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Particle Size Dependent Dissolution of Uranium Aerosols in Simulated
Gastrointestinal Fluids

Ibtisam Yusuf,1 Edvin Hansson,2,3 Mats Eriksson,2 Per Roos,4 Patric Lindahl,5 and Håkan B. L. Pettersson1
Abstract—Uranium aerosol exposure can be a health risk factor
for workers in the nuclear fuel industry. Good knowledge about
aerosol dissolution and absorption characteristics in the gastroin-
testinal tract is imperative for solid dose assessments and risk
management. In this study, an in vitro dissolution model of the GI
tract was used to experimentally study solubility of size-fractionated
aerosols. The aerosols were collected from four major workshops in
a nuclear fuel fabrication plant where uranium compounds such as
uraniumhexafluoride (UF6), uraniumdioxide (UO2), ammoniumura-
nyl carbonate, AUC [UO2CO3·2(NH4)2CO3] and triuranium octoxide
(U3O8) are present. The alimentary tract transfer factor, fA, was esti-
mated for the aerosols sampled in the study. The transfer factor was
derived from the dissolution in the small intestine in combination with
data on absorption of soluble uranium. Results from the conversion
workshop indicated a fA in line with what is recommended (0.004)
by the ICRP for inhalation exposure to Type M materials. Obtained
transfer factors, fA, for the powder preparation and pelletizing work-
shops where UO2 and U3O8 are handled are lower for inhalation
and much lower for ingestion than those recommended by the ICRP
for Type M/S materials fA = 0.00029 and 0.00016 vs. 0.0006 and
0.002, respectively. The results for ingestion and inhalation fA indi-
cate that ICRP’s conservative recommendation of fA for inhala-
tion exposure is applicable to both ingestion and inhalation of in-
soluble material in this study. The dissolution- and subsequent
absorption-dependence on particle size showed correlation only
for one of the workshops (pelletizing). The absence of correlation
at the other workshopsmay be an effect of multiple chemical com-
pounds with different size distribution and/or the reported pres-
ence of agglomerated particles at higher cut points having more
impact on the dissolution than particle size. The impact on dose
coefficients [committed effective dose (CED) per Bq] of using ex-
perimental fA vs. using default fA recommended by the ICRP for
the uranium compounds of interest for inhalation exposure was
not significant for any of the workshops. However, a significant
impact on CED for ingestion exposure was observed for all work-
shops when comparingwith CED estimated for insolublematerial
using ICRP default fA. This indicates that the use of experimen-
tally derived site-specific fA can improve dose assessments. It is es-
sential to acquire site-specific estimates of the dissolution and ab-
sorption of uranium aerosols as this provides more realistic and
accurate dose- and risk-estimates of worker exposure. In this
study, the results indicate that ICRP’s recommendations for in-
gestion of insoluble material might overestimate absorption and
that the lower fA found for inhalation could be more realistic for
both inhalation and ingestion of insoluble material.
Health Phys. 124(4):285–300; 2023
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INTRODUCTION

URANIUM AEROSOL exposure can be a health risk factor, the
possible risks being radiation-induced lung or kidney can-
cers or chemical toxicity to the kidney, depending on mode
of intake and chemical form (Grellier et al. 2017; ICRP
2021). Exposure monitoring and accurate dose estimation
are important to ensure that workers are adequately
protected and that legal requirements are fulfilled. Worker
exposure can be estimated by the lung equivalent dose
(Hlung) and the committed effective dose (CED). To deter-
mine the dose from activity intake measurements, the Inter-
national Commission on Radiological Protection (ICRP)
biokinetic and dosimetric models can be used. The Human
Respiratory Tract Model (HRTM) describes the deposition
and clearance of particles in the respiratory tract (ICRP
1994, 2015). The complementing human alimentary tract
model (HATM) in turn describes the transport and absorp-
tion of material in the gastrointestinal tract (GI tract) (ICRP
2006). Material absorbed to blood is modeled by the
element-specific systemic model (ICRP 2017). In the use
of the HRTM and HATM models, material-specific data
on, i.e., physicochemical properties of inhaled or ingested
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particles such as particle size distribution, chemical form,
and solubility, is preferred. The information can function ei-
ther as an aid in the choice of default values for parameters
or, even more preferable, used to acquire material-specific
estimates of input parameters to the HRTM and HATM.
The used input parameters in turn greatly influence dose
and intake estimates based on activity measurements.

For the nuclear fuel fabrication plant in this study, previ-
ous work has been carried out to improve dose estimates, in-
cluding characterization of uranium aerosols at various work-
shops (Hansson et al. 2017) and characterization of the bi-
modal uranium particle activity size distribution for several
workshops (Hansson et al. 2020). In a recently concluded
study, site-specific lung absorption parameters for different
uranium aerosol sizeswere investigated (Hansson et al. 2022).

For workers at nuclear fuel fabrication plants, two pos-
sible routes of intake are considered, inhalation and inges-
tion of aerosols. Ingestion can result from hand-to-mouth
contact or direct deposition of particles in or around the
mouth (Cherrie et al. 2006). While the dose resulting from
ingestion is expected to be low compared to inhalation dose,
ingested activity can disturb inhalation dose assessments
based on bioassay measurements (Lipsztein et al. 2003).

Inhaled particles are either deposited in the lungs or ex-
haled. Deposited particles are cleared through particle trans-
port to the GI tract or transported to the lymph nodes. De-
positedmaterial dissolved in the respiratory tract is removed
by absorption to blood (ICRP 2015). Particles cleared from
the respiratory tract to the GI tract can represent a signifi-
cant fraction of the inhaled material (Borghardt et al. 2018).

The activity median aerodynamic diameter (AMAD)
of inhaled aerosols is used to describe the size distribution
of activity in the respiratory tract. The HRTM-model pre-
dicts that with higher AMAD, an increasing fraction of the
deposited material is found in the extrathoracic airways
consisting of the two extrathoracic compartments–ET1,
which includes the anterior nasal passage, and the ET2 com-
partment, which includes the posterior nasal passage, phar-
ynx and larynx (ICRP 2015). Particles are cleared from the
lower and central regions of the lung to the ET2 compartment
and subsequently to the GI tract through mucociliary clear-
ance and from the alveolar region through macrophageal
migration. Particles are also transported from ET1 to ET2.
Absorption and clearance act as competing mechanisms
when it comes to transport to the GI tract; i.e., the higher
the dissolution rates in the lung regions, the less material
is available for transport to the GI tract (ICRP 2015, 2017).

Particles in the GI tract, which enter through the mouth
due to ingestion or into the esophagus after clearance from
the respiratory tract, are transferred through the alimentary
tracts sequentially; from mouth to esophagus, stomach,
small intestine, and large intestine followed by excretion
in feces (ICRP 2006). Absorption in the GI tract takes place
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mainly in the small intestine, and the uptake is influenced
by chemical form, gastrointestinal content, diet, and nutri-
tional state (Diamond et al. 1998; Konietzka 2015). During
the digestive process, changes to the chemical form of the
ingested material are likely to happen, especially during
the longer residence in the stomach and small intestine. In
the ICRP HATM, the alimentary tract transfer factor, fA, is
defined as the fraction of the total amount entering the ali-
mentary tract that is absorbed to blood, not including losses
due to radioactive decay or endogenous input of activity
(ICRP 2006). The HATM does not fully differentiate the dif-
ferent processes involved in the absorption in the GI tract,
and the fA includes all processes controlling the absorption,
i.e., from the dissolution of the material in the GI tract and
absorption of the dissolved matter through the intestinal ep-
ithelium and into the portal vein (ICRP 2006).

