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DICHLORINE MONOXIDE,
HYPOCHLOROUS ACID,
AND HYPOCHLORITES

1. Introduction

Chlorine has formal positive oxidation numbers (states) in oxychlorine com-
pounds since its appreciable electronegativity (2.83) on the Allred-Rochow
scale is exceeded by that of oxygen. All positive chlorine compounds are strong
oxidants because the transfer of electrons to the orbitals of electronegative chlor-
ine is favored in reactions with compounds of less electronegative elements.
Chlorine oxides and oxo-acids exhibit the lack of stability expected of compounds
having bonds between two strongly electronegative elements. The decomposition
reactions of these compounds are, therefore, always energetic and violent in
many cases (Table 1). The chemical properties of chlorine oxides and oxo acids
display a trend toward greater thermodynamic and kinetic stability with increas-
ing oxidation state. It is possible to isolate pure perchloric acid and its anhydride,
Cl;05, whereas pure hypochlorous, chlorous, and chloric acids have not been
obtained. The reduction potentials of the oxo acids exhibit a similar trend in
that the strongest oxidants have chlorine in its lower states of oxidation. Com-
pounds of chlorine having intermediate oxidation states exhibit a strong ten-
dency to disproportionate.

The oxo anions of chlorine are weaker oxidants than the corresponding
acids. Because they are also more stable, it is not too difficult to isolate certain
salts of those acids that can be obtained only in aqueous solution. Hypochlorites
and chlorites are hydrolyzed in aqueous solution since HOCl and HCIO; have
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Table 1. Chlorine Oxides® and Oxo Acids
CAS Registry Oxidation

Formula number state Stability
Oxides

Cl,0 [7791-21-1] +1 anhydride of HOCI; yellowish brown gas at
25°C; explodes when heated or sparked

ClL,0, [12292-23-8] +2 t, of gas =4.8 day at —78°C

Cl,03 [17496-59-2] +3 anhydride of HCIOs; explodes below 0°C

ClO. [10049-04-4] +4 odd electron molecule; yellow gas; explodes at
>6.7 kPa®

Cl,04 [27218-16-2] +1,+7 pale yellow liquid; decomposes to Cly, Oz, and
Cl306¢

Cl,06 [12442-63-6] +6 red liquid; gas decomposes to Cl;04+ O

Cl,04 [12015-53-1] +7 anhydride of HC1Oy; colorless liquid; can be
distilled under reduced pressure

Acids

HOCI¢ [7790-92-3] +1 very weak acid, pK, 7.54; cannot be
concentrated

HCIO, [13898-47-0] +3 decomposes rapidly at 25°C; pK, ~2.0; cannot
be concentrated

HCIO3 [7790-93-4] +5 decomposes slowly at ~40% and 25°C; cannot
be concentrated

HCIO4 [7601-90-3] +7 can be concentrated

“Anhydride of chloric acid, Cl3Os, is unknown. Oxides with even number of oxygen atoms are mixed
anhydrides. Other chlorine oxides such as the radicals ClO, ClO3, and ClO4 are known. Chlorine
monoxide [14989-30-1], ClO plays a key role in depletion of the ozone layer.

To convert kPa to mm Hg, multiply by 7.5.

“The isomeric HCIO is an unstable compound formed in the earth’s ozone layer.

acid dissociation constants of ~10~® and 102, respectively; however, aqueous
chloric and perchloric acids are fully ionized.

The chlorine oxides are anhydrides or mixed anhydrides of chlorine oxo
acids; oxides with an odd number of oxygens are simple anhydrides whereas
those with an even number are mixed anhydrides.

Chlorine in dichlorine monoxide, hypochlorous acid, and ionic hypochlorites
is in the + 1 formal oxidation state. Other compounds where univalent chlorine is
bonded to oxygen are the alkyl, aryl, and acyl hypochlorites and other unipositive
chlorine compounds such as CIOSF5, CIOSO.F, CIONO, CIONO,, and CIOCI1Os.
The latter compounds are chlorine derivatives of the corresponding acids and can
also be considered as mixed anhydrides of HOCI and the corresponding acid. The
polar bonding in these compounds imparts a partial positive charge on the first
chlorine atom. Along with HCL, CIONO, forms a temporary chlorine reservoir in
the upper stratosphere that reduces depletion of the ozone layer. The compound
HOCI is also an important intermediate in the chemistry of the stratosphere.

2. Dichlorine Monoxide

Dichlorine monoxide is the anhydride of hypochlorous acid; the two compounds
are interconvertible in the gas and aqueous phases via the equilibrium:
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Table 2. Gas-Liquid—Solid Properties of Dichlorine Monoxide

color (gas, liquid, solid) yellow-brown, red-brown, cherry-red
density (solid) 2.089 g/em? at 90 K (1)

freezing point —120.6°C (2)

boiling point 2.0°C (3)

vapor pressure (173—288 K) log P (kPa) =6.995 — 1373T 1 (3)

solubility (g/100 g H,0) at —9.4°C  143.6 (2)

Cl,0 + H,O = 2 HOCI. Like other chlorine oxides, Cl,0 has an endothermic heat
of formation and is thus thermodynamically unstable with respect to decomposi-
tion into chlorine and oxygen. Dichlorine monoxide typifies chlorine oxides in
being highly reactive and potentially explosive. Nevertheless, it can be handled
safely with proper precautions.

2.1. Properties. Gas-Liquid—Solid. Physical properties of gaseous,
liquid, and solid dichlorine monoxide are summarized in Table 2. Dichlorine
monoxide crystallizes in the tetragonal crystal system (1). It readily dissolves
in water to give a solution of hypochlorous acid containing a small equilibrium
concentration of Cl,O. A saturation solution at —9.4° is equivalent to 71% HOCI.

Vapor—Liquid Equilibria. Henry’s constant for the gas—liquid equili-
brium: Cl,0(aq) = Cl,O(g) at 3.46°C is H=14.23 kPa m ™! (4).

Solvent Extraction. Carbon tetrachloride (CCl,) extracts chlorine monox-
ide but not HOCI from concentrated HOCI solutions. The partition coefficient at
0°C for the equilibrium Cl,0(aq) = Cl,0(CCly) is 2.22 (5,6).

Thermodynamic Data. Thermodynamic values for dichlorine monoxide
are tabulated in Table 3.

Spectral Data. Microwave spectroscopic measurements show Cl;0 to be a
nonlinear molecule with Cy, symmetry (8). The ultraviolet (uv) spectrum shows a
maximum near 260 nm with absorptivity of 511 M ~1 em™! (9). The infrared (ir)
spectrum shows three fundamental bands at 300, 642, and 687 cm ' (10).

2.2. Chemistry. Explosivity. Explosion of gaseous dichlorine monoxide
can be initiated by spark or heat. The liquid is shock sensitive but less so than
ClOg (11). The minimum explosive concentration of gaseous Cl;O in oxygen at
23°C and 101 kPa (1 atm) in faint daylight is 23.5 mol% (12). Explosions are
mild in the 25—30% range but become progressively more violent at higher con-
centrations. The effect of various diluent gases on the explosion limit at various
total pressures has been determined in the complete absence of light. The extra-
polated explosion limit in O is ~33 mol% (13). The threshold for spark initiated
decomposition of pure Cl,0 is 0.53 kPa (4.0 Torr).

Table 3. Thermodynamic Values for Gaseous Cl,0“

heat of solution in HyO: AH),, 36.6 kJ mol ! (4)
heat of vaporization: AH,,, 26.3 kJ mol !
heat of formation: AH;° 80.3 kJ mol !
free energy of formation: AG¢° 97.9 kJ mol !
entropy: S° 266.2J K 1 mol?
heat capacity: C, 45.4 J K mol™!

“Ref. 7.
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Thermal and Photolytic Decomposition. Dichlorine monoxide decom-
poses thermally and photochemically into Cl, and O,. Gaseous Cly0O decomposes
thermally in 12—24 h at 60—100°C, but at 150°C the reaction is complete in only
a few minutes; above 110°C the reactions terminate in explosion (14). The decom-
position is preceded by an induction period inversely proportional to the starting
Cl50 concentration. Several mechanisms, some involving chains, have been pro-
posed for this heterogeneous reaction (15). The photolytic decomposition,
initiated by cleavage into ClO, O, and Cl free radicals, is sensitized by Cl; (16).
Significant concentrations of ClO4 are generated from Cl,O by controlled thermal
decomposition or irradiation of CCl, solutions. Photolysis of matrix-isolated Cl,O
yields CICIO, (CIO)g, and CIO (17).

Inorganic Reactions. Dichlorine monoxide reacts with a variety of inor-
ganic substances. The reaction of Cl,O with various free radicals (F, Cl, Br, O,
N, and OH) has been studied kinetically (18). Some reactions of CloO with inor-
ganic compounds are summarized in Table 4. The low temperature, condensed
phase reaction with N5Oj5 is a convenient route to CINO3 (22). In solution or in
the gas phase both CINO,; and CINOj are formed. Chlorine dioxide is an inter-
mediate in certain reactions of Cl;O as in the preparation of chloryl fluoride
and in the formation of ionic complexes from SO3 and AsF5 (21). The transforma-
tion of metal halides into oxy halides by Cl;O apparently involves hypochlorite
intermediates (26). Dichlorine monoxide can be used for generation of singlet
oxygen in the chemical oxygen iodine laser (COIL) (27).

Dichlorine monoxide reacts explosively with ammonia forming nitrogen,
chlorine, and water (28). It also reacts with Ca(OH)y; and moist CaO forming

Table 4. Reactions of Cl,O with Inorganic Compounds
Reaction Reference

CaF,—78°C +

sl 19
CLO + 3 Fy CIF5;0 - 80% CIF;

65—-70°C
2 Cl,0 + AgF, -2=""%, CIO,F + AgF + 3/2Cl; 20

—78 to —50°C
5 Cl;0 + 3 AsF5 —————— 2 ClO2AsFg + AsOF;3 + 4 Cl, 21
occ , CINOs 29

Cl0 + NoO5 — 2 90%
4 CLO + 3 S0; L 27C (C10)(C104)[S3010] + 3 Cl, 21
Cl,0 + TiBry — TiOBrg + Bry + Clp® 24
_78°C b

3 Cly0 + 2 BCl3 —— B203 + 6 Cly 23
2 Cl,0 + P(NC12)3 — PO3Cl + 3 NCl3 25

¢ Similar reactions occur with TiCl,, SnBr4, SnCly,, and PbCly, (26).
b AlBr; similarly gives Al,Os, but with AICl; there is no reaction.
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calcium hypochlorite (29,30). Dry hypochlorites are oxidized to chlorates by
Cl130. Extraction of CCly solutions of Cl,O with aqueous solutions or suspensions
of alkali and alkaline earth metal hydroxides and evaporating the extract
under vacuum at 40-50°C gives pure anhydrous or hydrated hypochlorites
31).

Dichlorine monoxide exists in very low equilibrium concentrations in dilute
HOCI solutions, nevertheless, it is a kinetically significant reactant. For exam-
ple, although tetracyanonickelate(II) can be oxidized by chlorine in aqueous solu-
tion to #rans-Ni'(CN),(H,0);", the second-order rate constant at 25°C for
oxidation with Cly0 is 40 times greater than for Cly, and 2.6 x 107 greater than
for HOCI (32).

Organic Reactions. Dichlorine monoxide reacts primarily as a chlorinat-
ing agent toward organic matter. By contrast with chlorine, which forms HCI as
a by-product, dichlorine monoxide forms water. Although HOCI is an intermedi-
ate by-product, it is a reservoir of Cl;O via the equilibrium: 2 HOCl=
CL;0 + H;0.

