
MEMORANDUM 

SUBJECTS 

FROM: 

TO: Users'& the Guidance,Manual for 
Preventins Interference at POTjvs 

This guidance ~~n~zg wqe developed by EPA'. to aid' publicly 
owned treatment workp, (P0TWa) in identifying, tracking, 
mitigating interference episodes'z&&i'edby discharges"of 

and 

nondomestic wastes. Interference i&d&fined in the Gineral 
Pretreatment Regulations (40 @ij Part 403) in terms c&a discharge which, alobe or in comb.zww~~o; witi; '&x‘"%;r dis&~arses, 
i*ibits or disrupt;;;".~~~"~~~~"‘,~~~ ~~-xses it ho vioiat, i.tik.,. 

NPDES permit or applicdbie Slu&&"&s'%i disposal regulations. 
The legal responsibilities of POTWs and their industrial 
users for avoiding interferent$ Kr&+ec%Zfih iktti& General 
Pretreatment Regulations. .Th+ basic regulatory requirements 
are explained in this m&u&l and technical guidance iti provided 
to help POTW o&ekatbks *"d&e&t-$nd d&s&r% the tiources of 
interference. 

This document will be useful to $11 P0'iWs that mdy 
experience interference problems, not just those that have 
been required to establish federaliy-approved pretreatment 
programs. ~Therefore, ‘EPA is dist,ri@utifig if widely. Additional 
copies of this guidance manual or further informationabout 
the national pretreatment program can be obtained'by writing to 
the Permits Division,' (ENy39,$),,US EPA, 401 b? St., S*bf*, 
Washington, D.C. 2046a." - ,~.. ._ 

O&i%689 
EPA is preparing another guidance document that deals 

specifically with the -development of local limits to prevent 
interference and pass through. It was distributed in'draft 
form .for comment to States and EPA Regions in May 1987 and 
will be mailed to all POWk wi~~'.'~e'd~~.~lly-d~~roved pretreatment 
programs when final. Additional information,about the lOCal 
limits guidance document can also be obtained' 
Division. 



21.1 chmpic Ipaibitlop 

Chronic inhibition refers to a more or less co++ent pattern of impairment of 
the functioning of the biomass in a biologikal treatment proccm caused by 
influent pollutant concentrations that arc above tolerable leoi&:’ ~~~~~~& t ururlly defy ~ l decrearcl in.o~*an ,,t& .hie” ~;‘“&..~~+& ~ cd*&aD 

removaL If the inhibiiion‘ lo& to a permit’ violation, it tiien<‘ici classified as 
krterferenc~. T&is tppe if iii” * ‘f. er erence results from either a, ymtnt~ow or ,_ .^, I ,,. ),, a ._ ~ 
semi-continuous discharge of an industsJa~ pollutant to the PijTW. &&ii: 
inhibition may also riisult froin f)ii‘ total effect 03 sever& a variev of inhibitory po~utants. .,. ~dMtr~~~-~o;i”=czr”ai~~~~ 

tries &g++&g “&ML x~“~~“,A~k~‘*~~~~~~~ “j XX> 

be by-products of production activities such + 
problems tend to 

&emGi .deriva&es, &a 
waters and contact cooling water. 

The effecta of an inhibitory pollutant on plant biomass vary depending on how 
frequently and at what level the p&it&i is dis&arged. 3% more consistently a 
pollutant is fed to the biological’~~atiiiiiit’p~~~b, the more c&ace the biomass 
has to develop a “resistance” to the pollutant. If a pollutant is ‘fed at a f&y 
even rate and concentration, the biomass wilJ- generally eventually become 
accustomed to or “acclimate’ to the polluant, and BqD rc,q.okal effici_errcy will . ;. j^..__ 
no longer stiffer. For this reason;-a-plant may experience operational problems 
unless there haa been arfficient ffme_far the Mpm~,~ tq bqzpm-e aqclimat,+ In 
addition, discharges of toxics at h@h enough ConcePtrations can cause inhibition . 
even in acclimated systems. 

Although it does not always red ia a POTI# viol&ig’“its NpD&S’p&mit limb, . ,, * ,. ., . .I._. I I --, _” ,^..I 
chronic inhibition can b&ease the overall expeG&‘*&d difficulty of ojkratu;ir a 
treatment ‘plant in compliance tiith NPDBS‘permit limcts. .’ par &ample, a pliLDt 
may have to be operated at an ihcreasedW@~~R~~,or..require additional aeration 
capacity to coudte~act .the peg,~tioc‘ ‘bisects of .~ihitiijn. ‘~~~~~~ ‘on‘^~~ 

circumstances, this may involve ‘significantly’ ‘i&%,&d ‘operd&@ Costs for 
recirculating sludge at a high& kaie or providing more aeration. lt may also 
take away any reserve capacity that the plant might otherwise have had tar 
future growth. Therefore, POntr(s experiencing chronic inhibition should tejte. 
steps to mitigate it even when there is no immediate threat of sn NPDES permit 
violat ion. 

23.2 Upeet Coaditiuns 

The results of 29 case studies performed in conjunction with the development ~of 
this manual showed that most intirfeknce problems are caused’by intermittent 
discharges of high-strength conventional wastes which overload a ,POTW’s 
organic capacity, causing plant upiet. The tirm%pset” is used k ih$s manual to 
refer to an exceptional incident which creates a temporary nonkoii;piiaxke with 
permit limits due to the impacts ‘o’t the i&&‘ii“wa&i chsraderistiis ‘“dri d& 
treatment processes. ‘Dischargei c&a&~ $set qommon~y ‘come from f%d 
processors ‘such as bakeries, dairies, breweries, canneries, poUliry fti’ms &I 
meat packaging plants. Examples of interferences due to bighlstrength 
conventional wastes are provided by the Bayshore Regional Sewer&&e 0016$0 
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Contribution from the Department of Chen 
Miami University. Oxford, Ohio . 

Iron{ III)-Catalyzed Decomposition of the-‘Cbiodte Ion: An Inor&nic Application of the 
Quenched Stopped-Flow Mtithd . 

Istv&r FBbiin’ and Gilbert Gordon* 

Rcceiccd July 30. 1991 

.r _I,.. G. 

The kinetics and mechanism of the ironflII)-catalyzcd decomposition of the chlo& ion have twn invrctiostrd hv Il.;-a --.,--.:---I 
batch. stopped-flow. stopned-flow-rapid-scan sccctroohotometric. and auenched stoaacd 

---_. . . . -..*-.- “.’ U,ll~ Wll.ZIIII”l~‘ 

. .,,.--flow methods at 25 OC and in I.0 M . -_. ._-..e’..:. “.. 
z(actv,. I DC concentratton vs ttme protuu were actermln.ed for chlorate ion. chlorine dioxide. and. in a few casa, chloride ion 
in the 40 ms-scveral minute interval. II was confirmed that the stoichiometry can be given as the appropriate combination of 
the following reactions &KIO, = ?CIO> + Cla;- + %I; 4~~i,R+“~ii~b’~“~~~IO- =’ 0C10. t Cl- ‘+ H* + ?H:O. The prbposed 
mechanism postulates that the catalytic decomposition is initintd by the forma&on of th; FcClO.:’ complex and the rate-de. 
tamining step is the rcdo.x;d%mposition,of tbis spcies. The mg~a~isrnwps~va!i,datcd by model c&lations based on the GEAR 
algorithm. The measured and calculated ki$ic curveJarc in exc+nt agreement under a, variety of experimental conditions. 
It was shown that the overall stoichiomctry is kinetically controlled and ultimat& detcrmmcd by fast secondary reactions ktwan 
various chlorine sptcia. ihis work represents the first totally inorganic applic&ion of the quenched stopped-flow method. Seven1 

asp&s of thi tccbniaue are discussed. 

IDtTOdUCtiOO 

In aqueous solut”ion, the disproportionation of the chlorite ion’ 
exhibits complex stoichiometric’ and’ kinetic pattems.2 The 
stoichiometry is kinetically controlkd’ and can be expressed as 
a linear combination of oqs 1 and 2. 

4HCl0, = 2C10z + ClO;- I Cl- + 2H+ + H;O (1) 

SHClOa = 4Cl0, + Cl- + H+.+ 2HrO (2) 
The rate of disproportionation is significantly enhanced by 

various inorganic and organic spa%& This was frequently utilized 
in chlorite ion based oscillation iekions‘ or in other systems 
showing exotic kinetic phenometk5 

Ferric ion catalyzes the ClO;- dedomposition.” On the basis 
of spectrophotometric experiments, Schmitz and Rcoze* reported 
the stoichiometry to be consistent ‘wiih’reaction 1 and‘concluded 
that the reaction order with respect to chlorite’&, fe&%n;‘%d’ x 
chlorine dioxide is 2, 1, and -1, respectively. 

Recently, we have investigated the same system in the sub- 
second region by using stopped-flow (SF) and stc ,p;ped-flow- 
rapid-scan spectrophotometric (SFLRS) methods. The formation9 
of FeClO,* (K = 13.8 M-t) was found to-be fast and’i&idllv 
c~upkd \;ith the decompo&on of the &lb&~ ion. CHIarint 
dioxide formation was observed in &gr 
hundred milliseconds after mixin; the reactants. The fartnatitii 

Stopped-Row M&surctneiita. The reaction was followed wit . .,... ..^ 
Atago Busjan/Pbotal Oisuka Efcctronia fU-401 stop&-flow in 
ment attached to an RA-451 data prokssor unit. The SF and Sf 
traces were monitored with a Hpmamatsu R374 pbotomultiplier a 
512-channel diode array detector. respectively. The SF trxca were t 
as the average of at least five replicate runs. In these experiments 
base line was set to 0.0 ahrorbancc tiitb 1.0 M %‘a%t& thus. tbc re . 9.. . .? . 

- -- _-._-- _--_. --.-_.-_- 
,ifi&G.ambunts ;,:; fi‘&, 

can m comparco alrectly to Otner spcctrophotomctric data. 

of the FcCIO12+ complex, which% not included in ‘the S&r% 
. ..b%netry. At various reaction times, 25-cm’ aliquots of thl 

’ i&on’ mixture weri m&d with 1 cm’ of 0.5 ti NaF solution and 
~h.~~2;i” ” .j,e,.” ._,... ._ . j 

.~ pH was set between 3.3 ‘and 37%~ adding appropriate amount 

chloroacetate buffer. Thus. iton(lIl) was completely converted 

chlorite” x , -. 
catalytically inactive fluoro complexes and the decomposition was s 
pa. xncc I .._.._ .*., the final pH was relatively high, the uncaralyzed decor: 

conventional batch, SF, SF-RS, and quet khed;topped-flow (QSD 
stuon or tnc chlorite ion was also quench&. In a carefully scaled cuvl 
*h* =-+v= .-r pi,- =-mples did not change over more than 15-20 I 

and Rooxe m&hart&, as well as the fa%ni??a)%e, 
kinetic importance in the overall ‘mechanism., _ I 

In this study, the kinetics,of t;t;e’ir~~~I~)-catalyzed 
ion decomposition were investigated by usinn a combination of 

experiments. This appears to be the first totafiy inorganic a& 
plication of the QSF,method. to it provrdes direct information 
for the concentration vs time prom& of the reactants and nrrducm 
in the sub-second time domain. TX& data and d 
can serve to develop and verify a detailed”rnechan;sm” f~i’i~i 
decomposition of ClOs’ under a’widc ____ 
conditions. At the same time, we expect t 
contribute to our understanding of the chemistry of the chlorite 

mercially available grade and were us+ without further purific 
Th<concentrations of CIO,-. Fe”. and the pH were varied i 

ranges O.CQi-O.25 Mci; 5.0 X iO%.O X 10-’ M. and 1.0-4.5. respct 
The ionic strength was adjusted to I.0 M with sodium percbloratc 
pared from %arCO, (Fisher) and HCQ. Tbc i&&ature was : _, ,. i ‘. ,1 .,_, ^. 
25.!“* 0.05 “C in all expertmcnts. 

Con&&a1 Kinetic %feuurcm~nts. The reaction was triggcrc 
adding smaIl aliquots of acidic Fe’* solution to vigorously stirred ( 
solutions. The reaction mixture was immediately transferred ir 
tightly sealed cuvette. and tbt spectra were recorded on a He 
Packard 8430 W-viribls hi&&ray spmrophotometcr. Measurer 
were made in both the presence and the absence of acetate. formal 
cbloroacetate buffer. The pH of the sampleswas eitbcr calculate 
tbe basis of the appropriate equilibrium data (pH‘C2:3) or measured 
a Radiometer GK2401B combination glass electrode attached to a 
diomtter PHM64 pH meter. Tbc elcctroite was calibrated such tha 
pH-meter reading directly gave the hydrogen ion concentration ( 
W+l). 

.--- -_.- __ ,j_*<, r---y-- 
sur recent results9 _ 

5 range of exp&imCntal ” 
:hat the results will 

(1) Chlorite IOIl and chlorous acid are in fast acid-bax equilibria ant 
Dresent in a concentration ratio determined bv the actual aH. In 

.paper. the two species will k distinguished only when it is requi& 
the clarity of the presentation. 

ion. 
Experiwntal Section 

Cbeadc8b. The recrystallization ,of NaCiO, from commercially 
available sodium chlorite (OLIN; approximately 80% purity) aid the 

( 3 ) Kierrer: A: 1 
(4) Epstein. 1. m 

Chrmicol Sysrcr 
1985; pp ?S7-28. 

(5) De Kepper. P.; Botwnade. J.;‘Eps 
prefntration of the iron(fl1) stock soidioiiis ‘wei 
Cbloroacctic acid was twice rccrv adlliicd from 

illoriow ond Trocclinc Woof 

,C& 

95% 
cel;ad drlicr.9.1 I.12 

ethanol.’ rilfother . .“. ., j .-* **, iu,:*,:il.,“, .* 
leman & Bell) and chcrniak. sodium fluoride ind f&m&(?&ib&m Coi 

sodium acetate and pcrcbloric acid (Fisher). were of the highest’&& 

6S25 did references therein. 
(6) Launtr.‘H..F.: Wilson. W. K.; F&t. 
,, 1953. Jl 237. 

III_. SI. 

_a. ._ - 
0) Launer. Ii. t.; 
(8) Schmirz. G.. Ra 

Tomimatsu. Y. J. Am. Chcm. Ser. 19% 76. 2 
xe. H. Con. J. Chcm. 1984.62.2231; 1985.63. ’ 
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Tabk I. Typical Stoichiomelric Results from Convenliqml Kinetic 
Studies for (be Iron(III)-Catalyzed Chlorile Ipn i&compositibn* 

time, itV 

min oxidn no.’ 

c 10.42 
< I 

’ 3.00 

8.12 1.34 OS2 1.72 2.53 3.01 
7.53 1.66 0.71 1.74 2.32 2.98 

P 
2.17 0.96 2.25, 

6.20 2.44 1.08 1.73 2.27 2.96 
10.0 4.76 3.20 1.40 1.77 2.28 2.97 
15.0 4.12 3.52 1.55 I .79 2.28 2.99 
20.0 3.64 3.69 1.62 1.73 2.28 3.01 
30.0 3.05 3.91 1.81 1.88 2.16 
45.0 2.39 4.21 1.95 I .90 2.16 

.Condkions: Cc%- = 1.04 x lo-- M, CFp = 8.S2 x lo-‘ hi. 
. 

CHCOOh, - kf,‘%o -v. c,,ClO, = 0.030 M. ‘Average oxidaGon number E iE I E i E a 
= (3Ccq- + 4cc,* + s&o,- - Cc’-);/CO,,,:-. vr*EiDc- u 

Figure 1. T~hl~~brb$i&n spectra for ihe”irbnifIrjca6ryzbd6n~iII’)-cadtl~&j damp 
.,- i >_ ._, . ~_ ~ 

This time interval was sufficiently long to analyze the reaction mixture 

. 

by various methods. 
position of chlorite ion as a funclion of time (O.&m cell). &,,- = 5.20 

Fluoride ion forms very stable nonabsorbing complexes wilh iron- 
X IO-’ M. CQ* = 1.10 X lo-’ M, and pH = 2.40: In tbc order of 

(III),tJ.t‘ and the concentrations of C102- and CIO* could be dciermined 
increasing absorbance at 360 nm. the spectra were recorded 20.30, 50, 
80,140.240.360,600, l@O, 1800, and 4WO s after mixing’& reactants. 

without interferena by using the HP spcctropbotometer. In a few cases, Dotted line: spectrum of Fe(III) at the same PH.. 
the total concentration of these two species was deterqi@ by king an 
icdometric methodlJ in order to vcrifi thi spectropbotometr? icsutu. 
Tbc titrations were made with a Radiometer ABU93 Tribureftc=ti6to- 
burette station which was connected to a Radiometer ~IT%‘\rid~?% 
tralor unit equipped with a standard PlOl platinu&k~~ %k&&ak 
pair (Radiometer). 

The chloride ion concentration was determined by potcnljometric 
titrations with 0.002 M AgNO, solution in 70% methanol using a PlOl 
platinum-F101 2Ci chloride ion selective electrode pair (Radiometer). 
Bcuux of the rtla~ively low concentration levels pf chloride ion, tbe 
*2.0% error of ibcsc titrations was higher than usual. The differ&e 
between the concentration of initially added ClO,- and the sum of the 
concentrations of CIO1, cli3,-, and Cl- was attri@ed to‘tbi Ctio&?ate ion. 
On the basis of this assumpion. the calculat& avekic &id~i~btikiniber 0.00 

;cellcnt agrwment with the theoretical value of 3 (cf. Table I). 0.00 0.20 0.40 

afirms that olher chlorine species and/or oxygen is not formed TIME (f) 

Experlmcots. The QSF measurementi were Figure 2. Selected stopped-flow tracts recorded in a ICLnim cell for tbc 
made wiih a Hi-Tech Scictiiific Model PQ-53 Preparative Qknclier. iron(III)-catalyzed decompcktion of chlorite ion at 370 nm. C,- = 
The basic concepts of thii incthod and tbc details of the experimtnts will 9.93 X 10-l M and C Hc,o, = 6.67 X 10-l M. In increasiiig order of tbc 
be discussed in the next section. absorbance, &&for these curves is 5.51 X 10-s. 1.38 X lo-‘, 2.75 X Iv. 

RUtdtS J.Si x‘ IO-‘. 8.26 X IO-‘. and 1.10 X l(r’ M. 

Kinetic runs without added iron(W) confirmed that tbe con- In acetate, formate, or cdloroacetate buffer, the &cay of the 
tnition of the uncatalyzod pathway to the overall decom$osition reaqign rate by increasing PH ‘shbws good correlaiion with the 
of chlorite ion sharply decreajcs by increasing the pH. The forma!ion:of the coTresponding iron(II1) monocompl&x.‘3 
impmafia of the uncatalyzed pathway was found to be minimal In the r&e@-&@q.~, $e, $zcomp&ition rate varies only 
men at the lowest pH and iron(II1) concentrations applied in &is 
study. 

slightl) with pH tn the 1.0-2.3 region. However. at higher pH 

Figure 1 shows the typical spectral change observed in the 
values and at ionger reaction times,’ the absoibance sloivly dc- 
cr&& in” ta; 3$0-nm region. Also, larger than Expected ab 

Presence of the catalyst. The absorbance increase at 36b firn is sorba+x changes are obsetved around the 260-nm maximum of 
primarily attributed to chlqriiG dioxide formation. In the 230- 
2~nm region, the net effect of the disappearance of chldritc ion 

the ch)orite ,ion. These sptctial-cib3irvsiiions.aii &ributql to 

urd lhe formation of CIOI is oked. In particular. in the far-W 
hydrolytic reactions df iron(II1). ‘The formation of polynuclear 
iron species is ty ically associated with slow spectral changis in 

region, various iron species also may have some contribution to the VV region.’ P 
the ~bscmxi ~pectra.~~*~~ The spectral changes indicate that, after Chlpii~ $m strongly affeizts both the stoichiometrj and l&tics 

OO~G~2 

a rekively fast initiation period, the decompoaitioti tikcdly slows 
_r”,,‘ 

down. 
of th~,,~~~ca~lyted disproportionation of chlorite ion.‘*19 In the 

The same general kinetic profile was found under a variety of 
present study, replicaic%inetic runs were carried out by varying 

Werimental conditions. However, in the presence of bufkrs, the 
chloricll ion concentrations, up to 0.1 M. The corresponding > ,: I. .) (. 

dwmposition rate decreases. This is most jikely the result-of 
near-UV-visible spectra were identical within the experimental 
limitations. However, in the far-UV region, the absorbance in- 

mm&x formation between iron(II1) and the buffer, wdich de- 
UgxS the concentration of the catalytically active iron species. 

variably w’a-s slightly highir in the presence df chl&idiion; The 
observed deviations a”rc @,nsi;t<nt’ with the. fqrmgti$ of s.trongly 
absorbing iron(III) chloro timplexes at low concenlrd~on l&s. ! 

3 

(13 (a) Silk. L. C.: Manell. A. E. Subrlity Cowtorus; Chemlul’Socicty: Tube measurements &so confirmed that the product chloride ion i 

‘andon. 1964; Sup$emcnt No. I. 1971. (b) Sfabilify Conironrs o/ has at mc)bt marginaLkinetic effect on the catalytic decompodition 
fetal-ion Complexes. Porr A: lnvgamc Ugands; H6gfeidt,* E..Ed.; process. ‘. 

rUPAC Chemial Data Series No 21; Pcrgamon press. Oxfoid, U.K.. 
1982. 

A typical data set for the stoichiometry of the decomposition 
is shown in Table I. The cqcentr@on ratios of the reacted (‘4) pouli. D.; Smith. W. M. Con. 1. Chrm. 196O,,jf,. 567. 

(15) Gordon. 6.: Tachiyaibih, S. Environ: % ~Tecid. ‘1991.2S; 46f. , j ,__ _ / j,,, j_ ,_, ?_, _, __ 
(16) Tang. T.-F.; C&don. G. Environ. Sri. T&n&. i9j4;?8:21”2. 

&l&e ioh and the pr&cts clearly indicab 

(17) Milburn:R. M.,Vosbuigb1 W.C.I. Ak che’hci. $0~. W%. ?7.‘13$2. 
_ , 

(18) Popa. G.: Luu. C.; losif. E. 2. Phys. Chcm. (Liptrg) 1963.222.49. 
( ,9) Kieffcr, R, G,; Gi;don, G, i&;i, 
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is not sufficient to characterize the rtoichiometry. Tbis finding 
is in contradiction with the rcsults~ofScbmiti and Rooze.* Since 
these authors did not report the details of their expeiiitieitts. ,ti 
could not trace the source of the discrepancy. A&xa’ing to’our 
data, only the combination of reactions 1 and 2 can properly 
describe the observed concentration ratios. In this respect, tbc 
catalytic decomposition is analogous to the uncatalvxed reaction. 
It should bt added that the sioi<biometry vaiiti ;ifghtly&th~the 
actual conoentrations and it aLso ati&rs to change to some’ extent 
within a.givcn kinetic run. 

rl-‘ 

Typi&i SF traces at 370 nm are shown in Figure 2. ‘Since 
neither ClOs- nor the catalyst solutions have significant absorbance 
at 370 rim. the sharp increase at the vet-v herrinninn nf tbbe yes 

--, - ----‘0 -- 

corresponds to tbe very fast formation of one or more I 
In the-first 15-20 ms; the rate of the abscrbance cha$si%~~ 
sistcnt with the formation of FeCiO,r’. However. other soecies 

-k 
- amu --; 

Fipur~ 3. Schematic of the qucncbed stop&flow instrument. 

with the reaction mixture. After a certain incubation period 
II is activated. Tbe reaction tube is flushed in order to fork 

-r ~~-- 
also may contribute to the overall ‘snectrai cffectYE%~~&h thr reaction mixture out of the aging tube. Generallv. 1 .o M qal 

‘ 

initial region ignored, the SF traces reflect composite kinetic’ 
f~turu. Tbc experimcniai’data’$uld not’& interpreted in tcnns 
of a simnic rate law. 

Tbc it&play of various kinetic effects also was observed ar 
510 nm, where. tbe primary absorbing ip&a9‘is ieClO.~+” T 
complex formation is rapid. atid”F~CiO,z* is 

-- - ----L . .he 
in nseudocouilibria 

WitI~chiorite ion. Acc&ngly. as the’d&mpo&on p&&$-s 
the cbloritc ion concentraiian.d~~~ca;li;’ ctrdilv rlwg~ina ., 

I._ 
____. --__----, -.--...I -y..>...* s b 

sorbanq ~JQ-VC+ ~[c expozted. At lo&r cbloriti ion concentrations 
the SF traces were consistent with this cxru?ctatiou. ‘Ho&&, r- . 1 1 . 1 

is used in order to reduce the corrupted end-zone of the re.ac 
plug. The flush solution aIs&ontains NaF at reiatively 
conantration l&s to quench the catalytic cffeot of any um 
iron(II1). Immediate13 I follo%ig”the flush, the reactic 
chemically stopped by injecting the quench reagent into tb 

the absorbance cbangc was reversed by inc ~~ .__ 
concentration of CiO,-. 

xcasmn the initial 
This ob&atian ara&t& can -cVi 

action mixture (mixer II). The cdliected samples can be 
venientiy analyzed by a variety of techniques. 

Providing that the quench reaction is extremely fast, the ave 
age of the quenched reaction ,mixture (I,) is given by eq 3, w 

. 
1, = VT(I,& + f,,/V*)/i “+ Id 

. ---_-, -.. _ .n- r 
terpreted in terms of kssive chlorine dioxid 
is characterized by a very weak absorbance a 

c formation. CIOz 
t 51O’nm. Still, at 

high concentration levels, its increasing contribution to the 
measured absorbance ovcrcompcn&s the disappearance of the 
F&IO,‘+ complex. 

VT, V,, Ve 11, rtr. and rd arc the volumes of the reaction tube 
delivered reaction mixture, and quench solution, tbc duration u 
of drives I and II, and the time delay between the two SF 
quences, respectively. In order to obtain uniformly aged samI 
tbe speed of the two drives has to be synchronized such that r 
=- I,,/ V,-+ As a result of a~ de&led calibration, the renroducid 

Thelast l&tic measurements presented here and reported 
earlier provide ample kinetic information conarning the initial 
part of the decomnosition r&cti&. 1; rrenrrat the 

--- . . . . . . I. 
-.. m-..-.-., ’ observed -..- 

spectral ebanges r&ct simultaneous concentration changes of 

soiuttons as well as their flow rates is 11.5%. with the ac! 
configuration, tbe cumulative dead time (the shorlcrt I,) WAS - 
ms. 

of tbc delivered volumes of the reactants and the &e&b and f I . . -- 

CIO,-. HCIO,, ClO,. ~FclO’Hi:‘. FeGlO.s+. and n&bit other In the stoicbiometric experiments, fluoride ion effecti 
the arte- stopped tbe catalytic decomp&ition of C102-, and the contribu; - - 

~., .r - ----.--- --.-. p -- 
reaction, depending on the .actual’ stotcbiometry involving- the 

complexes to the measured spectra was negligible. - 
formation kinetia of the iron(II1) monofluoro complex was 

hydrogen ion. In.the absence of buffers, ibis latter pro&n ‘is vcstigated in 0.02-0.4~M percbloric acid’by Pouii and Smit 
eliminated, but additio~~l”s~~~.~~~ii~ns. P&h gi cnrl)plcx for- On the basis of tbe activation parameters given by these autbi 
mation with the buffer, offset tbiS“advanta6 - ----o-e 

the estimated forward rate constant for the Fe)+ + F = Fe 
In principle, the cxperimetital’d$ta . _ __- ____ “i&G”& evaluated bv using _ 

advanced fitting procedures and tbe ,concentration vs t&‘pro. . 
step is 5.4 X 10’ M-i s-i at 25 *C. With this rate constant, 

ffles - . calculated lifetime of free iroh(II1) would be -3 ms in 0.e 
can be calculated for each component. However. considering the r- sautla * ML In less acidic soIui*ions,‘i.e. at pti >2.0, a much f& 
complexity of the present system coupled with the exprn’mcntst c _ - . . . . . -..-a amplex formation is expected because ligand substitution rc 
limitations, the integrity of the r&&s from such c&t Jiations is tions of iron(II1) arc much faster22 via Fc(OH)~+ than via Fe 
questionable. For example. among the various cikhnn~~t5, consist . ------ --‘-‘r--.-.-- 
chlorine dioxidcbas tbc most cbaract&tic spectnlm and the mm 

Stopped-flow measurements in the Fe-F system wer 
with this expectation. SOlG13 

reliable concentrations arc expected for this 
--.. -..- -1 .m.J 

) saeck. In this 
context. preliminary evaluation of the data by us&g a nonlinear 
least-squares routi& gave somewhat ambiguc 
even for CIO,. 

)us &nantrations 

Tbe appii&tion of the OSF m&hod offers a n&bility of _ ~~..~ ..-- ----.--r--‘ 

and products. This‘fas-kinetic ie&+ue was dc 
reactants 

tveiotxd arimarilv 

determin’ing the conantration vs tirnc profiles rnr rh* .-. . ..w 

t 
The ability of fluoride ion to quench the decomposition Y 

Burther tatcd in SF-U experiments by mixing soiu tions of CR 
and F with iron(II1) solution. No chlorine dioxide formation v 
observed in these experiments. indicating that, for ail practi, 

for studying biochimical reactions which arc not as;ofi&l%b 
characteristic spectral cbanges2’ 

Tbe QSF method has not been aeneraiiv aooiied in kinetic rr ..-- __- _- __--.- 
studies of inorganic reactions. The kbem& of the iktrA&wnt 
applied in this-study is sbown in F&C 3. _ Basicaiiv. the OSF 

purposes, the catalyst was instantaneously deactivated. Sir 
fluoride ion acts as a buffer (pK, = 2.95”) and increases the 1 
above 2.7, the uncataiyzed decomposition also was stopped. ( . . . -- 
the basis of these ,, . . , . . . : results. fluoride ion was used as quencher 
u.i M or nigner concentrations ih the QSF measurements. 

d 
In the fiist Kt of’QSF &p&&n& the quenched sampi& WI 

iiuted in formate buffer and analyzed as detailed’ in the E 
perimcntal Section. As seen in‘Tabie II, the results arc consisu . . . . ltoicbiometric studics’at longer times of the reaction. 
bould be noted that. in the initial part of the reaction. the ( 

method consists of two stopped-flo& sequences which are elec- Wlul me s 
tronicaliy controlled and monitored. ‘First, drive I is-activated . 51 .-- 
and the *diad rtaction is viggetcd bi fast a6fgi”,;&-its‘ 

in mixer I. By the end of tbis stage, the reaction tube is filled 

-. f: 

.~ 
b., ~. ,.j..x_, 

(20) Fibiln. 1. F’rivrtt communication. ‘.YESSfR. 
,Von-&tar Lcasr Square Firring P&t 

(21) Barman. f. E.: fravcn. F. .Udu.d 81 
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bk II. Typical Stoichiomctric Rcsullr fro-m Quenched 0.150 
upped-Flow Studies for the Iron(IIl)-Catalyxcd Chlorite Ion 0 
composition I 

.-tam “, .r\r, ., all,,- ~, ..,, ” ~ “*ir 3 I 
le. s IU-Lm-. M IVL~. M IVqj-. m wlo+ wl- 

10.03 
“, ,” jl _.*,id.“i, .‘l yr* -e..+ > II.. ,,. 

10.05 0.63 0.3q 
10.04 1.01 0.42 2.38 
9.91 1.67 0.66 2:33 

140 9.85 2.36 1.02 2.3 1 ( 
I.26 ,037 9.60 3.09 i,L4s” 

,041 9.60 3.66 1.34 2175 
,037 9.44 4.19 1.67 2151 

ii9 9.19 is9 
,038 9.02 S.98 

.I42 9.46 4.56 1.65 2.76 
2:6S 

C*o*. . . . 
0.000 

. l 
,039 9.40 S.00 1.82 

I 

1.98 2(12 ‘0 .. 100 
2.;7s; 

200 
2.17 

“Conditions: Cclol- = 0.100 M. CF+ = 8.26 X 10d M. CHao, = 
89 X lo-* M; quencher 0.25 M NaF. 

TIME (s) 

0.030 I L 
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0.000 
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- TIME (s) 

TIME (s.) 
gurt 4. Concentration vs time profiles obtained from the quenched alizcd by assuming eitber the steady removal of the c$alytically 
~ppcd-now expciiments for chlorite ion (a) and chlorine dioxide (b) as active iron( III) species or, as suggestad by Schmiti and Rooze,’ 
‘unction of the pH. Insert: enlarged first portion of the same cycs. a mechanism in which the product C102 inhibits the dedompasition. 
m- = 4.99 X IO-’ M and CF~- = 1.39 x lo-’ M. pH: I.3 (e,; 1.50 In order to distinguish b&&t the two possibilities, s&era1 QSF 
‘):‘I .7s (0); 2.00 (8); 2.25 (A). runs were repeated in an open reactor by continuously purging 

Incentration ratio should be considered to be a rqlia,ble ind@tor 
the reaction mixture with NP This method ‘tias sufficient to 
remove substantial amounts of chlorine dioxide, tbougb the cf- 

tbe stoichiometry. 
“‘:~” I , S.,_lZ, -*- ,r-*;‘“” 

Typical kinetic CUTVC.S arc shown in Figures 4 and 5. These 
fkiency was not quantified. In spate of the scm.tqUantiu+vc nature 

~urcs. as well as Table II, demonstrate that otitcr@$ unavatIaMc 
of these experiments, the compaiison of the corr+onding con- 

tantitative information could beobtained by using the PSF 
version data at t& same reaction t&e (Table III) ptc~a tbat more 

ctbod. M& importantly. the concentration vs time profiles for 
chlorite ion ,decomposcd in the open’rcakor; i.e., the inhibition 
is probably associated with chlorine dioxide formation. 

I . 

iI@ 

ion were obtained directly for the initial part of the 
DiSCUS!JiOIt 001614 

reement with the results from conventional k&tic mea- reme;ts, thc reaction rate exhibits n;g,(7YijG ~;g~~;-“$;;g (4. The Mechanism. A detailed kinetic model for the catalytic (t;~~~~~~~~~~~~~~~~~~~~~~~~~~~.~~~r~~*t 

the pH 1.25-2.25 range. ‘I’bc disappearan= of ctioritc ion &td of our SF studits. we propose that the catalytic dc+?mposition 
e formation of chlorine dioxide show analogous kinetic pattefns 
the entire time domain, each ind&ting the autoinhibitive 

is initia&d by complex formation between chlori 
(III). The intrinsic mechanism, for ,tjte. F~,CI&” 

$aracter of the decomposition. This obs&vition can be ration- cluda fast protolytic equilibria between the corms 

i 

Figure 5. Concentration vs time pro&s obtained from the quenched 
stopped-lk experiments for’chloritc i&n (a) Hnd chtbriae dioxide (b) as 
a function of the chldrite @n konccnt$?n. pH = 1.75 and C+ = 1.39 
X IO- M. Ccls-: 9.99 X IO-’ M (6); 2.50 x 1O-2 M (v); 4.99 x lo-’ 
M (8); 7.50 X lo-* M (0); 9.99 x fO-? M (v); 0.150 M (0). 

Table III. Comparison of Conversions in QSF Experiments and in 
an Open Reactor after 3.min Reaction Time’ 

% reacted chlorite ion 
PH lO’&W, M QSFexp’ open reactor 

1.25 1.40 43.3 57:2 
1.50 1.40 47.4 63.2 
1.75 1.40 48.5 71.6 
2.00 1.40 $0.0 68.6 
1.75 2.79 qs.2 79.j 

7 
1.75 4.19 54.0 83.6 

l C,- = 0.100 M. * Interpolated values. 
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base pairs and the iigand substitution steps with Fe]* and Fe- 
(OH):’ (the fast five rcactiti ih.Tible’IV).P The SF experiments 
also confirmed that the rcdox~decompositio~ of the FcC~O~~+ 
complex competes with its formation, and the value of 30.1 s-* 
was estimated for the o%rcsponding fustsrde;^titi amstant. t&o 
alternatives can be envisioricd ‘for ihe decomposition: 

FeCIOzz+ = Fe(IV) + Cl(I1) (4) 

FcCiOJ’+ = Fe?+ + CIO* (3 
Direct experimental evidence appears to be unattainable to dis- 
tinguish the two possible pathways. However, rea@on 4 can be 
rejected on the basis of the fijl&Ging’ a@nienu. 

The FeCi02’+ complex shows intense absorbance in the visible 
region. Similar to those of othci iron(M) complcies, th& spectral 
feature is assigned to a ligand io;‘in*cizil’.~ti~i8~-tranjftr band. 
Accordingly. one elect.ron of thc%ligand is panialiy s&if&d toward 
the metal center. making more favorable thi dcconiposltion via 
reaction 5 than that via reaction 4. An analogous internal oxi- 
dation-reduction pathway was suggested for the decomposition 
of the CO(NH,)&~O~~+ compifx by’Thompson.23 

By using the corresponding standard electrode port 
Schmitz and Roote’ estimated the equilibrium constant b 
the Fe)*/Fe” and $lO:/&&’ ;&ox couples in 1 .O M N 
at 25 “C: K = [CiO~][Fc~+]/([CiO:‘][Fe)+]) = 2.7 x i(r 
this value and the stability constant of the FcCIO.~* con 
K6 was calculated to be 7.0 X IO-! M. On the-basis 
equilibrium constant and k, = 30.1 5-l. 1.5 X IO6 M-l s 
obtained for k,. Obviously, th- values arc only as good 
equilibrium and kin& $irimeters used for their estin 
While the standard elcctrdde potential for the Fe3’/Fez’ 
appears to be well established (co = 0.771 V), there is c 
ambiguity in the value for ihe CIO:/CiO,- couple. For ex; 
the standard electrode potential used by Schmitz and Roe: 
= 0.935 V) is 133 mV less than the value recently rccom 
by Bratsch” (to = 1.068 V). Earlier electrode potentials 1 
CIOz/Cl(+- couple suggest even larger divergence.?’ A 13 
variation ‘n the electrode potential results in more than 2 ( 

The fact that chlorine dioxide was observed in the very early 
phase of the reaction’aiso suggests that reaction 5 is the main 
pathway of the decomposition. If FcC1022+ decomposed by means 
of reaction 4, chlorine dioxide $rixJuction would start dnly in a 
su&quent step between CI(I1) a$ prcsumably‘&lorite ion. Thus, 
an incubation period would be txpecicd in the conccntiatidn vs 
time profiles for C102. WdsLclGncubation p&iod’was b&&d. ‘of magnitude uncertainty in K6 and k+. 