For ingestion of soluble uranium, a fA of 0.02 is recom-
mended by the ICRP for the absorption to blood in the GI
tract, while they recommend a fA = 0.002 for relatively insol-
uble uranium compounds. Data on uranium absorption, apart
from the ICRP, have also been reviewed by Leggett and
Harrison (1995), Davesne and Blanchardon (2014), and
Konietzka (2015). The low absorption of uranium in the GI
tract is supported by several human and animal studies.
(Wrenn et al. 1989; Harduin et al. 1994; Leggett and Harrison
1995; Karpas et al. 1998; Zamora et al. 2002; Tolmachev et al.
2006; Israelsson and Pettersson 2014; Konietzka 2015). For
the understanding of the effect of chemical form on inges-
tion, primarily animal studies have been conducted, and rel-
ative absorption compared to absorption of soluble ura-
nium, commonly uranyl nitrate, have been suggested for
several compounds based on animal data. This serves as
the basis for ICRP’s recommendation of an fA = 0.002 for
ingestion of insoluble uranium compounds, which is rec-
ommended for materials assigned to Type M and Type S
(ICRP 2017).

As inhaled particles are cleared from the respiratory
tract to the GI tract via the esophagus, the fA is of impor-
tance for inhalation as well. However, different values of
fA are proposed for uranium by the ICRP depending on
route of intake (i.e., ingestion or inhalation) (ICRP 2017).
In case of inhalation exposure, the fA is assumed to be
0.02 � fr, the rationale being that fr represents the soluble
fraction of material cleared from respiratory tract and 0.02
represents absorption of the soluble fraction in the GI tract.
This approach is intended to reduce the risk of overestima-
tion of absorption and consequently underestimation of in-
takes derived from urine measurements (ICRP 2015).

Depending on the type of exposure (i.e., ingestion or
inhalation), the selected fA will have a different impact on
the estimated CED per Bq and intake estimates based on bio-
assay activity. For ingestion exposure, a difference in fAwill
have a proportional impact on CED per Bq and intake
sics.com
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Fig. 1. An overview of selected compartments of the GI tract and re-
lationships between FD, FD_absorbed and fA.
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estimates based on bioassay activity. For inhalation exposure,
additional parameters such as AMADand absorption type are
to be considered as well (ICRP 2015, 2017). Therefore, ac-
quiring experimentally derived fA could improve dose assess-
ments and intake estimates. However, this will also require
knowledge about the relation between inhaled and ingested
fractions, which may vary over time and between individuals.

The dissolution, and in extension the absorption, is
apart from properties of the dissolvingmedium also affected
by properties of the particles such as density, porosity,
chemical compound, specific surface area (SSA), and parti-
cle size (Chazel et al. 2000; Marabi et al. 2008). However,
the ICRP assume the fA being independent of particle size
(ICRP 2006). In an effort to test that assumption, the effect
and significance of particle size on fAwas evaluated in this
work. The fA of uranium material can be determined exper-
imentally by dissolution experiments in combination with
data from human studies. The dissolution experiment can
provide an estimate of the fraction dissolved in the GI tract,
while data from human studies provide information on ab-
sorption of soluble uranium in the GI tract. Träber et al.
(2014) presented a method to acquire an in vitro model spe-
cific factor that relates the dissolved fraction FD and fA. The
relationship is given in eqn (1), where FD_absorbed, is the frac-
tion of dissolved material absorbed to blood. Fig. 1 shows
the relationships between FD, FD_absorbed and fA:

fA ¼ FD�FD_absorbed ð1Þ

In vitro digestive models have been used extensively in
the fields of environmental health to assess the dissolution
www.health-phy
of metals in simulated digestive environments (Ruby et al.
1999; Paustenbach 2000; Chen et al. 2020). Themain advan-
tage of in vitro dissolution experiments is the simple applica-
tion, allowing for evaluation of multiple parameters without
the ethical and complexity concerns of in vivo tests. For this
study, a static in vitro digestion model, the RIVM developed
by the National Institute of Public Health and the Environ-
ment (Amsterdam, The Netherlands), was chosen (Oomen
et al. 2003). The RIVM is predominantly used for assess-
ment of dissolution of metals from soil and dust (Oomen
et al. 2002; Van de Wiele et al. 2007; Yan et al. 2016).

The aim of this study was to determine experimentally
the uranium dissolution in the GI tract compartments and to
determine the alimentary tract transfer factor and the depen-
dence on particle size and uranium composition. Finally, a
dosimetric evaluation was conducted for assumed inhala-
tion and ingestion uptake, where the experimental datawere
compared with the use of ICRP’s recommended values.
MATERIALS AND METHOD

Nuclear fuel fabrication plant
The nuclear fuel fabrication plant in this study uses

wet-route conversion of uranium hexafluoride (UF6) to ura-
nium dioxide (UO2) via ammonium uranyl carbonate
(AUC). A brief description of the four major workshops in
the plant–conversion, powder preparation, pelletizing, and
burnable absorber (BA) pelletizing–are given below.

At the conversion workshop, incoming UF6 is vapor-
ized and transformed to AUC and further reduced in a fluid-
izing bed furnace to UO2. At the powder preparation work-
shop, various operations are carried out including milling,
blending and oxidation of waste (e.g., grinding waste and
scrap pellets). At the pelletizing and BA pelletizing work-
shops, pellets are produced via pressing, sintering, and
grinding processes, with the difference that the BA pelletiz-
ing workshop uses UO2 powder blended with U3O8 and
gadolinium oxide (Gd2O3). A detailed description of the
different procedures and processes at the nuclear fuel fabri-
cation plant can be found in (Hansson et al. 2017).

An aerosol characterization study performed at the site
found evidence indicating that apart from UO2, triuranium
octoxide (U3O8), UO2F2 (converted from UF6 when in con-
tact with atmospheric water or in the respiratory tract),
AUC, and uranium peroxide aerosols can be present at the
plant (Hansson et al. 2017). In the ICRP recommendations,
UF6 is assigned to fast type absorption (Type F), and UO2

along with U3O8 are assigned to intermediate Type M/S
(ICRP 2017). Data on AUC absorption is not available in
the ICRP recommendations. The default fAvalue for inhala-
tion and ingestion of Type F material is 0.02, and the default
fAvalues for ingestion and inhalation for Type M/S material
are 0.002 and 0.0006, respectively (ICRP 2017).
sics.com
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Soluble uranium
Dissolution experiments were performed using soluble

uranium with the purpose of establishing the relationship
between the solubility in the in vitro digestive model and
the alimentary tract transfer factor for soluble uranium; i.e.,
these experiments were performed to acquire the FD_absorbed
for the model. For the experiments, two soluble uranium
compounds were acquired. The criteria to be met were (1)
uranium compounds that are well documented in human or
animal studies and (2) with established fA.

A certified uranyl nitrate solution UO2 (NO3)2 in di-
luted nitric acid (HNO3) was chosen (Eckert & Ziegler Iso-
tope Products, Santa Clarita, CA; reference number 1263-
94-2). From the uranyl nitrate solution, uranyl carbonate
was produced by mixing 0.81134 g UO2 (NO3)2 with
9.328 g of carbonated mineral water. Samples from both so-
lutions were measured by ICP-MS to determine the uranium
concentrations. The uranyl nitrate solution had a 238U con-
centration of 0.42 ± 0.02 Bq g−1, and uranyl carbonate
had a 238U concentration of 0.033 ± 0.001 Bq g−1. For the
dissolution experiment, approximately 1 mg 238U was
needed to ensure detectability and to make sure that the
pH-level of the digestive fluid was not altered by the stan-
dard addition.

