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Abstract: Groundwater contains naturally occurring radioactive materials (NORMs) through
water–rock interactions. Although a recent study found that the NORMs are accumulated into the
filters utilized in bottled mineral-water facilities, the accumulation mechanism and effects have
rarely been studied. This study is, therefore, conducted to determine the mechanism of NORM
accumulation in filters during water treatment processes and to provide a first estimate of the level of
radiological risk for workers in five bottled-mineral-water facilities. The level of Rn-222 decreased
dramatically at the first filters (FF) encountered after passing through water storage tanks, while
surface radiation sharply increased. The increase of radioactivity on the FF was mainly caused by
the accumulation of short-lived radon progenies through decay processes inside the water tanks.
Although the estimated radiological risk was lower under certain circumstances compared to the
public dose limit of 1 mSv yr−1, the radiological risk should be properly managed in case of direct
and/or close handling of the used filters during filter replacement procedures.

Keywords: naturally occurring radioactive materials; bottled-mineral-water facility; accumulation
mechanism; filter; radiological risk

1. Introduction

Groundwater that has been used as a source of drinking water could contain naturally occurring
radioactive materials (NORMs) such as uranium, radium, and radon through long time-scale water–rock
interactions. Numerous studies have investigated their occurrences and geological relationships in the
groundwater environments [1–6], as well as health risks via water ingestion [7–9]. Recent studies have
begun to focus on the accumulation of NORMs in byproducts of the groundwater treatment process,
such as sludge and sediments [10–16].

The accumulation mechanisms and effects of NORMs (e.g., health risk by external radiation) are,
however, rarely studied due to typically low concentration of radionuclides in groundwater. In the
case of bottled-mineral-water facilities, relatively deep groundwater is filtered using membrane filters
(MFs) and activated carbon filters (ACFs). A variety of micro-sized MFs is used as the main filters
in many bottled-mineral-water facilities. Because of the low removal efficiency of radionuclides by
MFs and ACFs [17,18], it is expected that NORMs are unlikely to accumulate in the MFs and ACFs.
However, high surface radiation dose rates on filter housings observed in our previous study [19]
indicated the potential accumulation of NORMs in MFs and ACFs. Considering that the MFs and ACFs
are the predominant byproducts in the bottled-mineral-water facilities, the accumulation mechanism
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of NORMs into filters and its effects must be determined to reduce the health risk to workers in
such facilities.

This study is, therefore, carried out to determine the accumulation mechanism of NORMs in
filters that are used for water treatment processes in bottled-mineral-water facilities, and to evaluate
the radiological risk for workers in the water facilities and/or filter-waste disposal sites. In addition,
the specific objective of this study is to suggest the proper management methods that could reduce the
risk for workers related to the NORM-concentrated filters.

2. Materials and Methods

2.1. Study Sites

Five bottled-mineral-water facilities in South Korea are investigated. All facilities are located
in rural areas to prevent anthropogenic contamination. Any detailed information on these facilities,
such as the bottled-mineral-water brand and geographical locations, are not provided at the behest of
companies. All facilities are placed on the Precambrian gneiss bedrock, although the degree and age of
metamorphism vary. Each facility has several wells to pump groundwater out, and the well depth
ranges from approximately 130 to 250 m below the surface.

The groundwater treatment procedures usually consist of several filtering steps from wells to
the final water products (Figure S1 in the Supplementary Materials). In brief, the groundwater is first
filtered using a pre-filter to remove coarse particles such as sediments, soils, and rock fragments, and
stored at a raw water storage tank. Then, the tank water goes through various types of MFs and ACFs
to produce the bottled mineral water. The MFs were mainly made of hydrophilic polyethersulfone
(PES) membrane with highly porosity, and their pore size ranged from 0.2 to 5.0 µm. The weight of the
individual MF was about 2–300 g, and approximately 30 MF cartridges were placed inside the filter
housing. The ACFs were installed at all investigated facilities to capture heavy metals, volatile organic
chemicals, and odors from groundwater [7]. They are mainly utilized as the pre-filter or first filter (FF)
except at C facility (i.e., second filter). The granular type ACFs are replaced once a year at the B, C, D,
and E facilities, while 2–3 months for the cartridge type ACF in the A facility. In the case of MFs, they
were typically replaced every 3–6 months, depending on the filter conditions.