In the presence of strong oxidizing agents, such as chlorite ion At longer times, the CIO. concentration increases ar 

or chlorine dioxide, iron(I1) ‘is tapidly &nve%d ‘inid &(III). oxidaiion of Fe’+ by chiorite*ion becomes less important 

For the oxidation of Fe’+ by chlorite ion, the n&z&m down 
compared to reaction 5. The chlorine dio& production 

in qs 6-8 was propused by Ondiui’and Co&n2~@&&&~‘exact down, and the system approaches an equilibrium state, WI 

Fez+ + Ci02- = Fe’+ + ICl(II)l 
primarily determined by the complex formation and react 
This interpretation is consistent with the inhibitive feature 

k, = 2.0 x lo3 M-’ s-’ (61 overall reaction. It should bc added that,‘b ~&us r&ox rra 

Fe?+ + HC102 = FeJ+ + ]Cl(II)) 
of oxychlorine species, CIO: ‘Is onccil th;‘f%al products 1 

k, = 5.8 X IO’ M-’ s-’ (7) 
does not react with other chlorine species. Therefore, no 
chemically acceptable pathway can be envisioned for the ch 
dioxi& inhibition in the diesent system. 

{Cl(H)1 + Fe’+ = Fe)+ + HOC1 fast (8) Additioiil %pS di‘“the mechanism include the rcacti 

composition of the transient species is not known, these equations 
hypochlorous acid, formed in reaction 11, with chlorite ion. 

were not balanced). 
reaction has been investigated under a variety of expcrirr 

The transient chlorine(I1) species is extremely reactive and is 
conditions.’ iX~1625z*Z9 It is generally agreed that higher ra 

in steady state. Thus, a simple two-t#ii~s&‘e~~d-order rate law, 
concentrations, lower pH, and chlorite ion excess favor th 

shown in q 9, can be derived fgr the overall tiGd&G’ ~ibcess. 
.mation of chlorine dioxide bver &orate ion. In acidic sol’ 

u = (k,[ClO:-] + kr[HCl~2J)(Fe2+] (9) 
the hypcchlorous acid-chloiite, ipn reaction is. extremely faa 
probably does not become ‘iate determining in the chloril 

Under our experimental conditions, chlorite ion: is in‘ 103- decomposition. As a coniquencc, hypochlorous acid c 

IO’-fold excess over iron(I1). In addition;‘tbe Actions 6etwcen accumulate in this system and is in steady state. Nevcrth 

CIO,’ and lower oxidation state ch&ine spc&, tiih thi e&&&i ‘a precise kinetic model for the HCiCl%lO,- reaction is CI 

of Cl-, are generally fast. “J Accordingly, a fast reaction can because the final stoichiotietry is determlncd by the de, 

be envisioned between the chloriIje~I~“li;tCrmedHte -4 chlorite balance between the two competing pathways leading tl 

ion (reaction 10) which is superior to &action 8 and repi& it formation of C102 and Cl?,-. 

in the Ondrus-Gordon mechanism. With a few modifications, the mechanism proposed by PC 

{Cl(II)] + c102- = cio- + Cl02 
et al.‘] was adopted for the HOCl-CiO~~ reaction. Sir to 

(10) kinetic models, this mechanism postulates the formation c 

For the reaction squence of qs 6.7, and 10, the rate law aid reactive Ci:O: intermedia& 

stoichiomctry are given by eqs 9 arid ‘11; r;Sp&&iy~ ‘Ii &ic$& 
..- . ., i ?>‘ 
CiO:- + HOCI + H’ = c&O2 + H:O 

Fe?+ + 2C102- + 3H+ =Fe3++HOCl+C10~+$iz0 (11) k = 1.1 x lo* M-? s-’ 
the product HOC1 is in fast acid-base a@libriuti with Clo’ (pK, 

BY ii.@ eio. Bcca;int‘ii;c $;bibna‘iioh ;i^cdforit; Yn a“ ~ 

5 7.5).” However, in the applied pH region, this quilibrium 
is completely shifted to HOC1 an4 need not be c%&red in the ” 

prequilibrium. one can rewrite q 12 in the following I 

mechanism. 
HCIO: + HOC1 = CizOz + Hz0 

IrOn(I1) is also oxidized by the product chlorine dioxide, and k )O = 2.1 x 1v M-1 5-1 
as the reaction proceeds. this pathway becomes intiti@$y $gi 
nificant. The oxidation may occur in a’fingle outed-ipheic jtep 

Rate constant kIO is calculated by using 

or in an inner-sphere process, Ghich iinplics that reaction 5 is 
acid. 

reversible. Since the two altcmati~e pathways are exp&imentally 
(26) Bratsch. S. C. 1. Phps. c+~.‘R~f Dare 1'989: l&l. '. 

(23) Thompson. R. C. Inorg. Chcm. l”o79. IS, 2379. 
Q,Q&&15 (t?) La&ricr W. Oxtd 

(24) Ondrur. M. G.; GOdOn. G. h?#. Chrm. 19% r‘l. 96:‘ ’ - 
., (/ . ,. 

c!i:rrs, $* ‘,9T2, w.; ~micdm: E*glc 

(‘2f) fauk. H.; Dk&~&~~.“~~~&%. SK. 1949. 71. 3330. 
(25) Emmeneggcr. F.; Gordon, G. In~rg. Chrm. 1967.6, 633. (29) Ada. EC%.: Rokru. P. V. Endron. So. Tcchnol. 1986. 20. f 

. i 

Fabian and C 

in,dlst&uishable a.nd give equivalent ‘nterprctations oft 
datipn...~,?~fltr!peF,_dl:s_CUsg’vnS only the inner-sphere mccl 
~11 be consbred. At thk mint. it should k emphaslz, 
the C?E$@L Ftc.cOP+nt fpr reaction 5 was estimated on tt 
of SF expcr’ments iti the first 40-50 ms of the Overall red 
where the contribution of ClO,.to the Oxidation Of Fe:* 
sumably Small but not nc$cssar’ly negligible. Accordin! 
estimated value.for k, appears to be reliable only within a of 2zy*. 



The following two steps were justified for the Cl:02 interme- 

JtC 

Cl:02 + c10:- = 2c10, + Cl- 

c1202 + Hz0 = ClO,- + Cl- + 2H’ 

.” ../_ . ” ._.,. i 

0.100’ . (I_ ijl .- 
0 

, 

9 

‘he rates of these reactions have different concentration 
m, the cqrqon&ng ‘iC& c.&SGi~C~ C&t$Ti~?i,iX 

-mined. only their ratio: k,,/k12 = 5.4 X 10 M-l. 7% &$ 
:ermediate is presumably in steady state; i.e.. reactions 14 and 
should be considerably faster than reaction 13. !n orderto” 

ltain this condition, k,, t 5 x 108 M-l s-l and k,l = 9.3 X 10) 
were used for the ca!cu!ations. 

In the reaction bctwcq chloride ion’and hypochlorous ‘acid, 
]or!ne is formed, which in”tnrn”rea$$w% chlorite ion” (k,, : . >, 1 1, r- :_i,; ” (L :. .,, 
3.7 x 10’ M-l s-l). For the Cl--HQCl step, the rate co$ants 
ported by Eigen and Kustir?O were accepted without mod+ 
tions. 
Peint.!er et a!. also found,vme evidence for another third-order .,,, _,_. *“..,- c ,,*/,_ .’ I, 
action step and suggested that it ~;r~‘;ia-~iii~utttbnurn 
:tween ClO:- and HOCI: 

, ._ 

0.000 i 
0 

0.030 : 
b 

-------._______: 

. _ . , ; 
100 200 

TIME (s) 

E. . 
I 
, 

*..--- *.i--- i 
_*-- : _*- _*-- ___---- --‘t’ 1 

ZHOC! + CIOZ- = ClO,- + Cl? + HI0 
k = 2.1 x 10’ W2 s-’ 

We propose an alternative~interpretation of reactJon. 16, whjcb 
cludcs the formation of.chlorinc monoxide: 

u 
- -,. ..“._ .A ,_._ ,. ., i..., 

2HOC1 = Cl,0 + HZ0 (],) 

Cl20 + c10; = CIO3- + Cl, 

Although the formation of chlorine, monoxide in aqueous so- 

,ix. 
Ition and an equilibrium constant for rqtct%n ‘!-f”‘%rc repot%% 

PC\” 
_., ‘*“^- ?,.- 

*t mecha,&ms for ‘the HbCl-C102- ‘reaction. Kmettc 

I 

elated to reaction ‘i’7 *%jic&d?hat it is catalyzed by 

%, *..a> ~~~a,r~‘-“^>~~ 
Y Rot!?’ as carlv as 1929. this sucics has not been mcluc 

ri ion and acetic acid 32-)r 
,, . . _. .B, ,. yl,,,i,i”.s.#+ 
Accordtng to a recent report ^. __ .: _ 

I 

TIME (s) 
Fm 6. Comparison of a few experimental and simulat~ad (dashed lines) 
kinetic curves for chlorite ion (a) and chlorine dioxide (b): C,- = 4.99 
x 10-Z I$ c,p = 1.39 x IO-J M. p!i i 1.25 (m); c*- = 4.99 x lo-2 
M. C,p = 1.39 x IO-’ M. pH = 2.00 (0); C&,- - 5.00 x l(r2 M, Ce 
= 4.20 X 10-l M. pH = 1.75 (A); C&,- = 2.50 X 1O-2 M. C,,B = 1.39 
x lo-’ M. pH = 1.75 (v); Ccs- = 7.50 X IO-’ M. C,r = 1.39 x IO-’ 
M. pH. = ‘1.75 (0). 

ach and Margerum,34 the equilibrium constant (K,,) anl 
IC forward rate c&star+ for the-un,cat”&!yzcd (krs) and acetic 
cid catalyzed pathways are i”.!$%%” M-r, 0.12 M-t s-t, and 
80 M-z s-l, rkpectively. The forward rate constant forth? 
vdronen ion catalszed oathwav’* (&,A is 3.1 Mm2 s-l:’ curves. In the first attempt, all reaction steps were included in 

the calculations with & 
A in Tab! 

_ i”&iginally proposed rate mnstants (set 
c IV). With this set of data, a consistently s&taller than 

experimentally observed decomposition rate was calculat&,for 
the initial part of the reaction. A&, at longer times the chlorine >.- .J aioxiae proal -- ‘u&on was overestimated and the stoichiometry was 
consistent wi 

I s “‘.““.’ / .,.*~A,l~l,x,e*,\i 
th r.ea-ti~ion 2. ~n.&tiv%y analysts of the parameters 

corlfii$d th; gt the react&~ &G&it va$ous transient speciea have, ,. ; ; y ~*--w~~~--,~~~..~“,~~ *“..r.,\*+pq, I( li,.ei” av+ ‘l@‘M ., _i, 
at most, margmal xmc :ttc Importance, even tf t!Gy are as-sir&d 
to be diffusion contrc rllcd Therefore, reactions 17, and as a )I‘ .,.* 
consequence 18, and 19 were~rej&d iii fir&r calculations. . ^“,S”, .*_/ ,_ “, 

The rate-determining step in the overall mechan.ism,is the radox ^ _a. _a ,.._ &. “* .%“,, 3. 
decomcosition of ‘the FeClOf’ comolex. Thus. the calculated 

j _ 

. -  , “ ,  - ,  .” .“i. ,- ,,~ ^ x ;*~ ;* _(.~ 
h!orine-monoxide is-the-m.& &active among these specl~. II ,,‘.““S, .,r 
his ref!ccts a general trend, chlorine monoxide may ha\ 
ole in ‘the HO%l-ClO~- reaction. 

Under the experimental conditions applied by Pcintlcr et al.,tr 
caction 17 can be regarded as a fast prcequiiibrium. On the basis _ 
of this approximation, rate constant kl: is calculated to be 1.8 J .fis .,*I .*I 
h IV’ M ’ 5 ‘, 

The mechanism for th”e !-!~I--C!O:- reaction is complete with 
VL additional step rc3ent!y proposed by Gordon and Tachiya&ild:r5 

Ci20, + HOC1 = C!03- + Cl: + H* (19) 

4s a starting point in the calculations, we use the same rate 
Xmstant for this step as for reaction 1 I, i.e. k,# ii s”X lo’ hi-’ 
.-I ) . 

Cakuhtiom. In order to vahdate the mechanism, concentration 
#S time proR!es were simulated by u;i;j;g”‘~~~‘~~R’al~~rii~^ni?’ 
3ascd program (z1-r~)” and compared with the experimental 

-. *-_.. 

ulatcd c&c&ation vs time profdcs “le.;i‘“‘ o”*%_r_ $.. 
for the chlorite ion that approached the expcrtmental!y observed 

kineticccur&.s are Avery sensitive to ‘the actual parameters for 
reaction 5. ,S!multantously increasing kn and decreasing Kb (i.e. v/.., I( .a;%-’ 
incrc&tg k,) resulted tn sim 

curves. The ca!cu!a!ions.-based on systematic variation. of the 
parameters, gave 100 8 and ‘1:3 2 !O-s M as the best values for . x- .3 fX i 7. “^<b +“*““.w~,s,s ” j 
k, and Kbr rcspect!vely. Modification of these parameters drd not 

* 

affect the stpichiometry of the reaction. . . . . . . . . . . . e J t @f In contrast to cfr_lortnc a~oxtae. cntorare ton ts rormeq only tn fast secbndary steps betwCe’;;“v”8~~~~~~~~~.~~~. n., (he i 
_ j.. /,^ *,. ., _, i 

“&i~~,$.J~‘*~~ i(j *ive he dimepaw ktwan he measd 
and calculated ,+@~iomettics is to modify the inirinaic rate .) ./, ._ /Olj ,/,, .,~., /*,.” ~ A*... 
constants for the CIO:‘-HOC! reactlan. This w,ould-reqtire that 
tbe value for the k,,/k,2 ratio be about 3 ordenpf-magnitude . 
smaliei: ‘?& ‘ii’terature value for k,Jk,r (5.4 x 10‘ M-t) was 
c.&ula!c@fl w’iii;i;j;‘~~~~~~~~~~~rrnation of the ). . i .-,“^ 
by fitting the canccntratiop.zs!-iye profiles for chl 
in the CIO,--HOC! reaction. Sumu!att! ,kmetie cu / IIs+ -1 I x~m”4d~,x,.sL~w ir .~~“h~~.&; __ 1 _.x x, ,I_ _ _ ” . 

r3q tlcrch. M. W.; Margcrum, _ 
135) Hindmirsx1 X C. G&AR: Ordii 

fechnwl Reoort %t 
L 

(36) Pctntler. G. P&ate ci _....._._ 
simufcr~ 
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Trbk IV. Proposed Mechanism fo! ihF!rqn(Il!)-C?!alytcd bjccmGit[oi &<dq$ rbn 
’ 

. .,,;,_ , . * “_ :I, ‘,. _, u >-r.iI,“-; ..I’ 
rate conkant’ . . . _ 1, . . ..“,,“..C/_ .-j., _.. ̂ ,_ ,L ..II i .- 

reaction / ,. _~ _ r , :,, -... * ., 6s,.i .wai,4 ,,..,, .sj+iiAw Lt.z,es ,~e!_:$, L.“,-“r--i$ .‘;i r:!L ;i ret B’ *.a ,‘. 
Complex Formallon 

H’ + C102- = HCIO: 
K, = 52.5 M“ 

fast qull 

Fe” = Fe(OH):’ + H’ 
K: = 1.82 x IO-’ M 

fast tqu~l 

Fe’* + ClO:- = FeCIO::’ k, 2.7 x 10: IO 
K, = 13.8 M-’ 

2. i ‘X IO: 
19.5 

Fe(OH):’ + CIOI- = Fe(OH)CIO:’ 
k-1 IO 19.5 

t&K5 = 7.6 X IO’ .M-! 
h 5.0 x 10’ IO 

Fe(OHKI0:’ + H’ = i~tlO:~* 
ke,;K! 

5.0 x 10’ 
0.66 IO 0.66 

K,K, = 7.6 X 10’ M-: 
hst equl 

FeClO,:’ = Fe:’ + CIO: 
= 2.0 x IO“ M Kb 

Fe?* + CIOz- - Fe” + Cl(H) 
Fe:’ + HCIOz - Fe” + Cl(H) 
CIO~‘ + Cl(H) - HOC]‘+ CIO: 

Decomposition of the FeCIO::* Complex 
k, 30. I 

k+ 1.5 x IP 

Oxidation of Fe:’ 
k. 1.9 x IOJ 
k, 3.0 x IO’ 

very fast 

IO loo 
9 7.6 X 106 

24 1.9 x 10’ 
24 3.0 x IO’ 

HOC1 + HCIO, = Ci20z + Hz0 
Reactions of Chlorine Species 

k 
k:p 

2.1 x IV 11 
cl~o: + CIO:’ - 2CIOz + a- 

2.1 x IO’ 

C1202 (+H:O) * Cl”O,- 4 Cl- + 2H’ 
5.0 x I@ II 

kc’ 
5.0 x IV 

HOC1 + CI- + H* = C12’(IHzO) 
9.3 x 10’ 1.0 x 107 

k 
k::, 

1.8 x IO’ 
K,, = I.7 x‘ LO’ .w 

::, 1.8 x I@ 
II 30 

Cl* + ClOz- = Cl:02 + Cl‘ 
I.1 x 10 

k 
2HOCI = Cl,0 (+H,O) 

I4 3.7 x IO’ II 3.7 x IO 
k 0.12 

K,S = 1.15 x 10-z M“ 
I5 34 

k If 34 
2HOCI + H’ = Cl20 + H+ (+H,O) 

-15 
k 
k::, 

3.1 32 
KM = 4, 2.7 X lo: 32 

qo + c10*- = c10,- + Cl2 k 
C1202 + HOC1 = CiO,- +r Cl: + H’ 

17 1.8 x 10’ c 
k II 5.0 x lo’ c 

*First-. second-. and third-order rate constants are in s+, M-l s-l. and M-2 s-l. raptctively. 
from or estimated on the basis of the c&&&ding reference. ‘Set text. dAccording to ref 

bThc ra!c constants in set A were directly obtain 
11, k,,/k,: = 5.4 x 10’ M-‘. ‘Estimated in this woI 

on the basis of the modified set of rate constants (set B, Table 
IV) correlate excellently with the experimental results. .Examples 
are shown in Figure 6. 

At longer reaction times and at higher pIi values and chlorite 
ion and iron(III) cbnc-etitra!ions, the’calculations tend to priaict 
faster than observed dccomposiiion. This E&g &i;@i~ suggests I ..* *-/.,,.~‘ I , 

should be considired as complementary techniques which togeth 
may provide comprehensive l&tic information for a wide varie 
of reactions. 

that the inclusion of additional steps may be necessary to obtain 
a more precise mcchaniSm for the decomposition. 

Theoretically, a better data set could be obtained for the rate 
copstants by combining the simulatipns with a nonlinear least- 
squares fitting procedure as is daciibui in d&ail &e&r~.~‘~ 
However, a meaningful fitting proce$&ilj require more reliable 
parameters for several independent steps of the mechanism. sqch 
as the rate constants of the HOCj-C102- reaction and the 
equilibrium constant for reaction 5. &cause of the lack of these 
da& which n-+ly must be obtained from “i&@ndeiit’%dia. 
no further attempt was made to optimize the kinetic model.. 

Conclusions. The application of’ a variety ‘of ias; kinetic 
techniques made it possible co explore the initial part-of ihe 
iron(III)-catalyzed chlorite ibn. dccoinpasition. It was demon- , %?.. _,:*.\.a. ;t I 

The kinetic m&cl obtained foi the dccom&&ion of chlori 
ion gives a reasonable description of the reaction rate and stc 

strati that the QSF method can sucees&lly be used for studying 
inorganic rca$o~. PC m#n id;Gtage of this method ov& other 
fast kinetic techniques is that the samples can be analyzed by using 
conventional analytical procedures and the conceptration vs time 
profiles are readily obtained for the rc@ants and products. The 
cumulative dead time is about 1 orderof magnitude higher than 
it is with the SF niethod. flowever, t@s dijadvantagc is partly 
offset by the fact that the same rate c$n+nu can be determined 

chiometry. It was cdiqncd that the precursor in this m&a&: 
is the FcCIO~~+ complex and the rate-determining step is its r&c 
dccomparition. Although the calculations indicated that addition 
steps’may have sorn~.effect qn.l’& reaction, we believe that a 
kin&ally significant steps have been included in the mcchanisl 
for the conditions applied in this study. In other words. th 
mechanism proposed corresponds to the minimum basis set c 
reactions. However, it should be emphasized that if the exper 
imental conditions are sig‘ni‘%%‘riil~ different from those repona 
here, the mechanism may prove to be incomplete, requiring th 
postulation of other reaction steps. 

On the, basis of the michanism. the possible effects of ito 
jrppuritics on the reactions of chjorite ion can be estimated. Fo 
example. in the presence of 10:. M.iron(III) and at pH -2.C 
2-49 of the chlorite ion decomposes in about 5 min. after which 
the decomposition practically stops. In terms of stoichiometr? 
this corqntration change may be negligible, but the kinetic roll 
of the transient species formed in the catalytic reaction may bc 
significant. Also. in open reaction systems. which allow the 10s: 
of chlorine dioxide. the effects of the decomposition may be more 
pronounced. The rest@ indicate jhat iin$uritia may significantI> 
alter the reactions of chlorite ion even at very low conccntratior 
levels. 

by using lower initial reactant concerjtratidris. This is b&&e 
00162? 

pacudc+f~tsrder conditions do not have !Q k maintained during Acknowledgment. We thank’%. G&or Ptintler of Szcgcd 
the kinetic runs. Hungary; for t& actual version of the program ZITA used in the / *. ,) ,, , ,. (_I -7 A ./ 

In spite of the obvious’advantages.’ th;‘@F*r&thod can;& XUctilations. Wi also express our gratitude to Merrell Do* 
substitute completely for other fast kirjnetic techniques because it Chemicals (Cincinnati OH) for 
is not suitable for the detcctiori’ind ldentlficaiion of reactive 
transient species. Thcrefori, t’L;e QSF: !#:‘&id $p-ks meiho& 
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.Removing Chlorite by the 
Addition of Ferrous Iron 

duction co CT could great@ enhance the 
potential for CD2 usage in drinkkig uwer 
CreaNletls. 

and reduced sxdhtr conipotinds for-y& 
ble elimi@ion of Cl&-. Cordon et al Dub 

e of reaction between sulfur 
. . . - 

es. However, one majbr 
dicuci~lfiire ion and c102-. These au- 
&OB found that 90 ~~X,EIX of Cl&- could 
be removed with tiactio,n.times 45 min. 

a residual con- 
mever. Dixon and Lee’ rqwrted thaw 

I cbloyr~ 
the reacyu~ of sqkr diixide with ~30~~ 
Ieji g-he f&nation of signifiouWamounts 

TABLE1 
/& 
* ,.,a ,. j _((r :!,__._n. .,_,: 

7 
soha& 

Ptl T 
I? su- 4.1 

4.1 T l22 
2.3 

39 Q 1 
UY a.1 

Ql 16 

t ,, I 6.0’ .:; 
1.1 

41 
I.4 
2.u 

34 co1 
dJ1 4.5 
U2 1.5 
1.6 4.1 
ta 01 

2: 4.1 
02 

2.0 a.1 2.3 
3 1; 

1. Schemaric of experimrntzl 
NS u%d for kinetic stud& 



Flgwe 2. Comparing mea+grreri;lent”of 
residual chl&ite by a computeraided 

Figwe 3. Reduction uf chior& by fer- 

dcrimerer and by-an ion &&alp 
rous iron at pH 6 and initial ferrous 

graph 
iron to chlorite weiihr. ratio of,3:1 
bvJpvutitrc-2~cI 

Figure 4, j&x of soludon pH on the 
rate of reaction beFateen ferrous iron 
and Chlorite (rOrfip~rurUrt-2STI 

,. ,,, j * II. / 1. \’ 8 ’ _, 

, ,..l.,,x._I/ “_. ~,. :,r.‘:~i.T, :..,+. W& j.. J * ‘( .” ’ 
,, *, .> . . _/ ,Li. **a.. >iz<u.d‘;~a* :<*.*y+&* .:g ;.~~+~y~\ ‘- ‘I *L‘ ;: 

.,*c.;;*,,*& >.“<.,. 
\ 

moval; srne CIOs- f-r@ was nq!ed 
across the GAc:me.dium. Griese et al’ also 

FeO-CIOs- &non] on alum coaguk 
tion for turbidity and DOC rem&L 

Reiden *v and ratesThe ox- 

found ClU,;“formatibn to be a problem 
idadon-reducrion reaction between Few 

when using sulfur dioxide. E4edlnwbJluetkodEaJuJnuteri;rk 
and CIO; is 

Ondms and Cordo$. .av@gacod rhe 
kinerics of&&ion bemtta ferrous 

Ted end s8oob sdldiees. Au roh&ss dkl0 - $iOa’ - 10&S - 4b(OH~,(b:) 

iron (Fe [Ill) and Cl&-, finding thar ‘ac- 
were prepared using disrille& dei&ed ~cr~an- 
water: DO concentration were mini- 

(1) 

ceprable rates of reaction could Abe 
achieved. These studies were c+iuGd 

mized (~0.5 rng/L) by bubbti~u&gen Caiculatiot~ based on &js molar s~i&i- 

under condidoas of Wremtly locv pH and 
gas through the solution for a minimum of omeay predict chat 3.3 mg Fe(II) are re 

high ionic s~ength. 
15 min prior to any chemical ad&ion; 
Background ions, added to the soludon 

quired m complereiy reduce 1.0 m,g CIOs-. 

More recendy, Griese er al’ rep&d included Godium bicarbonate (1.5-2 
St&al tesq: were’conducxed using h&ja~ 

on laborarofy: amj pilo~s+ie,_fpl,~,~:, al 
Evansville, Tnd.. inw&hFe(m dktiveb 

IW~L), calcium chloride (110 meq/U. 
Fe(X) concentrations near 6and 16 mg/f, 

reduced ClO~~&om drink&g wa?r. #I this 
and.sodium s&ate (0.25 meq/L] rL &mu- 

wi& C)G4 h&gesranging from approg- 

lare rfipresemarivt ktshwqer conditipn 
mately 50 to 300 percent of tie &ore&a] 

situation. no C103- appeared t$ be formed 
amount required for Fe(Il) otidatioo. 

ax a by-product of the ClO- redutioa re- 
Solution pII was adjusted by the addition 

action. It should be noted &at .exce.ss 
of either nitric acid or rociium bicarbonate 

Tests were conducted at pH values of S,6. 

and was monitored witba‘pH riaeier:~ ’ 
aud 7. Samplc~ were analyzed for residual 

FeGl) dosages (well above ds stoichi?. Srock Fe(lD’ sdlurions were *prepared 
soluble iron and ClOz‘ concentrations 

metric requirement) were utilizid”bti i&e ,. i, ,/_ ,.” 
authon did not investigate rhe fate of rhe 

using reag&tp’ade FeSO+ - ‘?HxO crys- 
after a 5min ieacdon period. 

~4s. Prior to Fe0 ad&ion, rhe soiution 
The.k&erics of Fe(n,-CQV interaction 

excess Fem. 
were quswitied by use of a z;rt ofpressur. 

was deaeaced and acidified IO pH” ‘2.8 %;a reaction chambers (schematic shown 
Anothtr area of s@fic concern t%‘ ” ” WC 

gard;?g Clot usage is rhe presence of 
u+ng I&C’ a&h Stock -F&D ~ioiurions 
were sealed wirh par%lin t0 mini&&ox- 

in Figure 1). A ClOz’ solution uras con. 

residual C101*. Chlorate is formed as a ygen tmn&r and subsequent Fe(flj &I- 
t&ted in vessel A. and an Fe0 soludon 

by-product of feed SKOCIC. $npur$y. b,t 
was placed in vessel B. The inirjal concen- 

cause of ineti&nclr?i during Cl02 gen- 
dation Stock solutions w&e prepared at 

eration or by chemical oxidation of re- 
least every wo days during testing ur 

nation of each chemical species was doll- 
bled s that the de&rod reactam concen- 

sidual ClOa-. This research srudy did nor 
when any visual evidence of Fe(D) oxida. uations were-achieved once the solutions 

evaha~ rbe possible &iovai d residua’ 
non appiared in rhe stock solunon. were mixed. flow was initiated and ceased 

ClOp’ by Fe (IQ. 
__’ ‘tie stock CK&~ soi&ofi~G& prepared by the master Vave at C. The reaction 

?he objectives of rhe study wore 
by adding sodium chljorire.~:S.haCICjJ occurred in tube D and was quenched by 

l to evaluate both the stoichiome- 
flakeq to dis@ed, deibnixd wa~r. Solu- 
bon pH was maintained >pH‘ 7, then&y 

aUo$ng the soluuuoa to ffow into a holding 

rry of and rhe resc{lon kinetics be- minimizi~ potenti conversion of ‘CfC)e’ 
vessel CE, conmining a 10x stoichiomeuic 
&ccti of sodium rhiosulfare. 

rween Fe Uf) and ClOr’ as a function of 
soWon pH. temperature, dissolved 

to ClO<.6 The stock solution uas sealed Reaction time uas established by 
tioncrol of the sysrem flow rate and the 

organic rorbon (DOC) concentration. 
with pm&hwid swredinan amberbo$e 

and DO concentration; 
in a cool. dark locadob ‘&‘tirer of the Iewth of tube D. Applied ceil pressure 

l KO as+s rhe porenrial for (ognanon 
neck w quantified daily using a com- ranged from 6 co 20 psi; tube (0.096cm- 

of ClOi as a by-product of tie FeQU- 
purer-aided rimmerer.f diurnrttrr) lengths ranged from 1.5 co 

ClO2’ reaczioa: 
Sodium throsulfar~ wss used to quench 

all otidat:on+educrion reactions. A 
9.0 m. Thir combination produced rtac- 

l LO assess the fate of iron during 
bon times beween 0.6 and 36 s in cubr! 

stock solution was ‘preptiM using re- D. Flow rates wtre mainrained well 
Veacment, including portrwd problems agenr gnddc N&OS 5H10. Ruosulfarr? 
that may develop as a result of ezess may be slowly ox&xl co &f~&by’DC;~ 

abve 0.2 m/sin the tube. thereby ensue 

Fc(ff) addirio;i; and ‘M.U.4 Meil.prh Cap. ud.ra Mum 

l to evaluarc the d&t of ferric hy&% 
therefore. fresh rbiostite jiock solu- 

-80% were prepared ueeNy and *aled rbh,Dcl% r,,hcijc,cWk cb ktSb,,yn h. 
ide solids iformed as a by-product of the wick &n&n. 

fWS..ecrCncq&u.NJ 

,, __I, ..‘%. ,” 
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Fii 7. EffeCC of ferrous iron dosage 

F$IIVV 5. Eff&t of reduced ~oludon Fisfi 6. ElTecr of solution pH on the and the presence of dissolved oxygen 
temperature and of pH on the rate of stabstry cf ferrous iron in oxygenati on r&dual iron concentration follow- 

reaction between ferrous iron and waters (amprratw+ZS’C, DOC c3 itig reaction with chlorite at pH 5.5 
chlorite (nmpcruiz1re~S4CI m&/u WC 4 mg/L, temperuram-25TI 

ing essentially instantaneous mixing at tion in finished water 4.3 mg/L ha these wa?i reported as the difference berwem 
valve c. expe+enrs; solucioas contqming spprox- total and solubk iron conckntmtivo~. 

Sodium rhiosulhu was sekcted as the inmate&p rng ClO;iL and 9-10 mg DO/L , - ” v,* -_,.. .A &Wtkal procedum Solunon ClO; 
qutnching agent based on Ejrelim&&’ were dtp$ arit) F&III y.z~v++ qging ro~ccatp~rion was an&ted using a pro- 
studies rhf showed (1) lh?. mycd.on be- from 25,.to 400 pscen~ of the crdichiom8c grsama~~e ntmtor aecordin~ to meth- 
ween !&Of- qd Cl&- ~a?, ,muchVwr ric requwtit for ClO2” i%&ih:” od$ described by A&a et al. Suapks 
than the FcCII)-CIO~’ interaction when a pks were witb&Wn from”&% ~$$er^ I_ were &itia& reacted with potassium io- 
huge excess of thiosulfate wds pre*nt and every l(J-15 min for up IO 2 h and were .&kaf$loked by titration mih a scan- 
1~) rhe presence of an exct'ss of W+We analyzed forresidual CIOz’and Fk(fI,‘co& dardited phenylarsine -o’tide solution. 
in solution did not promote reduction of cermaribns. These te& were conducted Approximately SO samples were alw an- 
Fe(OH)s(s) formed during the Fern)- at pH 5.$5.3, and 7.‘ alyzed for residual CIOsS by ion chroma- c~o;“~e~tiorjl~~f~~* was bwrtmt . v A standaid srx- tography, with test&s showing excellent 
because tbtt reaction rate was ultimately piz?apparatusW was used to eval- agrttmqt between the nvo methods 
based on the disappeartte-of Fe0 frgm ~tr rh$ effect of iron’ (a&&i”& C&E&- @iii 2). 

rcductios) on ttubidity and DOC retival &sidual ClO:: coucenuacivn could not 
st rate studies were conducted over with altim as tbe primary coagulanr AU bc mess&l due& in )iinetjc experi- 

range 54.5 u@g a solution tern- coagula~nn expehaents went coaducud menrs that utilized the prtswrc chamber 
peraturt of 29C. pH values 4 were avt in tke ph range 6.245. S&utions Were appa+ts~because of the preence of SO- 
wted because they were considered un- pitpared with the same background ion dium thiosuifisu in the quenching vessel. 
rt&stic for conventional water treatment ~$?nt@vns as pr&usIy described. In For these experiments. residuu ClO; .\ , . xI.*, ., 
practice. Tesriag Bt: $4 a6 5 was iZT% +ddiioa approximately 100 nag/t of ken- coucmoarion was calculated based on the 
because competitive Fe(U) oxrdatiotYh$’ ton&e clay was added to yield an init& initial Cl&- couctntion measured the 
traces of DO made interpretation of the lufbidi~ of 25-30 mu. 
dqa dSkuk Selected stcldics were: COP 

observed loss’of iron du&ig &‘~ea&ion, 
The DOC sourer for the coagulativn and the observed stoichiometry of rccac- 

dmed ar lower rempenanves (WC1 by exptirunents was ‘fulvic acids that were tion bpern Fe0 Mrl~Clif~~~. 
placing ti pressure chambers. quench- concentr;lre< fro.m rhe Dismal Swamp Selected samples wore analyzed for r+ 
ing vessel. and all system iirbing in a ion- near S&o]&. Va. Aquatic DOC was sepa- sidual QO~‘concentradonby useofan ion 
srant-rem~ruxik bath., ra1e.d frum the swamp wa@r using resin chrom+graph. ‘The ekent us&&& com- 

Competitive readions with #). DO 6 according to adsorpdoP-rcpaarion meth- posed of 2.8 m&f bicarb&ate and 0.4 m,~ 
water at treattttent‘$6Sit+s &hr com- ods de-bed by’I%urmau and Malcohn.~ carbonate. 
p:te with ClO:- for the oxidativa of Coagulation experixnents used a 100 Initial and resrdwl iron concentmttons 
Ft~1). possibly reSuking ii e&+% r+ perceut Ttoichiornetric Fe@‘0 dosage for were analyzed accvtdiry to either of the 
sidual Clot- conc&trations. Experi- Cl&* reduction couplid with varying following methods. Mqsr mnpks were 
ments were .coriducted to quauofy the dosages ol alum. &tb chemkals were fi%r&~ tlkotih a 0.2-pm filter. acidified 
relartrt reaction rates of the Fe(H)- ;id‘dGd simultaneovsly at the beginmng 
CIOx’ and FiOD-DO reaciik. One set of the h$&&ed (1% rpmj rapid-mix atomic absorption ‘?ipectrophotometcr.t 

with uie acid. and analyzed using an 

of experiments involvedaddingFe[ID to period (detention time - 90 9. Two- Sek&j’$&nples were also analyzed for 
solurions containing 9-10 mg DO/L and stage f@culation wss simulated using Fe (II> cqncentration using the bazhv- 
moniroring for Fe (II) o&i time for up ro 15 min of, rni%i ar 50 rp.m followed by phenantbroline Qrocedure described by 
15 min. This expenmenr Gas conducted 15 min ay $0 rpm. Following a l-h sedi- Lee and Smmm. 0 
%I five ph.&es between 5 and 7. 

II was important to de&nine whether 
mentuuon period, ~~picrs were with- Aaalys~s of samples for rtsldual DOC 
drawn arid an&ed for residual rurbldd 

DO would efiiciently rcmcive anyt%css 
concentration invo]ved filtration 

icy and total, iron concentration. Apotion throuih a u.P-w -tiher fcikwed by the 
k(D) that remained following the ClOr- 

Q 

of each +I& was filtered through a 0 2. use of a total organic carbon analyzer : . rtion reaction. The fate of e2wes.s sol- pm filter and ,Falynd for soluble iron; 
In is imponam twcause most water .ClOt’, and DOC” concentrations. Ptic~ ‘Moart wu *.YW a Bea Lnmana. VA 
ss facilitis d&re an Fe concentr~ iate imn cpncentranon tis calculated and t+orl 74 P~b&mk N*rcrtr, Corm 

tocaD. a* 1hm01 sdlrr cm. &&I 
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turbidimeter.” 

Resultsuddiscussbn 
SkkbhhYOfFOtU~&Rt- l,/‘.. 2.. .-4.-I* .., suits of isverz kS’%imrd ac ev&&g 

the reacnon stoichiomatry betwwa ?&II) 
and ClO2- ago shown-in Table 1. Ahhough 
a range of valurj W&S o&rvrd. the aver- 
age StviC~cVy Car all qxrimeniswas 
appruximarcly 3.1 mg Fe/mg ClO2’. 7%~ 
mdue is slighdy less &an the rhcorerical -on ~oichibnienjr or31$.~~~>FeyG. 

