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Abstract: Uranium aerosols are released from uranium-containing materials in high-temperature
environments caused by nuclear accidents or other processes. Research on the generation charac-
teristics of uranium aerosols under such conditions is an important part of nuclear-safety analysis.
In this experiment, the similarity between metal cerium aerosols and uranium material aerosols
was evaluated from the aspects of particle size distribution and source term. Combined with the
experiment data, the effect of air flow rate and sampling time is discussed. The calculation result of
the air release fraction (ARF) is 6.07 × 10−3–4.8 × 10−2, and the respirable fraction (RF) is 0.810–0.978,
respectively, showing that the size distribution of particles and ARF of the cerium aerosol are different
from the results of the uranium aerosols in the literature, while the RF is similar to the results obtained
by using the uranium–niobium alloy in the literature.

Keywords: metallic cerium; uranium aerosols; equivalence; source term; particle size distribution

1. Introduction

Uranium is an important material in the nuclear industry and military industry,
which is widely used in neutron-shielding materials, depleted-uranium armor-piercing
projectiles, and protective materials. During the production, processing, transportation,
use, and storage of uranium materials, the leakage of uranium aerosols may occur due
to fire accidents, endangering personnel safety. It is of great significance to study the
characteristics of uranium aerosol produced by uranium materials under fire conditions for
the prevention and disposal of nuclear accidents caused by fire.

In combustion environments caused by fire, uranium aerosols will be released from
uranium-containing materials, polluting and harming the surrounding environment and
the human body [1–3]. Therefore, it is important and necessary to study uranium aerosols
in a combustion environment. At present, only few experiment studies have been carried
out on uranium aerosols in combustion environments, and most of them focus on the
aerosol-release characteristics of radioactive-contaminated materials [4–7]. There are fewer
direct studies of uranium materials, including J. C. Elder and M. C. Tinkle [8,9] who used
different fuels to study the aerosol-generation laws of depleted-uranium penetrators, and
Carter R. F. and Stewart K [8,9] who studied the release of uranium and plutonium aerosol
under combustion conditions. The available reference is very limited.

On the other hand, due to the limitation of uranium materials and the harmfulness
of aerosols and other factors, it is impractical to carry out extensive uranium-aerosol-
generation experiments [10,11]. Therefore, relevant research at home and abroad is mostly
based on surrogate materials for simulation research. The alternative materials involved
in the current research include CeO2, Mo, Co, ZrO2, Ag, Eu, etc. [7,12,13]. Among these
available materials, cerium and its compounds have better similarities with uranium in
physical and chemical properties, and are recognized as an appropriate substitute for
uranium and plutonium in related experiments [14,15]. However, there is no relevant
research about cerium aerosols in combustion environments [15–17]. Therefore, this article
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uses metallic cerium to conduct aerosol-generation experiments to obtain information
including the source term and size distribution of particles of cerium aerosols; explore
the influence of sampling time and air flow rate; and evaluate the similarities based on
experiment results and literature references.

2. Materials and Methods
2.1. Theoretical Feasibility of Cerium Simulation of Uranium

Actinides are generally radioactive, while lanthanides, which have similar valence-
electron arrangements to actinides, are mostly nonradioactive, and the two elements are
similar because of the valence-electron arrangement. Select elements from the lanthanide
series that can simulate metallic uranium. In the lanthanides, the valence-electron arrange-
ment of the elements satisfies 4f1–14d0–16s2; that is, the arrangement of electrons only differs
in the 4f and 5d orbitals of the inner layer, which leads to very similar chemical properties
between the elements.

Cerium (Ce) is the 58th element of the periodic table and is the rare-earth element with
the highest content in nature. The density of metal cerium is 6.773 g/cm3, the melting point
is 799 ◦C, the boiling point is 3443 ◦C, the outer electron arrangement is 4f15d16s2, and the
common valence is +3 or +4. Its oxide is mainly CeO2 and the density is 7.65 g/cm3. There
are four allotropes of cerium under normal pressure, and the detailed data are shown in
Table 1. It can be seen from Table 1 that cerium in the delta phase has a body-centered cubic
structure with a forward transition temperature of 726 ◦C, which is similar to the uranium
in the γ phase, which belongs to the cubic crystal system and has a stable temperature
of 774.8 ◦C [18]. Additionally, in this experimental device, the combustion temperature
is about 850 ◦C; cerium and uranium are transformed into the δ phase and the γ phase,
respectively; and the structural similarity between them is higher. The melting point of
cerium is 798 ◦C, the boiling point is 3424 ◦C, and the density is 6.77 g/cm3. The melting
point of uranium is 1135 ◦C, the boiling point is 3424 ◦C, and the density is 19.05 g/cm3.
Both uranium and cerium can react with oxygen to form oxides at high temperatures.