2.2. Sampling and Field Measurements

A series of water samples were collected at each filtering step to evaluate the changes of
radioactivity through water treatment processes, and surface radiation dose rates were measured on
the filtering unit housings in all investigated facilities. Although the field campaigns were mostly
carried out prior to the filter replacement, additional investigations were conducted to consider the
effects of filter replacement in A, B, and C facilities. Some of the used filters were collected to analyze
the remaining radionuclides in our laboratory.

The groundwater was pumped out for at least 5–10 min before sampling to remove stagnant
water in the well and pipelines. Then, 2–4 L water was sampled without air bubbles to analyze gross
α and gross β and radium isotopes. For analysis of Rn-222 radioactivity, 15 mL water was collected
into a narrow-neck glass bottle containing 5 mL of mineral oil as a cocktail solution (High Efficiency
Mineral Oil Scintillator, PerkinElmer, USA). In addition, the water samples were acidified below pH~2
to measure the concentrations of uranium and thorium, after filtered by 0.45 µm acetate membrane
filter (Whatman, Hercules, USA). All samples were stored at 4 °C in the dark and delivered to the
laboratory within 24 h.

The surface radiation dose rates and their gamma spectra were measured at a distance of 0.1 m
from filter housings to determine the external radiation from individual filtering units, using a portable
instrument of 2- (LUDLUM SURVEY METER, 44–10 gamma scintillation) and 3-inch NaI detectors
(Alpha Spectra Inc., 1211/3). Although the 2-inch NaI detector measured the total external radiation
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level at the surface of each filter, the 3-inch NaI detector was utilized to determine the individual
radionuclides emitted through the stainless steel housing.

2.3. Laboratory Analyses for Water and Filter Samples

The detailed procedures on the pre-treatment and analysis of collected water and filter samples
were given in our previous study [19]. In brief, total U and Th in the water were analyzed using
inductively coupled plasma mass spectroscopy (iCAP Q, Thermo Scientific, USA). The radioactivity of
gross α in water was computed by subtracting the uranium concentration in water from the activity
of total α that was measured by an ultra low-level liquid scintillation counter (LSC) (Quantulus
1220, Perkin Elmer, USA). The level of Rn-222 in water was also analyzed using the LSC. The gross
β activity in water was measured using a gas-flow proportional counter (Series 5XLB, Canberra,
USA). The radioactivity of Ra-226 and Ra-228 was measured for 24 h using well-type high purity
germanium (HPGe) detector (GCW3523, Canberra, USA) at the peak of Pb-214 (295.2 and 352 keV),
Bi-214 (609.3 keV), and Ac-228 (338.3 and 911.1 keV), respectively.

Prior to the measurements of radionuclides in used filters, the used filters were cut to
10 × 10 cm dimensions. The cut fragments were dried and transferred into 1 L Marinelli beaker,
and then the radioactivity of Pb-210 and Th-234 were measured using a well-type HPGe gamma
detector. The radioactivity of Po-210 in the used filters was analyzed by an alpha spectrometer (7400-14,
Canberra, USA) [20] after sequential pretreatment such as the digestion of samples, recovery of Po-210,
and deposition on a silver disc. The concentrations of total uranium and thorium in the used filters
were analyzed using ICP–MS after pretreatment of filter samples by the dry-ashing method [21,22].

2.4. Preliminary Estimation of Radiological Risk

The potential radiological risk was estimated for the workers in the bottled-mineral-water facilities
and used-filter disposal site. The direct exposure to γ-ray emitted by the NORM-concentrated filters
and average working time (WT) of 4 h a day within dx = 1 m distance from the filters were presumed
for both cases. For the bottled-mineral-water facility workers, the radiological risk was computed
using the modified inverse square law of Equation (1), which reflects the attenuation of radiation by
distance in the air [23,24] and exposure frequency.