Reaction with Aliphatics. Methane is quantitatively converted to CCly
by reaction with dichlorine monoxide at 350°C (33). Lower temperatures give a
mixture of chlorinated methanes. The gas-phase reaction of propane with Cl;0O at
100°C gave 1- and 2-chloropropane (7:1 molar ratio) and HOCI (34). The liquid-
phase reaction with saturated compounds produces 2 mol of chlorinated products
per mol substrate: 2 RH + Cl;0 — 2 RCI + H,0. The photoinduced reaction pro-
ceeds via a free-radical chain mechanism, giving a mixture of chlorination pro-
ducts (35). In contrast, the dark reaction favors tertiary chlorination (36).
Dichlorine monoxide is more selective than chlorine but less selective than
tert-butyl hypochlorite (35).

Reaction with olefins involves initial addition of ClyO. Trichloroethylene
gave CI3CCHCIl,, Cl3CCHO, and (CI3CCHCD2O (37). By contrast, reaction of
Cl,0 with cyclohexene forms 2-chlorocyclohexene (40% yield) and 2-chlorocyclo-
hexanol (27% yield) as the main products (37). Dichlorine monoxide has been
postulated as an intermediate in the addition of HOCI to olefins (38).

Reaction of Cl;0 with primary amines forms N,N-dichloro derivatives (39).
Dichlorine monoxide in CCly solution reacts with acetic acid forming acetyl hypo-
chlorite (40). Generated in situ in the presence of CCly by reaction of COy and
NaOCl, it has been used in preparation of substituted hydrazines (41). Dichlorine
monoxide reacts with COF3 in the presence of CsF to give CF30Cl (42).

Reaction with Aromatics. Dichlorine monoxide is a powerful and selec-
tive reagent for either ring or side-chain chlorination of deactivated aromatic
substrates providing excellent yields under mild conditions where conventional
reagents fail or require harsh conditions (43). For example, p-nitrotoluene in
CCly at 25°C undergoes side chain chlorination by Cl,O giving trichloromethyl-
nitrobenzene in 100% yield.

2 CH3CgH5NOg + 3 ClsO — 2 CCl3CgH5NOs + 3 HyO

The reaction proceeds by a free-radical mechanism involving hydrogen abstrac-
tion by ClO radicals. The strong electrophilicity of Cl,O was further demon-
strated in studies using p-xylene as the substrate. The specific reactivity of
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Cl;0 for monohalogenation was equivalent to Cl; and 220 times greater than
that of Bry. By contrast, the reactivity of HOCI was insignificant (44).

By contrast to the thermal reaction, p-nitrotoluene undergoes ring poly-
chlorination in >95% yield by Cly0 at 25°C under the influence of strong protic
acids via a proposed electrophilic aromatic substitution mechanism (43).

2 CH3CsH5NOg +n Cl,O0 — 2 CH3CgH,4_,,C1,NOg + n HyO

Reaction of ClyO with phenol in CCly solution forms o-chlorophenol and p-
chlorophenol in 65 and 22% selectivity, respectively (45). By contrast, anisole
gives o-chloroanisole and p-chloroanisole in 26 and 54% selectivity, respectively.
Dichlorine monoxide is also a probable intermediate in the chlorination of anisole
by HOCI (46). Quinones undergo monochlorination by Cl,O at the 2-position,
except in the case of benzoquinone, which gave 2,5-dichlorobenzoquinone (47).

Reaction with Heterocyclics. Dichlorine monoxide reacts with finely
divided cyanuric acid in a fluidized bed forming dichloro- and trichloroisocyanu-
ric acids (48) and with monosodium cyanurate monohydrate yielding sodium
dichloroisocyanurate monohydrate (49). (see CYANURIC AND ISOCYANURIC ACIDS).
Ammelide and ammeline are also converted to trichloroisocyanuric acid by
dichlorine monoxide; the exocyclic amino groups being converted to NCls (50).

2.3. Preparation. Laboratory Scale. Methods are available for pre-
paration of gaseous or liquid Cl;0 as well as organic solutions.

Chlorination of HgO. Gaseous dichlorine monoxide is conveniently
generated by passing chlorine gas through mercuric oxide in a packed tubular
reactor:

2 Cly + 2 HgO — CLO + HgO - HeCl,

High yields are favored by cooling the reactor, diluting the chlorine with an inert
gas, and mixing the dry HgO with an inert material, eg, sand (33,51). Use of
excess HgO ensures complete conversion of chlorine. The spent HgO can be
regenerated by treatment with aqueous caustic, filtering, washing with water,
and drying at 110°C. The relatively pure Cl,O in the exit gases can be passed
through a trap cooled with dry ice and acetone to condense liquid Cl,O (2).
The preparation can also carried out under static conditions (52).

Organic Solutions. Gaseous Cly0 formed by the above reaction of Cls
and HgO can be passed into cold CCly to prepare an organic solution. An organic
solution of Cl,O can also be prepared by addition of HgO to a solution of Cl; in
cold CCly followed by filtration to remove the basic mercuric chloride. A dilute
solution containing a few percent Cl;0O is obtained in 90% yield and is stable
when stored in the dark under refrigeration. Moist soda ash can also be used
but the yield is reduced to ~40% (33).

Surface Chlorination of NaOH. Dichlorine monoxide is formed by pas-
sing chlorine diluted with an inert gas over the surface of a slowly stirred 50%
NaOH solution at ~5°C. The exit gas also contains some unreacted chlorine as
well as HOCI and small amounts of water vapor (53). Passage through P,0s5
absorbs the moisture and dehydrates the HOCI to Cl,O. Condensation of the
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Cl,O separates it from the inert gas and most of the chlorine. Fractionation
removes the last traces of chlorine.

From HOCI Solutions. Dichlorine monoxide can be prepared from con-
centrated HOCI solutions by vacuum distillation (5), stripping with air (54), and
treatment with anhydrous Ca(NOg)s (55).

Industrial Scale. Routes more amenable to commercial-scale production
are based on reaction of chlorine with sodium bicarbonate, carbonate, or sesqui-
carbonate. For example, reaction of Cl; and water vapor with soda ash in a coun-
tercurrent tower reactor gives Cl,O mixed with Cl,, HOCI], Hy0, and CO5 (56).
The reaction can also be carried out in a fluidized-bed reactor employing sodium
sesquicarbonate (57). High yields of Cl;O are reported for the reaction of Cly,
diluted with moist air, with porous soda ash (568). A continuous scheme for gen-
erating Cl,0 involves reaction of Cl; with anhydrous soda ash in a fixed or flui-
dized-bed reactor at 180°C (59). The Cl,0 can be used as is or absorbed in water
to produce a hypochlorous acid solution. The Cl,O-containing gas from reaction
of atomized NaOH can be dried, condensed, and fractionated to obtain liquid
CL;0 (60).

2.4. Analysis. /odometry. Dichlorine monoxide can be quantitatively
determined alone or in admixture with Cl,, by iodometry; the acid consumed is
a direct measure of Cl;O (61). The reactions involved are:

Cl;0 + H,O — 2 HOCI
2HOCl+41 +2H" — 2I3+2Cl” +2 H,O
Clhb+21 — I, +2Cl”

The liberated iodine is titrated with thiosulfate (2 SzOg‘ +1I5— S4O§‘ +217)and
the excess acid by sodium hydroxide. Hypochlorous acid reacts similarly to ClyO
and cannot be distinguished from it by wet analysis.

Instrumental. Gaseous mixtures of Cly, Cl,0, and HOCI can be analyzed
by mass spectrometry (62,63), by ir (10), or by uv spectrophotometry (9,63). Gas
chromatography can be used to analyze mixtures of air, Cly, and Cl;0 (52,64).

2.5. Uses. Dichlorine monoxide has been used as an intermediate in the
manufacture of calcium hypochlorite and in sterilization for space applications
(65) (see STERILIZATION TECHNIQUES). Its use in the preparation of chlorinated sol-
vents (66) and chloroisocyanurates has been described. Dichlorine monoxide has
been shown to be effective in bleaching of pulp (qv) and textiles (67). It also can
be used as an etchant in semiconductor manufacture (68).

3. Hypochlorous Acid

Hypochlorous acid [7790-92-3] is a highly reactive and relatively unstable com-
pound known both in solution and in the gas phase. In solution it is the most
stable and the strongest of the hypohalous acids and is one of the most powerful
oxidants among the chlorine oxy acids. Although it is not an item of commerce, it
is an important intermediate in the manufacture of various inorganic and
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organic chemicals and also performs an important role as a disinfectant and oxi-
dant in water treatment.

3.1. Properties. Dissociation. Hypochlorous acid is a very weak acid
(an order of magnitude weaker than carbonic acid) as shown by the the dissocia-
tion equilibrium below.

HOCl = H' +ClIO” K»®°=290x10°%M

The temperature (kelvin) dependence is given by pK,=0.0253T +
3000T '-10.0686 (69): The calculated value of pK, at 25° is 7.54. The dissocia-
tion energy of HOCI from the latter study is 16.3 kJ mol !, which is in reasonable
agreement with the value of 15.1 kJ mol ! based on the heat of neutralization
(70). The relative concentrations of HOCI] and ClO™ are a function of pH. The
HOCI fraction is given by: [HOCIL/((HOCI] +[CIO"]) = (K /[H 1+ 1)"".

Phase Equilibria. The phase diagram of aqueous HOCI-CI;,0 shows a
eutectic at —40°C (11.7 mol % Cl,0) (2). Below the eutectic concentration the
solid phase in equilibrium with the liquid phase is ice and at higher concentra-
tions the solid phase is HOCI -2 H,0. Liquid Cl;0 and aqueous HOCI are only
partially miscible. Mixing stoichiometric amounts of Cl,O and water does not
give pure HOCI but results instead in separation of two liquid phases, which
on freezing give the solid compound HOCI1 - 2H,0.

Solvent Extraction. Hypochlorous acid can be extracted from aqueous
solution by polar solvents such as ketones, esters, and nitriles (71).

Vapor—Liquid Equilibria. Hypochlorous acid and dichlorine monoxide
coexist in the liquid and vapor phase. Dilute HOCI solutions are colorless; at
higher concentrations the color ranges from yellow to yellow-orange due to
small equilibrium amounts of Cl;0. At 0°C a 5% (~1 m) solution contains
~0.03% Cl,0 and a 25% (~6.5 m) solution contains ~1% Cl,0 (6). Vapor pressure
measurements of aqueous HOCI solutions show that HOCI is the main chlorine
species in the vapor phase over <5% solutions, whereas at higher concentrations,
CL;0 becomes dominant (72). Data on the various equilibria involving HOCI and
Cl,0 in the aqueous and gas phases are summarized in Table 5. The overall

Table 5. Hypochlorous Acid Vapor-Liquid Equilibria
2 HOCl(aq) = Cl,0(aq) + H,O(1)* K. C=3855%x10"%K,9C=8.70 x 103

HOCl(ag) = HOCI(g) Kp 110 _go 0%, 34.7, Ky?°©=93.3°, 65. 3“1 Pam™
2 HOCl(aq) = Cl,0(g) + H,0(1) Kél" C_928.0°, 82.6°, K, faoc — 86.6°, 196.0° Pam 2
2 HOCl(g) = C1,0(g) + H,0(g) K?5°C_1.45ka

“Value at 19°C calculated by extrapolating 0°C value using estimated heat of hydration of Cl,0O
~31.3 kJ mol ! (6).

®Dynamic measurements on ~0.15-2.7 m aqueous HOCI (72).

“Dynamic measurements on aqueous NaOCI, values calculated using: 3.05 x 10%xp(—5172/T) Pa
M1, dynamic measurements on 0.01—-0.1 M HOCI solutions at 50° gave K3 =370.6 Pa M1 (73).
9Dynamic measurements at 20°C on 2—20 ppm av Cl, at pH 5.5 gave Kj (unitless) = 0.076 (137.3 Pa
m~1) for Henry’s law constant (74); similar measurements on ~5 ppm av Cl, at pH ~5.6 gave 0.0604
atm (110.1 Pa m™') (75).

