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PERMEATION METHOD AND APPARATUS
FOR PREPARING FLUIDS CONTAINING
HIGH PURITY CHLORINE DIOXIDE

This is the National Stage of International Application
PCT/HU2007/000087, filed Sep. 21, 2007.

TECHNICAL FIELD

The object of the invention is a method to prepare fluids
(i.e. liquids and gases) containing pure chlorine dioxide
which is not contaminated by the starting materials or the
byproducts of the chlorine dioxide synthesis or to deliver pure
chlorine dioxide into any fluid target medium capable of
dissolving chlorine dioxide, wherein the chlorine dioxide
generated in the process is transported across a pore free
polymeric membrane via selective permeation into the fluid
target medium. The invention also relates to different appa-
ratus to realize said method.

BACKGROUND OF THE INVENTION
Use of Chlorine Dioxide
Ideal Biocide and Bleaching Agent

Chlorine dioxide is a very effective biocide. According to
the Annual Research Report, Southwest Research Institute,
San Antonio, Tex., 1996, “Chlorine dioxide is a powerful
biocide that can kill fungus, bacteria, and viruses at levels of

X

Chlorine dioxide is also effective against protozoan cysts like
the one causing e. g. malaria. Most of the other antimicrobials
should be applied in orders of magnitude higher concentra-
tions to be as effective as chlorine dioxide. However, applying
such large quantities of an antimicrobial agent is costly, more-
over these agents should be removed by rinsing after the
disinfection, which causes further complications and costs.
The use of an aqueous chlorine dioxide solution can be
regarded as ideal in this respect because this compound is a
water soluble gas which evaporates together with the water
after disinfection.

A further advantageous property of chlorine dioxide is its
selectivity. This selective oxidizer does not react with organic
acids, ethers, alkanes, alcohols, aldehydes, aliphatic amines,
ammonia, carbohydrates, fats, nucleic acids and most of the
amino acids (except tyrosine and the sulfur containing amino
acids). The actual list of non-reactive compounds is much
longer. This is an advantageous property of chlorine dioxide
because except killing bacteria and viruses it barely partici-
pates in other reactions thus it is easy to reach a critical
concentration required for disinfection even in an environ-
ment contaminated by organic compounds. When applying
e.g. chlorine gas as a disinfectant in a contaminated environ-
ment achieving the critical concentration is more difficult, as
chlorine reacts with various organic compounds. This is a
problem not only because in such a case disinfection requires
much more chlorine but the chlorinated compounds produced
this way can be harmful to the human health (e.g. some
chlorinated hydrocarbons are well known carcinogens). This
is why numerous places have switched from chlorine to chlo-
rine dioxide as a disinfectant in municipal water treatment.
The first application was odor control in municipal water at
Niagara Falls, N.Y. already in the forties of the last century.

Chlorine dioxide achieves its selective biocide effect by
inactivating key membrane proteins. The inactivation is
caused by a change in the spatial structure of these proteins.
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This is because the secondary and tertiary structures of the
proteins are stabilized by disulfide bonds and when chlorine
dioxide reacts with these bonds it modifies the structure and
inactivates the proteins this way.

Beside disinfection chlorine dioxide is used in the paper
and pulp and also in the textile industries for bleaching. The
greatest consumer is the paper and pulp industry where plants
capable to produce even 50 tons of chlorine dioxide per day
are under construction.

Transportation Problems Connected with Chlorine Dioxide

It is a major obstacle for the rapid spread of various chlo-
rine dioxide applications that the gas has to be generated on
the spot of the utilization. This is because chlorine dioxide—
unlike chlorine—cannot be stored in gas cylinders and con-
sequently cannot be transported in such a form, as pure gas-
eous chlorine dioxide or any gaseous mixture containing
more than 10% (especially between 25 and 30% (volume/
volume)) chlorine dioxide can decompose rapidly. In this
exothermic reaction which is initiated by light chlorine diox-
ide decomposes to gaseous chlorine and oxygen:

2C10,—Cl,+20,.

However, the above reaction, accompanied by a rapid
increase of the volume, is not a real explosion as the velocity
of' the reaction wave stays below 1 m/s, while the velocity of
real detonation waves starts at 300 m/s. Thus to make a
distinction the usual terminology in the literature for this
rapid decomposition is “puff”. While such a puff can be easily
avoided with due care, this does not modify the fact that
chlorine dioxide cannot be stored in gas cylinders thus it has
to be generated on the spot anyway.

Various Methods of Chlorine Dioxide Production
Production of Chlorine Dioxide from a Chlorate by Reduc-
tion

The oxidation number of chlorine in chlorine dioxide
(C10,) is 4. Chlorine dioxide has an unpaired electron in other
words it is a free radical; its specific reactions and also its
greenish yellow color is due to this fact. The large quantities
of chlorine dioxide used by the paper and cellulose industry
are produced by the one electron reduction of chlorate (where
the oxidation number of chlorine is 5) in acidic media:

ClO, +2H*+¢ —ClO,+,0.

The reducing agent can be sulfur dioxide, methanol, or
most recently hydrogen peroxide. In the latter case oxygen
gas is also produced in the reaction:

2C105 +2H +H,0,—>2Cl0,+2H,0+0,.

