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In situ detection of trace aerosol uranium using a
handheld photometer and solid reagent kit

Yaxing Yang,? Saijin Xiao,” Ye Zhang,® Longzhu Huang® and Qingcheng Liu*?

The public's concern about post-Fukushima radiation in the air and in their food has triggered the
development of rapid and simple methods for the detection of trace uranium in air and food.
Conventional uranium detection methods including atomic absorption spectrometry, phosphorimetry,
and inductively coupled plasma mass spectrometry are highly sensitive. However, the expensive
instruments, sophisticated operation procedures and the high skill needed for the interpretation of
results obtained by these methods keeps uranium detection mostly in well equipped analytical
laboratories. Though in situ and real-time detection of uranium is difficult, it is also the most desirable
for assessing uranium contamination problems and exploring uranium mines. Driven by these
requirements, a new simple in situ real-time method for field analysis of trace aerosol uranium in the air
was developed in this contribution using a homemade handheld photometer and uranium solid
reagent kit. Based on the chromogenic reaction between uranium and arsenazo lll, trace aerosol
uranium in air samples from above uranium ores could be successfully detected by the method
presented herein, and no uranium was detected in air samples from above ores that did not contain
uranium, suggesting that the present field method could be utilized for environment control and
validation in the case of nuclear accident emergencies. Moreover, the measured uranium concentrations
in air samples increased with the uranium content of ores, which suggests that the present field method
could be applied for the discrimination of uranium ores and ores without uranium showing great
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Introduction

Uranium is an important long-term radioactive element and
has several civilian and military applications.'” In recent
years, nuclear power plants have developed rapidly all over the
world because of the urgency to solve energy problems,
however, the nuclear disaster that happened at Fukushima
has triggered governments to make new assessments of the
security of nuclear power, and has aroused serious concerns
about post-radiation in the air and food. Thus, the detection
of radioactive uranium in the air is profoundly important not
only for the assessment of the safety of the nuclear industry
but also for monitoring biological health and environmental
quality. Driven by these requirements, rapid and sensitive
methods for the in situ detection of uranium in air are
urgently needed.

Conventional uranium detection methods including atomic
absorption spectrometry,” phosphorimetry,>® and inductively
coupled plasma mass spectrometry’ are based on intrinsic
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promise for the exploration of uranium mines.

physical properties of the element. Being very sensitive, the
expensive instruments, sophisticated operation procedures and
the high skill needed for interpretation of results obtained
by these methods keeps uranium detection mostly in well
equipped analytical laboratories. Though in situ and real-time
detection of uranium is difficult,® it is also the most desirable
for assessing uranium contamination problems and exploring
uranium mines. Towards in situ real-time uranium analysis,
remarkable progress has been achieved in the development of
sensors using a wide body of techniques including surface
plasmon resonance,® colorimetry,'*™> electrochemistry,"'* and
fluorescence.”™® In spite of this progress, most of these
methods cannot yet fulfill instrument-based detection as a
result of sensitivity and selectivity problems. Accordingly, a new
simple field method independent of expensive instruments and
reagents was developed for the in situ detection of trace aerosol
uranium in air samples.

Field methods have stricter demands than laboratory
methods in terms of equipment and reagents, and are needed
for trace aerosol uranium detection in air samples because of
the practical need for in situ real-time detection. With the
purpose of fulfilling the demands of field analysis, a homemade
portable photometer possessing the advantages of being
compact, lightweight (about 1.5 kg), having a high degree of
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automation, energy-saving (working more than 50 hours with a
9 V battery), and a homemade solid reagent kit avoiding multi-
step processing were prepared firstly according to our pioneer-
ing work.'”* Then, a new field method was developed based on
the chromogenic reaction between uranium and arsenazo III in
the solid reagent kit using the homemade handheld photom-
eter as the detector. The results showed that uranium could be
successfully detected and there was a good relationship
between the enhanced absorbance or the absorbance ratio
(Aes0/As35) and uranium concentrations in the range of 0.141-
4.503 pg mL ™. It was found that the developed field method
could detect trace aerosol uranium in the air samples above
uranium ores, and the results were well in accordance with
those obtained by ICP-MS showing the high accuracy of the
present field method. Moreover, uranium concentrations in air
samples increased with the uranium content of ores, which
suggests that the present field method could be applied for the
discrimination of uranium ores and ores not containing
uranium, thus showing great promise for the exploration of
uranium mines.

