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ABSTRACT

-

A search for. the cause of Edmontons sprmg t1me taste and

odour problem occurrmg in two successive years, 1mp11cated four low e

molecular’ welght aldehydes 1sobutyra1dehyde 2methyl o
butyraldehyde,.lsovaleraldehyde ‘and phenylacetaldehyde These 4‘

\chemtcals have -odour 'thresholds rangmgifrom 0.15. to 125 pg/L.

) vAlthough these aldehydes ‘have been reported found in drmkmg
. water, not “much attentlon has been given to their occurrence. Wl(h

- 'the exceptlon of a passmg reference to odour contrlbutlons from - .
,phenylacetaldehyde as one of several odorous metabolltes of fung1> B

- and blue green algae these compounds have not been -reported as- a *;
“cause of taste and odour problems in water. Observattons of more-

intense odour in treated than in raw water suggested ‘the poss\lblhty S

- of these compounds being- produced in the treatment process. |
One’ explanatlon for the experience in Edmonton is that the

- odorous aldehydes could arise: as oxldanon products of COI’I‘CSpOIldln'g.-',.‘.. E

amino acids through thelr oxidation by dlsmfectmg agents This
research studted the reactions of’ the amino acids: valme leucme
»"lseleucite and phenylalanme with four dlsmfectlon agents chlorme
'monochloramme chlorme dloxlde and ozone, with respect to -
'aldehyde formatlon Quantltatlve analysrs of. the. pro‘duced odorous
aldehydes w1th suffncrent sens1t1v1ty to- detect these compounds at
their. threshold odour levels allewed the study of their yield. under .
, relevant yv‘ater treatment COndltlons The reactlon parameters ' |
. - evaluated lncluded pH temperature reactlon time and 2

' »-ox1dant/am1no acnds molar ' ratio.

A ThlS research demonst&ited that chlorme was very effectrve in-
.producmg aldehydes from their correspondmg amino -acids.
.Temperature ‘molar ratlo and - reaction time have major effects _on -
.aldehyde yields. The effect of pH was found to be neghgrble in the
range from 6 to 10. Monochloramme was also effective in conversron'

. of amino acids- to aldehydes. but. longer tlmes and hlgher dosages

- were required to’ maximize aldehyde ylelds ‘which also strongly
. depend on pH. Both chlorine and ‘monochloramine perform these
reacuons ‘at concentranons and condmons which are encountered in

R . N
Vo o -
Lds , 4 o

iv '



- surface waters _there “is’ a great potentlal for, taste and odour

| [ " . o’ - o ‘- o, P ’ . ”‘ B - . . ] .v‘“
",'conventlonal warer treatment practrce Ozone provrded very low

aldehyde ,yrelds whlle chlorme. dxoxide drd not appear to. produce '

-_aidehydes in, any substantlal quantrty e Coe
leen that the odorous aldehydes are formed from’mno auds o

'whrch are ub1qu1tous and unavordable dlssolved orgamq‘ specres in <

:f.'v__problems ansmg from thrs source wherever surface water 1s utrhzed\/ s
- as’a raw' water ‘source. St o NEREU O | |
. To mmrmlze the occurrence of thrs problem in drmkmg water,

~low - concentratlons of - ammo “acids, whether free or: in peptides,

should be obtained before chlormatron or. chlorammauon Af chlormc

. dioxide 1s ‘used, the degree of chlorme contammauon should be
strlctl‘y 11m1ted B o e L AN
7 {
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1. INTRODUCTION | o -

| 1.1 Back‘g‘roun’d .for - the " research..

X . <

At

A severe taste and odour problem occurred in Edmonton’s

"drrnkrng W'lter during _the springs of 1985 and’ l986o A suheequom

investrgatron (Hrudey, 1986) suggested poaslble causes; 'md provided -
the basrs for an experrmental mvestrgatron : : 3

' Edmontons drrnkmg witer is drawn from the North
‘Saskatchewan River at two treatment plants.: One is focated upstrcam

7 of the city and the other is located in the city centre, downetrcam of

85 storm sewer outfalls.’ Taste and odour problems h'ld in the’ p.nt
occurred together with sprmg runoff. These problerm were '

. assocrated with urban runoff - (Hrudey, 1986; Walker, |986) and

occurred only in ‘the’ city centre plant However ‘the 1985 and I‘)R()
sncidents were substantrally drfferent in . their circumstances ‘and o
character. Available evidence suggested - that the taste and ()d(mr\/)\/,
were .related to natural rural runofft (Hrudey, 1986). (‘:eoemm .md .
possibly methyhsoborneol were found at very low levels in raw and

| ~ treated water in 1986. However, the threshold. odour numhcr of the.-
- treated water wag much’ hlgher than that of the raw: water which

1mp||ed the . formatron of some odorous by- products durlng water

: treatment

Chemlcal analyers of tre'rted water . revealed the prescn( of

'.four aldehydes; movaleraldehyde (3- methyl but'rn'rl) 2mc|hyf
‘butyraldehyde (2-methyl butanal), rsobutyraldehyde (2- methyl

propanal) and phenylacetaldehyde -The food science literature

’ rndrcates that these aldehydes are very odorous with thrcshold

odour - concentrations in the range of hg/L. Therrsprescnce in treated -
water raised the questron of their ongm Hrudey (1986) proposcd

" that .these aldehydes were formed by - chemical oxidation of amino

acids whose concentratrons in. raw water are expected to  rise durm&

rural runoff

: SR :
Documentatron from the hterature was - found to support thls

S . ’ . ’ - L
e s : .

theor&kﬂowever no report on formation of lsobutyraldchydc 2-

=25



' methyl butyraldehyde -and 1sovaleraldehyde from the correspondmgv

. . ..amino acrds valrne isoleucine and leucme durmg chlormatron of

RN drinking water was. found in the lrterature Moreover, their presence
has not been reported as’ the case of specrflc taste.-and_ odour
"mcrdents in mumcrpal drmkmg water. Phenylacetaldehyde has been
~ shown (Le Cloirec and Martm 1985) to -be a -by-product - of chlorme

{ oxidation of phenylalan\ne As well, Krkuchl et al. (1983) 1dent|f1ed
phenylacetaldehyde as one of sqveral odorous metabolrtes of certam
fungi whlch ‘they suggest, may contrrbute to taste and odour |
'.problems in drmkmg water L I

1.2 ..R'esearch objec_tive,s.f :

e Grven the hypothests that odorou,s aldehydes could be
| - produced by reactlon ‘with drmkmg watet drsrnfectants specrhc,
- research questions are apparent. The objectives of “this research ;

were:

1. to evaluate the formatlon of 1sobutyraldehyde 2 methyl
. S butyraldehyde _ lsovaleraldehyde and phenylacetaldehyde -
S A under water _treatment conditions from the. correspondmg
o '-‘ammo acids; valine, leucine, isoleucine and phenylalanmq
reactmg wrth the oxrdants commonly used for’ dlsmfe%r

chlorine' . R

monochloramine =~ S A

‘chlorine - dioxide ' o o

ozone - = . . ' S ‘ ‘

2.'_ ‘to. investigate. the effects of reaetion conditions on the
formation of ‘aldehydes, specificdlly:

» -

o " - reaction time
| '-:_ reaction temperature
'+ oxidant/amino acid- molar ratro S S :
-pH SR P | et




¥

To achleve these Ob_]e'CthCS the rcsearch was pursued in three smgc\“"

fFlrst the hterature was revrewed in detail to prov1de the backgrmnul

for the expenmental part of the research. Secondly. the methods. .md

&
'.procedures for quanmahve determination of aldehydes were .
~developed. Last,. specrflc expenments desngned to meet the foregmng
' obJecuves were. des:gned and” performsad |



2. LITERATURE REVIEW ‘"

ER
e e

B
. 4 l
o .
\ '(, ‘

ﬂ/

2.1 Sources and character ol’ odour problems in drmkmg '/

water« v T . | ( .

‘ Taste and odour causmg compounds are becommg recogmz/éd
more frequently as an 1mportant category of organic mlcropollutants

“in “water. Offensive tastes and odours in - drmkmg water cause public.’
'(llssansl'tctlon and concern for the 1mp11ed poor water quality
_;(B'\rtels et al., 1986 ) and the potential presence of toxic substances

(Mallevmlle and Suffet, 1987). Thrs cyncern is reflected in expandmg_
research -activities on’ taste ‘and. odour problems which . are resulting

in slgmﬁcant progress toward recogmtlon understandmg and .

soluﬁon of taste and odour problems.

Many different odorous compounds have been found - in waters.

These substances can be present in raw water sources, they can be

';formed “during water ‘treatment, partrcularly by dlsmfectlon
_processes, or they can develop in dlstnbutlon ~systems.

- Substances . present in raw waters can be divided into two -

_groups naturally occurnng and man made Among naturally
‘occurrmg odorous chemlcals there - are many metabolites. produced

by various aquatlc orgamsms 'such as bacteria, algae, fungi and

_’.-'7ooplankton -Mallevialle and Suffet (1987) and Lin: (1976) suppl
»'comprehenswe lists of orgamsms producmg odorous compounds, The .

blologlcally produced substances, geoSmm and 2methyhsoborneol

“(MIB) are’ p'trllcul'lrly noteworthy. Geosmin was isolated and

|dem|f|ed in 1965 by Gerber and Lechevaher while MIB was . 1soldted_

i 1969 by Medsker and co- -workers and - by. . Gerber These
-.:.f‘“‘compounds are often discussed in the llterature because of therr
lrequent occurrence therr extremely - low theshold odour |
'concentratlons ‘and the dlfflcultles ‘which- they pose to conventlonal -
water treatment processes ' '

‘_,,l

_substances have- been reported as odorous products of drfferent

mlcroorgamsms Among those often crted are mucidone, mercaptans

L
. R

4



: effrcrent agents in controllmg off-odours (Lazary et
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a

- ‘al;cohols‘,, fatty acids, esters, aldehydes, ketones, acids 'and‘many

others. Figure 2.1 -provides ‘chemical -struc’tures‘ of these. 'compounds [
Naturally occurring morgamcs such” as iron, manganese and
Ifur compounds can account for odour in ground water suppllcs
AWWA, 1976). ‘ '

~ Anthropogenic sources of taste. and odour mclude various

~ chemicals ansmg from mdustnal wastes, .agricultural actlvmes
_'mumcrpal wastewater. ‘and runoff from rural and ‘urban areas.
_,Ch]orlnated phen\ols and hydrocarbons have contnbuted to taste and
‘.odour in drinking water

]

Another group - of odorous compounds may be cre'\ted durmg
water treatment. Compounds present in raw water can be modificd
by physrcal chemrcal and brologrcal processes occurnng wrthrn the
water treatment plant as well as in the drstrrbutron system,

: Mallevralle ‘and ‘Suffet - (1987) observe "that the oxrdatlve processes of
_chlorination and ozonation will be the most rmport'mt processes 4
'related to taste and “odour problems -

Various taste “and odour causing compounds develop as a-

i consequence of chlorrnatlon Chlorine can react with naturally

occurring orgamcs rn two basic ways}l/‘ust it can oxrdwe orgmrc

compounds to . form new chemicals b accepting electrons Second,

“chlorine can substrtute onto the raw water organics -to create -

P

chlorlnated organrcs (Mallevralle ‘and Suffet, 1987). -
Chlormatron of phenol and its homolog\roduces chlormatul

‘~:.f'phenols whrch are more odorous ‘than the - parent compounds

- Chlorination " can also accentuate the odour of metabolic origin
"(AWWA 1976) Chlorine and ~ chlorammes also contrrbute tastes 1nd
‘odours themselves (Krasner: and Barrett 1984) ‘

_been cited ;ztls '
31986, -
Mallevralle and Suffet 1987), they can also. be  responsi for
mtermedrate reaction products 1mpamng the aroma of water.

- Although ozone and chlorine droxrde have ofte'

-Ozonatlon may lead. to the formatron of ahphatrc and aromallc S
'aldehydes samg of whrch ~are odorous Information on’ odours arrsmg
-from chlonne dioxide is less- well documented However chlormc .
_'droxrde does have an advantage over chlonne of producmg '
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considerably fewer chlorinated - products Consequently, it does not
- lead to as many chlormous tastes and odours (Mallev,nlle and Suf&t
- 1987). | | ST .
| Desprte the progress in taste and odour research in recent
years, many causes of offensive tastes and odours _in drinking w.ucr N
remain umdentrfred These problems reftest, the - ‘need for further
. study in thrs field. ldentification and characterrzatlon of these
'problems are necessary’oto achreve effective control

i

2.2 ‘,A'ldehydesﬂ"as- odour c'ausing' cOmpou_nds., .

| Fourva_ldehydes were identified as odorous compounds in
drinking water -during the 1985 and 1986 taste and odour incidents
in Ednmnton _lsobutyraldehyde (2 -methyl - propanal) '2-methyl
butyraldehyde (2- methyl butanal), 1sovaleraldehyde (3- methyl
“butanal) and phenylacetaldehyde (Hrudey,31986) These - 'lldehydes
have been found in drinking waters, howe%’er not much attentron'
has been grven to their Joccurrence. ‘

1221 Contribution of ‘aldehydes to odotir i'n"arinking'.'vgmer..-ji-..

'- The potentral contnbutron of these aldehydes to odour in’
drinking water had - not been clearly recogmzed in lrterature
o Amoore (1986) ‘has worked on. classifrcatron and
- characterization -of the primary odours. He included DL
isobutyraldehyde and 1sovaleraldehyde in the lrst of 90 chemrcals
that should be evaluated as odour causmg in" drmkmg water.
. Isobutyra}:ehyde was also lncluded in ‘the list of 101" vanous
‘chemicals of industwial origin that may be encountered in drrnkmg

_ P water and cause. odour problem (Mallevialle and. Suffet, 1987)

Kikuchi et al. (1983) {eported 1solatmg phenyhcetatplehydc as o
one of several odorous metabohtes of various fungi -which they e
-.pr0posed as contnbutors to. odours in publrc water supplies. Thesc‘, |
references do not cite any examples where these chemicals _ have L



- and impaired ‘ability at con

A caused problems No ‘mention of 2- methyl butyraldehyde as a
“~ potential cause of odour in drmkmg water has been . found in the
~revrewed llterature '

0222 Che.mica.l and’::;‘ph‘ysicalh ro erties. of the,'odor'ous aldehydes.
sl _ al prop v

‘ lsobutyraldehyde 2methyl butyraldehyde and .
'rsovaleraldehyde are aliphatic, branched (1so type), low molecular

werght aldehydes. Phenylacetaldehyde is an aromadtic aldehyde The .'

: structural formula ;Bg each .and. therr alternate ‘names- are. presented
.‘rnﬁgure22 ) o e

The chemlcal and physrcal charactenstlcs of the four aldehydes B

"are summanzed in the form of a table and are presented m

R '_Appendlx A.

‘These aldehydes‘\are difficult _to analyse and they could be
-e'lsrly mrssed unless (fh'e analyst is specrflcally seekmg them. They

1

- _are relatrvely volatile and susceptible to - further oxidation or -
"polymerrmtron Identrfrcatlon by conventional MS operatlon may be

a prob'l’em Most of -the fragment ions for these compounds anse

o below a mass/charge of 45, with the most characterlstlc fragment at
ass/charge of - 29. Common practlce 1n many analytrcal laboratones

: _"rs not to momtor fragments ‘below mass 45. This practrce would

| ‘result in- substantrally reduced ‘sensitivity: on total ion chromatogram
ound 1dent1f1catron These factors may
f reflorts of - the ahphatlc aldehydes in

-

explam the limited numberv
l water (llrudey, 1988)

{r{2.2.3 "'(':)'d_‘ou'r;__chagraete'risties 'of the ‘a dehydes.

B The rmportance of the'. odour charactenstrcs of these aldehydes

'f‘has been’ rewgmzed in the food science llterat.ure They-are
-responsr%le f@ aroma and flavour of many foodstuffs A wide:

L varrety of - food scrence llterature sup lies characterlsncs of therr

., aroma ~and odour mtenSrty

)
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i 2-methyl propgpél" or 'i_sobuiyraldch_yd,e (also isobutyl
aldehyde, isobutyric aldehyde), C4HgO, MW = 72.10;

¥
cs;-o-I
-1 .
/I it

~ GHy CH,.

04

-2 methyl butyraldehyde or 2- methyl butanal C5H|00
MW = 86 13 ' .

W o o “ o 'CH;;

o 1sovaleraldeh,yde or: 3 meThyl butanal (also lsovaleral |
lsovalenc aldehyde) C5H100 MW = 86 13
oW
A c=0.
Cw T e Lo ""Cﬁa\C'Hs

| ‘phenylacetaldehyde or benzeneacetaldehyde (alqo '
) Valpha Toj)ualdehyde) CgHgO MW = 120 14
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"Publrshed threshold odour concentratlons 1n water for these
aldehydes are. summarrzed in" Table 2.1. These data show the
es to be extremely odorous. | N
-_--lso : _dehyde and 1sobutyraldehyde “exhibit edo whlch‘

resembles malt and they are indeed the principal volatile carbonyl 4

compounds in barley malt. Amoore ‘et ‘al (1976) have proposed
rsobutyraldehyde as responsrble for the primary malty odour. The
prrmary odorants are those for which the sense of smell has an’
especrally high sensitivity. These refer to a limited ' numbers of

l7drscrete prlmary ‘odour” sensations which can be combined: in -
'fdlfferent proportrons to give a tremendous range of d1st1nguwhable
odours - (Amoore and Buttery; 1978)

A very High. sensrtrvrty of. human' bemgs for detectmg theSe -

,-partrcular 1ldehydes is, according to - Amoore t al. (1975), assocnted

wrth ‘the fact" that each of them 1s denved from an. -amino- acid

] v mdrspensable in the human diet. Hence,‘thelr 1ntense odour may be S
“an innate .mechanism for detectlng the- presence of requrred '

-

nutrients: by. thejr volatlle degradatlon products. .
“Amoore et al. (1975) conducted olfactory experlments' on 14

~ _aliphatic, . branched, short chain ‘aldehydes. They -showed that though

’ ‘}extremely odorous, 2 methyl butyraldehyde lsovaleraldehyde and
"rsobutyraldehyde are subject to anosmia. ‘Anosmia refers. to the loss
‘or*impairment of the sénse of smell. Thls effect is most pronounced

~with tsobutyraldehyde Amoore et al (1975) studled the response of

225 panelists to these aldehydes and found that 36% of their group -

"was insensitive . to lsobutyraldehyde Consequently, drfferences in

water odour mtensrty perception. by different people may arise .

