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ABSTRACT

Rate constants for the aqueous oxidation of N—nitrosodimethylamine (NDMA) have been
measured in aqueous phosphate-buffered solutions using Dickson-type vessels. The initial NDMA
concentrations ranged from 2.5 to 2.8 ppm and reaction temperatures varied from 180°C to 220°C.
Quantitation of NDMA was performed by gas chromatography-mass spectrometry (GC-MS)
using selected ion monitoring (SIM). NDMA loss with concomitant production of nitrite and
nitrate confirmed that mineralization of NDMA occurred, and no intermediates amenable to GC-
MS were formed during the oxidation experiments. First order reaction rate constants for the loss
of NDMA were determined by the integral method and the results are as follows : k, = 5.21 x 10”7
s’ at 180°C, k, = 1.14 x 10°s™ at 190°C, k, =2.05 x 10°s™ at 200°C, k, =4.53 x 10° s at 210°C

and k, = 8.81 x10°® s at 220°C. The Arrhenius equation for this data is listed below : °
In (k) =20.21 - 15716 (1/T)
The activation energy for this process is calculated to be 130.7 + 3.5 kJ/mole. Extrapolating to a

temperature of 125°C, a reasonable process temperature in the subsurface of WSTF, results in a

calculated first order rate constant of 4.30 x 10® s and a half-life of 1870 days.



INTRODUCTION

Five screening experiments on the aqueous phase oxidation of NDMA were perfofmed using
Dickson-type flexible gold bag rocking autoclaves. The overall objective of this project was to
determine if hydrous pyrolysis/oxidation (HPO) is a feasible method for destroying NDMA under
acceptable time and temperature conditions. A suitable analytical method for the measurement of
NDMA in small water samples by combining a extraction/concentration step of solid phase
extraction (SPE) with GC-MS analysis using selected ion monitoring (SIM). For these five
experiments all of the surrogate recoveries fell in a range of 90 to 106% recovery and therefore no
data was rejected due to poor extraction efficiency.

Total inorganic nitrogen ( measured as nitrite and nitrate) and total inorganic carbon (measured
as carbon dioxide) were monitored throughout the reaction. On the basis of the preliminary test
results, we have performed these experiments in the temperature range of 180°C to 220°C and
constructed an Arrhenius plot to determine rate constants at temperatures outside of the range of

experimental temperatures.



METHODS

EXPERIMENTAL METHODS

The laboratory HPO experiments were performed in Dickson-type flexible gold bag rocking
autoclaves. These reactors are designed for periodic sampling of the reaction fluids throughout the
course of an experiment without disturbing temperature or pressure. The vessel pressure is held
constant by adding or removing distilled water from around the sealed gold bag using a constant
pressure HPLC syringe pump. In these experiments the pressure was set at 500 psi, a pressure
sufficient to keep the system as a single phase. The pH was fixed at pH = 7 using a dilute
inorganic phosphate buffer (KH,PO, and K,HPO,) with an ionic strength of 0.033M and total
[PO,*] = 0.0155 m. For each experiment, a measured amount of aerated buffer solution was
transferred to the gold bag. An aliquot of the neat NDMA was transferred to each buffer solution

using a 1 uLL syringe. The vessel was then sealed and sampled prior to heating.

ANALYTICAL METHODS

Samples of the vessel fluids were taken through titanium.valves and directly into glass gas-tight
syringes equipped with gas-tight closures. The sampled fluids and dissolved gases were analyzed
using a vartety of analytical techniques described below. Quantitation of NDMA involved an
extraction step prior to analysis by GC-MS. In this procedure, the NDMA in the water sample was
extracted using a solid phase extraction (SPE) cartridge packed with 200 mg of ENV+
(International Sorbent Technology), a highly cross-linked styrene-divinylbenzene resin. Each SPE
cartridge was conditioned prior to sample extraction by flushing the cartridge with 5 mL of
dichloromethane, 5 mL of methanol, and 5 mL of distilled water. Sample sizes ranged from 3.5to 8
mL. Each sample was transferred to an SPE cartridge and 5 ug of the surrogate N-
nitrosodiethylamine (NDEA), a compound with similar physical and chemical properties, was added

prior to extraction. Each cartridge was air dried and analytes eluted with 5 mL of dichloromethane.