“Static measurements on ~1-20 m aqueous HOCI at ~3.5—20°C; by contrast to reference 72 calcula-
tions assume only Cl;0 present in gas phase (76).

"Measurements via mass spectrometry on equilibrated HOCl/Cl,0/H,0 gaseous mixtures (62).
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Table 6. Thermodynamic Data for Hypochlorous Acid”

Aqueous Gas
AH e (kJ mol ) —15.1(70)
AH¢ (kJ mol™1) —-120.9 —78.7
AGs® (kJ mol ™) -79.9 —66.1
S° (kJ Kt mol™) 142.3 236.7
C, (kJ K 'mol ™) ( 37.15
HOCl+H"+2e —Cl~ +H,0 E =149V

“Ref. 7.

agreement in the values of KB and Ky and their temperature dependence is not
very good.

Relative Volatility. Hypochlorous acid is more volatile than water and
aqueous solutions can be distilled to yield solutions of higher concentration.
For dilute solutions, the relative volatility is given by o« =HOCI,/HOCI,, which
is the ratio of the mol fraction of HOCI in the vapor and aqueous phases. The
experimentally determined relative volatility for 0.06—2 mM solutions of HOCI1
at 25°C is 2.74 (77), which yields a value of 156.0 Pa M ! for the equilibrium
constant KB via the relationship KB = aP,0/55.6 where Py o is the vapor pres-
sure of water (Pa) and 55.6 is mols water/L. This is consistant with the value of
154.6 Pa m ! extrapolated from the data of (72) (m =M/d where m is molality
and M is molarity and d is density; for dilute solutions m =M). See (78) for
additional data on a.

Thermodynamic Data. Enthalpy and free energy of formation, entropy,
heat capacity, and reduction potential of HOCI are listed in Table 6.

Spectral Data. The uv spectrum of gaseous HOCI shows absorption bands
at 240 and 310 nm with absorptivities of 58.4 and 16.3 M ! cm ™! (9). The uv
absorption spectrum of aqueous HOCI shows a maximum at 235 nm with absorp-
tivity of 100 M~ ecm™! (69). The ir spectrum of gaseous HOCI shows three
fundamental absorption bands: 725, 1240, and 3587 cm ™! (79). Microwave spec-
troscopy of HOCI in the vapor phase shows do.g=0.096 nm, dc.o=0.169 nm,
and /H-O-C1=102.5° (80). Hypochlorous acid closely resembles water in bond
angle (104.7°) and O-H bond length (0.096 nm), and Cl,O in CI-O bond length
(0.170 nm).

Germicidal Activity. The germicidal activity of aqueous chlorine is due
primarily to HOCIL. Although hypochlorite ion itself is a relatively poor disinfec-
tant (81) in comparison to hypochlorous acid, it serves as a reservoir of the latter
via the equilibrium: C10~ + H' = HOCI. At 25°C, the ratio of CI0~/HOCI is 0.50
at pH 7.54. The efficiency of inactivation is affected by pH, temperature, time of
contact, and type and concentration of organisms (82). The mode of action with
bacteria involves diffusion through the cell wall followed by reaction with the
enzymatic system. In swimming pools, the presence of cyanuric acid reduces
the bactericidal effectiveness of HOCI by formation of chloroisocyanurates (83).

3.2. Chemistry. Stratospheric. The primary source of HOCI in the
stratosphere is the gas-phase reaction (84):

HO; + ClO — HOC1+ 0y,  EPC=30x10°M 1s!
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HOCI is rapidly photolyzed by solar uv radiation producing HO and Cl radicals.
Although these radicals can decompose HOCI, the rates are much slower than
HOCI photolysis. However, these radicals can decompose ozone.

HOCl + hyr — HO +C1
HOClI+Cl — HO+Cl;  £k®°=11x10°M"'s" (85)
HOCl+HO —H;0+ClI0  £¥C=33x10°M's! (84)

The estimated photolysis lifetime of ~2 h (at 30 km) suggests that HOC] may be
unimportant as a reservoir for stratospheric chlorine (63). HOCI is also an inter-
mediate in activation of chlorine reservoirs via its heterogeneous formation and
decomposition in aerosols present in stratospheric clouds (86):

CIONOg + H,O — HOCI + HNOgj
HOC1 + HCI — Cl, + Hy0

Photochemical Decomposition. Under laboratory conditions, gaseous
HOCI is decomposed by uv light into Cly, Oy, HCI, and H,O and is initiated by
cleavage into HO + Cl radicals. Photolysis of aqueous HOCI is also initiated by
formation HO and Cl radicals that undergo a series of further reactions produ-
cing hydrochloric and chloric acids and oxygen (87). The half-life of aqueous
chlorine (HOCI/C1O™) depends primarily on the wavelength of light and pH. At
wavelengths present in sunlight at the earth’s surface (>290 nm), C10™ absorbs
uv light much more strongly than HOCI, thus, the half-life of aqueous chlorine
increases with decreasing pH due to the increasing HOCI/CIO ™ ratio (88). At ppm
concentrations at the surface of the water, values of ¢, 5 calculated from first-
order rate constants are 12, 37, and 57 min at pH 8, 7, and 6, respectively.
Organic matter in water can consume HO and Cl radicals formed by HOCI
photolysis, eg, ethanol gave acetaldehyde and acetic acid, whereas, n-butanol
and benzoic acid yielded numerous chlorinated products (89).

Thermal Decomposition. Dilute, Cl -free, aqueous hypochlorous acid
solutions are quite stable if pure, especially if kept cool and in the dark. For
example, at 0°C the initial decomposition rate of a 1 M solution is only ~ 0.3%
per day (64). At 20°C the decomposition rate is about 10-fold higher (AE
~99.6 kJ mol '). The presence of sodium chloride greatly increases the decompo-
sition rate.

Previous studies showed that the decomposition of HOCI is affected by pH
and presence of chloride ion (90). The decomposition exhibits the following over-
all stoichiometry:

2 HOCl + ClIO™ — ClO; +2 H" +2 Cl~

Chlorine can form at pH <3: HOCl+ HCl= Cl, + H,0, K**€=254 x 10> M.
The initial step in the current proposed mechanism in the pH range 5-8 is

2 HOCl = Cl,O-H,0 K¢ =0.030 M1
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where Cl,0 - H50 is a partially solvated molecule. The rate-controlling step is the
oxidation of C1IO™ to ClO5~, which occurs via the proposed transient intermediate
HCI;057, and is followed by the rapid oxidation of ClO;~ to ClO3™ via the pro-
posed transient intermediate HCl;O3™ (91):

ClO™ +ClO-H;0 — ClO; + HOCl+ H* +CI” k¢ =30M s
ClO; + CLO - Hy0 — ClO; + HOCI+ H" +CI~  k3°C >6x 10* M1 s!

A parallel pathway involving HOCI instead of CIO™ is ~1000 times slower:
k3°C=0.0086 M ' s~ '. The formation of chlorate is a third-order process with
a maximum decomposition rate at pH 6.9 that is described mathematically by
the following differential equation: d(ClO3")/dt = K,k;[HOCI]*[CIO].

Inorganic Reactions. Hypochlorous acid oxidizes numerous inorganic
substrates.

Kinetic Studies. Since HOCI and Cl1O~ coexist in equilibrium over a wide
pH range, kinetic studies are necessary to establish their respective roles (92).
The oxidation of ions such as I, Br, NOy ™, and SO%~ by aqueous chlorine occurs
by Cl" transfer and can involve general acid catalysis (93). The mechanism
involves nucleophilic attack at chlorine rather than at oxygen giving a chloro
derivative of the substrate that hydrolyzes to the final product, eg,
HOCI+8S0% — CISO; +HO ™, CISO5 + H,0 — SO% +Cl™ +H". Hypochlorous
acid is generally a more reactive oxidant, eg, HOCI oxidizes Br~ ~2 x 10° faster
than CIO™. Rate constants for Cl" transfer from HOCI to nucleophiles span 10
orders of magnitude with SO%2~ >1~ >>Br~ >> Cl~ according to anion nucleophi-
licity (94).

Kinetic studies show that reaction of HOCI] with ClO5™ in the 6.6—10.0 pH
range proceeds via the proposed intermediate Cly0,, which reacts with HOCI
forming ClO3~ (95). The reaction of excess HOCI with BrOy~ at p[H"] 6—7 and
25°C proceeds through several pathways: 2 HOCl +BrO;™ — ClO3™ + HOBr +
H"+Cl- 85%; HOCI+BrOy —BrOs  +H"+Cl- 8%; and 3HOCI+
2BrO; — ClO2+HOBr+HO™ +ClI” 7% (96). Equilibrium concentrations of
Cl,0 and Cl, (when Cl™ concentration is large) also participate; second-order
rate constants are as follows: R(HOCIl) =1.6 x 10%, k(Cl,0)=1.8 x 10°, and
k(Cly) =8.7x10° M~ ' s™'. A reaction mechanism has been proposed involving
steady state species such as: HOCIOBrO~, HOBrOClO~, and ClIOCIOBrO™.

Other Reactions. Hypochlorous acid has important uses in synthesis.
For example, concentrated Cl -free HOCI can be oxidized electrochemically to
chloric and perchloric acids (97). Hypochlorous acid, preformed or formed in
situ, is an intermediate in formation of hypochlorites. Organic solutions of
HOCI have been used to prepare Ca(OCl)sy, by reaction with CaO or Ca(OH),,
and hydrazine by reaction with NHjz (71).

Available chlorine as HOCI in waste streams can be destroyed by reaction
with hydrogen peroxide, which occurs via the postulated intermediate formation
of peroxyhypochlorous acid (98): HOCI1 + H,0, — H,0 + [HOOCI] — H,0 + HCI +
O,. The kinetics of formation and hydrolysis of mono-, di-, and trichloramine
formed from HOCI] and ammonia have been measured (99). Hypochlorous acid
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derived from chlorine or hypochlorite is used in water treatment to oxidize
ammonia via break-point chlorination (2 NH3;+ 3 HOCI — Ny + 3 HCI + 3 H,0),
which is based on formation of unstable dichloramine and is most rapid at a pH
of ~ 7.5 (99):

2 NH3 + 2 HOCl1 — 2 NH,Cl1 + 2 Hy,O
2 NH,Cl 4+ 2 HOC1 — 2 NHCI; + 2 H,O
2 NHCIl; + H,O — N5 + HOC1 + 3 HC1

Organic Reactions. Hypochlorous acid undergoes a variety of reactions
with organic substances including oxidation, addition, C- and N-chlorination,
and ester formation. In many of its reactions, HOCI is generated in situ via chlor-
ine hydrolysis: Cls+ H;0 = HOCI+ HCI or by chlorination of base: NaOH +
Cl; — HOCI + NaCl.

Oxidation. Hypochlorous acid oxidizes many organic ions such as for-
mate, oxalate, cyanide, cyanate, etc and is often involved in oxidation of
unwanted or potentially toxic substances. For example, the oxidation of CN™
by chlorine is important in wastewater treatment and proceeds via the inter-
mediate CICN forming CNO™, which is further oxidized by HOCI primarily to
Ny and CO; (92,94,100). Secondary alcohols are oxidized at room temperature
to ketones in high yields by HOCI generated in situ from aqueous NaOCl and
acetic acid (101,102). Selective oxidation in the presence of a primary alcohol is
possible, eg, in methanol, aldehydes are oxidized to methyl esters (102).

Addition. The industrial scale reaction of propylene with aqueous chlor-
ine forms primarily the o-propylene chlorohydrin isomer.

