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CYANURIC AND
ISOCYANURIC ACIDS

1. Introduction

Cyanuric acid [108-80-5] is a white crystalline solid, which was discovered by
Scheele in 1776 but did not achieve commercial importance until the late
1950s, primarily via its derivatives. The chemistry of cyanuric acid is diversified
because of multiple reaction sites leading to a number of useful products, eg,
chloroisocynaurates and organoisocyanurates. In addition, the thermal dissocia-
tion product of cyanuric acid, isocyanic acid, is very useful in organic synthesis
and in other applications, eg, diesel engine pollution control.

2. Structure

Cyanuric acid is a heterocyclic compound containing a 1,3,5 triazine ring that
exists in two isomeric foms, ie, enol and keto tautomers, which can be considered
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as cyclic trimers of cyanic (HOCN) and isocyanic acid (HNCO), respectively.

HO.__N.__OH |
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Infrared (ir), Raman, and ultraviolet (uv) spectroscopic, and X-ray crystallo-
graphic data suggests that the keto (iso) form prevails in the solid state and in
neutral or acidic solutions (1—-3). In alkaline solution, the anion formed is that of
the enol tautomer. Through common usage, both forms are collectively called
cyanuric acid (CA). The following line formulas for cyanuric acid are used in
the article: H3(NCO)3 or H3Cy, where (NCO);3 and Cy represent the triisocyanu-
rate anion (Cy can also represent a mixed isocyanurate/cyanurate anion such as
that in sodium dichloroisocyanurate).

3. Nomenclature

The trihydroxy form is variously designated cyanuric acid, s-triazine-2,4,6-triol or
2,4,6-trihydroxy-s-triazine. The trioxo structure, or s-triazine-2,4,6(1H,3H,5H)-
trione is the basis for the isocyanuric acid nomenclature. The triazine-based sys-
tem is preferred in the scientific literature and is used by government regulatory
agencies; however, the less cumbersome (iso)cyanurate designations persist in
commerce.

4. Properties

4.1. Acidic Dissociation Constants. Cyanuric acid is a titrable weak
acid: pK,; =6.88, pK,o=11.40, pK,3=13.5 (4). The temperature dependent
equation for K,; (T in kelvin) is given by log K,; =—31.08 +0.154T — 2.441 x
107*T? (5). The pH of a saturated aqueous solution of pure CA at room tempera-
ture is ~4.8.

4.2. Solubility. Solubility of CA in water is only 0.2% at 25°C but
increases to 2.6% at 90°C and 10.0% at 150°C (6). In aqueous alkali (eg,
NH,OH, NaOH, KOH) solubility increases due to salt formation. The solubility
in 96% HoSO,4 at 25°C is 14.1%. Cyanuric acid is only slightly soluble (~0.1%) at
room temperature in common organic solvents such as acetone, benzene, diethyl
ether, ethanol, and hexane (7). Solubility is significant in basic nitrogen com-
pounds (eg, dimethylformamide 7.2%) or unusual solvents such as DMSO
(17.4%). By contrast with CA, its chlorinated derivatives TCCA and DCCA are
readily soluble in polar organic solvents (eg, ketones, nitriles, and esters) (8).

4.3. Hydrates. In aqueous media CA forms a dihydrate, which crystal-
lizes as colorless monoclinic prisms that effloresce in dry air (9). The transition
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temperature from dihydrate to anhydrous CA is ~57°C (10). The densities of
anhydrous CA and CA dihydrate at 25°C are 1.75 and 1.66 g/mL, respectively (8).
4.4. Sublimation/Dissociation. Cyanuric acid, H3(NCO)3, is an odor-
less, white, infusible, crystalline solid that does not melt up to 330°C. At higher
temperatures it sublimes and dissociates to isocyanic acid (HNCO) [75-13-8].

H3(NCO);(s) = H3(NCO)3(g) = 3 HNCO(g)

The equilibrium constants for dissociation of CA in the gas phase are 0.02 and
0.76 MPa”® (1.9 and 74.3 atm?® at 365 and 434°C, respectively (11). Below
350°C, isocyanic acid tends to polymerize, whereas above 350°C it can form by
depolymerization of CA.

Isocyanic acid formed by thermal depolymerization of CA can be condensed
at low temperature and employed in synthesis (12,13). Isocyanic acid is also
formed in good yield by reaction of NaOCN with stearic or oxalic acid (14). It
polymerizes at room temperature to a mixture of cyclic trimer (HNCO); and
linear polymer (HNCO),, cyamelide [462-02-2] (15). Cyamelide is converted to
CA by heating at 200—250°C (8).

The possible formation of dicyanic acid from HNCO has been studied in the
gas, liquid, and solid phases by NMR and MS (14).

4.5. Vapor Pressure. The vapor pressure of CA at 167—200°C is given
by log P (kPa) =5552/T + 11.54 (T in kelvin) (16). Over the 295-360°C range the
vapor pressure is given by: log P (kPa) =6740/T + 13.38 (11).

4.6. Spectral Data. Spectroscopic data are available (1-3). Proton
nuclear magnetic resonance (*H nmr) is of limited usefulness because of proton
exchange and CAs symmetry and low solubility. Nuclear quadrupole resonance
measurements (**N) have been reported (17).

4.7. Thermodynamic Data. Thermodynamic values for CA are (18):
AHg —690.8, —660.2 (19) kJ mol ', AH omp 918.4 kJ mol !, AH 1> © 133.6 kJ
mol ' (20) C,25° 132.9 kJ mol * K! (20), and AH ., NaOH) 1st H 28.2, 2nd H

17.2 kJ mol L.

5. Chemistry

Cyanuric acid is a cyclic triimide, and undergoes reactions at N, O, or C, eg, salt
formation, hydrolytic and oxidative ring cleavage, C-halogenation, N-halogena-
tion, and alkylation. Reaction at nitrogen produces isocyanurates R3(NCO)s,
whereas reaction at oxygen forms cyanurates (RO)3(NC);. Mixed derivatives
are possible, as in the case of the sodium salt of dichloroisocyanuric acid.
Virtually all of the organo derivatives of CA are produced by reactions character-
istic of a cyclic imide, wherein isocyanurate nitrogen (frequently as the anion)
nucleophilically attacks a positively polarized carbon of the second reactant.
See Ref. 21 for a review of cyclic imide chemistry.

Although numerous mono-, di-, and trisubstituted organic derivatives of
cyanuric and isocyanuric acids appear in the literature, many are not accessible
via cyanuric acid. Cyanuric chloride 2,4,6-trichloro-s-triazine [108-77-0], is
generally employed as the intermediate to most cyanurates. Trisubstituted
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isocyanurates can also be produced by trimerization of either aliphatic or
aromatic isocyanates with appropriate catalysts (22) (see ISOCYANATES, ORGANIC).
Alkylation of CA generally produces trisubstituted isocyanurates even when a
deliberate attempt is made to produce mono- or disubstituted derivatives.
There are exceptions, as in the production of mono(2-aminoethyl) isocyanurate
[18503-66-7] in nearly quantitative yield by reaction of CA and aziridine in
DMF (23).

5.1. Hydrolysis. Compared to its precursor (HNCO), CA is unusually
stable to hydrolysis. It is only slowly hydrolyzed by hot aqueous alkali and
virtually inert to acidic hydrolysis. Indeed, CA can be heated under pressure
in sulfuric acid solution at 200°C with minimal decomposition.

5.2. Oxidation. Although the triazine ring of cyanuric acid is stable to
oxidizers such as peroxydisulfate, it can be cleaved by alkaline hypochlorite:
2 H3(NCO)3+9 ClI0™ —3 No+6 CO3+9 Cl™ + 3 Ho0 (24). Chloroisocyanurates
are similarly decomposed by alkaline hypochlorite (8).

Although CA is stable to ozone, it can be oxidized by ozone and uv-ozone
under hydrothermal-supercritical conditions (25) and by O3—Hy05 (26). In addi-
tion, CA can be oxidized by sulfate ion radicals generated by laser photolysis (27).

5.3. Salt Formation. Although much weaker than the parent compound
isocyanic acid (pK, =3.7), CA is sufficiently acidic to form salts. Many inorganic
and organic salts of CA have been reported (18). Lead and zinc cyanurates are
useful as corrosion inhibitors (28). The 1:1 adduct melamine cyanurate [37640-
57-6] is prepared by reaction of melamine with CA in aqueous media and has
achieved commercial importance (29).

