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a b s t r a c t

Amine solvents used in CO2 capture technologies result in the release of compounds such as nitrosamines
and nitramines to the atmosphere. The reaction kinetics of monoethanolamine and the resulting degra-
dation amines, methylamine and dimethylamine, are studied using transition state and collision theory.
A simplified amine atmospheric chemistry scheme and three types of reactions,—with barrier, with-
out a barrier and a photolysis reaction—are considered using geometric, energetic and thermodynamic
data derived from quantum chemistry and kinetic modelling. The rate coefficients obtained are in excel-
lent agreement with existing experimental and theoretical values. These coefficients are used within
the Amine Chemistry Module of the atmospheric dispersion model ADMS 5 to solve the advection-
dispersion-chemical equations. A case study on the Technology Centre Mongstad is conducted to estimate
the dispersion, chemical transformation and transport pathways of these amines away from the emit-

ting facility. Reliable estimates of the concentrations of the resulting nitrosamines and nitramines are
determined and compared to safety guideline values to establish the risk these discharges may pose on
the environment. This study illustrates the theoretical methodology developed and its implementation
within the ADMS 5 atmospheric dispersion model, which can be used at any amine based CO2 capture
facility regardless of its geographical location.

© 2015 Elsevier Ltd. All rights reserved.
. Introduction

The post combustion power generation technology, using
mines as solvent for CO2 capture, is one of the technologies

employed to combat the escalating CO2 levels in the atmosphere.
An amine-based monoethanolamine solvent (MEA) is considered
the reference solvent for post combustion CO2 capture (PCCC),
due to its fine adsorption–desorption properties towards CO2

(Bråten et al., 2009). Despite the efforts to clean the flue gas,
small amounts of amine degradation products get entrained in the
flue gas during the capture process and form part of the emis-
sions into the atmosphere. The degradation products, nitrosamines
(NS) and nitramines (NA), are suspected carcinogens in mam-
mals at extremely low concentrations (Karl et al., 2008; Låg et al.,

2011; Reh et al., 2000). It is therefore essential to determine the
ate of these compounds in the atmosphere by studying their
hemical transformation, dispersion and transport. The chemical
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transformation requires studying the mechanisms and kinetics of
the reactions involved. Thereof, deduced rate constants may serve
as input variables for advection-diffusion-reaction equations to
determine accurately the levels of these chemical discharges in the
air. The obtained concentration estimates of individual species can
be used to assess the health risk they pose.

In this study, the three most likely amines and nitrosamine that
form as a consequence of volatilization of the emissions are investi-
gated. These consist of MEA and the potential degradation products
formed during the amine scrubbing process; namely, methylamine
(MA), dimethyl amine (DMA) and nitroso dimethylamine (NDMA).

Following the emission of the amines and amine degradation
products into the atmosphere, they undergo various reactions
(Table 1). OH radicals, which are abundant in the atmosphere
as they are naturally produced from the photolysis of O3, can
bstract a hydrogen atom from the NH2 group of an amine to
orm an amino radical. This highly unstable and very reactive rad-

cal species undergoes additional reactions with NO and NO2 to
orm nitrosamines (or alkyldiazohydroxides in the case of primary
itrosamines) and nitramines, which are harmful to both humans
nd the natural environment (Knudsen et al., 2009). The amino
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Table 1

Reaction scheme and the corresponding rate constants of Monomethylamine (MA), dimethylamine (DMA) and monoethanolamine (MEA).

MA
CH3NH2 + OH → CH3NH + H2O k1

→ CH2NH2 + H2O k1b

CH3NH + O2 → CH2 NH2 + O2H k2

CH3NH + NO → CH3NH–NO k3

hț

→

CH3NH + NO J5

CH3NH + NO2 → CH3NH–NO2 → CH2 NH2 + HONO k4a

k4b

DMA
(CH3)2NH + OH → (CH3)2N + H2O k1

→ (CH3)NHCH2 + H2O k1b

(CH3)2N + O2 → CH2 N–CH3 + O2H k2

(CH3)2N + NO → (CH3)2N–NO k3

hț

→

(CH3)2N + NO J5

(CH3)2N + NO2 → (CH3)2N–NO2 k4a

→ CH2 N–CH3 + HONO k4b

MEA
OH(CH2)2NH2 + OH → OH(CH2)2NH + H2O k1

→ OHCH2CHNH2 + H2O k1b

→ OHCHCH2NH2 + H2O k1c

→ O-(CH2)2NH2 + H2O k1d

OH(CH2)2NH + O2 → OHCH2CH NH + O2H k2

OH(CH2)2NH + •NO → OH(CH2)2NH–NO k3

hț OH(CH2)2NH + NO J5
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OH(CH2)2NH + NO2 → OH(CH2)2NH–NO2

radical also reacts with O2 to form the corresponding imine, which
s non-toxic. An imine can also be formed from the nitrosamine
nd nitramines. In sunlight, the nitrosamine undergoes photolysis
eactions to form an amino radical, which can once again react with
he mentioned radicals to repeat the whole cycle of reactions.

The atmospheric chemistry of the amines is complex and, due to
heir high vapour pressures at atmospheric conditions, performing
xperimental investigations resembling realistic conditions is chal-
enging. Nevertheless, a few experimental investigations on amine
egradation have been carried out in the laboratory. A few of these
tudies focus on the determination of the rate constant for the reac-
ions of amines with .OH radicals (Anderson and Stephens, 1988;

Atkinson et al., 1977; Carl and Crowley, 1998; GORSE et al., 1977;
Harris and Pitts, 1983; Karl et al., 2012; Koch et al., 1996; Nielsen
et al., 2012; Onel et al., 2012 Harris and Pitts, 1983; Karl et al.,
2012; Koch et al., 1996; Nielsen et al., 2012; Onel et al., 2012). A
few others have investigated the gas phase reactions of alkyl amino
radicals with NO, NO2, O2 (Lazarou et al., 1994; Lindley et al., 1979;
Nielsen et al., 2011a; Tuazon et al., 1994, 1984). Some pilot plant
tudies have been conducted to characterise the amine degradation
roducts (Lepaumier et al., 2011; Strazisar et al., 2003).