CH3;CH=—CH; + HOCl — CH3CHCICH2;OH

Dichlorides and ethers are the main by-products in this reaction. Treatment with
base produces propylene oxide. Specialty epoxides, eg, butylene oxide, are also
produced on an industrial scale by means of HOCI generated from calcium hypo-
chlorite and acetic acid followed by dehydrohalogenation with base. Organic
solutions of HOCI in polar solvents such as methylethyl ketone have been used
to prepare chlorohydrins (enroute to epoxides) by reaction with olefins (71),
Addition of HOCI to vinyl chloride yields chloroacetaldehyde (103); addition to
acetylenic compounds produces dichloroketones: RC=CH + 2HOCI] — RC(O)
CHCIl; + H50 (104). (see ACETYLENE-DERIVED CHEMICALS). Hypochlorous acid adds
to oximes of cyclic ketones forming intermediate «-chloronitroso compounds
that can be converted to nitro compounds (105).

C-Chlorination. Reaction of HOCI, formed from calcium hypochlorite
and COg, with highly substituted alkenes in CHyCly is a convenient route to
allylic chlorides (106). Ketones are chlorinated to a-chloroketones by reaction
with HOCI. Acetone initially gives CH3COCHyCl (107). Methyl ethyl ketone
gives 78% CH3CHCICOCH3;, 15% CH3CH>;COCH,CI, and 7% dichlorides (108).
The kinetics of chlorination and subsequent degredation to chloroform of substi-
tuted phenols by HOCI have been studied (109).
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N-Chlorination. Chlorination of amino acids forms unstable N-chloro
compounds (110). By contrast, stable N-chloro compounds are formed by reaction
of hypochlorous acid and appropriate N-H compounds, eg, succinimide, sulfona-
mides, hydantoins, cyanuric acid, melamine, etc. For example, HOCI, formed
in situ via chlorine hydrolysis, converts di- or trisodium cyanurates to dichloro-
and trichloroisocyanuric acids, respectively (111). Chloroisocyanurates can also
be prepared from isocyanuric acid or monosodium cyanurate and preformed
HOCI (112-114). Hydrolysis of chloroisocyanurates provide HOCI for use in
swimming pool disinfection and in bleaching applications. Chlorination of
melamine by HOCI forms trichloromelamine which can be chlorinated further
to hexachloromelamine.

Isocyanate Formation. Isocyanates are prepared via N-chlorination of
amides with HOCI followed by phase-transfer catalyzed Hoffman rearrangement
(115).

HOCI Carriers. Insoluble resins that slowly release HOCI in water can
be prepared by reaction of HOCI with appropriate N-H containing polymers, eg,
exposure of a polyamide resin to 1 M HOCI for 24 h at 25°C gave a product with
47% av Cl; (116).

Ester Formation. Under the proper conditions, alcohols can be esterified
with HOCI forming isolable alkyl hypochlorites: ROH + HOCI — ROCI + H50.

3.3. Preparation (Laboratory Scale). Chorination of Atomized
NaOH. Reaction of atomized 50% NaOH with gaseous chlorine in a glass reac-
tor at ~110—-120°C and condensation of the gases, containing Cl,, Cl,0, and
HOCI, produces chloride-free HOCI in concentrations of 35—60% (117,118).

Surface Chlorination of NaOH. Chloride-free HOCI solutions of up to
15% and higher can be produced by passing chlorine gas over the surface of a
stirred 50-60% NaOH solution at ~5° and scrubbing the off-gases, containing
Cl,, Cl,0, and HOCI, in cold water (53).

From Pure Cl;0. Chloride-free aqueous solutions of up to 76% HOCI can
be obtained by dissolving liquid Cl;0, prepared by reaction of Cly with HgO, in
the appropriate amount of water (2). Alternatively, the gaseous Cl,O can be
absorbed in cold water to give lower concentrations of HOCI. In addition, a
Cl30 solution in CCl, can be extracted with HyO to give Cl- and Cly-free
HOCI solutions of up to 5 M (51).

Distillation of Aqueous HOCI. Reduced pressure distillation of a mix-
ture of chlorine octahydrate and HgO provides a distillate with ~25% HOCI
(5). Chloride-contaning solutions prepared by rapid chlorination of NaOH or
Ca(OH); can be flash distilled under vacuum giving Cl -free HOCI solutions
(64). Dilute (1-3%), chloride-containing solutions of HOCI, hypochlorite, or aqu-
eous base, can be stripped in a column against a current of Cl,, steam, and air at
95-100°C and the vapors condensed giving virtually chloride-free HOCI solu-
tions of higher concentration in yields as high as 90% (119,120). Dilute CI -
free HOCI solutions can be distilled to obtain solutions of higher concentration.

Chlorination of Aqueous Bi and Hg Oxides. Chlorination of bismuth
or mercuric oxides slurried in water results in precipitation of relatively insolu-
ble basic chlorides, ie, BiOCI and HgO - HgCl,. However, the reaction with Bi;Os
is slow and does not produce high concentrations of HOCI (121) and with HgO,
the HOCI solutions will contain small amounts of mercuric chloride.
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Electrodialysis. Preparation of aqueous HOCI substantially free of Cl~
from either aqueous Cl; or HOCI salt solutions has been accomplished by electro-
dialysis (qv) using semipermeable membranes (122). This method has limited
potential because of the unavailability of stable anionic membranes.

Chloride-Containing. Chloride-containing solutions of HOCI are readily
prepared by reaction of Cl, with aqueous base and can involve rapid hydrolysis
(123) or direct reaction with HO™ (124). Hydrolysis produces equimolar amounts
of HOCI1 and HCI, Cl, + H,O = HOCI + HCI, Keqz5“c =3.94 x 10~* M. A saturated
solution of Cl, (0.091 M) at 101 kPa (1 atm) and 25°C is ~6% hydrolyzed to HOCI.
Neutralization of the HCl with base allows further chlorine hydrolysis and an
increase in the HOCI concentration. When Cl; is added to strong bases such as
NaOH or Ca(OH),, the reaction occurs stepwise.

Cly +2 HO™ — CIO™ +ClI" + HyO %, 9 HoCI +2CI”

Although Cl1™ increases the decomposition rate of HOCI, the solutions can be uti-
lized for synthetic and manufacturing purposes, especially if used promptly, kept
cold, and relatively diluted.

Organic Soluions. Chloride-free organic solutions of HOCI can be pre-
pared in near quantitative yield (98—99%) by extraction of Cl-containing
aqueous solutions of HOCI with polar solvents such as ketones, nitriles, and
esters (71).

3.4. Preparation (Industrial Scale). Various methods for preparing
aqueous Cl -free HOCI solution are available.

Chorination of Atomized NaOH. High concentrations of virtually
chloride-free solutions of HOCI are obtained by reaction of atomized 50% caustic
with excess gaseous chlorine at temperatures above the dew point of the system.
The reactor gases, containing Cl,, Cl,0, HOCI, and H50 are condensed to provide
HOCI solutions of up to 60% concentration in high yield. The noncondensed gases
(primarily Cly) are recycled to the reactor. The free-flowing solid NaCl by-pro-
duct, containing small amounts of chlorate, is recycled to a chloralkali cell
(117-118).

Chlorination of NaOH. HOCI solutions (8—10%) are prepared in ~99%
yield by chlorination of dilute NaOH solutions in a packed column under flow
conditions (~0.75-min residence time) at 3—5°C for use in preparation of trichlor-
oisocyanuric acid (113).

Chlorination of Soda Ash. A former commercial process for producing
aqueous HOCI, was based on the reaction of chlorine and water vapor with
sodium carbonate in either a tower or a rotating tubular reactor (56). The result-
ing gas stream containing Cl,, Cl;0, HOCI, and CO2 was scrubbed in cold water
to give 10—15% HOCI solutions containing some chloride. In an improved pro-
cess, dilute solutions of HOCI are prepared by reaction of an equilibrated mixture
of chlorine gas and steam with a metal carbonate in a fluidized bed and scrubbing
the gases with water in an absorber (57,125).

3.5. Analysis. /odometry. The analysis of HOCI is usually carried out
iodometrially using acidic KI as described under Cl;0. The liberated iodine is
titrated with thiosulfate and the excess acid with base. The acid consumed is a
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measure of the HOCI present. Any chlorine present liberates iodine without
consumption of acid. Chlorate does not interfere.

HOCl+21I +H" — I+ Cl” + Hy,O

Instrumental. Hypochlorous acid can be distinguished from other chlorine
species by amperometry using a membrane electrode (126). Spectrophotometry
can also be used to measure HOCI via its absorbance maximum at 235 nm
(69). Gaseous mixtures of Cly, Cl;0, and HOCI can be analyzed by mass spectro-
metry (62,127).

3.6. Uses. Hypochlorous acid, preformed or generated in situ from chlor-
ine and water, is an intermediate in the manufacture of chlorohydrins (qv) from
olefins (en route to epoxides). It is also used in the production of hypochlorites
and chloroisocyanurates from cyanuric acid. (see CYANURIC AND ISOCYANURIC
acips) HOCI is used in water treatment for disnifection and oxidation of contami-
nants such as ammonia. It is the active species that kills bacteria and other
microorganisms in municipal water treatment or in swimming pool sanitation
when Cls, hypochlorites, or chloroisocyanurates are used (see WATER; BLEACHING
AGENTS). Hypochlorous acid can be used for oxidation of waste streams containing
formaldehyde (128).

4. Metal Hypochlorites

Hypochlorites, either as solutions or solids, are much more stable than hypo-
chlorous acid. Sodium hypochlorite solution is the principal liquid hypochlorite
sold commercially and finds wide use in bleaching and sanitizing applications.
One of the novel uses of hypochlorites was for disinfection of Apollo Eleven on
its return from the moon (129).

The only known stable solid neutral hypochlorites are those of lithium
[13840-33-0], calcium [7778-54-3], strontium [14674-76-1], and barium [13477-
10-6]. Calcium also forms two stable basic hypochlorites (calcium hydroxide
hypochlorites): Ca(OCDg - 0.5Ca(OH)y [62974-42-9] and Ca(OCl); - 2Ca(OH),
[12394-14-8]. Sodium hypochlorite [7681-52-9] does not have good stability and
is potentially explosive. Potassium hypochlorite [7778-66-7] exists only in solu-
tion. Attempts to isolate the solid have resulted in decomposition (130). Neutral
magnesium hypochlorite [10233-03-1] has not been isolated (131), but two stable
basic hypochlorites have been prepared. Impure silver (31) and basic zinc hypo-
chlorite (132) compositions have been prepared.

4.1. Properties. Solubility. The solubilities of Li, Na, and Ca hypo-
chlorites in HyO at 25°C are 40, 45, and 21%, respectively. Solubility isotherms
in water at 10°C have been determined for the following systems: Ca(OCl),-
CaCl,, NaOCIl-NaCl, and Ca(OCl)2-NaOCl (133).

Solution Density. The densities of approximately equimolar solutions of
NaOCIl and NaCl are given in several product bulletins (134).

Thermodynamic Data. Heats of formation of alkali and alkaline earth
hypochlorites are given in reference (7). Thermodynamic properties of hypochlo-
rite ion are: AHy" —107.1 kJ mol '; AGy” —36.8 kJ mol '; and S° 41.8 JK ' mol !
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(7). The reduction potential of CIO™ is CIO” +HyO+2 e —Cl”+2 HO",
E°=0.89V (7).

Spectral Data. The uv absorption spectrum of C10~ shows a maximum at
292 nm with absorptivity of 368 M~ cm ™! (69).

