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The interaction of Br2 , Cl2 and Cl2O with different solid alkali halides, namely KBr and NaCl substrates, has
been investigated in a low-pressure flow reactor. The observed main gaseous reaction products of the reactions
of Cl2 and Cl2O with solid KBr substrates are Br2 and BrCl. The reaction of Cl2O with solid NaCl substrates
leads to formation of Cl2 and small amounts of HOCl. The role of surface-adsorbed H2O (SAW) and the
influence of adsorbed halogens have been investigated. Evidence for the formation of adsorbed Br2 owing to
mechanical stress has been found for solid KBr. Dehydration of the substrate under vacuum leads to a better
ordered, more crystalline and hence less-reactive surface and decreases the number of reactive surface sites.
Adsorption of halogen compounds such as BrCl, Cl2 and Br2 leads to effective dehydration of the KBr or NaCl
substrate by competing for limited amounts of SAW. In this way, the reduced degree of hydration of the
substrate alkali ions leads to activation of the halogen exchange reactions or catalytic activity.

Introduction

Studies on the decay of organics in marine air masses and sud-
den destruction of O3 in the arctic troposphere1–5 suggested the
influence of halogen atoms that are formed by photodissocia-
tion of species such as Cl2 , Br2 , BrCl, HOCl, HOBr and
others.6,7 Atomic halogens are strong oxidizing species. As
an example the oxidation rate of common gaseous hydrocar-
bons by atomic chlorine is approximately 100 times faster than
by OH radicals.8 The sudden ozone loss in arctic regions dur-
ing polar sunrise cannot be explained by naturally occurring
halogenated organics9 such as methyl halides CH3X or polyha-
logenated species CHX3 (bromo-, chloroform).9,10 High chlor-
ine concentrations measured in coastal air masses8,11 suggest
the existence of additional halogen sources such as marine salt
aerosols MX (X ¼ Cl, Br) generated by the action of wind and
waves on the ocean’s surface. Furthermore, a deficit of chlor-
ine in marine aerosols compared to seawater has been found.12

This chlorine deficit confirms the suggestion of marine aerosols
as an important source of gaseous halogen species10 that are
released into the atmosphere by heterogeneous halogen
exchange reactions12,13 of HOY and YONO2 (Y ¼ Cl, Br)
halogen reservoirs. These halogen activation reactions lead
to the conversion of aerosol halide MX into volatile XY com-
pounds releasing atomic halogens upon photolysis. Typical
halogen activation reactions of salt aerosols may be described
by reactions (1) and (2):

HOYþMX! XYþMOH ðX; Y ¼ Cl; BrÞ ð1Þ
YONO2 þMX! XYþMNO3 ð2Þ

Field studies have shown that free radical bromine is impor-
tant in the photochemistry of the troposphere.6,14 Bromine
oxide, BrO, is proposed to be an important agent for tropo-
spheric ozone depletion2,15 during which BrO has been mea-
sured in concentrations of up to several tens of ppt.16,17

Arctic field studies in the spring have shown an anticorrelation
between BrO and a dramatic depletion of ground-level ozone
on the time scale of one day or so,2,6 the so called ‘‘bromine
explosion’’ that occurs as the sunlight returns to the Arctic
springtime.

The focus of the present work is placed on the fundamental
study of the kinetics and mechanism of the heterogeneous
interaction of chlorine and bromine containing compounds,
namely Cl2 , Br2 and Cl2O, with solid alkali halide model sub-
strates such as KBr and NaCl grains and thin films that
mimick solid marine aerosol at low relative humidity corre-
sponding to aerosol below its deliquescence point. Most of
the experiments have been carried out in a low-pressure flow
reactor in order to measure the reaction kinetics and determine
the reaction products with an eye towards atmospheric appli-
cations. With the goal of a better understanding of the inter-
action mechanism, the role of surface adsorbed water (SAW)
has been especially highlighted in this work. Understanding
the role that SAW plays in heterogeneous reactions on salt
enables bridging the gap between laboratory studies and atmo-
spheric observations. An example of the importance of SAW is
the intensely investigated reaction of HNO3 on solid NaCl18–21

where it enhances the mobility of interfacial ions in order to
facilitate crystallization. In contrast, the rate of the same reac-
tion on the (100) face of single crystal NaCl is slow under UHV
conditions where there is no detectable amount of SAW.22

Furthermore, it has been found that hydration of surface ions
weakens ionic bond strengths23 which may considerably
change the chemical reactivity of the gas–solid interfaces. It
also has been found that the adsorption of water on NaCl is
correlated to the defect structure of the surface.24 Surfaces of
salt aerosols are far from being structurally perfect. Therefore,
different sample presentations such as salt grains, ground
grains and thin films have been used as model substrates in
the present work. In summary, there is increasing evidence that
H2O adsorbed on defects on the substrate surface plays a key
role in the reactivity of salt in halogen exchange reactions lead-
ing to the volatilization (¼ activation) of inorganic halide in
the form of active halogen. Water preferentially adsorbs on
crystal defects whose volume then becomes the controlling fac-
tor in the heterogeneous reactivity on salts.25,33,39 However,
the foregoing discussion on the quantity of SAW and its role
as enabling factor in supporting ionic halogen exchange reac-
tions will be much less important under atmospheric condi-
tions at relative humidities exceeding the deliquescence point
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as atmospheric aerosols will exist in the form of concentrated
salt solutions.
The companion paper, which deals with the reaction of

HOCl with solid alkali halide model substrates,26 is based on
the results presented in this work.

Experimental

The uptake experiments have been performed in a low-pres-
sure Teflon-coated Knudsen flow reactor. A detailed descrip-
tion of the apparatus is given by Caloz et al.27 and the
characteristic parameters of the Knudsen reactor used in the
present work are presented in Table 1. The absolute concentra-
tions of the reactants in the flow reactor range between
1� 1010 and 5� 1013 molecule cm�3 which corresponds to
ca. 0.5 ppb–2 ppm at atmospheric pressure.
In this work two types of experiments are performed,

namely steady-state (SS) and pulsed-valve (PV) experiments.
A typical SS experiment involves introduction of a constant
flow of the gaseous reactant through a capillary inlet into the
reactor. A movable lid is used in order to isolate the sample
against the gaseous reactant (lower position) or connect the
sample compartment to the reactor (upper position) which
allows the comparison of the outgoing flow Fout of the reactant
in the absence and the presence of the solid sample. The details
of these experiments are presented by Caloz et al.27

The corresponding uptake coefficient g is defined according
to eqn. (E1):

g ¼ kuni
o

ðE1Þ

where kuni is the first order rate constant for the uptake reac-
tion and o the collision frequency with regard to the whole
sample surface. The uptake coefficient g describes the reaction
probability per collision.
In a PV experiment, the gas is injected into the flow reactor

through a solenoid valve. The pulse lengths are typically in the
range of a few hundreds of microseconds to ten milliseconds
leading to doses between 1012 and 1016 molecule pulse�1.
When the sample compartment is closed, the reactant decay
of the MS-signal corresponds to the effusion rate constant kesc .
A pulse fired into the reactor with the closed sample compart-
ment is a reference pulse. The reactive pulse is obtained by
admitting an identical dose with the sample exposed to the
flow. The decay of this MS-signal is given by kdec and corre-
sponds to the sum of kuni and kesc according to eqn. (E2).

kdec ¼ kuni þ kesc ðE2Þ

Thus, the uptake coefficient, g, is given by eqn. (E3).

g ¼ kdec � kesc
o

ðE3Þ

The advantages of real-time pulsed valve experiments are:
(1) Exposure of the solid sample to small doses, of the order

of a few percent of a surface monolayer, leading to small
extents of surface saturation.
(2) Observation of the rate of product formation at high

time resolution. This may be useful for studies of the reaction
mechanism.
(3) Straightforward check of mass balances supporting a

given reaction mechanism.

