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

This is because the secondary and tertiary structures of the
proteins are stabiliZed by disul?de bonds and When chlorine
dioxide reacts With these bonds it modi?es the structure and

inactivates the proteins this Way.
Beside disinfection chlorine dioxide is used in the paper

This is the National Stage of International Application

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

PCT/HU2007/000087, ?led Sep. 21, 2007.
TECHNICAL FIELD

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 dioxidei

The object of the invention is a method to prepare ?uids

(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 ?uid target medium capable of

unlike chlorine4cannot 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/

dissolving chlorine dioxide, Wherein the chlorine dioxide
generated in the process is transported across a pore free

polymeric membrane via selective permeation into the ?uid

volume)) chlorine dioxide can decompose rapidly. In this
exothermic reaction Which is initiated by light chlorine diox

target medium. The invention also relates to different appa
ratus to realiZe said method.
20

ide decomposes to gaseous chlorine and oxygen:

25

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

BACKGROUND OF THE INVENTION

HoWever, the above reaction, accompanied by a rapid

Use of Chlorine Dioxide

Ideal Biocide and Bleaching Agent

real detonation Waves starts at 300 m/ s. Thus to make a

Chlorine dioxide is a very effective biocide. According to

distinction the usual terminology in the literature for this

the Annual Research Report, Southwest Research Institute,
San Antonio, Tex., 1996, “Chlorine dioxide is a poWerful

rapid decomposition is “puff”. While such a puff canbe easily

biocide that can kill fungus, bacteria, and viruses at levels of

30

0.1 to 1 part per million in contact times of a feW minutes.”

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

35

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

40

acids, ethers, alkanes, alcohols, aldehydes, aliphatic amines,

45

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

50

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 dif?cult, as
chlorine reacts With various organic compounds. This is a
problem not only because in such a case disinfection requires

55

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:

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 ClO2 the produced chlorine dioxide
together With the oxygen and a part of the solvent is evapo
rated ?rst, 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

the aqueous chlorine dioxide solution then the energy-de

this Way can be harmful to the human health (e.g. some
60

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

rine dioxide as a disinfectant in municipal Water treatment.

The ?rst 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.

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:

draWn preferably as a solid salt cake. On the other hand, if an
acid or salt contamination does not disturb the further use of

much more chlorine but the chlorinated compounds produced

chlorinated hydrocarbons are Well knoWn carcinogens). This
is Why numerous places have sWitched from chlorine to chlo

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
(C102) is 4. Chlorine dioxide has an unpaired electron in other
Words it is a free radical; its speci?c reactions and also its

EKA.
65

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

US 8,512,671 B2
3
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When the chlorine dioxide demand is at least several tons per

reagent is hydrochloric acid applied in excess. In the case of

day because of the expensive equipment. In the case of

other acids the folloWing stoichiometry holds (Gordon and
Kiefer Inorg. Chem. 1968, 7, 235):

smaller chlorine dioxide demand chlorine dioxide is pro
duced from some alkaliiusually sodium4chlorite 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 eg Kirk-Othmer
Encyclopedia of Chemical Technology 3rd edition). This Way

taminated by chlorate and on the other side that the maximum
yield of chlorine dioxide is limited to 62.5% compared to the

a safe transport of chlorine dioxide can be carried out in the

optimum stoichiometry With hydrochloric acid.

This means on one side that the ?nal product Will be con

According to the simplest technology aqueous solution of

form of chlorite.
Production of Chlorine Dioxide from a Chlorite by Oxidation
If larger amounts of chlorine dioxide are needed (but the

chlorine dioxide generators are applied, Which generate chlo

sodium chlorite and of an organic acid is mixed (US. 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

rine dioxide by a one electron oxidation of chlorite (a com

content. We remark here that a pure aqueous chlorine dioxide

pound Where the oxidation number of chlorine is 3):

solution is not corrosive, hoWever. Consequently the above

daily consumption stays beloW one ton), then usually various

solution can be used to disinfect or steriliZe metal parts only
in a combination With various corrosion inhibitors depending
on the metal to decrease its corrosion. US. Pat. No. 6,007,772

The oxidiZing agent is often chlorine according to the

folloWing stoichiometry:

20

Most of the chlorine dioxide generators apply this reaction;
see for example US. 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

citric acid solutions in a tubular reactor. The concentrated
25

30

phobic porous polytetra?uoro 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 R101TM Tech
nology), hoWever, the selectivity is less than 100% and a

chlorine dioxide solution leaving the reactor is diluted by a
continuous How of Water (WO 2005/011759). The chlorine
dioxide solution produced this Way can be used advanta
geously eg for skin asepsis or even Wound irrigation and

rate of the chlorine dioxide evolution can be directly con

trolled by the electric current. US 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

discusses these corrosion-inhibiting agents in detail.
A continuous production of aqueous chlorine dioxide solu
tion is also possible by mixing ?oWs of sodium chlorite and

35

disinfection because, as that patent emphasiZes, chlorine
dioxide is Well tolerated by humans and animals.
It is a disadvantage of the method described in the previous
paragraph that the C102 solution produced this Way also con
tains some non-reacted NaClO2, citric acid, sodium citrate,
NaClO3, and NaCl. Such a contamination is alWays a problem
especially if the aim is to produce a more concentrated ClO2
solution because in that case the concentration of the con

taminating components Would be also higher in the ?nal

small amount of chlorite and chlorate can also penetrate

solution. ClO2 can be separated from the contaminating com

through the porous membrane. Most probably this is due to
the fact that in some pores a liquid phase diffusion also takes

ponents by stripping it With a gas (WO 2006/020704). A
subsequent absorption of the stripped ClO2 in Water can yield

place.

40

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.

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

Independently of the method of generation the use of the

45

Production of Chlorine Dioxide Vra the Reaction of Chlorite
With Various Acids

acids. To decrease the costs usually a mixture of lactic and
acetic acids is used. A main disadvantage of this methodi
beside a loW level contamination of the ?nal product caused

by small droplets traveling With the stripping gasiis the need

Various other applications require only smaller amounts of

for stripping and absorbing toWers, that these devices should

chlorine dioxide and the use of generators is not economic in

be operated With recirculation, moreover that to reach a

such cases. (Preparation of aqueous disinfecting solutions,
sterilization of medical and dental equipments, Washing of
fruits are examples for applications demanding relatively

50

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

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

55

tions mention usually the above 5 ClO2_—>4 ClO2 stoichiom
etry alone, that optimum stoichiometry is valid only When the

able devices. There are tWo main groups of these methods: the

aim in ?rst 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 chloriteiacid reaction for the chlorine

dioxide molecules from 5 chlorite ions:

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

higher ef?ciency tWo stripping and tWo absorption toWers

60

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
65

is Worth to mention tWo of such procedures:

i) The ?rst method applies reagent pellets. US. Pat. No.
6,432,322 by ENGELHARD describes such a method. The

