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The properties of z;nligﬁt—induced marine photochemics]l processes

were studied throu the use of a variety of technigues. Invistigations

¢

: P- ‘ '

Problems inherent in such studiés, in the~marig$ system.

* L4 . .
The importance of nitrate and nitrite, transition metals, an

» . , . Ly . f_ ~
organic constituents in photoinducing the reaction of various added labile

©
~

substrates was considered. Of these theagrganic constituents were fo%nd h

1
~

to exhibit the mpst significant effect/and may be responsible for most of
- '.. £y ’ N d
the observed light-initiated reactions in natural seawater. ! © ’ i

s . L

X N , . ) o
Organic constituents were also found to generate what was tentatively -

I 3
' .

identifiéd as hydrogen perogide. The kinetics of its formation and decom-

* . N - 1Y
] 1 I3 : ’ - a
position -in seawater were examined.

-

. When natural seawater was i;radiated,‘marked'decreasesaiﬁ the physical

v

propert;eé of fluorescence and absorbance were also‘noted. It is proposqé
N . & SN oo
that this may explain some of the observed 'features of these propertiesiin

.

. L5 - e . N
a L -
the ocean. 4 ! . '
» - A4 PR r - .
-

Methods used “to measure light-initiated reactions in seawater were -
. R - .
applied to testing its variability with respect to this 'property. Pre- ’

-

liminary results indicate that the photorééctivlti of gseawater towards a -

PR

< (
given substrate may vary considerably. . 4
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1. INTRODUCTION °

A

1.1 Abiotic degradation processes

The yearly total input of organic cérbon to the oceans from

natural and anthropogenic sources has been estiﬁated at 3.6 x 10'® g ¢
(Willkams, 1975). -This quan{ity is added to an exisﬁing pool which

o .
is estimated to be 1 x 10'8 g C (based on 0.7 mg C/1). For the oceans

to be able to maintain this level, removal and recycling proeesses

must account for a quantity of the organictcarbon approaching the

- -

4 .
yearly input value. Recyling is mainly ‘attributed to biological pro-

cesses, and these have been extensively studied with the result that
. Ay
microbial degradation is credited with being the major remineralization

s

agent in the oceéans. The role of abiotic processes is usually deemed

insignificant in comparison to the potential microbial turnover of

N

organic material. However, experimental evidence supporting this ob-

ervation is extremely limited, simply because few studies of abiotic

-

processes have been conducted./

It is possible to make a case for the significance of abiotic

~
-

. . . L3 . . . .
remineralization by balancing the estimated inputs, reservoirs and
I

0

losses of organic material in the ocean, and then determining the rate

A ]
of change in the standing DOC pool. Obviously, if the standing DOC

.
load approximates a steady state condition over long periods of time,

then the inputs and losses must balance. If microbial activity is the

3

only active remineralization pathway, then it must be 100% efficient;

otherwise an accumulation of DOC-would result.

-
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Laboratory studies-'on the decay of plaﬂkton (Skopintsev, 1960;

Otsuki and Hanya, 1968, 1972 a,b) infficate that 5-10% of. the original

LRV

celluldr organic material remains as aq§%luble organic g:action which’

N :

1] EN

is resistant to bacterial decay.. By assuming that 5% of the annual

input of organic material, which virtually all results from net pri-

mary productivity, “is inert to microbial degradation, a value of 556

~ 3 Yt -~ . 4 .

years ig- obtained for the doubling time (t2) of the sténdingaDQC

o . »

’

(Bq. 1.1y~ - - \ )

v 4
n

Total DOC N
} ¥ 5% of Net Primary Productivity - Loss to the.Sediment

(1.1)

. U hd y

1 x 10 Gc
1.8 x 10'° g ¢/yr - .1 x 10!° g C/yr

556 yr.

.

\zgnce the primayry productivity of the oceans has probably been fairly
onstant for a much longer period than 556 years, the conclusion can be
drawn that the oceans should contain far more DOC then-they do today

unless some *bther destructive mé&chanism exists which has not been re-
Q

o

produced succegsfully.in laboratory studies on plankton decay.

Rather than simply to, suggest that the biologically inert fractiow
in these experiments is destroyed in tge oceans by purely abiotic
mechanisms, it is pérhaps more realistic to conclude that for different
classes of compounds the recycling will proceed predominantly either
biotically or aﬁiotically or more likely through a synergistic inter-~

action involving both processes.
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1.1.1. Thermal processes

- &

N
-

- -~
Thermodynamically all organic compounds shpuld be unstable in sea-
water under the prevailing conditions. The kinetics of a particylar

ically significant,

s

‘reaction will determine whether it 1s oce

a

\
and the presence of catalysts can dra influénce reaction rates.

Little is known about the kinetics of thermal degradation in seawater,
. . -
since onl& a few studies on specific compounds exist. Amino acids have
u @ Al

)

been studied the most thoroughly (Bada, 1971), but because of the slow

rates of deamination or decarboxylation, measurements in the laboratory

" .

’ ) .

are conducted at temperatures of 100°C or.more, and rates are extra- "
polated back to natural temperatures By using the Arrhenius equation.
Using this technique Bada and Miller (1968) determined a half-life for

deamination of asparfic acid of 2.8 x 10’ years at 0°C or 96,000 years

N
.at 25°C. Bada (1971) estimated that the fastest nonbiological ide-

gradation of amino acidf in via a é%tal catafyzed oxidation, for\which

1

he estimated a half-life of 350 years. This technique was also applied

to-determining whether a detectable quantity of the bulk DOC in sea-
water was susceptible to oxidation with a concomitant loss onEoz (Bada
and Lee, 1976). They found no measurable change in the DOC values of

seawater samples from different depths, after heating them at 126°C

for 19 days. . ) ~

N

It would appear from the evidence so far presented, from relatively
few studies, that thermal oxidation pathways are extremely slow. How~-
ever, a question that comes to mind with regard to employing high tem-

peratures to determine reaction rates in natural water samples is whether

‘

¢
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©1.1.2. Photochemical processes

) { . -
. \ -
L4 '

naturally occurring catalysts would §urv;ve this treatment or Qould
be destroyed durind.the initial stages of the redgtion.

¥ . ! '

. i .

-

S a ] . * L
Due to the large input of solar energy into the oceams, photo-

chemical reactipns represent at least potentially a sighificant abiotic

’
- a

process in surface water. Yet, our understandinyg of such processes,

Id

4

b« [ . 0] 13 . I3
as well as the range of opinions which exist concerning them, is per-
t -

[y

haps best exemplified by the following passages.

. .

o

.

Yentsch (1974), from a paper on the decomposition of chlorophyll
e 5 '

[y
.
N s o

in seawater: "“In the course of these studie®, we have con-
cluded that the photo-oxidative effects are prébably-the

more important and it may well be that photo-oxidation is
o - &

-

one of the principle mechanisms for the decomposition of

organic material in natural water&."

- .

¢ o

, Horne (1969): "Oxidation may-also occur photochemically in the

first meter or so of the surface water, and by means of the -

v (4 “
free oxygen dissolved in seawater in the presence of

°
-

catalytic surfaces, although the relative importance of

-

such processes does not appear to be known with any degree

. . -

» .
i

of clagi&y." : . il

The slow accumulation of information with regard to such reactions
may be due' in part ‘to misconceptions about light and the nature of

o

photochemical reactions in general. A tendency to restrict considera-

T

- - e o :%’{.' S e s RIS M & e T
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‘tion to the immediate viéinity of the surface film might stem from

- » b .

. . . . .
Xeports 'in the earlier Jiterature that seawater attenuates ultraviolet

-

radiation very rapidly, and that therefore only surface phenomena are
. , ’ N\

-

important. . . .
i - &
Measurements (Jerxlov, 1968) indicate that in clear, oceanic water, 5%

.

of the incident light/ of wavelength 300 nm should reach a depth of 20 m.

Even if seawater doeé attenuate the ultraviolet wéielengths,rapidly,

-

as is the case in mgst coastal waters, there are many photochemical

reactions which progceed with high efficiencies at wavelengthé'well into
i

>

the visible and even near-infrared regions. Whether such reactions
%

occur in seawater /is presently a question without an answer, for there

3 ! . M . (3 .

is no composite of experimental evidence on which to formulate such an
answer. Most reviews dealing witH aspec#s of marine chemistry either -

do not cover the subject at all or deal with it in a sentence or éara—

graph. Neverthkless, a number of papers have appeared which may reveal

e

some characterjistics of marine photochemistry. .

[y

1.1.2.1. Surlace Film , *

In considering the various processes active in the removal of oil

- -

from the sea surface, Pilpel (1968) concluded that oxidation by micro-

organisms was the most important and might procegd at rates of up to.+¢

™

{ 3
10 times spontaneous chemical oxidation. Baier (1972), on the other

hand, £ in experiments conducted in the field and laboratory that
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, ‘ . .
Y : . .
using internal-reflection infrared spectroscopy, he concluded that the

- : - ¢

. : * removal of 0i). films was facilitated by the introduction of 02 into the

o - N .
organic film (as evidenceqd by the appearance of ester bands in the in-

N

‘ frared spectra) and ‘that this process, "combined with bubbfe breaking
¢ . .
at the surface provided thpaomost effective removal mechanism. i
- § L .

Another removal mechanism was discovered by Wheeler (1972) who

S

found that’ surface films of fatty acids collapsed to form particles on

exposure to ultraviolet light. Results-:indicated ‘that there was an
S v’ : . : :
introduction of hydroperoxide groups into the parent fatty acid, molecule

o

. with resulfanf polymerization of the products. Instead of polymeriza-
tion, Timmons (1962) found that the constituents of plankton oil films

: ' werehéoqverted to smaller and more soluble fragments when exposed to ’

1

" artificial sunlight. Solubilization agyéars to be a process commen to

-
y

» Socme constituents of crude oil films aé well, with low molecular weight
acids, éu%quides and peroxides tomprising some of the soluble fraction

(Burwoed and Speers, 1974; Hansen, 1975; - Larson et El-' 1977),.
“ . B
-, . An acceleration in the phdTé-oxidation of films of various fEac-
’ . .

T tions of crude oil §p}gad on water

was observed when lsnaphthol was

added to the films (Klein and Pilpel, 1974). The l-naphthol apparently

acted as_a photosensitizer which not ‘only c&@&gq an increase in solu-

’ -, B

bilizgtion of the films, but also caused them toxépread rather thanﬂ;o

. -

contract,vas was noted for experiments in which no photosensitzer was.

*

.. . ) .
. added. A case was made -for t@é addition of photosensitizers to oil

’ ’

spills at sea to accelerate their removal by sunlight phcoto-oxjdation.

L
~
s

&




1.1.2.2. Iodide

‘v

v -

-
'

The observation that the I/Cl ratios are markedly higher in

a .
aerosols above the sea than-in sea water itself :as been advanced as
€ ¢ . n . =

- ra '\
evidenie for sea surface fractiondtion of these two elements. The

[

photochemical prSduction of I, [(Eq. 1.2), in seawater (Miyake andg

Tsunogai, l96§;vMerten andHarriss, 1970; Seto and buce, 1972)

1
. .

CoerT + 12 0, + Hio 21, 4 20H

o

(1.2)

.
N [

has been found to“occur in the wavelength region of 300-500 nmz and

H

this observation has been ddvanced to explain the observed ehrichment.

' Direct absorption of light by iodide ion®would not appear to be a likely

™y '

" mechanism for this reaction, since the iodide ion,absorbg well below the

o .
wavelength of 300 nm.

1.1.2.3. ﬁitrogén nutrients <

+

As a specific topic in the study of the photochemistry of seawater,

the nitrogen nutrients (NOz-, NO; 4and NH3) have received by far the

most attention. 2ZoBell (1933) found that when pyrex flasks containing.
. 3

dilute ammonicial seawater solutions were exposed to sunlight or a mer-
° . °

I - -
cury arc lamp, a decrease in.the NH3 and increase in NOz, and NO3 was

2

observed. The same was not found to be true for solutions prepared

o

with distilled water, artificial 'seawater or autoclaved seawater. THe

]

‘gdnclusion was that seawater ‘contained labile oxidants or catalysts.

