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MANAGEMENT PERSPECTIVE

Benzothiazoles are an important class of industrial chem1cals that can enter the
aquatic envirenment via several pathways. . As a result of their use as
vulcanization accelerators, they can reach surface waters in wastewater from
industries such as tire plants and also due to Teaching from waste rubber such
as rubber dust along roads. Other routes include the discharge of automobile
radiator fluids and other cooling waters in which benzothiazole-based compounds
are used as corrosion inhibitors, the disposal of waste photographic solutions,
and the use and manufacture of benzoth1azole based pesticides.  The greatest use .
i$. in the rubber industry and we have previously studied the aquatic pathways of
benzothiazoles originating in a chemical plant in Elmira, Ontario,- that
manufactured compounds for tire manufacturing. However, the most significant
source of benzothiazoles to Canadian waters at this time is 1ikely the use of the,
pesticide Busan 30WB as an alternative to ch]oropheno1s in anti-sapstain agents
for the lumber industry. This use is heaviest in British Co]umb1a, particularly -
in the Fraser River estuary.

The active ingredient in Busan is 2-(thiocyanomethylthio)benzothiazole, or TCMTB.

In response to a request from EP-P&Y for estimates of the halflife and fate of
TCMTB in surface waters, we reviewed the available information. We could find -
very little information in the open 1iterature about the properties of TCMTB that
would ‘allow us to predict the fate of this compound in surface waters. To
correct this gap, and with the support of PESTFUND, we -conducted a series of
studies to measure basic chemical properties of TCMTB and related compounds. We
also determined the rates and products of various degradation routes. The study -
drew on our previous experience since some of the TCMTB degradation products were
compounds we had encountered in Canagag1gue Creek, downstream from E1m1ra,
Ontario.

Based on our resu]ts, we conclude that TCMTB and its hydrolysis product
mercaptobenzothiazole (MBT) are unlikely to persist or bioaccumulate. Chemically
stable end products appear to be benzothiazole (BT) itself, 2-(methylthio)-
benzothiazole (MTBT) and 2-hydroxybenzothiazole. Little 1nformat1on regarding
the toxicity of these end products is available. In view of their apparent
environmental stability, toxicity testing appears to be appropriate.

In our studies, we also identified the products of reaction between MTBT and
chlorine. Such reactions could occur in sewage plants discharging MTBT-
containing wastewater that has been disinfected with chlorine and alse in

drinking water plants during disinfection if the water source was contaminated
with MTBT. We are 'unable to assess.the environmental significance of these
reaction products because, to our knowledge, with the exception of our initial
identification of them in Canagagigue Creek, they have not been reported or
studied. Now that we have identified a route of their formation, we are in a
better position to assess whether their occurrence is 1ikely to be widespread and

_ whether they warrant toxicity testing.

Our resu]ts should be useful in predicting the per51stence and fate of TCMTB in

waters after spills and accidental discharges and also in designing monitoring

programs such as that being designed for the Water Quality .component of the

Fraser River Estuary Management Program (FREMP) '
\



" PERSPECTIVES DE LA DIRECTiON

Les bénzothiazoles Sont une 1mportante classe de produ1ts
ch1m1ques 1ndustr1els qui peuvent penétrer de plusieurs fagons dans 1le
milieu aquat1que._ Utilisés comme acce]érateurs de la vulcan1sat1on,
1ls,peuvent atte1ndre_lps eaux superficielles par le$ eaux usées des’
usines de fabrication de pneus et par lessivage' des déchets de
caoutchouc, comme la pouss1ere de caoutchouc le long des routes. Les
reJets du 11qu1de des ‘radiateurs d'automobile et d’ auties eaux de
refro1d1ssement dans lesquelles des composesf& base de benzothiazole
sont  utilisés comme inhibiteurs de corrosTon,' 1'élimination des
déchets de solutions utilisées en photographie, 1'utilisation et 1a
fabrication de pesticides & base de benzothiazoles sont d'autres voies
d'acheminement. L'industrie du caoutchouc est 1a plus grande consom-
matrice de ces produits et nous avons'deja étudié les voies aquatiques
de penetrat1on des benzoth1azoles generes par une usine ch1m1que

LY

d'Elmira (Ontario) qui produ1sa1t des composés destinés d la fabrica-
tion. de pneus. Toutefo1s, d 1'heure actuel]e, la source la plus
importante de benzoth1azoles dans les eaux canad1ennes est sans doute

le Busan 30WD (pesticide) utilisé comme produit de remplacement des

,chlorophenols dans Tles. agents - anti-coloration _ employés dans

1'1ndustr1e du sc1age. Son usage est " beaucoup plus - répandu en

Colombie- Br1tann1que notamment dans 1'estua1re du Fraser.

L'ingrédient actif du Busan est le 2- (th1ocyanomethy1th1o) benzo- .

_thiazole, ou TCMTB. . En réponse ~ une- demande de la.Protection de

>

1'environnement, réglon.du Pac1f1que1et du Yukon, relativement d une
estimation de la demi-vie et du devenir du TCMTB dans les eaux de
surface, nous avons étudié les données accessibles. Nous avons trouvé

trés peu. d'information dans les documents généraux sur les propriétés

du TCMTB qui nous pérmettraient de prévoir le devenir de ce composé
dans ces eaux. Afin de combler cette lacune, nous avons effectue une
série d' ' &tudes permettant d'évaluer les caracter1st1ques phys1ques de

N

- base du TCMTB et des produits connexes, et ce, grdce d 1'aide de

PESTFUND.V Nous avons é&galement calculé 1le taux de degradat1on et
determ1ne les produ1ts obténus par les différentes voies de degrada-

=t1on._ Les auteurs de 1 étude se sont inspirés de notre expérience
anter1eure étant donné que certains produits de degradat1on du ' TCMTB
“étaient des produits dont nous avions déjad signalé 1a présence dans le

ruisseau Canagagigue; en aval d'Elmira (0ntar1o)



’D'abrés les résultats que nou§ avons obfenua, i1 est peu probable
qu'il y ait persistance ou b1oaccumu1at1on de TCMTB et de son produit
d' hydrolyse, le mercaptobenzoth1azo]e (MBT). Les produ1ts chimiques
finals  stables semblent @€tre ‘le benzothiazole (BT) -lui-m€me, 1le
'2—(méthy1thio)-benzothiazo]e (MTBT) le 2-hydroxybenzothiazole.
Nous disposons de peu de données sur la toxicité de ces produ1ts. Vu
leur apparente stab111té dans 1! env1ronnement, il semble tout i fait
approprié d' effectuer des études de tox1c1te. .

Dans le cadre de nos. études, nous.avons également identifié les‘
produits de réaction entre le MTBT et'le chlore. De telles réactions
peuvent se produire dans des usines d'épuration des eaux d'égout
‘rejetant des eaux usées contenant du MTBT. traitées au chiore et aussi
dans les usines d'épuration de 1'eau (eau potable) au cours du
processus de désinfection si la source d'eau était contam1nee par du
MTBT._ Nous ne sommes pas en mesure d'évaluer 1° importance

a

env1ronnementa1e de ces produits de réaction parce que, & notre'
connaissance, & 1'exception de . notre premiére 1dent1f1cat1on de ces
produits dans le ruisseau Cangagigue, il1s n'ont pas. été s1gna1es ou-
étudiés. Ma1ntenant que nous)conna1ssons une voie de formation, nous
sommes mieux 'placés pour déterminer si leur  présence s'étendra ou
s'ils justifient des études de toxicité.. ' '
Les résultats obtenus devra1ent permettre de prévoir 1la

persistance et le devenir du TCMTB dans 1'eau aprés des deversements. l

et des reJets 'aCC1dentels,, et d,e]aborer des programmes de

' surveillanée comme ceux qui sont mis en oeuvre dans Te cadre du volet
de la qualité de 1'eau du Programme d'aménagement de 1'estua1re du -
fleuve Fraser. '



s .

Abstract -- BUSAN 30wg (R) is an alternative to pentachlorophenol as an
anti-sapstain agent in the lumber industry. The active ingredient is
2-(thiocyanomethylthio)benzothiazole (TCMTB). Very 1ittle information is
available in the open 1iterature on the fate of TCMTB in aquatic
environments, and we wish to report our studies on TCMTB and related
benzothiazoles, some of which are potential transformation products of

- TCMTB. - We measured the water solubility and octanol-water partition )

- coefficients of TCMTB, benzothiazole (BT), 2-mercaptobenzothiazole (MBT)
and 2-(methylthio)benzothiazole (MTBT). The water solubjlity of TCMTB at
24 C is 40 mg/L and the log K_ is 3.12. At pH 8 and 24°C in dilute
borax-phosphate buffer,'theohgvf-life of TCMTB was 750 hours and in *
seawater (pH 7.8 to 8.0, 24 C) it was about 740 hours. Attempts to measure
sediment-water partitioning of TCMTB resulted in production of traces of
MTBT, presumed to result from biological methylation of MBT released by
hydrolysis of TCMTB. MTBT was produced directly from MBT in the presence
. of sediment. In phosphate buffer, TCMTB readily underwent direct
photolysis in sunlight to produce MBT in about 50% yield; and traces of BT.
The photochemistry of MBT, the major photolysis product of TCMTB, was
studied in some detail. Sunlight quantum yields of TCMTB and MBT are
estimated to be 0.01 and 0.002, respectively. .Sunlight photolysis of MBT
in phosphate buffer with and without dissolved organic matter, and in a
natural water, led to three products: benzothiazole (28 to 47%), :
2-hydroxybenzothiazole (4 to 5%), and an unidentified product. On the
basis of our laboratory and field results, and literature reports on the
occurrence of benzothiazoles, we propose a partial pathway for this family
of benzothiazoles in aquatic environments. TCMTB and MBT are unlikely to
persist or bioaccumulate. Stable end products appear to be BT, MTBT and
- 2-hydroxybenzothiazole. - : ‘