Usually the sodium salt of the chlorate ion and sulfuric acid
is used in the manufacturing process. To obtain a relatively
clean aqueous solution of C10, the produced chlorine dioxide
together with the oxygen and a part of the solvent is evapo-
rated first, then it is re-dissolved in water in absorption towers.
Such a process and apparatus for producing chlorine dioxide
is disclosed in WO 2006/062455 by EKA Chemicals AB. The
alkali metal sulfate formed in the reaction is normally with-
drawn preferably as a solid salt cake. On the other hand, if an
acid or salt contamination does not disturb the further use of
the aqueous chlorine dioxide solution then the energy-de-
manding evaporation and the equipment-demanding absorp-
tion steps of the technology can be left out and the product
solution can be simply diluted with water. Such technologies
are disclosed in WO 03/000586 and WO 2006/062456 by
EKA.

While among the possible starting materials of the chlorine
dioxide synthesis it is the chlorate which is the least expensive
one, such a technology can be applied economically only
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when the chlorine dioxide demand is at least several tons per
day because of the expensive equipment. In the case of
smaller chlorine dioxide demand chlorine dioxide is pro-
duced from some alkali—usually sodium—chlorite as start-
ing material. It should be mentioned that sodium chlorite
itself is produced from chlorine dioxide by reducing that with
hydrogen peroxide in alkaline media (see e.g. Kirk-Othmer
Encyclopedia of Chemical Technology 3rd edition). This way
a safe transport of chlorine dioxide can be carried out in the
form of chlorite.
Production of Chlorine Dioxide from a Chlorite by Oxidation
If larger amounts of chlorine dioxide are needed (but the
daily consumption stays below one ton), then usually various
chlorine dioxide generators are applied, which generate chlo-
rine dioxide by a one electron oxidation of chlorite (a com-
pound where the oxidation number of chlorine is 3):

ClO,™—=ClO,+e™.

The oxidizing agent is often chlorine according to the
following stoichiometry:

2C10, +ClL,—2Cl0,+2CI~.

Most of the chlorine dioxide generators apply this reaction;
see for example U.S. Pat. No. 5,009,875 of International
Dioxide. Recently the direct anodic electrochemical oxida-
tion is also applied. An advantage of this method is that the
rate of the chlorine dioxide evolution can be directly con-
trolled by the electric current. U.S. Pat. No. 4,683,039 of
ERCO describes such an apparatus where the anodic oxida-
tion is combined with the pervaporation of the evolving chlo-
rine dioxide. The pervaporation takes place across a hydro-
phobic porous polytetrafluoro ethylene membrane, the pores
of which cannot be penetrated by the liquid, thus in theory
only the gaseous chlorine dioxide could diffuse through these
pores. According to the measurements (ERCO R101™ Tech-
nology), however, the selectivity is less than 100% and a
small amount of chlorite and chlorate can also penetrate
through the porous membrane. Most probably this is due to
the fact that in some pores a liquid phase diffusion also takes
place.

Independently of the method of generation the use of the
complicated and relatively expensive chlorine dioxide gen-
erators is economic only if the chlorine dioxide demand is
large enough, in the case of municipal water treatment, for
example.

Production of Chlorine Dioxide Via the Reaction of Chlorite
with Various Acids

Various other applications require only smaller amounts of
chlorine dioxide and the use of generators is not economic in
such cases. (Preparation of aqueous disinfecting solutions,
sterilization of medical and dental equipments, washing of
fruits are examples for applications demanding relatively
small amounts of chlorine dioxide.) In that case the dispro-
portionation reaction of chlorous acid is applied which is the
easiest to realize simply by acidifying an aqueous chlorite
solution. In the optimum case this reaction yields 4 chlorine
dioxide molecules from 5 chlorite ions:

5Cl0,~+4H"—4Cl0,+Cl~+2H,0.

Beside various strong inorganic acids the mild acidic
medium required for the disproportionation reaction can be
realized with certain organic acids as well. The application of
the latter can be advantageous because of their less corrosive
character. Such an organic acid is citric acid for example,
which is used widely for this purpose. While patent descrip-
tions mention usually the above 5 C10,™—4 ClO, stoichiom-
etry alone, that optimum stoichiometry is valid only when the
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reagent is hydrochloric acid applied in excess. In the case of
other acids the following stoichiometry holds (Gordon and
Kiefer Inorg. Chem. 1968, 7, 235):

4Cl0,~+2H*—2Cl0,+CI~+ClO,+H,0.

This means on one side that the final product will be con-
taminated by chlorate and on the other side that the maximum
yield of chlorine dioxide is limited to 62.5% compared to the
optimum stoichiometry with hydrochloric acid.

According to the simplest technology aqueous solution of
sodium chlorite and of an organic acid is mixed (U.S. Pat. No.
6,007,772) producing this way a cold sterilant solution. The
chlorine dioxide solution produced with this method is cor-
rosive, however, because of its acidic pH and its chloride ion
content. We remark here that a pure aqueous chlorine dioxide
solution is not corrosive, however. Consequently the above
solution can be used to disinfect or sterilize metal parts only
in a combination with various corrosion inhibitors depending
onthe metal to decrease its corrosion. U.S. Pat. No. 6,007,772
discusses these corrosion-inhibiting agents in detail.

