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A B S T R A C T   

Mineralization of organic matter in environmental samples is frequently quantified by trapping 14CO2 released 
from the degradation of 14C-labelled compounds. However, when 14CO2 trapped in NaOH is quantified by liquid 
scintillation counting, 14C-activity can be gradually lost from the scintillation vials. When combining different 
molarities and volumes of NaOH and five commercial scintillation cocktails, we observed in some mixtures a 
rapid loss in 14C-activity of up to 10% after 0.5 h and 60% after 96 h, while other mixtures showed no loss of 14C- 
activity for at least 96 h. The 14C-activity loss depended on molarity, volume, and CO2 saturation of NaOH, as 
well as the scintillation cocktail used and the mixing ratio of the two components. We show that the decline of 
14C-activity may be caused by the loss of 14CO2 from the scintillation vials. The loss of 14C-activity must be 
prevented and therefore we provide recommendations how to accurately quantify 14C-activity of 14CO2 trapped 
in NaOH using liquid scintillation counting.   

1. Introduction 

Microbial mineralization of organic compounds in soil has been 
studied by measuring production of 14CO2 from 14C-labelled analogues 
of the compounds. In particular, this approach has been used to examine 
the fate of various organic contaminants in soil, such as herbicides 
(Jablonowski et al., 2012; Luks et al., 2021; Rampoldi et al., 2011), 
xenobiotics (Amellal et al., 2006) and phenols (Scheunert and Schröder, 
1998) as well as the effect on the turnover of soil organic matter of 
organic amendments like biochar (Bruun and EL-Zehery, 2012), plant 
litter and sugars (Wu et al., 1993; Allard et al., 2006). A typical exper-
imental set-up is to enrich a soil sample with a 14C-labelled compound 
and incubate it in a closed container with a small volume of an alkaline 
solution, such as NaOH or KOH. The alkaline solution reacts with CO2, 
forming carbonate (and bicarbonate if the pH is below 12), which is 
referred to as base trapping. To quantify the 14C-activity of 14CO2 in the 
base trap, the alkaline solution is typically mixed with a scintillation 
cocktail that transforms energy of radioactive decays into a light signal, 
which can be quantified by liquid scintillation counting (LSC). There-
fore, many studies draw conclusions on soil carbon dynamics based on 
measurements of 14C-activity of 14CO2 trapped in alkaline solution. 

Measuring alkaline samples by LSC poses several challenges. Scin-
tillation cocktails contain organic compounds and emulsifiers and must 
be mixed in appropriate volumes to form a clear and homogenous 
mixture with the sample to ensure effective energy transfer (L’Annun-
ziata and Kessler, 2012). Therefore, the compatibility of scintillation 
cocktails with the alkaline sample must be assured to prevent phase 
separation. Addition of an alkaline substance to scintillation cocktails 
may cause a chemiluminescent reaction emitting light for several hours. 
This chemiluminescent light is detected by the scintillation counter 
causing erroneously high counting results but can be identified by its 
spectral peak in the 0–6 keV counting region (L’Annunziata and Kessler, 
2012). Likewise, alkaline samples can cause chemical quenching of 
energy from the radioactive decay or of light emitted by the scintillators, 
which can be accounted for by different quench parameters (L’Annun-
ziata and Kessler, 2012). Phase separation, chemiluminescence and 
quenching must be considered when scintillation counting, especially 
with samples of 14CO2 trapped in NaOH. 

In the past, several authors have reported declining 14C-activity 
counts over time when measuring samples of 14CO2 in alkaline solution 
that appear not to be caused by phase separation, chemiluminescence or 
quenching (Herbland, 1977; Iverson et al., 1976; Weimer et al., 1975). 
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Thompson and Olehy (1977) showed that 14CO2 from the sample may 
diffuse into the headspace of scintillation vials and escape the vials 
without being registered by the scintillation counter. This release of 
14CO2 may cause a significant error in quantification of 14CO2, as 
pointed out by Robarts (1981). In application notes provided by Perki-
nElmer, it is recommended to ensure a pH above 8 or 9 to prevent 
gaseous release of 14CO2, indicating that the stability of 14CO2 depends 
on pH in the vial (PerkinElmer, 1995; Thompson and Burns, 2014). 
However, the pH of a mixture of alkaline sample and organic scintilla-
tion cocktail is not easily determined. It appears that the discussion of 
declining 14C-activity counts caused by outgassing of 14CO2 has faded 
from contemporary scientific literature without being fully recognized. 