US 8,5l2,67l B2
5
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main components of their tablet (the commercial name is
ASEPTOL) are solid sodium chlorite, sodium hydrogen sul

the Water Will contain not only chlorine dioxide but also a

fate and calcium chloride. (Beside these components the pel

and citric acid.
Another method applying an envelope is described in W0
02/ 00332. Here the dry reagents are surrounded by a porous
hydrophobic (in some cases hydrophilic) membrane Which is

small amount of sodium chloride, chlorite, chlorate, citrate

let also contains various other additives but the maj or function
of the tablet can be understood Without those.) In the absence
of Water the above mentioned solid reagents cannot partici

impermeable or only partially permeable for a liquid How.

pate in reactions. When the pellet is placed into Water, hoW

The reaction is initiated by Water draWn into the device With
the help of a Wick.
It is a common disadvantage of the methods applying either
pellets or sachets that the aqueous chlorine dioxide solution

ever, the components start to dissolve and react With each

other. In the acidic medium (created by the dissolving sodium
hydrogen sulfate) chlorine dioxide evolution starts resulting
in an aqueous chlorine dioxide solution. It is important that a

produced by these methods Will be contaminated by other

formation of calcium sulfate and calcium hydrogen sulfate

materials as Well. Another draWback of these methods is that

precipitates also takes place simultaneously thus the tablets
containing the reagents Will not dissolve entirely. This

because of the gradual dissolution and dilution of the reagents

ensures that the acidic disproportionation of chlorite takes

loW ?nal yield requires longer Waiting periods. Finally it is

even the 62.5% yield cannot be achieved and to reach even a

place mostly in the pores of the sloWly dissolving tablet. It

also a problem that the exhausted tablets and envelopes form

cannot be avoided, hoWever, that the solution be contami

a Waste Which should be handled in some Way.

nated by more or less sodium hydrogen sulfate or calcium
chloride (depending on Which component Was applied in an
excess) and also With some unreacted chlorite. Moreover the

B) Production of Gaseous Chlorine Dioxide With Disposable
20

Devices
In this case the knoWn methods apply envelopes and solid

end-product chloride ionsitogether With sodium or hydro

reagents exclusively. For example US. Pat. No. 6,676,850 by

gen counter ionsialso diffuse out of the pores of the tablet
and contaminate the solution.

dioxide directly to the surrounding atmosphere. The

All these salts and acids are more or less corrosive compo
nents. It is obvious that a method generating no corrosive

Engelhard describes such a device emitting gaseous chlorine
25

exchanger in its hydrogen formiare mixed and placed into
an air permeable plastic bag. The reaction is initiated by the
humidity of the air. The sachet construction of Selective

components and avoiding the loss of sodium chlorite Would
be more desirable.

ii) The second method applies various reagent-containing
envelopes or sachets. One of these technologies is patented by
Selective Micro Technologies: US. Pat. Nos. 6,602,466 and
6,607,696 (a demo can be seen at http://WWW.selectivemicro
.com/ Sep. 15, 2006). The commercial name of the product is
SELECTROCIDE. This technology applies a system of
hydrophilic and hydrophobic sachets to store the reagents.

30

WO 2004/030454 describes another construction applying
35

40

made of a hydrophilic membrane (With a pore siZe of 0.65

micron for example). The sachet contains the solid reagents
(eg a mixture of 50 mg sodium chlorite and 200 mg citric

acid). As the envelope and the sachets are made of polymeric
foils, they can be sealed by fusing these foils around the

Micro Technologies can be also applied to generate gaseous
chlorine dioxide: here solid citric acid can play the role of the

aforementioned inorganic ion exchanger.

For example one embodiment (the above mentioned US.

patents describe several other sachet combinations) applies
an outer hydrophobic envelope (4 cm><6 cm) Which is perfo
rated (diameter of the holes: 0.4 mm, 6.4% perforated area).
Within the outer envelope there is smaller (3 cm><3 cm) sachet

reagentsisolid sodium chlorite and an inorganic ion

sachets Where the device is activated by the rupture of a
membrane permitting a contact betWeen the reaction compo
nents eg between liquid Water and some solid reagents. A
common problem of these constructions that the rate of the
chlorine dioxide evolution cannot be controlled after starting
the reaction, moreover, this rate may depend on the reaction
time and the humidity of the air as Well. Thus to construct a
generator maintaining a constant chlorine dioxide level in a
continuous air stream With the aforementioned envelopes or
sachets Would be a very dif?cult task, at least.
The draWbacks of the above described state of the art
methods can be summariZed as folloWs.

45

A) Production of Aqueous Chlorine Dioxide Solutions

perimeter. When the envelope is submerged in Water, the

A common serious problem of all knoWn methods is the

Water can ?oW into the envelope via the 0.4 mm diameter

separation of the product from the starting materials. There is

holes and Wets the inner hydrophilic membrane. Next the

either no separation, or the separation is not perfect or it is an

Water permeates through the hydrophilic membrane and the
solid reagents get Wet also starting the reaction this Way. As

equipment and energy demanding process. Regarding the
50

the inner sachet maintains a high reagent concentration inside

the sachet the chlorine dioxide production is relatively fast
there. The produced chlorine dioxide permeates ?rst across
the hydrophilic membrane then through the holes of the per

forated hydrophobic membrane. If this system is placed into

55

1 1 Water the ?nal chlorine dioxide concentration is reached

chemical reaction Which generates the C102 there are 3 larger
groups of the various production methods:
i) Reduction of chlorate. In the case of ClO2 production
methods starting from chlorate a separation of the end-prod
uct is achieved by evaporating ClO2 from the reaction mixture
at sub-atmospheric pressures, and the gaseous C102 is
absorbed in a Water stream (see eg WO 2006/062455). This

after half or one hour depending on the construction. While

equipment and energy consuming separation procedure

the reagent concentrations are rather high Within the sachet
the conversion is still far from complete.

increases the costs of the production, thus it is often skipped

Chlorine dioxide is not the only component, hoWever,
Which can permeate through the hydrophilic membrane. Cit
ric acid and citrate ions, the non-reacted chlorite and the

(e.g. WO 2006/062456). In that case, hoWever, the produced
60

and acids, and residual reducing agent.
ii) Oxidation of chlorite. Chlorine gas utiliZing ClO2 gen
erators can be also applied to produce aqueous chlorine diox

end-product chloride ions are also small molecules or ions
Which are able to permeate. They can also get through the

small holes of the outer hydrophobic envelope especially
When the Whole device is taken out of the Water as the ?uid
?oW helps transport across these holes. All of this means that

ClO2 solution is contaminated by a mixture of various salts

65

ide solutions (eg US. Pat. No. 5,009,875). The aqueous
chlorine dioxide solution produced this Way, hoWever, is con
taminated by the end product NaCl and some unreacted chlo
rine or NaClO2. The procedure, Which combines the electro

US 8,512,671 B2
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chemical oxidation of chlorite With the pervaporation of
chlorine dioxide (U.S. Pat. No. 4,683,039) cannot provide a
chlorine dioxide solution Which is entirely free of contami
nants either, in spite of the expensive porous membrane

very loW, some times beloW the detection limit. Thus the
inventive idea Was to build a reactor or connect a permeator to

a reactor the Wall of Which is made partly or entirely of silicon
rubber, then across this Wall a relatively fast and highly selec
tive transport of the chlorine dioxide produced in the reactor
can be established to the target medium, Which can be any
stagnant or moving ?uid, or a biological or any other system
to be disinfected.

applied in that procedure.
iii) The reaction of chlorite With an acid. The yield of this
reaction can approach the theoretical maximum of 4 C102

produced from 5 NaClO2 only in the case of hydrochloric
acid, the corrosive properties of Which, hoWever, limit its use.