As the experimental investigations are relatively sparse, quan-
um chemistry calculations may be an option to fill the gaps in
vailable literature. Some have been performed to determine the
ate of reaction of alkylamine with OH radicals (Galano and Alvarez-

Idaboy, 2008; Onel et al., 2013; Tian et al., 2009). Recently, scientists
have determined rates for MEA and •OH reactions (Nielsen et al.,
2011b; Onel et al., 2012; Xie et al., 2014). However, due to the
limited number of studies performed both at experimental and the-
oretical levels; the atmospheric chemistry of the amines has not
been fully explored.

The released amine emissions disperse in the atmosphere and
their concentration is a function of distance from the source as
well as their chemical fate. Dispersion calculations combined with
atmospheric chemistry assist in quantifying this effect. Previous

studies have assumed experimentally determined fixed formation
yields to account for the NA and NS concentrations (de Koeijer
et al., 2013; Karl et al., 2011). In their studies, only the atmospheric
→

k4a

→ HOCH2CH NH + HONO k4b

dispersion of MEA was considered and the concentration of the
NS and NA is represented as a fraction of this with distance from
the source, which is a coarse approximation. Another limitation of
this approach is its dependency on experimental values, which are
sparse.

In this study, to establish for a more accurate methodology,
rate constants describing the atmospheric chemistry scheme for
each of the amines considered are calculated using quantum chem-
istry and kinetic modelling. These tools are capable of estimating
gas-phase reaction kinetics within experimental accuracy (Galano
t al., 2006) and are applicable to all amines. The rate constants

assist in gaining a better understanding of actual concentrations
of the product species over time and space. As the methodol-
ogy proposed here is independent from experimental conditions,
it may be universally applicable in establishing a better under-
standing of the atmospheric chemistry of amine emissions from
PCCC.

In order to investigate the chemical transformation of amines
emitted from a capture plant together with their dispersion and
transport, the specially designed Amine Chemistry Module in
the ADMS 5 atmospheric dispersion model (CERC, 2012a,b) is
employed. Within ADMS 5, it is possible to describe the entire
atmospheric fate of the involved amines, including their growth
and decay as previously reported by CERC (CERC, 2012c,d).

The reaction scheme employed in the work described here is
resented in Table 1 and covers Monomethylamine (MA), dimethy-

lamine (DMA) and monoethanolamine (MEA).
The system of ordinary differential equations used to solve

this atmospheric chemistry scheme in ADMS 5 is summarised
in Table 2 and is implemented using the newly determined rate
constants. The world’s largest facility for testing and improving
technologies for CO2 capture and storage technology, Technol-
ogy Centre Mongstad (TCM) is considered as the emitting source
to illustrate the implementation. TCM can capture 100,000 tonnes
of CO per year with a CO capture rate of 85%. The likely case
2 2

of amine emissions from the facility used in this study is taken
from CERC (2012d). The amine and amine degradation product
concentrations estimated using the methodology developed are
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Table 2

The differential equations used in ADMS 5 to solve the atmospheric chemistry scheme (after CERC, 2012c).

Loss of the amine d[Amine]
dt

= −k1[OH][Amine]

Production of the amino radical d[Radical]
dt

= k1[OH][Amine] + J5h�[Nitrosamine] − k2[Radical][O2] − k3[Radical][NO] − k4a[Radical][NO2]

Production of nitrosamine d[Nitrosamine]
dt

= k3[Radical][NO] − J5h�[Nitrosamine]

al][NO2] − k4b[Nitramine]
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Production of nitramine d[Nitramine]
dt

= k4a[Radic

ompared to the safety guideline values established by Norwegian
nstitute for Air Research (Knudsen et al., 2009) to perform a risk
ssessment.

. Atmospheric chemistry computational details

.1. Atmospheric chemistry model

All quantum chemical calculations have been performed with
he Gaussian 09 model for electronic structure (Frisch et al., 2009).

In order to estimate the barrier height of the reaction from reac-
tants to products via a transition state, an error of 1 kcal/mol was
allowed. For the purposes of this work a range of functional and
basis sets were tested (see Table S1, supplementary materials).
The M062X functional (Fernandez-Ramos et al., 2006; Zhao and

ruhlar, 2008; Zheng et al., 2009) and the 6-31 G (2d, p) basis set
Pople et al., 1987) produced reaction rates closest to experiment
i.e. kOH for MA), which made them a suitable choice. The geometry
ptimisations of all the stationary points on the potential energy
urface (PES) of the target amines and their reaction partners were
alculated using the above level of theory. Stationary points such
s minima and transition states on the minimum energy path of
hese PESs were characterised with frequency calculations.Three
istinct types of reactions were considered: (i) reactions with a bar-
ier, (ii) reactions without a barrier and (iii) a photolysis reaction.
ransition state theory (TST) and Rice-Ramsperger-Kassel-Marcus
RRKM) theory were applied to determine the rate constants of
nterest.

