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Abstract

The aim of this study was to test two potential tritium determination methods (with and without electrolysis enrichment)
suitable for low-level measurements. Both methodologies were applied to water samples from the Baltic Sea and ten Polish
rivers providing new data on tritium activity concentration. Optimization steps carried out to the standard method lowered
minimum detectable activity concentration (MDC) from 3.1 to 1.8 Bq L™! (at 95% confidence level) enabling to apply it to
environmental water samples. However, electrolytic enrichment method of MDC of 0.20 Bq L' provided more accurate

results for tritium activity concentration in surface waters.

Keywords Tritium measurement - Water - Electrolytic enrichment - Liquid scintillation counting

Introduction

Tritium (*H), the radioactive isotope of hydrogen is formed
naturally through the nuclear reactions induced by cosmic
rays in the upper layers of the atmosphere (in the reactions
of neutrons with nitrogen or oxygen gases) [1, 2]. Most of
the atmospheric tritium is rapidly oxidized to tritiated water
HTO and introduced into hydrologic water cycle. Small
amounts of tritium are also formed in the lithosphere in the
process in which neutrons produced by the spontaneous
fission of uranium are captured by ®Li atoms [3]. Anthro-
pogenic tritium is released to the environment by nuclear
weapon testing, spent nuclear fuel reprocessing and nuclear
reactors. A large quantity of tritium was released into the
atmosphere from thermonuclear weapons tests performed
in the 1950s and 1960s resulting in the increase of tritium
concentration in the precipitation mostly in the northern
hemisphere [2-5]. Since the signing of the convention on the
ban on nuclear tests in the atmosphere in 1963, the levels of
tritium in the environment from weapons testing have been
gradually decreasing, currently reaching values close to the
background level [2, 6-8]. Nowadays, tritium concentration
in the environment can be locally enhanced by releases from
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nuclear fuel cycle operations during planned and emergency
situations. Most of *H is released into the environment in
the form of vapor or liquid, due to technical difficulties in
removing tritium from the effluents. That is why >H is being
one of the main target radionuclides in environmental moni-
toring around facilities such as nuclear power plants and
nuclear fuel reprocessing plants [2]. Another application for
environmental tritium analyzes is hydrology, since tritium
is also a valuable tracer in hydrological studies, for example
for groundwater dating or understanding the groundwater
cycling [3, 9, 10].

Although, the background radiation levels of tritium are
decreasing, tritium measurements in various components of
the environment, including river systems and other surface
waters, are still the subject of interest of many researchers
[7,9, 11-14].

Because of the decrease of the’baseline’ environmental
radiation levels of tritium, there is a growing demand for
the measurement of lower and lower activity concentrations
[4, 6].

For many years researchers have been utilizing alka-
line electrolysis as the method allowing to perform tritium
enrichment of water samples [3, 6, 15, 16], which tends to be
a reliable and mature but rather tedious and time consuming
method. Tritium enrichment can be also realized in the appa-
ratus using solid polymer electrolyte membrane, which is
used as a medium to selectively carry hydrogen ions towards
the cathode. The advantage of this method is that alkali-
zation and neutralization process is not necessary. Studies
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aiming at exploring the performance of other methods like
preparation method using sample combustion system [17]
or utilizing liquid scintillation counter (LSC) with 100 mL
counting vials [18] and comparing the results to electrolytic
enrichment method were also conducted recently. Sample
combustion method showed promising results. Its main
advantage is its rapidness and the fact that oxidation elimi-
nates color quenching effect and reduces the background,
but the initial cost of the equipment is high and it demands a
gas supply and use of corrosive reagents. On the other hand,
the concept of enlarging sample volume to 50 mL by using
LSC system with the larger volume of counting vials seems
interesting. The authors achieved MDC of 0.18 Bq L™!
after measurement time of 3600 min, which is comparable
to detection limits obtained by utilizing electrolytic enrich-
ment, but the long measurement time together with cost and
environmental impact of using large volumes of scintillation
cocktails are the main disadvantages of this method. Moreo-
ver, time needed for dark adaptation of samples needs also to
be considerably extended to 1440 min due to a larger volume
of scintillation cocktail used.

Radiation Protection Measurements Laboratory (LPD)
of the National Centre for Nuclear Research (NCBJ) has
been providing environmental radiation monitoring on the
premises and in the vicinity of Nuclear Centre at Otwock
since 1958, when operation of the first Polish research
nuclear reactor began. Recently, Poland has started devel-
oping a nuclear programme. Therefore, new regulations
based, among others, on European requirements, that must
be implemented by the operators of nuclear facilities, have
been introduced to Polish legislation (Regulation of the
Council of Ministers of August 9, 2022). New regulations
are laying down detailed requirements for the environmental
monitoring programme and define a number of mandatory
measurements of tritium in matrices such as: groundwater,
drainage water, surface water, rainwater (some of which are
new in comparison to those included in existing monitoring
programme). For this reason, and because in the situation
of normal operation the expected levels of tritium in such
components are low, the study aiming at introducing a sensi-
tive method becomes crucial for the ability to monitor vari-
ability in tritium concentrations (for example to recognize
the background levels and to detect any unusual changes).
Accurate data regarding tritium activity concentrations are
also important for the purpose of the exposure assessment
of critical groups and population.