- RESUME
Le BUSAN 30wD(R) est un ‘produit de remplacement " du
pentachlorophénol comme agent anti-coloration emp]oyé dans 1'1ndustr1e
" du sciage. L' 1ngred1ent actif est 1le 2- (th1ocyanomethy1th1o)
benzothiazdle (TCMTB). Les documents généraux contiennent trés peu
.d'infOrmations sur le devenir du TCMTB dans le m11ﬁeu aquat1que; et
“nous des1rons présenter un rapport sur nos études sur le TCMTB et les
benzoth1azoles connexes, dont certains sont des - produits. de
'transformat1on boténtié]s,du TCMTB. Nous avons mesuré sa solubilité
dans 1 eau et le coefficient de ‘partage octano] -eau du benzothiazole
(BT), du_ .2-mercaptobenzoth1azo]e (MBT) et du 2- (methylth1o)
benzothiazole (MTBT). La solubilité du-TCMTB dans 1'eau & 24 °C est
de 40 mg/L et Ta log Kog est de 3,12. A pH 8 et & 24 °C dans un
tampon borax—phOSphate~d11ﬁé; la demi-vie du TCMTB &tait de 750 heures
et dans 1'eau de mer' (pH 7, 8 & 8,0, 24°C), elle était d'environ.7i0
heures.. Les essais visant & mesurer 1le 'coefficient ‘de partage
~sédiment-eau du TCMTB ont produit des traces de MTBT, resultant sans.
doute de 1la methy]at1on biologique du MBT 11bere par hydrolyse du
TCMTB. Le MTBT était produ1t directement a ,part1r du MBT en-presence
~de sédiments. Dans un tampon phosphate, le TCMTB est photolysé
rapidément et directement & 1la Tlumidre solaire en MBT dans une
proportion ‘de 50 % “environ, et en- BT 4 1'état de trace. Les
propriétés photochimiques du MBT, le principal produ1t de photolyse du
TCMTB a éteé étudié en détail. Les rendements quant1ques de la
~ lumiére solaire pour le TCMTB et la MBT sont &valués respectivement a
0,01 et & 0,002. " La photolyse solaire du MBT dans un tampon
. phosphate, avec et sans mat1ére organique dissoute, et dans une eau
naturelle, a donné trois produ1ts le benzoth1azo]e (28 & 47 %), 1le
2- hydroxybenzothiazo]e (4 3 5%) et un produit non identifié. D'aprés
les résultats de nos &tudes en laboratoire et sui le terrain, et des
rapports dans la littérature sur la présence des benzothiazoles, nous
proposons une voie d'acheminement partielle pour cette famille de"
-benzothiazoles dans le milieu aquatique. La persistance ou 1la
bioaccumulation du TCMTB et du MBT sont peu probables. Les produits
finals‘ rtableé semblent €tre le BT, le  MIBT et Tle
~ 2-hydroxybenzothiazole. ‘ ‘
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Abstract -- BUSAN 30WB (R) is an a1ternative to pentach1oropheno1 as an

' anti-sapstain agent 1nttbe 1umber industry. ‘The active ingredient is

| 2-(thjocyanomethy]thio)benzothiaio]e (TCMTB). Very Tittle information is
av;i]abte in the open literature»on the fate of TCMTE -in aquatic
“environments, and we wish to report our stodies on TCMTB and‘re]ated

| benzothiaioles, some of:which are potentia]'trensformation prodocts of .
TCMTB. We measured the water solubility and octanol-water partition

' cdefficients of TCMTB,.benzothiezOTe'(BT),~Z-mercaptobénzothiazole (MBT)

and 2-(methylthio)benzothiazole (MTBT). The water solubility of TCMTB at

[N




24°C is 40 mg/L and the log K, is'3.12. At pH 8 and 24°C ‘in dilute

borax- phosphate buffer the ha]f 11fe of . TCMTB was 750 hours -and in
seawater (pH 7.8 to 8.0, 24 C) it was about 740 hours. Attempts to'measure
sediment-water part1t1on1ng of TCMTB resulted -in product1on of traces of
‘MTBT, presumed to résult from b1o]og1ca1 methy]at1on of MBT released by
hydrolysis of TCMTB. MTBT was produced‘d1rect1y from MBT in the presence -

‘ _of'Sediment; In phosphate buffer, TCMTB readily underwent di}ect
photolysis in'sunlight-to produoe MBT in about 50%'yield and traces of BT.
) The photochemlstry of MBT the major photolys1s product of TCMTB was
'stud1ed in some detail. Sunlight quantum y1e1ds_of TCMTB and MBT are
estimated to be 0.01 and 0. 002, respectively. Sunlight phOtolysis.df MBT
in phosphate buffer with and w1thout d1sso]ved organic matter, and in a

, natura] water, ]ed to threevproductS' benzothtazole (28 to 47%), :
2-hydroxybenzothiazole (4 to 5%), and an un1dent1f1ed product. On thev
basis of our ]aboratory and field results,. and 11terature reports on the
occurrence of.benzoth1azo]es, we propose a partial pathway for this family
of benzothiazo1es;in aquatfc‘ehvironments. TCMTB and MBT.areXUn1ike1y_to
'persistvor bioaccumulate. Stable end products appear to be_BT, MTBT and
2- hydroxybenzothlazole | | |

Keywords == TCMTB Mercaptobenzoth1azo]e . MBT Hydro]ys1s Photolysis

| ‘ INTRODUCTION
Benzothiazoles are.an important c1ass of‘industria1 ehe@iCa]s. They
are used as.vulcanization accelerators in the manufacture of rubber, as
pesticides, as corrosion inhibitors in anti-freeze, and as photosensttizers

" in photography. _Possib1e-r0utes of entry into the environment are water -



4
and air emissions from their manufacturej rubber dust from tires, pesticide
app11cat1on and cooling water to which they have been added as corros1on

1nh1b1tors Product1on of benzoth1azo]es in the Un1ted States was greater

| than fSO million kg-1n 1981 [1] 2- Mercaptobenzoth1azo]e (MBT) and 1ts .

meta1 salts are the most common 1ndustr1a1 benzoth1azo1es Var1ous

_ su1fenam1des of MBT are used as vu]can12at1on accelerators. |
2-(Th1ocyanomethy]th1o)benzothnazoler(TCMTB) i$ an active fungicidal

: 1ngredient.in'several forhulations of BUSAN(R) pesticidese BUSAN'30NB(R)
for examp]e, is an alternat1ve to chlorophenols as an ant1 -sapstain agent
in the lumber 1ndustry -Structura] formulas, chem1ca1 names-andi

abbreviations are given in F1gure 1.

While there is an extens1ve literature on the product1on and use of

benzothiazoles, there are cons1derab1y fewer reports on their environmental .

occurrence, and fewer st111 on their env1ronmental fate ~ Several

(BT) in river water [2-6], drinking water [7,8], street runoff_[Q], tife
b]ant wastewater k]], sediment [9], and 1iVer;of §tarry‘f1ounder-[9];
2—mercaptebenzothiazole (MBT) in tire p]ant/wastewater [10];
2-(methy]thio)benzothiazo1e (MTBT) in‘river weter [2,5], Qrinking~ﬁater ,
[7], and ]iver“of'stafryvf1ddnder [9];v2+hydroxybenzothiazole (HOBT)2
1,2 Both‘MBT and HOBT can exist in.two'tautomeric_forms,»as.shOWn in
Figure 1. We have elected to use the more common nomenclature
(mercepto= and hydroxy-) whi]e-reeognizing that these are the less

- _predominant forms.




drinking water [7,8]; and 2-(methylsulfinyl)benzothiazole (MSiBT) and

- 2-(methylsulfonyl)benzothiazole (MSoBT) in river water [5]. HOBT, -MBT and

MTBT have also been identified in water extracts of rubber seals 1n
d1sposab1e syringes [11]. _ ' -

We had previou$ly reviewed the properties and bealth aspects of -
benzoth1azo1es and their occurrence in aquat1c environments [12], and
identified a family of benzothiazoles in a small southern Ontario creek
[5], These benzoth1azo1es were of 1ndustr1a1 origin and entered the creek
in municipal sewage effluent. The current study of TCMTB was' initiated
because of a need for 1nformat1on on the aquat1c environmental chem1stry of
TCMTB in support of new regu]at1ons for wood protect1on agents

In this report, we describe our research on the phy51ca1 properties

of TCMTB BT, MBT and MTBT; the hydrolysis and phot01y51s of TCMTB; the

b10methy1at1on and photolysis of MBT; and the. hypoch]or1te oxldatlon of
MTBT.