After experiencing loss of 14C-activity when scintillation counting 
14CO2 trapped in NaOH in one of our own experimental set-ups, we 
designed this study to systematically test five scintillation cocktails that 
are supposedly suitable for measuring 14CO2 trapped in NaOH for the 
occurrence of 14C-activity loss. We investigate the role of three different 
parameters that affect the amount of NaOH, and therefore the pH, in the 
vial: molarity and CO2 saturation of the NaOH sample, and the mixing 
ratio of sample and scintillation cocktail. We hypothesize that the loss of 
14C-activity from the mixture depends on pH and more NaOH in the vial 
will cause lower 14C-activity loss. Further we hypothesize that the un-
derlying cause of observed 14C-activity loss over time is loss of 14CO2 as 
identified by Thompson and Olehy (1977). The aim of this study is to 
recommend procedures that allow accurate measurements of 14CO2 by 
scintillation counting. 

2. Materials & methods 

2.1. Preparation of NaOH sample solutions 

To examine the effect of molarity and CO2 saturation of the NaOH 
solution on a loss of 14C-activity from mixtures with scintillation cock-
tail, four NaOH sample solutions with a 14C-activity of about 750 Bq 
ml− 1 (45,000 DPM ml− 1) were prepared: 0.35 M saturated 5% with CO2, 
0.35 M saturated 50% with CO2, 1 M saturated 5% with CO2 and 1 M 
saturated 50% with CO2. The source of 14C was a solution of 14CO3

2−

and H14CO3
− at pH 10.4 in 1 ml glass ampoules, each with a 14C-activity 

of 148 kBq (4 μCi) (DHI Group, Hørsholm, Denmark). A brief description 
of the preparations is shown below, while the detailed procedure is 
given in the supplementary material. 

For the two molarities of NaOH, 1 M NaOH was chosen because it is 
commonly used in base traps (Bruun and EL-Zehery, 2012; Mganga and 
Kuzyakov, 2018), and 0.35 M was chosen because lower molarities have 
also been used by several authors (Falchini et al., 2003; Heitkötter et al., 
2017). The CO2 saturation of 5% and 50% were selected to span a range 
from low to medium saturation, where NaOH is still present in excess to 
ensure quantitative trapping of CO2 in experiments. The CO2 saturation 
was achieved by trapping CO2 in NaOH rather than mixing NaOH with 
carbonate to ensure accurate replications of the base traps. 

Four NaOH stock solutions with a 50% CO2 saturation were pre-
pared: non-radioactive 0.35 M, radioactive 0.35 M, non-radioactive 1 M 
and radioactive 1 M stock solution (see supplementary material text S1, 
Fig. S1, Table S1). These stock solutions were mixed appropriately with 
fresh 0.35 M and 1 M NaOH to obtain the four NaOH sample solutions 
with NaOH concentrations at either 0.35 or 1 M and saturated either 5% 
or 50% with CO2. Similarly, corresponding non-radioactive NaOH 
sample solutions were prepared (see supplementary material text S2) 
and used as control samples. To confirm the CO2 saturation, aliquots of 
the NaOH sample solutions were mixed with excess BaCl2 and titrated 
with HCl until the colour change of the phenolphthalein indicator (see 
supplementary material text S3). 

2.2. Scintillation cocktails and homogeneity after mixing 

Based on manufacturer’s information, personal communication with 

experienced researchers and a review of relevant studies, five com-
mercial scintillation cocktails were selected for analysis: Ultima Gold™, 
Ultima GoldXR, Optiphase HiSafe 3, Hionic Fluor (all by PerkinElmer, 
USA) and Rotiszint Eco Plus (Carl Roth, Germany). Mixtures with a total 
volume of 4 ml were prepared from the scintillation cocktails and non- 
radioactive NaOH sample solutions and left at room temperature for 72 
h. For each scintillation cocktail, two mixtures (one with high and one 
with low sample volume) that remained as a clear, homogenous solution 
were selected and used in the experiments. Mixtures with high sample 
volume contained 0.80 ml sample in Ultima Gold™, 1.30 ml sample in 
Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3, and 0.57 ml 
sample in Hionic Fluor. Mixtures with low sample volume contained 
0.40 ml sample in Ultima Gold™ and Hionic Fluor, and 0.50 ml sample 
in Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3 (see Sup-
plementary Material Table S2). 

