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ABSTRACT

Nitrosamines (NSAs) and nitramines (NAs) are identified as possible degradation products
from amine-based post-combustion CO,-capture (PCCC). Selected NSAs and NAs were
subjected to aerobic and anaerobic biodegradation studies. In a screening study with 20 pg/L
NSAs and NAs at 20°C, only NSAs and NAs containing hydroxyl groups (alkanol compounds)
exhibited aerobic biotransformation > 10% after incubation in 28 days. Extending the
biodegradation period to 56 days resulted in > 80% biotransformation of examined alkanol
NSAs and NAs at 20°C. Biotransformation (20°C; 56 days) of the NSA NDELA at different
concentrations (1-100 pg/L) did not differ significantly, but both water sources and
temperatures affected biotransformation of tested the compounds. Anaerobic biotransformation
occurred rapidly (56 d) with alkanol NSAs and NAs, but not with alkyl compounds.
Interestingly, 1% order rate coefficients and half-lives indicated comparable or even faster
anaerobic than aerobic biotransformation at the same temperature. Predictions of
biotransformation pathways suggested that the -OH substituent of alkanol NSAs and NAs was

more susceptible to degradation than nitroso- and nitro-substituents.

Key words: Nitrosamines, nitramines, CO2-capture, biodegradation, adsorption, water, soil



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

1. Introduction

Amine-based solvents are used as chemical absorbents in post-combustion CO, capture
(PCCC) processes. The PCCC processes may result in the formation of a number of degradation
products, of which the potential generations of nitrosamines (NSAs) and nitramines (NAs) have
been of concern, since these compounds are considered to be carcinogenic compounds (da Silva
and Booth, 2013; Wagner et al., 2014). Most NSAs tested so far have been highly toxic and
carcinogenic in mammalian studies (Bogovski et al., 1972; Lag et al., 2009). Less is known
about the NAs, but these tend be mutagenic and carcinogenic at a less potent level than for
NSAs (Khudoley et al., 1981; Mirvish et al., 1980; Selin, 2011). NSAs and NAs can be formed
in PCCC process when NOXx reacts with amines and are emitted to the air with the CO,-depleted
flue gas. Secondary amines form stable NSAs and NAs, while primary amines form stable NAs,
but unstable NSAs. Tertiary amines are dealkylated to secondary amines before nitrosation or
nitration (Dai et al., 2012). The risk of NSA generation is decreasing in the order secondary
amines > tertiary amines > primary amines (Teonnesen, 2011). Another important source of NSA
and NA formation is through atmospheric photooxidation of the amine solvent present in the
emissions from PCCC processes (da Silva, 2013; Nielsen et al., 2012). Although these products
may be generated in very small concentrations in the PCCC process, they can be emitted to the
air together with the CO,-depleted flue gas. The carcinogenic characteristics of NSAs have led
to suggested low acceptance levels in drinking water, e.g. 4 ng/L in Norway for both NSAs and
NAs (Lagetal., 2011).

In the environment, NSAs and NAs may be subject to several degradation processes,
including hydrolysis, photolytic degradation and biodegradation under oxic or anoxic
conditions. Whilst NSAs exhibit a strong absorbance peak at ~340 nm wavelength in the solar
spectrum, NAs do not absorb in the natural sunlight range (Serensen et al., 2015). NSAs and

NAS are highly water-soluble with preferential partition to water in soil adsorption studies
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(Gunnison et al., 2000; Serensen et al., 2013), and they will therefore quickly partition into
water and undergo wet deposition to aquatic and terrestrial environments. Furthermore, NSAs
and NAs in aquatic and soil environments were mainly reported to be resistant to hydrolysis
under acidic and basic conditions (Ho et al., 1996; Saunders and Mosier, 1980; Serensen et al.,
2015). In aquatic systems, rapid photodegradation of NSAs has been reported, with half-lives
of 10-35 minutes and 60-220 minutes reported for summer and winter conditions, respectively
(Plumlee and Reinhard, 2007; Serensen et al., 2015). Aqueous photolysis appears to be
significantly influenced by pH and oxygen levels, and generates a broad range of degradation
products (Lee et al., 2005).

During conditions of limited or negligible radiation (e.g. in soil and sediments, in water
below photo-zone and under ice-coverage, during night-time and in winter season in northern
and southern temperate regions), NSA biodegradation becomes an important depletion process.
Due to the persistence of NAs to photolysis, biodegradation of these compounds as a depletion
process is important at all light conditions, although limited biodegradation data have been
reported for PCCC-related NAs (Gundersen et al., 2014; Serensen et al., 2013). NSA
biodegradation studies in aquatic and soil systems have been performed primarily with N-
nitrosodimethylamine (NDMA) and N-nitrosodiethanolamine (NDELA). While NDMA
biotransformation in freshwater was reported to be 91% after 15 days (Aubert et al., 1978),
mineralization half-lives in lake waters were reported to be 10 and 40 days (Gunnison et al.,
2000; Kaplan and Kaplan, 1985; Oliver et al., 1979). In a study of NDELA biodegradation in
lake water and soil reported biotransformation, but no mineralization after 90 days (Yordy and
Alexander, 1980). Biodegradation studies of NDMA showed mineralization to be related to
initial NSA concentrations, with increased mineralization when the NDMA concentrations
were reduced (Kaplan and Kaplan, 1985). Under anaerobic conditions in soil, biodegradation

half-lives of NDMA and nitrosomorpholine varied from 70 days to more than 100 days
4
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(Patterson et al., 2010; Zhou et al., 2009). Aerobic biodegradation of NDMA was suggested to
result in conversion of the NSA to nitromethylamine or methylamine by bacterial strains
possessing toluene monooxygenases or propane monooxygenases, respectively (Fournier et al.,
2009; Fournier et al., 2006). Anaerobically, NDMA was proposed to be degraded to
dimethylamine under methanogenic conditions (Tezel et al., 2011).

