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Experimental research on the removal characteristics of simulated radio-
active aerosols by a cloud-type radioactive aerosol elimination system
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Radioactive aerosols in the confi ned workplace are a major source of internal exposure hazards for 
workers. Cloud-type radioactive aerosol elimination system (CRAES) have great potential for radioactive 
aerosol capture due to their high adsorption capacity, lack of cartridges and less secondary contamination. 
A CRAES was designed and constructed, and a FeOOH/rGO composite was directly prepared by a hydro-
thermal method to characterise and analyse its morphology, chemical structure and removal effi ciency for 
simulated radioactive aerosols. The results show that the FeOOH/rGO composite works in synergy with 
the CRAES to effectively improve the removal effi ciency of simulated radioactive aerosols. A 30-minute 
simulated radioactive aerosol removal rate of 94.52% was achieved when using the experimentally opti-
mized composite inhibitor amount of 2 mg/L FeOOH/rGO with 0.2 g/L PVA as a surfactant. Therefore, 
the CRAES coupled with the composite inhibitor FeOOH/rGO has broad application potential for the 
synergistic treatment of radioactive aerosols.
Keywords: Radioactive aerosols, elimination, composite, CRAES, FeOOH/rGO.

INTRODUCTION

   Today’s dwindling reserves of fossil resources have 
led to more attention being paid to nuclear energy as 
a clean energy source, and research on nuclear energy 
will be a research hotspot for quite some time to come, 
while in the military, strategic-grade nuclear weapons are 
also an important bargaining chip in the game of great 
powers1, 2. Nuclear energy uniquely generates radioactive 
aerosols in confi ned workplace during the production 
and processing of nuclear materials, the operation of 
nuclear facilities, the storage of nuclear weapons and 
the decommissioning of nuclear facilities3, 4. A radioac-
tive aerosol is a colloidal dispersion of solid or liquid 
particles suspended in a gaseous medium containing 
or contaminated with radionuclides, the particle size 
of which is mainly distributed between 0.01 and 100 
microns5. The danger of radioactive aerosols cannot 
be ignored because of their properties as both aerosols 
and radioactive substances.  The ventilation effect in the 
confi ned space is poor, and once the radioactive aerosol 
is formed, it can exist for a long time and easily enter 
the human body through breathing, so it is the main 
source of radiation hazards in confi ned space workers. 
The harm of radioactive aerosol to the human body is 
related to particle size6. If the particle size exceeds 10 
microns, it is deposited in the oral and nasal cavity. If 
the particle size is between 2.5 microns and 10 microns, 
it is deposited in the throat and upper bronchi, it even-
tually dissolves into sputum and is expelled from the 
body, thus posing less risk of internal exposure. If they 
are smaller than 2.5 microns in size, aerosols will enter 
the bronchi and alveoli, causing severe radiation hazard 
and irreversible damage to organs1. Therefore, the ef-
fective treatment of radioactive aerosols with a particle 
size of less than 2.5 microns in working environments is 
important for the health of workers. Radioactive aerosols 
are formed by radionuclides adsorbed on the surface of 
aerosol particles in the air7, so research in the fi eld of 

radioactive aerosol removal is currently based on the 
theory of general aerosol removal.