RiskF
[
mSv yr−1

]
= I0 ×

(
d0

dx

)2

×WT ×AT (1)

where RiskF is the potential radiological risk for workers at the bottled water facilities. I0 (µSv h−1) is
the measured radiation dose rate at d0 = 0.1 m distance from the filters. AT is the annual working time
(250 days yr−1).

In the case of the workers at the used-filter disposal site, the potential risk was determined
through annual total radioactivity from the used filter piles. The annual radioactivity (Ci,A (MBq)) was
estimated using the radioactivity of individual radionuclides measured in the used filters, filter waste
masses and numbers, and filter replacement frequency. The assumption is that the filter wastes were
generated for 1 year in a bottled-mineral-water facility, and they were piled in the same disposal site.
The estimated annual radioactivity was converted to the effective radiation dose rate as follows:

RD
[
µSv yr−1

]
=

∑
i

Ci,AΓ
dx2 WTAT (2)

where RD is the potential radiological risk for the workers at a used-filter disposal site. Γ
(µSv m2 h−1 MBq−1) is the gamma constants for individual radionuclides [25].
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3. Results and Discussion

3.1. Changes of NORM Levels in the Water Filtering Processes

Most of naturally occurring radionuclides, including gross α, β, and radium isotopes, were
below the detection limit except uranium and Rn-222. Although the uranium concentrations in raw
groundwater were significantly different depending on the pumping well locations even in the same
facility, they consistently declined to the low level of ≤ 30 µg L−1 after the water filtering processes. In
particular, the ACF contributed to the decrease of uranium irrespective of filter location [19].

The Rn-222 levels were lowered by at least >30% in the raw water storage tank (Figure 1a),
because a large air volume and long water residence time in the tank governs the gaseous radon decay
processes [19]. In brief, raw water pumped from several groundwater wells slowly fills the tanks.
Only about two-thirds of the total tank volume is occupied by water; the other third is usually left
vacant at all investigated facilities. The aqueous-phase radon is vaporized to the air of the tanks, and is
continuously collapsed to its daughter nuclides, such as polonium, bismuth, and lead (t1/2 = 3.8 days
for Rn-222). Therefore, the Rn-222 radioactivity level in the water rapidly declines in the tanks, and the
natural increase of daughter nuclides is expected. In addition, the changes in radon concentrations
were rarely associated with the filtering processes, showing inconsistent tendency after the new filter
replacement at the A, B, and C facilities (Figure 1b–d).
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Figure 1. Changes in Rn-222 levels through the water treatment processes: (a) All facilities, (b) Facility A,
(c) Facility B, and (d) Facility C. The dashed lines in the upper left figure indicate no filters or equipment
in the relevant facilities.

3.2. Changes of Surface Radiation Dose Rate in the Filters

The radiation dose rate on the surface of individual filter housings increased dramatically up
to 5.25 µSv h−1 at the FF placed right after the water storage tanks regardless of filter types, and
then declined to an approximately background level of <−0.25 µSv h−1 at the next filters (Figure 2a).
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After the water filters were replaced with brand new ones, a sharp decrease of surface radiation was
observed, especially for the FFs, compared to the previous levels in the investigated A and C facilities
(Figure 2b,d). The FFs, therefore, can play a key role in the removal of the NORMs from water, and its
implication is the accumulation of NORMs inside the FFs.
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Figure 2. Changes in the surface radiation dose rate through the water treatment processes at individual
bottled mineral-water facilities: (a) All facilities, (b) Facility A, (c) Facility B, and (d) Facility C. Surface
radiation dose rate was measured at a distance of 0.1 m from the filter housing. The dashed lines in the
upper left figure indicate no filters or equipment in the relevant facilities.