The objective of the current study was to generate aquatic biodegradation data for NSAs
and NAs identified as likely amine degradation products present in PCCC emissions, with
relevance to precipitation to soil and water. NSA and NA concentration, together with
environmental parameters as temperature and oxygen were investigated for their influence on
biodegradation rates. As they may be precipitated in catchment areas and end up in drinking
water and agricultural soil, these data are of importance for prediction of the environmental fate

of these potential degradation products from amine-based PCCC plants.

2. Materials and Methods
2.1. Chemicals

NSAs and NAs (>99% purity) were supplied by Chiron, AS, Trondheim, Norway. The
chemicals used in the present study are described in Table 1. The structural characteristics of
the chemicals are shown in Table S1 (Supplementary Data; SD). NSA and NA stock solutions

to be used in the experiments were stored in Milli-Q water at 4°C.

2.2. Water sources

Natural fresh water was collected from a river (Nedre Leirfoss) and a lake (Haukvatnet)
close to Trondheim, Norway (63°26'N, 10°23'E) and used as the microbial sources in most
experiments. The waters from the two sources were mixed in equal volumes prior to use (termed

"mixed water"). Some studies were conducted with lake waters in the catchment area of the
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pilot-scale PCCC test facility of the Technology Centre at Mongstad (TCM) (60°48'N, 5°1'E),
north of Bergen, Norway. These water sources included the lakes Rotavatnet, Storavatnet,
Torsteinsvatnet and Steinsvatnet, which were recently described in a TCM baseline study
(Grung et al., 2012). The Mongstad waters were shipped to SINTF's laboratories in Trondheim
and used as sources for biotransformation studies. All water sources were low in nutrient
contents (e.g. tot-P < 12 pg/L), indicating oligotrophic conditions (Grung et al., 2012;

Trondheim kommune, 2013).

2.3. Aerobic biodegradation

Aerobic biotransformation studies were performed at different temperatures (5, 10 and
20°C) for periods of up to 56 days. Water was acclimated/aged at temperatures to be used in
each experiment 5-6 days prior to start. During aging periods, some of the water (10 L) was
filtered through submerged aquarium pumps with a filter wool insert at each temperature (5, 10
and 20°C) for microbial enrichments. At the end of the acclimation period, the filter wool
materials were stirred well in 1 L of the water that was circulated through its aquarium pump.
This "enriched" water was then mixed with the rest of the water acclimated at the same
temperature, which was then used in each experiment. Before start of the tests, this water was
aerated for 20 minutes (bubbling of sterile-filtered air), and amended with inorganic nutrients
(N-, P-, Ca-, Mg-, and Fe-sources) (OECD Guideline 301D, 1992).

Aerobic biotransformation was performed in the aged and amended waters with NSA or
NA concentrations of 1.0 —200 pg/L, with 1 L capped flasks (SCHOTT), with 800 mL solutions
in each flask (triplicate samples). Similarly treated water without amine compounds were
distributed as blank solutions, while 100 mg/L HgCl, was added to flasks with NSA or NA as
sterilized solutions. The flasks were incubated at the three temperatures in complete darkness

for 56 days with constant stirring. Samples from each flask were collected for chemical analyses
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(5-6 mL aliquots) after 0, 7, 14, 21, 28, 42 and 56 days of incubation. All samples were stored
at -20°C prior to analysis.

Biochemical oxygen demand (BOD) of NSAs was determined after 28 days of incubation
at 20°C, according to the OECD Guideline 301D screening test (OECD Guideline 301D.,

1992), using final substance concentrations of 2.0 mg/L.

2.4. Anaerobic biotransformation

Anaerobic biotransformation studies were performed with fat clay collected from a
terrestrial local source at Eberg, Trondheim, Norway (63°25'N, 10°25'E), which served as
bacterial inoculum. The clay had grain sizes < 5 pm, a water porosity of 30%, and an organic
carbon content of 4.5% (dry weight). The clay was mixed with sterilized lake water
(Haukvatnet; autoclaved at 121°C for 15 min), and acclimated/aged at 20°C for 7 days in the
dark. The anaerobic biotransformation tests were performed as described in OECD Guideline
308 (OECD Guideline 308, 2002), in sediment/water amended with inorganic nutrients (OECD
Guideline 311, 2006). A reducing agent (0.055 g/L Na,S x yH,0) was supplied and anoxic
conditions controlled by a redox indicator (0.001 g/L resazurine).

