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ABSTRACT: Under the acidic conditions of the stomach lumen, nitrosation reactions can occur
in the human body between nitrite (added to meat because of its antibotulinic properties) and
many compounds such as amino acids. From the results obtained, two conclusions can be
drawn: (i) In the quantitative study of nitrosation reactions, it is necessary to take into account
the competing reaction of HNO2 decomposition, which in some conditions is the dominant
reaction; (ii) two alternative approaches based on the initial rate method are necessary to as-
sess the weight of nitrous acid decomposition using taurine and homotaurine as nitrosatable
substrates. In strongly acidic media, the decomposition reaction is dominant: In the case of
taurine, the decomposition rate is negligible at pH ≥ 3.2. In the pH 3.2−2.5 range, decomposi-
tion is lower than nitrosation but not negligible, and at pH ≤ 2.5 decomposition is faster than
nitrosation. With homotaurine, HNO2 decomposition is negligible at pH higher than 4.1. In the
pH 4.1−2.8 range, nitrosation is faster but decomposition should be considered, and at pH ≤
2.8 decomposition is the dominant reaction. C© 2014 Wiley Periodicals, Inc. Int J Chem Kinet
46: 321–327, 2014

INTRODUCTION

N-Nitroso compounds are unique among carcinogenic
agents in that they are active in all living species and
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because there is a broad spectrum of target cells and
organs in which they are able to induce cancer [1,2].
Under the acidic conditions of the stomach lumen, ni-
trosation reactions can occur in the human body be-
tween nitrite (added to meat because of its antibotulinic
properties) [3] and many compounds such as amino
acids [4,5], phenols [6], and bioactive molecules [7].

Biologists have mainly been interested in the
pathogenic mechanisms in which nitroso compounds
are involved [8,9], whereas chemists have been more
interested in their mechanisms of formation [10–
12] and hence in ways to block or inhibit them
[13,14].



322 ARENAS-VALGAÑÓN ET AL.

Scheme 1 The nitrosation reaction.

Scheme 2 Decomposition of nitrous acid.

Nitrosation reactions (Scheme 1) occur through the
attack of a nitrosatable substrate (S) by nitrosating
species (Y-NO).

Since nitrosatable substrates are compounds with
different nucleophilic sites such as C, O, S, or N-
atoms, they conform a large class of substances in-
cluding amines, thiols, alcohols, and ketones and many
others.

Nitrosocompounds themselves such as alkyl ni-
trites, nitrosamines, and some metal nitrosyl complexes
can also act as nitrosating agents by transferring the ni-
troso group to another substrate [12].

The most commonly used reagent for bringing
about electrophilic nitrosation is nitrous acid, gener-
ated in aqueous acid solution from a nitrite salt, usu-
ally sodium nitrite, and used in situ. Pure nitrous acid
has never been isolated (although it has been detected
in the gas phase), since decomposition occurs, giv-
ing various oxides of nitrogen as final products [15].
This decomposition is usually represented as shown in
Scheme 2.

Although the decomposition of nitrous acid is rela-
tively slow at room temperature and at low concentra-
tion, when the decomposition rate is not negligible with
respect to the nitrosation reaction rate, the results ob-
tained without taking into account the influence of the
former reaction can lead to incorrect results and wrong
conclusions. This makes relevant the kinetic study of
nitrous acid decomposition in different conditions.

To analyze the interference of nitrous acid decom-
position on the kinetic quantitative study of nitrosa-
tion reactions, here two simple alternative approaches
are proposed. To this end, the kinetic study of the ni-
trosation of two amino acid–like compounds, taurine
(2-aminoethane sulfonic acid; Tau) and homotaurine
(3-amino-1-propane sulfonic acid; HT) is discussed.

KINETIC BACKGROUND

Nitrosation reactions are often followed by measur-
ing the absorbance of the acidic kinetic nitrosation
mixtures (KNM = substrate + nitrite in acidic me-
dia) in the UV range of the spectrum. When only the
HNO2/NO2

− system shows absorption in this range,

it can be used as the control species to monitor the
nitrosation reaction.