4.2. Solution Chemistry. Photochemical Decomposition. The ulti-
mate products of the photolysis of alkaline sodium hypochlorite by uv radiation
are chlorate and chloride ions and oxygen (135). The primary processes:
ClO +hv—Cl- +0(P), Cl10 + hv— Cl” + O(*D), and ClIO™ 4+ hv— Cl+ O~ gener-
ate transient radicals that react further producing the observed products: Cl1~,
ClO,7, CIO37, and O,. The quantum yield (¢) and product selectivity vary
with the wavelength of the radiation. The ¢ for the three primary reactions
vary as follows: 254 nm: 0.074:0.278:0.133, 313 nm: 0.075:0.127:0.02, 365 nm:
0.28:0.08:0. Product selectivities (based on oxygen) at 254 nm are O 47% and
ClO3™ 53%. Chlorite is observed among the products at 365 nm but not at 254
and 313 nm.

Thermal Decomposition. Although hypochlorite solutions are much more
stable than HOCI, they are subject to decomposition, which is influenced by con-
centration, ionic strength, pH, temperature, and impurities. Decomposition of
sodium hypochlorite produces oxygen and chloride and chlorate ions as follows:.

2ClI0" — 2Cl + 0,
2CI0" — Cl” +CIO;  ky = 2.1 x 1012¢103800/RTpy-15-1

ClO™ +ClO0, — Cl” 4 ClO; kg = 3.2 x 1011e 87.000/RTpy-14-1

where: k; and k5 are second-order rate constants, T is in kelvin, and the gas con-
stant R =8.314 J K ! mol . The rate-controlling step to chlorate is the bimole-
cular formation of chlorite, which reacts rapidly with hypochlorite (136). The
uncatalyzed decomposition to oxygen is bimolecular with an activation energy
of 111.3 kJ mol . Although it is much slower than chlorate formation, it is sus-
ceptible to catalysis by trace metal impurities (137—139). The most powerful cat-
alysts for accelerating the decomposition to oxygen are Co, Ni, and Cu; Fe and
Mn are much less effective. Although these metals do not catalyze chlorate
formation, iridium apparently does (140).

Inorganic Reactions. Hypochlorites yield HOCl when treated with excess
COg, or stoichiometric amounts of mineral acids and are converted to Cl, when
excess HCl is used. Hypochlorite is easily reduced to chloride ion by various redu-
cing agents. It is also reduced by hydrogen peroxide. The oxidation of various
inorganic anions by hypochlorite has been studied kinetically (92). Hypochlorite
is a strong oxidant capable of oxidizing MnO?~ to MnO,, 105 to I0;, and Fe®*" to
FeO? . Oxidation of Cu®" by alkaline ClO ™~ in the presence of iodate and tellurate
forms Cu®* complexes: [Cu(I0,0H),]~ and {Cu[TeO4(OH),]5}°~ (141). Hypochlor-
ite ion is oxidized to chlorate by ozone (142). Its reaction with ammonia to form
monochloramine is the basis of the manufacture of hydrazine (qv).

NH; + NaOCl —s NH,Cl + NaOH —2%, N,H, + NaCl + Hy0
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Organic Reactions. Hypochlorite ion acts as a chlorinating and oxidizing
agent toward organic compounds and has numerous interesting and useful syn-
thetic applications (143,144).

Reaction with Aliphatics. Saturated hydrocarbons can be chlorinated in
moderate yields under mild conditions in a biphasic system consisting of alkaline
hypochlorite solution and CH5Cly containing Ni(II) bis(salicylidene)ethylenedi-
amine as chlorination catalyst and hexadecyltrimethylammonium bromide as
phase-transfer catalyst (145).

Alkenes are epoxidized in good yield by hypochlorite in water—CH5Cl,
using Mn(III) porphyrins as epoxidation catalysts and triethylbenzylammonium
chloride as phase-transfer catalyst (146). Manganese(III) porphyrin bound to col-
loidal anion exchange particles was a more effective catalyst for epoxidation of
styrene by alkaline CIO™ than in aqueous solution (147). Olefins dissolved in
methylene chloride are epoxidized at room temperature by aqueous hypochlorite
using Ni(II) bis(salicylidene)-ethylenediamine as epoxidation catalyst and tribu-
tylbenzyl-ammonium chloride as phase-transfer catalyst (148,149). Unsaturated
aldehydes, ketones, and nitriles are epoxidized in one step in high yield via
nucleophilic attack by hypochlorite ion (150—153).

Secondary alcohols are oxidized to ketones in good yields under mild condi-
tions in a triphasic system using an inert solvent, solid Ca(OCl),, and a hypo-
chlorite resin as catalyst (154). Hypochlorite is employed in the preparation of
carboxylic acids by the haloform oxidation and amines by the Hoffmann rearran-
gement. Aliphatic oximes (155) and primary and secondary nitro compounds
(156) are converted to geminal chloro nitro alkanes. Symmetrical dialkyl hydra-
zines and methylenediamine sulfate are oxidized to azo compounds (157) and
diaziridine (158), respectively. Acetylenic protons are displaced to give chloroace-
tylene (159-161).

Reaction with Aromatics. Aromatically bound methylene groups in
acetyl substituted aromatics are oxidized by NaOCl to carboxylic acids (162).
o-Nitroanilines are oxidized in good yields by alkaline hypochlorite to benzofur-
azan oxides. 2,4-Dinitroaniline, on treatment with NaOCI in alkaline methanol,
is converted to 5-chloro-4-methoxybenzofurazan-1-oxide via a haloalkoxy substi-
tution reaction (163); the haloalkoxy reaction has been applied to additional het-
erocycles, eg, 6-nitroanthroxanic acid (164). Hypochlorite readily chlorinates
phenols to mono-, di-, and tri-substituted compounds (165). In water treatment
chlorophenols are degraded by excess hypochlorite to eliminate off-flavor (166).
Hypochlorite converts bromobenzene to chlorobenzene in a biphasic system at
pH 7.5-9 using phase-transfer catalysts (167).

Reaction with Heterocyclics. Cyclopentadiene and indene are readily
chlorinated by hypochlorite to perchlorocyclopentadiene (168) and 1,1,3-trichloro-
indene (169), respectively.

4.3. Solid-State Chemistry. Thermal decomposition of calcium hypo-
chlorite produces CaCl,, O, and small amounts of Ca(ClO3)s. By contrast,
sodium hypochlorite produces primarily sodium chlorate. Dichlorine monoxide
reacts slowly with moist calcium chloride forming calcium hypochlorite and
chlorine (170):

CaCl, + 2 Cl,0 — Ca(OCl), + 2 Cl,
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Anhydrous hypochlorites are oxidized to chlorates by Cl,O (171). The rate of
chlorate formation decreases in the order Na >Ba > Sr > Li > Ca.

M(OCI), + 2n Cl,0 — M(CIO3), + 2n Cl,

In the presence of gaseous chlorine, dry hypochlorites decompose in two ways:

M(OCl), +n Cly —s MCI, +n Cl,0

2 M(OCL), + 2n Cly — 2 MCL, + 2n CLL,O 22U 9 MCL, + M(CI03), + 2 Cl

Strontium, Li, and Ca hypochlorites react primarily by the first path and NaOCl
mainly by the second. In the presence of moisture, chlorate formation is the pre-
dominate reaction in all cases.

4.4. Analysis. Available Chlorine. The av Cly in a hypochlorite is a
measure of the oxidizing capacity expressed in terms of elemental chlorine;
one hypochlorite ion is equivalent to one Cl, molecule. Thus pure Ca(OCl),
has an av Cly of (2 x mol wt Cly)100/[mol wt Ca(OCl)s] or (2 x 70.9/143.0) x
100 =99.2%.

lodometry. The available chlorine (av Cly) in hypochlorite solutions or
solids is determined by reaction with aqueous KI, followed by acidification
with either acetic or sulfuric acid and titration of the liberated iodine with stan-
dard thiosulfate (CI0~ +2I" +2 H" — C1™ + I, + H,0).

4.5. Preparation of Hypochlorite Solutions. Hypochlorite solutions
are prepared in near quantitative yield by chlorination of NaOH (caustic soda)
or a Ca(OH), (hydrated lime) slurry.

2 NaOH + Cl, — NaOCl + NaCl + H,O
2 Ca(OH), + 2 Cly — Ca(OCl), + CaCly + 2 HyO

The concentration of base depends on the application, eg, ~14% NaOH is used to
prepare commercial strength 12.5% NaOC] solutions. Chlorination of 50% NaOH
and removal of precipitated salt produces a concentrated, low salt solution (32%
NaOCl, 6% NaCl), which is used as a process intermediate in Ca(OCl); manufac-
ture. Concentrations as high as 45% can be obtained by melting NaOCl - 5H;0
crystals (mp 18°C) recovered by cooling this solution. Dilution to commercial
strength NaOC]l produces more stable solutions because of lower salt content.
Hypochlorite solutions of varying concentrations can also be prepared by reac-
tion of the appropriate base with Cl -free HOCI solutions or CCl, solutions of
Cl;0 (31).

4.6. Preparation of NaOCI-Trisodium Phosphate Complex.
Chlorinated trisodium phosphate [56802-99-4] is a complex with the formula
(NagPO4-11H50)4-NaOCI1 (172). The crystalline, efflorescent product melts at
62°C. It is prepared by crystallization from a liquor containing di- and trisodium
phosphate in appropriate ratio containing an excess of 15% NaOCI.

4.7. Preparation of Solid Lithium Hypochlorite. High purity lithium
hypochlorite can be prepared by reaction of lithium hydroxide with Cl -free
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HOCI (173) or CCly solutions of Cl;O followed by evaporation and drying (31).
The monohydrate is free-flowing, nondusty, and of reasonable density. Anhy-
drous lithium hypochlorite, LiOCl, is a white, lightweight, dusty, hygroscopic,
and corrosive powder. When LiOCI is prepared via chlorination of LiOH, sodium
hydroxide is used, consequently, the product will contain sodium chloride as a
diluent.

4.8. Preparation of Basic Calcium Hypochlorites. Caclium hypo-
chlorite forms two double salts, hemi- and dibasic calcium hypochlorite that
have been used as intermediates in preparation of calcium hypochlorite. They
form during chlorination of Ca(OH); and are formed by reaction of calcium hypo-
chlorite with unreacted Ca(OH),. Hemibasic calcium hypochlorite is also an item
of commerce.

Ca(OCly), + 0.5 Ca(OH), — Ca(OCl), - 0.5 Ca(OH),
Ca(OCl), + 2 Ca(OH), — Ca(OCl), - 2 Ca(OH),

4.9. Preparation of Triple Salt. Chlorination of Ca(OH), slurried in
strong NaOCI solution, followed by cooling to —15°C, precipitates ~80% of the
av Cly as large hexagonal crystals of a triple salt: Ca(OCl)s - NaOCl - NaCl- 12H,0
[64147-46-2] (174). The recovered triple salt, free of much of the hydrated lime
impurities, can be treated with chlorinated lime slurry to produce neutral cal-
cium hypochlorite dihydrate crystals [22464-76-2].

2 Ca(OCI), - NaOCI - NaCl - 12 H;0 + Ca(OCl),
+ CaCly — 4 Ca(OC1)2 -2 H,0 44 NaCl + 16 H,O

4.10. Preparation of Solid Calcium Hypochlorite. The raw materials
for preparation of solid calcium hypochlorite are calcium hydroxide, sodium
hydroxide, and chlorine. In addition, a number of process intermediates have
been employed, including: sodium hypochlorite, triple salt, and hemibasic and
dibasic calcium hypochlorite.

Coventional Processes. Chlorination of a sufficiently thick hydrated
lime slurry forms equimolar amounts of calcium chloride and calcium hypochlor-
ite, which precipitates as the dihydrate:

2 Ca(OH), + 2 Cly — Ca(OCl), - 2 Hy0 + CaCl,

The presence of the coproduct CaCl, is undesirable because it prevents formation
of large, easy-to-filter crystals of Ca(OCl); - 2 H;0 and owing to its hygroscopicity,
it impedes drying and has an adverse effect on product stability. Industrial pro-
cesses, therefore, are designed to eliminate or minimize CaCl; during processing
and in the final product (see CALCIUM COMPOUNDS).