Gaseous samples

In order to remove residual HCl from commercially available
Cl2 it was pumped through NaOH pellets, thereby making use
of the very exothermic reaction (3):

NaOHþHCl! NaClþH2O ð3Þ

Cl2 was monitored using the mass spectrometer at the parent
peak m/z 70 (100%) and m/z 35 (33%), where the value in
the brackets indicates the relative intensity with respect to
the base peak.
In order to remove residual H2O from commercially avail-

able Br2 it was pumped through P2O5 before being used for
synthetic purposes. Br2 has been monitored at the base peak
m/z 160 (100%) but also at m/z 79 (25%) and m/z 81 (25%).28

Preparation of Cl2O

Dichloromonoxide, Cl2O, has been synthesized by reacting Cl2
with solid mercuric oxide, HgO,29 according to reaction (4):

2Cl2 þ 3HgO! HgCl2 � 2HgOþ Cl2O ð4Þ

The reacting mixture of HgO–Cl2 has been kept at least 24 h in
a circulating methanol bath at T ¼ 193 K in order to complete
the reaction. The separation of excess Cl2 from Cl2O has been
performed by distillation in a standard vacuum line. The Cl2
has been pumped off at T ¼ 200 K from the mixture of Cl2O
and Cl2 , which has been monitored by mass spectrometry at
m/z 51 and 70, respectively. The contribution to m/z 51 is
5% of m/z 52 for HOCl. Cl2 could almost completely be
removed from the sample. The purified Cl2O was stored in a
methanol cooling bath at T ¼ 190 K for long-term storage.
Pure Cl2O is an explosive at ambient temperature and has to
be handled with due care.30

Solid samples

Commercially available KBr and NaCl (Fluka AG) whose
purity exceeded 99.5% have been used as solid substrates in
uptake experiments of gaseous halogen species described in
this work. The major impurities in KBr are chloride
(Cl)� 1000 mg kg�1, sodium (Na)� 200 mg kg�1 and sulfate
(SO4)� 50 mg kg�1. The impurities in NaCl are sulfate
(SO4)� 100 mg kg�1, bromide (Br)� 50 mg kg�1, iodide (I)
and calcium (Ca)� 10 mg kg�1.

Grain samples

In this work, commercially available polycrystalline KBr and
NaCl salts are called standard grains. The diameter d of the
KBr and NaCl grains has been determined by optical micro-
scopy to be of the order of d ¼ 150 mm and d ¼ 400 mm,
respectively. The ratio between the apparent density of KBr
grains to bulk crystalline KBr has been measured

as
rg
rc
¼ 0:47 from the weight of KBr grains filled into a known

volume V resulting in an apparent density rg ¼ 1.3 g cm�3

Table 1 Knudsen flow reactor parameters

Parameter Value

Reactor volume/cm3 1830

Estimated surface area/cm2 1300

Sample compartment surface area/cm2 19.6

Chopper frequency/Hz 70

Orifice-Ø/mm 1, 4, 8 and 14

Collision frequency

o ¼
ffiffiffiffiffiffiffiffiffiffi
8RT

pM

r
As=4V

39

ffiffiffiffiffiffi
T

M

r
a

Escape rate constant kesc
b : 1 mm orifice 0.01 ðTM�1Þ

1
2s�1

4 mm orifice 0.24 ðTM�1Þ
1
2s�1

8 mm orifice 0.79 ðTM�1Þ
1
2s�1

14 mm orifice1.77 ðTM�1Þ
1
2s�1

a o calculated for the geometric area of the sample b experimentally

determined values. T and M are temperature and molar mass, respec-

tively. [T] ¼ K, [M] ¼ g mol�1
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compared to rc ¼ 2.75 g cm�3 for crystalline KBr.30 For NaCl

we obtained
rg
rc
¼ 0:65, with rg ¼ 1.4 g cm�3 and rc ¼ 2.17 g

cm�3.30 The sample mass has been measured using a balance
Mettler Toledo model PR5002 DeltaRange.
The total external surface area AS of the KBr and NaCl

grains is of the order of 145 cm2 g�1 and 69 cm2 g�1, respec-
tively, which was calculated from the apparent density and
the average size of the grains knowing that salt is non-porous
(Table 2).31 The surface area AS per gram of sample has been
calculated using a cubic approximation for the grains accord-
ing to eqn. (E4):32

As ¼ 6
1

rcd
ðE4Þ

The BET surface of KBr of comparable particle size (125–200
mm) measured by Walter33 is ABET ¼ 440 cm2 g�1 and is
higher than the surface As (Table 2) calculated from the dimen-
sion of the salt grains from eqn. (E4). This may be due to
the uncertainty of the particle size d and the applied cubic
approximation.
The surface number density nS of the salt sample corre-

sponding to the number of ion-pairs cm�2 has been approxi-
mated as follows:34

ns ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rc
MA

NA

2
3

r
ðE5Þ

where MA is the molecular weight and NA Avogadro’s num-
ber. The calculated surface number densities nS are listed in
Table 2.
The total number of superficial ion-pairs results in

N ¼ 8.4� 1016 and 5.4� 1016 ion-pairs g�1 for KBr and NaCl,
respectively, using eqns. (E4) and (E5).

Ground grain samples

Commercially available salt grains have been crushed by hand
using a pestle and mortar. The particle size has been deter-
mined by optical microscopy to be of the order of 10 mm.

The ratio
rgg
rc

between the density of ground and crystalline

KBr grains is 0.55 with rgg ¼ 1.5 g cm�3. The density rgg of
ground KBr has been determined in the same way as for
KBr grains.
The total external surface area AS of ground KBr grains has

been estimated using eqn. (E4) and is 2200 cm2 g�1. For ground
KBr grains, the total number of superficial ion-pairs is
1.3� 1018 molecule g�1 using eqns. (E4) and (E5) and is listed
in Table 2.

Thin salt films deposited on a Pyrex sample holder

Commercially available salt grains have been dissolved in pure
methanol (Fluka AG, purity� 99.8%) whose saturated salt
solution has been sprayed onto a Pyrex glass plate of 19.6
cm2 cross section heated up to T ¼ 500 K. The spray has been

dispensed using an ESBE type atomizer from Thayer &
Chandler powered with gaseous N2 . The solvent immediately
evaporates over the hot Pyrex plate and the salt forms a coher-
ent film across the substrate of the Pyrex support when the
sample has been slowly cooled down to ambient temperature.
The homogeneity of the salt coverage has been checked by
means of scanning electron microscopy (SEM) (to be discussed
below).
A typical mass m of a salt film is of the order of 5 to 10 mg

that corresponds to a thickness h between 1 and 2 mm. The
weight measurements have been performed using a Mettler
Toledo balance model AE 240. The thickness h has been cal-
culated using the true density of crystalline KBr rc and the
geometric area Ag of the Pyrex support.

h ¼ m

rcAg
ðE6Þ

Films prepared using H2O–methanol–salt solutions have
also been used for uptake experiments. Solutions that contain
more than 10% v/v of H2O have not resulted in homogeneous
salt film coverage. While spraying the H2O–methanol–salt
solution across the hot Pyrex sample holder small particles
of KBr have been formed and blown away by the jet of the
atomizer as the KBr particles did not adhere to the Pyrex plate.

Thin KBr salt films on a gold-plated sample holder

Thin salt films deposited on a gold-plated support have been
prepared in the same way as those on the Pyrex sample holder.
In contrast to the thin KBr films sprayed on a Pyrex sample
holder the temperature T of the gold-plated sample holder
was set at T ¼ 350 K and the N2 flow had to be reduced con-
siderably for better adhesion of the salt–methanol solution.
The homogeneity of the thin salt film prepared as described,
was checked using SEM.

Results and discussion

A. Surface-adsorbed H2O (SAW)

In order to estimate the amount of surface adsorbed water
(SAW19) desorption experiments have been performed in the
low-pressure flow reactor. For this purpose, the KBr samples
have been pumped for a given time before they have been
heated in the flow reactor in order to probe for the remaining
SAW by desorption. In order to point out the presence of
strongly- and weakly-bound SAW the samples have been
heated at first to a temperature of T ¼ 400 K. Once the MS-
signal of H2O returned to the background level the tempera-
ture has been increased to T ¼ 620 K in order to desorb
strongly-bound SAW. Fig. 1 shows that weakly-bound SAW

Fig. 1 Desorption experiment carried out on KBr grains in the 14
mm-orifice reactor. H2O has been monitored at m/z 18. In order to
demonstrate the presence of weakly- and strongly-bound SAW it has
been desorbed at T ¼ 400 K and 620 K, respectively. The spikes of
the MS-signal at higher temperature correspond to small bursts of
H2O vapour which is enclosed in the KBr grains.