A continuous production of aqueous chlorine dioxide solu-
tion is also possible by mixing flows of sodium chlorite and
citric acid solutions in a tubular reactor. The concentrated
chlorine dioxide solution leaving the reactor is diluted by a
continuous flow of water (WO 2005/011759). The chlorine
dioxide solution produced this way can be used advanta-
geously e.g. for skin asepsis or even wound irrigation and
disinfection because, as that patent emphasizes, chlorine
dioxide is well tolerated by humans and animals.

Itis a disadvantage of the method described in the previous
paragraph that the ClO, solution produced this way also con-
tains some non-reacted NaClO,, citric acid, sodium citrate,
NaClOj;, and NaCl. Such a contamination is always a problem
especially if the aim is to produce a more concentrated C10,
solution because in that case the concentration of the con-
taminating components would be also higher in the final
solution. CIO, can be separated from the contaminating com-
ponents by stripping it with a gas (WO 2006/020704). A
subsequent absorption of the stripped C10, in water can yield
a chlorine dioxide solution which is relatively free of con-
taminants. Such a method is capable to produce larger
amounts of chlorine dioxide containing water by applying
aqueous solutions of sodium chlorite and various organic
acids. To decrease the costs usually a mixture of lactic and
acetic acids is used. A main disadvantage of this method—
beside a low level contamination of the final product caused
by small droplets traveling with the stripping gas—is the need
for stripping and absorbing towers, that these devices should
be operated with recirculation, moreover that to reach a
higher efficiency two stripping and two absorption towers
should be connected in series.

Production of Chlorine Dioxide with Disposable Devices

For an on-the-spot generation of small chlorine dioxide
amounts various methods were developed applying dispos-
able devices. There are two main groups of these methods: the
aim in first group is to produce chlorine dioxide in the form of
an aqueous solution, while in the second group the aim is to
generate gaseous chlorine dioxide. Presently all the known
methods apply the chlorite—acid reaction for the chlorine
dioxide generation.

A) Production of Aqueous Chlorine Dioxide Solutions with
Disposable Devices

These procedures do not use solutions but solid reagents
instead, in various forms aiming to simplify the application. It
is worth to mention two of such procedures:

i) The first method applies reagent pellets. U.S. Pat. No.
6,432,322 by ENGELHARD describes such a method. The
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was removed from the vessel and after a fast washing with
water (lasting about only 3 seconds) a mixture of 10 cm?
water, 1 cm® potassium iodide, 3 cm® 0.01 M sodium thiosul-
fate and 1 drop 5% starch solution was poured into the vessel.
After this the magnetic stirring and the measurement of time
had started. The time when the blue color of the triiodide-
starch complex appeared was recorded, then 2 cm? 0.01 M
tiosulfate was added to the mixture and we were waiting again
for the appearance of the blue color. This was continued with
adding decreasing amounts of thiosulfate until the point when
after the addition of the last small portion of thiosulfate the
blue color disappeared but had not reappeared again.

Next the volume of the titrant V, necessary to titrate the
chlorine dioxide diffused out of the silicon rubber disk until
time t was depicted as a function of t. From this diagram (see
FIG. 2a)) the total amount of chlorine dioxide dissolved in the
disk and also the diffusion coefficient of ClO, in silicone
rubber can be determined. To this end the diagram of FI1G. 2a)
was transformed: instead of depicting V, it was In [(V -V ,)/
V..] which was depicted as a function of t, where V__ is the
volume of the titrant needed after infinite time. This way we
can obtain a straight line (J. Crank: The Mathematics of
Diffusion 2nd ed., Clarendon, Oxford 1975) the slope of
which is -D-n*/(4-h?),
where h is the thickness of the silicon rubber disk. The inter-
cept ofthe straight line should be about ~In(*/8) according to
the theory. Such a diagram can be seen in FIG. 254). The
diffusion coefficient D was calculated from the slope:
D=(7.6£0.6)x107% cm?/s. (The error of the diffusion coefli-
cient is also due to uncertainty in the determination of the
thickness but its relative error is two times larger than the
relative error of o because the formula to calculate D depends
on h?, while the formula to calculate c. depends on h only.)
V_—as a first approximation—is the volume of the titrant
after the addition of which the blue color cannot reappear any
more. This value was 22.2 cm” in the present case. Naturally
this is an upper limit only which should be decreased some-
what if we want to achieve a best fit of the calculated points to
a straight line. In the present case V,,=22.15 cm® was the
optimum.

Evaluation of the Results and Comparison with Data Known
from the Literature

No data were found in the literature for the diffusion coef-
ficient of chlorine dioxide in silicone rubber to compare with
the D value presented in the previous paragraph. It can be a
guideline, however, that the D value of carbon dioxide in pure
poly-dimethylsiloxane is 22x107° cm?*/s at 35° C. (T. C. Mer-
keletal. J. Pol. Sci. B. 2000, 38, 415). This is relevant because
chlorine dioxide and carbon dioxide are molecules with simi-
lar sizes. (The distance between the two oxygen atoms in
carbon dioxide is 2.4 Angstrom while in chlorine dioxide this
distance is 2.52 Angstrom. It is true, however, that while
carbon dioxide is a linear molecule in the case of chlorine
dioxide the angle between the two oxygen-chlorine bonds is
not 180 but only 118 degrees.) Our estimate is based on the
assumption that in the same polymer the diffusion coeffi-
cients of two molecules of nearly the same size should be
nearly equal. For example in poly-dimethylsiloxane at 35° C.
the diffusion coefficient of methane is 22x10~% cm?/s, which
is equal to the diffusion coefficient of carbon dioxide. (One
side of the tetrahedral methane molecule is 1.78 Angstrom.)