EXPERIMENTAL
Materials

Pure TCMTB was kindly prov1ded by Dr. Grace Bonner of Buckman

: Laborator1es Memph1s, TN. BT was supplied by Aldrich Chemlcal'Company,

‘Milwaukee, WI. MBT was supplied by Matheson,zcofeman'and Be]],'NOrwood,

OH. MTBT and bis-(2-benzothiazolyl)disulfide (MBTS) were from Pfalz and

- Bauer, Stamford, CT. MBTS was recrysta111zed from toluene and had T 174
to 176°C, 1it. T 180° € [13]. 2-Hydroxybenzothiazole (HOBT) was

\

synthesized by hypochlorite oxidation of benzothiazole [14] and had Tm 136

to 138°C, 1it. Tm 138 to 139°C [15]. MSiBT and MSoBT were.synthesiZed by



6
ox1dation of MTBT w1th one or two equ1va1ents of m- chloroperben201c acid in
DCM according to the method of Vernin et.al. [16]. MSiBT had Tm 66 to
67°C, 1it. Tp 66 to 68°C [16]. MSoBT had Tp 89 to 90°C, Tit. T _-80 to 82°C
1161, 90 to 92° [17]. | - .

Dichloromethane (DCM), acetonitrile UV (MeCN), chloroform and
isooctane were from.Ameriean Burdick & Jackson, Muskegon, MI, and methanol
- (MeOH) was ebtained from Caledon Chemicals, Georgetown; ON. ‘l-Octano] was
V'obtained from Fisher Scientific, ?air Lawn, NJ.  Purified water was
provided by a'Mi]iipore Miiii-Q(R)‘system. ,Supeiciean LC-18 tubesuwere
purchased from Supelco Canada, Oakville, ON. [ |
Dissolved organic matter (DOM) was isolated from a water ‘sample taken

from Canagagigue Creek at Fiorada]e, Ontario. The water was filtered,

acidified, and passed through an XAD-4 column. DOM was eluted with | )

ammonium hydroxide-methafiol and the e]date evaporated to dfyness, The DOM

was bredominantiy fulvic acid. ‘Suspended sediment was collected from

- - Canagagigue Creek by continuous-flow centrifugation and stored frozen

Canagagigue Creek water was fi'lte‘red through glass fiber’ and membrane

-

filters and had 8.2 mg/L of dissolved ohganic carbqn (DoC).

" Gas chromatography (GC) cannot be used to analyze TCMTB due to
instability at high temperatures [18] Thus HPLC has been used to‘ahaiyze
TCMTB [18-20]. HPLC was carried out u31ng a 25 cm by 4.6 mm Whatman '
Partisi1 10 0DS-2 Cig reverse phase column with a 7 cm-by 2.1 mm guard
~column packed with CO:Pell ODS. An Altex 110A'pump'and a Beekman 210

injector with 20 or 100 g1 loop, Waters 441 detector operating.at. 280 nm or
L . ) ) 3 - ) ‘




Waters 440 detector operating at 254 nm, and a Hewlett-Packard 3380

| Gas;Ch omatograph

integrator were used. MBT, BT, TCMTB and MTBT were separated in less than:
10 minutes with MeCN:water (50:50, v/v) as the mbbi]e phase at a flowrate
of 2 0 m1/min' For ana]ys1s of MBTS a mobile phase of MeOH: water (90:10,
v/v) at a f]owrate of 2.0 m]/m1n was used Detector response was

determined w1th standards made up in either pure MeCN or MeCN:water (50:50,

- v/v), The retent1on time and response of MBT is pH-dependent, presumably

‘due to 1on12at10n above pH 7 [21]. For quant1tat1ve determ1nat1on of MBT,

the pH of the injection solution was kept at 7 or less.

GC analysis was carried out on three‘Systems The first was a
Hewlett-Packard 5720 chromatograph using a‘flame 1on1zat1on detector and a
30 m by 0. 252 mm i.d. cap111ary column coated with DB 17 (J&w Sc1ent1f1c,
Rancho Cordova, CA) Flow rate of helium carrier was abou; 0.8 m1/m1n,
The column was programmed from 80 to 260° or 100 to 260°C at 4°C/min. A'

Hewlett-Packard 3380 integrator was used. TheASecond system was a

‘Hew1ettePackard model 5710 with f]ame»iohization'detector'and a 30 m by

0.32 mm i.d. capillary eo]umn_cDated'with SPB-5 (Supelco, Bellefonte, PA).

Helium carrier flow rate was about 1.4 ml/min. The column was programmed -

,from.loo'tp 260°C at 4°C/min. A Hewlett-Packard 3396 integrator was used.

Field samples were ana]yzed on this instruhent-operatihg in nitrogen-
se]ective;mbde using- a 30.m'by 0.252 mn i.d. capillary column coated with -
DB-1 (J&W) and programmed from 90 to 260 Caté C/m1n with a he11um flow

rate of 0.8 m1/m1n The third system was a Hew]ett-Packard mode] 5890



8 _
chromatograph with 30 m by 0.32 mm 1. d SPB-5 column programmed from 80 to
280°C at 4 C/m1n, and Hewlett-Packard: ‘Chemstat ion data system -

6C-Ms ana1y5es were carried out on a Hew1ett—Packardtmode] 5890
chromategraph equipped with al2mby 0.2 mm i.d. eapillary e01umn coated .
with Ultra 1, and programmed from 60 to 240°C'at_6°C/min. Mass‘spectra
were obtained with a Hewlett-Packard 5971A Mass Selectjve Detector

connected to a Hewlett-Packard MS Chemstation data system.

Spectral and | ight Measurements
UTtraviolet (UV) and visible spectra were measured with a Varian model DMS
100 speétrophotdmeter using'l cm quartz cells. Incident solar radiation

was measured with a LI- 1000 record1ng light meter equ1pped W1th LI-190SA

' quantum sensor (LI-COR, Lincoiny NE).: This sensor measures 11ght in the

400-700 nm range.

Water Solubility

Saturated so]ut1ons were prepared at room temperature (24+1 C) by
gent1y st1rr1ng an excess of  pure mater1a1 with pure water’ for several
days. L1qu1ds were suspended in a sma]l'glass'cup Just be]ow the 1liquid
surface to prevent formation of suspensions. The‘mixtures were then}

filtered thrdugh glass wool or glass fiber filters to remove undissolved

_ material. BT solutions were diliuted and'analyzed by HPLC. - MBT, MTBT, and

TCMTB solutions_were analyzed directly by HPLC.




~Water-saturated 1-octanol was prepared by vigorously stirring
1-octanol (200 ml) ‘with water (10 ml);»lettiﬁg the.layers separate and then
centrifuging_at 1300'rpm for 45 min. I-Octanol-saturated water was
prepared in‘the same way.from 1-octanol (2 ml) and water (200 m1). This
procedure is desCribed by Ribo. [22]. | B

, Stock so]utions}of 1 mg/ml of test compbund‘in water-saturated
l-octénol were prepared. Stock solution (10. ml) and l-octéhbl-saturated
water (40 ml) were shaken'gent]y in a 125 ml-separatory funnel for 15 min
and the layers were lét separate‘fdf 1h. A small-portion of the lower
(water) layer was drawn off and discarded. Two-portions'were then drawn
off dropwise into centrifuge tubes, centrifuged at 1300»rpm:for 45 min, and
analyzed directly by HPLC. The ;emainder of the 10wer}1ayer was removed,
the upper layer w&s drawn off'by pipet into centrifuge tubeﬁ, centrifuged
at 1300 rpm for 45 min, di]ﬁted 100-fold with MeCN:Watéf (50:50; v/v), and
| analyzed by HPLC. Log10 Koﬁ was cafcu]ated from the ratio ofythe
concentration in each phase.-

\‘

TCMTB. Hydrolysis

The first series of hydrolysis expe%iments-was carried out in 0.05 M
tris-(hydroxymethyl)methylamine (Tris) buffer solutions. The buffer (9 m) |
at the target pH, and a saturated water solution of TCMTB (1 ml) were
vif needed. The tubes were let stand in the dark at the‘tesf‘femperature_“
(5, 15 or 24°C). For sub-ambient temperatUres; a shaking water bath was

used. ' At appropriate times, aliquots were analyzed directly by HPLC.
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After these.pre]iminary‘experiments, the procedure was‘modified to minimize
- or e11m1nate rate enhancement by Tris buffer, and analytical prec151on was -
| 1mproved by d11ut1ng samples 50:50 (v/v) with MeCN for 1nJect1on and’
r1ns1ng the 1nJector with pure MeCN between 1nJectlons to minimize
adsorption of analytes in the 1nJector ‘

For determ1n1ng the yield of MBT, a saturated solution of TCMTB in
water was mixed w1th an equa] volume of 0.01 M Tr1s at the test pH (8.00),
and the pH checked and adjusted. if needed. Th1s solution was placed in -
dark flasks at .room temperature. At appropriate times, dup]icafe aliquots
(4.00 m1) were removed, 1.0 ml of'031 M potassium phosphate buffer (pH 6.0)
was added and the volume made up te 10.0 ml with MeCN. Preuious tests had
shown that the PH of the ;esultanf aqueous solutions was 6.4 to 6.7. These
solutions were then ana]yzed by HPLC. The standard .was 0. 010 mg/m1 of MBT
and TCMTB in the same buffer= so]vent combination.