5.4. Chloroisocyanurates. The kinetics of N-chlorination of CA in
basic media have been studied by stopflow spectrophotometry (30). The N-chloro
derivatives are the most important commercial products derived from CA.
Trichloroisocyanuric acid [87-90-1] (Cl3Cy TCCA) or 1,3,5-trichloro-s-triazine-
2,4,6—1H,3H,5H)-trione, is produced commercially in >90% yield by chlorination
of aqueous trisodium cyanurate, prepared from CA and NaOH in a 1:3 molar
ratio (31):

Cl
|
NaO N ONa (0] N (0}
\(O/ + 3Cl, —> Y \f + 3 NaCl
N \( N o N\ﬂ/ N\Cl
ONa (0]

Another commercial process is based on reaction of HOCI and chlorine with
monosodium cyanurate (32). TCCA also can be formed by reaction of preformed
or in situ generated HOCI with CA slurry (33) or by reaction of dichlorine mon-
oxide with finely powdered CA (34). Small amounts of ammelide and ammeline
present in commercial CA are converted to TCCA by HOCI or Cl,0; the exocyclic
amino groups are converted to unstable —NCl,, which is cleaved by HOCI
forming a carbonyl group and NCl; (35,36). By contrast, reaction of melamine
with excess HOCI produces hexachloromelamine which is realtively stable to
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HOCI (8). The reaction with ammelide is shown below.

cl
|
O~__N._ _NH 0~ _N__O
Y \\( ’ + 6HOCl — Y \( + NCl; + SH,0
H’N\H/N‘H CI/N\H/N\CI
0 0

Dichloroisocyanuric acid [2782-57-2] (HCI;Cy DCCA) or 1,3-dichloro-s-
triazine-2,4,6(1H,3H,5H)-trione is produced commercially in >90% yield by
chlorination of disodium cyanurate, prepared by reaction of CA and caustic in
a 1:2 molar ratio (31). It also can be prepared by reaction of CA with TCCA
(37), HOCI (33), or Cly0 (34). Drying fine crystalline TCCA needles isolated
from concentrated aqueous NaCl also forms DCCA (38). Monochloroisocyanuric
acid cannot be isolated from aqueous media because of rapid disproportionation
to DCCA and CA.

DCCA is a fairly strong acid (pK, = 3.75), much stronger than CA, and salts
are readily prepared by neutralization with aqueous base (39):

O~ _N_ _OH 0O~__N_ _ONa
Y Y + NaOH — Y Y + H,0
c1/N\n/N\C1 c1/N\n/N\c1
e} e}

Only the monosodium [2893-78-9] and monopotassium [2244-21-5] salts of DCCA
have achieved commercial significance. Sodium dichloroisocyanurate (NaClyCy
SDCC) forms a mono NaCl;Cy - H,O (SDCC - H) [52671-45-1] (8) and a dihydrate
NaClyCy - 2H50 (SDCC - 2H) [51580-86-0] (40). Both the anhydrous salt and its
dihydrate are items of commerce. SDCC also can be prepared by reaction of
TCCA with trisodium cyanurate [3047-33-4] (41). Other routes to SDCC include
reaction of a moistened powdered mixture of TCCA, CA, and NaHCO;3; (42),
reaction of crude CA with NaOCI (43), and reaction of NaH,Cy with HOCI (44)
or Cl,O (45). Reaction of TCCA with saturated NaCl solution also forms SDCC:
Cl3Cy + NaCl — NaCl;Cy + Cl, (46). Other metal chlorides and salts also can be
used leading to formation of numerous other metal dichloroisocyanurates (46).

5.5. Chloroisocyanurate Double Salts. Two double salts of potassium
dichloroisocyanurate KCl;Cy (PDCC) and TCCA are known, ie, Cl3Cy - KCl,Cy
[30622-37-8] and Cl5Cy -4KCl;Cy [306 22-37-8]. The latter has been produced
commercially. It can be prepared by reaction of TCCA dissolved in acetone
with aqueous PDCC (47), by reaction of TCCA with saturated KCI solution
(46), or by reaction of CA with KOCI (48). A number of mixed metal dichloroiso-
cyanurate double salts have been prepared (49). Other double salts also are pos-
sible, including those containng DCCA as well as bromoisocyanurates (8). Some
properties of CA and chloroisocyanurates are given in Reference 50.

5.6. Bromoisocyanurates. Bromo and bromochloro derivatives of CA
include HBrCICy [889325-49-2], HBr,Cy [15114-43-9], NaBrClCy [20367-88-8],
NaBroCy [15114-43-8], KBr,Cy [15114-46-2], BrCl,Cy [89696-38-8], Br;ClCy,
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and Br3Cy [17497-85-7] (51-54) (see CHLORAMINES AND BROMAMINES). Various
bromo and bromochloro containing double salts also are possible (8).

5.7. Reaction with Epoxides. Cyanuric acid and ethylene oxide react
nearly quantitatively at 100°C forming the commercial product tris(2-hydro-
xyethyl)isocyanurate [839-90-7] (THEIC) (55—59).

H CH,CH,OH
0 _N__O O _N__O
0
Y e — YT
NN 3 H,C—CH, N
H” \ﬂ/ “H HOCH,CH,” \ﬂ/ ~CH,CH,0H
0 0

Propylene oxide yields the hydroxypropyl analogue (55,56). CA and alkylene oxi-
des react at ~200°C in inert solvent to give N-hydroxyalkyloxazolidones in ~70%
yield (60). THEIC also can be prepared via in situ ethylene oxide formation by
reaction of CA and 2-chloroethanol in aqueous caustic (59). THEIC can react
further via its hydroxyl functionality to form esters, ethers, urethanes, phos-
phites, etc (61). Heating THEIC under vacuum yields 2-oxazolidone (7). Reaction
of CA with epichlorohydrin in alkaline dioxane solution gives tris(3-chloro-2-
hydroxypropyl)isocyanurate [7423-53-2] (62) (see CHLOROHYDRINS). This material
can be converted into the commercial product, tris(2,3-epoxypropyl)isocyanurate
[2451-62-9] (triglycidyl isocyanurate) by dehydrohalogenation with alkali (62).
Reaction of CA with glycidol [556-52-5] yields tris(2,3-dihydroxypropyl)isocyanu-
rate (63).

5.8. Reaction with Organo Halides. The commercial product triallyl
isocyanurate [1025-15-6] (TAIC) is formed in 82% yield by action of CA on allyl
chloride at 130°C in the presence of triethylamine (56,64).

H CH,CH=CH,
0 N 0 +3E6N (0] N (o)
Y \( + 3CH,=CHCH,C]| ————> Y \f
N NG ~3EN.HCI _N__N.
vy H H,C=CHCHy [ CH,CH=CH,
0 o)

A mixed allyl- and hydroxyethyl-substituted isocyanurate is obtainable by react-
ing alkaline CA with a mixture of 2-chloroethanol and allyl chloride (65). Various
di- and trisubstitiuted isocyanurates (or cyanurates) can be prepared from CA
and the appropriate organohalide using bases such as triethylamine, NaOH, or
AgOH as acid acceptors (7,56,64,66,67—69). The choice of base can influence the
type of product obtained. For example, reaction of CA with methyl iodide in the
presence of AgOH yields trimethyl cyanurate, whereas in the presence NaOH,
trimethyl isocyanurate [827-16-7] is obtained. Similarly, reaction of CA with
acetyl chloride in the presence of AgOH forms triacetyl cyanurate. Reaction of
CA with pentabromobenzyl bromide yields tris(pentabromobenzyl)isocyanurate
in 75% yield. The product melts >340°C and has potential use as a flame retar-
dant additve for engineering plastics (70).

5.9. Reaction with Carbonyl Compounds. Cyanuric acid readily dis-
solves in aqueous formaldehyde forming tris(thydroxymethyl)isocyanurate
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[10471-40-6] (18), which in turn reacts with acetic anhydride to yield tris(ace-
toxymethyl)isocyanurate [54635-07-3], either thionyl chloride or phosphorus
pentachloride to give tris(chloromethyl)isocyanurate [63579-00-0], and phenyl
isocyanate in pyridine to yield tris(N-phenylcarbamoxymethyl)isocyanurate
[21253-39-4] in 87% yield (71). Reaction of CA with paraformaldehyde and
2,6-dicyclohexylphenol yields tris(3,5-dicyclohexyl-4-hydroxybenzyl)isocyanu-
rate (72).

5.10. Addition to Aliphatic Double Bonds. Cyanuric acid adds to
acrylonitrile in alkaline dimethylformamide at 130°C forming bis(2-cyanoethyl)-
[2904-27-0] and tris(2-cyanoethyl) [2904-28-1] isocyanurates (56). Acidic hydroly-
sis forms the corresponding carboxyethyl derivatives, whereas, hydrogenation in
the presence of ammonia produces bis- [69455-19-2] and mono-3-aminopropyl
[69455-20-5] isocyanurates (56). Addition of CA to acrolein produces tris(3-oxo-
propyl)isocyanurate, useful as a crosslinking agent for coatings and plastics
(58). Ketene in acetone reacts with alkaline CA to give triacetyl cyanurate
[13483-16-4] in high yield rather than the isocyanurate (73). Cyanuric acid adds
to N-substituted maleimides forming trisubstituted isocyanurates that can be
hydrolyzed, forming carboxylic acid and secondary amine functionalities (57).