As can be seen, however, the diffusion coefficient for chlo-
rine dioxide in silicon rubber measured by us at 22° C. is only
one third of the value what we would expect at 35° C. Natu-
rally a part of this deviation is due to the lower temperature.
Nevertheless, most of the deviation is caused probably by the
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filling material what is always present in commercial silicon
rubbers and which is absent from the measurements pub-
lished in the literature.

From the above results we can make the following three
conclusions:

The solubility of chlorine dioxide in a commercial silicone
rubber is somewhat higher than in water, as its distribution
coefficient a=1.16.

The diffusion coefficient of chlorine dioxide in a commer-
cial silicon rubber (0.76x107> ¢cm?/s) reaches the same order
of magnitude (=10~° em?/s) which is characteristic for mol-
ecules dissolved in water, especially because regarding the
transport it is

D*=0-D=0.88x 107> cm?/s what really matters.

In the case of an unfilled or a less filled silicone rubber both
a and D would be higher.
Diffusion of Chlorine Dioxide Out of a Batch Type Tubular
Reactor. Time Constant of the Process

In this paragraph we are going to estimate the time while
most of the chlorine dioxide leaves the tubular reactor after its
production there. (In other words now we want to estimate the
time constant of the transport separately.) If the concentration
of chlorine dioxide in the medium surrounding the tubular
reactor is negligible compared that of inside the tubular reac-
tor then it can be proven that the inner concentration
decreases exponentially, which decrease can be characterized
by the time constant T while the inner concentration decreases
to a value which is e times smaller than the initial one, that is

c(t)y=c(0)-exp(-t/1) and c(r)=c(0)/e.

We want to calculate this time constant T because with the
help of that we can estimate the time of the transport. For
example if we wait a time period of 5[] then we know that
after this time more than 99.3% of the initial chlorine dioxide
has already left the reactor. In the next derivation we will
assume that the inner volume of the tubular reactor is mixed
(by natural convection for example) thus the inner concentra-
tion is always homogeneous, moreover, a steady state will be
also assumed.

Let the inner radius of a tube with circular cross-section be
denoted by R, the outer radius by R,, and its length by L.
Then the stationary component current I can be given by the
following formula:

I=a-D- 27 L/In(R>/R )] (cr—C¢1)s

which can be approximated in the case of c,<<c, with the
next expression:

I=D* 2-L/In(R>/R )] Cr,

where we applied the short notation of D*=ca-D. Then,
regarding the mass balance, the component current I leaving
the reactor

I=—d(cgVp)ldt

where V,=(R,)*n-L is the inner volume of the reactor. This
way the following differential equation can be obtained

deg/dl :—{20*/[(R1)2'1H(R2/R1)]}'CRa

from which the time constant T can be expressed as:

v=[(R > In(R+/R ))/(2D*).

In the case of the poly-dimethylsiloxane tubing with
R,=0.5 mm inner and R,=1 mm outer radius applied in our
experiments, and using the D*=1.16-7.6x107® cm?/s=0.88x
107° cm?/s value, the time constant T is nearly 100 s (within 1
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wherek,=1.17x107>M™'s~" is the rate constant for the simple
(uncatalyzed) disproportionation reaction (where chlorate is
also a product), and k,=1.57x107> M~'s™* (in 1.2 M perchlo-
ric acid) or k,=3.00x1072 M~'s™! (in 2 M HCIQ,) is the rate
constant of the decomposition catalyzed by chloride ion
(where the products are only chlorine dioxide and chloride).
As K=0.0012 M and in our case the concentration of chloride
is always much higher than this value the rate law can be
written in the following simplified form:

—d[HCIO, /i~ [HCLO, P+, [HCIO, |[CI]

which rate equation will be referred to as the “simplified
Kiefer-Gordon formula”. Whenever we apply organic acids
the second term can be neglected. In this case the reaction
would be theoretically a second order reaction if the solution
contained pure chlorous acid only. However, in experiments
A) and B) one has to take into account that at the pH estab-
lished by the citric acid only a part of the added chlorite
appears in its protonated form as chlorous acid, and this fact
makes the calculations rather complicated.

The situation is more simple in experiments C) and D)
where because of the hydrochloric acid—which seemed to be
beneficial concerning the yield—most of the added chlorite is
in protonated form. In this case the simplified Kiefer-Gordon
formula can be a useful guide for us when we want to find the
optimum parameters to produce ClO,. It is obvious that in
order to reach an optimum yield the first reaction route (the
simple disproportionation producing chlorate) must be sup-
pressed compared to the second one (the ClO, production
catalysed by chloride ions). According to our formula this can
be achieved by decreasing the initial chlorous acid concen-
tration and increasing the chloride concentration. Even a
quantitative formula can be deduced for the efficiency 1 of
ClO, production:

N=5/8+(3/8X)-In(1+X)

where X=k, [HCIO,]/k,[CI7] ([HCIO,], is the initial chlor-
ous acid concentration).