Buffer-dependence was lnvestlgated by carrying out hydrOIyses in
Various'buffers at pH 8.00. Buffer solution (100 m1) and'safurated'aqueQUS"
TCMTB sol ut‘ion. (100 m'l) were.mi'xe‘d together and the pH adjusted to 8.00.
The solution was placed ih a red (dark) volumetric flask and let stand at
room tempehature'(24i2°C). At appropriate times, duplicate 5.00. ml |
aIiQUOts were pibetted into 10 ml volumetric flasks and .the sample made to
vulume with MeCN and analyzed by'HPLC A separate 10 m1 sample was used to
check the pH. " The pH in the test- so]ut1ons was 8 00+0 05 throughout the
'experiment.‘ TWo‘different_buffers were tested; Tris at 0.05 and OyOQS‘M,
and~Ko1thofffs boraxiphosphate buffer [23i‘at 1/2 and l/ZOlstfength. The
bdraxephosphafe buffer (pH 8.0, 1/20 strehgth)-was3approximately 0.6025 M
in“borax and 0.005 M in'potassium'dihydrogenvphosphafe. Further
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experiments were'carried out in 1/26 borax{phosphate buffer at pH 7.0 and
9.0 at room temperature, and at pH 8.0 at. 15 and 5°C using the same
prdcedure- Below pH 8 the proport1on of borax to phosphate in the buffer
. was lower, and above pH 8 1t was h1gher

" An ana]ogous set of hydrdlysis experiments was carried out in
}we]lwater, Fraser River water and seawater from British Columbia at 24+2°C

in the dark. Again, pH was determ1ned at every analysis point.

- The suspended Sediment‘from Canagagigue Creek contained about 6%
organic carbon and had a high clay content. Befdre use, a portion of the
frozen sediment was mixed with sufficient water to give a thick paste which-
was 55% water by weight. ‘\ )

- Wet sediment, equivalent to about 1 g dry weight, was added to:500 ml
of water in each of two l-L screw cap Ef]enmeyer flasks and shaken for 1 h
to dﬁsperse'the sediment. A further 500 m] of water conta{ning approx. 100
ug of TCMTB was added to the test flask, and 500 m1 of water was added to
the blank f]ask A third, flask conta1n1ng approx. 100 ug of TCMTB in 1000
ml of water was used as a control. The flasks were shaken at 180
| strokes/min on a rec1proca1 shaker for 12 h at room temperature, then 1et_

- stand for ahother 12 h. | ‘

Sediment was resuspended and'col1ected by bressure filtration through
a_l42 mm, 5.0 um Teflon filter (Mi111ipore LSWP) on top of a glass fiber
filter (Gelman A/E). Both the filtrate and fi]ters_Were analyied‘fOr
TCMTB. -The pH of the filtrates was 8.0 (blank) and 8.3 (TCMTB).
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The recovered f11trate (960-980 ml) was extracted w1th DCM (3 x 50

ml). The extracts were dried (Na2504), and reduced to smal] volume. ' After
solvent exchange into MeCN the extracts_were analyzed by HPLC. The
measured TCMTB concentration in the control was 85 ug/L and zero in the
blank. The test sample (TCMTB plus sediment) extract contained no
detectable TCMTB, butndid contain a peak correspdnding to a few per cent of
MTBT. \This was confirmed by GC analysis from retention ttme comparison and
peak enhantement with authentic material on a DB-17rco1umn and by GC-MS
[m/z(%) for sample, 181(100), 166(12), 148(70), 136(18), 122(12), 108(34),
82(15), 69(29)] and [m/z(%) for authent1c MTBT 181(100), 166(8), 148(71),
136(16), 122(10), 108(34), 82(10), 69(16)]

The filters were rolled up and cut into 1 cm sect10ns 1nto a 25 by

150 mm screw cap tube. Then 30 ml of a m1xture_of MeCN:0.01 M potassium

phosphate buffer, pH 6.0 (3:1, v/v) was added to each tube and the filter
macerated with a g]ass rod. The tubes were shaken horizontaT]y on a

rec1proca1 shaker for 6 h at 180 strokes/m1n A further 10 ml of

‘MeCN buffer was added and the tubes were let. stand overnight.

| The tubes were centr1fuged for 15 min at 1000 rpm. Supernatant (30

- ml) was drawn off and passed through;a'whatman GF/F filter. A further 10

ml of MeCN-buffer was added to each,tube; the tube shaken‘for 0.5 h,

| centrifuged, and a further 12 to 14 ml of supernatant drawn off (nom1na1

recovery of extract at this po1nt was 85.90%). The MeCN was removed on a

*'rotary evaporator and the residue (in buffer) was applied to a 1l g

Supe]c]ean‘LC-IB column which had been activated with 2 ml MeCN and rinsed
with 2 ml of huffer. The column was washed with 10 ml of buffer, 10 ml of
MeCN:buffer (1:3, v/v), and then 10 ml. of MeCN:buffer (1:1, v/v). Previous
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experiments had shown that the TCMTB elutes in the last fraction, which was

worked up by removing most of the. MeCN under a stream of afgbn.and

extracting the aqueous residué with DCM (3 x 5 m1). The DCM extracts were

dried (NaZSO4) and reducéd to a;small volume. After solvent exchange into
MeCN, the”extracts were an§1yzed by HPLC. The blank and TCMTB test samples
contained no detectable TCMTB. The control (TCMTB without sediment)
contained a small péak for TCMTB due to retention?of‘TCMTB.séiution by the
filters. | . | '
The MeCN-buffer (1:3). fractions, which would contain any MBT, werek
reduced to abprox. 1 ml and analyzed by HPLC. ‘No.MBT was found in these -

fractions.

MBT Methylation (Biotic)

MBT was incubated with Canagégﬁgue Creek suspended‘sediment (see
above).  Suspendedvsédiment (2.95 g'wét weight, 1.33 g dryiweight) was
suspended in 560 ml of water-by‘shaking for 1 h on a reciprocal shakeru
Water (300 m1) and an aqueous solution of MBT (200 ml of 29=m9/L) were
added. Water (800 m1) and MBT solution (200 ml) wefe‘USed as a control.
Both flasks wefe shaken in reduced 1ight at room températqre for 12 h on a
reciprocal shaker atf180 strokes/min, then 1et stand overnight in the dark.

- The"cOntfol (1000 ml) was fiitered thrqugh pre-washed diatomacedus'
earth énd the filtrate was extracted with DCM (3 x 50 ml).. The,¢0mbined

extracts were dried-(NaZSO4); reduced to-small volume and solvent exchange

into MeCN carried out.
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Onewhélf (500 m1) of the sediment-MBT mixture was filtered using
pke-Washed‘diatomaceouslearth and glass fiber fiiters. The pH of the
filtrate was 8. The filtrate was extracted with DCM as_above and the
solvent exchanged with MéCN, final volume 1.0 ml.' The aqueous layer was
acidified to pH 2 with;DCM-extracted 6 N hydréch]oric acid. ft was then
| extracted with DCM. The DCM ethacts were drjed (N52504)‘follpwéd by '
solvent éxchange info MeCN. | ‘
1»'Qua1%tative analysis by HPLC éh0wed only MBT in the control saﬁp]e
~and the sediment-MBT pH 2 extrécts, The sediment-MBT pH 8 extract .
“contained both MBT and MTBT. The MTBT was confirmed by GC retention time
‘match and peak enhancement on an SPB-5 column and by GC-MS [m/;(%) for
sample, 181(100), 166(12), 148(77), '1’36(2‘0),,1225(_13), 108(34), 82(10),
69(26)]. | |
The remainder of the sediment-MBT sample.(SOO ml) was let stand at
room temberhture‘in the dark for_one week. A portion (400 ml) was decanfed
and centrifuged. It'was;tﬁen extracted with '3 ﬁ‘SO m1‘of DCM as above with
solvent exchange into MeCN. This was analyzed quantitatively by HPLC. The
concentfation in thevaquéOUS phase Qas 0.1 mg/L, COfreSpondiﬁg to about a
2% yield of MTBT from MBT.
sunlight Photolyis
Sun]ightlphoto]yses,wefe-carrigd out in §o1utions buffered with(0.01
M potassium phosphaté at*pH'G.O (TCMTB)ﬂor 7;0 (MBf, carbazole and MTBT).
A solution of potassium dihydrogen phosphate, pure or natural water, and
the téét’compOUhd (addéd as a water solution) was adjusted to the target pH

with 0.1 N potassium hydroxide. In some experiments, 10 or 20 mg/L of DOM
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~was added. When used, fi]ter.steritiiation was done by fi]tration through
. ao0.2 pm membrane filter using glassware that had been heated at 110°C for
several hours The photolysis solution was divided between a 11ght sample
placed in a c]ear volumetric flask made of boros111cate glass, and a dark
sample placed in a red borosilicate volumetr1c flask or in a screw cap tube
{50 ml). wrapped in a]um1num fo11 Initial concentrations were determined
v d1rect1y for those samples with higher concentration (3 to 15 mg/L) after
dilution of a 5 ml aliquot 50:50 (v/v) with MeCN and ana]ys1s by HPLC. For
more dilute samples (2 mg/L or 1ess), an allquot of 5 or 10'ml was
extracted with DCM (3 x 5 ml). After drying of the DCM extracts (Na2504)
and solvent exchange into MeCN, initial concentrations were determined by
HPLC analysis. For carbazole, which was ana]yzed by GC,. the DCM extracts
were reduced to small volume, an 1nterna1 standard added in isooctane, the

volume reduced to effect solvent exchange into 1sooctane, and the extract

analyzed by GC using an SPB-5 column.
Sun11ght 1rrad1at1ons were carried out by placing the 11ght and dark
samp]es outs1de dur1ng the dayt1me and recording the 1nc1dent solar
- radiation and air temperature The samples were brought indoors overn1ght
| and the 1ight samples p]aced in _the dark. The course of the reaction was
‘followed by ana]ys1s directly by HPLC, or by ana1y51s by HPLC or GC after
- DCM extract1on, or by f0110w1ng UV absorbance. ,Rates are expressed in
terms of total incident solar radiation in E/m measured'by the quantum
sensor. At the end of the experiment, the céncentration of the test
compound in the dark sample was determined. In all cases, it was within
exper1menta1 error of the 1n1t1a1 concentration measured for the 11ght

sample. In some exper1ments product studies were done on the 1ight samp]e
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which remained at the end of exposure. The'experimental conditions are

