the respiratory tract. The powder
preparation workshop resembled Type M/S material, whereas
the pelletizing workshop resembled Type S material. The sr
was larger than the ICRP default parameters throughout all
measurements but lower than previously recommended by
the ICRP 66 publication.

The correlation between derived absorption parameters
and impactor stage cut-point was not always clear. If stages
with cut-points smaller than 5 mmwere considered as a fine
fraction and cut-points larger than 5 mm were considered a
coarse fraction, differences in absorption parameters between
the fractions were not statistically significant.

In conclusion, it might be appropriate to conduct size
fractionation prior to conducting in vitro experiments. Aero-
dynamic particle sizes near the alveolar deposition maxima
(about 0.01–0.02 mm and 1–2 mm) are probably of particu-
lar interest. However, the effect on absorption parameters in
this study appeared to be relatively small.

The experimental duration can be an important factor
to consider for future work, as it affects the curve-fitting;
e.g., if fewer samples were considered in the curve-fitting
procedure, higher slow rates were estimated. Future work
includes using the derived absorption parameters when
evaluating bioassay data from workers at the site, as well
as dissolution rate experiments in simulated gastrointestinal
fluids. The effect of particle bounce and impactor stage
coating should be further studied to determine if it obscures
the relationship between absorption parameters and aerody-
namic particle size.
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APPENDIX A
Breathing zone sampling was repeated at the pelletizin
g and BA pelletizing workshops (Table A1).
Table A1. Details regarding sampling for the supplementary experiments (repeated dissolution rates).

Sample-ID Workshop Sampling time period Active sampling time (h) Description of main work tasks

82 Pelletizing 48 h 22.5 Pellet inspection and work with pellet grinders.

81 BA pelletizing 5 d 12.8 Powder pressing, work with the pellet grinder
and pellet inspection
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APPENDIX B
Radiometric data of undissolved uranium on the filter
final collection filter), as determined by alpha spectrometry,
sandwiches (membrane filter with either impactor substrate or
are presented in Appendix B (Table B1).
Table B1. Radiometric data (alpha spectrometry) for the undissolved amount of 238U. Numbers in brackets indicate 1 standard
deviation from counting statistics.

Workshop
Impactor stage
cut-point (mm) 238U (Bq) 238U (mg)

Conversion 21.3 7.10 � 10−3 (1.41 � 10−4) 5.71 � 10−1 (1.13 � 10−2)

14.8 8.72 � 10−3 (2.42 � 10−4) 7.01 � 10−1 (1.95 � 10−2)

9.8 6.74 � 10−3 (1.96 � 10−4) 5.42 � 10−1 (1.58 � 10−2)

6.0 5.14 � 10−3 (1.19 � 10−4) 4.13 � 10−1 (9.60 � 10−3)

3.5 1.86 � 10−3 (7.09 � 10−5) 1.50 � 10−1 (5.70 � 10−3)

1.6 1.27 � 10−3 (9.00 � 10−5) 1.02 � 10−1 (7.24 � 10−3)

0.9 6.79 � 10−4 (5.22 � 10−5) 5.46 � 10−2 (4.20 � 10−3)

0.5 7.21 � 10−4 (8.48 � 10−5) 5.80 � 10−2 (6.82 � 10−3)

<0.5 2.74 � 10−3 (1.46 � 10−4) 2.21 � 10−1 (1.18 � 10−2)

Powder preparation 21.3 2.69 � 10−2 (8.34 � 10−4) 1.93 (6.00 � 10−2)

14.8 3.79 � 10−2 (3.72 � 10−4) 2.82 (2.77 � 10−2)

9.8 5.16 � 10−2 (1.81 � 10−3) 3.77 (1.33 � 10−1)

6.0 4.46 � 10−2 (1.86 � 10−3) 3.27 (1.36 � 10−1)

3.5 3.18 � 10−2 (8.11 � 10−4) 2.29 (5.85 � 10−2)

1.6 3.44 � 10−2 (1.15 � 10−3) 2.44 (8.18 � 10−2)

0.9 1.92 � 10−2 (5.04 � 10−4) 1.44 (3.78 � 10−2)

0.5 7.13 � 10−3 (2.86 � 10−4) 5.34 � 10−1 (2.14 � 10−2)

<0.5 4.93 � 10−3 (1.50 � 10−4) 3.62 � 10−1 (1.10 � 10−2)

Pelletizing 21.3 4.55 � 10−2 (9.96 � 10−4) 3.66 (8.01 � 10−2)

14.8 2.59 � 10−2 (5.80 � 10−4) 2.08 (4.66 � 10−2)

9.8 3.90 � 10−2 (9.70 � 10−4) 3.14 (7.80 � 10−2)

6.0 2.62 � 10−2 (8.90 � 10−4) 2.10 (7.16 � 10−2)

3.5 1.45 � 10−2 (3.31 � 10−4) 1.17 (2.66 � 10−2)

1.6 8.86 � 10−3 (2.29 � 10−4) 7.12 � 10−1 (1.84 � 10−2)

0.9 4.82 � 10−3 (1.15 � 10−4) 3.87 � 10−1 (9.22 � 10−3)

0.5 2.52 � 10−3 (1.34 � 10−4) 2.03 � 10−1 (1.08 � 10−2)

<0.5 9.23 � 10−3 (2.80 � 10−4) 7.42 � 10−1 (2.25 � 10−2)

BA pelletizing 21.3 4.91 � 10−3 (1.78 � 10−4) 3.95 � 10−1 (1.43 � 10−2)

14.8 8.81 � 10−3 (2.23 � 10−4) 7.08 � 10−1 (1.80 � 10−2)

9.8 8.93 � 10−3 (2.66 � 10−4) 7.18 � 10−1 (2.14 � 10−2)

6.0 9.16 � 10−3 (3.06 � 10−4) 7.36 � 10−1 (2.46 � 10−2)

3.5 9.64 � 10−3 (3.41 � 10−4) 7.75 � 10−1 (2.74 � 10−2)

1.6 6.91 � 10−3 (1.71 � 10−4) 5.56 � 10−1 (1.37 � 10−2)

0.9 2.40 � 10−3 (8.00 � 10−5) 1.93 � 10−1 (6.43 � 10−3)

0.5 1.32 � 10−3 (1.09 � 10−4) 1.06 � 10−1 (8.78 � 10−3)

<0.5 1.87 � 10−3 (1.22 � 10−4) 1.50 � 10−1 (9.77 � 10−3)

Procedure blanks

Membrane filters + MCE impaction substrate – 4.30 � 10−4 (4.00 � 10−5) 3.46 � 10−2 (3.21 � 10−3)

Membrane filters + final collection filter – 1.84 � 10−4 (3.87 � 10−5) 1.48 � 10−2 (3.11 � 10−3)
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APPENDIX C
The full figures (all impaction stages) are given in F
ig. C1.
Fig. C1. Undissolved fraction of 238U for all impaction stages for each workshop. The ICRP default absorption types are included for comparison.
Error bars correspond to ±1 standard deviation. The filter holders for the 14.8-mm stage at the powder preparation workshop and 0.5-mm stage at
the conversion workshop were accidentally destroyed, and thus 238U from additional leaching could not be added to U0. The 0.5-mm stage at the
conversion, pelletizing, and BA pelletizing workshop, and the 0.9-mm stage at the BA pelletizing workshop should be viewed with caution due to
several samples close to procedure blank levels.
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