Experimental section
2.1 Apparatus

A homemade handheld photometer was used to measure the
absorbance, a KQ-100 ultrasonic processor (Kunshan Ultrasonic
Instruments Factory, Jiangsu, China) was employed for the
dissociation of solutions.

2.2 Materials

56.29 mg mL~' uranium standard solutions were kindly
provided by the Analytical and Testing Center of East China
Institute of Technology. Potassium hydrogen sulfate, arsenazo
III, disodium ethylene-diamine-tetraacetic acid, potassium
hydroxide, nitric acid and sodium silicate were of analytical
grade and were purchased from Shantou Xilong Chemical
Factory (Shantou, P. R. China). The deionized water (18.1 MQ
cm) was prepared by Thermo Scientific Barnstead Nanopure
(Marietta, Ohio, USA).

2.3 Construction of the homemade portable photometer

The homemade handheld photometer was constructed
according to our pioneering work with some modifications,****
Fig. 1 shows a schematic of the homemade photometer.
Compared with common photometers, the homemade hand-
held photometer possesses the following properties. Firstly, the
handheld photometer is compact and lightweight, and the size
is 20 x 20 x 30 cm® and the weight is 1.5 kg. Secondly, a light-
emitting diode (LED) which has a relatively long useful time
(>10° hours) was used as the light source for the homemade
handheld photometer. To further reduce the power consump-
tion, the LED light was lit only at the moment of sample
determination. Thirdly, a TS-5 sensor that directly converted the
optical signals to digitalized frequency signals was used as the
detector, thereby omitting the photoelectric conversion process
and effectively improving the signal to noise ratio.
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Fig. 1 Schematic of the homemade portable photometer.

2.4 Preparation of the solid reagent kit

The solid reagent kit for uranium detection was made according
to our previous work with some modifications.'” Briefly, the
solid reagent kit consists of three compounds, including
potassium bisulfate (solid), arsenazo III (solid), and ethylene
diamine tetraacetic acid (EDTA, solid). Solid potassium bisul-
fate is used to control the solution acidity, solid arsenazo III is
the chromogenic agent, solid EDTA is the masking agent,
masking the interference of other metal ions. To make the solid
reagent Kkit, the three compounds were carefully weighed,
ground, and mixed well, then a certain amount of the mixture
was placed in plastic bags enclosed with foil paper, to give the
finished products, i.e., the solid reagents, and these were kept in
a tumbler dryer.

2.5 General procedure for the detection of uranium

A certain amount of uranium standard solution or 2.5 mL of
eluted nitrate solution was incubated with a pack of solid
reagent kit (1.30 mg) at room temperature for 60 seconds, then
distilled water was added to the mixture to give a total volume of
10.0 mL. After mixing completely, the samples were detected by
the homemade handheld photometer.

2.6 Collection of air samples above ores

For the collection of trace aerosol uranium in the air
samples, a new sample collection device was constructed
according to our previous work,* as seen in Fig. 2. The ore
was put into the jar and a rubber stopper was firmly put into
the mouth of the jar. 0.12 m® air was pumped through a
glass tube close to the surface of the ore at a certain lashing
velocity which was controlled by an airflow controller, the

A4

Uranium Ore Nitrate Solution  Alirflow Controller Air Pump

Fig. 2 The collection device for air samples.
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trace aerosol uranium in the air was eluted with nitrate
solution (2.5 mL), then the pH of the eluted solution was
adjusted to 2.0 with potassium hydroxide solution
(3.0 mol L") and the solution was diluted to 10.0 mL with
water acidified with nitric acid (pH 2.0) followed by the
addition of a pack of solid reagent Kkit.

Safety remarks. Special permission was required for the
handling of radioactive substances. The nitrate acid eluted
solutions and the wastes were carefully collected for proper
handling by another nuclear chemistry lab. The most important
thing is to ensure that no radionuclides are emitted into the
laboratory atmosphere.