' summar1zed in Table l

The 1ight sample (240 mi) from irradiation of a so1ution=of TCMTB
(1n1t1a1 concentrat1on 8.3 mg/L) for two days (67 E/m ) was extracted w1th
~ DCM (4 x 10 ml). The comb1ned extracts were dr1ed (Na2804), concentrated
and analyzed by GC- on a DB-17 column. -The presence of BT was confirmed by
retention timewmatch ahd‘péak enhancement with authentic materia]t Direct
analysis by HPLC also showed traces of BT. The dark sample contained
,,un,changed TCMTB. N : o v

TCMTB photo]ys1s k1net1cs were determined by short term. 1rrad1at1on
of a solution with 1n1t1a1 concentrat1on 8.3 mg/L (Table 1). The
d1sappearance of TCMTB and appearance of MBT and BT was followed by HPLC.

The 1ight . sanip'le (approx. 400 m1) from irradiation of a so1ution of
- MBT (1n1t1a1 concentrat1on 11.1 mg/L) in phosphate buffer (pH 7.0) for four
days (63 E/m ) was extracted w1th DCM (3 x 50 m1). The reaction flask was
rinsed with this DCM to extract any DCM-so]ub]e material which might- have
j precipitated onto the container walls. The combined extracts were dried
(Na2304), concentrated, and solvent exchange into MeCN'ﬂZ.O ml) carrted
out. This extract should contain neutral'and‘weak1ytbasic products. The
odor of benZothiazo1e was evident. The aqueous portion from the above was:
-acidified with 6 N hydroch]oric\acid.to a pH of 1.5 and extracted-with DCM

(3 x 50 m1). The combined extracts were dried (Na,SO,), concentrated, and
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solvent exchange into MeCN (2.0 ml).earried out. Thts extract should
.contain acidic products. However, the odor of benzothiazéle was also |
evident in this fraction. These fkaetions were ana]yzed'by HPLC ﬁsing the
MeCN water and MeOH water mobi]e phases. With the MeCN-water system, the
‘ base/neutra] fraction had a major peak w1th the same retent1on time as BT
a minor peak with the same»retentlon time as HOBT, and traces of start1ng
material. The acid fraction had a major peak with the same retentiohvtime .
-as BT, a trace peak w1th the same retention: time as HOBT and traces of |
start1ng mater1a1 The presence of BT in both of these fract1ons was
~confirmed by GC retention time match and peak enhancement on an SPBfS
¢olumn and by GC-MS.[m/;(%) foh BT in baée/neutralrfraction, 135(100),
103(33‘),"91(7), 82(11), 69(20)], [m/z(%) for BT in acid fraction, 135(100),
108(33), 91(6), 82(12), 69(21)] and [m/z(%) for authentic BT, 135(100),
y 108(29), 91(6),.82(10), 69(20)]. HOBT was confirmed in the base/neutral
fraction by éC—MS [m/z(%) for HOBT in base/neutraT fraction, 151(100),
123(76); 96(79?, 69(19)] and [m/z(%) for authentic HOBT, 151(100);A123(51),
96(65), 69(15)]. HPLC analysis of the base/neutral fraption with the MeOH-
water system.showed'a minor‘peak'eTuting just prior to MBTS. There was not
a separate peak for MBTS but the presence of trace quantities was
1ndtcated by a tra111ng shou]der on.the prior peak. The acid fraction
contained a trace of the unidentified'phod0ct and no detectab]e MBTS.

. The MBT photolytes (approxa 400 ml, initial MBT concentration of 1.9
mg/L)virradtated for four days (36 E/mz) in Canagagigue Creek watep (8.2
‘mg/L of DOM) and in phosphate buffervqontafning 10 mg/L of Canagagigue
Creek DOM'wehe~extracted in an aha]ogous fashion. HPLC analysis in both'

solvent systems showed similar product distributions to the photolysis -
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carried out in phosphate buffer. Low yields (1-2%) of a peak corresponding

- to MBTS were obsefved in these samples, but the identity wés\not.COnfﬁrmed.

A solution of 5 mM sodium b1carbonate (100 ml, pH 8.§), MTBT (2 ﬁ1,1
12 mg/L in water) and commerc1a1 bleach (0 25 ml, 6% w/v 6f sodium
'hypochlorlte) was let stand in- the dark for 1.25 h. Sodium thiosu]fate-
- solution (2 ml of 0 2 M) was added- to react . w1th excess hypoch]orlte The
| -react1on mixture was extracted w1th chloroform (3 X 5ml). Ihe extracts -
' ~ were dried (Na2504), concentrated, . and analyzed by GC on an SPB-5 co1umn
No starting mater1a1 rema1ned and two peaks correspondlng to MSIBT and
MSoBT were present in approx. a 10:1 ratio. The yield was quant1tat1ve..‘A
.cohtrol sample with bicarbonate buffer‘and MTBT, but no hypochlorite,
.showed'on1y starting materia1, and a reagent blank with bicarbonate buffer

and hypochlorite showed no peaks on GC ana]ysis}

Field Studies | - - o
Field studiee were carriedeout in the summer of'1984 on ah‘eight km

reach of Canagag%gUe Creek dowﬁstream of Elmira, Ontario, The creek

receives an input}of'variab]eequantities of BT, MTBT, MSiBT and MSoBT from |

the effluent of the Elmira Water Pollution Control Plant [5].

. treatment.plant receives eff1Uentvfrom'a chemﬁce] p]ant'which.manefactures_

several.benzothiazo1e compounds. Typical creek flows in %he‘summer afe'0.3

to 1.0 m3/§£ We had previously established the felationShip between flow.

and time-of-travel making sempling of a discrete water mass feasible .
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Monthly samp1ing was conducted'from May‘to October at seven‘or eight_
sites for water, and at six sites for sediment caught in 3.8 cm x 38 cm
stainless steel tubes placed in the creek bed. Water samples were all
collected on the same day in a downstream direction according to
time-of;travel, while the sediment samples were the material accumulated.
during the preceding,one-month period. The sediment samples were stored
frozen Until analysis

F11tered water samples (2 L) were extracted W1th DCM (2 x 150 m1).
The combined extracts were dr1ed (Na2504), concentrated, and an internal
standardvadded in to]uene The extracts were then ana]yzed by GC for BT
MTBT, MSIBT and MSoBT on the DB 1 column.

Thawed sed1ment samples (2 to 4 9 dry weight) were Soxhlet extracted
w1th hexane: acetone (60:40, v/v). The extracts were back-extracted‘w1th

one L of water, dried'(Na2504), concentrated, and'cTeaned up by ge]

~ permeation chromatography on Biobeads S-X3 with hexane°DCM (55'45 v/v).

The eluate was concentrated an 1nterna1 standard added, and GC ana1ys1s

for BT MTBT MS1BT and MSoBT carr1ed out on the DB-1 co]umn
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RESULTS AND DISCUSSION

IWater solubilities and octanol-water partition coefficients for the .
fon test‘compounds are_giveh in Table 2. BT is a,iiquid and the 6ther
three are solids at room temperature.d,The high so]ubiiitx for BT'(3006
mg/L) is probably due to its high eelarity.and the fact that it is §;1iquid
at rooi temperature. ~The measured.solubilities for MTBT and MBT\compare
well with 1iterature yéldes (125~v$. ltO mg/L [24] for MTET'and 120 .vs.
100-120 mg/L [25] for MBT). TCMTB was moder;te1y soluble at 24°C (40
mg/L). The solubilities of MBT and TCMTB at 5°C were about 40%vof that at
v24°C,r Solubilities were .also deterhined in a natural water (from |

Canagagigue Creek) at different,nomina] pH ya]ues (accuréte pH ad justment

~was difficult due to 1ow ionic strength). The solubility of TCMTB was not

enhanced in creek water, but that .of MBT was, and showed a pH- dependence
~ indicating that the ionized form 1s more so]ub1e (Table 3).

Octanol-water part1t1on coeff1c1ents (K ) are given in Table 2. BT
is the 1east hydrophobic and has the 1owest K ~ MBT is intermediate, and
MTBT and TCMTB are the most hydrophobic. . Th1s is consistent with their
structures. Agreement with 1iterature values is good for BT and MTBT

- [26, 24] The difference for MBT‘is probably due to pH-dependence (Table
4). The part1t1on coefficient for TCMTB did not change significantly 4n

‘creek water and was not pH-dependent.

f




 ICMTB Hydrolysis |

In 0.005 M Tris at 24°C and pH 8.0 MBT was produced in quantitative
yield. The other products are presumed to be forma]dehyde (CH 0) and
thiocyanate ( SCN) (Scheme 1).