Current technologies for the removal of radioactive 
aerosols include physical fi ltration, electrostatic capture, 
bubbling washing, atomization capture, pressurised dis-
solved gas air fl otation and spraying inhibitors8, 9.  The 
traditional physical fi ltration fi ber has the advantages of 
mature technology and low cost, and is widely used in the 
fi eld of air purifi cation. The purifi cation of radioactive 
aerosol is often accompanied by greater air resistance 
and the generation of a large number of radioactive 
fi lter materials. Dry electrostatic capture technology 
has the characteristics of high energy consumption and 
low effi ciency, so it needs to be further studied and 
optimized. Due to its small amount of radioactive solid 
waste and long service life, wet process technology has 
attracted the attention of researchers in recent years10. 
Pressurised dissolved gas air fl otation equipment is rela-
tively complex and the technology is not mature enough. 
atomization capture and spraying inhibitors have long 
operation time, and at present, organic materials are 
used as the research object, which has limitations. The 
above technology is accompanied by the generation of 
a large amount of radioactive waste, which has the biggish 
potential risk of secondary contamination. In response 
to the characteristics of radioactive aerosol removal in 
confi ned workplaces, the combination of atomization 
capture technology and aerosol elimination technology 
has been proposed for the synergistic removal of ra-
dioactive aerosols. In this approach, a graphene-based 
radioactive aerosol inhibitor is prepared and aerosolised, 
the radioactive aerosols in the air are adsorbed, and 
the adsorbed condensed particles are passed through 
a specially designed cloud-type radioactive aerosol eli-
mination system (CRAES) to achieve effi cient removal 
of the radioactive aerosols. Compared to conventional 
technology, it has a larger adsorption capacity, and the 
fi lterless design avoids abundant secondary contamination 
and enables direct and contained treatment.
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FeOOH has been widely used for the adsorption of 
radioactive wastewater and heavy metal ion wastewater. 
Wang prepared L-arginine-modifi ed FeOOH (2Arg@
FeOOH) for the fi rst time and loaded it on a fi brous 
membrane (FM) to form 2Arg@FeOOH/FM for the 
removal of As (V) from contaminated water11. Wu 
synthesised mesoporous FeOOH polycrystalline pheno-
types, and the study revealed the reaction mechanism 
of FeOOH with Cr (VI) and the different behaviour 
of the four FeOOH polymorphs in the removal of Cr 
(VI)12. Graphene and graphene oxide (GO) are widely 
used due to their unique structural and morphological 
characteristics, exhibiting excellent electrical, mechanical 
and thermal properties13, 14, 15. In this study, graphene 
was used as a substrate to provide more active sites due 
to its large specifi c surface area, FeOOH was used as 
the main active substance, and surfactants were used to 
reduce the surface tension of droplets and improve the 
coagulation effi ciency16, 17.

Cloud-air-purifying (CAP), proposed by Wang18, is 
based on cloud physics and uses agglomeration growth 
technology to achieve effi cient removal of fi ne particulate 
matter. The technology simulates the natural rainfall 
process by constructing an environment of supersaturated 
relative humidity through an ultrasound atomization unit, 
and the induced draught fan unit creates a disturbed fl ow 
fi eld in the system. The fi ne particulate matter in the 
ultrasound atomization unit is in full contact with the 
saturated water vapour and acts as condensation nuclei, 
agglomerating and increasing in particle size; it is then 
collected effi ciently by a modifi ed cyclone separator.

In this study, a CRAES was designed and constructed, 
a FeOOH/reduced graphene oxide (rGO) composite 
was prepared and characterised, and the removal effect 
of different concentrations of composite inhibitor on 
simulated radioactive aerosols were investigated based 
on the synergy between the composite inhibitor and the 
CRAES. To increase the surface activity and improve 
the coagulation effi ciency, the effects of different sur-
factant types and concentrations on the removal effect 
were investigated, the optimum ratio of the composite 
inhibitor for the method was obtained, the removal effect 
was evaluated, and fi nally, the removal mechanism was 
investigated and analysed.

EXPERIMENTAL

Materials
Concentrated sulfuric acid (H2SO4, 98 wt.%) and 

hydrochloric acid (HCl, 37 wt.%) were purchased from 
Chengdu Kelong Chemical Co., Ltd. Sodium nitrate 
(NaNO3, V), hydrogen peroxide (H2O2, 30 wt.%) and 
sodium sulfate (NaSO4, VII) were purchased from Si-
nopharm Chemical Reagent Co., Ltd. Graphite powder, 
cesium chloride (CsCl, I), polyoxyethylene sorbitan fatty 
acid ester (Tween-60), hexadecyl trimethyl ammonium 
bromide (CTAB), polyvinyl alcohol (PVA), sodium do-
decyl benzene sulfonate (SDBS) and iron (III) chloride 
hexahydrate (FeCl3 

. 6H2O) (AR, 99.0%) were purcha-
sed from Shanghai Titan Scientifi c Co., Ltd. Potassium 
permanganate (KMnO4) was purchased from Harbin 
City Xinchun Chemical Plant. Deionised (DI) water was 

laboratory-made. All chemicals were of analytical grade 
and were used without further purifi cation.

