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Abstract 
Electronic materials are used everywhere and can get easily contaminated by their use in 
the field/laboratory. The goal of this project was to use radioactive material to track the 
effectiveness of a cleaning procedure using an off-the-shelf cleaning gel. Radioactive 
potassium bromide (KBr) was used as a model contaminant in four contamination 
scenarios to gauge the effectiveness of a cleaning gel in the decontamination of 
contaminated raspberry pi’s. The investigated decontamination technique was found to be 
75–97% effective in removing contamination from the tested electronic devices. 95% of the 
contaminated electronic devices retained their functionality post-decontamination. 
 
Introduction 
Electronic devices are utilized everywhere, making their functionality a necessity in current 
day society. With today’s electronic devices becoming smaller and more complex than 
ever before, cleaning the contamination from electronic devices becomes more 
challenging. Dirty electronic devices can be vulnerable to many types of problems such as: 
parasitic leakage (energy wasted when in an “off” or “standby” state) [1, 2], 
electrochemical migration (dissolution and movement of metal ions in the presence of an 
electric potential) [3], delamination (material cracking, breaking, bubbling, or being broken 
into thin layers) [4], and shorting, which can greatly influence device 
performance/functionality. Therefore, it is important to understand the nature of the 
contamination on the electronic device to determine the best approach to remove it. Most 
electronic cleaning agents are specifically designed for use on electronic components, 
exhibiting nonconductive behavior, effectively remove dust, dirt, and other contaminants, 
while leaving no residue, are fast to dry, are plastic-safe, exhibit low odor, are inexpensive, 
and nonflammable making them safe for use on circuit boards or other electrical 
components. 
 
A main challenge in the development of electronic cleaners is that electronic components 
can be contaminated with several different types of contaminants. One of these 
contaminants is organic contaminants, which include rosin solder pastes and fluxes, 
highly hygroscopic polar compounds or non-polar resins, in addition to non-polar oils and 
greases. Organic contaminants can be removed with specialty cleaning materials. An 
additional contaminant is inorganic contaminants, which consists of flux and solder paste 
activators, which consist of acids, bases, corrosive salts, and halogens. Inorganic 
contamination can be extremely difficult to remove and usually require more aggressive 
cleaning methods to remove contaminants. Water also tends to act as a contaminant on 
microelectronics as it can often be trapped in small areas on circuit boards and tight-fitting 



components. Water contamination can often be treated with water absorbing materials. 
The most troublesome contaminant are particulate contaminants. Particulate 
contaminants (e.g. dust, dirt, cloth fibers and metal chips) range in sizes from 
submicroscopic to large enough to be seen with the naked eye and are difficult to remove 
because their insolubility, preventing removal by water or a cleaning fluid. Particulate 
contaminants bond electrostatically to electronic component surfaces, thus the larger the 
particulate contaminant, the often harder it is to remove. Cleaning materials need to break 
the particulate/ component surface bond in order to remove the particulate. Cleaning 
fluids for particulates will contain slightly conductive molecules to break the static bond of 
the contaminant and displace, or float, the particulate off the electronic device. 
 
To measure the effectiveness of a cleaning method, the amount of material present on an 
electronic device before and after the item has been cleaned must be quantified. An 
attractive approach is to employ radioactive materials as a model contaminant. The 
quantity of radioactive material can be accurately measured on a contaminated device 
providing an accurate degree of contamination and decontamination 
before and after a cleaning event, respectively. Radioactive material has been used 
extensively as a tracer to understand the transport of materials after a nuclear incident [5–
7]. Radioactive material can also be used to understand the location/makeup of building 
materials [8], or locations of materials [9]. Radioactive materials also can aid in examining 
the transport through the body of molecules and pharmaceuticals [10–14]. This 
manuscript describes the use of radioactive material to track the degree of contamination 
and a decontamination procedure for the cleaning of contaminated electronic devices 
using an off-the-shelf cleaning gel. 
 
Experimental 
Potassium bromide was purchased from International Crystal Laboratories (99.999% 
purity) and was used as received. Cyber Clean® cleaning gel (160 g) was manufactured by 
JOKER Ltd. Switzerland, and purchased from the Canadian Tire Store in Medicine Hat, 
Alberta Canada and used as received. Raspberry pi’s (Pi 3 Model B +) were purchased 
from PiShop.ca and used as received. 
 