I a similar study (Rakestraw and Hollaender, 1936) using incident

'

x
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« ’ Y
o ,“radiation oflgreater than 2?0 nm; it was found the NH 3 bas converted,
24,02° . .
ot to NOz_’in a variety of difﬁerent*seawater samples, but that the same
,. » % 5 .
j é?r reaction was not obsexved in either distilled water“or in the dark.
4 4 -«
" : They also fouhd an'efficient photoreduction of nitrate to nitrite.

. For a long time after the discovery of the photo-oxidation and

Ry

“photoreductio

reactions of the nitrogen nutrients tge pracesses were

]
considered to in ignificipt, because it was believed that the wave-

length regionarésponsible for the reactions (that below 400 nm) was

rapidly attenuated in the seé. With the knowledge that radiation in
- .

§K the region 310 to 365 nm penetrates to at least 20 m (Jerlov, 1951),

Hamilton (1964) reinvestigated these reactions using sunlight and 250 nm

.

radiation. Contrary to the earlier findings of ZoBell, he observed
no detectable photo-oxidation of ammonia, but did find a significant
conversion of nitrate to nitrite. ° Hamilton proposed that the absence

of any NH3 photo-oxidation in his work might be explained.by a lack of

the necessary catalyst in the water (from the Tropical Atlantic) used in

- -

his experiments. Further evidence for the importance of catalysts in

this reaction is taken from the work of Joussot-Dubien and Kédiri (1970),
. who found that dye-photosensitization of axygen by visible light, inssea-

water led to the formation of .singlet oxygen, which by way of a dark

o

oxidation reaction conwerted NH3; to NO, . . .

Relatively rapid rate estimates (2Zafiriou, 1974) were made for the .

destruction of NOz— and NOa_ in tropical sufface waters. It was

s

pointed out, however, that the net effect of the Ngz_ photolysis might

o

be its subsequent recycling throuéh dark reaction pathways to yield

’ °

RN
-
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free radicals. .

Hung (1970) also observed the photo~oxidation of NH3 in seawater,
-~r

but found that both N03— and NOZ— were products. .The disappearanbe of

v

NH; could not be quantitatively explained on the basis of the amount of

NOZ— and NO3 formed (Hung, 1972). It was found that 254 nm .drradiation

of 10 to 60% ammonium acetate in 0 to 3% sodium chloride solution gave

- .

some glycine as a product. The formation of amind acids was used to

.explain the quantitative discrepancy in the amount of ammonia accounted

for by considering only NQ2 and NQO3; as products. However, no concrete
~ . .
evidence for the formation of amino -acids in seawater-was found.

. ) o
1.1.2.4. Xenobiotics

5

- o

An exténsive amount of information on the photochemical degradatign
of xenobiotics has been compiled (Rosen, 1971; Duursma and Marchand,
1974; raust, ,1975; C;osby, 1976) an only some specific aspects of it
will be cited here. In most of these investigations little or no at-

tempt has been made to simulate natural environmental ‘conditions. Very

often solvents other than water have been used, and in only a few in-

-

stances has natural water been employed as a reaction medium. This is
justified in most instances by assuming that the reaction of importance
proceeds by way of light absorption by the substrate as the initial
step. This, of course, limits considerat%gn to only those xenobiotics
which absorb at wavelengths greater than 290 nm, when considered in the

context of environmental importance.’ Rosen (1971) points out the im-

portance of carrying out studies under actual environmental conditions
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{ W
where natural photosensitizers might play an important part in promoting

the degradation of xenobiotics.

¢

Miller amd Narang (1970) found that DDT was photo-degraded in the

presence of aromatic amines aq a wavelength of €310 nm. Although this

paper is often cited with reference to its eqvironmental significance,

it is difficult to assess its importance in view of the fact that .the
experimental conditions and the b?otosensitizers used are far from repre-
sentative of environmental parameters. 'The importance of natural photo-
sensitizers, such as hdmic acids, is evident in the photolysis of

malathion (Paris et al., 1975), ‘which was Found to have a half-life of

. »

990 hours in water containing no humic acid and 15 hours in water con-

~

taining humic acid. The photolysis of benthiocarb and aldrin in agri-

.

1974) has also be attri-

’

cultural water (Ross and Crosby, 1973; Ross,

buted to photosensitization by humic acid.

-

. Apart from the degradation of organic pesticides, the importance

»

of sunlight mediated ractions in the degradation pathways for residual
chlorine and its products in seawater has been recognized (Macalad?

et al., 1977). Sunlight exposure causes a very significant increase

'

in the conversion of these oxidants to bromate ion, which is persistent

in natural waters, and has an unknown environmentaldﬁignificance.

«

1.1.2.5. Metal-organic interactions’ ’

B

Many of the transition metals are found in natural waters as a re-

¢

sult of normal geochemical cycles and various anthropogenic inputs. A

potential role for these metals in natural water phetochemistry is

L

-
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associated with this ability to-form chelates with a wide wariety of
organic com?ounds. The resultant chelates .are important as a photo-
chemical entity, because they often have absorption bands which are
inténse, broad, and extend well into the near-ultraviolet or even
into the visible portion of the spec%rum. Since light in natural

waters is restricted to wavelengths greater than 290 nm, {n organic
AY .

'

compound which is transparent (e.g., amino acids, carboxylic acids,
3 . . A

and amines) to this radiation candbéég;e susceptible to photolysis by

T, ~
forming a photolabile chelate. A major limitation which restricts the

ry

significance of this process is the low concentration of both organic
ligands and transition metals. Because of the complex composition of
“ .

9 3 .
most natural waters, many competing coordination compounds can exist

for both metals and ligands. It is therefore essential that a ligand

’

present at a low concentration in these waters must have a large

stability corstant with some metal ion before a significant concen-

> -

tration of the chelate can exist. This is indeed an-oversimplification
of the problem, for seawater has a composition made up of over 70
o
!

elements present as an unknown number of inorganic dissolved species

and solid phases along with a suite of organic compounds, which in the

"present day inventory account for only 10-34% of the total organic

carbon present. One approach used in‘estimating the importance of dif-
ferent ligands in ?aglating metal ions has been through the use of
cémphte¥ equilbria modeling (Stumm and Morgan, 1870; Morel and Morgan,A
1972; Zirino and ‘Yamamoto, 1972; yorgan and Vuceta, 1976).

Much speculation exists on the presence and importance @F natural

¥

©
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chelators in nafural waters; ,but little has been accqyplished tqwards
0 ) «

+  their characterization and even less inig;ﬂgkgon exists on their'photo~

v

chemistry. One exception to‘this has been the studies on acetate;

Agahi and Takabatake (1973) found that when aqueous solutions of

.. ~ : ’
, mercury and acetate were exposed to sunlight, a methyl mercury bond

-

was formed. It a similar study .(Jewett et al., 1976) methylmercurié

ion and dimethylmercury were found upon irradiation with normal labor-

3

atory lighting of aqueous solutions oft the reactants at the ppm- con-

t Al

centration level. They found a similay result for théllium acetate.

Y o, :

{ solutions. Both the mercury and the thallium solutions gave gaseous -
/ d

products which were identified ethane and C0O;, and also a precipitate
J

which apparently was the elementa)l form &f the metal. s

* - ' . [
A recent- interest in the photdlysis of aminopolygarboxylates stems
BN . . . . A . 2+
from: their i%pldly increasing commercial importance. Studies on Cu

- : ST
nitrilotriacetate (NTA) (Langford Ei.il" 1973) and Fe3 NT@’(Trptt

,ﬁ.
et al., 1972) chelates show that both decdémpose rapidly at radiatiqn

~

wavelengths present ip sunﬂight. The authors suggest that the reaction

proceeds by way of a LMCT (ligand to metal gcharge transfér) transition;

, 3+ \
based on similar results for Fe EDTA (Carey and Langford, 1973) and “g
. i - '
glycine, they concluded that this may be a general reaction (Eg. ,(1.3)s
oo
for aminopolycarboxylate metal complexes. . \
. A g . (
“ . hv ’ g
RHNCH,COOH +30;— RNH2 + CO2 + CH20 (1.3)

“ 3
. f,

<,

. 34+ ¢
, Further studies on the products of Fe® "EDTA (Lotkhart and Blakeley,

0
1975) showed that 8 major products were formed, including glycine.

-

\ .
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Nataz@jaﬁ and Endicott (1973) feéhd/ghat 7f the, EDTA chelates with

. A\
+ 2+ + .2+ 2+ 3+ + )
Fe3 , Co , Cr3 , Ni and Cu- : only Fe and Co2 were photolabile.

A}

3 In a similar stﬁdy, Lockhart (1976) found that of the EDTA chelates

; o . + 2+ 2 2+ 2+ 2% 2+ 24 2+ 24 -
with Na , Mg" , Ca 4, MC , Fe© , Co” , Ca” , 2n  , C4d ., Ni and

3+

- s

2+ + . .
ng+, only Mn~ , Fe , and»'Co2 were photolabile. ;

o -

1.2.6. oOther organic coihpounds e . o . ,&

’ -

\
. » -y -,
In a few instances, light initiated reactions in seawater Have

peen.discoverea by testing the stability of substances in light and
,dark contrdls, or from the observation that concentration of certain
constituents of seawater increase on exposure to light. q§e latter of
these led Wilson‘gg_g;. (1970) to the conclusion that carbon mongxide
~b -1, -1 RS W |
. (10 ml 1 "day '), ethylene, and.propylene' (10 ml 1 "day ') were

) formed by photochemical processes in seawater. Although the concen-

trations were small, they were significant when compared to the normal

S .

.* concentration of the materia}s in seawater. The amount produced seemed

to be dependent on the concentration of organic material present. The
x

authors do not suggest a mechanism for formation of the observed pro-

. * a
- ducts, but it is possible ghat since aldehydes have been identified as

a constituent of seawater (Kamaté;ﬁi966), their direct photolysis

[y N ©

. through reactions like 1.4, 1.5 and 1.6 could explain their observa-

-

tions. Unfortunétely, the conditions under o
. ; . N & k , ‘
CH,0* — Hy + GO ) (1.4)
CH3CH,CHO* * ——— CH2=CH, + CH20 (1.35)
] /) : . 5 =
~ + CH3CH,CH,CHO* ——> CH3CH=CH, + CH,0 . ' (1.6)

bt 8 -
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which these reactions and many. others have been investigated are so
different from seawater that comparisons should be made carefuily:

In another study on the chemical instability of purines in sea-

. B

water and culture media, Antfé and Landymore (1974) observed ihat uric

5 Y

acid and"xanthine were degraded by exposure to light of wavelengths
g;é&ter than 380 nm. On the basis ofkngA inhibition of the Eric acid
photolysis, trace metals were imﬁlicated in the reaction. scheme. The

»
L. A . \ .
éﬁaltlon of EDTA to natural seawater solutions of xXanthine, however,

caused ‘an increase in the rate of photolysis and-this was advanc39 as

evidence for the inhibitory effect of ﬁetaLs on this reaction. In view
» T

:

ofi the fact that EDTA is also a good reducing agent, it is entirely

possible that it is 'serving as a free radical scavenger and/or a
‘ 4

. -

hydrogen or electron source for triplet excited states of photosensi-

t%&ifs. In any case, the influence of EDTA on the phq}odegradation of

. xanthine and uric acid does not necessarily implicate trace metals in
the reaction. An interesting aspect of this reaction is that neither

uric acid or xap?hing absorb light above 380 nm. This woudd imply that

the reaction proceeds either as a result of a metal—ligand_chelate or

it is induced by some other absorbing species. .

v s & o 1
i

N\ carlucci et al., (1969) found that vitamins Bi2,.thiamine, and

s

.

biotin lost most of their activity over a period ofetwé”weeks in sterile

seawifer solutions which were expo%ed to sunlight. The destruction of

both vitamin Bj;z and thiamine could be explained by direct photolysis,

-~

since both absorb at the wavelengths used in ﬁhg experiment. However,

@ 2
,fﬁfg;;;dis transparent to the sunlight radiation and, as was the case with

- AN

' (

i
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i/) uric acid\ and xanthine, the initial excitation must originate in a

ié%cies other than the vitamin molecple.