In these permeation reactors We can apply even such cor

rosive reagents like hydrochloric acid for example (Which is
better than other acids regarding the C102 yield and the rate of
the reaction) Without contaminating the target medium With

Instead of HCl organic acids can be also applied (e.g. citric or

lactic acid) in various continuous (e.g. WO 2005/01 1759) and
batch procedures applying pellets (e.g. U.S. Pat. No. 6,432,

these reagents. The reagents can be fed into the reactor in the
form of aqueous solutions or can be placed there in the form

322), or sachets (e.g. U.S. Pat. No. 6,432,322). Nevertheless
it is a common problem of all these methods that the C102
yield is loWer in the case of organic acids and usually they are

of reagent containing hydrogels. As the permeable Wall sepa

not able to reach even this loWer limit either. Moreover, con

tamination is also a problem here and to get rid of these

contaminants requires costly equipments and time and energy

consuming procedures (see eg WO 2006/020704).
B) Production of Chlorine Dioxide Containing Atmospheres

20

In these methods contaminants do not represent a serious
problem as they are not volatile except chlorine. A common

drawback of these methods is, hoWever, that after activating
such a gaseous chlorine dioxide producing device it is di?i
cult or impossible to control the rate of the C102 production.
Further, gaseous C102 is more dif?cult to handle, conse

25

requires a relatively simple equipment only.

quently the application of gaseous products is rather limited
compared to ClO2 containing solutions.
AIM OF THE INVENTION

The invention presents such reactors coupled With perme
30

drawbacks discussed in the previous paragraphs by applying
chlorine dioxide producing reactors With Walls Which are

meators connected to the reactors. The selectively permeable
Walls should not alloW the transport of any component from
the reactor to the target medium except chlorine dioxide, and
the Walls should also prevent a mixing of the target medium
With the reagents inside the reactor. The target medium can be

ation. The reactors differ from each other depending on the
ultimate purpose of the C102 usage. Some of the embodi

ments presented here are aiming the production of small
amounts of chlorine dioxide and are simple batch reactors
because these constructions canbe satisfactory in many appli

An aim of the present invention is to eliminate all the

selectively permeable for C102, or by applying selective per

rates the reagents from the target medium they cannot be
mixed and the target medium Will not be diluted, thus the
conversion can approach the theoretical maximum. A further
advantage is that a ClO2 “puff” can be avoided even at higher
reagent concentrations because chlorine dioxide is formed in
a liquid phase (Where a “puff” can occur less easily) then
permeates rapidly into the target ?uid Where its concentration
is much loWer. It is a major advantage that the production of
a clean chlorine dioxide does not require its evaporation, and
that its permeation is driven by a natural concentration gra
dient, as this Way the process does not need energy input and

35

cations. Some important advantages of the permeation tech
nique can be realiZed, hoWever, in continuously Working
tubular reactors only, Where eg a close to ideal conversion
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can be achieved by recirculation of the partially exhausted
reagents. A further advantage of the silicon rubber material is,
that this material is commercially available in the form of
various tubings and sheets, moreover oligomeric pastes and
glues are also available Which can be polymerized to various
forms. All of these facilitate the construction of reactors With
variable forms.

a gas, mostly air, or a liquid, mostly Water, or some aqueous

solution or some biological system. The selectivity is advan
tageous because this Way the target medium is not contami

nated by corrosive components and it is also advantageous

regarding possible biological applications. Moreover, avoid

45

DETAILED DESCRIPTION OF THE INVENTION

50

The invention relates to a method for preparing ?uids, that
is liquids and gases, containing pure chlorine dioxide Which is
substantially not contaminated With the starting materials or
With the byproducts of the chlorine dioxide synthesis,
Wherein the chlorine dioxide generated in any process is
transported across a pore free polymeric membrane (in the
folloWing also referred to as “membrane”) via selective per

55

meation into the ?uid target medium, Which can be liquid or
gas or any other medium Which dissolves chlorine dioxide. In
another aspect, the inventive method is also a method for

ing a mixing of the reactants With the target medium can

increase the C102 yield.
It is also an aim of the invention that the neW technique be

applicable both in batch and in continuous operation modes,
be Well controllable both in small and large scale ClO2 pro
ductions starting either from chlorite or chlorate, and in addi
tion, the technique should also create a possibility for an
in?oW of small chlorine dioxide amounts focusing onto a
limited region of the target medium (When We Want to limit
the chlorine dioxide treatment to a certain small area). For the

latter purpose the development of inexpensive disposable

delivering pure chlorine dioxide into any ?uid medium,
Which is capable of dissolving chlorine dioxide, Wherein the
chlorine dioxide generated in any process is transported

microreactors is also an alternative, but the general aim is to
construct durable reactors With the neW technique.

SUMMARY OF THE INVENTION

60

The basis of the invention is the discovery that While the

permeability of certain pore free polymeric membranes,

especially silicon rubber (crosslinked polyorganosiloxanes,
mostly polydimethylsiloxanes) and silicon rubber composite
membranes for chlorine dioxide is very high, theirpermeabil
ity for ionic and other Water soluble components is usually

across a pore free polymeric membrane via selective perme
ation into the ?uid target medium, Which can be liquid or gas
or any other medium Which dissolves chlorine dioxide.
The pore free polymeric membrane is a material being

highly permeable to chlorine dioxide, meaning that 0t~D>1 0'6
65

cm2/ s, Where 0t is the distribution coe?icient of chlorine diox
ide betWeen the material of the membrane and the aqueous

phase and D is the diffusivity of chlorine dioxide in the
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of eg another piston the air is removed from the reactor,
Where after the ?lling chlorine dioxide is produced in a fast
reaction and transported from the reactor through the mem
brane into the ?uid target medium.

material of the membrane, and at the same time the material

of the membrane is less permeable for the starting materials
and the byproducts of chlorine dioxide synthesisithat is for
the contaminating componentsiat least by 3 orders of mag
nitude compared to chlorine dioxide, that is (Xi'Dl-<l0_9 cm2/ s
for any contaminating component, Where (xi is the distribution
coe?icient of the i-th contaminating component betWeen the
membrane material and aqueous phase and D1- is its diffusivity

In another embodiment, especially for producing larger
amounts of aqueous chlorine dioxide solutions, the reagents
necessary for the chlorine dioxide production are pumped
into a mixing chamber, then conducted through a re-circu
lated permeator-reactor in such a Way that a larger part of the
stream of the used reagents leaving the reactor is re-circulated
into the mixing chamber causing an intense mixing of the
used and fresh reagents there, and a smaller part of the used
reagent ?oW leaving the reactor is conducted through a

in the material of the membrane.