2.3. Screening experiment quantifying 14C-activity loss in different 
mixtures of scintillation cocktails and samples 

Mixtures of the five scintillation cocktails with either low or high 
sample volumes of each of the four NaOH sample solutions were 
investigated, resulting in 40 individual trials. For each trial, triplicate 
vials with 4 ml of the respective mixture were prepared and then scin-
tillation counted immediately and repeatedly every 3 h during the first 
24 h, then every 24 h for 96 h. The counting of several trials was stacked 
to reduce the use time on the scintillation counter, therefore not all trials 
are measured at every time point during the first 24 h. 

2.4. Testing for loss of gaseous 14C from vials and transfer between vials 

In an experiment similar to that by Thompson and Olehy (1977), 
gaseous transfer of 14C between vials was studied by storing pairs of 
scintillation vials together in an air-tight 50-ml container for 100 h. One 
vial contained 4 ml of a mixture of the respective scintillation cocktail 
with 0.5 ml 0.35 M NaOH sample solution saturated 50% with CO2, 
while the other vial contained only NaOH and was left open to serve as 
base trap. The base traps contained either 1.3 ml 0.35 M NaOH (for 
Ultima GoldXR, Rotizint Eco Plus and Optiphase HiSafe 3), or 0.8 ml 
0.35 M NaOH (for Ultima Gold™), or 0.57 ml 0.35 M NaOH (for Hionic 
Fluor). The 50-ml containers with vial pairs were prepared in triplicates 
for each scintillation cocktail. After 100 h, scintillation cocktail was 
added to the vials serving as base traps to a final volume of 4 ml and both 
vials were counted immediately. 

To check for potential cross-contamination of neighbouring vials, the 
experiment was repeated. The vials that initially contained 14C-activity 
were prepared similarly as in the previous experiment. Instead of base 
traps (open scintillation vials containing NaOH), closed vials were used 
that contained a mixture of scintillation cocktail with high sample vol-
ume of non-radioactive 1 M NaOH sample solution saturated 5% with 
CO2. These initially non-radioactive vials were stored pairwise with 
initially 14C-active vials in closed 50-ml containers for 100 h and then 
scintillation counted. 

2.5. Scintillation counting 

All scintillation measurements were conducted in 6-ml plastic scin-
tillation vials (PerkinElmer) at room temperature. NaOH solutions and 
scintillation cocktails were mixed to a total volume of 4 ml directly in the 
vial by carefully inverting each vial 50 times. The vials were immedi-
ately measured in a Tri-Carb 2910 TR scintillation counter (Perki-
nElmer) with a DPM assay including two counting regions, CPM-A 
(0–156 keV) and CPM-B (4–156 keV). If a chemiluminescent reaction 
occurs, it is recorded by the counter with a spectral peak in the 0–6 keV 
and indicated by a CPM-A/CPM-B ratio greater than 1.25 (L’Annunziata 
and Kessler, 2012). The scintillation counter uses the Transformed 
Spectral Index of the External Standard (tSIE-value) to account for 

E.F. Boos et al.                                                                                                                                                                                                                                  



Soil Biology and Biochemistry 166 (2022) 108576

3

quenching (L’Annunziata and Kessler, 2012). All vials were counted to a 
counting error below 1.00% using the two sigma percent terminator 
function (with 95% confidence, the true value is within a range of 
±1.00%) (PerkinElmer, 2008). Blank and control measurements using 
non-radioactive NaOH sample solutions were typically <0.7 Bq (42 
DPM). The counting efficiency determined by the tSIE factor was vali-
dated using the internal standardization method with 14C–O standard 
capsules of 1,701 Bq (102,100 DPM) (PerkinElmer). 