Results and discussion

3.1 Detection of uranium based on the new developed field
method

The detection of uranium with the homemade solid reagent kit
is based on the interaction between uranium and arsenazo III.
Fig. 3 shows the absorption spectra obtained by incubating the
homemade solid reagent kit with different concentrations of
uranium. A characteristic peak was observed at 535 nm for
arsenazo I1I in the presence of only the homemade solid reagent
kit. In the presence of uranium, however, the absorbance of
arsenazo III decreased gradually and a new peak was observed
at 650 nm which increased as the concentration of uranium
increased. This phenomenon is similar to that demonstrated by
a previously published report,* in which it was reported that
1 : 1 complexes are formed when arsenazo III is incubated with
uranium and these complexes have a characteristic absorbance
peak at 650 nm. The absorbance changes could also be visual-
ized directly through digital pictures (inset photographs in
Fig. 3). The red color shown in photograph 1 is due to the
absorption of arsenazo III, and the blue color, which is due to
the absorption of the 1 : 1 complexes of uranium and arsenazo
III, becomes more and more obvious as the uranium concen-
trations increase gradually (photographs 2-6). On the basis of
the color changes, a semi-quantitative colormetric method
could be developed for field uranium detection based on the
present field method using the homemade portable photometer
and solid reagent kit.

According to the absorbance changes characterized at 535
nm and 650 nm, a good linear relationship was obtained
between the enhanced absorbance and uranium concentra-
tions, which could be expressed as AA = 0.0025 + 0.0.098
Curanium 1N the range of 0.141-4.503 pg mL~ " with a correlation
coefficient of R = 0.996 (n = 7) and a limit of detection of
0.053 pg mL ' (30), as seen in Fig. 4. Wavelength-dependent
ratiometry is considered to be one of the more effective
methods for the detection of intracellular oxygen,> metal ions,*
aminophenol,** DNA” and so on. Therefore, an absorbance
ratiometric method was also applied for uranium detection, as
seen in Fig. 4, there was also a good linear relationship
between the absorbance ratio characterized at 535 nm and
650 nm (Ags50/535) and uranium concentrations, which could be
expressed as Agso/535 = —0.081 + 0.346 Cyranium i the range of
0.141-4.503 pug mL~ " with a correlation coefficient of R = 0.995
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Fig. 3 The absorption spectra obtained by incubating the homemade solid
reagent kit with different concentrations of uranium. Homemade solid reagent
kit: 1.39 mg (potassium bisulfate: 0.54 mg; arsenazo Ill: 0.25 mg; EDTA: 0.60 mg);
uranium concentrations from bottom to top are 0.00, 0.563, 1.126, 2.251, 3.377,
4.503 ug mL~", respectively. The inset images were photographed using a Fujin
digital camera (FinePix Z909EXR), 1.39 mg of the homemade solid reagent kit was
used and the uranium concentrations (ug mL~") from left to right were 0, 1.126,
4.503, 9.006, 11.26, 16.89, respectively.

(n = 7). A comparison of the linear equation based on absor-
bance ratio with that based on enhanced absorbance, showed
that the sensitivity of the absorbance ratiometric method is
higher than that of the normal method, but the linear
relationship based on the enhanced absorbance will be more
suitable in field analysis considering the complexity and speed
of the analysis.
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Fig. 4 Plot curve of homemade solid kit incubated with increasing concentra-
tions of uranium. The black line represents the linear relationship between the
absorbance ratio characterized at 650 nm and 535 nm (Ags0/As3s) and uranium
concentrations, whereas the red line is the linear relationship between the
enhanced absorbance and uranium concentrations. All data were collected from
three measurements, and the error bars indicate the standard deviation.
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Fig. 5 The influence of elution speed (a) and sampling distance (b) on uranium
detection in air samples. The air samples were collected above the uranium ores
10-56. Homemade solid reagent kit: 1.39 mg, the absorbance was measured at
650 nm.

3.2 The influence of elution speed and sampling distance on
air sample analysis

It has been reported that radioactive uranium might absorb on
dust or become enclosed in aerosols, and then diffuse into the
air with the dust or aerosols.?®** The diffused uranium in the air
can enter into animals and the human body through skin, the
respiratory tract, directly radioactive or other ways.**** Thus, the
detection of radioactive uranium in air is profoundly important
for human health and environment control. In order to validate
the feasibility of the new developed field method for the
detection of trace uranium in air, the air samples above
uranium ores and ores without uranium were analyzed.