So it can be seen that when the value of X is high (X—00)
then —5/8 (i.e. the route leading to chlorate dominates) and
when X—0 then (i.e. here the decomposition catalysed by
chloride is the dominant route).

The parameters given by Kiefer and Gordon can be
regarded as estimates only for the concentrated solutions we
apply. E.g. in experiments C) and D) the solution has reached
the final concentration after a 12-15 min waiting time but the
calculated value would be only around 5 min using k,=1.57x
1072 M~'s7'. It is more feasible to use the real experimental
values also because so far in our calculations we treated
diffusion (which gave an approx. 8 min waiting time) and
chemical reaction as separate processes although these are
parallel ones. However, it is interesting to note that the sum of
the two times (diffusion: 8 min+chemical reaction: 5 min
altogether 13 min) as a rough estimate shows a relatively
acceptable agreement with the 12-15 min measured in the
experiments.

Permeation of Other Components

It is a very important point that in each experiment A)-D) it
was examined whether the acid we used—especially hydro-
chloric acid, or chloride ion—permeates through the silicon
rubber wall. Surprisingly we have found that the quantity that
permeated was below the detection limit for these compo-
nents.

In these tests we took 30 cm® samples from the solution.
First ClO, was removed from the samples by sucking air
through them for 5 min with an aspirator. (That was necessary
because ClO, would have disturbed the measurements with a
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pH paper as it bleaches the dye in it.) Then the ClO, free
sample was tested for chloride ion or for acid, respectively.
Chloride Ion

Chloride ion is present implicitly in each recipe as we have
used the 80% commercial grade NaClO, which also contains
16% NaCl. (The remaining 4% is a mixture of Na,CO; and
NaOH that are used for stabilisation.) The highest concentra-
tion of chloride (more than 3 M) was applied in experiment
D).

According to our measurements the chloride ion content of
the ClO, solution was below the detection limit (which was
around 2 ppm (m/m) with the applied method using silver
nitrate) even when the solution remained in contact with the
silicon rubber tube containing the exhausted reagents for
more than 24 hours even in the case of maximal chloride
concentrations applied.

Acid

The pH of the distilled water in the beaker has not deviated
from the original value (pH=5.5-6) even if the ClO, solution
was prepared according to recipe C) or D) and even if it
remained in contact with the silicon rubber tube for 24 hours
in which the hydrochloric acid concentration of the exhausted
solutions exceeded 1 M in recipe D).

Conclusions

1) According to our measurements by using the permeation
method described above a very high selectivity can be
reached: while the permeation of ClO, is a very fast process,
the permeation of the other components is immeasurably
slow even after a long time.

ii) Beside hydrochloric acid organic acids are also suitable
to establish the required acidic pH but by using these the yield
is lower and the reaction is also slower. At a given application
one has to decide whether it is the conversion and the reaction
rate (enhanced by hydrochloric acid) or the environment-
friendly nature of the applied acid that really matters; the
latter requirement favours the application of organic acids.

Example 2

Countercurrent Tubular Reactor with Permeable
Walls and a Continuous Method to Produce Chlorine
Dioxide—Containing Gas or Water Streams

The device can be designed based on point D) of Example
1. (henceforth: Experiment D)). As shown in FIG. 5. the two
solutions are pumped by two peristaltic pumps 51 and 52
continuously into the core of the silicon rubber tube 53 around
which water or air is kept flowing by pump 54. The endprod-
uct—the fluid (water or air) saturated with C10,—leaves the
reactor at vent 55 while the exhausted reagents are collected
in tank 56. The silicon rubber permeation reactor 53 has a
length of 7 m, inner diameter 1 mm and outer diameter 2 mm.
(This is the same tube that was applied in Experiment D).) As,
according to our experiments, the time needed to reach maxi-
mal conversion is at least 12 min and the inner cubic capacity
of the tube is 5.5 cm?, the maximum value of the flow rate in
the tube can be 0.46 cm®/min. This means that both solution
1. (an aqueous solution which is 16.5% for 80% NaClO, and
15% for NaCl) and solution II. (aqueous solution of 4 M HCI)
can be pumped with a flow rate of 0.23 cm®/min. However,
one also has to take into account that CO, bubbles evolve
from the Na,CO; which can be found in the 80% NaClO, and
this increases the effective flow rate by about 10% according
to our observations. That is it is worth to choose the flow rate
to be 0.40 (0.20+0.20) cm®/min. In this case it takes 10 min to
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pump into the countercurrent tubular reactor that amount of
reagents which gave 500 cm® of 360 ppm (m/m) CIO, solu-
tion in Experiment D). In other words, if the pump 54 ensures
a flow rate of water of 50 cm®/min then a 360 ppm aqueous
solution of chlorine dioxide can be produced continuously.
The concentration of the produced chlorine dioxide solution
can be controlled by the flow rate of both the reagents and the
water. E.g. if we keep the flow rate of water constant while we
decrease the flow rate of the reagents to its half (to 0.10
cm?®/min) then the concentration of C1O, also decreases to its
half. From a practical aspect it is even more important that the
concentration of Cl0, can be controlled by the flow rate of
water. Thus if we apply the above mentioned maximal flow
rate of the reagents along with a 0.5 dm®/min flow rate of
water then we get a 36 ppm aqueous solution of chlorine
dioxide which can be favourably used for disinfecting
wounds. However, in the case of a 10 cm®/min flow rate of
water we can produce a more concentrated, 1800 ppm Cl1O,
solution continuously.