Pre11m1nary experiments at pH 8. 0 had shown a dependence of the
vaEUdO f1rst order hydro]ys1s‘rate constant (kh) on buffer concentrat1on
‘.when using Tris buffer. This was examined‘further by using Tris at two |
4concentratidns and'a,borax-phosphate buffer at two concentrations (Table
5). There is apprOXimately a seven-fold-increase in hydrolysis rate in
0.05 M Tris as compared to 0. OOS M Tris W1th borax -phosphate . buffer,
rates are slower stx]], and there 1s 1ess dependence on buffer |
concentrat1on. From these resu]ts, 1/20 strength borax-phosphate'uas
selected for subsequent exper1ments Rate enhancements duevto'the:buffer'

appear to be minimal, and this single buffer can cover a pH range from 6-9.
In this buffer, an approx1mate1y 11near,dependence-of‘hydro]ys1s rate
constant on hydroxide-fon concentration was‘dbserved'over\the pH range of
7-9. (iab1e 5). From the rate constants shown in Table 5, it can-be
concluded that neutra] and aC1d cata]yzed hydrolysis of TCMTB are
un1mportant in the pH range of most natural waters. ‘

Hydrolysis ratevconstant5~and half-1ives for TChTB in three natura1
waters from British Columbia are gtven'in_Table 5. Since pH could not be
controlled in this experiment, the'ranges~of measured pH are given instead
to compare the different results. After allowances are made for~differing
pH, it7appears that there are some‘differencesdin hydrplysisvrates between

these natural waters. . Hydrolysis is slowest in Fraser River water and
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fastest in seawater. In fact, the rate in seawater (pH 7.83-7. 96) is very
close to that in 1/20 borax- -phosphate (pH 8.0). o

These results indicate that both s ;pgglflg and ggﬂgiél_base catalysis

could be important reactions affecting the fate of TCMTB in surface waters.

[CMTB Sed1ment -Water Partit1on1ng , ‘ - R

Using the emp1r1ca1 re]at1onsh1p of Karickhoff [27] the predicted
organic carbon based part1t1on coeff1c1ent,(1oglo Koc) is 2.74 for.a
compound with a log10 K of 3.12. For a sedinent containing 5% organic
carbon, this corresponds to a sediment- water partition coeff1c1ent (K ) of
27. At1 ug/L TCMTB, this would give a sediment concentrat ion of approx
0.03 ug/g of sediment (dry wt.). This is well below the detection 11m1t of
Ebout 1 ug/q for the method worked out in this study For this’ reason, the :

partitioning experiment was carried out w1th a TCMTB concentrat1on of

N

‘ ~approx 100 pg/L. As well, a very h1gh sed1ment concentration of I g/L was

'used in order to have suff1c1ent mater1a1 for analysis.

Th1s exper1ment gave an: unant1c1pated resu]t A1l of the TCMTB
disappeared and the only detectable product was a few per cent of MTBT,
Tne probable sequence is hydroTySis_fol1owed by (bioiogica]) methyletion
). | | | o

CTCMTB cceeses> MBT - eemeooe- >  MTBT (1)

This latter process would exp1a1n the presence of MTBT in Canagag1gue

- Creek [5] where there is no known 1ndustr1a] source of MTBT, but there is a

source of MBT <
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MBT incubatéd in the presence of SUSpended,sediment isolated from
Canagagigue Creek was converted ih'léwAy1e1d to MTBT, probably by
._bio1ogicaily—mediated methylation of the mercapto grbﬁp, The biojogical
methylation of thiols has been repdrfed in the literature [28,29]. Drotar
et al. [29] observed methylation of MBT by ce]]-FYee’exfracts of bacteria
'(Corynebacterium sp. énd‘PseudOmonas sp.) isolated from soil and water.

. The quantitative'sigﬁificance of this reaction in aquatic environments is
diffiCUlt“to assess, but it offers a plausjb]e means by which MBT (and any A
~ derivatives which‘degradé to it) can be converted into the.relatively |

stable MTBT.

ICMTB Photolysis - . - SR -

" In dilute potassiﬁm phosphafe buffer solutions at pH 6, TCMTB breaks
down rapidly by‘difect phoio]ysis in SunTight (Figufe 2) giVinQ MBT'as'the
major product (about 50% yield) and*t#aces of BT. A paftiai reaction

pathway is:shown in equation (2).
TCMIB - wsesecos>  MBT - eeceeece> BT (2)

This is suppbrted by the observation that MBT also bréaks down by direct
photolysis in sunlight to give BT in moderate yield. Because MBT is the
primary product of TCMTB photolysis, the photolysis of MBT was studied

. further.
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MBT Photolysis |
Two laboratory studies have been reported on tne photolysis of MBT in
organic solvents using_uitraviolet 1amps and pyrex vessels [30,31].
Bis-(2-benzothiazolyl)disulfide (MBTS) was postulated as the first
intermediate in the irradiatton of MBT in 96% ethanolf1n~the presence of

oxygen [30]. This was proposed to undergo oxidation to

bis-(2-benzothiazolyl)disulfone which, upon cleavage and hydrolysis,

~ produced benzothiazole su1fate'iso1ated in 95% yield. Irradiation of MBT

in MeCN in the presence of oxyden gave MBTS; BT, HOBT and unchanged MBT
[31]. A different mechanism was proposed based on unsymmetr1ca1 c]eavage
of the disulfide followed by hydrogen abstract1onfby the benzoth1azo]y1

radical to give BT. HOBT was proposed to result from oxidation of the -

ibenzothiazo1y1 radical and by oxidation of MBT (thione form) by singlet

oxygen. We carried out the sun]ight photolysis of MBT in dilute phosphate

" buffer without and with DOM and in a natural water, in order to identify

the products to test\1f one (or both) of ‘the above mechan1sms might be =

operat1ve under natural conditions.

After irradiation of MBT in phosphate buffer (pH 7), ‘and DCM

- extraction, HOBT (4%), BT (ll%) and traces of an unidentified product were

produceéd. Ac1drf1cat1on of the aqueous phase yielded a further'lB%.y1e1d

of BT. Similar resu]tsvwere obtained for irradiations of MBT in the:

. presence of 10 mg/L of DOM (pH 7) with a 5% yield of HOBT and an 18% yjefd

of BT in the neutra]nfraction and a further 27% yield of BT after
acidification. For Trradiations.in.a‘natural‘water (pH 7.1) the HOBT and
BT yields were 5 and‘ZI%‘with a‘further 26% of BT after acjdification.

!
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Traées (1-2%) of MBTS were indicafed by HPLC, but not confirmed,ijn the
Tast two cases. | |

Thé production of HOBT}and BT (without aCidificétion) is Consfstent
~ with. the mechanism of Abdqu et al. [31]. 'The:release of further BT éfter
acidification is not explained by either mechénfsm. Clearly some other
process is involved in the équatic photochemistry of MBT. Further .
experimentation is .required to distinguish betwéen the many possibilities
presented by the chemistry of the various oxidation states of sulfur [32].
‘Benzothiazolesulfinate is one possible intermediate. Acidffication woqu
Tiberate the free sulfinic écid'which could fhen desulfinate, in a manner
analogous to decarboxylation, to produce benzothiazole and Sﬁ]fdr dioxide. -
This reaction has been proposed for production of mrdinitﬁobenzene in the
hydrolySis of 2,4;dinitrobenzeneSUIfenyl;éh]oridé [33]. We are carrying
out further work to elucidate this mechanfsm,

The,envirqnmenfally importaﬁt conclusion tp be drawn from our results
~js that BT and«HOBT are the anticipated stable products of MBT ph§£d1y§is

in aquatic environments. ’

Iﬁ addition to information about photodegradation products, some
estimation of the rates of photodégradatioh in natural systems is needed to}
prédict the photochemical fate of contaminants. Rate. plots fbr TCMTB, MBT
and‘a reference compound, carbaone, are presented in Figure 2 as per cent
of initia1'concentrafiqn versus incident solar radiation in E/mz. The rate
plot for MBT (initial ;ontentratiqn 11.1 mg/L; A313=1.25) is linear

indicating a zero-order reaction at these high concentrations and
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absorbance because all of the incidentﬁradiatfon which results in a‘
photoreéciion is absorbed.v At lower concentrations or in. the presence of
other absofbingvspeCies, the rate plots are'nonlinear_ind%catiné
- first-order or ﬁixed-okder reaction, bec;Use noi all of the effective
;radiation fs being ébsorbedlby the targe;‘mo]ecu]esQ
;'EnVironmentaT1photo1ysjs rates and half-lives can bé calculated if
the‘SUn1igHt quantum'yields_are known [34]. Sunlight quantum yields for
TQMTB, MBT.énd carbazole were calculated from the measuredhincidént'so1ar
Yadiation_va]ues and reaction rates hﬁihg'ah adaﬁtation of the mefhbd of

Leifer [35]. The basic equation is:

