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D CHEMICAL AND PHYSICAL
PROPERTIES

Chlorine dioxide is a yellow-green gas that was first
prepared by Chenevix in 1802.* Humphrey Davy inde-
pendently prepared this compound in 1811, elucidated
its composition, and proposed the name of euchlorine.’
Although chlorine dioxide is the most widely accepted
English name for this compound, the names chlorine
oxide, anthium dioxide, chlorine(IV) oxide, chlorine per-
oxide, chloroperoxyl, and chloryl radical also have been
used. The Chemical Abstracts Service Compound Regis-
try Number (CAS RN) for chlorine dioxide is 10049-04-4.

Structural Properties

Chlorine dioxide contains one atom of chlorine and two
atoms of oxygen and exists entirely or almost entirely as a
free radical monomer (Figure 27.1).%” Microwave spec-
tra of chlorine dioxide in the gaseous phase have given
chlorine-oxygen distances of about 0.147 nm; electronic
diffraction indicates 0.149 nm. This chlorine-oxygen dis-
tance is approximately that of an average chlorine-oxygen
double bond. The angle formed by the oxygen-chlorine-
oxygen bonds is in the range of 117.7 + 1.7 degrees.”®
Chlorine dioxide has considerable unsaturated bond
character,” but, in solution, there is no evidence of di-
merization or polymerization,10 and at neutral pH, it does
not hydrolyze."" Crystalline hydrates of chlorine dioxide
have been reported, including a hexahydrate, an octahy-
drate, and a decahydrate.”'*"*

Chlorine dioxide is one member of a series of oxides
that also includes chlorine monoxide (Cl,0); chlorine per-
oxide [CI(O,)], which has the same molecular formula as
chlorine dioxide but a different structure; chlorine triox-
ide (ClOs); chlorine tetroxide (ClO,); chlorine heptoxide
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(CLL,0O5); as well as dimers and mixtures of these oxides.
Although all are sometimes called chlorine oxide, each
has distinctly different properties from chlorine dioxide.

Spectral Properties

The ultraviolet adsorption spectrum of chlorine dioxide
dissolved in carbon tetrachloride shows maxima at 375 and
355 nm with a minimum at 263 nm.!! The absorption spec-
trum in aqueous solution has a broad band near 360 nm.”
The molar extinction coeflicient is frequently reported as
1150 M cm™ ., but when using high-resolution, narrow
bandwidth spectrophotometers, it has been determined
to be 1250 cm™".'*'® The extinction coefficient is tem-
perature, acid, and ionic strength independent from 25°C
to 50°C, 0.2 to 4 N, and 2 to 4 M, respectively,”'* and is
unaffected by chloride concentration up to 0.3 M.'*"” The
chlorine dioxide gas-phase spectrum is the same as that in
aqueous solution,”'* providing a convenient method for
monitoring concentration in various processes.

In the infrared, the fundamental vibrational frequen-
cies of chlorine dioxide in the gaseous phase, measured as
wave numbers, are 946 cm ™', 448 cm~', and 1110 cm ™},
corresponding to the symmetric stretch, bend, and asym-
metric stretch, respectively.®

Physical Properties

Under standard pressure, chlorine dioxide freezes at a
temperature of —59°C and boils at 11°C."® Thus, it is a
true gas at room temperature, where its density is about
1.6." The gas has an odor similar to that of chlorine.
Chlorine dioxide is soluble in water, and a formula
has been developed to predict solubility under various
conditions.!>? Solubilities at 0°C, 15°C, and 30°C were
demonstrated to be linear,'® and extrapolated solubility
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FIGURE 27.1 Structure of chlorine dioxide, indicating its
radical character.
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curves have been published."' At20°C, chlorine dioxide gas
present at a concentration of 4% by volume has a solubility
of about 4 g/L. The partition coefficient of chlorine diox-
ide between water and the gaseous phase is expressed as:

1 = Caozag
Ceio2 ()

and is equal to 70 = 0.7 at 0°C, 45 at 15°C, and 26.5 +
0.8 at 35°C."

Chlorine dioxide in the gas phase is stable in concen-
trations of less than 10% in air at atmospheric pressure. The
gas tends to be unstable at higher concentrations and can be
destabilized further by contact with light or with substances
that catalyze its decomposition. When decomposition oc-
curs, the volume increase is relatively small, and the result-
ing explosion has sometimes been described as a “puff”
Using chlorine dioxide in gas form for area disinfection/
sterilization, the concentrations are typically 0.04% to 0.18%
(1-5mg/L). These concentrations are far below the “puffing”
threshold for chlorine dioxide. Detonation has never been
observed, even at much higher concentrations at tempera-
tures less than 42°C.*! Attempts to store chlorine dioxide in
a compressed form, with or without other gases, have been
unsuccessful® until recently when CDG Environmental
obtained US Department of Transportation permission to
ship 3000 ppm solutions (CDG Solution 3000 liquid con-
centrate). Recent studies have confirmed the lower limit for
explosive decomposition at 9.5% (chlorine dioxide/air).”*
Thus, when the concentration of chlorine dioxide gas in air
is below 9.5%, there is no explosion hazard.

P METHODS OF PREPARATION

Because chlorine dioxide is not sufficiently stable to be
stored, it is typically produced at the site of use. Many
methods exist for the preparation of chlorine dioxide, and
the method chosen for a specific application will depend
on the amount required, the amount of side products that
can be tolerated, and whether the gas is required in solu-
tion or the gaseous form. The large-scale commercial pro-
duction of chlorine dioxide, as is required in the bleaching
of paper, generally involves the reduction of sodium chlo-
rate by a suitable acid.” Several alternative processes use
this method, and the details can be found in the extensive
compilation of Masschelein and Rice."

Sterilization and disinfection applications are smaller
scale processes in which production quantities do not
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exceed 2000 kg/d. For such processes, sodium chlorite
is the preferred starting material.'* In potable water—
treatment facilities, all the chlorine dioxide used is gen-
erated from sodium chlorite."” As pointed out by Gordon
et al,” the advantages of using chlorite in the generation of
chlorine dioxide are its ease of use and the purity of chlo-
rine dioxide that is produced. In some methods, acid is
added to the chlorite/hypochlorite mixture.” Chlorine di-
oxide also has been generated by oxidation of chlorite with
nitrogen trichloride.” Today, most small generators use an
oxidative process in which chlorine (either as a gas or in
solution) is mixed with sodium chlorite solution (either as
a solid or in solution)." This reaction is rapid, readily goes
to completion, and proceeds with following stoichiometry:

A convenient application of this method of produc-
tion consists of passing diluted chlorine gas through a col-
umn or tower of sodium chlorite to yield uncontaminated
chlorine dioxide.”® Chlorine dioxide generated by this
method can be used immediately or dissolved in a solvent
(typically water) for temporary storage. This method also
can be used to remove traces of chlorine from a stream
of chlorine dioxide gas prepared using another method.”

Numerous alternative methods for generating chlo-
rine dioxide for smaller scale applications have been re-
ported. Some examples include the electrolysis of chlorite
solutions,”'! by passing nitrogen dioxide, obtained from
the effluent gasses of an electric arc machine, through a
column of sodium chlorite.” For the preparation of small
quantities of chlorine-free chlorine dioxide, the oxidation
of chlorite with persulfate, as illustrated by the following
reaction, has been used”'":

2NaC102 + Na28203 - 2C102 + 2Na2804

D CHEMICAL REACTIONS OF
CHLORINE DIOXIDE

Chlorine dioxide is a strong oxidizing agent and, in con-
trast to chlorine, does not tend to react with organic ma-
terials to form chlorinated species or with ammonia to
form chloramine. The inorganic chemistry and reactions
of chlorine dioxide with organic matter have been well
studied and can be found in the comprehensive references
written by Gordon et al,” Masschelein and Rice,'" and
Aieta and Roberts.”’