Eluent volumes were adjusted to 1 mL using a stream of dry nitrogen gas after a 5 ug aliquot of
internal standard (naphthalene-d,) was added to each extract.

Gas chromatography-mass spectrometry (GC-MS) analyses were performed using a Hewlett
Packard 6890 gas chromatograph equipped with a 60 m x 0.32 mm i.d. Rtx 502.2 (Restek)
capillary column (0.32 um film thickness) coupled to a Hewlett Packard 6890 Series Mass
Selective Detector (MSD) operated in electron impact mode (70eV) using selected ion monitoring
(m/z 74 for NDMA, m/z 102 for NDEA and m/z 136 for naphthalene-d,). The GC oven
temperature was programmed as follows : isothermal for 2 min. at 35°C, ramped at 8°C/min. to
260°C, and held isothermal for 5 min. The injector temperature was set at 250°C and helium used
as the carrier gas. The GC-MS data was processed using Hewlett Packard Chemstation software.
Internal standard method, using a relative response factor, was used for compound quantitation.
This method was found to be a suitable analytical method for measuring the aqueous concentrations
of NDMA at concentrations ranging from approximately 0.10 ug/g to 3.0 ug/g.

The aqueous concentrations of nitrite and nitrate were measured using a Hewlett Packard Model
1090 HPLC using a Dionex IonPac AS4A-SC column with a Dionex ASRS-II supressor unit
coupled to a Waters 431 conductivity detector.

Total inorganic carbon was measured using an OI Model 524 carbon analyzer. A weighed
sample was injected into a vessel containing a 25% phosphoric acid solution purged with nitrogen
gas. Dissolved inorganic carbon is converted to CO, and swept into a non-dispersive infrared
detector where the total inorganic carbon, in the form of carbon dioxide, is measured.

Dissolved oxygen in the solutions was measured using a Microelectrodes Inc. model OM-4
oxygen membrane sensor. The samples were allowed to come to room temperature before

measuring dissolved oxygen to decrease the amount of drift due to temperature differences.



RESULTS

The following sections detail the results of the five NDMA experiments. The primary
objectives of these experiments were to measure NDMA reaction kinetics under HPO conditions,
identify oxidation products, and determine the temperature dependence of the rate constants from
the Arrhenius equation. Five experiments were set up with the reaction temperatures ranging from
180°C to 220°C. NDMA and the NDMA breakdown products (i.e. nitrite and nitrate) were
measured. The nitrogen balance numbers reported in this section were determined by calculating
the percentage of nitrogen in reacted NDMA that was recovered as inorganic nitrogen (nitrite and
nitrate). No intermediates in the SPE extracts were detected by GC-MS when selected samples

were analyzed under full scan mode (m/z 35 to m/z 350).

NDMAOS - 180°C

The complete set of data for experiment NDMAOS is summarized in Table 1. The second
column in Table 1 1s the elapsed time calculated by defining t=0 as the time at which the vessel
heater was turned on and the third column is an adjusted time scale used to calculated Kinetics at
reaction temperature. For example, sample NDMAO5-0 was sampled prior to heating and therefore
has a calculated elapsed time of -0.99 days. This experiment was run for 70 days at 180°C.
During this time 96% of the NDMA was converted. The NDMA and inorganic nitrogen data for
this experiment are plotted in Fig. 1. The ratio of nitrite to nitrate production was approximately 6.7

and 90% of the nitrogen present in NDMA was recovered as nitrite and nitrate.

