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Absolute rate constants for hydroxyl radic&®H, and hydrated electron,g, reactions with low-molecular-

weight nitrosamines and nitramines in water at room temperature were measured using the techniques of
electron pulse radiolysis and transient absorption spectroscopy. The bimolecular rate constants é&btained,
(M1 sY), for e, and*OH reactions, respectively, were as follows: methylethylnitrosamine, &t.6706)

x 10% and (4.95+ 0.21) x 1 diethylnitrosamine, (1.6 0.06) x 10 and (6.994+ 0.28) x 1C?
dimethylnitramine, (1.94 0.07) x 10% and (5.44+ 0.20) x 10% methylethylnitramine, (1.83 0.15) x

10 and (7.60+ 0.43) x 10%; and diethylnitramine, (1.76: 0.07) x 10 and (8.674 0.48) x 10%, respectively.
MNP/DMPO spin-trapping experiments demonstrated that hydroxyl radical reaction with these compounds
occurs by hydrogen atom abstraction from an alkyl group, while the reaction of the hydrated electron was to
form a transient radical anion. The latter adduct formation implies that the excess electron could subsequently
be transferred to regenerate the parent chemical, which would significantly reduce the effectiveness of any
free-radical-based remediation effort on nitrosamine/nitramine-contaminated waters.

Introduction radical, ozone, or by photolysl8 these loss reactions can be
relatively slow, which means that these airborne nitrosamines
or nitramines can enter aqueous systems.
Recently, studies have also shown that NDMA can be formed
situ under water disinfection conditions, from the reaction
of monochloramine with dissolved dimethylami#é® and
UDMH.13 NDMA was also a common contaminant of UDMH,
and prior waste management and general processing procedures
introduced both NDMA and UDMH into the groundwater
supply2324 Nitramines can also be introduced to water from
the anaerobic sludge biodegradation of explosives such as RDX
(hexahydro-1,3,5-trinitro-1,3,5-triaziné.

The California Department of Health Services has set an

. 1 H H H 11

The formation of gaseous nitrosamines has been establishe .Ct.'on level of 10 ng C for NDMA in d.”nk'ng water.~ No .
to occur via at least two major pathways. In the dark, NDMA imits are currently estabhshe_d for _the h|gher-mc_)IecuIar-we|ght
formation has been shown to occur by the reaction of dimethyl- nitrosamines, nor for any nitramines. To achieve such low

amine with nitrous acid (HN§) or nitrogen oxides (NQ,” or chemical concentrations in water, various water treatment
alternatively by oxidation of UDMH, especially with ozc;ﬁ’e?o technologies have been suggested. It has been demonstrated that

LY ; 27 .
In the presence of sunlight, NDMA exists in a redox equilibrium UV irradiation can reduce NDMA levels in wat&?”producing

with the oxidized species the corresponding dimethylnitramine methyl- and dimgthylamin@. However, if. the water.is twrbid,
(CH3);N—NO;, (DMNM)2t colored, or contains chemicals that can interfere with the short-

wavelength €270 nm) light used (e.g., nitrate, TOC), the
redox effectiveness of this technique can be substantially reduced.
(CHy),N—NO == (CH;),N—NO, (1) There is also a possibility of NDMA reformaticf especially
if chloramination of UV-treated effluent is performed.
Low-molecular-weight nitramines have also been demonstrated To overcome these potential difficulties, the use of free
to be carcinogeniéz While both gaseous NDMA and DMNM  radicals generated in situ by advanced oxidation technologies
have been shown to be degraded by reaction with the hydroxyl (AOTSs) to destroy carcinogenic chemicals from water is being
investigated. These technologies include ozone, UV/ozone, and
*To whom all correspondence should be addressed (S. Mezyk). UV/H;0,, which proceed via oxidation with the hydroxyl radical
E-r]r"lail:'smgzyk@csulb.edu_. Phone: 562-985-4649. Fax: 562-985-8557. (*OH), or heterogeneous catalysis by Fi@onolysis, or the
California State University at Long Beach. electron beam process, which produce a mixture of oxidizing

*Western Michigan University.
8 University of Notre Dame. *OH radicals with reducing hydrated electrongXeand hy-