Iaﬁ‘ = Iol(A/v)Flecl

1ight absorbed by the chemical, E/cm3,

Nhere In (.
I,; = incident radiation for wavelength interval centered on.
A, E/cm2
‘(A/V) = area to volume ratio for the reaction cell, 9m2/6m3 '
© Fg; = fraction of 1ight absorbed by the system
‘Fci = fraction of31ight‘absorbéd by the chemical
iAnd Fo = {1f10'(al4€1[F])9} A S
" Foo = €[C)/(e;+€,[C1)

Iol was calculated from measured 1ight values (400 to 700 nm) using
the table of solar irradiance values in Leifer [35]. A/V was calculated

assuming hemispherical geometry for the reaction f]ésk; 2 was assumed to be
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. equal to the COmputed radius for the hemisphere. Attenuatioﬁ'Values for

the so1vent (al) and mo]ar absorpt1v1t1es for the chemical (61’ L/mo1/cm)

are g1ven in Table 6 The attenuat1on coeff1c1ent for 0.01 M potassium

| phosphate, pH 7, was zero from 297 5 to 360 nm. [C] is the concentrat1on

of chemical (mol/L); the initial concentrat1on was used in these
calculations. Ial was summed over the wave]ength (centered) range of 297.5
to 360 nm for a measured 1nc1dent rad1at1on of one E/m

From the concentrat1on versus E/m relations (F1gure 2) the A[C]
(mo]/cm ) per E/m of incident rad1at1on was ca]cu]ated for the ‘test

compounds (Table 7) using the most appropr1ate-rate expresston (first-order

for TCMTB and carbazo]é, zero-order for'MBT). The sun]tght quantum yierS"‘
 (®) were calculated from”the ratio A[C]/Zlal (mo]/cm3)/(E/cm3) and are

summarized in Table 7. The ca]cujated quantum.yie}d forlthe,reference
compound, carbazole, agreed with the Titerature value [36]'by better than a
factor of two (Tab]e}7) : The'literature va1ue waS'determined under similar

photo]y51s cond1t1ons but so]ar rad1at10n was determlned by act1nometry

-rather than by direct measurement with a 11ght meter The estimated

quantum y1e1d for MBT in dilute phosphate buffer was slightly higher than -

in a natura1 water or buffer conta1n1ng DOM, consistent with direct
photo]ys1s (rather than sensitized photolysis).

~ Using these quantum y1e1ds, the d1sappearanee rates and half-lives

were calculated for di1ute solutions of TCMTB and MBT in pure water for
~spring, .summer, fall and winter at 40°N and 50°N latitude (Table 8) using
~ the method of Zepp and Cline [34] as elaborated in Leifer [35].- -

The re]atlonsh1p between the 1ight screen1ng factor, SA’ and-

absorbance has been computed [37] SA is the ratio of the first-order rate
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constant in pure water conta1n1ng 1ight- absorbIng substances (humic ac1ds)
to the first-order rate. constant in pure water - For- examp]e, SA is 0.74 at
300 nm for a 0.1 m path]ength of our 10 mg/L- DOM solution. Table 8
contains the wavelength-averaged first- order rate constants for TCMTB and
MBT in pure water conta1n1ng 10 mg/L DOM and a path]ength of 1.0 m.

‘The estimated half-1ives for both. TCMTB and MBT are in the order of
one day or less for dilute solut1ons in surface waters and ful] sun]1ght
for conditions that would be found in southern Canada or the northern
United States, even 1n the presence of moderate’ concentrat1ons of DOM.
D1rect‘photolys1s offers a plausible route for rap1d degradation.of these
compounds in‘wetl-mixed receiving waters. in the absence;of high turbidity |

or ice cover.

MIBT Photolysis »
| Unlike TCMTB and MBT, MTBT proved to be stable toward direct

photolysis hy sun]ight. At an initial concentration of 14 mg/L in dilute

phosphate buffer at pH 7; MTBT concentrations remained unchanged after the

equiva1ent of about tive cloudless summer days of solar radiation‘(165
'E/m , Table 1). | | -

Our prev1ous fleld observat ions of two ox1dat1on products of MTBT,
the su]fox1de (MSiBT) and su]fone (MSoBT), in Canagag1gue Creek [5] Ted us
to 1nvest1gate the sensitized photo1y31s of MTBT since photo-oxidation of

the sulfide moiety was a p]aus1b1e route to MS1BT and MSoBT [38]. Exposure

* of natural waters containing humic matter to sunlight results in generation

-of hydrogen peroxide [39,40]. Superbxtdthas been proposed as the

precursor,of*hydrogen peroxide in this process [41]. We exposed dilute

7

. .
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potassium.phosphate solutions (pH 7) containing 12 mg/L of MTBT and 20 mg/L
of DOM to djreet sdn]ight‘fdr_the equivalent of 10 to 12 cloudless summer: |
days- (375 E/mz) (Tab]edl). After this time;_the MTBT concentration had
deelined by less than 20%, and no photolysis products were detected by HPLC
ana]ysis We concluded that MTBT is res1stant to both d1rect and
sen51t1zed photo]ys1s by sunlight, and that photolysis of MTBT is not the

route to MS1BT and MSoBT in natural aquat1c env1ronments

" Since we were.ab]e‘to‘ru1e outvphotb-oxidatiOn of MTBT ae a plausible
source of MStBT‘and~MSoBTvin aquatic envirgnments, another pdssibi]ity was
examined. Rea;tion of MTBT with hypochlorite under conditions simulating
those for chlorination of sewage effluent resulted in a quantitative yieid h
of MSiBT (the su]fbxide) and hSoBT (the sulfone) in about a 10:1 ratio.

The most 1ikely source of MSiBT and MSoBT in Canagagigue Creek was through
oxidation of MTBT -in the E]m1ra Water Po]]ut1on Control Plant- diring the
effluent chlorination stage. Since MTBT has been fdund by otherv
investigatohsvin river wateh [2], drinking water [7], and biota‘[Q],.its
wide distribution in'aqUatic systems seems 1ikely. If so, then*smaTler '
quantities of MSiBT and MSoBT might be expeeted to result from chlorination.

“of drinking water and sewage effluent.

Field Observations
Disappearance k1net1cs for BT, MTBT MS1BT and MSoBT in Canagag1gue

.Creek at low flow (0.28 m3/s) and high flow (0 91 m3/s) on two success1ve

days in August, 1984 ‘are shown ‘in Figure 3. BT shows good first-order
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disappearance kinetics under both low and high F]ow conditions (k=0{26.and :
0.24 h'1, respectively). Disappearante‘kinetics for the other three

~benzothiazoles fell within the range of 0.03 to 0.06 h-l at 1ow f]ow and
’hO 06 to 0.08 h~ -1 at high flow, three to e1ght times s]ower than BT. These
rates correspond to half-lives of about three hours for BT and 10 to 20

- hours for the others. - The rates for BT are similar to those observed for
2,4- and 3,4-dichlorophenol in the same system [42]. The field results
indicate ‘that benzoth1azo]es espec1a11y BT, can be removed quite rap1d1y
from systems such as Canagag1gue Creek, probably by a comb1nat1on of |
b1odegradat1on and vo]at111zat1on' Biodegradation in the bibfi]m was
proposed as the major route of chlorophenol degradat1on 1n this creek [42] |
Of the four benzoth1azo]es, only BT part1t10ned onto suspended part1c1es to
| any degree. The Tack of part1t1on1ng for MTBT was somewhat surpr1s1ng
since its part1t1on coeff1c1ent is an order of magnltude greater than that
of BT. While the octaanfWater partition.coefficients for MSiBT and MSoBT “
were not measured, they would be expected to be less than that of MTBT from
their HPLC retention times, and their absence on parttc‘u]ate'material is

{
less surprising.

Fate Pathw

On the basis of the present study, and others in the literature, a
partial pathway can be formulated for TCMTB and MBT in aquatic systems
(Scheme 2) Hydro]ys1s and/or photolysis of TCMTB 1eads to MBT wh1ch can
either photo1yze to- BT and HOBT, or undergo b1omethy1at1on to MTBT. Our
~results would pred1ct that stable products from, TCMTB and MBT degradat1on
would be BT, HOBT and MTBT, and these have been reported in aquatic
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systems. - Under conditions such as drinking Water'Or sewage dieinfection
" with chlorine, it is poss1b1e that BT and MTBT can undergo oxidation by
hypoch]or1te to HOBT [14]- and MS1BT/MSoBT respect1ve1y We~found two
reports of HOBT ‘in dr1nk1ng water [7,8]. To our knowledge, the on]y«repOrt
of - MSiBT and MSoBT-is that of Carey et al. [5]. There is apparently very
11tt1e information on the tox1c1ty of BT, HOBT, MTBT MSiBT and MSoBT to
aquatic organ1sms

A further possibility is the transformation of sulfenamides of MBT
into MBT as proposed by Spies'et'al. [9] (Equation 3). The MBT can then

' undergo conversion to BT by photolysis.