NDMAO04 - 190°C

The complete set of data for experiment NDMAO04 is summarized in Table 1. This experiment
was run for 46 days at 190°C. During this time 99% of the NDMA was converted. The NDMA
and inorganic nitrogen data for this experiment are plotted in Fig. 2. The ratio of nitrite to nitrate

production was approximately 6.8 and 93% of the nitrogen present in NDMA was recovered as



nitrite and nitrate. The amount of NDMA in sample NDMA04-46 fell below the low point of the
GC-MS calibration curve for NDMA.. - Although the data is reported, it was not used in the kinetics

calculations.

NDMAO06 - 200°C

The complete set of data for experiment NDMAOQ6 is summarized in Table 1. This experiment
was run for 21 days at 200°C. During this time 98% of the NDMA was converted. The NDMA
and inorganic nitrogen data for this experiment are plotted in Fig. 3. The ratio of nitrite to nitrate
production was approximately 6.4 and 100% of the nitrogen present in NDMA was recovered as
nitrite and nitrate. The last two sampling events (NDMAQ6-18 and -21) had NDMA amounts

below the calibration curve and therefore the data was rejected prior to the kinetics calculations.

NDMAGOS - 210°C

The complete set of data for experiment NDMAOS is summarized in Table 1. This experiment
was run for 11 days at 210°C. During this time 99% of the NDMA was converted. The NDMA
and inorganic nitrogen data for this experiment are plotted in Fig. 4. The ratio of nitrite to nitrate
production was approximately 6.0 and 104% of the nitrogen present in NDMA was recovered as
nitrite and nitrate. The NDMA data of sample NDMAO08-11 was rejected prior to the kinetics

calculations because the measured amount fell below the calibration curve.

NDMAO7 - 220°C

The complefe set of data for experiment NDMAO7 is summarized in Table 1. This experiment
was run for 8 days at 220°C and 99% of the NDMA was converted. The NDMA and inorganic
nitrogen data for this experiment are plotted in Fig. 5. The ratio of nitrite to nitrate was
approximately 6.7 and 105% of the nitrogen present in NDMA was recovered as nitrite and nitrate.
The NDMA data from samples NDMAO7-5, -7 and -8 were not used in kinetics calculations

because the measured amount fell below the calibration curve.



NDMAO05 (180°C)
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Figure 1. Concentration of NDMA, nitrite and nitrate vs. time for the phosphate-buffered (pH = 7)
NDMA experiment run at 180°C and 10 ppm dissolved O,. Vertical line at t = O represents the

time when the reaction heater was turned on.



NDMAO4 (190°C)
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Figure 2. Concentration of NDMA, nitrite and nitrate vs. time for the phosphate-buffered (pH = 7)
NDMA experiment run at 190°C and 11 ppm dissolved O,. Vertical line at t = O represents the

time when the reaction heater was turned on.
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NDMAO6 (200°C)
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Figure 3. Concentration of NDMA, nitrite and nitrate vs. time for the phosphate-buffered (pH = 7)
NDMA experiment run at 200°C and 11 ppm dissolved O,. Vertical line at t = O represents the

time when the reaction heater was turned on.
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NDMAO0S (210°C)
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Figure 4. Concentration of NDMA, nitrite and nitrate vs. time for the phosphate-buffered (pH = 7)
NDMA experiment run at 210°C and 11 ppm dissolved O,. Vertical line at t = O represents the

time when the reaction heater was turned on.
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NDMAOQ7 (220°C)
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Figure 5. Concentration of NDMA, nitrite and nitrate vs. time for the phosphate-buffered (pH = 7)
NDMA experiment run at 220°C and 11 ppm dissolved O,. Vertical line at t = 0 represents the

time when the reaction heater was turned on.
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DISCUSSION