Preferably, the material used in the pore free polymeric
membrane is a silicone rubber, that is a cross-linked polyor

ganosiloxane, preferably a crosslinked poly(dimethylsilox
ane) or a silicone based composite rubber containing other

auxiliary components besides the silicone compounds.

smaller auxiliary permeator-reactor Where the evolving chlo

The person skilled in the art recogniZes that many different
types of silicone rubbers can be used. For further details
reference is made to Kirk-Othmer Encyclopedia of Chemical

rine dioxide permeates into a ?oW of Water Which is con

ducted ?rst through the auxiliary permeator-reactor and then
through the larger permeator-reactor alWays in a countercur

Technology (Third edition, Wiley, NeW York 1982) or to

rent direction With respect to the ?oW of the reactants.
The invention also relates to different apparatuses for pro

Rompp’ s Chemie-Lexikon(Mi'1sZaki Konyvkiado, Budapest,
1984). It is generally knoWn for the person skilled in art that
the organo group in the siloxane can be e.g. methyl, ethyl,
phenyl, tri?uoropropyl etc. The silicone can be ?lled With
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In the ?rst embodiment the apparatus is a reactor Where
some or all Walls comprising the reactor, or the Walls of a
permeator unit attached to the reactor, are made of a pore free

different auxiliaries, eg by titanium dioxide, aerosol, iron
oxide etc. For using as a membrane material, a reinforcing,

e.g. ?ber reinforcing or Web reinforcing (textile or other
?bers) can be preferably used.
The above methods of the invention do not depend on the
chemical process for preparing chlorine dioxide itself; it can
be any industrially applicable process, i.e. those knoWn pro

25

cesses referred to in the “Background of the invention” sec
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Where 0t is the distribution coe?icient of chlorine dioxide

the membrane, and at the same time the material of the mem

brane is less permeable for the starting materials and the
byproducts of chlorine dioxide synthesisithat is for the con

taminating componentsiat least by 3 orders of magnitude
compared to chlorine dioxide, that is (Xi'Dl-<l0_9 cm2/s for

chlorite, and an inorganic acid, preferably hydrochloric acid
35

process for preparing chlorine dioxide is, Wherein the chlo
rine dioxide generating reaction is the oxidation of an aque
ous solution of an alkali chlorite, preferably sodium chlorite
by chlorine or any other oxidiZing agent or by electrochemi

polymeric membrane, the material of Which is highly perme
able to chlorine dioxide, meaning that (X'D>l0_6 cm2/s,
betWeen the material of the membrane and the aqueous phase
and D is the diffusivity of chlorine dioxide in the material of

tion above. One particularly useful process for preparing
chlorine dioxide is, Wherein the chlorine dioxide is generated
by mixing solutions of an alkali chlorite, preferably sodium
or an organic acid, preferably lactic or citric acid in a batch or
in a continuously fed stirred tank reactor. Another useful

ducing chlorine dioxide, Which have a particularly useful
arrangement for different scla of produced quantities.

any contaminating component, Where (xi is the distribution
coe?icient of the i-th contaminating component betWeen the
membrane material and aqueous phase and D1- is its diffusivity
in the material of the membrane.
The material of the pore free membrane is preferably a
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silicone rubber, that is cross-linked polyorganosiloxane,
more preferably poly(dimethylsiloxane) or a silicone based

cal means in a batch or in a continuously fed stirred tank
reactor.

composite material containing other auxiliary components

Still another useful process for preparing chlorine dioxide
is, Wherein the chlorine dioxide generating reaction is the

besides the silicone compounds, commonly aerosol, tita

reduction of an aqueous solution of an alkali chlorate, pref
erably sodium chlorate in a batch or in a continuously fed

45

stirred tank reactor by methanol, hydrogen peroxide or by any
other reducing agent or by electrochemical means.
In the above recited three methods a continuous ?oW of the
target medium, Which is some kind of ?uid (further on: ?uid
target medium), is maintained by a delivery pump or by any
other means, and in the case of continuous chlorine dioxide
production a countercurrent ?oW of the target medium and of
the reagents can be applied.
In one embodiment using the above cited processes for

50

a tubing (32) Which is impermeable for chlorine dioxide;
a closed container (33) ?lled With the ?uid target medium,

preferably Water;

dioxide generating reaction are delivered into a batch reactor

being dissolved in separate hydrogel pieces Where due to the

a stirrer (34), preferably a magnetic stirrer bar to stir the

contact of the tWo hydrogels and the diffusion of the tWo

from the reactor through the membrane into the ?uid target
medium.
In another embodiment the components of the chlorine
dioxide generating reaction are mixed outside the reactor and
the mixture is loaded into the closed reactor by a piston
(Which can also be eg a syringe in small scale production)
through an appropriate injector or needle, While With the aid

tubes connected in parallel, surrounded by the target ?uid
Where the produced chlorine dioxide permeates to.
In the second embodiment the apparatus depicted on FIGS.
3a and 3b comprises:
a batch type tubular permeator-reactor (31) surrounded by

the ?uid target medium, preferably by Water;
55

preparing chlorine dioxide, tWo components of the chlorine

components, chlorine dioxide is produced and transported

nium-dioxide or iron-oxide. It is preferred that the permeator
or the permeator-reactor (i.e. a unit playing the role of a
reactor and permeator in itself), Within Which the chlorine
dioxide producing reaction is carried out is a silicon rubber
tubing or tube bundle, Which consists of several silicon rubber

medium;
60

a piston (35) containing the ?rst reactant or ?rst reactant

mixture;
a piston (36) containing the second reactant or second
reactant mixture;
a device (37) ensuring a synchronous motion of the tWo
65

pistons;
Wherein the synchronous motion of the tWo pistons delivers
the tWo reactants or reactant mixtures into the tubular perme
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In the third embodiment the apparatus depicted on FIG. 8

ator reactor to form a reaction mixture there generating chlo

comprises:

rine dioxide, Which permeates through the Wall of the reactor
into the ?uid target phase, preferably Water mixed continu

a pump (81) delivering reagent (A) necessary for the chlo
rine dioxide production;
a pump (82) delivering reagent (B) necessary for the chlo
rine dioxide production;
an optional pump (83) for re-circulating the not completely
exhausted reagent stream;

ously by the stirrer.
As it comes from the above disclosed chemical reactions

for producing C102, the ?rst and second reactants can beiif
requiredimixtures of one or more reactants With one or
more solvents.