At the start of the experiment 35 g clay (porosity approximately 30%) and 65 mL
freshwater (water:clay ratio of 4:1) from lake Haukvatnet was added to 100 mL serum flaks
with butyl rubber septa. The flasks were capped, flushed with N,, and then incubated at 20°C
for up to 26 days to ensure anoxic conditions. Control flasks were sacrificed for measurements
of redox potential and pH until stable conditions. Test chemicals from stock solutions (200
mg/L) were then gently mixed into the top layer of the water above the sediment at final
concentration of 100 pg/L. Controls included blank samples without chemicals and sterilized
samples (autoclaved and poised with 100 mg/L HgCl,). The flasks were gently mixed without

disturbing the sediment and incubated at 20°C for up to 56 days. Samples (triplicate) of each
7
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test chemical were sacrificed for chemical analyses after 0, 7, 14, 21, 28 and 56 days of

incubation.

2.5. Chemical and microbial analyses

NSAs and NAs in biotransformation and soil adsorption studies were quantified by direct
injection on an Agilent 1290 LC coupled with an Agilent 6490 QqQ MS system, mainly as
described previously (Serensen et al., 2015). The analytes were separated by reverse phase
chromatography on various columns and mobile phases (See Table S2 in SD). Analyte retention
times were within the range of 1 to 10 min, and the limits of quantification (LOQ) were within
the range of 0.1 to 1 ng/mL. Where possible, deuterated calibration homologues of the test
NSAs and NAs were employed (see Table 1), but when these were not available, the closest
deuterated analogue was used. The deuterated NSA calibration standards (Table 1) were stored
in Milli-Q water at -20°C, except NPz and DNPz which were stored in Milli-Q water at 4°C.
Deuterated NA standards were stored in Milli-Q water at 4°C, except Pz-NO2 which were
stored in methanol at 4°C. Blank samples never exhibited NSA or NA concentrations above the
lower limit of quantification (LOQ). The precision (repeatability) of analysis was better than
5% relative standard deviation for all analytes, based on replicate analyses.

Total microbial cell concentrations were determined in the different lake waters after
biodegradation periods of 28 and 56 days, using epifluorescence microscopy (1250x
magnification) with 4'6-diamidino-2-phenylindole (DAPI) as fluorescent nucleic acid stain.
Inhibition of bacterial growth by nitrosamines was assessed by preparing dilution series of each
nitrosamine from the 100 mg/L stock solutions in ranges of 2 mg/L to 1 pg/L.

Inhibition of bacterial growth by NSAs were tested in Nutrient Broth (Fluka BioChemika)
added with final concentrations of 2000, 1000, 100, 10, and 1 pg/L nitrosamine.

Acclimated/aged samples of mixed water (1 mL; 20°C) as inocula were incubated with the
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different NSA concentrations at 20°C for 4 days with continuous agitation, and bacterial growth
measured daily spectrophotometrically (ODgqy).

For PCR-analyses, water samples (300 ml) were filtered (Sterivex filter cartridges, 0.2
pum pore exclusion limit; Millipore, Bedford, Ma), nucleic acids extracted from the cartridges,
and bacterial 16S rRNA genes amplified by PCR as previously described (Brakstad and
Lodeng, 2005). PCR products were analyzed by denaturing gradient gel electrophoresis

(DGGE), using 20-70% of denaturing agent (Teske et al., 1996).

2.6. Calculations

Non-linear regression, linear regression, paired #-test and Anova analyses were performed
in GraphPad Prism vs. 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). First-order
rate coefficients (k1) were determined by non-linear regression analyses with determination of
lag-phases included using the option "plateau followed by one-phase decay" in the software.
The rate coefficients were determined for the decay-period, the plateau period defined the lag-
phase, and half-lives were determined from rate coefficients and plateau periods (t1/2 = plateau
period + 0.693/k1). Qo was determined by linear regression analyses of rate coefficients (k1)
determined at different temperatures, based on Arrhenius plots (Bagi et al., 2013). Paired t-test
and Anova analyses were used to determine significance (P<0.05) between two or multiple data

sets, respectively.
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3. Results and Discussions
3.1. Screening of biodegradation

Screening of biotransformation was performed with 10 NSAs and 6 NAs in the mixed
water, at initial concentrations (20 pg/L) and high incubation temperature (20°C). These were
selected as potential degradation products from relevant amine candidates for carbon capture
processes (da Silva and Booth, 2013; Gjernes et al., 2013). The results (Fig. 1) showed that only
one NSA and two NAs showed biotransformation > 10% after 28 days of incubation; NDELA
(24£1% biotransformation), MEA-NO, (274+2% biotransformation) and AMP-NO, (27£8%
biotransformation). The biotransformation results of the NSAs were confirmed by BOD
analyses (Table S3 in SD), which showed that none of the NSAs were considered as ready
biodegradable after 28 days of incubation at 20°C (BOD > 60% of ThOD) (OECD Guideline
301D, 1992). The low NSA biodegradability determined in the current study was in contrast to
previous respirometric studies in water or soil (Gunnison et al., 2000; Kaplan and Kaplan,
1985). Testing of inocula from the mixed water with the NSAs NDELA, NDMA and NPz (1
pg/L to 2000 pg/L) in Nutrient Broth did not show inhibition of growth curves for any of the
NSAs with increasing concentrations (Fig. S1 in SD), and one-way Anova analyses did not
show significant differences between concentrations (P>0.05). This indicated that lack of
NDMA and NPz biodegradation was not the result of bacterial inhibition (results not shown).