For a nitrosation reaction occurring between the
substrate S and nitrite, the experimental rate equation
can be written as

rN = − d

dt
([nitrite]) = kexp[S]a[nitrite]b (1)

Since nitrous acid is in equilibrium with the nitrite
ion, and their molar absorption coefficients (εHNO2 and
εNO−

2
, respectively) are different, Eqs. (2)–(4) can be

written, where A is the absorbance and l the cuvette
light path,

Ka =
[
NO−

2

] [
H+]

[HNO2]
(2)

[Nitrite]0 = [
NO−

2

] + [HNO2] (3)

ANit = ANO−
2

+ AHNO2

= lεNO−
2

[
NO−

2

] + lεHNO2 [HNO2] (4)

Equation (5), expressing the relationship between
the absorbance (A) of the KNM with the total concen-
tration of nitrite, is easily achieved from the combina-
tion of Eqs. (2)–(4), where εap is the apparent molar
absorption coefficient of the nitrite system:

A = l
εNO−

2
Ka + εHNO2

[
H+]

[H+] + Ka
[Nitrite]o

= lεap[Nitrite]o (5)

Applying the initial rate method (IRM) [16], and
using Eqs. (1) and (5), Eq. (6) is easily achieved, where
vo,N is the initial rate of nitrosation:

vo,N = − 1

lεap

[
dAo

dt

]
t=0

= kexp[S]a
o[Nitrite]b

o (6)

Since the nitrosation reaction occurs simultaneously
with that of nitrous acid decomposition, the observed
initial rate (vo,T) is the sum of the nitrosation (vo,N) and
decomposition (vo,D) reaction rates (Eq. (7)):

vo,T = vo,N + vo,D (7)

Taking into account that the percentage of the re-
action followed was not more than 2%, a linear plot
should be obtained when the absorbance over the re-
action time, in fact, was observed (Fig. 1). From the
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Figure 1 Typical kinetic run of a nitrosation reaction. T =
25.0°C; pH 2.97; [Tau]o = 0.30 M; I = 0.50 M.

slope (mT) of this straight line, the initial rate (vo,T) can
be obtained:

mT = dAo

dt
= −vo,Tlεap (8)

To determine vo,N and vo,D, two approaches can be
used as follows.

Approach 1

From a set of experiments with different initial concen-
trations of substrate [S]o, the values of vo,T are obtained
(Fig. 1). Plotting the vo,T values against those of [S]a

o,
a straight line is obtained (Eq. (9) and Fig. 2) whose
slope is the rate constant of nitrosation, k′

exp (k′
exp =

kexp [nitrite]b
o), and intercept is the initial rate of decom-

position, vo,D. The difference, vo,T – vo,D, is the value
of vo,N:

vo,T = k′
exp[S]a

o + vo,D (9)

Approach 2

Only two experiments are required. The first exper-
iment is performed in the absence of substrate, and
hence the reaction rate obtained from the slope of the
straight line (Eq. (10)) gives the vo,D value (Fig. 3).
The second experiment should be performed in the
presence of substrate, and hence the reaction rate ob-
tained is vo,T (Fig. 3 and Eq. (11)). The difference vo,T –
vo,D is the vo,N value (Eq. (12)).

Figure 2 Initial reaction rate of nitrosation as a function
of [S]a

o.

Figure 3 Variation in nitrite absorbance along time in the
presence (vo,T) and in the absence (vo,D) of substrate.