Table 2 Sample parameters of KBr and NaCl

KBr g/gga NaClb

rc/g cm�3 30 2.75 2.17

MA/g mol�1 56 119 58.4

ns/molecule cm�2 5.8� 1014 7.9� 1014

AS/cm
2 g�1 c 145/2200 69

N/molecule 8.4� 1016/1.3� 1018 5.4� 1016

a g and gg are KBr standard and ground grains, respectively. b NaCl

standard grains. c Calculated values.
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makes up at most 5% of the total SAW. At temperatures
higher than approximately T ¼ 600 K thermal emission of
small quantities of Kþ may slowly set in.35,36 The reference
experiment with the bare gold-coated sample has shown a neg-
ligible amount of SAW desorbing from the internal walls of
the flow reactor including the empty sample support.
Figs. 1 and 2 show the MS-signal of a desorption experiment

carried out in the 14 mm-orifice reactor and the total amount
of SAW probed as a function of the pumping time tp , respec-
tively. An extrapolation to large desorption times using an
exponential fitting to the data of Figs. 1 and 2 has shown that
the displayed data missed at most 15% of the total amount of
SAW. However, the low SAW regime is not of primary interest
in the present work. These experiments have been performed
on KBr grains, ground grains and thin sprayed films that were
all supported on a gold-coated sample holder. The obtained
desorption-time curves have been used for other uptake experi-
ments in order to convert pumping time tp into an estimated
number of SAW molecules still remaining on the substrate
after tp . A reference desorption experiment using a bare Pyrex
plate has revealed that the amount of SAW on the Pyrex plate
is many times higher than the SAW on the thin KBr film
sprayed onto a Pyrex sample holder. This makes the determi-
nation of the amount of SAW on Pyrex supports virtually
impossible. The amount of SAW under ambient conditions
(at t ¼ 0) may not be measured using this method because
the sample needs to be pumped for several minutes in order
to reach molecular flow conditions.
Scanning electron microscopy (SEM) has been used in order

to investigate the influence of SAW on the morphology of the
substrate. A thin film of KBr sprayed on a gold-coated sample
holder exposed to ambient conditions has been compared with
a substrate prepared in the same way but that has been heated
under vacuum conditions to T ¼ 620 K. Figs. 3a and 3b dis-
play SEM-images which show that heating leads to irreversible
crystallization of the KBr substrate. Irreversible means that
even under ambient conditions the crystalline sample does
not convert towards a structure shown in Fig. 3a. For NaCl,
Harrison et al.37,38 have shown that bulk diffusion appears to
start at a temperature far below the melting point Tm . In ana-
logy to NaCl we conclude for KBr that bulk diffusion will lead
to structural change of the surface even at temperatures much
below the melting point of Tm(KBr) ¼ 1007 K.30 Further-
more, we have evidence from SEM that not only bulk diffusion
but also dehydration of the substrate may enhance the rate of
crystallization (reaction (5)).

K BrðH2OÞn ! KBrðcÞ þ nH2O ð5Þ
By hydration we mean an incipient dissolution process in

H2O. Within the bounds of our experiments, we may not
distinguish between contact, solvent-separated and totally dis-
solved ion-pairs. Similar behavior has been observed on
Ca(NO3)2 particles in the presence of SAW.39 Tang and Fung

found that Ca(NO3)2 forms amorphous metastable states
in hygroscopic microparticles. The presence of SAW is a
prerequisite for the formation of the amorphous states. After
complete removal of the adsorbed water an anhydrous crystal-
line particle forms which underlines the role that SAW plays to
enable the mobility of ions in the formation of a crystalline
phase.
SEM-images of thin KBr films sprayed on gold-coated

sample holders that have been dehydrated by pumping to
an ultimate partial pressure of H2O of 10�6 Torr are dis-
played in Fig. 3c. A comparison of Fig. 3c with Fig. 3a
reveals a change towards a better-ordered surface. Using
atomic force microscopy (AFM) Dai23 observed that by low-
ering the humidity over a NaCl substrate relatively well-
ordered surfaces may be obtained which is in qualitative
agreement with our observation on thin KBr films sprayed
on a gold-coated sample holder. The change of the substrate

Fig. 3 (a) SEM-image of a thin KBr film sprayed a on gold-coated
copper sample holder. The sample has been exposed for four days to
atmospheric conditions. (b) SEM-image of a thin KBr film sprayed
on a gold-coated copper sample holder. The sample has been heated
to T ¼ 620 K in situ. (c) SEM-image of a thin KBr film sprayed on
a gold-coated copper sample holder. The sample has been pumped
p ¼ 10�6 Torr in the 14 mm-orifice reactor for four days.

Fig. 2 Quantity of the total amount of SAW on KBr grains as a
function of pumping time tp . The sample has been pumped for a given
time tp within the Knudsen flow reactor to p ¼ 10�6 Torr before the
residual SAW has been desorbed by heating the sample to T ¼ 620 K.
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is irreversible which is a hint for the presence of different
types of surface sites, namely hydrated K–Br(H2O)n and
more stable KBr(c) that do not all revert to hydrated
K–Br(H2O)n at ambient conditions.
During the heating of KBr grains, ground grains as well as

thin KBr film sprayed on a gold-coated copper sample holder
we have monitored HBr, HOBr and Br2 at m/z 82, m/z 96 and
m/z 160, respectively. HBr has only been observed in small
amounts, whereas desorption of HOBr has been observed on
KBr ground grains and thin KBr films sprayed on a gold-
coated copper sample holder as displayed in Fig. 4. In contrast
to the above mentioned samples, no desorption of HOBr has
been observed on KBr grains under similar conditions. No des-
orption of Br2 has been observed on any of the investigated
substrates.
The desorption of HBr may be due to the hydrolysis of KBr

according to equilibrium (6a) which is in analogy to equili-
brium (6b) for NaCl,40 the reverse of the very exothermic
acid–base titration reaction:

KBrðsÞ þ SAW0K OHþH Br ð6aÞ
NaClðsÞ þ SAW0Na OHþH Cl ð6bÞ

Desorption of HOBr is a one-time event that has only been
observed for a sample that has been heated for the first time
at a temperature above T ¼ 470 K. Subsequent heating of
the same sample has not led to additional desorption of HOBr.
Bulk KBr does not decompose at T ¼ 620 K,35 whereas speci-
fic surface sites of KBr obviously lead to the release of HOBr
and HBr which must be associated with the presence of SAW
and the defect surface structure of the substrate. At this point,
one is reminded that KBr grains do not release HOBr in
contrast to ground grains and thin solid films.
The formation of HOBr has to be accompanied by a change

of the oxidation state of bromine in KBr. Together with the
strongly endothermic reaction (7) the present result leads us
to the postulate of the presence of hydrated adsorbed molecu-
lar Br–Br which decays to HOBr and HBr while the sample is
heated to T ¼ 620 K in the presence of SAW.

Br� Brþ SAW  ������!Q HOBrþHBr ð7Þ

The presence of adsorbed Br–Br, perhaps in the form of an
ion pair BrþBr�, may be the chemical indicator for the forma-
tion of a F-center or other active site within the alkali halide
substrate. By grinding the KBr grains an anion may be pulled
out of the crystal matrix owing to local mechanical stress
including evaporation of the aqueous solvent thereby leaving
a vacancy where an electron e� may be trapped.41 Vk centers

of the type [Cl� � �NO2]
� or [Br� � �NO2]

� have been observed
resulting from the reaction of NO2 with ground NaCl and
NaBr, respectively.42 Reaction (8) may describe a possible
charge exchange process leading to adsorbed molecular bro-
mine which may undergo a disproportionation reaction upon
heating following reaction (7). Owing to the small concentra-
tions and/or rapid reaction of adsorbed Br2 , such as reaction
(7), none was observed to desorb to be detected.

2KþBr� ����������!mechanical stress
2Kþ þ Br� Brþ 2e� ð8Þ

Reaction (8) represents a charge-exchange or internal redox
process that apparently does not occur on standard KBr
grains. Therefore, we rule out an oxidizing impurity in the
KBR sample. Infrared spectra of freshly ground KBr samples
taken in an IR photoacoustic cell (MTEC Photoacoustics
Model 300) manifest a more intense broad peak centered at
600 cm�1 than spectra of standard grains. However, upon
exposing such a ground KBr grain sample to the ambient
atmosphere for 24 h, the IR signature at 600 cm�1 decays
away, thus showing that the surface of freshly ground grains
is unstable under ambient conditions.
In order to check the surface for basic OH-sites formed by

equilibrium (6a), KBr grains have been exposed to CO2 . Dai
et al.40 have shown for NaCl using FTIR-spectroscopy that
the formation of basic sites through equilibrium (6b) occurs
on defect sites. Uptake of CO2 on KBr grains may be an indi-
cator for surface OH-sites in analogy to the reaction with
NaOH38 according to reaction (9).