Nitrosamines are present within a number of environments;
in particular, the presence bfnitrosodimethylamine (NDMA)
has been detected in rubber, leather, metal, chemical, and mininq
industries! around factories producing secondary amines or the n
rocket fuel 1,1-dimethylhydraziRgUDMH), and near industrial
plants that use amines such as dimethylamine in organic
synthesi$:* They have also been found in many food and
beverage products? especially after fermentation or cookifg,
in cigarette smoké® and recently in highly purified wastewatér
and drinking water$?-14 Nitrosamines are of concern, as they
belong to a class of chemicals that have been shown to be
carcinogenic, mutagenic, and teratogefits

10.1021/jp056017r CCC: $33.50 © 2006 American Chemical Society
Published on Web 03/23/2006



Hydroxyl Radical Rate Constants J. Phys. Chem. A, Vol. 110, No. 14, 2006733

drogen atoms’(). One recent study utilizing low- and medium-  to prevent air ingress, in order to prevent loss of chemical. The
pressure Hg lamps for photodegradation of NDMA in simulated solution flow rates in these experiments were adjusted so that
drinking watef® has also shown that this methodology is feasible each irradiation was performed on a fresh sample. Dosiffetry
under certain conditions. It has been demonstrated that thewas performed using XD-saturated, 1.0« 102 M SCN~-
pulsed UV/HO; process was far more efficient than pulsed UV  solutions afl = 475 nm, Ge = 5.2 x 1074 m? J-1) with average
alone in inhibiting NDMA reformatior?? suggesting that the  doses of 3-5 Gy per 2-3 ns pulse. Throughout this pap&,
generated hydroxyl radicals degraded the nitrosamine differentlyis defined inumol J%, ande is in units of M~ cm™2.
from direct photolysis. There has been only one studging The hydroxyl radical reaction with both nitrosamines and
steady-staté%Co-ionizing radiation to determine breakdown nitramines (RR2ZN—NO,) was studied using SCNcompetition
rates for NDMA in various solvents (ethanol, dichloromethane, kinetics, monitoring the change of absorption intensity of the
and water). The reported data showed that reduction of NDMA produced (SCN)~ transient at 475 nm. The hydrated electron
was the dominant process in the overall degradation, and thererate constant was determined by directly following its absorption
was no reformation of NDMA unless nitrite was present. at 700 nm. All experiments were performed at ambient
However, to ensure that any AOT treatment process occurstemperature (24 1 °C) and in neutral pH solution.
efficiently and quantitatively, a full understanding of the
chemistry involved under the conditions of use is necessary. Results and Discussion

Kinetic computer models give the most information and provide Hydroxyl Radical Reactions. The radiolysis of water

roduces free radicals (for the pH range from 3 to 11) accordin
defined or proposed chemistry in the system is consid&rad. E)o the stoichiometr‘i]'%( P g ) g

critical component then for any kinetic modeling of free-radical-

bgsed technologie_s is a description of_the kinetics and mecha—H2 —\\W\M\W— [0.28]OH + [0.06TH + [0.27]e,,+

nisms of the reactions of all the organic compounds involved. d N
Recently, the kinetics and initial mechanisms for the reactions [0.05]H, + [0.07]H,0, + [0.27]H;,0" (2)

of the hydroxyl radical, hydrated electron, and hydrogen atom ] )

with NDMA in water were reporte@ These data showed that ~Where the numbers in brackets are Bevalues for species

the oxidation of the nitrosamine, with formation of the carbon- prpductlon. Total radical concentrations typically generated in

centered radical by hydrogen atom abstraction, was the onlythis study were~2—4 uM per pulse. _

significant destruction mechanism. The reduction of NDMA by~ The reaction of only hydroxyl radicals was achieved by

the hydrated electron was demonstrated to only form a radical Presaturating the solutions with 8, which quantitatively

anion adduct, with subsequent transfer of this electron to other converts the hydrated electronsgeand hydrogen atoms to

species possible. In this work, we extend these free-radicalthis radicat’

degradation studies to the reactions of the hydroxyl radical and _

hydrated electrons with symmetrical and unsymmetrical methyl- €xq7F N,O +H,0—N,+ OH +"OH

and ethyl-substituted nitrosamines, as well as their corresponding ks=9.1x 10°M st (3)

nitramines. To the best of our knowledge, this is the first report

of any kinetic data for the reaction of nitramines with hydroxyl ‘H+NO—"OH+N. k. =21x 1M ts? (4)
2 2 4 .

radicals and hydrated electrons.

