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Abstract—The reaction between hydrogen iodide and ozone at 295 K has been investigated by the resonance
fluorescence method applied to the detection of iodine atoms. A chain mechanism is suggested for this reaction.

The chain initiation rate constant is k; = (5.45 # 1.80) x 10717 cm¥/s, and the chain propagation rate constant is

ky = (1.1 0.4) x 10712 cm¥s.
DOI: 10.1134/S0023158407010016

The NaCl concentration in aerosols that are formed
over the sea surface by water drops separating from
waves is lower than the NaCl concentration in the sea-
water. Furthermore, in a given region, the ozone level is
lower over the sea than over land. These facts were
explained by sodium chloride reacting with various
substances, including ozone, on the surface of aerosol
droplets [1]. As a result, ClI~ is oxidized to C1° and chlo-
rine is released to the atmosphere. Later, it was demon-
strated that sodium chloride is indeed oxidized on the
surface of aerosol particles [2]:

2NaCl + O; 222 Cl, + 2NaOH + O,. (A)

It was also found that the heterogeneous oxidation
of CI" to CI° takes place in the hydrogen chloride—
ozone interaction as well [3]:

2HCI + 0; 222 Cl, + H,0 + O,. (B)

Since the bond in the HI molecule is much weaker than
the bond in the HCI molecule, it could be assumed that
the reaction between hydrogen iodide and ozone can
proceed via both heterogeneous and homogeneous
routes. In our study, we investigated the formation of
iodine atoms in the reaction between HI and ozone,
using resonance fluorescence (RF) in the detection of I
atoms.

EXPERIMENTAL

Kinetic measurements were based on the RF
method applied to the detection of iodine atoms. This
method was also employed in an earlier study [4]. The
principle of this method is as follows. The resonance
radiation of atoms is directed to a reactor containing the
same atoms. Reemitted photons are detected in a direc-
tion perpendicular to the direction of the resonance

lamp emission. Since the resonance lines of atoms are
generally in the vacuum UV region [5], the registration
of photons requires special techniques, namely, win-
dows made from an appropriate material and detectors
sensitive to vacuum ultraviolet. Owing to its high sen-
sitivity, this method enabled us to investigate processes

involving low concentrations of iodine atoms and IO
radicals and to eliminate the effect of the fast reactions

between 10" radicals [6].

Our experimental setup consisted of a flow reactor,
a source of iodine atoms, an iodine atom detection sys-
tem, and a reactant inlet system. This setup allowed
constant reactant flow rates to be maintained with an
accuracy of ~2-3% over 10-15 h.

The reactor (Fig. 1) was a quartz tube with a diame-
ter of 1.3—1.6 cm. The gases to be reacted were deliv-
ered to the reactor through quartz inlet pipes with a
diameter of 10 mm, which were connected to the reac-
tor using quartz capillaries 1 mm in diameter and
10 mm in length. These capillaries minimized the ret-
rodiffusion of the reactants. The reactor was equipped
with a source of iodine atoms. The gas pressure in the
reactor was measured with a VDG-1 manometer in the
1-10 Torr range with an accuracy of ~0.03 Torr (2%).
The reactor surface was lined with F-32L fluoroplast in
order to reduce the heterogeneous loss of iodine atoms

(or IO" radicals).

The source of iodine atoms was a quartz tube with a
diameter of 15 mm and a length of 300 mm. This tube
was soldered with a thinner tube 4 mm in diameter and
400 in length. The thinner tube, with a Teflon stocking-
type seal, could be moved along the reactor axis with-
out causing a seal failure, making it possible to vary the
reactant contact time. A bactericide lamp was mounted
on the thicker tube. A mixture of helium and gaseous
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Fig. 1. Schematic of the flow reactor used in the investiga-
tion of the reaction HI + Os.

methyl iodide was passed through the iodine atom
source. Under the action of A = 253.7 nm light, methyl
iodide yielded iodine atoms in the 2P, , and 2Ps), states
(20% of the atoms were in the ground state 2P, [7]).
Part of the iodine atoms were deexcited into the ?P;,
state in the source of atoms on CH;l molecules, and
part, in the reactor on oxygen molecules.