Aerosol sampling
Aerosol samples were acquired from all four major

workshops using cascade impactors (Marple 298; Thermo
Scientific, Waltham, MA). Cascade impactors allow for
the separation of particles into different size groups based
on aerodynamic size. The impactors used have eight stages
with cut-points of 21.3, 14.8, 9.8, 6, 3.5, 1.55, 0.93, and
0.52 mm (i.e., for particles with aerodynamic equivalent di-
ameter for spherical particles of unity mass density in air at
25 °C), and a final collection filter for particles that escape
impaction. The impactors were used together with Gillian
500 sampling pumps (Sensidyne, St. Petersburg, FL) oper-
ating at 2 L min−1. Each impactor stage, except the final
stage, was equipped with a mixed cellulose ester (MCE)
(Thermo Scientific; SEC-290-MCE) impaction substrates.
For the final stage polyvinyl chloride (PVC) filters (Thermo
Scientific; SEF-290-P5) were used (Hansson et al. 2017).
To ensure that sampled particles reflect the breathing zone
of the workers, the portable cascade impactors were at-
tached to the workers’ collars. Active sampling times for
the workshops ranged from 3.1–22.7 h. The aerosol sam-
pling process is described in depth by Hansson et al. (2022).

After sampling, the impactor substrates and the final
collection filterswere removed from the impactors andmea-
sured for the total alpha activity using a LB 790 10-channel
a-b Low-Level Counter (Berthold Technologies, BadWildbad,
Germany). Background levels for each detector were measured
prior to the measurements of substrate/filter and corrected
for. The substrates/filters were then stored under protective
www.health-phy
sheets and in vacuum-sealed containers for transport to the
laboratory for dissolution experiments. The vacuum-sealed
containers protected the samples from oxidization and
thereby reduced the likelihood of changing the chemical
composition of the aerosols during transport. In order to
have an estimate of the particle loss to protective sheets,
the sheets for substrates/filters were treated radiochemically
and analyzed with alpha spectrometry.
Dissolution experiments
A three-compartment (mouth, stomach and small intes-

tine) static in vitro digestion model simulating the human
digestion adapted from the RIVM method from The
Netherlands (Oomen et al. 2003) was chosen for this study.
For the three compartments, synthetic saliva, synthetic gas-
tric fluid, and synthetic intestinal fluids (duodenal fluid and
bile) were freshly prepared for each experiment. Each solu-
tion was prepared as described in the RIVM instructions.
The components of these fluids are listed in Table 1. The
fluids were made up of organic and inorganic parts that were
separately prepared, diluted with demineralized water
(Arium 611DI, Sartorius, Germany), and then mixed with
characteristic compounds. Hydrochloric acid (HCl) and so-
dium hydroxide (NaOH) were used when required for pH
adjustment of the digestive fluids to the appropriate level,
and pH-levels were monitored with a pH-meter (pH 1100 L,
VWR, Germany) before and during each dissolution exper-
iment. Refill mixtures where prepared for each compart-
ment and from the same batches of digestive fluids. The re-
fill mixtures were used to replace the removed sample vol-
ume and to flush back particles that might attach to
syringe filters. The refill mixture for the mouth compart-
ment consisted of simulated saliva; for the stomach com-
partment, 2 parts simulated saliva and 3 parts simulated gas-
tric fluid; and for the small intestine compartment, 2 parts
simulated saliva, 3 parts simulated gastric fluid, 6 parts sim-
ulated duodenal fluid, and 2 parts simulated bile. The
pH-levels of the refill mixtures were also measured before
and after each experiment.

For the dissolution experiment, the uranium sample
(impactor filter substrates) was placed in a plastic container,
and the digestive fluids were added sequentially. The closed
containers were then held in an oven at 37 °C with 100 rpm
agitation (benchtop shaker) during the entire test period of
approximately 4 h. Containers were only taken out when fil-
trate samples representing the dissolved material were ac-
quired. Filtrates of 2–6 mL were taken using a 25-mm filter
(Acrodisc, Pall Life Sciences, Port Washington, NY) mounted
syringe (Omnifix, Braun, Germany) with a pore size of
0.45mm. The removed filtrate volumewas then replaced with
the appropriate refill mixture by pushing the refill fluid back
through the syringe and into the container.
sics.com
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Table 1. Synthetic digestive juices, components and quantities
(Oomen et al. 2003).

Simulated fluid Component & concentration Quantity

Saliva 0.6 L KCl 89.6 g/L 6 mL

KSCN 20 g/L 6 mL

NaH2PO4 88.8 g/L 6 mL

Na2PO4 57 g/L 6 mL

NaCl 175.3 g/L 1.02 mL

NaOH 40 g/L 1.08 mL

urea 25 g/L 4.8 mL

a-amylase 0.087 g

uric acid 0.009 g

mucin 0.030 g

Gastric juice 0.7 L NaCl 175.3 g/L 10.99 mL

NaH2PO4 88.8 g/L 2.1 mL

KCl 89.6 g/L 6.44 mL

CaCl2 ·H2O 22.2 g/L 12.6 mL

NH4Cl 30.6 g/L 7 mL

HCl 37% g/g 5.81 mL

glucose 65 g/L 7 mL

glucuronic acid 2 g/L 7 mL

urea 25 g/L 2.38 mL

glucoseamine hydrochloride 33 g/L 7 mL

BSA 0.7 g

pepsin 0.7 g

mucin 2.1 g

Duodenal juice 0.8 L NaCl 175.3 g/L 32 mL

NaHCO3 84.7 g/L 32 mL

KH2PO4 8 g/L 8 mL

KCl 89.6 g/L 5.04 mL

MgCl2 5 g/L 8 mL

HCl 37 % g/g 0.144 mL

urea 25 g/L 3.2 mL

CaCl2 ·H2O 22.2 g/L 7.2 mL

BSA 0.8 g

pancreatin 2.4 g

lipase 0.4 g

Bile 0.3 L NaCl 175.3 g/L 9 mL

NaHCO3 84.7 g/L 20.49 mL

KCl 89.6 g/L 1.26 mL

HCl 37% g/g 0.06 mL

urea 25 g/L 3 mL

CaCl2 ·H2O 22.2 g/L 3 mL

BSA 0.54 g

bile 1.8 g
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Changes were made to the original methodology to allow
for time-dependent samplingwithout disturbing theGI-process.
These included sample withdrawal with syringe filters, as
the originalmethod only separated the dissolved and undissolved
fraction through centrifugation after completion of the entire
GI-process. The original method also used head- over-heels
www.health-phy
rotation at 55 rpm, while this study used horizontal shaking
at 100 rpm to simulate GI-movements (Oomen et al. 2003).

Each dissolution experiment was initiated when 40 ml
of saliva (pH 6.5 ± 0.2) was added to the container with the
uranium material. The first filtrate sample was taken after
5 min and was directly followed by the adding of 60 mL gas-
tric fluid (pH 1.07 ± 0.07). Six filtrate samples were taken
from the stomach compartment (pH 1.2 ± 0.2) after approx-
imately 5, 15, 30, 60, 90, and 120 min. Thereafter, 120 mL
duodenal fluid (pH 7.8 ± 0.2) and 40 mL bile (pH 8.0 ± 0.2)
were added to the container. Then five filtrate samples were
sampled from the small intestine compartment (pH ≥ 5.5)
at approx. 5, 15, 30, 60, and 120 min. After all filtrate sam-
ples were acquired, the in vitro small intestine compartment
was acidified with 35 mL of concentrated HNO3 for tempo-
rary storage awaiting radiochemical uranium separation.