However, after the new filter installation, the recovery of decreased surface radiation dose rates
in the FFs depend on the filter conditions and water treatment capacities in individual facilities. The
FF of Facility A exhibited a highly restored surface radiation dose rate in a few days after restarting
the water filtering operations, while no recovery was observed at the FF of Facility C. This could be
associated with the filter types of ACFs and 5-µm MFs that were utilized at the Facilities A and C,
respectively, because the AC materials are more chemically reactive with the dissolved radionuclides
than the MFs [17]. Thus, relatively rapid accumulation of the NORMs can occur in the ACF. Although
the AC pre-filter of Facility B still indicated low surface radiation dose rate after a few days from filter
replacement (Figure 2c), the ACFs were granular type unlike the cartridge filter used in Facility A.
The cartridge type ACF may be saturated faster than the granular type ACF, considering that the AC
material contents of cartridge type are smaller than granular type under analogous weight conditions.
Most importantly, the daily water treatment capacities of Facility A was approximately 2.6 times greater
compared to Facility B (more descriptions in the Supplementary Materials).

All individual spectra of gamma radiations measured by the 3-inch NaI detector at Facilities B, C,
D, and E showed the presence of short-lived radon progenies, including Pb-214 and Bi-214 (Figure 3).
The strong intensities of these radon progenies’ peaks for the FFs are consistent with the decrease
phenomena of Rn-222 through decay in the water storage tanks (Figure 1). In addition, high levels
of Pb-210 were observed for the used FFs at the A and C facilities (max. concentration was up to
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30.0 Bq g−1 in Figure 4). This radioactivity of Pb-210 exceeded 22 Bq g−1 of the clearance levels for
solid materials in indoor storage facilities [26]. These results support that radon decay processes in the
water tanks significantly influence the elevation of surface radioactivity and accumulation of NORMs
in the FFs because Pb-210 is a decay product of Pb-214, and Bi-214 and heavy metal contents are rarely
found in the raw groundwater.Water 2020, 12, 930 6 of 11 
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Figure 3. Spectra of radiation measured at the surface of individual filtering units: (a) Facility B,
(b) Facility C, (c) Facility D, and (d) Facility E.

3.3. Mechanism of NORM Accumulation into Filters

Although numerous radionuclides are continuously generated by the radon decay processes in
the water tanks, some of them were not observed due to their very short half-life (i.e., seconds or
microseconds). Only radionuclides with half-lives of ≥20 min, such as Pb-214 (t1/2 = 26.8 min) and
Bi-214 (t1/2 = 19.9 min) were detected. These radon progenies migrated along with the water flow, and
they fixed into the filter materials. It results in the increase of surface radioactivity dose rate on the FFs
based on their gamma radiation, and the enrichment of Pb-210 (t1/2 = 22.2 yrs) in the used filters. The
predominant filter-accumulated NORMs, therefore, could be newly generated radionuclides during
the water treatment processes, even considering that high concentrations of long-lived radionuclides,
such as Th-234, Po-210, and total uranium, are observed in the used filters of some facilities (Figure 4).
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Figure 4. The measured radioactivity and concentrations of remaining radionuclides in the used filters.

The fouling that is formed by fine particles such as sediments and rock fragments in the
groundwater can affect the accumulation of NORMs in the filters. Relatively large particles are
removed by pre-filters placed before the water tanks, but not for all (ultra)fine sediments. The
dark-colored fouling layers were frequently observed in the used FF filters (e.g., Figure S2 in the
Supplementary Materials). These fouling materials could be negatively charged because they are
mainly derived from fine silty and clayey sedimentation in the groundwater environment [27]. Most
radon progenies, including Pb-214, Bi-214, and Pb-210, are likely to act as cations in the groundwater
because they are the post-transition metals. The electrostatic attractions between the radionuclides and
fouling materials enhance the accumulation of NORMs into the FFs. In particular, high concentrations
of NORMs in the used MFs could be strongly associated with the migration and fixation of fine particles,
based on their low sorption affinities for radionuclides [18] unlike the AC materials (e.g., C facility in
Figure 4).