Contamination of the raspberry pi’s 
 
In this manuscript, contamination refers to the addition of non-radioactive (cold) or 
radioactive (hot) potassium bromide to raspberry pi’s. The contamination scenarios can 
be seen in Fig. 1. 
 
 
 
 
 
 
Scenarios #1, 2, and 3 



 
250 ± 5 mg of potassium bromide were weighed out and placed in a 2/5-dram polyethylene 
vial (LA Container, EP338-NAA) and heat sealed. Vials containing unirradiated (Scenarios 
#1 and 2) or irradiated (Scenario #3) potassium bromide were passed into an Erlab™ 
Portable Pyramid Enclosure Glove Bag (Fisher Scientific Catalog #08-444-061) in a sealed 
plastic container, and the glove bag was sealed. Vials were removed from the plastic 
container and initially pierced with a 20-gauge needle to release any static buildup from 
irradiation. Then, using a razor blade, a triangle 
was cut into the top of the vial and the contents of the vial were sprinkled on top of the 
raspberry pi as evenly as possible. Roughly 144 ± 30 mg of radioactive potassium 
bromide was transferred to the raspberry pi. 
 
Scenario #4 
 
Eight vials containing 250 ± 5 mg irradiated potassium bromide were passed into the glove 
bag in a sealed plastic container, and the glove bag was sealed. The tops of the eight 2/5-
dram vials were cut off using a razor blade and were dropped into a spray bottle (Hula 
Home Mist Spray Bottle, 300 mL capacity) containing 50 mL distilled water. The radioactive 
KBr mixture was shaken in the spray bottle for 30 s to dissolve the radioactive potassium 
bromide. The spray bottle was used to contaminate a tray containing four raspberry pi’s. 
The spray bottle delivered three sprays of the radioactive potassium bromide solution to 
the raspberry pi’s. The raspberry pi’s dried in the glove bag for 24 h prior to 
decontamination. Each raspberry pi exhibited an activity of 474 ±4Bq 0.0128 ± 0.0001 μCi) 
prior to decontamination. 
 
Decontamination experiments 
 
In this manuscript, decontamination refers to the removal of non-radioactive (cold) or 
radioactive (hot) potassium bromide to raspberry pi’s. 
 
All raspberry pi’s were decontaminated in a workstation that consisted of an Erlab™ 
Portable Pyramid Enclosure Glove Bag (Fisher Scientific Catalog #08-444-061) with 5 
sheets (20″ x 30″) of Thermo Scientific Nalgene™ Versi-Dry Standard Absorbent Rolls 
(purchased from Global Industrial) for a clean work surface, a plastic container 
(Rubbermaid Take Alongs Containers + Lids Square, 2.9 cups) holding eight pairs of extra-
large latex gloves to place on the outside of the gloves of the glove bags, a 12″ tweezers, 
three plastic containers (Signature SELECT Containers Storage Medium 3 Cups Tight Seal 
BPA Free purchased from Safeway) for the decontaminated Raspberry Pi to be placed in 
prior to being passed out of the glove bag into a gallon slider Ziploc type bag (Hefty Freezer 
Slider Bags Freezer Gallon) for gamma spectroscopic analysis. See Supporting 
Information, Figure S2, for pictures of decontamination layout. 
 
160 g of the cleaning gel (Cyber Clean®)[15] was rolled and pressed over both sides of the 
raspberry pi, covering the entire surface of the raspberry pi (see Fig. 2). Encasing the 



raspberry pi in the cleaning gel took approximately 30 s. The encased raspberry pi sat for 
five minutes before the cleaning gel was peeled off and discarded. The raspberry pi was 
then decontaminated with 4–5 small “putty balls” (~ 14–20 g each) rolled over the surface 
to cover any untreated areas and remove any cleaning gel stuck in tight spaces. Forceps 
were used to remove any cleaning gel that remained on the raspberry pi surface. The 
cleaned raspberry pi’s were placed in a clean Ziploc bag for removal from the glove bag 
and measurement on the gamma spectrometers. 
 