.2. Reactions described with transition state theory

Transition states were located with the QST2 method (Peng et al.,
1996; Peng and Bernhard Schlegel, 1993) by starting from the reac-
ant and product geometries. For the radical reactions, the starting
oint chosen was a geometry that was a maximum energy in a PES
can along the reaction coordinate. This estimated transition state
as then optimised towards a saddle point of the first order. Then

ntrinsic reaction coordinate (IRC) calculations were performed to
nd the corresponding reactants and products. To calculate the rate

or the reaction between the amine and the OH radical, 1G was
etermined as the difference between the free energy of the reac-
ant and the transition state. 1G is then used in Eyring–Polanyi’s Eq.
1) (Eyring, 1935) to calculate the rate constant, k1, which accounts
or the rate of formation of the alkyl amino radical and H2O. The

igner tunnelling correction factor (Ŵ) (Eq. 2) (Wigner, 1932) is
used for correcting the rate constant.

k(T) = � (T)
kBT

h
e(− 1G /=

RT
) (1)

(T) = 1 +

(

1

24

)

(

|� /= |

kBT

)2

(2)
here 1G /= is the Gibbs energy of activation, kB is Boltzmann’s
onstant,ℏ is Planck’s constant, T is absolute temperature and � /= is
he imaginary frequency of the asymmetric stretch along the reac-
ion coordinate. k1 values for the amines + OH reactions were also
Fig. 1. TD-DFT (B3LYP/ aug-ccpTVZ) predictions of the total molar extinction coef-
ficient (cm2 molecule−1) versus wavelength for the three nitrosamines of interest
n the spectral region for tropospheric photolysis.

etermined by using EPI-Suite (Atkinson et al., 1977) which is a
structure-activity-relationship (SAR) programme developed by the
EPA’s Office of Pollution Prevention Toxics and Syracuse Research
Corporation (SRC).

2.3. Reactions described with RRKM theory

For the alkyl amino radicals and NO and NO2 barrierless radical
ecombination reactions (k3 and k4a in Table 1), the calculations
f high-pressure rate constants and thermal functions were per-
ormed with ChemRate 1.5.8 (Mokrushin et al., 2011) at 298.15 K

and 1 atm. ChemRate contains a master equation solver that deter-
mines the rate constants for the reactions in the energy transfer
region under non-steady state conditions using RRKM theory
(Barker and Golden, 2003). This is based on density and sum of
tates for the M062X optimised geometries. Argon was used as bath
as considered for the calculations. The collisional energy trans-
er was described using an exponential-down model. The Lennard
ones parameters for the active species have been obtained using
heir experimental critical temperature and the critical pressure
ThermopediaTM, 2014) of their non-radical species in case of a

radical. ChemRate was also used for calculating k2 and k4b (Table 1).

2.4. Photolysis

To determine the rate of the nitrosamine photolysis [J5 hț path-
way in Table 1], time-dependent density functional theory, TD-DFT,
(Kootstra et al., 2000; Romaniello and de Boeij, 2005), using the
B3LYP (Becke, 1988; Stephens et al., 1994) hybrid functional and the
ug-ccpVTZ basis set (Dunning, 1989), was employed to calculate

the UV–vis spectra (Fig. 1) of the nitrosamines. Prior to the TD-DFT
calculations, geometries of the studied nitrosamines were opti-
mised using the same level of theory. TD-DFT (B3LYP/aug-ccpTVZ)
gave a more accurate determination of the vertical excitation

wavelength and oscillator strength (see Table S2, Supplementary
materials) than M062X/6-31G (2d,p) and is very useful in estimat-
ing accurate UV–vis absorption spectra for medium sized organic
substances (Silva-Junior et al., 2008).
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obtained through RRKM are used in this study as they are more
Fig. 2. The overlap region of the simulated UV–vis absorption spectrum of N-nitroso
dimethylamine (TD-DFT / B3LYP/aug-ccpVTZ) and the solar actinic flux curve for
mid-day 21st June 2012 at TCM.

Lifetimes (�) are estimated by calculating the photolysis rate
constant (J5 hț). This is determined by numerically integrating the
ntersection area between the simulated UV spectrum and solar
ctinic flux at a particular geographical location and time of the
ear in the region of the n -> �* electronic transition centred around
65 nm, as follows:

=

∫

F(�)�(�, T)˚(�, T)d� (3)

tPhotolysis =
1

J
(4)

here J is the photolysis rate (J5 hț) which is a function of F(�), the
olar actinic flux at a specified latitude, longitude and time of the
ear (photons s−1 nm−1 cm−2), �(�,T) is the molar extinction coef-
cient (cm2 molecule−1) at the wavelength and temperature of the
hemical substance and ˚(�,T) is the quantum yield of the photol-
sis reaction (value of 1). The photolysis frequency, �, expresses the
ate of photolysis as a first-order decay process and, therefore, the
eciprocal of this value gives the nitrosamine photolysis lifetime.

Fig. 2 illustrates the overlap region of the simulated UV–vis
absorption spectrum of N-nitroso dimethylamine and the solar

actinic flux curve generated using the Tropospheric Ultraviolet
and Visible (TUV) Radiation Model from the National Centre for
Atmospheric Research (NCAR) for the TCM latitude and longitude
on 21st June 2012 and at 65 m stack height.