Biotransformation of NSAs and NAs was determined in the mixed water at 20°C for an
extended period of 56 days. The compounds selected for the analyses represented both NSAs
and NAs of alkanol, alkyl, and cyclic structures. Since concentrations in aquatic environments
are very low, we made efforts to use as low concentrations as we considered possible, based on
their LOQs (Table S2). Initial nominal concentrations of 5-20 pg/L were therefore used for the
NSAs and NAs, except DMNA and MNA, in which nominal concentrations of 50 pg/L. were

selected. Only NDELA, MEA-NO, and AMP-NO, showed further degradation as a result of
10
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the extended incubation period, with 80+9% (NDELA), 99% (MEA-NO2) and 90+4% (AMP-
NO,) biotransformation at the end of the experiment (Fig. S2 in SD). Non-responsive periods
(lag-phases), first-order rate coefficients and half-lives were determined for the biodegradable
NSA and NAs (Table 2). The determination of lag-periods and 1% order rate coefficients
resulted in overall half-lives (sums of lag-periods and half-lives determined from rate
coefficients [k1]) for NDELA, MEA-NO, and AMP-NO, ranging from 28.2 - 35.1 days (Table
2).

The results from this experiment showed that only NSA and NA compounds containing
hydroxyl (-OH) groups (alkanol compounds) were susceptible to significant biotransformation
under the selected conditions, while no biotransformation was detected for any of the alkyl or
cyclic NSA or NA compounds included in this study. Although lag-periods of 9-19 days were
shown in this experiment, these non-responsive periods may be lower in environments
previously exposed to these compounds, and with microbial communities adapted to
degradation of NSAs and NAs. Interestingly, the lack of NDMA biotransformation in our
studies differed from previous mineralization studies with lake water or soil showing increased
degradation of the nitrosamine with decreased initial concentrations (Gunnison et al., 2000;
Kaplan and Kaplan, 1985; Yang et al., 2005). However, no alkanol compounds were
investigated in these studies, and possible effect of hydroxyl groups on biodegradation were
therefore not considered. However, the fact that alkyl NSA are biodegradable in aquatic
environments, show that the nitroso-group of the NSA, and possibly the nitro-group of the NA,

may be attacked by the microbes at optimal environmental conditions.

3.2. Effects of compound concentrations on aerobic biotransformation
Aquatic biodegradability may be affected by initial concentrations of the compounds. For

instance, high concentrations of NDMA (> 15 pg/L) was shown to reduce biodegradation of
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NDMA (Kaplan and Kaplan, 1985). In our study, the importance of initial concentration on
biotransformation was studied with NDELA at 20°C for 56 days in the mixed water, and with
initial concentrations of 100, 10 and 1 pg/L. The biotransformation of NDELA at the three
concentrations was comparable (Fig. 2; Fig. S3, SD), reaching 87+11% (100 pg/L), 80+9% (10
png/L) and 75+1 % (1 ng/L) after 54 days. Transformation did not differ significantly between
the concentrations used in the study (P>0.05; two-way Anova test) and did not show the same
concentration-dependent trends between low concentrations (1.5-150 pg/L) as observed for
NDMA (Kaplan and Kaplan, 1985). Our data are partly in agreement with results from a
biodegradation study of 0.05-1 pg/mL [U-'*CINDELA in water from different lakes performed
at 22°C, which resulted in more than 90% depletion in most samples after 20 days. However,
results differed considerably between water sources and water sampling season, and

mineralization was negligible (Yordy and Alexander, 1980).

3.3. Different water sources

Water source may affect NSA/NA biodegradation (Yordy and Alexander, 1980), and the
biotransformation capacity of water collected from different lakes was compared using an
alkanol NA (AMP-NQO,). The water sources included the mixed water, and four lakes in the
catchment area of the TCM test center at Mongstad (Torsteinsvatnet, Rotavatnet, Storavatnet,
and Steinsvatnet). Biotransformation of AMP-NO, (20 ng/L) was determined at 20°C after 28
and 56 days (Fig. 3). The biotransformation ranged from 9+6% to 66+21% after 28 days and
from 33+16% to 97+2% after 56 days. As expected from the low initial concentration of AMP-
NO,, microbial analyses (epifluorescence microscopy and PCR-DGGE) did not show specific
stimulation of bacterial concentrations or communities in any of the waters (Fig. S4 and Fig.
S5 in SD). The degradation in Torsteinsvatnet was significantly lower than in the other lake

waters (P< 0.05; two-way Anova analyses), while none of the other water sources resulted in
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significant differences (two-way Anova). Microbial concentrations, determined by
fluorescence microscopy, were initially lower in Torsteinsvatnet than in the other water sources,
but reached similar concentrations after 28 and 56 days (Fig. S4 in SD). An aquatic baseline
survey of the lakes in the TCM catchment area showed that Torsteinsvatnet had lower pH
(4.85), lower concentrations of NH; N, NOs;-N and total P, and higher background
concentrations of alkylamines than the other lakes (Grung et al., 2012). Water quality
parameters may therefore have impacts on the potential for biodegradation of AMP-NO, and
other alkanol-compounds. Furthermore, suppression of AMP-NO, degradation caused by
existing alkylamine concentrations may also be occurring in this water. These varying
environmental parameters in natural waters may also explain the differences in
biotransformation observed for NDMA in the present study compared to the data reported in

other studies (Gunnison et al., 2000; Kaplan and Kaplan, 1985; Yang et al., 2005).