The primary objective of this study was to determine the feasibility of employing HPO as an in
situ remediation method for groundwater contaminated by NDMA. These experiments have shown
that NDMA is destroyed at the experimental reaction temperatures (180°C - 220°C) and a good
nitrogen mass balance was achieved for the five experiments. Although the results indicate a near
complete mass balance of nitrogen during the HPO treatment of NDMA, a similar carbon balance
was not obtained. The lack of a carbon balance during the experiments indicated that inorganic
carbon evolved from the oxidation of an organic contaminant. Although a portion of the dissolved
oxygen was consumed by the organic contaminant there was still an excess of dissolved oxygen for
oxidation of NDMA. The complete set of NDMA concentration data for the five experiments is

plotted in Fig. 6.

DETERMINATION OF HPO RATE CONSTANTS

Fig. 7 is a plot of InN[NDMA] vs. time for the five temperatures and the data for the five:
experiments were found to be linear over the entire duration of the experiment (i.e. no curvature
detected during 5 or more half-lives) and therefore a first-order reaction. The filled symbols in Fig.
7 represent the data used to calculate the rate constants for each particular reaction temperature and
the open symbols represent NDMA concentrations below the reporting limit of the GC-MS
calibration curve. These data are included on the plot to demonstrate the linearity of the data. The
integrated rate equation for a first-order reaction was used to determine the first-order rate
constants. The first-order reaction rate constants for the loss of NDMA at the five reaction
temperatures were calculated to be the following values : k, =5.21 x 107 s* at 180°C, k, = 1.14 x
10° s at 190°C, k, =2.05 x 10° s at 200°C, k, =4.53 x 10° s at 210°C and k, = 8.81 x10° s
at 220°C. The corresponding half-lives at these reaction temperatures are as follows : 7,, = 15.5
days at 180°C, t,,, = 7.3 days at 190°C, t,,, = 3.6 days at 200°C, 7, = 1.8 days at 210°C and 7,
= 0.9 days at 220°C. |
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THE ARRHENIUS EQUATION FOR THE HPO OF NDMA
The temperature dependence of the first-order rate constants can be described using the
Arrhenius equation; R is the gas constant, E_, is the activation energy and A is the preexponential

factor. Below is the linearized version of the Arrhenius equation :
Ink,=ln A+ (E,/R) /T

Using the rate constants determined in the five HPO experiments, an Arrhenius plot was
constructed and is shown in Fig. 8. Using the experimental results for the five temperatures, the

linearized version of the equation is as follows :
Ink, =20.21 - 15716 (1/T)

The activation energy for the reaction was calculated to be 130.7 + 3.5 kJ/mole. This relationship
can be used to determine first-order rate constants at other temperatures. Extrapolating down to

125°C, shown graphically in Fig. 9, a reasonable process temperature in the subsurface of WSTF,
results in a calculated first order rate constant of 4.30 x 10” s and an estimated half-life of 1870

days.

17



NDMA Arrhenius Plot (180°C - 220°C)
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NDMA Arrhenius Plot (180°C - 220°C)
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SUMMARY

This report describes the analytical procedures and presents the findings of the HPO
experiments investigating the reactivity of N-nitrosodimethylamine (NDMA) in laboratory scale
hydrous pyrolysis / oxidation (HPO) experiments. The above set of experiments provides
quantitative information regarding the HPO chemistry of NDMA. Oxidation rates determined at
the five temperatures allowed an extrapolation of reaction rate constants to lower temperatures
typical of field HPO temperatures.

Reaction temperatures for destruction of NDMA at WSTF would depend on the depth of the
contaminated zone below the water table. East of the 400 area this ranges from approximately O to
100 ft. The boiling point at a 50 ft depth below the water table is approximately 125°C. This is the
temperature that could be sustained, even though steam injection could achieve much higher
temperatures during the injection period (up to 170°C at 200 ft depth). At the temperature of 125°C
the destruction of NDMA has been determined to be extremely slow and demonstrates that HPO is

not a viable remediation method for NDMA.
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APPENDIX

The Analytical Results from the Experiments on the HPO Chemistry of NDMA

In this Appendix the data table of the organic (GC-MS) and inorganic analyses are presented for
the samples taken during experiments NDMAO4, NDMAOS, NDMA06, NDMAO7 and NDMAGOS.
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Table 1. Results from the HPO experiments ranging from 180°C to 220°C.