The aim of this study was to examine two potential
tritium determination methods allowing to obtain a lower
minimum detectable activity concentration (MDC) than
the standard method routinely used in Radiation Protection
Measurements Laboratory of NCBJ. The standard method is
based on the LSC measurement of a previously decolorized
and distilled sample.
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First tested experimental procedure was the modified
standard method optimized for measurement time and
cocktail:sample ratio. Second tested method was based on
electrolytic enrichment. The measurements were carried out
using the liquid scintillation technique. Calibration meas-
urements were performed using certified standard tritium
solutions and on the basis of obtained results counting effi-
ciency for both methods and basic parameters: enrichment
factor Z, retention factor K and separation factor f describ-
ing electrolysis process were determined. Accuracy of the
electrolytic enrichment method and standard method was
verified by participation in national and international inter-
comparisons. Both established procedures were employed
to test 16 different water samples of coastal seawater and
freshwater samples taken from various regions of Poland.
Samples were collected from well examined waterbodies
as well as from other not explored locations providing new
and current data of tritium activity concentration in surface
waters in Poland. Obtained results were discussed and com-
pared to available data.

Experimental
Materials and methods
Samples

Two types of water samples (seawater and river water) were
collected in this study. Coastal seawater sampling points
were located on the open sea in Ostrowo and in the Gdarisk
Bay on the headland of Rewa. For comparison one sample
taken from Adriatic Sea (of higher salinity) was also tested.
River water samples were collected in 14 different sampling
locations. Three of the chosen sampling points were located
in the vicinity of Nuclear Centre operating the only nuclear
research reactor in Poland and are included in the Environ-
mental Monitoring Programme of the NCBJ Nuclear Centre
at Otwock. Water samples collected from these points are
routinely tested in NCBJ’s LPD but not for the tritium activ-
ity concentration (such measurements are carried out, but by
a laboratory independent of the reactor operator and com-
missioned by the National Atomic Energy Agency, PAA).
River water samples were also collected downstream and
upstream the two biggest Polish rivers that is Vistula River
and Oder River. Other samples were collected from Narew
River which is a right tributary of the Vistula River and its
tributary Bug River. Samples from five smaller rivers in the
north-eastern Poland were also taken.
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Reagents and equipment

All measurements were performed using liquid scintilla-
tion counter Tri — Carb 3180 TR/SL (PerkinElmer, USA)
equipped with bismuth germanate (BGO) detector guard
and a cooling system.

Samples were prepared in the standard 20 mL polyeth-
ylene vials (PerkinElmer, USA) and using Ultima Gold AB
and Ultima Gold LLT scintillation cocktails (PerkinElmer,
USA). All used reagents (sodium hydroxide, sodium thio-
sulfate, sodium carbonate) were of analytical grade. Cer-
tified standard solution of *H of activity concentration of
750+ 15 Bq g™! at the reference date 15 February 2016
(Certificate No BW/Z-63/04p1/16), purchased from NCBJ
Radioisotope Centre POLATOM was used to prepare all
test samples.

For the preparation of blank samples distilled deep well
water from the water intake near the institute of limited
contact with the atmosphere and of proven tritium content
below 0.1 Bq L™! was used. The tritium activity concentra-
tion in the blank water (often referred to as ‘dead’ water)
was determined by electrolytic enrichment of the sample
which volume was enlarged to 600 mL.

Standard method for tritium determination in water
samples

The analytical procedure for the standard method con-
sisted of measuring the 50 mL test portion of the sam-
ple, decolorization with activated carbon, filtration and
distillation after the addition of sodium thiosulfate and
sodium carbonate. These reagents were added to provide
conditions that allow to separate quenching and interfering
components such as volatile iodine or carbon dioxide [19].
Afterwards, an aliquot of 5 mL of the obtained distillate
was mixed with 15 mL of Ultima Gold AB scintillation
cocktail. Before the LSC measurement samples were dark
adapted overnight to prevent photoluminescence effects.
The samples were counted for 770 min.

To estimate overall efficiency the same process was
repeated for a diluted certified standard solution of a
known activity concentration. Blank water was used to
prepare the dilutions. Overall efficiency was determined
according to the following equation:

_N,-B
T A

E ey

where N—count rate of distilled standard solution [s7'1,
B—background count rate [s”'], A.—activity of standard
sample [Bq].

Minimum detectable activity concentration for the
standard method was calculated according to the clas-
sical approach based on principles of hypothesis testing
presented in Procedures Manual of the Environmental
Measurements Laboratory [20] or by Passo and Cook
[21] assuming equal background and sample measurement
times and that background counts collected are above 70.

To derive the formula to express the minimum detect-
able activity concentration according to this approach
characteristic limits: detection limit and critical level (or
decision level) must be defined and several assumptions
must be made as described in details in the abovemen-
tioned references and other publications [22, 23]. Detec-
tion limit L, can be described as the smallest net signal
for which there is a confidence at a specified level that the
activity is present.