Decomposition

As a free radical species, chlorine dioxide is not stable for
long periods in storage and can decompose. Whereas the
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gas can be stable in concentrations of less than 10% by
volume in air, decomposition is facilitated at higher con-
centrations. Although its instability precludes storage of
chlorine dioxide in compressed form," it is sufficiently
stable to permit its routine use, and studies have been
done to elucidate the factors that influence its stability.

The decomposition reaction of high concentration of
chlorine dioxide has been studied in depth.**”! For con-
centrated chlorine dioxide gas (15%-30% by volume), the
ignition temperatures are approximately 130°C; the pres-
ence of light, dust, petroleum-based lubricants, and sulfur
all lower the decomposition temperature.®® Further, chlo-
rine dioxide can undergo autocatalytic decomposition,
which may or may not involve explosion, and the ratios
of products formed during decomposition depend on the
concentration of water vapor and temperature.”® Surface
area can accelerate the decomposition of chlorine dioxide,
but sufficiently large surface areas appear to inhibit cata-
lytic decomposition by adsorption of the intermediates.

Exposure to light leads to decomposition of chlorine
dioxide,'"*” and in the gas phase, the primary photochem-
ical reaction is the homolytic fission of the chlorine-oxygen
bond to form ClO* and O"."" The reaction mechanism for
the light catalyzed decomposition of gaseous, dry chlorine
dioxide is postulated as:

ClO; + hv —» ClO* + O°
ClO, + O — ClO;
2CIO* —» Cl, + O,

Interestingly, when moisture is present along with gas-
eous chlorine dioxide, exposure to light may induce the for-
mation of a visible mist that does not contain chlorine but
rather consists of a complex mixture of acids.” The following
mechanism has been proposed for the photolytic decompo-
sition of chlorine dioxide in the presence of moisture'’:

ClO, + hv - CIO® + O
ClO, + 0" = ClO;
2C10; — CLO,
ClO® + ClO, — CL,O;
CLO, + H,0 — HCIO; + HCIO,
CL0O; + H,0 — 2 HCIO,
2 HCIO, — HCIO + HCIO;
In solution at neutral pH, in the absence of light,

and at room temperatures (18°C-25°C) or cooler, chlo-
rine dioxide is quite stable. The primary decomposition
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process, when it occurs, is hydrolysis and disproportion-
ation of chlorine dioxide into chlorite and chlorate ions:

2ClO, + 20H™ — ClO,- + ClOs- + H,0

The rate of hydrolysis is impacted by temperature and
pH, increasing rapidly at elevated temperature and at pH
values above 10, and is more rapid in the presence of chlo-
rine and hypochlorite, producing chlorate and hydrochlo-
ric acid."*

In reducing environments, chlorine dioxide may un-
dergo single electron transfer processes, which ultimately
result in the formation of chloride. The standard potential
(E°) for chlorine dioxide is 1.511 V; although in solu-
tion, the electron potential is dependent on the pH and
the number of electrons transferred.

Reactions With Organic Compounds

Chlorine dioxide is a selective yet versatile oxidant for
many organic compounds. It does not act via chlori-
nation, and thus, trihalomethane formation does not
occur.” The chemistry and mechanisms of reactions of
chlorine dioxide with organic compounds have been re-
viewed extensively,'**** and a compilation of kinetic data
is also available.’® The oxidation of amines with chlorine
dioxide was studied in detail by Rosenblatt et al’”*® and
Hull et al*®* who found that, in aqueous solutions, pri-
mary and secondary amines react slowly or not at all with
chlorine dioxide but that tertiary amines were readily oxi-
dized, producing a secondary amine and an aldehyde.

Chlorine dioxide does not react with saturated aliphatic
hydrocarbons, whereas alcohols, aldehydes, and ketones are
oxidized to form carboxylic acids."* Chlorine dioxide reacts
with carbohydrates, such as glucose, to oxidize the primary
hydroxyl groups, first to aldehydes and then to carboxylic
acids."’ The reaction with lipids is mainly an oxidation at
the double bond. Although most amino acids do not react
readily with chlorine dioxide, tyrosine, tryptophan, and cys-
teine are exceptions.”*! Peptides and proteins are subject to
oxidation, substitution, and addition reactions.*” Chlorine
dioxide solutions have been shown to denature proteins,*
and the gas phase has been shown as an effective way of in-
activating B-lactams from old production facilities.** Addi-
tionally, chlorine dioxide can cause destruction of lysozyme
function via protein denaturation and degradation.*

Chlorine dioxide rapidly oxidizes phenolic com-
pounds* and has been used to oxidize chlorinated phe-
nolic compounds to reduce their toxicity."* Occasional
chlorination of aromatic or unsaturated aliphatic hydro-
carbons has been reported,* but no trihalomethanes were
formed. Because chlorine dioxide does not tend to form
dioxins or trihalomethanes or react with ammonia to
form chloramines, it has great appeal for the treatment of
water and wastewater.
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D BIOCIDAL PROPERTIES

The antimicrobial properties of chlorine dioxide solu-
tions were documented in the 1930s by Schaufler*® and
Kovtunovitch and Chemaya.” Later, Ridenour and
Ingols™ reported on the addition of chlorine dioxide along
with chlorine to commercial water supplies to produce
better tasting water, a practice that continues today. Nu-
merous studies have been carried out since then to validate
the biocidal properties of chlorine dioxide in an aqueous
environment and have demonstrated broad-spectrum
biocidal properties. Chlorine dioxide has several regis-
tered uses in water treatment, disinfection, and steriliza-
tion in both dissolved in water and applied as a gas.

Biocidal Activities

Studies have proved the efficacy of aqueous and gaseous
chlorine dioxide on a wide variety of microorganisms, in-
cluding bacteria, fungi, spores, viruses, and protozoa. The
effect of chlorine dioxide has been proved in laboratory
conditions on major bacterial pathogens responsible for
principal outbreaks, such as Escherichia coli O157:H7,
Listeria monocytogenes, and Salmonella enterica.”' Mean-
while, some early studies have shown that chlorine diox-
ide is capable of inactivating enteroviruses, polioviruses,
rotavirus, and human immunodeficiency virus (HIV).”**
The increasing interest in the potential biocidal uses of
chlorine dioxide has also stimulated studies into the ac-
tivity of this agent against various protozoal, fungal, and
algal species, such as Cryptosporidium parvum oocysts,
Streptomyces griseus, and yeasts.®®*

With the current concerns about prions and prion-
associated diseases, it is not surprising that studies into
the inactivation of these agents by chlorine dioxide have
been undertaken. Brown et al®® studied the inactiva-
tion of prions by chlorine dioxide and other disinfectants.
Sodium hypochlorite produced consistently marked in-
activation (3-4 log within 15 minutes), whereas chlorine
dioxide (50 ppm) exhibited moderate to substantial in-
activation. It was suggested that doubling or tripling the
concentration of chlorine dioxide would be more effective
in inactivating the agent of Creutzfeldt-Jakob disease.

Microorganisms differ greatly in the sensitivity to
chlorine dioxide (Figure 27.2).°! One of the most dis-
tinct features of some bacteria is the ability to produce
stress-resistant spores. Because of sporulation, resistance
to heat, radiation, desiccation, extreme pH, chemicals,
enzymes, and high pressure are largely increased.”’” This
resistance enables the bacteria to survive many antisepsis
and disinfection (eg, pasteurization) processes. As noted
in the previous sections, the broad-spectrum activity of
chlorine dioxide in solution was well established in the
1940s and the years following; however, the sporicidal ac-
tivity of gaseous chlorine dioxide and, thus, its efficacy as
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coxsackievirus, rhinovirus
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Examples: Candida,
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aeruginosa, Staphylococcus
aureus, Enterococcus

Lipid or medium

sizes viruses
Examples: herpes simplex
virus, cytomegalovirus,
hepatitis B virus, hepatitis
C virus

FIGURE 27.2 Typical resistance of microorganisms to
chlorine dioxide.

a gas sterilant were not demonstrated until the 1980s. The
lethal activity of chlorine dioxide gas on spores of Bacil-
lus subtilis was first reported by Rosenblatt et al®® in their
patent of the use of chlorine dioxide as a gas sterilant.
Sporicidal activity was present at concentrations as low as
11 mg/L. In a work reported subsequently, it was found
that, analogous to ethylene oxide, adequate hydration of
the spores was required for optimal activity.” Activity
was also demonstrated against the anaerobic spore former
Clostridium sporogenes.’® In 1988, chlorine dioxide gas
was registered as a sterilizing agent by the US Environ-
mental Protection Agency (EPA) under the Federal Insec-
ticide, Fungicide, and Rodenticide Act (FIFRA). Work by
Jeng and Woodworth”' confirmed the sporicidal activity
of chlorine dioxide and provided further information
about the conditions required for its effective use.