Sample ID Elapsed Time Adjusted Time

(days)
NDMA05-0 -0.99
NDMA05-0.3 0.34
NDMAO5-7 7.06
NDMAO05-13 13.02
NDMAO05-19 19.01
NDMAO5-24 24.06
NDMAO5-45 45.02
NDMAO05-46 46.09
NDMAO05-59 59.03
NDMA05-70 70.20
NDMAO4-0 -1.79
NDMA04-0.3 0.34
NDMA04:4 4.13
NDMA04-7 7.05
NDMAO04-12 12.02
NDMAO4-17 17.08
NDMAO04-21 21.01
NDMAO04-28 28.00
NDMAO04-45 45.01
NDMA04-46 46.09
NDMAO6-0 -4.01
NDMA06-0.3 0.34
NDMAO6-2 2.00
NDMAO6-4 4,03
NDMA06-7 7.05
NDMAO06-10 10.02
NDMA06-14 14,07
NDMAO06-18 18.01
NDMA06-21 21.05
NDMA0S-0 -4.98
NDMA08-0.3 0.28
NDMA08-1.3 1.26
NDMA08-2.3 2.28
NDMA0S-3 3.02
NDMAOS-6 6.07
NDMAOS-7 7.00
NDMAOS-9 9.30
NDMAO08-11 11.18
NDMAO7-0 0.00
NDMA07-0.2 0.18
NDMAO7-1.2 1.20
NDMAO7-2 1.94
NDMAO7-3 2.91
NDMAO7-4 3.96
NDMAOQ7-5 4.99
NDMAO7-6 5.92
NDMAO7-8 8.22

ot analyzed

na.=

(days)

0.00

6.71
12,68
18.67
23.72
44.68
45.75
58.69
69.86

0.00

3.79

6.71
11.68
16.74
20.68
27.67
44.68
45.75

0.00
1.66
3.69
6.71
9.68
13.73
17,67
20.71

0.00
0.98
1.99
2.73
5.79
6.71
9.01
10.90

0.00
1.02
1.76
2.73
3.78
4.81
5.74
8.03

n
data not reported due to sample loss

Temperature
(°C)

22

180
180
180
180
180
180
180
180
180

22

180
190
190
190
190
190
190
190
190

21

198
200
200
200
200
200
200
200

21
210
210
210
210
210
210
210
210

20
220
220
220
220
220
220
220
220

Surr. Recovery
(%)

103.6
99.6
99.8

100.0

100.2

100.2

n.a.,
99.6
92.2
95.4

102.6
98.8
100.8
103.4
98.4
99.0
103.6
102.8
n.a.
98.6

95.8
96.4
101.6
102.0
103.0
104.4
101.6
106.4
100.0

95.4
102.0
104.4
101.0
105.4

95.0

92.4

97.2

90.8

94.2
93.8
94.8
97.8
99.4
90.4
92.0
99.8
99.8

[NDMA]
(umol/g)

3.81E-02
3.64E-02
2.70E-02
2.07E-02
1.57E-02
1.27E-02

n.a.
4.91E-03
2.73E-03
1.49E-03

3.62E-02
3.50E-02
2.27E-02
1.72E-02
1.01E-02
6.26E-03
4.28E-03
2.26E-03
n.a.
3.32E-04

3.51E-02
3.35E-02
2.47E-02
1.70E-02
1.01E-02
6,08E-03
2.89E-08
1.40E-03
8.22E-04

3.42E-02
3.16E-02
2.11E-02
1.36E-02
1.07E-02
3.09E-03
2.13E-03
9.46E-04
4.41E-04

3.41E-02
3.00E-02
1.41E-02
7.51E-03
3.8QE-03
1.68E-03
7.74E-04
3.93E-04
7.88E-05

Nitrite
(umole/g)