Applying Eq. (7) to the nitrous acid decom-
position reaction and to the simultaneous nitro-
sation/decomposition reactions, Eqs. (10) and (11)
respectively, are obtained:

mD = dAD

dt
= −vo,Dlεap (10)

mT = dAT

dt
= −vo,Tlεap (11)
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Substitution of Eqs. (10) and (11) in Eq. (7) gives
Eq. (12):

vo,N = vo,T − vo,D = −
(

mT

lεap
− mD

lεap

)

= −
(

mT − mD

lεap

)
(12)

EXPERIMENTAL

The above-mentioned reactions were monitored by
measuring the absorbance of KNM (pH range ≈ 2–5).
Since only the HNO2/NO2

− system shows absorption
in the UV spectrum (maximum at λ = 371 nm), nitrite
was used as the control species to monitor the nitrosa-
tion reaction. KNM was made up by the addition of 0.1
mL of a sodium nitrite solution to a cuvette containing
3.0 mL of a substrate solution, both of them made up
by weight. The ionic strength and pH were controlled
with NaClO4 and HClO4 solutions. In the experiment,
in the absence of substrate, nitrite sodium solution was
added to a solution with no substrate but containing
NaClO4 and HClO4. No buffer solution was required
because the IRM was used.

All kinetic runs were performed in triplicate.
A Shimadzu UV-2401PC spectrophotometer with a

thermoelectric six-cell holder temperature system was
used. A Metrohm pH lab 827 pH meter was used.
The solution temperature was kept constant (±0.05◦C)
with a Lauda Ecoline RE120 thermostat. Water was
deionized with a Wasserlab Ultramatic-ecomatic sys-
tem. Numerical treatment of the data was performed
using Sigma Plot 10.0 software.

Taurine (>99%) and homotaurine (97%) were ob-
tained from Sigma-Aldrich (St. Louis, MO); NaNO2

and NaClO4 were obtained from Merck (Darmstadt,
Germany); HClO4 and NaOH were purchased from
Panreac (Barcelona, Spain).

RESULTS AND DISCUSSION

Application of Approach 1 to the
Nitrosation Reaction of Taurine

Since for the nitrosation of taurine the orders with
respect to [Nitrite]o and [Tau]o were found to be 2
and 1, [17] respectively, the initial reaction rate was

vo,N = kexp[Tau]o[Nitrite]2
o (13)

Figure 4 Initial rate of taurine nitrosation as a function
of [Tau]o. [Nitrite]o = 0.010 M; T = 25.0◦C; I = 0.50 M;
pH 2.6.

From Eqs. (8) and (13), Eq. (14) is obtained:

vo,T = vo,N + vo,D = kexp[Tau]o[Nitrite]2
o + vo,D

(14)

Figure 4 shows the good fitting of the values of vo,T

and [Tau]o to Eq. (14). The vo,D value was obtained
from the intercept, and kexp was obtained from the
slope.

The above experiment was repeated at different pHs,
and the kexp values obtained are depicted in Fig. 5
together with those that would have been obtained if
nitrous acid decomposition had been neglected. The
strong error affecting the results (especially at low pHs)
when nitrous acid decomposition was neglected can be
observed.

The fitting of the experimental values of kexp at dif-
ferent pHs to the theoretical rate equation deduced for
the mechanism proposed previously for the nitrosation
reaction [17] of taurine (Scheme 3 and Eq. (15)) is also
shown in Fig. 5. The good fit of experimental data to the
theoretical equation confirms the mechanism and per-
mits the kNit value to be calculated from the parameter
α of Eq. (15):

vo,N = α
[H+]2

([H+] + KII)(Ka [H+])2
[Tau]o[Nitrite]2

o

(15)
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Figure 5 Variation in kexp with pH: �, observed values; •,
corrected values without HNO2 decomposition. [Nitrite]o =
0.010 M; T = 25.0◦C; I = 0.50 M.

α = kNitK2K3KaKII (16)

It should be pointed out that neglecting nitrous acid
decomposition means that the kexp values do not fit
at low pHs. This fact suggests that at these pHs the
mechanism of nitrosation is different from those seen
at higher pHs. Another possible interpretation could be
to neglect the kexp values corresponding to the lowest
pHs, leading to a higher and mistaken value of the
nitrosation rate constant, kNit.