5.11. Other CA Reactions. Trimethyl isocyanurate [827-16-7] can be
synthesized in 60% yield by the reaction of CA with dimethyl sulfate in alkaline
medium (7) or with diazomethane (74), and in essentially quantitative yield by
thermal rearrangement of trimethyl cyanurate [877-89-4]. Isomerization of
alkyl cyanurates to the corresponding isocyanurates is frequently observed
(18,75). Cyanuric acid reacts with bicyclic amide acetals forming triols, useful
for preparation of polyurethanes (76). Reaction of tris(tributylstannyl)isocyanu-
rate with acetyl chloride yields triacetylisocyanurate [35843-57-3] (77).

5.12. Organometallic Derivatives. Organogermanium, organosilicon,
and organotin substituted isocyanurates have been prepared by reaction of CA
with the appropriate reagent containing a reactive chlorine or hydroxyl:
[(CoH5)3GelsCy, [(CHj)sSilsCy, [(CHg)3SiNHIsCy, [(C4Hg)sSnlsCy [752-58-9],
and [(CgH5)3Sn]3Cy [752-74-9] (78—80).

5.13. Reactions Involving Dissociation of CA. Isocyanic acid pro-
duced by thermal dissociation of CA has many useful synthetic applications.

Isocyanates. Isocyanic acid adds to double and triple bonds of unsatu-
rated compounds such as alkenes, alkynes, diazo, and carbonyl forming isocyanates
(81). HNCO also has been used to prepare acyl isocyanates, isocyanatosilanes,
and organophosphorus isocyanates (82).

Ring Formation. Addition reactions of HNCO across carbon-nitrogen
double bonds exhibit a tendency toward cyclization, eg, azines can form bitria-
zoles, Schiff bases can form either four- or six-member rings, and ketenes can
give six-member rings.

Reaction with Alcohols. HNCO reacts with alcohols forming carbamates
and allophonates.

Reaction with Carboxylic Acids. Carboxylic acids yield amides on reac-
tion with HNCO. Heating CA with high boiling fatty acids at 250°C gives high
yields of the corresponding nitriles (83).

Reaction with Amines. Primary and secondary amines react with HNCO
forming ureas.
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Reaction with Inorganic Compounds. Reaction of HNCO with hydrogen
halides gives carbamyl halides. Cyanuric acid and ammonia react under pres-
sure and catalysis at 350—400°C to produce melamine [108-78-1] (84). Carbohy-
drazide is produced in 71% yield by refluxing a mixture of CA and hydrazine
hydrate (85). Heating a mixture of CA and boric acid >200°C produces hexagonal
boron nitride, useful in electronic applications (86). Metal cyanates are obtained
by treating CA with alkali metal carbonates at 350—550°C in an atmosphere of
carbon dioxide (87). Metal cyanides are obtained by reducing HNCO to HCN with
C or CO followed by reaction with alkali metal hydroxides (88).

5.14. Triazine Chemistry via Cyanuric Chloride. Conversion of CA
into cyanuric chloride [108-77-0] (CICN)3 by PCl; is an example of reaction at
carbon (89).

H
|
(6] N (6] Cl N Cl
Y \f + 3PCls —> \©\( + 3POCl; + 3HCI
H,N\H/N\H N\rN
(6] Cl

Cyanuric chloride as an imidoyl chloride reacts as an acid chloride, unlike chlor-
oisocyanurates. It is a convenient precursor to alkyl or aryl cyanurates by reac-
tion with alcohols or phenols, or to substituted melamines by reaction with
amines; alkaline conditions are employed in both cases and yields are generally
high.

Cl

Cl N
mY + 3ROH (or3RNH;) + 3NaOH —>
N N

T

Cl
(RHN) (NHR)

RO N OR
\©\r + 3NaCl + 3H)O
N N

T

OR
(NHR)

Cyanuric chloride reacts with sodium sulfide to form trithio(iso)cyanuric acid
[638-16-4] (18). Reaction of cyanuric chloride with 1, 2 or 3 mol of ammonia
followed by hydrolysis yields mono-, di-, and triaminotriazines, eg, ammelide,
ammeline, and melamine. For a review of cyanuric chloride chemistry, see
Ref. 90.

6. Preparation

6.1. Pyrolysis of Urea. On a commercial scale, CA is produced by pyr-
olysis of urea [57-13-6]. When urea (mp 132.7°C) is heated at ~250°C for 1 h, it is
converted to crude CA with evolution of ammonia.

3 H,NCONH; — H3(NCO), + 3NH;  AH =~ 172 kJ mol !
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The molten urea thickens and eventually solidifies. The initial decomposition
reaction of urea is dissociation into isocyanic acid and ammonia. The latter
two compounds recombine forming an equilibrium amount of ammonium cya-
nate. Biuret [108-19-0] (H,NCONHCONH,), mp 192°C, is an intermediate dur-
ing the pyrolysis; some triuret [556-99-0] (H2NCONHCONHCONH,), mp 233°C,
may also form. These intermediates form by successive reactions of urea with iso-
cyanic acid. Urea cyanurate [69455-21-6] and possibly biuret cyanurate (91) are
formed initially. Cyanuric acid can form by trimerization of HNCO and by cycli-
zation of triuret. Other intermediates include cyanamide (H,NCN) [420-04-2]
and guanidine [HoNC(=NH)NH5] [113-00-8] which form by ammination of iso-
cyanic acid and urea, respectively. Other analogous compounds also may form by
ammination of biuret and triuret. These intermediates result in formation of
aminotriazine by-products, primarily ammelide [645-93-2], some ammeline
[645-92-1], and minor amounts of melamine [108-78-1]. Water is formed on
ammination of urea and its intermediates resulting in hydrolysis of some urea
to NH3 and CO,, reducing yield. Mechanisms for urea pyrolysis have been
proposed (92—94).

6.2. Crude CA Purification. The crude product containing aminotria-
zines can be purified by digestion with acids (eg, hydrochloric, nitric, or sulfuric);
this hydrolyzes the acyclic impurities to carbon dioxide and ammonia and the
aminotriazines to CA and ammonia (95).

H H
(0] N NH (0} N NH H,N N NH
ST T O
x
hig T T
(0] NH, NH,
ammelide ammeline melamine

o)
\[é + 6NHj;
N

Other options for the purification of CA include: dissolution in hot water, aqu-
eous ammonia, aqueous formaldehyde, or hot dimethylformamide followed by
filtration to remove most of the impurities. The CA is recoverable by cooling
the aqueous solution (96), acidifying the ammonium hydroxide solution (97), or
cooling the dimethylformamide solution with further precipitation of CA by
addition of carbon tetrachloride (98). Sodium hydroxide addition precipitates
monosodium cyanurate from the formaldehyde solution (99).

6.3. By-product Reduction. By-product formation can be reduced by
use of a stripping gas or vacuum to facilitate removal of ammonia (8,100); how-
ever, sublimation of urea becomes excessive if the pressure is too low. Addition of
ammonium salts (eg, F~, Br~, C1", NOg, or S0%-) (8,101-103), acids, or pyrolysis
of preformed urea salts, eg, urea hydrochloride [506-89-8], sulfate, or nitrate
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[124-47-0] (104,105) significantly reduces aminotriazine formation. However,
these alternatives can present potential corrosion problems. Pyrolysis of urea
cyanurate also provides a higher assay product. Although pyrolysis of the
urea derivatives, biuret and triuret, give less aminotriazines due to reduced
ammonia evolution, these materials are not readily available on a commercial
scale and in addition would be too expensive.

6.4. Pyrolysis in Organic Solvents. Aminotriazine formation can be
reduced to an acceptable level (<1%), thus eliminating the need for acid diges-
tion, by pyrolysis of urea in certain high boiling solvents. Numerous solvents
are disclosed in the patent literature. Some of these solvents (eg, hydrocarbon
oils, aromatics, and chlorinated organics) do not dissolve urea and therefore
still produce a crude product. Some solvents react with urea forming intermedi-
ates, eg, in alcohols, carbamates and allophanates are formed that decompose to
CA. These intermediates can produce undesirable by-products, eg, olefins and
organic carbonates. Since all organic solvents undergo some oxidation and disco-
loration yielding discolored product that requires further purification, exclusion
of air is crucial. Chemical and physical solvent losses can render a process
uneconomical. Desirable solvents are good solvents for urea, poor solvents
for CA, high boiling, and stable to pyrolysis intermediates, ammonia, oxygen,
and heat. Although no perfect solvent has been identified, some solvents, eg,
dinitriles (106) pyrrolidinones (107,108), and sulfones (109) largely meet these
requirements.