& )
1.1.2[7. Short-lived reactants

.
-

Yo

Many photochémical reactions form g;ah%ien% products which often

have lifetimes on the order of milli- or microseconds. Because of their

\

-2

short life-times, these product4 must be studied with special tecpniques

. which operate on a time scale-fast enough to record their existence.

.
rooN

\' Flash photolysis is @uch a technique; essentially it amounts to exposing

a saméle to ah extreﬁely high egergy flash of light, and immediately
measuring the absorbance-bgfore the relatively high density of the
transient products formed during the flash disappear.
This technique has been used to determine the probable fate of
hydroxyl radicals (OH*) (Zafiriou, 1974; Zafiriou and True, 19779,
‘ ;hich should result from the phétolysisof both NO2 and NO; at the

natural seawater pH of 8.1. Since the OH* is one of the most reactive
Yoo * ,

species known, its lifetime in seawater should be very short. On cal-

culating the pseudo first order rate constants for the reaction of a

number of seawater components wiéh the OH*, Zafiriou (1974) concluded

that it would react almost exclusively with bromide ion, with minor .

: (

participation from carbonate ion and DOM.. The transient absorbance ob-

served during flash photolysis studies of seawater were similar to-those

expected for a mixture of dihalide ion radicals with no evidence for
. o

.
» -~
v .

the decay reactions of the‘'initial free radical transients.

\3 [} - e
L
7
B

* the bicarbonate radical. Carbonate'specieé, however, were implicated ?n
- & 1 .
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Other evidence for the existence of short-lived species in seawater

was given by Swallow (1969), who found that the chlorine anion radical

(Cl, *) and hydrated electrons (eaq_) were formed during the pllse
4

radiolysis of seawater. He proposed that hydrated electrons would be
.\ .
formed under natural conditjons by photoionization of aromatic compownds

in seawater. He calculated an upper limit for their formation by as-
suming that all but 14% of the incident light up to 325 nm was absorbed
by/compounds capable of photoionizing, and that this process was 100%

éfficient (p = 1). This gave a maximum production of " 3 x 10'2 hydrated

electrons g-1 sec_l, which would in turn be scavenged by Oz and CO2 to

form the superoxide anion radical (02 ) and the carbon dioxide anion

N

radical (COz-').- Zafiriou (1976) points out that if Swallow's calcula-

tions are correct, the organic initiatdrs of hydrated electron production

"

would be transformed to free radicals in only 10° seconds. He con-

.cludes, that either these reactions are extremely inefficient with respect
° @ ‘
to light absorption or quantum yield, or material recycling must occur.

1.2. Conclusion

It should be apparent from the preceding discussion that the photo-

»

LR ! . . . ,
chemistry of seawater may involve many components in a variety of dif-

ferent types of reactions. For maﬂy of these reactions the wavelength

of- the excitation energy is sufficiently long to favor their occurrence
®
throughout the photic region of the water column; they perhaps represent

an abiotic process which is compet%}ive with biological recycling pro-

_cesses for some organic materials. However, in view of the experimental

.
conditions used in some of the studies reviewed here, it would be un-

»
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warrented to extrapolate the results directly to the marine system.
Yet, even where the natural system has been closely approximated, as
in the case of the nitrogen nutrients (ZoBell, 1933; Hamilton, 1964),

the results of different workers indicate that seawater may not be a

consistent reaction medium.

If the composite of observations concefrned with the photochemistry

-

of natural waters is considered as a whole, it is reasonable to con- &ﬁig

clude that a maze of simultaneous reactions may be occurring of which a

few might predominate and set observable trends. Since no systematic

study of marine photochemistry has been reported, it has only been

possible to consider its role on a conceptual basis. Unfortunately,

:

this has led to a range of oéinions varyi from complete skepticism to

unqhestioning belief in the importance (of photochemical processes in the

ocean.

J . -
4

The following work, therefore, is directed at attacking the question

experimentally in an attempt to elucidate the nature of marine photo-

chemical processes. Some of the fundamental ‘questions that have been

considéred in this work are listed below.

(1) Are any light-initiated changes in either the physical or

biological properties of seawater obse€rved?
(2) What is the rate of-light-initiated modification of model
substances, for which the chemistry is well known, when *

}
they are added to seawater under natural conditions or simu-

lated natural conditions? "
At

.
-

(3) What product% result from 1light-initiated reactions of either

model compounds or natural seawater components?

v
-

L
\
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(5)

(6)

18

Do

What are the specific agents of seawater which are respon-

bl

sible for 'its "photoreactivity"? *

. o 8
What are the general mechanisms of lightzinitiated reactiong

in seawater?

Is the "photoreactivity" of seawater variable in time and

space?

S

Conceptually these qu@stions may be tractable, while on an experimental

basis .some of them may prove to'be difficult or even impossible to

clearly resolve.

3
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2. ASPECTS OF PHOTOCHEMISTRY '
-

2.1 Introduction

‘

This chapter is included only to Elarif& sbme off the terminology

of definitions for
(

marine scientists.

used in this thesis, and to provide a convenient list
1

terms familiar to photochemists, but unfamiliar to most
y)

-

A3
No attempt has been made to give a comprehensive list of terminology,

and the readet is referred to the following texts and articles for -

further familiarization withfthe subjéct: AU

general photochemibtry; . '
Calvert and Pitts (1966),
Wayne (1970),

Turro (1965), and

» pitts R (1963) (vocabulary), o /

coordina nd inorganic photochemistry;

Balzani and Carassiti (19709,
Bucat and Watts (1972) and ’

Endicott (19767,

photobiology (photodynamic action);

McLaren and Shugar (1964) and °
L

Schenck (1974), and i o

. A

environmental photochemistrys;

’ +

Owen (1971) and

Zafiriou (1977).

S
.
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Other pertinent references will be given throughout the text,

and the literature dedling with relevant aspects of oxyanion photo-
. - - :
chemistry, transition metai'photochemistry, and organic photosen-

sitization is covered in the chapters where those subjects appear.
-
;o 7
’ ° C s N
2.2 Definitions and comments

o

.

- N
gPe first law of photochemistry (Grotthuss-Draper Law) states

hd a8
Y

"
o

A.

thgf only radiation which is absorbed by the molecule can be ef-

fective in producing a chemical change.

The second law of photochemistry (Stark-Einstein Law) states that

for the primary process only one quantgm of radiation is ggsorbed
by the molecule ;nd that the sum of primary process quantum yields
must %?ual one. ’\ ‘

An einstein is 6.02 x 1023~photons, where photon refers to a
quantum of light energy which is equal to the product of Planck's
constant (6.62 x 10 2’ érg sec) and the frequency of the radiation
(i.e., g=hv=h%A=nh (3.0 x 10'% cm sec”l) /A yhere A is in
angstroms). An einétein at any specific wavelength is then equal¥

to 1.19 x lols/k/ergs or 2.85 x 10%/x calories.
/

“

The energy of radiation in photochemi;%ry is often expressed in a

. iy

number of di;éerent units including ergs, joules, e V, and calories.
: / '
/
Different photochemical reactions have different energy requirements,
and they /are therefore wavelength dependent with the highest energy

reactigns occurring at the shé;test wavelengths (Figure 2.1).

/

/ /
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* Figure 2.1 The Sea Surface Solar Energy Distribution

and Typical Energies for Bond Dissociation

’

1
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The quantum yield ($) is a measure of the efficiency of photo-

processes, that is .

o, = 0o of A events occurring . '
A no. of photons absorbed ° e

®

For primary processes I o1 = 1, where i represents all of the
~

processes dccurring. For ‘chemical processes ¢ has the general

definition,

o = no. of moles of reaktant consumed \(or product formed)
no. of einsteins absoxhed )

—

and terminate when the excited molcule has undergone

reaction or

/ has returned to near its pre-excitation energy level.
- \ 4

Secondary processes are actually thermal (dark) reactions of

o

reactive species resulting from the primary process. They are

)

photochemical orily in the sense that they are the consequence of

light absorption.

The singlet excited state (S, with n > o) results when a paired

electron is promoted to a higher energy level with retention of

electron spin (i.e., paired spins, 1}).

The triplet excited state (T, with n > o) results when a paired

electron is promoted to a higher energy level with spin inversion

occurring (i.e., unpaired spins,ir). Transitions in which a change

of spin occur violate one of the selection rules and are referred

\
’
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\ Al
to as a forbidden transition. Therefore, itions have

a low probability of occurring ard result in very Qeak absorption.

Photophysical processes are those in which Lo chemical alteration of

the absorber occurs. The Jablonski diagram in Figure 2.2 illustrates

some of the possible energy transitions.

AN
Primary plotochemical prdcesses are those involving a chemical -
L
alteration of the excited molécule or an immediate receptor of its 1
_ ) ) , . ) , Ja A
excitation energy. The various possible processes arg listed in 4

Table 2.1.

Photosensitizers are substances which through their own absorption

v

.

' .

of light can produce a chemical reaction which would not occur in

their absence. In this process ‘the photosensitizer serves as the

a

) ¥ - . .
light energy receptor and it can either transfer the energy to a

substrate directly (energy transfer process), in which case it

@ ~

undergoes no chemical alteration, or it.can interact with the sub-

strate and be chemically changed. Although by definition all

reactions originally initiated by the photosensitzer are included,
it is of utility to restrict its use to only those. processes occur-

ring immediate to the primar§ FCt of light absorption. The com-

i

s"g . '
plexﬁ@& of environmental systems, however, may preclude any attempt
to define distinctly the reaction mechanism, and what would appear

to be a photosensitized reaction might instead be the,result of a

- v

step (a secondary reaction)in the mechanistic sequence that is far

-

n

removed from the primary light absorption precess. To circumvent '

this problem the all-inclusive terxms induced or. photoinduced have




kS

Figu3§,2.2 Jablonski Diég;am Showing Absorption and Subsequent Photo-
) physical yodes of Exciﬁgd State Decay

D
o

T v
R - (1) 1IC represents internal'conversion.
FS *¥
(2) ISC represents intersystem crossing. -

- ~

, (3) VR represents vibrational relaxation process.

(4) S and T represent singlet and triplet state,
.respec¢tively+~-with subscripts (i.e., 0, 1, and 2)
. ‘indicating ground, first, and second excited statesd,
respectively.
(5) Radiative transitions 'are represented by continuous
lines and non-radiative by wavy lines. ©

(6) Arrows in boxes indicate electron spins in ground and
excited states.
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Photodimerization (Photosubstitution)
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been used to describBe those processes which ,are light initiated /
but for which the mechanism of the reaction is unknown. This can
include metastable products df photolysis that will eventually

t
react or catalyze the reaction'of other’'constituents of the system.

FPree radicals are species that contain an odd number of electrons.

.

They can be positively or negatively charged or neutral and are

. s
often highly reactive. Free radicals are common intermediary .
v A
products of photochemical reactions and may have an especiaMly
. 8 -
important r?le in secondary reactions in marine photochemistry.
One of their most interestihg characteristics in this regard is
that once initiated they tend to propagate until one of a number
of possible termination steps is reache®. The common reactions of
free radicals follow: x Qx
J
>4 f’ - ]
(1) cembination, . -
. ~ R »
’ ; < /
A* + B — DB =,
- % 3
v
A* + +02° —— ROj* ’
. e
(2) disproportionation, ! .
L] . N \ /
2 H—C-C'——T* H-C-C-H f/C=C\~

(3) redox,

-t

ar + M —— a7 4 p(ntDH
y
(4) addition, and

~ ./ I
A* + C=C_— A-C-C- .
SN I . "

( (5) fragmentation. )

-
-
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Photochemical kinetics, like thermal kinetics, regquires a solution .

-

to the equation,

- _ [dAa] " :
rate = ac . o .
However, unlike thermal netics, the rate of a photochemical '

- ~ - 4 " N
reaction can gnly be accuxately defined when the quantum yield and

- . S

~ ~ ¢
the number of einsteims absprbed (Ip) by the reactant in unit

volume and unit time are known.: Hence, the rate equation for a

.

photochemical reaction is

14

[}

Because of the complications involved in determining ¢A and Ip in)

the seawater system (Section 3.1.6.), the actual reaction rates

w

were hot calculated for the studies which follow.