Biofilm can be defined as a community of microor-
ganisms, generally associated with or attached to abiotic
or biological surfaces (see chapter 67).”” These cells are
frequently embedded in exopolymeric substances. The
tolerance of vegetative bacterial cells in biofilms to envi-
ronmental stresses, such as routinely used disinfectants,
can be profoundly increased than planktonic bacteria.
The exopolysaccharide (EPS) matrix restricts the access of
antimicrobial substances to cells within the biofilm by re-
ducing diffusion and by maintaining cells at slow growth
rate. For example, the survival of Pseudomonas fluorescens
M2 cells after exposure to a chlorine dioxide solution was
apparently enhanced by the presence of P fluorescens DL5
in binary biofilms.” Vaid et al’”® reported that a 10-minute
treatment of 0.3 mg/L gaseous chlorine dioxide and
7 mg/L of aqueous chlorine dioxide resulted in reductions
of 3.21 and 3.74 log CFUs/cm” of L monocytogenes within
a biofilm matrix on stainless steel coupon, respectively.
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Interestingly, Martin et al’® isolated a B subtilis strain
from a washer-disinfector whose vegetative form demon-
strated unique resistance to 0.03% chlorine dioxide. It
has been postulated that additional efficient intracellular
mechanisms may be involved to explain its significant re-
sistance to in-use concentrations of commonly used high-
level disinfectants.

The effectiveness of chlorine dioxide on inactivating
microorganisms also largely depends on treatment con-
ditions, such as chlorine dioxide phase, concentration,
contact time, temperature, pH, total suspended solids,
and organic matter.”” The efficacy increases at higher
concentrations and treatment times but decreases with a
decrease in temperature and pH. Concerning total sus-
pended solids, their presence promotes pathogen aggre-
gation and interferes with the disinfection performance of
chlorine dioxide.”® Nonetheless, when compared to chlo-
rine, chlorine dioxide is a more effective biocide in the
presence of high levels of organic matter, depending on
the concentration.

Another factor associated with treatment conditions is
the phase of chlorine dioxide. Studies have demonstrated
that the application of chlorine dioxide in a gaseous form
is more effective in inactivating microorganisms com-
pared with its aqueous form, presumably due to its higher
penetrability.”!

Biocidal Mechanism

The possible modes of action of chlorine dioxide over mi-
croorganisms have been widely studied (see Figure 27.2).
Research into the mechanism of the biocidal action of
chlorine dioxide has involved the identification of specific
chemical reactions between chlorine dioxide and biomol-
ecules and evaluation of the effect of chlorine dioxide on
physiological functions. The most widely reported mech-
anism is the disruption of cell protein synthesis primarily
due to the oxidations of cell surface membrane proteins'>”
and free fatty acids® and the increase in the permeability
of the microbial cell.*' Cho et al** reported that chlorine
dioxide caused some levels of both surface damage and
inner component degradation in E coli. Furthermore, Cho
et al** explained that only after a certain level of surface
damage, intracellular components were attacked because
the initial lag phase in enzyme degradation was noticeable
and was related to the time required for chlorine dioxide
to penetrate the cell.

Chlorine dioxide has also been related to membrane
damage on bacterial spores.*>** Chlorine dioxide caused
damage to the inner cell membrane, change in cell per-
meability, and interruption of the complete germination
of B subtilis spores.*”” In Bacillus cereus, chlorine dioxide
caused surface roughness, indentations, and elongation of
cells that resulted in the inhibition of division and asso-
ciated metabolic damage of bacterial cells.*> With respect
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to viruses, chlorine dioxide inactivated poliovirus by al-
tering viral capsid proteins and reacting with RNA sepa-
rated from the capsids, which impaired RNA synthesis.”*
Li et al* reported that the inactivation mechanism of hep-
atitis A virus (HAV) by chlorine dioxide was due to the
loss of the 5'nontranslated regions (5'NTR) (the sequence
from bp 1 to 671) and/or destruction of the antigenicity,
which is different from that of chlorine.

However, most of the published studies have been fo-
cused on the inactivation mechanisms of chlorine dioxide
on bacteria and viruses. And there are very few studies on
the fungicidal mechanisms of chlorine dioxide. Zhu et al*
has showed that the metal ion leakage, the inhibition of
enzyme activities, and the alteration of cell structure were
critical events in Saccharomyces cerevisiae inactivation by
chlorine dioxide.

D TOXICOLOGY AND SAFETY

Chlorine dioxide is used in large quantities, and experi-
ence has demonstrated that it can be used safely. Because
it is a chemical disinfectant and sterilizing agent, how-
ever, it is toxic to living systems. Its application, therefore,
should be carefully managed, and steps should be taken
to prevent unacceptable exposure. Smith and Willhite®
indicated that although there are concerns about chlorine
dioxide’s acute toxicity, they concluded that the human
experience with chlorine dioxide in both prospective
studies and in actual use situations has failed to reveal
adverse long-term health effects.

The threshold limit value (TLV) time-weighted aver-
age (TWA) signifying the level at which a human can be
safely exposed for up to 8 hours has been established as
0.1 ppm for gaseous chlorine dioxide, and the short-term
exposure level (STEL) has been set as 0.3 ppm, as required
by the Occupational Safety and Health Administration
(OSHA). The STEL is the 15-minute exposure safety level.
This TWA concentration is also the most frequently cited
odor threshold, which means that exposure to this gas is
self-warning.*®

Chlorine dioxide is considered a mucous membrane
irritant, and inhalation of excessive amounts can lead to
pulmonary edema.*”” Meggs et al®®”' describe the nasal
pathology of persistent rhinitis with chemical sensitivity
after chlorine dioxide exposure.

Because chlorine dioxide is used for water treatment
and in the food industry, most of the toxicity studies that
have been done have involved ingestion of chlorine diox-
ide or its metabolites. Whereas most of these studies in-
volved animals, some human studies have been reported.
A few studies involving topical application®*** also have
been done.

When ingested, chlorine dioxide is metabolized and
excreted as chloride and chlorite.”** Tt is difficult to sep-
arate effects attributable solely to chlorine dioxide from
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those of its metabolic products; therefore, many of these
studies compared the effects of the administration of
chlorine dioxide and chlorite.

Studies in rats and mice on the ingestion of chlorine
dioxide in water”®*® found little other than a transient in-
crease in serum glutathione. By contrast, studies involv-
ing chlorite ingestion’*” found methemoglobinemia,
decreases in glucose-6-phosphate dehydrogenase (G6PD)
activity, and increased erythrocyte fragility. At the highest
dose, a few deaths and significant erythrocyte abnormali-
ties were observed in animals. Studies on the ingestion of
chlorine dioxide conducted with rats,'"” monkeys,'"! and
pigeons'®* all demonstrated decreases in thyroid function.
In their work, Bercz et al'®! found that the effect was re-
versible on withdrawal of chlorine dioxide.

Animal studies to delineate the teratogenic potential
of chlorine dioxide and chlorite showed no significant as-
sociation,'”'* except for the study on chlorine dioxide
by Suh et al.'® The evidence for mutagenicity of either
chlorine dioxide or chlorite is contradictory.”>'!% Avail-
able data support that chlorite is not considered carcino-
genic.'”” There appears to be no published research on the
carcinogenicity, if any, of chlorine dioxide.