Use of NaOH results in formation of the more desireable by-product sodium
chloride, which is not hygroscopic and does not have an adverse effect on calcium
hypochlorite crystal size or product stability. Since production of a high assay
product requires removal of sufficient amounts of chloride by-product, simply
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adding NaOH directly to the process is not a viable alternative. Instead, use of
preformed low salt (6%), concentrated NaOCIl (32%) solution prepared by chlor-
ination of 50% NaOH allows removal of significant amounts of chloride as preci-
pitated NaCl. On reaction with calcium chloride, formed by chlorination of
Ca(OH); slurry, it forms calcium hypochlorite and sodium chloride.

2 NaOCl + 2 CaCl, — Ca(OCl), + 2 NaCl

Use of NaOCI results in formation of slurry of laminar crystals of calcium hypo-
chlorite dihydrate [Ca(OCl)y-2H50] dispersed in a Ca(OCl),-NaCl instead of
Ca(OCl)y-CaCl,. Filtration of calcium hypochlorite dihydrate slurry allows
removal of additional salt. Since all of the salt is normally in solution, a large
part of it is removed via the filtrate. However, the filtrate still contains a signifi-
cant amount of dissolved calcium hypochlorite, which represents not only a
potential yield loss but also a potential pollution load. Most of the hypochlorite
value in the filtrate can be recovered by addition of Ca(OH)s, which precipitates
dibasic calcium hypochlorite. The coarse dibasic crystals are easily separated
from the liquid phase and sent to the hydrated lime chlorination stage where
they are chlorinated in the presence of NaOCL

Ca(OCl), - 2 Ca(OH), + 2 NaOCl + 2 Cl, — 3 Ca(OCl), + 2 NaCl + 2 H,0

Although the above process chemistry is straightforward and uncomplicated, a
large number of process variations have been patented (174—192).

Crystal Growth Modifiers. Crystal growth modifiers have been employed
in conventional processes to improve filterability and water retention of
Ca(OCls - 2H,0, which typically crystallizes as fine plates. Addition of zinc
dust or salts produces larger square- and diamond-shaped, untwinned dihydrate
crystals (193). Coarse prismatic crystals are obtained by use of carbohydrates
and carboxylic acids and their salts (194).

Cocrystallization Processes. A high assay product can still be produced
when sodium hydroxide is used instead of preformed sodium hypochlorite in
chlorination of hydrated lime. The overall stoichiometry is

Ca(OH), + 2 NaOH + 2 Cl; — Ca(OCl), - 2 H,0 + 2 NaCl

The cocrystalline slurry can be separated based on size because the larger salt
crystals settle more readily than the smaller calcium hypochlorite dihydrate
crystals. Filtrates may still be treated with Ca(OH), to recover hypochlorite
values by precipitation of dibasic calcium hypochlorite. The PPG process (195—
198) is discussed under commercial processes. A number of other processes also
employ cocrystallization (199-202).

The PPC process (203) forms dibasic crystals from hydrated lime and recov-
ered filtrates. The dibasic crystals are separated from their mother liquor by
decantation, slurried in caustic solution and chlorinated to produce a cocrystal-
line slurry of Ca(OCl); and NaCl. The slurry is sent to a flotation cell where the
larger salt crystals settle out and the smaller hypochlorite crystals float to the
top with the aid of air and flotation agent. The hypochlorite slurry is centrifuged;
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the cake going to a dryer and the centrate to the flotation cell. The salt-rich bot-
toms from the flotation cell are centrifuged and washed with dibasic mother
liquor. The centrates are recycled to the dibasic precipitation step.

HOCI-Based Processes. The problem of CaCly formation is circum-
vented by use of chloride-free hypochlorous acid.

Ca(OH), + 2 HOCl — Ca(OCl), + 2 H,0

Concentrated HOCI (50—60%) is prepared by reaction of chlorine with atomized
caustic. After reaction of the concentrated HOCI with Ca(OH),, the resultant
Ca(OCl)g slurry is dried in a spray grainer or fluidized-bed spray dryer to pro-
duce hydrated product with av Cl, as high as 82% (117,118,204—206).

A former commercial process (207,208) employed a 10—15% hypochlorous
acid, prepared by reaction moist chlorine with Na;CO3-H30 in a rotating tubu-
lar reactor, to react with Ca(OH); slurry to produce a Ca(OCl); solution of ~15—
20%, which was spray dried, mixed with salt, compacted, granulated, and dried
further.

High purity calcium hypochlorite can be prepared on a labororatory scale by
evaporating calcium hypochlorite solutions or slurries obtained by reaction of
Ca(OH)y with Cl -free HOCI or CCly solutions of Cl,0 (31).

Cl>,0-Based Routes. Calcium hypochlorite can also be prepared by reac-
tion of finely powdered Ca(OH), (29) [or moist CaO (30)] with Cl;0; chlorate for-
mation is a competing side reaction.

Ca(OH), + Cl,0 — Ca(OCl), - H,0

Solvent-Based Processes. Two solvent processes for preparation of
Ca(OCl)g have been described. In one, a CCly solution of #-C,HgOCI is allowed
to react with a thin hydrated lime slurry and the aqueous phase, a solution of
Ca(OCl),, is evaporated to a product with a purity of >95% (209). In the other,
a cold solution of HOCI in methyl ethyl ketone is reacted with either CaO or
Ca(OH), (71). Following filtration, the residual solvent in the product is removed
under vacuum at low temperature.

4.11. Preparation of Bleaching Powder. Bleaching powder [64175-
94-6], known since 1798, is made by chlorination of powdered calcium hydroxide
Ca(OH)z, which yields Ca(OCl); and CaCl; and significant amounts of unreacted
Ca(OH), as well as by-product water. The initial products are dibasic calcium
hypochlorite Ca(OCl)y-2Ca(OH), and basic calcium chloride CaCls - Ca(OH)s;
the dibasic salt undergoes further raection with chlorine yielding a product
with ~33—-35% av Cl; (210). The following reaction probably represents the over-
all process:

3.5 Ca(OH), + 2 Cl, — Ca(OCl), - 0.5Ca(OH), + CaCl, - Ca(OH), - 2 H,0

The poor stability of this original product (made by the old Chamber process),
due to the presence of CaCl,; and water, was improved by addition of CaO to com-
bine with water: CaO + Hs0 — Ca(OH),. Subsequent process improvements
eliminated this necessity by more thorough drying. A more stable product is
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also obtained by mixing bleaching powder with strong NaOCI solution or by
chlorination of a a powdered Ca(OH)2-NaOH mixture (211).

4.12. Preparation of Solid Dibasic Magnesium Hypochlorite. So-
called basic magnesium hypochlorite [64131-05-1], known for >100 years, and
once an item of commerce, had an av Cly of ~40—-45%. Dibasic magnesium hypo-
chlorite [11073-21-5] has a theoretical av Cl, of ~58% and was first synthesized
in 1969 by addition of either a NaOCl or Ca(OCl); solution to an excess of
aqueous MgCl, (212). Hypochlorite hydrates or slurries can also be employed
as reactants (212). The reaction proceeds as follows:

2ClO" +2Cl" +2 Hy0 = 2 Cly +4 HO™
3 Mg** +2 ClO™ +4 HO~ — Mg(OCl), - 2 Mg(OH),

Chlorate formation is a competing side reaction, 3 C10™ — 2 CI™ + ClO3~, which
decreases the yields of dibasic magnesium hypochlorite and of evolved chlorine.
The difficult to filter slurries can be dried with little decomposition to a white,
powdery solid with av Cl; in the range of 52—58%, depending on the type and
form of the hypochlorite used. The yields of isolated product and recovered chlor-
ine are typically ~40% each, while product solubility loss and chlorate formation
amount to ~10% each.

Dibasic magnesium hypochlorite is more thermally stable than neutral or
dibasic calcium hypochlorite. In addition, its decomposition, which starts at
~325°C, is endothermic rather than exothermic as in the case of the Ca com-
pounds.

Mg(OCl), - 2 Mg(OH), — 3 MgO + Cl + 0.5 O + 2 H50

By contrast, decomposition of dibasic calcium hypochlorite begins at ~265°C to
give Ca(OH),, CaCl,, and Oq. Dibasic magnesium hypochlorite exhibits a high
degree of stability to moisture as shown by the following relative available chlor-
ine losses at 24°C and 80% rh for 60 day: Mg(OCl), - 2Mg(OH)5 2%, Ca(OCl), - 2Ca
(OH)g 6%, and Ca(OCl); 100%.

Dibasic magnesium hypochlorite can be used as a toilet bowl cleaner (213—
215), in laundry and textile bleaches (216,217), and in scouring cleansers
(218,219).

4.13. Commercial Hypochlorite Solutions. Sodium Hypochlorite
(Liquid Bleach). Commercial strength liquid bleach used by industries, laun-
dries, and in swimming pool sanitation, contains 12—15% av Cl, and is sold in
3.8- and 7.6-L polyethylene bottles and 23—-57-L carboys, 205-L drums, and
tank trucks of ~3-kL capacity and greater. Household bleach contains about
5% av Cly and is sold in 1-5.7-L polyethylene containers. Shipping is limited
within a short radius of the plant because of transportation costs. Liquid bleach
for use in chemical pulp or textile bleaching is usually prepared on site at con-
centrations of 30—40 g/L of av Cl, (see BLEACHING AGENTS).

Manufacture. Sodium hypochlorite solution is prepared by chlorination
of NaOH solution (134). Cooling is necessary, primarily for higher concentra-
tions, since excessive temperatures can result in chlorate formation, representing
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loss of yield, and may contribute to lower product stability. Since chlorate forma-
tion is also a function of concentration, the upper limit of 30°C usually employed
with ~6% NaOCl is reduced to ~20°C for 10—15% concentrations. The chlorina-
tion of caustic is exothermic and liberates 103.1 kJ mol ! when gaseous Cl; is
used. Liquid chlorine feed is preferred since advantage can be taken of its heat
of vaporization, 16.5 kJ mol™!, to reduce the cooling requirement. Since 50%
caustic is normally employed, and diluted to the desired strength, its heat of dilu-
tion, 20.3 kJ mol !, is an additional cooling load. The dilution is controlled by
conductivity or density. For preparation of dilute NaOCI solutions, cooling of
the caustic is sufficient to absorb the heat of reaction, but for higher concentra-
tions cooling of the hypochlorite solution is also necessary. In batch preparation
of dilute hypochlorite, ice can be added directly to the caustic to provide the
necessary precooling.

Although manual titration is probably still employed in some small-
scale operations for determining the extent of chlorination, monitoring of the
oxidation potential is not only more convenient but mandatory in continuous
operation. The oxidation potential of the solution is dependent on the half cell
reaction: CI” +2 HO™ — CIO™ + Hy;O0+2 e~ and its magnitude is given by the
equation:

E = E° —0.0296 log %
[HO™]7[C17]

where E° (—0.89 V) is the standard electrode potential at 25°C when concentra-
tions are at unit activity. Although the oxidation potential is essentially a func-
tion of pH, its measurement is preferred to pH measurement because of its faster
response and lower maintenance requirements (220). The oxidation potential is
measured with a potentiometer using an oxidation—reduction potential (ORP)
cell consisting of a calomel or silver reference electrode and a platinum indicating
electrode.

Agitation of the hypochlorite solution is necessary to minimize local over-
chlorination and also to reduce any time lag in response of the ORP cell. Air
has been used in batch operation for this purpose; however, sufficient agitation
can be obtained from the turbulence of the Cl, feed itself or by recirculating
through an external loop. Complete absorption of the Cl; is ensured by maintain-
ing an adequate depth of solution in the chlorinator. In many continuous systems
the Cl; and caustic are allowed to react in a mixing zone, which may be a packed
tubular reactor, with the hypochlorite solution going either to a surge tank or to
storage.