'because of the htgh varqablllty in populatlon sensitivity to these
e A’aldehydes The ‘anosmic: effect of these three aldehydes is ¢ 3
summarized in Table 22 People with anosmia to 1sobutyraldehyde/
- ‘require about 500 times hlgher concentration for detection. The =

effect is less pronounced for 1sovaleraldehyde {(about 9 trmes higher -

._concentratron requnred) and 2-methyl butyraldehyde (about 17
. times htgher concentration ‘required). '

A detailed analysrs of the odour characteristics - of 'aldeh.ydes

- performed by Guadagni et al.'(l'963). showed “that the odour ‘intensity -

-

.;"
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“"Table 2.1 Aldchyde detection threshold odour levels -in - water. w\'
;compourid - threshold level - “reference
' ' ng/L
.iéqbulyraldc’;hydc | Q.9 - Guadagni. ct al. 1963 »
B B 1.0 ~ Guadagni et al. 1972
23 Amoore ct al, 1976
.18 », ~Amoorc 1986 v
viso‘_.valcraldc‘hydcc Ly _.‘0.15 Guadagni ct al. 1963 ’
02 Guadagni ct -al. 1972
. 2.0 o Amoorc ct al. 1976
' 2-methyl butyraldehyde 12.5 ~ Amoore et al. 1976 I
'phé‘nﬂatété_ldéﬁyde © 4.0 'Bullcry et al. l‘)7ﬁ )
Co _ a4 4.0 ‘ :‘Guad'lgm cl al.- 1972 .
. ,
J
A

'Table 2.2. Anosmlc and normal delccuon thrcshold odour lcvcls of aldchydcs

(Amoorc ct 1975)
lhrcqhold odour concentration "
watet (ug/L) - o
compound L w normal S : anosmic, T
isobutyraldehyde 2.3 1 '1_90 - S
lsovalcraldehydc 2,02 , 3 ' 1'7.8‘ v -
2- mcthyl —bulyraldchydc 12,5 212 e T
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' 1sovaleraldehyde (20g/L) reported terms with &the frequcncy
'1ndlcated fnnty, other than crtrus (4 55%), . fragrant (7. ‘58%) 'rronmm
(1. S1%), almond (6. 14%) ‘woody, resmous (13.97), sweet (8 85), i
_yeasty (4.77%), dirty linen' (4.42%), stale (6.5%), miusty; _c,gnhy mol(lyi‘ 3
L (1267%) burnt smoky (6.59%),  chemical'. (10. ll%) sharp, pungent, -

13/\’

- -

:.. ﬁlfof '1ldehydes mcreases wrth mcreasmg carbon ch'nn in the r‘mgc of
. C3-Cyo. (Frgure 2.3). Guadagm et al.- (1963) also noted (h'l( the

branched short chain aldehydes had. much Tower odour threshold

. ‘_.concentratlon ‘than ‘the’ correspondmg stralght chain, compounds

The odbur character of the aldehydes is complex. which nmy

| lead to drfferent percoﬁlon by different people. This circumstance is"

further complrcated by a ch'mge in perceptron of the odour char.\uu

'from hrgh to very dilute concentrations.

"The odour. descnptlon of 1sovaleraldehyde presentcd by Cox.”
(1975) emphasrzes terms such as pungent and apple-like. l)r.wmcl\s

(1985) using a panel of 140 evaluators and 'a high concentmtlon ol
14

B
-

acrd (18 71%) sour, vmegar (15 82%), orly, fatty (11.15%), paint

-

- (6.86%), rancid (16. 18%), sweaty (16. 32%) ‘sulfidic (5.23%), animal -~
. (5.79%), sewer (5.68%), putrid, foul, decayed (17.55%), fecal, manu¢
. like (6 13%),. cadaverous dead animal (4.17%), slckenmg (26% dry;

powdery (4. 42%) light (4. 73%) heavy (22:38%), warm (l()2|%)

" Another 88 descnptors werg “used by at least one of the 140
.fevaluators Metoda (1979) descnbes the odour of rsovalemldchyd(
as. chocolaty ‘

The odour of rsobutyraldehyde has been descrlbcd as m.\lly

. (Amoore, 1976) ﬁpple -like (Metoda 1979), sweet and pungent (Cox,
- 1975), sweet and ester (Verschueren, 1983) and pungcnt. (Merck -

Index, 1983).
’ Srmrlar terms were used to described the odour of 2. mclhyl

. butyraldehyde They "were: apple- or mablt-like (Mgtodg,, 1979)
" During the course of  this research, the odour character of these two

aldehydes has been observed to be very similar, howevcr they can
be readlly distinguished. ' |
The odour descrlptlon of phenylacetaldehyde is more uniform.

and is charactenzed by several sources (Cox 1975, Metoda 197‘)
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Kato et al 1971) as’ hyacmth -like and hlac Le Clorrec and Martm

(1985) used the term "jasmine". -

‘The odour complextty of a smgle compound can be further
increased in-a mrxture of chemicals. Baker (1963) performed a study

on the effect -on odour responses to some binary and hrgthrder

S mrxtures of organic chemicals. The results showed that in b ary

-mlyture 1) nonadditive odour behavtour frequently occurred 2)
.strong synergism was shown for many organrc ‘pairs, - 3) odour
response y/as not a monotomcally 1ncreasmg functton of -
concentration; S

- The complexrty of the aroma of a drmkmg water. contammg a
mrxture of - odorous aldehydes was reflected in the many dlfferent ‘
terms used to charactenze its aroma. . With regard to the treated
‘water, a panel ‘of assessors’ from the department of Foods and
"Nutntron 1t the University of Alberta described the ‘odour with;"a
_vw1de range of teﬁn}mcludmg chlorine, earthy, stale, disinfectant, .
bitter, ammonia, organic, muddy, and - bleach-like. Flavour descnptors
“were: stale, earthy, organic, muddy metallrc chemlcal marshy,
moldy,,musty, sloughy, - sewagey, decayed plant -like ‘and oily. A
mixture of these odorous chemlcals gtogether wrth chlogamines would
be expccted to cause a wide- range of responses by water consumers.
High variability in -the sensmvrty to and perception of aroma may
account for certarn people not nottcmg off odour. in witer that the
m'uonty ﬁnds objectronable ' ‘ '
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2.3 Occurrence of aldehydes in~ drinking water.®  *

The occurrence of aldehydes in drinking, Wa‘te@h'\( 'becn
reported among many- other - trace orgamcs rdentlfred by ansmv
crgamc analytical techm‘]ues AR ‘

Dowty et al. (1975) reported trace levels of movalcr.rl(khyd( in

- New Orleans drmklng ‘water where chlorammee were used as-

dmnfectants Coleman et al. (1976) had performed the tr'lce organic

survey . for five American cities and reported that isobutyraldehyde

and rsovaleraldehyde were . found in drmkmg water. from all five
ut- no. concentratlonq were gwen Stevens (1982) reported the

. presence of several aldehydes in drmkmg water rncludmg

mobutyraldehyde and movaleraldehyde in ‘both the raw«and chlmuu

_vvv.droxrde treate,cl\water However,. the aldehyde concentrations in tlu -
‘treated water were substantrally greater. Trussell (1986) included

isobutyraldehyde and 2- methyl. butyraldehyde in a list of 64 rr:.z\cc".
organics identified m treated water, : r ’
“The concentration of: aldehydes in deontons dn‘nkmg water

_ dixrmg the- most intense odour in 1986 was reported to be: 54 u;,/l,
~ for mobutyraldehyde 46 ug/I for 1sovaleraldehyde and 134 pg/t.

for 2-methyl butyraldehyde However, these results may not

y .
represent the actual concentratlons of these compounds’ during lh-e
peak odour incident because the samples were - analyzed after 3

.monlhs of refrigerated, dark storage (Hrudey, 1986).

In addition to these’ aldehydes there was evidence of

"phenylacetaldehyde at ug/L levels in extractable amlyecq of - hmh

raw and treated water (anrrotest 1986). . As well, Alberta

;Envrronment provided estimates of 0.5 to. 1.0 ug/L and 10 to 50-

ng/L of : lhlS .compound in two treated samples collected durmg thé
peak of ihe 1986 odour mcrdenwm Edmonton (Hrudey, 1986).

‘Many linear and other . %mdehtrfled aJdehydes were reporlul'
found in ozonated waters by different regearchers (Srevers et al,

| 1977, Zoeteman et al, 1982, Van Hoof et al., 1985, Rice and (;omcz{:(‘ |

Taylor, 1986, Mallevialle and Suffet, 1987). Linear, low mblccular
- weight aldehydes (Gl C3) have been demonstrated as o7omuon hy

'products and f%und in conCentrauons of 0 13 umol/l, in tre'rtcd
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'watcr hy Van Hoof et” al (1986) Mallevralle and Suffet (1987)
prcsented lists of orgamc compounds detected in drmkrng water
-' ~ during a two ‘year study conducted to evaluate process effrcrencreQ‘
for taste and odour removal by -the specific plants.. The aldehydes
'|dentlf|ed -are summanzed in Table 2.3. The formation of these '
‘aldehydes Ied to the development of fruity, fragrant and orange-like
odours when the. concentratlon of aldehydes reached the . level of
about” 0.1 mg/L o ‘ ' L
~ Garrison (l976) complled A llst of orgamc compounds rdentnﬁed
“in various waters that had been reported in the literature. The list
includes \inspecified‘ aldehydes 1 aromatic and 5 aliphatic 'ald‘ehydes'
f»found in raw. water . and 5 aromatic. and 37 alrphatrc aldehydes found
in drmklng water

2.4 "Sour'ce of aldehy.dés m vvaters.-

'lhe lngher concenlratrons of. -aldehydes reported in frmshed
water than in raw water (Dowty et al., 1975, Garrison, 1976, Stevens,
1082, llrudey, l986) lmphes that aldehydes are formed during. water
‘treatment . processes. However, " it" is also known that these compounds
are present in raw waters presumably as natural degradauon
"producte of amino acids (Hrudey, 1986) and ass, metabolltes of some
qpecteq of fungl (KIkUChl et al, 1983)

2.4:.1 Biological _'sources. '
"lhe formatron of the odorous aldehydes through. brologrcal
actrvmee has been documented mainly in the food science llter'lture
aq the products. of enzymatrc teactions of certain microorganisms on
}' ino acrde A fermentmg bacteria Streptococcus lactis,, for example, -
ha{_u,:, beeu reqpomlble for development of malty odour -in dairy o
produ’cts by forming isovaleraldéhyde and rsobutyraldehyde from -
'correﬁpondmg ‘amino acrds (Braun et al., 1982). A number of strarm o
of yeasts were shown (Lee and chhard 11984) to have the ablhty to.
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Tabl{: 2.3 Aldchydes identified by GC/MS .in water at Morqng Plam in
~ .. France (from Mallevialle and Suffet, 1987)

compound . SRR ‘ : .. occurrence B
i-Hexanal o - RS )
1-Heptanal = = R
_1-Octanal ' N ) T 1“
- 1-Nonanal : . I 257
1-Decanal o : B S o 262
-l-U-ndcéanal' . g o ' o ,  ]8
l-bodccanal o - : : '~3"?:£,20
2- Dodccanal ' ‘ o S
€14 Aldchydc 0y ) 5.
‘Benzyl- acctaldch,ydc ( 9 .
€9 Aldchyde (1) 1
C9 Aldchyde (2) 3
C10 Aldehyde (1) R _ 5
C12 ‘Aldehyde L w9
C14- Aldchyde (1) ' o 4
~-C13 Aldehyde (1) 2
'C13 Aldehyde (2) 4
C15 Aldehyde (1) - 3
C9.Aldchyde (3) 2
E chanal(l) '_"6 »
Hcplanal (1) . 1
Dccanal ¢)) 1
Heptanal (1) | N 0.
‘Octanal (1) e L 12 ‘ " |
"Undccanal (1) - o o a | 3. k
Heptanal 2) A Co0
. Octanal (2) - : 32
Heptanal (3) I o
Octanal 3) e - 4

A numbcr followmg a compound indicates. vanous lsomcrs,j
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produce phenylacetaldehyde from phenylalanme Ba”cte'ri‘al activity
on leucine in colon results  in productron of lsovaleraldehyde (Kubow
Coetoal, 1981). o
| The formauon of aldehydes from .amino acids in the aquatic”
_environment was studied- by Nieder and Hager (1985). They Teport

that bromoperoxidase, an enzyme of many maring organisms. (for
- their study obtained from the algae Penicillus capttus') converts

valine and pepude valylvalme to 1sobutyrmtr11e and -
"mobutyraldehyde while- alanine is converted to agetomtrrle and -
acetaldehyde The authors believe -that this enzyme playls a major
- role in the formatron of halometabo_hte) nitriles and aldehydes in . the
~marine environment. a ‘ )

As mentloned prevrously, Klkuchl et al. (1983) found"that'
'.phenyl'lcetaldehyde as. well as benzaldehyde were among odorous
metabolite products. of fungi Ghaetonium, I’emctlltum Robzllarza ‘and
Botrytis cinerea present in water reservoirs. '

A number of various. aldehydes can be formed from drfferent
~organic precursors by bacterial degradatron Aldehydes are
mtermedlate as well as end products of biodegradation of n- -alkanes,
uneubstrtuted aromancs and alkylbenzenes (Lmden and Thlese
1965). " | L

, Collm§ and Kalnins (1965) isolated odorous acetaldehyde |
furfuraldehyde ‘n-heptanal - and valeraldehyde from the flagellated

- algal species Sﬁudra petercenu ‘which, they say, contrrbute to water
taste and odour lmpalrment by .this organism. Ma]lev1alle and Suffet.
’_(1987) report the works of Krkuchl et al. (1972 1974) who 1dent1f1ed
the ﬁshy smellrng n-hexanal and n-heftgnal in' cultures of a “diatom
Synedra rumpenv synthesizing fatty acids. Juttner (1983) presented
a list of many odorous products of algae including formaldehyde and
acetaldehyde as metabohtes of Chlamydomonas globosa, and '
form1|dehyde pentanal and hexanal as. metabolltes of Cryptomonar :
ovata. . - '

[N
N
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s
,2.4."2‘.'Non-biblegical g chernical,reactiotltts producing ald‘eh-y’de:s,

, Formatron of various aldehydes by chemtcal oxtd:mon of a
varrety of organic substrates has been discussed ‘in - the. literature.
Stevens (1982) and Rice and Gomez- -Tylor (1986) state that chlnrtnt
dloxrde will produce these chemicals. from compounds natur'\lly

- occurring in waters Stevens 'suggested alkenes and - amines as .
_possiyle precursors to the observed aldehydes. Aldehydes have heen
-shown to- be produced as ozonation by-products from- different
f'precursors mcludmg humic and fulvic acids (che and Gomez- laylm
. 1986, Van Hoof et al. 1985), fatty acids. (Glaze, 1986) unsaturated
ahphatlc compounds (Fleldmg, 1986), alkanes, alcohols ‘and other
aldehydes (Falk, 1976). Chlormatlon of humic and fulvic substances
also results in. aldehydes . formatton (che and Gomez Taylor, 1986).
_ “Observations on the sourge of the malty “odour in foods, led :
Hrudey (1986)to reconge» that the odorous’ aldehydes found in
Edmonton's drmkrng water -could  be the oxidation products nt; _
specrflc amino- acids. Amoore €t al. (1976) reported that the 'mnno ,
acids; valine, leucine and isoleucine thermally undergo Strecker A
degradation to produce correspondtng ehydes; isobutyraldehyde,
rsovaleraldehyde and 2methyl butyrald hyde as presented in
Figure 2.4. " - -
' Many other researchers mcludmg Barley et al (1962) Rooney - .
‘et al: (1967) Salem et -al. (1967), Lipparini and Cavana (1978),
'-Erchner and Ciner-Dorule - (1981) Seck and Crouzet‘(l982) have |
vshown the formatton of these aldehydes through thermal

- degratlatton Phenylacetaldehyde productlon from pheny].tldmnc

through the same mechanism (Figure 2.4) has also been well B
dpcumented (Rooney et al., 1967, Salem et al. ,1967, Finot et al., 1967,

Kato et al., 1971, Brueckner and Mrsselhorn 1977 Seck a d (‘"rouyu
1982). o S
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2.5 Amino acids as precursors to aldehydes., -

_‘% ~.The possibility of amino. acids being precursors for aldehydes - °
S as a result of chemical ox‘idatio‘n is well documented in the literature.
Chlorine and its derrvatrves--»tmd chlorine droxlde are @xidants ‘whose
interactions with amino acids have been. reported to produce:
aldehydes.  These mteractrons are relevant because of the chlormc

| demand created in water by ammo acids (Le Clorrec and’ M\rtm

--19895 Ayotte and Gray, 1985) ‘and because of the possible’ fornmnon

. ~of by- products which rmpalr the quahty of dnnkmg water. - ",
e _ : ' .