3.4. Temperature-related aerobic biotransformation

Biotransformation of NDELA, MEA-NO, and AMP-NO, were compared in the mixed
water at three water temperatures, 20°C, 10°C, and 5°C, representing non-freezing conditions
in temperate climates. These temperatures are relevant for seasonal variations in temperate
regions like the western coast of Norway. First-order biotransformation rate data were
determined after lag-periods (Table S4 in SD), showing temperature-dependent rate coefficients
(k1) and half-lives for all three compounds. The influence of temperature on biodegradation of
organic pollutants has often been explained by the Q,o-approach, which describes the increases
in rates of enzymatic reactions at a rise in temperature of 10°C, based on Arrhenius plots (Bagi
et al., 2013). Comparison of overall rate coefficients at 20°C and 10°C (Fig. 4) resulted in Q-
values from Arrhenius plots of 1.5+0.2 (NDELA), 2.3+1.1 (MEA-NO,) and 3.9+0.9 (AMP-

NO,), indicating a larger influence of water temperature on the studied NAs than the NSA. In
13
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a previous study Qo of 1.67 was determined for monoethanolamine in soil, with temperatures

of 6, 14 and 25°C (Sorensen et al., 1997).

3.5. Anaerobic biotransformation

Initial studies in our laboratory showed that NSAs (NDMA and NDELA) and NAs
(DMNA and MEA-NO,) exhibited <10% soil adsorption to different clay types (results not
shown), in agreement with other studies showing negligible adsorption of NSAs to soil particles
(Gunnison et al., 2000; Kaplan and Kaplan, 1985; Oliver et al., 1979; Yang et al., 2005).
Biodegradation of NSAs and NAs in soil systems will therefore appear in the mobile pore water
phase in the soil, or eventually ending up in groundwater or surface water.

During transport through soil or sediments oxygen may be limited, and a biodegradation
experiment under anoxic conditions was therefore conducted with two NSAs (NDMA and
NDELA) and two NAs (DMNA and MEA-NQO,). The study was performed at 20°C over a
period of 56 days, in anoxic and pre-sterilized lake water (Haukvatnet), and with clay sediment
as microbial inoculum (ISO Standard 11734, 1995; OECD Guideline 308, 2002). The anaerobic
test showed biotransformation of the alkanol compounds (NDELA and MEA-NQO,), but not the
alkyl compounds (NDMA, MDNA), as evidenced by the degradation curves (Fig. S6 in SD).
These data are in agreement with the results from the aerobic experiments, where only the
alkanol compounds exhibited significant biotransformation over a period of 28-56 days.
Interestingly, determination of 1% order rate coefficients and half-lives (Table 3) showed even
faster degradation than in the aerobic experiments at the same temperature (Table 2), although
rate coefficients and half-lives did not differ significantly between aerobic and anaerobic
biotransformation tests (P> 0.05) when compared by paired ¢-test. These degradation tests may
have been affected by the bacterial concentrations, since temperate lake sediments may contain

up to 103 times higher bacterial concentrations than lake water (Pace et al., 1990; Duhamel and
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Jacquet, 2006). Also other studies have shown fast NSA biotransformation under anoxic
conditions, including a study of 7 NSAs in soil-river water columns, resulting in half-lives of
1.3-7.1 days (Drewes et al., 2006). Experiments with NDMA showed faster mineralization in
soil/water systems than in lake water at low concentrations (10-15 pg/L), although oxygen
content was assumed higher in the lake water than in the soil/water system (Kaplan and Kaplan,
1985).

Biodegradation of precipitated NSAs and NAS in soil and sediment systems will mainly
occur in the pore water and groundwater, often under oxygen limitations, and with generation
of CH,4 as the result of the mineralization process (Bradley et al., 2005; Sharp et al., 2005).
Previous studies have reported variable NSA degradation rates in soil under anaerobic
conditions. Several NSAs were shown to biodegrade under methanogenic conditions (Sharp et
al., 2005; Tezel et al., 2011), and it has been suggested that the NDMA biotransformation
pathway under anaerobic conditions may involve the reduction of the nitroso group and
subsequent N-N cleavage (Padhye et al., 2009). When '“C-labelled NDMA was mixed with the
sandy soil (50 pg/l soil slurry) half-lives for mineralization ranged from 11-35 days under
aerobic conditions and from 26-39 days under anaerobic conditions (Gunnison et al., 2000). An
in situ groundwater biodegradation study of NDMA showed an estimated 80%
biotransformation after 626 days, with a calculated half-life of 70 days (Zhou et al., 2009),
while a 12-month anaerobic study with sediment columns showed NDMA and

nitrosomorpholine half-lives of > 100 days (Drewes et al., 2006; Patterson et al., 2010).