Na OHðsÞ þ CO2ðgÞ0NaþðHCO3Þ� ð9Þ

We assume that CO2 interacts with OH-sites formed on the
KBr surface according to equilibrium (6) in the presence of
SAW because it is not known that CO2 reacts with bulk
NaCl.43 Therefore, we assume that CO2 does not directly inter-
act with KBr, instead we propose that a reaction with OH-sites
on solid KBr occurs according to reaction (10) in analogy to
reaction (9):

K OHðsÞ þ CO2ðgÞ0KþðHCO3Þ� ð10Þ
The total loss of CO2 is measured to be 7� 1014 molecule g�1.
Use of the estimated surface area AS ¼ 145� 10�4 m2 g�1

leads to a loss of CO2 of 1� 1012 molecule cm�2. Comparing
with the calculated KBr surface density of ion pairs of
5.8� 1014 molecule cm�2 (Table 2) we conclude that the sur-
face of KBr grains contains basic sites which may react with
CO2 corresponding to less than 1% of the total surface area.
This number is comparable to the results of Ewing and
coworkers on NaCl.40

Fig. 4 MS-signal of H2O, HOBr and HBr desorbing from a thin film of KBr sprayed on a gold-coated copper sample holder carried out in the
14 mm-orifice reactor at temperature T ¼ 620� 2.5 K. The signal of H2O has been recorded at 10 times smaller sensitivity compared to HBr
and HOBr.
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In this section, we have presented desorption experiments in
order to estimate the amount of SAW. Furthermore, we have
proposed the presence of molecular and hydrated Br–Br pairs
described by Brþ–Br� on ground KBr grains and thin KBr
films sprayed on a gold coated sample holder, as well as the
presence of basic OH-sites generated by hydrolysis of KBr
by SAW according to reaction (6). The hyphen represents a
hydrated ion-pair.

B. Interaction of Br2 with KBr

A net Br2 uptake on solid KBr samples, that is a non-reactive
uptake at ambient temperature, has never been observed under
the conditions of low-pressure flow reactor steady-state experi-
ments. Nevertheless, while performing pulsed valve experi-
ments of Br2 on solid KBr substrates an interaction leading
to an uptake coefficient of g ¼ 3� 10�3 has been observed.44

In order to demonstrate the interaction of Br2 with KBr,
thin films sprayed onto a Pyrex support have been exposed
in a static reactor to 50 mbar of Br2 after they had been
pumped for 1 h in a standard vacuum line at ambient tempera-
ture to a total pressure lower than 1 mbar. After two days of
Br2 exposure, SEM images of a sample exposed to Br2 and
one exposed to ambient conditions have been taken. Figs. 5a
and 5b show a sample exposed to ambient conditions and
one exposed to Br2 , respectively.
The interaction of Br2 with thin films of KBr manifests itself

in the crystallization of KBr, whereas the sample exposed to

ambient conditions did not show a noticeable change towards
a more ordered surface when exposed for the same length of
time. The observed surface change upon Br2 exposure is irre-
versible which means that the exposure of the well-ordered
sample to ambient conditions does not lead back to a lower-
ordered surface.
As mentioned above, hydrated KBr is thermodynamically

less stable than the crystalline form as shown by the following
values: DH0

f þ�393.8 and �373.9 kJ mol�1 for hydrated and
crystalline KBr,45 respectively. The presence of adsorbed Br2
seems to lower the energy-barrier between the less- and the
higher-ordered state which is characterized by an increased
rate of crystallization.
The observed crystallisation of the KBr films may be

explained by the presence of a quasi-liquid layer (QLL)
consisting of SAW18 which interacts with Br2 . We propose
the following reaction mechanism because Br2 is obviously
required for efficient crystallization of KBr:

KBrðsÞ þ SAW0K OHðsÞ þH BrðaÞ ð6Þ
Br2 þ SAW0HO BrðaÞ þH BrðaÞ ð11Þ

K OHðsÞ þH BrðaÞ ! KBrðcÞ þ SAW ð12Þ

We explain the efficient crystallization of KBr in the presence
of Br2 with two effects: first, adsorbed Br2 acts as a dehydrating
agent which leads to dehydration of the KBr surface under
vacuum conditions (reaction (11)). A deficiency of SAW leads
to crystallization of the surface, as we have shown in the pre-
vious section (reaction (5)). Second, the hydration of adsorbed
Br2 leads to an excess of mobile Br� ions in the form of H–Br
which may enhance the rate of the crystallization process of
KBr (reaction (12)).
An unmistakable sign of the interaction of a gas with a solid

substrate is the measurement of an observable surface-resi-
dence time ts of the gaseous species. To this end, the measure-
ment of ts of Br2 on KBr grains has been carried out in the
low-pressure flow reactor in stopped-flow experiments. In
order to detect Br2 desorbing from the sample, the flow of
Br2 was suddenly turned off.
The surface residence time ts has been calculated using the

following linear equation system:

_NN
_SS

� �
¼ � kesc þ kað Þ kd

ka �kd

� �
N
S

� �
ðE7Þ

where N and S represent the number of Br2 molecules in the
volume of the reactor and on the surface, respectively, and
ka and kd are the rate constants for adsorption and desorption,
respectively. Solving eqn. (E7) leads to the following expressions
for kd and ka :

kd ¼
l1l2
kesc

ðE8Þ

ka ¼
ðl1 � kescÞðkesc � l2Þ

kesc
ðE9Þ

where l1,2 are the eigenvalues of the matrix given in eqn. (E7).
The residence time, ts , is given by eqn. (E10):

ts ¼
1

kd
ðE10Þ

with the residence time tc per collision given as follows:

tc ¼
ts
nc

ðE11Þ

with nc (eqn. (E12)) being the average collision number of the
molecule with the substrate surface during its residence in the
reactor.

nc ¼
o
kesc

ðE12Þ

Fig. 5 (a) SEM image of a thin KBr film sprayed on Pyrex sample
holder exposed for 2 days to ambient conditions. (b) SEM image of
a thin KBr film sprayed on Pyrex sample holder exposed for 2 days
to 50 mbar of Br2 .

3452 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 3 4 4 7 – 3 4 6 0 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4



In order to calculate the collision frequency o, the surface
area As ¼ 145 cm2 g�1 obtained by the cubic approximation
has been used.
The eigenvalues of the system have been determined by fit-

ting the MS-signal of the stopped-flow experiments to a biex-
ponential decay. The values for the 4 - and 14 mm-orifice
reactor are listed in Table 3. The obtained surface residence
time per collision tc is 4.7� 0.5 ms for KBr grains. This signi-
ficant residence time suggests that adsorbed Br2 may undergo
reactions with other adsorbed or gaseous species which will be
discussed in the context of uptake experiments of HOCl on
KBr presented in a forthcoming paper.26

C. Uptake experiments of Cl2 on KBr

In order to investigate the products of the reaction of Cl2 with
solid KBr a MS scan of the effluent of the reactor at a steady-
state flow rate of Cl2 in the absence and the presence of KBr
grains has been performed. The MS-scan of Cl2 in the absence
of salt revealed a slight impurity of HCl. Fig. 6 shows both for-
mation of Br2 monitored at m/z 79, 81 and 158, 160, 162 and
slow production of HBr measured at m/z 80 and 82 in the pre-
sence of solid KBr. Comparison of the loss of HCl with the
yield of HBr resulted in a one to one correspondence. There-
fore, we conclude that the observed gaseous HBr originates
from the reaction of the impurity HCl with KBr grains.
Consecutive uptake experiments of Cl2 on KBr standard

grains have been performed in the 14 mm-orifice reactor at
[Cl2] ¼ 6� 1011 molecule cm�3. The delay between the first
and the second experiment was approximately 10 min. On a
fresh sample, the initial uptake coefficient was g0 ¼ 0.24, how-
ever, a subsequent uptake experiment of Cl2 on an already
exposed sample led to g0 ¼ 5� 10�2. Although g0 is lower
for an already exposed KBr sample, it is larger than the value
gss ¼ 2� 10�2 at the end of the first uptake experiment. This
means that under the present vacuum conditions, a partial
regeneration of reactive surface sites is taking place. A series
of Cl2 uptake experiments have been performed as a function
of the time delay tr or regeneration time at [Cl2] ¼ 3� 1011

molecule cm�3 in the 4 mm-orifice reactor whose results are
displayed in Fig. 7.