The resulting formula which describes L, is an approxi-
mation based on assumptions that:

e the probabilities of making error of first kind o (con-
cluding falsely that the activity is present when it is
not) and of second kind B (failing to conclude that the
activity is present) are equal and set as 5% as well as
the abscissas of the standardized normal distribution
for the corresponding probabilities of errors are equal
and k, = k; = k = 1.645;

e gross sample counts and background counts are close
and the standard deviation of net measurement result
o, can be estimated as o, \/5

Then the detection limit L; and can be expressed as:
Ly = (k. +ky) o0 = 2V 20, )

where o,—standard deviation of background.

The formula for MDC calculation can be obtained by
dividing the detection limit L, by a series of factors such as
for example: efficiency, aliquot size, chemical yield, time,
unit conversion factors etc.

Such approach was adopted when deriving the formula
used in this study for minimum detectable activity concen-
tration calculation, which is expressed as follows:

4.664/B/1t, »

where B—background count rate [s71, t,—background
measurement time [s], E—overall efficiency, V—volume of
the analyzed sample [L]. Factor 4.66 equals to Zk\/z , where
k = 1.645 is the coverage factor (the abscissa of the stand-
ardized normal distribution assuming equal probabilities of
errors of the first and second kind of 0.05).

Tritium activity concentration was determined as follows:
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Curo = EXVXS [BqL‘l] 4)

where N—sample count rate [s~'], B—background count

rate [s’l], E—overall efficiency, V—volume of the analyzed
—0,6931 \.

k]

sample [L], f—decay correction factor (f = exp( T

t—time elapsed between sampling and measurement [days],
T, ,—tritium half-life [days]).

Electrolytic enrichment method

During electrolysis process, due to isotopic effect that affects
the rates of chemical reactions at the electrodes, light water
molecules are decomposed to form H, and O, gases more
effectively than HTO molecules. As a result tritium concen-
tration in the remaining solution increases.

The electrolytic enrichment process was carried out in an
assembly composed of glass cylindrical cells with a flat sec-
tion at the bottom, where electrode plates were placed. Cells
were equipped with glass head with two outputs: side one
for electric wires and upper for the tubing discharging gener-
ated gases. The electrodes were a stainless steel cathode and
nickel anode plates with dimensions of 120X 28 mm placed
in parallel at the distance of 2.5 mm and separated with the
Teflon stoppers. The system was equipped with laboratory
power supplies and a cooling unit with thermoregulation.

The enrichment process of the samples realized during
this study was divided into three electrolysis runs. In each
run there were 5-6 tested samples, one blank sample and one
sample spiked with certified standard solution of a known
activity of tritium. Prior to electrolysis all samples were dis-
tilled to remove impurities that might affect the process or
could lead to accumulation of the deposits on the electrodes
and cell walls.

The maximum volume of the electrolysis cell was
approximately 230 mL. With the assumed initial sam-
ple volume of 300 mL, the filling was carried out in two
stages. First 200 mL of sample and 10 mL of electrolyte
solution (20% NaOH) were added into the cell and then,
after about 50 h, another 100 mL of the sample was added.
Process was initially carried out at a constant current of
5 A and the current was reduced to 3.5 A when the sample
reached the volume of 30 mL. Termination of the process
took place at the final volume of 15 mL. The whole pro-
cess was carried out at a temperature range of 0-3°C to
reduce *H loss due to evaporation. After electrolysis the
samples were transferred to round-bottom stainless steel
flasks and purified from electrolyte by distillation. Then an
aliquot of 10 mL of the obtained distillate was transferred
to the scintillation vial containing 10 mL of Ultima Gold
LLT scintillation cocktail. Measurement time of 400 min
was set. In each of the series of measured samples an
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additional calibration sample was included, which was
not subjected to any chemical preparation. It contained
the same solution of a known tritium activity concentra-
tion as the sample subjected to electrolysis. All blank and
calibration samples were prepared in the same manner and
measured in the same conditions as analytical samples.

The basic quantities needed to describe the isotopic
enrichment process are tritium enrichment factor Z, vol-
ume reduction factor R, retention factor K defined as
follows:

-9
= a )
r=Vi
=v (6)
vy
cV,
vy Z
K=—"==
C.V. R )

where Cﬁ C—final and initial tritium concentration, Vf, V—
final and initial sample volume.

Retention factor K indicates the fraction of tritium that
remained in the sample after electrolytic cycle. Separation
factor S is the ratio of the concentration of tritium in the
aqueous phase and in the gas formed at the cathode [24, 25]:

_ (t/p)liqm'd

/D) gas ®

where: t~—number of moles of tritium, p—number of moles
of protium.