Cl0~~ calculated based on Eii l.““&se 
resuhs wggesr rhar tht predomiuni i&i 
exclusive by-product of the ClOti’ rec& 
don reamion IS chloride iOn (a’). 

lCine&a d FefllW rkutiw. Nimtir 
ous experimeqs were conduaed bcrweer 
pH 5 and 6.5 for ass&sii$the r&e of 
reaction btween rhose ~JYO ~pcies. ‘T$ 
cal resuh are shown in figures 3-5. In 
rhex s;aJdies. an Fe0 co Cl~~~“tie;;ii”i;ii 
rano of ;5; 1 was. u$@ed. Dara presenred in 
Fiie 3 show a rapid Glucrion of~lO2- 
wit& approxrmarely 20 s at fiH- 6, &en 
when SCWC& wirh an m&al ~lO~~concen= 
uanon a5 mg/L Likewise.. +tra shok SD 
Fmre 4 indicau a raijid rea&So.r ififtt . ,I. ,~,. .~~ 
tesc~ condumd over the pH %2 range. 
In this inseance. decrease in ~luboduon 
concentration is graphed as an indicaqx of 
Cl& reduction. 

“. -- -- -. Fiin 8. E&ct of fmous tioti do& 
and rbe presence of dissolved oxygen 

#i&$.~‘R&.. of &OUS iron’&-e 

OD residual iron coacenaxion follow- 
and the presenqe of dissolved 04gm 

ing rez$I& wjvFirb chloriit at p$f’g$ ’ 
on residual iran concentration fbU0~. 

(Dot ccl i&k &IJape7arnr#--2~‘Q 
i ” ing reaction with chlorirr at pH 

(DOC d’+&- sempcm,,r+29c~ 
5 

Dara presented in Figures 3 and 4 rc 
laU ru a solution lempcYdtUr~ of25*k A 
slight dccrecrse in reaction rat& \;a?‘ob- 
served when solution temperature tit- 
creased 10 S-SYC, f.Fia;;“e‘ 51. However, 
Fe0 (and thus ClO;) was still reacting 
az a rapid rare. as evidenced by rhe high 
pcrcenhye of iron rhal was oxidized 
whhin the 6-t 10 s. Th&‘d&a in&& 
rhat the red&on of ClO; by FeOIj’+wiIl‘ 
easily occur wiirhin l-2 min u&r’&G‘ 
temperature cohditions rypically en- 
counlered in drinking water tre‘iltrrr‘&iif:’ 

cLbr&e knutiot~. A selecrn~mb& of 
eJy%imenr.$wwirndzreak~ in whit); so- 
~UIMXIS wtrt monitor4 for rhe possible 
formarion uf 90~~ during the Fe(U))- 
CIOzs reaction. Results shown in Table 2 
indicate that no derecrabk amuuni of 
ClCh- was fyned in solkibns ksrcd dvcr *e pH 5.5-s tie &iyiiX’.Zti .~lo~+.n~” 
centracioos as high as 4.0 mg/L 

EfMs d W. Mosr’ studies *em COP 
ducted with solutions char were deaerared 
by niUOgCa during preparation to mk 
miie tie powntial for FeUU otidatiod by 
DO. Two groups of dcudies weie cbn- 
ducted to assess the &CL of DO on ‘& 
Fefll)-cIOF reaction. In the .6nr ni of 
~tudk. solurions con@ning Fe(Ilj Likre 
exposed to PO 6ver the pH range 5.St 
no Cl&’ was present in rhest solurions. 
Rcsulrs preseqd in Ftgurr: 6 indicate rhat 
Fet’IIl was relanvely stable in &G’s&. 
dons oker appt&mattly 10 min Iron &. 
dtion and precipitation were only sigr;tfi- 

F&we lL,Removal of turbidity and DOC from w&r co~~~-i&g nJti acid by 
alum coagulanon al+ugd by ferrous iron plus alurn coagulation lp~--6;.3-g5, 
te??Jperutmrt-25T ) 

r 
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&urc 23,8ery4 of turbidity and WC from uvatu containlPg fulvic acid by 

alum coag’ulanon alone and by ferrous iron plus al&n coagularidn @H--6 3; 
zcm~trutwrt-25-Q 



FIgwo 10. Residual soluble iron and c+Ior$e,coac,ent@dons following LreaUnf!YJt 
af ar;uer containing fSic acia by alum coagubtion alone and by ferrous iion$~s 
Jum coagulation (pH-6 345; tempcrotwt-25W 

,narc;rre mlr +&et Vi@ hpri +@j$ &* us 

study, the competitive effect of DO on the 
rCati+m berwveen Fe(II) and CIO:’ was 
minimal. ‘Ih’ri Would mean that rtoicbio. 
mctic do-es of Fe(U) should &sr;ftciennr 
to remove ClO; from waters contammg 
sagnificanr DO concentrations. 

O&r studies r*ere condlrcted in which 
DO and ClOr’ were both present in solu- 
tion at the time tie Fed0 was added. DO 
conceaaadons in these Studies wvc~r Dpl- 
ally in the raoge of SlO mg/L. whcrcas 
Fe{10 dosage vaned from 50 to 400 pet- 
ccnr of the stoicgzut@$ requirement 
for CIO,’ reBuction. Kesiolts (Figatr~s 7- .i ,‘ _,/l”w-l_/.u 
9) shhor that F;(IIJ reacted rapidly with 
the CTO:;asevidenced by the ituti steep 
decline in soluble iron concenuarion. 
Analysis Of eack s+ziori indkated esren- 
nally iOt, peicear CIOz’ removal ar FeQD 
dosages of 100 pwctnr and higher on a 
stoichiometic basts. 

The behavior of rhct e,xces~ iron in so- 
lutiun as a function of solution pH was 

inceresring. Watag near pH 5.5 (Figure 
7) showed minimal rtmoval of excess 
Fe (II) over dme iiidic&p ‘little inrerac- 
don of& Fc(IU wirir the DO C)RKSIL 
When the sohtnon yH was rncrea?;cd to 
6.3 (Figure #j.‘excess Fe(U) u&s eiimi- 
nated over a period of approximately i h. 
presumably because of oxid&on by DO _ _ _,.., “., * _“,~ 2. 
followed by Ee@HI&) $recrpitation. 
only at #i 7 (Fiie 9l'was the excess 
Fe [II) rapidly eliminated via reaction 
with DO. These resulrs correspond well 
KO the results of Stumtn and Lee” who 
&owed that the lcinerjcs of FeuD oxida- 
tion by DO were skw for pH values c6 5. 

The practkal application of &se r* 
s&s r&tes KO the fate of Fell0 that is 
added in excess of the requirement for 
C102’ reduction Surface waters that are 
treated at pH values in the neutral or alka- 
line range would probably not cxpet%nc~ 
problems associated with hiih residual 
iron concenuations result& from Fe0 
oxldadon by DO H&ever, excess do* 
ages of Fe(n) may persist under acidic 
~ratment condrdons and require some 
foRn of altemak OxidaQon t g.. chlorine 
addition, to reduce the residual iron to 
levels below tie recommended dnnking 
water concentiadon of 0.3 trig/L 

cnamwiPa studbh Coagdabon srullies 
were conducted with hlvic acid-h&a 
water samples in which a 100 percent 
Fe(II) dosage (sroichiomeuic for 00; re- 
ducnon) was coupled wtrh rrviu~+ alum 
dosages in tie pH 6S6.5 I%$$. Cbnipan-- 
ion coagulation studies ~leru conducted in . “*,” AW.,^_?( which r). ,F;cn) w;ds adhe.& ..aiafi ‘from. 

two separare pairs of coag&Un studies 
(Ties 16-13) ‘indicate that alum‘adcii- 
tion alone (no Fell11 added) did nut &&It 
in Cl&‘removal. In comparison. re-&;lal 
CfOz’ levels were co.05 m#L for all sam- 
pks chat recetvcd tht 100 pcrccnr ~oichio. 
metic du* of F&) iRgures lo and 15) 
fkher, rhe addition of FeiII) did not hii- 
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iron concentrations after coaybdop wefe 
all ax or below the 0.3 mg/L level 

Based on the da& c&e&d duru& the ’ ‘7: Zzkig 

These coamkion tidies involYed’ the 
study, the ftillowing conch&ii% wetc 
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Ejt;hi;Usn-ii&dG;Tii; 

simultaneou~additioa of Fe00 and __~ . _ -_ _ _.-- -_-_ 
-during the rapid-mix phase. One &set of 
coagulative trsi was u&rraken~ ta as= 

i&y tipid o&r pH S-i 

scss how creatmenL performance was af- 
complete CIO,’ reducdon occuiiin(l‘in r& rive IsOlarion of 

a&on rimes as shon as 5-15 s. 
gm”-h @ _.-. 1- c. 
,I 

fecced by varying the poinr of Fk‘Nj 21 Idi- 
tion. Samples of wakr ~conraining &lvic’ 
acid (DOC - 6.2 mg/l) aid QO?- (3.3. 
me/L) were ueakd with a 100 percknr 
s&&iomerrk Fe (II) dosage and e&&r 20 
or 60 n-g &m/L ?heFe( 
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ate methods. 
The radiolysis of aqueous solutions of CIO- and CIO; has’been investigated using p&~dst~dy 

The absorption spectrum OT Cl0 w been identified (& t 280 nm) and &e mm 
CtC Mcti?n mechanism has b&n estabhhed in the case of CJO- and proposed in the a ofa0;: 
he follow:ng rate constahts have been evaluated (units of h$-’ s-l) : 

e;q+ClO- -+ Cl-+O- 
e;,jClO; + CIO-iO- 

cL3~LO)x 10’0 

OH+ CIO- -. ClO+OH- 
(4.Sk0.5) x 10’0 
(9.Oifl.5) x IO’ 

OH+CC10; *CIOI+Oti- (6.3&0.5)x109 
0’;c10- -t C10+0’- 
O-+ClOi -b ClO2+0’- 

(2.410.1)x IO’ 

hhxes of the radical 
2clo -, Cl202 

(1.9&0.1)X 10’ 

d 
1.5x 10’0 (U) 

an molecular yields obtained for dilute akal&c solution an : 
G(e;,)+G(H) -- 2.92iO.OS, G(OH) = i.4i fb.12, 
G&j = 0.4250.02 and G(HIO1) = 0.7OiO.01. 

ne photochemistry of oxyanions in aqueous solution is of considerable interest 
iuse of the number of different primary processes which these ions can undergo I-4 
“any cases the commonest processes are those in which the oxidation numb& of 
Wtral atom changes by one unit through the formation of a hydrated electron 
or a hydroxyl radical (processes (1) and (t)), or by two units through the formatioi 
1 oxygen atom (process (3)). 

X0; 4 XO,+e,; 

x0,- 4 x0,, 1 i o- 
(1) 

x0,- 4 xo,,+o 
(2) 

.T. . . - (3) 
fant 

5 under 
atry investigated. - . 

primary 
rinciple 

ent of the yields 
he final 

: yet available to m&c ~- ---- the first method useful quantitatively 
hotolysis is invaluable in determining the quafity of the p;imary pro=: 

9d7 

tt gashes of su&cie& 
: yields 

intensity 
but nevertheless 



I -_.- 

!E ** 
948 RADIOLYSIS OF CIO- AND ctor’ 

Quantitative information must therefore be obtained by the second method whit 
requires that one knows the chemistry of the primary species and any other precursor 

: of the final products. Much of thisknowledge can be gained’ independently of & 
photochemical system froni a study of the aqueous radiation chemisrry of the partim 
lar ion where the reactions of e; and O-(0R)‘wiih Xg; can be established beyon 
doubt. For example, in the case where X = Br, reaction (4) s occurs for n *=, 2 an 
3 and reaction (5) occurs for n = ‘1 and 2, and ‘information was- obt&ned on” tb 
absorption spectra and chemistry of-BrO and Br&~wh%h“w~ essentral to the inter 
pretation of the photochemistry of Br0;.6 

e,‘,+BrO; 4 BrO,,-,+O” (4 
OH(O-)+BrO; + BrO,+OH-(0”) C 

,- We have adopted a similar approach in the case of oxychlorine ions whereby w 
have studied their aqueous radiation’chcmisrry ‘i&&r “i‘o obtain information whjci 
is essential to the eIucidation of their aqueous photochemistry. 

The steady state radiolysis of hypochlorite ion ’ and chlorite ion a solutions ha 
been reported previousiy but the reaction mechanisms have ndt’ been kstablishec unequivocal*y, partiy because tht i~iiiiisiif “,Gf *;fii “%~~Li&-~;i~~ ‘i;i’t;;:ii;ediaies ,Cl< 

and ClzOz was not known ‘with any certainty. In this paper we present the result 
of further investigation of the radio@%‘of -solutions’ of both these ions, usjug puls. 
and steady state methods, which provide deiGIed i~%‘@‘mZon ou’“‘ihe chemistry o 
Cl0 and ClzOl. ln each case a complete reaction mechanism h&been established 
The results also reveal a number of difffeiences in the chemistry of the chlorine ant 
bromine analogues. 

EXPERIIMENTAL 

MATERIALS 

All solutions to be irradiated were prepared from triply distilled water, and their pt 
was adjusted with sodium hydroxide. 

Sodium hyp&hlorite solution was prepared by the mettiod of Taylor and Bostock ’ b: 
distilling a mixture of 35 g of boric acid and 20 g of bleaching powder in 600 ml of water 
The first 100 ml of distillate was cblleeted 111 400 ml-of 2$lEz M NaO&I to give approxi -‘““-’ 1 i‘ 

mately 10mz M CIO- solution at pH w 12. ” Sodium chlorite (I%$kin and Williams 
technical grade) and sodium formate (B.D.H., reagent’&de)“w&e recrystallized’thr~~tiihd 
from water. Allother rtigenis Gere‘A.R. grade (B.D.H.) and were used without furthe 
purification. 

Argon (99.995 “/, nitrogen (white spot), oxygen (B.O.C.)! and sulphur hexafluoridl 
(Matheson) were taken straight from the cylinder. Nitrous oxide (B.O.C., &iae&ieii; 
grade) was passed through a column of potassiGn hydioxi~e f$lIets and then through ; 

. trap at - 80” to remove any CO, or NO. 

APPARATUS hND PROCKDURE 

Details of sample’ preparation, apparatus and experimental procedure for y-radiolysi: 
and pulse radiolysis have been described dsewhere.lO-ll 

ANALYSIS 

Nitrogen, hydrogen and oxygen were measured by gas chromatogxaphy,.using a cdunx 
of molecular sieve’5A”Gith~ar~on -as tl&‘&rier gas. The solution products Clb-, CfOi 
and ClO; were determined by the following methods 
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Cl0- 
This ion ,uas &tern$n$ either titrimetr$all,y using arseaio? o+ie and, jodipe,’ . ., ,I ;“L .I,% I_... ” yy”“” ,,+_. *., .j,x,+ .,(, za;;wi.“,*,*e.q.. 

spectrophotometncally* at -9, nm takmg EC& = 418~i~&l’1 ctnsl tihich~wg have. dt 
mined and whigh agrees well with the value reported by Julien and h$t$eau~r, 

ClOi 
AII aliquot of CIO; solution was +d@d% toW@&? potassium i( 

to pH 2 with sulphuric acid, such that the final n-1 = iW” M. 1 
ClOi oxidizes I- to 1; quantitatively. I; was measund spectrophotometncruly at xw run.-- 

ClO-+ClOi 
To an aliquot of the mixture 5 to 10 drops of 5 % phenol solutior - . a * 

ClO-. ‘The solutiqp, v+s allowed to stand,,for 10 min .aDd then an; . ,~ ” ,. .~“,& “.. a‘_ ~-*.n., Ax%!!_,,‘ .* iirr.~~~~~~,~iMl~~~*~~~~~~~~~~~~~ 
amount of QO- present m 9 ___; -r-- --. 

trading the ‘known c+!tri,l+ttc FefAl;*m-‘) from the iota1 abs&ption 
measured at 292 nm. ! 
-cI- 

Chlorate ion usually had to he ,@er@ne$ in .t$ presence of C!O- and Cloy. This 
was achieved by measuring the sum of all;hF,$ps, t$ing thk method qf$sWyi and Szabo,‘* 
and subtracting the amounts of C1O.T agg,.CtOi determined as above. Cl@r.at$“~!?! $~e~, _,_ , I y , 
not interfere in these rne$,hpd+. _ _, ,. 1.,_ j__ __ a, . .I~ 
a02 
- h-wine dioxide was determined s~ctrophotomidricdly t&ing &$f& = lo3 M’ GUI”‘. 

present it was removed by a s&am of nitrogen’ before the other firoducts were deter- 

RATES OF REACTJON or: $,;, OH aND o- .yJ?H O,X.YCHLORJNE ANJONS )... .*~.-“a. ,_ ,..i,*^-r*rrix,p-n‘?~e.ri~),..l >il( _‘. < ^ ., ,. (; ” ” ._ i,,i .,j 

Rate constants for t&e Feac&t$.ql.$i were obtained by direct observation of,$? 
decay at 575 nm. The presence of l,O-,’ @I CJO-, yr.C!.q; enhanced tbc ,.fate “sf 
decay of e& but 10 -1 M CIO; had no cfFect,‘in&attng that the first. tY,O i,c+$p$, 
efficiently whereas CIO-; reacts very slowly if at all. Rate constants fqt the re+cfjoF 

TABLE 1 .-RATE co~sr~~m FOR FE REACTIONS OF e;+ OH AND O- WITH SoME OXYCw - . / ,-, I”-. 

k(e,ptX):W’ s-1 

(5.3-Ll.O)x 1O’O 
(4.5 zo.51 x IO’O 

,vna 

k(OHfX);M-’ s-1 

(9.0 kO,5) x log 
(6.3 tiO;5) x lo9 

k(O-+X)/W’ a-’ 

(2.4 &O,l) x IO” 
(1.9fO:!)x 10” 

of OH and O- were de\crmine<, by the carbonate Cqmperition methpd 1’ by meEying 
the effect of [CIO;] on the yield of C = ‘ 
of IO-2 M ‘CO:- at pH’l1 and 10-l M CO:- at pH-13 re&e&tively. 10-l ?‘i CIOJ 
had virtually no effect on the yield of CO; indicaiing that the hydroxyl radical also 
rCacts inefficiently with thij ion. The ,ratF constant data are summarized in table 1. “,; .-i 4‘5. ~iP,,,Vl .n. ,_:, : ‘iii, SC ,l ” >,q :w i I,j &h*r* p \a : -,. + ..** ,..‘” ,.._.L 1__xe5 .a 1 

ABSORPTJON SPECTRUM, OF Cl0 
oo%sa~ 

a On pulse radiolysis of N20 or Ar saturated, bolutjons.of,!S-t..hlr~~~!~ 
nsient species which absorbed &v$$?, --* l a*,. 

v .rately after the pulse. Since ClQ: absorb:ilight 
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the removal of CIO- diirilrg the ptilbe hid to be made,. ] This correction, expressed 
the change in optical density (AD CIO-), 

ev (6) 
was calculated at each wavelength (i) usi 

AD,,- = [G( - C~O-)E&~- x 1-j/9.65 x 10’ ( 
where G(-CIO-) is ihe disappeaiance yield of CIO- in molecule (100 ev)-‘, & 
is the mol extinction coefficient of CIO- at wavelength A and I is the absorb 
dose in krad. G(-CIO-) was taken as ‘6.9 and 8, I for N20 and Ai saturated sol 
tions respectively based on steady %ate radiblysis ‘d& to be presented later. T 
corrected spectra of rhe transient species are shown in fig. 1. For reasons to 
discussed later this species is id&ii’fied”& i=lO, $z&&d by reaction (7). 

OH(O-)+ClO- 4 Cl0 +O$I-‘CO’-): ( 

6 

4 

C 
2so 300 325 

mm 

FIG. I.-Absorptiqn spectrum of Cl0 in aquews solution at pH 11.4; (0) Ar saturated, (w) &I 
saturatcxl. G = molecule (100 eV)-l, t = extinction coefficient in M.-l Cm-‘. 

The values of G(Cl0) $180” are 4.8 x lo3 and 6.0 x lo3 for Ar and N20 saturate 
solution respectively, and their relative ,~~gnit~de~ suggest that a product of reactio 
(8), which will o&r in Ar saturated’&lutiob,‘is an oxidizing radical stoichiometricali 
equivalent to the hydroxyl radical. 

e4 + CIO- --, products (8 

KINETICS OF DECAY OF cl0 

In IV20 saturated IO-’ M CIO- solution at pH 1’1.4 the absorptibn due to CIC 
decayed and a permanent absorption remained. Aftei correcting for the remova 
of ClO- during the pulse a plot df ‘(D- D,)“~ &ii&< &% *is linear (see fig. 2) 
where D and D, are the optical din’s’%% due io Cl-o-aiid thk p&&eat produc 
respectively. The first half-life of Cl0 was found to decrease with increasing dor 
per pulse, confirming the ~lcinetics to be second order. 

When c lo-* M ClO; was added to this system the rate of decay of Cl0 wa: 



enhanced but remained second order (see fig. 2). In this case D, was calculated 
from eqn (10) on the assumption that the following reactions occur 

20H + 2CIO- - X10 + 2OH- ii) 
H:O 

2ClO-iC10; + Cl05+2ClO-+2H’ (9) 
D, = A&, - - A,Daor , (10) ’ 

In eqn (IO) AD c~9i is the change’in optical dens$y due to the removal of ClOi’ after’ 
the pulse and is grven by eqn (1 I) (cf. eqn (6)). 

f&O’ = [+G(-CIO-)E&; x1$9.65 ~10s (11) 
The values of X/e ibtined from the slopes of the’ plots exemplified .in‘fig. 2 are 

given in table 2 and show that the dependence ori [CIO;] is not simple. 

FIG. 2.--Decay of Cl0 at 280 nm, (u) in the absence of ClC&, (b) in the presence of 5 x IO-” M ClO;. 

No chlorine dioxide 
II?\ A,..,.. ..A* . ..l.- -I--- 

was observed in these experiments, indicating that reaction 
,&L, ““~3 llUL 1ahC &CiCC 

cJo+c1o;+clo~+cIo- w 

TABLE 7 -.---VALUES OF 2k/& FOR THE DECAY OF cl0 We THE ABSENCE .Am ‘PRESENiX~OF ao,- 

~rpH11.4 AND 2.81,nm‘ . 
_ ,, i 

icro;1,hc 

0 
2x 1o-s 
5 x lo-’ 

.10(X 2klr\cm s-1 
(4 ’ W 

1.5 ,O.l 1.6 
3.7 10.2, 
5.5 50.4 

(4 experimental value, (b) calculat$d value (see t&t). 

croi SOLUfIOxS 

On pulse radiolvsis of N!O saturated 1O-3 M CIOr solution at natwd d-~ n . - _ -. - --------- -- ---.-.-. r.‘) I 

permanent product was formed which was identified as, C102 by its absorption 
spectrum. and which must be produced bs reaction (13). 

.  I  

OH+ClOi + ClO,+OH-’ 03) 
.^). 

Replacement of NLO bv & did not affect the yield of CI.Ool appreciably ‘show&g that II 
s ‘. .,: .“_ ! ,... I”ir..,c: 

.- C-w.-.. . . . ..L r1*- .’ FL_-- z ---A..-- .I.L’LL _-- -.1..J.‘:- -ms‘k- .- A. 

e,‘,+ClOi -, products. (14) I 

4xq.62~ 
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y-RXDIOLYSIS 

clo- SOLUTIONS 

The yields of products of the y-radiolgsis of N,O or Ar saturated or deaera, 
alkaline solutions of IO-’ M CIO- are shown in table 3. AI1 the measured yie 
were proportional to dose and their values are in eicellent’ agreement with the 
obtained by Julien and Pucheault -for neutral solution.’ No CIO; was detec: 
and G(W) was calculated from the difference’ %(-dlb’-)- ~(C!iii~).” In the abser 
of NzO the material balance ‘eqn fiii ‘the qutiiities in table 3 in terms of OWE 
content is (Is).* 

+G(H,) + jG( - CIO-) = +G(CIO;) + GQ) ” ( 
The data satisfy this eqn which demonstrates that no other oxygen containing prod1 
is formed. 

TABLE 3.--PRODUCT YIELDS IN THE y-RADlOLYSIS OF ALKALl?ii tiLL?tOXSbF (a) lo-’ M cl< 
AND (b) IO-’ M CWiid" M-CD; 

” ., ““,‘.~.(-*_.- ._._, II .~.,_ 
11.4 < pR’< 12 

., 

r1vn1ing gas a-cm-) cc-soy, cccro-j, ‘C(Hr) CW G&I-. 

5.12 10.05 0 1.03 50.02 0.42tio.02 1.2otio.02 4.09 

3.3oio.05 0 1.37 20.05 - - 1.93 

Ar or 
(b )i none 

3.6250.05 2.7OiO.05' 2.63tCi.10 ti:4b~o.o1' 0;76io.oi 3.69 

NIO 1.70f0.10 2.95 kO.05 2.87 50.10 0.b 10.01 0.69 &O.Ol 1.78 

l GKW ulculated from (4 G(-ClO-)-GKIO;). UJ) G(-ClO-)fG( -clo;j-GKIO;). 

IC 

7 

2 

I I I I 

;3 j C - r: 

dosc,krad 
FIG. 3.-Variation of (CIOJ with dose in the y.tididl$& of IO-’ !vI CfO-7 lo-’ M CIO; solutic 

at pH 11.5. 
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Also shown in table 3 are the. yields when lo-’ M CIO; was initially present in 
IO-3 M CIO- solution, In this case the yields were proportional to dose for doses 
up to 20 krad. At larger doses G(- CIO-) and G(0,) increased while G(-CIO;) 
and G(Cl0;) decreased. Evidently reactions which produce CIO; must begin to 
occur when [CIO,] falls below 4 x IO-$ ;??r (see fig. 3). Again the data for the Ar 
saturated and deaerated solutions are in accord, with the material balance%,eqn for 
oxygen content (eqn (la)).* 

+G(HJ i tG( - CIO-) + G( - CIO;) = +G(CIO;) + G(0,) (16) 

CIO; SOLUflOES 

Experiments were carried out to, meeure the yields of C102 produced in the 
y-radiolysis of ClOj solutions at natural pH. The data are presented in fig. 4 and 
show that G(ClOJ decreases with increasing dose and decreasing [CiO;],’ the dose 
effect being more marked at the lower concentrations. CRY was,‘&o ob~ervedas a 
product but its yield was only measured quantitatively in Ar saturated 10D2 M CIO; 
solution at pH 10 for a dose’ of 16 krad. Under these conditions .G( - CIO’;) = 
7.8kO.1, %(ClOJ = 5.4+0.1 and G(ClO-) = 2.Q+O.l. 

:.: 
f 

c - 

dosq’krad 
. . 

FIG. 4.-Dependence of CIOz yield on [Cl03 and dw; (0) IO-’ M, (0). 5 3 lo-’ M, (.Q)lO-’ M 
CIO; solution at natural pH saturated witti‘N&k 

RiACTIVlTY OF Hz02 
Experiments were carried out to determine the relative reactivity of HIOl with 

CIO- and CIO,. First lo-” M CIO; was added to 2x 10m3 M H202 at pH 10 and 
the change in (CIO?] with time was measured. After 2 h less, than. 1 % of ClOi 
had been destroved. Next IO-* M CIO- was added to the CIQ; +H20, solution 
and was immediately .destroyed. These obse$t$ni;’ Ghichare similar to those 
reported 5 in the case of BrO- and BrO;. show hatk,, 4 k,a 

Hz02 + CIO; - products (17) 

@L 

H202 + Cl@ * O2 + cl- + Hz0 (18) 

, 
+GY~&;~pcilrz in eqn (15) and (16) because it is a mw” of e amount ot,oxrgen syPl@ 

- 
i 
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DISCL’SSION 

IDENTIFICATION OF cl,0 

The absorbing species produced in the pulse radioiysis of CIO- solutions (: 
fig. 1) is identified as Cl0 fo,r the foho$ng reasons. Pirst,‘it is pioduced by reacti 
of OH with CIO- w,hich is most likely to occur as reaction (7). Secondly. the absol 
tion spectrum of Cl0 in ,the gas phase has maximum absorption at 290 nm 
Thirdly, it has been pointed out by Amichai and Treinin t7 that the transition energ 
of X0, increase approximately linearly with the electronegativity of the halog 
atom, which would place kaL for Cl0 at about 280 nm since &,,ol for BiO is 350 nr 
and for 10 is 490,nm.t’ 

REACTIONS OF C~,Q,,.AND,,.CI~O~ 

The enhancement of the- rate of decay of Cl0 by ClO; without change in kine 
order with respect to Cl0 or production of Clot shows that reaction (12) does I 
take place. This is in contrast to the corresponding reaction in the bromine syst 
which was found to be e@cient. 5 ‘J’he.electr,on afiipities of GfO.an$ C!Oz are 2.89 i”_.,..i_ 
and 3.14 eV respectively la so that reaction (12) is unlikely on energetic grour 
since changes in entropy and hydration energy are likely to be small: 

The observed,decay kinetics of Cl0 are’ consistent with the occurrence of 
following reactions 

2c10 * Cl202 ( 

C1202 t-H,0 + products ( 

C1202 +CIO; -, products ( 

provided t&O2 does not absorb at 250 nm and equilibrium (19) is rapidly establish 
The dimer C1202 has been suggested as an intermediate by Porter and Wright I9 
the gas phase bimolecu!ar decay of CIO, and. by ‘Taube and Dodgen 2o to acco 
for the exchange of Cl between.Cl.O- and ClO; in aqueous solution. Taube 2 
Dodgen also proposed an asymmetrical structure for jhe~dimer, viz. : 

0‘ 
Cl-cl< or Cl-O-Cl-O. 

0 
The data in fig. 1 indicate that reaction (8) occurs as 

e, + CIO- 4 Cl- + O- or Cl + O’- 
followed by (7) or (22) 

Cl + cio- + Cl0 + Cl-. 

Because of the large electron affinity of Cl (3.8 eV) the first alternative seems the ,m 
likely. Hydrogen atoms are also likely to react rapidly with ClO-, possibly accori 
to reaction (23) 

H+ClO- -, Cl-+OH I 

We conclude, therefore, that the oxygen containing products of the radiolysis of C 
solution, apart from the yield of oxygen arising from reaction (lS), result from 
decomposition of C1202. The data in table 3 show,theseproducts are ClO; and 
and that added CIO; increases the yield of the former and reduces,t”he yield of 
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latter. These facts are consistent with reactions (20) and (21) taking Place as follows . I ~,~.l..ll<!,.ii- -,..+ce,- .ji, a+. ;, bd.._ Ii”/ _ /*ii- /1/L- i ‘.. A_ . . . ~,..~i,V.~ .,.* ,.,li. .~\, ,_.,. _ . . _. -(+I” 

C1202 + HJO -+ ClO- + CIO; -!- 2H- (3067) : ! .; 
Cl,O,+H,O 4 02+C10-+2H- (20b) 

Cl202 + Cl05 + ClOi +Cl,O (‘1) 
iH:O 
;--i 2CIO- + 2H- 

I 
_. I. ‘. I j,, 

MECHAKISM FOR THE RADIqLI’$S< OF ,cjo 

The complete mechanism for the,radiolysis of CiO- solution may now be written 
as 

H2O -+ e&, H, OH, H,, H202, H,O+ (24) 

followed by reactions (8), (23), (7), (19), (LOU), (20s); (21) and (18). ; This mechanism 
predicts the follo~ng ‘product yields in terms of the yields of the species formed in 
the radiolysis of water : 

(a) In the absence of CIO; 

G(-CIO’) = G(eJ+G(H)+G(H,02)+G(R l-~kk,,q~~~Ob 
> 200 206 

G(c10;) = G(R)/(4+kobko.) 

(302) = G(H;IO,)+~~(R~~(~+~~,O,~~,O~) ._ ,. ._. 

where G(R) = G(eJ + G(H) + G(OH). 

(25) 

Gm 

(27) 

(b) In the presence of ClO;, where reactions (20~) and (206) are suppressed, 

G(-CIO-) = G(e&)+G(H)+G(H202) (28) 

G(Cl0;) = G(-CIO;) = f-G(R) (29) 

GtOJ = G(H202). , p) 

Since G(0,) = 0.70+0.01 for 5x IO-’ M < [CIOJ 5 1O-4 is equal to G(H,O; 
dilute solutions 21 & ‘conch& that reactidu (2Ob) is completely Suppressed I 
these conditions. Similarly the ‘c&stanc~“bf G( -ClO;) over this concentration 

r> for 
inder 

range (see fig. 3) is evidence of the suppression of reaction (20~). Substitution of 
the appropriate data in table 3 into eqn (28)-(30) gives G(e&) i G(H) = 2.922 0.05 

These are in excellent agreement with the yields obtained and G(OH) 2.41 &0.11. 
from the hypobromite system 22 and provide strong support for .the projiosed 
mechanism. On substituting these G values and.& appropriate data in table 3 
into eon (26) and 127) we obtain k;,,lk,,, = 1.69kO.20 and ‘2.17: k 0.11 respectively. 
The edod akeemem between these-~~iue;brovidii’fi 
Takiig k20z/k20b = 

liiher sujiport for ihe,mechat$sm. 
1.93 f 0.24 .and~‘the- G values given above and substituting these x_ .1 _. . .~ 

in eqn (25) gives a -calcuh ,tid @q(p) = 5.22kO.53 which agrees well with the 
measured yield. On substituting for kzO# ‘k2Ob ana I~(LI f “‘“10;) for KzO saturated 
Ation (table 3) in eqn (26) we-obtain G(R) = 6.9t0.3 in this case. Thi,s.is the 

:ed result since it is well established~ &at under t’ he& conditions G(e,‘,) = *j .*i.z, ^;“*b.d i_“lj.: &,&e/m 1y_1, .“a* . ,iia ..A,, “*,<.a*. .* b..:.ii 
m 

:1 
-,dH) N 3.2 and hence G(R) h 7.0. 
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The decrease in G( - ClO;) when [CIO;] falls below 4 x 10LJ M indicates tha 
reactions (200) and (2Ob) begin to compete with “(21) at this concentration. 0 
applying the stationary state principle to [Cl,O,] the Rroposed mechanism’prehlct 
that 

-WWI = tG( W 
dr k&+li;,[cIo;] 

I+. - 
(31 

k 200 k 20a 

where G(R)f is expressed in M s-l. Values of -d[ClO;J/dr at particular [CIO; 
were obtained from the slope of the cu‘rve iu fig. 3. Substitution of these tdgethe 
with the known-values of G(R)Iand k,,,,fk2,, ineqn (31) gives k;;fi,, = (1.3+0X) > 
10’ M-l. 

The predicted rate law for the decay of Cl0 is 

-d[ClO]/dr = u-,,[C10]2[l -(1 +(k200+k20b+k21[C10;]),‘k-19)-1]. (3: 
which, on writing k20, and k,, in terms of kzOb, becomes 

-d[ClO]ldr = 2k,&10]2[l -(1 +(k20b/k-19)(3.05+2.66x 10s[CIO,]))-‘1. (33 
Thus the observed rate constant, 21cI.s (see table 2) should be equal to 

uC,,/s[l -(I +(kt,,Jk-19)(3.05+2.66x lO”[ClO,]))-‘1. 

By a trial and error method good agreement was obtained between the observed an 
calculated rate constants with 2k,& = 1.65 x 10’ Cm s-r and k10bfk--19 = 0.03 
(see columns 2 and 3 of table 2). Since G(ClO) ‘A “G(R) tie calcu&te .sJ~~ to b 
910 M-r cm-’ and 875 M-l cm-’ for Ar and N20 saturated solutions respective1 
from the data in fig. 1 and the values of G(R) given above. Using the mean value c 
E we obtain 2klg = 1.5 x 10rp ‘I&%-’ s”’ which indicates that reaction (19) ‘is close ts 
the diffusion controlled limit. 

The internal consistency of all the data discussed above is gratifying in view c 
the complexity of the reaction mechahism and is evidence of its validity. 

MECHANISM FOR THE RADIO&YSIS OF clo; SOLUTION 

The dependence of G(C102) on dose and [ClOj] (see fig. 4) is consistent wit 
reactions (34) and (35) taking place to an increasing extent as the ratid[ClO,]/[ClO; 
increases. 

e,; +C102 + CIO; (34 
OH+ClO, - CIO; +H+. (35 

It is clear from the preceding discussion on the reactions of Cl0 that reaction (14 
must produce O- 

e& +ClO’; -) ClO-+O- ( id 

to account for the yield of C102 in Ar saturated solution. This mechanism woul 
also explain the presence of CIO- among the products, and is in contrast to the corres 
ponding reaction in the bromine system where the p’roducts are BrO and O’-. 
Hydrogen atoms are likely to react rapidly with CIO;, possibly according to reactio 
(36). 

H+CIO; -. CIO-+OH. (3C 

Thus the mechanism for the radiolysis of Cl05 solutions may be written as reactior 
(24). (14), (36), (13), and (IS), from which eqn (37)(4Oj follow 
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G(CI02) = G(R) 
~ G( - CIO;) = G(e,‘,)+ G(H)+ G(R) 

G(ClO)- = GkJ + W-0 - W-VU (39) 

’ G(i) = G&O,). (40) - 

me data in f$. 4 show that ean (37) will be most’nea~ly obeyed at hi& [CW and -_.- ..~~ 
low doses.. F ____ _-._ .-.. Torn the hitid sio&s of yield-dose curves for 10:’ I$$& .we obtain 
G(ClOJ = 5.$+~~:ij”j”an~~& (j.05 in -Ar and N20 saturated solutions respectilfely. 
These are C!QS, 7; .-eTi; ,-&the values o? G(R) derived frdm the. qqcesponding CIO- solutil ons , -“r-^“.-r*in”* a;*-. “,xri,q 
and are in accord wit_. ~.~ _, , :h the mechamsm” proposed above. ksurfiei& data have been 
obtained in @is ~work 5s ,@t.. iii e;;‘d ‘(j$)@O) because of the diffioulty of measuring 

“>&i ./,. ‘“-~““““‘“‘~~~~,,~~,.~~ ;, ,, ._ 

initiaI values of’c(‘~Cl0:) a& &(dlb-j. However the yields observed at pH 10 .u.-.-. .-.-__ __ -. 

for a dose of 16 krad arc&y slightly low& than those predicted by eqn (38) and (39). 
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Aqueous Soluti.on by Irradi+tion with~“I)lti@6le~ Light 
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I 

Rates of reaction and product form.ation were measured in photodecomposition experiments of 
aqueous sodium chlorite at 253.7~pm’in:a reactor that was continuously sparged with nitrogen to 
remove chlorine dioxide. Rapidly remo.ving chlorine dioxide greatly reduced the formation of chlorate. 
The results of this work suggest.that chlorate is not formed by direct decomposition of chlorite, but 
rather by decomposition of c,hlorine”a~~~~~~:.Y.‘~~~~~~~ are consistent with the stoichiometry, 
BClOs- + Hz0 (+hv) + Cl- +,2ClOs -C 20H:, + 0.502. The-,rate of ‘photgdecompositSbn’bf sodium 
chlorite was studied over a ,pH range of 4-10 and at unbuffered conditi’d‘iis.“~~stribiition of &j& 
products was not affected by ~5; rates of reaction and chlorine dioxide formation were maximum 
at pH 6. Results of this work provide indirect evidence of the v&&y of certain elementary steps 
in mechanisms that have been proposed by previous workers. Quantum yields wereimeasured for 
both photodecomposition of chlorine dioxide Ed sodium &l&rite. For the former reaction, the 
values were 0.44 at 253.7 nm and 1.4 at 3OO.nm. For the latter reaction, the values at 253.7 nm ranged 
from 0.72 to 1.53, depending upon pH. Corresponding quantum yields for formation of chlorine 
dioxide ranged from 0.43 to 0.94, depending upon pH. 