Instead relative

rates were determined which take into account neither ¢A or IA' but
only give the change of concentration ‘'of reactant or proﬁuct with
9 -« o
respect to time of exposure to a continuous flux of radiation. No . .

comparison should, therefore, be made between relative rates deter-

mined with different light sources.

P r A
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+ 3. PROBLEMS ASSOCIATED WITH STUDIES IN MARINE PHOTOCHEMISTRY

v

« -

3.1 Problems unique to photochemicdl studies in natural®waters

S

/,

In most studies in solution photochemistry, the conditions are

selected so that experimental variables are limited to as few as pos-

sfble in order to obtain the most uhambiguous information fromihe
3

experiment. Operationally the experimentalist sets the conditibns

e L~ -

)}
which are best suited to his particular problem. However, when the

&
problem is concerned with studying reactiqns occurring in the natural

envirdnment, a comparison of conditions between classical solution

-4

photochemistry and marine photochenmtistry, as indicated in Table 3.1,
shows that the two are widely different in many respects. For an exper-
imentall& tractable broblem, it may be necessary to simplify aspects of

the natural system by adopting classical conditions. However, the more
K : AN N
closely the study resembles the classical approach the more likely it

e

is to fail in providing an accurate assessment of the real situation.
On the other hand, to assume all the prevailing natural conditions as
part of the éxpeximent might make the interpretation unrealistically

complicated and make any results:seemingly dubious. It would seem that

~

the only recourse would be to set conditions somewhere between the two
and to base the decision on a careful consideration of the prevailing

environmental conditions. By establishing an experimentally realistic

goal, the study can become a consideration of only a part of the whole

. ’
~ iy
a

>

system rather than all of it. . }

=7

&
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- Table 3.1 Comparison of ’I‘ypical\Reactions Conditions
for Classical Solution and Marine Photochemistry
i 2
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Property

Classical Solution
Photochemistry

Marine
Photochemistry

wavelength of radiation

solvent -

>

number of reactants

concentration of reactants
and products

phases present
oxygen

éompeting'procgﬁses

-

reation rate

variability of reaction medium
(solvent and reactantsg)

B

usually specified by € of

studied compound

max

non-aqueous except in coordina-
tion photochemistry

.

one ' .

high enough to measure con-
veniently .

one, homogeneous

usually avoided .

avoided

significant conversion, | sec-
hours

no

polychromatie, width dependent
on depth and location

seawater
1
~

number unknown, perhaps many

|probably too low to measure
“leasily

heterogeneous
always present

possibly therﬁal, biological,
physical and other photo-
chemical

environmentally significant
conversion, hours -to years

unknown, probab l? yes

I Tl e e e o -

§

62
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3.1.1. Knowledge of reactants and products

In the classical photochemical approach, a reaction is sEudIed by
- characterizing the products and following either their rate of appear-
ance or the rate of disappearance of the reactant, for which the ini-
tial concenpration is known. For a sample of seawater, however,‘very
C little is known about the .7 to\2\mq/g£lfp:esen§\as organic matter. The
situétion is somewhat analoéoué to collecting a sample from a reaction
vessel after some unknown reaction time has lapseé, during which some
° unknown number of‘reactions were active in altering an unknown number
of re?ctants to give an unknowg number of products.

What is known about the identity of the organic fraction in,K seawater
co&érs only 10 Ep 34% of the total, depending on whose estimates one
uses. The organic compounds listed in Tab{e 3.2 have been ide;tified

~as constituents of the total "dissolved" organic fraction of‘seawater,
wﬁére "dissolved” r%fers to the organic fraction remaining after fil-
tration through a .45u‘f§1ter. The values,shown are a composite of dif-
ferent studies on seawater samples, most of which would be of coastal
origin. for the sake ;f comparison'it was assumed that the total con-
centration was 1 mg C/1, with thé u;charactefized fraction amounﬁing
to 66% of the total. This fraction may be coﬁbosed of plankton ﬁy—
products, which, through a type of Méillafa reaction, have condensed to
-form melanoidinés’KKalle, 1963). In coastal waters this fraction may
contain other principle constituents of terrigenous origin (Prakash,

1971) as well as benthic. algal exudates (Sieburth and Jensen, '1969;

— Khailov, 1963; Craigie and McLachlan, 1964).




- ”
Table 3.2 "Dissolved" Organic Components in Seawater

“
N
»

The concentration in ug C 17! are taken from Dawson (1976). The

values shown are representative of recent studies 'which have been pre-

4

séented in the literature. N

Based on”an approximate average molefular weight for group clas-

<y

sification. .
2 Based on typical absorption spectra for the compounds in graup
classification.
Y
3

Assumes this fraction has a character similar to soluble fulvic acid

) " .
fraction from soil with a molecular weight of 1000 of which 50% is

4
carbon.
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Component Concentrg?ion Cong?ntraty?y Mé*lmum Absorption
< ug C 1 M 1 x 10 wavelength®, nm
free amino acids 10 .3 , < 300
combined amino acids 50 - <300
free sugars 20 .3 ) < 300 .
combined sugars 200 - < 300
fatty acids 10 .05 < 300
phenols 2 .02 ) 350 .
sterols O.H .0006 < 300
vitamins .006 . 000002 only biotin < 300
ketones 10 .2 350
aldehydes 5 .1 325
hydrocarpons 5 .03 aliphatic < 300
aromatic > 400
urea ' 10 83° < 300
uronic acids 18 .25 < 300
uncharacterized fraction 660 1.33 ;00-600
total - e 1000 N4 -=
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In general, the absorption spectra of the uncharacterized fraction
appedrs as a broad featureless band extending from the far ultraviolet
out at least into the green region. This fraction is probably respon-
sible for most of the absorption at wavelengths’greater thaq 300 nm.

\
For the most part, the remainder of the components are quite transparent

. to sea level solar radiation wavelengths. There are, however, inorganic

components which absorb mainly in the 300-400 nm region; these®include

NO, , NO3 and coordination compounds of many of the transition metals.

3.1.2. Variability of reaction media

|

n |
In solution photochemistry it is expected that an experiment can
be reproduced by using the same set of conditiofis. Since the solvent

can play an important part in determining the course. of a reactionk it

is of fundamental importance for many rkactions to use the same solvent

or one with similar characteristics. In marine photochemistry, the

] ( .
. . . . . . -
solvent is a premixed reaction medium; little is known about the details

o L]
of its composition, and perhaps what is more important, its variability

with respect to time and place of collection. In general the major

~n

characteristics of seawater with the same salinity do not vary much

from place to place, but the technoiogfcal difficdilties of measuring

the minor and non-conservative components leaves the variability of

~

their concentrations open to question. It is certainly reasonable to

expect to find differences between different marine environments, such

o
@ ’

as upwelling, coastal, estaurine, and oceanic areas. The scale of

variability could be far smaller if phenomena such as blooms of phyto-

A%
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plankton, diurnal migration of zooplankton, schools of fish, phyto-
’
plankton patchiness, or fluvial inputs play a significant role in

altering seawater composition. .

*
t -

£

The history of the seawatier prior to its use in a reaction might

’ ) also have a considerable bearing on the observed photochemistry. Pre- .
M q

i vious gonditioning of the water by biolggical, physical or chemical

' - 5

procegses will determine its characteristicg at the’'time of collection.

~

Therefore, water exposed to a long period 6f sunlight radiation might

) »

have photochemical characteristics whicK.would be far different than

>

the same water with a previous history of a 1 ng/period under overcast

skies. Temperature and the kinetics of\microbial decay might also be

:

important considerations in determining seawater photochemical char-

v

acteristics. |

It is, however, entirely possible that the photochemistry of
W

»

seawyater might be dominated by some overlying feature which gives it

“

3

. approximately the same characteristics everywhere in the oceans.

3.1.3. Concentration of reactants Fnd products
1] [~ 3
~ The tLtal molar concentration of organic components in seawater

o

might be in the range of 1-4 uM. However, for most individual compounds

7

the concentrations are usually less than 10 '’ M. Therefore, analytical

techniques with high sensitivity are required, or the substance being

A\.‘ﬁh
determined must be concentrated From large volumes of seawater, this
» Al " 4

is time consuming and creates serious contamination problems. The

.

I
+ latter technique is not suited to studying photochemical reaction solu-
. & N

e

et U s b L P a




o -
’ S

tions, where the use of small reaction volumes is usually necessary.

.

. The alternatives areé either to raise the concentratidn or to try to

-

develop sensitive anaiytical methods for specific model compounds.

~ .
The usual recourse taken by workers. studying reactions of natural e
!

waters is to raise’ the concentration of the reactants to levels where

. N °
change% are easily detected. For zero order reactions (rate dependent '

B

only on <light intensity) this might be a fayorable approach, by% for

—_

. * - s e ] - -
reactions of higher order, especially those where competition between )

es

the reactant and some other compdnent (e.g., Oz, trace metals &; minor
oo . , .
organic components) for a secondary reactive transient exists, tTe . h
: R

-

results could be extremely misleading. For instance, in the reaction

- . N -
of the hydrated electron with cystine, the rate is approximately .dif-

fusion controled in oxygen-free aqueous solutions. However, if the .
solution is in equilibrium with air, the reaction would only be im- o

portant at concentrations of cystine which wWere in the range of the
oxygen concentration. Under natural mar}ne conditioﬁs, the concentra—'
.tion of cystine is typically 10* to 10° times.lower tﬁ;n oxygen aﬁd
other scavengers. Therefore, cystine should noF react appreciably by

this mechanism uqﬂﬂr natural seawater conditions. :

Very often the significance of environmental photochemical trans-

y

formation of a substance is determined at concentration from 10 ' to § .

molar. Although valuable information may be obtained from such experi-

ments, their relevance is questionable when‘the results are extra

o

polated to naturdl environmental conditions.

S
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3.1.4. "’ Competing processes and reaction rates

» ¢
v

The low concentrations of the réactants, the poséible high com- .
. X j . .
. plexity of the light-induced t#eactions and the possible simultaneous

biological, chemical and pﬁysibal mechanisms for éuﬁply, remqvaibor

- s
- . - *

transformation of reactantsg and products will cerpainly limit the " '

- . i-— N .
degree of detailed undé!sﬁ&nding of thesspecific photochemical ) i

LY

mechanism in the mariné environment. 'Evgn to eliminate all but the

2 o «

abiotic light—induced reactions could still leave a complg¥ system of

competing photochemical processes, the sum : of which ﬁay alter many of

»
. . f 1

the chemical, constituents of seawater. The si&n;ficanCe of any one of .

these processes for a particular component in the natural environment

N -

is thus debendent‘upon the magnitudes of the rates for=all of the N

variﬁ%s chemical, biological and physical transformations involved. The o
o . . . . w 5
relatiopship;expressed'by Eg. 3.1 conceptually provides a simple way of N -
‘ N ‘g £y g
L Photochemical Rates

Rg = L All Rates T - (G

~ 2 v
.

o .
where Ry = ratio of environmental significance
o - ' ,k. -
considering the significance oﬁ!.rphotochemical process in the marine ~

»
> .~ o

environment. A process which is entirely photochemical (where Rg = 1)

would probably only, be possible for the formation of products in which a

sphotochemically unique species is formed. Photochemical transformation
o

4 -

of biologiéally refractory materials might have high Rjvalues, but com-— &

v

pounds which .are readily degraded'bx microbial processes would probably )
. y )

‘ v’

have very laow ngalues. " . Q
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- 3.1.5.jj§Qquogeneoué reactions \ ‘g

Many‘of the substances which are considered tq be part of the dis-

solved organic fraction of seawater are hydrophobic; hence, they have a

strong tendency to absorb on surfaces or coalesce into particles.
) . -

53 -

- and POC are associated'througp a complex equilibrium (Paréoné,/4975) in

DoC

» which the displacement is established by the concentration and nature of

* \

the organic materials involved and by processes which serve to

0 hd

’ rontrol

the forward and reverse rates (e.g., b%pbles, bacteria, inorganic

[} 2

"I‘He POC concen-

particulates, and chemical condensation reactions).