In the third embodiment the apparatus depicted on FIG. 5

a pump (84) providing a stream of the ?uid target medium,
preferably Water or air;

comprises:

a mixing chamber (85);
a ?rst permeator-reactor (86);

a pump (51) delivering the ?rst reactant or ?rst reactant

mixture;
a pump (52) delivering the second reactant or second reac

an auxiliary permeator-reactor (87);

tant mixture;
a tubular permeator-reactor (53);

an out?oW for the exhausted reaction mixture (88);
an out?oW for the product stream (89) containing pure

a pump (54) delivering the ?uid target medium, preferably

chlorine dioxide;
Wherein both permeator reactors contain plate and frame or

Water or air;

tube bundle type permeating membranes of large surface

an out?oW (55) for the ?uid containing substantially pure

chlorine dioxide,
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ously in the appropriate molar ratio to produce chlorine diox
ide, Which permeates through the Wall of the permeator
reactor into the countercurrent ?oW of the ?uid target
medium.
As it comes from the above disclosed chemical reactions
for producing C102, the ?rst and second reactants can beiif

areas to provide a high output and a recirculation of the

reagents is applied to achieve a better yield.
Concerning the speci?c apparatus, the person skilled in the
art Will recogniZe, that although using eg a batch reactor or

a reservoir (56) to store the exhausted reaction mixture;
Wherein the reactants fed by the pumps are mixed continu

a continuous stirred tank reactor (CSTR), Which are Well
25

knoWn in chemical engineering, is bene?cial, other types of
reaction vessels can be contemplated as Well, like continuos
tubular reactors. It is also Well knoWn for a person skilled in
the art hoW the heating/ cooling of the reactor Wessel shall be

requiredimixtures of one or more reactants With one or
more solvents.

constructed, eg by means of a built-in or an external heat

In the third embodiment the apparatus depicted on FIGS.

reactors with eg an external simple cooling jacket or an

exchanger (e.g. heating/cooling coil) or by using a jacketed

6a) and 6b) comprises:

external (half) coil jacket. The reactors can be usually fabri
cated in steel, stainless steel, glass or Te?on lined steel or
glass. Known agitator arrangements can be used in the reac
tor, eg a magnetic stirrer bar, a centrally mounted impeller

a reinforced pore free polymeric membrane (61), prefer
ably reinforced silicone rubber membrane the thickness
ofWhich is preferably 0.1 to 1 mm;

a gasket ring (62) adhered to the said membrane, preferably
made of silicone;
a hydrogel disk (63) containing the ?rst reactant;
a hydrogel disk (64) containing the second reactant;
a cap (65) closing the upper part of the permeator-reactor

blades. Most batch reactors also use baf?es. Further details

for reactor design can be found eg Kirk-Othmer Encyclope

dia of Chemical Technology, Third edition, Wiley, NY. 1982.
40

FIGURES

Which is made of a material, Which is impermeable for

chlorine dioxide;
Wherein the tWo reactants react in a diffusion limited reaction

Within the tWo contacting hydrogels and the sloWly produced
chlorine dioxide leaves the permeator-reactor by diffusing
?rst through the hydrogels and then the pore free polymeric
membrane. The material of the cap can be eg a (soft) PVC
material.
In the third embodiment the apparatus depicted on FIGS.

45

apparatus shoWn in FIG. 1. D and 0t can be calculated from
these curves.
50

7a and 7b comprises:
a reinforced pore free polymeric membrane (71), prefer
ably reinforced silicone rubber membrane the thickness
of Which is preferably a feW tenths of a millimeter;

a sealing piece (73) adhered to said membrane, the tWo
forming a closed container;
reagent mixture (72) in the closed container;
a cap (74) closing the upper part of the permeator-reactor
Which is made of a material, Which is impermeable for
chlorine dioxide, Wherein the chlorine dioxide leaves the
reactor by permeating through the said membrane into
the target medium. The material impermeable for chlo

55

priate injection volume can be easily metered via the syringe.

FIG. 3 shoWs a batch type tubular permeation reactor (a),
together With the device (b) applied to ?ll up that reactor.
FIG. 4 displays the percentage yield of ClO2 measured as a
function of time at four different chemical compositions (de
noted by A, B, C, and D, see text). The percentage yield means
the percentage of the maximum achievable conversion.
FIG. 5 depicts a counter-current ?oW tubular permeation
reactor.

FIG. 6 shoWs a reactor With the help of Which a focused
input of chlorine dioxide can be achieved. The reagents are
60

placed into the reactor in the form of reagent containing
hydro gels. A cross-sectional vieW of the micro -reactor, Which
contains a ?at membrane, can be seen in FIG. 6a. FIG. 6b

shoWs hoW the reactor pieces can be joined together.
FIG. 7 displays a reactor for focused chlorine dioxide input

rine dioxide can be eg a soft PVC material;

Reactants can be charged according to FIG. 7b by any
knoWn means into the reactor, eg by a needle syringes (75)
and (76) in small scale production as Well, Where the appro

FIG. 1 shoWs the experimental apparatus used to determine
the diffusion coe?icient D of chlorine dioxide in commercial
silicon rubber and its distribution coef?cient 0t betWeen sili
con rubber and aqueous phases.
FIG. 2 displays experimental curves measured With the

65

alsoisimilarly to the one depicted in FIG. 6. In this case,
hoWever, the reagents are introduced in a liquid form into the
reactor to accelerate the C102 formation. A cross-sectional

US 8,512,671 B2
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vieW of the micro-reactor containing a ?at membrane can be
seen in FIG. 7a. FIG. 7b shows hoW the reactor can be ?lled
up With a reagent mixture.

Where SWis the solubility coe?icient of the permeable com
ponent in the aqueous phase. Regarding these equations the
permeation current I can be Written in the folloWing form:

In FIG. 8 the block diagram of a high capacity apparatus
can be vieWed. The apparatus produces aqueous ClO2 solu

tion continuously While separating ClO2 from the starting

Where (FSP/SW is the distribution coef?cient of the perme
able component (ClO2 in our case) betWeen the membrane

materials.

phase (here: silicon rubber) and the aqueous phase.

PHYSICO-CHEMICAL FOUNDATIONS OF THE
INVENTION

Determination of Parameters 0t and D for a Commercially

Available Silicon Rubber Material (FIGS. 1 and 2)
As the actual values of the parameters 0t and D play a

The invention is based on the folloWing tWo fundamental
discoveries:

crucial role in siZing of permeation reactors, but these values

i) ClO2 permeates selectively via a silicon rubber mem
brane and

rubber products (these are usually prepared from cross-linked

for chlorine dioxide permeation across commercial silicon

poly-dimethylsiloxane With fumed silica ?ller material) Were
not knoWn, We have determined these values With the simple
apparatus shoWn in FIG. 1 for a commercial silicon rubber

ii) the permeability of ClO2 for silicon rubber is very high
compared to other polymers: the rate of ClO2 permeation
across a silicon rubber sheet is roughly equal to the perme

named PEMUSIL® of the PEMU Co. Hungary. (That prod

ation rate across a Water layer of the same area and thickness.

uct is prepared from the raW material ELASTOSIL® R 401/
60 S of the WACKER Co., Which contains 35% fumed silica
as ?lling material. This raW materialiWhich is mostly a

(Later on this qualitative statement Will be veri?ed by quan
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titative measurements.)
For a quantitative description of permeation the Well
knoWn theory and formulae of gas permeation can be applied.
It should be taken into account, hoWever, that in the present
case the silicon rubber membrane separates tWo aqueous
phases or an aqueous and a gas phase, and not tWo gas phases.

liquid state linear polymer containing divinyl siloxane end
25

This is because the reaction generating chlorine dioxide takes
place in an aqueous phase anyWay. On the other hand, the
target medium can be gas or liquid as Well.