Experimental Section The hydroxyl radical reaction with all the'R2ZN—NOj studied

did not generate any significant intermediate-species absorption
in the range 256800 nm, although some slight parent absorp-
tion bleaching was noted for wavelengths less than 300 nm.

The linear accelerator (LINAC) electron pulse radiolysis
system at the Radiation Laboratory, University of Notre Dame,

was used for all the hydrated electron and hydroxyl radical Therefore, the hydroxyl radical reaction rate constant with

reaction rate constant d_etermlnatlons. This |rrad!at|or_1 and RIR?2N—NO, was determined as for NDMA previoustusing
transient absorption detection system has been described in detagCN_ competition kinetic¥ based on the competing reactions
elsewheré?

The two nitrosamines used in this study+ethyl-N-methyl- . 1520 .
nitrosamine (Pfaltz and Bauer) and-nitrosodiethylamine OH + RIRIN=NO,— products ()
(Sigma-Aldrich) were of the highest purity available and used
as received. Solutions of these chemicals were made using water
filtered by a Millipore Milli-Q system, which was constantly
illuminated by a UV lamp to keep organic contaminant
concentrations below 13y L~! as measured by an on-line TOC
analyzer. All solutions were continuously stirred and completely
sparged with high-purity pO (for hydroxyl radical experiments)
or N, (hydrated electron measurements) to remove dissolved [(SCN), T, k5[R1R2N—NO ]
oxygen. STT e o> 2 X

No commercial source of nitramines was found. The dialkyl [(SCN), ] ks[SCN']
nitramines used in this study were synthesized from the
corresponding nitrosamines by oxidation with trifluoroperacetic where [(SCN)*~], is the final yield of (SCNy~ measured for
acid3® The products are obtained in high purity without only the blank SCN solution, and [(SCN)] is the reduced
contamination by the starting nitrosamine. Experimental details yield of this transient when the IR2N—NOy is present.
and compound characterization can be found in the SupportingTherefore, a plot of [(SCN) ]/[(SCN)*~] (or a parameter
Information. directly proportional to this intermediate concentration ratio)

During the rate constant measurements, the solution vesselsagainst the ratio [FR2ZN—NO,J/[SCN~] should give a straight
were bubbled with only the minimum amount of gas necessary line of slopeks/ks. On the basis of the established rate constant

"OH+ SCN™ (+SCN) — OH™ + (SCN),"~  (6)

and monitoring the (SCNJ~ absorption at 475 nm. As the
nitrosamine/nitramine reaction transients do not absorb at this
wavelength, this hydroxyl radical competition can be analyzed
to give the following analytical expression:

()
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Figure 1. (a) Kinetics of (SCNy~ formation at 475 nm for BD-
saturated 5.28< 105> M SCN~ containing 0 [J), 3.80 x 107 (O),
6.92x 107“(a), and 1.54x 1072 (v) M dimethylnitramine at natural

pH and room temperature. (b) Competition kinetics plot for hydroxyl
radical reaction with methylethylnitrosamingl)( diethylnitrosamine
(O), dimethylnitramine 4), and diethylnitramine) using SCN as a
standard. Solid lines are weighted linear fits, corresponding to slopes
of 0.0471+ 0.0005, 0.0666+ 0.0007, 0.0528t 0.0004, and 0.0821

+ 0.0020, respectively.

for hydroxyl radical reaction with SCN ks = 1.05x 1019°M~1
s 137 the ks rate constant can then be calculated.

Typical kinetic data obtained at 475 nm are shown in Figure
la, for dimethylnitramine. As expected, a decrease in the
maximum (SCNy~ absorption intensity is observed when
increased amounts of (GHN—NO, was added. The trans-
formed plot shown in Figure 1b gives a weighted linear fit
corresponding to a reaction rate constank ef (5.44 + 0.20)

x 10° M~1 s, Comparison data obtained for methylethylni-

trosamine, diethylnitrosamine, and diethylnitramine are also
shown in this plot. The calculated rate constants for all the
nitrosamines and nitramines of this study are given in Table 1,
in comparison to analogous literature data. It is important to

note that the errors quoted for all measured rate constants in

this work are the combination of the measurement precision
and the initial compound purity.