For a water sample electrolytically enriched the follow-
ing equation can be derived as presented in the paper of
Kaufman and Libby [3]:

C; v (7)
(4 )]
Vi

which after simple transformation and using Egs. (5), (6)
and (7) gives:

InR
(1) (10

K

ﬂ:

The value of the separation factor f depends on electrode
material, type of cells, current density, type of electrolyte
and temperature [15, 26]. In the survey of Cameron [15] it
was shown that the most common cathode and anode materi-
als are iron and nickel respectively, but comparable results
were obtained using other assemblies such as: Ni—-Ni, stain-
less steel-stainless steel, stainless steel-Ni, Pt—Pt.
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The abovementioned parameters describing electroly-
sis process were determined experimentally on the basis
of the measurements of certified standard tritium solution
which was diluted with dead water to the final activity
concentration of 200 +3 Bq L™!. Such dilutions were pre-
pared independently for each run. The aliquot of 10 mL of
this solution was mixed with scintillation cocktail Ultima
Gold LLT and measured directly to determine counting
efficiency and to provide data for the calculation of the
remaining parameters. Retention factor K was evaluated
by the measurement of the samples of standard solution
before and after electrolysis and calculated as the ratio
of the tritium concentration of enriched to not enriched
standard sample.

Tritium activity concentration of electrolytically
enriched samples was calculated as follows:

1.03(N — B)

C = BgL™!
HT0e .sxVxRxKxf[ qL™]

1)

where N—sample count rate [s7'], B—background count
rate [s~!], e—counting efficiency (calculated based on the
measurement of undistilled and not enriched standard sam-
ple), V—volume of the sample transferred to the counting
vial [L], R—volume reduction factor, K—retention factor,
f—decay correction factor [defined as in Eq. (4)]. Factor
1.03 is the correction for the addition of 10 mL of electrolyte
to the sample resulting in the fact that the tritium concentra-
tion is diluted by 3% compared to the initial value.
Minimum detectable activity concentration for electro-
lyzed samples takes into account the enrichment factor:

4.66+/B/t

(12)
eXVXRXK

-1
qL™']
where B—background count rate [s~!], #,—background
measurement time [s], e—counting efficiency, V—the sam-
ple transferred to the counting vial [L], R—volume reduc-
tion factor, K—retention factor. Factor 4.66 is defined as in

Eq. (3).

Optimization steps—modification of the standard
method

In order to lower the minimum detectable activity concentra-
tion achievable by the standard method the following opti-
mization steps were taken.

Firstly, various sample to scintillation cocktail mixing
ratios were tested with the aim to maximize the quantity of
the sample added, however, not significantly reducing the
efficiency, which according to the Eq. (3), would allow to
lower the detection limit. The optimal proportion was chosen
by determination of the figure of merit (FOM) parameter
by counting a series of background and spiked vials with
various volumes of sample and liquid scintillation cocktail
Ultima Gold AB. Figure of merit was calculated according
to the following equation allowing to normalize against the
sample volume:

2172
Fom = &Y

13)

where e—counting efficiency [%], V—sample volume [mL],
B—background count rate [cpm]. Background samples
were counted for 200 min. Obtained results are presented
in Table 1.

The maximum recommended sample loading volume
according to the data provided by the manufacturer [27]
is 10 mL. It is not advised to work with the sample load-
ing equal to maximum cocktail holding capacity, while it is
dependent on temperature and sample composition. Sam-
ples may become cloudy with the change of temperature
and it may lead to obtaining falsely low readings. The addi-
tional test of sample uptake capacity of Ultima Gold AB
was conducted to make sure that the chosen sample volume
is correct. Distillate obtained during standard tritium deter-
mination procedure was mixed at different ratios of: 7:13;
9:11; 12:8 with the scintillation cocktail in the glass vials
for visual inspection. Turbidity of the sample was observed
for the ratio 12:8, but for the rest of the samples transparent
mixture was obtained, properties of which did not worsen
over time, even after several months.

Table 1 Tri-Carb 3180 TR/

o Sample: cock-  Reference sample  Background Counting Sample Figure of merit FOM

SL performance f0.r tritium tail volume count rate N [cpm] count rate B efficiency volume
measurements at dl.fferent ratio [cpm] € [%] V [mL]
sample:cocktail ratios

3:17 81.8 3.02 36.6+1.0 3 4000280

5:15 115.6 2.76 31.5+0.8 5 9010+ 660

7:13 141.1 3.16 27.5+0.7 7 11730+ 840

9:11 151.9 2.81 23.1+0.6 9 15500+ 1100

10:10 151.9 2.98 20.8+£0.5 10 14500+ 1000

12:8 134.1 3.25 152+04 12 10300730
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If we assume that for the optimized sample:scintillation
cocktail ratio measurements parameters (in particular count-
ing efficiency, sample volume and background count rate) are
constant, MDC becomes only the function of measurement
time, decreasing as time increases. Moreover, the count-
ing statistics also betters when counting time is prolonged.
Therefore, second optimization step taken to lower the MDC
of the standard method was the extension of the measure-
ment time above 770 min, which is routinely used for the
standard method. This should decrease MDC value and its
uncertainty, as well as the uncertainty of tritium activity
concentration by decreasing the component of uncertainty
of net count rate of the sample which is very important in
the case of low-level measurements. Firstly, the dependence
of MDC on the measurement time was calculated accord-
ing to the Eq. (3) on the basis of the results for background
counting rate and counting efficiency presented in Table 1
for samples prepared in the following sample:cocktail ratios
(5:15;7:13; 9:11; 10:10). Then longer lasting measurements
of background samples were performed to obtain the experi-
mental data, verify and prove the correctness of the predic-
tions. Obtained results are shown in Fig. 1.