6.5. Other Routes to CA. High purity CA may be produced by thermal
decomposition of carbamyl chloride (or allophanic chlorides) produced by the
high temperature reaction of ammonia and phosgene (110), hydrolysis of cyanu-
ric chloride (13), or acid digestion of aminotriazines, eg, melamine (111). These
methods are not commercially viable due primarily to high raw materials costs
and/or unwanted by-product formation. However, the conversion of by-product or
waste cyanuric chloride or aminotriazines to CA on a break-even or near break-
even basis may be economic as a pollution control measure.

Cyanuric acid of variable purity can also be prepared from gaseous isocya-
nic acid (HNCO) [75-13-8] produced by (I) volatilization of urea (8,112), (2) by
oxidation of HCN over a silver catalyst (113,114), and (3) by reaction of H,,
CO, and NO (60-75% yield) over palladium or iridium catalysts at 280—450°C
(8,115).

7. Manufacture

The majority of the cyanuric acid produced commercially is made via pyrolysis of
urea [57-13-6] in directly or indirectly fired stainless steel rotary kilns. Small
amounts of CA are produced by pyrolysis of urea in stirred batch or continuous
reactors, over molten tin, or in sulfolane.

7.1. Kiln Pyrolysis of Urea. The feed to the kiln, either urea melt or
aqueous solution, is sprayed onto a moving bed of crude CA pebbles. The kiln
slopes slightly downward to facilitate transport of the crude CA toward the
spill area at the end of the kiln. The kiln operates under slight vacuum allowing
air to be drawn into the kiln to avoid explosive concentrations of ammonia
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(15—27 mol%). Concentrations of urea, CA, intermediates, and by-products vary
along the length of the kiln. The average product temperaure is ~250°C. The
crude product exiting the kiln after a residence time of ~1 h consisting of 2—
20 mm pebbles, typically contains ~20% aminotriazines. About 75% of the
crude CA is recycled to the front of the kiln. The gases from the kiln consisting
of air, ammonia, CO,, urea, CA, and probably HNCO and cyanamide are
scrubbed in aqueous urea and the resultant solution containing small amounts
of biuret, CA, and aminotriazines is recycled to the urea feed to the kiln.

7.2. Operational Problems. Since conversion of urea to CA is endother-
mic and goes through a plastic stage, heat, and mass transport are important
process considerations. In the later stages of pyrolysis, heat transfer becomes
poor and care must be exercised to prevent the reaction mass from being heated
~300°C since yields are lowered by decomposition of the product. Other problems
are agglomeration and adhesion of the reaction products to the wall of the kiln.
Agglomeration impedes conversion and adhesion results in a higher level
(20—30%) of aminotriazines due to overheating. Agglomeration and adhesion
during kiln pyrolysis of urea can be diminished by low heat rates and peripheral
speeds (116), sufficiently high wall temperatures (116,117), radiant heating
(118), multiple urea injection ports (116), use of heat transfer fluids (117),
recycling 60—90% of the crude CA to the urea feed to the kilns (116), and prior
formation of urea cyanurate (119).

7.3. Acid Digestion. Purified CA (>99% assay) is produced by digesting
the ground crude product in 15-20% sulfuric acid. The digestion can be carried
out at atmospheric pressure or above (95,116). The digested CA slurry is filtered
and washed to remove ammonium bisulfate and residual sulfuric acid. A small
portion of the filter cake (~10%) is dried conventionally at temperatures up to
200°C, granulated, and packaged for merchant sales. The remainder of the CA
filter cake, which contains a small amount of water, is converted to N-chloroiso-
cyanurates.

7.4. Pollution Control. The ammonia by-product from digestion is typi-
cally trapped as NH,HSO,4, which can represent a significant water pollution
burden. Indeed, many patents dealing with the manufacture of CA seek alterna-
tives to aminotriazine formation and subsequent hydrolysis. When nitric acid is
employed in crude CA purification, NH;NOj is formed which can be sold as fer-
tilizer, often blended with urea. Gaseous ammonia by-product from the pyrolysis
of urea can be recovered or burned and does not represent an exceptional
pollution problem.

Other pollution constraints appear in the production of chloroisocyanus-
rates. Biocidally active chlorine in waste streams must be destroyed by hydrogen
peroxide or other suitable reagents, and triazine compounds must be reduced in
the effluent since they represent a nitrogen pollution load. This is generally
achieved by dechlorination and acidification to yield CA, which can be filtered
off as is or after conversion to the monosodium salt and recycled (120).

7.5. Pyrolysis Alternatives. Beside continuous horizontal kilns,
numerous other methods for dry pyrolysis of urea have been described, eg, use
of stirred batch or continuous reactors, ribbon mixers, ball mills, etc (121), heated
metal surfaces such as moving belts, screws, rotating drums, etc (122), molten tin
or its alloys (123), dielectric (124) and microwave heating (125), and gas (126)
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and vibrational (127) fluidized beds (with performed urea cyanurate). All of these
modifications yield impure CA.

In pyrolysis employing molten tin, a flow of molten urea on the surface is
eventually converted to a sheet of crude CA 15—-20 mm thick. After reaching
the edge of the tin bath, the moving sheet falls into a mill. The resultant pow-
dered crude CA (contaminated with tin metal) is subjected to acid hydrolysis
to convert aminotriazines (30—-40%) to CA. Tin losses can amount to 15-kg/t
product.

7.6. Solvent Processes. Of the many solvents disclosed, only sulfolane
(tetramethylene sulfone) (109) and N-cyclohexyl-2-pyrrolidinone (108) have been
employed commercially.

Pyrolysis. The process can be carried-out batchwise or continuously. The
pyrolysis employing either molten or solid urea feed is typically carried out under
reduced pressure, eg, 27—40 kPa (200—300 torr) at temperatures of ~200—250°C.
Residence time varies from one to several hours depending on temperature. The
ammonia by-product is removed continuously after passing through a solvent
condenser and pressure control valve. The reactor produces a slurry of crystal-
line CA dispersed in the solvent that is saturated with CA and contains small
amounts of urea and biuret.

Product Recovery. Product recovery can vary: (I) the slurry can be
cooled, diluted with methanol, filtered and the CA washed with methanol, the
filtrate distilled to remove methanol, the solvent returned to the process, and
the CA dried to remove residual methanol; (2) the CA slurry can be quenched
in water and after hydration of the CA is centrifuged and the CA washed with
water; the centrate is distilled to remove water, the solvent returned to the pro-
cess, and the CA is dried in a flash dryer; (3) the slurry can be concentrated in a
crystal separator, the CA freed of solvent in a falling film evaporator and the sol-
vent returned to the process; and (4) the CA slurry can be filtered by centrifuga-
tion, the centrate returned to the pyrolysis vessel and the CA crystals dried
under vacuum to remove residual solvent along with small amounts of urea
and biuret. The dry off-white or tan CA containing <1% aminotriazines and
traces of occluded solvent can usually be used for the manufacture of chloroiso-
cyanurates.

Product Purification. CA destined for use in other applications may
require purification, which can involve recrystallization from water or other
treatment.

8. Economic Aspects

8.1. Cyanuric Acid. Occidental Chemical Corp. and Clearon Corp., in the
United States, are the world’s largest bulk suppliers of cyanuric acid and chlor-
oisocyanurates. They have a combined CA capacity in excess of 40,000 t/year,
90% of which is converted into chlorinated derivatives. The main foreign produ-
cers are in Japan with smaller producers in several European countries, China,
Taiwan, and Korea.

8.2. Chloroisocyanurates. Global capacity for trichloroisocyanuric
acid and anhydrous and hydrated sodium dichloroisocyanurate was about
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180,000 t in 2000 (128). Most product produced in Japan is exported to the US.
The US market is the largest and grew at 5.5%/year from 1996 to 1999. Swim-
ming pool and spa sales represent ~83% of the total U.S. consumption, which is
expected to grow at about 3.5%/year from 1999 to 2004.

9. Specifications and Analysis

Cyanuric acid is sold mainly in coarse granular form and is also available in pow-
dered form. Typical composition of commercial product is CA >99%, ammelide
and ammeline <0.5%, and moisture and volatiles <0.5% (1—4% in some domestic
product). Trace amounts of ammonium salts (typically sulfate) are also present.