The hydroxyl radical reaction rate constants are seen to
increase with increasing complexity of alkyl substitution for both
the nitrosamines and the nitramines of this study. The previously
determined rate constant for hydroxyl radical reaction with
NDMA (4.30 x 10® M~1 s 133 s consistent with this trend.

A survey of the literature did not give any oxidation rate
constants for the ®R2ZN—NOy species in this study. However,
further insight into the mechanism of the primary oxidation

Mezyk et al.

major reaction pathway. The lack of adduct formation with the
RIRZ2N—NOy compounds is not surprising, since the-N bond
shows a barrier to internal rotation that corresponds to partial
double bond character, thus decreasing the likelihood of reaction
at the nitroso nitrogen. Unfortunately, comparison of our rate
constants with methylamine (£8.1 x 1°® M1 s 14057 x

10° M~1 s7141) is complicated because of the wide range of
values and the mix of radical transiemSK,NH, and CHN°H)
reported. The hydroxyl radical reaction with trimethylamine to
give a mixture of [(CH)sN]*t and *CH,N(CHs), has been
reported as 1.3 10" M~1s 142 All these amine rate constants
are significantly faster than our values for!RRN—NO,
suggesting that the presence of the electron-withdrawiNg-

NOy group lowers the dative stabilization of the formed carbon-
centered radical by the nitrogen lone pair. Reaction of the
hydroxyl radical with aromatic nitroso chemicals such as
nitrosobenzerf® (1.8 x 10 M~1 s71) again is much faster,
consistent with the proposed mechanism of ring-adduct forma-
tion for aryl compounds.

The conclusion of all these comparisons is that hydroxyl
radical reaction with the 'R2N—NOy species is most likely to
occur by hydrogen atom abstraction from one of its alkyl groups,
with the faster rate constants for the ethyl-substituted moieties
consistent with the greater stability of the formed secondary
carbon-centered radicals. To confirm this hypothesis, we
investigated this primary reaction mechanism of the hydroxyl
radical using 2-methyl-3-nitrosopropane (MNP) spin-trapping
EPR technique&'

The steady-state irradiation-(90 Gy) of a mixture of 2x
102 M MNP and 1.0x 1072 M dimethylnitramine in NO-
saturated water at natural pH gives the spin-trap spectrum shown
in Figure 2a. The EPR spectrum in Figure 2a does not exhibit
any large nitrogen couplings from the parent radical, and
therefore we can eliminate any spin adduct species from
nitrogen-centered radical species, @N°, (CHz).N*—NO,, or
(CH3)2N—NO,, reacting with MNP. This is in contrast to
previous photolysis/EPR data reported for dimethylnitramine
crystals where both (CHBEN* 4% and (CH).NT—NO,*6 were
reported. Similarly, one can eliminate the addition of an oxygen-
centered radical. No MNPOH adduct species was observed,
indicating that the hydroxyl radical had quantitatively reacted
with the dimethylnitramine, as expected. This EPR spectrum is
indicative of a carbon-centered radical from the nitramine adding
to the MNP at the nitrogen atom, yielding a nitroxide signal
with a nitrogen splitting of 16.8 G and a proton splitting of
10.7 G to two equivalent protons. These data are consistent with
the hydroxyl radical abstracting a hydrogen atom from a methyl
group of this nitramine, consistent with the previous findings
for NDMA. 33