In the next paragraph some transport equations Will be
cited or derived, Which are necessary to design permeation
reactors consistent With the present invention on the one hand,
and for the evaluation of our ClO2 permeability measure

30

glass Weighing vessel 11 (Which vessel could be closed her
metically With the ground glass lid 12) a PEMUSIL® silicon

Gas Permeation Across Polymer Membranes BetWeen TWo
Fluid Phases
Let us regard ?rst the simple and Well knoWn case, When a
polymeric membrane of cross-sectionA and thickness 6 sepa
rates tWo gaseous phases. The partial pressure of the perme

35

able gas component We Want to separate be denoted by pR in
the reactor space, and by P T in the space of the target medium.
The component current I permeating across the membrane

40

(WACKER Elastosil® SK-42). To achieve that the chlorine

by liquid (in this particular case aqueous) phases instead,

Was produced by adding 0.2 cm3 1.9 M NaClO2 solution
drop-Wise to 10 cm3 1 M HCl solution under continuous and
45
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above these liquids, being in equilibrium With the liquid

calculated:
0t:1.16:0.05. (The error ofthe measurement is

mainly due to the uncertainty in the determina
tion ofthe thickness ofthe silicon rubber disk.)

both cases. Thus the previous formula is still valid but We can

applying Henry’s laW according to Which

rubber. Then 3 parallel samples of 0.2 cm3 Were taken from
the aqueous phase, Which Were titrated With 0.01 M sodium
thiosulfate solution to determine the C102 concentration in
the aqueous phase. (To this end the samples Were added to a
mixture of 10 cm3 Water+2 cm3 1 M H2SO4+1 cm3 1 M
potassium iodide aqueous solutions. The ?nal phase of the
titration Was performed in the presence of starch indicator.)
From the volume of the titrant (Which Was 4.66 cm3), the
volume of the disk (0.82 cm3), and another volume of the
titrant (22.15 cm3) needed to titrate all the chlorine dioxide
diffused out of the disk the distribution coef?cient 0t Was

60

driving force, the chemical potential difference, is the same in
use component concentrations instead of partial pressures

intense magnetic stirring. After all of the NaClO2 solution
Was added the vessel Was closed and the continuous stirring
Was continued for 1 hour to establish an equilibrium distri
bution of chlorine dioxide betWeen the Water and the silicon

sure but by their concentration. Even if the membrane con
tacts the liquid phases only, We can assume vapour phases

phases. It is important that the same component current I
should appear across the membrane regardless Whether it is in
contact With the liquid or the gaseous phases because the

The aqueous solution 16 Was stirred by the magnetic stirring
bar 15.
In the glass vessel an aqueous chlorine dioxide solution

PID-SP.
NoW let us regard the someWhat more complex case, When
both sides of the membrane are contacted not by gaseous but

Where components are characterized not by their partial pres

rubber disk 13 (diameter: 30.001005 mm, thickness:
1.15:0.05 mm) Was glued With the aid of silicon glue
dioxide dissolved in the silicon rubber disk be able to leave
the disk mainly across its top surface and not across its side,
the rim of the disk Was surrounded by the hard PVC collar 14.

I:P'(A/6)'(PR-PT),
Where the permeability coef?cient P is the product of the
diffusion coe?icient D and the solubility coe?icient SP of the
gas dissolved in the membrane, that is:

The measurements Were performed at laboratory tempera
ture at 22120 C. To the bottom of a commercially available

ments on the other hand.

can be given by the folloWing formula (see eg Stern, A. S.,
“Polymers for gas separations: the next decade”, Review, J.
Membr. Sci. 1994, 94, 1):

groupsishould be cross-linked at 200-3000 C. usually With
various benZoyl peroxide derivatives to obtain the end-prod
uct silicon rubber. The diffusion properties of the ready made
product, hoWever, are not modi?ed by the cross-linking or by
the cross-linking agents. Most of the rubber is made of poly
dimethylsiloxane, and its transport properties deviate from
the pure linear polymer only because of the ?lling material.)
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The total amount of chlorine dioxide dissolved in the disk
and the diffusion coe?icient D Were determined With the

folloWing method. The aqueous chlorine dioxide solution
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Was removed from the vessel and after a fast Washing With

?lling material What is alWays present in commercial silicon

Water (lasting about only 3 seconds) a mixture of 10 cm3
Water, 1 cm3 potassium iodide, 3 cm3 0.01 M sodium thiosul

rubbers and Which is absent from the measurements pub
lished in the literature.

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 cm2 0.01 M

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
coe?icient 0t:1.16.

tiosulfate Was added to the mixture and We Were Waiting again
for the appearance of the blue color. This Was continued With

The diffusion coe?icient of chlorine dioxide in a commer

cial silicon rubber (0.76><10_5 cm2/ s) reaches the same order

adding decreasing amounts of thiosulfate until the point When

of magnitude (z10'5 cm2/ s) Which is characteristic for mol
ecules dissolved in Water, especially because regarding the

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 Vt 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. 211)) the total amount of chlorine dioxide dissolved in the
disk and also the diffusion coe?icient of ClO2 in silicone
rubber can be determined. To this end the diagram of FIG. 2a)
Was transformed: instead of depicting Vt it Was ln [(Voo—Vt)/
V00] Which Was depicted as a function of t, Where V00 is the
volume of the titrant needed after in?nite time. This Way We

transport it is
D>“:0t-D:0.88><l0’5 cm2/s What really matters.

In the case of an un?lled or a less ?lled silicone rubber both

20

can obtain a straight line (J . Crank: The Mathematics of

Diffusion 2nd ed., Clarendon, Oxford 1975) the slope of
Which is —D'J'|§2/(4'h2),

25

Where h is the thickness of the silicon rubber disk. The inter

cept of the straight line should be about —lI1(J'|§2/ 8) according to
the theory. Such a diagram can be seen in FIG. 2b). The
diffusion coe?icient D Was calculated from the slope:

D:(7.6:0.6)><10_6 cm2/s. (The error of the diffusion coef?

to a value Which is e times smaller than the initial one, that is
30

cient is also due to uncertainty in the determination of the
thickness but its relative error is tWo times larger than the

We Want to calculate this time constant '5 because With the

relative error of 0t because the formula to calculate D depends
on h2, While the formula to calculate 0t depends on h only.)