Preparation
GO was prepared by the modifi ed Hummers me-

thod19, 20, 21. First, 70 mL of concentrated H2SO4 was 
kept below 4 oC in an ice-water bath, and 3 g of graphite 
powder and 1.5 g of NaNO3 were added under stirring. 
Then, 9 g of KMnO4 was added in small amounts several 
times over a period of 1 h to maintain the temperature. 
The beaker was then shifted to a constant temperatu-
re water bath at 35 oC with magnetic stirring for 2 h. 
A total of 150 mL of DI water was added, The beaker 
was placed in a constant temperature water bath at 
95 oC, and magnetic stirring was performed for 15 min. 
Afterwards, 500 mL of DI water was added to fi nish 
the reaction, and 20 mL of H2O2 solution (30 wt.%) 
was slowly added. The solution was fi ltered and washed 
several times by centrifugation with 200 mL of HCl (10 
wt.%) and DI water to bring the pH close to neutral. 
A dispersed suspension of GO was obtained.

The preparation of FeOOH and FeOOH/rGO was 
achieved by a hydrothermal process22. A certain amount 
of GO was dispersed in 30 mL of DI water by ultraso-
nic stirring; 0.5406 g FeCl3 . 6H2O was added, and the 
mixture was stirred for 30 min, after which 0.2841 g 
NaSO4 was added, and the mixture was stirred until 
completely dispersed. The obtained liquid was kept in 
a 50 mL autoclave at 120 oC for 6 h. The product was 
collected by centrifugation and washed several times with 
DI water to obtain dispersion. FeOOH was synthesised 
under the same conditions without the addition of GO 
for comparison.

Characterisation
The samples were characterized using Fourier trans-

form infrared spectroscopy (FT-IR), Raman analysis, 
and scanning electron microscopy (SEM). The surface 
functional groups of samples in the range of 400–4000 
cm–1 were analyzed using FT-IR (Nicolet Is5, Thermo 
Fisher, USA). A laser confocal Raman spectrometer 
(Lab RAM HR Evolution, Horiba Scientifi c) with an 
excitation wavelength of 633 nm was used to obtain the 
spectrogram of the sample in the range of 50–2000 cm–1. 
The surface morphologies were characterised by SEM 
(Gemini SEM 300, ZEISS, Germany).  

Particulate Matter Removal Test
The removal of radioactive aerosols is based on general 

aerosol decontamination7, so this experimental method 
was designed accordingly. The removal experiments were 
carried out in an environmental simulation chamber with 
ventilation facilities and dimensions of 2500*2000*2000 
mm.   Before the start of the experiments, the composite 
inhibitor solution was added to the atomization system 
and stirred well. At this time, close the ventilation facili-
ties to ensure that the experimental chamber is airtight. 
Radioactive aerosols particles were simulated by burning 
incense. Experiments were started after the aerosols 
particles concentration distribution had stabilised, in 
which a homemade CRAES was used for the removal 
of simulated radioactive aerosols from the environmental 
simulation chamber.  After the end of the experiment, 
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the CRAES was turned off, the ventilation device was 
turned on, and the data were derived to complete this 
round of experiment. The next round of experiment could 
be started when the concentration of aerosol particles 
dropped to similar to that in the room.