3.6. Biodegradation pathways
To our knowledge biodegradation pathways of NSAs have only been reported for the
alkyl NDMA (Fournier et al., 2009; Fournier et al., 2006; Tezel et al., 2011), while no such

information exists for relevant NAs. By using the Pathways Prediction System of the
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Biocatalysis/Biodegradation Database (http://eawag-bbd.ethz.ch/) the alcohol substituents of

NDELA, MEA-NO, and AMP-NO, were predicted to be more susceptible to degradation than
the nitroso- and nitro-substituents. This was also in agreement with our results showing that the
alkanol NSAs and NAs were faster biotransformed than the alkyl NSAs and NAs (Fig. 1).
According to the Biocatalysis/Biodegradation Database the alcohol groups are expected to be
transformed to carboxylates (via aldehydes), which may be subject to decarboxylation

(http://eawag-bbd.ethz.ch/). Alkanol compounds like NDELA may then be degraded to alkyl

compounds as NDMA (Fig. S7 in SD). Further degradation of alkyl compounds like NDMA
may involve conversion of the nitroso group into a nitro group (Fournier et al., 2009; Fournier
et al., 2006). The NSA biodegradation pathways contrast the proposed photodegradation
mechanisms, suggesting radical formation of the nitroso-group and transformation to

alkylamines (Serensen et al., 2015).

4. Conclusions

In this study, it was shown that none of the tested NSAs and NAs were readily
biodegradable. However, alkanol NSAs and NAs were biotransformed in aquatic environments,
both at aerobic and anaerobic conditions at low concentrations. Aerobic biotransformation rates
were related to temperature, but seemed to be mainly similar at different low-range
concentrations. While NSAs will photodegrade rapidly, this study has shown that
biotransformation of alkanol NSAs may be an important process under the absence of light,
both in water and sediments. Biodegradation also represents an important environmental
degradation pathway for alkanol NAs that are not susceptible to photodegradation (Serensen et
al., 2015). Since the NSAs and NAs with the fastest biotransformation all contained hydroxyl-
groups, this lead us to suspect that biotransformation is associated with microbial attacks on the

hydroxyl- rather than the nitroso- or nitro-groups. Further studies are needed to investigate NSA
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and NA biodegradation pathways experimentally, in order to determine potential
biotransformation products of NSAs and NAs from PCCC-related sources and to investigate if

potential carcinogenicity will persist in light-protected environments like soil and sediments.
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Tables and Figures

Table 1. Summary of nitrosamines and nitramines used in this study. The compounds were provided
as neat products or dissolved in dichloromethane (DCM) or acetonitrile.

Chemical Abbreviation Solvent CAS no. Deuterated
analogue for
quantification
Nitrosamines
N-nitrosodiethanolamine NDELA Neat 1116-54-7 NDELA-d8
Nitrosopiperidine NPIP DCM 100-75-4 NPIP-d10
Nitrosodiethylamine NDEA Neat 55-18-5 NDEA-d10
Nitrosodimethylamine NDMA Neat 62-75-9 NDMA-d6
Nitroso-N-methylethylamine NMEA DCM 10595-95-6 NMEA-d3
Nitrosomorpholine NMOR Acetonitrile 59-89-2 NMOR-d8
Nitroso-N-propylamine NDPA Neat 621-64-7 NDPA-d14
Nitrosopyrrolidine NPYR DCM 930-55-2 NPYR-dS8
Nitrosopiperazine NPz Acetonitrile  5632-47-3 NPz-d4
Dinitrosopiperazine DNPz Acetonitrile ~ 140-79-4 DNPz-d8
Nitramines
Dimethylnitramine DMNA Neat 4164-28-7 DMNA-d6
Ethanolnitramine MEA-NO, Neat 74386-82-6  MEA-NO,-d4
Methylnitramine MNA Neat 598-57-2 MNA-d3
N-nitropiperazine Pz-NO, Neat 42499-41-2 Pz-NO,-d6
1-methyl-2-(nitroamino)-1- AMP-NO, Neat 1239666- -
propanol 60-4
Diethylnitramine DENA Neat 7119-92-8 -
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Table 2. Aerobic biotransformation rates in mixed water of NSAs and NAs at 20°C determined by 1%
order rate coefficients with standard deviations (k1+SD) after a non-responsive lag-period. Half-lives
were determined from average k1-values. The sum of the lag-period and half-lives (3 lag+half-life) are
also shown.

Compound Lag-period k1+SD Half-life ) lagthalf-life R?
(days) (days) (days)

Nitrosamines

(NSAs)

NDELA 9.0 0.0313+0.0023 22.2 322 0.9595

NDMA ND#) <0.001 >500 ND# ND#)

NPz ND? <0.001 >500 ND# NDA)

Nitramines (NAs)

DMNA ND#) <0.001 >500 ND# ND#)

MEA-NO, 18.8 0.0741+0.0115 9.4 28.2 0.9297

MNA ND# <0.001 >500 ND# ND#)

DENA NDA) <0.001 >500 ND# NDA)

Pz-NO, ND# <0.001 >500 ND# ND#

AMP-NO, 19.3 0.0440+0.0038 15.8 35.1 0.9429

A Not determined
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Table 3. Anaerobic biotransformation rates of NSAs and NAs at 20°C determined by 1% order rate
coefficients with standard deviations (k1+SD) after a non-responsive lag-period. Half-lives were
determined from average k1-values. The sum of the lag-period and half-lives (3 lag+half-life) are also

shown.