.

'2.5.1 Presence of 'ami:no acids in water 'supplies.

_ Ammo acrds are ubrqurtous constituents -of the envrronmcnt ’
. ‘(Hutchmson 1957) Their relative apundance in natural wazlcrs
~makes them of particular interest as reactrve precursorq for”ﬁ
- disinfectants, . . ‘ ' '
The concentratrons of tot'rl,,free and mdrvrdu'rl amino’ acuh
. -reported in the literature vary greatly depending on many" _
" environmental factors affectihg waters. According to Baker et al..
| ,"(1975) differences in. their ‘abundance depend upon the/
' ._fcnvrronmental stress, organic load and the degradmve oxidation -
~ within waters. . : N .
-7+ Ram and Morris (1982) report that ammo acrds were found in
."raw }.w’ater supplies in concentrations of 5 to 2000 pg/l. either -in the
free» ‘stzate;or_'combine.d_oas peptides,ymucleic acid, purines,pyridines
and proteins Thurman (1986) reports '&"rhnge for total amino acids
of 50 to 1000 pg/L for rivers and 3()0 1o 6000 ng/l. for eutrophic
lakes. Free amino acrds and peptrdes averaged 76 and 172 pg/l
| respectrvely in 15~ Amencan lakes (Hutchmson 1957). Gardner: and
o ' Lee (1973)" rdentlﬁed several ammo acids in water from lakc
(Mendota Concenlratrons of mdlvrdual amino acrds were
. pproxrmately 20 p.g/L ' ‘

(3N
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Waters of the Mackenzre Rlver drarnage basin in éanada .

‘showed the presence ‘of total amino acids in concentratlons of 12 to

299 pg/L (Peake et il., 1972). The study of pristine mountain

' st‘ream ‘waters in the Marmot Creek system in Alberta showed the
i presence . of free amino acids rangmg from 0.02 to 2 pg/L. '

Specifically, ph‘enylalamne concent%ron varied from 0.04 to 0.18

- ug/L, isoleucine from 0.02 to 0.09 pg/L and valrne from 005 ‘to .23 -

pg/L. depending on the season ‘,(Telang et al.'.l‘982), A similar study
conducted on waters of the Red Deer River basin showed that amino
acid' levels were substantially higher than those in the Marmot Creek

‘Basin, and varied. from 0.8 to 23.1 ng/L for free amino acids and 1.9
to 142 ng/L for combined amino acids. A différent seasonal .
. variation was observed in_distribution of amino acids. Their levels in.

April, for example, mcreased as much as five fold over the season
average of about 5 pg/L. The concentratrons of valine, leucine,

“isoleucine and phenylalanine in the free state ranged from; valine
0.02-1.0 pg/L, isoleucine 0.05- (575 pe/L,*leucine 0.01-1.1 ug/L and

phenyl'rlamne 001 1.5 pg/L.
Analysrs of the North Saskatchewan R1ver water from March

- 1987 ‘showed the concentr'ltlons of free valme rsonucrne leucine

and phenylalanine  to be 3.2 ;fg/L, 1.0 pg/L, 1.2 ug/L_-and 0.3 pg/L
respectively (Daignault,” 1987). No data on _concenntrationsfof_; specific
nitrogenous compounds' in the ‘raw water during the. 1985 and 1986
odour events “in - Edmonton ‘were’ avallable ‘However, - the peak of
odour mtensrty corresponded closely wrth the peakmg of drssolved
organic carbon (DOC) in the raw water (Hrudey, 1986). A “single -
s'rmple of treated water at the time of peak odour 1ntensrty had a

. total K)eld'rhl nitrogen level of 145 mg/L which rs abnormally hrgh |
_for the North Saskatchewan Rrver ‘%. o

- An mcrease m natural DOC levels will likely result in an
increase in amino acid levels Thurman (1986) reported that ar%no

- acids accounted for I3% of the total dissolved carbon for an average |
""».\_rrver wrth DOC of 5 mg/L The . distribution of amino acids in natural

waters as a percentage of DOC is presented in Frgure 2.5 adapted

- from Thurman (1986)
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Levels of amino “acids have been shown to- actually 1ncrease
Q durrng water - treatment. Le Clorrec and Martin (1985) found that
their- presence SEE modrfred by water treatment processes when
«studyrng the occurrence and dtstrrbutlon ‘of amino acids durmg the
productton of drmkmg ‘water.. They reported that an .increasing
conccntratron of amino acids developed during prec@rmaﬂon of
water WhICh they explamed resulted from hydrolysis or ‘
depolymerization’ of proteins and peptides found in untreated water,
“They also i'ndi.o'at"e that the release of amino acids might occur after:
filtration perhaps - due to - microbial” activity on- filters. Flocculation-
'decant‘atior'l..does not affect free amino‘ acids concentrations (Rice and
Gomc7 Taylor, 1986, Le Cloirec v'and Martin, 1985). '
~The foregoing™ "studies suggest that amino acids are not removed |
durmg water treatment and can be present at a final drsmfectlon
“';tep , :
(JIVCn the possrbrlrty of very odorous aldehydes being produced
‘ by reaction between common disinfectant chemicals and the
~ ubrqurtouq amino acids, there. is a great potentlal for odour problerm
from this source Because of this potential 1t is very important: to
fully understand ‘the interactions ‘of amino acids w1th oxrdatlve-
'chemtca‘lq o % ‘ '
| 2.5.2 Oxidation of amino acids by disinfecting,agents._'
Amino acids could he oxidized by any of .the common . o,
- disinfectant chemicals. Detailed review of published reactions of < -
' 'a'mino acids with chlorine, chlorine dioxide, ':t’nOnochloramin'e ‘and
. ozone follows. . ‘ |
25.2.1 Reactioné} Of-amino_acids with chlorine.
» The mteractrons of chlorme and its dertvatrves (H 1, OCI- ) with
amino acids in an aquedus solution have been. thorough y studted
‘and well documented

.%'
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First. available records of. the studies, as mentroned by&’l).rl\m.

(1916) date from 1857. Smce that time a number of puhhcntrom
have reported the redction pathways products and kinetics.

* However, the researchers. are divided over exactly what chemicals
are produced and the condltrons mfluencmg their formation.
Generally however it rs well documented that chlorine and its \
“derivatives react with amino acids forming two. major products;
aldehydes ‘and nitriles. The presence of other -oxidation products such
as’ carboxylrc acids and chlormated amino acids has also bccn

- reported, -depending on the reaction condrtrons

The work of Langheld (1909) is ofteryoc‘lted Ile was the frrst to
note that o- -amino acids react with hypochlorous acid salts form

monochlorinated and drchlonnated derrvau. which suhsequcnllyé

can decompose formmg '1ldehydes ketones or acids (after Stanbro
_and Smith, 1979). The reaction pathway, later confirmed by scvcrul
,’researchers is presented in Figure 2.6. ’

v Accordmg to Stanbro and Smith (1979), the decomiposition of
chlorbammo acids -is affected by the nature.of the o-amino group. i
~ the group_is primary, them aldehydes or ketones, Nllz,.carbomc acid
" and sodium chloride are formed If the group ‘is secondary the same
products are obta@ except ‘that the correspondmg amine rcplacck
ammonia- as products. : - -

Fox and Bullock (1951), proposed a mechamsm for the ‘
.decomposrtron of N-chloro-a-amino acids. Their mechamsm :

“presented in Figure 27, shows the rmportance of . pH on. the product
3 formation. ~ S , T
- Both of the foregoing works proposed monochloroammo acids
as’ the 1ntermed1ate formation. products and nltnles were not
considered as thé reaction products A ' '

Dakin (19]6) Wrrght (1926) and Pereira et al. (1973) have
studied the decomposition of NN drchloro -o.-amino  acids. Their
results indicate rapid formatron of C02, chlorrde and correspondmg )
- nitrile compounds according to the reaction presented - Figure 2.8
(Dakin, 1916). This reaction scheme indicates that some researchers

" have not differentiated between the decomposrtron of N- chloroalpha-' ‘

"ammo ac1ds and N.N-dichloroalpha-amino acids.

<



11

26

I
o

a o “2\ "

Figure 2.6 Chlorination pathways of 'amihbf.'a_cids. :
: (ada'pl»cd, from Stanbro and 'anith.,_ 1979)
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Inglos et al. (1953), investigating chlorination- of alanine,
glycylglycine, glycylglycylglycmc\and tyrosine, - obtained
. correspondmg a-keto- ‘carboxylic ac1ds Stanbro and Smrth (1979)
reported the formation of acetaldehyde and pyruvic acid as the
oxidation products of alanine, depending on' the pH. The hypohalite-
induced: oxidative decarboxylation .of various primary and sécondary
o-amino acids investigated by van Tamelen er al. (1968), .led to the
. formation of aldehydes or o-keto carboxylrc acids, tertiary a-amino
.|c1ds followrng N- ohloroammo acrd formatlon : } r

“Several amino acids were shown to yield chlormated products.
Reactions of tyrosme ‘with HOCI were reported to give a number of -
. products mcludmg mono ‘and drchlorohydroxybenzylmtnles and
dlchloroh_ydroxybcnzaldehyde (Pereira et al., 1973).- Substrtutron of
Cl in the aromatic ring of tyrosine was also reported by Stanbro and
~ Smith (1979). Va'n‘d'by Shimizu . (1973a, 1973b)’ The latter re’ported
~that, dcpendmg on’ the molar ratio of chlorine to the ammo acrds
three products were formed (Frgure 2.9). _ ‘

The reaction of chlorme and- cystme was proven tos be ry
rapid and depending on the excessfof chlorme, yielded m&: S
sulfonvl keto-acid or chloroderivatives -of cytosme as a cytosine-
hypochlor0u< acid reactlon prod\is One equivalent of HOCI gave 4-
.N-chloro derivatives. Two or thre equrvalents of HOCI produced
additipnally di- and trlchlorotyrosme respectively. Five equrvalentq

~ of HOCI yielded unstable tri- and tetrachloro derlvatrves

The reaction of hlstrdme wrth NaOCl- gave. cyanomethy]- L
limidazole (Shimizu, 1973a) whrle “histidine- HOCI rearitrons ) s
.investigated by Murphy et al. (1975) produced nitrile. Chlorination* of
the 'lromauc ring “of phenylalamne has been reported only by :
'Yoshloka et al. (1980); who obtained 22 dlchlorophenylacetaldehyde'_

"Z-'fas .the reaction product of phenylalamne Phenylalamne chlorination

":"'studres performed by Le Cloirec and Martm (1985) showed the
formation of phenylacetaldehyde. SRR
: Methromne was reported to give drchloroacetomtrlle (CHClzCN)v
(Horth et al., 1987). Drchloroacetomtnle was -also__detec_ted by Trehy -
et al. (.1'9'86») while investigating chlorination by-products of aspartic-
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Figure 2.8

Decomposition of N, N dichloro-alpha-amino acid as
" intermediate ‘step - toward nitrile formation.

(adapted from Dakin;: 1916)

" Figure 2.9
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A (i
Chlorine/tyrosine reaction products. :

‘(adapted from  Shimizu, 19732). .
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acrd tyrosme and tryptophan The other ma]or product was - found to .

L bc chloral (CCI3CHO).

: ‘Morris and Baum (1978) have 1dent1f1ed prollne and
hygroxyprolmc as potentlal precursors for chloroform formatron -
durrng chlorination. ' ' o - :

‘Whllc some -authors did not report the formation of nitriles at
all, and some claimed to obtain only nrtrrleslﬁ?}as afnino acids oxidation
products others have’” proved that both aldehydes and nitriles are
formed. e R :

Although both aldehyges andcmtrrles are formed durmg amino
acid chlormatlon thelr relauve amounts are ‘the function of: pH,
.molar ratio of- amino acid to the oxidant. and the presence of catalyst -
such as ferric: ion (Yoshloka et al,, 1980)

lnvestlgatmg the reactrons of HOCI with alamne at the pH of 5,7

7 -and 9 at 18°C, Le Clorrec and Martin (1985) conclude that there is a .
direct relatlonshrp between the nitrile .and aldehyde concentranons
and the pH. At higher .pH the ratro of aldehyde to nitrile increases. -

‘ lhls influence of pH on aldehyde/mtrrle formation has been
»conﬁrmed by others (Dakin, 1916, Pereira et al., 1973, Horth et al,,
1987, Yoshioka et al,, 1980; Kantouch and’ Abdel-Fatah, 1971). .

‘Wright (1926) N0rman (1936)' and Yoshioka et al. (1980) who -
Lall showed the 1mportance of pH on nitrile formation stress that at = -
the neutral pll the reactions are more rapid and compléte. _

The relatlonshlp of nitrile and aldehyde formatlon 1nfluenced ’
by pH can be summanzed by schematrc diagram proposed by '
Friedman and Morgulls (l936) (Figure 2.10). Although 'it. shows the
‘oxidation of amino acids by sodium hypobrom1te it exactly follows
the reactron pathways of chlorme derlvatrves with amino acids Wthh
‘are most often agreed upon’ in the literature. L -
§ ~Another_ important . parameter 1nﬂ%he product e |

formation 1s "the ratio of chlorine to ami ¢ids (Dakin, 1916, ‘van '
'lamelen et al, 1968, Shrmrzu 1973b, Trehy et al., 1986 Yoshioka et
talg, 1980, Murphy et al., 1975). Yoshroka et al. (1980) for example,”
mvesugatmg chlorination of phenylalamne showed that if S
llOCI/phenylalamne ratro is . 1/1 or 1/2, mamly phen- lacetaldehyde
& formed, whereas 1f the ratro is 2/1 phenylacetomtr j
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product If the ratio- is 5/1 both compounds are present in addrtlon

to ben7aldchyde and 2,2 drchlorophenylacetaldehyde

One work negatmg the mfluence of the. oxidant/amino acrd

ot

ratio is that of Shrmrzu_ (l973_a), in which he claimed that free amino

-acids reacting with chlorine were actually converted to nitrile
| derivatives regardless of the relative amount of chlorine present.

The catalytic effect of fernc ion on amino acid- hypochlonte

"\rcactrons is presented by Yoshroka et al. (1980). They show that in

“the ‘reaction of phenylalamne wrth HOCI, ferric ion greatly enhanced

a-

the reaction rate for formatron of both phenylacetaldehyde and

' phenylacetomtnle at the pH of 5.2. At ‘that pH, Fe2Jr also markedly

~ favoured the ‘phenylacetonitrile  over phenylacetaldehyde formation.
‘At thé pH of 7.2, the significant catalytic effect of Fe2+ was’ observed

‘only for higher HOCl/amino acid ratios. No cat\alytrc effect of

. manganese was observed for manganese in these studies.

No reports of chlo’rination of valine, or isoleucine with the -

suhsequent formation of correspondlng aldehydes ypon chlormatron

were found in the literature surveyed. The formation of
phenylacetaldehyde as a: chlormatron product of phenylalamne has

‘however been documented by Pererra et al. (1973) Murphy et al.

"!‘}.)(1974) Yoshioka et al. (1980) Le Clorrec and Martm (1985) and’
Ylorth et al. (1987). lsovaleraldehyde as a’ chlorination product of
_.leucrne was reported by Dakm (1916) ‘

' 2922 R"e_actionrs fof a'mi.nd 'acids with.,-chloﬁne 'dioxide.'

Review of the . avallable l1terature demonstrates that relatrvely “

lrttle work - on re'lctrons of chlorine dlox1de w1th amino acids in
aqueous soluuon has been ‘done to date. '

However, since . chlorme dioxide has. been used to improve the
B bakrng quality of flour, : the reactrons of chlorine dioxide with amino

acids of wheat proterns have been well documented in the food
scrence hterature Some of the fmdmgs from the research in this -
field, as implied but not’ screntrfically venfred by sc‘veral authors

<fould apply to. reactions of chlorine droxrdp wrth amrr@acrds in .
rg{ . G?g}kf . .

~ s
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aqueous solutron A summ'rry of those findings ‘and “implications:
“follows. N _ R

. The e'rrly works investigating the reactrons of chlormc droxulc
with amino acids of wheat proteins include the works done by Moran
‘et al. (1953) and Meredith et al. (1956). Accordmg to~ Moran et al.
_(1953) both pure chlorine dioxide and chlorme dioxide containing
_ approxrmately 30% chlorine were used to trea/t flour. They found that
chlorme dioxide reacted wrth methrortlned_g‘sterne and tyrosine. If
pure chlorine dloxrde was used, oxrdatron/reactrons prcdommatcd
with the formation of cysteic acid and oxides of methionine ‘
(methionine sulfone and methrongre sulfoxrde) If free chlorine was.
. also present the halogenation occurred. Under tho€e circumstances,
~the presence of ‘monochlorotyrosine and, at hrgher levels of chlorine,
dlchlorotyrosme was usually noted.

Meredith et al. (1956) ‘treated wheat flour wrth hrgh levels ol
chlorme dioxide. Although no protein or amino acid chloroderrvtrtrvu'

[}

were detected, the amounts. of tryptophan and ‘cystine were rcduu.(l :
to about 92% and 75% of their original levels respectively. '

- . Reactions of chlorme droxrde with wheat flour, mvestrg.\ted by
Fu3u and Udita (1959), revealed that tyrosine and . tryptophan
'vreacted ‘with chlorine dioxide grvmg colour -substances. Under
experrmental condrtror‘of pH 5.2 (wheat protejrt-, s.olutron\was‘. '
dissolved in 0.005N AcOH ), tryptophan was oxidized to complex
mixtures containing'indoxyl isatine and . -indigo red besides |
. unidentified chlorinated products probably polymer|7ed (Figure -

2. ll) The tyrosme and chlorine dioxide reaction produced
dopaqumone and dopachrome (Figure -2.12), (Masschelem 1979)."