Vooias a ?rst approximationiis the volume of the titrant
after the addition of Which the blue color cannot reappear any
more. This value Was 22.2 cm3 in the present case. Naturally
this is an upper limit only Which should be decreased some
What if We Want to achieve a best ?t of the calculated points to
a straight line. In the present case Voo:22.l5 cm3 Was the

35
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optimum.

Then the stationary component current I can be given by the

folloWing formula:
45

Which can be approximated in the case of cT<<cR With the

next expression:
50

Where We applied the short notation of D*:0t~D. Then,
regarding the mass balance, the component current I leaving

carbon dioxide is 2.4 Angstrom While in chlorine dioxide this
distance is 2.52 Angstrom. It is true, hoWever, that While

the reactor

carbon dioxide is a linear molecule in the case of chlorine

dioxide the angle betWeen the tWo oxygen-chlorine bonds is

(by natural convection for example) thus the inner concentra
tion is alWays homogeneous, moreover, a steady state Will be
also assumed.

denoted by R1, the outer radius by R2, and its length by L.

guideline, hoWever, that the D value of carbon dioxide in pure
poly-dimethylsiloxane is 22x10“6 cm2/ s at 35° C. (T. C. Mer
kel et al. 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

help of that We can estimate the time of the transport. For
example if We Wait a time period of 5B 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

Let the inner radius of a tube With circular cross-section be

Evaluation of the Results and Comparison With Data Known
from the Literature
No data Were found in the literature for the diffusion coef
?cient of chlorine dioxide in silicone rubber to compare With
the D value presented in the previous paragraph. It can be a

0t 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
mo st 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 '5 While the inner concentration decreases

55

not 180 but only 118 degrees.) Our estimate is based on the
assumption that in the same polymer the diffusion coef?
cients of tWo molecules of nearly the same siZe should be

Where VR:(R1)2'J'|§'L is the inner volume of the reactor. This
Way the folloWing differential equation can be obtained

nearly equal. For example in poly-dimethylsiloxane at 35° C.
the diffusion coe?icient of methane is 22x10“6 cm2/ s, Which
is equal to the diffusion coe?icient of carbon dioxide. (One
side of the tetrahedral methane molecule is 1.78 Angstrom.)

60

from Which the time constant "u can be expressed as:

As can be seen, hoWever, the diffusion coe?icient 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

In the case of the poly-dimethylsiloxane tubing With
65

R1:0.5 mm inner and RZII mm outer radius applied in our

rally a part of this deviation is due to the loWer temperature.

experiments, and using the D*:1.16-7.6><10_6 cm2/s:0.88><

Nevertheless, most of the deviation is caused probably by the

10'5 cm2/ s value, the time constant "c is nearly 100 s (Within 1

US 8,512,671 B2
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s). This Way 3'5 (When already 95% of the initial chlorine
dioxide amount has left the reactor) is 5 minutes, While 5'5 is

theoretical maximum Was determined by titrating a small
fraction of the chlorite solution used for the actual experi
ment. In each experiment shoWn on FIG. 4 syringe 1. con

8 min 20 s.

Calculation of the Maximum FloW Rate Allowable in a Con
tinuously Fed Tubular Reactor or its Minimum Length at a
Given FloW Rate
The above considerations can be also applied for a plug
like How if We assume again steady state conditions and that

tained 2 cm3 chlorite solution and syringe 11. 2 cm3 acidic
solution but the concentration of these reagents varied from

the chlorine dioxide concentration in the ?uid surrounding
the tubular reactor is negligible compared to that of inside the
reactor. The starting point is that the mixture should stay at

B) Syringe 1.: 16.5% aqueous solution of 80% NaClO2,

experiment to experiment (A-D).
A) Syringe 1.: 33% aqueous solution of 80% NaClO2,
syringe 11.: 50% aqueous solution of citric acid.
syringe 11.: 50% aqueous solution of citric acid.

C) Syringe 1.: 33% aqueous solution of 80% NaClO2,

least 5'5 in the reactor (starting from the time When mo st of the

syringe 11.: aqueous solution of 4 M HCl.
D) Syringe 1.: an aqueous solution Which is 16.5% for 80%

chlorine dioxide production is over), Where '5 is the time
constant derived in the previous paragraph. If We regard the
data of the previous example and take an L:5 m long reactor

NaClO2 and 15% for NaCl,
syringe 11.: aqueous solution of 4 M HCl.

With an inner diameter of 1 mm (Rl:0.5 mm, thus With an

inner volume of 4 cm3) then for a residence time around 8
minutes a 0.5 cm3/min ?oW rate should be applied. For larger
?oW rates more than 0.7% of the produced chlorine dioxide
remains in the reactor. In other Words if the How rate is at least

Evaluation of Experiments A-D
20

0.5 cm3/min the ?uid surrounding the silicon rubber tubing
Would contain less than 99.3% of the total chlorine dioxide
amount. Reversely, if a How rate of 1 cm3/min is needed then

the volume, consequently the length of the reactor should be
doubled. According to our numerical example that means a

25

volume of 8 cm3 corresponding to a tube length of 10 m.

Having generally described the invention, reference noW is
made to the folloWing examples Which are intended to illus
trate preferred embodiments and comparisons but Which are
not to be constructed as limiting to the scope of this invention
as is more broadly set forth above and in the appended claims.
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Tubular Reactor With Permeable Walls and a Batch

Which can result in a faster reaction and give even a 100%
40

According to this method the reactor shoWn on FIG. 3a)
can be ?lled up eg with the double syringe shoWn on FIG.

centration Within 12-16 min. Concerning the yield it proved
to be true that by using hydrochloric acid the 62.5% theoreti

36 containing the acidic solution Were inserted into device 37
45

of chlorite its disproportionation is still signi?cant compared
50

55

the distilled Water through the Wall of the tube. The concen
tration of the chlorine dioxide Was determined by titrationi

Estimation of the Reaction Time and the Yield in
60

mixture of 10 cm3 Water+2 cm3 1 M H2SO4+1 cm3 1 M
potassium iodide. FIG. 4 shoWs the measured relative chlo

Hydrochloric Acid Solution
Kiefer and Gordon (Kiefer es Gordon Inorg. Chem. 1968,
7, 239) have found the folloWing rate laW for the dispropor

rine dioxide concentration as a function of time for different

experiments. 100% yield, the benchmark of the relative con

cally maximal ClO2 amount evolves from chlorite, i.e. 4 mol

the advantageous reaction betWeen chlorite and chloride. As
a result the yield approached 90% While the reaction still
remained fast. With this experiment the ?nal concentration of
ClO2 in Water Was 360 ppm.