Scenarios #1 and 2 
 
To determine the amount of “cold” potassium bromide delivered to the raspberry pi’s, 
each of the seven raspberry pi’s were placed in a plastic container containing 100 mL 
distilled water. Water or methanol was used to dissolve the remaining potassium bromide, 
as potassium bromide is soluble in water and methanol [16]. The container was shaken 
for 30 s and allowed to sit for 5 min. The plastic containers were small enough to allow for 
the entire raspberry pi to be submersed in 100 mL of distilled water or methanol. 1 mL of 
water or methanol was removed and irradiated in the WSU nuclear reactor for 5 min. 
 
Irradiation experiments 
 
Scenarios #1 and 2 
 
1.00 mL aliquot from the 100 mL distilled water or methanol solution containing potassium 
bromide dissolved off of the decontaminated raspberry pi was pipetted into a 2/5-dram 
polyethylene vial (LA Container, EP338-NAA) and heat sealed. The 2/5-dram vial was 
placed in a 2-dram polyethylene vial (LA Container, EP290-NAA) along with an empty 2/5-
dram heat sealed vial, which was used as a spacer and blank. Each sample preparation 
was repeated five times to yield a total of six two-dram vials, which were placed on a 
rotating irradiation configuration for irradiation. The WSU nuclear reactor rotating 
irradiation configuration requires eight 2-dram vials (six samples and two empty vials) to fill 
the irradation configuration. Each irradiation rotated the samples at a rate of three 
revolutions/min for 300 s in the D8 (6.89 X 1012 neutrons cm−2 s−1 thermal flux and 1.35 X 
1011neutrons cm−2 s−1 epithermal flux) position at 1 MW of the 1.0 MW TRIGA 
nuclear reactor at the Washington State University Nuclear Science Center. Upon 
completion of the irradiation, the 2/5-dram vials containing the KBr solutions were placed 
in clean 2-dram vials for gamma spectroscopic analysis. 
 
Scenarios #3 and 4 
 
Potassium bromide for irradiation was weighed out in polyethylene vials and quantitatively 
transferred out of the containers with plastic scoopulas to avoid metal contamination 
from metal-containing tools. 250 ± 5 mg of potassium bromide were placed in a 2/5-dram 
polyethylene vial and heat sealed. The 2/5-dram vial was placed in a 2-dram polyethylene 
vial along with an empty 2/5-dram heat sealed vial, which was used as a spacer and blank. 



Each sample prep was repeated five times to yield six two-dram vials, which were placed 
on a rotating irradiation configuration for irradiation. Each rotating irradiation configuration 
was rotated at a rate of three revolutions/min and irradiated for 110 s in the D8 (8.01 X 1010 
neutrons cm−2 s−1 thermal flux and 1.87 X 109 neutrons cm−2 s−1 epithermal flux) position 
at 10 kW of the 1.0 MW TRIGA nuclear reactor at the Washington State University Nuclear 
Science Center. 
 
Gamma spectroscopic analysis 
 
Samples were measured with a 35% or 50% efficiency ORTEC high-purity germanium 
(HPGe) detector (Serial #’s 40-TP11543A or 40-TP21491A, respectively). HPGe detectors 
were calibrated (both energy and efficiency) using a mixed gamma button calibration 
source (EZ-2277–70-1), as provided by Eckert-Ziegler, to obtain the activity of Br-82 in the 
measured samples. Samples were placed on the detector face and data were collected 
for 5 or 15 min depending on the observed activity. All reported Br-82 activities are decay-
corrected activities for the end of irradiation. For a picture of the gamma spectrometer 
setup at WSU, please see Supporting Information, Figure S3. 
 
Functionality tests 
 
Each raspberry pi underwent a functionality test prior to and after decontamination. Each 
functionality test aimed at testing the functionality of two USB ports, one connected to 
a keyboard, a second containing a blank USB stick for data transfer, the micro-SD card, 
which contained the raspberry pi operating system, testing software, and data to be 
transferred to/from the blank USB stick, and HDMI video port, and power connection. For 
photographs of the functionality tests, please see Supporting Information, Sect. 6. 
 