To estimate particle loss to syringe filters, additional less
extensive dissolution tests were performed using leftover
substrates from two sampling series (stages corresponding
to 0.9 and 1.6 mm cut-points and 6.0 and 14.8 mm cut-
points, respectively) together with a procedure blank. The du-
ration of the dissolution experiment was approximately 4 h,
and samples were taken after 5 min in the mouth compart-
ment and after 5, 60, and 120 min in the stomach compart-
ment and small intestine compartment. Samples were taken
in the same manner as previously described with the excep-
tion that filtrate samples being drawn were directly pushed
back into the container. After the dissolution experiments,
each remaining solution, including the leached filter, was
preserved by adding 35 mL concentrated HNO3.

Sample preparation and analysis
ICP-MS. All filtrates were analyzed by ICP-MS with

respect to 235U and 238U. Filtrates from the aerosol sample
dissolution experiments along with a procedural blank were
analyzed using anAgilent 8800 ICP-MS/MS (Agilent Tech-
nologies, Inc., Chicopee, MA) in single quadrupole (SQ)
mode and filtrates from the uranium salt dissolution exper-
iments along with procedural blank were analyzed using an
Agilent 8900 ICP-MS/MS in SQ mode and broad peak res-
olution (Lindahl et al. 2021).

Sample preparation for the filtrates involved dilution
(1:6) of filtrate aliquots with 2% HNO3 and then addition
of a 233U tracer standard to all samples. The 233U standard
is used for quantification of 235U and 238U and for correc-
tion for possible losses arising from chemical separation
steps and in the subsequent ICP-MS analyses.

The syringe filters were taken apart, and all filters used
for each compartment were placed together in beakers with
20 mL concentrated HNO3, while the plastic encasement
was leached in 50 mL 2% HNO3. The solution from dis-
solved filters was then combined with the 50 mL solution
from the leached plastic encasement and 233U internal
sics.com
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standard was added. The solutions were then filtered, evap-
orated, and dissolved in 7 mL 2%HNO3 prior to analysis by
the Agilent 8900 ICP-MS/MS in SQ mode.

Rinse solution consisting of 2% HNO3 was used to
flush the ICP-MS system in between each sample and acid
blanks were measured between every fourth-eighth sample
to monitor any potential memory effects and possible blank
levels of 235U and 238U.

Replicate data for each measurement were evaluated
using Grubb’s outlier test (Grubbs 1969), and identified
outliers (5% significance level) were excluded from the cal-
culation of the mean count rates. Signal spikes or dips re-
sulting in outlying replicates can occur due to the sample
matrix causing physical interference (US EPA 1994).

Mean 235U and 238U count rates for each sample were
then background corrected by the subtraction of the interpo-
lated background signal from two adjacent blank measure-
ments. The 238U and 235U signal contributions from the tracer
standard were acquired from a tracer solution measurement as
mass ratios 238U/233U (0.2236) and 235U/233U (0.0020) and
also subtracted from all sample and procedural blank signals.

Alpha spectrometry
The remaining solutions with the uranium material

(aerosol samples and soluble uranium) were analyzed by al-
pha spectrometry, since analysis with ICP-MS would have
required extensive dilution, which could introduce large un-
certainties. Prior to analysis, the samples were prepared by
the addition of 232U as yield determinant (Isotrak, AEA
Technology, PLC, Didcot, UK) and evaporated to near dry-
ness. The sample solutions were then digested in aqua regia
for 12 h during heating on a hotplate and then taken to near
dryness followed by dissolution in 20 mL 8 M HNO3 for
separation of uranium. The separation was performed by
liquid-liquid extraction with tributyl phosphate (TBP)
(Holm 1984) followed by electrodeposition on stainless
steel discs (Hallstadius 1984). The discs were analyzed by
ORTEC (Oak Ridge, TN) Octête plus alpha spectrometers
with passivated implanted planar silicon detectors (Can-
berra PIPS,Mirion Technologies Inc, San Ramon, CA) with
ORTEC Maestro software. The average uranium chemical
recovery was 55%. Counting times ranged from 3 to 24 d.

Data analysis
The dissolved fraction at the time of each filtrate sam-

pling was calculated using eqn (2):
Fdissolved ið Þ ¼ c238filtrate ið Þ�mcompartment ið Þ
n238final þ∑12

i c238filtrate ið Þ�mfiltrate ið Þ ð2Þ

where i is the filtrate sample number, c238filtrate is the
238U

mass concentration (mg g−1) in the filtrate, mcompartment is
the amount of digestive fluid in the compartment (g), n238final
www.health-phy
is the amount of 238U in the remaining solution (mg) deter-
mined from alpha spectrometry analysis, and mfiltrate is the
amount of filtrate (g).

Uncertainties were determined using the Monte Carlo
methodology (JCGM 2008). A rectangular distribution
was assigned for the weights and tracer concentration, and
a Gaussian distribution for the count rates and amount of
238U in the remaining solution. Monte Carlo simulations
were run 106 times for each sample, and the mean and stan-
dard deviation for the models (eqn 2) were obtained.

A one-sided t-test was performed for each sample to
determine if the filtrate concentration was significantly
higher than corresponding blank concentration (5% signifi-
cance level). The detectable filtrate concentrations were
then corrected for the corresponding procedure blank con-
centration. The same procedure was used for the assessment
of 238U amount in remaining solutions as to 238U level in
procedure blank remaining solution and assessment of
238U amount on syringe filters as to 238U level on procedure
blank syringe filters.

Alimentary tract transfer factor
In the present work, the fA for uranium aerosols was ac-

quired in two steps, using eqn (1). First FD_absorbed for our in
vitro model was evaluated based on a fA = 0.02 for soluble
uranium in combination with the experimentally deter-
mined dissolved fraction in the small intestine compartment
FD for two soluble uranium compounds, uranyl nitrate and
uranyl carbonate. The fA for uranium aerosols was thereaf-
ter estimated from the experimentally determined dissolved
fraction in the small intestine compartment for the substrates/
filters FD and the FD_absorbed.

To determine the fA for each workshop, the activity
fraction for each impactor stage was acquired by correcting
the measured activity for each impactor stage with the sam-
pling efficiency given by the manufacturer (Thermo Fisher
Scientific Inc. 2009), which from stage one with cut-point
21.3 mm to the final collection filter was given as 0.52,
0.61, 0.78, 0.89, 0.95, 0.96, 0.97, 0.99, and 1.00. Thereafter
the fA for each workshop was determined from theweighted
sum of the fA for all impactor stages, weighted by the frac-
tion of activity deposited at each impactor stage.

Internal dose evaluation
The software Taurus (v. 1.0) (Public Health England,

Chilton, UK) was used for the dosimetric evaluations. The
ICRP’s latest biokinetic models, ICRP 66, 100, 130, and
137, are implemented by the Taurus software for modeling
and dose calculations of uranium exposure. The main part
of the uranium alpha activity at the site is associated with
234U. Consequently, all dosimetric calculations were per-
formed for 234U. In the present study, the effective dose co-
efficient, CED per ingested, and inhaled Bq 234U with an
AMAD of 10 mm were evaluated. The AMAD chosen
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Fig. 2. Dissolved fractions over time of uranyl nitrate and uranyl carbonate in the in vitro model. Error bars correspond to ± 1 standard deviation.
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represent a simplification of the bimodal distributions found
in previous work (Hansson et al. 2020), to evaluate the ef-
fect of site-specific fA on CED per Bq in comparison to
using default fA for stated material type.
RESULTS

Dissolution
The 238U concentrations of the filtrate samples were an-

alyzed with ICP-MS and ranged between 2.41–24.9 mg L−1

for the soluble uranium and between 0.0084–1.75 mg L−1

for the filtrate samples originating from the aerosol samples.
Proceduralblanks levels rangedbetween0.013–0.026mgL−1.
After analysis of all 432 filtrate samples, 414 samples were
Fig. 3. Dissolved fraction FD over time for uranium aerosol samples from t
standard deviation.
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determined to be significantly higher than procedural blank
levels resulting in 18 samples classified as undetected.