9.1. Analysis. Various methods are available for analysis of cyanuric
acid, its impurities, and derivatives.

Titrimetry. Cyanuric acid can be titrated as a monobasic acid in aqueous
media (end point pH ~8.5). However, this method is of limited utility because of
interferences by weak acids (eg, acetic acid) and aminotriazine impurities such
as ammelide and ammeline. Cyanuric acid dissolved in DMSO—-benzene can be
titrated potentiometrically with tetrabutylammonium hydroxide in benzene—
methanol (129). Although ammelide and ammeline do not interfere, melamine
does; biuret interferes slightly. Since crude CA contains only small amounts of
biuret and melamine, the error is small. Cyanuric acid in wastewater can be
determined by amperometric titration with Hg(NO3z)s (130). Urea can be deter-
mined after hydrolysis to ammonia with urease followed by distillation and titra-
tion with acid. Ammonium ion can be determined by basification/distillation/
alkalimetry. Available Cly on chloroisocyanurates is determined iodometrically.

Via Melamine Cyanurate. Aqueous solutions of CA can be analyzed by
precipitation of melamine cyanurate and quantitated gravimetrically (131),
volumetrically (132), or turbidimetrically (133,134). Since ammelide is acidic it
also may interfere in this method if present.

Liquid Chromatography. Aqueous solutions of CA (eg, swimming pool
water) can be accurately analyzed by hplc (134,135).

lon Chromatography. Cyanuric acid in swimming pool water and crude
cyanuric acid and its by-products (ammelide, ammeline, and melamine) can be
determined by ion chromatography (136).

Gas Chromatography. Solid CA samples can be readily analyzed after
derivitization with organosilylating agents; this method allows simultaneous
determination of CA, ammelide, ammeline, and melamine (8,137).

Spectrophotometry. Solutions of CA and chloroisocyanurates can be
analyzed via uv spectrophotometry (4,134). Ammelide and ammeline can be
determined by uv spectrophotometry after separation from CA via their acid
solubility or by means of a cation exchange resin (138). Biuret can be determined
by uv spectrophotometry. Solid cyanuric acid and the chloroisocyanurates can be
readily identified via ir (139).

Polarography. Aqueous solutions of CA can also be analyzed by differen-
tial pulse polarography (140).

lon-Selective Electrodes. Ammonium ion in cyanuric acid can be dter-
mined by means of an ion-selective electrode (141). An isocyanurate ion specific
electrode has been used to determine CA in swimming pool water (142).
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X-Ray Diffraction. Solid cyanuric acid and the chloroisocyanurates can be
readily identified by X-ray diffraction.

10. Health and Safety Factors

10.1. Toxicity. Acute toxicities (LD5q g/kg, rats) for CA and chloroisocya-
nurates are CA >5.0, SDCC 1.67, PDCC 1.22, and TCCA 0.75 (143). A review of
toxicological studies on CA and its chlorinated derivatives is given in Ref. 144.
These studies show that the compounds are safe for use in swimming pool and
spa/hot tub disinfection, sanitizing, and bleaching applications when handled
and used as directed.

10.2. Biodegradability. Most uses of chloroisocyanurates are regulated
by the EPA under FIFRA. Cyanuric acid (or cyanurate) is ultimately the end pro-
duct of use of chloroisocyanurates in bleaching, sanitizing, and disinfection appli-
cations. Since the N-chloro derivatives are biocidal, biodegradation studies have
centered on the residual CA, which has been shown to undergo biodegradation
under environmental conditions (145).

10.3. Thermal Stability. Cyanuric acid is stable and relatively inert.
Chloroisocyanurates also are stable when dry and uncontaminated and kept
away from fire or a source of high heat.

11. Uses

11.1. Cyanuric Acid. Cyanuric acid is widely used to stabilize av Cl,
(from chlorine, hypochlorites, or chloroisocyanurates) against decomposition by
sunlight (ie, uv light) in swimming pools. Near-optimal stabilization is achieved
with 25—-50 ppm CA (146). Recommendations for using CA and chloroisocyanu-
rates in swimming pool disinfection can be found in Ref. 147 (see WATER, TREAT-
MENT OF SWIMMING POOLS).

Cyanuric acid is used on a small scale for reducing nitrogen oxides (NO,) in
stationary diesel engine exhaust gases. It can also be used for NO, reduction in
coal, oil, or gas fired boilers. The CA is heated to sublime it into the exhaust gases
where it dissociates to HNCO. The HNCO rapidly reacts with nitrogen oxides,
via initial postulated cleavage into NH and CO radicals, forming nitrogen
(148). The reaction with NO is

2 HNCO + 2 NO — 2 N2 + CO + COz + Ho0

Cyanuric acid in the form of the adduct melamine cyanurate is useful as a
flame retardant additive in various plastics, eg, polyamide resins and composi-
tions (149) and in acrylonitrile—butadiene—styrene (ABS)-polycarbonate compo-
sitions (150). It also is useful as a solid lubricant (151) and in preparation of
abrasive slurries (152). Cyanuric acid in combination with other additives can
be used as a flame retardant in resins such as polyurethane, polyester, epoxy,
vinyl, ete, and in polyurethane foams. (153).
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11.2. Chloroisocyanurates. Most of the CA produced commercially is
chlorinated to produce TCCA, anhydrous SDCC and its dihydrate (SDCC - 2H).
They have become standard ingredients in formulations for scouring powders,
household bleaches, institutional and industrial cleansers, automatic dish-
washer compounds, and general sanitizers, and most importantly, in swimming
pool and spa/hot tub disinfection. The choice of chloroisocyanurate for any parti-
cular application depends on the desired combination of solubility, av Cl,, and
pH. SDCC has a much greater water solubility than TCCA (see table below).
However, TCCA has the highest av Cl, content and dissolves much slower
than the salts. This is used to advantage in swimming pool sanitation where
TCCA is tableted and dispensed into the water by means of erosion-type feeders,
either floating on the surface or in-line with the filtration system. SDCC is
usually broadcast into the swimming pool or spa. Compared to hypochlorites,
chloroisocyanurates provide better storage stability, ease of handling, and
dispensing, solubility, and formulation stability with adjunct ingredients (see
BLEACHING AGENTS).

Derivative Calc’d. av Cl; % mp, °C Agq. solubility,” %
Cl;Cy, TCCA 91.5 249-251 1.2
HCl,Cy, DCCA 71.7 198 0.7
NaCl,Cy, SDCC 64.5 17.0
NaClyCy - 2H,0, SDCC - 2H 55.4 19.2

“ At 20°C.

The chloroisocyanurates can be used in the bleaching of cotton, synthetics,
and their blends; they do, however, attack proteinaceous fibers, such as silk or
wool, presumably via active chlorine reaction with the peptide (amide) linkage.
However, chloroisocyanurates can be used as shrink-proofing agents in wool
finishing (154) (see TexTiLES, WooL). The same action of chlorine upon proteins
contributes to the effectiveness of chloroisocyanurates in automatic dishwashers.

11.3. Organo(iso)cyanurates. Tris(2-hydroxyethyl)isocyanurate (THEIC)
is used as an additive in the production of high performance polyester
magnet—wire enamels and in electrical varnishes. THEIC increases adhesion
and imparts improved resistance to heat and weather in a variety of resin sys-
tems. In addition, the use of THEIC produces a significantly improved combina-
tion of mechanical, chemical, and electrical properties. The enamels and
varnishes are used in the manufacture of electric motors, television tubes, and
transformer coils (61).

Homopolymers of triallyl cyanurate (TAC) and triallyl isocyanurate (TAIC)
are brittle and find little application. However, TAC and TAIC can be used as
crosslinking agents [eg, with polyethylene, poly(vinyl chloride) and ethylene—
propylene systems (155)] and as curing agents. Either TAC or TAIC can be
used as comonomer with unsaturated polyester resins (see POLYESTERS, UNSATU-
RATED) or other unsaturated monomers including diallyl phthalate, methyl
methacrylate, and styrene to form a variety of materials with enhanced
properties.
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Tris(2,3-epoxypropyl)isocyanurate (ie, triglycidyl isocyanurate) is used as a
cross-linking agent for carboxylated polyesters and as curing agent for weather-
resistant powder coatings (qv) (156).

BIBLIOGRAPHY

“Cyanuric and Isocyanuric Acids” in ECT 3rd ed., Vol. 7, pp. 397-410, by Joseph
V. Burakevich, FMC Corporation; “Cyanuric and Isocyanuric Acids” in ECT 4th ed.,
Vol. 7, pp. 834—851, by John A. Wojtowicz, Olin Corp.; “Cyanuric and Isocyanuric Acids”
in ECT (online), posting date: December 4, 2000, by J. A. Wojtowicz, Olin Corporation.