Results and discussion 
 
Electronic devices can be exposed to many different contaminants during their use. To 
evaluate the effectiveness of the decontamination of electronic devices exposed to 
different contamination environments, four different contamination scenarios were 
investigated (Fig. 1). The first scenario investigated the decontamination of cold 
(unirradiated) material placed on the electronic devices for a few minutes prior to 
decontamination, after shaking off all loose contamination. The second scenario examined 
the removal of the same material in the first scenario, but did not remove the loose 
contamination prior to decontamination. The third scenario looked at the removal of 
radioactive material immediately and 24 h after deposit on the electronic devices. The 
fourth scenario investigated the removal of radioactive material that was sprayed on the 
electronic devices, allowed to dry, and removed 24 h after deposition. In this study 
potassium bromide was used as a model contaminant, as it readily activates in a nuclear 
reactor and its presence can be easily quantified on a gamma spectrometer by measuring 
the activity of Br-82 [17]. Decontamination efficiency/percent of contamination 
removal was estimated by Eq. 1.  



% Removal = (1-Ct/Co) x 100 

where Co = Average or individual measurement values of initial contamination activity, and 
Ct = Average or individual measurement values post-decontamination activity. 

Choice of decontamination materials and decontamination method 
 
An attractive cleaning material that has the potential to work with electronic devices are 
cleaning gels. Cleaning gels have gained in popularity with their ability to clean keyboards 
and automobile surfaces without leaving a residue. To investigate the effectiveness of 
cleaning gels in cleaning electronic devices, it was chosen to test the original cleaning gel, 
CyberClean®, which has claimed to be able to remove solid particles in hard to reach 
surfaces [15]. When compared to other cleaning materials, assessed by visual inspection 
and microscopic surface imaging of the raspberry pi’s, the cleaning gel was found to be 
superior to wet wipes, duct tape, compressed air, and water. Initial tests showed that 
cleaning gels also appeared to be the most compatible material for cleaning electronic 
devices, in terms of surface interaction (e.g. damage, rust etc.), with its ability to clean the 
intricate landscape of microchips, resistors and capacitors, and retainment of 
functionality after decontamination. 
 
To decontaminate the contaminated raspberry pi’s, a container of cleaning gel (160 g) was 
rolled and pressed over both sides of the raspberry pi, covering the entire surface of the 
raspberry pi (see Fig. 2). The encased raspberry pi sat for five minutes before the cleaning 
gel was peeled off and discarded, and the raspberry pi was decontaminated with 4–5 small 
“putty balls” (~ 14–20 g each) rolled over the surface to remove any cleaning gel stuck in 
tight spaces and treat any untreated surfaces from the cleaning gel wrap. The amount of 
potassium bromide contaminate removed from the raspberry pi’s was measured by 
gamma spectroscopic analysis of the Br-82 gamma peaks and used to determine the 
decontamination efficiency using Eq. 1. 
 
Contamination scenario #1 
 
The first contamination scenario examined the adhered contamination of the raspberry 
pi’s with solid potassium bromide powder. Polyethylene vials containing 250 mg 
of potassium bromide were pierced and the contents were shaken over the raspberry pi’s. 
Samples were found to be contaminated with 144 ± 29 mg of KBr. To determine the amount 
of adhered material, the loose material was tapped off of the raspberry pi sample about 2 
min after deposition and only the adhered material was attempted to be removed with the 
cleaning gel. About 80% (114 mg), on average, of the material deposited on the raspberry 
pi’s was loose contamination, with about 20% (30 mg), on average, of the KBr was adhered 
to the raspberry pi’s. Three of the seven raspberry pi’s contaminated with potassium 
bromide were decontaminated with the cleaning gel. The remaining four raspberry pi’s 
were used as controls without decontamination. 
 



To determine the amount of potassium bromide delivered to the raspberry pi’s, each of the 
seven raspberry pi’s were placed in a plastic container containing 100 mL distilled water. 
Water was used to dissolve the remaining potassium bromide, as potassium bromide is 
very soluble in water (up to 47 g/100 mL of water) [16]. The container was shaken for 30 s 
and allowed to sit for 5 min. The plastic containers were small enough to allow for the 
entire raspberry pi to be submersed in 100 mL of distilled water. One mL of water was 
removed and irradiated in the WSU nuclear reactor for 5 min. Four raspberry pi’s were 
contaminated with potassium bromide and not decontaminated to measure the amount of 
KBr transferred to the raspberry pi’s, while three raspberry pi’s were decontaminated with 
cleaning gel prior to being placed in the container with distilled water. The raspberry pi’s 
were submersed in the distilled water for 24 h, before they were removed from water. From 
measuring the activity of Br-82 gamma peaks, the raspberry pi’s were found to contain on 
average 8.1 ± 1.7 mg of KBr after decontamination, suggesting an average 73.0 ± 2.6% 
removal of the bound contamination with the cleaning gel. 
 