The iodine atom detection zone consisted of tubes
~10 mm in diameter and ~10 mm in length soldered
crosswise into the reactor. The tubes ended with quartz
sockets, in which the brass cones of a resonance lamp
and of a photon counter and Wood horns were secured
using vacuum grease. The Wood horns served to reduce
the backscatter of resonance radiation. Copper tubes
were fitted into the cones of the lamp and photon
counter. They served both to collimate the radiation
from the resonance lamp and to enhance the heteroge-
neous loss of the iodine atoms diffusing into the crossed
tubes from the reactor.

The copper tubes and the inner surfaces of the cross
were coated with MgO for a higher loss rate of iodine
atoms.

The system for detecting the resonance fluorescence
of iodine atoms consisted of an iodine resonance lamp,
a photoionization detector, and a Ch3-63/1 frequency
meter connected to a computer. This system carried out

signal registration and accumulation and subsequent
data processing.

The flow-type iodine resonance lamp was operated
at a wavelength of A = 178.3 nm, at which the absorp-
tion cross section for the resonance radiation of iodine

atoms was the largest: 65 » 753 nn D) =3 x 1073 cm? [8].

The lamp was made from quartz, and the windows were
made from quartz (UF brand) with a short-wavelength
transmission cutoff at 160 nm. Vacuum sealing was
achieved using indium gaskets. The diiodine concentra-
tion at the inlet of the resonance lamp was ~7 x 10'2 mol-
ecules per cubic centimeter.

Gas discharge in the lamp was initiated with a Breid
microwave resonator.

The photoionization counter detecting 160- to
185-nm radiation is described in detail in an earlier paper
[4]. Signals were accumulated with a computer attached
to a Ch3-63/1 frequency meter; 500 to 2000 pulses were
accumulated at each experimental point. The end win-
dow of the counter was made of quartz (UF brand) with
a short-wavelength transmission cutoff at ~160-nm.

The counter was pumped to 5 X 10~ Torr using a dif-
fusion pump and was then filled with a mixture of NO
(10 Torr) and Ar (230 Torr). A drop of diethylferrocene
was placed into the glass “appendix” of the counter.
Diethylferrocene vapor was in equilibrium with the
drop. The long-wavelength cutoff edge of the counter,
determined by the ionization potential of diethylfer-
rocene (6.3 eV [9]), was ~185 nm.

Thus, the photoionization counter served as a mono-
chromator as well, separating the spectral range
between ~160 and ~185 nm.

The absolute iodine-atom sensitivity of the setup
was calibrated against the known iodine atom concen-
tration established by adding diiodine to an excess
amount of oxygen atoms. The following reactions took
place in this system:

O+1L5n 10" +1, @)

k,=1.4x107'° cm? molecule™! s7!, [10];

0+10" %140, (b)
ky =5 x 107" cm® molecule™' s, [11];

1 wall, k.
R

12L, k.<10s™. (©)

Oxygen atoms were produced in a microwave dis-
charge in a 4%0, + He mixture. The oxygen atom con-
centration was estimated by chemiluminescence titra-
tion with NO, [12].

The steady-state concentration of diiodine and 10"
radicals in this source of iodine atoms was far below
1% of the iodine atom concentration. Indeed, the

steady-state I, IO, and I, concentrations established in
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a time of about 1/k,[O] =2 X 10~ s were interrelated as
follows:

k. 5
(L] = 57 [LO] <[I1x107 cm™, (1)

[10°] = [I]ﬁf[i(-)—]smxleo“ cm”. ()
b

Therefore, nearly all of the iodine was in atomic
form, so it was possible to determine the absolute
iodine-atom sensitivity of the system from the depen-
dence of the resonance fluorescence signal on the
amount of diiodine introduced into the reactor.

The O concentration was almost three orders of
magnitude higher than the I concentration.

In the investigation of the reactions of the IO radi-
cal, the iodine-atom sensitivity of the system was deter-
mined as follows. Diiodine from a calibrated tube
entered the reactor, where it reacted with oxygen atoms.
Oxygen atoms were produced by passing O, and He
(1 : 6) through a microwave discharge. The volume of
the calibrated tube was 220 cm?, and the gas pressure in
the reactor was 1.2 Torr. Iodine atoms resulted from
reactions (a)—(c). The absolute iodine-atom sensitivity
of the system appeared to be ~3 x 107 cm™3, the signal-
to-noise ratio was equal to unity, and the pulse accumu-
lation time was ~100 s.