Studies with human subjects have not detected any
serious toxicities associated with the acute or chronic in-
gestion of chlorine dioxide and chlorite. A wide-ranging,
EPA-sponsored study determined the effect of adminis-
tering discrete doses of increasing concentration of chlo-
rine disinfectants, including chlorine dioxide, to normal
healthy volunteers.'”'"" The impact on normal human
subjects of daily ingestion of the disinfectants at concen-
trations of 5 mg/L over 12 weeks also was studied. Lastly,
chlorite, at a concentration of 5 mg/L, was administered
daily to G6PD-deficient subjects. The physiologic impact
was assessed by a large battery of qualitative and quan-
titative tests. The study affirmed the relative safety and
tolerance of normal, healthy, adult males and normal,
healthy, adult male G6PD individuals to daily 12-week in-
gestion of 500 mL of chlorine dioxide at a concentration
of 5 mg/L.MH1?

Michael et al'”’ studied the population of a village that
converted to chlorine dioxide as a potable water disinfec-
tant during the summer months to avoid taste and odor
problems. One person, identified as being G6PD defi-
cient, displayed a reduction of hemoglobin concentration,
hematocrit, and red blood cell count. No other significant
differences were observed in any subjects.

In 1982, Tuthill et al'** published a retrospective study
of neonates from Chicopee, Massachusetts, in the time
frame of 1945-1950, when the town used chlorine di-
oxide (about 0.5 ppm) in water posttreatment. The data
were compared, for the same time, with neonates from
Holyoke, Massachusetts (a community with similar de-
mographics but using chlorination). The rates of jaundice,
birth defects, and fetal and neonatal mortality did not dif-
fer significantly between the communities. A statistically
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significant positive association was found between pre-
maturity and the chlorine dioxide-treated water. Of
the roughly 1000 births examined in each community,
Chicopee showed 7.8% premature births, and Holyoke
experienced a 5.8% rate. This finding was not statistically
significant when the age of the mother was controlled.'"”

In 2004, Ouhoummane et al''® compared thyroid
function of newborns from 11 municipalities where chlo-
rine dioxide disinfection was used with 15 municipalities
that used chlorine disinfection. They found no evidence
of suppressed thyroid function in newborns exposed to
drinking water treated with chlorine dioxide. There was
no statistical difference in thyroid-stimulating hormone
(TSH) or prevalence of congenital hypothyroidism be-
tween those exposed to chlorine dioxide disinfection
and those exposed to other disinfection. These results
were compiled from 32 978 newborns over the period
1993-1999 in Quebec, Canada, for neonatal screening for
congenital hypothyroidism.

Akamatsu et al''” showed low levels of exposure (0.05
and 0.1 ppm of gas) to rats for 24 hours a day, 7 days a
week, for a total time of 6 months and no chlorine diox-
ide gas-related toxicity was found. No weight gain, food
or water consumption, or relative organ weight was ob-
served. No biochemistry and hematology examinations
changes occurred, and in the respiratory organs, no chlo-
rine dioxide gas-related toxicity was observed.

Chlorine dioxide and sodium chlorite have gone
through an EPAs Reregistration Eligibility Decision (RED)
for Chlorine Dioxide and Sodium Chlorite (Case 4023) in
2006. Sodium chlorite is used as a precursor in the gener-
ation of chlorine dioxide, so the EPA combined the results
of both because they have the same toxicologic end points.
The RED compiled data and papers and summed up the
safety aspects for chlorine dioxide. The Food Quality Pro-
tection Act (FQPA) Safety Factor (as required by FQPA)
is intended to provide a 10-fold safety factor (10X), for the
protection of infants and children in relation to pesticide
residues in food, drinking water, or residential exposures.
After the RED was completed, the FQPA Safety Factor has
been removed (ie, reduced to 1X). This was based on a
complete database for developmental and reproductive
toxicity; the risk assessment does not underestimate the
potential exposure for infants and children, and the end
point selected for assessment of risk from dietary and
nondietary exposure to chlorine dioxide is protective of
potentially susceptible populations including children.

Also in the RED, the acute toxicity of chlorine dioxide
was found to be moderate by the oral route and was as-
signed a toxicity category II. Toxicity category I is consid-
ered DANGER, toxicity category I is WARNING, toxicity
category III requires CAUTION, and toxicity category IV
is safe. For skin, the acute toxicity of chlorine dioxide using
sodium chlorite as the test material is considered minimal
with a toxicity category of IIT and for inhalation using so-
dium chlorite as the test material, chlorine dioxide was
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moderately toxic category II. For eye irritation, chlorine
dioxide was a mild irritant with a toxicity category of III.
For primary dermal irritation, sodium chlorite was a pri-
mary irritant with a toxicity category of II. The EPA con-
siders chlorine dioxide and sodium chlorite as essentially
the same.

D APPLICATIONS

The list of applications and potential applications for chlo-
rine dioxide continues to develop. A search of the recent
patent literature disclosed hundreds of filings related to
chlorine dioxide. Several of these are quite novel and in-
volve applications employing small amounts of chlorine
dioxide generated in situ for disinfection or deodoriz-
ing. An example of one such application is a novel plastic
packaging film that releases chlorine dioxide over time.""®

Potable Water

Chlorination has, for many years, been the standard for
water disinfection in the United States. There are, how-
ever, problems associated with its use in this application.
Some raw water supplies contain phenols, other organic
compounds, and certain heavy metal ions, which, after
chlorination, result in undesirable tastes and odors in the
treated water. Furthermore, chlorination of certain waters
results in the production of a variety of chlorinated spe-
cies, including trihalomethanes and dioxins, in the fin-
ished water. The presence of these compounds with their
associated toxicity raised serious concerns and led to the
search for alternatives to chlorine.

The water industry was introduced to chlorine di-
oxide in 1940 when the Mathieson Chemical Company
made available the first commercial quantities of sodium
chlorite. This dry, flaked or powdered material dissolved
readily in water, where it reacted with chlorine to liberate
chlorine dioxide. The potential of generating chlorine di-
oxide from a water solution of this compound by simply
passing chlorine through it had great appeal, especially
because early studies indicated that chlorine dioxide was
capable of treating water without producing a disagree-
able odor or taste.

In 1944, a water-treatment plant in Niagara Falls,
New York, was the first in the United States to adopt chlo-
rine dioxide to their water purification process.*” Used
primarily for the control of odors and taste, it eliminated
phenolic odors and the unpleasant taste caused by chlori-
nation of dissolved ferrous ion. Cyanides, sulfides, alde-
hydes, and mercaptans also were oxidized, and pesticides
and herbicides, particularly aldrin, methoxychlor, para-
quat, and diquat, were reported to be “removed.” Because
of the higher cost of chlorine dioxide, its use was initially
restricted to specialty applications.
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In Europe, chlorine dioxide was used more widely in
various water-treatment applications. As early as 1940,
chlorine dioxide was, and still is, used in various stages
of water processing. It is used in raw, presettled water or
prior to filtration for disinfection, taste, and odor con-
trol where it is applied at levels of 0.1 to 5 mg/L. Today in
Europe, several thousand utilities use chlorine dioxide in
their water distribution systems.

In 1977, 103 facilities in the United States were iden-
tified to be using chlorine dioxide. Estimates place the
number of US utilities with chlorine dioxide treatment
equipment at 300 to 400, and rapid growth is projected
for the next decade.”

Today, sodium chlorite remains the preferred raw
material for the generation of chlorine dioxide in water
treatment and disinfection applications."* Although in
situ generation processes in which aqueous sodium chlo-
rite is treated with chlorine or acid (HCI or H,SO,) and
sodium hypochlorite remain the major methodology for
water treatment, concerns have arisen about chlorite and
chlorate residuals in the finished water. A promising al-
ternative method involves the direct injection of gaseous
chlorine dioxide produced from dry sodium chlorite and
chlorine gas in a separate reactor into the water stream,
thereby eliminating the problem of the contribution of the
unreacted chlorite and side product chlorate.'"’