The regeneration may be due to crystallization of the pro-
duct KCl, which leads to a release of SAW, reaction (13), in
analogy to the KBr, reaction (5). Crystallized KCl is thermo-
dynamically more stable than KBr, according to the standard
heat of formation: DH0

f ¼ �436.74 vs. �393.8 kJ mol�1,
respectively.45 Therefore, we propose that KCl formed on
the surface from the reaction of Cl2 with KBr may crystallize
and liberate occupied sites. Rearrangement of the surface
through crystallization in the presence of H2O vapour has also
been observed after reaction of HNO3 with NaCl.18

K ClðH2OÞn ! KClðcÞ þ nH2O ð13Þ

We propose this rate-limiting crystallization process in ana-
logy to the HNO3/NaCl and N2O5/NaCl systems investigated
by Hemminger and coworkers18,46,47 who observed a crystalli-
zation of the NaCl substrate surface leading to the formation
of small NaNO3 crystallites.
Furthermore, molecular dynamics simulations of concen-

trated aqueous NaCl solutions suggest that adsorbed halogen
species tend to form clusters48 with SAW. This may lead to
a deficit of SAW upon adsorption, resulting in dehydration
of K–Cl. This means that adsorbed halogen species, such as
Cl2 , may withdraw H2O from the mobile K–Cl in order to
satisfy its own needs of solvation and thus initiate a crystalliza-
tion process similar to the pumping action discussed in the
previous section (Figs. 3a and 3c). Similarly, Zangmeister
and Pemberton49 have shown for the HNO3/NaCl system that
adsorbed HNO3(a) must compete for H2O. For the Cl2/KCl
system this may be described by reaction (14):

K ClþX2ðaÞ ! KClðcÞ þX2ðH2OÞnðaÞ X ¼ Cl; Br

ð14Þ

where K–Cl corresponds to hydrated KCl expressed as
KCl(H2O)n .
In order to investigate the observed surface-contamination

by adsorbed chlorine species we have performed pulsed valve
experiments. Fig. 8 shows the MS-signal of a typical pulsed-
valve (PV) experiment of Cl2 interacting with a thin KBr film
sprayed on a Pyrex sample holder performed in the 14 mm-
orifice reactor.
Subsequent identical Cl2 pulses of 1.8� 1013 molecules each

were injected into the reactor corresponding to less than 1% of
the total amount of KBr ion-pairs of the surface of a thin KBr
film sprayed onto a Pyrex sample holder. We have alternately
recorded the MS-signal of Cl2 and Br2 at m/z 70 and m/z 160
for successive pulses, respectively. For one pair of pulses, the
ratio R between the yield of Br2 and the loss of Cl2 , namely

R ¼ NBr2

DNCl2

, has been determined and displayed as a function

of the sum over all injected molecules whose total injected dose

Fig. 6 Mass-spectrometric scan of the Cl2 sample and the reaction of Cl2 with KBr grains in the 4 mm-orifice reactor.

Table 3 Eigenvalue and surface-residence time of Br2 on 1 g of KBr
grains at 300 K (As ¼ 145 cm2 g�1)

Orifice/

mm

[Br2]/molecule

cm�3 l1/s
�1 l2/s

�1 kesc/s
�1 ts/s tc/ms

4 1.2� 1013 0.16 0.29 0.28 6 4.3

14 1� 1012 1.25 2.3 2.4 0.8 5.1
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is D ¼ K
PR

S tð Þdt
pulse

, where K and S(t) are the calibration fac-
tors for the MS-signal in molecule V�1 s�1 and the MS-signal
for Cl2 in V, respectively.
The PV experiments have shown absolute values of R less

than 1 and an increase of R with increasing the number of
pulses or equivalently with the total amount of the injected
dose D of Cl2 (Fig. 9a), which is an indication for surface con-
tamination that is persisting from one pulse to the next. Knud-
sen cell uptake experiments of Cl2 on NaCl and KCl carried
out by Mochida50 led to an uptake of Cl2 but no products were
observed, which confirms the suggestion of surface-adsorbed
halogen. Galwey51 has shown evidence of halogen retention
on KBr surfaces based on the existence of polyhalide inter-
mediates of the type Cl2Br

�Kþ whose decay leads to forma-
tion of KCl. We suggest that these intermediates may be
present on a poisoned surface leading to an increase of R
and thus to enhanced formation of Br2 with an increase of
the total dose D of injected Cl2 , as is displayed in Fig. 9a.
In order to study the retention of halogens in more detail,

experiments with different amounts of SAW have been per-
formed. Thin films of KBr sprayed on a Pyrex sample holder
have been pumped for different durations ranging from 15
min to 40 h which is a proxy for the amount of SAW remain-
ing on the KBr sample. The R value for the sample pumped for
40 h is not significantly different from the briefly pumped

sample. However, the effect on g0 is larger because prior pump-
ing leads to a decrease of g0 from 0.15 to 0.04 for a sample
pumped for 0.25 and 40 h, respectively. We explain this with
the fact that dehydration of the surface according to reaction
(5) leads to a loss of reactive sites due to a crystallization pro-
cess that may also be viewed in Fig. 3c.
Further experiments addressed the effect of atmospheric

exposure of a poisoned KBr substrate on R that has been
exposed for 5 min to ambient conditions at T ¼ 293 K and
a relative humidity of 30% corresponding to approximately
6 Torr of H2O. In contrast to the behaviour of the virgin
KBr sample, the ratio R for the sample exposed to the ambient
for 5 min and subsequently poisoned using an identical dose D
of Cl2 decreases with D, as displayed in Fig. 9b. Apparently,
surface poisoning persists even under ambient conditions on
the time scale of minutes.
In contrast to R, the corresponding g values pertaining to

results displayed in Figs. 9a and 9b are not significantly differ-
ent if the virgin KBr thin film had been pumped for a while.
This is consistent with the fact that the surface change, namely
the induced crystallization owing to pumping is irreversible
under ambient conditions, as has been shown in Figs. 3a and 3c.
The fact that g does not significantly change after exposure

to ambient conditions, as displayed in Table 4 whereas
the yield of Br2 increases after exposure to ambient H2O

Fig. 8 Typical pulsed valve uptake experiment of Cl2 on a thin film of KBr sprayed on a Pyrex support carried out in the 14 mm-orifice reactor.
Cl2 has been monitored at m/z 70. The opening time for Cl2 dosing was ta ¼ 1 ms. The injection dose amounted to 1.8� 1013 molecule pulse�1.

Fig. 7 Repetitive uptake experiment of Cl2 on thin KBr film sprayed on a gold-coated copper sample holder carried out in the 4 mm-orifice
reactor at [Cl2] ¼ 5� 1011 molecule cm�3. After reaching steady-state, the sample compartment has been isolated from the Cl2 flow. After the
regeneration time tr , the sample had again been exposed to the same concentration of Cl2 .
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(Fig. 9b) compared to the reference (Fig. 9a) leads to the
following conclusions:
(i) The presence of SAW enhances the rate of conversion of

surface adsorbed chlorine to surface-adsorbed bromine or
polyhalide species such as Cl2Br

�. This follows from the
decrease of g with removal of SAW by pumping, as shown
in Fig. 2.
(ii) Adsorbed halogen or polyhalide species51 is not removed

from the surface during exposure to ambient conditions for
several minutes. This follows from the large value of R after

exposure of the poisoned sample to ambient conditions, as
shown in Fig. 9b. Under these conditions, almost 100% of
the lost Cl2 may be converted into gaseous Br2 after the first
injection of Cl2 , in contrast to the ca. 50% conversion on a
fresh KBr surface. Adsorbed halogen therefore catalyzes
exchange reactions on solid KBr.
(iii) During the exposure of poisoned KBr to ambient condi-

tions, the displacement of bromide by adsorbed chlorine con-
tinues to occur resulting in adsorbed Br–Cl or Br2Cl

� and
K–Cl, according to reactions (16) and (17). This explains the
small change of g after exposure to ambient conditions and a
R value of almost 100% for the exposure of a KBr sample poi-
soned by Cl2 to ambient conditions, as displayed in Fig. 9b.
These conclusions are consistent with the following pro-

posed reaction scheme in which the expected primary reaction
product BrCl does not desorb into the gas phase at low KCl
coverage owing to the fast secondary reaction (17), in agree-
ment with the efficient uptake of BrCl onto mixed, frozen
salt surfaces,52 that quickly consumes adsorbed BrCl leading
to Br2 :

Cl2 þ S0Cl2 S ð15Þ
Cl2 SþKBr! BrCl SþKCl ð16Þ
BrCl SþKBr! Br2 SþKCl ð17Þ

Br2 S0Br2 þ S ð18Þ
Net : Cl2 þ 2KBr! Br2 þ 2KCl

The rapid rate of formation of Br2 upon Cl2 uptake on a
spoiled KBr sample displayed in Fig. 9b may be explained
by the displacement reaction (19). On a poisoned KBr sample
exposed to ambient conditions adsorbed Br2 may already be
present so that reaction (19) just induces desorption by Cl2 .