The particle size was analysed using a spray laser 
particle size analyser (JL-3000), the PM2.5 mass con-
centration was monitored by a dust meter (TSI-8533EP, 
TSI-8530EP, US), and the PM2.5 quantity concentration 
was monitored using a laser dust particle counter (LX-
-600S). The removal effect of simulated radioactive 
aerosols over a certain period of time was evaluated by 
means of an effi ciency equation. The calculation formula 
is as follows:

 (1)

where:
C0 – mass concentration before purifi cation, μg/m3;
C – mass concentration after purifi cation, μg/m;

 – purifi cation effi ciency, %.
To  sum up, the mass concentration measured by the 

TSI is mainly used as the basis for the calculation of 
effi ciency. Combined with the functional characteristics of 
the TSI and experimental requirements, the test details 
are sampled once per second, each test lasts for 1 min, 
each test interval is 10 min and test particle size is 2.5 
microns. The data recorded for 4 times correspond to 
the initial uniform aerosol distribution, 10 min, 20 min 
and 30 min after purifi cation, respectively. Finally, the 
average value of the test is taken to plot.

After completing routine tests to simulate radioactive 
aerosols, CsCl was used to simulate radioactive aerosol 
to verify the purifi cation effect of the system. Firstly, 
a certain amount of CsCl powder was dissolved in water, 
and the experimental smoke column was soaked in CsCl 
solution for 24 h and dried at 60 oC. And then we did 
the experiment in the same way.

CLOUD-TYPE RADIOACTIVITY AEROSOL ELIMI-
NATION SYSTEM

Ult rasound atomization unit
The atomization unit is a key part of the CRAES 

(Fig. 1). The constructed environment of supersaturated 
relative humidity is necessary for the capture of radio-
active aerosol particles by the inhibitors. Studies have 
shown that fi ne particles are more easily captured when 
the atomised droplets are of similar particle size to the 
fi ne particles and that the best capture is achieved when 
the ratio of droplet to fi ne particle size is between 1.25 
and 5. Kirpalani investigated the particle size distribution 
of water in the particle size range of 4 to 10 microns 
for ultrasonic atomization at a power of 2.47 MHz and 
temperatures of 283 K and 297 K23. The particle size of 
the droplets obtained by ultrasonic atomization is much 
smaller than that produced by hydrodynamic methods. 
Therefore, the CRAES applies ultrasonic atomization 
to obtain droplets with a particle size similar to that of 
fi ne particles, which are more easily agglomerated and 
enlarged. The droplet particle size distribution is con-
centrated, which can form a stable atomization fi eld and 

can control the amount of inhibitor atomization occurring 
according to different practical situations. The  inhibitors 
solution confi gured according to the study is placed 
in the ultrasound atomization unit to achieve contact 
purifi cation with aerosol particles through atomization.

Clo ud-type elimination unit
The cloud-type elimination unit is the core component 

of the CRAES and is the main location where radio-
active aerosol particles are collected. The fi rst capture 
takes place in the Higee fi eld constituted by the outer 
cylinder, where the radioactive aerosol particles coupled 
by adsorption settle rapidly. The inhibitor droplets and 
dirty air pass through the outer barrel and enter the 
intermediate barrel along the inlet and outfl ow holes, 
where they rotate up the wall and are captured a second 
time in the second Higee fi eld. The intermediate cylinder 
consists of a number of small cyclones connected in pa-
rallel to form a third supergravity fi eld. The outlet of the 
cyclone is connected by an elbow, and the purifi ed air is 
collected at the outlet, where the agglomerated particles 
are collected along the wall after compaction coupling. 
In contrast to conventional cyclones, the three-stage 
Higee fi eld environment provides a graded treatment 
of radioactive aerosol particles in different particle size 
ranges that are coupled with inhibitors, changing the 
movement characteristics of the particles, increasing the 
contact time and contact area and signifi cantly improving 
the removal effi ciency of radioactive aerosols.

The re is a special collection container under the Cloud-
-type elimination unit to collect the radioactive aerosol 
particles that are adsorbed by the material, and the 
radioactive liquid waste is formed here, and then only 
need to replace the container and pack the container 
full of the liquid waste. Compared the conventional 
purifi cation techniques for generating radioactive solid 
waste, the secondary contamination is smaller, and the 
radioactive waste disposal technology is more mature. 
Safety and less secondary contamination are the advan-
tages of this method.