Data presented in Table 1 and in Fig. 1 show that the opti-
mal sample to scintillation cocktail ratio was 9:11, because
using this proportion the highest FOM value and the lowest
MDC value were obtained. The standard deviation of the
count rate is dependent on the counting time and decreases
as the counting time increases. This is important espe-
cially when the numbers of sample counts and backgroung
counts are close, because, due to the fact that the standard
deviations of sample and background counts are smaller,
the uncertainty of their difference (calculated according to
the law of uncertainty propagation) is also reduced to an
acceptable level. Based on the measurements and calcula-
tions carried out, extended measurement time of 1200 min

Table 2 Determined tritium enrichment parameters

Determined
mean value + o

Parameter

Volume reduction factor R 21.1+£0.6
Enrichment factor Z 16.4+0.4
Separation factor 12.3+£0.5
Retention factor K 0.780+0.008

was selected, since assuming that activity concentration of
2.25 Bq L' is expected to be found in a water sample (for
the conditions given in Table 1 for the chosen 9:11 ratio
and the measurement time equal to 1200 min) standard
uncertainty of the net count rate that is not exceeding 25%
can be reached. Further increase of the measurement time
does not significantly decrease neither the MDC value nor
the net count uncertainty (for extension from 1200 to 1500
the MDC decreases from 1.81 to 1.62 Bq L~! but standard
uncertainty of the net count rate equals to 22%. Moreover,
extending measurement time to the value that significantly
exceeds a day does not seem reasonable, because it highly
reduces the throughput of the counter. Those parameters
were adopted in further analyzes according to modified
standard method.

Results and discussion

Determination of parameters describing examined
methods

In electrolytic enrichment method performance parameters
such as enrichment factor Z, retention factor K, counting
efficiency ¢ are evaluated in each batch.

Fig. 1 Values of MDC versus 7
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To characterize the performance of the apparatus and
selected method, parameters describing electrolysis process
were determined as mean values taking into account ten last
electrolysis runs and are presented along with their standard
deviations o in Table 2.

Electrolysis parameters obtained during the surface water
study were within the shown range.

Determined enrichment parameters including the enrich-
ment factor Z are in agreement with the results obtained by
other researchers for conventional cells. For example in the
survey of Cameron [15] separation factor of 12 was indi-
cated as typical and it was summarized that tritium recov-
eries of about 80% were common for a volume reduction
factor of 15, giving tritium enrichment of 12—15 times. In
the paper of Plastino et al. [28] for mild steel-stainless steel
system determined enrichment factor for the volume reduc-
tion from 330 to 25 mL was in the range of 11.0-12.2 and it
was raised to the value of about 22, when the sample amount
was increased to 660 mL in a two-stage process. From the
Ni—Fe conventional cell computed enrichment profile shown
in the paper of Soreefan and De Vol [25] it can be read, that
for the volume reduction factor of about 21 as was achieved
in this work, enrichment factor value of about 18 is obtained.
According to Carter et al. [6] elelctrolysis cells are usually
designed to achieve enrichment factor from 15 to over 30.

Main parameters describing both methods tested within
this study in comparison to standard method are summa-
rized in Table 3. All values were derived on the basis of the
measurements performed by liquid scintillation counter Tri-
Carb 3180 TR/SL. Calibration measurements for the stand-
ard method and modified standard method were performed
using certified reference solution of tritium diluted to the
activity concentration of 1210+ 30 Bq L™". In the case of
the standard method, calibration measurements are carried
out periodically based on the preparation of series of sam-
ples. Efficiency value presented in Table 3 for the standard
method is a mean value and represents overall efficiency of
the method. Shown efficiency values were presented along
with their combined expanded uncertainties. Values of MDC
were calculated according to Eq. (3) for standard methods
and Eq. (12) for the method of electrolytic enrichment and
presented along with their combined expanded uncertainties.
Uncertainties of the obtained MDC values were calculated

Table 3 Comparison of parameters of tritium determination methods

using the law of uncertainty propagation (by calculating
the square root of the sum of sensitivity factors, which are
the squares of partial derivatives of all individual variables,
multiplied by the squares of individual uncertainties of the
variables).

Gained MDC values are comparable to the values reported
for similar measurement conditions by other researchers. For
instance, for electrolytic enrichment method Gomes et al.
[7] obtained MDC of 0.4 Bq L' using Tri-Carb 3170 TR/
SL, 300 min counting time and 8:12 sample:cocktail mixing
ratio (Ultima Gold LLT), whereas Grahek et al. [14] reported
almost equal to obtained in this study value of 0.19 Bq L™
(for Tri-Carb 3180 TR/SL, 300 min counting time and UG
LLT scintillation cocktail mixed in the proportion of 7 mL of
the sample and 13 mL of cocktail). In direct measurements
(without enrichment) also values of MDC comparable to
obtained in this work of 2.88 Bq L™! were shown by Grahek
et al. [14] for Tri-Carb 3180 TR/SL.