Contamination scenario #2 
 
The second contamination scenario investigated the decontamination of loose and 
adhered contamination on raspberry pi’s that were contaminated by cold (unirradiated) 
potassium bromide. Decontamination of eight raspberry pi’s were investigated in this 
scenario. Of the eight raspberry pi’s, two were used as controls and were not 
decontaminated. Three of the raspberry pi’s were decontaminated with cleaning gel 
and the resulting raspberry pi’s were rinsed with 100 mL distilled water, as described in 
Scenario 1. The remaining three raspberry pi’s were decontaminated with cleaning 
gel and were rinsed with 100 mL methanol. Methanol was used to reduce the possible loss 
of functionality from the use of water to dissolve the remaining potassium bromide.  
Potassium bromide is rather soluble in methanol (up to 2 g/ 100 mL of methanol) [16]. The 
three raspberry pi’s that were rinsed with distilled water exhibited an average 
decontamination efficiency of 95.2 ± 0.5% (~ 6 mg of KBr remaining on the raspberry pi), 
while the three raspberry pi’s rinsed with methanol, exhibited an average decontamination 
efficiency of 96.5 ± 0.5% (~ 2 mg of KBr remaining on the raspberry pi). The slight increase 
in decontamination efficiency of the methanol washed samples, when compared 
to the water washed samples, is believed to be insignificant and to be within measurement 
error of each other. 
 
Contamination scenario #3 
 
In Contamination Scenario #3, the raspberry pi’s were contaminated with radioactive 
potassium bromide. Each of the eight raspberry pi’s contaminated with radioactive 
potassium bromide exhibited an activity of 7104 ± 74 Bq (0.192 ± 0.002 μCi) prior to 
decontamination (Fig. 3). Two uncontaminated raspberry pi’s were decontaminated with 
the cleaning gel and used as controls. Of the eight contaminated raspberry pi’s, four were 
decontaminated with cleaning gel about 3 min after contamination and the other four 



were decontaminated with cleaning gel about 24 h after contamination. The four raspberry 
pi’s decontaminated after 24 h each exhibited an average activity of 4440 ± 37 Bq (0.120 ± 
0.001 μCi) prior to decontamination. The four raspberry pi’s decontaminated three minutes 
after decontamination exhibited an average decontamination efficiency of 91.3 ± 2.5%. 
Gamma spectroscopic analysis of the cleaning gel revealed that the first wrapping of the 
raspberry pi removed > 90% of the radioactive material. The second “rolling step”, 
removed on average about 0.5–1% of the initial radioactive material, which is within error 
of the first decontamination step. Allowing the material to sit on the raspberry pi’s for 24 h 
were expected to result in more adhered material and less loose contaminants. Visual 
inspection of the raspberry pi’s that sat for 24 h showed that the much of the radioactive 
KBr had become adhered to the raspberry pi and was no longer loose contamination (Fig. 
3). Decontamination of the raspberry pi’s after 24 h with the cleaning gel resulted in an 
average decontamination efficiency of 92.7 ± 1.5%, which is within error of the 
decontamination efficiency of the raspberry pi’s decontaminated immediately after 
contamination. This result suggests that the investigated cleaning gel is effective in 
removing both loose and adhered contamination. Gamma Spectroscopic analysis of 
the cleaning gel used in the decontamination of the raspberry pi’s after 24 h exhibited 
similar radioactive material distribution to what was observed in the decontamination 
of the raspberry pi’s after 3 min, suggesting that the first decontamination wrap is effective 
in removing both loose and adhered contamination. 
 