Dehumidifi cation unit
To ensure the desired relative humidity in the purifi -

cation area, the dehumidifi cation unit was designed by 
combining the characteristics of the system with actual 
application conditions. The addition of the dehumi-
difi cation unit to the purifi cation system resulted in 
a signifi cant reduction in the relative humidity in the 
experimental area and solved the practical problem of 
the solution being drawn into the induced draught fan 
unit under high wind speed conditions.

Draught fan unit
The draught fan unit is the power source for the entire 

system, and its main component is the vortex fan, which 
is used to create a disturbed fl ow fi eld24.

Channel
The connection between the system components and 

the formation of the entire fl ow fi eld rely on piping. 
Based on the design objectives of corrosion resistance, 
low cost and ease of maintenance and assembly, a 50 mm 
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PVC pipe was chosen as the piping material to facilitate 
experiments and practical applications.

The operating parameters of the equipment are shown 
in Table 1.

buted under a scale of 1μm, and rGO is wrapped on 
FeOOH, where the mass fraction of C is 20.78%, the 
mass fraction of Fe is 46.39%, and the mass fraction of 
O is 32.83%. Further proof of the successful combination 
of FeOOH and rGO. 

The  Raman spectra of the prepared GO and FeOOH/
rGO composite with mainly D and G peaks are shown 
in Fig. 4. GO exhibited Raman shifts corresponding to 
the D and G bands at 1349.67 cm–1 and 1593.75 cm–1, 
respectively, as well as an intensity ratio between the D 
and G bands (ID/IG) of 0.851. In the Raman spectra of 
the FeOOH/rGO composite, in addition to the unique 
peaks assigned to FeOOH, the D-band and G-band of 
rGO appear at 1352.85 cm–1 and 1592.21 cm–1, respec-
tively, with an ID/IG value of 0.981. The increased ID/
IG value of FeOOH-rGO compared to GO confi rms 
the reduction of GO to rGO in the composite25, 26. The 
vibrational intensity of the D and G peaks of rGO is 
increased compared to that of GO, while there is more 
disorder between the rGO lamellae. The chemical bonds 
formed between the rGO lamellae and FeOOH lead to 
a shift and change in the relative intensity of the peaks 
at 1349.67 cm–1 and 1593.75 cm–1.

To further analyse the surface groups of the FeOOH/
rGO composite, FT-IR was used (Fig. 5). The  peaks of 
1731 cm–1 and 1617 cm–1 on GO correspond to the C 
= O bond extension of the carbonyl or carboxyl group 
on GO and the deformation of the hydrogen/oxygen 

Figure 1. Physical and schematic comparison of the CRAES

Figure 2. SEM images of FeOOH (a), GO (b) and FeOOH/rGO (c)

Table 1. Operating parameters of the equipment

RESULTS AND DISCUSSION

Characterisation
The SEM image of FeOOH shown in Fig. 2(a) is an 

approximately spherical fl ower-like shape composed of 
nanorods, which grow uniformly from the center of the 
particle. GO, as shown in Fig. 2(b), exhibited a lamina-
ted stacked structure with slight agglomeration. It grows 
uniformly from the center of the particle. In addition, 
the FeOOH-rGO SEM image, shown in Fig. 2(c), shows 
the distribution of rGO thin layers on FeOOH particles, 
which indicates the successful binding of rGO and Fe-
OOH, which confi rms the results of previous studies20. 

To  further understand the distribution of FeOOH and 
rGO, the EDS energy spectrum sweeping diagram as 
shown in Fig.3 shows that C and Fe are evenly distri-
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bond in water, respectively27. The peak near 1068 cm–1 
corresponds to the contraction vibration of C – O – C 
in the cyclooxygen group28, and the absorption peak of 
the symmetric contraction vibration of carboxyl group 
(– COO –) is near 1426 cm–1 29. Peaks near 1617 cm–1 
correspond to the presence of epoxy groups and the 

stretching vibration of C = C, indicating the presence 
of carboxyl and epoxy groups in GO30. The 3375 cm–1 
and 624 cm–1 absorption bands are characteristic of -OH, 
where 3375 cm–1 is the vibrational absorption band of 
-COOH and the peak intensity of the carboxyl group is 
diminished, showing that the surface of GO was reduced 
to produce rGO. The peaks at 1096 cm–1 and 1020 cm–1 
can be attributed to the vibration of Fe-O in FeOOH, 
confi rming the successful preparation of FeOOH31.