The amount of 238U in the remaining solutions of each
dissolution experiment determined with alpha spectrometry
ranged between 0.76–0.81 mg for the soluble uranium and
0.052–3.97 mg for the aerosol samples, and procedural
blanks levels ranged between 0.024–0.031 mg. All remain-
ing solution samples were above the detection level, i.e., sig-
nificantly higher than the procedural blank level.

The 238U amount in syringe filter samples analyzed
with ICP-MS ranged between 0.014–0.021 mg (procedure
blank levels 0.0054–0.016mg), and 10 out of 12 syringe fil-
ter samples were above detection limits. The remaining so-
lutions for these dissolution experiments as measured with
he four workshops in the in vitro model. Error bars correspond to ± 1
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alpha spectrometry ranged between 0.19–0.98 mg (proce-
dural blank level 0.027 ± 0.005 mg), and all samples were
above the detection limit.

The dissolved fraction for uranyl nitrate and uranyl
carbonate in the in vitro digestion model are shown in
Fig. 2. The fraction of dissolved uranium in the in vitro
model varied between 0.51–0.92 for uranyl nitrate and be-
tween 0.52–0.95 for uranyl carbonate. A high dissolved
fraction is observed for the mouth compartment for both
uranyl nitrate and uranyl carbonate followed by instanta-
neous complexation in the stomach compartment down
to a dissolved fraction of approximately 0.50, followed
by an increased dissolved fraction up to 0.90–0.95 in the
small intestine compartment.

Data for the dissolved fraction for selected aerosol im-
pactor samples from all workshops are shown in Fig. 3.
The dissolved fraction for three impactor stages (correspond-
ing to cut-points 0.52 mm, 6 mm, and 21 mm) are displayed
for the conversion, powder preparation, and pelletizing work-
shops. For the BA pelletizing workshop, curves for three im-
paction stages (corresponding to cut-points 0.93 mm, 6 mm,
and 21 mm) are shown, as results for the 0.52 mm Data for
the 0.52 mm cut-point for BA pelletizing workshop had to
be excluded due to large uncertainties resulting from the re-
maining solution of said dissolution experiment being close
to detection limit. The curves indicate a similar pattern across
all workshops, showing a sharp increase in dissolved fraction
at compartment changes; i.e., a low dissolved fraction in the
mouth compartment, increasing dissolution during residence
in the stomach compartment, and fluctuating dissolution be-
tween small intestine compartment samples. The dissolved
fraction in the mouth compartment was consistently low (be-
low 0.01 for all samples with the exception of the 0.52 mm
cut-point for conversion with an estimated 0.02 dissolved
fraction). Although a sharp rise in dissolution occurred at ev-
ery compartment change (i.e., when adding new digestive
fluid), the stomach compartment generally indicated a steady
rising dissolution. During the time in the small intestine com-
partment, the dissolved fraction generally plateaued with
some fluctuations between samples.

Complete data of dissolved fractions over time per im-
pactor size cut-points for each workshop are available in the
Appendix.

Dissolved fraction available for absorption
As absorption to blood from material in the gastroin-

testinal tract mainly occurs in the small intestine, FD was
determined as the mean dissolved fraction in the small
intestine calculated from the five samples from the small
intestine compartment.

The aerosol samples FD for all impactor size cut-points
and workshops are shown in Fig. 4, along with the fraction
of total activity deposited at each impactor stage and the
www.health-phy
fraction of total activity dissolved (calculated as the product
of FD and the fraction of total activity impacted at cut-point
normalized to sum unity).

The results show a generally higher FD for the conver-
sion workshop ranging between 0.108–0.53 compared to
the other workshops. The results from both powder prepara-
tion and pelletizing workshops show considerably lower FD,
ranging between 0.010–0.020 and 0.0053–0.034, respec-
tively. The data for BA pelletizing workshop display a
greater degree of variation with particle size, as the largest
cut-points, 14.8 and 21.3 mm, presented undetectable dis-
solved fractions in the small intestine compartment and
smaller cut-points ranged between 0.0017–0.077. However,
results for BA pelletizing should be viewed with caution
since the data for the largest cut-points, 14.8 and 21.3 mm,
were below the detection limit. Data for the 0.52 mm
cut-point for BA pelletizing workshop had to be excluded
due to large uncertainties. The results for <0.52 mm for all
workshops should be interpreted with caution, since these
can be affected by uncertainty related to the use of syringe
filters with a pore size of 0.45 mm. This is further discussed
in the uncertainty section.

Impaction stages with large cut-points (i.e., large parti-
cles) were associated with the majority of the total sampled
activity. Thus, a considerable fraction of the total dissolved
activity could originate from large particles even though
small particles are assumed to dissolve more rapidly
(Mercer 1967).

Spearman’s rank correlation was computed for data
from the conversion, pelletizing, and powder preparations
workshops to assess the relationship between impactor
stage cut-point and FD for each workshop. Significant re-
sults were obtained for the pelletizing workshop only, and
results showed a good correlation (p = 0.011) between the
two variables. Data from the BA pelletizing was not in-
cluded in the correlation analysis due to data for several
cut-points being below the detection limit.

Alimentary tract transfer factor
Since close to 100% dissolution was reached from the

soluble uranium in the in vitro model, no correction of the
dissolved absorbed fraction was deemed necessary, and
FD_absorbed was set to 0.02. The alimentary tract transfer fac-
tor was calculated for all workshops and impactor cut points
according to eqn (1) applying an FD_absorbed of 0.02 and FD.
Derived fA for all workshops and impactor cut-points, to-
gether with ICRPs default absorption factors for ingested
and inhaled materials absorbed from the GI tract, are pre-
sented in Fig. 5. The alimentary tract transfer factor for
the conversion workshop indicates moderate (Type M) or
even fast/moderate type (Intermediate Type F/M) absorp-
tion for the smallest cut point 0.52 mm if inhalation expo-
sure is assumed. The results also suggest an increased fA
sics.com
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Fig. 4. The fraction of activity impacted at each cut-point dissolved in the small intestine, i.e., FD, for the four workshops and all cut-points (white),
along with the fraction of total activity impacted at each cut-point (grey), and the fraction of total activity dissolved (black) calculated as the product
of FD and the fraction of total activity impacted at each cut-point normalized to sum unity. For BA the pelletizing workshop FD for cut-point
0.52 mm was excluded due to significantly high uncertainty, and all samples for cut-points 14.8 and 21.3 mm in the small intestine compartment
were below the detection limit well as 3 of 5 samples in the small intestine compartment for 6 mm cut-point and 1 of 5 samples in the small intestine
compartment for 9 mm cut-point.
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of the two larger cut points (14.8 and 21.3 mm) compared to
cut points 3.5–9.8 mm.