2.6. Data handling 

In the screening experiment, we used one-sided student’s t-tests to 
determine whether the fractions of activity measured in the triplicate 
vials of each trial at individual time points were significantly lower than 
1 (Table 1). Statistics were performed with R version 4.0.2. stats package 
(RCoreTeam, 2020). Data was processed and visualized using Microsoft 
Excel and R version 4.0.2 with ggplot2 package (Wickham, 2016). 

3. Results 

3.1. Stability of 14C in NaOH – scintillation cocktail mixtures 

The different mixtures of five scintillation cocktails and NaOH so-
lutions showed variable changes in 14C-activity over 96 h, ranging from 
no decline in 14C-activity to loss of more than 60% in the mixtures with 
Hionic Fluor (Fig. 1). Mixtures with high volumes of 1 M NaOH showed 
stable 14C-activity with all scintillation cocktails, except for Hionic 
Fluor, irrespective of the CO2 saturation of NaOH. Generally, observed 
14C-activity losses were more severe in mixtures prepared with NaOH of 
lower molarity (up to 40% more 14C-activity loss after 96h), higher CO2 
saturation (up to 10% more 14C-activity loss after 96h), or when lower 
volumes of sample were added to the mixtures (up to 40% more 14C- 
activity loss after 96h). Mixtures prepared with low volumes of 0.35 M 
NaOH lost 14C-activity at a comparable rate, irrespective of the CO2 
saturation of NaOH. A 14C-activity loss depending on CO2 saturation of 
the NaOH was observed in some mixtures, such as Ultima Gold™, Ul-
tima GoldXR and Optiphase HiSafe 3 mixed with low volume of 1 M 
NaOH or high volume of 0.35 M NaOH. 

The CPM-A/CPM-B ratio measured was always below 1.15 and 
remained constant over time, indicating that chemiluminescence was 
negligible. Similarly, the tSIE-value of vials was also constant over the 
course of the experiment, indicating that the quench did not change 
(Boos, 2021). 

In the least stable mixtures, the fraction of 14C-activity measured was 
already significantly lower than 1 (value of 1 represents no 14C-activity 
loss) in the first measurement within 1 h after preparation. In other 
mixtures, the fraction of 14C-activity measured only became lower than 
1 after 3–15 h (one-sided Student’s t-tests; n = 3, p < 0.05) (Table 1). 

3.2. Loss of gaseous 14C from vials 

The potential outgassing of 14CO2 from the NaOH – scintillation 
cocktail mixtures over time was validated in a second experiment, where 
vial pairs (one vial with 14C activity and one base trap) were stored 
together in 50-ml containers for 100 h. The vial with 14C-activity, con-
taining a mixture of scintillation cocktail and 0.5 ml 0.35 M NaOH 
saturated 50% with CO2, showed a substantial loss of 14C-activity after 
100 h. The other vial served as base trap, containing only NaOH, but 
showed considerable 14C-activity after the 100 h (Fig. 2). The loss of 14C 
activity from the vials that initially contained 14C-activity was similar to 
that observed in the screening experiment, about 75% of activity was 
lost from mixtures with Hionic Fluor and about 40% from mixtures with 
the four other scintillation cocktails tested (Fig. 2). About 20% of the 
total 14C-activity could not be accounted for and may still have been 
trapped in the headspace of the vial. An underestimated 14C-activity in 
the base traps by up to 10% is also likely, as the addition of Ultima 
GoldXR, Optiphase HiSafe 3, Ultima Gold™ and Hionic Fluor to the 
NaOH in the vials resulted in mixtures that lost 14C-activity over time. 
Adding additional NaOH before mixing with the scintillation cocktail 
would have prevented this loss, however, this does not interfere with the 
main finding of the experiment. 

To examine whether vials in close proximity can cross-contaminate 
each other, the experiment testing for gaseous 14C-activity loss was 
repeated. Instead of base traps, closed vials containing mixtures of non- 
radioactive NaOH and scintillation cocktails were used. After incubating 
the vial pairs for 100 h, the initially 14C-active vials had lost similar 
amounts of 14C-activity as in the previous experiment, but the initially 
non-radioactive vials did not show any 14C-activity (data not shown). 