Table 1. Allotrope of Cerium.

Phase Density (g/cm3) Crystal Structure Forward Transition Temperature Reverse Transition Temperature

α 8.16 Face-centered cubic - −228 ◦C

β 6.689 Double-hexagonal
closest packing −148 ◦C −16 ◦C

γ 6.77 Face-centered cubic 139 ◦C -

δ 6.65 Body-centered cube 726 ◦C -

Considering the above factors, cerium was selected as an alternative material for
uranium in this study. By conducting experiments on cerium-aerosol generation under
fire conditions and obtaining data on the particle size distribution, ARF, and RF of cerium
aerosol, we evaluate and analyze the simulation effect of cerium as uranium-aerosol-
generation characteristics under this experimental condition.

2.2. Instrument and Materials

In this experiment, the aerosol generation and sample collection were realized using
an integrated high-temperature experiment apparatus. The schematic diagram is shown in
Figure 1 [19]. The apparatus uses preheated kerosene as fuel to simulate the combustion
environment. A two-stage cooling system composed of water and coolant was used to
cool the combustion chamber and exhaust ducts. The generated aerosol was led out of
the system through a ventilation system. In order to monitor the operating status of the
system, thermocouples were installed in the combustion chamber and the front section of
the exhaust valve and integrated into the temperature-monitoring and -recording system.



Processes 2023, 11, 419 3 of 12

The collection of aerosol samples was achieved using an impactor sampler with a glass-fiber
filter. The mass median diameter (MMD) of the impactor and the range of the collected
particle size are shown in Table 2.
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Figure 1. High-temperature experiment apparatus.

Table 2. The mass median diameter (MMD) of the impactor.

Stage 0 1 2 3 4 5 6 7 F

MMD (µm) 9 5.8 4.7 3.3 2.1 1.1 0.7 0.4 <0.4
Size range (µm) >9 9–5.8 5.8–4.7 4.7–3.3 3.3–2.1 2.1–1.1 1.1–0.7 0.7–0.4 <0.4

The manufacturer and model of the used equipment are shown in Table 3. The
chemicals in the experiment and analysis are shown in Table 4. In the post-processing
process, disposable plastic products were used to contain and process the liquid sample,
including 50 mL centrifuge tubes, 10 mL centrifuge tubes, and needle filters. Gun pipettes
and volumetric flasks were used for standard solution configuration. The aerosol samples
were dissolved with 10% dilute nitric acid.

Table 3. The manufacturer and model of equipment.

Equipment Manufacturer Model

ICP-AES Thermo Fisher Scientific Icap 7000
TEM Zeiss Labra200Kv
XRD PANalytical Xpert pro
XPS PANalytical Axios

Table 4. Materials of the experiment.

Materials CAS Purity Specification Mass

Ce 231-154-9 99.90% 25 × 25 × 1 mm 4.2 g
Ce 231-154-9 1000 µg/mL 50 mL -

HNO3 7697-37-2 GR 500 mL -
H2O 7732-18-5 15 MΩ/cm - -

2.3. Analysis Method

We cut 3/4 of the glass-fiber filter into small pieces and digested with 20 mL of
dilute nitric acid for one day to obtain cerium. We filtered about 10 mL to measure the
cerium ion concentration use a disposable syringe filter. We selected appropriate parts
from the remaining 1/4 aerosol samples and carry out transmission electron microscopy
(TEM), X-ray diffraction analysis (XRD) and X-ray photoelectron spectroscopy (XPS) tests
together with the weighed combustion products to obtain information on the microscopic
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morphology of the particles, the phase composition of the particles and products, and the
particle distribution on the glass-fiber filter.