using 0.01 M thiosulphate volumetric solutioniof 2 cm3

ecules chlorine dioxide out of 5 molecules chlorite. The

D) This experiment is basically the same as experiment C)
but here the concentration of chlorite Was decreased to its half
in order to sloW doWn the rate of disproportionation, further
more NaCl Was mixed into the chlorite solution to speed up

silicon rubber tube Was immersed into the glass bottle 33
containing 0.5 l distilled Water as shoWn on FIG. 3a). The
Water Was stirred With a magnetic stirrer bar 34. The chlorine

centrations Was considered to be the case When the theoreti

cal limit With organic acids can be crossed although the mea
sured 65% yield is still far beloW the theoretical 100%. The
reason for this is that because of the high initial concentration
to the desired reaction betWeen chlorite and chloride. Here the
?nal concentration of ClO2 in Water Was 540 ppm.

rubber tube Were closed With a PVC tube section 32. The

samples taken from the solution from time to time. For this
purpose before titration the 2 cm3 samples Were added to the

yield. Concerning the rate of the reaction the results justi?ed
our expectations: chlorine dioxide has reached its ?nal con

3b). Syringe 35 containing the NaClO2 solution and syringe

dioxide evolving inside the silicon rubber tube permeated into

the ?nal chlorine dioxide concentration in Water Was 210
PPm~

but noW instead of the organic acid hydrochloric acid is used

Solution

can be pushed simultaneously With the device shoWn on FIG.
3b) into the silicon rubber tube 31 With a length of 7 m, inner
diameter 1 mm, outer diameter 2 mm. While ?oWing in, the
reagents are mixed at the beginning of the common tube
section 38. After ?lling it up, the tWo ends of the silicon

parameters Were the same. This modi?cation has increased

C) This experiment is basically the same as experiment A)

Method to Prepare Aqueous Chlorine Dioxide

only after ?lling them With the reagents. The tWo solutions

amount just because of the high initial concentration of chlo
rite. In this experiment the ?nal concentration of ClO2 in
Water Was 320 ppm (mass/mass: m/m).
B) In this experiment the initial chlorite concentration Was
decreased to half of the one applied in experimentA), all other
the yield because of the more acidic pH, thus it rised over
50%, but just because of the smaller initial chlorite concen
tration the reaction Was sloWer, here to approach the ?nal
chlorine dioxide concentration needed 50-60 min. In this case

EXAMPLES

Example 1

A) As it can be seen, to approach the ?nal chlorine dioxide
concentration needed about 30-40 min as the disproportion
ation of chlorous acid is a sloW process. Furthermore, the
conversion did not reach even 40% Which is far beloW the
theoretical 62.5%. It is obvious that under these circum
stances more chlorate is produced than the unavoidable

tionation of chlorous acid at 250 C.:
65
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Where k1:1.17><10_2 M'1 s'1 is the rate constant for the simple

pH paper as it bleaches the dye in it.) Then the C102 free
sample Was tested for chloride ion or for acid, respectively.

(uncatalyZed) disproportionation reaction (Where chlorate is
also a product), and k2:1.57><10_2 M_ls_l (in 1.2 M perchlo
ric acid) or k2:3.00><10_2 M_ls_l (in 2 M HClO4) is the rate
constant of the decomposition catalyzed by chloride ion
(Where the products are only chlorine dioxide and chloride).

Chloride Ion
Chloride ion is present implicitly in each recipe as We have

used the 80% commercial grade NaClO2 Which also contains
16% NaCl. (The remaining 4% is a mixture of Na2CO3 and

As K:0.0012 M and in our case the concentration of chloride

NaOH that are used for stabilisation.) The highest concentra

is alWays much higher than this value the rate laW can be

tion of chloride (more than 3 M) Was applied in experiment

Written in the following simpli?ed form:

D).
According to our measurements the chloride ion content of
the C102 solution Was beloW the detection limit (Which Was

Which rate equation Will be referred to as the “simpli?ed
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

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

contained pure chlorous acid only. However, in experiments

concentrations applied.

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

Acid
The pH of the distilled Water in the beaker has not deviated

makes the calculations rather complicated.
The situation is more simple in experiments C) and D)
Where because of the hydrochloric acidiWhich seemed to be
bene?cial concerning the yieldimost of the added chlorite is
in protonated form. In this case the simpli?ed Kiefer-Gordon

20

formula can be a useful guide for us When We Want to ?nd the 25

from the original value (pH:5.5-6) even if the C102 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

optimum parameters to produce C102. It is obvious that in
order to reach an optimum yield the ?rst reaction route (the

i) According to our measurements by using the permeation

simple disproportionation producing chlorate) must be sup
pressed compared to the second one (the C102 production

method described above a very high selectivity can be
reached: While the permeation of C102 is a very fast process,

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 ef?ciency 11 of
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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

ClO2 production:

is loWer and the reaction is also sloWer. At a given application
35

ous acid concentration).
So it can be seen that When the value of X is high Q(—>OO)
40

Walls and a Continuous Method to Produce Chlorine
DioxideiContaining Gas or Water Streams

regarded as estimates only for the concentrated solutions We
45

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

the ?nal concentration after a 12-15 min Waiting time but the

calculated value Would be only around 5 min using k2:1.57><
10'2 M_ls_l. It is more feasible to use the real experimental

continuously into the core of the silicon rubber tube 53 around

values also because so far in our calculations We treated

diffusion (Which gave an approx. 8 min Waiting time) and

50

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

55

(This is the same tube that Was applied in Experiment D).)As,
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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 cm3 , the maximum value of the How rate in
the tube can be 0.46 cm3/min. This means that both solution
I. (an aqueous solution Which is 16.5% for 80% NaClO2 and

Permeation of Other Components
It is a very important point that in each experiment A)-D) it
Was examined Whether the acid We used4especially hydro

15% for NaCl) and solution II. (aqueous solution of 4 M HCl)
can be pumped With a How rate of 0.23 cm3/min. HoWever,
one also has to take into account that CO2 bubbles evolve
from the Na2CO3 Which can be found in the 80% NaClO2 and

nents.

In these tests We took 30 cm3 samples from the solution.

First ClO2 Was removed from the samples by sucking air
through them for 5 min With an aspirator. (That Was necessary
because ClO2 Would have disturbed the measurements With a

Which Water or air is kept ?oWing by pump 54. The endprod
uctithe ?uid (Water or air) saturated With ClO2ileaves 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.

experiments.

chloric acid, or chloride ionipermeates through the silicon
rubber Wall. Surprisingly We have found that the quantity that
permeated Was beloW the detection limit for these compo

Example 2
Countercurrent Tubular Reactor With Permeable

chloride is the dominant route).
The parameters given by Kiefer and Gordon can be

apply. E. g. in experiments C) and D) the solution has reached

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.

Where X:k1[HClO2]O/k2[Cl_] ([HClO2]O is the initial chlor
then nQ5/ 8 (i.e. the route leading to chlorate dominates) and
When XQO then (i.e. here the decomposition catalysed by

the permeation of the other components is immeasurably
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this increases the effective ?oW rate by about 10% according
to our observations. That is it is Worth to choose the How rate
to be 0.40 (0.20+0.20) cm3/min. In this case it takes 10 min to