With the method described in the previous paragraph
according to FIG. 5. it is possible to produce not only an
aqueous solution of water but also a flow of ClO, containing
air in a continuous and controlled way. However, in this case
the pump 54 carries not water but air. Considering that a 360
ppm (m/m) aqueous ClO, solution with a flow rate of 50
cm>/min contains 18 mg/min ClO, (which is equivalent to
263 pmol/min ClO,), using air instead of water with a flow
rate of 1 m*/min this air will contain 5.9 ppm (volume/vol-
ume: V/V) ClO, at 20° C. (It is worth to mention that it is not
necessary to drive such a great air flow through the outer tube.
E.g. if we have only a flow rate of 100 dm*/min there then we
can mix it with a flow rate of 900 dm®/min.) Such a big
amount of air containing a relatively small amount of CI1O,
can be used for sterilisation of rooms or apartments. The
amount and the concentration of C10, can be controlled by
the flow rate of reagents and of the target medium which is air
in this case.

Example 3

A Micro-Reactor Applying a Flat Silicone Rubber
Membrane and Hydrogel Embedded Reagents to
Establish a Slow Focused Chlorine Dioxide Input of
Small Quanta

Inexamples 1. and 2. we have presented devices which can
be used for the production of chlorine dioxide-containing
water or air. These fluids containing pure chlorine dioxide can
be used to flood places where we need e.g. the biocid effect of
chlorine dioxide. Anyway, it can happen that we want to apply
chlorine dioxide not in a great quantity, homogeneously
spread in a big space but only in minute quantities, focussed
on a limited area. In this case our intention is to construct a
disposable, small reactor which can be used also by a non-
professional person easily, without any risk. FIG. 6. shows
such a micro-reactor.

FIG. 6.a) shows the cross-sectional view of the micro-
reactor. The bottom of the reactor is the disk 61 made of a
textile reinforced silicon rubber membrane with a thickness
of 0.3 mm and diameter of 18 mm. The membrane disk is
glued to the silicon rubber ring 62 with the silicon rubber
adhesive Elastosil® SK-42. The silicon rubber ring is cut out
of a 2 mm thick silicon rubber sheet Pemiisil®, its inner
diameter is 14 mm and the outer one 18 mm. Over the silicon
rubber membrane is the hydrogel 63 containing NaClO, and
over that one the hydrogel 64 containing citric acid. Both
hydrogels are made of polyacryl-amide crosslinked by N,N'-

20

25

30

35

40

45

50

55

60

65

22

methylene-bis-acrylamide and filled with aerosyl. Polymeri-
sation was carried out between glass plates and the result was
a 1 mm thick hydrogel plate. From this plate 14 mm diameter
disks were cut, one half of them was immersed in 50% citric
acid solution, the other half in 33% solution of 80% NaClO,
for at least 2 hours before using them. The whole device is
closed by a soft PVC cap 65. This was made by cutting a ring
with an inner diameter of 18 mm and an outer diameter of 22
mm from a 2.2 mm thick soft PVC sheet and then a 0.1 mm
thick soft PVC foil disk with a diameter of 22 mm was glued
to it with cyclohexanone which is a solvent of PVC. (Of
course, the soft PVC case can also be made in one piece, and
in case of a standardised production that would be more
convenient.)

FIG. 6.5) shows the set-up of the micro-reactor consisting
of basically four parts. First the gel disk 63 containing the
NaClO, solution is placed into the silicon rubber cup of the
reactor (the cup consists of the membrane 61 and the silicon
rubber ring 62) and then the gel disk 64 containing citric acid
is placed on it. Then the silicon rubber cup containing the gel
rings is closed by the PVC cap 65. With a careful installation
of the flexible cap the amount of air enclosed in the reactor
should be kept at a minimum. After setting up the reactor the
reaction starts only slowly as the diffusion time constant of
the 1+1=2 mm thick hydrogel layer is in the order of a few
minutes and also because the rate of the reaction with citric
acid is slow. So there is enough time to set up the reactor. As
we have seen chlorine dioxide is well soluble both in water
and in silicon rubber, this is why it can diffuse through both
hydrophilic and lipophilic zones in biological tissues. Here
the use of citric acid—instead of hydrochloric acid—is more
convenient as in this case on the one hand, the evolution of
chlorine dioxide is slower and so longer treatments are fea-
sible and on the other hand, an accidental contact with the gel
containing citric acid is not so disturbing for the tissues.

Example 4

A Micro-Reactor Applying a Flat Silicone Rubber
Membrane and Liquid Reagents to Establish a
Focused Fast Chlorine Dioxide Input of Small

Quanta

The fact that chlorine dioxide evolution is a slow process in
case of Example 3 was an advantage there because of the
longer time needed for the treatment. There are cases, how-
ever, where the chlorine dioxide escaping from the micro-
reactor comes into touch with the microbes instantly and so a
fast treatment is more advantageous. In these cases it is more
convenient to use the micro-reactor shown in FIG. 7.