The 413.3 nm characteristic spectral line of cerium was selected as the ICP-AES work-
ing wavelength to obtain the mass–particle size distribution data of cerium aerosols [20].

The relative atomic mass was used to convert the combustion product mass to the
cerium mass according to the element composition information of the combustion product,
and the change in the cerium sample mass was used to calculate the air release fraction
(ARF) of the cerium aerosol using Formula (1). In order to detect the cerium element that
may be contained in the sampling-system exhaust gas, two dilute-nitric-acid glass wash
bottles as a collection medium were settled at the end of the sampling system, and the
cerium element was measured with ICP-AES. Combined with the above data, the respirable
fraction (RF) of cerium aerosol was calculated according to Formula (2).

ARF =
mCe −m′Ce

mCe
(1)

RF =
mtotal

Ce −m0
Ce

mtotal
Ce

(2)

in which:
mCe: initial mass of cerium;
m′Ce: cerium mass in the combustion products;
mtotal

Ce : total mass of cerium in the sampler;
m0

Ce: cerium mass in the 0-stage of sampler.

2.4. Fire Experiment of Metal Cerium Aerosol Formation
2.4.1. Experimental Conditions

The experimental conditions for each experiment are shown in Table 5. In these
experiments, the air flow rate and sampling time during the experiment were changed,
respectively, and the particle size distribution and related data of the aerosol were measured.
The influence of temperature was not studied, mainly because the temperature fluctuated
between 750 ◦C and 850 ◦C in the case of stable combustion during the experiment, so it
was of little significance to conduct temperature-influence experiments. In Experiment 2,
the particles in the sampled exhaust gas were collected by adding a two-stage glass wash
bottle at the end of the sampling line to analyze the data of the cerium aerosol not collected
by the sampler.

Table 5. Conditions of the experiments.

Serial Number 1-1 1-2 2-1 2-2 2-3 2-4

Flow rate of air (m/s) 4 2.7 2.7 2.7 4 2.7
Sampling time (min) 10 10 30 10 30 20

2.4.2. Experimental Phenomena

The mass of the cerium sample used in the experiment was 4.2 g, and the size was
25 × 25 × 1 mm. The cerium sample was placed on a stainless-steel disc with a grid. After
ignition and combustion, the combustion of the cerium sample is shown in Figure 2a. The
surface of the cerium metal gradually darkened in the high-temperature flame. This shows
that the surface of cerium metal reacts with oxygen at high temperature to form a black
oxide. It could be observed that the metal cerium sample underwent slow oxidation due
to oxidation under high-temperature conditions. During the experiment, the combustion
temperature experienced a process of first rising and then falling, which should be caused
by the exothermic oxidation of the cerium metal which caused the temperature to rise,
and the temperature dropped after the oxidation. The combustion products are shown in
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Figure 2b,c. It can be seen that the combustion products of cerium were complete, and the
substances such as carbon black adsorbed on the surface were not obvious.

Processes 2023, 11, x FOR PEER REVIEW 5 of 13 
 

 

black oxide. It could be observed that the metal cerium sample underwent slow oxidation 
due to oxidation under high-temperature conditions. During the experiment, the combus-
tion temperature experienced a process of first rising and then falling, which should be 
caused by the exothermic oxidation of the cerium metal which caused the temperature to 
rise, and the temperature dropped after the oxidation. The combustion products are 
shown in Figure 2b,c. It can be seen that the combustion products of cerium were com-
plete, and the substances such as carbon black adsorbed on the surface were not obvious. 

The filter paper after cerium-aerosol sampling is shown in Figure 3, from right to left 
and top to bottom, with stages 0–7 and F, respectively. The first line is 0, 1, and 2 stages 
from right to left. The second line is 3, 4, and 5 stages from right to left. The third line is 6, 
7, and F stage from right to left. 

   
(a) (b) (c) 

Figure 2. Figure of the burning Cerium and combustion products. (a): The combustion diagram of 
the cerium sample. (b)and(c): The combustion products of the cerium sample. 

 
Figure 3. The filter paper after cerium-aerosol sampling. 

2.4.3. Experimental Method 
The measurement of cerium aerosol first used ICP-MS to measure the characteristic 

emission spectrum of cerium at 413.3 nm. 