Contamination scenario #4 
 
The fourth contamination scenario examined the decontamination of radioactive 
potassium bromide dissolved in distilled water and sprayed on four raspberry pi’s (Fig. 4). 
The liquid sprayer was loaded with eight polyethylene vials (containing 2 g total) of 
radioactive potassium bromide in 50 mL water, resulting in a total activity of 203,500 Bq 
(5.5 μCi) for the potassium bromide solution residing within in the sprayer. Each spray from 
a squirt of the spray bottle delivered on average 474 ± 4 Bq (0.0128 ± 0.0001 μCi) of 
activity to the raspberry pi’s. Four raspberry pi’s, arranged in the configuration shown in 
Fig. 4, were sprayed a total of four times with the spray bottle. The liquid radioactive 
contamination was allowed to dry on the contaminated raspberry pi’s in the glove bag for 
24 h. One raspberry pi was not sprayed with the radioactive potassium bromide and 
decontaminated with the cleaning gel to serve as a control. Prior to decontamination, each 
raspberry pi was found to exhibit an average activity of 858 ± 11 Bq (0.0232 ± 0.0003 μCi). 
Decontamination of each of the raspberry pi’s exhibited an average 75.2 ± 10.3% 
decontamination efficiency. Analysis of the cleaning gel after decontamination of the 
raspberry pi’s on the gamma spectrometers revealed a slightly more effective “rolling” 
decontamination, removing an additional 1% of the radioactive KBr, when compared with 
the decontamination of raspberry pi’s described in Scenario #3, but this value was still 
within error of the initial decontamination step. 
 
Functionality tests 
 



Since the goal of cleaning a contaminated electronic device is to reestablish functionality, 
after decontamination, each raspberry pi was tested to see if it retained functionality after 
the contamination and decontamination event. The functionality testing confirmed basic 
power function, booting ability, and display capabilities of the raspberry pi, the microSD 
reader, the USB ports, and the ability to transfer and display data. The execution of a script 
during the functionality test copied videos to a pro-Flash USB drive via rsync and 
played the video from the USB stick. Failure to transfer/copy/play the video were an 
indicator of an issue with the hardware. Of the 20 contaminated raspberry pi’s examined 
in this study, only one raspberry pi failed the functionality test after decontamination. The 
raspberry pi that failed the functionality test was contaminated with radioactive KBr 
and the allowed the KBr to sit on the raspberry pi for 24 h, which resulted in a raspberry pi 
where the HDMI monitor connection would not work (no display). Based on these results, 
95% of the contaminated raspberry pi’s retained their functionality post decontamination. 
Surprisingly, even rust on the raspberry pi surfaces did not impair the functionality. 
 
Conclusions 
 
The vast use of electronic devices presents a critical need for a reliable cleaning 
material/procedure due to their potential to loss of function due to contamination. This 
study examines the decontamination of electronic devices, using raspberry pi’s as a model 
electronic device, a cleaning gel to remove contamination, and contamination modeled by 
potassium bromide. Potassium bromide was used as a model contaminant due to its 
ability to dissolve in water, ability to be readily activated in a nuclear reactor, and ability to 
quantify its presence in a gamma spectrometer. To quantify the effectiveness of 
decontamination, the amount of potassium bromide removed from the raspberry pi by the 
decontamination procedure with the cleaning gel was quantified. Decontamination of the 
loose and adhered contamination with a cleaning gel was found to remove 70–90% of the 
contamination (Tables 1 and S1), which is comparable or better than currently reported 
decontamination gels [18–22]. In addition to the cleaning gel being effective in removing 
bound and loose contamination from electronic devices, functionality tests revealed that 
decontamination method of using a cleaning gel to remove contamination results in 95% 
of the electronic devices retaining their functionality. From the results described within, we 
have demonstrated that a cleaning gel presents an attractive option when an electronic 
device needs to be decontaminated/cleaned. 
 
References 
1. Comizzoli RB, Jankoski CA, Peins GA, Psota-Kelty LA, Siconolfi DJ, Sinclair JD (1999) 
Reliability of electronics in harsh environments: electrical leakage and corrosion caused 
by hygroscopic pollutant particles. Proc Electrochem Soc 99(29):186–193 
2. Benson RC, Romenesko BM, Nall BH, Dehaas N, Charles H (1986) Current-leakage 
failures in hybrid microcircuits. IEEE Trans Compon Hybrids Manuf Technol 9(4):403–409 
3. Tu KN (2003) Recent advances on electromigration in very large scale integration of 
interconnects. J Appl Phys 94:5451–5473 4. Mittal KL, Ahsan T (2014) Adhesion in 
microelectronics. Wiley, Hoboken 