Establishment of experimental methods
Burning incense in the experimental chamber was used 

to simulate radioactive aerosols, and the system was set to 
TSI acquisition mode. The variation curve of particulate 
matter mass concentration in the experimental chamber 
was obtained (Fig. 6). The incense was lit at 0 min and 
burned out at 10 min, and the mass concentration reached 
a maximum at 12 min and dropped steeply at 14 min, 
as shown in the graph. Multiple parallel experiments 
were analysed and it was concluded that due to the 
smoke density and the monitoring position setting, after 
burning out, a large amount of particulate matter was 

Figure 3. EDS spectrum of FeOOH/rGO. (a) stratifi ed image, (b) C Kα1,2, (c) O Kα1, (d) Fe Kα1

Figure 4. Raman spectra of FeOOH/rGO (a) and GO (b)

Figure 5. FT-IR spectra of FeOOH/rGO (a) and GO (b)

Figure 6. Change in particulate matter mass concentration
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deposited at the test position, resulting in a high local 
mass concentration. After 2 min, the particulate matter 
was evenly distributed throughout the experimental 
chamber, and the mass concentration stabilised, showing 
a slight downward trend. To ensure the accuracy of the 
data, the removal effect experiment was started 10 min 
after burning out.

Particulate matter removal test
In the experiment monitoring natural aerosol sedi-

mentation from 0–60 min (Fig. 7), the 60 min natural 
sedimentation rate was only 7.7%. When the system was 
used, the 30 min removal rate reached 93.04%. In 30 
minutes, the high concentration (> 10000 μg/m3) of PM 
2.5 was reduced to less than 1000 μg/m3 and continued 
to decrease. However, the removal effi ciency increased 
after 40 min. After the analysis of several monitoring 
sessions, it was concluded that the system could operate 
for up to 40 min. Due to the continuous work of the 
atomization system, the content of fi ne particulate matter 
in the air dropped rapidly, causing the oversaturation of 
water vapour and resulting in water vapour discharge with 
the circulation system; however, the detection equipment 
did not have the ability to differentiate the substances, 
causing the removal rate to rise, which was a system error. 
However, in actual engineering applications, the mass 
concentration of particulate matter is much greater than 
10 mg/m3, and the volume of confi ned spaces is much 
greater than the volume of the experimental chamber. 
The upper operating limit is much more than 40 min, so 
there is no substantial impact on engineering applications. 
To avoid experimental errors, the following experiments 
tested the removal effi ciency within 30 min, calculated 
the removal rate and evaluated the results.

the homemade CRAES with water as the inhibitor had 
a good removal effect on PM2.5 with a removal effi ciency 
of 74.21% at 30 min. After adding 2 mg/L FeOOH/rGO 
composite, the removal effi ciency was even higher with 
a removal rate of 93.04% at 30 min (Fig. 10).

It has been concluded that the homemade FeOOH/rGO 
composite is effective in removing simulated radioactive 
aerosols, and experiments were designed to explore the 
best removal effi ciency with different concentrations of 
composite (Fig. 11). Five groups were prepared with 
different concentrations of 1 mg/L, 2 mg/L, 5 mg/L, 10 
mg/L, and 20 mg/L. The results showed that the removal 
rates at 30 min were 90.51%, 93.04%, 91.64%, 89.51% 
and 87.66%, respectively. The highest removal rate of 

Figure 7. Comparison of natural settling and effect experiments

Figure 8. Variation in the number concentration of particles of 
different particle sizes

Figure 10. Mass concentration and removal rate over time

Figure 9. Experimental comparison of water and composite

The CRAES was monitored for 60 min of operation 
in the experimental chamber for different particle sizes, 
and the results showed excellent removal of aerosol par-
ticles of different particle sizes (Fig. 8). Under laboratory 
conditions, the CRAES has excellent particle removal 
capability for PM 1, PM 2.5 and PM 10 with removal 
effi ciencies of 91.62%, 93.04% and 95.24%, respectively.