All gaseous reactants but CH;I were fed into the
reactor using flow controllers, which allowed a preset
gas flow rate to be maintained with an accuracy of 2—
3% over 10-15 h.

The gas from a cylinder passed though a calibrated
vessel with a standardized manometer, a flow control-
ler, and a metallic diffusion valve and then entered the
reactor.

The mass flow rates of the reactants and carrier
gases were determined by measuring the gas outflow
from the calibrated vessel per unit time.

Ozone was produced by passing O, through an
Ozon-2 ozone generator. The oxygen + ozone mixture
from the ozone generator was passed through a 10-cm-
long glass cell placed in a Spectromom-204 spectro-
photometer for measuring the ozone concentration. The
cell had quartz windows, and its outlet was fitted with a
glass—Teflon regulating valve. This valve allowed the
gas pressure in the optical cell to be varied between 10
and 100 Torr without affecting the mass flow rate. This
enabled us to find an absorbance range convenient for
measurements. Next, the O, + O; mixture entered the
reactor. The ozone concentration was derived from the
change in absorbance at A = 253.7 nm using the formula

0(0;)

0,] =
[O5] 0,

2[C]. 3)
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Here, Qs is the total gas flow rate in the reactor and
Q(03) is the ozone flow rate in the reactor (the amount
of ozone entering the reactor in 1 s):

0(0;) = (0, +He) 16"
oL .P.,x3.25%x10

“)

Here, Q(O, + He) is the total gas flow rate in the ozone
generator (cm? Torr s71), D, is absorbance (on the dec-
imal logarithmic scale), 2.3 is the decimal-to-natural
logarithm conversion factor, Gys3 7 4, = 1.15 X 10717 cm?
is the absorption cross section for ozone at A =
253.7nm, L. = 10 cm is the cell length, P, is the gas
pressure in the cell (Torr), and X[C,] is the total concen-
tration of species in the reactor:

P,x9.7x10"
7 .

In this formula, P, is the reactor pressure (Torr) and T is
the reactor temperature (K).

The O, + Oj; stream between the cell and the reactor
was in contact only with glass and Teflon surfaces, on
which ozone did not decompose. The ozone concentra-
tion in the reactor was controlled by varying the ozone
generator voltage at constant flow parameters.

S[C)] = 5)

All of the oxygen molecules in the excited states 'A,

and IE; that formed in the ozone generator disappeared
by reacting with ozone:

Oz(lAg) + 03 - 202 + O,
k=1.1x10"" cm?® molecules™! s~! [13];
0,('Z}) + 05—~ 20, + O,

k=2.5x 10" cm? molecules! s7! [14].

This took about 1 s, the time necessary for the gas at a
pressure of 760 Torr to pass through the connecting
pipes before arriving at the control valve.

Diiodine was fed into the reactor as follows. A cali-
brated ampule with a Teflon valve and iodine crystals
inside was filled with helium to a pressure of 200 Torr.
The ampule was placed in a cold trap, and the trap was
immersed into melting ice. The saturation vapor pres-
sure of diiodine at the melting-ice temperature is 3.2 X
1072 Torr [9]. The ampule was connected to the reactor
through the Teflon valve.

The concentration of diiodine entering the reactor
was calculated using the formula

Qe +1[1]
Q

(L] = Mep % 3.16% 10", (6)

z
where Oy, 1S the mass rate of gas outflow from the
calibrated ampule (cm? Torr s™), [I,],y, is the diiodine
fraction in the ampule, Qs is the total mass flow rate in
the reactor (cm?® Torr s7!), and 3.16 x 10'¢ cm™ is the
Loschmidt number for P =1 Torr and T = 298 K.
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Diiodine was entered into the resonance lamp as fol-
lows. Helium from a cylinder was passed through a lig-
uid-nitrogen cold trap and then through a flow control-
ler, which measured the mass flow rate as the rate of gas
outflow from a calibrated vessel. The flow controller
maintained the preset outlet gas pressure at a variable
inlet pressure. The flow control system allowed any
outlet pressure in the 10-760 Torr range to be estab-
lished. Next, helium was passed through the glass ves-
sel containing iodine crystals at room temperature and
a coiled trap immersed in melting ice and was entered
into the resonance lamp through a glass capillary. The
iodine line was a single glass piece and had no greased
joints.