Results for the pelletizing workshop portray varia-
tions with particle size as stated previously, indicating
moderate/slow type (Intermediate Type M/S) absorption
for smaller cut-points and slow type (Type S) for larger
cut-points (if inhalation exposure is assumed). For pow-
der preparation results for all cut-points indicate a slow
type absorption (Type S). Data for BA pelletizing suggest
Type M/S absorption for the smaller cut-points and Type
S absorption for cut-points 3.5–9.8 mm if inhalation ex-
posure is assumed.
Fig. 5. The fA as a function of impactor size cut-point for all four workshop
standard deviation.
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The ICRP recommends different values of the alimen-
tary tract transfer factors fA depending on route of intake
(i.e., ingestion or inhalation). Derived fAvalues in the pres-
ent work for 3 out of 4 workshops were almost consistently
below ICRP recommendations for ingestion uptake [0.02
for soluble compounds (Type F) and 0.002 for relatively in-
soluble compounds (Type M and S)]. Data for all work-
shops suggest relatively insoluble material type for inges-
tion intakes, with the exception of the smallest cut-point
of conversion workshops being closer to soluble material.

The alimentary tract transfer factor for each workshop
determined as the activity weighted sum of fA for all
s, fAwas calculated according to eqn (1). Error bars correspond to ± 1
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impactor stages is presented in Table 2. Due to incomplete
data for the BA pelletizing, a weighted fA for the workshop
could not be determined.

Internal dose evaluation
The calculated CED per Bq of ingested or inhaled 234U

(AMAD of 10 mm) is shown in Table 2 alongside default
CED values for ingestion and inhalation exposure of differ-
ent material types. For the CED calculations of the inhala-
tion exposure scenarios, default absorption parameters for
the material type most closely corresponding to the derived
fA were used. For the conversion workshop, absorption pa-
rameters for type M material were used. For all other work-
shops, absorption parameters for type S material were used.
The impact on the CED per Bq of using experimentally de-
rived fA compared to default is insignificant for all work-
shops when it comes to inhalation intake. For ingestion in-
take, the impact on CED per Bq is directly proportional to
the difference in fA. For the conversion workshop, the
CED per Bq is 2.1 times the default fA for relatively insolu-
ble material, while all other workshops for ingestion intake
show a reduction in CED per Bq of 86% to 92% in compar-
ison to default fA for insoluble material. The effect on the
excreted activity after ingestion exposure is proportional
to fA. Ingestion intakes can contribute to urinary excretion
and thus lead to dose overestimation if urine samples are
evaluated under the assumption of only inhalation intake.

DISCUSSION

The objective of this studywas to evaluate the dissolution
in the GI tract of soluble uranium and of uranium aerosols
Table 2. Alimentary tract transfer factors for each workshop, fA
(weighted by the fraction of total activity deposited at each impac

Workshop fA n = 45 SD CED co

Conversion (UF6, AUC, UO2) 0.00424 0.00009

Powder preparation (UO2, U3O8) 0.000291 0.000006

Pelletizing (UO2, U3O8) 0.000164 0.000004

BA pelletizinga (UO2, U3O8, Gd2O3) -

Ingested material

Soluble (Type F) 0.02

Relatively insoluble (Type M-S) 0.002

Inhaled particulate mater

ICRP Type F 0.02

ICRP Type F/M 0.016

ICRP Type M 0.004

ICRP Type M/S 0.0006

ICRP Type S 0.0002

a fA for BA pelletizing workshop could not be determined since data for s
nificantly high uncertainties. The committed effective dose coefficient per
tion and inhalation intakes, for all workshops and AMAD 10mm, respectiv
types corresponding to estimated fA. ICRPs default parameters for both i
presented for comparison (ICRP 2017). SD represents the uncertainty as o
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from various workshops at a nuclear fabrication plant. By
using the dissolution data estimates of the alimentary tract
transfer factor, fA for each workshops can be determined for
both inhalation and ingestion scenarios.

The dissolution of the two soluble uranium compounds
displayed near identical results in the in vitro model, consis-
tent with findings by Frelon et al. (2005) that indicated that
the chemical speciation of soluble uranium in water did not
influence the absorption and that the chemical form in saliva
was similar regardless of the initial chemical form. One in-
teresting feature of the dissolution results in Fig. 2 of the
soluble uranium in the GI tract is the lower dissolved frac-
tion in the stomach compartment compared to the mouth
and the small intestine compartments. This is probably
due to complexation with phosphates. Uranium speciation
studies have shown that hexavalent uranium favors com-
plexation with phosphates at low pH as in the stomach
and also forming solid uranyl phosphate salts (Sutton and
Burastero 2004; Frelon et al. 2005). The dissolution in the
in vitro model for soluble uranium in the small intestine
compartment displayed high solubility; for uranyl nitrate
and uranyl carbonate, a maximal dissolved fraction of
0.88 ± 0.04 and 0.94 ± 0.06, respectively, was achieved.
This was in line with the assumed solubility in the GI tract
(100%) for soluble uranium and indicated a limited loss of
activity during the experiments. These results further veri-
fied the chosen in vitro model, and therefore no correction
of the FD_absorbed was necessary.

The dissolution pattern across the different uranium
aerosol samples were similar, and the dissolution changes
with time tended to be highest in the stomach compartment.
was calculated as sum of weighted fA from each cut-point
tor stage).

Ingestion Inhalation

efficient (mSv Bq−1) Type CED coefficient (mSv Bq−1)

0.0073 M 0.85

0.00050 S 7.2

0.00028 S 7.2

- - -

0.035

0.0035

0.18

0.24

0.85

3.35

7.2

everal cut-points were below detection limit or excluded due to sig-
Bq of 234U was estimated using the Taurus software for both inges-
ely. Default inhalation absorption parameters were used for material
ngestion and inhalation along with estimated CED coefficients are
ne standard deviation.
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This is not surprising considering the low pH (about 1.5–2)
of the gastric fluid. Other studies of dissolution of metals
such as lead and uranium in the GI tract have observed an
increased dissolved fraction with lower pH in the stomach
compartment (Ruby et al. 1992; Oomen et al. 2003;
Höllriegl et al. 2010). The dissolved fraction in the small in-
testine compartment was observed to be higher than in the
other compartments for a majority of the aerosol samples
(with the exception of the samples from BA pelletizing
workshop). This phenomenon has previously been de-
scribed in dissolution studies of uranium in dust and soil
(Turner and Ip 2007; Höllriegl et al. 2010; Jovanovic et al.
2012). The higher dissolved fraction in the small intestine
compartment might be explained by the carbonate-rich en-
vironment, which enables more efficient uranium extraction
from particles (Mason et al. 1997; Jovanovic et al. 2012).

Work at the conversion workshop has been demon-
strated to be associated with potential exposure to aerosols
ranging from Type F to Type M/S (Hansson et al. 2017).
The estimated fA values for the conversion workshop had
a wide range between 0.0022–0.011, with a weighted aver-
age fA of 0.004. This is in agreement with the fA value for
Type M (fA = 0.004) materials if inhalation is assumed
and relatively insoluble (fA = 0.002) material if ingestion
is assumed. An increased solubility for the two highest
cut-points (14.8 and 21.3) was observed, which can be ex-
plained by different chemical compounds at the site having
different particle size distributions. The results are in line
with the presence of a variety of solubility classes.

Aerosol samples from the powder preparation and pel-
letizing workshop contain mainly UO2 and U3O8. The sam-
ples from these workshops displayed low solubility in the
GI tract (fA = 0.0001–0.0007) with a weighted fA of
0.00029 and 0.00016, respectively, which is close to Type
S absorption (fA = 0.0002) if inhalation exposure is as-
sumed. For ingestion exposure of the derived material-
types, the ICRP recommends fA = 0.002 for relatively insol-
uble materials. The derived fA are significantly lower than
ICRP’s recommendation for ingestion of Type M to Type
S material. The results are also different from ICRP’s rec-
ommended default classifications of UO2 and U3O8 of Type
M/S (fA = 0.0006) for inhalation exposure.