As the elution speed and the sampling distance might
significantly influence the detection results, the two parameters
were optimized firstly. Fig. 5a shows the results of the influence
of elution speed, it can be seen that the detected uranium
concentrations were related to the elution speed, and the
highest uranium concentration could be detected when the
elution speed was 4.0 L min~'. We suspect that the reason for
this is that the interaction between uranium and nitrate acid is
inadequate when the elution speed is high, and thus less
uranium in air samples could be detected. However, when the
elution speed is low, uranium in air samples can interact with
nitrate acid adequately and thus more uranium could be
measured in air samples. When the elution speed is lower than
4.0 L min~ %, the content of eluted uranium is less due to the
insufficient velocity of the pump. Then the sampling distance
was optimized, as shown in Fig. 5b, the detected uranium
concentrations in air samples decreased gradually when the

Table 1  Analysis of air samples above uranium ores”

View Article Online

Fig. 6 The color changes of air samples above uranium ores. The air samples
from left to right were control, uranium ore T-3, uranium ore 10-56, uranium ore
5-110, uranium ore H-90, respectively. 1.39 mg homemade solid reagent kit was
added into each air sample.

sampling distances were increased, and the highest uranium
concentration was obtained when the sampling distance was
0 cm.

3.3 Field method for the analysis of air samples above
uranium ores

Under the optimized conditions, the air samples above uranium
ores were analysed by the developed field method, the results
are shown in Table 1. The trace aerosol uranium in air samples
above uranium ores could be successfully detected by the
present method based on the homemade solid reagent kit and
homemade portable photometer, and no uranium was detected
in air samples taken from above ore which did not contain
uranium, suggesting that the present field method could be
utilized for environmental control and validation in nuclear
accident emergencies. The trace aerosol uranium in air samples
could also be observed by the naked eye, see Fig. 6. Little color
change could be observed from the air sample above uranium
ore T-3 while the colors of air samples above uranium ores
10-56 and 5-110 significantly changed compared with that of
the control sample. To demonstrate the accuracy of the present
field method, the data were compared with those obtained by
ICP-MS, and the results illustrate that the uranium concentra-
tions obtained by the present field method are well in accor-
dance with those obtained by ICP-MS, indicating a high
accuracy of the present field method. Moreover, it could also be
found that the detected uranium concentrations in air samples
were increased with the uranium content of the ores, which
suggested that the present field method could be applied for the
discrimination of uranium ores and ores without uranium
showing a great promise in exploration of uranium mines.

Field method ICP-MS
Samples no. Air samples’/mg m 3 RSD (%) Air samples’/mg m—* RSD (%)
Uranium ore T-3 0.093 2.88 0.091 3.12
Uranium ore 10-56 0.200 2.30 0.182 3.11
Uranium ore 5-110 0.166 3.50 0.174 1.30
Uranium ore H-90 0.062 4.13 0.0043 1.30

Ore without uranium Non-detected

Non-detected

“ The amount of homemade solid reagent kit used for each air sample was 1.39 mg (potassium bisulfate: 0.54 mg; arsenazo III: 0.25 mg; EDTA:

0.60 mg). ” The results were obtained from three experiments.
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Conclusions

On the basis of the homemade portable photometer and solid
reagent kit, a new field method was developed for the in situ
real-time detection of trace aerosol uranium in air samples. The
results showed that uranium could be successfully detected
based on the interaction with the homemade solid reagent kit
and there was a good relationship between the enhanced
absorbance and uranium concentrations. The linear equation
was AA = 0.0025 + 0.098 Cyranium in the range of 0.141-4.503 ng
mL~" with a correlation co-efficient of R = 0.996. To illustrate
the feasibility of the new developed field method for the analysis
of real samples, air samples above ores were analysed. It was
found that the developed field method could successfully detect
the trace uranium from air samples above uranium ores,
and the results were well in accordance with those obtained by
ICP-MS which suggested that the new field developed method
has high accuracy. Moreover, uranium ores could also be
discriminated from ores not containing uranium, and higher
uranium concentration could be detected from uranium ores
with high uranium content, suggesting that air samples above
uranium ores might be applied in exploration of uranium
mines. Compared with conventional methods, the field method
holds at least three advantages. Firstly, the new field method
achieves in situ field analysis of trace uranium in air samples,
which is significantly important for emergencies and uranium
mining control. Secondly, the new field method is very simple
and does not have to be carried out by a professional analyst.
Thirdly, the new developed field method can be used for the
detection of trace uranium and can discriminate uranium ores
from other ores which do not contain uranium, and shows great
promise for uranium control and uranium mining.
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