3. Results 
3.1. Particle size Distribution and Assessment 

The available particle-size-distribution data of cerium aerosol obtained from six ex-
periments are summarized in Table 6. Exp. 1-1 and Exp. 2-4 are not available. For the 

Figure 2. Figure of the burning Cerium and combustion products. (a): The combustion diagram of
the cerium sample. (b,c): The combustion products of the cerium sample.

The filter paper after cerium-aerosol sampling is shown in Figure 3, from right to left
and top to bottom, with stages 0–7 and F, respectively. The first line is 0, 1, and 2 stages
from right to left. The second line is 3, 4, and 5 stages from right to left. The third line is 6,
7, and F stage from right to left.
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2.4.3. Experimental Method

The measurement of cerium aerosol first used ICP-MS to measure the characteristic
emission spectrum of cerium at 413.3 nm.

3. Results
3.1. Particle size Distribution and Assessment

The available particle-size-distribution data of cerium aerosol obtained from six ex-
periments are summarized in Table 6. Exp. 1-1 and Exp. 2-4 are not available. For the
convenience of calculation and processing, the MMD of the F-stage sampler was selected
as 0.1 µm.
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Table 6. Particle size distribution data of cerium aerosol.

Serial Number 1-2 2-1 2-2 2-3

Stage MMD (µm) Mass (µg) Mass (ng) Mass (ng) Mass (ng)

0 9 3.01 288 48.76 202.32
1 5.8 6.088 134.32 208.22 96.64
2 4.7 6.838 186.88 196.1 211.04
3 3.3 5.33 191.28 192 197.2
4 2.1 6.836 157.84 165.2 145.92
5 1.1 5.742 170.24 168.86 193.52
6 0.7 7.382 137.36 169.04 167.6
7 0.4 6.632 118.8 70.64 461.2
F 0.1 6.29 135.04 162.88 148.32

The data in Table 6 were used to make the fraction distribution of mass and the fraction
distribution of cumulative mass, as shown in Figure 4. In Figure 4, we compare the results of
cerium aerosols with those of uranium aerosols obtained in the literature by Surya Narayan
using strong-current instantaneous gasification of UO2 fuel assemblies [21]. Combining
Table 5 and Figure 4, we can see that the particle size distribution of cerium aerosols was
greatly affected by environment conditions (air flow rate and sampling time), and even
under the same experiment conditions, there were differences between the results of 1-2
and 2-2, indicating that the results were greatly affected by other factors (temperature and
humidity). At the same time, there was a difference between the particle size distribution
of the cerium aerosols and the uranium aerosols, indicating that the simulation effect of the
cerium aerosol was not good enough in replacing the uranium aerosols. Aerosol particles
had better stability in the larger particle size range. As can be seen in Figure 4b, the aerosol
particle size distribution varied significantly at smaller scales, while it exhibited very similar
trends at larger scales.

Processes 2023, 11, x FOR PEER REVIEW 6 of 13 
 

 

convenience of calculation and processing, the MMD of the F-stage sampler was selected 
as 0.1 μm. 

Table 6. Particle size distribution data of cerium aerosol. 

Serial Number 1-2 2-1 2-2 2-3 
Stage MMD (μm) Mass (μg) Mass (ng) Mass (ng) Mass (ng) 

0 9 3.01 288 48.76 202.32 
1 5.8 6.088 134.32 208.22 96.64 
2 4.7 6.838 186.88 196.1 211.04 
3 3.3 5.33 191.28 192 197.2 
4 2.1 6.836 157.84 165.2 145.92 
5 1.1 5.742 170.24 168.86 193.52 
6 0.7 7.382 137.36 169.04 167.6 
7 0.4 6.632 118.8 70.64 461.2 
F 0.1 6.29 135.04 162.88 148.32 