Table 3

Rate constants (cm2 molecule −1 s−1) along with the branching ratio for the OH attack calc
photolysis rate constant of NO2 (J/J(NO2)).

kOH Branching ratio, k1/kOH k2

RRKM TST

MA 2.18 × 10−11 0.35 3.64 × 10−18 1.89 ×

Exp 2.22 × 10−11a 0.25b

EPI-Suite 2.22 × 10−11

DMA 6.26 × 10−11 0.38 3.64 × 10−18 3.68 ×

Exp 6.49 × 10−11c 0.37d 1.24 × 10−19d

EPI-Suite 6.55 × 10−11

MEA 9.20 × 10−11 0.05 2.49 × 10−16 3.86 ×

Exp 9.31 × 10−11f 0.08b

EPI-Suite 3.58 × 10-11

N.B The experimental K2 and K4b for the DMA are the calculated rates from the ratios rep
a Atkinson et al., 1977.
b Nielsen et al., 2011.
c Carl and Crowley (1998).
d Lindley et al., 1979.
e Lazarou et al., 1994.
f Karl et al., 2012.
eenhouse Gas Control 41 (2015) 1–10

3. Results and discussion

3.1. Calculated rate constants of the three amines of interest

As already discussed, most of the previous work determined
the rate constant for the reactions of amines with OH radicals
(Anderson and Stephens, 1988; Atkinson et al., 1977; Carl and
Crowley, 1998; Gorse et al., 1977; Harris and Pitts, 1983; Karl
et al., 2012; Koch et al., 1996; Nielsen et al., 2012; Onel et al.,
2012). Only a few scientists have investigated the gas phase
reactions of alkyl amino radicals with NO, NO2, O2 or the reac-
tions of dimethyl amino radicals (Lazarou et al., 1994; Lindley
et al., 1979). Lindley experimentally determined the relative
rates of k2/k3 = (1.48 + 0.07) × 10−6, k2/k4a = (3.90 + 0.28) × 10−7,
nd k4b/k4a = 0.22 + 0.06. The following sections describe the deriva-
ion of reaction rates of the complete reaction scheme and Table 3

lists the calculated rate constants. As shown in Table 3, the cal-
culated rate coefficients for DMA are in very good agreement
(i.e. within the same order of magnitude) to those determined
experimentally. It is therefore assumed that the level of theory
used for DMA is appropriate for MA and MEA. The k1 rate closely
agrees to those calculated using EPI-Suite except for MEA. The SAR
model used by the EPI-Suite is unable to consider the most stable
configurations of the amine and the OH radical when estimating
the exact barrier height of the reaction and hence cannot predict
the exact OH branching ratio (Nielsen et al., 2012). The SAR model

oes not function well for amines comprising OH groups or bulky
mines (Nielsen et al., 2012) and cannot perform an accurate pre-

diction of the rate of reaction of the OH radical with the MEA. The
magnitude of the rate constants suggests that the fastest reaction
is the reaction of the amine with the OH radical, k1. The reaction

f the amino radical with the O2 is the slowest. The rate coeffi-
ients, k2, for the amino radicals with O2 radicals are several orders
f magnitude smaller than for the corresponding reactions with
O (k3) and NO2 (k4a and k4b) (Tang and Nielsen, 2012). The k2

values determined using both theories show similar trends and
they closely agree to the experimental value for DMA. However,
the value determined using TST is an order of magnitude lower and
that from RRKM is higher than the experimental value. TST theory
considers only thermal equilibrium, whereas RRKM also accounts
for pressure which can affect the reaction. Therefore, the values
reliable.
In the following sections the reaction paths that are essential to

obtaining the rate coefficients are discussed in detail using MEA.

ulated at 298K. The nitrosamine photolysis rate constant is reported as ratio of the

k3 k4a k4b J/J(NO2)

10−20 1.70 × 10−12 9.7 × 10−13 2.02 × 10−13 0.53

10−20 8.37 × 10−14 3.15 × 10−13 1.10 × 10−14 1.24
8.53 × 10−14e 3.18 × 10−13e 1.0 × 10−14d 0.53d

10−18 5.62 × 10−14 8.40 × 10−15 4.14 × 10−15 0.58

orted by Lindley et al., 1979.
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Fig. 4. Energy diagram for HOCH2CH2NH + NO reaction using M062X/6-31G(2d,p)
data.
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ig. 3. Energy level diagram for the HOCH2CH2NH2 + OH reaction (N-Branch) using
062X/6-31G(2d,p) data.

ata for DMA and MA are available in the supplementary material
see Figs. S1-7, supplementary materials).

.2. Amine + OH reactions (k1 OHpathway)

When the amine emissions are released into the atmosphere
rom the PCCC plant they are confronted with abundant as OH rad-
cals. Those can abstract a H atom from either the N of the amino
roup or the C of the alkyl group, resulting in different propor-
ions of the alkyl amino and alkyl radicals. The alkyl amino radical
s of interest as it undergoes further reactions with NO, NO2 and

2 forming in particular the harmful nitrosamine and nitramines,
s opposed to the alkyl radicals which form aldehydes (Nielsen
t al., 2011a). The reactions of the alkyl amino radicals differ from
hose of the C-centered radicals owing to the difference in their
lectro-negativities (Tang and Nielsen, 2012).

Before the reaction, the oxygen of the OH radical aligns collinear
o the amino N H and the OH radical forms a H bond to the N lone
air. During the reaction, the hydrogen leaves the nitrogen atom
nd joins the OH radical to form the alkyl amino radical and H2O as
he products. The OH group can also align to the C H of the alkyl

group, abstract a hydrogen atom and then form imine and H2O.
ig. 3 illustrates the reaction starting from a pre-reaction complex
nd finishing in a post-reaction complex. The transition state struc-
ures found are qualitatively geometrically similar to those by (Onel

et al., 2012).
As the calculated kOH is supposed to be the sum of rates for

abstraction from an amine group (k1) and from the non-amine
roup (k1b) it is essential to consider the following branching ratio:

OH = k1 + k1b (5)

H branching ratio(289K) =
k1

(k1 + k1b)
=

k1

kOH
(6)

The branching ratio represents the balance between the initial
ttack on the amino group compared to an attack at the non-amine
roup. A low branching ratio means fewer amounts of NS and NA
re formed. The calculated branching ratios are given in Table 3.
he calculated branching ratio for MA + OH is 65C:35N, whereas
he experimental branching ratio is found to be 75C:25N (Nielsen
t al., 2011a). For DMA + OH, the calculated value is 62C:38N which
s very close to the experimental value of 63C:37N. Finally, with

EA + OH, only 5% of the H abstraction occurs at the N, whereas
he remaining 95% occurs at both the C and O. The calculated value

s lower than the 8% determined by Nielsen et al. (2011a), most

likely owing to the variability in the experimental conditions whilst
performing the rate determination.
Fig. 5. Energy level diagram for HOCH2CH2NH + NO2 reaction using M062X/6-
31G(2d,p) data.