The conversion of NaOH is usually limited to ~92—94% for ease of control
and to avoid overchlorination. A small excess of NaOH is necessary for adequate
storage stability. In certain applications, such as textile-bleaching, little or no
free caustic alkalinity is desirable. In bleaching of pulp, a pH adjustment may
be made to obtain the necessary degree of activity. Prior to bottling, any sus-
pended solids are allowed to settle or they may be removed by filtration (see
BLEACHING AGENTS, PULP AND PAPER).

Electrochemical Production. High yields of NaOCl are obtained elec-
trolytically by oxidation of Cl- at dimensionally stable anodes (221). Sodium
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hypochlorite is prepared using small diaphragmless or membrane cells, with a
capacity of 1-150 kg/day of equivalent Cly, which produce a dilute hypochlorite
solution of 1-3 and 5—6 g/L from seawater and brine, respectively (see CHEMICALS
FROM BRINE). They are employed in sewage and wastewater treatment and in com-
mercial laundries, large swimming pools, and aboard ships.

Calcium Hypochlorite (Bleach Liquor). Bleach liquor is a solution of
Ca(OCl), and CaCls, containing some dissolved Ca(OH),. The av Cl, can vary
but is typically ~33—35 g/L. Although it has some disadvantages, such as scaling
and water treatment problems, which are causing a slow shift to sodium hypo-
chlorite, it has considerable use because of lower cost. It is invariably prepared
on site and consumed captively primarily for chemical pulp bleaching.

Manufacture. The mechanics of the preparation of bleach liquor by
chlorination of hydrated lime slurry is only slightly different than that of sodium
hypochlorite, and the heat liberated per mol of chlorine is approximately the
same. Continuous systems are preferred because of their lower maintenance
requirements. On a sufficiently large scale a lime slaker can be justified. In gen-
eral, good quality slaked lime, Ca(OH), is employed to make a thick slurry that is
subsequently diluted to the desired concentration by means of a density control-
ler. The hydrated lime slurry is conveyed to a suitable reactor, such as a tower,
where it is contacted with chlorine under the control of an ORP cell. The finished
bleach liquor can go to a settling tank for sludge separation or be put through a
centrifugal cleaner before going to storage.

Materials of Construction. Because of the corrosive nature of moist
chlorine and hypochlorite solutions, chemically resistant materials are necessary
to prevent metallic contamination of the products and to ensure proper function-
ing of equipment. Chlorination vessels and reactors can be constructed from
fiber glass-reinforced polyester (FRP) or carbon steel with a suitable resistant
coating or liner made of rubber, Saran, poly(vinyl Chloride) (PVC), or poly(viny-
lidene fluoride) (Kynar) (see VINYL POLYMERS; VINYLIDENE POLYMERS). Although
dry chlorine can be conveyed in carbon steel, moist chlorine and hypochlorite
solutions require the use of solid plastic pipe or plastic-lined steel pipe. Chlorina-
tion coils or sparge tubes have been fabricated from silver, lead, glass, or
PVC. However, all of these have drawbacks such as high cost, fragility, or dete-
rioration and have been largely supplanted by solid Kynar pipe. Valves with cor-
rosion-resistant fittings such as Teflon-lined ball valves or Kynar-lined
diaphragm valves are widely employed. Hypochlorite solutions are pumped by
centrifugal pumps with resistant linings such as polypropylene. Heat exchan-
gers, cooling coils, and other equipment such as centrifuges are typically made
of titanium.

Economic Aspects. U.S. demand (excluding captive consumption) for
sodium hypochlorite in 2002 amounted to 261 kt of equivalent chlorine and con-
sisted of 58% industrial strength (1,052 ML of 12.5% NaOC]l) and 42% household
strength (2,044 ML of 5.25% NaOC]) (222). Growth through 2006 is estimated to
be 1.3%/year. Growth in chemical pulp bleaching has declined because of envir-
onmental factors and performance disadvantages compared to alternative
bleaching agents. Water treatment is the largest and fastest growing sector
(~3% annually) and is favored over chlorine where safety is a concern, ie, potable
water, wastewater, and cooling water treatment.
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U.S. consumption of calcium hypochlorite bleach liquor in 1988 amounted
to over 2000 t/year of equivalent Cly, ~53 ML of liquor containing 3—3.5% av
Cl,. No current data are available.

Uses. Household bleach (5.25% NaOC]): residential laundry bleach and
sanitizer, 80%; institutional and restaurant sanitizer, 18%; residential pool
and spa sanitizer 2%. Industrial bleach (12.5% NaOC]): municipal and industrial
water treatment (potable water, wastewater, cooling towers, etc), 45%; commer-
cial and municipal swimming pool sanitizer, 33%; commercial laundry bleach,
5%; liquid dishwasher detergents, 5%; textile bleaching, 4%; chemicals (organic
synthesis, chlorinated trisodium phosphate, hydrazine, etc), 4%; miscellaneous
(food processing, fungicide in oil drilling, sweetening agent in oil refineries,
etc.) 4% (222) (see BLEACHING AGENTS).

4.14. Commercial Solid Hypochlorites. Sodium Hypochlorite-
Trisodium Phosphate (TSP). This product can be obtained by crystallization
from a liquor having the proper NasO/P>05 ratio containing an excess of NaOCI.

Manufacture. Chlorinated TSP is made batchwise by addition of 15%
NaOCIl solution to a hot (75—80°C) concentrated liquor consisting of di- and
trisodium phosphates, in a mol ratio of ~1:10, in a suitable reactor, eg, a pan
mixer (223). The mixture is allowed to cool slowly under constant agitation
until crystallization occurs (62°C). When crystallization is complete, cooling is
continued to ~45°C and the slightly moist crystals are air dried.

Av. Cl,. Although the calculated av Cly is 4.66%, commercial material
usually contains ~3.65% owing to the presence of salt as well as chlorate from
decomposition of NaOCI.

Stability. Overdrying can result in decreased stability. The loss in sto-
rage is ~0.05% av Cl, per month.

Packaging and Shipping. The product is shipped in 45-kg polyethylene-
lined paper bags, 23-kg Fiberpak drums, and 57- and 136-kg Leverpak drums.

Economic Aspects. Sodium hypochlorite—TSP complex was commercia-
lized in 1930. Chlorinated TSP is manufactured by Stauffer (a subsidiary of
Rhone-Poulenc, Inc.). The consumption, steadily decreasing since 1980, dropped
sharply in 1985 because of reduced use in dishwasher detergents. The estimated
demand in 1987 was 37,360 t (224).

Applications. The principal uses are in scouring cleansers and acid
metal cleaners for dairy equipment. Use in dishwasher detergents has been sup-
planted by chlorinated isocyanurates, which are more cost-effective, more stable
in hot water, and possess water softening properties.

Lithium Hypochlorite. The commercial product contains a significant
amount of diluent by-products such as salt and sodium and potassium sulfates
that reduce dustiness, increase bulk density, reduce reactivity, and improve sto-
rage stability.

Manufacture. A calcined ore containing spodumene [1302-37-0], a crude
lithium aluminum silicate, LiAlSi5Og, is treated with sulfuric acid, neutralized to
pH 6, and filtered to remove insolubles. The filtrate containing Li, Na, and K sul-
fates is treated with NaOH (forming LiOH), cooled to 0°C, and filtered to sepa-
rate crystallized NaySO,-10H,O. Additional NaOH is added followed by
chlorination and flash drying of the reaction mixture (225).

Composition. Typical product analysis is: LiOCl 30%, NaCl 36%, NaySO,
13%, KoSO4 6%, LiCl 4%, LiCl03 2%, LiOH 1%, LiCO3 2%, and H,0 7% (226).
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Stability. The claimed loss of av Cl; is ~0.2% per month under normal
storage conditions. Decomposition produces almost exclusively chloride and
chlorate.

Packaging and Shipping. The free-flowing granular product is shipped
in polyethylene-lined 45.5 and 181.8-kg fiber drums and 909-kg supersacks. The
bulk product is repackaged for retail sales.

Economic Aspects. Lithium hypochlorite is produced by Lithium
Corporation of America (a subsidiary of FMC) at its plant in Bessemer, North
Carolina which has a capacity of about 4000 t/year. Total demand is low owing
to higher cost and lower av Cl, compared to calcium hypochlorite.

Applications. Lithium hypochlorite, first introduced in 1964, has limited
use in swimming pool and spa sanitation (~80-90%) and dry laundry bleaches.

Calcium Hypochlorite. High assay calcium hypochlorite was first com-
mercialized in the United States in 1928 by Mathieson Alkali Works, Inc.
(later part of Olin Corp. and now Arch Chemical Co.) under the trade name
HTH (High Test Hypochlorite).

Producers. Plant capacities of North American manufacturers of calcium
hypochlorite are shown Table 7.

Manufacture. Calcium hypochlorite is prepared from chlorine, NaOH,
and high purity, completely hydrated lime of high reactivity. The lime should
contain low levels of impurities such as silica, MgO, CaCOj3;, CaSO4, Al5Os,
Fey03, and trace metals such as Co, Ni, Cu, and Mn, since some of these can
cause process difficulties and can also affect the quality and stability of the
final product.

The process produces a slurry of calcium hypochlorite dihydrate. Slurries
containing ~45% solids can be sprayed into a fluidized bed of granular
Ca(OCl)y (230). The intermediate spray grained granular product containing
about 20% water can be dried further by conventional means.

Filter cakes of neutral calcium hypochlorite dihydrate containing 30—50%
water (depending on the type of filter) can be dried by various methods, eg, rotary
drum, tray drying, spray drying, flash drying, fluidized bed drying, etc. During
drying small amounts of CaCOj3; form by reaction with COs in the air. In addition,
some loss of available chlorine occurs forming small amounts of calcium chloride
and chlorate. Granulation (preforming) of the product during drying can be
accomplished by roll compacting the filter cake mixed with partially dried

Table 7. Calcium Hypochlorite Producers and Capacities

Producer Plant Location Capacity, 10® t/year
Arch Chemical Co.” Charleston, Tenn. 72.7%,10°
PPG Industries, Inc. Natrium, W. Va. 32.7¢
Saskatoon Chemicals, Ltd.° Saskatoon, Sask. 9.35"

“Formerly part of Olin Corp.

%68% product (224).

“78% product (222).

“Ref. 224.

“Saskatoon’s process is based on patents in 227—229. Formerly owned by Weyerhaeuser
Canada, it was purchased by Sterling Chemicals Holdings, Inc., Houston, Tex. in 1997.
From Sterling Chemicals press release May 21, 1997.
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recycled product into sheets which are then broken up (176,231). The final dried
product is screened, the oversize crushed and rescreened, and the undersize roll
compacted, granulated and rescreened. The final granular product is free-flowing
and essentially dustless. When flash drying is used, the finely powdered product
is compacted, granulated, and screened.

Commercial Processes. Arch Chemical Co. produces calcium hypochlor-
ite in a plant formerly owned by Olin Corp. The earlier triple salt process (174),
originally commercialized in 1928, was modified in 1983 (190-192). In the
patented process (192), a slurry of dibasic calcium hypochlorite is mixed with a
low salt 32% sodium hypochlorite solution, Ca(OH),, and hypochlorite liquors
and chlorinated. The resultant Ca(OCl);-2H20 slurry is filtered, the cake
going to the dry-end and the filtrate to the dibasic precipitation step where it
reacts with Ca(OH).. Freshly made granular product typically contains ~71%
Ca(OCl)s, ~16% NaCl, ~7% H50, and small amounts CaCl,, Ca(ClO3)s, Ca(OH),,
and CaCOs. It is marketed in granular form as a 68% av Cl, product as well as a
47% av Cly inert diluent blended product. The product is also marketed in 65%
and 68% av Clj tabletted form. Other blended products have also been developed
containing: NayS,05 (232), algicide (233), and anti-scalant (234,235).