Compound Lag-period kl Half-life ¥ lag + half-life R?
(days) (days) (days)

Nitrosamines (NSAs)
NDELA 6.9 0.0383+0.0025 18.1 25.0 0.9934
NDMA ND# <0.001 >500 ND# ND#
Nitramines (NAs)
DMNA 1.0 0.0039+0.0005 180 181 0.9560
MEA-NO, 7.0 0.0980+0.0009 7.1 14.1 0.9999

A) Not determined
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527  Fig. 1. Biotransformation of NSAs and NAs in mixed water after 28 days of incubation at 20°C.
528  Biotransformation was determined as percentage reduction in water samples compared to sterilized
529  controls. Error bars show SD of replicates.
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531  Fig. 2. Biotransformation at 20°C of NDELA in mixed water at three initial concentrations (1, 10 and
532 100 pg/L) determined as % depletion in normal water compared to sterilized water (control) at each
533  sampling. Error bars describe SD of triplicate samples.
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536  Fig. 3. Percentages biotransformation of AMP-NO, in normal water relative to sterilized water from
537  different lake water sources after incubation at 20°C in 28 and 56 days. The lakes compared were
538  mixed water (MW), Rotavatnet (RV), Storavatnet (StoV), Torsteinsvatnet (TorV), and Steinsvatnet
539  (SteV).
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543  Fig. 4. Temperature-dependence of overall rate coefficients (Logkl) for NDELA, MEA-NO, and
544  AMP-NO; in mixed water. The overall rate coefficients were calculated from the sums of lag-phases
545  and half-lives (see Table S5 in SD).
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Fig. 5. Anaerobic biodegradation of NDMA, NDELA, DMNA and MEA-NO; in a water-
sediment system. The results are shown as % biotransformation in normal water compared to
sterilized water (% of control) at each sampling.
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Supplementary Data

Table Sla. Chemical structures and selected environmental data of the nitrosamines used in
this study estimated from the structure-activity relationship program EPIWEB 4.1.

Soil AR: . Atmospheric
Chemical adsorption ‘Bioaccumulation oxidation
emica
Structures (Koc) (log Kow) (half-life; hrs)
O:N\
N
NDELA — " \_oH 0.2242 -1.28 43
HO
Q,
NPIP \N,N/D 12.04 0.7223 5.0
NN
NDEA ’J 0 14.03 0.48 7.2
M -
N-" -
NDMA | B 3.683 0.57 50.7
|
NMEA ]/N‘N”’O 8.01 0.04 127
o, [
NMOR “n-N \,_.-J'ID 3.528 -0.44 1.7
S N
N™ ~0

NDPA H 43.03 1.36 53
DQ‘
NPYR M- 5.976 -0.19 8.3

NPz HNI.L\/NE NP 2.332 -1.49 1.2
qh N N NuD
DNPz N 2.332 -0.85 3.0

4 Compounds with log Kow > 3 are considered to be bioaccumulating
8 Based on overall OH-rate constant
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Table S1b. Chemical structures and selected environmental data of the nitramines used in this
study estimated from the structure-activity relationship program EPIWEB 4.1.

Soil s . B Atmospheric
Chemical adsorption 'Bioaccumulation oxidation
emica
Structures (Koc) (log Kow) (half-life; hrs)
_D\ Illl
DMNA NN 6.50 -0.52 33.5
ir
0.
MEA-NO, HOL_~ Ny 0.09 -2.74 1.6
H
0,
MNA N*0r 1.94 -1.51 82.3
—NH
OsysO
DENA | 22.65 0.46 6.7
x‘vN“x.f"’
O“H'TJ"O
M
Pz-NO, [ ] 0.43 218 1.2
N
H
'
AMP-NO, HO%N’N“O' 0.29 -1.87 1.9
H

4 Compounds with log Kow > 3 are considered to be bioaccumulating
8 Based on overall OH-rate constant
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Table S2. Summary of the analytical methods and limits of quantification used to analyse and
quantify nitrosamines and nitramines for this study.

) Ion LO
Analyte Column Mobile Phase Q
Source | (ng/mL)
NDELA
Ascentis Express RP-Amide . . APCI/ES
NPIP (15cm x 4.6 mm; 2.7um particle size) Formic Acid/MeOH I !
NDEA
NDMA i _Ami
Ascentis Express RP-Amide Formic Acid/McOH APCI |1
NMEA (15cm x 4.6 mm; 2.7pm particle size)
NMOR
Ascentis Express RP-Amide . .
NDPA (15cm x 4.6 mm; 2.7um particle sizc) Formic Acid/MeOH APCI 0.1
NPYR
Discovery HS F5 0,1wt% Ammonium
NPz (15¢cm x 4.6 mm; 3um particle size) Acetate/MeOH, APCI !
Ascentis Express RP-Amide . .
DNPz (15cm x 2.1 mm; 2.7um particle size) Formic Acid/ACN ESI 10
Zorbax eclipse plus c18 RRHD 25mM Formic Acid,
DMNA (5cm x 2.1 mm; 1.8um particle size) isocratic ESI !
Thermo Scientific Hypercarb 0.1wt% Ammonium
MEA-NO, (15cm x 4.6 mm; 3pm particle size) Acetate/MeOH, APCI 0.1
MNA:? Zorbax eclipse plus c18 RRHD 25mM Formic Acid/ACN | ESI 1
(5cm x 2.1 mm; 1.8um particle size)
PZ-NO,
Discovery HS F5 . .
AMP-NO, (15cm x 2.1 mm: 3um particle size) 25mM Formic Acid/ACN ESI 1
DENA

2 Required derivatisation with dibutylamine before analysis
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Table S3 Biodegradability in mixed water of NSAs measured respirometrically and calculated

as % BOD of ThOD).