4. Discussion 

Results of this study indicate that the 14C-activity of 14CO2 trapped in 
alkaline solutions can be substantially underestimated when determined 
by LSC. This error may be relevant in studies where 14CO2 production is 
used as indicator of metabolic activity or to determine degradation of 
14C-labelled compounds. For some mixtures of NaOH and scintillation 
cocktails, a significant loss of 14C-activity occurred immediately after 
mixing of the samples (Table 1), and it continued for the following 96 h 
(Fig. 1). This loss means that comparing the 14C-activity of individual 
vials may be problematic, even if they are measured within a short 
period of time. 

The observed 14C-activity losses were not related to analytical errors 
in the measurements. Chemiluminescence was insignificant, as indi-
cated by the constant CPM-A/CPM-B ratio below 1.15 in all trials, and 
the tSIE value showed that chemical quench remained constant over the 
course of the experiment. As we hypothesized, the addition of a higher 
NaOH volume, higher molar NaOH or lower CO2 saturated NaOH, 
generally lead to a more stable measurement over time. This indicates 

Table 1 
Stability over time of 14C-activity measured in vials prepared with 0.35 M or 1 M NaOH sample solutions of known14C-activity and mixed with scintillation cocktails at 
two ratios. It was determined for each time point whether the fraction of 14C-activity measured in the triplicate vials was lower than 1 (value of 1 represents no 14C- 
activity loss) with a one-sided student’s t-test (n = 3, p < 0.05). The number of hours after preparation from when on the fraction of 14C-activity measured was 
significantly lower than 1 is indicated. “-“ indicates that the fraction of14C-activity measured did not significantly differ from 1 over the course of the experiment (96 h).  

Base volumea Base molarity Base saturation Ultima Gold™ Ultima GoldXR RotiszintEco Plus Optiphase HiSafe 3 HionicFluor 

High 1 M 5% – – – – 0 h 
50% – – – – 0 h 

0.35 M 5% 0 h 3 h – – 0 h 
50% 0 h 3 h – 15 h 0 h 

Low 1 M 5% 0 h 0 h – – 0 h 
50% 0 h 0 h – 3 h 0 h 

0.35 M 5% 0 h 0 h 0 h 0 h 0 h 
50% 0 h 0 h 0 h 0 h 0 h  

a High sample volume: 0.80 ml in Ultima Gold™, 1.30 ml in Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3, 0.57 ml in Hionic Fluor. Low sample volume: 
0.40 ml in Ultima Gold™ and Hionic Fluor, 0.50 ml in Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3. 
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that the pH indeed affects the stability of 14CO2 in mixtures of scintil-
lation cocktail and sample, as previously suggested in application notes 
by PerkinElmer (PerkinElmer, 1995; Thompson and Burns, 2014). While 
more NaOH in the vials generally leads to more stable measurements, 
there seems to be a “threshold” from which the 14C-activity loss is pre-
vented entirely. This might be explained by the nature of dissolved CO2 
present in solution, either as bicarbonate or carbonate (depending on 
pH), and should be investigated in future experiments. This threshold 
was not found in Hionic Fluor, possibly because it was not miscible with 
more than 0.57 ml of NaOH sample solution in 4 ml total volume of 
mixture, or it could be due to its chemical composition. Thus, by 
adjusting and optimizing the applied NaOH solution and mixing 
appropriately with scintillation cocktail, mixtures that ensure a stable 
measurement can be obtained, allowing accurate measurement of 
trapped 14CO2. 

The loss of 14C-activity observed from mixtures of scintillation 
cocktail and NaOH was at least partly due to outgassing of 14CO2 into the 
vial headspace, as we hypothesized and as was proposed previously 
(Herbland, 1977; Thompson and Olehy, 1977; Weimer et al., 1975). It 
cannot be excluded that part of the 14C-activity was also lost by pre-
cipitation of the 14CO3

2− as suggested by Weimer et al. (1975). The 
plastic vials used in this study allowed 14CO2 to escape the closed vials, 
which may cause contamination of the air in laboratories. However, we 
found that escaped 14CO2 did not penetrate into neighbouring closed 
vials and therefore did not pose a hazard of cross-contaminating samples 
stored in close proximity. 