Cl2 þ Br2 S! Cl2 Sþ Br2 ð19Þ
A precedent for such a mechanism has been discovered in the
reaction of HNO3 with NaCl or KBr.53

Fig. 10 shows a cartoon of the reaction mechanism given
above. On a fresh KBr sample the interfacial halogen reservoir
is filled up by adsorption of Cl2 followed by reaction with reac-
tive KBr-sites to form adsorbed BrCl(a), which interacts with
a second KBr-site to form adsorbed molecular bromine (reac-
tions (15)–(17)) (Fig. 10a). This leads to a small value of R
because significant amounts of bromine are tied up in the sur-
face reservoir. Between two subsequent pulses, the adsorbed
chlorine may continue to react with adsorbed/dissolved bro-
mine in the absence of gaseous Cl2 (reactions (16) and (17),
Fig. 10b). In the case of renewed exposure of the interfacial
volume to Cl2 , an enhanced amount of bromine desorbs as a
result of the displacement reaction (19) with Cl2 (Fig. 10c).
This leads to a large value of R. Case (a) in Fig. 10 corresponds
to filling the SAW reservoir with Cl2 whereas case (c) results in
an enhanced rate of formation of Br2 owing to the occurrence
of reaction (19). These considerations led to the conclusions
that the KBr substrate contains a double interface, namely
zone 1 and zone 2, displayed in Fig. 10.
BrCl(g) was observed but its rate of formation and/or des-

orption sets in after a delay and increases with time whereas
the rate of production of Br2 decreases with time (Fig. 11). A

Fig. 9 Pulsed valve experiment of Cl2 on a thin KBr film sprayed on
a Pyrex sample holder performed in the 14 mm-orifice reactor. Part (a)

shows the ratio R ¼ NBr2

DNCl2

of an experiment carried out on a fresh and

(b) on the same poisoned sample exposed to approximately 6 Torr of
H2O for 5 min and using the same Cl2 dose.

Table 4 Cl2 pulsed valve experiments (first pulse) on thin KBr film sprayed on a Pyrex sample holder. The typical uncertainty in g is of the order
of 15%

No

Orifice

diameter/mm

Cl2/molecule

pulse�1 Experimental conditions Main products

Uptake kinetics

(first pulse)

1a 14 1.8� 1013 Pumping time tp ¼ 40 h Br2 g ¼ 4� 10�2

1b 14 1.7� 1013 Exposure to 20 mbar H2O, texp ¼ 5 min Br2 g ¼ 3.5� 10�2

2a 14 1.6� 1013 Pumping time tp ¼ 0.25 h Br2 g ¼ 0.11
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delay of the formation of BrCl(g) has also been observed in
the reaction of Cl2 on NaBr54 and is proposed to be the pri-
mary product.55 The gradual increase of the rate of formation
of BrCl(g) may be explained with the increasing surface cov-
erage of KCl from a previous exposure of KBr to Cl2 , which
consequently leads to a slower conversion of BrCl–S to Br2
in reaction (17) owing to a lower number of reactive KBr sites.
After an uptake of ca. 10 min, saturation sets in for the
1 mm-orifice reactor and the rate of production of Br2 as well
as BrCl tend to zero. Saturation means that only a fraction of
the entire KBr sample is available to undergo reaction with
Cl2 . This may be explained by the presence of a limited num-
ber of active surface-sites that increasingly may be poisoned
under vacuum conditions by the build-up of non-reactive KCl.
In order to investigate the influence of adsorbed SAW on the

reactivity, the standard KBr grains have been heated in an
oven for 20 h at T ¼ 473 K and atmospheric pressure before
an uptake experiment of Cl2 was carried out in the 14 mm-ori-
fice reactor at [Cl2] ¼ 2� 1011 molecule cm�3. The g0 value
remains unchanged but the Cl2 uptake saturates faster than
on a standard grain sample. The number of reactive sites able
to take up Cl2 decreases when the sample was previously
heated. This is in agreement with the observation of a

transition towards a better-ordered, hence more crystalline
and therefore less-reactive surface. This crystallographic effect
has been discussed before for thin KBr films sprayed on a
gold-coated sample holder (Figs. 3a and 3c).
The fact that the initial uptake coefficient, g0 , essentially

remains unchanged upon heating suggests that the uptake
kinetics of Cl2 on a virgin KBr sample is determined by the
geometrical extent or surface coverage of the SAW reservoir
enabling the formation of the hydrated ion pairs and located
between the two interfaces displayed in Fig. 10 rather than
by the number of reactive surface sites located at the solid/
SAW interface (zone 2, Fig. 10). From the foregoing it is
expected that heating leads to crystallization of the bulk
KBr/SAW interface (zone 2, Fig. 10) which would reduce
the number of the available reaction sites. Loss of SAW by
evaporation at ambient temperature through pumping, on
the other hand, is expected to primarily affect the extent of
the SAW reservoir and should leave the properties of the bulk
KBr/SAW interface unchanged. However, prolonged pump-
ing may also affect the surface coverage of SAW, hence the rate
of uptake, such that the unambiguous separation of the heat-
ing effect and the SAW removal through pumping becomes
uncertain.

Fig. 11 Cl2 uptake experiment carried out on KBr grains in the 1 mm-orifice reactor. Cl2 , Br2 and BrCl are monitored at m/z 70, m/z 160
and m/z 116.

Fig. 10 Schematic illustration of the reaction of Cl2 on KBr. Case (a) illustrates the reaction on a fresh sample. Cl2 adsorbs in the interface region
and is hydrated by SAW. The adsorbed Cl–Cl reacts with KBr at zone 2 which leads finally to a formation of Br–Br. Case (b) shows the reaction of
adsorbed Cl–Cl in the absence of gaseous Cl2 . Adsorbed Cl–Cl leads to adsorbed Br–Br. Case (c) displays the reaction of Cl2 on a poisoned sample.
Gaseous Cl2 displaces adsorbed Br–Br which is immediately, together with BrCl, released into the gas phase. The clouds indicate the adsorbed
hydrated intermediate species.
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D. Cl2O on NaCl substrates

Steady-state uptake experiments on NaCl and KBr grains have
been carried out in the 4 and 14 mm-orifice reactor in order to
provide a basis for comparison with HOCl whose anhydride is
Cl2O.26 Additional experiments have been performed on KBr
ground grains and thin KBr films sprayed on a Pyrex sample
holder. The Cl2O uptake experiments performed on the bare
Pyrex sample-holder have not led to uptake of Cl2O.
The Cl2O uptake experiments performed on NaCl substrates

lead to formation of Cl2 and HOCl whereas on KBr substrates
formation of Br2 , BrCl and slow formation of HOCl, HOBr
and Cl2 have been observed. Similar to uptake experiments
of Cl2 on solid KBr substrates steady-state experiments of
Cl2O on NaCl and KBr substrates have shown different beha-
viour between a fresh and an already exposed or poisoned
sample. The differences were observed in relation to the uptake
kinetics, as well as the formation of reaction products. This
shows that for the reaction of Cl2O on KBr and NaCl sub-
strate, surface contamination also plays an important role.
Details on the reaction of Cl2O with solid KBr may be found
in the Appendix.
In order to investigate the role of adsorbed reaction pro-

ducts multiple uptake experiments have been carried out on
the same NaCl sample. Fig. 12 shows the formation of Cl2
resulting from Cl2O uptake experiments performed sequen-
tially on NaCl grains in the 4 mm-orifice reactor. The first
uptake experiment shows an induction time for the formation
of Cl2 after lifting the plunger, whereas further uptake experi-
ments do not, and lead to the formation of Cl2 at once after
lifting the plunger. We suggest that this behaviour is related
to the contamination of the surface due to the presence of sur-
face-adsorbed halogen species. The short delay of Cl2 forma-
tion in successive Cl2O uptake experiments except the first
are related to the filling of the reactor volume.
Uptake experiments of HOCl on solid KBr which will be

discussed in a forthcoming paper26 have shown that HOCl
may adsorb on the KBr substrate. Similarly, we suggest that
HOCl may adsorb on the surface of a solid NaCl substrate
and may play a crucial role in the reaction with Cl2O according
to reaction (20).