Arch also produces a higher assay product in a process that is based on con-
centrated HOCI (117,118,204—206). Atomized 50% NaOH is reacted with excess
gaseous chlorine in a reactor maintained above the dewpoint (>100°C). The reac-
tor gases containing H,O, HOCI, Cl;0, and chlorine pass through a heat exchan-
ger, where the HyO, HOCI, and Cl;0 are condensed forming a concentrated
(~50%) HOCI solution. The chlorine is recycled. The HOCI solution is reacted
with hydrated lime forming a slurry of Ca(OCl),-H0, which is spray dried.
The freshly made free flowing granular product contains 80—81% av Cl,. It is
marketted as a 78% av Cly granular product.

PPG formerly operated an HOCI-based process (207,208) that was origin-
ally commercialized in 1937. Since 1984 it has operated a cocrystallization pro-
cess (195-198). According to a PPG patent (195), hydrated lime is slurried with
dilute Ca(OCl); mother liquor and precipitated as dibasic Ca(OCl); by reaction
with a stronger hypochlorite filtrate. After thickening in a settling tank, the
dibasic slurry is mixed with 50% NaOH and a stronger hypochlorite filtrate
and chlorinated to produce a slurry of Ca(OCl); dihydrate and NaCl crystals
which are classified by elutriation. The salt-rich underflow is centrifuged and
the centrate used as the elutriant. The salt is reslurried in dibasic mother liquor
and centrifuged to produce a salt cake; the centrate is sent to the dibasic preci-
pitation step. The Ca(OCl); rich overflow from the classifier is pressure filtered;
the filtrate goes to the dibasic precipitation step and the filter cake to a dryer.
The product is marketted in granular and tabletted form with 68 and 73% av Cls.

Thermal Analysis. Heating calcium hypochlorite in a stream of Ny dur-
ing dta results in dehydration at 65—70°C; further heating causes exothermic
decomposition at 200—210°C forming CaClsy, Og, and small amounts of Ca(ClO3),.

Stability. The stability of neutral calcium hypochlorite is primarily a
function of temperature and the concentrations of moisture and hydrated lime
impurities. Product containing ~7% water may lose 2—-3% av Cl; during the
first year when stored in warehouses without temperature control in moderate
climates. Decomposition produces CaCly, Ca(Cl0Os3)s, and Os.
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Table 8. Calcium Hypochlorite Statistics® 10t

Year Demand® Imports Exports
1998 70 29 24
1999 73 9 26
2002 78 9¢ 34¢
2003 794 6° 30°

“Metric tons of 65—70% calcium hypochlorite (222).
®Demand = production + imports — exports.

‘U.S. Commerce Dept. Data.

9Estimated.

Packaging and Shipping. Calcium hypochlorite is packaged in retail
sizes ranging from 0.45-kg plastic pouches and bottles to 45-kg plastic drums.
Bulk product for repackaging is shipped in large drums or supersacks.

Economic Aspects. TU.S. Ca(OCl); demand statistics are shown in Table 8
(222). In 2002, exports amounted to ~33% of annual United States production,
and imports amounted to ~9% of domestic production. Export growth is outpa-
cing domestic demand growth. Calcium hypochlorite is increasingly being used
in less developed countries for potable water treatment.

From 1994 to 1999, the U.S. market grew at an average rate of ~ 3% per yr.
Consumption is expected to grow at ~2% per year through 2003. The growth
is occurring primarily in the swimming pool market due mainly to new construc-
tion; growth in the industrial sector is relatively stagnant. Calcium hypochlorite
is used mainly (~75%) for swimming pool sanitation. Since the mid 1980s
calcium hypochlorite lost market share to chloroisocyanurates in the residential
in-ground pool sector, however, this trend has stabilized. The loss to isocyanu-
rates has been offset to a minor extent by gains over liquid bleach and chlorine
in public pools.

The main foreign producers are Japan, South Africa, and Canada. South
Korea, Brazil, and The People’s Republic of China are minor producers. Japan’s
Nippon Soda Co., Ltd. is the world’s third largest producer. Two other Japanese
producers are Toyo Soda Co., Ltd., and Nankai Chemical Industry, Ltd.

Applications. Calcium hypochlorite is used for disinfection in swimming
pools and drinking water supplies. It is also used for treatment of industrial cool-
ing water for slime control of bacterial, algal, and fungal origin, and for disinfec-
tion, odor control, and BOD reduction in sewage and wastewater effluents.
Calcium hypochlorite is employed as a sanitizer in households, schools, hospitals,
and public buildings. It is also used for microbial control in restaurants and other
public eating places. Calcium hypochlorite is used for bacterial control, odor con-
trol, and general sanitation in dairies, wineries, breweries, canneries, food pro-
cessing plants, and beverage bottling plants. It is employed as a mildewcide
in and around the home, boats, campers, and trailers (see DISINFECTANTS AND
ANTISEPTICS; INDUSTRIAL ANTIMICROBIAL AGENTS).

Safety and Handling. Calcium hypochlorite is heated to ~90°C during
drying and thus is stable at normal temperatures encountered in transportation,
storage, and use. It decomposes exothermically when heated to ~175°C,
releasing oxygen, which will intensify a fire reaching containers of calcium
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hypochlorite. It should be stored in a cool, dry, and well-ventilated area. Since
calcium hypochlorite can react vigorously and sometimes explosively with cer-
tain organic and inorganic materials, they should be kept away from it during
shipment, storage, use, or disposal. In the event of decomposition or contamina-
tion, the container should not be resealed but should be isolated if possible
and flooded with sufficient water to completely dissolve and wash away the
contents.

Hemibasic Calcium Hypochlorite. This basic hypochlorite [62974-42-9] is
produced by chlorination of hydrated lime.

2.5 Ca(OH), + 2 Cl; — Ca(OCl), - 0.5 Ca(OH), + CaCl, + 2 Hy0

The actual product contains a higher lime content because of the presence of
some dibasic compound. Because of the simplicity of the manufacturing process
it is cheaper than neutral calcium hypochlorite, and because of its higher av Cl,
and better stability, it is a superior alternative to bleaching powder.

Manufacture. Chlorination of thick hydrated lime slurry at 40-45°C
forms large crystals of hemibasic calcium hypochlorite which are filtered and
dried yielding a granular product with a Ca(OH)y content of 20—25% and an
av Cly of 60—-65%.

Economic Aspects. The approximate annual world capacity of hemibasic
calcium hypochlorite was 28,000 t in 1988 (224). The principal producers are
Japan and China; India, and Italy are minor producers.

Applications. Hemibasic calcium hypochlorite has been used primarily
in China, India, Japan, and lesser developed countries as an alternative to
bleaching powder. It can be used in the textile and paper making industries,
industrial sewage treatment, household sanitation, potable water treatment,
general sanitation, etc.

Bleaching Powder. This material is made by chlorination of powdered
calcium hydroxide.

Manufacture. In a two-stage process, hydrated lime is chlorinated
(236,237) in a jacketed reactor equipped with an agitator at 20—25°C and 5.3—
12.0 kPa (40—-90 Torr) and then at 50-55°C and 4.0-6.7 kPa (30—50 Torr).

Composition. Typical product analysis is: 36.8% Ca(OCl)y, 31.7% CaCl,,
26.2% Ca(OH),, 3.0% CaCQOs, 0.2% Ca(ClO3)s, and 0.9% H,0

Economic Aspects. The production of bleaching powder has been stea-
dily declining. Peak U.S. production was 133,400 metric tons in 1923; it decreased
to 23,600 t in 1955 and has not been reported since. Imports, averaging 1160 t
during 1980-1987, came from India, Spain, the United Kingdom, Germany,
and Canada (224). It is probably also manufactured in some less developed coun-
tries by the old Chamber process.

Applications. The high insoluble (hydrated lime) content is an undesir-
able feature of bleaching powder owing to the loss of hypochlorite in the sludge
that is formed in aqueous slurries. Bleaching powder can be employed for general
sanitation and may also be used to disinfect seawater, reservoirs, and drainage
ditches where the volume of insolubles is not important. It can be used as a
decontaminating agent for areas sprayed with chemical warfare agents such
as mustard gas (see CHEMICALS IN WAR).
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4.15. Organic and Nonmetal Hypochlorites. Alkyl Hypochlorites.
Alkyl hypochlorites, esters of hypochlorous acid, are nonpolar, volatile liquids
with irritating odors and are extremely lachrimatory. Physical property data is
limited (238—241). Primary and secondary hypochlorites are very unstable but
tertiary hypochlorites exhibit good stability. tert-Butyl hypochlorite, can be pre-
pared by chlorination of an alkaline solution of the alcohol followed by phase
separtion of the oily product:

t-C4HyOH + NaOH + Cl; — ¢-C4HoOCl + NaCl + HyO

The chemistry of t-C4HgOCI has been extensively explored (242,243). tert-Butyl
hypochlorite has been used for the preparation of allylic chlorides (244), ketoster-
oids and chlorosteroids (245), sulfoxides (246), epoxides (247) and in N-chlorina-
tion of amines (248), chlorination of 2-amino-1,4-quinones (249), and conversion
of anhydropenicillin to the 6-methoxy derivative (250) and unsaturated hydro-
peroxides to monocyclic and bicyclic chloroalkyl 1,2-dioxolanes.

tert-Butyl hypochlorite has been found useful in upgrading vegetable oils
(251), in the preparation of a-substituted acrylic acid esters (252), and esters of
isoprene halohydrins (253). Numerous patents describe its use in cross-linking of
polymers (qv) (254), in surface treatment of rubber (qv) (255), and in odor control
of polymer latexes (256). It can be used in the preparation of propylene oxide (qv)
in high yield with little or no by-products (247,257).

Flouroalkyl Hypochlorites. Numerous fluorinated and perfluorinated
alkyl hypochlorites have been synthesized and characterized, eg, CF30Cl
[22082-78-6], CoF50CL [22675-67-8], i-C3F;OC1 [22675-68-9], and ¢-C4Fy0C1
[22082-78-6]. Fluoroalkyl hypochlorites are extremely susceptible to hydrolysis
but are much more thermally stable than the corresponding parent compounds
(42) and can be prepared by reaction of CIF with the appropriate carbonyl
compound or alcohol. The fluoroalkyl hypochlorites readily react with CO and
SO, to form the corresponding chloroformates and chlorosulfates (258). They
add to olefins giving a-chloroethers (259) and form borate esters by reaction
with BCl3 (260). Fluoroalkyl hypochlorites are useful as insecticides, initiators
for polymerizations, and bleaching and chlorinating agents (261).

Acyl Hypochlorites. Although no acyl hypochlorites [RCO3Cl] have been
isolated in pure form, they have been characterized in solution and employed as
reactants via in situ generation from Cl;0 or HOCI and carboxylic acids, or from
Cl; and silver salts of carboxylic acids (40,242). Perfluoroacyl hypochlorites have
also been prepared (262). Although they are thermally unstable and explosive,
CF3CO45Cl and C3F;COyCl are easily handled and are well characterized.

Other Hypochlorites. Inorganic nonmetal unipositive oxychlorine com-
pounds include CIONO, (22), CIOCIO3 (263), and the hypochlorites derived
from monobasic fluorine-containing oxyacids of the group VIA elements S, Se,
and Te; eg, HOSO,F (264), HOSO,CF3 (265), HOSF5 (265,266), HOSeF5 (267),
and HOTeF5 (268). In addition, two members of a new class of unipositive chlor-
ine compounds derived from the hydroperoxides CF300OH and SF;O0H have
been prepared (269-272).
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