The data in Table 6 were used to make the fraction distribution of mass and the frac-
tion distribution of cumulative mass, as shown in Figure 4. In Figure 4, we compare the 
results of cerium aerosols with those of uranium aerosols obtained in the literature by 
Surya Narayan using strong-current instantaneous gasification of UO2 fuel assemblies 
[21]. Combining Table 5 and Figure 4, we can see that the particle size distribution of ce-
rium aerosols was greatly affected by environment conditions (air flow rate and sampling 
time), and even under the same experiment conditions, there were differences between 
the results of 1-2 and 2-2, indicating that the results were greatly affected by other factors 
(temperature and humidity). At the same time, there was a difference between the particle 
size distribution of the cerium aerosols and the uranium aerosols, indicating that the sim-
ulation effect of the cerium aerosol was not good enough in replacing the uranium aero-
sols. Aerosol particles had better stability in the larger particle size range. As can be seen 
in Figure 4b, the aerosol particle size distribution varied significantly at smaller scales, 
while it exhibited very similar trends at larger scales. 

  
  

Figure 4. Comparison of distributions between Ce and U [21  ] “Adapted with permission from 
Ref. [Characterization of Uranium Oxide Aerosols]. 1994, Surya Narayana, D.S”. and Ce. (a): The 
fraction distribution of mass. (b) The fraction distribution of cumulative mass.  

3.2. Source Term Analysis and Assessment 
In this experiment, the cerium mass was calculated according to the mass of the metal 

cerium combustion product and the cerium aerosol by relative atomic mass. The cerium 
mass in aerosol samples can be measured directly, and the calculation cerium mass in the 
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distribution of mass. (b) The fraction distribution of cumulative mass.

3.2. Source Term Analysis and Assessment

In this experiment, the cerium mass was calculated according to the mass of the metal
cerium combustion product and the cerium aerosol by relative atomic mass. The cerium
mass in aerosol samples can be measured directly, and the calculation cerium mass in
the combustion products requires characterization of the combustion products to obtain
information such as their chemical composition and phase composition.

3.2.1. Characterization and Analysis of Element Composition

Figure 5 shows the TEM images of the cerium aerosol. Table 7 shows the corresponding
semiquantitative analysis data. It can be seen from Figure 5 that the particle size selected for
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analysis was between 400 and 1200 nm, and the particle was irregular. Figure 5a,b clearly
show the adsorption of small particles, indicating that the independence and dispersion
of the cerium aerosol particles were not good, and there were aggregation and clustering
phenomena. From the atomic ratio composition in Table 7, it can be seen that the chemical
composition on the surface of the colloidal particles was mainly cerium oxide.
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Table 7. Results of Semiquantitative analysis.

No. O (%) Zn (%) Ce (%) Estimated Density (g/cm3)

a 55.63 −0.15 44.51 6.1
b 59.38 −0.84 41.47 6.01
c 60.07 −2.3 42.23 6
d 64.37 −1.09 36.72 5.86

Mean 59.9 −1.1 41.2 6.0

The results of XRD analysis of combustion products of Exp. 1-1 and Exp. 1-2, for
example, are shown in Figure 6. It can be seen that the 2θ peak of the product and the
standard peak of CeO2 in the PDF2-2004 card can be corresponded within 90◦, indicating
that the main component of the product was CeO2, and it contained almost no impurities,
indicating that the metal cerium sample was fully oxidized under burning.
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Figure 7 shows the XPS results of the cerium combustion products. Table 8 shows the
semiquantitative analysis results.

Processes 2023, 11, x FOR PEER REVIEW 8 of 13 
 

 

the main component of the product was CeO2, and it contained almost no impurities, in-
dicating that the metal cerium sample was fully oxidized under burning. 

Figure 7 shows the XPS results of the cerium combustion products. Table 8 shows the 
semiquantitative analysis results. 

 
Figure 6. XRD spectra of combustion products. 

 
Figure 7. XPS results of combustion products. 

Table 8. XPS semiquantitative analysis results. 

Ce Powder 

Figure 7. XPS results of combustion products.

Table 8. XPS semiquantitative analysis results.

Ce Powder

Peaks BE (eV) FWHM
(eV) Atom %

Ce3d 898.48 2.95 19.56
O1s 529.19 2.88 61.13

Zn2p 1021.77 3.12 5.02
C1s 284.64 1.61 14.29
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The result of the semiquantitative analysis of combustion products showed that its
main component was CeO2, which was consistent with the XRD test results. In addition to
cerium, the carbon in the product comes from carbon black produced by the incomplete
combustion of kerosene, and the zinc comes from the residual particles attached to the inner
wall of the combustion chamber from the previous zinc-aerosol-generation experiment.