Antibiotic Inactivation

Many people have an allergy to 3-lactams, an important
class of antibiotics. Some of these allergies can be severe,
and as such, pharmaceutical manufacturers must take
precautions to avoid cross-contamination. The issue can
be severe, and as such, there are regulations surrounding
this issue (eg, in the United States, under 21 CFR 211.176):

If a reasonable possibility exists that a non-
penicillin drug product has been exposed to cross-
contamination with penicillin, the non-penicillin
drug product shall be tested for the presence of
penicillin. Such drug product shall not be mar-
keted if detectable levels are found when tested
according to procedures specified in “Procedures
for Detecting and Measuring Penicillin Contami-
nation in Drugs”

Chlorine dioxide gas is an oxidizer, and as such, it was
thought that this reaction will inactivate B-lactams. In
one study, B-lactams from the penicillin, cephalosporin,
and carbapenem groups were tested.** Specifically, pen-
icillin G, penicillin V, ampicillin, and amoxicillin from
the penicillin group; cefadroxil, cefazolin, and cephalexin
from the cephalosporin group; and imipenem from the
carbapenem group. A cocktail of these B-lactams were
inoculated on three different carriers (stainless steel, alu-
minum, and Lexan) and tested at various concentrations
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and dosages. It was found that a dosage of 7240 ppm-h
achieved a 3 log reduction of all the B-lactams. Based on
this study, many old penicillin production facilities have
been cleaned successfully with data submitted to US Food
and Drug Administration (FDA) and other worldwide
regulatory bodies.'*’

Chemical Weapon Decontamination

Chlorine dioxide gas, as an oxidizing agent, will oxidize
items that it encounters, including many chemical agents.
Gordon et al'?' at Public Health Agency in Canada showed
gaseous chlorine dioxide as effective in inactivating an-
thrax toxins lethal factor and protective antigen within a
short amount of time. When Snyder'** performed studies
for the EPA, chlorine dioxide fumigation achieved >99%
inactivation of chemical nerve agent VX. But chlorine di-
oxide was found to be ineffective or only partially effective
for thickened soman and sarin, which may be related to
lack of penetration by the gas to the chemical tested.

Food Industry

Chlorine dioxide has found many applications in the food
industry; it has been used for disinfecting both equipment
and materials and raw and finished products. In solution,
it is used to disinfect fruits and vegetables and, in poul-
try, chiller and process water to control contamination.'*’
Chlorine dioxide is also used to bleach and mature flour."!
At levels of 10 to 40 ppm, it oxidizes and decolorizes the
carotenoid pigments and accelerates aging to produce
flour that will make an elastic dough. It is used to bleach
certain fats and fatty oils by oxidation of pigments to col-
orless forms."" Other applications include disinfection
of spices, removal of the medicinal odor from cooked
shrimp, and extension of the shelf life of tomatoes.'' Reina
et al'** found that the cooling water for pickling cucum-
bers reached relatively high populations of bacteria during
a typical day’s operation, and these could be optimally
controlled by the addition of 1.3 ppm chlorine dioxide.
Chlorine dioxide is legally permitted in at least the
United States and China for sanitizing fruits and vegeta-
bles in water.'>*!?® In the United States, the application of
chlorine dioxide in the food industry is regulated by the
FDA and the EPA. The FDA states the specific conditions
in using chlorine dioxide as a food additive for human
consumption and allows the use of chlorine dioxide as a
disinfectant agent in water at a concentration not exceed-
ing 3 mg/L residual to wash whole fruits and vegetables.
Treatment of produce with chlorine dioxide is followed
by a potable water rinse or by blanching, cooking, or
canning.'"” However, the use of liquid chlorine dioxide
to disinfect fresh-cut fruits and vegetables and the direct
application of chlorine dioxide gas on fresh fruits and veg-
etables cannot be established in the regulations. Of note,
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there are over 20 Food Contact Notifications (FCNs) is-
sued by the FDA with the use of aqueous and gaseous
chlorine dioxide (FCN 644, 645, 1400, 1421, 1804 to spec-
ify a few). Food contact notices or substances can be de-
fined as “any substance intended for use as a component
of materials used in manufacturing, packing, packaging,
transporting, or holding food if such use is not intended
to have a technical effect in such food” based on the Food,
Drug, and Cosmetic Act. Chlorine dioxide is also allowed
to be used in the production of organic foods according to
7 CFR $§205.601, which specifies synthetic substances al-
lowed for use in organic crop production. In the European
Union (EU), there are no regulations concerning the use
of chlorine dioxide for surface washing of fresh produce.

Numerous studies have proven that chlorine dioxide
is effective in reducing some major foodborne patho-
gens in foods, such as E coli O157:H7, Salmonella species,
L monocytogenes, as well as food spoilage microorgan-
isms.”! Overall, the disinfection level achieved through
gaseous chlorine dioxide treatment is higher than those
with aqueous washing, and a greater than 8 log reduction
has been reported. But results can be greatly dependent
on several factors, such as experimental design, sample
type, and treatment scale.

Han et al'” determined the reductions of L monocy-
togenes on injured and noninjured green pepper surfaces
by both aqueous and gaseous chlorine dioxide. Gaseous
chlorine dioxide showed significantly higher log reduc-
tion than aqueous chlorine dioxide treatment for both
injured and uninjured food surfaces. The main advantage
of gaseous chlorine dioxide over aqueous form is that gas
has more powerful ability to penetrate. Gaseous chlorine
dioxide could reach microorganisms present in foods,
which are protected by surface irregularities, biofilms,
and so on. The efficacy of gaseous chlorine dioxide in
reducing E coli O157:H7 and L monocytogenes on straw-
berries was also determined using batch and continuous
flow chlorine dioxide gas treatment systems.'”® A batch
treatment of strawberries with 4 mg/L gaseous chlorine
dioxide for 30 minutes and continuous treatment with
3 mg/L gaseous chlorine dioxide for 10 minutes achieved
greater than a 5 log reduction for both E coli O157:H7 and
L monocytogenes.

Due to the high populations of natural microflora in
foods, microorganisms should be carefully controlled es-
pecially during storage because foods may contain some
weakened or damaged points that can become niches for
microbial contamination. It has been widely documented
that gaseous chlorine dioxide is effective against natural
microflora in foods. Gémez-Lépez et al'* found that
after gaseous chlorine dioxide treatment, the disinfection
levels of mesophilic aerobic bacteria, psychrotrophs, and
yeasts in grated carrots achieved were 1.88, 1.71, 2.60, and
0.66 log CFUs/g, respectively. A lag phase of at least 2 days
was observed for mesophilic aerobic bacteria, psychro-
trophs, and lactic acid bacteria in treated samples, whereas
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mesophilic aerobic bacteria and psychrotrophs increased
in parallel. Mahmoud and Linton"* found lower levels of
psychrotrophic bacteria, yeasts, and molds on shredded
lettuce after gaseous chlorine dioxide treatment, which
stayed lower compared to the untreated samples during
storage at 4°C for 7 days. Apart from laboratory-scale
tests, pilot studies have also been previously conducted. In
a pilot study of Popa et al,"" five separate half-pint plastic
clamshell containers each containing 100 g of blueberries
were placed on a metal rack inside a sealed 20-L bucket
and exposed to gaseous chlorine dioxide. Significant re-
ductions of 2.33, 1.47, 1.63, and 0.48 log CFUs/g were ob-
served for mesophilic aerobic bacteria, coliforms, yeasts,
and molds, respectively.

Aqueous chlorine dioxide has also been proved efhi-
cient to eliminate pathogens in foods, although no com-
plete elimination has been observed. The early study of
Zhang and Farber'** showed only a 1.1 log reduction of
L monocytogenes, when 5 mg/L aqueous chlorine dioxide
was applied to shredded lettuce or cabbage for 10 minutes.
Reductions as high as 5 log CFUs/mL have been lately re-
ported by other authors. Rodgers et al'*® reported that
5 mg/L aqueous chlorine dioxide could achieve over 5 log
reductions of L monocytogenes and E coli O157:H7 on
apples, lettuce, and cantaloupe. The data obtained in the
study of Pao et al'** revealed significant reductions (5 log
CFUs/cm?) of S enterica and Erwinia carotovora after
20 mg/L chlorine dioxide treatment on tomato only when
the fruit was freshly inoculated. When antimicrobial ice
preparations containing chlorine dioxide was applied to
mackerel skin for 120 minutes, total reductions of E coli
0157:H7, Salmonella ser Typhimurium, and L monocyto-
genes were 4.8, 2.6, and 3.3 log, respectively.'”