CITED PUBLICATIONS

1. J. Elguero and co-workers, in A. R. Katritzky and A. J. Boulton, eds., Tautomerism of
Heterocycles, Suppl. 1, Academic Press, Inc., New York, 1976, pp. 138—139.
2. M. Cignitti and L. Paoloni, Spectrochim. Acta 20, 211 (1964).
3. A. R. Katritzky and J. M. Lagowski, in A. R. Katritzky, ed., Advances in Heterocyclic
Chemistry, Vol. 1, Academic Press, Inc., New York, 1963, p. 387.
. J. E. O'Brien, Ph.D. dissertation, Harvard University, Cambridge, Mass., 1972.
. B. Solastiouk, Ph.D. dissertation, Lorraine National Polytechnic Institute, Nancy,
France, 1989.

. V. 1. Zagranichnyi and Z. A. Polyakova, Khim. Prom. 692 (1963).

. Cyanuric Acid, technical data bulletin, FMC Corp., Philadelphia, Pa., 1965.

. J. A. Wojtowicz, technical data, Olin Corp., Cheshire, Conn., 1985.

. E. Billows, Z. Kristollogr. Mineral 46, 481 (1908).

10. U.S. Pat. 4,275,202 (June 23, 1981), R. E. Hall and B. A. Guiliano (to FMC Corp.).

11. A. Schmidt, Monatsh. Chem. 101, 866 (1970).

12. F. Zobrist and H. Schinz, Helv. Chim. Acta 35, 2380 (1952).

13. F. W. Hoover, H. B. Stevenson, and H. S. Rothrock, J. Org. Chem. 28, 1825 (1963).

14. G. Fischer and co-workers, Z. Naturforsch., B: Chem. Sci. 57(1), 19 (2002).

15. W. Kern, H. Paul, and W. Mehren, Makromol. Chem. 14, 146 (1954).

16. H. G. M. De Wit, J. C. Van Miltenburg, and C. G. De Kruif, J. Chem. Thermodyn. 15,
651 (1983).

17. R. H. Widman, J. Chem. Phys. 13, 2922 (1965).

18. E. M. Smolin and L. Rapoport, in A. Weissberger, ed., The Chemistry of Heterocyclic
Compounds, Vol. 13, Wiley-Interscience, New York, 1967, pp. 17—146.

19. V. D. Selivanov, V. M. Karlik, and V. 1. Zagranichnyi, Zh. Fiz. Khim. 47, 476 (1973).

20. H. G. M. De Wit, C. G. De Kruif, and J. C. Van Miltenburg, J. Chem. Thermodyn. 15,
891 (1983).

21. M. K. Hargreaves, J. G. Pritchard, and H. R. Dave, Chem. Rev. 70, 439 (1970).

22. J. H. Saunders and R. J. Slocombe, Chem. Rev. 43, 203 (1948); R. G. Arnold, J. A.
Nelson, and J. J. Verbane, Chem. Rev. 57, 47 (1957).

23. N. Milstein, J. Chem. Eng. Data 13, 275 (1968).

24. U.S. Pat. 4,075,094 (Feb. 21, 1978), R. H. Carlson (to FMC Corp.).

25. S. Horkoshi and co-workers, New J. Chem. 27(8), 1216 (2003); Chem. Abst.
No. 139:340996.

26. H. Pollard and co-workers, Proceeding Water Quality Management Conference
Part 1, 1992, pp. 609—-622.

27. P. Manoj and co-workers, Chem. Lett. 1, 74 (2002); Chem. Abstr. N. 136 : 359339.

Ot

(o BEN o))

©



Vol.

28

29.

30.
31.
32.

33.

34.
35.
36.
37.

38.
39.

40.

41.

42.
43.
44.

45.
46.

47.
48.
49.

50.

51.
52.
53.
54.

55.
56.
57.
58.
59.
60.

8 CYANURIC AND ISOCYANURIC ACIDS 215

. Ger. Pat. 3,224,766 (Jan. 5, 1984), H. Harth, M. Witthaus, and W. Gress (to Henkle
KGaA).

Ger. Pat. 4,208,027 (Sept. 16, 1993) K. Ramhold and co-workers (to Leuna-Werke
A.-G).

D. Matte and co-workers, Can. J. Chem. 68, 307 (1990).

U.S. Pat. 2,969,360 (Jan. 24, 1961), R. H. Westfall (to FMC Corp.).

U.S. Pat. 3,835,134 (Sept. 10, 1974), D. Sawhill, H. Schiessel, and S. Bhutani (to Olin
Corp.)

U.S. Pat. 3,668,204 (June 6, 1972), R. N. Mesiah (to FMC Corp.); U.S. Pat. 3,712,891
(Jan. 23, 1973), S. Berkowitz and R. N. Mesiah (to FMC Corp.); World Pat. 9,308,177
(Apr. 29, 1993), J. A. Wojtowicz and co-workers (to Olin Corp.).

U.S. Pat. 3,993,649 (Nov. 23, 1976), D. L. Sawhill and H. W. Schiessl (to Olin Corp.).
U.S. Pat. 4,007,182 (Feb. 8, 1977), J. A. Wojtowicz (to Olin Corp.).

U.S. Pat. 4,055,719 (Oct. 25, 1977), J. A. Wojtowicz (to Olin Corp.).

U.S. Pat. 2,913,460 (Nov. 7, 1959), A. G. Brown, W. W. Lee, and R. M. Sancier (to The
Procter & Gamble Co.).

U.S. Pat. 3,894,018 (July 8, 1985), J. A. Wojtowicz and W. C. Herms (to Olin Corp.).
U.S. Pat. 3,299,060 (Jan. 17, 1967), S. J. Kovalsky and R. A. Olson (to FMC Corp.)
and 3,035,054 (May 15, 1962), W. F. Symes and N. S. Hadzekyriakides (to Monsanto
Co.).

U.S. Pat. 3,803,144 (Apr. 9, 1974) and 3,818,004 (June 18, 1974), S. Berkowitz (to
FMC Corp.).

U.S. Pat. 3,035,057 (May 15, 1962), W. F. Symes and N. S. Hadzekyriakides (to
Monsanto Co.).

U.S. Pat. 4,599,411 (July 8, 1986), J. A. Wojtowicz (to Olin Corp.).

U.S. Pat. 4,273,928 (June 16, 1981), S. Berkowitz (to FMC Corp.).

U.S. Pat. 4,024,140 May 17, 1977) and 4,090,023 (May 16, 1978), J. A. Wojtowicz (to
Olin Corp.).

U.S. Pat. 3,988,336 (Oct. 26, 1976), J. A. Wojtowicz (to Olin Corp.).

U.S. Pat. 3,894,017 (July 8, 1975), J. A. Wojtowicz and Wade Wolfe, Jr., (to Olin
Corp.); U.S. Pat. 3,898,223 (Aug. 5, 1975) and 3,888,856 (June 10, 1975), J. A.
Wojtowicz (to Olin Corp.).

U.S. Pat. 3,272,813 (Sept. 13, 1966), W. F. Symes (to Monsanto Co.).

U.S. Pat. 4,103,088 (July 25, 1978), S. Berkowitz (to FMC Corp.).

U.S. Pat. 3,055,889 (Sept. 25, 1962) and 3,115,493 (Dec. 24, 1963), R. Marek (to Olin
Corp.); U.S. Pat. 3,294,690 (Dec. 27, 1966), E. A. Matzner (to Monsanto Co.); U.S.
Pat. 3,979,382 (Sept. 7, 1976), F. Martinez-Alvarez and A. G. Briones (to Sociedad
Anonima).

G. D. Nelson, Swimming Pool Disinfection with Chlorinated Cyanurates, special
report 6862, Monsanto Co., St.Louis, Mo, Mar. 8, 1969.

U.S. Pats. 3,147,254 and 3,147,259 (Sept. 1, 1964), L. O. Paterson (to Drug Research).
K. Morita, Bull. Chem. Soc. Jpn. 31, 347 (1958).

W. Gottardi, Monatsh. Chem. 98, 507 and 1614 (1967); 108, 1067 (1971).

Pol. Pat. 163441 (Mar. 31, 1994), Z. Kaminski (to Politechnika Lodzka); Chem. Abs.
No. 123: 55931.

R. W. Cummins, J. Org. Chem. 28, 85 (1963).

T. C. Frazier, E. D. Little, and B. E. Lloyd, J. Org. Chem. 25, 1944 (1960).

G. T. Esayan and co-workers, Arm. Khim. Zh. 38, 300 (1985).

U.S. Pat. 4,326,057 (Apr. 20, 1982), S. M. Cohen and J. R. LeBlanc (to Monsanto Co.).
A. A. Sayigh and H. Ulrich, J. Chem. Soc. 3148 (1961).