3.3. Alkyl amino radical reaction + •NO reactions (k3 NO•

pathway)

The reactions of alkyl amines with NO radicals have been
the centre of attention due to the production of carcinogenic
nitrosamines in the atmosphere (Magee and Barnes, 1956). Gen-
rally, secondary alkyl amine radicals, such as the DMA radical,
orm stable nitrosamines in an exothermic barrierless reaction,
hich do not undergo further dissociation. Also, MEA forms a stable
itrosamine via a barrierless reaction that does not undergo fur-
her dissociation (Fig. 4). This is not the case for MA. Here, primary

nitrosamines are formed that are unstable and follow different dis-
sociation pathways to form stable products such as diazomethane
(da Silva, 2013). As the likelihood of diazomethane forming is
experimentally not supported, the pathway forming the imines,
which has been reported experimentally (Nielsen et al., 2011a), is
onsidered.

RRKM theory was employed and the rate constant calculated for
he dimethyl amino radical and NO radical (Table 3), which is found

to be in excellent agreement to that determined experimentally.
There are no reported experimental rate constants for the reaction
of methyl amino and monoethanol amino radicals with NO radicals.

3.4. Alkyl amino radical + NO2
• reactions (k4a,b

NO2pathways)
The alkyl amino radicals are susceptible to attack by NO2 radi-
cals and can undergo an addition reaction. These reactions are not
only exothermic but barrierless, too. A scan of the PES following the
reaction coordinate of the N NO2 bond cleavage process confirmed
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this (Fig. S5, Supplementary materials). In this study, the reaction of
the three alkyl amino radicals and NO2 is investigated considering
ll the pathways for the proposed products (Fig. 5). This reac-
ion step produces intermediates such as nitramines (CH3NH NO2,
CH3)2N NO2 and HOCH2CH2NH NO2) and nitrosoxy amines
CH3NH NO2, (CH3)2N NO2 and HOCH2CH2NH NO2). Quantum
hemistry calculations have elucidated three dissociation routes for
he resulting intermediates which agree to the findings reported by

Tang and Nielsen (2012). The N-nitramine dissociates by undergo-
ing a sigmatropic 1,4- H-shift from the adjacent methyl group to
the O in the N NO2 via a five-membered-ring transition state, TS1
(Fig. 5). Simultaneously, the N N bond breaks to form an imine
and nitrous acid, HONO. Lindley et al. (1979) have experimentally

etermined the nitramine/imine branching ratio (0.22 ± 0.06) in
he DMA and NO2 reaction.

The nitrosoxy amine adduct dissociates via two possible routes:
a) a barrierless and an exothermic O NO bond cleavage process to

form an alkyl nitroxide and NO radical (established by performing
a bond-fission scan) or (b) a sigmatropic 1,4H-shift from the adja-
cent methyl group to the N in the O NO via a five-membered-ring
transition state, TS2, forming an imine and nitryl hydride (HNO2).

he later route is likely insignificant in the atmosphere given the
igh energy of the TS2 relative to TS1 (42.4 kJ/mol).

The determined reaction mechanisms for DMA using quantum
heoretical calculations agree well with those from the experiments
arried out at atmospheric conditions (Lindley et al., 1979; Nielsen

et al., 2011a; Tuazon et al., 1994; Tuazon et al., 1984) in which
the production of thermally stable nitramines, N-nitrosoxy amine,
imines and HONO or nitroxide and NO radicals were discovered.
Theoretical calculations performed by Tang and Nielsen, 2012 sup-
port the mechanisms established here for MA and DMA as well.

For the rate constant calculations the rate of reaction of the
amino radical with the NO2 to form NA (k4a) via a barrierless reac-
tion is determined using ChemRate. After the collision between
the NO2 and amino radical to form the NA, the thermally excited
NA can then either be quenched by collision or dissociate via TS1
into an imine. The ratio of the imine to the NA is pressure depen-
dent despite a high barrier height (251.3 kJ/mol). The energies
of the resulting imine and the NA are comparable (difference of
42.2 kJ/mol) which means that the reaction is in non-equilibrium.
Since TST assumes thermal equilibrium RRKM is chosen to calculate
k4b.

3.5. Alkyl amino radical + O2 reactions (k2 O2 pathway)

Alkyl amino radicals can also undergo H-abstraction reactions
with O2 resulting in imine formation. According to the level of the-
ory employed, the addition of the O2 to the alkyl amino radical
is an exothermic process which proceeds via a transition state to
form the peroxy adduct, suggesting that this PES possesses a tran-
sition state as shown in Fig. 6 (established by a scan of the bond
breaking process, Fig. S7, supplementary materials). These find-
ings are not in agreement to those from Tang and Nielsen, 2012,
where it was suggested that such a reaction is barrierless. How-
ever, the three dissociation routes for the resulting intermediates
calculated, agree to the findings reported by these authors (Tang
and Nielsen, 2012). The peroxy adduct dissociates via two possible
pathways to give a H bonded imine and hydroperoxyl (HO2) prod-

ct complex. The first occurs via a sigmatropic 1,4H-shift from the
djacent methyl group to the O atom in the OON plane via a five-
embered-ring transition state, TS2, breaking the N O bond and

forming the C N bond simultaneously. The second one occurs via

a sigmatropic 1,4H-shift from the adjacent methyl group to the O
atom via a four-membered-ring transition state, TS4 (with an O H
bond). The barrier height of TS2 is lower by 118.4 kJ/mol than that
of TS4 owing to differences in their geometries.
Fig. 6. Energy level diagram for HOCH2CH2NH + O2 reaction using M062X/6-
1G(2d,p) data.