Studies on the disinfection of aqueous chlorine di-
oxide on the natural microflora in foods have indicated
various results, ranging from no significant inactivation
to higher reductions. An early study by Costilow et al'*
revealed that washing cucumbers in water with even high
concentrations 100 mg/L chlorine dioxide failed to sig-
nificantly reduce populations of yeasts, molds, and lactic
acid bacteria. In contrast, some studies on the effect of
aqueous chlorine dioxide on the spoilage microbiota of
foods have yielded generally satisfactory results. Aqueous
chlorine dioxide has been reported to significantly reduce
the levels of aerobic mesophilic bacteria, aerobic psychro-
trophic bacteria, yeasts and molds, and lactic acid bacte-
ria in fresh-cut asparagus, lettuce, and mulberries."””"** In
the study of Hong et al,’*® 100 mg/L aqueous chlorine di-
oxide treatment reduced the populations of total aerobic
bacteria, yeast and mold, and coliforms in chicken legs by
0.93, 1.15, and 0.94 log CFUs/g, respectively. Researchers
have also developed methods that implemented aqueous
chlorine dioxide as one additional hurdle combined with
other interventions to achieve effective control of spoil-
age microorganisms. Chen and Zhu'* effectively inacti-
vated aerobic mesophilic bacteria, aerobic psychrotrophic
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bacteria, yeasts and molds, and lactic acid bacteria in
plums using a combination of aqueous chlorine dioxide
and ultrasound.

The effects of chlorine dioxide treatment in both its
liquid and gaseous forms on the shelf life of foods have
been thoroughly studied. On fruits and vegetables, chlo-
rine dioxide is effective in controlling postharvest spoil-
age. Gomez-Lopez et al'® prolonged the shelf life of
grated carrots stored at 7°C by 1 day using gaseous chlo-
rine dioxide treatment. The treatment with 100 mg/L
aqueous chlorine dioxide for 20 minutes could prolong
the shelf life of fresh-cut asparagus lettuce stored at 4°C
to 14 days, compared to 4 days for the control.””” Chen
et al'*® reported that aqueous chlorine dioxide treatment
of 60 mg/L for 15 minutes with and stored at —1°C pro-
longed the shelf life of mulberries to 14 days compared to
8 days for the control. Treatment of beef trimmings be-
fore grinding with 200 mg/L aqueous chlorine dioxide for
3 minutes could also extend the patty shelf life at 2°C."*!

Chemical residues after both aqueous and gaseous
chlorine dioxide treatments have been investigated. With
respect to chlorine dioxide in the gaseous phase, Tsai
et al'** could not detect any residues of chlorine dioxide,
chlorite, or chlorate in potatoes stored in an atmosphere
with gaseous chlorine dioxide. As for Roma tomatoes, a
10 mg/L aqueous chlorine dioxide treatment for 3 min-
utes left residues of chlorine dioxide, chlorate, and chlorite
but not chloride, although they were not detectable after
1 day.'* Trinetta et al'** evaluated the residues of chlo-
rine dioxide, chlorite, chlorate, and chloride on tomatoes,
oranges, apples, strawberries, lettuce, alfalfa sprouts, and
cantaloupes after treatment with 5 mg/L gaseous chlorine
dioxide for 10 minutes followed by a subsequent water
rinse. The treatment may leave detectable residual levels
on lettuce and sprouts, whereas treated tomatoes, oranges,
apples, strawberries, and cantaloupes were all found to
have very low residuals compared to the EPA acceptable
levels for drinking water. The application of aqueous chlo-
rine dioxide to mulberries and plums did not leave resi-
dues of chlorine dioxide, chlorite, or chlorate.**'*" This
could be attributed to the fact that the treatment was fol-
lowed by a water rinse according to the FDA,'** which was
designed to remove chemical residues.

Food Facility Treatment

Gaseous or liquid chlorine dioxide is also used for the
treatment of the food production facilities rooms and
equipment. E coli, Salmonella, Listeria are a few organisms
that are known pathogen concerns for facilities. These
contaminations have been known to survive for years in
facilities and are difficult to clean.'* They last for years
because many areas of a production facility are hard to
or impossible to clean. Many facilities are old and were
not designed with current cleaning practices in mind.
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This can lead to ineffective decontamination, cleaning,
and disinfection processes. The use of chlorine dioxide
in its gas form has allowed these facilities to reduce these
risks. Chlorine dioxide as a gas has a greater opportunity
to get to all areas and allow for greater disinfection assur-
ance because the gas molecule is small and can reach hard
to reach areas. In the past, it was incumbent on the user to
get the disinfecting agent, typically liquids, to all surfaces.
When using chlorine dioxide in its true form (as a gas), it
can reach all surfaces to provide a thorough kill indepen-
dent of the users’ actions.

Odor Control

Chlorine dioxide has been used for years in odor con-
trol in both the residential and industrial markets. In
the industrial market, chlorine dioxide has been used in
scrubbing systems to prevent emission of noxious odors.
Chlorine dioxide scrubbers have been used to eliminate
the odors associated with sulfur compounds as well as
the difficult-to-control odors produced by fat-rendering
works and fish reduction plants.>"!

In the residential market, there are hundreds of
products that can produce small amounts of chlorine
dioxide for use in deodorizing everything from refrig-
erators to garbage cans. As an example, NosGUARD SG
(Fort Lauderdale, Florida) is used to eliminate foul odors
caused by mold, mildew, pets, food, smoke, and more.
Other companies have services based around odor con-
trol using chlorine dioxide solutions and gas.

Sanitization and Disinfection

In addition to the applications mentioned previously,
solutions containing chlorine have been used for an addi-
tional variety of sanitization and disinfection applications.
In these applications, the in situ generation of chlorine di-
oxide is most often used. The products used in these appli-
cations are advertised as “stabilized” chlorine dioxide and
contain chlorite along with other proprietary ingredients.
Chlorine dioxide is generated by the addition of an “ac-
tivator,” which may be provided by combination with or
addition of another chemical or electrolytically. Gutman
and Marzouk'* disclosed solid compositions that, when
dissolved in water, release chlorine dioxide quickly and
almost quantitatively. These can be used in a variety of
applications ranging from industrial and water-treatment
installations to antiseptic and sanitizing preparations.
Aseptrol (Engelhard Corp, Iselin, New Jersey) dissolvable
capsules'"’ are commercially advertised for application as
hard-surface sanitizers. Aseptrol is solid sodium chlorite
and a proprietary activator contained in a capsule. When
placed in water, a chlorine dioxide solution results.

Yi et al'*® demonstrated the effective use of chlorine
dioxide gas to disinfect gastrointestinal endoscopes.
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Treatment with 4 mg/L chlorine dioxide gas for 30 min-
utes and 75% RH resulted in complete inactivation of
Bacillus atrophaeus spores and demonstrated the use of
chlorine dioxide gas as an effective sterilant.

Chlorine dioxide generating preparations with spori-
cidal activity have been applied with hand sprayers to dis-
infect isolators used for the containment of gnotobiotic
animals.'* Novartis (formerly the Sandoz Corp) validated
an isolated filling line that uses chlorine dioxide solution
for sanitization,'* although no data on sporicidal efficacy
were published.