None of the scintillation cocktails tested in this study eliminated the 
risk of losing 14C-activity by outgassing of 14CO2, but when choosing and 
optimizing the right parameters, four of the five cocktails can be applied 
to accurately measure 14CO2 trapped in alkaline solution. Other scin-
tillation cocktails may perform better or worse. We strongly recommend 
that the stability of scintillation cocktails and alkaline solution to be 
used are carefully tested before an experiment, also with respect to the 
expected CO2 saturation, to ensure quantitative measurements. 

Fig. 1. 14C-Activity of vials prepared with 0.35 M or 1 M NaOH sample solutions of known 14C-activity and mixed with scintillation cocktails at two ratios. Changes 
over time are shown as fraction of their absolute 14C-activity. Measurements of triplicate vials are shown as data points, while means are connected by lines. The 
dataset is publicly available (Boos, 2021). 
*High sample volume: 0.80 ml in Ultima Gold™, 1.30 ml in Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3, 0.57 ml in Hionic Fluor. Low sample volume: 
0.40 ml in Ultima Gold™ and Hionic Fluor, 0.50 ml in Ultima GoldXR, Rotiszint Eco Plus and Optiphase HiSafe 3. 

Fig. 2. Gaseous transfer of 14C-activity from vials with mixtures of scintillation 
cocktail and 0.5 ml 0.35 M NaOH saturated 50% with CO2 of known 14C-ac-
tivity to vials containing only NaOH and serving as base traps. Fraction of 
absolute 14C-activity measured in the initially active vials (light-coloured col-
umn segments) and fraction of 14C-activity measured in base trap vials (dark 
red column segments) after pairwise storage in air-tight 50-ml containers for 
100 h. Error bars indicate the standard deviation (n = 3). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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The approach for measurements of 14CO2 presented here has been 
used in numerous studies as mentioned in the Introduction. We specu-
late that in some cases flawed results were obtained without the re-
searchers being aware of this. Unfortunately, many studies do not 
provide sufficient details of the scintillation counting parameters to 
judge whether the performed measurements were affected by outgassing 
or loss of CO2, and evidence of awareness or discussion of the problem 
by authors is lacking. Based on the results of our screening experiment, 
we have identified several priming studies using 14C-labelled substrates 
to study soil organic matter cycling where the scintillation measure-
ments could have been affected by outgassing of 14CO2 (Aumtong et al., 
2011; Binet et al., 2006; Chowdhury et al., 2014; Hamer et al., 2009; 
Heitkötter et al., 2017). In some studies, a time gap between sample 
preparation and measurement is respected to minimize chem-
iluminescence (Mason-Jones et al., 2018). When appropriate mixtures of 
scintillation cocktail and alkaline solution are used, this should not be a 
problem, but if not, it may introduce substantial error. 

5. Conclusion & recommendations 

Determining the 14C-activity of 14CO2 trapped in NaOH by LSC is 
prone to measurement errors caused by outgassing of 14CO2. This out-
gassing is affected by the scintillation cocktail used and the alkalinity of 
the sample determined by the molarity, CO2-saturation and volume of 
NaOH in the vial. To ensure accurate and reliable measurements, we 
recommend that the following parameters are considered: (1) scintilla-
tion cocktail (we can recommend Rotiszint Eco Plus and Optiphase 
HiSafe 3); (2) molarity of the alkaline solution (1 M NaOH worked well 
in our study); (3) low CO2 saturation of the alkaline solution; (4) mixing 
ratio of scintillation cocktail and alkaline solution (preferably using a 
large volume of alkaline solution while ensuring that a clear, homoge-
nous solution is formed with the scintillation cocktail). We further 
recommend that the stability of the measurements is monitored in each 
individual experiment to hinder loss of 14C-activity from vials, especially 
if they have to be stored for longer periods before scintillation counting. 
Phase separation, chemiluminescence and quench also need to be 
monitored. Appropriate measurement parameters should be chosen 
based on these recommendations, tested for their viability, and carefully 
reported in future studies. 
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