. . r,
‘. tration is then highly variable, and dependent both on location "and o

.

season and may constitute from 2% to$50%‘of the TOC.

[

- . AY
- Although the detailed composition of this detritalsmaterial is not

(4] °
\ , ”
knéwn, it is certdinly composed in part of the remains of dead organisms,

, - and of bacteria thatﬁgre actively decomposing it. Such particles might

[y

*
, Yepresent specific micro-environments within the solution where.photo-

/

chemical processes may proceed with high efficiency. This could be

an especially attractive consideration if these particles tend to absorb

. .

Y light as a result of their having incoiﬁora;ed transition metals,

,
M

, )

portions of photosynthetic apparatus, and condensed polyphenolic polymers,

v which might be part of the Gelbstoff.

»

Althoug?fthe particulate fractipn may comprise an important part

1 1
- of the photochemistry of seawater, it also represents a dilemma.

“If the
particulate fraction is removed by filtration or cen}rifggatién its \
o 4
L3 - ’ -
‘o @ontribution to the photoreactivity of seawater would not be included

in experiments. However, if it is retained as part of the sample, the

@ o

,
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concomitant bacterial effects must’' be stopped by some means that Hoes

not change the photochemical characterisitcs of the system. The dilemma
'S

N

is further complicated by the lack of knowledge 'of photochemistry in

i .
heterogeneous systems and by the paucity of techhqgiues for. studying
them. It would seem, then, that a simplification of the natural system

. \ -Lh __—
v is necessary, and that this might best be accomplished by filtration,

3

. but, because of the equilihrium between DOC and POC, it can be assumed

N
-

~——— e only that the original POC is removed. Any'newly formed POC may have
kg

. completely different composition and properties. K

a

. . . .
Aside from the "solid"-liquid phase represented by POC in seawater,

® ~
it is also necessary to consider the adsorbed organic materials on

- I 4

terrigenous inorganics particles (e.g., clay, silica, and metal oxides),

.

on mineral particles formed in situ.by precipitatioch hn@ at gas-liquid
interfaces, as potential photoreactive sites. In many instances, -both

the photochemical and speéctroscopic properties of organic molecules are

»

altered when adsorbed on such surfaces (Nicholls and Leermakers, 1971).

&~
w a

, Evidence for a vatriety of photoreactions which take . place at‘meﬁ:;j

)

"oxide surfaces (Ritchey and Calvert, 1956; Kuriacose and Markham, 1962;

~

Khenokh and Bogdanova, 1967b; Frank and Bard, 1977) and in surface films

at air-water interfaces (Timmons, 1962; Wheeler, 1972; Klein and Pilpel,

N

1974) have been reported.
A .
< a

3.1.6. Ovean irradiatien characteristics

Y

.

On a suhny day a square meter of the ocean surface may have as much

as 1 kilowatt of solar power impinging on it. Approximately 95% of this

-

/
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enters the water column. _Of this about one-half, which consists’ of

the infra-red region, is absorbed by molecules iﬁbthe E%per one meter,
)

2
’

and is converted to rotational, translational and vibrational molecular

motion. ' The remainder of the radiation is composed mostly of. the ' .

visible (700 to 400 nm) and near ultraviolet (400 to 290 nm), Waveienghts
N .

»

and unlike the infrared radiatioms, it's absorption results in eleé¢tronic

transitions in molecules or ions. bl
]

\]

. The characteristics of attenuation of the visible and ﬁlﬁ}aviolet "

N .

radiation by seawater have been discussed extensively (Holmes, 1b57;
R g

Duntley, 1963; Jerlov, 1968; Jerlov and Nielsen, 1974). The total I

) : A 3 b 2 ,u '

attenuation (c) of light in seawater-is-described by Eqg.:3.2 (Jerlov,

¢
. -

1968) . .7 - SR
R . -"“ "y - .
. c=ay, ta,t+tay + sy + sp N - (3.2)
where a,, = absorption by water ™
\
o ap = absorption by particles ’ N v H i
iy
ay = absorption by organ&s constituents

. syy = scattering by water - N ) S

. 5 . ' . !
= Sp = scattering by particles . Lo

) .
Since the absorption and scattering by water itself are constant any-

4 o -
where in the oceans, these values may be combined (c,, = ay + sy), and
- " '\ - 1]
! . 8 ! \

Eq. 3.2 may be rewriltten as .

’ '

) oty = ap +ay + sp . ‘ ' . (3.3)

-~ e
.
J

r
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Table 3.3, indicate the large variations that are observed for both the
individual components and their summat;ons. Differences are gspec1ally
marked between regions of low and high productivity or where strong
terreétrial-influences exist,

The scattering coefficients are of little consequence in the
dissipation of light.energy, since in Rayleigh ‘'scattering the photon

collisions are "elastic" . and in Raman scattering the photon loses only

R\‘: small amount of énergy to a change in vibrational energy levels of

3

he scattering molecule. Scattering, then, has essentially the net ef-

! fect of changing the directional character of the light, "but only the

A}
act of electronic absorption can absorb the photon energy.

Scattering phenomena can, however, exert a strong influence on the
net flux of photons across the sea surface. Thevariation of reflectance

on a flat water surface with changing\solar elevation is shown in
4

Figure 3.1. If waves are present the reflectance does not change much
at high solar elevation&, but it is dramatically reduced at lower solar

elévations. However, with the presence of white caps and bubbles the
I

v 1

.albedo might incregse to as much as 31% (Fritz, 1951). When the sky is

-

overcast the surface reflectance averages 10%, regardless of solar ele-
_vations (Buit, 1953).

The net flux of photons, across the sea surface is also a function

.

6¥%Fhe degree of backscattering out of the ther, and again is a process

‘

which is inversely related to solar elevation. Backscattering is de-

pendent on wavelength-selective molecular scattering (for water this
-4

) <
varieg’as A ), which is more important in the blue to ultraviolet™ -

L] »
o

weanm o,
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Table 3.3 Regional Attenuation Properties (m !)

Data taken from ijSerlov (1968).
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We;ve-
Region length c-cy Sp ap ay aptay--
- {(nm) 4
|
Sargasso Sea 440, 0.05 0.04 g 0.01
Carribean Sea 665 0.06 0.06 0 | o.00
' 440 0.09 0.06 0.03
Vi
Equator Central Pacific| 440 0.Q9 0.05 0.04
Galapagos 665 0.11 0.07 0.04 {0.04
440 0.24 0.08 ! 0.16
North Atlantic 665 1o .
420 0.03
North Sea 665 0.01
420 . 0.10
Bermuda 655 0.10 0
380 0.20 . 0.03
i a
Kattegat 655 | 0.23 0.15 0.08° 0 0.08
. 380 0.54 0,16 0.27 0.11 0.38
1
Pl \‘}
South Baltic Sea 655 0.27 0.20 . 0307 0 0.07
380 1.15 0.21 o.?s 6\68 0.96,
. ) \ \ ’
Bothnian Sea 655 0.38 0.28 0.10 0\ 0.10
; 380 1.72.| 0.31 \ 0.33 1.08 1.41
- e oy -
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Figure 3.1 Reflectance of U%Pplarized Sur and Sky
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Radiant Energy from a HoriTontal Water Surface

Data is taken from Jerlov (1968). N
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region, and on almost wavelength-independent particle scattering. ©Thefiew
. ° o 3

fore, in the clearest ocean waters with the sun at the zenith, 5-7% ofo°
blué and violet light is scattered upward (Poole, 1945; Clarke g&ﬁ@l:,
1970) with little red or orange backscattering. In turbid coastal water,
the red and orange will be preferentially backscattered, and the blue to
ultraviolet radiation will be attenuated rapidﬁy by absorption.

In general it would appear that under most oceanographic conditions
the lbssgof incident radiatiLn is in the range of 10-20%. The 80-90%

remaining in the water column must then be absorbedéyy the inorganic o

°

salts, the water, and the organic materials. The iﬁorganic salts con-

tribute nothing to absorption of seawa&gr from 580-790 nm (Sullivan,
CLade ° ° .
1963), as was demonstrated by compaf&gg.qgstilled water to artificial
. ke
seawater solutions. Towards shofter wavéleﬁgths,oa weak steady increase

°

in absorbance is observed in artif%eial seawater (Lgﬁéble, 1956; Armstrong

and Boalch, 1961), but, when cqmpared to natural seawater, Eﬁé absorbance

is considerably less at any given wavelength“(Figufé 3.2). Gelbstoff
is believed to be the agent responsible for this difference in absorbance,
- L4

and its higgiy variable ocncentratjon with location appears to explain
” -9* ““ .
much of "the large differénqgs in attenuation, especially in the ultra-
i

violet, which are found fggadifferent water masses (Figqure 3.3).
R B * -,

The other possible 1igﬁt absorbent in seawater is the water itself.

For most purposes in spectroscopy or photochemistry, water is considered
|

iy

to be transparent until the far ultraviolet. is reached. However, in

- +

ogeanic waters where long light pathlengths are possible, water may play

an important role in absorbing light energy. Estimating its importance

|

is difficult in view of the fact that its extinction coefficient is not




k,

Figure 3.3 The variation of Photon Flux with Depth in Different Water Types

+

8 e
=~ .

Types I, IA, IB, II, &a&nd III represent different oceanic waters and types 1, 3, 5, 7, and 9

»

reﬁresent coastal waters (Jerlov, 1968). Surface light flux measurement was centered at 350 nm

with a bandwidth of 10 nm (Pettit, 1932). Light measurement was. madg at 32°N latitude with sun

in zenmith.
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Figure 3.2 Ultraviolet Absorbance of Seawater and Artificial Seawater

»

% s
.

Jf Spectra were obtained in 10 cm cells against distilled water. Seawater was collected in July
+ .

in Halifax Nornthwest Arm at a depth of 10 m and is approximately 31%,, salinity. The seawater was

—

b s . . T .
filtered through a .22 p filter immediately before running spectra.

. '
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)

IS

— —— = gseawater ) .

- .
——

artificial seawater




43

00?d

wu ‘HLI9N33AVM
G.l¢€ 0S¢

PR

G2t 010} Gl¢ -

<

10°

Hz0-

N © Tso

€0

14}

JIONVEHOSEY

PO T A NG v e R

=



m

Y

(LOG SCALE)

]

DEPTH

¥

1244

oy



)

I

» reaction under environmental conditions is agai

known with anyﬁ%egré% of certainty for
(Hale and Querry, l9f5) and agreemént i

region.

45

'

the region from 200 to 1000 nm

speven worse for the 300 to 500 nm

'

The fact that many photons are absorbed in the water column in

the photdchemically accessible region below 700 nm does not mean %hat

all of this energy is devoted to photochemical processes.

In fact,- most
)

of it is probably converted to thermal energy through phéQQphysical pro-

cesses. The quantitative importance or

significance of a photochemical

v

ed by comparing
, by comparing

its rate to those of other-processé% which give the same Jend result

(Egq. 3.1 @

The rate of a photochemical reaction may be determined if the
o

guantum yield .and the average number of

in unit volume and unit time are known.

photons absorbed- by the reactant ”
oo

For the simple case of .a uni-

molecular photoreaction (Eq. 3.4) in *onochromatic light, the application

) - *

)

\

A + hv—> Products (354)
o o -
of ﬁ?e Lambert-Beer Law gives Eqg. 3.5.
N \\‘ -
Rate = - 9%/at = $a I, (1-1073ACALy gy . (3.5)
wﬁere ¢p = quantum yield for disappearance of A ¢
#
I, ="inciden}t intensity ' '
0 o P .

ap = abgorptivity
cp = concentration of A
1 = pathlength

ar
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~” Ad >
, <
s = surface area of incident-light
. oo v = volume of solution irradiated ‘

. \
v L)

-
However, in seawater a number of absorbing species all present at low

’

. concentration (with the exception of water) will be competing for poly-

N ¢
- L3
i
3

*Y chromatic natural light, which is variable in intensity and wavelength

b

3.6 more closely conforms to the actual environmental situation for

Y "

N o -
determining the rate of reaction 3.4, where the term (1-10 lZac)s/v

~

. ' A2

: dcp . S ;lZac apc
- dca =2 - %) 2B .
. /at = = T alg(1-107 50 v ‘ (3.6)

3 4

N e

. N s
3 . N

, . - . .
represents the total light absorption by the ,solution, and the fayio
®°
-y .Y o).\ ’ . . &z " p .