The Alcide Corp markets a line of products based on a
technology in which chlorine dioxide is generated in situ
when sodium chlorite and lactic acid are mixed. These
products are intended for several different applications.
One such application is the control of infectious diseases
in aquaculture and for the treatment of surfaces, media,
or animals directly to remove bacterial, viral, fungal, and
protozoan parasites.””® Two additional applications pro-
pose the treatment of blood to reduce the infectivity of
HIV in blood and blood products and to reduce the risk
of disease transmission through transplantation of optical
sclera and corneas."”"!>*

Another patent addresses a method for inactivating
viruses in blood using an unspecified two component
method for chlorine dioxide generation and a process in-
volving a closed, controlled-communication container.'>
Allergan Inc has patented some technologies for the use of
stabilized or electrolytically prepared chlorine dioxide as a
contact lenses disinfectant.'>*'>

Tristel Solutions Ltd produces a series of high-level
and sporicidal liquid disinfectant products that harness
the biocidal power of chlorine dioxide. The Tristel prod-
ucts based on the liquid formulation technologies con-
tribute significantly to the prevention of hospital-acquired
infections (HAIs) and can play an important role in man-
aging cross-contamination and eliminating outbreaks.

Insect and Pest Fumigation

Chlorine dioxide has primary been shown as an antimi-
crobial agent. Czarra et al'>® have shown that chlorine di-
oxide gas can be effective against insects. In life science
research, mice and rats have been widely used. When
working with rodents, pinworms are typically nonpatho-
genic, but with immunocompromised rodents, they can
have adverse effects on behavior, growth, intestinal phys-
iology, and immunology, which may affect research. Ro-
dents are typically treated with a special diet to eliminate
the worms, but the environment still contains pinworm
eggs, which typically leads to reinfection. In the lab, chlo-
rine dioxide gas has been shown to completely render pin-
worm eggs (Syphacia ova) nonviable with a 1440 ppm-h
cycle. Cole and Czarneski'” demonstrated the complete
pinworm egg inactivation in the field in a medical research
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animal facility in Australia and completely eradicated the
infestation and remained pinworm free 18 months later.

Bedbugs (Cimex lectularius and Cimex hemipterus)
have had a resurgence in recent years. These insects have
proven themselves as hardy organisms with the capability
of surviving for several months without an available food
source. As such, they can be difficult to remove from the
environment. Typically, the manual cleaning process is
used to eliminate them. Gibbs et al'*® have shown that gas-
eous chlorine dioxide can achieve a 100% mortality rate
after exposure to various concentrations (1, 2, and 3 mg/L)
at various dosages (519, 1029, 1132, and 3024 ppm-h).

Gas Disinfection and Sterilization
Applications

As noted previously, although the potent antimicrobial
activity of chlorine dioxide in solution was known since
1947, it was not until 1985 that its sporicidal activity in the
gas phase was recognized.®® Subsequent development of
disinfection and sterilization processes has opened new
areas of application for this versatile agent and has been
used in varied applications.

Chlorine dioxide gas has been shown to be effective
at large-scale facility decontamination when new facilities
were disinfected prior to the start of research. RIKEN,
Japan’s largest comprehensive research institution, dis-
infected a new facility, which houses approximately
20 000 mice and 3000 rats.'®® Czarneski'®' reported the use
of chlorine dioxide gas to decontaminate a new 180 000 ft’
(5097 m?), 65-room facility, which included some new
and used equipment. The whole facility disinfection
process allowed the equipment to be treated in place,
which reduced the probability of cross-contamination
from old equipment to new equipment. Luftman et
al'” also demonstrated the successful disinfection of a
Salmonella-contaminated facility at very low concentra-
tions of 0.3 mg/L over time. In addition to entire facility
disinfection, Girouard and Czarneski'® demonstrated the
disinfection of a three-room suite (approximately 4077 ft’
[115 m’]) in 3.5 hours total cycle time including aeration
at low concentrations of 1 mg/L. Sensitive equipment such
as computers and other lab equipment were disinfected
in place during multiple validation exposures to demon-
strate the relative good material compatibility of the gas
phase. One computer underwent 35 exposures and con-
tinued to function normally. Likewise, Leo et al'** showed
the repeated disinfection of a pharmaceutical Blow-Fill-
Seal machine at 1 mg/L chlorine dioxide concentrations
and predicted a log;o spore reduction of a predicted mini-
mum of 16.65 based on three different disinfection cycles
with a summary of four 24-minute quarterly results.
Sherman et al'® showed good material compatibility by
disinfecting a cryoelectron microscope with minimal im-
pact on the equipment. Lowe et al'®'*® validated hospital
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rooms, ambulances, and suites or rooms with various or-
ganisms and locations also showing material compatibil-
ity. Chlorine dioxide has also been validated in isolators
from various manufacturers,'® ! processing vessels and
tanks,'”>'” and biological safety cabinets."”*!'”* Isolator
cycle times were as short as 83 minutes for small transfer
isolator and 115 minutes for a train of isolators at 5 mg/L
concentrations.'”! Eylath et al'® observed kill under half
suit armpits with the arms in the down position at 5 and
7.5 mg/L concentrations. They also showed no residuals
after gas exposure by rinsing 304 stainless steel coupons
with water for injection (WFI) and measured no residual
as measured using a high-performance liquid chromatog-
raphy (HPLC) method for detection of chloride.

In a study of the sterilization of overwrapped foil
suture packages, Kowalski'’® demonstrated the practical
utility of gas-phase chlorine dioxide sterilization. They
found that excellent kill of spores could be achieved
routinely at concentrations of as low as 10 mg/L of chlo-
rine dioxide. Jeng and Woodworth”* showed that blood
oxygenators, devices that present a particularly rigorous
challenge, could be sterilized with chlorine dioxide gas.

In 2001, ClorDiSys Solutions, Inc, acquired the rights
to gaseous chlorine dioxide sterilization technology from
Johnson & Johnson, the original developer of an automated
dry gas technology. Since this acquisition, efforts directed
toward further developing commercial markets (life sci-
ence, health care, pharmaceutical, research, and food) for
this process, and various types of generators have been de-
veloped for different markets. The life science market uses
chlorine dioxide in research areas, where clean environ-
ments are needed in barrier facilities to keep research clean
or to protect research animals or people. In research labs,
such as biosafety level 3 or 4 labs, disinfection is critical
because users in these labs regularly work with deadly in-
fectious agents. In the health care industry, hospitals are be-
coming more important as more information is becoming
known of HAI and the risks of environmental contamina-
tion in-patient isolation rooms or wings. In the pharma-
ceutical industry, isolators and clean rooms have routinely
been disinfected with chlorine dioxide gas and in an in-
creasing number of biologic facilities. These facilities are
critical because any contamination can cause entire batches
to be disposed of, often because of a small-level biological
contamination. In recent years, the FDA Food Safety Mod-
ernization Act (FSMA) of 2011 has required facilities to be
proactive instead of reactive. This has led to chlorine di-
oxide gas to be used on significantly large facilities (over
1 million ft* [28 000 m?]) in the food industry, particularly
in the dairy, dry processing and wet processing facilities.

A schematic diagram of a typical chlorine dioxide
generator is shown in Figure 27.3.

The availability of small, production-scale chlorine di-
oxide disinfecting units or sterilizers has allowed detailed
investigation of the applicability of chlorine dioxide ster-
ilization to selected products. One such study involved
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Chlorine Dioxide Gas Generator and Control System
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FIGURE 27.3 Typical dry gas chlorine dioxide generator. The reagent gas (2% chlorine/
98% nitrogen) flows through sodium chlorite and generates >99% pure chlorine dioxide
gas + sodium chloride. The chlorine dioxide/nitrogen mixture is delivered to the target
chamber and the sodium chloride is left in the consumable cartridges (1-2-3). The rela-
tive humidity is measured, and the control system raises it to the typical target set point
of 65%. The control system then injects and controls the concentration to reach a target
set point of 0.5-20 mg/L depending on the application. The pressure is measured in
some applications to ensure high pressure is released to protect the chamber.

polymethylmethacrylate intraocular lenses and was re-
ported by Kowalski.'”® In this instance, humidification of
product to be sterilized was conducted in the sterilization
chamber itself. A representative process diagram for this
study is shown in Figure 27.4.