I 

Introduction 

Chlorine dioxide is primarily used as an oxi’dixing agent 
in the treatment and bleaching of wood pulp,, in. 1 
treatment, in textiles and wool treatment (bleaching) 
in the treatment of flour and of fol 
dioxide can be produced by several detho 
prepared either by reduction of chlorates o\ 

1989; Sekisui Plastics Co. Ltd., 1991) by photodecompo- I siiiion bfs~.d& 

nntantiml Aranrh 

od nroducts. ‘Chlorine, 
Ml.3 t+.n.,~‘. a+,, 

.‘~~~~~~~~~~ult;aviolet light. One of the 
YJuvrrrv.- uI 51” “a&s of this process is that chlorine dioxide _” ,. .#.“” ,.,, “.~“‘*~““:“‘*” 
decomposes when irradiated. Therefore chlorme dioxrde 
must be recovered continuously from the’readtor. @lutidn. __l_*i._., ~ 
Chlorine dioxide is produced in the aqueous phase, but . . . * 

, 

-hlorites. 

IUS. Lb La.&‘ “92 ; bv .o;fi~;g& _1 can be gasified by sparging nitrogen or air through the 
--I--*1-- l SVIULlOIl. 

.I lame-scale commercial DU~D bleaching onerations. 
Variations of reactors have been studied. Ultraviolet 

emitting lamps can be nlaced inside Gllerame, 1989j or 
out&c de(Fisher, i983;.1%4jtlie react&~ In.& 1att.e *. !r case, 
the reactor is constructed of auartz. Sunrasil, or vycor in acid solution (1 

Gorine&oxide is produced by re&rcing chlo;at;t‘in strong 
_ liapson, 1956,1958; Rapson and Wayman, 

1949, 1954; Hokt, 194&‘Per&on, ‘i945; I&Y" &d Fenn. 
I - .---mm- 

order not to absorb ultraviol&light. - ~- %. .r 
P~o~odi‘ecornpe~i~~~-oT~~.~lorine Diqxide. Little 

work has been published on the continuotis photolysis of 
chlorine dioxide in aqueous solution: ’ ‘The following 
mechanism has been proposed for wavelengths between 
300 and 436 nm (Bowen and Cheung, i9$21: 

I 

19491 Rosen, 1976; Engstrom and &orell,‘l9 
and Falgkn, 19! 32). 

I@; &&hi 
Variatiolis of this nrocess deoend unon 

the type of acid ihydrochloric’br St ilfuricadid),‘operating 
acidity, and choice of reducing agent (methanol, sulfur 
dioxide, sedium chloride”, hydrogen peroxide). $lllcf t.hesy 

istry of the pro<--- L variables affect the them _’ _ _ _ ,” _ ,-. 
product and byproducts vary 
the set of operating conditions 6 

sianificantl 
m;ic :hoi<&& 

In water treatment, chlorine dioxide is 
oxidation of chlorite. This -operation ‘i~carried ‘out on a 
much smaller scale and does not 
extensive as that required for a chlorate red1 
Usually a solution of sodium chlorit solution ol ~~;jii~iik“iii ,~~~~ y~~lia’il; 

chloride. Oxidizing agents such as ozone 
can also be used instead of chlorine. 

Recently, several workers have studied an alternative 
way of producing chlorine dioxide. 
irradiation of an aaueous solution of sod&m chlofilte 
ultraviolet liglit. *The r nocess 
procedures and apparatus. The chlori&,dioxide tl 
formed can be recovered in-either gaseous or liauid chase, 
depending upon the purpose of the operation 

:ess. DOLtI IlllILL 

ly depending on ly depending on 
f reducing agent. freducmg agent. 

pro&end hv produced by 

require equipment as 
r&on process. 

;e isinixed’Gth a strong ~~.~~~~~~~~~~~~~~~~~d 

or -peisuifates 

TGS p~o&s&t~o~ve~ 

pi. ;,with 
is ‘siir$e In terms of 

lat is 

SClO,faq) z 2ClO + 20 SClO,(aq) z 2ClO + 20 (1) (1) 

Cl0 + H,O - H&IO, (2) 

(3) Cl0 + H,ClO, - X10, + I-ICI’ 

and,, the overall reaction is 
001635 

.Tm*fi , .Tm*fi , )+ H,O 2 ClO,- + Cl- + 0;i 2H+ )+ H,O 2 ClO,- + Cl- + 0;i 2H+ zLiw,(aq, (4) (4) 

Zika et al. (1984) proposed a different. mechanism 
initiated by the same primary photoreaction, but leading leaaing 
to a different overall reaction and product distribution: ; distribution: 

,. This &&& 
only a single reactant, sod&m chlorite, ,and the 

‘ion can be terminated at any time by extinguishing 

,“-f983,L 1984; Callerame; 

4Cl?,(aq) + 2H,O z 2C10,’ + Cl@ + ci- a, + 4H+ 
(5) 

Several patents have been filed concerning methods of 
generating chlorine dioxide (Fisher 

overan reaction :- ____*__ -I nrn 

Recently Karpel Vel Leitner et al. (1992a) proposed an . . .* for the decomposition of chlorine di 
m wazer ar zoo.7 nm. rrih 

<liX.“,‘>4. >,&&A II -‘*.s..*~‘ h. 

* Author to whom correspondence should be ad&eb&d. lOC10, + 5H,‘o L 4CI- + ijcllci;--++3 

0888-5885/94/2633-1468$04.50!0 @ 1994’American Chemical Society ’ 
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This global reaction is the result of a series of complex 
intermediate reactions initiated by ultraviolet radiation. 

loclo,- z GC’ --- - .“^. 
” (lY1) 

The quantum yield of chlorine dioxide “photodecom~ ’ ’ ’ 
,:I- + 4c10,- + 40, 

position in water has been briefly investigated (Boweii 
and Cheung, 1932; Zika et al., 1984; Kaipel Vel Leitricr . 

In their study, chlorine dioxide is considered as an _ . ” .-- - .Y 

et al., 1992b). The first two of these research groups 
intermediate product and-is left in the reactor solution 

showed that the value dTthe‘quant;;m’~~~-‘~~~~~es with 
where it undergoes decomposition. In thksecbnd part of 

decreasing wavelength. Recently, Zika et al. ii’9@) _’ 
I t.be,?t$y (1992bj;‘they determined a value of 1 for the 

obtained a value of 1.4 at 306 nm and pK7, while previous 
quantum yield of decomposition of sodium chlorite at 

workers (Bowen and Cheung, 1932) reported a value of 1. 
natural, pH. 

These quantum yields are reported for the overall de- 
The quantum yield for the.I$isappearance of ClOr- at 

composition of chlorine dioxide, &d it mu& be pointed 
253.7 nm was found expeiimentally (Buxton and Subhani, 

out that primary quantum yield of decomposition is still 
1972b) to be 0.50 at pH 10 a&l 0.7’9 at &&al pii. The 

unknown. No information on the quantum yield of 
quantum yield for the production of chlorine dioxide was 

chlorine dioxide decomposition at ?ij&? qpras reported 
respectively 0.24 and 041 at these pH values. 

by any of these authors. 
The present study was designed to achieve a better 

Photodecomposition of Sodium Chlorite. Buxton 
.understanding of the pro&ction of chlorine dioxide by 

..*““.‘<~.” _, I. 
and Subhani (1972a,b) have studied the phot&Remistry 

l, L irradiation of sodium chlorite. with ultraviolet light, 

of oxychlorine ions. In particular, they focused their 
especially in terms of stoichiometry, final stable products, 

attention on the photodecomposition of aqueous solutions 
and relative rates of production of products and byprod- 

of chlorite ions (1972b). The products they observed in, 
ucts. This understanding would enable us to determine 

steady state photolysis experiments ?t pR ‘ib-were ClO-, 
the maximum yield of chlorine dioxide that can be 

ClOs; Cl-;“&,, and little ClOs. In their experimental 
achieved. We propose a mechanism which explains our 

procedure, chloiine dioxidewas removed from the reactors 
experimental results and is con~~5tent~~~previous work. 

solution at frequent intervals.. 
, ‘“I ,. I Our experimental a-pproach involved generating chlorine 

They proposed the following primary photodecompo- 
dioxide while simultaneously removing it from the reaction 
solution. 

sition reactions at 254 nm: 
This approach was aimed at minimizing further 

reaction of chlorine dioxide a&d th&ebV maximizing the 
ratio of chlorine dioxide to reacted chlorite. 

..I 

ClO; - ClO- + O(‘D) (7) 
Esperimen .tal Section 001636 

ClO, 2 Cl0 f o- csi Photodec 
tion. A. P. 

c10; k (cloJ* 
study we USE 

(9) with a maxix 

Reaction 7 leads to the following’secondary reactions: 
homemade , “,^I,. ,.. .” 
Reactor RPI 

O(‘D) + H,O - H,O, 

H,O, + ClO- - 0, + Cl- + H,O 

(10) 

(11) 

itimposition of Chhkine Dioxide in Solu- hotochemical C&.~wg~i;c2br. p& isis 
,d a ~~ot;;~Rem~~~~~~~~~~~~~~~r equipied 

nurn of 12 low-pressure mercury lamps. This 
reactor is similar to a Rayonet Chamber 
~-i~‘iThe’SoUih~~~~~~~nel~d~Ultravidlet 

At 365 nm, some oxygen may also be formed in the (3P) 
state. This till lead to the follower i~~<~{~n>~” “.’ .’ ” 

Of3P) + ClO, - 0, + Cl- + ot3p> 

Of3P) + ClO, - ClO, -/’ 

Co., Branford, CT); ‘_ ___ ___ Tii~‘itiii&)b; *w&“pr&ously con- 
strutted and loaned to us by Dx ;. L. Tolbert ofthsGeorgia 
Institute of Technology Schoolof Chemistry. 

The reactor body is a cylindrical &&l&r 25.4 cm in 
diameter and 30 cm deep with 12 lamps aligned vertically 
at the wall.- ‘The cha mber is cot Iled by a fan at the bottom, 
which allows for normal operating temperature between 
OL ..,a Qrt 0 LO wu ov C. An ext.--,.- r **ma1 newer supply contains the 
starters and a swltcl I. The rea .ctor can be operated with 
fewer lamps by removing so: . 
Whenf&&r thnn 1 f? lnmna tic 

! of them from their plugs. 
used: the remaining lamps 

were arrang 

Reaction 8 leads to the following secondary reactions: - 

O-+H,OoOH+OH- (14) 

-._-. --“-r- . . Z&G 

;ed symmetrically so as .to ensure a uniform 
and symmet ;ric exposure to the ultraviolet radiation.. The ~. ,,. _ _. _ wLLLls are made of pol;~R~dai;imi~~~,‘~~ich pidi;ides good 

- . . I... ” ,. 
._‘ 

renection. When u lamps “a& u&d thd total Dower w-u, 11-e I 

cons ,umption (including the fan) approximately 246 W. 
germicidal 1 ow-pressure mercury lamps of type 

’ “““’ jtii.,..,,,,,, . . . . . _.. nihntmai &hirh,‘kwk-le an intense ga.“‘.U 
t lbht. Th 

_. 
OH + ClO,- - ClO, + OH- &) ‘- 

We used g 
G8T5 (G.E. ano we! 

2ClO - C&O, 
source of ultraviolet --p---. _ -ie ‘mercury line radiates at 

(16) 253.7 nm and accounts for approximately 90% c If the 

Cl,O, + ClO; + H,O - ClO,- + 2ClO- + 2I-I’ 
energy radiated in the 25&66a-nm region. “We also used 

(17) phosphor-coated low-pressure mercury lamps emitt ing at 
300 nm, purchased from The Southern New England 

In reaction 9, (ClOe-)* is a long-lived trinlet state of Ultraviolet 
chlorite ion. It reacts with anothe 

ccio;,* + ao; - ClO, +‘C10- + o- (18, a >8-cm-lor 

Karpel Vel Leitner et al. (1992a,bj studied thei 
decomposition of sodium chlorite ii They showed ih‘at‘cfiiiiil~g-;;‘a4g 

products of the decomposition. 
following overall reaction: 

~ . . 

..~ ~. jr ‘chlorite ion. 
B. 4, II _ ,,", ..~ React,on Ve$sel, .^~~e~‘i~a~~~n’,,~es~ei ‘<;kown in 

Figure 1. within the photochemical reaction chamber) his 
Ig and 3.8-cm-diaI;det& cylindrical ve$sel, 

designed specifically for this’s 
.._.,, _ 

jioio- ’ ‘. ofquartz with; 
?,s~h&io$.at’?53.7 nm. 
lorate .were~ the ?major 

annrdx’imatelv 90% tr 
oi iO0 nm (Calvert, 

Thev Drobosed the suspended in the ten 
a clamp. 

It&&? The vessel is made 
I thickness’of 1 mm. This thicknessensures 

&&ni&‘~oii down‘ to a wavelength 

_ 
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gure 1;” Experimental apparatr 
~otodecompoeition. 

C. Chlorine Dioxide Solution. Aqueous solutions of 
chlorine dioxide were prepared by us using a simple 

(I) 

cedure based on the reaction’of sodium chlorate with 
.lic acid in the presence,of sulfuric acid (Masschelein, * .., L --.~i 

$79). This reaction is’ieporied to produce pure chloruie 
dioxide with no contamination by chlorine. The prepara- 
tion is based on the following stoichiometry: 

Tar the ?tudy of chlo@e dioxi.4e 

H,SO, + 2NaClOs + HsCsO, - 
2~10, -t- 2C0, + 2H,O + $30, (20) 

The experimental apparatus consists of a 200-mL 
volumetric flask and three absorbers connected in series. 
The reactants were fed’into the flask, and the mi&.re”was 
stirred at ambient temperature. The. gaseous products 
exited the reactor and traviled through tlie’fimt &or&; ,_t .__ _( *+_. Ij” ,‘ 
where chlorine was trapped in.dibasic sodium phosphate 
and then through the second absorber where most of the 
chlorine dioxide was cdllecied in distiIled’w&er & near 
freezing temperature. “‘The third absorber contained 
distilled water and trapped chlorine dioxide which escaped ,. I ..-L.- me previous aosoroer. 

& $odiuti ~~h~&i~;a&~IK&--~~. sdicg ;Krciite ‘” t!&.pGw 
.., .,,, .- 

prepared from Aldrich ‘technical grade soc@m’ chlorite “S ,.., L ,,.; 
.(8G% 1 following~the procedure described by Peintler and 
Nagypal0’990). ‘The carbonate content was precipitated 
with BaCls solution; ‘The‘exce.& I%a*i&s were eliminated .,L -i I.,,.., ̂_ &y.~~[;g a calcuIated‘;sI;I;;;~ni.of Na*S*, &..&..~ *LtThe 

.‘resulting NiiClOs ‘was recrystalI’%ed twice’“from an SO”% 
eth&ol:water-mixture at low temperature. This proce- 
dure yielded NaClOz with a chloride concentration of less, than o.? ~. sodium.chls.-{~“+---~o~~ .6&“g&yk/& w;bg;gd 
by’hf&.pg sbdium‘.cti^l~iilta.crj;s~s ti;ith‘ &3;iiIIed water, 

This setup aIIowed us to prepae.a st6ik ibliiqon Gf6*l” . . . and was kept at room temperature in the dark to avoid .“.../C .CV,“.)“‘.. i.‘*.LI..? 

M chlorine dioxide (7 g/L). Stored in a brown bottle in 
any decomposition due to the ambient light 

a refrigerator, the chlorine dioxide,Solutiop‘G“~~b~~ ‘and 
C. Experitieqtal AppZiiati.&iwI’ Procedure. The 

can be used for up to 1‘ week without detectabE de&m- 
-’ : experGenta1 apparatus consists of a quartz reaction vessel ““. -“. within a photoc~e~i;l~~.~6~~~~~ ;xtiber equ,ppea tith 

position products. 
D. Irradiation Procedure. In the study of chlorine‘ 

low-pressure mercury lamps emitting at 253.7 nm, and an .lll .._ Y 1” 

dioxide decomposition we irradiated a chlorine dioxide * _ 
absorption vessel. The‘huartz vessel and photochemical 

solution while continuously monitoring the abgorbance 
“.&action chamber are those shown in’F’igure 1; however, ,,&- i ‘-.-.l..>*, i’i P,” .,,, ;-. b‘ ,,*1, A ,. “L. 

thus the concentration in chlorine dioxide (Figure ij. 
the liquid’reclrculatlon tubing, pump and, spectropho- 

I typical experiment, the reaction vessel was filled with 
I tqmeier,.were replaced by a gas absorption system. It 

mL of chlorine dioxide solution; the solution was 
consists pfgas inlet and outlet tubing that extends through 

irradiated and pumped continuously through a i-‘mm path 
the top of the quartz vessel. Outside the‘vessel, the inlet 

length flow cell in a Milt&i’ Roy Spectronic ‘1281‘spec- 
tube connects to a nitrogen cylinder; 

trophotometer while the absorbance was monitored’at 370 

-i~e*~6-~d s--e~a~;.;iere it connec.titd 
**_ ,.._ **a\ ,‘ .1w*,x_ 

nm. The sbIution exiii.Ag $;-;-wII .&-.&d Gdhe”;eect;;;* “( near th:e bottom of’ihe vessel. The outlet tube extends 

The movement of thesolution also ensured its mixing: “At 
from the gas space in the quartz vessel thibiigh the ‘top m 

370 nm the extinction coefficient of chlorine dioxide in 
-and‘c$n,ec& to, a gas bubbler containing an absorbi 
liquid. - 

soluiion is‘ 104 ICI-1 mm-*. The volume of ~l4*,*:‘-.- 
. . 

circulating in the tubes -at, any given time was ap- 
proximately 30 mL, ana the pumping rate was 2 mL/s. All 
experiments were run between 23 and 25 “C. 

We used two wavelengths for irradiation, 300 and 253.7 
nm. At 253.7 nm we examined the decomposition of 
chlorine dioxide as a function of the ultrai;ioIet intensity 
by varying the number of lamps in the chamber. We used 
configurations with 1,2, 8, 6, 4, 2, and 0 lamps. With 0 
lamps, the soiution was exposed to ambient light only. 
Several experiments were run for each configuration.” TO 
improve accuracy;we used relatively high ‘initial chlorine 
dioxide concentration (0.02@0.024 Ml, which ensured that 
the solution would capture a large fraction of the incident 
TiV light 

Photodecomposition of Sodium Chlorite in Solution ” I at 253.7 nm, A: .,,. C~oice’offjltra~~~~~~~~~~~~~~~~ 

Because UV light decomposes both chlori<e*a~nd chlorine 
dioxide, an early task was to find-a wavelength at which 
the coefficient of mo1ecuia.r extinction is minimum for chIorine dioxide (low absorpt”i;bn ‘-&a g--m&.y&. ” 

tendency to react) and maximum for sodiu&hIGiG(high 

; ‘1 

absorption and therefore high tendency to react). 
Absorption spectra of aqueous solutions of chlorine 

dioxide and sodium chlorite were detefri&ed for the 
wavelength range of 230-370 nm using ‘a I%iIt.% .Roy 
Spectronic 1201 spectrophotometer. The sodium chlorite 
spectrum was obtained from ‘very stable absorb&&e’of 

,. ‘ 0.0101 M NaC102 at pH 11 and 25 “C. The cl%rine dioxide”‘ 
spectrum was obtained from 0.0017 M~ClO:! at‘25FC.‘The 
extinction coefficient”for ‘dhIorine dioxide shows a mini- 
mum at about 270 nm and that for chlorite a’maximum 
at about 270 nm. Therefore‘270 nm would be the optimal 
wavelength for these experiments. 

We chose to use low-pressure mercury lamps emitting 
at 253.7 nm since they are readily available. This 
wavelength is sufficiently near the optimal value of 270, 
and has been used in various patents and other references 
(Fisher, 1983,1984; Calleiame, 1989; E$xton~aacl.Subhar$, 
1972b) claiming metho?h%r &G$rating chlorine dioxide 
by irradiation of’s&IiuG cblbiite. 



u. t:. : .I ./ ..(. ; ,>&4h 

The quartz vessel was filled with 70 mL of 0.1 M sodium 2.5 - - , . 
chlorite solution and irrad,iated. Chlorine dioxide was . .‘, ,, ~*ii”,~“r.~i,“‘~‘*-r.r.~~r.r. .) ^.. ;. 
sparged continuously from the reactor by a stream of 
nitrogen (UHP grade, Holox Ltd.) which then passed either i 
directly to the vent or through the absorber which was 
filled with a 10% potassium iodide solution buffered, at 

a 

pH 9 with sodium phosphate. Chlorine. dioxide reacted 
z .Sumbcr oi lamps m u5e 

with iodide to give iodine, and nitrogen was vented to the t 

hood. 2 
e 

The procedure involved making several runs with 
different irradiation times, titrating for the various 
chemicals in the reactor solution, and determining chlorine 
dioxide and chlorine production by titrating the absorber 
solution. 

The reactor solution was analyzed for hydroxide by 0 20 40 60 so 100 

titration with standard acid solution (Rand et al., 19751, Time (mid 

for chloride by acidifying and titrating with standard silver Figure 2. Photodecomposition of bhlorine dioxide. Absorbance at 
nitrate solution (Rand et al., 1975j, and for bhlouitk, 370 nm versus time. Irradiation at 253.7 nm (o), 300 nm (A), and 
chlorite, and hypochlorite by the’titration ‘procedure of ambient light (0). Flow cell with J mm path length. 
Aieta et al. (l’984). In this latter method, sodium 
thiosulfate is used to titrate iodine that is formed when * I., r”._L_.. Figure 2 shows that during about the first 10 min of 
potassium iodide is added to a sample that contains the each experiment the rate of decomposition was constant. 
chlorine-containing species. Sample pretreatmenta and We dete&ined the rates baaed on the first 10 min of each 
pH adjustments are used to differentiate among the various experiment by fitting these data with straight’lines. The 
chlorine-containing species. This method alao de,&cp slope of each line ia the rate of d’ecomposition in absorbance 
chlorine dioxide; however, there was no chlorine dioxide. GiGper minute which we transformed .to a rate in molar 
left in the vessel because it was removed by the continuous, per minute using the extinction coefficient of chlorine 
high nitrogen flow (4000 cm3/min). To further confirm dioxide at~370 nm (104 M-1 mm-r). Table 1 summarizes 
there was no residual chlorine ,dioxide, we checked the the rate of decomposition corresponding to each configu- 
final absorbance of the reactor solution at 370 nm and 
found it to be negligible. Iod’&’ f&mid in the a@&&~ . ” 

ration and each wavelength. 
‘Qtiahtti Yield of Chlorine Djoxjde &composition. 

was titrated with thiosulfate at pH 7 and pH 2, using the Using~Yat&’ of decomposition’and ultraviolet flux deter- 
method of Aieta et’al. (1984). The mols’of chlorine dioxide mined by chemical actinometry, we calculated the quan- 
and chlorine were then divided by the reactor- solution it&yield of chlorine dioxide decomposition. Rates of 
volume in order to express their concentrations in terms decomposition were cor%t&$ by subtracting the contri- 
of reactor volume. bution due to’ the ambient light. The incident photon 

We examined the influence of several variables on the flux due to the ambient-light was very small compared to 
rate of production and on the stoichiometry of the reaction. the flux emitted by the lamps, and no correction was 
These variables were nitrogen sparging flow rate, pH of necessary. 
the chlorite solution, and initial chlorite concentration ih Table 2 shows that at 253.7 nm we foung an average 
the reactor solution. quantum yield of 0.42. At 306 nm we found a quantum 

Quantum Yield of Photodecomposition. In this yield of 1.38. This value is, in. very good agreement with 
study the quantum yield of photodecomposition’is defmt$ the value of X,40 given by Zika et al. (1984), and higher 
as the number ofmolecules decomposed (chlorine dioxide than the value of 1 given by Bowen and Cheung (1932). 
or sodium chlorite) divided by the number of photons As stressed by Zika et al. (19841, this latter value may be 

. . . 
absorbed by the solution. Therefore two separate mea- underestimated due to the broad spectral region (316-270 _ _ __ \ 1 
surements were required to calculate each,quantum yield. nmi usea. 
The rate of photodecomposition of c@rine dioxide or -Photodecomposition of So$ium ChJ0rit.e fn Aqueous 
sodium chlorite was obtained frog our experiments. To Solution. A. Unbuffeied Chlorite Sol+op~ A first 
determine the number of photons absorbed by the solution, set of experiments was cbnd~~ted-~~~f”unb~ffi3r~~ solu- 
we used chemical actinometry with’potassium ferrioxalate. tions of sodium chlorite. The initia.$zhlorite concentration 
We followed the technique described by Hatchard and 

” .‘_‘I. ” 
was between 0.09 and 0.1 M, with a chlortde concentration 

Parker (1956). ” ” “~, below 6.QOI “M~qd a chlorate concentration below 0 -601 
M. 

..a#&‘ e,* A , ,._..~_._ 

Qc91f38 
After 60 min .of .~irra;ii;;tiijn_~~~~“~~~‘~~~‘was about 

Results and Discussion 12.6, indicating the formationof OH-. Thereac,tor,solution 
was continuously sparged with nitrogen at 4000 c&/&n . . ,. *., ., 

Photodecomposition of Chlorine Dioxide in.-Aque- 
ous Solution. Figure eshow the results of the’iiracbation 

to remove chlorine dioxide. I,. /, \. _,__ .,,. (,,,. 

of chlorine dioxide at 252.7 and.309 n-ii& The absorbance 
We titrated, the reactor solution f& Cl~,:ClO,-l (Xl’, 

of the reactor solution measured ,at.3,‘70 nm ‘ia”reco&d 

.clG~~;’ ,~.~~“~~~~~,.~~~~i~d~~~~~~~~~~~~~ solution .for’ 

“’ ‘ca“e102 and Cl*. Typical evolution of reactor ‘species 
versus time of irradiation. Inthe experiment runw&out’~“‘ “‘“;;~,centr~lti,~~~~~~ shown in Figure 3. Chlorite concentration 
lamps the chlorinedioxide solution~wasexposed to ambient is~ shown as moles’bf$%~ite reacted per liter. Chlorate 
light. For safety reasons, the vessel was not sealed; 

and hypocli;r;;i;tt; ‘~e~,.~~i”~~~,~~~~~~~~e~~ ,titrated at the 

therefore, a portion of the chlorine:dioxide disappearance end of each,run. No perchlorate was found in the reactor 
can be attributed to evaporation.; solution:. 

This graph shows that ultraviolet radiation has,a,strong 
effect on the stability of chlo%e dioxide. Irradiation 

Hydroxide .was ,..tikra~&d ,and,-*ihe~ pH of the reactor 

causes a fast decomposition .at a’ rate varying with the 
number of lamps used, and therefore with the .flux. of 
ultraviolet light absorbed by the solution. 



.̂  ,. /, ) ,, , ,“, “_ , i ? 

Table E. Rate of Decomposition of $@orine Dip-side for Vm%ut~ T.&W, t%~i;A&:-, 
, 

. . ,. ,, .‘ __ , ", .^ .p 
wavelenath (nm) 

‘able 2. Quantum Yield of Cqlorine Dioxide qecomqo@ign at 253.7 and 30n nm . .I ,“*..q I, .>n,,:i..,’ ~,,_(.., 

waveiength (nm) ambient 253.7 253.7 
no. lamps 

L&33. ‘ 
- of 0 2 

rate of photon abe (M/min) X 103 0 0.182 0340 

:354 6 

rate of Cl02 decompn (M/min) X 103 0.169 013i5 
0.394 i.583 ii>76 

quantum yield of decompn 
0.335 0.427 

i.674 
0.39 o.f& 0.41 

0.42 0.44’ 0.44 
MO9 
1.38 

0.08 
pH,12.6 : 

A 0.06 : 

1 

0.05 - pH 12.4 

I 

0 
0 10 20 30 k-l so 60 70 

Time (min) 
Figure 4. Photodecomposiiion of sodium ‘chlorite in solution 
Evol#ion of reactor species and absorbe;specie;‘conceniratid~ 81 
pH 10. ClOz-reacted (01, Cl02 (A), Cl- (+I, Cl* (0). T;WelVk la&~‘ 
in use. 

Time (min) 
Figure 3. Photodecomposition of sodium chlorite in solution. “. 
Evoluiion of r&&spGies and absorber species c&ce&&& ior 
unbuffered solutions. 

-. ./“,. _-,.s- .“L(, 
ClOz- reacted (o), Cl02 (A), %i’(:d$; OH- (ml, 

Cl2 (0). Twelve lamps in use. 
.; 

Table 3. Irradiation of Sodium Chkiiiiie. ‘A&i&*(& ~ 1eed 
C-L”*., _,, ~_. / ./ ./ “A //lj. aw‘“j.% ,* i_ ,/ -“c a.-. ‘ < “^ _, &, ..~iuinri,*ilr I.x . %I _.” 

on Thti Runs) Rate of,Prodtictl’od’in the Case ol 
Table 4. Iiradiaiion of Sodium C 

r ‘,,*.,” _ .,~“._/ ..“C”.< 
‘_ ,, ._, “,. ,_ - - hlorate. Average @i&a’ 

‘Tnbuffered Experiments. Twelve Limps in Use ’ 
on Three runs) kate oi Production and’~Pibil&Pielde”ih: ..*,. .+ _.., “.,_” .~ ._ ,__ 

rate of production product yield 
___ .,tbe Case of Buffered E~&+uid<s. ‘Tkelve tamps 111, vie /,,:,./ ,” “, 

species ^i/j/*/ . .i*:e,/IL*~l/(,* .*a.~. ^ I. _ 
product (M/min) X 103 (M/M of chlorite re++dj 

pH4 pH5 pH6 pH 7 pW&‘$)ic9 pH‘10 average . x. . ,~” 
.,, 4 ., .^ ,.“, “,,_ 1 

ClOf reacted 0.97 f 0.048 loo ’ 
_ ,,+& o;~~~“ctibi.iMi~~ln~-~.i*b ,..) n..-~, 

Cl02 0.58 f 0.030 60*3 
@-rsscted 1.56 1.79 1.92 1.48 1.15 0.95 0.90 

Cl- 0.29 f 0.040 Rflih 
2 

Pl- 
1.00 1.15 1.18 0.84 0.67’ 0.59‘ 0.54 
n*a nr* I-Irre 8x4” 0.38 a.24 0.21 

I 

.̂ 
I 

:; 
> “ ^ 

v.1* “a.‘ , y.3.a 

0.02 f 0.015 2+2 
ClO- 0.05 i b.605 5’i: 0.5 

C!b,- a”d C!o- ;.; 

yo I 

;;%’ $7 hi; ’ 0 (-J&(539, 
ClOs 0.04 * 0.005 4 l b.5 C*()i;eacted Product Yield (M/M of Chlorite React& I(-& I&) ‘- l(gj’ 166”‘ f& ‘/ “.E 

and average proportion of each product compared to the Cl02 
amount of chlorite reacted. We calculatied the$e’piopo& 

_ 
Et, 

ii ii iii 32 
“? 

,is, 23 ii 

tions by forming the ratio of the product rate to thhe chlorite ,ClOsaudC0 93 ’ 
1 2 0 1 

ized i;Ti&e”8 (, ̂> - i 10 7 4 12 is i 
., ..- (I . ,.,.,. _i L..... ii. 3 I ,_ ~_ . . . ‘. - :~_. __ , rate of dissociation. Data are sum~kk 

HydroGde, chl%ne dioxide, an&%ikde appear to be 
the major products of the decompokitioti’of Gditi ‘chlorite 

by difference to achieve a cl$orine balance. The reactor 
,._“.(, .,., &<,‘I I.. I_ ; ._ .& *.,*,_“,.e I ial; ,: “. 

Chlorate and”lGochlonte adnear in lesser amounts. _ solution showed a very sliiht chkige in IX “‘Figiire’4Shows 

the rate of 

Q-~;jf<tigw& ;fL.i;;.tor pr~ucts during a run at pH 1*. 

production-s& - jj - - _ ‘: ’ ;- , - -. -_ 

B. Effect or DH on tne Yhotodecomatisitiqp of 
&inn 

.cl$oride yielc- _ _ _ _- ------, __ 
seem to haie a s‘i~G%G%effect on thm:‘fiowev& the 

----._-__ ----_-_-, -- .-----r-- . . ..I”-. The soluti;i;-&;;e DreDared bv‘ first’ d’isi61;iti~ nr;;l;;i~ rate at whi~h~&dium chlorite reacts is affected by the pH _ .__ . .=.-*. .^~1.*-.“...~- -- .._. .. .“. .I” . . . ,I > 
of the reactor solution. A maximum rate abpears at a pH 
value of 6. ‘Figure 5 Shows iiie raG%&iation of chlorine 

I’hkn.we adjusted the 
pH to the de&d &.I~ by slowly addi - *‘* *- . 

di&& ve& pH of the? rrhlnriti! s&~~&.“‘&mo&j to “-c”.“,.~, *.-r. .._, 

acid. We studied solu$ions with pH ranging from 4 to 10: 
Below pH 4, sodiiim cl$orite solutipns texid to d&&$ose 

chlorite SO~UL _ _ .<.,.~*._ x , x_.. .T..T --,---5A7 -- y- WV 

rapidly even in thi”absence3 light, by diF;ijk$or$&ation: 
abqyeaJ2$qughout most of the unbiiffered experiments. 

pH vdue of.ii) &,& achieved by buff~iing a;;i$crf’w”‘” = ~~ ,$I. ‘Stokhiometiy and’WkIi~tii~& oi*& l%ot*oife- ‘“~“;‘~“;&~ _U‘,^ .,.. I 

carbonate and adjusting the pH with ‘sodium’ 
composltlon of Sodium Chlorite. Our re&lts show that 
when we varied pH, the product distribution, hence the 
a+ni*~;~metry of the overall reaction to the niajor products, __ , --:--2, and o*‘, iemained . *,“,% .,.. s-xi****>3 ,, , ,. I^, 

-.,--- .-I.-SW* though the ‘diei&reac&ok ratZ 
.,‘?. .,,,l.>“. r”*. . .* \: i‘..*I. _I .~ 

ch’iometrv of the over 

--- - - - - 
Chlorine aPr>ea;s’ in minor g&&v. and 

!ms to fluctuate with time. * vv _. ‘I..‘. s i . 
..--- -_c-____ 

Sodium Chlorite. We studied the photddecoin$c__----S 
of sodiuin chlorite solution buff&ed at vnrinm 6k veldt 

Table 4 shows average-rates of production and product 
yields at various pH conditioris. Chlbriiik dioxide and 

ds are ressnne hlv mnstgnt, a&j & &s &t 

., ,Y ,. _ _. __._.~ .I” v  ------ 

chlorite in U.2 M so&k “phosphate solution vieldine a 
solution with ~H~ili~liilv above 5 “ ---- --------_ 

lg 1 M SlWuric _ <,-a~,* .._, *. , .- _ thi+ curve, the rate of formiitiori in the cake’of‘u&Gffered 
tions ne&na t.A he rn&&ent.‘~ i& & wm 

In this set of experiments, the nitrogen flow rde was set : ” 
UW*C,I‘“* 
Cl- r?ln 

at 4000 cm3/min and 12 lamps-were dpeiatkd. ?(he ik’iiial. 
chlorite concentration’was between CLOg’and 0.1 M. .^-,, ,.“, . . . . 

After irradiation, we titrated fdr i&&r S$Ges’as bef& 
_ result provides indirect evidence about the mechanistic . . .._ 

The sum of chlorate and hypochlorite rates was de’termined 
steps of the process: that the‘&3 
reaction is fixed by the elementary steps ( 



ClO- is also decomposed by ultraviolet light as shown 
by Buxton and Subhani (19%i). They’proposed 

. ClO- 2 Cl- + O(‘D) (22) 
I hr 

- (71f-r - PI- + fvP\ 1911 I --- -1 

‘i; 
i . -\*, f&V, 

I 

4, o.ooo6 ; . .m 

! 
i Unbuffered-experiment (average) 

0.0005 j 
. I 

/ ^ 
c10- k Cl + o- (24) 

0” 
o.oow / ; 

I ,_ ,.~ 
3 ; k 7’ ‘9’ 

Wur proposed stol 
it 

‘chiometry can be explained by the 
1n 11 _- -_ addition of iea&ior 16% l&14,15, and. 22 Coi 23j, the sum 

pH of reactor solution of which equals reaction 21. 
Figure 5. Rate of formation of chlorine dioxi.de at various pH valu& On the basis of otir”rksuita we believe that reaction 9 is 

/ lb‘l,ll~“l -- 
and in thecase of un’6tiffered soh~iiOi;~~*‘* more likely to occur than reaction 8 since CiOwould further 

react. yielding chlorate. Rea&io;l7’ h& be,engho& by I - 
and that the steDs are interdenendent in s&h awati’tha’t . ” ‘-‘Buxton ant -- ----- 

aqueous solution by irradiation at 
a similar reactor and low-pres&re mercury lamnsf however 
in their work chlorine dioxide.was’iot spa ^ / 
reactor, but P -- __-~--_ __ 

.il,,/l 1 ^ 

ofexperiments, thei &udfe& .~._ -_ ---= ___. 
dioxide and-determined thrit &$%e and 
the maior decomnosition nrocl&tcr. 

they do not alcow foi inaependent product& of the 
i! Subhtii tO be*’ @iipd&$ at 253.7 ‘nm. 

products, Cl-, ClOz, and ‘OH-. 
Sirr&lar!y we suspect that reactions 22 and 23 are faster 

KarDel Vel L&tier et ai. 1199&h\ ntndied the nhntn- 
than 24 since Cl would further react (in a complicated paf$.in in~dl~n~~~~~~~~~~;;;;~~~~~~chlorate. It has also 

%l Vel Leiiner.et al. i&another article 
~2:Ej3:?,1+.” They’tied ‘(1991) that the reaction between hypochloriteand chlorite 

-----r-7--- .- -. -- in basic sol&& ~r&%i& cl&a@ However, our re&lts 
urged from the suggest that”@ reaction, iike”r&ctio& 9; 8, and 24, is of 

vas subjectto decomposition. In a fifirst set lesser importance than the reactioriiwe included in the 
d &i’&&ol;dwsition of cHo&& * &chanism. 

chl0i;at.e G&&r& They’reported;jll’~ld~,. ._ Our oveiall stoichiometry is supported by the overall ” .,,, ( ./.., ._ e,_ *ii _ ( “‘.>.q< ? .,.&“~i.\ “ilr /. ‘4. 

of 0.4 Go1 of chloride and%-r&~~f chlorate per moli! cif 
@hotodecompontlon reactlons reported by Karpel Vel 

m’ a a&.%$$~~ ‘.-.-..;;Texperiment Leitner et al. (1992a). For the.decomposition of chlorine 

&ition of sodium cfil&&: 
dioxide they Ijroposed the f&G&g reaction: __ ,^ ., . ^ -. ;. / .) 