Iodine atoms were obtained by the photolysis of
CH;I (0.1-1%) in O, at A = 253.7 nm. CH;I was stored
as a liquid in glass bottles in the dark. During experi-
ments, the bottles were immersed in melting ice. CH;l
vapor was introduced, using a metering valve, into oxy-
gen flowing through the source of iodine atoms. The
flow rate was determined by measuring the pressure
drop in the calibrated vessel. CH;I was reagent grade.

The photolysis of CH;I resulted in I atoms and CH;
radicals. The latter reacted with oxygen to form
CH;0,, a low-activity radical. The other processes
occurring in the iodine atom source and their possible

effects on the measurements were detailed in our earlier
publication [4].

RESULTS AND DISCUSSION

Because we expected that the reaction between
hydrogen iodide and ozone in the reactor would yield

iodine atoms and 10" radicals, we first determined the
loss rate constants for these species on the surface of
our reactor.

Heterogeneous Loss of lodine Atoms and 10" Radicals

Measurements were carried out in the reactor sche-
matized in Fig. 1. The heterogeneous loss of atoms was
investigated by measuring the resonance fluorescence
of iodine atoms as a function of the distance L between
the atomic iodine introduction point and the detection
zone. With neglect of the axial diffusion and radial dis-
tribution, the following formula is valid for the concen-
tration of iodine atoms:

[1] = [Tlyexp(~ky). 7

Hence, the rate constant of the heterogeneous process is
1

ky = —%ln[l]/[l]o, ()

where T=L/vis the time required for the atoms moving
with the mass-average linear velocity v to travel the
distance L.

Expression (8) was also employed to determine the

rate of the heterogeneous loss of IO radicals. To do
this, we used the following technique. Iodine atoms
were fed through a nozzle into the reactor, through
which ozone-containing oxygen was flowing. As was
demonstrated above, the iodine atoms were almost

completely converted into 10" radicals at a distance of
<1 cm from the nozzle end. At a distance of 3 cm from

the detection zone, the IO~ radicals were almost com-
pletely reconverted into iodine atoms by reacting with
NO. The signal from the iodine atoms was registered by
the counter.

Next, In In[I]/[I], was plotted versus T and the plot
was fitted to a straight line by least squares. The rate

constants of the heterogeneous loss of I and IO~ were
determined from the slope of this line to be 132 £9 and
43 +5 57!, respectively.

Kinetics and Mechanism of the Reaction
between Hydrogen lodide and Ozone

The experiments were carried out in the reactor
shown in Fig. 1, but the source of iodine atoms was
replaced with a hydrogen iodide inlet system and oxy-
gen-diluted ozone was fed through a side inlet. lodine
atoms were detected in the reactor. The intensity of the
RF signal from I atoms (J) and, accordingly, the con-
centration of I atoms were measured as a function of
hydrogen iodide and ozone concentrations in the reac-
tor at 7= 295 K and P = 2.08 Torr. The signal intensity
J was calibrated against the iodine atom concentration
prior to each series of experiments. The ozone concen-
tration in the flowing gas was controlled by varying the
ozone generator voltage. This allowed the stream
parameters (pressure and flow rate) to be kept constant.
The relationships thus established are plotted in Fig. 2.
The RF signal from iodine atoms is a linear function of
the hydrogen iodide concentration throughout the mea-
surement range (Fig. 2a). By contrast, only the initial
portion of the plot shown in Fig. 2b can be fitted to a
straight line: at higher ozone concentrations, there is a
marked deviation from linearity.

These dependences of the iodine atom concentration
on the ozone and hydrogen iodide concentrations were
explained in terms of the following reaction mecha-
nism.

The chain initiation reactions are the following:

HI + O4 ST+ OH + 0,, AH =-29 kcal/mol, (I)

OH" + HI X2 T + H,0. (Ia)
The chain propagation reactions are
[+0; 210" +0, 1)
I0° +HI -“~1+ HOI . (110)
KINETICS AND CATALYSIS Vol. 48 No. 1 2007
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Fig. 2. Concentration of iodine atoms (a) as a function of the HI concentration at [O3] = 4.0 x 10" cm™ and (b) as a function of
the ozone concentration at [HI] =4.1 x 104 cm™. T=1295 K; P = 2.08 Torr.