The results of the intraocular lens study, as well as oth-
ers, indicated the potential of chlorine dioxide as an alter-
native to ethylene oxide for selected applications. Chlorine
dioxide offers some significant advantages over ethylene
oxide for selected sterilization applications.'”® It is effective
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FIGURE 27.4 Typical vacuum sterilization cycle. Step 1—precondition:
This step lowers the vacuum to set point (10 kPa) and adds relative humid-
ity to set point (65%). Step 2—condition: This step holds the relative humid-
ity at set point for typically 30 minutes. Step 3—charge: This step raises the
chlorine dioxide gas concentration to set point (20 mg/L) and then backfills
the chamber with filtered air to 80 kPa. Step 4—exposure: This step holds
the chlorine dioxide gas concentration at 20 mg/L for 30 minutes. If the
concentration drops for any reason, the gas is returned to the target set
point. Step 5—aeration: This step removes the chlorine dioxide gas from
the chamber by pulling vacuum and breaking with filtered air. Typically,
eight vacuum/break cycles are required to remove the gas to safe levels.

Abbreviations: CD, ; PA, ; RH,
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in comparatively low concentrations at atmospheric pres-
sure or below. At the concentrations used, it is not explo-
sive and does not require expensive, damaging limiting
construction. Additionally, the light-absorbing properties
of chlorine dioxide allow for convenient, real-time, spec-
trophotometric measurement of gas concentration during
sterilization. Coupled with complete process control, the
sterilization process is amenable to the validation of para-
metric release of sterilized product. Additionally, chlorine
dioxide does not possess the “solvent-like” properties of
ethylene oxide, and consequently, residual chlorine diox-
ide remaining in sterilized products is low and does not
require extensive aeration.'”®

The demonstrated efficacy of chlorine dioxide at low
concentrations and atmospheric pressure has established
many applications for this agent. Figure 27.5 shows a
typical isolator or small chamber cycle. Small isolators
can have total cycle times under 90 minutes including
the aeration time. The cycle consists of five phases or
steps. The first step is precondition, which raises the rel-
ative humidity from ambient to 65%. This 65% is then
maintained for 30 minutes in the condition step. Once
the conditioning is completed, the cycle advances to the
charge step, which injects chlorine dioxide gas to the tar-
get concentration. Once the concentration is reached and
verified by photometric measurement, the cycle advances
to the exposure step, which typically is 30 minutes at
5 mg/L for small chambers. When this time has elapsed,
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the final step of aeration is started. In this step, fresh air
is brought into the chamber and the gas is exhausted to
the outside.

Figure 27.6 shows a typical room disinfection cycle.
These cycles have times typically under 4 hours. Some large
rooms or suites of rooms can have cycles under 8-hour
total cycle time. Large chambers (20 000 ft* [566 m’])
typically use lower concentrations of 0.5 mg/L and hold
for 240 minutes. Room cycles are very similar to small
chamber or isolator runs such that the steps are identical,
but the times and concentrations vary. Because of this and
the longer cycle times, some steps were combined. For
rooms or large chambers, the condition time is shortened.
Because the chambers are large, the charge step is long and
the conditioning time can be combined with the charge
step. This allows the cycle times to be optimized.

To further shorten cycle times, the charge time and
exposure time can be combined. This is done by using
a dosage counter compared to an exposure timer. To do
this, the concentration is measured as soon as it starts
injecting and the ppm/h are accumulated. The value of
720 ppm/h is based on current published knowledge; for
example, a minimum of 5 log, reduction of spores was
demonstrated at 400 ppm/h by Luftman et al'® inside a
large animal hospital disinfection cycle, and a 6 logy, re-
duction was demonstrated by Czarneski and Lorcheim'”!
in an isolator at 900 ppm/h. Eylath et al'® showed several
cycles in isolators and processing vessels applications
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FIGURE 27.5 Typical ambient isolator decontamination cycle.

Step 1—precondition: This step raises the relative humidity to set point (65%).
Step 2—condition: This step holds the relative humidity at set point for
typically 30 minutes. Step 3—charge: This step raises the chlorine dioxide

gas concentration to set point (5 mg/L). Step 4—exposure: This step holds
the chlorine dioxide gas concentration at 5 mg/L for 30 minutes. If the
concentration drops for any reason, the gas is returned to the target set point.
Step 5—aeration: This step removes the chlorine dioxide gas from the cham-
ber by using house exhaust to remove the gas. Typically, 12-15 air exchanges
are required to remove the gas to safe levels. Abbreviations: CD, ; RH, .
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FIGURE 27.6 Typical ambient room decontamination cycle.

Step 1—precondition: This step raises the relative humidity to set point
(65%). Step 2—condition: This step holds the relative humidity at set point
for typically 10 minutes. Step 3—charge: This step raises the chlorine di-
oxide gas concentration to set point (1 mg/L). Step 4—exposure: This step
holds the chlorine dioxide gas concentration at 1 mg/L for 120 minutes.

If the concentration drops for any reason, the gas is returned to the target
set point. Step 5—aeration: This step removes the chlorine dioxide gas
from the chamber by using house exhaust to remove the gas. Typically,
12-15 air exchanges are required to remove the gas to safe levels.

that demonstrated 6 log;, reduction of spores. The tests
were run at various contact time ranging from 540 to
600 ppm/h as well as 900 ppm/h. In isolators, Eylath et
al'”? demonstrated 6 log;, reductions in exposures of 675
to 1800 ppm/h. A 4 log;, reduction was demonstrated by
Leo et al'** at a low exposure of 180 ppm/h (1 mg/L for
30 minutes) and Czarneski'®" demonstrated a 6 log, re-
duction at 820 ppm/h.

To follow up on all the various doses, Lorcheim and
Melgaard'”” performed studies with a constant dosage
(720 ppm/h) and varied the concentrations (0.3, 0.5, 1, 5,
10, and 20 mg/L) and found that the dosage of 720 ppm/h
provided a 6 log, reduction of spores regardless of con-
centration. This indicates that dosage or contact time is
the more critical parameter compared to exposure time.
The dosage that is required for good cycles typically is
720 ppm/h. This dosage is the accumulation of concentra-
tion over time or labeled as ppm/h.

To calculate chlorine dioxide ppm from mg/L, the
below calculations can be used:

ppm calculation for 1 mg/L chlorine dioxide concentration

ppm = (mg/m’) (24.45) / molecular weight = (mg/L)
(1000) (24.45) / molecular weight

Chlorine dioxide ppm = (1 mg/L) (1000 L/m’) (24.45) /
67.5 = 362.2

Exposure contact time = 362 ppm X 2 h = 724 ppm/h

McDonnellée_CH27.indd 14

The number 24.45 in the equations is the volume
(liters) of a mole (gram molecular weight) of a gas at
1 atmosphere and at 25°C.

So, the overall dosage or contact time starts when gas
is being injected and the accumulation starts. This has the
effect of combining the exposure time and charge time
and shortening the overall cycle time.

P CONCLUSIONS

Chlorine dioxide has a broad-spectrum biocidal activity
against a variety of bacteria, viruses, yeasts, mycobacte-
ria, and bacterial spores. Because chlorine dioxide is an
oxidizing agent, the primary mode of action is via elec-
tron exchange within the microbial molecular structure.
Chlorine dioxide is favored over nonoxidizing disinfec-
tants due to its greater efficacy. Although all oxidizing
agents are capable, at suitable concentrations, of providing
biocidal disinfection, they have several drawbacks when
compared to chlorine dioxide. Unlike chlorine, chlorine
dioxide does not readily form halogenated by-products
due to the nature of the molecular bonding. Chlorine
dioxide is known to be compatible with most of the ma-
terials commonly found in medical and pharmaceutical
equipment and environments and has an excellent health
and safety record when used at recommended levels.
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Chlorine dioxide has been widely applied in medical and
pharmaceutical environments. It has also been used in
various applications such as drinking water treatment and
the washing and treatment of foods. As with all choices
among alternative approaches that provide solutions to a
given problem, an informed choice based on current eval-
uation and understanding of pertinent existing data is the
best one that can be made. It is the authors’ intent that
this overview of chlorine dioxide should aid in making an
informed choice regarding its application.
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