The imine and HO2 product complex is also formed by abstract-
ng a H atom directly from the alkyl amino radical proceeding via
ransition state, TS3. However, owing to the relatively higher bar-
ier heights of TS3 and TS4 (15.1 and 118.4 kJ/mol relative to TS2),
he pathway that governs the formation of the imine and HO2 is
ia the five-membered-ring transition state, TS2, at atmospheric
onditions.

Since the pathway proceeding via TS and TS2 is more likely at
mbient conditions, the rate coefficient for this particular pathway
s sensible as input for dispersion modelling. From the calculations
t was apparent that the formation of TS2 is the rate determin-
ng step (r.d.s). Therefore, the rate that was calculated for the r.d.s

as k2. Since the imine is 107.9 kJ/mol more stable than the peroxy
dduct, this is an exothermic reaction in equilibrium.

By using TST and RRKM, the values obtained for k2 show a simi-
ar trend, however, the values determined using TST are an order of

agnitude lower and those from RRKM are higher than the experi-
ental value for DMA (Table 3). TST theory considers only thermal

equilibrium, whereas RRKM can also account for pressure that can
affect the reaction. Therefore, for this study the values obtained
through RRKM are used.

3.6. Nitrosamine photolysis: vertical excitation energies of the

nitrosamines (j5 hț pathway)

Nitrosamines undergo photochemical degradation in the atmo-
phere in the presence of solar radiation. This is due to the organic
hromophore N N O which absorbs ultraviolet radiation around

a wavelength of 365 nm and electronic excitations of n electrons
to the p* excited state resulting in N NO bond cleavage. The pho-
tolysis of NDMA was investigated in the gas phase by Geiger and

uber (1981); Lindley et al. (1979). Tuazon et al., 1984 also deter-
ined the nitrosamine photolysis frequency relative to that of NO2

JNDMA/ JNO2 = 0.53 + 0.03), correlating to a quantum yield of 1 at
90 nm, this is in agreement to the 1.03 + 0.10 value at 363.5 nm
alculated by Geiger and Huber (1981). However, owing to the very

low vapour pressures of nitrosamines at atmospheric conditions, it
remains challenging to perform experimental investigations. The
calculated vertical excitation wavelength and oscillator strengths
(0.0006–0.0011, Table 4) in this work are in agreement to the exper-
imental findings.

The photolysis rate of nitrosamines is dependent on their spec-
tral properties and the intensity of the solar ultraviolet radiation
available. At a given latitude and longitude, the levels of solar radia-

tion are at their maximum in the summer (∼21st June), their lowest
in winter (∼21st December) and equal on equinox (21st March
and 21st September). Hence, photolysis is the dominant gas phase
removal pathway for nitrosamine during summer time. The tropo-
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Table 4

Vertical electronic excitation wavelength, corresponding oscillator strength, photolysis rate, J, and the corresponding mean life times for the relevant n -> �* transition for
the three target nitrosamines predicted at TD-DFT (B3LYP/ aug-ccpTVZ) level of theory and solar actinic flux for Mongstad at mid-day for different times of the year and at
65 m stack height.

Nitrosamines Time/ Altitude
(km)

Vertical excitation
wavelength (nm)

Oscillator strength Photolysis
frequency J(s−1)

J/J (NO2) Mean photolysis
lifetime (� /hr)

N-Nitroso
methylamine

21st March 366.06 0.0005 2.91 × 10−3 0.53 0.095
21st June 4.34 × 10−3 0.53 0.064
21st September 2.85 × 10−3 0.53 0.098
21st December 4.14 × 10−4 0.54 0.672

N-Nitroso dimethyl
amine

21stMarch 358.7
(363.5)a

0.001 6.81 × 10−3 1.24 0.041
21stJune 1.02 × 10−2 1.24 0.027
21st September 6.66 × 10−3 1.24 0.042
21st December 9.64 × 10−4 1.26 0.288

N-Nitroso
monoethanolamine

21st March 367.05 0.0004 3.25 × 10−3 0.59 0.085
21st June 4.76 × 10−3 0.58 0.058
21st September 3.18 × 10−3 0.59 0.087
21st December 4.67 × 10−4 0.61 0.594

/0.5 k
/1 km

5.06 × −4

−4

0.66
0.73

0.549
0.493

s
C
e
w
s

d
o
m
f
f
i

J

T

E

/2 km

a Geiger and Huber (1981).

pheric ultraviolet and visible radiation model from the National
entre for Atmospheric Research (NCAR) was employed to gen-
rate solar spectral actinic flux for the latitude and longitude at
hich TCM is situated, at specified times of the year and at 65 m

tack height (Table 4). The overlap of the simulated UV–vis spectra
for the target nitrosamines and the solar actinic flux for different
conditions at around 365 nm was considered. Table 4 shows the
calculated photolysis frequencies and life times at the different con-
ditions considered. The photolysis frequency is reported relative to
NO2 (J/J(NO2) using the NO2 photolysis rate constant for the given
site.