With the values of kexp obtained at different pHs,
those of vo,N were calculated. A comparison of vo,N

with the vo,D profiles (Fig. 6) shows that at pH ≥ 3.2 the
decomposition rate was negligible. In the pH 3.2−2.5
range, the decomposition rate was lower than nitrosa-
tion but not negligible, and at pH ≤ 2.5 decomposition
was faster than nitrosation.

Figure 6 Representation as a function of pH of the (•)
initial rate of nitrous acid decomposition, vo,D, and the (◦)
initial rate of taurine nitrosation, vo,N. [Tau]o = 0.30 M;
[Nitrite]o = 0.010 M; I = 0.50 M; T = 25.0◦C.

Application of Approach 2 to the Kinetic
Study of Homotaurine Nitrosation

The homotaurine nitrosation reaction is similar to the
nitrosation of taurine. Since the orders of the reaction
with respect to [Nitrite]o and [HT]o proved to be 2 and
1, respectively, Eq. (17) can be written as

vo,N = −
(

mT − mD

lεap

)
= kexp[HT][Nitrite]2 (17)

Figure 7 shows the decrease in the absorbance of
KNM and that of a similar solution without homotau-
rine (only decomposition).

Scheme 3 Mechanism of reaction for taurine nitrosation.
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Figure 7 Nitrite absorbance along time: •, in the presence
of substrate (vT). ([HT]o = 0.30 M); �, in the absence of
substrate (vo,D). [Nitrite]o = 0.010 M; pH 1.90; T = 25.0◦C.

Figure 8 Variation in kexp with pH. [HT]o = 0.5 M;
[Nitrite]o = 0.010 M; T = 25.0◦C.

With the slopes obtained from the fitting of the ab-
sorbance/time experimental data, the value of the ex-
perimental rate constant for HT can be calculated. The
effect of nitrous acid decomposition is quite clear, such
that if this reaction is not considered this would lead to
values of the nitrosation rate constants higher than the
true ones.

Figure 8 shows the values obtained for kexp for the
nitrosation of HT at different pHs as well as the fit-
ting to the theoretical rate equation obtained from the
proposed mechanism. The good fit again confirms the
proposed mechanism.

Figure 9 Variation in pH of (•) vo,N (�) vo,T (◦) vo,D. [HT]o
= 0.5 M; [Nitrite]o = 0.010 M; T = 25.0◦C.

The initial rates of decomposition (vo,D) and nitrosa-
tion (vo,N) were also calculated and compared in Fig. 9,
together with the initial rate of disappearance of nitrite
(vo,T).

A comparison of the these three initial rates allows
us to conclude that for the HT nitrosation reaction
the decomposition reaction is negligible at pH values
higher than 4.1. In the pH 4.1−2.8 range, nitrosation
is faster, but decomposition should be considered, and
at pH ≤ 2.8 decomposition is the dominant reaction.

CONCLUSIONS

From the results obtained, the following conclusions
can be drawn:

i. In the quantitative study of nitrosation reactions,
it is necessary to take into account the competing
reaction of HNO2 decomposition, which in some
conditions can be the dominant reaction.

ii. Two different approaches based on the IRM were
performed to assess the weight of nitrous acid
decomposition using taurine and homotaurine as
nitrosatable substrates. The results allow us to
conclude that in strongly acidic media the de-
composition reaction is dominant: In the case
of taurine, the decomposition rate is negligi-
ble at pH ≥ 3.2. In the pH 3.2−2.5 range, de-
composition is lower than nitrosation but not
negligible, and at pH ≤ 2.5 decomposition is
faster than nitrosation. With homotaurine, HNO2

International Journal of Chemical Kinetics DOI 10.1002/kin.20843
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decomposition is negligible at pH higher than
4.1. In the pH 4.1−2.8 range, nitrosation is
faster, but decomposition should be considered,
and at pH ≤ 2.8 decomposition is the dominant
reaction.
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