FIG. 7.a) shows the cross-sectional view of the micro-
reactor containing the liquid mixture of reagents. Also in this
case ClO, leaves the reactor through a textile reinforced sili-
con rubber membrane disk 71 which has a thickness 0f 0.3
mm and a diameter of 14 mm. Similarly like in Example 3 this
membrane is glued to the silicon rubber housing 73. However,
in this case the silicon rubber housing 73 is not a ring-shaped
one but its upper part is closed. This housing was constructed
so that first a ring was cut out from a 2 mm thick Pemiisil®
silicon rubber plate with an inner diameter of 10 mm and
outer diameter of 14 mm and then a silicon rubber disk with
a diameter of 14 mm and a thickness of 1 mm was glued to it.
So in this construction the mixture of reagents 72 is totally
surrounded by silicon rubber walls. Also in this case the
silicon rubber reactor body is covered by a soft PVC cap 74.
Because of this cap ClO, can leave the reactor only through
the silicon rubber membrane. The PVC cap 74 was con-
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this we can answer our first question: in our device with the
parameters given in our numerical example the conversion of
NaClO, to ClO, is over 99.9%.

2) To calculate the ClO, loss leaving the reactor in the
by-product stream 88 let us consider the balance equations for
chlorine dioxide. In stationary state in the reactor-permeator
86 the amount of chlorine dioxide produced there and the one
leaving by permeation and with the liquid flow are equal, i.e.

Vr.=xD*A4/d+2wx,

wherer_stands for the evolution rate of chlorine dioxide, x for
the stationary concentration of ClO, in the reactor,
D*=D-0=0.88x107° cm?/s (see above: measurement of D and
a), A=100 m? is the surface area of the silicon rubber plates in
the permeator, d=0.05 cm is the thickness of the silicon rubber
plates. (Here we suppose that the concentration of ClO, is
much higher in the reagent solutions than in water.) The term
V'r, can also be calculated using the data from the former
calculation that 99.5% of the NaClO, flowing into the reactor
86 is transformed to ClO, there. As 5 molecules of NaClO,
give 4 molecules of C10, so

V-r,=0.995-(4/5)-cq-w=0.796-co'w=1.592 mol/min

Substituting this into the balance equation for C1O, x can
be expressed as

x=0.796-co/[2+(D*-A/d"w)]

Substituting the appropriate values D*-A/d=10.6 L/min
and so x=0.126 M. The permeation mass flow J is

Jp=x-D*-4/d=1.34 mol/min

so the balance equation for ClO, written with the real values
is
1.592 mol/min=1.34 mol/min+2-0.126 mol/min.

It can be seen that although the greater part (1.34/
1.592~75%) of the C10O, leaves the reactor 86 by permeation
the remaining 25% still moves together with the reagents to
permeator 87 which is aimed to take out the rest of ClO,.

So the solution arriving into the second permeator contains
ClO, in a concentration of 0.126 M and also some NaClO,
whose concentration is 0.0046 M. However, the latter species
is transformed wholly to ClO, in the first minutes of the total
50 min which is the residence time in the second permeator
giving (4/5)-0.0046=~0.004 M chlorine dioxide. So in the cal-
culations we can write that the ClO, concentration of the
solution entering the permeator 86 is 0.126+0.004=0.13 M.
This solution passes between two silicon rubber plates with a
thickness of 0.05 cm whose distance is L=0.2 cm. If we
consider the solution with C10, concentration y to be a well-
mixed solution because of the flow then we can write the
following differential equation for this system:

dy/dt=—[2D*/(L-d)]-y
supposing that the ClO, concentration in the water on the
other side of the silicon rubber plates is much smaller that
between the two plates. Using our data

2D*/(L-d)=1.76x1073 57!

so the C1O, concentration in the water flowing upwards in the
second permeator will decrease exponentially in time with a
time constant of

T=1/(1.76x1073=568 5.

This means that during the 50 min=3000 s residence time
the ClO, concentration decreases from the initial value of
y,=0.13 M to

Y=o [exp(~3000/568)]=0.13 M-0.005=6.5x10™* M.
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So the ClO, concentration of the solution leaving the top of
the permeator 87 with a flow rate of 2 w=2 L/min is 6.5x10™*
M which is a 44 ppm (m/m) solution. Considering that in case
of 100% conversion a 2 M NaClO, solution fed with a flow
rate of 1 L/min would yield a (4/5)-2=1.6 mol/min ClO, flow
and that the loss is 2 L/min-6.5x10™* M=1.3 mmol/min so the
relative loss is 0.08% i.e. less than 1%o..

3) Finally the ClO, concentration in the product stream 89
can be calculated knowing that the 0.9992-1.6=1,599 mol/
min ClO, flow is mixed with 60 L/min water. This gives a
0.0266 Mi.e. 1796 ppm ClO, solution which is produced with
a rate of 60 L/min.

Chlorine dioxide production with the device shown in F1G.
8. based on the reduction of chlorate by hydrogen peroxide or
applying any other C1O, producing reaction

Without giving a numerical example here we want to
emphasize that the permeation device shown in FIG. 8. can
also be operated with other CIO, producing reactions. E.g. if
reagent A is sodium chlorate in sulphuric acid solution (in-
stead ofthe NaClO, ) and reagent B is hydrogen peroxide then
we apply the same ClO, producing reaction which is often
used in paper and pulp industry.