Optimization steps taken consisting in increasing the
sample volume and extending the measurement time
allowed to lower the MDC value by more than 40% from
3.07+0.10 Bq L™ to 1.81+0.06 Bq L' which is corre-
sponding to about 1.3 Bq L™'of overall MDC decrease. It
was calculated that the step of increasing the measuring time
from 770 to 1200 min allowed to reduce the MDC from
2.27+0.08 Bq L™ to 1.81+0.06 Bq L™! (which gave the
decrease of about 0.5 Bq L™!). In comparison, first optimi-
zation step of increasing the sample volume allowed to to
decrease the MDC by about 0.8 Bq L™'. When comparing
these two values, it can be seen that the second optimization
step resulted in reduction of MDC by approximately 60% of
initial reduction achieved (of 0.8 Bq L™!). Considering the
gained MDC results along with their uncertainties, which
are equal to 2.27 +0.08 Bq L' for the measuring time of
770 min and 1.81+0.06 Bq L™! for the measuring time of
1200 min, they exhibit no overlap. Both uncertainties are
also much lower than 0.5 Bq L.

The step of increasing the measurement time not only
lowered the MDC but also improved the counting statis-
tics. Increasing the measuring time to 1200 min allowed to
reduce uncertainty of a single background count rate meas-
urement (expressed as a square root of the quotient of count
rate over time) from 2.1 to 1.7%. However, extending the

Parameter Standard method

Modified standard method Method of electrolytic enrichment

Scintillation cocktail: sample ratio Ultima Gold AB (5:15)

MDC [BqL™!] 3.07+0.10
Counting efficiency [%] 31.9+0.8
Sample measurement time [h] 12.8

Time for sample preparation [h] 1.5

Ultima Gold AB (9:11) Ultima Gold LLT (10:10)

1.81+0.06 0.199+0.015
23.1+0.6 20.0+0.6
20.0 6.7

1.5 170
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measuring time had the greatest impact on reduction of the
uncertainty of net count rate, which in low-level measure-
ments becomes the predominant component in the combined
uncertainty. Extended time of 1200 min resulted in obtain-
ing relative standard uncertainty associated with net count
rate of 25% instead of 31% for the samples of the activity
concentration slightly above the detection limit of about
2.25 Bq L™!. Obtained MDC for the modified method is
still far from the value gained for electrolytic enrichment.
However, taking into account the possible benefit related to
significant reduction of time needed for sample preparation
(from 7 days to few hours), makes using a modified method
worth considering and testing by performing analyzes of
samples of low activity concentrations.

Interlaboratory comparisons

Quality of the results obtained for the analytical methods
can be verified by interlaboratory comparisons [7, 29, 30].
Accuracy of the method of electrolytic enrichment and of
the standard method for tritium determination was exam-
ined by participation in national and international labora-
tory comparisons on tritium determination in water sam-
ples. The first intercomparison was organized at national
level by National Atomic Energy Agency (PAA) in Poland.
Usually two samples of different activity concentrations are
determined by participating laboratories. Main acceptance
criterion adopted by the organizers was the |Z — score| < 2,
while |{ — score| < 2 served as the supplementary criterion.
The second proficiency test was organized by PROCORAD
(Association for the Promotion of Quality Control in Radio-
toxicological Analysis) and in principle was dedicated to
tritium analysis in urine samples, but each measurement
series included also one tritiated water solution. The follow-
ing evaluation criteria were adopted: the |Z — score| < 2 as
the main performance indicator and |E, | < 1and the relative
bias within the range — 25% + 50% provided for information
purposes only [31].

Results obtained over last years in both intercompari-
sons are summarized in Table 4. Activity concentrations
are shown along with their expanded combined standard
uncertainties (k=2). Symbol n/a was used to indicate that
the parameter has not been assessed by the organizers.

All of the reported results met the acceptance criteria of
the organizers and were close to the target values. Regard-
less the tested activity concentration level relative bias did
not exceed 10%. Participation in the intercomparisons and
satisfactory results obtained repeatedly allowed to prove the
accuracy of tested methods.

Calibration measurements and results of interlaboratory
comparisons confirmed that the electrolysis system is opera-
tional and that the tested methods can be expected to be
useful during surface water study.

Surface water measurements

To verify their performance in practice, both investigated
analytical procedures were applied to saline and non-saline
surface water samples taken from the Baltic Sea, Adriatic
Sea and from rivers in different regions of Poland. Seawater
and freshwater samples were treated in the same manner,
because according to International Standard ISO 9698:2019
(E) [32] this type of method is suitable for many types of
water such as surface waters, ground waters, rain waters
including marine waters.