Results from the BA pelletizing workshop are to be
interpreted with caution, since several samples were below
the detection limit, and samples from cut-point 0.5mmwere
excluded due to high uncertainties. However, based on lim-
ited data sets, the results indicate resemblance with Type
M/S for smaller cut-points and Type S absorption for mid
cut-points if inhalation exposure is assumed and relatively
insoluble material if ingestion exposure is assumed.

When evaluating the effect of particle size on dissolution,
only aerosols from the pelletizing workshops showed a signifi-
cant correlation between particle size and solubility/absorption.
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Although tendencies of higher solubility with smaller parti-
cle sizes were observed, the results were not significant for
the conversion and powder preparations workshops. This
could indicate that other factors related to the particle prop-
erties could have a more significant impact on the solubility
than particle size; e.g., the presence of multiple chemical
compounds with different size distribution, porosity, or the
reported presence of agglomerated particles at higher cut
points (Hansson et al. 2017).

Absorption in the GI tract of material originating from
inhaled particles is assumed to differ from particles ingested
orally. Clearance to the GI tract is influenced by the deposi-
tion in the respiratory tract, which in turn is a function of
particle size. For particles with an aerodynamic diameter
in the range of 0.2–10 mm, the deposition in the
ET-compartments increases with size. For particles with
larger diameter than 10 mm, the inhalability decreases with
size, i.e., lesser fraction of particles present in air enter the
airways (ICRP 1994; Cheng 2014). In this study, most of
the aerosol activity (as displayed in Fig. 5) is related to
larger particle sizes, indicating that even though smaller par-
ticles might dissolve more easily, the main component of the
dissolved activity originates from larger particles. In regard
to inhalation exposure, the resulting activity distribution in
the GI tract might be expected to be somewhat skewed to-
ward particles in the mid-range (i.e., 5–10mm) and in exten-
sion fA for inhalation exposure can be expected to
be skewed towards fA for mid-high impactor cut-points.

As previously stated, the fA for inhalation is derived
differently than fA for ingestion in the ICRP models. It can
be interpreted as 2% of the rapidly dissolved fraction of ma-
terial cleared from the respiratory tract if absorbed to blood
in the GI tract. This infers a rather large discrepancy be-
tween the fA for inhalation and ingestion for less soluble
material, where the largest differences are for Type S mate-
rial with 10 times higher fA for ingestion in comparison to
inhalation. The results in this study do not align with the
recommended difference in fA between inhalation and in-
gestion, even when taking into account a somewhat de-
creased fA for inhalation exposure due to larger particles
more likely being cleared to the GI tract. The question that
remains is if ICRP’s recommendation to use 0.02� fr is re-
alistic for absorption in the GI tract following inhalation, is
it also more applicable to ingestion exposure than the rec-
ommended default for relatively insoluble material? The re-
sults in this study indicate that for insoluble material, the use
of the default fA of 0.002 leads to a substantial overestima-
tion of absorption. An in vitro lung dissolution study con-
ducted at this site estimated fA for all four workshops using
experimentally derived fr. The resulting fA in the Hansson
et al. (2022) study for the conversion (0.006–0.011), pow-
der preparation (0.0005–0.0007), pelletizing (0.0002), and
BApelletizingworkshops (0.0004–0.0005) were comparable
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to results in this study. This suggests that the conservative ap-
proach recommended by the ICRP for absorption in the GI
tract following inhalation is favorable both for inhalation
and ingestion of insoluble material. The results are also in
linewith the reporting in Leggett and Harrison (1995) of sev-
eral animal studies showing a relative absorption of UO2 and
U3O8 two orders of magnitude lower than for uranyl nitrate.
However, these insoluble oxides are suggested to have a
solubility that can vary with thermal history (Leggett and
Harrison 1995; ICRP 2017).

The dosimetric impact of using the experimentally de-
rived alimentary tract transfer factor in comparison with
using the ICRP default fA for the material type in question
is not significant when it comes to CED per unit of inhaled
activity (dose coefficient) for inhalation exposure. For inha-
lation exposure, the dose coefficient is not as impacted by
the absorption in the GI tract as the absorption from the re-
spiratory tract, requiring large shifts in GI tract absorption
for a resulting significant impact on dose coefficients. Since
CED for ingestion exposure is directly proportional to the
applied fA, it results in considerably lower derived CED
for material from the powder preparation and pelletizing
workshops and higher CED for ingestion exposure of mate-
rial from the conversion workshop when using the experi-
mentally derived fA in comparison to using the recom-
mended fA for insoluble material.

For the conversion workshop, the higher fA suggests
that, depending on the magnitude and ratio of intake result-
ing from inhalation and ingestion, inadvertent ingestion
could affect CED estimates based on excreted activity.
The low fAvalues for ingestion exposure for the other work-
shops suggest a lower significance of inadvertent ingestion
both on CED and CED estimates based on excreted activity
via urine.

Uncertainties
Aerosol sampling. This study used cascade impactor

sampling with portable impactors attached to worker col-
lars. The aim was to gather aerosols representative of the
breathing zone of workers. Although the sampling period
was designed to represent typical operations, some varia-
tions may exist. This source of uncertainty is probably most
significant at the conversion workshop where multiple ura-
nium compounds can be present.

The use of impactor sampling was prompted by the
need for size-differentiated aerosols in order to study parti-
cle size impact on the dissolution in the GI tract and subse-
quent absorption to blood. Two examples of factors caus-
ing uncertainty related to impactor sampling are particle
bounce, i.e., large particles collected on later stages due
to roll-off or bounce (especially at high particle loads on
substrates) or impactor stage collection efficiency where
early impactor stages are expected to have lower collection
www.health-phy
efficiency. Further reading on impactor substrate uncer-
tainties can be found in Hinds (1999).

In vitro modeling
The use of in vitro dissolution models enables the test-

ing of several parameters in a controlled environment. It al-
lows testing of the influence of parameters such as particles
size and different uranium compounds. For dissolution stud-
ies, several in vitro models of the GI tract are available, and
the choice of model can impact the results (Oomen et al.
2002; Juhasz et al. 2013). The methods can differ in number
of compartments, some excluding the mouth compartment
and others excluding the intestine compartments. Methods
also employ different pH-levels for compartments, espe-
cially the pH-level in the stomach compartment, which
can, as previously mentioned, have a direct influence on
the dissolution. Other differences are the use of dynamic
or static models, the duration time in each compartment,
andmethod of separation of dissolved and undissolved frac-
tion. The in vitro model of choice in the present work
(RIVM) was based on the need of a simple but physiologi-
cally accurate representation of the GI tract. The method (a
fasting model) included all major compartments as well as
all relevant components, such as enzymes and proteins,
and the pH-levels and compartment times were based on
the human physiology.

Several studies have been conducted to compare
methods and assess which methodological factors signifi-
cantly impact the dissolved fraction (Ruby et al. 1999;
Oomen et al. 2002; Van de Wiele et al. 2007; Juhasz et al.
2013). Yan et al. (2016) compared five different in vitro
methods on 10 soil samples, and the resulting average dis-
solved fractions for all samples varied between 0.08–0.56.
Another study comparing six models using a lead soil sam-
ple resulted in dissolved fractions ranging between 0.04–
0.91 (Oomen et al. 2002). The RIVM method, however,
provides a conservative estimate of the dissolved fractions
and served as a basis for the ISO-standard for estimation
of human bioaccessibility/bioavalability in metals in soil,
developed by the Bioaccessibility Research Group of
Europe (Wragg et al. 2011; ISO 2018).