! major decomp&ion - -‘““*P products, reported at yields of O&&o1 df chloride a&O:+ 
lOC10, + 5HzO ’ 4Cl- + 6ClO3- + 3.50, + lOH+ 6) 

mol of chlorate per mole of reacted &o&~““~“ 
1. 

s of otheti in 
For the decomposition of chldrite, they proposed 

reacted chlorine”dibxid;d: “I 
they studied the ‘“decoml _ _..___. 
Chloride tid chlorate were also the 

We will use dur results and ihd resultr 
proposing a stoichiometry and a’ mechanism for the 
photodecomposition of chlorite. We will show that Our’ 
results are consistent with those of ,Farpel‘Vel.L&%r kt 
al. (1992a) if we assume that chlorate forms onlj; from’ , .,) ,~ ., ,, I ,.. 
chlorine dioxide. We till refer to %iei;‘&%& (KGpel ,..__ ._ )^i 
Vel Leitn& et al., 1991, lSSi‘;i’;~~~~~~~;~~u~~~i, 
1972a,b) to explain the presence of hypochldri& ‘” -‘” 

We propose the following over91 stoi$G&&y~‘f& 
complete conversion of chlorite: 

/’ 

‘lOCl0,’ k 6Cl- + &!lO,- + 40, (19) 

If we treat Zhe$e t~~,,re&tiq@~ &&an&& aigebraic 
equatib&,~&&f&inate chlorah by multiplying equation 
19 by 3 and eqtiaG&?Z%~~~&ubtra&ting one equation 
-frbm the oih?r,, ,The result bf’:t;fils ‘GIdiilation is 

3ClO,- + 2H+ - Cl- + 0.50, + 2Cl0, + H,O (25) 

3ClO,- + H,O E Cl- + 2ClO,+ SOH’ +-0:56,’ ‘(2ij’ 
If we combine this equation with 

001640 

le reaction steps 
H,O - II’ + OH- (26) To explain the stoichiometry, we examin 

which have been previotisly proposed. 
Buxton and Sul%ani’@iiib). the nrimar 
position of chlorite ‘ion IT 

According to 
y photodecom- 

and eliminate H+, we obtain equation 21. 
.,, .--- ‘~I---I_ 

iay occur in several ways: 
Assuming the proposed mechanism (reactions 9,18,14, 

15,22, or 23)‘for formation‘ofch&ine dioxide and assuming 

ClO,‘k cc10;,* 
chlorate forms from chlorine dioxideby readiioti 6, we can 

(9) estimate the dibtribution of chldrine dioxidi, chloride, and 
hydroxide we might have obserired ii~ our experiments if 

(ClO,-)* + c10; - ClO, + ClO- + o- (18)’ ’ 
chlorine dioxide had been completely spaiged from the 
reactor before it reacted. . 

4 ClO- + O(‘D) 

Table 5 (column~2)$hotis the experir$ent.&distributi”on. 

cio,- (7) 
To eliminate chlorate from the products iti Table !?, we 
use the stoichiometry ofUrea&&%. This reaction shows 

clo,-~clo+(y 
that the 4 mol of chlorate Would be produced from 4/,($ 

C8i 
= 6.7 mol of chlorine dioxide. ““!‘herefdre,‘if &Grate had 
not formed, the product distribution would con 1;B in an 

followed by secondary reactions, 
addlti&ial 817”tibl of”&fbr&~%oxi’de. ReaCtion 6 also 
predicts that the products wodld - ‘onal 

O-+H,O-OH-+OH (i4 
0.4 x 6.7 = ‘2.7 niO1 of chldride’&d 
less of hydrqxide io-mmol 
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Table 5. Experimental P&duct Yie!ds. corr!?++ D. .Buantum Yield of”Sbdibm‘%hk$ie Photode- 
Expcrime&l Product Ykk$p, and %&retical I%+-t 
Yield; Based oq &actiop 21, in the Caie of Unbuffered 

composition and Chfkine Djoiride Prijdi&i&. To 
determine the quantum yield of sodium &orite decom- 

Reactor Ss!ut,!&Y ’ 1 :“:I ” 
.: 
_,,, /, I .* ,..., ,I _. ;. _.’ >. ,,_ ,-/i ,i- Ij,i~j~*“” .::- Ik a,. position, we divided-the rite Of deddiri@o&o~ of sod& 

&pert1 product yields chlorite by the absorbed phbton flux determined earlier. 
unbuffered c&or theor pk&ct yieihk‘ -I” Sodiuin,chl+$e $k$$&ition experitik% G&&in ;;i& . . .; __. ,.a, 

soln Cl& decompn besed on ieaction 21 a reactor configuration utitizing 12 lamps. The absorbed _%,” ..I .-.. _).> ,i. ,*,, ,, : ,. ,“,. /,.“. /iil,, ‘lo.’ ‘- ‘. 1~ “’ “*-, .,I., 
1w / / - photon flux 1s in that case 1.4606 ic 10;s mdl of ‘photon/s. 

60*3 66.7 ~~tile6showsihe’quantumyikl;lijfphbtoiiecomposition 
30 f 4 32 33.3 . - I - ^ . ..y, 

&- 71 f 5 64 66.7 
of tihlqri& Gd’tli&qu&&yield ofproductlon df &lo$ie 
dioxide for various pH v&es: Tl%se”re$iil&“‘&ie in G&y 

2a2 
%- 5 f 0.5 good agreement with ihk Skdy of.Kai@Gl i%l L&G et 

ClO3- 4 f 0.5 al. (1992b). They found a quantum yield of photode- 
composition of sodium chlorite equal to 1 for a pH between 

Table 6. Quantum Yield of Photodecomposition of Sodium 7 and 8. we found a value of 1.18 at pH 7 tid 0:92 at pH 
Chlorite and Quantum Yield of Pr?duct,~ppof c+!!?rine 8. Our results are 8k.O in’good agreement with the ieSU1t.s 
Dioxide at 254 -am, for Various pH Condltlons 

_ /..-, .* a.>*., r*; A” given by B@on and Subhani (1972b). At 259.7 ‘ik they a”e;age rate.- _ G..;.AtUm. : 
found a quantum’j;ieldo~~~oriie ;tecom$&&& e&&l to 

PH product (M/min) X 103 yield 0.54 at pH 10 and 6.9 at natural pH. ‘For ‘the quantum 
unbuffered .ClO, pioducid 

(.;$&,‘“, .l;l ,” ̂ *. “:” lafi ,_, 
” yie)d of chlorine $bx$ie productidn; they determined a 

ClOz- reacted 0.967 0.77 value bf p.24 at pH’10 and’0..41 at natiiral pH. 
4 Cl02 produced 1.000 0.80 

ClOz- reacted 
E. Effect df Nitrogen Flow Rate on the Reaction. 

1.556 1.24 
5 Cl02 produced 1.149 0.92 The effect of the nitrogen flow rate us&l iii “SjGtiaGg- 

ClOi reacted 1.789 1.43 product gases from solution, has been investigated using 
6 Cl& produced 1.176 0.94 the reactor equipped with 12 lamps and unbuffered chlorite 

ClOs- reacted 1.922 1.53 sohiti&i.~with a conkentiaiioti of -O$REi ‘I$. Flow rates 
7 Cl02 produced 0.839 0.67 

C102- reacted 1.482 

rsg&a betti;en .,. ..iz- $~.im3”min. 

1.18 
8 Cl02 produced 0.674 

8Z 

Table 7 shows the rates of producti& and product yields 
ClOa reacted 1.148 for several values of nitrogen flow rate. The table shows 

9 Cl02 produced 0.586 0:47 that, at zero flow rate, no chlorine dioxide is observed 
ClOr reacted 0.948 0.76 aft.+? a sufficient time otirr$iatiori. .:tifi&i&.e increaks; 

10 Cl02 produced 0.543 0.43 
ClOz- reacted 

chlori‘;e “dibride a;a &-aro;id~ ‘incr&ase &.ie ~cgloiide 
0.900 ,o*72 ” .-& ;gig;-wti ‘~*~ii”‘iiypoc~orite aecre&e ;ubs.tidllly. 

e 

These results are&consistent with previous discussion and 
.‘o eliminate the 5 mol of hypochlorite from the products show that at low flow rates our results suggest the 

Table 5, we assume that hypochlorite woiild eyentually +oichiometry obskved by Karpkl Vel- Xeitner et 02. 
react by reaction 22 or 23, producing 5 mdl of chloride. (1992a). At high flow rate (as chlorine dioxide is more 
Theiefore, this 5 mol would be added ,to ,t& product 
distribution. We did not attempt to account for the 

rapidly removedj the stoi$hiotiete appioaches that of 
rf+=&on 21. 

chlorine which we found in the abs&e!: gqples’, because The sparging rate plays an imp&ant’ part in the 
of the large uncertainty associated.with its concentration production of chlorine dioxidd. If it iS &I low, chlorine 
and the large perckntage deviation we observed inrepeated dioxideis. decqmposed due to a large residence time in the : 
experiments. reactor. The decompo%&ti df chlbkk did&de absorbs I 

The sums of all of the adjustments to the’ product part of the ultraviolet light tihich is therefori not available 
distribution are -4 mol’of khlorat&%nbl ofh”$&hlorite, fbithe decomposition’of chlorite. This would explain the 1 
+6.7 mol of chlorine dioxide, +7.7 mol of chloride, and decrease in the rate of‘decomp&iC& bf chlorite at low I 
-6.7 mol of hydroxide. Table 5 gives a comparison between nkrog& flow iate. If the fl;w rate is to0 high, some of the , 
experimental coefficients, corrected experimental coef- reactor solut’idti ‘might be removed by entrainment. 
ficients, and theoretical stoichiometric coefficients based F. Effec~bfIni~ial‘Siidl:liim Chloiite&hcetitration. 
on reaction 21. The effect of initial chlkitkkoncentiation w& investigated 

Table 7. Irradiation of Sodium Chlorite. Effect of Nitrogen Flow F+$e !n Rates of Production and Product YiFil$s;., T’i’y!y _, 
Lamps in Use. Unbuffered Reactor Solutions. 

_,“.% .; .<< ,“._ ,,.- .;, , ,.*. . . “e‘ k.,L -j. _ , ./. *_ 4 ,A_. , 
/ ,. I._.-~ ,.” I i _)I I 

nitrogen flow rate (cm+min) 
., j; I- 

species 0 500 ( 1000 Rateof ,,~;;2f’~;‘,,x”i II ” “ “” 4’000 _’ 5OfIO I. I ., ._,‘ , -I. . . , . ,. _ 

ClOr reacted. 0.61 0.70 
E 

0.31 0.87 0.97 0.95 
Cl02 0.14 0.41 0.48 0.57 

z.26 
0.58 

0.29 0:32 0.25 0.27 0.29 0:28 
is+ NM" 0.29 0.43 0.53 0.60 0.69 0.70 

NM 0.06 0.04 0.03 0.02 0.02 

0 

%s- and ClO- 0.29 and O.C$ ::g 0.17 0% 0.06 0.04 and 0.03, 

Product Yield (M/M of Chlorite Reacted) f~~$fU332 
ClOz- reacted 100 100 100 100 190 100 
Cl02 0 20 33 55 60 
Cl- 43 42 42 i: 32 29 
OH- NM 41 56 66 69 71 
Cl2 NM 8 8 5; 3 ,- 2 
CIOj- and CIO- 48 and 10 22 9 7 7 

a NM = not measured. 
dand.;&’ - 

- 
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using unbuffered sodium chlorite solutions and the 
photochemical reactor equipped with 12’ lamps. The 

Bowen, E. J.; Cheung, W. M. The Photodecomposition of Chlorine 
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nitrogen flow rate was held constant at 4000 cm3/min. Buxton, C. V.; Subhani. M. S: Radiation Chemistry and Photo- 
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Trans. 1 1072a, 68, 958. 

J. Chem. Sot., Faraday 

initial concentration. At the conditions of tiiis.study, the 
initial concentration does seem to have a significant effect 

?uxtq?, G. ,V:; Subhani, M. S. Radiation Chemistry and Photo- I -.l”,a,.:lr _ ,a”,, 

on rates of production and rate of chlorite photodeconi- 
chemistry of Oxychlorine Ions. ‘%ari’*$-Photodecomposition of 

position. 
AqueousSdlutio~orChiqriie Idn$ J. Chek S&$&day Trans. 
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sodium chlorite in aqueous solutionwith r&id removal of * 
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lx& to be iIie maior ~ro&ic~~~f 
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the photodecomposition. 

.~ . .._ --,-- r------- -- 
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We piop&e‘the following overall 
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oxygen. 
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Manxscript relived 3 May 1963 

I The photodecomposition of aqueous sodiym chlo$te solutions at different jH values has’ been 
investigated using sunlight and li&hi emitied by ati’ en~lo9ed”~~~b~~-~~~..““T~i Ed&& ‘6i '%$%I- 

position has been found to- fall w&h in&%&e ‘in p’k ‘and the iniiial‘concentrktion -of the solution. 
The presence of soluble chloride has no inkzence on- ihe b&eA;bi phoiodecomposition. based 
on the analysis of photodecomposition products at diflerent pH values, inechanisxks “I apd $1, 
have been proposed for the decomposikion of acidic’and a%Iiiie’bdli%%& res$&ti+‘: 

6NaCl0, -3 2NaCld,f4NaCI+30,~ . . . . . . . . . . . . :. . . . . . . . .-. . . (I) 

lONaCI0, ---f ZNaClb,+bNaCl+ZNi~~O,/$b,f . . . . . .’ . . . 1 . . . . . . . . ..“. (;I) 

A QUEOUS sodium chloriie soJutidnsi which are 
stable under alkaline cbnditions, can be acti- 

decompo&ion, light emitted by an enclosed carbon 

vated by acidification. Activated chlorite 
arc of Atlas fadeometer was used. In some experi- 

solutions evolve chlorine dioxide and find use in the 
men& sunlight was also used; these esperiments 

bleaching of text& and wooh pulp. In Bn earlier 
were,carried out at about the same time every day 

communicationl, if h& been shown that under 
and as far as possible completed within a week so 

certain conditions ammonium ‘salts activate sodium 
as t?,minimize.any variation due to possible changes 

chlorite solutions, Incident light is also know’; to 
in t.& sp&tral energy distributibn caused by meteoro- 

activate chlorite solutions with the liberatidn of 
logical and geographical’ factors. BiJfiered chlorite 

chlorine dioxide. 
solutions were esposed in pyres test tubes fixed to 

No work seems to have been done on the stoichio- 
the rotating frame of‘the fadeometer. 

metry of photodecomposition of sodium chlofite. 
The photodecomposition of sodium chlorite was 

A systematic quantitative investigation 
studied under various conditions of pH, concentra- 

products of photodecomposition of 
tion and period of exposure. 

chlorite solutions, at acidic and Results and Discussion 801643 
was, therefore, undertaken. 

__ .*.*A s lilLU 3 -~ 

of these investigations, a mechanism for ‘the pi;obl 

E~ett ,of pH. o;;l ttre self-de;;;pbs;iio; wJ”s&+;‘~ ‘- , ._ 

chloriie - 
decomposition of sodium chlorite has been pro- 

Zn order to study the effect of change in 

posed. 
pH on the self-decomposition of sodium chlorite in 
the dark, O.lN ‘s%tions were adjusted td various 

Experimmtal Procedure pH values at room temperature and stbred in the 

Commercial sodium chlorite of the follo%:ing 
dark for 3 hr. The .@orite content was estimated 
in the’ Keginning and also at the end of 3 hr. The 

composition was used: NaClO,, jS*lO; N&X&. 
1.30; NaCl, 15.31; and moisture, 2.68 per cent. A 

estent of decomposition at pH 4.0, 4+?, 6.0, 7-4 

0.1 per cent solution of sodium chlorite had a PH 
and 748 was a.5. 1*5, 1.1, O-6 and 04 per cent 

of 9.30. 
respectively. 1 hese results indicate that there is 

In the studv of the chemistry of photodecompo- 
slight decomposition of chlorite under ,these con- 

sition of chlorite, the total available chlorine, ‘chlo- 
ditions and the percentage decomposition decreases 

rine dioside, total oxidizing power and chtoride 
with increase in “PH. In the case of esposure of 

were estimated by standard method&“. 
unb,uffcred chlorite solutions to light; with increase 

Photodecomposition of clrlorile solutiorzs - For the 
in the period of exposure, the $H of thk ‘sdlution 
showed a smalt rise 

study of the effect of light on the nature of 
initially folloCved by a 

slight but progressive decrease (Fig. I). Similar 



odium chloride a”dded was 
ind 28y87 per’ cent respec- 

to 28.50 in the.absence of sodium 

BarnetP, these results indicate that sodium cl&- 
ride does not accelerate the photodecomposition of . . . . 

61 sodium chlorite. 
0 IO 20 30 JO 50 60 Rate of <~il~t~decb~~ositioIr of’ so&m chlorite - 

EXPOSURE PERlOP, min. Aqueous solutions of socfium chiorite, buffered to 

Fig. 1 -Effect of period of exposure ‘in fadeometer on the 
pH 8.2 and 3.8, were exposed to fadeometer arc in 

PH of sodium chlorite solution 
pyres test tubes. The c‘ 

_: 

chlorite wa: 

observations have been recorded for thermal de- 
composition of sodium chlorite*. 

To study the effect of $H-on the photodecompo- 

iecompositlon of sodium ” _. _^^,___ 
; determined every 10 min. The results 
ble 1 show that. the percentage decompo- ._ . . _ ..~ eiven in Ta‘ 

zition, decreases.,wrth mcrease in the initial concen- 
tration, both inthe alkafii;e‘ana‘.~~~~id~ @-I ranges. 
However, when the decomposition is expressed in 
g./litre, high starting concentrations give. higher . . _. 
decomposition values under alkaline .as well as sition of aqueous sodium chlorite, &IN solutions 

were buffered to various $H values and exposed to 

fa.~-rn_ste~-~rcJor 30 min. The extfntceof decompo- -Ll_‘l,- -.I L. . . .-- 
acidic conditions. 

4.76 using sodium ace 
79.2 per cent. Solutions ounerea wrfn sodium 
dihydrogen phosphate+disodium hydrogen phos- 

rately to fadeometer arc I 

phate buffer to pH values 584,‘694 and 8.94 showed 
light 

decomposition of the order of 68.93, 67.38 and 48.70 
was determined (in- both c; 

per cent respectively. The activating influence of 
perature of the solution was 54°C.“in~the‘fadeometer 

light on the decomposition of sodium chlorite, is 
and 36°C. in sur&&‘t. 

“c‘..b _~” .** .T~e -reSiif{s .‘presented m 

Relative photodecomposition of sodium chlorite solu- 
XLIUU ul XJUIUIII cnlvr!re solurlo~ DuneTea to pH .-- . _. 

:tate+acetic acid buffer was 
lions in fadeometer and in sun@& -An aqueous 

.:--- L..ci.~ , . . . sodium chlorite solution (O.OZN) was exposed sepa- -.. _)’ ,- ._ 
light and to direct sun- 

. The final concentration of sodium, chlorite 
&es. The average tem- 

evident from these results. In this “case also, as 
Fig. 2 show that the decomposition bohaviour of 

observed earlier, the percentage decomposition de- 
chiorite is simiIar in both”‘~the-cases, but, the,*e+ent 

creases with increase in, PH. Thermal decompo- 
of decomposition is different. This may be pri- 

- 
sition of sodium chjorite follows the same trend’. 

marily due to the differen - - . 

InfEuence of chlorides on photodecom$ositio?z of 
spectral distribution 

sodium chlorite - BametP found that chlorides 
the difference in temperature in th> two cases. 

. . . - 
accelerate the thermal decomposition of chlorites. 

Experiments carried out w’ - Se-1 ith difterent initial con- 

White et aL6 reported that there wasno acceleration 
centrations. ‘(O;OS an-d.’ O’LOr43N) of sodium chlorite 

of the decomposition of - - *’ -- .’ 
gave similar results. However, in both types “of 

of chlorides. 
[ chlorite due to the presence 

In view of these contradictoryreports, 
‘6sPosiw; ‘the percentage decomposition increases 

it was considered of interest to examine whether 
with decrease in initial concentration. in the concen- I _ .,-‘ _^.., 

chlorides” influence ‘the photodecomposi tion of 
tratiqn- raqge studied. 

sodium chlorite. Different quantities of sodium chlo- 
StdicIiidmct~~ of photodecomposition of sodium chlo- 

ride were dissolved in 50 ml. each of aqueous so&m” 
ritk -For an understanding of the mechanism 

chlorite solution (0.085N) in Pyrex test tubes and 
of photodecomposition of sodium chlorite it is 
necessary to consider the stoichiometry of the 

PH 

TABLE 1 - RATE OF PHOTODECOMPOSITION- OF BUFFERED SODIUM CHLORITE So~vr~oia 

Initial 
cont. of 

Decomposition (06) of sodium chlorite after 
_ , ,_,,, j _;., bS.“_ ,.._,, ..~ ax< ._, _,,,M ,a., d*,. .., * _, .‘< . . . *e,**,,l/ “.1., . ../_ l*.j .“, .A ” ” %W. / 

RlClO, 10 min. 20 min. ._ 30 min. 40 min. 50 min. 6b min. 80 min. 

8.20 

3.80 

LV 

0~0409 

0.0878 

0.1020 

o*oiis 

0.1058 

0.1549 

24.84 58.17 83.66 83.23 
9E, . 

. 98.04 
‘@$;I* (0.54) 

‘y;’ 
30.09 

jj.01 (0.77) 81.17 (0.79) 96.99 (0*91) 98.79 1 

(0.60) ( 1.09) (I-61) 1 0.93) (1.96) 
(o:ll) 21.99 (O*Sl) 46.86 (1.08) 72.27 (1.67) 1 91.35 98.72 

(2.11) (2.28) 

9.05 30.86 63.66 96.99 99.77 - - 
(0.159) (0.542) (1.152) (1.702) 
10.21 

(1.732) 
30.28 54.44 7449 99.15 

‘p$’ (o:m) ii-3‘03s (1.7&q (2.368)‘ 
+j$o, I z 

(0’314) 1 38.68 (1.356) 1 81.06 97.21 
(2.842) (3.408) z 



Pig. 2- Edcct of fieri&i of ixposur~ to ‘light on +he ‘ 
decomposition of sodium chlorite 

photoreaction. When sodium ,chloritk ‘solution is 
exposed to light, sodium chlorate, sodium perchlorate, 
sodium hypochlorite, sodium chloricle, chlorine di- 
oxide and oxygen are likely to be formed. In addi- 
tion to these, varying quantities of sodium chlorite 
may also be present 
decomposition. 

depending on the’ degree of 

From preliminary experiments the following obser- 
vations were made with regard to the nature of the 
products formed as a result of photodecomposition: 

Sodium chlorite, being the major component of the 
starting material, was present in the final products, 
where decomposition had not proceeded to comple- 
tion. 

Sodium chloride and sodium chlorate wer J already 
present as impurities in the commercial, sodium 
chlorite used. These were also formed, due to the 
photodecomposition of sodium chlorite. ‘Experi- 
ments conducted on chemically pure sodium” chlo- 
ride and sodium chlorate showed that these salts 
were not affected by light under the conditions cf 
the experiment. .- 

Sodium hypoch2otite was not found either in the 
original chlorite or in the reaction products. At no 
stage of the reaction hypochlorite was found to be 
present. If hvpochlorite is formed I$iting the 
reaction as an- intermediate product, it would get 
decomposed instantaneously. Since hypochlorite 
cannot esist in the presence of chlorite,, they react 
with each other according to the following equa- 
tions, depending on pHe: 

NaClO,+NaClO -tNaCl+NaCIO, . . . . (1) 

I . 
. rc 

. . . . . . 
Sodium perchlnratc - An aqueous solution ‘fi 

sodium chlorite (5 per cent), approsimately of pH 
Z-4, was exposed to light till the, decomposition 
was complete, when the solution became colourless. 
It was then evaporated to dryness on a water-bath 
cooled, estracted with 5 ml. of 5%’ h$drochloric acid 
and evaporated again till the evolution of gases 
subsided. The residue was dissolved in distilled 
water and neutralized7. Sodium perchlorate was 
found to be present in the reaction products. In 
some experiments, aqueous solutions of potassium 
perchlorate (Analar) were exposed to light for differ- 
ent periods. Perchlorate was -not affected by the 
, exposure. -_ 

Chlorine dioxl :de and chlorine3 
during phc 

-The gases formed 

absorbed 
)todecomposition of sodium chlorite were 
in ‘neutral potassium iodide solution. 

The liberated iodine was titrated against standard 
sodium thiosulphate solution. To another aliquot 
dilute acetic acid was added and the iodine liberated 
estimated. 
for the first 

The volume of thiosulphate solution 
titration was one-fifth the volume of 

that for the second. This showed that only chlorine 
dioxide was formed and not chlorine. If chlorine 
were also formed, the ratio of volumes of thio- 
sulphate’solution in the two cases would have been 
different as the, following equations show: . 

2ClQ,+ZKf + ZKClO,+I, 
(Neutral medium) . * * ’ . ’ 

- * (3) 

Cl,+2KI + 2KCl+J, 
(Neutral medium) ’ * ‘* * ’ ’ ’ 

- (4) 

KC10,+4KI+8HC1-G5KCli211‘z~+2i, . . . (5) ._ -. 
(Acid medium) 

Analysis of reactio?: products - Preliminary experi- 
ments showed that pH is of considerable‘importance 
in the study of the chemistry of chlorites, Hence, 
the proportions of the products formed under vary- 
ing conditions of pH were determined with a view 
to arriving at a reaction mechanism which 
would explain the photodecomposition of sodium 
chlorite. 

Unbuffered aqueous solutions of sodium chlorite 
(50 ml.) were exposed to fadeometer arc for 2 hr 
and sodium chlorite, chlorate and chloride were 
estimated in the reaction products by the methods 
already mentioned.,, From the results given in 
Table 2, it is obvious that the quantity of sodium 
chlorite decomposed and the amounts of sodium 
chlorate and chloride formed can be expressed as: 

0.1853 g. NaCtO, on decomposition gives-66810 g. 
KaC10, and 0.0795 g. SaCI’ (Esp. I) 

0*2003 g. KaClO, on decomposition- gives O-0887 g. 
XaClO, and O-q877 g. XaCl (Esp. II) 

‘O.OjOd g. SaClO, on decomposition gives 0*01942 g. 
XaClO, and 0.0222 g. S&l ‘(Esp’. .-III) 

Expressing these results in terms of moles, 

3saClO,-+ 1.11 SaClO,+ 1.99 SaCl 
39aC10,3 ll12 SaC10,+2.03~SaCl 
3SaC10, --f 0.99 SaCjOO;+Y~O-i^Yi”Cl ’ 

.‘. goas4.s. 
,h. 

,\” ,.. _. 



a 

Product 0.1816.v soln 04.Mj.V soln p-c- .1 ,“,$_ *,_.*.j ,“A~‘ Lw*. ,_~ l&-_l _ *s,~,,‘ih., x -.c,i -L(n:, *: ,-/ ,I ,,,‘I -.. 3. _. 
Initial Amount Amount Initial 

amount after 1 hr 
(Exp. -I) 

after 2 hr 
.T;;;;;,,t I 

g. (Exp:IIj - 
amount after 2 hr 

g* (Exp. III) ; 
Sodium chlorite 
Sodium chlorate 
Sodium chloride 

By rounding off, the photodektiposition of -an perchlorate. 
unbuffered sodium chlorite solution may be re- 

Since chlorate and chloride account 

presented as follows ! 
for 80 per cent of the total sodium (in terms of 

6NaCl0, + 2SaC10,+4XaCl~30~~ ‘. ‘. ‘.-. (6) 
atoms), it is probable that the balance of 20 per _ . . -“__e >.- 

cent sodium is present as sodium perchlorate. 
From the results of analysis of the decomposition Hei ” ‘. ‘. - 

products obtained by exposing sodium chlorite solu- ditions may, I: 
tions, buffered to $H 1 

_.. , 

were made: 
- * I ---- \., 

3NaCl0, + l-1 5 NaClO, -/- I.96 NaCl (ExD. IV) 
The r&ults of, the fnr~onin6 ~BII hn-:**----:--~ 

as iolloWs1 

3.43, the following’observations 

Ice, tne photodecomposltion under acidic con- * 
- - - -- 5e represented as : 

1 ONaCJ&+2NaClO, + 6?iaC! + 2KaClO,‘-F- 3O.t (71 
I 

3NaCIO;-+ 1~13~NaClO~/1~96 &Cl (ES;. Vi‘ ’ ” 1. During photodecomposition of aqueous sodium 
3NaC10, + l-10 NaClO,+l-94 I’aCl (Exp. VI) ‘chlorite solution, the pH 

in the initi?l c+qnac nt awn 
of the solution increases 

I 

i.e. 6NaCl0, + ZNaC10,+4NaCl and. therefore, the decrease. 
LI =LcrsL= v1 G.nPosure, followed by a slow 

I. 
reaction ca&ed out ai ‘4H 8.43 ‘cas - ._ --n also be re- 

Production of oxveen 
2. In both the cases of esposure, i.e. to sunlight 

and carbon arc, the percentage decomposition of t . presented by Eq. (6).- The 
as a result of the decompositibn of sodium chl&hte 

--_- -- --_--_ - 
cnc-linm rhlnrii 

ne conditions 
-__.-... “...,...e decreases with increase inpH of the 
solution. 

itivelv’ 3. Solnble chlorides neither “accelerate nor retard 

On exposing aqueous ‘sodium chlorite soiutions 
mposition of sodium chlorite. 

4.&The, percentage decomposition of sodium 
buffered to tiH 4-O the followine observations were rhlorit~ d+ng exposure ’ to light decreases with f 

has been reporteds*O. Under alkaii:., ____. 
sodium chlorite appears to decompose quantita 
into sodium chloride, sodium chlorate and oxygen. 

.~, -. -__. -._-- - 
the nhotodeco 

made: * ’ “. 
increasing star ,ting concentration. 

NaClO, + 0.1947 NaClO,+O-6396’NaCl (ESp: Vif / 5. By “analysing the reaction products quan- , ., ,. , ” following chemical equations for the 
~.-‘ -sition of sodium chlorite solutions 

The mode of photoreaction of sodium chlorite 
,/ ,,.. 

;nder alkaline and acidic conditions resnectivelv’ f 
under acidic conditions appears to be different from 
that under alkaline conditions. Acidic sol1 utions 
decompose both due to acidification and phnto- 
activation. However. Dhotodecomnosiiion is th 

-r ---- --J. 

1 are suggested : 

bNaClO,+ 2XaC10,+4XaC1+3dtt . . . . . (6) 

decomposed to the estent of only “‘2.X per c&t at 
room temperature in 3 hr in the da 
whereas the same, when exposed, to fadeometer $ ?-!!.?:.J.,.!** 
arc, decomposed almost completely in c. 1’ hr. “The ‘* - _ 
chlorate 
all the __ . 

formed did not account for and chloride 
sodiun 

..- -- ---- --- . . --.. T.------ 
1 and chlorine present in the sodium Thesis, 

chlorite decomposed. For every molecule of sodium 
._ _ 

chlorite decomposed, 0.2 atom of sodium and 0.2 b. l’., 1 

)r bv 
6. \VHITE. J. 

ERPIIP Chem.. 34 Il9@l: 782. 

.4mrr. Dyest. Rep.. 31 (1442), 484. ^’ 
3. “lnyan. 11.. Eki);cio~edia of chemical technology, Vol. 3 

(Interscience Pub!is_hers Inc., Xew York). 1949. 703 
4. Slrrn \RAX, S., iZ!euchin..$ with sodium ch&ife, .\I;SC. (Tech’:) 
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3. JjARNETT. B. Citd in White. J. P., Taylor. >I. C. 6; Vincent, _. - ‘ndustr. Evprrg Chem.. 34 (1942). 782. 

I:., TAYLOR. >I. C. & VIXEST. G. P., Indirstr. 
atom of chlorine could not be &counted fc 
chlorate and chloride formed. 

. 
7. %BAii,%. 11. &%XIACHA~~l+ ” ^.“^“. 

As mentioned earlier, qualitative evaminatinn nf 
c- 31 (19591; 21’--“- 

the photodecomposition produ 
rite showed the presence of chlorate, chloride and 

_.. 
9. LEVI. 

s. C. R.. .4 nnlyt. Chem., 

----. - -._-__ . . . . -..-.. -_ 
lets of sodium chlo- 8. TAYLOR. XI. Cr!!‘N’rfr~n, J. Ir., VISCE~T. G. P. rp: Cu;y- 
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ar some porn1 alter or lmmedlately bef OTC 

expose’the water being treated to direct sunlight. 
sunhght absorption by some of the oxidants the 

to their decomposition can be dramatically altered. 
effect on the nature of the inorganic 

the halogenated prganic ’ 

nm. Of all the water tr 

spectrum and high quan- 
nm and lower wavelengths. i 

ever, far less attention 
extensively.‘& Hpw- 

\ 
in aquious soh.ttion.S-8 In 

I 
the chlorine oxygen 

Thi products of this 
ucts such as chlorine 

oxygenated aqueous sol reaction proceeds, as 
Cl0 and 0, but these products then undergo solvent 
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CIO, - (Cl0 + 0) cage (2) 

(Cl0 + 0) cage -) Cl + 0: (3) 
Cl0 + QO, + C&O, (4) 

CI,O, + H,O d CIO- + ClO,- -t- 2H * (5) 
Clrt Cl- - q- (6) 

Cl (or Cl,-) + CIOL + Cl,O, (‘1 

C&O, + Hz0 - Cl- + CIO,- + tH- (8) 

0 + 02 - 0, (9) 

Interestingly, although CIOr has the distinct advantage in water treatment of 
not having the capacity to oxidize Br-, many of its transient photolysis prod- 
ucts do. The appearance of transitory species during the flash photolyris of 
Cl02 solutions, which contained low levels of Br-; have been reported.8 The 
transients are believed to be Br; or BrCI-. The information on the reactions of 
these radicals with organic compounds is scarce; however, it his been shown 
that they do react at appreciable rates with alcohols.9 By analogy with the C12- 
radicai, brbmine radicaI anions should undergo‘addition zo aikenes and aro- 
matic compounds. 

In this chapter, the light-induced decomposition of ClO, is etiamined in an 
attempt to characterize inorganic products and trihalomethane TTHM) forma- 
tion, and to describe the extent to which sunlight-induced photodecomposition 
might occur during water treatment. 

EXPEl?IMENTAL 

Chlorine dioxide used in this study wasprepared from sodium chlorite (80% 
Purity) obtained from Alfa Products and potassium persulfate (reagent grade) 
obtained from Mallinckrodt. A standard procedure ‘was used to prepare and 
handle the CIO~.to Stock solutions thus prepared were stored refrigerated and 
protected from light. They were standardized immediately before being used in 
experiments. 

Chlorine dioxide solutions for suniight reaction studies were prepared by 
adding the concentrated stock solution to organic-demand-free water in IO-cm 
quartz ‘spectrophotomerer- cells. The cells were sealed so that no headspace 
existed. The initial‘concentration was calculated from the mea&red absorb- 
ance at 360 nm using a molar extinction coefficient, Z:, of 1035 L hoi-I cm-‘: 
Sunlight exposure experiments were conducted on the rqof of the laboratory. -_ 
The integrated solar flux during the experiments was determined with an 
Eppley Laboratory Ultraviolet Radiometer, Model TUVR. Changes in the 
Cl02 and light absorbing product ~cqncentrations during the course of the 
experiments were determined from the UV-vis spectra. 

.i &ontrols were run 



the light-exposed samples. Experiments involving &torescent room lightjng 

laboratory fluorescent I ghts on a bench -7 ft’below overhead light fixtures. 
Quantum yield studi .s were conducted using a Kratos/Schotffel 1OOO:W 41 

mercury-xenon monoc romatic irradiation system. Quantum yields were 

I 

determined at the mercL ry lines 296.7, 313.0, 334.1, 366, 404.5, and 435.8 n$ Jl I 

with a bandwidth of - nm. The intensity at each line was ,derermined using 
jl :, 

ferrioxalate actinomctr) 
,” _, (. 

.I1 The measurements were p’trformed in lo-cm quartz 
1. 

./ 
spectrophotometry cells m the same way as described for the sunlight experi- 

!’ 
I, 

mcnts. Time intervals f lo r light exposure varied (i.e., 10 to 120 s) and were 
optimized to examine tl e reaction during the first 10% of thidccay curve ’ 

Natural water sample were placed in 60-mL reaction vials, spillid with Cl?); ’ 
at - 1.5 x 10-4M (IO g/L), topped with additional water, and capped with 
Teflon-lined stpta. The gials were then either placed in the dark as controls or 

i 

I., 
I, 

exposed IO sunlight he roof. The sunlight was monhored with“tjlc~Ej$ky 
.. :, 

on 
Radiometer, and the sat ples were exposed for a period in excess of twice the 

! 
! 

half-life for CIO1- (a PI oduct of CIOl photodecomposition)‘ photolysis. This 
interval was usually abo t 4 h at midday. The’dark- k-id &ht-~x&ed’&rr$~s 
were then quenched b* adding a slight excess of sodium thiosulkte: ‘i’he 
capped samples were r frigerated and analyzed by gas chromatography for 
THMs.lz~Sk$c^s%iT‘b’r a lion analysis were prepared by purging residual CIO, 
with NY& to quktch t e reaction. Analyses were conducted using ion’chro- I 

matography on a Dione Model and o.oo13 M NaZta; a _ IO chromatograph with a “fast anion” column _. ; : ‘2% eluant. The column fjo’w ~~~~;;~~5~~~~~~~~~~~~~~~~~” ” 
i 

roximate retention times in minutes for anions. were 
CIO,- BI 2.40; BrO,- at .lO; CI- at 3.45; Br- at ‘8.10; and ClO~‘.~?k?S. 