3.4. Estimated Radiological Risk

The modified inverse square law was utilized to evaluate the potential radiological risk for
the workers that operate the water treatment facilities inside the bottled-mineral-water facilities.
Assuming that they work at a 1 m distance from the filter housings, the surface radiation dose rates
decreased approximately 100 times than the dose rates measured at a 0.1 m distance (Table S1 in
the Supplementary Materials). The observed highest radiation dose rate was 0.053 µSv h−1 at the
housing of ACF in the facility E. It increased significantly up to 52.5 µSv yr−1 under the assumption
of the average 4 hours-a-day and 250 days-a-year work near the filter equipment, but this is still low
compared to the public dose limit (i.e., 1 mSv yr−1). Nevertheless, the potential radiological risk
should be properly managed in case of direct and/or close handling of the used filters during the
filter replacement.
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Additionally, the radiological risk was evaluated for workers at the filter disposal sites based on
the measurements of radioactivity and estimation of annual amount for the used filters. The computed
radiation dose rates exhibited extremely low levels because most of the trapped radionuclides in
the filters were short-lived so that they are collapsed during transport processes to disposal sites
(Table S2 in the Supplementary Materials). The remains of long-lived radionuclides have
typically low levels of gamma constant (e.g., 6.5 × 10−7 for Pb-210, 1.4 × 10−9 for Po-210, and
2.9 × 10−6 mSv m2 h−1 MBq−1 for Th-234) compared to the short-lived radionuclides (e.g., 4.3 × 10−5

for Pb-214, and 2.1 × 10−4 mSv m2 h−1 MBq−1 for Bi-214) [25]. Even though there appeared to be no
radiological effects on the disposal sites’ workers, they need to be monitored depending on the filter
waste amount and loading method in the disposal sites (e.g., huge filter wastes used in several mineral
water treatment facilities are concentrated to one disposal site).

4. Conclusions

This study determines the accumulation mechanism for naturally occurring radioactive material
(NORM) in the filters that are utilized for the production of bottled mineral water and evaluates
the potential radiological risk for workers in the water treatment facilities. The short-lived radon
progenies significantly influence high surface dose rates and filter accumulation, especially the FFs
encountered immediately after leaving the water storage tanks, regardless of filter types. The ACFs can
physicochemically uptake the aqueous-phase radionuclides, while the physical fouling is the important
accumulation mechanism for the MF materials. Although the external radiation from the filters appears
to be rarely harmful to the workers in the bottled-water production facilities, the radiological risk must
be monitored and managed, especially near the water tanks and FFs.

As concluding remarks, there are a few suggestions to properly manage the radiological risk in the
bottled-mineral-water facilities. Firstly, ventilation should be installed at the top of water storage tanks
to reduce the radon concentrations and radon progenies’ generation inside the tank. Secondly, the
installation of pre-filters between the groundwater wells and water tanks is recommended to minimize
the fouling effects in the FFs. These pre-filters and FFs, if needed, should be replaced with new filters
more frequently than current replacement cycles. All the above suggestions will help prevent the
accumulation of short-lived radionuclides in the FFs. Additionally, the translocation of pre-filters,
water tanks, and FFs to a separate well-controlled building could contribute to lower the potential
radiological risk to workers by decreasing their radiation exposure time and frequency. We expect that
these suggestions can be applied to the numerous bottled-mineral-water facilities around the world,
based on similar filtering processes using groundwater.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/4/930/s1,
Description: Summary Information for individual bottled mineral-water facilities, Figure S1: Mineral-water
purifying processes at the individual bottled mineral water facilities, Figure S2: Cross section of membrane filters
along treatment processes at the C facility, Table S1: Calculated effective dose at the bottled mineral-water facilities
under estimated scenario (1 m distance) and extreme scenario (0.2 m distance), Table S2:. Calculated effective dose
at the waste disposal site under estimated scenario (1 m distance) and extreme scenario (0.2 m distance).
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