5. Kinoshita N, Sueki K, Sasa K, Kitagawa JI, Ikarashi S, Nishimura T, Wong YS, Satou Y, 
Handa K, Takahashi T, Sato M, Yamagata T (2011) Assessment of individual radionuclide 
distributions from the Fukushima nuclear accident covering central-east Japan. Proc 
Natl Acad Sci 108(49):19526–19529 

6. Kawamura H, Kobayashi T, Furuno A, In T, Ishikawa Y, NakayamaT, Shima S, Awaji T 
(2011) Preliminary numerical experiments on oceanic dispersion of 131I and 137Cs 
discharged into the ocean because of the Fukushima Daiichi nuclear power plant disaster. 
J Nucl Sci Technol 48:1349–1356 

7. Pollanen R, Valkama I, Toivonen H (1997) Transport of radioactive particles from the 
Chernobyl accident. Atmos Environ 31:3575–3590 
8. Ackers JG, Den Boer JF, De Jong P, Wolschrijn RA (1985) Radioactivity and radon 
exhalation rates of building materials in the Netherlands. Sci Total Environ 45:151 
9. Lauer NE, Hower JC, Hsu-Kim H, Taggart RK, Vengosh A (2015) Naturally occurring 
radioactive materials in coals and coal combustion residuals in the United States. Environ 
Sci Technol 49:11227–11233 
10. Kung M-P, Stevenson DA, Plossl K, Meegalla SK, Beckwith A, Essman WD, Mu M, Lucki 
I, Kung HF (1997) [99mTc]TRODAT-1: a novel technetium-99m complex as a dopamine 
transporter imaging agent. Eur J Nucl Med 24:372–380 
11. McAfee JG, Thakur ML (1976) Survey of radioactive agents for in vitro labeling of 
phagocytic leukocytes. I. Soluble agents. J Nucl Med 17:480 
12. Ge J, Zhang Q, Zeng J, Gu Z, Gao M (2020) Radiolabeling nanomaterials for 
multimodality imaging: new insights into nuclear medicine and cancer diagnosis. 
Biomaterials 228:119553 
13. Pike VW (2009) PET radiotracers: crossing the blood-brain barrier and surviving 
metabolism. Trends Pharmacol Sci 30:431–440 
14. Liu S (2006) Radiolabeled multimeric cyclic RGD peptides as integrin αvβ3 targeted 
radiotracers for tumor imaging. Mol Pharm 3:472–487 
15. Dietrich R, Flury M (2002) Polygalactomannans in cleaning gels for removing solid 
particles from hard-to-reach surfaces. WO2002055642 
16. Pinho SP, Macedo EA (2002) Experimental measurement and modelling of KBr 
solubility in water, methanol, ethanol, and its binary mixed solvents at different 
temperatures. J Chem Thermodyn 34:337–360 
17. Heiden ZM, Hines CC, Mann NR, Buntman S (2024) Investigation of candidates for 
reactor produced radioactive materials in support of radiological training exercises. J 
Radioanal Nucl Chem 333:1231–1241 
18. Gossard A, Lilin A, Faure S (2022) Gels, coatings and foams for radioactive surface 
decontamination: state of the art and challenges for the nuclear industry. Prog Nucl Energy 
149:104255 
19. Mahrous SS, Borai EH, Mansy MS (2023) Polymeric gel for surface decontamination of 
long-lived gamma and beta-emitting radionuclides. Appl Radiat Isot 197:110834 
20. Mahrous SS, Mansy MS (2024) Experimental study for the decontamination 
of various surfaces from 99Mo using PVA/Borax/Al(OH)3 strippable hydrogel. Appl Radiat 
Isot 213:111493 



21. Patil SM, Gupta R, Goswami D, Jayachandran K, Layek A, Mishra P, Chatterjee S (2024) 
Beyond traditional methods: exploring strippable gel based on deep eutectic solvent for 
efficient radioactive surface decontamination. J Appl Polym Sci 141:e55904 
22. Yang M, Li Z, Wang Y, Lin X (2025) Enhanced decontamination of surface radioactive 
contamination using a hydrogel coating composited with Prussian blue. J Radioanal Nucl 
Chem 334:501–513 