The Baltic Sea is a moderately salinized inland sea of
salinity of approximately 1% [33] By contrast, the salin-
ity of Mediterranean Sea may exceed that of oceanic water.
Before starting tritium analyzes in marine waters, the con-
tent of total dissolved solids (TDS) was determined accord-
ing to the ISO Standard [34] by weighing a filtered sample
and drying at 105°C. The following values of TDS con-
tent were obtained: 8800 mg L~! for Baltic Sea in Ostrowo,
9300 mg L~! for Baltic Sea in Rewa and 44000 mg L~ for
Adriatic Sea in Budva. To check how effectively the distilla-
tion process will reduce the dissolved solids content, TDS in
the sample of highest salinity (that is in Adriatic Sea water)

Table 4 Results of tritium determination obtained during intercomparisons

Method Organizer /year Sample  Reference Reported value [Bq L™'] Z-score &-score E, Bias [%] Evaluation
value
[BqL™']
Electrolysis PAA/2017 1H1/17 4.11+0.25 3.69+1.32 -04 -06 n/a — 10 +
PAA/2017 1H2/17  21.02+0.60 19.8+3.6 -09 -07 na —6 +
PAA/2021 1T/21 2.54+0.50 2.63+0.84 n/a 0.2 n/a 4 +
Standard method PAA/2017 1H2/17 21.02+0.60 20.1+3.8 —-12 -0.5 n/a —4 +
PROCORAD/2018 18HTOE 5340+190 5190+550 -04 na -03 -3 +
PAA/2021 27721 10.50+0.25 9.6+2.4 -07 =07 na —6 +
PROCORAD/2021 21HTOE 91504320 8800+ 1000 -0.8 na -03 -4 +
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was also determined after the preparation according to modi-
fied tritium determination procedure. The TDS value was
reduced to 100 mg L™ that is 440 times, confirming that
sample salinity will not affect analysis.

The results of the determination of tritium activity con-
centration in 17 water samples prepared and measured using
investigated methods are shown in Table 5.

Results of tritium activity concentrations in surface water
samples obtained with both tested analytical procedures
were comparable when their expanded uncertainties are
taken into account.

All of tritium activity concentrations in Polish surface
waters collected during this study were found to be at the
level above the minimum detectable activity concentration
for the electrolytic enrichment method. Only five of the
investigated samples showed results just slightly above the
minimum detectable activity concentration for the modified
method and therefore were characterized by considerable
uncertainty. For comparison tritium activity concentra-
tion in saline water from Adriatic Sea was also determined
and according to both methods it was below the minimum
detectable activity concentration, which is consistent with
the data of HTO concentrations of waters of Mediterranean
Sea (ca. 0.1 Bq L) provided by Eyrolle [13].

The lowest activity concentrations were obtained for
the small rivers of the north-eastern region of Poland (the
lowest value of 0.43+0.16 Bq L™! was recorded for Sajna

River), whereas the highest for biggest Polish rivers Vis-
tula and Oder and in the samples from the Baltic Sea. The
highest result according to electrolytic enrichment method
was 0.94 +0.32 Bq L™! which was obtained for the sample
taken from Oder River in Wroctaw According to modified
standard method the highest tritium activity concentration of
2.2+ 1.1 Bq L™! was observed in Baltic Sea in Gdarisk Bay
where also the second highest result of 0.92+0.31 Bq L™
for enrichment method was obtained. Results at this level of
activity are comparable with data provided for southern Bal-
tic Sea water in 2020 where tritium activity concenration of
2.6+1.1Bq L~! was determined [35] and are in accordance
with the concentrations characteristic for Baltic area which
vary from in the range 1.0—4.0 Bq L™! as it was reported
by HELCOM’s Expert Group on Monitoring of Radioactive
Substances in the Baltic Sea [36].

Tritiated water concentrations measured in the samples
collected from sampling points at the Swider River in the
vicinity of NCBJ Nuclear Centre at Otwock were below the
values measured for other main Polish rives. Almost equal
results were obtained for the samples from both locations
that is activity concentration of 0.68 +0.24 Bq L™! for the
collection point located upstream from the Nuclear Centre
and not influenced by its operation and of 0.67 +0.24 Bq L™
downstream the river. Monitoring data concerning trit-
jum concentration in samples taken from Swider River
near Nuclear Centre are also provided by an independent

Table 5 Tritium activity concentrations in freshwaters and seawaters collected from November to December 2022 (presented with the expanded

combined standard uncertainties U [Bq L™'])

Type of water Waterbody Description of sampling location

Modified standard method

Tritium activity concentra-
tion Cyyro= U [BqL™!]

Method of electrolytic enrichment

Tritium activity concentration
Crroe+ U [BqL™]

River water Vistula River Krakow (upstream) <1.8 0.91+0.32
Vistula River Warszawa (central part of the river) <1.8 0.77+0.26
Vistula River Kiezmark (estuary) <1.8 0.88+0.31
Oder River Wroctaw (upstream) <1.8 0.94+0.32
Oder River Szczecin (bottom part of the river) 1.9+1.1 0.87+0.30
Bug River Brok 20+1.1 0.78+0.28
Narew River Nowogrdd 2.1+1.1 0.78+0.28
Swider River Wola Karczewska (upstream from the <1.8 0.68+0.24
NCBIJ Nuclear Centre)
Swider River Wolka Mladzka (downstream from the <1.8 0.67+0.24
NCBIJ Nuclear Centre)
Szkwa River Rozogi <1.8 0.48+0.20
Lyna River Sepopol <1.8 0.54+0.22
Guber River Pomnik village <1.8 0.75+0.27
Sajna River Bykowo <1.8 0.43+0.16
Krutynia River Spychowo <1.8 0.66+0.25
Seawater Baltic Sea Ostrowo beach 1.8+1.1 0.78+0.27
Gdarisk Bay Headland of Rewa 22+1.1 0.92+0.31
Adriatic Sea Budva, Jaz beach <1.8 <0.20
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laboratory (Central Laboratory for Radiological Protection
in Warsaw) and are reported regularly in Annual reports of
the President of the National Atomic Energy Agency (PAA).
Results obtained in this study are in agreement with the data
published in the PAA’s President Report for 2022 which
were given as year averages of 0.6 Bq L™! upstream from the
Centre and 0.9 Bq L' downstream.