0.00E+00
0.00E+00
1.24E-02
2.16E-02
3.02E-02
3.60E-02
5.04E-02
5.07E-02
5.10E-02
5.42E-02

0.00E+00
0.00E+00
1.563E-02
2.50E-02
3.96E-02
4.81E-02
5.24E-02
5,60E-02
4.86E-02
4.79E-02

0.00E+00
1.34E-03
1.26E-02
2.54E-02
3.97E-02
4,65E-02
5.41E-02
5.50E-02
5.60E-02

0.00E+00
1.89€-03
1.47E-02
2.62E-02
3.44E-02
5.95E-02
6.09E-02
5.94E-02
5.75E-02

0.00E+00
1.61E-03
2.31E-02
3.56E-02
5.01E-02
5.90E-02
6.05E-02
6.07E-02
5.64E-02

Nitrate
(umole/g)

0.00E+00
1.30E-08
2.04E-03
3.30E-03
4.05E-03
4.88E-03
8.15E-03
7.97E-03
9.94E-03
1.14E-02

0.00E+00
0.00E+00
2,48E-03
3.56E-03
4.94E-03
6.51E-03
7.18E-03
1.07E-02
1.81E-02
1.87E-02

0.00E+00
1.52E-03
3.26E-03
4.23E-03
5.44E-03
7.03E-03
9.72E-03
1.12E-02
1.28E-02

0.00E+00
8.48E-04
2.64E-03
6.43E-03
4.91E-03
7.64E-03
8.58E-03
1.16E-02
1.23E-02

0.00E+00
7.65E-04
4.01E-03
5.04E-03
6.88E-03
8.15E-03
9.80E-03
1.15E-02
1.53E-02

Total Inorg. N
(umolie/g)

0.00E+00
1.30E-03
1.44E-02
2.49E-02
3.43E-02
4.09E-02
5.86E-02
5.86E-02
6.10E-02
6.56E-02

0.00E+00
0.00E+00
1.78E-02
2.86E-02
4.45E-02
5.46E-02
5.95E-02
6.67E-02
6.67E-02
6.66E-02

0.00E+00
2.86E-03
1.69E-02
2.96E-02
4.52E-02
5.36E-02
6.38E-02
6.62E-02
6.87E-02

0.00E+00
2.74E-03
1.73E-02
8.17E-02
3.93E-02
6.71E-02
6.95E-02
7.09E-02
6.98E-02

0.00E+00
2.37E-03
2.71E-02
4,07E-02
5.70€-02
6.72E-02
7.03E-02
7.22E-02
7.18E-02

Total CO2
(umol/g)

4.62E-02
4.38E-02
6.70E-02
8.01E-02
9.94E-02
9.98E-02

1.32E-01
1.25E-01
1.28E-01

4.16E-02
4.24E-02
7.87E-02
8.54E-02
1.08E-01
1.19E-01
1.23E-01
1.45E-01
1.36E-01
1.32E-01

4.14E-02
5.16E-02
7.56E-02
1.01E-01
1.12E-01
1,21E-01
1.33E-01

1.46E-01

3.39E-02
9.38E-02
1.27E-01
1.39E-01
1.81E-01
n.a.
n.a.
1.93E-01
1.97E-01

6.74E-02
1.27E-01
1.21E-01
1.55E-01
1.48E-01
n.a.
n.a.
n.a.
1.72E-01

Dissolved 02
(umol/g)

3.06E-01
n.a.

n.a.
1.39€-01
1.33E-01

3.36E-01
n.a.
n.a.
na.
n.a.
n.a.
n.a.
na.

n.a.
1.85E-01

1.18E-01