.” ,:,, i 

! 

these conditions, the a 

~ 

RESULTS AND‘DISCk SSION 
I 

Aqueous solutions o CI02 in sealed IO-cm sptctrophotometer cells werc~ 
exposed LO summer 

wavtlengrh dependence 

in’niethodologies. There 
: 

the reaction solutions. 
in the Bowen and Cheung repon on the pH of I 

lthough differences between pH 7.0 and 9.0’appear to ” 
spread could be significantly lai& at m&e-’ 
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Figure 1. Photochemical decomposition of chlorine dioxide Aqueous sol&n In sunlight. 

I 

I 

Table I. DtcOmpo&ion buwitum Yikds @) of ‘cio; I 
. --.s..‘ . ..A.. . ,a,. i--ii, n, _ ,a”~*.& .“l.“) .‘:“__? _I. / __. ,I; . , 

Wwclrngth From Bowen this Work a) pH 

fnmb 7.0 I CIA 
.,*.l ,.::.:,i ,‘.*~~~:,~L*,~u+~,~~~ * .,./ *. 7 

266.7 l a.-. c1 AL 

300 

9.7” f  . 

1 .oo 

313.0 0.96 f 0.02 
I 

334.1 

366.0 
0.90 f 0:02 

I 0.06 f 0.01 

0.76 
404.5 

0.46 f 0.02 
j 0.90 f 0.02 

0.51 
i 0.46 f 0.02 

435.6 
0.13 * 0,02 

0.21 , -,a. ,_.. ,. , ,~ ."._ .<" .-, -<ii i, "_ ,‘~*,A‘>*; ,*,-,< ,.'*<,,. .;L i.3 ..;,: ".&. ;"y* : > ._ /. 

, 

acidic pH values. In water treatment applications, however, pH jalues in the 7 
to 9 range are more likely to be encounterCd in to 9 range are more likely to be encounte&d in ClQ, treatment ‘applications. 

Another compliiatiori in‘c< 
, ,“l,_.l., - ’ ‘:“-‘-” Another complicatiori in‘&mparlng th; +ults is caused bi the possible 

differences in the bandwidth oPthe in&&i’%‘%%% differences in the bandwidth oPthe inci~~ni”i~~~~ii~~~~~~~ wirk presented 
here, a high- here, a high-energy monochromator with a bandwidt) of less t an 7 nm was 
used to isolate mercury lines. It is cl&r from the B$ used to isolate mercury lines. It is cleir from the B$wen and x , eung report 

I 



ly changing values of + and C102 absorbance in lhis 
the quantum yields from the two studies would 

could contribute to the lack of agreement a[ 
the filter combinations used in the Bowen 

late other mercury lines could not be reproduced in 
used are apparently no longer avail- 

I 

Reactfon Products 

When CIO, is used as 
tant lhcrmal and 

water can have a pronounced effect on the 
The occurrence of oxidizable sub- 

of CiOz- produced from CIOl 
decomposition of CJOz will 

has a moderately strong electronic absorption 

extenslveiy ccivered eisewhere”*” 

j 

such as I 

I 
OOlS%2 

OtTI- + Br- 

I I 

- OBr- + Cl- (IO) 

+ Rr- - Pi&-- 111) 

r ---- --- -- 

I In solutions of 1.5 x JO-‘h’ 
i chromatographii analysis 

CIO,, which were exposed 10 direct sunlight ion 
r 

and CIO,-. When I x 
vealed tha! tl& only major ionic oroducts wer; Cf. 

IO-’ M Br- was added to the solution, BrO; was also 

i 

observed +s a product (Fig! re 
Ihe first few minutes of the 

3). Although khe C102 was photolyzed during 
eaclion, the BrO,- gradually increased on cant - 
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Ngura 2. Photochemical decomposition of chlorite aqueous solution in s&light. 

ued exposure to sunlight. The,amount of Br- concentration de$castd initially 
to 50% of that added and then incre;rised as the ka’ction pr‘ciqeeded. This is 
inteypreted as an initial rapid oxidation of Br- 16 OBr,- which then reacts 
photochemicallyl~ I I 

3 OBr- + BrO,- + 2 Br- (12) 

to generate the observed product distributions. .The OBr- pould not be 
detected using the ion chromatographic determinatibn as descrilqed previously. 

In water containing significant amounts of labile organic 
organic product yields might vary because of avabable 
Wheri CIO, was addeh to groundwatcr and exposed to sunlight, THM analysis 
revealed a linear increase in-bromoform formaFiok pith increasi g Br- concen- 
tratio’n (Fig&C h), The oklet oi’ significant CHBr, ? formation in this water 
appears at about I mg/L Br-. A low yield of CHCI, w~is’ak obberved which, 
within the limits of analytical precision, appeared to be indcpqndent of Br- 
concentration. g, i ‘. 



To examine the effec of natural wafer rnm.mcitifin ’ 
water from three differ 
Br-, dosed with 1.5 x 
CHBr, arc shown in 
observed for all water 
trend of increasing TH 
could be due to an 

I” rune r-rmarinn. 
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I 
Table It. Bromolorm Fonbrtion from CID, (rg/L) I 

“I ,,” ,, i., . ““~, it>*“.,‘ I ,., I.,< a._// L I “‘ -s** 
I PH s ‘bu 7 . .’ ” 

1 ., ̂ 
aH Q / 

Sourtc of Waler i Light ._ .I Dirk Djlrk .Light D&k 

+O ND 
,. .i ,_,,. _4._^ ,,,.,. ‘,‘““ec I., */; ,.+,,/“BI 

Prsclon well 5 7 ND 
err well 2 

0 ND 
; 44 ND 

1 
21 ND. . 17 

Northwest well 3 
i l3 

*Not erlermined. 
:!F . ., . ..!L., )?!I! * . ..No....~..~~~,,,,,,. 

/ 4 
1. 

THM formation is unkriowxi. If, however, they are 
factors such as the concentration of inorganic 

I’ 

ortant role. High levels of WC?+- or CO:2- wnllld 
radicals, thereby limiting CHBr, production. : I’ II 
Br- involvement in CIOz photolysis is shown in 

: 

by overhead fluorescent room fights. 
added Rr-. no iienificant ‘ClO1~decai 

light exposure period a 
: ‘I 

CIO, decay reaction 
j 

’ 
nisms are complex. 

PHOTOCHEMICAL D+OMPOSlflON MODELING !I 
I 

The photolysis rate half-life of CIO, were calculated for waters with : ‘I 

organic contents of I 

of the photochemical 
i 
‘-’ 

fated based on the a: a result of piimaip 

.i. 

column itself and from 
surface and a depth D. olar fluxes at ground level are specified as a function 



LATITUDE 40’ 

POND DEPTH 

F@ure 7. 
pond Wter With a depth of 1 m. 

I 
, 

than the half-life becaus, of phot$ysis, so that ph&toly& ra&er than mixing 
,, 3” .-.a+ 

is the rate-limiting step! in the destruction of CIO,. A.s the nhotolvsis rate 
I 

incRases, the assumptic!n is no longer valid; the calculated half-life is fhin 
h- . OnlY a ~OWet limit, with , lxmg in ‘the pond‘beco&n$‘th’e rate-limiting step in 

the loss process. 
The time-of-da): variadon in the~half-life for a l-m-deep pond at 40° latitude 

in winter and summer is 
I 
hown in Figure 7. At midday in summer, the lifetime ., ,. 

is about 1 min and is al?ays < IQ min du&$tic daylight hours. In wk 
photoksis is only importiant during the middle 6 h of the day. Figure 8 show; 
the variation of the 

1 
half- of 

different charities rangin 
b 

ifc with the depth of the holding pond for war& 
from cliar to dark-colored (i.e., 17.6 mg 

clear water (i.e., 0.53 mp/L), the h&f-fifi is’&j&e*& sensitive to the-depth 
of the pond 85 for colore 

d water. In It.6 mg/L, m&t of t@ light, is absorbed in ’ 
the upper IO cm; therefcrc, the loss rate will be dc 
the mixing. 
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LOS Angels fQsefv& has been treated with &Mine to ~gq?trot algae growth. Every Year Over: fhe 
last fnre years 1 
resetvvair. The 

V.--v . --- 

chlorine dioxide dem; _.,.‘ .,.“_ I .,- I ,%,,. 

to‘in; 

fluorescent liitit,‘4- .- _- Yyy,“-y. 
sample 0). When the &$d. ?g_ . . _,_ 
chlorine dioqide decayed cDmpfetelv within 2 hours al do& *l~~“gdrg-&& atiei .a. 6 

t -*i- I,!. 
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EN I lflllll lllil NiI/- 

. . 

Febw 19,1999 
Vera Melnyk-Vecchio, P.E.. .’ ’ ‘” . 
District Engineer, MitropGJitti di&ici - . 

1 

California Department of Heaith services 
Office of Drinking Waier 
1449 West Tem$e Street, Suite iO2 ‘. 

I+ Angcly California 9ciiii64698 

Dear Ms. Melnyk-Vecchio: 

Preliminarv alu of e w La 
Ev aijdn Chlorin.. b’ -, , : s.din’ e,e“ 1,. x ,‘oc‘ 4, 

8 sReserv tf .._ h ,. .^ -,*. _ *a. I.. 
Enclosed is the evaluation report itir our‘chlorine dio$de &dy at’tOS A@d&%&&G~ ‘fhe 

. . 
_-. 8 / 

test was conducted between @top? 8-10, I&U tid iGs a &&s‘in”riiany Waysi __ . 

We are planning to test chlorine dfoxide again as &I dlg&ide in a flow-thou& &vir&&ent at .~e,, .._^.-, . .~ .._ the resewoir sometime this year. ‘We will &ifyi;oU t;efbie.this i&b+iiis: ‘Tha& you for your 
‘guidance and assistance through&t this stud&. 

If - ‘hii this m at f2 17\7(j7-3 193 br -You hiye my qmtions cod ~ --_ -akr, please contact me __ ,- --, _ 
Mr. PauJ Lie (21-3) j6i-dridiI .- &.. -iiri,.b --- . 

‘. / sincerely, 
Ori@inalSlgned By 
GARYF. STOLARIK 

I~.;oarr 

Enclosure 

GARY F. STOLAIUK 
Engineeringtiager ” 

c: Mr. Paul E. Liu 

bc: 

File: 

JUL-31-2880 13: 02 213 367 3297 
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Figure 1 - not to scale; view is southerly from LAAFP 

ALGAE MONITORING. ANJ) CQNTRQ& ,, 

Planktonic algal growth in LAR is continuously monitored during daylight hours with a.wored 
Remote Electra Optical Sensor (REOS) system lotiied ~ar_t&~.~~~j,$&‘&pling station. Site- 
specific relationships between wekly field-chlorophyll data and daily REOS optical data 
support the My ~O$‘&h~o$i$‘~ esG5Z$~~ed to guide chlorina&n operations according to 
sim$e biotis anti rats: of chan$ &kia: REi% piavides two chlorophyll estimates based on 
independent light attenuation an&algal fluorescence ~?Jw?%z@. _ RE,Q,$ w proven to be a 
powerful tool in the early detection and economical coptroJ,of algal blooms at LAR’Z’. a. 

LAR was isolated 6om outflow ,llyqu$.,l;3p PM on Thursday, October 8 afkr determining (,L,,.I ~nb ..G,. . . . . . v,i__ %/.. . 
tusance levels of Ilypnomonos. Prc-filter chbrina& was a.lsQ tu!n.ed 08 that tirn.@ at the 

tos Angeles Aqueduct F&ration P&t (L&W). 
I // .*II.AaIx-.. i..L . . .._ ._l,,.*Y*,i.<i_ ; ,,,, 2 ,.._ ‘i,.~~“u~.r‘&rv,* 

Figure 2 is a graph of the chlorophyll values 
(based on allenuation) starting from Moixiay, October 5 through Saturday, Octqber 10. !The 
chlorophyll started at a value of 0.9 &L on October 5, ed.roEdbtq llJ:&%‘onDctober 8 b&we 
treatment commenced. ClC+ ge&r&ik stied at 6:‘30: Pl@ bii’Octotxr 8 @ e&d at 3:30 AM ,, A,.. ah” .,__L” * ,_.,. _,, r‘,.,.*,b,.~,~~.i”,., ;i.,,^-.ri‘s-~~.~,*u ,,,,.) “, .~ii~.,~“~‘i,~/,,, * ?\* :,i / __ ‘ “, 
the next,mqming. An approximate’dose of 0.9 hgk of Cl& was achieved hased on t@ yq&pe 
of LAR ghich was 2.2 billion galb’ns at the time. ~ollpwing this application, the chlorophyll 
value dropped to 1.3 pg/L the ncx~ day (10/g). Tre&nt stqted again at 7:15 PM tha!&bt and 
ended at 1:15 AM the next day (lOil0) for ti ap$kd dose ‘of0.6 m@.. The final chlorophyll . . 
reading was 0.9 J@L by sundown on October 10. This represents a 47”/0 reduction&m 
chlorophyll over the Course oftre&nent [(1.7-0.9)/1.7 = 47%J. ’ 0’01660 

JIJL-31-2800 :3:C3 
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I). 
Chlorine Dioxide, Chlorite. and Chlorate Formation ‘. 

Chlorite and chioratc arc the ma& by-products of C102. Previous studies cq+uqtqd at I,A,%FP13J 
supported the literature that Cl02 and chlorite would photodfzomposc to chloralef4~. The ttiteria 
set fotih by DHS ‘fir this study &fore LAR wqs .to be $ui back into service were@ 

l Clq not to exceed 0.8 mgiL; 
l Chlorite tit to exceed 1.0 n@L; 
* Total oxidants (C102, chlorite, and chlo.mte) not to exceed 1 .O n@L; 

LADWP established control of the.algal bloom and met ti tl&e criteria on the evening of 
Saturday October 10. A call was placed to Ms. Vera Mklnyk-Vecchio. of DHS who gave 
regulatory approval of acceptable byproduct le~els’~~. w xqervoir was pktxl in service at 
approximately 12:30 Am, Octo@$ 11. Figk 4 shows the average sum oftbe total oxidants . ...) ,.. 
(Cl&, chlorite, and chlorate) f& all’ sakples wllect4. ti&@i&ti itie study. TabI6 1 pkents the 
tabulated results. Them yas an *id clqkgatc value of 0.16 mgl]L when tie shidy began on 
Ckto+r 8. The first sarmpling ~11 between 1 O:OO- 11 :O$I PM, (1 O/8), showed no Clot residual; 
however, the second sampling run between 1:OOZOO A$l(lO/9) did *w a Cl02 residuaL 
chlorite and additiinal chlorate kv&. Addit~r~~~,~pks were co&&d 6&k&i 1 fob 
2:00 PM under ck#r skies on both October 9 a& 8~0. + expected, Cl& had wmpktely 
voWi2ed with only small naceS of chlorite (c 0.1 mg/Lj hft in the afternoon samples. 

JUL-31-2060 13: 03 
: m 

213 367 3297 96% 
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COMPARISON WITH C&OWE 1 

Figure 5 is a comparison of the avefagt daily chbrophyli values (dots) 6$rn REOS and the 
TTHM values (bari) of the two &k&e ~tmenti’tWiip@Gid k:fGti @g”after $,I& ,@I& 

. x / , “ , ”  . ,  . , /  ^ study* m es chbrine treatment r&6 & ‘i(j’i;o~ ;‘;iler $ days @a$ 
I ‘. -.r.-ju ..Yi ,! .< d,_~,<, -1OL2)anhifid79to~ 

of chbrine. The second cbbr& w. ~, .,-,-/ , , I \.“. ,” j ..,. “.. Ij ,_, ,,I_* _,.,,_-.,, L.ii,,+:* _ ,__, _,. ,_ t &ted f&19@ hoti over 9 days (10/19-lo/: 27)aiK’ 
used 77 tons of cw@e. Th$ CQ twatmkti’in bs?lW~,~ 14, tqls of CQ and lasted 
15 hours. The riite of decline oMlwophyll during the Cl% it&y was -0.4 @J&y, Ghich / .I, ,, #*. 
was twice the rate fbr the before-and-after #or& t&&wz@ ($2 pgAJday)‘I ‘~TIE~~,@IM$xI ‘. 
cost of S57,OOO fir the CQ study was at least four tigbg as qgekve as &brine to lqdle an 
algae episode during this period TTHMs were at bir lqtie$ vd~s +@er fhe C$h treatment 

and before the start of chlorine treqttnent. 

JUL-31-21X10 13~04 



mo 
180 

10 

170 

loo 

so 

140 

00 

R 120 
tm 
IU "0 
u loo 
L) 

so 

--., .-._- -..- 
II. 

.__ ._ -- _ 

-. 

. -- 

FLOW-THROUGH SCENAIVO~ _,, 

LADWP hopes to test CM& in a reservoir flow-tkough -meti in order to complete its 
evahAm of the alga&de. The flov&r6&b <i ahxz the rk~$k’S C%CU~&@J~ & RUY 
afkt the distribution of Cl02 within LAR. 

Wii the promulgation of the Stage 1 DBP Rule ox~ Dw+&$$, 1998, ,&hQWp wl?! ezfolfh 
comply with all lim& a& monit.o&g requirements that ye * WY Fj&GJgi~er. TIC 
regulations concerning C102, chlorite, and chlorate are: 

ClOz: 
0.8 mglL 
Daily sampling at the entrSmC to the diS%iiUtfiOQdSFt~ 

Chlorite: 

l.Om#$L 
Daily ssunp1in.g at the entrance to the dist@y~,ion 3ysem 
Monthly sampling at nearest, mid- and Gq’@t~m qle I L. ‘?‘“’ “.“*‘irrun,<\*a. + ,.‘,/_(I -, _ 

Chlorate: 
Not regulated 

The current regulations do not specify requirements fbr c@qr#e; however, LADWP will sample 
and monitor for chlorite. daily at the entrance to &e d&r&$~n .system and mo&y at the 
nearest, mid- and fidest consumer sampk locations. TTHl$~,~& y$ +& be moti$*, 
daily 8t the entrary=e to the di$rib&on system whiie 6.&r col@.t~@S. iistesd in the’ O&&X 
-4% Pl= rAppe~~A1 will be monitored bcfbre ar@ after the applicatioh LAXWP will : 

JUL-31-2880 13~04 213 367 3297 



notify sensitive populations 
liiits set forth. 

if the levels of Cl02 and chlorite are anticipated to be above the 



: 1 



.: 

‘i 
_s_ 

I_.“.,,‘, 
aI,/> 

,, 
“.“_ 

b_( 
.̂ 

E
N

 I 1111111111111 
II Ill1 

/ . . . 
, 

. 

. 



,#WTAGENIC ACTIVITY IN ~HU~IC UATER AND ALUM~FLOCCULATED HUMIC WATER 

TREATED YITH ALTERNATIVE OISINFk+TARTS; 