A colour producing reaction of chlorine dioxide with tyrosmc
was mvestlgated by Hodgen and Inglos (1954) to develop a o
'colorrmetnc ‘method for determination’ of chlorine dioxide in- water.
They suggest that an excessive amount of chiorine dioxide causcs thc
;;aromattc ring of tyrosine to cleave subsequently leadmg to 1lamnc

o productron

Inglos et al. (1953) reported that chlorme dioxide drd not rc 1ct
‘wrth alanine and glycylglycylglycme Their study on reactions of

“selected ammo acrds wrth chlorme chlorammes and chlonne droxrdc
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Figure 2.11  Chlosine dioxide/tryptophan reaction products.
‘ (adapted from Masschelein, 1979)
1 "‘l’z 2c1o2 . : .
no CH,CHCOOH et O == = CH — CHNH,~— COOH +
' - ‘ (f : B + ZRCI(')2
V)
-
‘ > R

¥

anurc 2]2 Chlonnc dloxndc/lyrosmc rcacuon products

°o . k (adaplcd from Masschclcin, 1979)



35

performed to evaluate the importance of various mechanmm .
involved in bacterial death, implies that chlorine dioxide docs not

- attack the amino radicals in amino- acids. It, however, oxidizes the

aromatic ring in case of tyrosine. The reaction product of cytosine

and chlorine dioxide was reported to be sulfonyl ammo “acid

(HSO3CH2CI INH2COOH). , ,
Kennaugh (1957) studied the reactlons of amino -acids with

'dlaphanol (50% acetic acid saturated with- Cl02). Performmg tests on

1ndrv1dua| amino acids he found that after 18 vhours phenylalamne

- had been partially broken down leading to formation of “alaninc.

After treatment for 24 *hours - with draphanol both ortho- and
paratyrosme were absent and proline was also partially eliminated.
When a mixture of tryptophan, orthotyroeme pamtyroqmc prolmc.
threonine, methionine, valine and -glycing was placed- in dnphanol
the aromatic acids had dlsappeared after 18 hours and proline was
reduced in amount, All the acids had been destroyed after 5 days.
Based on these results, Rav-Acha (1984), in his aruclc
reviewing_reactions -of chlorine dioxide with aquatic organic

" materials, concluded that amino acids not contammg sp/cmc reactive

groups (eg: glycme alanine, phenylalanme serine and leucine) did
not react with chlorme dioxide under water treatment conditions.
Katz (1980) relying upon the same source,- concluded that glyunc \

~ alanine and phenylalamne were stable to oxrdatmn by chlorine
dioxide.

‘Often cited is work _done by Schmrdt aid ‘Bransdort (1922) wh()

as reported by Masschelein (1979) found that among -the amino
' acrds the least reactive with chlorine dioxide are glycine, leucine,

serme alanine, phenylalanine,; valine, hydroxyprolme aspartic and
glutamrc acids.

Investigating the possible action of chlorme dloxrde on amino
acids -of proteins wrthm the bacterial cell, Benarde et al. (I‘)()S)_v

- .treated -each of six amino acids (histidine, asparagine, ‘phenylalaninc

arginine, proline and leucrne) with chlorine dioxide for a period of 3.

minutes. From that'.set of expenments based on the determination of
. unreacted amino acrds\,\ they concluded that chlorine dioxide -did not




'expenmeme ‘with phenylalanine were camed out at room
' temperature wrth two molar equivalents of chlorme dioxide- for 2

.A : - 36 | . - | /
react with amlno acids suffrcrently to alter their orrgmal
characteristic structures. . '

The reactivity of amino. ‘acids with chlorme dioxide was
mvestrgated by Noss at al. (1981) by addmg equimolar |
concentrations ' (2.5x10- 4) of chlorine dioxide to each of the 22 amino-
acids at pH 7.0. Loss of at least 10%, of the starting chlorine dioxide

“concentration within “q hour was judged to indic#te reactivity. From -

the fmdmgs of this research- it appears that under the experrmental

conditions employed only hydroxyprolrne proline, “histidine, cysteme,

cystine,’ tyrosme and tryptophan are susceptible to chlorine d10x1de
oxld'mon : : '
Palin (1967) assumed that glycme Qid not react with chlorine
dioxide and used it as one of the reactants in his methdd for
determmrng chlorine concentration 'in a chlorine dioxide solution.
In disagreement'with the above ’reports is the work done by
Taymaz.et al. (1979) in which reactions of glycine and chlorine

dioxide in aqueous solution at 70°C resulted ln*’the formation of

formaldehyde When phenylalamne was treéated with. chlorine

'droxrde (under the same condmons) the fbllowmg reaction products

were identified: phenylacetrc acid, phenylacet.ﬁidehyde benzoic acid,

'henzaldehyde and mandehc acid. However the results: should be

regarded wrth cautlon notmg the importance of experimental
conditions.” The reactions -of glycine. and phenylalanme carried out at .

0°C, 23°C and 55°C show that the reactron rate is temperature
‘dependent and that the highest reactivity- occurs at 55°C In case of

glycme as ‘well as phenylalanine it appears to be a rapid initial
reaction” followed by the slower secondary reaction. When.

a -

> .

days, only 4% of the mmalfphenylalamne content reacted suggesung L

a very slow reaction rate. ' C ‘
~Rice and Gomez-Taylor (1986) also report that chlorme droxrde

will.convert glycipe to formaldehyde while phenylalanme will

produce traces” of benzylic acid, benzoic acid, mandelrc acid : 'md

phenylacetaldehyde
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. A thorough examination ‘of ‘the foregoing findings leads to the
conclusion that the reactivity oft‘fre,.arnino acids -of interest; valing,
isoleucine, leucine and phenylalanine with chlorine dioxide under
water treatment condrtrons is unclear and that definitive studies on
this subject are yet to be done. Ce ’
Some researchers ( Schmidt and BranSdort l'"922 ‘Bendrde ct -
| al., 1965, Rav-Acha, ,1'984, Noss et al., 1981) clarm that these ﬁrmplc
amino” acids are stable to chlorine dioxide erdgmon. : o3 |
“Two reports (Hodgen and“Ing[:\s&, 1954, ‘Kennaugh, 1957) qh()w
that chlorine dioxide reacts wrth phenylalanme producmg alanmc
This in turn suggests that thé aromatic ring of phenylalanine is
cleaved in the course of: reaction. ‘
V - Traces of phenylaceta!dehyde have been reported as a product:
of phenylalanine and ch]orme dioxide reaction by Taymaz et al.
.(1979) and  Rice and Gomez-Taylor (1986). However, - these- reports
‘are not clear about the?}}osqrbrlrty of chlorine bemg present in the
chlorine drox‘f&e solutlon and being responerble for the 'ﬂdehyde

‘4

. _yleld observed

2523 Reaetions”o‘f ',ar‘nino ac‘ids ’vvith monochloramine.

_ The reactions of monochloramme (NHzCI) with amino ncidq
“have been mamly evaluated with respect to bacterial deactivation
(i.e. in order to determine possrble\arget sites for the disinfectant
within protems) Only relatlvely hmlted llterature discussing these
processes has been’ found ' '
‘ One of the earliest studies on the reactions with amino acids
was conducted by Dakin (1916) He found that chloramine-T (N-
,V-_chloro ptoluenesulfonamrdo sodrum) reacted with these compounds
to form mono- and.dichloro- substrtutron products dependmg on thc
concentration of chlorine and the number of hydrogen groups
attached to the nitrogen. Dakm (1916) also mdrcate(\l. that there was
no difference, other than® rate _between ‘the reactions @f amino acids
‘with hypochlorite and with chlorammes When one equivalent of the-
chloramine was used, o-amino ‘acids were converted to- their -~
"correspondmg aldehydes while if two equrvalents of reagents were
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used the "corrcspo‘nding nitriles resulted. Guiteras and Schmelkes ®.

4

(1934) showed through chloramine- T studies that the su'lfur
containing amino acids reacted most readily. Jacangelo and Olivieri
(1984a) also show that the-most reactive amino. acids were those

.containing sulfur - residues’ (pysteme, cystine .and methionine) and a

‘ring containing tryptophan. All' consumed 100% monochloramine - in -
less than 2 minutes. The least -reactivevvarrrino acid appears to be
glycine. Jacangelo agd Olivieri (1984b) present a list of consumption
of monochloramine gy amino acids at pH 7.0 and 23°C after 2 and
180 min. reaction times. This list is presented in -Table 2.4.° '

tnglos et al. (19’53) studied chloramme reactions -with alanine,
cytosine and tyrosrne "lhey report that alamne and monochloramine
form a mixture of the organic and rrrorgamc mono,chlorammes. When
cysteine was reacted, the oxidation of the sulfhydryl was carried to
the disulfide state, forming cystirré No 'furtlrer oxidation of the sulfur
- ogroup occurred. Tyrosme did not react apprecrably with

monochloramme : :

' lsaac and Morrrs (1980) investigated chlorinati

ogenous substrates in wastewater effluents” including glycine,
a@me and serine.. By observing the kinetics of -reactions, the authors
concluded that a transfer of . Cl+ from monochloramine to organic
'mtrogen occurred. As. a ‘result, chloroammo acids were formed.. They
also showed “two possrble mechamsms for 'the chlorine transfer from
NH2Cl to orgamc nitrogen. ‘One is hydrolysrs (monochloramme is
hydrolysed to hypochlorous acid which subsequently oxidizes a N-
'compound) '

NHC + 10 o> NH3 + HOCl

N-conrpound + 'HOCt Ceeeee- > ,N-chloro compound . + NHM3
The second fijechanism is a direct transfe:r;"

P

“ Nllel + N-compoutid -—4-7—5 N-chloro co_n_t'po'und + NH3

‘o
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: o
Table 2.4, Precent consumptiod of monochloramine by amino acids.

oy
Y - - —_ ——
percent NH2Cl - consumed
- amino acid  after 2 min ~after 180 min
"ataln,ipe- | v : o.. 86
- cystine - : - 100 - 100
phenylalanine - ) 2 - 96
tyrosine do 100
cysteine: o 100 | 100
isoleucine - 3 | 99
‘serine 6 98
gly,cj;ne ' - 0 6
threonine - i 10 82
 histidine - ' i 100
aspartic - acid 8 100
glutamie’ acid . . 0 99
tryjrophan, ¢ . 100 100~
cvaline: | 4y \ 2 93
ly§ind et 3 100 =~ ¥
g‘lu'tami-‘ L) 3 97 - &a
arginine » W% 8 98
asparagine ‘- T2 100
_proline 2 90
‘methionine 100 100
leucine 13 - 95
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confirmed these findings (Isaac and Morris, 1983). Moreover, the

'_‘reactions‘ of monochlora'mine' with amino acids : tested were observed

to be second order. "lhe reaction rate constants varied little over a pll
range from 6.5 to. 8.5. ' C |
@ The earlier work by Morg'erumi et:al. (1978), concer_ned with
the kinetics of chlorine transfer to N- ccynpotmds show that the
direct traysfer mechanism is the main reaction pathway
(k=1.5 Is-1) hydrolysts being practically negligible (k=1.9 x 10- 5
M-1sg- l,). ‘This has been" conﬁrmed by a more detailed studies of the
kinetics of ‘chlorine transfer from chloramine to amines, amino acids
and peptides conducted by Snyder and Margerurn (1982) who also
proposed that protonated chloramrne (NH3C1+) was a very reactive Tu
chlorrnatlon agent. The reaction pathway is as follows

NICl + HF <=:==;=> NH3CI+
© NH3CI* + R-NH > R-NHCl + NHg*

. .The rate of chlorine transfer to amino. acids _is .pH dependent and

[increases - in ‘acid solution. This study did not 1dent1fy the reaction

- products other than organic monochloramines. However oxidative

decarboxylation of N-chloro-L-threonine and. the decay reactron of

organic monochloramrne ,were observed

Patton et al. (1972) provide an interesting insight to the
possrhrlmes of the decomposition of N-chloroamines formed. Durrng

this study, phenylalanine was - treated with. the organic
“monochloramine, 4-N- -chlorocytosine, for one hour ‘#n water. Ether
extraction followed by the. GS-MS analysrs identified
phenylacetaldehyde as- a reaction product The decomposmon of
chloroamino acids as reactron products monochloramination was
| also considered . by Rice and Gomez- laylor (1986) They draw .
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-attentron to the rapid decomposition of .N, N dtchloro -a-amino .ruds ‘
as a source of. nitrile in chloramrnated waters '

!

'2.5.2.4 Reactions of amino acids with ozone.

~ The literature presents very little information on the reactions
of ozone with amino acids and . their reaction productq The - rcxcarcl't
conducted to date was ‘mainly concerned wrth reactlon klnetrcq
Pryor et al. (1984) studied absolute rates of reaction of several

amino acids with ozone in aqueous solution at different pIl valucs.
- The reactivity was measured by determining the amounts of amino

- acids consumed in the reaction. The products were. not identificd. The
reactions were found to be pH dependent. At low pH the reported.

order of reactivity was: tryptophan®> methionine > tyrosine >
histidine > cystine > phenylalanine >> all others. At htgh pIl, the mdtr
of reactivity changed to : cysteine > tryptophan > methionine >

' 4 tyrosme > histidine > cystine > phenylal'mrne >> all others. The
foregomg fmdmge were congsistent with those of Mudd et al. (1964)
~and Hoigne and Bader (1983) Pryor et al. (1984) further mdlcdte

that phenylalamne reacts faster than the aliphatic amino? ncrds
presumably due to the reactlvrty of the? aromatic rtng (xlyune reacts
about four times as fast as an average aliphatic amino acid. Horgnc

_"1nd Bader (1983) also found glycme to be more reactive toward

ozone than was alanine. Spanggord and McCIurg (1976). report that
22% of glycine reacted when it was treated with ozone for 130 mln

:RICC and - Gomez-Taylor (1986) conclude; "The amm‘ acid dlanmc is

.

decomposed readlly by ozonation liberating all of the org'mrc—
nitrogen as- both ammonium and nitrate ions. Phenylalanine is less
readily decomposed by ozone vand 30%. to 75% of the organic, mtro;,tn
remains combined -in the orgamc oxidation products.”

Generally, the reactivity of amino acids towards ozone is
attributed to the a-amino- grou]l (Katz, 1980, Pryor et al., 1984, . . g\?g}"‘
Spanggord and McClurg 1976) However, in amino. acrds possewng a
side- cham group (i.e. cysteine, tryptophan, metl@romne) ‘this actrvq%-
group is a site of reactlon rather than the o-amino group.
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3. EXPERIMENTAL METH()DS AND.CONDITI()NS

Hte cxperlmental technique used for this study involved

< ‘anﬁyss of four aldehydes; isobutyraldehyde, 2-methyl
: hutym de‘hyde |sovaleraldehyde and phenylacetaldehyde gener‘tted

from reactrons of correspondmg amino acids with four oxidants;
chlorme monochloramine, chlonne dioxide and ozone Aldehydes '

”produccd from valine, leucine and isoleucine were analyzed by purge
~~and trap “with subsequent thcrmal desorption and h /

cryogemc/temperature programmed gas chromatography ‘according
to the method developed for ' this study.: Phenylacet'tldehyde the -
product of phenylal’lnme was . analyzed chromatographtcally by a

¥

direct aqueous sample rn}ectlon method

RN | _,Sa‘mwplc‘ prep'ar.a"t;ion' and handling.‘

All the glassWare used for expenments was washed in a
dishwasher with Heikol detergent and phosphonc acid, rinsed with

~distilled water. warmed up to 85°C and t;hen oven-dried at 65°C.

"lhe procedure for aldehyde generatlon was the same for all
cxpcnments Standbn.rd amino acid solutions were prepared freshly ™

~prior to each set of experiments usmg a.,nalytlcal grade chemicals
'_(Aldnch) ‘Water was _purified with a Mrﬂa Q" apparatus. To prepare

~ - amino acrd samples a desired amount of amino acid stock solutron

was- ptpetted to 1 liter. volumetrlc ffasks serving as reactlon f!asks

" ,"Samplcs ‘were buffered to a well defmed pH by addmg 20 mL of
- inorganic buffer (Fisher Screntlfm) and ‘then- treated with an

"',‘.‘dpproprnte 'tm)ount of oxtdam to obtain a. predetermined

o ~',fol|ows

) xtd'mt/'tmmo acid: molar- raf(io The composrtlon of buffers is as

v r:' é
T

»:t" .

’» .

R

&’(

"i'plli'o potassru\;n phosphate monobasrc disodium phosphate ',
R Sphlt 7 potassitim phosphate monobasic-sodium hydroxide
- pH 8 potasswm phosphiate monobasrc -sodium hydroxide

o
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- pH 9 borrc -acid- pot‘nsrum chlorrde sodium’ hydroxld‘o 3
- pII 10 potassrum carbon'lte potaqsrum bor’tte pot'mmm h)droxult-'
"The. reactions whre carrled out in darkmss. 'Ihe re'rctrons were

allowed - to proceed a& the temperature of 4°C” by pﬂ'tcmg the sample o

m an incubator, or at room .temperature controiled ‘to 2()"(‘ At the?

nd of a desired’ reaction trme an excess amount of sodium- .