BT--S-'NR2 -f...,,-,:--->.~ [MBT]  --eo---- s BT (3)

-BT'and MTBT were‘found in.biota and sediment [9], but ourvso1ubility
data and f1e1d results 1nd1cate that these are 1ikely minor env1ronmenta1
compartments for these compounds. B1oconcentrat1on factors for BT and MTBT
in 1eeche§ from Canagagigue'Creek were 100-400 and 250-350, respect1ve1y
[43]. These comparatively low values were- attr1buted to rap1d c]earance

from the animals.
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~ Test Compound Mediuﬁ? = -'pH Outdoor - Total  Per Cent
and Initial - ” ' ~ Air. Temp. Solar Reaction
‘COncehtfation 1 | | (°c) : Radiation |
(mg/L) o | (E/m2)b

 TCMTB (8.3) - .. K-P, fs 6.0  15-25 66.9 98
TCMTB (8.3) K-P, fs 6.0 10-20 . 15.8 83
MBT (3.2) K-P, fs 7.0 15:25 20,9 595
MBT (11.1) - K-P 7.0 5-20 62.8  >99

UMBT (1.9)  CCM, fs 7.1 1-10 3.3 >99 -

| MBT (1.9) = DOM(10), fs 7.0 1-10 36.3 97

© MTBT (14.0) KPP 7.0 2030 - 185.3 <5
MTBT (11.9)  DOM(20), fs 7.0 .  '15-25 375.4 <20
Carbazole (0.8) ~ K-P 7.0 5-20 45.3 395

¢

a K-P is 0.01 M potassium bhosphate, Ccﬂ is Canagagigue Creek water, Doﬁ(;)
-is 0.01 M_potéssium phosphate buffer with x mg/L of DOM, fﬁfis filter
sterilized. ' ' ' H

_ b As measuréd by é quantum sénsor responding to photo;yhtheticai]y‘active_~

radiation (400-700 nm).

!
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- ‘Table 2. Water solubility (S) and octanol-watér partition coefficients (Ko

for the test compounds.

Compound "' S, mg/L ' S, mg/L '.. - "_loglo Kow . ]og10 Kow '
| (Temp. °C) (Temp. 'C) - at 24°C  Literature
Thi;}stddy Literature This study ‘
BT 3000 (24) o 1.99 2,08
MIBT 125 (24) 110 (22) 310 3.0b
MBT . 120 (24)  100-120 (20)° 2.4 1.612 |
| 54 (5) j |
TCMTB - 40 (24) - 3.12
| 16 {5) R

a Han$ch and Leo [26].
b pratford [24]. |
- Lomakina and Yakovskaya [25];
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Table 3. Solubility (S) of MBT. and TCMTB in creek water at various.
temperatures and pH.

Compound Temp. (°C). - Nominal pH S, mg/L
MBT 24 &5 1%
24 7.5 230
24 8.5 1 260
TCMTB T 6.5 . 40
TCMTB s 65 16
- 5 85 15 )



" Table 4. Octanol- water part1t1on coéefficients (K ) for MBT and TCMTB in

' creek water at various temperatures and pH..

Compound Temp (56)‘ Nominal pH log10 Kow
MBT 23 6.5 1.43
23 1.5 1.38
24 8.5 0.95
TCMTB . ! 6.5 315
| 24 8.5 3.15
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Table 5. ' Pseéudo-first-order hydrolysis rate 'constants (kh) and half-Tives

(tl/z) for TCMTB in buffers and three natural waters from British

Columbia.
Buffer/Source pH Temp. ("C)  ky (b)) ty/p (h)
0.05 M Tris 8.0 24 0.0175 40
10.005 M Tris 8.0 24 0.00252 215
1/2 borax-phosphate 8.0 o 24 0.00120 | 578
1/20 borax-phosphate 7.0 . 24 0.0000832 8330
1/20 borax-phosphate. 8.0 28 0.000918 755 -
1/20 borax-phosphate 9.0 | 24 0.0083 83
© 1/20 borax-phosphate 8.0 15 0.000159 4360
'1/20 borax-phosphate . 8.0 .5 0.0000375 18500
Wellwater 7.62-7.74 24 0.000555 1250
Fraser River Water ~  7.66:7.92 24 0.000256 2710

' Seawatér ~7.83-7.96 24 0.000937 740



Table 6. Mblaf‘absorptivities (e) for TCMTB, MBT and carbazole at pH 7, and
attenuation cqefficients (a) for a natural water, and é DOM solution at
discrete wavelengths from 297.5 to 360 nm. |

Wavelength = €, TCMTB €, MBT €, Carbazole“ a; CCR? g, DOMb

- m .L/mo1/cm L/ﬁd]/cm L/mol/em - 1/cm 1/cm

- 297.5 9430 11200 5580 0.031 - 0.029
300.0 9360 12490 3470 0.029  0.028
302.5 ‘8690 - 14020 2630 0.026  0.025
305.0 7360 15480 2440 0.024  0.024
310.0 4750 16950 2580 0.022  0.022
312.5 3810 19230 2810 0.019 . 0.019
315.0 2840 19000 2810 - 0.016  0.018

3175 1940 18180 3050 - 0.015 = 0.016
320.0 1470 16650 3380 0.013  0.014
323.1 | 11070 15250 3570 0.012 0.012
330.0 540 . 9500 2770 0.007 . 0.009
340.0 470 1700 1740 0.003  0.005
350.0 330 470 190 0.000  0.002
360.0 0 180 90 0.000  0.000
a

Canagdbigue,creek water-.

b DOM (10 mg/L) in 0.01 M potassium phosphate, bH 7.0,



46
Table 7. 1Initial conéentratibns,-reaction rates ahd"sunlight quanfum‘yie]ds'
for the test compounds. ) |

Cdmp0und (So1vent)a' Initial [C]. J Reactfdn Rate. . j Suq]ight{Quantum

| | mlL (ml/W)/E/mE)  Yield (8), mol/E
Carbazole (K-P, pH7) 4.7 x 1075 3.6 x 1077 ~ 0.0023°
TCMTB (K-P, pH6) - 3.5x10°  3.9x108 0.0099
MBT (K-P, pH 7) 6.7x10°  1.1x 10 0.0019
MBT (CCR, pH 7.1)  L1x105  as5x107 . o0.0015
MBT (DOM, pH 7) 1.1x100°  3.7x107 - © 0.0013

K-P is 0.01 M potassium ﬁhosphate; CCR is Canagagigue Creek.water; DOM is
10 mg/L of DOM in 0.01 M potassium phosphate.
The Titerature value measured by PiceT et -al. [36] is 0.0036.
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Table 8. F1rst order direct photo]ys1s rate- constants (kd) and half- 11ves
(t1/2) in full sunlight at 40°N and 50° N for the four seasons

Compound | | L 40°N | 50°N

g @l tl/2 (d) ' kg (a7 tiyp (@

TCMTB in pure water |

4 . 0.09

spring - -7 5.9 -~ 0.12
summer 9.7 0.07 8.7 - .0.08
fall 4.1 0.17 4.4 0.16
winter 2.1 0.32 0.9 079
TCMTB in water + 10 mg/L DOM | |
~ spring 3.1 0.22 2.6 0.27
summer . , © 3.9 0.18“_'? ) 3.6 0.19
fann 1.8 0.40 1.8 - 0.39
winter 10 07 04 1.6
~ MBT in pure water | | ' | o
spring N 111 0.06 9.0 0.08
summer ., o 14.0  0.05 . . 12.8 0.05
fall ) 62 0.1 9.2 0.08
winter ' S 3.3 0.21 1.4 ' 0.51
'MBT in water + 10 mg/L DOM )
spring 4.2 0.17 3.5 0.20
surmer ,5,2\(' 0.13 . 4.8 0.14
fall 2.4 0.30 3.3 021
3 0.53 0.6 1.2

“ winter '1‘
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. Figure Legends

Figure 1. Structura] formulas, chemical names and abbrev1at1ons for the
benzoth1azo1es |

’ Figuré Zi PhotO]ysisxrates (as per cent of initial concentration Versu$

" measured so]ar radiation) for TCMTB (initial concentrat1on 8. 3 mg/L in
phosphate buffer, PH 6), carbazo]e (initial concentrat1on 0.8 mg/L in
phosphate buffer, pH 7), MBT (1n1t1a1 concentration 11.1 mg/L in
phosphate buffer, pH 7), MBT(CCQ)»(initiaT,concentrétion 1.9 mg/L in
Canagagigue Creek water, pH 7.1), and MBT(DOM) (initial concentration 1.9

.mg/[ in phosphate buffer with 10 mg/L DOM, pH 7). '

Figure 3. Disappearance kihetits for BT MTBT MSiBT and MSoBT in Canagagigue
Creek under Tow flow (A) (0. 28 m /s) on 84-08-14, and under h1gh flow " (B)
(0.91 m /s) on 84- 08-15.
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: F‘i’g,u‘re 1.

H Benzothlazole (BT)
= SCH; 2- (Methylthlo)benzothlazole (MTBT)

SCH,SCN -~ 2- (Thlocyanomethylthlo)benzothlazole (TCMTB)
S(O)CH;  2-(Methylsulfinyl)benzothiazole (MSIBT)
S(0),CH,4 (Methylsulfonyl)benzothuazole (MSoBT)

' S-S-Benzothlazolyl Bis-(2- Benzothlazolyl)dlsulflde (MBTS)

JIN\SH | “): s-’ks

2-Mercaptobenzothiazole 2(3H)-Benzothiazolethione .

(MBT)
OH | - |
2-Hydroxybenzothiazole | 2(3ﬂ)-BenzothiazoIone'

(HOBT)



Figure 2.
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Figure 3.
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Think Recycling!

QN

Pensez a recycler !