L.\Kranberg'~ G. [Pensa:) aud L.~ikkanen2 1 

~~~~ Orgv Cheni&, g Akadp, SF&O500 l!gu, 

F+rland 

8 
;; 

ABSTRACT : 
Mutagenic activity in Salmonella typhiauriua stiains TA 100 , 

8 

TA 98 and TA 97 has been deterained for hunic water,,and alum .- 

flocculated humic wpter, ti'eat-6;d with $he":ilterpqtive -di,sio,fe.c- -. 

tants chlorine, ozone, chlorine 'dioxide. o%zoneichlorioe ,and. chlo- f 
rine/chlorine dioxide. l . 

The most pronounced activity bias found ‘for chl 
water tested on strain TA 100 without~,?.et,apo!ic a 
mix). Ozone treatnietit ~iior"f~'~h~lorin'ation did o . . while treatbent with chlorine 'in conbination with chlo- :;;;tpioxide 

eF; 
reducea t”he aiiiL”Cyy id; ,~,-13~~l“~~iii”‘~.~~~” dvei t, 

he 
‘+’ 

background. No' muta>euic"%<p%ise was.,tjetqC$C$ .i?," waters treated,. 
with oz'one or chlorine die, tide alone. In presence $i-Zg *ix Iall, 
water extiacts studje~d%*eti 

; ~@,fy~uj&&Jh j c"., _ i*j 
.,. j. *. .-.a 

INTRODUCTION -. 

Municipal drinking water is generally-supplied frofa surface ?,a- 

ter in nearby rivers of lakes. In Finland humic substances compri- 

se by far the major portion of the organic material pres'ent in 

surface waters (TOC 10-30 fag/l), while the contribution of anthro- 

pogenic compounds usually is small. : 

During water purification. using conventional treat,pent practi- .,~. _- ,l,..j _? j (' 
ces (flocculation, sedirentatiop.aod filtFati~,op), 70-80 X of"the.' 

hunic material is removed fro.m,th.o water. The rekiaining organics ", ".., 1 ..,C" .^ ‘i *, <j .._ .y ,, 
are subjected to the oxidizing effect:of water diri,nfect.a,ots,, 

During the last decade there have been several reports on auta- ‘, * - ,:, * ix_-*) 
genie activity in concentrates of chlpri,ne, trea.ted waters (Cheh et "~. .?a > -: 1,. "-*-.~+rr<~iz ">.,b ,_ "L ., ._,,, .,..., 

' al. 1980, Kool et al. 1982, klarouka et al. 19&l). The infl,uen-te of 

other disinfectants on the mutagenic activity of water has, how-. 

ever, been studied to a more limited extent. Zoeteraan et al. _a., q.. -. .., .I. r^..r".*<&..~*rr': /.,. .: >_; ." 
(1982) have reported an increase of direct ,acting mutagens in sur- 

0048.9697/85/$03.30 01995 Elsevier SciencePubl$hPn&%!. 
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face water after treatment with chlorine dioxide (strains TA 100 

and TA 98). In the same study ozone treatment of raw water was 

found to reduce mutagenic activity in strain TA- 98 tibth w'ith'aud 

without metabolic activation. Increased mutagenic activity has 

been reported in water.containing soil fu\vic acid after treat- 

ment with ozone in combination with chlorfne (Kowbel et al. 1984). 

In the present study mutagenic activity in*Salnonelfa typhimu- 
^.. " I. >.., _ 

riua strains TA 100, TA 98 a'cid 'TA'9j was dete&ined for huqic w,a- 

ter (HW) and alum flocculated humic water'(FHU), treated with the 
alternative disinfectants chlorine, ozone,' chlorine dioxide, chlo- 
rine/chlorine dloxide and ozone/chlorine. The resulting response. -' 

patterns of humic water and alum flocculat:ed water were compared 

in order to test the hypothesis that mutagenic compounds are pro- 

duced as a result of reactions between disinfectants 'and huiic 

substances (Weier et al. 1983, Kronberg et al. lg85). 

MATERIALS AND KtETH;odS '- 
/. , 

Non-mutagenic natural huaic water (see Table 1) was collected 

from a lake (SavojTrvi) situated in a marsh region in the south- 

western part of Finland, and treated according'to the sch.eute shown 

in Fig. 1. 

Alum flocculation was performed in the Taboratory by adding an 

aqueous solution of Al2(SO4)3*l8 H2u to huiic water (pH 5.9) while 

stirring. After settling the clear water was decanted for further 

treatment. 

TABLE 1 

Total organic carbon contents of water samples studied 

and disinfectant dosages applied. 
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HUMIC UATER 

9 

, 

Fig. 1. Scheme of water treatment. . 

Prior to disinfection pH of the water siadples was adjusted to 

7.0 by adding 4 H NaOH‘ and d pot'dssiun pho'iphato buffer. 

Chlorine- and chlorine dioxide treatments tiere.carried out at 

roocr temperature using freshly'made stock solutions in distilled 

water. 

The chlorine solution was prepared by bubbling chlorine gas 

(generated by adding fuming HCl to Kl4nO4, with subsequent cleaning 

and drying) into a solution of 2.3 X NaOH unti‘l a pH of 7-8 was 

obtained. The concentration of chlorine in the solution was deter- 

mined by the starch-potassium iodide technlique. 

The chlorine dioxide stock solution was prepared by adding d 

solution of HCI (9 X) to aqueous 7.5 '%'NaCl02~ The resulting chlo- ' 

tine dioxide gas was swept off from the mixing bottle by nitrogen 

and collected in buffered (pH 7.0) distllled water. The concentra- 

tion of chlorine dioxide in the solution was determined by the 

starch-potassium iodide method. 

Oronation was performed using a laboratory ozonator (Herraan- 

Labor Lo-50-l) with d caxirua capacity of 7 g 03/h. Oxygen was 

used as feed gas. The ozone concentration in the gas stream was 

determined both before and after ozonation by ~t~e.stirihLpotas~iua 
. 

iodide technique. 

. 
I 
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The ratio of TOC to the amount of chl!ori,ne or chlorine dioxide 

added to the water was T:l, resulting in a residual concentration 

of O-O.2 mg/l after a reaction time of 60 h at room temperature in 

the dark. Noack et al. (1978) have shown that treatment of water 

containing huaic acid with a chlorine/ch,lor!ne dioxide mixture of 

1:l (W/W) ainiaires the combined foraati,on of chlorofora and chlo- 

rite. For this reason the chlorine/chlorIine dioxide treatment was 

carried out by addtng a aixture of 1:l of the two disinfectants at 
,, _ x. ,_, 

a ratio of TOC to total disinfectant of ‘l:l., The ozone dosage app- 

lied to hunic water and alum flocculated humic water-was 16. mg/l ,- ,.,, 
and 2.9 mg/l respectively. In 'the coabin'ed ozone/chlorine treat- 

ment, oronation was performed 2 h prior to chlorination. Ye have 

noticed in earlier experiments that pre-bzonatton of water contai- 

ning humi.c substances does not significantly influence the chlo- 

rine consumption of the water. Pot this reason 'the chTorfne“dosage 

applied after ozonation was equal to that applied when using chlo- 

rine alone, and. consequently, resulting in a residual chlorine 

concentration of O-O.2 lag/l after 60 h reaction time., 

Prior to concentration on XAO 4/S, pH, of the water was adjusted 

to 2.1 (4 F! HCl). The adsorbed organics were eluted 'by ethyl ace- 

tate and, prior to assay, the solvent was replaced by'DMS0. The 

concentratton procedure used has previously been described in de- 

tail (Kronberg et al. 1985). The largest' equivalent volumes of wa-' 

ter extracts tested were 50 ml and 200 ml for humic water and 

flocculated huaic water r.espectively. 

Mutation tests were performed according to the method of Ames 

(Ames et al. 1975) with minor modifications (von Wright et al. 

1978). The Salmonella typhisurium tester strains TA 100, TA 98 and 

TA 97 were provided by Dr. B.N. Ames, -University of California. 

Uhen metabolic activation uas used. liver homogenate (S9mix) was 

prepared from the livers of male Sprague~Oawley rats induced with 

Na-phenobarbital and B-naphtoflavone (Platsushima et al. 1979). 

The test results are means of duplicate plates and.each test 

was repeated at least'once. 

RESULTS 

Mutagenic activity was found in chlorinated water concentrates 

when tested on strains TA 100, TA 98 and' TA 97 without enzyme‘ ac- 
tivation (see 'F$g,*' 2). fh'e hi:dRe'st" resbo~ces' we+e.'n;i"/'cd 3‘ij;i.i-i.~';ain'r 

TA 100. 
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A. TA lOO-S9 

t 
FHW B. TA 98-S9 

FHU C. TA 97-S9 

. . 

I 

Equivalent volunes/plate; ml water 

Fig. 2. ?4utagenic responce of strains TA 106 ‘(A), TA‘98 (8)’ 
and TA 97 (C) (-SOBIX) for h&c waterlend alum flocculated 
huaic water treated with 1. dzone, 
5. chlorine/chlorine dioxide, 4. 

2:. Fhlok’irZb’ioxide, 
chlorine, 5. ozone/chlorine. . 
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lODlNATION OF NUTRlENTS IN THE PRESENCE OF CHLORINE 
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SUMMARY 

Under conditions simulating the gastrointeainal trac# chlorine dioxide (ClOs), HOCI. and NH,CI 

, caused covalent organification of iodide to nutricnl biochcmicals. Thr cxtcnl of binditrg seemed IO be 

proportional IO the electromotive force (EMF) and stoichiomctry of the rcdox couple between iodide and 

the oxidam. Almost half of 71 nutrients examined were found to hind reactive iodine. Iodide was found 
to inhlbh the quinoida! chromogen formation from tyrorinc and CIO~. demonstrating 111r preferential 

: gencrotion of reactive iodine in complex organic mixtures. These findings indicate that ingestion of 

residual disinfectants via drinking water may pose a health risk in terms of in viva generation of iodinstcd 

orgmics. Structure, formation, and biological activity of these comfumnds art under study. 

INTRODUCTION 

Ongoing in vivo toxicology studies with Cl02 in this laboratory provided evidence 

that disinfectants cause covalent immobilization of iodide in the gastroinfcstinal 
tract of rats [I]. Cl02 administered via drinking water was also demonstrated to in- 
hibit thyroxine synthesis in monkeys 121, raising suspicion that this effect may be 
caused by some thyroid inhibitory substance formed in the alimentary tract. This 

possibility necessitated the study of the redox interaction between iodide and nutri- 

tional biochemicals and complex nutrients in the presence of disintcctants. 
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MATERIALS AND METHODS 

Nufrirional biochcmicals and some complex nutrienls were purchased from the 
Sigma Chemical Company (8. Louis, MO), and other complex nutrients were taken 
from biological samples. Carrier-free ‘*‘I as NaI was purchased from the New 

England Nuclear Company (Boston, MA). Saliva and gastric juice were obtaintd 
from Rhesus monkeys under mild anesthesia by in!uba,ion. Gaslric juice flow was 
induced by a single i.v. injection of pentagastrin at 5 &kg dose. Preparation and 
assay of disinfectants in double-distilled deionized water was referenced elsewhere 
12). Prefillcd 0.8 cm x 4 cm AGI-XB(CI ‘) anion exchange columns were purchased 
from the Bio-RRd Company (Richmond, CA). This resin quanlitativtly traps in- 
organic iodide and allows total recovery of covalenlly bound iodine by elution with 
8 N acetic acid. .’ 

lodinorion procedure 
Tyrosine was used as a reference lest compound to establish optimal readanl 

ratios. Depending on their solubilitics, the subsrrares were dissolved in solvents as 
listed in Table I. To I ml of 0.02 N HCI was added 0.1 ml of 0.1 M KI, containing 
9 x Id cpm. ‘*‘I -, and 0.3 ml of 600 ppm disinfectant in a capped conical 

polystyrene centrifuge tube. To this mixture was added either 2-ml ofO.01 M simple 
,nulrient molecule solution, 2 ml of IO mg/ml complex nutrient solution, or IOOcll 
of saliva or gastric juice. Afret mixing, the reaction was allowed’to proceed a1 room 

ittmptraturt for IO min and was stopped by the addition of 0.2 ml of 0.1 M 
.Na2S&. Distilled waler instead of HCI was used in NHzCI reactions. The final 

rtat&mmix~urt was rransferrcd to an anion exchange column and eluttd with 4-8 
x l ml aliquots of 8 N CH,CGGH. The amount of eluenl required varied wirh each 
individual substance rested. Specific activity of each eluate was delermincd by 
counting using the Packard Tricarb Auto-Gamma Scintillation Speclromtter a( 
93% efficiency. Extent of organification was calculared as percentage of iodide 

&red from rht columns. 

Jpectral dererminofion of guinoidal chromogen 
Solutions of 2.2 mM CI02, I.0 mM tyrosine and 0.1 M Kl wtrt prepared in dis- 

tilled waler. The first two solutions were mixed in a 1:) ratio in an CrlCnmCyer flask 
(total volume of 3 ml). The color was allowed to develop for I5 min. Thr resultan( 
solution was diluted I:1 with distilled waler. A UV/visiblt scan was obtarned usmg 
I cm quartz cuvtms in a Ptrkin-Elmer 552 double-beam specrrophotometer. The 
prmtdurt was repeated by adding 0.1 ml of the Kl solution first IO the tyrosine, 
followed by the addition of the Cl01 solution. A dilution of 3: I with distilled water 

u*ec m&e. and a scan was obteintd. 

TABLE I 

EFFECT OF DRfNKlNC WATER DlSfNFECTANTS ON THE fN VITRO ORGANIFJCATI 
lODlDE WfTH NUTRITIONAL ORGANICS 

-- 
Nutrient Subtrance Va I- bound in the presence of Sol\-cm for su 

CIO, Cl2 NH0 

Tyroslne 
44minobcnroic acid (PABA) 
B-Si~osrerol 
Prostaglmdin Fl Q 
Arachidonic acid 
Folic acid 
Pyrfdoxaf 
Thioctic acid 
Choltsterof. water~rolublr 
Cholecrlcilerol 
Rctinoic acid 

: Biotin 
Pyridoxaminc 

: Vifamin K 4 
Histidine 

‘Pyridoxinc 
-.lJridinc 
,Cytidinc 

‘Cholic acid, Na salr 
Tryplophrn 
Glutamic rcid 

Sintpk nulrirnrs 

31.10 22.42 
IT.84 0.23 
11.72 0.08 
IO,86 
9.26 2.93 
3.09 0.84 
4.24 0.07 
2.73 .O.Ol 
2.13 0.17 
2.12 0.97 
1.s7 1.21 
0.80 !()~ 
0.71 ::0.07 

0.69 ” 0.08 
0.42 i:~ 0.08 
0.29 -: 0.07 

-0.23 .._0.07 
0.21 j 0.07 

z-o.14 [;o.ro 
:.0.13 * o.ou 
,“O. to ,“: 0.08 

7.60 pH9- NaOH 

1.06 HtO 
0.06 CHtOH-ahtl 

CH,OH 
I .41 pH9-NaOH 
1.72 pH9-NaOH 

0.05 Ha0 
1.47 pH9-NaOH 

0.19 Ha0 
0.51 CHJOH 
0.3t pH9- NaOH 
O.ffJ ,‘ pH9-NsOH 
0.05 : H,O 
0. El ,: C,H.OH 

,0.28 :. HIO 
: 0.07 bH10 
.o.w :H,O 
0.04 ‘:H,O 
0.03 $H,O 
0.35 ‘;HlO 

0.26 j H,O 
; 

,. Gastrk juice (monkey) 
Conrplrx nutrbnts 

30.68’ 
2.26’ 0.2R 

30.20b 

2.f(r 0.07 
Polyoxyethylenc (20)- 

sorbitrn ofertt (Tween-80) 

Globulin (bovine) 
Hemoglobin (human) 
Mr.4 extract (peplone) 
RNA (calf rhymus) 
Corn oil (mrtofr) 
DNA (calf thymus) 

:. None 
0.53 ,.i Hi0 

Saliva (monkey) .A Nont 
S.30 “-I Hz0 .a._ 

z ‘4 
0.29 Hz0 ; 
1.86 1:’ Hz0 
4.11 .,i: H,O 
5.60 :, HtO 
1.64 : pH9-NaOI 
0. I2 ’ IS Twccn 

1.30 pfi9-NaOl 
B-Lactoglobulin (bovine milk) 0.48 0.00 0.117 Ha0 .--I- -- - .-- 
l Hydrochloric acid was not used in tht mixture. 
‘I .O ml of undiluted secretion was used. 
‘Performed on 0.1 ml fluid diluted IO 2 mls. 

26.40 I.12 
12.56 0.20 
4.36 0.48 
3.46 I .23 
3.20 0.09 
3.00 0.42 
2.40 1.37 



TABLE II 

NUTRIENTS WHICH ORGANIFV IODIDE WITH LESS THAN O.lC EFFICIENCY IN THE 
PRESENCE OF CtO, 

.- ----, 

\mino rcidr Vitrmins 

_.__.. -. .- 
I~hr.Akninc 
hlanInc 
Ar9ininc 
Arprr89ine 

~Cysrdnc 
Glycinc 

: Nokuclne 
~Leudne 
’ Lyslnc 

and colact~r~ -we- 
Mcnadione 
Riboll8vin 
Thirmine 
P8ntorhcnic acid 
Nicorinamidc 

NADP 
Tocophcrol 

-e -- 

Nucleoride brscs 

-- -.---- 
Adcnosine 
Gu8nosine 
2’,3’-Gurnosinc-S.-PO4 
2’,3’-Uridinc-3’.PO+ 
2’,3’-Adenosinc.3’-PO4 
21.3’.Cyridine-S’-PO+ 
2~.Deoxyadcnosine 
2’.Deoxy9u8nosinc-l’-(PO4)1 
2*-~eoxyadcnosinc-5’-(PO& 

.____ _ -.-__- _ -- 
Sulars 
and organic acids 

..----- -- 
0 -Lactose 
Mahose 
D-Ribose 
D( t )hlannose 
D( t )Matic acid 
corn Starch 

Mcthioninc 

‘Proline 
Serinc 
V8line 
Asprrtk acid 

,Thonine 
GlutamIne 
-. -.. . .- 

_--- - 

I. lnhibirion ol quinoidal chromopcn formalion from lyrosine 
and ClOr by 

)‘The specrrum o( (yrosine (0.21 mhl) rnd Cl01 (O.JJ mM) in the rbscncc of I- . characrerired bY rhe 

bsorbance of the quinoidrl chromo9cn 81 hr = 496 nm and the a-a* rransiiional band of sht rromallc 

imp of ~kc unrcacrcd ryrosinc 81 )r~ = 296 nm. (11) Iodide (0.833 mM) added 10 lyrorine (0.123 mM) belore 

ddirion ol (-10, (0.273 mM). The spectrum is charactcrircd by she iodine 8bsorpiion 81 k= 343 nm 8nd 

hrt ,,r ,,urrxrrcd rvrosine 8nd iodinrred ryrosines. (111) The U.V. swlrum of 35diiodob’rosine; 

TABLE 111 

ELECTRODE POTENTIALS’, EQUILIBRIUM CONSTANTS AND ELECTROMOTIVE FOR( 
FOR REDOX COUPLES BETWEEN IODIDE AND DRINRING WATER DISINFECTANTS 
______._ -_ -- .-._. _ ._. _ _.. _.-- _ 

Rcdox couple E(V) lo&’ EMF(VT. 

Produc1s Halide ‘-. - -Pyoduei - - ‘--- - Dislnidar!r 
___-___- --.-- _-_- ---.-. .._-__.. _ _ .__. _ . _- - .- . . -- _ 
23 1, 91-- sc- Cl- t 2HrO CIO,tk- t4l-l’ -0.94 19.1 -1.01 

11 21-- 2e- Cl- t HrO HOClt2c‘tH’ -0.9s 32.3 -1.01 

1, 21-- 2e- Cl- +OH- GCI- +2c- tHt0 -0.36 12.3 -0.42 

12 21’- 2e’ Cl- t NH,tOH- HHrCl t 2c - t H,O -0.2t 1.2 -0.27 -.------_. .--. _ .._._._. -. 
5tandard electrode potentials used: 
Ir t 2cw21’ E,. = 0.54V 
OCI- t HxO+ 2e-CI- t HrO E,, = 0.9oV 
Cl01 + SC t 4H l -Cl - + 2HrO E,= l.4BV 
HOC)+ H’+2c-Cl’ i Hr’ E, = I .49V 
NH,CI+~~+HIO~CI- tNHrtOH- L = 0.75v 

‘K.= ,I! ;, -‘- comPured horn Nernst equation. 

cComputcd usinp 10x) = I x IO-’ M. II - I,.,,.* bir, P I x IO‘ ’ M 
and EMF= lElta.r t (0.0391/n x lo9 10x1 {-iEtix,a, t (O.OJ9l/n) x lo9 IRed 1. 

_ Rodiorion safery 
All procedures using radio isotopes we& conducted accordin to the radia 

‘safety manual of the U.S. Environmental Protection Agency, A.W. Breidcnb 
Research Center, Cincinnati, OH. 

RESULTS 

The iodination efficiency of nutrients in the presence of the three disinfectan 
listed in Table 1, and those failing to react are fisted in Table If. Fi,s. f shows 
combined spectra of the quinoidal tyrosine chromogen and its absence when ioi 
is present in the reaction mixture, and the spectral scans of 3,Sdiiodotyrosinc 
34odotyrosine are also shown. 

DISCUSSION 

EMF and equilibrium conslants (K,,) were computed using the Ncrnat equa 
for redox couples between dishrfectants and f - which are most likely to exist ir 
gastric space following ingestion of disinfectants (Table f II). These values arc b 
on activity coefficients valid only for pure aqueous solutions: thus, they ca 
taken only as approximations of redox activities in a complex organic malrix 
as... .a:.:,r-“r..,, ,l,,.,:g, -,, ..-,,, rl, Plr-3 ,I- ,-,l,L, ,,*a-,,,- -,:-. -,-.. .J . . . . I 
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the others in terms of chemical potential. Thus, it is likely that the dominant reac- 
tion of Cl02 (and possibly of ttic other disinfectants also) in the complex 
biochemical environment of the gastrointestinal tract is the oxidation of 1’ to a 
reactive iodine species (rf): 

aqueous medium 
l- 4 disinfectant -------4 rl + reduced disinfectant 

pH dependent 

Subsequent chemical reactions of rl may follow a variety of pathways (31: 
(a) tl + olcfins, fats 

----w-4 iodine addition across double 
bonds 

(b) rl + PUFA 
---m--d iodo-lactone ring formation 

and addition 

(c) il + olefins 
------4 iodohydtin formation 

_* 
(d) rl t electron-rich 
aromatic or heterocyclic rings 

----I-.+ iodine substitution 

(e) rt + activated CHz group, 
------+ iodine substitution 

e.g. ketones 

An excellent example of the dominance of I - oxidation in complex organic mix- 

tures occurs in the radioiodination of antibodies and antigens. In these routinely 
performed reactions, a fela&ely strong oxidizing species-such as chloraminc-T or 
HzOz reacts with .I - without destroying the sensitive tertiary structure manifest in 
haptcn specificity and/or antigenecity of the protein, e.g. 

aqueous buffer 
y-globulin + I - + &N-Cl - ------, globulin iodinated on tyrosine 

residues 

ln fact, to provide proof of the preferential oxidation of iodide by ClOz, we 

emonstfated by spectroscopic means (Fig. I) that the purple chromogen (II) form- 
by the oxidstion of tyrosine (I) by CIOZ, a moiety frequently used for the spectral 

uantitation of Cl02 (4) cannot be seen when I- is present in excess. 
u - -n -Cl&-CH-COOH + CIOz ---* O= =CH-FH-COOH 

NH, 

\ 

cad, mono and diiodotyrosines are gencratid. 
R of the compounds and complex biological substances listed in Table I 

Ls structures or subunits, such as tyrosine within 
the globulin chain, whicfi 

- ti- -I--4~ nrrdcr rffirien- 

cy of Cl02 to induce iodination is in agreement with the relative magnitude of 
redox parameters. Exceptions are notable for HOCI, which in spite of its hig 
calculated EMF than that of NHKI, is a less effective Iodlnatlng agent for so 
substrates. This is plausibly due to the competitive tendency of HOC1 to chlorin 
organics rather than to oxidize I -, a process not possible with NHKI. 

A large portion of nutrients which failed to bind iodide belong to molect 
.classes without functional groups capable of iodination, e.g., atiphatic amino ac 

saturated fatty acids, etc., or those which reduce rl to I -, such as cysteinc ; 
vitamin E (Table II). 

, Although the literature is largely devoid of information regarding iodinr 
‘detivatives of the substances,Iisted in Table I, a few hints are available to some 
the structures. Previously it has been shown that iodination of arachidonic acic 

. the presence oClactoperoxida&I202 resulted in the formation of an iodob-lact 
and several iodinated isomers of eicosatetfaenoic acid (SJ. Initial chromatogral 

.attempts on out part indicated that reaction mixtures containing 4-aminoben 
acid and folic acid contained the known mono and diiodo isomers 
4-aminobenzoic acid. 

Presently we postulate that some of these Iodinated molecules may I 
thyromimetic of thyroid inhibitory properties. Furthermore, such compounds 

-.be also cytotoxic or have genotoxic/carcinogenic potential. Currently work i ‘, 
i.progress to identify the structures, in vivo formation, distribution, metabolic I 
iand biological activity of these compounds. 
-,I The research described in this article has been reviewed by the Health El ._ 
: Research Laboratory, United States Environmental Protection Agency and 
;: proved for publication. Approval does not signify that the contents neces! 
i reflect the views and policies of the Agency nor does mention of trade name 
>‘:commerciaI products constitute cndorsemeni or recommendation for use. 
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AGENCY techn+gies (BATS) upon which’the 
review at EPA’s Drink*ng Water Docket: 

M,F+5 an< MCts are based. The set of 
401 !$?$%. SW.. Washington. DC 

40 CFR Parts 9,141, and 142 regulations promulgatid iodai is-a&g’ 
,. ~..3!sO from 9 a.m. to 4 p.m.. Eastern 

vti-FRt-elses] ‘I. know as the Stage 1 Disinfktion 
Standard Time. Monday through Ffl&y, 

RIN 2040-AS’82 
Byproducts Rule (DBPR): EPA’$&eves 

extlud*ng legal holidays. For access to 

the implementation of the Stage i DBPR 
docket materials. please call202/260- 
N2Tto schedule an appointment md 

National Primary Drinking Water 
will reduce the levels of disinfectants obt& the room number. 

Regulations: Msinf&ztants and 
and disinfection byproducts in drinking 

. . , .., , - * 
DisinfectIon Byproducts 

water supplies. The Agency believes, the 
rule will provide public health 

AGENCY: Environmental Protection protection for an additional ?O million 
Agency (EPA). households that were not previously 
ACTION: Final rule. c0vgr.a by drinking water rules for 

” . - -. ‘-. i(. 
SUMMARY: In this document. EPA is 

disinfection byproducts. In additibn. the 

finalizing maximum residual 
rule will for the first time prbvide’ 

disinfectant level goals (MRDLGs) for 
public health protection from exposure 

chlorine, chldiamines, and chlorine 
to haloacetic acids. chlorite (a major 

dioxide: maximum contaminant level 
chlorine dioxide byproduct) ‘and 

-..,, 1 __ .-. ..*e-\ . -^ -. - _ 
goals (MCLGS) for four trihalometha& 

bromate (a major ozone byproduct). 

(chlqrofotm. bromodichloromethane. 
TtGi‘Stage 1 DBPR applies to public 

dibromochloromethane. and 
water systgms tit sib! comr+nity water 
systems @X!Ss) &d ‘nontransient 

bromoforml. two haloacetic acids 
(dlchloroacetic acid Ad‘ trichloroacetic 

nonco~unlty water systerr& 
mCWij ihat treat their wa’ter with a 

acid). bromate, and chlorite: and 

FDR FUR,HeR, M;lf’a&A~(&& .&$*ief{‘Foor 

general infotmarion contact, the Safe 
DrinWng Water Hot&e. Telephone 
(800) 42F479 1. T& Saf& brinking 
Water Hotline is open Monday through 
Friday. excluding Federal holidays, 
from 9:OO am to 5:30 pm Eastern Time. 
For technical inquiries, contact Tom 
Grubbs. Office of Ground Water and 
Drinking Water (MGGSP). I,,%. 
Environmental Protection Agency. 401 
M Street SW. Washington. DC 20460: 
telephone (202) 26G7270. For Regional 
contacts see SUPPLEMENTARY 
INFORMATION. 

National Primary D&king Water 
Regulations (NP,Q’@Rs) for three 
disinfectants~(~hlor@. chloramines, 

chemical disinfectant %i t%tiG” ij&i%y 
or residual treatment. In addition. 
certain requirements fqr chloi-ine 
dioxide apply to transient 

and chlorine dioxide), two groups of 
organic disinfection byproducts (total 

nn.CorrT;nity water systems 

trihalomethanes mHMs)-a sum of the 
Four listed above, and haloacetic acids 

@Ec@g BATE; This regulatibn is 

(HAAS)-a sum of the two listed above 
effective Febparj 1’6. 1999. compiiance 

plus monochloroacetic acid and mono- 
dates for specific componenq of the rule 

and dibromoacetic acids], and two _ 
are discussed i” the Sup#i?mentaj 

inorganic disinfecti+ byproducts 
I+Fg.tion Section. The incdrporation 

(chlorite and bromate). The NPDWRs 
by reference of certain putilications 

consist of maximum residual 
list@ in today’s tile ls approved by the 

disinfectant levels (MRDLs) or 
Director of the Federal Register as of 
February 16.1999. 

@‘J.EMeNTARY tNFQRMAitdN:‘This 
regulation is effecqye g0 days after 
publication of Fede&Reglster 
document for purposes of the 
.+dm.inistrative Procedures Act and the 
Congressional Review Act. Compliance 
dates for specific components of the rule 
are d$ussed below. Solely for judicial 
review purposes. this final rule is 
promulgated as of 1 p.m. ‘East&m Time 
gRe,rr$er 30, 1998. as provided in 40 

Regulated entities. Entities regulated 
by the Stage 1 DBPR are community and 
nontransient noncommunity water 

maximum contaminant levels (MC&) or ADDRESSES: Public comments. the 
systems that $d a~.cl~sir$&t~nt during 

treatment techniques for these 
disinfectants and th# byproducts. The 

comment/response document. 
any part of the treatment process 

NPDWRs also include monitoring. 
gpplicable.‘Federal Register d&urn&% 

in+uJing a residual disinfectant. In 

other major supporting documents. and 
additioti, certain provisions apply to 

reporting, and public notification 
-iep nonc?Ey!q*v system that 

requirements for these compounds. This 
a copy of the index to the public docket 
for this rulemaking are available for 

usi! &%rine dioxide. Regulated 

,,, ._ /r. 
Category 1 

.‘_ ;, ;*; ;lr )/% :,b~.&+,” ~~~~~a.~~‘~~.,,~~~,~~,~~,~~~~~~~,~~~”,,~ ~ .Lus** -..%i > _ /’ 
categories and entities include: 

* .I,ii ” jr, ;” m *&;.,*,&“,i,;‘.~+, .~~~~-,,,~*:~,& i.**@,*&““& :n&* :~&~~~&” A‘~, : : r ii: ,x , 
” .. ~mp,es *, Gub,& %-$&, ” ,\ 

1, ). , _* ;;, _ ._. / ,,,.~/..-s j, .+.,sz~~,,,, I, a..:“,* (( ,a , \*< ,~ wi*,<i* L.,p.. .‘i ‘i,a.rr I- : ~ ,,., / A,, (.,.-,s./ *‘r .&..‘“i I, (.>,~. “. >h &v I !_ ” 
Industry . . . . . . . . . . . . . . . . . . . / Community and nontransient (&community water systems Thai treat their water with a che&icat disinfectant for either pri- 

I mary of rest&at trwtment. In a&t&ion. certain requirements for chlorine dii%k$& fo%a&i&~ &&cbinmt%~ water 
’ systems. 

State. Local, Tribal. Same as above. 
or Federal Gov- / 
gmments. 

001677 
I(,.. ‘ ,, I_ I , .” II , ̂  . . . . I aI &...> *- a.? ,r%!. / 7 Jdi ‘)’ L>,w.: ,,:* &‘,*&&\.I, ;~.,.:,,,~;.,~s.,,.~,.li~‘“~-.~~- P, ,<:* .r....;.d, ,‘.’ ‘./, ,~.’ I ,. : : , 

This table is not intended to be 
exhaustive. but rather provides a guide 

applicability criteria in 5 I4 l.l,3O,of,this., Regionid Conracts 

for readers regarding entitie; likely to be 
r-de. If YOU have questions reg=d*ng the 

regulated by this action. Th’is &ble ltits 
applicabilfty of this action to a’ 

I. Kevin Reilly. Water supply Section. 
JFK Federal Bldg., Room 203. Boston. 

the types of entities that EPA is now 
particular entity. contact one of the MA 02203: (6 17) 565-36 16 

aware could potentially be regulated by 
persbns listed in the preceding FOR FURTHeR iNFdasa.f~N edNf&‘ct ‘bht*ijn, II. Michael-Lo*. W&tei‘Z%.$$y S&tion. 

this action. Other types of entities not or the Regional contacts belbw: 

4D 

290 Broidway 24ih Floor. New York, 

sted in this table cquld also be 
NY 1ooO7- 1866. (2 12) 637-3830 

regulated. TO determine wheiher your 
111. jaspn Gambatese. Drinking Water 

facility is regulated by this action. you 
Section (3WM4 1). f650 Arch Street. 

should carefully examine the 
Philadelphia. PA 1 siO3-2U29: (2y$) YI . 
814-5759 



0.08 mg/L for chlorite. The proposed appropriate. EPA has concluded that the subsequent iinformation submftted by 
MCLC was based on an RfD of 3 mg/kgl RfD for chlorine dioxide should be 0.03 the Ch4A provided clatifkzation on 
d estimated from a lowest-observed- mg/L (NOAEL of’3’mgikgid’withan 

,._ ;.,, 
cer@ aspects of the study design 

adverse-effect-level (LOAEL) for uncertainty factor of 100) and that a 
neurodevelopmental effects identified 

(CMA. 1998). EPA agrees that even with 
MRDL% of 0.8 m /L is appropriate. 

)s 
the.clarifications that there are some 

in a rat study by Mobley et al. (1990). - c. Summary o Comments. EPA limitations with the 
This determination was based on a received numerous comments on the ,.neu.rodevelopmentaf component of the 
weight of evidence evaluation of all the 1994 proposal (EPA, i994a) and:1998 CMA study. EPA believes that the 
available data at that time (EPA, 1994d). NODA (EPA. 1998a). The niajor 
An uncertainty factor of 1000 was used 

neuropathology components of the CMA . 
comment from the 1994~pioposal was 

to account for inter-and intra-species 
study were adequate. The functional 

that reliance On the Mobley et al. (1990) ,opemtion battery had some 
differences in response to toxicity (a study for the MCLC for chlorite and the 
factor of 100) and to account for use of Otme et al. (1985) study for chloiine^ ” 

shortcomings in that forelimb and 
hindlimb grip strength and foot splay 

a LOAEL (a factor of 10). dioxide were inappropriate and that the 
The 1994 proposal included an 

were not evaluated. EPA believes the 
results from the CMA study must be 

MRDLC of 0.3 mg/L for chlorine 
results from the motor activity 

evaluated before any conclusions on the 
dioxide. The proposed MRDLC was MCLG for chlorite or chlorine dioxide 

component of the CMA study were 

based on a RfD of 3 mg/kg/d estimated 
difBcult to interpret because of the high could-ti”di;iwn. *ii‘ ieia’2iii”6”ib iK..$@gg 

from a no-observed-adverse-effect-level NCDA. several commenters supported 
variability in controls. However, in its 

(NOAEL) for developmental 
evaluation of ‘the MCLG for chlorite and 

changing the MCLC‘forchl&ite and 
neurotoxicity identified from a rat study MRDLC for chlorine dioxide while 

chlorine dioxide. EPA did not rely 

(One et al., 1985; EPA. i994d). This 
solely on the CMA study, but used a 

others were concern&d that ‘the science 
determination was based on a weight of did not warrant a change in’ these 

weight-of-evidence approach that 

evidence evaluation of all available values. The major comments submitted 
included consideration of several 

health data at that time (EPA, 1994a). 
studies. Thus. the shortcomings of one 

An uncertainty factor of 300 was 
against raising the MCLC and MRDLG 
focused on several .+sues. First,. one 

study are offset by the weight from other 

appl&d that was composed of a factor commenter argued that the f&I-fold 
studies. EPA believes that the CMA 

of 100 to account for inter-and intra- uncertainty factor used for chlorite in 
study contributes to the weight-of the- 

species differences in response to the proposal should remain’in place 
evidence. The studies by Orme et al. 

toxicity and a factor of 3 for lack of a because the CMA study used to reduce 
(1985). Mobley et al. (1990). and CMA 

two-generation reproductive study the uncertainty factor was flawed. 
(1996) support a NOAEL of 3 mg/kg/d 

necessary to evaluate potential toxicity Second. several commenters indicated 
based on neurodevelopmental effects 

associated with lifetime exposure. To that the LOAEL should be set ai the’ 
(e.g.. decreased exploratory. locomotor 

fill this important data gap, the CMA 
*o\i;est d..&“.iGv6.1‘lr’S p6mrw*. ‘ t. behavior, decreased brain weight). 

sponsored a two-generation Furthermore. the CMA study was certain effects at the lowest dose tested 
reproductive study in rats (CMA. 1996). may have been missed. Fi+ily. &tie 

reviewed by outside scientists as well as 

As described in more detail in the,. by EPA scientists. EPA’s re-assessment 
com~~~entet-s argued that an additional 

1998 NODA (EPA, 19983. EPA ’ safety factor should be included to 
for chlorite and chlorine dioxide 

reviewed the CMA study and completed protect children and drinking water presented in the 1998 March NODA was 

an external peer review of the study consumption relative to the body weight reviewed internally and externally in 
(EPA, 1997d). In addition, EPA of children should be used histead of accordance with EPA peer-review 

reassessed the noncancer health risk for the defauk -assumption of 2 L per’day policy. The three outside experts who 

chlorite and chlorine dioxide and 70 kg adult body weight. reviewed the Agency’s assessment 

considering the new CMA study (EPA, EPA agrees with commeniers on the agreed with the NOAEL of 3 *g/day 
1998d). This reassessment was also peer 1994 proposal that ‘the results from the and the derived RR). 
reviewed (EPA. 1998d). Based on this CMA should be factored into any final Finally, EPA disagrees that an 
reassessment, EPA requested comment decision on the MCLG for chlorite and additional safety factor should be 
in the 1998 NODA (EPA. 1998a) on chlorine didxide. As explained in more applied% provide additional protection 
changing the proposed MCLG for detail in the 1998‘DBP NODA (EPA. for children or that drinking water 
chlorite from 0.08 mg/L to 0.8 mg/L 199&), EPA considered ttie findings corX.%m”ption relative to the body weight 
based on the NOAEL jdentified from the from the CMA study along with other of children should be used in 
new CMA study which reinforced the &&l$t& d-ata-toreach its conclusions developing the MCLG. The MCLC and 
concern for neurodevelopmental effects regarding the MCLC and MRDLCTor MRDLC presented for chlorite and 
associated with short-term ex sums. 

go 
chlorite and chlorine dioxide. chlorine dioxide are considered to be 

Irr EPA determined’that the’N AEL for EPA disagrees with the commenter 
Fii&fgigC;‘;f suscehiiiis~‘ijib;pj* 

chlorite should be 35 ppm (3 mg/kg/d who suggested that the lOOO-fold including children, given that the RfD is 
chlorite ion. rounded) based on a uncenainty factor for chlorite should based on a NOAEL derived from 
weight-of-evidence approach. The data remain because the CMA study was developmental testing, which includes a 
considered to support the NOAEL are flawed. The ‘study des’rgn for the two-generation reproductive study. A 
summarized in EPA (1998d) and neurodevelopmental component of the two:generation reproductive study 
included the CMA study as well as CMA studywas in accordance with evaluates the effects of chemicals on the 
previous reports on developmental EPA’s testing guidelines at the time the entire developmental and reproductive 
neurotoxicity and other adverse health study was initiated. EPA had previously life of the organism. Additionally. 
effects (EPA. 1998dY. EPA continue5 to reviewed the study protocol’for-the current methods for devejoping RfDs are 
believe. as stated in the 1998 NODA CMA neurotoxicity component and had designed to be protect% for sensitive 
(EPA. 1998a). that the RID for’chfdilte. _ ‘~““““t_‘x~~ 

I, _.^. 
approved the approach. While EPA populations. In the case of chlorite and 

should be 0.03 mg/kg/d ‘(NOAEL of 3 initially fGd some questions regarding chlorine dioxide a factor of 10 was used 
mg/kg/d with an uncertainty factor of the design of the rieurodevefopmental to account for variability between the 
100) and that a MCLC of 0.8 mg/L is component of the study (Moser. 1997) e average human response and 
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Sodium aab Calciuia WBpchlorits 

a 
pummarv of Rekuuirements ,. 

For Prodwcts tha~,"werq,~s,~ject to the Standard the follotiing are 
required: (Note: Data %all-In not re&u+red). 

Submit a letter certifying that your product meets the 
criteria of the 1986 Stqn&kd. 

Within 8 Months of Receint of this RED ,. . 

Submit a completed Application for Reregistration (EPA 
Form 8570-l). 

Submit five copies of the label and labeling revised as 
specified by the RED and in accordance with current 
requirements. 

Submit two completed copies of the Confidential 
Statement of Formula (EPA Forb 8570-4). 

Submit a completed Certification W$th.R,espect to 
Citation of Data (EPA Fbr%18570-31). 

a For Products that were. not subject to the Standard the' followi,ng 
are required: 

Within 90 Davs of Receint of this RED , .,,, 4,. I.- 

Sign and submit both data call-in response forms 
attached to the DC1 (Attachment B and C of the data 
call-in). 

Within 8 Months of Receimt of this RED .. .~^ <_.! %. "/ _ ,._", .".,, I ,. . . 

Submit a co.mpleted Application for Reregistration (EPA 
Form 8578-l). 

Submit -five copies of the label and Jd.b,e.&ing revised as 
specified by the RED and in accordance with cur.r,ent-, ._ -. 
requirements. 

Submit two.completed copies of the Confidential 
Statement of Formula (EPA Fo,rm 8570-4). 

Submit a completed Certification With‘Respect to I . . . .~I ._-a "dr\-.l- ale.‘. *-..P I_ _,, 
Citation of Dk~ta, (EPA Fofm 857gy31). 

Submit the required data or referencxs to data as ,a, %( ,> I ~ l,l~*__l^o.* i(.",\ ."_l, 
specified by the RED/DCI. 0016;81 
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Dear Registrant: 

Enclosed is a Reregi8tration Sligfbility Documnt (RED) for 
the pesticide active ingredients sodium and calcium hypochlorite. 
The RED is the Environmental Protection Agency's evaluation of ., . _. the sodium and calcium.hypochlorite &&a base'%nd presents the 
Agency's conclusions on which uses are-eligible for. 
reregistration and under'what conGtions and requirements. Also .". . . ;*- ._". ", ̂  
enclosed is the Pe,sticfde 'R6registtiatio.n Hand)j;;iiiik-which provides 
instructions to registrants on how to respond to any labeling and 
data requirements specified in the RRD and how to reregister 
products. j -,__/;, 

The RED identifies outstanding product specific data 
requirements ‘for end-use 
These requirements are 
R# Rls. d. se-f ,, _,. 1, 

Resnonse Form listing all 
a< .‘ ‘ a,‘^___ IX/i \ .,.-.e _a ̂.X /" , 
of your company% pro&&x sub]ect to 

the RED, is included as an Attachment. -‘Instructions fok 
completing both forms are contained in.,the R&$ackage. All 
product specific data must be submitted, 1 or citea and- found. 
acceptable by EPA before a product 'can be reregistered. I. _, ., 

The RED identifiesany specific la&l'ing requirements such ,. .‘, 
as restricted use.cla.ssification, groundwate'r ha8ard,statements, - 
endangered species precautions, etc., necessary for 
reregistration based on a review of the generic data for the 
active ingredient. In addition, in order to be reregistered, all 
product labeling must be in compliance~with fotiat iiiid,+pkeqt 
labeling as described in 40 CPR 156:IO &Mall labeling changes 
imposed 'by Pesticide Registration (PR) Notices. 

~0~682 
The Pesticide.Re,registration Handbook contains.detailed 

instructions for compliance with the RED and must be followed 
carefully. There are sever&key points to remember 
your response to the R$D: 

, 



Within 90 Days of ReceiDt of This Letter: 

1. For each product which meets the criteria of the 1986 
Registration Standard (i.e., containoniy 5;25%to 12.5%‘sodium 
hypochlorite or 65% to 70% calcium hypochlorite as the sole I..."_,."~ .,j active ingredient and-only- contains‘inerts within the limiis 
specified in the Standard), you'$eed"‘on%y '"su&%'k a i&t& 
certifying that f6ur $kcjdtict meets these crit;iiMa. )_ . . 

2. For each product which does & mee't the criteria of 
the 1986 Registration Standard (i.e., products for which the 
percent active ingredient or inerts fall outside the ranges 
specified in the 1986 Registration Sfanda~rd;' groducts'with inerts 
added other than water'and"p~oducts~ dontdining additional active 
ingredients.) ; '__. you mtist'" cijmpld.~;. 

sigxi arid‘,submit bbth data call- in response forms attached to the'~,~~ ,,('~~tacfim'~iit 'B'"an'~' 'Cj'. ..' 

3. EPA has created "batches 0 df prMucts which are similar 
with respect to acute toxicity (Attachment D)..--If your 'product 
is listed in a "batch," 
the batch. 

you have the'option of participating in 

consult with 
If you".wish to participate.in a batch, you should 

other registrants in the batch and agree on'who will 
provide the data. Carefully follow the instructions in 
Attachment C to assurethat one registrant is committing to 
provide the data while the others offer to share in the cost of 
those data. Of course, 'if~you do not want to join the batch, you 
must commit to provide the data on your 'own. 

4. No time extensions will be granted for submitting one 
of the two responses above. 
for a product, 

If EPA does not receive a response 
it may issue a Notice:of Intent 'to Sutipend. 

5. Any regtmts for data wgivqrs or time extqnsions to the 
a-month deadline must be submitted a? part of your go-day 
response. Such requests will not be considered ‘in the 8-month 
response. 

. Within 8 Months of the Date of This Le tter: 
eBOl683 

For each product, you must submit a completed 
Appliktion fdi"‘8W?@'gistrafion (EPA For-xi 857‘OAij' five copies of 
the label and labeling revised as specified by'ihe.RED and in 
accordance with current requiremen,ts,,, two completed copies of 
the Confidential .Statement of PoZ;iiitila (@&~'E'binn 'BStb-4); 'a . ., _i __ .I ,, 
completed Certificsti;d-~'~~~th'R.espect ‘to Citation of‘tikta (EPA 
Form 8570-31) and data or references 'to:,d&ga ‘(this is needed.only 
for products which do not meet the criteria of-the 1986 Standard- 
-see item 3 below). 

r 



For proaucts which meet the criteria of the 1986 
Standiid, you will '&& submit or cite any dat 
review,your CSF and. detez%ini whetl" ! 
certification you submitted after ! 

:a. Rather, EPA will 
ler or not it agrees with the 
30 Iday's. 

> 

3. For products-whjch do not meet the criteria of the 1986 
Standard you must submit ore. cdte.,,the requireid data aspart of the 
Application for Reregistration. For most products, you will 
probably be citing data which has already beensubmitted to EPA. 
In these cases, _" . ",.j ,,.. i, you fiqst s$-~if"& Ii& -'"bf th&. studles-&-d 
corr-esponding EPA identifier numbers.' Before citing these 

the 

studies, you must be sure that thdsd data tie&t &&is cu%knt 
acceptance criteria (Attachment E). * ., . ', If Lbu subriiit dat‘a'%"S+"i". the 
first time, be sure to follow P.R. Notice 86-5. faisure.. to- " . 
adequately comply with the data requirements, specified in the RED 
may result in the issuance'*of a Notic- of"Intent to Suspend"a 
product. 

4. 
you must 

When submitting labeling and a CSF for each product, 
comply with P,R. Notice 91-i (A@@zndix D). That notic 

requires that the a.mount of active ingredients declared in the 
ingredient-statement must be stated as the nominal con'centration 
rather than the lower certified li,mi,t., 
submitting a CSF: 

,~you have two options for 

40 CFR 15‘8.X75) or 
,(l} ~akcept'the standard certified limits (see 

(2) p-rovide.certified'limits that are. supported by the analysis of five- ba~?&g~.‘" ..ff:-y pTcg‘tt;e ' 

second option, you must submit or cite the data for the five 
batches along with a certi,fication statement as described in 40 
CFR mX75(e~). 

e 

When submitting your go-day and 8-month responses for a 