_ krosulfate (Na28203) was added to eliminate any rcqrdu'\l oxul.mt
oluene mternal standard was added ‘to samples 'maly?cd for -~

lsobutyraldehyde 2methy| butyr'tldehyde and isovaleraldehyde;

" and’ the solution was filled. up with/ mgater to 1 litre volume. No:

1nternal ﬁt'mdard vs/'ts added. tq-samples amfymd for .

phenylacetaldehyde o . ‘ )

S o . ' o

e

3.2 Aﬁa’lytic.al :"me.'thods.. B o

-

/\nalytlcal methods employed wet and - lmtrumcnt.tl chumxt:y’*
- Wet chemlstry included tltrlmetrlc analyem for determlmmg '
concentrations of oxidants in solutions used for cxpcrlmcntq
Instrumental chemlstry rncluded gas chromatography analysrs

3.2.1 Determination of oxidant co.neentrat&ivon.
Concentrations of oxrdants were determmed beforc usc.
‘Chlorine stock solutron was prepared from. the purified gra(lc 4 0 6%

,f.'sodrum hypochlonte (NaOCty solutron (Fisher Scienti ﬁc) and “its
“concentration was determined by the lodometrlc method (Stan(hml
Methods, 1985). - L

.Monochloramine solution was prepared by reacting ammonium
chloride (NH4CI) with aqueous chlorme at a3 to I molar ratio and pll
8.4 accordmg to -the method descnbed by Gordon et al. (I‘)87)
Monochloramine solution was prepared before use and
concentration was determmed by the amperometrrc method
(Standard Methods,  1985). - ‘

D
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Chlorme dioxide solutron containing approxrmately 46%
chlorme was obtained from the City of Edmonton Rossdale Water:

. {Treatment Plant. Chlorme droxrde, and ifs chlorme content

" concentrations were measured by the amperometrrc method of Aieta
et al, (l984) by trtratmg with standardlzed 0.1 N sodium throsulfate
% . The solution.of ozone was obtained from a colleague '

pt

 responcible for ozone genaration. It was prepared by bubbling extra
& wdry ozonized oxygen through 400 mL Milli- Q purlfled water in a 500

mL gas washmg flask for approximately 40 min. Ozone concentration,
varicd between 9 and 18 mg O3/L and was . determined- using the
potassium iodide method of Birdsall et al. (1952). This method
required transferring accurately measured - volume of ozone stock:
solution to 2% potassium . iodide solution followed by titrating wnh

~ standardized 0.01 sodium thiosulfate at pH 2. To measure the exact
amount of ozone added to samples each set of samples was.
accomp'mred by 200 mL of potassium iodide to which 50 mL. of

ozone ‘rich solution was added and trtrated 1mmedrately
¢ i »

J.322 Analysrs of lsobutyraldehyde is_ovaleraldelfyde and 2-methyl
butyr’tldehyde ' :
The - aliph.atic aldehydes; ‘isobutyraldehyde, . 2-methyd

_butyraldelryde and isovaleraldehyde were subjected to direct

sorption ‘onto the sorbent (Tenax GC) which provrded a means of

%'concent‘ratmg the sample -components.. Thermal desorptlon of the

trapped aldchydes onto the glass capillary chromatographrc column
and gas chromatographlc analysrs proVrded both qualitative and
qlmntrtatrve data. '

3.2;»2\1 Pl_rrge_ and'v trap m._etho,d.

-The purgmg apparatus used in expenments consrsted of glass
gas washmg bottles and teflon, glass and stainless steel tubrng The
- schematic dragmm of the apparatus is presented in Figure 3.1
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12‘5 mL of a reacted solutlon wrth 13.9 pg/L toluene n}terml )
standard was purged with mtrogen gas at a flow rate. of 30 m{!@/mm o
+ 3 for 60. min through 110 mm x 2 mm ID; borosrllcate glass "tubes.

- Each tube contained 65 mg Tenax- TA’%' *ads@rbent. Subsequently, the.
"‘samplcs (adsorbent tubes) were, tl&ernﬁl’lly l%&’orbed for 2 min at

2()() C drrectly into a caprllary column using Supelco Envirochem
Thermal Tube Desorber Model 850

3.2.2.2 Instrumental method.

The GC amlysis was. performed‘ wlitlrin‘ a few hours foHowing |
sorption to prevent aldehyde loss from Tenax. The. chromatographrc
condmons were as follows. A capillary column (30 m-x 0.32 mm SPB-
5) was held for 1- min at -30°C. The GC oven was programmed to

reach the temperature of 250°C at a rate of 10°C/min. The analyses

‘were performed on the GC ‘model-’HP 5890A w1th a flam%ronrzatron
detector (FID) held at 300°C and hellum as a carrier gas. Running the

* full temperature program was not necessary since very few higher

+

molecular weight compounds exrsted in the expenmental water
samples. Consequently, the runs “were usually termrnated after
toluene, the last peak of interest, had been eluted from the column.
)P ak areas were measured with -a HP 3392A mtegrator _

.Quantltatl_on of the results-was achieved by means of N
-calibration curves of "aldehyde concentration vs. aldehyde' to internal
standard intensity ratio. Callbratlon curves were obtarned by using
125" mL aliquots of solution contalmng 0.5 to 100 ng/L aldehydes -
‘and 13.9 pg/L toluene internal standard. Aldehyde standard

_ solutions. were prepared by addmg a carefully “measured volume of

aldehyde stock solution (Aldrich) and “ toluene stock solution | (Baker
Chemicals) to known volume’ of deromzed water in a glass bottle

containing no head space. - The solutions were left for' 24 hours and
were frequently strrred to assure that the chemicals were completely

dissolved .in ‘water. The calibration curves for each aldehyde are .

presented m Appendrx B.1. This method had a lrnear range of 0.5
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ug/L tor 120 ug/L w1th an aver'lgc precmon‘v 5% as relahvc

standard devnatlon 5

3.2.3 Analysis éf.phe_nylacet:ildehyde.
Y )

ﬁc&ermina:’tion.of ph_enyIaCétaldehydc was carried out by
~ injecting 3 u'L'éf the aqueous sample onto a2 m x 2 mmny glag .
- column packed ‘with 10% Fluorad FC:431 on C,hron10992 /I()()
mesh) with helium as a carrier gas. The analyses were perf‘mncd on
a Varian 3’%00 gas ch‘romatograph equipped with an sFID. The
injection port . Was operating ‘at 200°C. The oven temperature - was
-held at 110°C The tgp}perzﬂ'ure of the detector was 300°C.
The runs were terminated after the last peak of any impurity had.
beeti eluted, usually\'.'after 10 tol5 min. Peak areas were mcasu,rcd
with a Varian SP4290 integrator. - ' .

Quantitation of p‘ﬁenylacetaldehyde was achleved by ‘means of
the calibration curve of aldehyde concentration versue peak arca
counts which is presented in Appendix B.2. This method had a lencar
range of 0.5 mg/L to 20 mg/L with an avemge precmon of 8% as
relative standard dev:atlon '

3.3 Experlmental conditions.

~ Conditions chosepn -for the expenments varied over the range
commonly apphed to water treatment. Factors studlcd included pll,
reaction time, reaction temperature and. oxndant/ammo acid molar
‘ratios. All the experiments were repllcated to provide at.lecast
duphcate results. o R

3.3.1 Experiments with chlorine.

G

) The prehmmary tests mcluded expenments dcelgned
mvestlgate lhe effects of reactlon time, molar ratio and pll on lhc



highest a]déhyde yield. Experiments were performed with all four
of 0.001' mM for valine, I¢ucine and
~isoleucine and’ Ol mM ,phenylalan e. The highegeco centration
- of pﬁenylal nine wa,s necessa ﬁ)ecau‘lsg2 Of 'poore&énsi;_t\ivity of -
v the analytlcal method’ff OF ph ylaccfﬁla% N, Ti

amino acids at concentraho

o onducted for 0.5 to 3 hours at tﬁc tcmperature of 20°Ca aT
were buffered to: f)ll 7 and 9. - ) o ——
To mvcsngate effects of pH, reaction .time and temperature, -
and lhelr posmble interactions, a 23 factﬁpal experlment was
-pcrformcd The amino .acid chosen for this experiment was leucine .
and the -moMmr:ratio was 1.5 (which" prellmmary experiments
suggested should give the maximum aldehyde. yieﬁ).

j“he' levels. of 3 factors were set as follows; Q
Factor - | lévels
. ___ low high
pl I 7 9
time(h) ’ 05 30 -
~temp(°C) 4 .20 - e

To furthcr mvestlgate the effect of. pH on an aldehyde yleld from
leucme/chlorme reaction, pH was vaned from 6 to 10 at the -‘molar
ratio of 1.5

- 3.3.2 Experiments with mohochloramine.

For comparison, preliminary monochloramine/amino acid
-reaction expcriments ‘were performed with all four amino acids at

- concentrations and condmons the same as for the experiments with

chlorine - (0 001 mM for valine, leucine and 1s_oleucme, and 0.1 mM for
phenylalanine). The pH of the preliminary experiments was 7 and 9,

R
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reaction time varied from 0.5 to 3 hours and the molar ratio rangcedl

from 0.5 to 10.

More detailed experiments were performed with -leucine. They
included a 24 factorial experiment. The levels chosen for this-
experiment were as follows; '

: -
- Factor- sl » . level
e, | o _ low - - high"
pH ' : 7 10
molar ratio ) 5 10
reaction time. (h) 6 24
- geaction temperature (°C) 4 20

P
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To investigate the effect #f pH on monochleramine/lcucine

“reactions the pH swas varied fron} 6 to 10 and the reactions were

allowed to proceed for 24 hours. Other experiments were performed
for varying reaction times ranging from 6 to 24 hours at different
molar ratios va/nd pH values of 7, 8, and 10. Excepl for the factorial
experiment investigating the effect of low temperature, the reaction

- temperature was always 20‘?C.‘

333 Experim_ents with chlorin_e dioxide.

Experiments }involved treating leucine (0.001 mM) and
phenylalanine (0.1 mM) with chlorine dioxide at the pH of 7 and 9.
The reaction time was 2 hours, molar ratio varie§§ from 0.5 to 79.0.

- The reactions were performed at 20°C. S /

3.3.4 Experiments with ozone.

v

%;;»ﬁ : . . - .. ) . o, v :
5.% . Experiments involved reacting ozone with leucine and

phenylalanine. The concentration of leucine in samples was increased

_to 0.01 mM and that{f phenylalanine to 1:0 mM.

3
/

*



room temperature for 5 to 60 min. The s

Aﬂcr the addition of ozonated water to samples a molar ratio
varied between 0.5 and 5 for leucine and between 0.5 and 0.9 for
phenylalanine. Because of the low concentration of ozone stock
solution. and a high concentration of - phenylalanme required to obtain
detectable levels of phcnytaceta]dehyde hlgher molar ratios were
not achieved. .

- The mixtures of ozone and amino acids were .‘maintained’at
ples were buffered to pHl

7 or 9.
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L4 ~ Identification .‘ouf_ aldehydes.

The aliphatic aldehyd"es', were identified on the basis of their
- retention times relafive to that of ‘the internal standard, toluenc..
'Phenylacetaldehyde was identified on the basis .of its absolute
retention time. Retention times of aldehyde pe'iks are listed in 'l‘.\hl'(‘,.
4.1.- Relative retention tlmes rather than '1bsol>ute retention tnncx
were used for compound identification becquqc absolute relcntmn
times varied with the degree of packing of the Tenax-TA™ in the
_ purgg tubed and the resulting gas flow through them. ‘A standard
) - solution was 'malyzed with each set of samples (daily) to account for
~ {ransient phenomena such as an instfument drift.
Typical chromatograms of the aldehydcs as chlorination .
products of amino acids are. presented in Figure 4.1, Resolved: pei ks
“are correspondingly- labeled.

1. .

1

4& Productlon of aldehydes by reacnon of oxldantq with
~ amino ac:dg*m'?“” | |

e

Thg maJor vanables consnderaé‘;_}'or the study were: .
ox1dant/ammo acid molar rauos\, reacnon ‘time, pH and - lcmpcmturc
Expgnments were perform.c‘d*' w1th four different oxldante chlorm( .

s ﬁgmonochloramme chlqnne dlox1de and ozone.

4.2.1 Experiments - with chlorine.

4.2.1.1 Aldehyde formation. Chlorination of leucine,’ molcuum

valine and phenylalamne show that these amino acids aré converted
to their corresponding aldehydes with very htgh ylelde

4

L
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Tablc 4.1 ‘Rctention times of aldchydcs.
bcomp‘o‘un’d ' absolute retention

. t'imc:tstid. dev.

rclative rctention
< timedstd, dev.

' iSobutyraldchydc
2—m_cth_yl‘ butyraldchydc 8,
isovalcraldechyde

phenylacetaldehyde

4.4310.03
6.30+0.03

6.55+0.03

4.03£0.04

* Toluene retention Vlim,c 8.52+0.08

Calculations were based on 9 replicates.

- ‘ . }

0.42£0.005

0.69£0.008

0.72+£0.008

+

G



- 54
et ’ - ’ . ‘. ‘ ’ . .
4.2.1.2 Chlorine/aming acid ‘molar ratio. Several experiments
were performed to compare the yields of aldehydes at different =
chlorine dosage. The results obtéine‘dk':fmm these tests are plotted in
Iiigures 4.2 and 4.3. These " plots show the same patiern for all four.
aldehydes. Maximum yields were observed for the chlorine/amino
acid molar ‘ratio of 1.5. A comparison of results obtained from
chlorination .of aldehydes at ‘molar ratios of 10 and 30 (Frgure 4.3)
shows that a higher dosage of chlorme did not decrease aldehyde ‘

ylel(ls

T 42, l‘,”l Reaction time. The‘effect of reaction time on zildeh‘yde
~ formation is presented in Flg}lres 4.4 and 4.5. Aldehyde yrelds
incrcased progressrvely with time over -the range of reactuon time.
tested. The plots of % -theoretical yields versus reaction time .ranging
from 15 min to 2 hours show that the yield of 2-methyl
butyraldehyde increased from 10 to 60%, whereas ‘the" yield of
isobutyraldehyde increased from 10 to 40% (Figufe/i.S). |

_ ~ 4.2.1.4 Reaction pH. The effect of a hydrogen'lon concentration
on aldehyde yields was tested over the pH ranging from 6 to 10.
bAldehy(le yields as exhibited by leucing, conversion to ‘
movaleraldehyde are not dependent on pH in the range from é:\to 8
~ (Figure 4.6). (,hform'\tron of leucine, 1soleucme and valine show that -
,conslstently higher Srlelds of. aldehydes were - observed at pH 9 than
at pll 7, although the differences were relauvely small (Frgure 4.7-
: 4. 9) This effect was not observed for phenylalanme formation

(F igure 4.10). However, ANOVA (Appendix C.1) shows that
populatron me'm values at ’ch pH are stalrstrcally different.
: Chlormatlon of leucine rsoleucme and valine- shows that consistently
_ higher yields of aldehydes were observed at pH 9. than at pH 7,
~although the differences were relatively small (Flglll\., 47 4.9). Tlns '

o effect was not _obser.ved for phenylalanme, formatlon (Frgure_ 4.10). .

.- 4 2.1.5 Combmatfon of factors. A factonal ‘experiment was

dcsrgned for chlormatlon of leucine.: Results (Table 4.2) indicate that '

femperature h'rd a maJor effect reactlon time - had a lesser effect
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srgmfrcant effects were observed for two 1nd three facrr?r
interactions. C'llculauons of the effects are, presented - in ~Appomh\
- C2. - : e 5’* L

. Maximum yields among reaction condmom tested fof chlorm(
were observed at a chlorme/ammo acid fmolar ratio of 1. s"ﬁm _
time of 2 hours, pH of 9 and temperature of 20°C. These yrel(h wqr‘r
66%, 74%, 85% and- 87% for mobutyraTdehyde 2-methyl
butyraldehyde, rsobutyraldehyde and - phenylac&aldehydc ‘
respectively.' o I
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Table 4.2 "Results from the 23 factorial design experiment for chlorination of
: lcucine. Effccts presented as pg/L. T
Effect v - effect+standard error
average ’ - 37.60%1.67
main “effects: S o
Time = ' o 15.4943.31
Temperature ’ 53.944+3.31
plt ' . : 5.09 £3.31
two Tfactor - interactions: -
Time x Temp. : 8.05+3.31
Time x* pH : -4.82 +3.31
Temp. x pH ' T 2.324+3.31
three factor interaction: 4 T
Time x Temp. x pH ~ - -4.45%3.31
’ : ‘ . 3
Lcvels , ' - low high
Timec (min)) . ) . 30 0 120
Temp. ( C) R 4 20
11 I - 7 9




66

4.2.2 Experiments with monochloramine.

4.2.2.1 Aldehyde yield. Monochloramine Was also found to
convert amino acids to their corresponding aldehydes The plots of
perﬁent theoretical yield of- aldehydes versus dosed monochloramme
expressed as monochloramme/ammo acid molar -1atio (Figure 4.11)
and versus reaction time (Flgure 4.12) show that under similar -
experlmental condmons, ‘the yields are much smaller than those _
obtained from reactions with chlorine. Monochloramme gave only 3%
of maximum theoretical y1eld of isovaleraldehyde ‘at a molar ratio of
2, reaction time of 2 hours and the pH of 7. For the same reaction
, condltlons chlorine ylelded 60% 1sovaleraldehyde R '

_ 4222 Monochloramme/ammo amd molar ratio. Aldehyde
yields also increase with- increasing dosage of monochloramine. As »
'demonstrated in Figures 4.11, 4.16 and 4.17, the hlghest aldehyde
yields were observed at the monochloramme/ammo acid molar ratio

of 10 which’" was the maxrmum ratio applled

4.2.2, 3 RQQCL]OH time. To demonstrate the effeCt of react1on :
“time on “aldehyde format1on a leucine solution was tredted with
“increasing amounts .of - monochloramme for 2 and 24 hours. The
. results presented in Flgure 4.13 show that aldehyde levels mcreased
'stgmflcantly over this range of reaction times. For example at the
given reaction conditions the maximugn y1eld of lsovaleraldehyde
changed from 10 to 70%. v |

4224 Rgggtrgn pH. Figure 4.14 presents results for the yield
of 1sovaleraldehyde at;pH 6, 7, 8/9 and 10 found after 24 hour
‘reaction of monochloramine with leucine at a molar ratio- of 10.
Maxthm yleld of 1sovaleraldehyde was observed at pH 7. The yields
3 decrease substantlally with 1ncreasmg pH (Figure 4.14, 4. 15, 4. 16)
Similar results. were obtained from exper1ments w1th“phenylalamne
(Flgure 4.17).