3.2.2. Calculation of Source Term

Exp. 1-2 measured the cerium contained in the sampling-system exhaust gas (Table 9).
Among them, 10% 1 g/cm3 dilute nitric acid was adopted as the collected medium, and
ICP-AES was used to measure the concentration of cerium and calculate its mass. It can
be seen from Table 9 that the total mass of the cerium collected in the exhaust gas of the
sampling system with a particle size of less than 0.4 µm was 31.92 µg, while the total
mass of the cerium collected by the sampler can be calculated from Table 5 to be 54.15 µg.
The ratio between the two parts was 0.589, which shows that a considerable part of the
cerium aerosol particles was not collected by the sampler. Combined with the adsorption
of small particles in Figure 5a,b, it can be seen that the cerium aerosol had a concentrated
distribution in the small particle size range (<0.4 µm), which cannot be shown in Figure 4.

Table 9. Mass of Ce collected in the exhaust gas of Exp. 1-2.

Serial Number Total Mass (g) Volume
(mL)

Concentration
(µg/mL)

Mass
(µg)

Ce-1 38.904 38.904 0.4445 17.29
Ce-2 32.1829 32.1829 0.4546 14.63

From the analysis above and the data in Table 8, it can be seen that the use of
Formula (2) to calculate the RF ignores the contribution of smaller particles. Therefore,
Formula (3) was used. The other experiments used two methods to calculate the RF, respec-
tively. Among them, the mass of cerium in the tail gas was converted by the total mass of
cerium obtained in the sampler according to the ratio of 0.589 obtained in Exp. 1-2. Based
on this, the total mass of combustion products obtained in each experiment and the ARF
and RF are summarized in Table 10.

RF =
mtotal

Ce + mtail
Ce −m0

Ce

mtotal
Ce + mtail

Ce
(3)

where:
mtotal

Ce : the total cerium mass in the glass-fiber filter;
mtail

Ce : the cerium mass in the sample exhaust gas;
m0

Ce: the cerium mass in the 0 stage of the sampler;

Table 10. Results of ARF and RF.

Serial Number 1-1 1-2 2-1 2-2 2-3 2-4

Mass of Ce 4.20 4.20 4.20 4.20 4.20 4.39
Combustion
products (g) 4.91 3.87 - - - 5.36

ARF 0.05 0.25 - - - 6.07 × 10−3

RF - 0.944 0.810 0.965 0.889 -
RF * - 0.965 0.880 0.978 0.930 -

RF *: RF calculated by Equation (3).

3.2.3. Evaluation of Source Term Simulation Effect

Comparing the ARF and RF obtained in the experiment with that (Table 11) given
by Clark et al. using coal as fuel at a temperature of about 600 ◦C, it can be seen that the
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ARF value had a deviation of orders of magnitude, and the lower limit of the experiment
result of RF was closer to the upper limit of the result given by the uranium–niobium
alloy [22]. In the calculation of the ARF, the combustion product’s mass obtained in
Exp. 1-2 was obviously lower than that in Exp. 1-1 and Exp. 2-4, which was caused
by some fragments falling into the preheating chamber during the combustion process
and the aerosol-collection process. In the calculation of the RF, the RF was similar to the
results obtained by using the uranium–niobium alloy in the literature. Based on the above
experiment results, it can be seen that the ARF simulation effect of cerium aerosol on
uranium aerosol is poor, but the simulation effect on the RF is better.

Table 11. Results from Clark et al. [22]. “Reprinted with permission from Ref. [Characterization of
Respirable Uranium Aerosols from Various Uranium Alloys in Fire Events]. 2015, Clark, D.K.”