Water is the base material of the inhibitor, which itself 
has a certain agglomeration effect on aerosol particles 
and adsorption effect. To explore the capture effect of 
the homemade FeOOH/rGO composite, water alone as 
an inhibitor was compared with water combined with 
the composite inhibitor (Fig. 9). The results show that 
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93.04% was achieved at 2 mg/L. The removal rate de-
creased signifi cantly when the concentration was higher 
than 2 mg/L. A concentration of 1 mg/L was too low, 
and the removal effect was not satisfactory. Therefore, 
for these experimental conditions, the optimum FeOOH/
rGO composite concentration for the CRAES is 2 mg/L.

Acc ording to Fletcher’s classical heteronucleation 
theory, the improvement of particle wettability can reduce 
the critical susaturation required for heteronucleation 
and surface tension , thus improving the effect of water 
vapor phase transition on promoting the growth of fi ne 
particles35, 36. To increase surface activity and improve 
coagulation effi ciency, the enhancement effect of different 
surfactants on the removal ability of the FeOOH/rGO 
composite was tested. Four typical surfactants, an anionic 
surfactant sodium dodecyl benzene sulfonate (SDBS), the 
cationic surfactant cetyl trimethyl ammonium bromide 
(CTAB), the nonionic surfactant Tween-60 (Tween) 
and the water-soluble polymer surfactant polyvinyl al-
cohol (PVA) were selected; 0.2 g/L of each of the four 
surfactants was added to the composite at an optimum 
concentration of 2 mg/L FeOOH/rGO to compare the 
enhancement effect (Fig. 12). By  calculating the amount 
of the corresponding surfactant and FeOOH/rGO, stirring 
evenly to ensure full mixing, the FeOOH/rGO compos-
ite inhibitor is obtained in the ultrasound atomization 
unit. The removal of the simulated radioactive aerosols 
was tested for 10 min and compared with that achieved 

with the composite alone. The results showed that the 
removal rate of the composite alone after 10 min was 
62.38%. At this time, Tween was already less effi cient 
than the composite due to its high viscosity at 53.97%, 
and CTAB, SDBS and PVA were all more effi cient to 
varying degrees, with the 0.2 g/L PVA solution being 
the most effective at 73.70%.

By comparing the enhancement effect of four differ-
ent surfactants, it was determined that PVA had a good 
enhancement effect. To determine the best concentra-
tion to maximize the enhancement effect, experiments 
were performed to verify the enhancement effect of fi ve 
different concentrations of PVA solution: 0.1 g/L, 0.2 
g/L, 0.3 g/L, 0.4 g/L and 0.5 g/L (Fig. 13). The results 
showed that 0.2 g/L PVA solution had the best enhance-
ment effect, and the removal effi ciency decreased with 
increasing concentration. Experimental observations 
indicated that when the concentration is too high, dense 
foam forms in the ultrasound atomization unit, which 
affects the atomization effect and causes a decrease in 
the removal rate, and when the concentration is too 
low, the particulate matter cannot be fully coagulated.

Figure 11. Removal effi  ciency with diff erent concentrations of 
composite

Figure 13. Enhancement eff ect of diff erent concentrations of PVA 
surfactant

Figure 12. Enhancement eff ect of diff erent surfactants on the com-
posite eff ect

Finally, the concentration of FeOOH/rGO composite 
with the best removal effect (2 mg/L) and 0.2 g/L PVA 
solution were selected to measure the 30 min removal 
effi ciency of simulated radioactive aerosols as shown 
in Fig. 14(a). The results showed that the removal ef-
fi ciency was further improved, and the 30 min removal 
rate reached 94.52%. Under the same conditions, the 
purifi cation experiment results of CsCl simulated radioac-
tive aerosol are shown in Fig. 14(b), and the purifi cation 
effect of CsCl aerosol is close to that of ordinary aerosol. 
For CsCl aerosol with initial concentration greater than 
10000 μg/cm3, the purifi cation effi ciency of 30 min can 
still reach 94.07%, and the CRAES can purify radioac-
tive aerosol at a relatively high level.