. interaction of pH and reactign 43
effect. High effects of two*

| 67

4:2.2.5.;g:g‘mbinatign of factors, Figure 4.15 shows yields of
isovaleraldehyde obtained after reaction times of 6, 12 and 24 hours
when leucine was treated with a 10 times higher amount of

' monochloramme at pH 7,8 and 10. These results.show that -a Iong

reactlon time (24 h) and neutral pH (pH 7) are neceqwry for lhc
maximum conversion of amino acids to aldehydes.

Results obtained from a factorial design experiment are
presented in Table 4.3. These results show that pH and tempeture
are the most important factors affecting aldehyde formation.,
Reaction time' is another iinportant factor, however the two factor ‘

9 Rasuggests that pH has a stronger
) tions are due to their main .
effects. The calculated effectf:
expenmental desngn Calculaf

Appendlx 3. C

amo was insignificant "for this
e effects "are presented in

. : oy
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Tablc 43 . Rcsults from lhc 2 faclonal dcqlgn cxpcnmcnl for

= 3 chlorammatlod of leucine

c AL(,ULATFD TFFELT?

‘ o EFTFLT cffect tsiandard crror
‘ h'avc.'r«'agc S 9.8 + 0.7

m‘am el'fe'ctsi: Lt o
CpH T et s 144 £ 0.7
-mqlar ratio’ - ;,_--‘ 05 + 07
Tcmpcraturc R, 16.7  + 07
Tlme e 9.7 % 0.7.
two f'ac’tor inleraclmns '

"pH x molar ratio - o -0.3 + 07
pH x Tcmpcr'uurc S -14.4 £+ 0.7
pH x Fime 94  t 0.7
‘'molar ratio x Tcmpcraturc S 0.3 t 0.7
~molar ratio x T;m_e g,.%o 6 % 07

- Temperature x Time . @' 8.8 £ 0.7
“three factor interactions:

pHl x molar ratio x Temperature 0.2 . 0.7
. pH x molar ratio x Time 0.7 .07
pH x Temperature x Time 90 07 .

" molar ratio x Temperature x Time 03 1 0.7,
 four factor interaction: ‘ “
pH x molar ratio x Tcmpcraturc x Time -9 .+ 0.7

"LEVELS - .~ - 4
A pH - B T 7 - 0
B. monochloranﬁnc/lcucmc molar ratlo 5 10°
c. Tcmpcraturc (8) ST IS .20
~D. Time (h) * - -5 24
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4.2, 3 Expenments With chlorme dloxnde
f."""'/') ! . 'Aq,

(f /' P Chlorme dioxide af a concentrauon of 900 mg/L u&ed for a

prellmmary experiment (Exp. 1y, contamed 120 mg Cl2/L\ For
:'suchquent experlments (Exp.2- 45 a solution of chlorine d10x1de at a

| ’concentratlon -of 1000 mg/L containing 46 mg, Cl2/L. was used.

“Chlsrine d|0x1de free of chlorme was not av
'chlorme content must ‘be taken under con51d_

ible. ’.I‘herefore, ,h“e
ption in evaluating -
reaction producle At the molar ratlos of chlor"':l - dioxide .to amino
acids rangmg from 0 to _79.0,_t_he‘ molar ‘,r,atlos for chlorine ra_nged
from 0.03 to 30.- B ' |

purposes these results are also plotted in Figur'es 4.21, and 4.23
‘together with the results obtained from reactlons of c
amino acids with chlorme -
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Table 4.4 Results form chlorine dioxidé)nmino acid cxperiments.

» ‘
[

. R
Ty -

C102/amino acid _ Clz/ami'no'.aci‘g ,f:vj % li\cgrcli('al

™

~ molar ratio . . . molar ratioc' © . yield
(Experiment 1, with lcucine, pH=7) o : et ‘
0.5 ~ 0.08 - R .
1.0 o 0aT L T2
1.5 025 s s
2.0 . 0.33 e
2.5 0.42 SO T
300 0.51 A e
| 350 o060 LR
,' .40 068 266
1 (Expcr_imchl 2, with’ leucine, pH=9) - ‘) - _ | '
8.0 | 03 158
ts8 . 06 Co2sa
47.4 18 T 4.0
790 < lag B o 178

Y

.(Ex.p'crimcnlv 3, with leucine, "pl‘l=7): - ‘ o
o 0.8 003 0.3
16 S 006 0 | 2.1
32 0.12 | a9
9.5 .04 o 15,
o 16.0. o~ - G130 T sk
) (Expcrlmcn; 4, .y;(_i.lh phéhylalan'_ine(: '[ﬁ‘l?'l) v o L
| v SET 7.5
< - sa0 T 7 S N £ I
Coogeso L. 22 v N ss o
o oo 40 <200

-
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42.4 -Experiments with ozone, - - .

4241 Aldehyde yrgld_ Ozone was found to yreld very low
levels of aldehydes from amind acids, |eucme and phenyhlamne The:
highest yrelds of 1so’valeralde'ﬁyde and phenylacet'\ldehyde at the
given expenmental condmons were 0.95% and 2.5% respecuvcly

1

. 4242 Qombma;lon/ gf fgg;g IS. Flgure 424 shows lhat the '
yields increase with. ozone ‘dosage in range of o7one/leucme molar }
ratio of'0.5 to 5.0. Reactions were very fast _The ‘highest. v
.1sovalera|dehyde concentration was obtamed for _the shorlest conm(r ‘
ume of 5 min. ' ‘ ' '
: Frgure 4.25 shows phenylacetaldehyde yrelds detected dfl(‘r 1()
. min’ reactron time at pH 7 and 9. No effect of pH on. allehyde '
' formatlon ‘was observed Ho»gever very- “Tow. concentratlons close lu
the de;ectlon lrmrts obtamed from these expenmemts ‘are .more
,suscepuble to analytlcal errors making the results difficult to
interpret. Thls is parucularly evident wnh the phenyl'rcetaldchydc

data. The- h]gh varlabrllty of phenylacetaldehyde results are 'rlso dug.. N

to the. occasronal preserice of an impurity in water used for - -
'experrmenw Durrng chromatographrc analysrs this |mpumy was .

" CcOo- elutrng wrth the- phenylacetaldehyde Different methods such ns’l_".
. borhng of water or;: passmg it lhrough an ion exchange resin wefe

" unsuccessful in ehmmatrng the co-eluting impurity. . The prcscncc of
';V*thrs 1mpurrty ‘was nouced durmg method preparauon when |
chrOmatographrc analysrs of blanks were performed
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. 4.3 A‘ngaly,sis‘”'o‘f * water, fr.o‘mﬁ._swimming _pools.

'samples of water from three mumcrpal svl/rmmmg poohs were
_ ‘collected and analyzed These analyses revealed aldehyde |
“concentratrons ranging from 1 to'7 u@/L for 1sovaleraldehyde 6 to
12 ng/L for 1sobutyraldehyde and. 1 to 22 ttg/L for 2- methyl '
'lfutyraldehyde ‘The results are summarlzed in Table 4.5. The.
samples could not be analyzed for phenylacetaldehyde because of
'4.'.jthc madequatc sensrtrvrty of the method “used for its analysrs

87

ln order to test thé‘ expectatron that chlormatron of water |
contammg amino acrds should yield the odorous' aldehydes, duphcale‘.
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" Table 45 Stllim'ma‘ry of the results from aﬁalysis of 'swimminé'pnol.‘wnlcr;'. c

. ’ , - . . . : Bl .
J Gl . .

g <o . - . ¥ . ‘ o IR . | . T e N
Aldchyde. - . concentration pg/L . -swimming -pobl .
e . #1  *#2  average © '

\ b R \L ; _ e = ,. | | '

5

U6, -6 Hardisty
8 55 113 84 - Mill Woods
‘“ o . 108 71 90 . . Lobndon"dcry' -

“isobuty raldchy:dc .

13 315 22 Mill Woods
22.4 19.8 21.1 " Londondery ©

2methyl butyraidehyde. 67 62 65 - Hardisty
- isovaleraldehyde | 65 - .“‘6.5 L fiafdisty :

37 736~ 37 ° Mill Woods
14 09 12 - Londondery

G



5. DISCUSSION & DR L R

5.1 Formation of odort)us f',’a'l'de'hydles .‘~f.r.o_m" réﬁ'étio,ns.», of .

| "'dESin'fe'c,_:ta'n\ts‘ Wi_th "a:_mi'no :'acids_.ﬂ_ e
This research demonstrated that the odorous aldehydes Seve

"rsobutyraldehyde 2-methyl butyraldehyde, 1sovalera|dehyde and
phenylacetaldehyde can be’ formed . under condrtrons occurmg in
‘w,ate.r_,.t’tmtment fror’p reactions of certain drsmfectmg agents ‘with~
~correspomsling amino acrds valme 1soleucme leucme and
phcnylalamne S : o
| Amrno acids, the source of odorods ‘aldeﬁydes are virtually
lunavordable m a. surface water supply.- Therefore, reactions whrch
~convert ‘amino acrds mto aldehydes creating. a taste and odour.
.problem are’ of a major _practical srgmflcance '

Quanufatrve analysrs of odor011s aldehydes performed wrth

-‘-_;isufftcrent sensitivity todetect these. compounds around their

. ,V'thrcshold odour levels, allowed the study of their yields under.
irelevant water tre'ttment condmons ‘

L S

5.1.1 For,mationfi.o-f_ aldehydes from *chl_orine/-amino"acid area’cﬂtiohs."' |

v Thrs study confrrmed that chlorme readrly converts ammo ‘
acrds to. their correSpondmg aldehydes Stmllar [ nversrons for other‘f |
"‘ammo -acids -have been well documented in. the’Tterature _‘ : ‘_
) Physrcochemtcal factors affectmg aldehyde ylelds mclude B
: temperature, reaction time' apd relative ratios. of- chlorme to- am\tno
acids. As demonstrated by the factorials desrgn experiment,
"temperature has the greatest effect on reactlon rate At 4°C only
. 'mmdte concentratrons of 1sovaleraldehyde were detected Reactrons
St 20°C are rapld 'For ‘example, 11% of the theorettcal yteld of 'v |
: rsobutyraldehyde was obtained after 15 minutes for . the

chlorme/valme molar ratio of 1:1. Expenments camed out . by Madec"f','“

. et al (1985) on samples of sea” water treated wrth 1 mg/L of chlorme
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showed that about 5% of chlorine, which dissipated during the first 3
~ minutes, was consumed by the dissolved free amino acids, the ,'
: _depletlon of which was about 50%. ‘Antelo et. al (1988) claim that the
,' reaction of chlorme with serine resultmg m the formatron of
, chlonnated amino acid was mstantaneous ,
Aldehyde’ yields were found ‘to increase with time. Two hour
reaction time showed quantrtauve converston of leucine to
‘ rsovaleraldehyde at a 15 chlorme/leuctne molar’ ratro . To the
contrary, Le' Cloirec and Martm (1985) observed a gradual decrease
.of acetaldehyde durmg a 2.5 hour‘reactron of chlorine with alanine.
They explain . thrs decrease by subsequent oxidation of 'tldehydcs to
" nitriles by monochloramrne which’ is also formed in the reaction .
'medrum “Their. observatrons are based on’ reactrons in an unbuffcrcd
solutron ' ' B , .
The results of formatron of aldehydes at drfferent chlorme

;dOSages are Comf)letely in .accordance with those reported by Le = -

hClorrec and Martin (1985). The extent of ‘the' aldehyde pre ductton_
. ;depends upon chlorme/ammo acrd ‘molar ratio, “with the m’txrmumf
‘aldehyde yield - at 1.5. However, 1ncreasrng chlorine - dosages- (mol.tr L
“ratio above 5) did not have any further effect on aldehyde levels
(Figure 4.10).. L " .
.~ The pathway of chlorme/ammo acrd reactrons is well 5
~ documented in the ltterature (Sectron 25 2.1). Chlorrne re'tcts wrth
amino -acids to form unstable chloroammo acids. If the N
lchlorme/ammo acrd ratio_ is hrgh dtchloroammo acrds are marnly
formed prror to the formatron of nitriles. I the ratio rs low, .
’monochloroammo acrds are formed whrch subsequently decomposc _
'_'*'to aldehydes This study suggests that the chlorme/ammo acrd moltrr,
- ratio ‘at which monochloroamino acrds are formed - is. below- '
_ ,approxrmately L5. Above ‘this . level aldehyde concentratrons
» . decrease; presumably ‘with. increasing concentratron -of nitriles. .
~_ Le Cloirec and Martm (1985) discuss the possrbrlrty of anothcr-
. .reactron pathway. They suggest that chlorine . forms’
' monochloroamrno acids which: decompose 0 aldehydes with -
subsequent oxrdatron to nitriles- by monochloroamme (NHzCI) Whl(,h
is also formed durmg the course. of 1mtra| reactron |

e - v
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The - ltterature suggests that pH affects the l'ormatlon of
chlorinated amino actds At acidic pH mamly drchloroammo acrds are
formed which lead to “nitriles. At alkaline pH, monochloroamrno acrds -
prevar] with decomposrtton forming aldehydes In thrs “study, t |
effect of pH rangmg from6 to 10 was found to be neglrgrble These
L results do not necessary contradict - the qualrtatlve statements

| stressmg the.importance of - pH on aldehyde yreld often found in the -

 literature where most of the expenments were conduct d at _extreme

. pH values Antelo et. al. (1988) studied the effects of i h:ydrogen don ‘

: _concentratrons over the pH range of 6-9 on decomposrtton of Ne
chloro L-serine: _:andi concluded thatover this- range the - e,

sdEcompo on" is tndependent of pH At pH <5 and pH>9 the’ rate of ,\;3’\‘;\'
_._.‘decomposrtron is 'greater o RS i
“The: reactrvrty “of - amino acrds dlffers slrghtly Ttie most reactrve
o wrth respect. to aldehyde yrelds appears to be leucme and St

i

','-’phenylalanrne followed by« tsoleucme and vahne For example the .. ’
“percent - theoretrcal yrelds for- phenylacetaldehyde, 1sovaleraldehyde,
- 2-methyl: butyraldehyde and tsobutyraldehyde at pH 7 and the - - %

optimum’ molar ratio of 135, weére 87, 77, 61 and 57 respectwely
' llowever ‘when comparrng yields of phenylacetaldehyde to: y1elds of
the aliphatic- aldehydes, it should be . taken -under consrderatronv that
different methods. were used for thetr analysrs and Qquantitation. Tlte
“hlghest reactivity -of leucine - (among three alrphatlc aldehydes) wrth
respect to rsovaleraldehyde formatron was confrrmed for -all other
~' expenments ‘ ' - e
_The .reactivity of ammo “acids towards chlorme is, as shown _
- affected by physrcochemtcal propertles occurrmg dunng water‘ 3
chlorination but is also dependent ‘upon sthe nature of amino group..
thlle g and v free amino’ acids yreld stable halogenocompounds, only -
‘the o amino “acids yteld unstable haloamines Wthh decompose SR
raprdly (Madec et al 1985) | B

. . "\
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5.1.2 Formatron of aldehydes from monochloramme/ammo 'rc1d
reactrons N . L o ’

' The odorous aldehydes can also be formed upon chloramination
~of amino acrds Redults obtamed with. monochloramine revealed that
a higher oxrdant/ammo dcid- molar ratio that observed with chlorine

- will maxrmrze aldehyde formatron A much longer contact time is also
_ requrred for quantttatrve convferston of amino acrds to aldehydes

‘Temperature, ‘as well ag pH, were, fourid to be majox, factors.

influencing the formation of- -aldehydes )Mth monochloramine.