The chain termination reactions (the loss of radicals on
the walls) are represented as

I+ wall %4~ products, Iv)
10" + wall -~ products. V)

The variation of the concentrations of active species
is described by the equations

S — b HN[O,] -k, [OHIHIL, )
a—[gt) } = k111041 - K [10°)HI] - k51071, (10)

a‘a[? = ky[HI][O3] + k,,[OH"][HI]
(11)

—ky[11[O;] + k3[IO'][HI] —ky[1].

Under steady-state conditions,

1) = e L (12
k2[03](1 - m) +k,
Setting
1 = S (13
we obtain
KINETICS AND CATALYSIS Vol. 48 No. 1 2007

1), _ kl0J(1-X)

=2 T4, 14
i 3 (9
where
_ k;[HI]
T ky[HI] + ks (15

It follows from Eq. (12) that, at low ozone concen-
trations and not very low HI concentrations, the iodine
concentration and, hence, the RF signal vary linearly
with the ozone concentration. Furthermore, Eq. (12)
predicts that raising the ozone concentration, implying
an increase in the first term of the denominator of
Eq. (12), will cause nonlinearity. This prediction is in
agreement with the plot shown in Fig. 2b.

From the slope of the initial, linear portion of the [I]
versus [O;] plot and the earlier determined k, value, we
found that the rate constant of reaction (I) is

ky=(5.25+1.5) x 10717 cm’/s.

As determined from the plot of the RF signal from
iodine atoms versus the hydrogen iodide concentration
(Fig. 2a), the rate constant is equal to

ky = (5.65 £ 1.80) x 107 cm?/s.

The mean rate constant of reaction (I) derived from
the two series of experiments is

k, = (5.45 + 1.80) x 1017 cm?s.

Even though reaction (I) is exothermic and proceeds
without any steric hindrance, its rate constant seems to
be too large for a reaction between saturated com-
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Fig. 3. [I];/[1] as a function of the ozone concentration. T =
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Fig. 4. Intensity of the RF signal from iodine atoms versus
the HI-O3 contact time. The points represent experimental

data; the curves represent data calculated for (/) [HI] =
4.5x 10" cm™ and [05] = 1.55 x 10" em™, (2) [HI] =
2.8 x 10" cm™ and [O3] = 1.55 x 10" ecm™3, and (3) [HI] =
1.8 x 10" cm™ and [05] = 2.3 x 10!% ecm™3.

pounds. It is possible that this reaction, like reactions (A)
and (B), occurs in part on the surface. We demonstrated
in an earlier study [15] that some reactions involving
iodine-containing species are heterogeneous despite
the fact that their rates show the same dependence on
the reactant concentrations as the corresponding homo-
geneous reaction. Apparently, the discrepancy between
rate constant data reported by different researchers for
the same reaction (which is sometimes as large as one
order of magnitude or even greater) is due to difficulties
in distinguishing between the homogeneous and hetero-
geneous mechanisms of the reaction.

Figure 3 plots [I],/[I] versus [Os]. The [I], value was
determined by extrapolating the linear portion of the
curve shown in Fig. 2b to high ozone concentrations.
Knowing the &, and ks values (determined earlier) and
the rate constant &, [16], we derived, from the slope of
the straight line in Fig. 3, the chain-propagation rate
constant ks:

ky=(1.1£0.4) x 10712 cm’/s.

In order to validate the above reaction mechanism
and make sure that the rate constants of the reactions
involved in this mechanism were measured accurately,
we carried out a numerical simulation of the process
and compared the results with experimental data. The
following series of experiments was performed. A cer-
tain concentration of HI was introduced into flowing
diluted ozone through a movable nozzle. The nozzle
was moved along the reactor axis, and the signal inten-
sity J and, accordingly, the concentration of iodine
atoms were measured as a function of the reaction time
at various HI and ozone concentrations. Next, theoreti-
cal curves describing the time variation of the iodine
concentration were plotted for the above reaction
mechanism. The necessary rate constants were either
known from earlier experiments or taken from the liter-
ature [16, 17]. The experimental data points were plot-
ted together with the theoretical curves (Fig. 4). The
experimental and theoretical data are in good agree-
ment. This is evidence that the mechanism suggested
here is valid and that the rate constants of the reactions
involved in this mechanism are determined with a
rather high degree of accuracy.
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