U.S. Pat. 3,194,810 (July 13, 1965), R. L. Formaini and E. D. Little (to Allied
Chemical Corp.).



216

61.

62.

63.

64.
65.
66.
67.

68.
69.
70.

71.
72.

73.

74.
75.
76.

77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.
88.

89.
90.

91.
92.
93.
94.
95.
96.
97.

CYANURIC AND ISOCYANURIC ACIDS Vol. 8

Tris(2-hydroxyethyl)isocyanurate, technical data bulletin, Allied Chemical Corp.,
Morristown, N.J., 1960.

U.S. Pat. 2,809,942 (Oct. 15, 1957), H. G. Cooke, Jr. (to Devoe and Raynolds Co.,
Inc.).

Jpn. Kokai 76,133,288 (Nov. 16, 1976), K. Nagano and T. Fugita (to Nissan Chemical
Industries, Inc.).

U.S. Pat. 3,075,979 (Jan. 29, 1963), J. J. Tazuma and R. Miller (to FMC Corp.).
Brit. Pat. 961,624 (June 24, 1964), (to Spencer Chemical Co.).

Brit. Pat. 988,631 (Apr. 7, 1965), (to Spencer Chemical Co.).

V. G. Vodop’yanov, V. G. Golov, N. P. Dvoeglazova, and M. G. Ivanov, Zh. Obshch
Khim. 51, 2377 (1981).

S. G. Grigoryan and co-workers, Prom-st. 3, 34 (1981).

U.S. Pat. 3,249,607 (May 3, 1966), B. Taub and J. B. Hino (to Allied Chemical Corp.).
W. Junhao and co-workers, Huaxue Tongbao 65(6), W0O44/1-W044/3 (2002); Chem.
Abs. No. 137:234,351.

Z. N. Pazenko and L. I. Chovnik, Ukr. Khim. Zh. 30, 195 (1964).

Eur. Pat. Appl. EP246,190 (Nov. 19, 1987), W. Stegmann and co-workers (to
Ciba-Geigy AG).

U.S. Pat. 3,318,888 (May 9, 1967), J. H. Blumbergs and D. G. MacKellar (to FMC
Corp.).

K. H. Slotta and R. Tschesche, Ber. 60B, 301 (1927).

L. Paoloni and M. L. Tosato, Ann. Chim. (Rome) 54, 897 (1964).

U.S. Pat. 4,617,391 (Oct. 14, 1986) and 4,657,939 (Apr. 14, 1987), A. Goel (to Ashland
Oil Inc.).

S. Freireich, D. Gertner, and A. Zilkha, J. Organometal. Chem. 35, 303 (1977).
U.S. Pat. 3,326,906 (June 20, 1967), W. A. Stamm (to Stauffer Chemical Co.).

W. R. Lusby and P. C. Kearny, J. Agric. Food Chem. 26, 635 (1978).

A. S. Gordetsov and co-workers, Metalloorg. Khim. 2, 1129 (1989).

D. J. Belson and A. N. Strachan, Chem. Soc. Rev. 11, 41 (1982).

P. R. Steyermark, J. Org. Chem. 28, 586 (1963).

U.S. Pat. 2,444,828 (July 6, 1948), W. Kaplan (to Sun Chemical Corp.).

U.S. Pat. 3,112,312 (Nov. 26, 1963), P. L. Veltman and E. Fisher (to W. R. Grace and
Co.).

U.S. Pat. 3,258,487 (June 28, 1966), C. S. Argyle (to Whiffen and Sons).

Br. Pat. 951,280 (Mar. 4, 1964), T. E. O Connor (to E. I. du Pont de Nemours & Co.,
Inc.); U.S. Pat. 4,784,978 (Nov. 15, 1988), T. Ogasawara and co-workers (to Kawasaki
Steel Corp.).

Br. Pat. 710,143 (June 9, 1954), B. Bann and S. A. Miller (to British Oxygen Co.).
Brazil Pat. 9,005,218 (Apr. 14, 1992) A. Pessoa de Silva and M. Mariz da Veiga
(to Abib, Paulo, Engenharia S. A., Fr.).

Z. Yoshida and R. Oda, J. Chem. Soc. (Jpn) 56, 92 (1953).

H.-F. Piepenbrink, in E. Miiller, ed., Methoden der Organischen Chemie (Houben-
Weyl), Sauerstoffverbindungen III, Vol. 8, Georg Thieme Verlag, Stuttgart, FRG,
1952, pp. 226 ff.

J. Herzig, Monatsh. 2, 410 (1881).

N. I. Malkina and S. N. Kazarnovski, Zh. Prikl. Khim. 34, 1583 (1961).

G. Ostrogovich and R. Bacaloglu, Rev. Roumaine Chim. 10, 1125 (1965).

A. G. Koryakin and co-workers, Zh. Org. Khim. 12, 977 (1976).

U.S. Pat. 4,963,674 (Oct. 16, 1990), R. W. Mason and T. C. Parker (to Olin Corp.).
Jpn. Pat. 56,079,678 (June 30, 1981), (to Mitsui Toatsu Chemicals, Inc.).

U.S. Pat. 3,172,886 (Mar. 9, 1965), I. Christoffel and D. P. Schutz (to Allied Chem.
Corp.).



Vol.
98.
99.

100.

101.
102.
103.
104.

105.
106.

107.

108.

109.

110.

111.

112.
113.

114.
115.

116.

117.

118.

119.

120.

121.

122.
123.

8 CYANURIC AND ISOCYANURIC ACIDS 217

U.S. Pat. 2,905,671 (Sept. 22, 1959), J. D. Christian and E. W. Lard (to W. R. Grace &
Co.).

U.S. Pat. 2,712,002 (June 28, 1955), L. A. Lundberg (to American Cynamid Co.).
U.S. Pat. 3,093,641 (Dec. 12, 1968), R. L. Formaini (to Allied Chem. Corp.); N. P.
Shishkin and A. I. Finkel'shtein, J. Appl. Chem. (USSR) 42, 446 (1969); Zh. Prikl.
Khim. 42, 474 (1969).

U.S. Pat. 2,527,316 (Oct. 24, 1950), J. S. MacKay (to American Cynamid Co.).

N. I. Malkina and S. N. Kazarnovskii, Zh. Prikl. Khim. 37, 1158 (1964).

U.S. Pat. 4,093,808 (June 6, 1978), G. D. Nelson (to Monsanto Co.).

F. J. Schiltknecht, thesis No. 3403, Swiss Federal Inst. of Tech., 1963; Chem. Abstr.
63, 5647g (1965); N. 1. Malkina, Zh. Prikl. Kihm. 34, 1630 (1961).

U.S. Pat. 4,656,271 (Apr. 7, 1987), J. A. Wojtowicz (to Olin Corp.).

U.S. Pat. 4,360,671 (Nov. 23, 1982), J. A. Wojtowicz and D. A. Farmer, Jr., (to Olin
Corp.).

U.S. Pat. 4,356,303 (Oct. 26, 1982) and 4,423,216 (Dec. 27, 1983), J. A. Wojtowicz and
H. Hooks (to Olin Corp.).

U.S. Pat. 3,635,968 (Jan. 18, 1972), Goeltz and co-workers, and 3,954,751 (May 4,
1976), H. Fuchs and co-workers (to BASF AG); U.S. Pat. 4,216,315 (Aug. 5, 1980),
H. H. Lewis, N. E. Morganson, and R. J. Smialek (to Olin Corp.).

U.S. Pat. 3,563,987 (Feb. 16, 1971), S. Berkowitz, 4,187,376 (Feb. 5, 1980), R. H.
Carlson, 4,282,259 (Aug. 4, 1981), B. A. Guiliano, H. A. Pfeffer, ITI, and A. D. Kurtz,
and 4,294,962 (Oct. 13, 1981), E. A. Bagnall, B. A. Guiliano, and H. A. Pfeffer, III
(to FMC Corp.); 4,567,258 (Jan. 28, 1986), W. B. Dodge (to Olin Corp.).

U.S. Pat. 2,045,111 (June 23, 1936), E. Theis (to I. G. Farbenindustrie AG); Br. Pat.
570,715 (July 19, 1945), D. Brundrit (to Imperial Chemical Industries Ltd.); R. dJ.
Slocombe, E. E. Hardy, J. H. Saunders, and R. L. Jenkins, J. Org. Chem. 72, 1888
(1950).

U.S. Pat. 2,768,167 (Oct. 23, 1956), W. F. Marzluff and L. H. Sutherland (to Amer-
ican Cynamid Co.).

Ger. Pat. 4,431,811 (1995), E. Schulz, G. Haeubl, and M. Muellner (to Chemie-Linz).
U.S. Pat. 4,359,575 (Nov. 16, 1982), R. A. Sills and D. S. Katz (to American Cynamid
Co.).