Temperature of 46C lowered the aldehyde ytelds to trace quantrtlcs
regardless of other reactlon condmons . s "
Maxrmum yields obtamed at pH 7~ decreased gradually with

Jncreasmg pH There is a strrkmg contrast in ‘the way’ chlor'mnnatmn

and chlonnatton respond to pH. In the case: of chlonnatmn pll was - -

found to have negligible effect. on aldehyde formatmn whereas pH is
a major. . factor affecting aldehyde vyield if monochloramme rs ‘used as

- oxidant. This dependence of pH on aldehyde formatron is dtfﬁcult 10

-explain. As menuoned prevrously, “the llterature concermng thesc
reactlons is meagre. ' ‘ . _
Mamly N- chloro compounds have been recognized in the
lrterature as ‘by- products of amino acid- monochlorammatton l‘hc
results of “this study suggest however that N- chloro compounds are
by products but not end- products of the reactions lf sufftcrent
reactron time - is ensured , ' -
There appears to be two. general steps of aldehyde formzttmn
upon chloramn,natron The first is chlorine’ transfer from @

' monochloramme to amino acids and the second is decomposrtwn of

monochloroammo aclds
Transfer of active chlorme from monOchloramme to amino

' acrds and a subsequent formatron of chlormated species has been

well docun’tented The mam mechamsms of chlorine transfer 1s a
drrect transfer However as suggest& by lsaac and - Moms (1980)

hydrolysrs should\also be consrdered for low (10 -3 mM) '
concentratrons of. substrates Although Isaac and Morns (1983) state
that thrs step is not« dependent on ‘a hydrogen ion concentratron in

’ 2



the pll range of envrronmental s1gmﬁcance (pH 65 8.5), Snyder and .. ‘”'
.Mof\gerum (1981) found that the rate constant for this reaction,.
~decreases - drastrcally at pH 10. < Ze : : -
It is known that pH affects the stabrlrty of monochloramme in

o aqueous solatron The-. stability of mongchloramrne mcreases with

. somewhat. contradlct. the fmdmgs reported . in - the literature that

.,‘mcreaslng pll. The half life’ for. monochloramine at pH 7 is 17.8 hours
At pH 9 the oxidant is extremely stable having a half life 5f 770
hours. Jacangelo et al., (1987) found that the decay of
mqmochloramme at pH 7 ‘and a temperature of 25°C. dunng 10- 20 :
'minutes  was about 2%. Réaction ‘temperature in the range 4- 20°C
-would . not have any effect on monochloramme stabrlrty The-
mfluence of pH on monochloramme stablllty is perhaps one. of the
possrble explanatrons for the significant effect that pH has ‘on
"‘aldehyde yields from' monochloramine reactron ‘with amino acrds At
the current state of knowledge with regard -to the chemrstry of
- aldehyde formation from ‘monochloramine/amino acid reactions no
" conclusions could be ‘drawn as. to the exact mechamsm of these
reactions. ' .
- | Another parameter that has a substantral effect on aldehyde
: "-'_yi'elds is _reaction time. As shown in Figure 4, 13, for the molar. ratio
of 10, the yield of rsovaleraldehyde changed from 10 to 70% for 2. |
_and 24 hour reaction times’ respectively. Aldehyde yrelds ‘also o
“increased wrth rncreasmg monochloramrne dosage These results - -

. monoc_hloramme_ readrly_ reacts with aldehydes_ producrng n1t_r1les
 (Hauser et al,, 1930, Le Cloirec and Martin, 1985). No decrease was.

: observed for 24 hour ‘reaction tinfe and mcreasmg monochloramine

.~ dosage. ‘At the pll of 7 ‘aldehyde yrelds 1ncreased gradually with -
‘time. At the pH of 10, "concentrations of aldehydes were very low”
',regardless of the reaction trme and monochloramrne dosages

A. factorial desrgn experrment demonstrated that temperature, .

pll and time are important factors mfluencrng the formatron of -
;valdehydes The effect of the molar ratio - calculated to ‘be near zeto -

f”suggestrng that this factor is msrgmfrcant contradlcted results ' \\\ »

. obtained from: one -factor-at a time experlments Thrs 1nconsrstency is |

caused by the’ confoundmg effect of other varlables Calculatron of -



E : 9:4 | ' o ‘
this effedt was. based- on: 8 Tesults of which only two. showed the .°
positive effect of ificreasing monochloramine dosade. Four of the
results. obtained at 4°C produced only trace: quantities of the |
aldehyde\because of the. rmportant - effect of te'mperature Two out ol ‘
~the remaining four results.n were obtamed from the reactions ~
con‘dueted t 20°C but with a reaction, time_of 6 hours . wlnch wae l(m
“short "to em0nstrate a substantral effett of’ the mol'\r r'mo

._1'

L]

¥ ,
: 5.1.3 Formation of aldehydes frorh 'o'z'one/amino acid ‘reactijfonk.
s e 4 ) c
The odorous aldehydes are also produced from lhe reactions of
amino acids with ozone. THe yields’ obtained in these expenmentq are
very low. For the same reactron conditions (molar rati§ 0.9, reaction
ume 30 min, pH 7) the aromatic phenylalanme g'we hrgher ylcl(ls |
(2%) than the aliphatic leucine (0.2%). - - _ -

‘ , Ozone is a very strong oxrdrzmg agent. Its oxrd'uron potential is .,

2.07 volts as .compared to 1.36 volts' for chlorine, and 1.275 volts for
; chlorme dioxide. Ozone reacts by two dlfferent mec;hamqms in

*aqueous solution. At low pH (below 6) it reacts dlrectly- as tlic .

3x1drzmg molecule (03). At higher pH (above 8) ozone drwncmcs mlo

“hydroxyl free radicals (OH)"® whrch are- oxrdrzmg 9pecree Betwcen pll ‘

6 and 8; ozone reacts by either or both: pathways (che and Gomc1

- Taylor, 1986) The . lrterature does -not provrde any - specrﬁc

‘ 'mformatron regarding’ aldehyde formation from oroﬁe/ammo acul _
reactions. However Yamanaka et al. (1979) reports the . Form‘ltton of -
1sobutyraldehyde rsovaleraldehyde 2methyl butyraldehyde can(l

N phenylacetaldehyde from the” reactions - of amino acids with hydrogcn‘

v “peroxide. Both. ozone an-d hydrogen peroxrde {(H202) generate |

. hydroxyl “radicals as’ oxldrzmg Specres Thrs suggests the poesmrluy 5
“that ozone as well as ‘hydrogen peroxlde “both of whrch poss\ess hrgh ’

. oxrdrzmg power, react with amino’ .acids throung the: same
mechanism,. specrflcally by deammauon and decarboxylauon K.'m
(1980) and che ‘and Gomez Taylor (1986) mention. that .amino -

.groups are’ conver&ed to ammoma and nitrate ion 50 that deammatmn
proceeds drrectly through cleavage of the ammoma bond llowever
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" these reactions are less specific than the chlorine reactions and =
aldehydes ‘may ‘be only one of a \fflety of oxidation products. Th\
reaction pathway for aldehyde formation through formation of

hd chlorrnated amino’ acrds_frqm chlorine or monochloramine appears to
be more efficient. ' ' _—

Higher ylelds of lsovaleraldehyde qbserved for shorter contact
- times suggest that aldehydes formed during the, course of reaction,
~are being further oxidized by residual ozone. High reactivity of ozone
towards aldehydes - has been indicated in the literature. Rice and
Gomez-Taylor (1986) report that formaldehyde, the. ozone oxidation
product of many orgamcs -is raprdly oxidized to .CO2 and H2O upon
'conunued ozonation. The aldehydes benzaldehyde
lsobutyr'lldehyde 1sovaleraldehy?le and acetaldehyde are converted
to therr respecuve paracids and acids (Falk and- Moyer 1976). -
. The iodometric prooedure used for determmmg ozane
~c_oncenlrat|ons is consideredl ' by. some to be inaccurate because of the
great number of. polen'tial mterferences and other compllcatlons
There is a 5 to 10%  difference between ozone - concentranons
measured. by -this and by the colorimetric technique (Smlth 1988) -
for example. However, this-level of ‘inaccuracy would, not srgmflcantly
alter the - mterpretalron of the resufts obtamed "l"\he ozone

o

experlments .
L : A &

T A N : . . . s
R T e [ . L “,

I 4 Formdtlon of aldehydes from ehlonne dlox1de/am1no ac1d
reactlons S = KA '

7 Chlortine droxlde did not. produce aldehydes from: thelr

: correspondmg amino acids in any substantlal quantmes As indicated

in the l1terature review section, the majonty of researchers working.

on reactlons of chlorme dioxide with amino. amds concluded that the

srmple amino acids, not contammg reactive srtes such as sulfur are
stable to chlorme dioxide oxidation. T -

, Unfortunalely. chlorine. dioxide free of .chlorme was not : _

'-;'w'nl'\ble The expenments were performed with chlorme dioxide

"contammg knowni amounts of chlorme The results obtained from

.
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;these experlments are’ p\qtted along with the reeults obtamed from
experiments with chlorine, as aldehyde yrelds versus chlor e/amino
acid molar ratio. Results presented in Figures 4.21-4.23 9how that for
- the same experimental conditions the yields from reactions of
- chlorine ‘dioxide containing chlorine are. not hlgher than' those which
were obtained when only chlorine. was applied. These results. suggest
“that chlorine dioxide does not react with amino .acids and the
| valdehydes formed are the products of amino acid reaction with the &
chlorine content. Although traces of phenylacetaldehyde have been
reported as a chlorine dioXide/pvhenylalanine oXidation product by
Taymaz at. al. (1979) and by  Rice and Gomez- Taylpr (1986), thesc
reports are not clear about the possibilities of chlorine &eing prewnl
in' the chlorine dioxide solution, with the chlorine ‘being responslhlt "
" for the aldehyde yield observed. ' ‘ -
B " The profiles’ observed for chlorine and for the chlonne in
chlorine dioxide in Figures 4.21, 4.22 and 4.23 are very mmldr
S-pecrfncally, ‘the chlorine in chlorine dioxide profiles 9ugge9t the
pb351b111ty of - maxrmum aldehyde yield neat a chlorme/ammo acid
molar ‘ratio of 1.5. These observations lend further weight to ‘the

- proposmon that the aldehydes observed result from the chlorine

".. contamination in chlorine dioxide rather than. from’ the chlorme

' or even chlorine. .

dioxide directly. I : ' S v /
Chlorine dioxide does' not produce N- chlormated denv( ives ol
amino acids (Rlce and Gemez-Taylor, 1986) In ‘the - case. of chlorme
and monochloramme reactrons ~with. amino acids, these - chlorinated
amino acids are ‘mtermedrate steps towards the aldehyde " Jormation.
‘Evidently, chlorine. djoxide does not perform - reactions amlogous to
that of ozone by the “direct” deammatlon and. decarbo»ylalmn either.
- The oxldatlon potentlal of chlorme dioxide is lower than that of ozonc -
When leucine and phenylalamne were treated ‘with a mrxture
_of chlorine dioxide and chlorine, the yields of novaleraldehyde\‘n’ld
phenylacetaldehyde were. obsérved to be slightly lower th’m\thosc -
-when only chlorine was apphed In the case of phenylalamne
‘ evrdence obtained from the llterature suggests ‘the, . possrbllny of
_ aromauc ring oxrdauon by chlorme dmxrde wrth the formatlon of

24
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‘alamne This reactlon could lower the phenylalanme content ‘
available for chlonnatton The posstlztltty of produced aldehyde’ bemg

~ oxidized by very high doses’ ‘of chlorine ledee should also be '
vcoqs\dered although no reports of chlorme droxtde/aldehyde
reactions wefe found in the literature.. Of course, it is also possrble
~that the differences could result from an experlmental varlatton ‘To
“dvoid an additional formatlon of chlorine ir the chlorine dioxide
'solutton upon dilution, very small volumes of concentrated chlorme
“dioxide/chlorine solutiens were added “to the samples Measurement
errors usually increase w1th decreasmg volumes of reagents applled

~
: ‘

‘5 2 Formatton of aldehydes under water treatment
: condltlon,s ’ o

¢

Experlmental condmons for.. thts study wer similar to' those
~that are normally employed inga full scale T tre'at;nent"' plant..
"These. expertments demonstrated that - the ‘odorous aldehydes can be
formed under plant condmons from reactions of dtsmfectants w1th

amino acids present in water supply. Out of four dlslnfectlon agents

. teste(l chlorine and monochloramme are capable conversron of

“amino acids to aldehydes with very hlgh yield.

I

) - - -

5.2.1 Forma'tion. of aldehydes .byj'chlo_rination' a_nd.'ch_lora'mination‘.
. ' ‘ _@- . S _
Chlorine is the most efficient in convertmg ammo ac1ds to the L
odorous aldehydes. For gtven ‘amino ‘acid concentration, . '
; tempemture and the: relattve ratio of chlorine to ammo aCld,S w1ll
A h'we the major effects oh aldehyde yield. , . "
Monochlorammé is also effective in producmg odorous |
aldehydes from their correspondmg ammo acids. Longer reaction:
times - and ‘higher monochloramme dosages w1ll maximize aldehyde~‘
_yrelds Monochloramine, a predominant form of combtned chlorine,
has been.used in water dtsmfectton as a source of actlve chlorme

}because rt is not very ~volatile and is slow to hydrollze However
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‘monochloramine has lower. oxrdatlon potential th'm does chlonne.
“hence is less effectrve as oxidant. Longer contact tlme and higher

v ‘doses are therefore requrred to assure the proper drsrnfectron A

,general practrce of chloramination is to provrde and m’untam a stahlt ’
'resrdual throughout a distribution system to the point of- consumer
o use Therefore the condmons created for chloramm'mon are also
~ ‘suitable for the conversion of free amino acids into  odorous. '
aldehydes o i N
At the amrno acid concenttation of 10-6 mM, pmctrcally .my
+ amount of chlorine in the range tested (05 Z}O chlorine/amino dCI(l
'_molar ratio) - _ylelded srgmﬁcant (above their threshold odour level)
amounts of aldehydes. At least 20% yield was obtained for
1sobutyraldehyde and « 2methyl butyraldehyde and 30% for
: rsovaleraldehyde and - phenylacetaldehyde when the reaction was
'performed at rooin tempgrature ‘These fesults cam be ' related to the
amino acids levels that would-. yreld aldehydes- above ‘their threshold
" odour - concentrations. For - rsobutyraldehyde 20% yreld at. the: valine |
dlevel of 117 pg/L (0.001 mM) is equivalent to 21.6 ng/L whrch is®

~ about 22 tlmes higher than its threshold odour concentrauon

: _Assumrng 30% conversion' of lsovaleraldehyde, a leucine j
" concentration of 1 pg/L yields ‘an 1sovaleraldehyde conccm):n/ron

. around its threshold - odour level of 02 pg/L. For 2\ methyl B
butyraldehyde whose threshold odour of 12.5 ug/L is the “highest of

~ the four aldehydes, 63. pg/L of isoleucine is needed, assuming. 3()%

conversion, to reach its threshold odour level Similarly, S
'phenylalamne at a concentratron of 18 ug/L would yreld \%

| ':‘,phenylacetaldehyde at -its . odour threshold level.

~These levels of amino acids, as drscussed Iater are chI within -
the range that can be encountered in eutrophrc waters. -
To rnvesugate the possrbrltty of aldehyde formatron upon oy
chlormatron—of organically enriched waters, water samples from '
" swimming pools were analyzed for aldehyde content. The odorous
. aldehydes were rdentrfled in these samples in concentrations abovcf"
~ their odour threshold levels.. Concentratlgns of rsobutyraldehyde
~ varied. between 55 and 11.6 ng/L, i.e. 3. to ‘6 times its threshold - 4
odour.concentratron lsovaleraldehyde was found in concentratlons'

S
b
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ranglng from 0.9 to 65 whrch is about 4.5 to 32.5 trmes its threshold
. odour level, whereas a 2-methyl butyraldehyde concentration of

. 22.4 pug/L was twice its: threshold odour level. These’ findings.

" suggest that the odorous aldehydes are srgmfrcant contrrbutors to the

'w1dely recognized "swimming pool" odour. : : '
~ As with chlorination, yields of aldehydes from the oxrdauon of

amlno acids 'by monochloramifie will depend on the molar ratio of

amino acid to the oxidant and the susceptibility .of amino acids to

oxidation relative to other orgamc compounds present This in turn
will depend upon the. chemrcal composition of disinfected water. In

'practrce as TOC levels rise, applred disinfectant levels will nse If the -

TOC is not pnmanly composed of amino acids. then the .
monochloramrne/ammo‘ dcid ratios ¢ould increase. The hrghest yreld
~obtained from 1sovaleraldehyde was 70% for pH 7, with a reactlon
vtlme of .24 hours and monochloramlne/leucrne molar ratio 101 Suclr
- high- conversron ‘will not be encountered in waters because of the
~high dependence of the reaCtron conditions such as temperature pH
‘and reaction time. The hrghest yreld of 1sobutyraldehyde obtalned at.
pil 8 was about 30%. ¥ , -
' Apparently, vanabllrty in amino acld concentrations in
.dlslnfected water “will ‘be one “of the major factors that will: determme
“the occurrence of the odour problem created by formatlon of

e

aldehydes

5‘.2.2’4 Form__ati,on of__ v.’.aldeh,yd'es by ozonation. - |
Ozone oxrdrzes amino ac1ds to’ aldehydes with a very small |
,yreld under dnnkrng water treatment conditions. Because of the very - -
low .yields of aldehydes produced by ozonatlon of amino aculs and

the likely subsequent oxidation of aldehydes by residual 020ne

- “levels of aldehydes sufficient to result in odour problems are

| . unllkely to form in drmkrng water.

.
¢
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5.2.3 .‘FormationAof"aldehydes‘bby chlorine dioxide. ~ ~ ’
Chlorine droxrde dogs not o’)‘tidize'aminb'f‘acids":to aldehydes :

under condrtrons relevant to drrnkrng water | treatment and. '\ppears |

to be an oxrdant of choice if the odour’ problem is to be ‘minimized.

" However, durrng chlorme based generatron of chlortne droxrde

'f'_v'chlorme is formed at varrous quantrttes. For ex'tmple concentrations

-af free’ chlorme (expressed as a percentage of chlonne dioxide) -
momtored at thé -City_ of Edmonton Rossdale - water treatment Plant
‘have usually reached. th‘% levels between S to 20%, ocassronally
"'»exrdmg 100%. To avord aldehyde*productron from reactions™of .
! chlorme With ammo acrds durlng drsmfectton wrth ‘chlorine 7drox1dc

'.,the degree of chlorine contamrnatlon must be strrctly Inmted

','5 3 Srgmfrcance of ammo acrd Ievels m water supphcs

Odour problem assocrated wrth ‘conversron of amrno acrds to
' fodorous aldehydes upon chlormanon or chlorammatron is lrkely 10

occur wherever surface water s utrlrzed as a raw water source This

}p'roblem- appears o be tran81ent and rhay anse Jin: ‘water tre'\tmcnt

',i..plants whrch experrence appr‘opnate amtno acrds loadmg m thcrr raw
water. S e AR SR BT PR -

4 L

L “Amino. acrds are common constrtuents of ra_ ,Althoughg
free ammo “acids norm Hy ‘occur in_ such waters in . lvw conccntr‘ttlons'i.

o .bound ammo acrds “for \example * ‘as protems and peptrdes can .be .