Results show that the photolysis rate constants are within the
same order of magnitude for all the given nitrosamines as they
all share the same organic chromophore, N N O. The simulated
UV spectra for the three nitrosamines show a strong overlap with
the solar actinic flux curves (for all the different conditions consid-
ered) around 363.5 nm, resulting in very fast photolysis rate, J, and
consequently very short atmospheric photolysis lifetimes.

Since J is a function of the solar actinic flux, the obtained pho-
tolysis rate for any given nitrosamine is relatively slow in winter,
therefore, they exist for longer in the atmosphere in winter. These
nitrosamines have their shortest life times in the summer at the
maximum available solar flux. At the two equinox conditions, the
photolysis rates (and consequently the life times) are almost iden-
tical.

The primary nitrosamines (MA-NO and MEA-NO) have similar
photolysis rate constants, whereas the secondary nitrosamine has
a rate constant almost twice as high. Hence DMA-NO photolysis is
comparatively faster resulting in a shorter lifetime.

The photolysis frequency increases with altitude (Table 4). As
a consequence, the nitrosamine lifetime becomes shorter with
increasing photolysis rate, as expected.

Generally, the photolysis ratio shows negligible change for any
given nitrosamines, with the secondary nitrosamine having almost

twice larger ratio than the two primary nitrosamines with similar
values. Contrary to nitrosamines, nitramines show no absorption at
wavelengths greater than 300 nm. Consequently, nitramines pos- d

c

able 5

mitting source parameters for TCM (CERC, 2012d)

Stack height
(m)

Stack diameter
(m)

Plume velo
(m/s)

65 6.53 20
5.63 × 10
6.64 × 10−4 0.33 0.418

sess mean life times of several orders of magnitude higher than
nitrosamines.

4. Atmospheric chemistry and dispersion model

implementation

4.1. The ADMS 5 amine chemistry module

The atmospheric dispersion calculations were performed using
the ADMS 5 Gaussian plume air dispersion model and its inte-
grated Amine Chemistry Module (CERC, 2012d), where the user

efined rate constants are provided as input parameters for each
f the reaction steps within the amine chemistry module. This
odule can also take into account if unstable nitrosamines are

ormed from the emitted amine in the atmosphere. Such is the case
or primary amines that form primary nitrosamines which read-
ly isomerise to the corresponding imine. NOx (i.e. NO and NO2)

emissions and background concentrations along with ozone back-
ground concentrations are also essential model input parameters.
ADMS meteorological pre-processor data is used to determine pho-
tolysis rates on an hourly basis. The hydroxyl radical concentration
is determined from the ambient ozone concentration and the pho-
tolysis rate constant for nitrogen dioxide. The emission rate for each
of the emitted amine species at source is provided as input together
with the amine specific rate constants. The user must also specify
the parameter, C (Eq. 7), which is used in calculating the hourly
change in the OH radical concentrations and is determined using
the following relationship (CERC, 2012d):

C =
[O3]

[OH]
JNO2

(Eq.7)

where

NO2
= 8 × 10−4 exp

(

−
10

)

+ 7.4 × 10−6K (Eq.8)

K

Here, JNO2
is the annual average photolysis rate of NO2 (depen-

ent on the solar radiation and latitude); ozone background
oncentration and OH radical concentration.

city Emission
temperature
(◦C)

Volume flow
rate (m3/s) at
90 ◦C

30 669.8
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Table 6

Calculated emission rates for the individual amine species from the TCM emission
data (CERC, 2012d).

Emitted species Concentration Emission rate (g/s)

Monomethylamine 0.1 ppmv 0.082
Dimethylamine 0.05 ppmv 0.06
Monoethanolamine 1.0 ppmv 1.623
Nitroso monoethanolamine 0.25 ppbv 4.92 x 10−4

t

i
g

4

a

i
(

a
c
c
t

t

Table 7

Maximum long-term average concentrations of amines, nitrosamines and
nitramines for the case scenario modelled along with the percentage transformation
of the parent amine into NS and NA.

Species Concentration
(ng m−3)

%
Transformation
of the amine to
NS + NA

Monomethylamine 4.33 (4.33) 0.004
N-
Nitrosomethylamine

0

Methylnitramine 1.73 × 10−4

Dimethylamine 3.80 (3.81) 0.14
N-Nitroso
dimethylamine

2.68 × 10−3

Dimethylnitramine 2.48 × 10−3

Monoethanolamine 1.02 × 102 (1.03 × 102) 0.03
N-
Nitromonoethanolamine

1.92 × 10−2

Ethanolnitramine 1.60 × 10−2

N-Nitroso
dimethylamine

2.88×10−2 (3.12 × 10−2)

Nitramine 2.30 × 10−3

Total NS and NA 0.072 0.174

o
s
T
t

t

g
b
t
c
c
o
g
n
t
s

t
f
(

Nitramine 0 ppmb
NOx 1.79

The input rate parameters are then used by the ADMS 5 model in
determining the concentrations of the species of interest as well as
the age of the primary pollutants (such as amines) at each receptor
point using the standard ADMS dispersion algorithms. This process
of calculating the dispersion and then the chemistry is carried out
hourly. For the chemistry calculations, there needs to be the con-
sideration of timescales. After each hourly dispersion calculation,
the ‘age’ of the pollutants is calculated by considering the plume
travel time. The reaction equations are applied over time dt to the
background and then to the pollutants from the source. In addition,
the dilution and entrainment calculations account for the fact that
the pollutants in the plume are diluted as they travel. These last
two steps are reiterated for every time step, t, until time equals to
he pollutant age.

ADMS 5 also requires the characteristics of the emission source
.e. stack height and diameter, plume velocity, temperature, geo-
raphic location and meteorology.