. E_Ea.represents the fraction of light absor¥ed by thegweactant 1tse;§.
Recently, a method for calculating environmental diregt photolysis
. rates has appedred in the l;terature (Ze@ghand Cline, 1977). 1In this
method the assumpt?on is made that ¢ fs not wavelength dependent, and

. o® :
thg rate is expressed as the first order equation (Eq. 3.7),.where

¢ ; d[A] .! \ . N
o T 2 0 kg [P ‘ . (3.7)

N ¢ ; ,
L k,) represents the computer calculated sum of rate constants for all

wavelengths of éunlight that are absorbed by the reactant. Even if o}

'is not known, the hiniﬁum half-life can be determined (Eg. 3.8) by as-

éﬁming that ¢ is not likely to exceed unity at the low concentrations of
A - A ’ﬁ? ‘ . “. ‘ v
. Ly, < 2693 ' . . (3.8)
o] Zka)\ - .

distributio with respect to depth, location, and time of day. Eguation

.
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reactants encountered in natural waters. . /

The ¢talculation of rates for induced reactiéns, where the reactant

¥ ’

is either "sensitized directly or reacts with a secondary intermediate

product, bécomes far more complicated. The quantum yield for such

. . ~ .

reactions has the general form of Eq. 3.9.

;= no. of molecules which undergo reaction

J" no. of photons apsorbed by sensitizer (3.9)

l
» - ~

o

Because the step of initial photon excitation may be many steps removed

B

from the final process being‘observed, ¢; for that process might be de-

pendent on other extraneéﬁﬁ’conditions of the reaction system. Even

14 ~
M 3

wﬁgfg energy transfer occurs as a first step between the sensitzer and

enéfgy acceptor, environmental perturbations may alter ¢;. Before this

a2 . N . -4 - .
can be tested, however, the sensitizers in seawater must be characterized,

- *

o R
quantified, and their absorption spectra carefully determined.
sRates for photochemical reactions are usually measured using a

narrow wavelength rxegion. Although the use of this approach in marine °

- e

photochemistry may have merit in ascertaining specific reaction mechan-

v

isms, it should not be considered as a practical solution for determining
‘ AT Y
eAvironmental rates, where the l}ght flux is ‘always polychromatic. Not

V. ~ e v
only can polychromatic radiation4§§fect ghe 'overall rate, but,it can
¢ o ‘
also affect products and product dlstrlbuégons. As an example of this,

consider the photolysls(of copper (II) glycxnate at 360 nm. The typical
a . L)
products for aminocarboxylates under these conditions are formaldehyde,

COz2, and NH3. If sea surface sSunlight had been used instead, the ob-

served products might also have included CO, Hz, and peroxyformic and

.

“
(



http://aminocarboxylat.es
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formic acia§ from the photolysis of formaldehydé in the wavelength «ff

~_ . o . . .

region from 290-360 rm. . N

3.2. Experimental conditions and their contrbl ) '
° a e

A 3

~\\\§ It is essential in the study of any chemical reaction to controd

N »
carefully those reaction coqditioﬁs whigh may influence reaction results. v
. . S .

° ) -

This is particularly 1ﬁ§6r£éﬁf in marine pﬁftochemistry, where the com-

. . Plexity of-the reaction system necessitates the control of many variables

S ’

which may be inherent propérties\of seawater or extraneous properties r

g 2 & t
" . a - .
resulting from sample handling or experimental design. UnLik&nj;g im- &ﬁgﬁ h

N .

pracFicable aspects discussed in section 3.'1, the conditions corfsidered

. - A ' N
in this sec;ion are amen@b}e to egperimental control or measurement,\and

o LT

the discussion and reaction parameters outlined here served as a basis ’

| . S .

under which the experimental results in the following sectionis were ob- -
! I

Id )
«

tained. o ) ! * N

¢
%o .

3.2.1.. Confamination ', : . .

'.h ) . -5 ° 1 o . i

o T . »,
@

. In anf &ork»involving‘the manipulat;on\or anal?sis of components at.
. - < . . . * \ \sﬁn. . .
., microgram or lower conceﬁtrafipns,,extfeme caution must be exercised to
s . ’*' ‘ a ‘!h ‘ - - * -
. prevent contamination. . This is particularly a problem in environmental
P ‘ ? : . v
' ‘ * ) photochemical studies, where many. different contaqinénts could introduce Ty
o q . ° . < \ . . .

° . w8 o - . ) . .
erroneous results. There are. three possible sources of contamination:
. !

.. =}

(1) 4sampling, éamglg handling or ‘storage; (2) the reaction veSsels; and

o\ " * .

& : :

(3) addition o¥ wreagents or buffere, The second source will be discussed
N " S .Y & . .

sorgit WA

. .® % 1 .o
o in section 3.2.7. : . -

.
.
)
3
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e
.
<
E
.
CIR

>
s
LRI o Bl - o

.

()
[




. - : . T 49
I. . ) ’
The first source is. an inherent part of all oceanographic gtudies
] ] " . ~‘ )

and has created enormous problems, p?rticulafly_in trace metal, analysis..

AY

For this reason, with the exception of samples ?olleéted in the st. |
%grgaret's Bay progriy (Section 11), nearly all saméling and sample «

.

storage was done with meticulously-cleaned glass containers. 1In cases .

.
> [}
4 [

.

where met?l concentrations were of particuiér concern, aged polypropylene
. .
containers were used. For the St. Margaret's Bay program, sampling was

\
»

performed with a Niskih bottle with an exteknal closing mechanism. After
g - .

collection, the water was removed from the bqg the minimum possible
»

time. This same samplef was used for all sample$ collected in that pro-

- L™ - . “t ’ ¢ )
gram. = .0 ’ h
. , A .

L The third sgurge is often justifiably ignored when dealling with

o R

chemical reactions where rélatively high concentrations of reactants
i o . .

are usea, and high to moderate product conversions’ are obtained. The
< " " A J

“ contaminatigp.problem igggreatly amplified.&hen dealing with reactants

N -

and products at micro-:to nanomolar levels. If, fo;‘example, the com- ° \

monly accepted premise that artificial seawater represents the ultimate :
' . . " " N 4

sample blank is conrsidered on@tﬁé basis of an anglytica} comparison
- *

.
1 a -

« (Table 3.4), it is obvioug'fhat impurities introduced from high quality’

. .
[ » -

. salts used to prepare ;rtificial sea&dtgr exceed the~na£urql seawater
v . - o . . .
levels for ssome tracé“cogstituents. Even the water itself ysed to pre- ‘

~ ~ -

-~ e ® 4
seple . ¥ . . .
pare artificial stéawater,, re%geﬁﬁ solutions, or buffer solutions is a
* e ' » ] )

P
. I

» . w . ) o .
potential source of contamination; in the case of pulse radiolysis and '

- flash photolysis ‘studies, it is necessary to take elaborate precautigns

.- B

o .

to p&fify it. o t .
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Table 3.4 Comparison of Some Artificial Seawater \\5%7

4

Impurities to Their Counterparts inANatural ?eawater .

Values for artificial seawdter were obtained from manufacturer's

analytical data for the individual salts used in its preparation.

Natural seawater values were

¢

\ Y. :
\
obtained from the literature (Brewer, 1975).
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0

Molarity in

other N-compounds

- " e
.

oo

J1 to .2 ppm ,

Average Molarity | Concentration
Impurity Artificial in Natural Ratio
£ Seawater Seawater ASW/SW
iron 8 x 107 3.5 x 10 ° 23 '
&~
Manganese ‘ 4 x 10_7 3.6 x 10 ° 111
?‘2‘{1 -
Chlorate & nitrate 2.4 x 10 ¢ variable 50 to .4
~ \ L4 -
iodide 1%10°°¢ 5x 107 2 -
. ” :

prs
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Artificial seawAter and wadters that were used in experiments were
- &
evaluated for purity on the basis of the extent to which a dissolved
’ b

®

nonabsorbing substrate underwent photoTysis under typical reaction con-

ditions.' In Table 3.5, results fo} different solutions are given which

indicate the variability that exists. Three NaCl solutions (A, B and C)'“

all gave widely different results,.with C beiné the most reaétive even

though it was the best grade (99.999% purity) of the three. Interestingly,
the artificial seawater solution D was less reactive than solution A,

. which contained the salt from which it was made. The lower readti;iﬁy in
artificial seawater may be indicative of impurities add;d with other
.saltﬁpused in the,f?rmulatign, which quench the reaction, But could also

\
be explained by the increased concentration of the glycine-alkaline earth

metal complexes formgd in artificial seawater.

v [l

The high impurityllevels of transition metals in all the reégent ¥

grade salts uged to prepare artificial seawater makes its use as a con-

w

trol reactign blank questionable. The concentration of many of these

~

metals can be signifisantly reduced by passing the media through highly

A

Unfortunately, the .

purified‘Chelex 100 resin (ngey et al., 1970).

photoreactivity for different added organic substrates was found to in-

- [y

crease when this was tried for bdth NaCl and artificial seawater solutions
- >3

- z

(Table 3.5, I, J and-K). The increased reactivity was attributed téﬁghe

-t

formation of NO, ard NOg , which were beljeved to be microbially and ’

T

photochemically derived from microm$lar quantities of" organic materiaks
Y ! \ mic

! which leached ‘from the Chelex 100 column. ‘
» . . ) ’
As a result of contamination

. ]

problems implicit in the use of
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Table 3.5 Photoreactivity Test on Various Solutions

e

. . . . . 4
Solutions were irradiated in merry-go-round system for 2 hours.-

) Analytical procedures are described in Chapter 5 and in #ppendix 2. -

- [ 4
. . fadl AP

P 3
.« =

'
° ’
4
<
—_— R . k3

1 For the 1-!‘c glycine tests, substrate decomposed only refers to that based on 1%co, yield
and is potlnecessarily gquantitative in terms of the amount of glycine reacting.

= Super Q water refers to water purified in Millipore system (Appendix 1).

3 see Appendix 1 ) , - ‘

see Section 4.2.5.
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>~ Photoreactivity Test, Substrate DecomposedI
' Solution Desciption Substrate and Concentration M1!
A) Super Q Water2 1 x 10 M 1-1%C Glycine .52 + .03 x 10 *°
B) Low Organié Water3 * 1 x 10 7'M 1-Y"¢C Glycine .74 * .03 x 10 1°
c) .68 M NaCl (Fisher Scientific —‘Lot 744240) 1 x 10 M 1-'*C Glycine 1.58 + .08 x 10 !°
D) .68 M NaCl (Fisher Scientific - Lot 705337) 1 x 10 M 1-'*C Glycine 1.83 + .09 x 10 '°
_E) D .68 M NaCl- (Spex Ind. - # 1352) 1 x 10 'M 1-'%c Glycine 2.80 + .11 x 10 !°
) Artificial Seawater (psing NaCl C) 1 x 10 M 1-1*c Glycine .61 * .03 x 10 !0
. )
G) Super Q Water ’ 5 x 10 ®M Methionine .18 + .03 x 10 °
H) Super Q WateE’: Distilled off KM, 0, 5 x 10 °M Methionine .02 £+ .02 x.10 ¢
_ I) .68 M NaCl 5 x 10 °M Methionine " .37 £ .01 x 1076
J) Solution (I) - Chel%x 100 Treated 5 x 10 °M Methionine .63 = .01 x 10 ¢
\ 4 K) Solution (J; - UV Irradiated w/Full Arc 5 x 10 °M Methionine 2.4§\i .05 x 10 ©
: - < ~

¢ T .