The invention claimed is:

1. Method for preparing a fluid containing pure chlorine
dioxide or for delivering pure chlorine dioxide into any fluid
target medium capable of dissolving chlorine dioxide,
wherein

chlorine dioxide generated in an aqueous solution contami-
nated with other components is provided

the obtained contaminated aqueous solution of chlorine
dioxide is contacted with a pore free polymeric mem-
brane made of silicone rubber, and

the dissolved chlorine dioxide provided in the above con-
taminated aqueous solution is transported across the
pore free polymeric membrane made of silicone rubber
via selective permeation directly from the contaminated
aqueous solution into a fluid target medium, which is a
liquid or a gas or any other medium which is capable of
dissolving chlorine dioxide.

2. The method of claim 1, wherein the silicone rubber is
selected from the group consisting of silicone based compos-
ite rubber, cross-linked polyorganosiloxane, crosslinked poly
(dimethylsiloxane) and silicone based composite rubber con-
taining other auxiliary components besides the silicone
compounds.

3. The method of claim 1, wherein the chlorine dioxide is
generated by mixing solutions of an alkali chlorite and an
inorganic acid or an organic acid in a reaction vessel.

4. The method of claim 1, wherein the chlorine dioxide is
generated by the oxidation of an aqueous solution of an alkali
chlorite by chlorine or any other oxidizing agent or by elec-
trochemical means in a reaction vessel or in an electrochemi-
cal cell.

5. The method of claim 1, wherein the chlorine dioxide is
generated by the reduction of an aqueous solution of an alkali
chlorate in a batch or a continuously fed stirred tank reactor
by methanol, hydrogen peroxide or by any other reducing
agent or by electrochemical means.

6. The method of claim 1, wherein

a) a continuous flow of the fluid target medium is main-
tained by a delivery pump or by any other means,

b) in the case of continuous chlorine dioxide production a
countercurrent flow of the fluid target medium and ofthe
contaminated aqueous solution is applied.

7. The method of claim 1, wherein two components being

dissolved in separate hydrogel pieces of the chlorine dioxide
generating reaction are delivered into a batch reactor where
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due to the contact of the two hydrogels and the diffusion of the
two components chlorine dioxide is produced and transported
from the reactor through the pore free polymeric membrane
into the fluid target medium.

8. The method of claim 1, wherein components of the
chlorine dioxide generating reaction are mixed to form an
aqueous mixture and subsequently the aqueous mixture is
loaded into a closed reactor thereby filling the reactor, while
air is removed from the reactor, where after the loading chlo-
rine dioxide is produced in a fast reaction and transported
directly from the aqueous solution in the reactor through the
pore free polymeric membrane into the fluid target medium.

9. The method of claim 1, wherein fresh reagents necessary
for chlorine dioxide production are pumped into a mixing
chamber, then conducted through a re-circulated first perme-
ator-reactor in such a way that a larger part of a stream of not
completely exhausted reagents leaving the first permeator-
reactor is re-circulated into the mixing chamber causing an
intense mixing of the not completely exhausted reagents and
the fresh reagents there, and a smaller part of the not com-
pletely exhausted reagent flow leaving the first permeator-
reactor is conducted through an auxiliary permeator-reactor
where evolving chlorine dioxide permeates into a flow of the
fluid target medium which is conducted first through the
auxiliary permeator-reactor and then through the first perme-
ator-reactor always in a countercurrent direction with respect
to the flow of the reactants.

10. The method of claim 1 whereby a fluid containing pure
chlorine dioxide being substantially not contaminated with
starting materials or with byproducts of chlorine dioxide syn-
thesis is obtained.

11. The method of claim 1, wherein the chlorine dioxide is
generated by mixing solutions of sodium chlorite and hydro-
chloric acid.
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12. The method of claim 1 wherein the permeation of C10,
is fast and the permeation of the other components is immea-
surably slow.

13. The method of claim 1 wherein the membrane is less
permeable for starting materials and byproducts of chlorine
dioxide synthesis at least by 3 orders of magnitude compared
to chlorine dioxide.

14. The method of claim 1 wherein the target medium is an
aqueous solution.

15. An apparatus for producing a fluid containing pure
chlorine dioxide, said apparatus comprising:

a reinforced pore free polymeric membrane;

a gasket ring adhered to said membrane;

a first hydrogel disk containing a first reactant;

a second hydrogel disk containing a second reactant;

acap made of a material which is impermeable for chlorine

dioxide closing an upper part of a permeator-reactor;
wherein the first and second reactants react in a diffusion
limited reaction within the two contacting hydrogels and the
slowly produced chlorine dioxide leaves the permeator-reac-
tor by diffusing first through the hydrogels and then the pore
free polymeric membrane.

16. The apparatus of claim 15, wherein said reinforced pore
free polymeric membrane is a reinforced silicone rubber
membrane the thickness of which is from 0.1 to 1 mm.

17. The apparatus of claim 16, wherein said silicone rubber
is selected from the group consisting of silicone based com-
posite rubber, cross-linked poly-organosiloxane, crosslinked
poly(dimethylsiloxane) and silicone based composite rubber
containing other auxiliary components besides the silicone
compounds.