.2. Emissions, meteorology, atmospheric chemistry and tolerable

nd safe emission estimation for Technology Centre Mongstad

In this work, the atmospheric chemistry of DMA, MA and MEA
s introduced in ADMS 5 by the rate constants presented above
Table 3). This is a significant improvement in comparison to pre-

vious studies (de Koeijer et al., 2013; Karl et al., 2011) which lacked
the integration of the reaction rates into the dispersion model and
relied on an inert dispersion model incorporating fixed formation
yields for the degradation products.

The emission source is considered to be the absorber stack of the
TCM using the same characteristics as in CERC, 2012d. The concen-
tration of amines and amine degradation products is calculated for
an area of 324 km2 (18 km × 18 km) centred on the emitting facility
for a grid resolution of 180 m × 180 m. Surface meteorological data
and precipitation data from the Fesland-Bergen weather station
for 2012 is obtained from the Norwegian Meteorological Institute
(met.no eKlima service). The summary of parameters used in the
TCM case study presented here are given in Table 5.

The dispersion model simulations for the amines of interest
were performed considering a likely emission scenario taken from
the CCM Project considered in CERC, 2012d (Table 6). NOx emis-
sions from the stack were also considered since the formation of
the nitrosamines and nitramines depends on the reactions with
NO and NO2 (Table 4). The maximum estimated concentration of
mine and amine degradation products in the study area was then
ompared to the pre-defined safety limits of the respective toxic
ompounds. The maximum long term average concentrations of
he target amines and their corresponding NS and NA are listed in

Table 7. The results are in annual average values which are used to
compare with the guideline values.

In addition to the chemical transport modelling study, an Inert
Dispersion Model (IDM) calculation was also performed in ADMS 5

for comparison. Fixed formation yields from experimental studies
(Nielsen et al., 2011b) were applied to the IDM results to calculate
he NS and NA concentrations. This modelling is referred to as the
N.B Concentrations shown in brackets are from the Inert Dispersion modelling (IDM)
where chemistry is not considered.

Inert Dispersion Model - Fixed Formation Yields (IDM-FFY) in this
paper. These results are also shown in Table 7.

For all amines, results show that the highest concentrations
f the emitted species are found within 2–3 km of the emission
ource owing to the dispersive effect of the atmosphere (Fig. 7).
his also causes the concentrations to decrease with increasing dis-
ance from the PCCC facility. From Table 7 it can been be seen that

the nitrosamines and nitramines constitute less than a percentage
of the amine concentration. Table 7 shows the maximum long term
calculated average concentrations for the sum of resulting NA and
NS modelled for 2012 is just over 0.07 ng/m3, which is well below
he critical concentration of 0.3 ng/m3 (Knudsen et al., 2009) for

nitrosamine in the air. The calculated value is 2.2 times lower than
0.16 ng/m3 which was calculated before (CERC, 2012d). The rea-
son for the difference is mainly due to the use of less accurate rate
constants from the literature where available and assumed rate
constants for those that were not available. Therefore, this study
provides more accurate results based on rate constants that were
established computationally through a rigorous analysis.

Since the long term simulations considered a period of a whole
year, short term average concentrations for MEA and its corre-
sponding nitrosamines and nitramines for a single day were also
calculated at the same emission rates (Fig. 7a–c). The results sug-

est that the concentration of the gas phase amine rises initially
ut then reduces monotonically and exponentially, demonstrating
hat the loss-only process is influenced by the amine species. The
oncentration of nitrosamine grows sufficiently as the amine con-
entration increases, but then it decreases owing to the dominance
f the photo-degradation reaction. Nitramine shows a monotonic
rowth, though with a decreasing gradient in comparison to the
itrosamine. As the rate constant of the nitrosamine is lower
han that of the nitramine, its monotonic growth is comparatively
lower.

In contrast to the above results, the amine concentrations from
he inert dispersion model implemented in ADMS 5 are a factor of
our, three and 100 times higher for MA, DMA and MEA respectively
Table 7). Thus, the chemical transport modelling predicts lower

NS and NA concentrations, although these are still within the same

order of magnitude. This is in accordance with the fact that disper-
sion processes reduce concentrations of reactive species a lot faster
than chemical transformation processes. An IDM-FFY approach was
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Fig. 7. Short term average concentrations (ng/m3) against distance from sou

lso implemented to predict the maximum ambient air concentra-
ion of NS and NA (using formation yields by Nielsen et al., 2011a)

which were shown to be larger by a factor of 11 relative to the
chemical transport modelling.

IDM seems to always serve as a worst case upper boundary of
expected concentration for the amines of interest. It only consid-
ers the amine emission without taking into account the detailed
atmospheric chemistry. As a consequence, the estimated concen-
tration of the resulting NS and NA, which pose a substantial health
risk, are not evaluated accurately. It is indeed vital to obtain reliable
concentrations of the resulting NA and NS within the area affected
by the amine emissions around a facility to establish a realistic
understanding of the human health risk they may pose.

IDM-FFY has been one of the early methods employed so as to
account for experimental fixed formation yields in NA and NS con-
centration estimations. However, with the IDM-FFY approach, the
potential risk is not spatially resolved, as the estimated concentra-
tions of NA and NS change only in relation to conservative MEA
dispersion estimates.

In conclusion, the theoretical methodology developed in this
work allows to combine the estimation of reliable reaction rates
derived from quantum chemistry and kinetic modelling with the
chemical transport modelling. This enables to consider the entire
atmospheric fate of the involved amines including their growth and
decay in a given study area resulting in more accurate estimation
of amine and amine degradation product concentrations over time
and space. The methodology can be applied to any amines used
in CO2 capture as it is independent from experimental parame-
ters. It is expected that this approach can also provide a valuable
input in studies assessing the environmental and human health
risks associated with amine emissions from PCCC facilities.
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