Hydrated Electron Reactions. The rate constants for
hydrated electron reaction withtR2N—NO, were determined
by fitting exponential decays to the pseudo-first-order kinetics
of this species, monitored by its absorption at 700 nm, in pulse-
electron irradiated, nitrogen-saturated solutions at natural pH
(~7). These solutions also contained 0.5@avt-butyl alcohol,
or 0.10 M methanol, to scavenge the hydroxyl radicals and

reaction for these compounds can be obtained by comparisonhydrogen atomé&’ converting them into relatively inert 2-meth-

of literature values for hydroxyl radical reaction with structurally
similar chemicals in water (see Table 1). It is recognized that
the different functionalities will activate/deactivate molecules
to a different extent. A detailed stutof 2-methyl-2-nitroso-
propane, (CH)sC—NO, gave an absolute value for its hydroxyl
radical addition reaction of 2.5 10° M~1 s71. As this rate

yl-2-propanol radicals

"OH/H" + (CH,);COH — H,O/H, + "CH,(CH,),COH  (8)

or *CH,OH radicals, respectively. Each kinetic trace was
obtained by averaging the data ofl0—15 individual pulses,

constant is significantly faster than our values, it suggests that with typical data shown in Figure 3 for dimethylnitramine. The

hydroxyl adduct formation for AR2N—NO, would not be a

decay of this absorption was found to be dependent upon the
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TABLE 1: Rate Constants® (M~ s™1) for Hydroxyl Radical and Hydrated Electron Reaction with Nitrosamines and Nitramines
Determined in This Study in Comparison to Analogous Literature Values

compound structure k (*OH) K (€xq)
methylethylnitrosamine (CH3)(C2Hs)N—NO (4.95+0.21)x 10° (1.674+0.06) x 10
diethylnitrosamine (C2Hs)N—NO (6.994 0.28) x 1C° (1.61+ 0.06) x 10t°
dimethylnitramine (CH 3):N—NO; (5.44+ 0.20)x 1C° (1.91+ 0.07) x 10t°
methylethylnitramine (CH 3)(C2H5)N—NO, (7.60+ 0.43)x 1C° (1.83+ 0.15) x 10t°
diethylnitramine (C2Hs),N—NO, (8.67+ 0.48) x 10 (1.76+ 0.07) x 10%°
NDMA (CH3),N—NO 4.30x 10833 1.41x 100833
2-methyl-2-nitrosopropane (GHC—NO 25x 10°%° 6.2 x 10°%°
methylamine HN—CH; 1.8-4.1x 10°4° 9 x 10°40

5.7 x 10°4

trimethylamine (CH),2N—CHjz 1.3 x 10042
nitrosobenzene ¢Els—NO 1.8x 101043
hydroxylamine HN—OH 9.5x 10°47 9.2 x 10847
N,N-diethylhydroxylamine (6Hs).N—OH 1.3x 10°48 4.8x 10748

@ Rate constants determined in this study are in bold.
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Figure 2. First derivative X-band (9.8 GHz) EPR spectrum of a nitrous 0.0 1.0 2.0 3.0 4.0
oxide saturated aqueous solution containing 2.002 M MNP and Ti
1.0 x 1072 M dimethylnitramine ®°Co-irradiated for 60 s (total dose ime (“S)

~ 190 Gy), using 100 kHz field modulation of 1.6 G amplitude, and  Figure 3. Typical kinetic decay profiles obtained for the hydrated
phase-sensitive detection. The magnetic field increases from left to right. electron absorbance at 700 nm for pulse-electron irradiated aqueous
solution at natural pH containing 2.02 1075 (O), 4.20 x 1075 (O),
dimethylnitramine concentration (Figure 3 inset, along with and 8.52x 10°° (¢) M dimethylnitramine. Curves shown are the
analogous data for diethylnitramine), corresponding to a second-average of 10 individual pulses. Solid lines correspond to rate constant
order rate constant for the reaction fitting with the pseudo-first-order values of 5.64 10°, 1.43 x 1(f,
and 2.33x 10° s7%, respectively. Inset: Second-order rate constant
_ determination for the reaction of the hydrated electron with diethyl-
€, 1 (CHy),N—NO, — products 9) nitrosamine ) and dimethyInitramine). Single-point error bars are
one standard deviation, as determined from the average of at least three
of k=(1.91+ 0.07)x 10°°M~1sL This reaction is about 30  kinetic traces. Solid line corresponds to weighted linear fits, giving
times faster than hydroxyl radical hydrogen atom abstraction rate constants of 1.6x 10° and 1.91x 10°°M~* s™*, respectively.
for this compound. Similar measurements were performed for
the other RR2N—NOy of interest in this study, with all values Y A
again summarized in Table 1. lamine'® (4.8 X 10 M~ts _) ha_ve also been reported.
Comparison of all the BR2N—NO reductive rate constants By comparing our data in this way, we again postulate that