Removal mechanistic analysis
Res earch has shown that the root cause of the low 

collection effi ciency of fi ne particulate matter is the 
uncontrollable fl uid drag force. Therefore, increasing 
the particle size of fi ne particulate matter so that the 
uncontrollable fl uid drag force is no longer the dominant 
force can greatly improve the collection effi ciency of fi ne 
particulate matter32. In a supersaturated environment, 
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the critical nucleation radius of water vapour containing 
particulate matter decreases, making it easier for fi ne 
particulate matter to reach the critical state. In the same 
situation, a larger number of fi ne particles reach a cri-
tical state33. With the addition of a composite inhibitor, 
the interaction includes static electricity and adsorption 
between the composite inhibitor and particulate matter 
can make it easier for the nucleus to break out of the 
unstable state, a phenomenon that is more pronounced 
with the addition of surfactants34. Under all additions, 
the purifi cation of radioactive aerosol achieved a good 
effect. The CRAES removal mechanism can be outlined 
as follows: in the relative humidity-supersaturated envi-
ronment achieved with the ultrasound atomization unit, 
the saturated water vapour heterogeneously condenses 
on the surface of fi ne particulate matter, which achie-
ves a new phase state, produces an initial nucleus and 
activates the condensed nodules. New nucleus with radii 
greater than the critical nucleus radius will spontane-
ously increase in size due to water vapour condensation, 
achieving the growth of the concentrated nodules37. Fine 
particulate agglomerates increase in size and then pass 
through a specially designed cloud-type elimination unit, 
thus achieving effi cient removal of radioactive aerosol 
particulate matter.

CONCLUSIONS

In this study, a self-designed and self-constructed expe-
rimental platform using water as an inhibitor achieved 
a 74.21% removal rate for simulated radioactive aerosols. 
A homemade composite was added to the ultrasound 
atomization unit, and fi ve different concentrations were 
set at 1 mg/L, 2 mg/L, 5 mg/L, 10 mg/L and 20 mg/L. The 
best removal effi ciency was achieved at a concentration 
of 2 mg/L, with a rate of 93.04%. At concentrations 
below 2 mg/L, the removal rate was 90.51%, and when 
the concentration was above 2 mg/L, the rate continu-
ed to decrease. The addition of PVA surfactant to the 
composite at the optimum concentration increased the 
removal rate at 10 min by 11.32%. The remaining four 
surfactants did not produce a signifi cant enhancement 
effect. Among the fi ve concentrations studied, 0.2 g/L 
PVA solution had the best enhancement effect on the 
removal effi ciency at 10 min. This experiment concludes 
that the use of a composite inhibitor consisting of 2 mg/L 
FeOOH/rGO composite and 2 g/L PVA surfactant in 

a CRAES under the present method can achieve the 
maximum removal effi ciency of simulated radioactive 
aerosols with a 30 min removal rate of 94.52%. The 
purifi cation effi ciency of CsCl simulated radioactive 
aerosol can reach 94.07%.

A n ew radioactive aerosol purifi cation method was 
explored. CRAES coupled with the high-adsorption-ca-
pacity FeOOH/rGO composite inhibitor, which has no 
cartridges and less secondary contamination compared 
with existing technologies, it has broad application po-
tential in collaborative treatment of radioactive aerosols. 
The method provides a way of thinking, researcher can 
further study the principle, select other effi cient materials, 
perfect the method to form a new technology. However, 
the large footprint of the equipment is his limiting fac-
tor. The method can be applied in the confi ned space 
with potentially dangerous radioactivity, combined with 
the exhaust system at the end, to provide emergency 
treatment in the event of radioactive aerosol leakage, 
and is usually used for air purifi cation, killing two birds 
with one stone.
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