7 _' ~
.~ -

Zs
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laboratory reagents, théir use was limited as much as possible. Where\
neceésigy required that they be used on a regular basis (e.g., buffer
solution), they were used only at the lowest possible concentration in
order to minimize the introduction of impurities that might influence the

experimental results.

3.2.2. pH

The surface pH values of the qceans range from 7.6 to 8.4, with a

mean near 8.1. The buffer capacity is rather low and is controlled pri-
\

marily by the cérbonate system. The pH can, therefore, be easily

altered by changing the dissolved coz(g) content. Biologicad processes,

"physic§§ agitation or the addition of even low concentrations of weakly

acidie or basic reagents can alter [H+] by 2 to 3 orders of mqgnitude.

a

Some photochemical reactions in seawater may be highly pH dependent
Q * .
(Figure 6.4). Therefore, in order to avoid ambiguities which might arise

"

from changes in the pH, it was necessary to buffer the solutions. This

was done only to the extent that the buffer capacity was just sufficient

'

f
.

to maintain the\pH during the experiment.

Three buffering systems were used for adjusting and maintaining the

a

PH with%n + .05 units ?Table 3.6). Small volumes of sterile concentrated

- buffer solutions were used to minimize dilution and the possibility of

bacterial or chemical contamination. The use of the huffer solutions -

was found not to cause a significant change in the photochemistry of

test substances used,. at least in fhe poncentrations added to experimental

o

media.

-~




=
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Table 3.6 Buffer Solutions Used to Adjust

pH‘og Photochemical Reaction Media
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pH of - |Concentra-| Used for
Buffer tion of pPH Volume
Buffer Solution’ |Buffer M1 ' Range ml 17}
sodium borate + HC1 9.4 .12 8 to 9.5 2.5 to 10
o \ q
»
) sodium carbonate 11-12 1.0 8 to 8.2 .25 to 1
Qﬂ\T “?
potassium phosphate 8.0 .10 6 to 7.5 .5 to 1
+ NaOH
!
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3.2.3. Temperature \

’ ¢

Temperature in the surface layer of the ocean varies seasonally
and geographically within a range of -1 and 28°C, with a mea; of
approximately 20°C for the upper 100 m of the ocean between 40°N and-
2%°S latitude. Rates of some secondary photochemical reactions could
vary greatly over this range, but in general the excitation process
and most primary procekses should not vary significantly over this
narrow temperature range.

The primary photophysical process of fluorescence, however, can
vary significantly with temperature and, for the sake of accurate com-
parison of natural fluérescence %or different seawater samples, the
measurements were always made at 25°C.

Photochemical réactions were génducted at temperatures of 20 * .1°C

.

for experiments where artificial light source

v re'usgd in the labor-

natural sunlight illumina-
1
because of practical

atory and at 10 * 2°C for experiments unde
tion. These temperatures were chosen primari

difficulties in maintaining lower temperature

for long periods. Ideally,

it would have been better to use the possible operating- temper-

atures to slow the\kinetics of competing biological or thermal processes.

-~

Bacterial utilization rates of organic substrates, fqggexample; mpy vary

by many orders of magnitude between 0 and 30°C.
&
. There are advantages to be gained in comparing reaction results ob-

A

tained at different temperatures, when mechanistic characteristics of
the reaction are sought. In reaction sequences where the température is

varied, the Os concentrations should be fixed in order to avoid differ-

v

ences due to O; solubility (Section 3.2.4.).
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3.2.4. /Dissolved gases ' . \

* -

Of the gases in equilibrium between the atmosphere and seawater,

a

only O, and Cdz are likely to represent potential reactants present at

concentrations high enough to make them important. Their solubility in

ki

seawater is depen?ent on both temperature and salinity. (Tables 3.7 and - \

3.8), but in the laboratory the concentration can also vary as a fung-
. ] : ; A8

-

tion of the way in which the solution is handled. @ﬁ@avoi& ¢omplications

ariging from unpredictabi% concentration variations, reaction solutions ' A}
wdre equilibrated with the atmosphere by rapidly stirring £Qem, for 30-60
o
minutes, at the reaction temperature before initiating the experimeyt. ¥
- & . |
In experiments where sealed reaction véssels were used and no
. = ¢ ¢

atmospheric source of 0; was available/, possible O, consumption was

limited by keeping irradiation times short and by using low concentrations

of reactants. In the samejway, the accumulation of CO, and carbonate
. , . 4 N

specﬂfs were not great enough to affect appréciably the total CO4 concen-

]

tration present. ' . . .

3.2.5. Eliminating biological processes .

Marine photochemistry ‘should be studied by reproducing all facets '

of the natural environment, including the biclogical processes, which- -

might act Eé&augment or inhibit pﬁotochemical reactions or serve.as es-

sential steps in overall reaction processes. Since most of the organic

mateghals in seawater originate from the biota, their rd%g is certainly

S . ] Q
at some point to serve as the major source of reactants for photdchemical
& LY

processes. Photochemistry within any parcel of seawater in the oceans .
A
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Table 3.7 Oxygen Solubility in (g??es Liter ') x 107" in
— @ E ?1

ST

Seawater as it Varies with Chlorinity (% ,) and Temperatpre
. B ¢ k .
N s . ] a0 T
3 .
®

s & ' é?

Solubilities‘ége gased on an atmosphere of 20.94% 02
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and 100% relative humidity (Carpenter, 1966).
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.

‘could then be largely controlled by the standing concentratiqn and

characteristics of materials which are controlled by the kinetics of

-

supply and removal by the biota.

o®
PR

To avoid obscuring the results of photochemical studies, it was
,necessary to eliminate the effects.of the biota over the eﬂperimental

periods. Some of the common techniques used to accomplish this are
- 1]

<

autocf!bing, chemical sterilization,.and filtration. Autoclaving sea-
water results in forming precipitates of some constituents and probably

\
in a considerable alteration of others. 2ZoBell (1933) found that tauto-
claved seawater behaved differently than its precursor as a photochemical

-

[t

reaction media” for the oxidation of NHj. \

L)
Use of chemical sterilants, such as sodium azide, mercuric chlpride,

“ s

potasgium cyanide, or ethylene eoxide can, through their own participation,

T
T

cause covsiderable changes in the photochemical characteristics Gf sea~ __

Y

water. This was shown experimentally to be the case for sodium azide,

o
1

hd . 0] v -““
mercuric chloride, and potassium cyanide.

"@ﬁ.ﬁhesek&fyaﬁide ion was
T~y

-

found to be the most effective bacterial inhibitor at EBW“concentrations,

¢

with as little as 7 x 10-§M lilcompletely stopping the microbial Utiliza-

tion of amino acids in ‘seawater. However, even at this low concentration

»

R

the\photoreactivity of glycine was considerably altered (Figure 3.4).

<4

Therefore, the use of chemical sterilization of seawater samples wgs not

E
Y

.used.

~

v

~

!

\

.
i

. ' )
t?e biota from se@wagér
('m o

v . L . »
samples without introducimg~hajor alterations in)the sample's properties

+

Perhaps the only means of eliminating

o

4
M .

o .

[N

used almost exclusively

is through the use of filtration. This methdd.was
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in preparing seawater samples, although it is still fraught with dif-
ficulties. Introduction of contaminants from the filter, radsorptive
removal of organics by the filter (Quinn and\Meyers. 1971), and the .

removal of possible particulate‘reactgog surfaces we€re three of the

o

major problem areas conneeted with &his technique. The most unsettling
-

. problem howeker, concerned the observation that for some water samples

A4 2

it was impossible to remove thé bacteria by multiple filtrations with

\
N -

.22y filters. R \ .

When microbial contamination did occur, detection was possible by

! 14

T .
comparing the results from simultanegus light and dark reactions run

i
under otherwise equivalent conditions. Sterile solutions gave neglible

Y

dark reactions when compared to light reactions. The exteht of light
v / @, °
. e
. reactions was considered to be tWp difference between the light and dark

v

yeactions. Dark reactions then represent the summation of all dark

processes including microbial activity, abiotic reactiong, arid possibly
N . . .- .
" ) ' the activity of cell-free enzymés (Kim and ZoBell, 1974). The Eoufcﬁ of

-
S~ N

extensive dark reactions was usually traced to microbial contamination

1
-

L ‘ \
) of the sample. . - -
@ e

It was found that,  under the hjgh light intensgities used in the

- *  merry-go-round or immersion well systems, micrbbial activity was com-

¢ v

. pletely inhibited (Figure 3.5 and 3.6). " In these éys;ems\the I4co,

-~

[N

formed -from decarboxylation of 1-1%¢ glycifie in the irradiated:samples

¢ was‘éntirely ‘accounted for by photolysis. A cqrresponding losgfgg*

. ?ac;eria yiability was indicated by the disappearance of ATP éuring the

g - . v

irradiatiOnj;and by péét*irradiation inactivity of thenbact&ria as

e : ¥
! - '
. B a
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Figure 3.5 Light Induced Inhibitibn of Bacterial Glycine

@

-

Utilization and Accompanying ATP Loss

Freshly filtered (with 5 4 filter) seawater was buffered to
PH 8.1 with borate buffer afid enriched with 2.5 ml of stgrile SST
media (Stein, 1973) per 2000 ml of seawater. A bacterial culture
was grown under aerobic conditions at 20°C with normal room
lighting. At early stationary phase a few milliliters of this
culture media was diluted to 100 ml with fresh seawater of the
same salinity and buffer strength. Just before initiating the ..
irradiation 1 um 1! of 1-1*c glycine was introduced.,  The i;—
radiation was conducted in the merry-go-round system. "

.
“

Analytical procedures are described in Chapter 5 and in kp—
pendix’ 2. ) ’

— 1L'COQ formed in dark N

e e e e o «

+ —m— %o, formed & light

— —A—" ATP in light |

o . / _ )

— —0O~— ATP in c'iark

“l Qsee Section-4.2.5.. /




I S s e i SO R SR S PP Sy - R -

q

FRACTION OF ATP REMAINING OR FRACTION ,OF THEORETICAL l4(.'.02 FORMED™

o — N ol 'Y 13 ® . ~ ‘o ©
O, T T T T T T T — -——
~ /’/
~ ™
do
. = "
- m
l’:/ o .
: b
g .
B . \
goM
»—T
=
-0
=z
. .
x
o .
:cU-
ool
i I/
N 4
\ ob,’ o
!

T—'

O

Z9

I
|
|
|
|
!
|
|
|
|
l
|
b
|
|
|
|
|
|

79



t
\

Figure 3.6 Light Induced Inhibition of

Bacterial Glycine Utilization

Freshly filtered (with 5 y filter) seawater was, buffered with
‘borate at pH 8.1. The solution was gradually brought to 20°C.
The solution was then enriched with 1 x 10’ M 1 ! of 1-!“c
glycine and immediately exposed to the radiation in the ihner ring
of the merry-go-round system.

"

Analytical p%qTedure is described in Chapter 5 and in Appen-
dix 2.

A

L ] dark. control

®) irradiated sample.

see Sgction 4.2.5. \
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measured by the rate of labeled substrate utilized. \\

This inhibition was also observéd for sunlight and xenon lamp
system reactions (Table 3.9), although the iphibition was not total.
\ This is apparently partially due to the loweYr energy distribution of
these light sources in the 300-400 nm region, where the preponderant

amount of the inhibitive effect was observed (Table 3.9).

~

3.2.6, Wavelength dependence

-

s In order to arrive at any sort of estimate for the rates of photo- j
N

chemical reactions, it is _necessary to know what the efficiency of the

. reaction is at different wavelengths. To determine the quantum yield

for a reaction the follgwing basic requirements must be satisfied:

(1) a monochromatic beam of radiation must be used; ‘—i\‘
(2) a suitable optical train must be emplgged; ’
(3) the rate of reactant disappearance or product formation nmust o

/be measured;
" (4) and the number of photons absorbed by the reactant must be \
determined either with a chemigal actinometer or by physical

g measurement. N

)

The.first three requirements can probably be fulfilled for many seawater

N e . ~

photochemical reactions, although the environmental relevance of using a '
7 I + i
monochromatic source should again be questioned (Section 3.16). It is

N
[

the fourth requirement which deters the use of normal quantum yield . .

measuremertts for marine” photochemical reactions, because it is impossible

. : - o 4
to determine how much\light is actbally absorbed by, the reactants and )

.
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The same proceduX¥e described in Figure 3.5 was used, except that the solutions were irradiated
P - ®
under different condi) ioxfs‘ for a two hour period. ‘
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s

NANOMETERS OF llt:o2 FORMED
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how much is absprbed by the extraneous compounds in the reaction media.