Br. Pat. 883,110 (Nov. 22, 1961), (to Rohm & Haas, GmbH).

R. J. H. Voorhoeve and L. E. Trimble, Science 202, 525 (1978); U.S. Pat. 4,174,377
(Nov. 13, 1979), (to Bell Telephone Laboratories, Inc.).

U.S. Pat. 2,943,088 (June 28, 1960), R. H. Westfall (to FMC Corp.); Brit. Pat. 877,725
(Sept. 20, 1961).

U.S. Pat. 3,953,443 (Apr. 27, 1976), O. Yoichi and A. Masayuki (to Nissan Chemical
Industries, Ltd.).

Jpn. Pat. 82,112,380 (July 13, 1982), (to Nippon Soda).

U.S. Pat. 3,318,887 (May 9, 1967), W. P. Moore and C. B. R. Fitz-William, Jr. (to
Allied Chem. Corp.) and 3,154,545 (Oct. 27, 1964), W. F. Symes and co-workers
(to Monsanto Co.).

U.S. Pat. 3,835,136 (Sept. 10, 1974) and 3,846,424 (Nov. 5, 1974), L. Hirdler,
H. Schiessl, and D. Doonan (to Olin Corp.).

Fr. Pat. 1,336,672 (Sept. 6, 1963), R. Becanne (to Office National Industriel de
I’Azote); U.S. Pat. 3,336,309 (Aug. 15, 1967), R. L. McBrayer and N. S. Nichols (to
Wyandotte Chemical Corp.); Jpn. Pat. 27,182 (Nov. 29, 1965), S. Tadao and N. Sugao
(to Toa Gosei Chemical Industry, Co., Ltd.); A. Rieche, A. Gniichtel, and G. Mathau-
ser, Chem. Tech. (Berlin) 10, 20 (1958).

U.S. Pat. 3,093,641 (June 11, 1963), R. L. Formaini (to Allied Chem. Corp.).

U.S. Pat. 3,275,631 (Sept. 2, 1966), H. Yanagizawa (to Shikoku Kasei Kogyo Co.).



218

124.

125.
126.

127.
128.

129.
130.
131.
132.

133.
134.
135.

136.
137.
138.
139.

140.
141.
142.
143.
144.
145.

146.
147.

148.

149.

150.
151.

CYANURIC AND ISOCYANURIC ACIDS Vol. 8

PCT Pat. Appl. WO 79 00566 (Aug. 23, 1979), H. Kizawa and co-workers (to Nippon
Soda Co., Ltd.); U.S. Pat. 4,645,577 (Feb. 24, 1987), L. Friedman and J. A. Hamilton
(to United Chemical Corp.).

F. Chemat and M. Poux, Tetrahedron Lett. 42(22), 3693 (2001).

U.S. Pat. 3,394,136 (July 23, 1968), W. P. Moore and D. E. Elliott (to Allied Chem.
Corp.).

X. Zhang, Shiyou Huagong 32(1) 56 (2003); Chem. Abs. No. 138:289324.
Chlorinated Isocyanurates, Chemical Economics Handbook, SRI International,
Menlo Park, CA, Feb. 2001.

R. Morales, Anal. Chem. 40, 1148 (1968).

V. P. Sisarenko, B. P. Zhantalai, and V. T. Chuiko, Zh. Anal. Khim. 32, 2260 (1977).
L. Nebbia and co-workers, Chim. Ind. (Milan) 139, 81 (1957).

World Pat. 8,906,355 (July 13, 1989), C. O. Rupe (to Environmental Test Systems,
Inc.).

T. Aoyama and co-workers, Nagoya-shi Esei Kenk. 35, 114 (1989).

C. J. Downes and co-workers, Water Res. 18, 277 (1984).

P. Beilstein, A. M. Cook, and R. Huetter, J. Agric. Food Chem. 29, 1132 (1981);
T. Sugita and co-workers, Bull. Environ. Contam. Toxicol. 44, 567 (1990); A. Ghiorghis
and A. H. Talebian, J. Liq. Chromatogr. 14, 2331 (1991); R. Cantu and co-workers,
Anal. Chem. 72(23), 5820 (2000); 73(14), 3358 (2001); M. Koebel and M. Elsner,
J. Chromatogr. 689(1), 164 (1995).

J. K. Debowski and N. D. Wilde, J. of Chrom. 639(2), 338 (1993).

P. G. Stoks and A. W. Schwartz, J. of Chrom. 168, 455 (1979).

Yu. Mushkin, Zavodsk. Lab. 58(6), 11 (1992).

C. J. Pouchert, The Aldrich Library of Infrared Spectra, 3rd ed., Aldrich Chemical
Co., Inc., Milwaukee, Wisc., 1989.

dJ. Struys and P. M. Wolfs, Anal. Chim. Acta 199, 173 (1987).

Z. A. Malumyan and co-workers, Prom-st. Arm. 43 (1985).

U.S. Pat. 4,134,798 (Jan. 16, 1979), M. L. Pinsky (to FMC Corp.).

E. Canelli, Am. J. Public Health 64, 155 (1974).

B. G. Hammond and co-workers, Env. Health Perspect. 69, 287 (1986).

Br. Pat. Appl. 2,127,006 (Apr. 4, 1984), E. A. Bagnall, M. M. Gurvitch, and R. L.
Horner (to FMC Corp.); J. Saldick, Appl. Microbiol. 28, 1004 (1975); D. C. Wolf
and J. P. Martin, J. Environ. Qual. 4, 134 (1975); H. L. Jensen and A. S. Abdel-
Ghaffar, Arch. Mikrobiol. 67, 1 (1969).

U.S. Pat. 2,988,471 (June 13, 1961), R. J. Fuchs and I. A. Lichtman (to FMC Corp.).
Pool /| Spa Operators Handbook, National Swimming Pool Foundation, San Antonio,
Tex., 1988.

R. A. Perry and D. L. Siebers, Nature (London) 324, 657 (1986); J. A. Caton and D. L.
Siebers, J. Eng. Gas Turbines Power 111, 387 (1989); J. A. Caton and D. L. Siebers,
Comb. Sci. Technol. 65, 277 (1989), Comb. Flame 79, 31 (1990); R. K. Lyon and J. A.
Cole, Comb. Flame 82, 435 (1990); U.S. Pat. 4,731,231 (Mar. 15, 1988), 4,886,650
(Dec. 12, 1989), and 4,908,193 (Mar. 13, 1990), R. A. Perry; M. P. Heap and
co-workers, Nature (London) 335, 620 (1988); M. Streichsbier, Ph.D. dissertation,
U. California, Berkeley, Calif. 1998.

U.S. Pat. 4,298,518 (Nov. 3, 1981), O. Yasuhiro, M. Yukinobu, and H. Rioji (to
Mitsubishi Electric Industries, Ltd.); U.S. Pat. 4,360,616 (Nov. 13, 1982), R. U.
Pagilagan (to E. I. du Pont de Nemours & Co., Inc.); U.S. Pat. 4,504,611 (Mar. 12,
1985), C. S. Ilardo and J. J. Duffy (to Occidental Chemical Corp.).

Korean Pat. 138,719 (May 1, 1998), J.-S. Lee and co-workers (to Samyang Co. Ltd.)
T. Wang and D. Zhang, Guti Runhua 9, 137 (1989); Jpn. Pat. 02,016,193 (Jan. 19,
1990), Y. Nakanishi and co-workers (to Kyodo Fat and Oil Co., Ltd.).



Vol.
152.
153.
154.

155.

156.

8 CYCLOPENTADIENE AND DICYCLOPENTADIENE 219

Jpn. Pat. 2,000,080,351 (Mar. 21, 2000), T. Kubo (to Okamoto Kosaku Kikai Seisa-
kusho K. K.).

Jpn. Pat. 10,323,940 (Dec. 9, 1998), A. Nanami, M. Kakitani, and T. Teruki (to
Hitachi Chem. Co., Ltd.).

Ger. Offen. 2,326,463 (Dec. 19, 1974), H. Bille and T. Siemenc (to BASF AG); Jpn.
Kokai 74,110,988 (Oct. 22, 1974), T. Hanyu and co-workers (to Toyobo Co., Ltd.).
C. E. Schildknecht, in J. I. Kroschwitz, ed., Encyclopedia of Polymer Science and
Engineering, Vol. 4, John Wiley & Sons, Inc., New York, 1986, pp. 802-811; Triallyl
Isocyanurate, product bulletin, Allied Chemical Corp., Morristown, N.J., 1973.
Chem. Mark. Rep. 5 (June 20, 1977).

JoHN A. Wodtowicz
Olin Corporation, Retired