Parameter
Geometric Mean Arithmetic Average

U-Ti U U-Nb U-Ti U U-Nb

ARF 2×10−5 1×10−6 5×10−8 4×10−5 1×10−6 6×10−8

RF 0.47 0.33 0.77 0.49 0.33 0.78

3.3. Influence of Environment Factors
3.3.1. Sampling Time

Judging from the particle size distribution results of 2-1 and 2-2 in Figure 4, the particles
larger than 9 µm increased as the sampling time. The reason is that while increasing the
sampling time, it also increases the air flow time in the experiment device so that the large
particles originally adsorbed and deposited on the pipe wall and the valve have a chance
to enter the sampling system, increasing the proportion of large particles and indirectly
leading to a reduction in the RF. During the experiment, it could be observed that the metal
cerium sample could be completely burned within the sampling time of 10 min, so the
effect of increasing the sampling time on the ARF was not obvious.

3.3.2. Air Flow Rate

Combining the particle-size-distribution diagrams obtained in Exp. 2-1 and Exp. 2-3,
we can see that the particle size distributions of the two roughly followed similar laws, but
the proportion of particles in the range of 0.4–0.7 µm in Exp. 2-3 was significantly higher
than the results of Exp. 2-1. This result shows that after increasing the air flow rate, the
large particles originally formed via aggregation or adsorption are dispersed, which leads
to an increase in the proportion of small particles and an increase in the RF. The influence
of the air flow rate on the ARF remains to be studied.

4. Discussion
4.1. Generate Feature Similarity Analysis

The distribution of cerium aerosols was similar between different experiments. The
particle size distribution in the range of 1.1–4.7 µm had little difference, while in the range of
less than 1.1 µm and greater than 4.7 µm, the distribution increased or decreased obviously,
and the change trend of the size and particle size was consistent. For uranium aerosols,
the results of the parallel experiments showed log-normal distribution and bimodal distri-
bution, respectively, and the mass median aerodynamic diameter (MMAD) of the normal
distribution was 2.13 ± 0.45 µm, while the two peaks of the bimodal distribution were
located near 1 µm and 6 µm, respectively, which was quite different from the distribution
of the cerium aerosols’ particle size. Therefore, purely from the results in this experiment,
cerium aerosols have no effective equivalence with uranium aerosol at the size distribution
of particles.

The ARF values obtained with cerium aerosol were 4.84 × 10−2 and 6.20 × 10−3,
respectively, which were also quite different from the results obtained with uranium
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aerosol of 0.525–0.620. Therefore, purely from the experimental results, the similarity was
not high.

In terms of the RF, the RF value of cerium aerosol ranged from 0.881 to 0.978, while
that of uranium aerosol was 0.99 to 1.0, and the similarity between the two was high.
Considering that the experimental conditions of the two were the same, and the RF is an
important evaluation index for the inhalation hazard of aerosols, it can be seen from the
experimental results that cerium aerosols can better simulate the RF of uranium aerosols.

4.2. Discussion of Experimental Results

From the experimental results, the simulation effect of cerium aerosol RF is better.
However, from the comprehensive point of view of experimental conditions and experi-
mental settings, the simulation effect of particle size distribution and ARF still needs more
experimental verification. On the one hand, the uranium material used in the experiment
is quite different from the material specification of cerium. From the comparison of the
results of uranium aerosol generation at home and abroad, the specification of the material
is also a key factor affecting the aerosol-generation characteristics. It is necessary to unify
the specifications of materials in the experiment as much as possible; on the other hand, the
accuracy of the experimental data will have been affected to a certain extent due to factors
such as the long sampling pipeline of the experimental device, the many sampling pipeline
valves, and the deposition on the inner wall of the sampling pipeline.

Therefore, in general, this study cannot simply evaluate the suitability of cerium
aerosol as a substitute material for uranium aerosol from the perspective of experimental
data, but should analyze the reference value and significance of the obtained experimental
data and help understand the experimental results. On the basis of fully solving various
problems encountered in this research, more experiments are being carried out to make
more scientific and reasonable conclusions.

4.3. Conclusions

The calculation result of the air release fraction (ARF) is 6.07 × 10−3–4.8 × 10−2, and
the respirable fraction (RF) is 0.810–0.978, respectively, showing that the size distribution
of particles and the ARF of cerium aerosol are different from the results of the uranium
aerosols in the literature, while the RF is similar to the results obtained by using uranium–
niobium alloy in the literature. The RF of cerium aerosol can be approximated to simulate
the RF of uranium aerosol. It is possible to use cerium aerosol instead of uranium aerosol
for RF study experiments.
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