Modeling fasting or feed conditions significantly af-
fects the dissolution with higher dissolved fractions ac-
quired in fasting condition, which can be seen as a “worst
case” scenario. The liquid-to-solid (i.e., particulate matter)
(L/S) ratio is also an important factor where L/S 1,000:1
compared to 100:1 can give significantly higher uptake to
blood (Van de Wiele et al. 2007; Yan et al. 2016). In this
study, an L/S above 1,000:1 in the stomach and small intes-
tine compartments was estimated. While lower L/S factor
can be subject to diffusion-limited dissolution kinetics
(Oomen et al. 2003), it is also not unlikely that a high L/S
can affect sample representativeness. This, together with
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low dissolved concentration, can explain the variation be-
tween samplings in the small intestine compartment for
the aerosol samples in the present work, while the same
phenomenon was not seen for soluble uranium samples that
had higher dissolved concentrations.

The effect of the separation method of dissolved from
undissolved fraction can also influence the dissolved
fraction. One study indicates that the choice between cen-
trifugation, centrifugation and microfiltration, or only
microfiltration is not significant (Träber et al. 2014). Others
suggest that centrifugation results in somewhat higher dis-
solved fractions than filtrations with 0.45mm (Van deWiele
et al. 2007). The use of filtration with a pore size of 0.45mm
must be considered in regard to the last impactor stage, the
final collection filter where fine particles with a possible
size smaller than 0.45 mm are deposited. This suggests that
the dissolved fraction for said collection stage might also
contain fine undissolved particles, which could lead to an
overestimation of the dissolved fraction. However, there
are no signs of overestimation in relation to other
cut-points when viewing the dissolved fractions over time.
It can be assumed that an overestimation of the dissolved
fraction resulting from undissolved fine particles should
be visible at early time points when viewing the dissolved
fraction over time. This is not seen for any of the workshops
(Appendix, Fig. A1)

Yan et al. (2016) assessed the impact of using different
mixing techniques, rotating head-over heals vs. shaking,
finding a higher dissolved fraction when using head-over-
heals rotation compared to shaking. The use of head-over-
heals rotation maximized the contact of particles and dis-
solving fluids in comparison to shaking.

The use of a static in vitro model to represent the dy-
namic and complex GI-process is a simplification that is
necessary to achieve reproducible, reliable, and fast results
for multiple parameters. The models are unable to
completely portray the in vivo process (e.g. feedback mech-
anisms, complex peristaltic movements, mucosal cell activ-
ity) (Guerra et al. 2012). In the present study, the static
model uses the adding of digestive fluids at certain time
points to represent compartment changes. Distinct changes
to the dissolved fraction were observed at compartment
changes when digestive fluids had been added. That could
suggest an artificially increased dissolution rate due to the
fast adding of new fluid that accelerates dissolution in com-
parison to the rate in each compartment when shaking at
100 rpm.

One of the processes of most relevance to this study is
the absorption of inhaled particles transported to the GI
tract. How this relates to the used in vitro model needs to
be discussed, since the model represents particles orally
ingested. One aspect is regarding particles being subjected
to respiratory tract mucus/fluids and escalated up to the
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esophagus before being swallowed, a process not included
in the in vitro model, and the effect this has on the uranium
particles compared to the same type of particles being di-
rectly swallowed from the mouth. Another aspect is the rel-
atively long residence time in the mouth compartment of
5 min, which would not be as relevant in the inhalation ex-
posure situation as particles are cleared to the slow compart-
ment of the esophagus with a transit time of 30 s (ICRP
2015). As the contribution from the mouth compartment
is generally limited and the compartment driving the disso-
lution is the stomach compartment with its low pH, it is as-
sumed that these aspects have a minor influence on the en-
tire absorption process. Another aspect is the inclusion of
absorption occurring in the mouth, in which the HATM ab-
sorption from regions other than the small intestine could be
included, but data quantifying such uptake is not available
for uranium (ICRP 2006).

The use of fA derived from several human studies to es-
timate the FD_absorbed relates the in vitro model to the in vivo
situation. It must be kept in mind that fA of soluble uranium
significantly varies between subjects in human absorption
studies and is affected by many uncertainties. While this
model represents a specific and controlled situation, it is
not entirely realistic. However, the use of the derived
FD_absorbed along with fA is the most appropriate available
method and is based on current available data of absorption
of uranium.
CONCLUSION

It is important to perform site-specific experiments to
evaluate dissolution and extension absorption of uranium
aerosols to be able to perform more accurate estimates of
dose and risk assessments for exposed workers.

Results from our in vitro dissolution experiments were
used with the alimentary tract transfer factor for soluble ura-
nium (0.02) to estimate fA values for size-fractionated ura-
nium aerosols collected at the main workshops at a nuclear
fuel fabrication plant. Results from the conversion work-
shop indicated a fA (0.004) in line with what is recom-
mended (0.004) for inhalation exposure for Type M absorp-
tion types and are consistent with the known variability of
chemical compounds present at the workshop. Two other
workshops (powder preparation, pelletizing) handle oxide
materials only and demonstrated lower fA values (0.00029
and 0.00016, respectively). This is similar to default fA
values for inhalation of Type S materials (0.0002), which
is lower than the fA recommended type M/S for inhalation
exposure specified for UO2 and U3O8 (0.0006). Results
for the powder preparation and pelletizing workshops also
showed substantially lower than the recommended fA for in-
gestion exposure (0.002), while results for the conversion
sics.com
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workshop were higher than the specified fA for ingestion of
Type M materials (0.002).

The derived fA for ingestion and inhalation indicate
that ICRP’s conservative recommendation of fA for inhala-
tion exposure is more applicable to both ingestion and inha-
lation of insoluble material in this study in comparison to
default for ingestion of insoluble material.

A significant correlation between particle size and fA
was observed for the pelletizing workshop. This was not ob-
tained for the conversion or the powder preparation work-
shops, which could be due to several uranium compounds
being present and the recorded presence of agglomerate
particles. This indicates that a size-dependency of fA can
be present and that further research might be warranted in
a more controlled environment to discern the importance
of particle size.

Applying the experimentally derived fA for the work-
shops did not show any significant impact on the CED per
Bq for inhalation exposure, in comparison to applying de-
fault fA for corresponding material-type. However, lower
CED per Bq for ingestion exposure was observed for all
workshops, compared to ICRP default assumptions. The fA
affects urinary activity excretion, suggesting that the use of
experimentally derived material-specific fA values could im-
prove dose and intake assessments based on urine samples.

In regard to the low fAvalues for ingestion exposure for
several workshops, it is most likely that inadvertent inges-
tion has an insignificant effect both on CED and CED esti-
mates based on excreted activity via urine for workers at the
pelletizing and powder preparation workshops. This cannot
be concluded for the conversion workshop with its higher fA
where depending on magnitude and ratio of intake to inha-
lation intake, inadvertent ingestion can affect CED and
CED estimates from urinary measurements

Future work includes evaluating the determined fA
values to bioassay data acquired from workers from the site.
There is also a need to further assess the importance of in-
gestion exposure and its impact on dose estimates resulting
from bioassay data.
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APPENDIX: DISSOLVED FRACTION DATA

Complete data of dissolved fractions over time for all
workshops and cut-points are shown in Fig. A1.
Fig. A1. Dissolved fractions over time for uranium aerosol samples from al
are sampled from mouth compartment. Measurement points in green area ar
area are sample from the small intestine compartment. Results for 0.52 mm f
uncertainty. Error bars correspond to ± 1 standard deviation.
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l workshops in the in vitro model. Measurement points in yellow area
e sampled from stomach compartment and measurement points in red
or the BA pelletizing workshop was excluded due to significantly high
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