Determination of tritium concentration in surface waters
and precipitation in Poland was the subject of comprehen-
sive study conducted by Radwan et al. [37], when Vistula,
Oder, Bug, Narew, Nysa Luzycka and Warta Rivers, six
lakes and 10 small rivers of Seashore Region and tap water
from Zegrzynski Reservoir were monitored in the period
1994-1999. The paper shows that annual average concen-
trations in the abovementioned waters (except for Seashore
small rivers for which lower concentrations were found with
the average of 1.1 Bq L™!) ranged between 1.4 to 1.9 Bq L.
The concentrations found in precipitation during this period
were comparable and ranged from 1.7 to 2.2 Bq L™!. Among
river waters, the highest concentration of 2.5+0.6 Bq L™
was recorded for Warta River in 1995.

Long term studies between 1975 and 2018 of tritium con-
tent in monthly precipitation for the Krakéw station con-
ducted by Dulifiski et al. [38] confirmed that in Poland the
concentrations of tritium in precipitation are still decreasing
reaching nowadays typical for mid-latitude value of about
1 Bq L' [39] and revealed the expected seasonal variations
of tritium content with maximal values in spring—sum-
mer period. These variations reflect seasonal changes in
the dynamics of the transport of tritium from stratosphere,
where it is accumulated, to the troposphere. Given that in
Poland there is no nuclear industry, wet and dry deposition
may be considered as main tritium sources.

Therefore, values of tritium activity concentrations in
surface waters obtained during this study, which are lower
in comparison to the data presented by Radwan et al. [37]
obtained until 1999, are in line with this trend of decrease.
Moreover, values obtained in this paper are comparable with
tritium activity concentrations in surface waters recorded in
other neighboring countries in Central Europe. For example,
annual average value of tritium concentration in Elbe River
basin in Czech Republic also followed the trend of decrease
reaching value of 0.9+0.2 Bq L' in 2016 as reported by
Meresova et al. [39].

In this study the average activity concentration deter-
mined for all sampling points at big rivers (Vistula, Oder,
Bug and Narew) was 0.85 Bq L™!, whereas for relatively
smaller rivers (Szkwa, Lyna, Guber, Sajna and Krutynia)
the average of 0.57 Bq L™! was obtained. These two val-
ues are significantly different according to z-Student test.
Similar phenomenon was observed in the study of Radwan
et al. [37] where conclusion was drawn that this might be
connected with relatively smaller drainage area of the small

@ Springer

rivers compared to bigger ones leading to smaller tritium
amount deposited with precipitation. Results from this work
seem to support this thesis.

Conclusions

The optimization of standard method resulted in creation a
procedure for which MDC value of 1.8 Bq L™ was obtainted.
The method is applicable to low-level tritium measurements
of water samples, but only provided that concentrations
above this detection limit are expected. Modified method
is considerably faster than electrolytic enrichment method
when sample preparation time is taken into account, how-
ever it involves the occupation of the apparatus for a long
time, which can affect laboratory throughput. The modified
method would certainly be more perspective, if it was com-
bined with measurements by ultra-low level liquid scintil-
lation counter.

Determined enrichment parameters of electrolysis system
used during the experiment were satisfactory, comparable
to literature data for conventional cells and high enough to
decrease MDC to the value of 0.20 Bq L.

This research presents updated data for tritiated water
activity concentrations encountered in freshwater and sea-
water samples from the territory of Poland. Tritium activ-
ity concentrations that were found in surface water samples
using both tested methods were in agreement within their
expanded uncertainties. According to electrolytic enrich-
ment method obtained tritiated water activity concentra-
tions measured for the investigated surface water samples
ranged from 0.43+0.16 to 0.94+0.32 Bq L™! with the
average of 0.85 Bq L! for big Polish rivers significantly
different from the average of 0.57 Bq L™! for small rivers
in the north-eastern region. Tritium activity concentrations
measured in the samples collected from the Swider River
upstream and downstream NCBJ Nuclear Centre at Otwock
demonstrated (together with the data from PAA’s President
Annual Report) that operation of the NCBJ facilities did
not contribute to increase in tritium activity concentration
in river water in 2022.

Conducted studies have shown that electrolytic enrich-
ment followed by liquid scintillation counting, although
more laborious, is the method that the authors have chosen
for future tritium analyzes of water samples at activity levels
that were found currently in surface waters in Poland. Elec-
trolysis method, provides over five times lower minimum
detectable activity concentration and lower uncertainties of
the results, therefore it is more accurate and reliable.
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