‘more predommant The ’evels of ammo acrds encountered in water |
will depend upon. the degree of eutrophlcatron and envrrtg.nmcntdl
stress.’ Evrdence provrded by Thurman (1986) suggests that - m'my
_'crrcumstances leadmg to, increasing. TOC levels wrll also result in an
.f‘_mcrease of amino acid levels Commonl surface un- -off, especrally i
4rural run- “off whrch carries decomposrng organic: matter collected on -

. 1and may. result in a substantial increase of amino. acrd
‘ 'L'_concentratrons Intensrve _brologrcal acuvrty can also result in hrgher :

vels of- ammo acrds released to the environment because of S

L R - '
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bacterial metabolrsm and- cell’ lysrs The study of free amino acids in
- oltgotrophlc waters such as those of mountam stream water in the
' '_Marmot Creak system in ‘Alberta show the presence of total free
'ammo acids in concentrations up to 2 ne/L (Telang et al, 1982). In o
- contrast, eutrophlc waters of Lake Mendota, contained 20 jig/L of
; mdivrdual amino acrds (Gardner and Lee, 1973). Concentrauons of
y total amino acids as  high as 1000 pg/L for rivers and 6000 ug/L for
’ ]akes have been reported (Thurman, 1986). o ’
of parttcular interest is the finding of Le Cloirec and Martm
(1985) that free amino acids can mcrease substantlally dunng water
treatment They suggest that partial hydrolysrs/depolymerrzatron of .
proteins -and - peptides upon- prechlormatlon along with . blologrcal
activity, parncularly during the filtration step, are 1nvolved As
' rndtcated by these authors, amino acids are not removed during
“water treatment and become -available for oxidation by a
disinfectant. '

These frndmgs along wﬂh the . realrzatron that amino. acids m'ry
~be produced by any brologrcal actlvrty in- _the_ distribution system
"rndrcate that preventing the productron of odorous aldehydes poses«
a dlffrcult problem. -

5.4 Control “and - treatment o'f.lo'dour.

Because the aldehydes are readrly formed by dlsmfectron'
reactrons, it may be necessary to explore removing amino acrds
before: undesrrab*e reactrons wrth the oxidants can occur.

Understandmg ‘the behavrour of amino acids 1n water
'treatment processes and’ mvestrgatmg methods for their removal
needs to be considered.: The- pptrmrzatron of coagulatron/flocculatron o
" processes wrth an aim’of remong .amino acrds-may be” one such

.",approach Maxlmrzmg the removal of organic materral in general wrll
maximize  the’ brologrcal stabrlrty of treated water for downstream .
‘. brologrcal activity. ‘As. well, drsmfectant demand can’ be mlmmrzed o
_allowmg lower drsmfectant dosages hence lowermg possrble
. oxrdant/ammo ‘acids ratros ' '

AN
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Oz()ne apphcatlons may be another posstblhty to be consldcrcd
In these expenments - ozone: dld not yreld ssignificant quantmes of -

'»aldehydes under. drmkmg water cOndmons Based on results
'obtamed from ozonatro‘n of ‘alanine whlch showed that ozone
converted all the orgamc mtrogen to: ammonla and nitrate che 'm(l
A'Gomez Taylor (1986) sug’gest that preozonatron of raw water ,
""'supphes <could be uscd to destroy ammo acrds pnor to chlonnatmn
©oor chlorammatlon : ' A .
. Removal of odorous aldehydes \x}mch have “formed’ in trcalmcnl
"'Lprocesses as a means of . treatment ‘needs to be evaluated. One .
",possmihty, followmg from the - observatron on - the reactions ofozone
wrth aldehydes is that ozonation ofw water could be used . to oxidize
"-,v._-‘the odorous aldehydes ‘Van Hoof et al (1986) studied the’ mllucmc .;

- af cpagulatlon double layer filtration, 'storage and activated carhon )

v.:f Itration on, «aldehyde removal The removal of the low molcéular

elght aldehydes by (:oagulatlon was poor  as would be expected.

’,-~Frltrauon was’: effectrve in decreasmg aldehyde levels at

S “te mperatures above 10°C ‘Lower aldehyde levels were found in

‘;../.pi

vaters after storage and. no.. measurable amounts of low molcculdr

' ‘"erght aldehydes were- detected in. the _effluent of the actlv'rted

'arbon filters (van Hoof et al., 1986). Activated carbon ‘was. found to
e effectlve in removmg odour caused “by ‘aldehydes from drmkmg
ater dnrmg the ogdour event in Edmonton (Hrudey, 1986) llowcvcr

! nvated carbon will- not prevent. the formation of- aldehydes

down*stream of the pomt of its appllcatlon le in the d:stnbutmn
sstem_ / IR :
Ammo ac1ds are. UbquItOUS in surface watess, therefore the .
'oblems ‘which occurred in- Edmonton ‘are lrkely to have happcned

elsewhere without bemg recogmzed as Swch. Failure to ‘recognize

-thlfse sp€61f1c compounds as-'the source of taste and odour problem is )
likely because their odour character i§ somewhat ‘ion-descript and

they seem to stimulate’ w1dely drffermg responses - from different -

-mdwrduals - Furthermore, in some, ‘cases, a large proportion of a
sensory panel has been found to be anosmlc_
*These Sensory recogmtron problems are fur‘_}

~one of the aldehydcs

con‘founded by

-
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analyucal dlfflcultles mcludmg the rcahty thab routme GC/MS

scanmng is hkely to be msensmve or blind to these’ compounds.,_

b\
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6. CONCLUSIONS
6.1 Experimental findings. ¢

~1."  Under conditions ‘rele\"'atnt to water treatment, the amino . acids
valine, leucine, isoleucine .and phenylalanine react with chlorine,

- monochleramine and ozone to form odorous aldehyde% _
isobutyraldehyde, 1sovaleraldehyde, 2-methyl butyr'tldehyde and ."
phenylacetaldehyde, respectively. . _
2. Chlorme d10x1de does not produce aldehydes in any eubqt.\nu.tl ‘
: quantlty under water treatment conditions. This finding prob.\bly
occurs because chlorine dioxide does not form chlorinated amino®
_acrds which - are’ intermediates in the formatron of aldehydeq whcn

v chlormatlon or monochlorammatron -are used

. '] ‘ . ' .

3. Chlorme is the most reactive. with respect to aldehyde
formatron The extent of aldehyde productron depends upon _
temperature relatlve ratlo of chlorine to amino. acrdv. and - reaction
time. No significant effect of pH rangmg from 6. to 10, was obqervcd

4. : In ‘-cornparison to chlorine monochl‘oramine requires much
longer reaction time for substanttal conversion of amino acids ‘to
- aldehydes. The most important factors affectmg the reactron are
temperature Gnd pH prov1ded agequate ratlos of monochloramtnc “to
'ammo acrds are used ' ' '

5. Ozone yields very low levels of the specjfic aldehydes. Ozonc

- _oxtdatron is apparently less specific than that of chlorine or .

monochloramme which’ proceeds through the formatlon of
'>‘chlorrnated amino acids. As well, aldehydes produced during the .
course of reaction may be subsequently oxrdrzed by the " restdual
,ozone. . R - !
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6.. The odorous aldehydes should ‘be commonly present in ‘amino
acid- rlch waters- subjected to - chlorination or chlorammatlon
processes. Identrfrcatron of tsobutyraldehyde, 2methyl

.butyraldehyde and 1sovaleraldehyde in swrmmmg pool Water
“satisfied the foregomg expectatlon '

7. ’I'he presence of the odorous aldehydes in swrmmmg pool
‘ samples at concentratrons ‘well above - their respective threshold
~odour levels suggests that these aldehydes may be: significant
components of the commonly recognized "swimming pool” "odour.

i 6;‘2-'-lm,p'llica;ti(‘ms-_f=or water ‘treatment.
1. Ammo acrds are unavordable drssolved organic specrcs in

_."surface water “supplies or in waters harbourmg biological actrvrty
- “including filter beds and distribution . system. Amino acids are not - .

| -;removed during conventional water. treatment and can be present at

the final disinfection step. Hence, they will be- available for

o vconversron to odorous aldehy_de_s

2 “The odorous aldehydes possess very low ‘threshold  odour ,
levels. When- present in sufﬁcrent quantltres, they will likely cause or
contribute to taste and odour problems Such 1nc1dents will be |
difficult to recogmze because of the non- descrrptwe odour produced
‘and the drffrculty in 1dent|fymg these aldehydes by routme ana]ySrs.'

3. Conventlonal water treatment processes such as coagulatron
~and filtration do ‘not remove aldehydés” present in waters Actrvated.
"carbon has been found to be effectlve in elrmmatmg low moleCular
werght aldehydes ' ' : ‘ .
40 Although chlorme dloxrde does r)ot react wrth amino acids
‘producrng odorous aldehydes, when uled as a dxsmfectmg agent, rt "
~ usually contams some chlorme as a side product of chlorme dioxide
generauon To reduce the possrbrlrty of taste and odour problem
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arising from aldehyde productron by reaction wrth chlorrne the
»'degree of chlorine- contammatron must be. stnctly hmrted

5. ‘Bec'a‘u's‘e of very low yields‘ of aldehydes formed during

" " ozonation of amino -acids and .subsequem oxrdatron of aldehydes by

" residual ozone, sufficient levels of aldehydes ‘that. would result "in
odour problems are unhkely to form upon ozonatron of drmkmg
water contwg the precursor ammo acrds

6. Preferentrally,,. ontrol of - aldehyde formauon should be
: pur\ued rather than the removal of the odorous productq In
- consideration of this it is essentral that levels of amino acids
(whether - free or in peptldes) be reduced prior to chlorination or

chlorammauon to prevent undesrrable reaction leadmg to .rldchydc
~formation. ' ’

7. Ozone produces only minute quantmes of aldehydeq from
- amino acrds although it decomposes many ammo acids and peptides.
This - suggests that preozonatror‘i of raw water suppllee could be, uscd
to destroy amino acrds prror to chlormatron of chloramrmuon
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® - APPENDIX A

0 ' . .

CHEMICAL AND PHYSICAL CHARACTERISTICS OF THE ODOROUS ALDEHYDES -

® «

° .
 NAME _ FORMULA MOL. wa GHT _BOILING POINT MELTING POINT. DENSHY
loobutyraldchyde . C4HgO 7210 - - 64C 659°C 0794

[ . ’ ’ .
Isovaleraldehydc ‘CsH1p0 - . 8613 92°€ CmSIC 078
2-methylbutyraldchyde  CsH10O 86.13 7. 9°C -S0C 0ROy
_ Phenylacctaldchyde - . CgligO S 12006 . 195°C - 3¥C - L02)
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APPENDIX B.1
Cal'ibratio“n' curves for isobutyraldehyde, 2-methyl
‘butyraldehyde —and {isovaleraldehyde.
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APPENDIX B.2
[Calibration .curve for phenylacetaldehyde.
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- ( .
. APPENDIX C.1
EY . ) . ,
L . ANALYSIS OF VARIANCE .
z ’ - C e ‘ .
O . RESULTS (ug/L):.
pH=6. pH=7 pH + 8 pH = 9 pH=10__ "~
88.4 .80 ° 75.5 . 84.4 725
76.2° 73.2 . 83.7 102 76.5. -
79.2 68.1 78.7 _  B84.4 68.8
- 78.2 - 88 71.6 ©  86.1 - .62
.92.2 , 87.4
86 < 953
. : 81 '89.1
. average = 80.5 - 80.1 77.4 . 88.7 . 70.0
std.dev. = 5.4 8.4 5.1 6.9 . - 6.2
N ' 4’ _ 8 4 .8 -4
SE. - 2.7 3 2.6 2.4 3.1
95% C.L.  72<p<89 ' 73<u<87 69<u<B86 '83<pu<95 60<pu<80
. CV. ~ 0.068 0.105 - 0.066°  .0.078 0.089
" each set of data was check_ed for an outlier (ref. Davles, 1954) '
| o ANOVA
[SOURCEOFVARATION | & | df. ]/MEANSS | FRATIO
| BETWEEN‘SAMPLE'S,:g . l1019.1043] 4 | 254.7761 | _
' - o | 5.2887
WITHIN SAMPLES {1108.0025| 23 | 48174
TOtTAL -~ |2124.1068
" ”’ ' . . “'\

F(4,23:0.01)=4.26
. Fl(calculated)=5.2887
F(4,23;0.01)-'<"E(c5lchlatéd) ; population means are not equal-

(ref. Sokal and Rohlf, 1981)
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_APPENDIX C.2
'FACTORIAL DESIGN-CHLORINE/LEUCINE REACTION
‘LEVELS _~ o +
© Time (min) 30 | 1200
" Temp. (C) - -4 20 -
pH . e T 9
ESTIMATION OF VARIANCE L
, - f : Rcsults'(ug/L): . . 2
Time Tcmp. yﬁl A B Average A-B s =(A-B)2
S - 59 ... 46 53 1.3 0.8
£ - e e 1601 15.1 15.6 1.0 0.5
- + - 652 50.8 58.0  14.4 103.1°
P . R3e 733 785 103 52.7-
- -+ e 113 139 53 14.0
+ - + 30.6 219 263 8.8 38.3
+ + 80.6 »73.2  76.9 7.4 27.7
+ + + 95.5.- 80.4 88.0. 151 114.1
D s Total: 351.1
N variance = 43,9
variance(effect) = 10
' 3.3
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" CRITERIA FOR DETERMINING SIGNIFICANT EFFECTS

95% C.1.°= Bt [(0.025;n-p)*S E.(8)]

[EFFECT(ug/L)

SE

t(0.025:16-7)=2.262

CoR
el

-4

B E.(8) ClL
 |TIME 3 13.6 3.3, | 6.1-21.1
< [TEMPy _ — 60.1 | 33 | 52.6-67.7
S ) S 12 3.3 _4.5-1935
|TIMEXTEMP. 2.2 3.3 -5.3-9.7
TIMExpH 1.9 33 | -9.4-5.6
TEMPxpH - | - 2.3 3.3 -5.2:8.8
TIMERTEMPEBY| 2.8 33 | -10.3-4.6
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CAPPENDIXC3
FACTORIAL DESIGN- MONOCHLORAMINE/LEUCINE REACTION

LEVELS T4

A. pH o 7 10
* B., monochloramine/leucine molar ratio 5 10 :
C. Temperature (C) 4 220
D. Time (h) 5 24
ESTIMATION OF VARIENCE : ‘
AR I '~ RESULTS (ug/L): 5
A - B - C " D a b. dverage a-b s
- S - . 1.0 08 °~ 09 01 0.0
+ - - - 1.1 - 13 . 1.2, -0.3 0.0
. + - - 0.5 . 0.9 0.7 . - -0.4 0.1
+ o+ o -, 1.1 1.4 1.2 -0.3 0.1
- - + - 13.0 15.8 14.4 -2.8 4.0
+ - + - 3.8 3.1 34 - 0.7 03 .
- + + - 15.1 124 - 13.8 2.7 3.6
+ + s - . 3.6 4.5 4.0 -0.9 0.4
- C- - + 1.6. 1.9 1.7 -0.3 0.0
k. - - + 1.5 1.7 1.6 -0.2 - 0.0
- + - + 2.8 2.6 2.7 0.2 0.0
+ + + 16 Y19 18 .03 00
oo - S+ + 4“;:! 45.5 53.0 493 -1.5 28.3
+, - 4+ + 331 4.5 - 3.8 ‘1.4 -1.00
- + LF + © 56.8 48.6 - -.52.7 8.2 - 33.8
+ 4+ o+ + 4.1 3.5 . .3.8 0.6 _ 0.2
: g PR Total= ~ 71.8
variance= 4,
-variance(effect)= 1.1
- standard error= 1.1

(ref. Box, Hunter and Hunter, 1978) §
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CRITERIA FOR DETERMINING S|GN|F§ANT EFFECTS

95'% Cl = Bt [t(0.025;n-p)*S.E.(B)]

EFFECT(ug/t) /. B - S.E.(B) C.l
pH o ' -14.4 0.7 - |-15.9 to -12.9|
molar ratio 0.5 0.7 -1.0 to 2.0
temp. 16.7 0.7 15.2 to 18.2
time 97 | -07 | 82to.11.2
pHxmolar ratio -0.3 | 0.7 -1.8 tg2il2 |
pHxtemp. -14.4 0.7 |-15.9 to -12.9
IpHxtime ' -9.4 0.7 -10.9 to ‘7.9
{molar Tratioxtemp 0.3 0.7 -1.2 to 1.8 -
molar - ratioxtime - 0.6 0.7 -0.9 to. 2.1
temp.xtime . 8.8 0.7 7.3 to 10.3
pHxmolarratixtemp -0.2 0.7 -1.7 to 1.3
‘|pHxmolar ratioxtime -0.7 0.7 -2.2 to 0.8 -
IpHxtempxtime ' -0.9 0.7 -10.5 to -7.5]
“Imolar ratioxtempxtime 0.3 07 | 12t 1.8 |-
[pHxmolar ratioxtempxtime|. (-9 0.7 -10.5 to -7.5]|

£(0.025;17)=2.11

|

4