Biodegradability - BOD

(% BOD of ThOD) + SD

Name Abbreviation 7 days 14 days 21 days 28 days
Nitrosamines

Nitrosodiethylamine NDEA <1 <1 <1 <1
Nitrosodimethylamine NDMA <1 <1 <1 <1
Nitroso-N-methylethylamine NMEA <1 <1 <1 <1
Nitroso-N-propylamine NPDA <1 <1 <1 2.4+0.6
Nitrosopiperazine NPz <1 <1 <1 <1
Dinitrosopiperazine DNPz <1 <1 <1 <1
Nitrosodiethanolamine NDELA 2.6+0.2 1.3+1.5 4.0 10.245.5
Nitrosopiperidine NPIP <1 <1 <1 <1
Nitrosomorpholine NMOR <1 <1 <1 <1
Nitrosopyrrolidine NPYR <1 <1 <1 <1

Table S4. Biotransformation rates of NDELA, MEA-NO, and AMP-NO, in mixed water at three
temperatures, 20°C, 10°C and 5°C, determined by I* order rate coefficients with standard deviations
(k1£SD) after a non-responsive lag-period. Half-lives were determined from average kl-values. The

sum of the lag-period and half-lives (3 lag+half-life) are also shown.

Compound and  Lag-period k1® Half-life Slag+half-life R?
temperature (days) (days) (days)
NDELA
20°C 10.0 0.03340+0.0038 20.8 30.8 0.9277
10°C 0.0 0.0169+0.0021 41.1 41.1 0.7776
5°C 0.0 0.0119+0.0022 58.3 58.3 0.5778
MEA-NO,
20°C 12.4 0.0679+0.0158 10.2 22.6 0.9458
10°C 18.6 0.0447+0.0064 15.5 34.1 0.9088
5°C 7.0 0.0084+0.0016 82.9 89.9 0.6678
AMP-NO;
20°C 0.6 0.0343+0.0027 20.2 20.8 0.9911
10°C 1.3 0.0110+0.0009 63.2 64.5 0.9316
5°C 0.0 0.0040+0.0008 172.9 172.9 0.6612
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Table S5. Overall aerobic biotransformation rate coefficients (k1) in mixed water of NDELA, MEA-
NO, and AMP-NO; at three temperatures, 20°C, 10°C and 5°C. The rate coefficients were determined
from the sum of the lag-period and half-lives (Y lag+half-life), as described in Table S4.

Compound and Ylag+half-life Overall k1
temperature (days)
NDELA
20°C 30.8 0.0225
10°C 41.1 0.0169
5°C 58.3 0.0119
MEA-NO,
20°C 22.6 0.0306
10°C 34.1 0.0203
5°C 89.9 0.0077
AMP-NO,
20°C 20.8 0.0333
10°C 64.5 0.0175
5°C 172.9 0.0040
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Fig. S1. Growth curves of bacteria from mixed water in Nutrient Broth with different
concentrations of the NSAs NDEAL (4), NDMA (B) and NPz (C). The controls represent
Nutrient Broth without NSAs. Error bars represent SD of three replicates.
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Fig. §2. Depletion of nitrosamines (NDELA, NDMA, NPz) and nitramines (MEA-NO,,
DMNA, Pz-NO,, AMP-NQO,, MNA) in mixed water at low initial nominal concentrations (5-40
ug/L) and incubation temperature of 20°C. The compounds represented alkanol-compounds
(NDELA, MEA-NO,, AMP-NO,), alkyl-compounds (NDMA, DMNA, MNA) and cyclic
compounds (NPz, Pz-NO,). Error bars represent SD of three replicates.
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Fig. S3. Depletion of NDELA in mixed water at biotic and normal and sterilized conditions at
initial nominal concentrations of 100 ug/L (A), 10 ug/L (B) and 1 ug/L (C).
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Fig. 84. Total concentrations of microbes in different lake water sources during
biodegradation of AMP-NO2 at 20°C. Error bars show SD. The lakes compared were the
mixed water (MW), Rotavatnet (RV), Storavatnet (StoV), Torsteinsvatnet (TorV), and
Steinsvatnet (SteV).
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Fig. S5. Denaturing gradient gel electrophoresis (DGGE) of bacterial PCR products from
water samples after 28 or 56 days of biodegradation of AMP-NO,. The results are shown for
mixed water (MW), Rotavatn, Storavatn, Torsteinvatn and Steinsvatn. DGGE results are shown
for samples with nitramine (N) and from blank water samples without nitramine (B). A sterilized
negative control (Bl) was also included.
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Fig. S6. Anaerobic biodegradation of NDMA, NDELA, DMNA and MEA-NO; in a system of
clay and sterilized mixed water. The results are shown as % concentration of compounds in
normal water compared to sterilized water (% of control) at each sampling.
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Fig. §7. Possible biodegradation pathways of NDELA to NDMA, based on rules in the

Pathways Prediction System of the Biocatalysis/Biodegradation Database (http://eawag-
bbd.ethz.ch/).
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