product, address fhem to t@ Product Fiana'ger whb is named ,below. 
Be sure to use., the correct address, and disttiibu'tion*‘code shown on /... " ..I "I page 6 of the P~odu.ct Rei;g6.yg<g;~Zo;i . . kanbdodk enclosed, 

Questions on product-specific data requirements and labeling 
(both End-Use Products and Manufacturing-Use Products) sh&ld be 
directed to the Registration Division IProduct Mknagef Team for 
sodium and calcium hypochlorite, Ruth Douglas at (703) 305-7964. 
Questions on the generic database shr#d b&,directed to Karen 
Samek, the Review Manager in the Special Review and Reregistration Div'ision at (tag-)" j~~.~~~'~~'.~."' I" . ..." ,_ r - 

The Agency is prepared to meetwith any‘registrants who have 
questions about responding to the,sqdium an,d calcium hypochlorite 
RED. 

. ../ _" ..," *,, 
If. you want -"t" 

‘/*‘-_ x .+i(*A.s" 
o meet with 'the Agb;l'i?'i you'must cont,act Ms. 

Douglas within two weeks of your receipt of the .RED; 



, / ,. . , _ ..- , 

. 
. . - 

. 

intends to have one co@++ megting witi interested registrants. 
If there are any requests for such a meeting, the 'A@'enky will 
notify 6lXkegistrants who requested a beeting of the location 
and date. 

‘_. . . .,L ,-.. -.4.--,*-. 1 I / ;,._ ,. ̂ .__ x i‘ -“Requests for a meeting will kX ikend ‘ISi 90 dayor 
8 month responm deadlines. 

I 

Division 
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ADI 

a.i'. 
. 

ARC 

CAS 

CSF 

EEC 

EP 

EPA 

FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 

FFDCA Federal Food, Drug, and Cosmetic Act 

HDT Highest Dose'Tested ' " ' 

K+CwHR Kernel plus Cob with Husk Removed 

GLOSSARY OF'TERMS ,tiD ABBREVIATIONS 

Acceptable Daily Intake. 
Dose or RfD. 

Also known as the Reference 

Active Ingredient 

Anticipated Residue Contribution 

Chemical Abstracts Service 

Confidential Statement of Formula 

Estimated Environmental Con,centration. The estimated 
pesticide concentration ,in an environment, such as.a 
terrestrial,ecosyktem.' 

End-Use Product 

U.S. Environmental Protection Agency 

LC50 Median lethal concentration - a statistically derived 
concentration of a substance that can be expected to 
cause death in 50% of test animals. It is usually 
expressed as the weight of s,ubstance per weight or volume 
of water or feed, e.g., mg/l or ppm. 

LD50 

LDT 

LEL 

MP 

MPI 

Median lethal dose - a s,tatistkqlly,derived single dose 
that can be expected to Fause death in 50% of the test 
animals, when administered by"the route indicated (oral, 
decal, inhalationj.~ Iti is expressed as a weight of 
substance, per u"n3.t weight of animal, e.g., mg/kg. 

Lowest Dose Tested 

Lowest Effect Level 

Manufacturing Use Product, 

Maximum Permissible Intake 

: 

, 



MRID Mas~ter Record Identificqtion (numbe 
recordinq and trnctinrr =+*-A;-- i\.L- rr) . EPA's system of ---- -------**y qbUyIG3 auaaitted to the Agency. 

NPDES National Pollutant Distiharge Elimination System 

NOEL No Observed Effect Level 

OP? Office of Pesticide Programs 

PAD1 Provisional Acceptable Daily Intake 

wm Parts per Million I. 

RPD Reference Dose 

RS Registration Standard 

TMRC Theoretical Maximum Residue Contribution 

. 
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Executive mammary 

The Environmental Protection Agency (referred to as "the 
Agency”) first registered sodium: and calcium hypochlorites as 
chlorinated inorganic disinfectants for Use as sanitizers and 
disinfectants of surfaces, 'as disinfectants of water, and as chemicals to control microorgtinisms on cer$ain foods and in certain 
industrial processer; All "prdducts which contain sodium and 
calcium hypochlorite as an active ingredient are eligible for reregistration except the uSeS on‘ c..su@&f:?' ~~-y~f?Qy~fi~ ia; sugar (the 
processed commodity). The UseS ~~"‘sug'd~ .%sypgg'.d.g~d~ --.ggy sugar (the 
processed commodity) for calcium hypochlorite,as well as for sodium 
hypochlorite are not eligible for-.qey$gistration -without the _. .,_., .-. acquiring of a food additive regulation Prom FDA. 

I 
entitl 
Contai 
Salts" 
the a' 
calciu 

:n February 1986, the Agency issued a registration stan 

ed Vuidance for the Reregistratipp o-f Pesticide Prod 
.ning As the ACti~*~j~~.,~gredient:So$ium .a!-& Calcium Hypochlc (gTIs Fgg',;;.yyj'i2‘2) ; 

Then Regi&ration Standard summar vailable data e**timnwtJmse tha w-C= -- '-e-y -..,- e.-~r-.-r-r-~r* "L sodium 
.m hvpochlorite and det&m%ned that the data base 

itiondi" data were' required for the aepat-i c 

idar" .U 

lucts 
rite 
,ized 

and 
was 

Aa4a complete. -No add 
9a6 Statia'ard- " 

A.-L *” 
Thk '&~mlirP~~nfc 1 ietod 4 n ;h- ---n~~~~ base in the li-- _____-____ -__- -- x--e -...-L. -1 'Y.-P ""W *a. rrbe 3ra 

were cited only for those applicants who wanted to develop 
own supporting data rather than rely upon and offer to pa, 
compens‘ation for the data cited in the Standard. 

their -- Y 

Recently, the Agency conducted a thorough review of the 
scientific data bas.e".and all relevant information supporting the 
reregistration of sodium and cal,cfum hypochlorite and has 
determined that the data base is complete and is sufficient to 
allow the Agency to conduct a reasonable risk assessment. NO 
further generic data are required, The data pyqilable to the 
Agency support the cpnclusion that the currently registered uses of 
sodium and calcium hypochlorite,s~,.,yjll not result in unreasonable 
adverse effects to the.envfronment. No t-olerances are required by 
the Agency to support'the existing uses for the registered products 
because sodium hypochlorite i& listed as GRAS (40 CFR 180.2) and 
calcium hypochlorite 3s exempt fbr the requirement of a tolerance 
under FFDCA sec. 408 (40. CFR l'Sd.L&%j. 

_" I,~- ,. shbuInd .1 "':!i4'g ,. "n&<4a , 
however, that even thqugh sodium hypachlorite,~,is'listei\'as GRAS (40 
CFR 180.2) and caltiiutia hypochlorite'is exempt under Section 408 of 
the FFDCA froin t$e i‘equirements of a tolerance‘for us-e preharvest 
or postharvest on raw agricultural commodities, these exemptions do 
not cover the uses of sodium and 'calcium hypochlorite as food 
additives in or on pro*c'eYS*ed foods which is regulated under Section 
409 of the FFD%A. 

/ /^.",.*l~~_l_ w;- 
'The i%fg‘Standard requiked‘registrants to obtain 

a food additive regulation for calcium hypochlorite in sugar sy’rup " 
and raw sugar (the procesSed commodity) from FDA-+tb+n 12 months ..".i,‘) "L --_. from the date of issua"nce of the Standardor cIe,&‘ete.the c%alm from 
the appropriate product l&beling. 'Since this regulation was not 
obtained, these uses must be deleted frbm the dp$kopriate calcium, 
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the date 
uuu~LALl hlypucnlorlce product LqDeiing wit _ :hin 8 months of of thik docunent~or be Subject to enforcement action. 

Accordingly, the finonpv ha= 
containing ‘7 --0-a l .-- sodium 

-z WSL ALLI 

and *a 1 cium 

AnCa,Cnfd that' all products 

ingredient are eligible for% 
,hyjpo’-h i, :b4Aror-l.fes as 

sregistrat: 
the active 

syrup and raw sugar (the 
Len except the uses on sugar 

reregistered when ap-n-i=+s 
proces---'* ;~ea, commodity) 
labeli: 

and will be 
rr- -r- *-*z 

are submitted and/c -_-_-_ 32" cited- Thos+ 
ng and/or product specific data 

active ingredients will be e 
the other active ingredients 

ligible 
products which contain other 

! for reregistration only when 

reregistration. 
i are d letermined to be eligible for 

, 



I. IWTROD&Zj?ICN '.' 

In 1988, the Federal Insecticide, 
Rodenticide Act (FIFRA) was' amended to 

Fungicide, and 
ac,celerate the 

reregistration of products with active ingredients-registered 
prior to November 1, 1984. The amended A‘ot provides a 
schedule for the reregistratjon process to be completed in 
nine years. There are fiqe phases to the reregistration 
process. The first four phases of the process focus on 
identification of data reguirements to support the 
reregistration of an active ingredient and the gehiration and 
submission of data to fulfill the yequirements. The fifth 
phase is a review by the U.S. &&ironmental Protection-Agency 
(referred to as ‘“the Agency‘“) ‘&f ai1 ci~~~~-‘s~~~;i:t‘~~$‘~~ support 

reregistration. 

"the 
Section 4 (g) (2) (A) of FIFRA states that in Phase 5 

Administrator shall determine whether 
containing such active ingredient 

pesticides 
are 

reregistration 
eligible for 

(@ before calling in data on products and either 
reregistering products or.taking'@lother appropriate regulatory 
action." Thus, 
the scientific 

reregistration involves a thorough review of 
data bask' 

registration. 
underlying a pesticide's 

The purpose of the A@cky’s review is 'to 
reassess the potential hazards arising from the currently 
registered uses of the pesticide; to determine the need for 
additional data on health and environmental effects; and 'to 
determine whether the pesticide meets the %o unreasonable 
adverse effects" criterion of ,FIFRA. _. . i: ,. .."_ .I 

This document presents the Agency's decis-ion'regarditig 
the reregistration of sodium and calcium hypochlorite. The 
document consists of five sections. ~,., 

Section I is this 
introduction. Section II des$ribes sodium and calcium 
hypochlorite, its uses and reblatoz!y 'history. Sect&n II"1 
discusses the human health and environmental assessment based 
on the data available to the Ag'endy. Section IV discusses the 
reregistration decision for sodium and calcium hypochlorite 
and Section V discusses product preregistration. Additional 
details concerning th$ AgencyI's review of available data are _ , I. _ 
available on request. 

EPA 
set 
be 
St. 

's reviews of specific reports and information on the 
of registere~d usesconsider.e,d for.EPA's*analyses may 

obtained from: .EPA;' PreGdom of Information, 
, S.W., Washington, D.C. 20460. 



A. 

B. 

, 

The following active ingredients are covered by this 
Reregistration Eligibility Document: 

Chemical Name: Sodium Hypochlorite 

CAS -Number: 76’81-3;2i$ !' 8. 

Office of Pesticide Programs Cheiical Code Number: 014703 

Empirical Formula: NaOCl 

Chemical Name: Calcium Hypochlorite 

CAS Number: 77780$4-3 

Office of Pesticide Programs Chemical Code Number: 014701 

Empirical Formula: CaOC12 

USE PROFILE 

Type of Pesticide: Chlorinated Inorganic Disinfectants 

Pests Controlled: Bacteria, fungi, and slime forming 
algae t>at are pathogenic to man and kimal& 

Registered Use Groups: (See Appendix A for dqtailed 
specific use sites). 

. For Sodium Hmochlorite: FOr Sodium HVD chl rate 
Terr Terrestrial Fzod 'Cropi . quinces, 

citrus, 
qulnGe5, stone 

apples I pears, 
scone fruits, rmQts, 

peaches, pecans, plums -- 
cherries, nectarines, 

peaches, pecans, plums/prunes, melons, cucumbers, 
mAII*Y- peppers, -2-_-LL pimentos, . - _ ._ 
application/seed 

tomatoes(postha+est 
trieatment), brussels 

cabbage, cauliflower,'artichokes, 
sprouts, 

potatoes, rtidisbes; .- 
lettuce, carrots, 

mushrooms,"onions, 
sti&tpdtatoes, asparagas, 

celery, peppers (seed treatment) 

cabbage, cauliflower, artichokes, lettuce, carrots, 
potatoes, rd'disf;ies,' .- swe~ '. 
mush 

Terrestrial Feed Crop'i citrus, apples, tomatoes 
(postharvest application/seed treatment) 
Terrestrial Non-Food, 
Aquatic Food Crop 
Aquatic Non-Food Residential 



; 

Aguatic Non-Food Outdoor 
A&atic Non-Food Industrial 
Indoor Food 
Indoor Non-Food 
Indoor Residential ' 
Indoor Medical 
Residential ‘Outdoori 

For Calcium Hvmochl' rite 
Terrestrial Food'.Crdp: l.. -' 
pecan 

pecans (water treatment), 
(postharvest application to non-stored 

commodities), p"imentos '(seed treatmentj,tomatbes 
(seed treatment), potatoes "and sweet potatoes 
(postharvest application, to non-stored 
commodities), mushrboms (foliar or sojl treatment), 
vegetables or *post harvest 
vegetables crops, 

dpplicatibn" to 

to fruit crops, 
fruit or post harvest application 

seeds (Agriculttiraif;' 
Terrestrial Feed Crbp:'seeds- (Agricultural) 
Terrestrial-NonAFooa Crop 
Aquatic Food Crop 
Aquatic Non-Food Industrial 
Aquatic Non-Food Residential 
Aquatic Non-Food Outdoor 
Indoor Food 
Indoor Non-Food 
Indoor Residential 
Indoor' Medical 
Residential Outdoor: 

Formulation Types Registered: ., 

For Sodium Hvnochlorite: Formulation intermediate, 
granular, wettable 'powder, emulsifiable 
concentrate, soluble concentrate, solution-ready to 
use. 

.F r Calcium Hvnochlorite: Formulation intermediate, 
d&t granular, @elletted/tabletted, 
powdhr , weUxible potidek/dust, 

wettable 
soluble concentrate, 

solution-ready to use. 

JWXGATORY HISTORY 

Sodium and cal'cium hypochlorites are :well known 
compounds whose'chemical and toxicological properties are 
extensively documented in published 1ite:rature and 
studies submitted to th@ "Agency.' In February 1986, a 
Registration Standard was issued for sodium and calcium 



hypochlorite which summarized the available data supporting their registration.' The sk&ard~ Concluded 
that no additional scientific data would be necessary to 
support the-registration, or reregistration of products 
which contain sodium hypqchlorite f,rom 5.25% to 12.5% or 
calcium hypochlorite from 65% to 70% as the onlv active 
ingredient, providedthat:no inert ingredients other than 
water were'added,,and thiit To,xicity"Category I labeling is 
used. The Registration Standard provided various options 
to applicants who wanted to r~egister or reregister sodium 
or calcium hypochlori.te 

prqducts l Th? , qptions implemented were: 

1) Ontion I: Reliance on ‘available ,data to support 
registration of toxicity category I products and 
adopt the generic ldbeling provided by the Agency. 
(This 'option was the "general registration" 
procedure designed ~-$o.“reduce processing time and 
costs to' the Agency and registrants, while continuing to assure human and environmental 
protection. Only products containing 5.25% 0 
lo%, or 12.5% sodium h+pochldrite,'-or 65% &aTci:m 
hypochlorite as the sole active&ingredients were 
eligible for this o&ion). 

2) OPtion II: Either reliance on available data to 
support registration of toxicity citegork I 
products and submit their own labeling Gz development of data independently to support 
registration of .~tqxicity category I products and 
submit their own specific labeling: 

3) OPtion III: Development of product specific data 
independently by registrants to support lower - 
toxicity categories II,,III, or Iv. 

Manufacturing-use so$ium hypochlorite anh calcium 
hypochlorite products were defined by the standard "as 
12.5% and 65%; respectively; and-.'Product chemistry and 
acute toxi&ty data d&e-ioPed"Gith these formulations 
also could be used to support end-use products of the . 
same concentrations. The product' chemistry and acute 
toxicity data developed bith these fomulations would 
also be extrapolated to supportend-use Con"C'eintrat~OnS of 
sodium hypochlorite down to 5.25%, Since they are simply 
aqueous dilutions of the 12;5% manufacttiring-use product- 
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A. 

B. 

The Agency has conducted a thorough review of the 
scientific data base for sodium and calcium hypochlorite. 
Based on the evaluation of these data, the Agency has no 
reason to change the-major findings made in the 1986 
document 'l&iidance for the‘Rer&gistration of Pes‘ticidb 
Products Containing as the Active Ingredient' Sodium‘and 
Calcium Hypochlorite Salts'l. -These 
summarized below: 

findings are 

PRODUCT IDENTIFICATIdN 

t- L 
AI1 L he 1986 Registration Standard,' no additional data 

ed on the pkodkct tihemistrv of sodium or were reguir 
calcium hypochlorite. - The product chemistry data 
requirements listed in the standard were listed only for 
those applicants who wished to develop their own-data those applicants who wished to develop their own data 
rather, than 'rely upon and o-ffer t-o pay comp&nsation for rather, than 'rely upon and o-ffer t-o pay comp&nsation for 
data cited in the standard.' data cited in the standard.' Calcium hypochlorite is a Calcium hypochlorite is a 
dull white powder with a'strons odor of chlorine. dull white powder with a'strons odor of chlorine. It is It is 
a strong oxidant and has a crick&l ignition temperat ure 
of about 75" C. It ‘dec~mpcjses‘violently above-ISO*' %. 
Thi s them ical 
VP sochlor it'& i 
the smell of c 
dec omposi tioh 
tra ce met .als. 

. Sodium 
quid with 
.e and its 

heat and 
specific 

packaging is essential. - ~~_ ~~-. a strong 
oxidizing agent. This chemical has a .molecular weight of 
74.44 (anhydrous). The :AgehCg has reevaluated the 
product chemistry data barj;e and 'has determined that np 
additional data are. re'Quired for reregistration for. 
products'that were'stibjekt to the "s~tandard. 

frUMAN HEALTH ASSESSMENT 

1. Toxicoloav Data 'Base 

All current toxicological data requirements are 
satisfied. No.fyrt$er ,@t% yer@ ,Tkquired in the 1986 
registration s,tandard (provided that toxicity category I 
labeling was’ used). The ,Agehcy has reevaluated the 
scientific data‘ base for.;sodium..:and,,calci"~~,".,hypochlorite 
and finds that the databasijif'~;.thepurpose of human risk 
assessment is complete, and no additional @%$,a are 
required. The available~ acute.". to,x~ic,ity data are 
sufficient to address the acute t,o,o,ici.y risk to humans 
and the Agency has conc,luded ~t&i,t tox,$ci,ty category I 
labeling is appropriate .s?r?e, ST, _, ,iWium and , c~&k.~?!. hypochlorite, s known poten.tial foi: &&gygg ."*&gKg,, to 



, 

i. --, _ __ ,,_ -. -, 3,.". ,.j .i_ .;.:.. _ 

eyes. The Agency also concludes that"no subchronic or 
chronic studies are needed.,* This conc&usion is based on 
the simple chemical nature:and htr&t~ure%f sodium and 
calciumhypochlorites andtheirhigh oxidative reactivity 
with organic matter which converts them readily into 
sodium chloride and calcium chloride. The htiina'n health 
concerns re'lative to these inorganic ions are well 
understood and the use o'fXhes&. chemicals will not add any additional calcium ob sodic dfir6k;ihi.‘bi;i.aen' .f'br fhe 
users. 

The Agency is aware of the potential risk concerning the 
formation of trihalomethatiis.,' dsgkicially in drinking 
water, from the use of sod&m and calcium hypochlorite. 
The Office of Drinking Water h&s addressed this risk by 
setting a maximum contaminant leve,l of’ 100 ljpb for 
trihalometh$nes in drink:ing' water. The Agency believes 
that this level-is comjnensu,rgte wi$*@ an acceptable risk 
determination and liti& 
hypochlorites. 

the dieidir);"~-'"~xposure to 

2. Dieta? Exnosure 

a. Residue Data 

GRAS-listing from 180.2). Based- on this, no residue 
chemistry‘ data are re&uired for s( 
hypochlorite under curreht sc$entifi.c 

Ddium or calcium 
st,anda.rds. _ There 

are no minor use concerns at present and there are no 
codex, Mexican, or Canedian .ME?L c.ws5dergt.ions with 
respect to sodium or calcium hypochlorite. 
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Sodium hypochlorite is, considered to be GRAS under 
40 CFR 180.2. Thie Agency 'intends to propose a 
specific exemption from t.he. rekirement of a 
tolerance for sodium hypochlorite on all raw 
agricultural commodities (RAC) under FFDCA sec. 
408, and to delete the,;GRAS,listing from'180.2, An 
incidental food addit.+ve regulation allowing the 
use of sodium hypochlorite qs 8 temknal sanitizing 
rinse on food process,ing equipment has been 
established (21 CFR 17S,.,lQIO). Also, a food 
additive regulation permitting the use of sodium 
hypochlorite in washing or assisting in lye peeling 
of fruits and vegetables has. been estqblished (21 
CFR 173.315) by the Food and Drug Administration 
(FDA). No new tolerances are necessary 'for the 
existing uses of sodium hypochlorite. 

Calcium hypochlorite is exempted from the 
requirement of a tolerance under FFDCA sec. 408.(40 
CFR 180.1054) when:usVe,dspreharvest or postharvest 
in solution on al.1 rif~,~a,gricultural commodities. 
The Agency has reevaluate"d 'this exemption and has 
determined that it ,is"-stilly appropriate. Also, an 
incidental ,food 
use of 

ad*d$iv,e ,regulation allowing the 
calcium hypochlorite as a terminal 

sanitizing rinse on food processing equipment has 
been established _ "("2i'CFRU'178'.10'X0) . 

3. 

It should be noted, however, that even though 
sodium hypochlorite is consider@ to be GRAS and ,. _, .( ;_.., ,w. ,. .s.,* >.,", *. ,,. 
calcium hypochlorite is exempt under Section 408 of 
the FFDCA from the:requirementS of a tolerance for 
use preharvest or postharvest on raw agricultural 
commodities, these'exemptions do not cover the uses 
of sodium and calcium hypochlorite as food ._.**,. 
additives in or on processed foods, which is 
regulated under Section409,of the sF,DC& The 1986 ) i ai,, i*r +KG..- ,?C e-u iii .,l." , / '. 
Standard required registrants ,to. obta\+n .a,. .fOod ,, 
additive regulation for calcium hypochlorite in 
sugar syrup and rays sugar (the processed commodity) 
from FDA within 12 mon"ths from the date of issuance ,*.m*lr ".",w"eT* <, * I -r~ya*~dr~:" "..,(_ . .../ .b. .**:a <./. u *.,; ,* ‘,,, w 
of the Standa,~d::,-i;':'~~~~~~~~e the c1al.m from the 
appropriate product ljibelihg. 

,.,.is" good ‘addii‘fve 

regulation ha,s not .been established for either , . .&.. ~~.,~~,,~.,~-~~-~.--~~~~~~~~~,-..,.. 1/,-** ..* .*\, 1_ ,b ,. ", -, *_ _,"_ ;L 
sodium or calcium,hypochlorite. 

occmational and Residential Exposure ~. ,<.,.* Li. ,,,. . ,~. _., ,>I?,, ,.i e* ,( Ocpl$SS 

The 1986 Guidance 'Document for sodium and calcium 
hypochlorite did' 

, ,c.-" ""*,a YI.‘. I*ls ._. hw>$I*>*p, e-t- * *se 73,.1,,*~.w~*~~~, 4,,*:L.Ai; .._* L_ .i,z,*l __, ,, "; ,( 
'not' 

, 
requze reentry 

7 
t 

-,^ 1 ...) I... j ,  ,,,$ ,... ., j  ~. -1  ̂ ‘ _.. .I _, 

b. Tolerance Reassessment 



mixer/loader/applicatorexposure@bnitoring data. Sodium 
and calcium hypochlorite are chlorinated 
disinfectants registered for use in laun"dry, 

inorganic 
' ' 

pools, ponds, drinking water, and other waE:""f:dg 
wastewater 
surfaces, 

systems, on food and, non-food contact 

(pins) f 
and on various crops, 

potatoas, 
includ,ing mushrooms 

and sweet potatoes (posthantest). 
Based oncurrent registered use patterns, the Agency has 
determined that the hotential for post application 
exposure for sodium and cdlcium hypochlcrite 
and therefore does not 'meet the Agency's 

is minimal 

criteria' for requirement of 
exposure 

mixer/loader/applicator 
reentry or 

Therefore, 
exposure 

these data 
monitoring data. 

are, not required to support the 
reregistration of sodium and calcium hypochlorite. 

Based on the,acute toxicity of sodium and calcium 
hypochlorite, label for. the 
protective clothing, 

requirements use of 
including safety glasses or gogples 

and chemical-resistant, gloves while hand‘iing end-use 
products containing sodium or calcium hypochlorite as the 
active ingredient remain-as required in the 1986 Guidance 
Document. Reentry i e+&ls -‘“ror ap-glic$ti~-“‘ of’ sddium -& 
calcium hypochlorite to swi.mming pools (3.0 ppm) and 
spas/hot tubs (5.0 p$m) 
spray/fog application 

and reentry intervalls for 
to food and non-food contact 

surfaces (2 hour reentry interval following 'application) 
also remain as required in the 1986 Guidance Document. 

4. Risk Assessment 

Based on the above considerations concerning the 
toxicology profile and"e)rpo&ure scenarios for calcium and 
sodium hypochlorites it can be concluded that risks from 
chronic and subchronic exposure to low leveis of calcium ' 
and sodium hypochlorites are minimal and without 
consequence on human healtii'.~ "Risks'f,or acute exposure'to high concentratib~~ ‘;j"~ w$&'ici\im dnd‘ sddium ~~~ljochlorites 

may be significant with respect to eye and skin injury _. __ I, -.-,.‘. .._, i,*#mI 8. d. but the Ag'&ii'cy belleves that these risks aresufficiently 
mitigated by adequate predatitiokky labeling~re~quiring 
protection of eyes and skin while using calcium and 
sodium hypochlorites. 

c. , , ). 

The environmental fate and ecological effects data 
requirements have been satisfied for all currently 
registered uses eligible fo'r reregistration. In the 1986 
Registration Standard, it was, determined that the 
available fish and wiidlife data ‘were sufficient to 
characterize the acute‘ toxicity risks to non-target 

8 001700 m 

, 
( ,- 
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organisms and that no subdhronic or chroni~c data were 
required. Many of thG&'&& re~iremen'ts were fulfil-ied 
by-the EPA Pubiication 

~--- 

Chlorine by J. Tobler, 
no furtk - i ,( _ .-_,i, ;- . -. 
were reguired. 

1981. Thus, 
ler envxronmental fztte or~,e~c.gLqglcal effects data . - 

The data cited in the Standard are discussed below. 
Upon reevaluation, thd available data support the 
conclusion that the cureently registered use 
and calcium hypochlorite'tiiil not ki 
adverse effects 

!s of sodium 
kult in unreasonable 

to the environment. As discussed in the 
Standard, the currently accepted uses that result in 
point source discharges ‘of effluents containing sodium 
and calcium hypoohlorites,will conti.nue ! to be regulated 
through issuance of "RJational 'Pollutant 
Elimiriatidn Skkem t’NPDkS~“ tkrmif~j’.‘ _ siii=“ii 

D&&hawe 
&I units are 

tailored to a*specifk site br point of dis&ar?ge. The 
Agency has determined that -the discharge -amounts 
permitted by the NPDRS 'pe&niks‘, tihich are specific to 
each site, will not pose significant adverse effects on 
non-target organisms. 

1. Fcolouical Effects Astiessmen~kO 

There are a number of scientifica1,J.y sound data 
considered adequate to characterize the toxicity of the 
sodium and calcium hypochlorite salts. ResuJts from ~the 
avian acute orals studies (MRID 00007276, 00007403, and 
00007496) indicate that the sod.iq and calcium salts‘are 
low in toxicity to avian wildlife. The' rekultssfro~ the' 
avian subacute dietary studies.(HRID 0'33dd7275, 06007278, 
00007404, and 00007405) indicate that the sodi,um,salt is 
practically non-ioxictq:upland game birds and wat.erfow.1. 
Results from the fish: acute toxicity studies (NRID 
00007400, 00007495, 000~081,90, ‘406OS~X91, and 000074'01) 
indicate that the hypodhlorite gal_t;i;" ar,e",highly toxic to 
freshwater fish. Ihe acceptable studies on the acute 
toxicity to freshwater: in.verteb"ra.tes'. (MRID 00007279, 
00007402, 00007495, and 00019313) indicate that the 
hypochlorite salts are very highly toxic to freshwater 
invertebrates. Although these fish and a"guatic 
inverteb.rqte,~~u,~~es demonstrate high toxicity to sodium ", ".“"! I ";*" , <*"*~a‘, ,#‘ <.">"-: 
and calcium hypochlorite, 

,"*iA;‘ 
the Agency believes that these 

risks are sufficiently mitigated by adequate 
precautionary labeling and the NDPE$ permit requirement. 
The results of these st~dies,pre~,listed,b,~lpw:," 
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- Test Jklus- ‘foxicj.tv 

Upland Game acute 
Birds 

LDS, 3474 mg/kg (Ca) 
oral LD,, >2510 m‘g,kg (gg) Practically -.; ,r-Lf$kyc 

Upland Game Subacute L&, >5000 p.pm (Na) 
Birds and Dietary " 

Practically 

Waterfowl 
Non-toxic 

/ 

Cold Water acute 
Fish toxiditj; 

,J& 0.132'-I.35.ppm '-Bighl? toxic 
(96-hr) freshwater 

(hypochlorite salts) fish 

Warm Water acute 
Fish toxicity 

LC,, 0.28-2.1 ppm Highlytoxic 
(960hr) freshwater 

(hypochlorite salts) fish 

Daohnia mama- acute 
toxicity 

LC,, 0.037-2.3 ppm 
(480hr) 

Very highly 
toxic to 

(hypochlorite salts) freshwater 
invertebrate 

I 

hypochlorite. The environmel 

. 
2. Environmental Fate Assessment 

The February 1986 Guidance Document listed no 
environmental fate deficien~cies"for ckl;dium or sodium ntd‘- fgte" aa~~.“i-&.w~rements~ 

for the hypochlorite salts: have been fulfilled by the 
document 
(M%ID 40911802), 
Proteqtion..Agency. No 'further environmental fate data 

386 Guidance 'Doouiiient. 'After ate .bk..xi', Zthe Agency 

r&z&ire any additional 
fate data. In aqueous media, sodium 

were required in the I! 
reevaluating the environmental fa?%'d 
has determined that it will'not' 
environmental j 
hypochlorite and calcium h$pochlorite produce 
hypochlorous acid, hypochlorite ions, andhydronium ions, 
a reaction which is independent of the nature 'of the 
counter cation (i.e., so'dium or calciumj. The amount of 
hvnochlorous acid. hvpochlorite and hvdronium ions 

data available indicate thi 
calcium hypochlorite 

present in solution deG&ds on the pH of t&medium. The 
r$ the pl --. 

in'a&eou 
hotolysis rate of 

ts solution increases with 

g/l has a-half-life of l&J2 months ar 
diffused daylight and under diffused daylig 

increasing light intensit?; Calcium hypochlorite at 10 
id 4 mdnths under 

ht with 

r 
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intermittent direct sunlight, respectively: Seawater has 
a large capacity to consume hypochlor+tes. Sodium 
hypochlorite is expected to'show a .si,mllar befiqviqr. 
When sodium hypochlorite is added&to .sea!!ater,,. residual 
chlorine levels d&lined,rapidly in the first hour, The i I ~_ __/ 
rapid initial decJine"$$as- follotied.by a much slower and 
continuous decline .i"n, ,.resih~~~x~~~lorine lev,e.ls, The 
available data 

indicare X" ‘T~~~~'"ff.~~~~j:6~~:tes unade,o" 

reaction ' with 
:,* )../ 7 

brorhide 
“< .m,*B,.**i~..*. in 
ions seawater to form -I "_ .l""l_l I, ;..* 

hypobromite. 
, ifl(. 2 .;,,Q~*q."*.::- i- ,"Y~~ir.~-r.u%r.;ipi ,si,."..il, / ,.Aiir .h ,, 

This rea"ct?on_ ,,,:~~,~~~~'~~~~~~~pears,to be 
complete within 2. 5 min.~tes..,.,,,~,,~~,~,~~ugh Wpobromlte ;)S 
acutely toxic to aquatic organisms, from a chronic 
viewpoint it does not appear to be,tox&c beYqaA3se itis, _. 
highly volatile and wil,l not+3 persist in the aquatic 
environment. (Halflife is lee.?,t%!! .9,6 ~~~.. +.n W,at.$r) l 

The Agency believes thatthe risk of s, ** W&Z , * "~v.w;i ii "‘ - acute. exposure to -p, 4:: b~~***@-~<* *,> * ;w, ‘_ 
aquatic organisms is suffi,crent.ly mitigated by adequate 
precautionary labeling and the I$PE,S permit requirement. 

Although no expostire, bioaccumulation, or 
volatility data are available to quantitatively assess ~.^ ,( ̂"-<"..,* ._"_""_ .,,. "l,.,T ",~ . ,.\ 
the potential for exposure of, wild!,$f"e._ to the _ .,l .,/ .." 
hypochlorites, the use: patterns .ind.icate _, that most 
exposure will occur in thee,-aquatic environment, and that 
significant am,oun$s of .hypochlorites in the terr,es.tr>al ._,,,_ 
enviro~ent will .not. 9,~wy?k. , j , ,,. _ _ .,,. __ 

The available data 
assess the environm:n! 
and the data su 
registered uses 
not result in 
environment. 
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A. DETERMINATION OF ELIGIBILITY 

Section 4 (g) (2) (A) of FIFRA calls for the Agency to 
determine, after submission of relevant .datia concerning an 
active ingredient, .-,._ whether products containing 
ingredient are eligible for reregistration. 

th'e active 
The Agency has 

previously identified and required'.'the 'submission of the 
generic (i.e., 
support 

active i,ngr&di‘ent speci-fid). y&-f"&. "r~'&ired‘ tb 
reregistration of products containing 

calcium hypochlorite as an active ingredient. 
sodium or 

The Agency has 
completed its review of these generic'data, and has determined 
that the data are sufficient to support reregistration of 
products containing sodium'or'calcium hypochlorite. Appendix 
B identifies the generic data requirements that'the Agency 
reviewed as part of its determination of reregistration 
eligibil.ity of sodium and calc~ium'hypoc~hlorites, and lists the 
submitted studies that the'Agency found a&%&able. 

The data identified in Appendix B are sufficient to allow 
the Agency to conduct a reas'onable risk assessment .for the 
registered uses of sodium and calcium hypochlorite. *,:a*&&, ‘Al .,#a ,&'i 8" The data 
available to the-' Agenoy' support the .'conclusion that the 
registered uses of sodium and calcium hypochlorite will not 
result in unreasonable adverke effects to the emvironment The Agency has d~te.~ined'~~ha~"~,,~~l;l‘ 'prrjabdts :dontaining ;osiu& 

and 
r> 

calcium hypbohiorites 
c IX' /i *_.,i as the' a‘d~ive.' irisreiiient are 

,-I ,j, ____""__, 1. 1 ^.. ‘jl( eligible for rtiCgistrati& extiept?he uses on sugar syrup-and 
raw sugar (the prodessed commodity). The uses on sugar syrup 
and raw sugar (the processed cbmmodity) f'&?%ddium and calcium 
hypochlorite are'not eligible: f^ii~-"i;eregistration without the 
acquiring of. a 'food ‘^additivie regulation from FDA.' '. (See 
Section 1,11(B)(2) (bj^ 'of this document). Since this regulation 
was not obtained, these' uses must be deleted from the 
appropriate prdduct labdling 'wit&iti 8 m&&s of the date of 
this document or be subject to enforoement action. The 
reregistration of,particular products is addressed in section 
V of this document (*fProduct-Registrationll). 

The Agency made its rere,gistration eligibility 
determination based upon the'target data bgse required for 
reregistration, ;thhe current ‘guidelines for oonducting 
acceptable studies to genMate, such 'data, and the data 
identified inAppendix B. 
products containing 

Although the Agency has found that 
sodium and','c<l,oium hypochlorite are 

eligible for reregistration.,, it should be understood that the 
Agency may take appropriate rigufat'd'iry iktiOn, and/or require , . ,. the submission of additional data tosupport reregistration of 
products cpntaining sodium ok calcium hypochloritg, if new 
information comes to the Agency's dttehtion or if th‘e 3atd 
requirements for registration, (or the guidelines for 
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generating such data) change. 

B. ADDITIONAL GENERIC DXTA-kEQtiTREMENTS 

The generic data base supp'orting the reregistration of 
products containing sodium or calcium hypochlorites has been 
reviewed and determined to be korpplete for reregistration. No 
further generic data are required.' 

c. 

I.. 

2. . 

LABELING REQUIREMENTS F'OR 'WQGJI'ACTURI-NG-USE PRODUCTS .I _~ ;. (_ _,. :'.: .._ '- 
CONTAINING Sb~f0Wbk CAL@W~ II~PoCHL~RIT~~S '" 

The labels.and labeling of all products mu& comply with 
EPA's current regulations and requirements. Follow the 
instructions in the'Product ,Re.registration Handbook with 
respect to labels and labeling. Any productlabel which 
allows both manufacturing and.end'"use"must bi‘ainended to 
specify Q&Y manufacturing pi end Lse. In this 
situation, 

/ ..,* ,.‘.. 
if a regi.stra.kt amends his/her i&bel.?& 

specify manufacturing use only and-wishes to retain end 
use registration, -hejshe:'muSt apply for a separate end- . 
use .product registration: 

Based on the reviews of the.generic data, the following 
additional label statements' are required: 

a. In the directions for use, the following statement 
must appear: 

"Formulators using this product are responsible for 
obtakng'EPA registration of their fo'rxnulated" 
products." 

b. In the directions for use, the following statement 
regarding acceptable use patterns must appear: 

“For formulation into endqse products intended 
only for (list accekable sites). /.,. ̂,_ /.."... .‘^ ..(, I 

c. The following Environmental firaz,a,r,d stat.ement. is. 
required for any use that results in discharge into 
the aquatic environment: 

"This pesticide is toxic to ~.~.~,k and a*guatic 
organisms. Do not' dgscharge ~'effluen~~‘~~~~.~pining 
this product into lake.s, btre&tis," pdhds, estuaries, 
oceans or public waters unless this product is 
specifically identifiqd., and -a,ddresse.d" in .an ,NPDES 
permit. Do'not discharge effluent contai.ning this 
product to sewer, systems 



a 

v. 

d. 

e. 

notifying the sewpge treatment plant authority. 
For guidance contact, your State Water Board or 
Regional office of,the EPA." 

Because of the corrosive nature of sodium and 
calc.ium.hypochIori'te :and the potential for severe 
eve and skin 
chemicals, 

damage from accidental spills of these 
EPA is :reguiriag ILGtthe Stdtement of 

Practical Treatmen,t &dear 'on 'the front patie1 of 
all products which h&e b.een assigned toxicity 
category I for eye and/or skiti effects. I 

The "If Swallowed*! statement in the ,statement of 
practical treatment must read as~,fol~l,ow,s; 

"IF SWALLOWED, drink,large amounts of water. DO 
NOT induce vomiting. Call a physician or poison 
control center immediately.ql 

PRODUCT REREGISTRATIQN 

A. bETERMINATION OF ELIGIBILITY 

Based on the reviews.of the generic. data for the 
active ingredients, sodium and cafciumhypochlorites, the 
products containing this active ingredient are eligible 
for reregistration. Section 4(g)(2)(b) of FIFRA calls 
for the Agency to obtainzany needed product-specific data 
regarding the pesticide after a defetiination of 
eligibility has been made. TheAgency will review these 
data when they have b&en' .qu,bmitt,ed ,and/or cited and 
determine whether to reregister individual products. 

ForMproducts that -meet the criteria of the 1986 
standard and we're reg~stere'~"or"~eregistereh underoption' 
I (the "general Registr#zionl' procedure) (the registrant 
relied oii available data. to support registration of 
Toxicity Category I products and adopted the generic ^ , 
labeling provided 'by-‘-the 'Agency), or option II (the 
registrant either relied on atihilable data ,sq,~vFupport 
registration of ‘To)ticity Category I products and 
submitted their OF specific lak%Xing or developed data 
independently to' support. reeistration of 'toxicity 
categbry I products $qd" Submitted.- their qw,n,*,*specific ,. ". ", I 
labeling) 
reflecting Che 

the Agency is requiring that labels 
changes stated within this dacwent and 

CSFs be submitted yit.h$ti S rn@jg,&~ .‘qg. .,r@&pt ok this 
document. Upon receipt and appeoval of revised labels 
and CSFs, these products, will be rere>gistered under 
section 4(g). 

14 

- 

*; 



a 

a 

a 

For 1 products that, do & meet-the criteria of the - /I", ,I .".S I I Ij 
1986 Standdrd, (i.e. prod~ucts"khose concent 

._~ ,, ". , 
rations of the 

a.i. fall outside'the ri ange'spedified bp the standard for 
sodium hypochlorite 5.25% - 12.58 and for calcium 
hypochlorite 65% - 70%; products with intentionally aaded 
inert ingredients other'than 'wate-r> rin"d 'products which 
are mixtures with othk t 'a&ive ing'rdd'ibts) , the Agency 
is requiring that the iekir 
specific data 

itrants either submit product 
or cite -mreviouslv "kubtiii~ed data to 

support their registratiok ahd kn6mi.k revised labeli: w and, CPSs within-8 month& of receipt of 'th'is doctient 
considered for befIer.e the productsi will bi 

reregistration. 
revised labels, 

After reviewing these data and the . . . the Ag&hcP-will "detemifik. whether to 
reregister each productbased on whether or not it meets 
the requirements in section 3(c)(5) of the Federal 
Insecticide, Fungicide,' aiid Rd‘de‘rikicide Act. Those 
products which contain other active ingredients will be 
eligible for reregistration only when the other active 
ingredients are determined to be eligible for 
reregistration. 

While the Agency will continue to register sodium 
and calcium hypochlorite products as discussed above 
under the provisions of the Feb.ru; 
Standard, EPA‘does not dl 

iky igs;ci; ' ~~~istrataon 

to that-document, 

a; -+yT'ggue further amendments 

,Co&eQuently, EPA will no longer 
consider amendments toi $eneral registration- (Series 
20,000) labeling for the purpose of adding uses or 
language inconsistent with that Standard. Applicants who 
wish approval‘for such i imendments must apply for a new 
product registration and: will be asSi'gr led a conventional 
registration number upon acceptance. 

B. PRODUCT SPECIFIC DATA REQUIREMENTs 

The product-specific data requirements are stated in 
the attached appendices.' the attached appendices.' Forthose products that were Forthose products that were not 
subiect to the 1986 Resistration Standard (which incl subiect to the 1986 Resistration Standard (which include 
those products whose concentrations cf the a~.i. f those products whose concentrations cf the a~.i. fall 
outside the range covered by the standard for sod outside the range covered by the standard for sodium 
hypochlcrite 5.25% hypochlcrite 5.25% - 12.15% 'and for.calcium hypochlor - 12.15% 'and for.calcium hypochlorite 

not 
ude 
'all 
ium 
site 

65% - 70%; those products wi .th additional inert 
ingredients other than water, and those products which 

ilctive ingredients) the 
for -either submittins data or 

are mixtures with otheri i 
resistrant is responsible registrant is responsible 
citing pr citing previous -evious data 'he) 's\ data 'he ) "submitted lbmitted 
registrations. registrati .ons. Registra. Registra. 
subject to the 1986‘ rigistration stand subject to the 1986‘ rigistrati #on stand 
submit or submit or cite 'daka since they 'did cite 'daka since they did 
complying complying with-that -geaAA&&iT 

wit6- thaf -jear;a&&;r 

td' &p$okt his 
nts of products which were 

Lard do not need to 
SO already in 



The Agency has decided to continue its current 
policy of waiving the product-by-product efficacy data 
requirement normally l'evied sanitizers and 
disinfectants for sodium and Ftlcium hypochlorite 
formulations. The Agency has concluded that the 
published literature data can reas,onab+y be.extrapolated 
to the full range of these'@roducts. 

LABELING REQUIREMENTS FOR END-UW 
CONTAINING SODIfUM jOR :CALCTUM..HYPOCH&RTTE 

PRODUCTS c. 

1. 

2. 

The labels and lab,eling of all products must comply 
with EPA's current regulations and requirements. 
Fblloi~ the instructions i,n . s.w..Xcr/l "< ,, .,q?e _li, "PT~d~e 
Reregistration Handbo!ok with respect'to labels and 
labeling. Any produ,ct label which allow-s ,both 
manufacturing and: end use must be amended to 
specify onlv manufacturing u end use. In this 
situation, if a registrant amends his label to 
specify end-use registration and wishes to retain 
manufacturing use registration, he must apply for a 
separate manufacturing use produdt registration. 

Because of the corrosive nature, of sodium,, qnd,, 
calcium hypochlorite and the potential -for severe 
eye and skin damage from accidental spills of these 
chemicals, EPX is,.r.cquiriag that the Statement of 
Practical Treatment apgear’ on the‘.fCW panel of 
all products-. which hdvi' .‘be@n assigned toxicity 
category I for eye and;/‘&+ skin effects. 

/ 
"IF SWALLOWED, drink large amounts of water. DO 
NOT induce vomit,ing. Call a physician or poison 
control center immediat.ely.lt' __ " 

The 1986 Registration wwdard ,. s.~,5~5! Wt. 
applicants whose product labeling contains use in 
sugar syrup and 'rati sugar‘ must obtain,,@ -food 
additive regulation. to support these uses. as 
required by the provisions of the Federal @p@.l@ug 
and Cosmetic Act '(21 ‘CFR 173 -Subpart D -Specific 
Usage Additive&j. '-Since this regulation was not 
obtained, registrants, whqse ,product labeling 
contains the food additive ..~I___I ,, ." clqi$ for ,ca.$F&p / ***,.*..~u. ., 

hypochlorite in sugar syrup a.nd raw sugy (the 

processed commodity) must delete this c&arm* from 
the appropriate calc~ium, as well a+ sodium 
hypochlorite labeling within 8 months of the date 



. ;. ,_ .i : 

of this document or be @3ject to enforcement 
action. 

The following Environmen$+l Hazard ‘statementCS+$s .; >l.ir-r 2‘.eili "a‘ ,*,a * ,/*a / 
required for any use that rejuiic""~ii“;~~scharge into 
the aquatic environment:, 

"This pesticide is t,qx$.g., 
organisms. 

.to m!k , q!+ apatic 
Do not dischqgge effluent containing 

this product into lpke+, streams,. ponds, estuarie?, 
ocea‘hs or public waters k@;.e,+q, 'ti+i,s *product 1s 
specifically ide~tiCi.e@ .ana~,~,,~.~F1.31~~~,~S,~. A:. 9" ~!??DF.? 
permit. Do nqt, discharge effluent c~n~~~~~?!~ this 
product to sewer 

: ,.., .systems 
without previously 

notifying the sewage treatment plant authority. 
For guidance con$act,*,your State Water Board -or L ,"__" 
Regional Office.of the EPA." 