with the value obtained for NDMA previousi/(1.41 x 10 as for NDMA the initial hydrated electron reaction occurs
M-1 s71) shows that the nitrosamine reactions are fairly predominantly at the nitroso group. To resolve whether the

independent of alkyl substituent, indicating that most of the Féaction consists of only adduct formation
reaction occurs at the nitroso moiety, as expected. The rate

methylaminé® (9 x 10° M~! s71) and N,N-diethylhydroxy-

constants for the nitramines are all slightly faster than for their €yt RlRZN_NOx_’ [(CHy),NO,J (10)
corresponding nitrosamines, but again independent of substitu-

tion. Again, no specific rate constants for reduction &RRN— or if any bond cleavage occurs

NOy species of this study were found in the literature. In

comparison to the other analogous literature data, #iReNR- €q T RlRZN—NOX—> RN+ NO, /RN + NO, (11)

NOy species rate constants are slightly faster than those

measured for the 2-methyl-2-nitrosoprop#@.2 x 1° M1 we again performed spin-trap experiments, this time using 2.0

s 1) reaction, where this latter reaction is to give an initial x 1072 M DMPO (5,5-dimethyl-1-pyrrolineN-oxide) and 1.0
electron adduct. The reaction of the hydrated electron with x 1072 M nitramines under reducing conditions £saturated

hydroxylaminé’ results in bond cleavage to githéH, and OH; solution, 0.50 Mtert-butyl alcohol). Typical spectral data
however, this rate constant (%210 M~1s™1) is over an order obtained for diethylnitramine are shown in Figure 4. The spin-
of magnitude slower than determined here foNRNO. adduct spectrum for diethylnitramine/DMPO (central trace) was

Slower rate constants for hydrated electron reaction with found to be a combination of the DMP&CH,—C(CHs),OH
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Figure 4. First derivative X-band (9.8 GHz) EPR spectra of solutions
containing 2.0x 102 M DMPO, %Co-irradiated for 60 s (total dose
~ 190 Gy), using 100 kHz field modulation of 1.6 G amplitude, and
phase-sensitive detection. The magnetic field increases from left to right.
(Bottom) Nitrous-oxide-saturated aqueous solution containing 0.5 M
tert-butyl alcohol: the six observed lines are due to the DM, —
C(CH;)20H EPR spectrum. (Middle) EPR spectrum from a nitrogen-
deoxygenated aqueous solution containing 0.&Mbutyl alcohol and

1.0 x 1072 M diethylnitramine. (Top) Spectral subtraction of normalized
bottom trace from middle EPR spectrum, which yields the DMPOD
spin adduct radical spectrum (see text).

(bottom trace, obtained separately when only DMie@butyl
alcohol was irradiated) and DMP@H spectra (top tracey. This
implies that reaction 10 is dominant in the reduction by the
hydrated electron, with production of the reduced DMR®O
occurring by electron transfer from the transientHig),N—
NO; anion adduct

— HE

DMPO + [(C,Hs),N—NO,]"” —
DMPO-H + (C,Hg),N—NO, (12)

as observed for NDMA previoush?.

Summary

The measured hydroxyl radical rate constants were found to
increase with increasing complexity of alkyl substitution for the
nitrosamines and nitramines of this study. Our MNP spin-trap
studies for dimethylnitramine confirm the expected carbon-
centered radical formation, consistent with the findings for
NDMA previously. In contrast, the hydrated electron rate
constants are seen to be fairly independent of alkyl substitution,
with the values for the nitramines slightly higher than for the
corresponding nitrosamines. From DMPO spin-trap studies on
diethylnitramine, it was observed that this reduction only
resulted in the formation of a radical anion adduct. This finding
has significant implications for AOT treatment of nitrosamine/
nitramine contaminated waters; even though the reduction of
these RR2N—NOy species occurs much faster than oxidation,
the transient produced is only an electron adduct, which might

Mezyk et al.
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