Cl2OðgÞ þ SAW! HOClðgÞ þHOClðaÞ ð20Þ

In order to study the role of surface-adsorbed HOCl(a), as
proposed in reaction (20) a series of Cl2O uptake experiments
have been carried out. The formation of HOCl and Cl2 has
been monitored and the total amount of lost Cl2O and
formed Cl2 and HOCl has been determined. Fig. 13 shows

the ratio R1 of the yield of Cl2 to lost Cl2O, R1 ¼
NCl2

DNCl2O
,

as well of the yield of HOCl and lost Cl2O, R2 ¼
NHOCl

DNCl2O
,

as a function of the number of uptake experiments or dose
applied to the NaCl sample.
With the number of uptake experiments, n, performed on

the same NaCl grain sample the amount of formed HOCl
decreases in contrast to Cl2 . The ratio of the number of pro-
duced Cl2 , NCl2 , and the number of lost Cl2O, NCl2O , tends

towards 2 with increasing n, R1 ¼
NCl2

DNCl2O
���!n 2, whereas

the ratio of produced HOCl to lost Cl2O tends to a small value

or zero R2 ¼
NHOCl

DNCl2O
���!n 0. The fact that on a fresh NaCl

sample the yield of HOCl corresponds to the loss of Cl2O, as
indicated by the first point in Fig. 13 leads us to the conclusion
that Cl2O reacts with SAW, as indicated by reaction (20) with
one HOCl desorbing into the gas phase and hence detected,
whereas one HOCl remains adsorbed on the substrate. Thus,
adsorbed HOCl(a) contributes to contamination of the NaCl
substrate. The yield of Cl2 goes from zero for the uptake on
a virgin sample to twice the amount of Cl2O lost with increas-
ing chlorine contamination of the surface.
This suggests that Cl2O does not directly interact with the

NaCl ion-pair but rather with SAW. For the interaction of
HOCl with solid KBr we have proposed a screening of the
KBr ion-pairs by SAW molecules as will be discussed in a
forthcoming paper.26 According to reaction (20) we may
expect that formation of HOCl sets in immediately after the
start of the reaction, whereas formation of Cl2 is delayed as
shown by the slow rise of Cl2 formation displayed in Fig. 12.
This suggestion is also supported by the fact that uptake
experiments performed in the 14 mm-orifice reactor at very
low Cl2O concentration of 1� 1010 molecule cm�3 only
revealed the formation of HOCl, but no Cl2 .
The fact that HOCl has been observed immediately after lift-

ing the plunger according to reaction (20) and that the for-
mation of gaseous Cl2 occurs with a delay implies that the
chloride ion of the solid sample is not readily accessible to gas-
eous species and that the reaction starts with the initial inter-
action with SAW. Based on the fact that further uptake
experiments of Cl2O on a poisoned NaCl substrate lead to
immediate formation of Cl2 we propose that on a poisoned
substrate Cl� ions become directly available for gaseous
reactants, such as in reaction (21).

Cl2OðgÞ þ ClðsurfaceÞ
� ! ClOðsurfaceÞ

� þ Cl2ðgÞ ð21Þ

We suggest that the adsorption of HOCl on the NaCl sub-
strate may reduce the proposed screening of the Na–Cl ion
pair by SAW26 and the chloride ion Cl(surface)

� becomes acces-
sible for a reaction with gaseous Cl2O(g) as displayed in reac-
tion (21). Above, we have suggested the dehydration of the
surface by adsorbing halogen species according to reaction
(14). We also propose that the dehydration of the surface may

Fig. 12 MS-signal of the formation of Cl2 in the reaction of Cl2O on NaCl grains under steady-state conditions. The consecutive experiments
have been carried out in the 4 mm-orifice reactor at [Cl2O] ¼ 1� 1012 molecule cm�3.
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weaken or counteract the screening of the hydrated Na–Cl
ion-pair in order to enable the reaction between the ‘‘ reactive ’’
Cl(surface)

� and the gaseous reactant according to reaction (22).
This process amounts to an activation of Cl(surface)

� for further
reaction with gas phase and adsorbed species.

Na Clþ ClOðsurfaceÞ
� ! Naþ þ ClðsurfaceÞ

� þ ClOðH2OÞnðaÞ
ð22Þ

Owing to the consumption of SAW more surface chloride is
available for reaction according to reaction (21). This and the
accumulation of HOCl(a) on the surface may explain the for-
mation of up to two moles of Cl2 per mole of Cl2O lost on a
poisoned substrate, according to Fig. 13 for large n and justi-
fies the reaction scheme proposed below. For the reaction of
Cl2O on a fresh NaCl sample the mechanism starts with reac-
tion (20) and the equilibrium of SAW with NaCl,40 reaction
(23):

NaClðsÞ þ SAW0Na Cl ð23Þ
Cl2OðgÞ þ SAW0HOClðaÞ þHOClðgÞ ð20Þ
HOClðaÞ þNa Cl! Cl2ðgÞ þNaOHðsÞ ð24Þ

Net : Cl2OðgÞ þNaClðsÞ þ SAW! Cl2ðgÞ
þHOClðgÞ þNaOHðsÞ

This explains the immediate release of HOCl after lifting the
plunger as well as the surface contamination by adsorbed
HOCl. The induction time for the formation of Cl2 is due
to the slow secondary reaction of HOCl(a) with Na–Cl,
reaction (24).
In order to explain the reaction on a poisoned NaCl

substrate the following mechanism has been constructed:

NaClðsÞ þ SAW0Na Cl ð23Þ
Cl2OðgÞ þ ClðsurfaceÞ

� ! Cl2ðgÞ þ ClOðsurfaceÞ
� ð21Þ

ClOðsurfaceÞ
� þ SAW! HOClðaÞ þOHðsurfaceÞ

� ð25Þ

HOClðaÞ þNa Cl! Cl2ðgÞ þNa OH ð24Þ

Net : Cl2OðgÞ þNaClðsÞ þ ClðsurfaceÞ
� þ SAW! 2Cl2ðgÞ

þNaOHðsÞ þOHðsurfaceÞ
�

The Cl� ion involved in reaction (21) may be formed by dehy-
dration of the surface, as discussed above (reaction (22)). The
reaction of Cl2O with solid NaCl clearly shows the importance
of SAW and adsorbed halogens for the heterogeneous reac-
tions of halogen species with alkali–halide substrates.

Conclusions

SAW

We found by using SEM-imaging that upon pumping, thin
KBr films sprayed on a gold-coated copper support undergo
a substantial change towards a higher degree of crystallinity
due to dehydration of KBr. This is consistent with the presence
of mobile ions on the KBr surface whose abundance is con-
trolled by the amount of SAW. The observed crystallisation
turns out to be irreversible. A change of the morphology upon
heating of thin films of KBr to T ¼ 620 K at 10�6 Torr back-
ground pressure of H2O was also observed. This temperature is
well below the melting point of KBr and implies that ionic
diffusion processes apparently set in well below the melting
point of KBr.
Upon heating of KBr ground grains and thin KBr films

sprayed on a gold-coated copper sample holder to T ¼ 620 K
under vacuum conditions, desorption of HBr and HOBr has
been observed whereas none could be detected for KBr grains.
Mechanical stress such as grinding and rapid evaporation of
the solvent of the salt solution may lead to a change in the oxi-
dation state of bromine and, consequently, to a possible forma-
tion of surface adsorbed Br–Br pairs together with localised
electrons trapped in F-centers or other lattice imperfections.
HOBr and HBr is the result of the reverse disproportionation
of Br2(a) with SAW, reaction (8).
The presence of surface-bound basic sites or surface hydro-

xyl groups has been demonstrated by the interaction of the
substrate with carbon dioxide, reaction (10). We estimated
the number of basic sites to be less than 1% of the total number
of surface sites.
The presence of mobile halogen ions on the surface leads to

recrystallisation of a thin KBr film induced by the interaction
of Br2 with the KBr substrate. The presence of adsorbed Br2(a)
seems to lower the energy barrier for the transition from a low-
to a higher-ordered crystalline state. The SAW on the surface
of KBr enables the interaction with additional molecular halo-
gens or interhalogens from the gas phase in order to establish
equilibrium (6a). In agreement with this, a surface-residence
time ts of Br2 on standard KBr grains of 5 ms at 300 K has
been measured.

Cl2/KBr

Uptake experiments of Cl2 on different KBr substrates have
resulted mainly in the formation of Br2 together with small
amounts of BrCl. Under low-pressure conditions a slow partial
regeneration of the sample has been observed as far as g0 is

Fig. 13 Ratio between production of Cl2 and HOCl and loss of Cl2O, R1 ¼
NCl2

DNCl2O
and R1 ¼

NHOCl

DNCl2O
, respectively, as a function of the amount of

Cl2O taken up by the same NaCl grain sample. The experiment has been carried out at Cl2O concentrations between 1� 1010 and 2� 1012 molecule
cm�3.
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concerned. This regeneration may be due to conversion of
adsorbed chlorine to KCl accompanied by the formation of
adsorbed polyhalide ions of the type Cl2Br

� or Br2Cl
� origi-

nating from KBr, reactions (16) and (17) which may build
up reactive sites for further Cl2 reaction.
Molecular chlorine and bromine may thus be retained on the

surface and play a crucial role in terms of product yield and
reaction kinetics. Exposure of a poisoned sample to ambient
conditions essentially does not affect the initial reaction
kinetics (g0) whereas the yield of Br2 increases, following expo-
sure to water vapor. In contrast to the heat treatment the pro-
longed evacuation of the KBr sample causes a considerable
decrease in g0 by removing the weakly bound H2O. The results
are consistent with a double interface model that contains
SAW leading to hydrated ion-pairs. Heating at ambient condi-
tions leads to a recrystallization process at the bulk KBr/SAW
interface (zone 2, Fig. 10) and therefore leads to reduction of
the number of the active surface sites but leaves the volume
of SAW unchanged. Pumping, on the other hand, modifies
the volume of SAW and its coverage to a larger degree thereby
affecting the properties of the gas/SAW interface (zone 1,
Fig. 10) and will lead to a decrease of g0 .

Cl2O/NaCl

Uptake of Cl2O on solid NaCl has led exclusively to HOCl at
low, and to Cl2þHOCl at high partial pressure of Cl2O in a
reaction whose mass balance has shown a one to one corre-
spondence between the loss of Cl2O and the formation of
HOCl (Fig. 13). This leads to the accumulation of chlorine spe-
cies such as HOCl(a) on the NaCl surface. On a poisoned
NaCl surface, the ratio R between Cl2O lost and Cl2 formed
tends towards two with increasing Cl2 dose (Fig. 13). The
release of gaseous Cl2 is delayed when an experiment on a fresh
substrate is carried out whereas on a poisoned NaCl sample
the uptake of Cl2O leads to immediate formation of Cl2 . We
propose the existence of a screening effect of SAW on the
surface-ions (Fig. 10) that leads to a delay in the rate of Cl2
formation and an increase in the Cl2 yield upon repetitive
exposure of NaCl to Cl2O. The reaction of Cl2O on different
KBr substrates mainly led to formation of Br2 and BrCl. In
addition, slow production of HOCl, BrOCl and Cl2 have also
been detected.
We have shown in this work that for the reactions of halo-

gen species with alkali salt substrates the contamination of the
surface by adsorption of halogen species crucially influences
the uptake kinetics. We conclude that under vacuum condi-
tions, adsorbed halogen species may effectively dehydrate the
alkali salt surface owing to competition for limited amounts
of SAW. In this way, the screening of the ions may be wea-
kened which activates the reactant ions and may increase their
reactivity. Under ambient conditions corresponding to several
Torr of H2O vapor no activation is expected to take place
because of unlimited availability of water vapor. The presence
of H2O may, on the other hand, lead to a higher mobility of
the adsorbed halogens on the surface that may ultimately lead
to higher yields of reaction products. This will have to be
probed in experiments at high relative humidity.

Appendix. Uptake of Cl2O on KBr substrates

The observed main reaction products of the reaction of Cl2O
with KBr are Br2 and BrCl. Furthermore, slow production
of HOCl, BrOCl and Cl2 have also been detected. In order
to check the sample for adsorbed Cl2O stopped-flow experi-
ments have been carried out similar to the ones already per-
formed on Br2 on KBr substrates (see main text). In contrast
to the Br2 experiments the decay rate of the Cl2O MS-signal
in the presence of the KBr substrate is identical to the decay

in the absence of the sample. This means that, in contrast to
Cl2 and Br2 , Cl2O does not significantly stick to the surface
of the KBr sample but undergoes a prompt reaction on the
substrate. No surface residence time t could therefore be
measured for Cl2O interacting with solid KBr.
In order to investigate the role of surface contamination

subsequent uptake experiments have been carried out on the
same substrate. Fig. 14 shows the rate of formation of Br2
in subsequent uptake experiments performed on the same KBr
grain sample. With the number of Cl2O uptake experiments
Br2 shows a more pronounced peak in the rate of formation
after lifting the plunger, but saturates faster. Similar beha-
viour, albeit less pronounced, has been observed for the BrCl
production rate. The mass balance according to overall reac-
tions (A1) and (A2) results in a deficit of reaction products
which may be explained by adsorption of bromine, as we have
already discussed above.

Cl2OðgÞ þ 2KBrðsÞ ! Br2ðgÞ þ adsorbed products ðA1Þ
Cl2OðgÞ þKBrðsÞ ! BrClðgÞ þ adsorbed products ðA2Þ
The reaction of Cl2O with SAW, reaction (20), plays a cru-

cial role both on solid NaCl as well as on KBr. In contrast to
the reaction of Cl2O with NaCl, the reaction of Cl2O with KBr
leads to slow formation of HOCl and Cl2 only on a poisoned
KBr sample. Similar to reaction (22) we propose the following
reaction:

K Brþ ClOðsurfaceÞ
� ! Kþ þ BrðsurfaceÞ

� þ ClO�ðH2OÞnðaÞ
ðA3Þ

where adsorbed ClO� may be formed by hydration of
HOCl(a):

HOClðaÞ þ SAW! Hþ þ ClOðsurfaceÞ
� ðA4Þ

The adsorbed ClO� binds SAW and a lack of SAW therefore
arises. The Br� ion is activated in reaction (A3) and is there-
fore easily available for surface reactions. This leads to the
following reaction mechanism:

2 ðKBrðsÞ þ SAW0K BrÞ ðA5Þ
Cl2OðgÞ þ SAW0HOClðaÞ þHOClðgÞ ð20Þ

HOClðaÞ þ SAW! Hþ þ ClOðsurfaceÞ
� ðA4Þ

K Brþ ClOðsurfaceÞ
� ! Kþ þ BrðsurfaceÞ

� þ ClO�ðH2OÞnðaÞ
ðA3Þ

Fig. 14 Br2 rate of formation resulting from steady-state Cl2O
uptake experiment on KBr grains carried out in the 4 mm-orifice reac-
tor. The graphs display the rate of production of Br2 in subsequent
uptake experiments: (a) first uptake, (b) second uptake, and (c) sixth
uptake experiment, all using the same Cl2O dose.
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HOClðgÞ þKþ þ BrðsurfaceÞ
� ! BrClðaÞ þKþ þOHðsurfaceÞ

�

ðA6Þ

BrClðaÞ þK Br! K Clþ Br2ðgÞ ðA7Þ

Hþ þKþ þOHðsurfaceÞ
� ! Kþ þ SAW ðA8Þ

Kþ þ ClO�ðH2OÞnðaÞ ! K OCl ðA9Þ
Net : Cl2OðgÞ þ 2KBrþ 3SAW! K ClþK OClþ Br2ðgÞ

Adsorption of chlorine-containing species drives the bromide
of the substrate towards the surface according to reaction
(A3) where it becomes available for reaction with gaseous
species.
The formation of HOCl, Cl2 and HOBr on a poisoned sam-

ple may be explained by the accumulation of KOCl on the
surface followed by fast hydrolysis, reaction (A10) and the
reaction of BrCl(a) with adsorbed HOCl(a), reaction (A11),
respectively.

KOClðsÞ þ SAW0KOHþHOClðgÞ ðA10Þ
HOClðaÞ þ BrClðaÞ ! Cl2ðgÞ þHOBrðgÞ ðA11Þ

In this section we have demonstrated that adsorbed halogen
species and SAW also play a crucial role for the reaction of
Cl2O on KBr substrates. In analogy to the reaction of Cl2O
on NaCl we propose that no direct reaction of Cl2O with
KBr takes place. Cl2O interacts first with the SAW and the
adsorbed HOCl(a) may undergo consecutive reactions in order
to form gaseous Br2(g) such as in reactions (A6) and (A7). The
mass balance points to a deficiency in Br2 compared to the loss
of Cl2O akin to Cl2O/NaCl. This led to the conclusion of the
existence of adsorbed ionic polyhalogen species on solid KBr.
Repetitive uptake experiments showed that Br2 is formed more
rapidly on an already poisoned KBr sample. The primary
product HOCl(a) effectively competes for SAW that was
previously bound to KBr, as represented in reaction (A4).
This adsorption thus activates Br� for reaction with gas and
adsorbed molecules in analogy to the activation mechanism
for solid NaCl.
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