-

Even the accurate determinatfén of € is a major porblem in a solution

which has only a small light extinction, since light scattering can
- -
represent a significant portion of the measured light attenuation.
T o .
. . '
No attempt was made, therefore, to determine '¢; instead, a rough
estimate of wdqelenqth[ﬂepeddence was. used and the extent of a reaction
» ) - ‘ . ’
was determined for specified spectral regions (Figure 3.7). These

'Y 1

) .

arbitrary divisions give a qualitative approximation as ‘to the depth for
k] L3
which a partieular reaction would be important when considered for

oceanic or coastal waters with different light attenuation characteris&
~

tics. From Figure 3.7 it‘is obvious that, at lgast for primary photo-
\

4
chemical processes occurring in spectral regions A and B, only the upper

few centimeters in the most Furbid coastal water (Type 9) could be im- -

portant. In the clearest oceanic water (Type I) this same process could
¥ - N

‘be important to depths greater than 10 m. o

N The spectral region in which a reactio® was ogcurring was deter-

-
v

minéd-using artificial light sources and intensities higher than those
naturally observed. fo acquire an accurate estimate of the environmental
impoééance of a phopbchemical process, however, onlyogunlight or light
sources which closely approximate natural'light conditions with respect
to sintensity and energy distribution sRould be used.
N 3

To simulate environmental light‘conditions in the water column is

a complicated, task becauﬁe the variation of incident sunlight integéity

is a function of the latitude, water type, depth, weather, season, and

time of day. The variable character of natural sunlight in the water
-,

.

< v

‘e
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Samples were irradiated in one of the nglowing spectral regionks:

1 (1) A+B+C+ D, > 290 nm; S ! , -
4 S ER . o
(2) B+ C+ D, > 310 nm; . ¥
o P - 1 : .
’ ) (3) C + D, > 400 nm; and . . . !
, ' " . (4) D > 500 nm . S ' ) : e
*? . a ‘ -
. \' - hY
‘ rd “ -
- -1 Refer to Appendix 6 for filter combination used. ) ‘
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&
column manifesfs itself as a continual energjrredistribution and in- .

-tensif& decrease of the incident radiation with depth.

’ » to- . . '

This complex light regime is porbab%y best apﬁroximated by con-

ducting in situ expeériments. Hoyever, the inability to reproduce
* L}

v

- »
experimental conditions poses a severe limitation on gaining a funda-

méngal knowledge of the underlying princiﬁles of marinef photochemistry.

[
-

The mercury arc lamps, which were used for most .of the ffollowing work,
- - .
. ” .
. ‘ i ) \
were not intended to provide accurate simulation of naltural cond:itions |

\
- v

* v

but were applied to:: . (‘\ Vo

(1) measure potential photoreactivity of diffeygent seawater
{

v

components}

r
)

S . L4
12) examine the mechanistic implications of seawater photo-

- - -

reactivity,

2

(3) measure ;étes and yields under carefufly controlled conditions,

.(4) determine the potential photoreactivity of ‘different seawater

I o / .,

samp;es, . .

(5) and determine the spectral regions wheregkhe reactions are -

5

o
occurring. . .

To test the validity of these findings with respect to natural

s

environméntal conditibq;, sunlight and a sunlight-simulating xenon source (

Vi

system were used. ) » .

’ ~ °

3.2.7. Wall effects

. B -
-

Wall reactions are an important aspect of gas phase'studies, where

-
' - v

high diffusion rates and low concentrations allow a relatively high

. « - -

probability for the collision of excited species with reaction vessel

‘ >
-
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B

walls. The surfaces of %he reaction vessel can then play a significant

role iﬁ‘determining reaction results. Although it is difficult to find
’ v .

&

similar precedents in solution photogﬁemistry, they probably occur but”

are marked by the £?r more significant reactions in the liquid phase.

Y .
s

Their importance could be more éggnificant in seawater photochemistry,

]
where low reactant concentrations, almost transparent solutions and small

product yields exist. Reaction vessel walls could serve as catalytic

"surface activated by components qf the glas$ itself or by adsorbed
L4 ~ -
reactants. In either case, reaction yields caused by wall effects should

™~

be proportional to thé surface are% ig contact with the solution.

This possibility was tested by increasing the surface area-to-
volume ratio and observing the results for the photochemical degradation
of methfonine and glycine in segwater (?able 3.10). The results gpdicate

that, for the range of sample container sizes used in this work, no ap-

preciable photochemical wall reactions exist.

*

Seawater characteristics might also be modified in small volume

containers by contamination of the solution by substances desorbed from

>
N

the walls, or by loss of hydrophobic or reactive materials to the walls.

This presents a major complication in theyanalysis of trace metals (/\

(RoBé%%son, 1968) .

. o -

. LY 3 {
Adsorption of bacteria to container walls of small vessels repre-
, . v

sents a further problen, in that a considerable acceleration in bgdterial
activity can occur (Zobell and Andersen, 1936;  Heukelian and Heller,

-

1940; Khaylov and Finenko, 1968). It is esbential that both the reaction °

vessel and the reaction solution be sterile if such problems are to be

> N o

avoided. ‘ -

L

-

A
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Table 3.10 Test for Wall Reactions in Small Volume Reaction Vessels

- LY

?

. .
- A
- .

The solutions were prepared in sterile 0.7 M NaCl solution. The surface area-to-volume ratio

’,

was attained for methionine solutions by using different diameter tubes and for glycine solutions

by using thin walled concentri6 tube inserts.’ All solutions were irradiated for 2 hours in merry-

< .

go-—roundﬂsystem.l h A C -

Analyticél procedyres are described in Chapter 5.and in Appendix 2.

>
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Reaction Vessel Surface Subst},’rate and Concentration Substrate Reacting
Area/Volume Ratio in M 17! M1}
. »
3.4 " 5 x 10°%, methionine 9.0 £ 1.1 x 107
. 5.2 5 x 10 ®, methionine 12.1 + 1.0 x 10’
6.9 5 x 10 ®, methionine - 10.0 + 0.4 x 10’
, i " .
10\.1 5 x 10 °, methionine 9.5+ 1.3 x 10
. 1.6 1 x 10 7 1-'"C glycine ° 5.18 + 0.26 x 10 !'!
3.7 1 x 10 7 1-'"*c glycine 4.92 + 0.25 x 10 !
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exposures because of a slow reaction rate.

71

4. EQUIPMENT AND TECHNIQUES . ,

"4.1. .Light sources’ Y

' <
» -

« . Choosing the correct light source is of ‘fundamental importance

in photochemistry. A number of criteria should be consider'ed when

- -
)

making the selection (Calvert and Pitts, 1966}3‘ The source should be .
¢ L 3

selected not only on the basis of spectral distribution, but should aléo

be of'sufficient intensity for .the purpose in mind. The required in-
tensdity is primarily determined by the reaction rateg“high intensities

are often required where reactions with low quantum yi wodld/ot&er—

s '
-

wise necessitate impractical irradiation peyiods. This problem could

be encountered in marine photochemistry when a process might have a

" high Ry value and yet be impossible to observe in short-term sunlight

-

The spectral distribution is also an essential consideration in ¢

-marine photochemical studies, where radiation from any source should

be restricted to wavelengths greéter than 290‘nm, the lower limit -for,

sunlight at the sea Surface.

@ > *

4.1.1. Sunlight . -

o .
The solar energy distribution at 41.5° North latitudg is shown in

Figure 4.1. This approximates the light energy reaching the sea surface

T .
at this latitude nearwpoon on a midsummer day. In the visible region

M o

(400-700 nm) this distribution does not vary much throughout a day or

on a seasonal basis. This is not tiue for the ultraviolet region,

o
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Figure 4.1 Spectral Distributich of Direct
- v
¥ Solar Radiation at Sea Level (ad;apted from Jerlov, 1976). "
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where large variations occur, especially as the sh@;ter wavelengths ‘are
- [
appfoached (Figures 4.2 and 4.3). ThiF is largely a result of seasonal .
[

»

and daily changes in the zenith angie of the sun, which ?etermines the

L
air mass through which solar radiation must p&netrate before reaching
the earth's surface. _— '
- - ) »-
When using solar radiation as the light source in comparative

photochemical experiments, ,the quantity (flux) and the gquality (energy
s~

- -

distribution) shoulﬂ be measured. The quantity of radiation is easily
) &

determined with the use of a radiometer. However, unlesg a spéctro—

,

radiometer is used, the measurements are not indicative of changes in

the quality of radiation, especially at the shorter wavelengths. Photo-

~

chemical rehctions with high rates in the ultraviolet region would be

highly dependent dpon the season, time of day, and weather. Measure-
» . .

* A

= N .
ment of the tqtal incident visible and ultraviolet radiation is of
. R ’
Jittle value in'correcting for such variations, since the ultraviolet =

represents only a small .fraction of the total energy. For combarative -

studies conducted at different 'times,- variations in the total radiant

energy, as measured by\the typical solar radiometer, might vary by only

a few percent, and yet reSults for a photoreaction with a high quantum

o oy

yield in the ultraviolet could conceivably be orders ofbmagnitude apart.

*

. .

Although it is technically feasible to measure variations in the
Jr i . T

quality of sol radiation, it may not be warranted because of the ex-

4 -

pense or the effort involved in making such measurements. Even'if
such measurements were maée, the complexity of the variations in the

'incident solar radiation and the seawater reactiomr media might make com- .

v

. 1] . ) . (Y a
parative 1n§f§pretations difficult. -

3

.
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Figure 4.2 Variation of Total Intenfity (sun and Sky)

During the Day for Differént U{&f

(Adapted from Koller, 1965)

»

aviolet Wayelengths in September -

° ¢
L4
4 s
~
N ¢
-
«
’ [ ]
. ‘I
. v
~
)
.
.
N ~
.
¥
Y
-
, .
A4 .
e - “o™
.
-
| L
. .
W
] 1
~
°
<%
N ow
'
.
.
-
.
- ’ +
-~ 1 » 1}
. \
y
- .
. §°
=
o
.
¢
’
. o
|
\




LY 3 SN

[ o2

FORE

8 9 1o i 12 I[3 14 15
DAYTIME HOUR

- —— s AT ot IR Ny Dk ik s

LA vy OINL




PRI

P LN

3

sy

ipm

S

BN VIRY

-

e

P

Tl e N ek e .

Wy =

+
- *® 7
\ ; .
- - [ ! 3
7
12
+_ . ‘ i ¢ £ N
- - . -
L W\ < ! -
-
K /
» i >
[
s —_— .
2 3. ,‘
. ¥, . Figure 4.3 Monthly Variation in Solar Radiation at 45° Latitude
4 .
f;\ ° / for Various Ultraviolet Wavelengths (Johnsgn et al., 1976)
) N — ——
o [} .
o : b
; ‘.
+ ,
Yo 1“».}"
t‘!, . .
~ s '{ 1] - < \
'1
7 .
i
% ) .
¢




75

SHLNOW
NOP

HVN

834

. R

NVP

€

\

NOllviavy

<

n
wd s9u3

.-

©
;-




76 .

-

- . ! . 76,

\

radiation accuraﬁe}y;,the sun was used as a §dur§e to test tﬁe validigy

and to approximate the environmental magnitude of reactions which were
otherwise thoroughly investigated using artificial light sources. For

this purpose, experiments using‘natural sunlight were usually conducted

) “ b .

only during a periédlinhthe m%d@lé of thé’day. This ﬁolipy provided, the

least variation in thé guality and quantity of the radiation, but also A
. ¢ -
limited the extent to which a reaction proceeded before termination.

Unfortunately, clo@dé and fog ifl Halifax precluded the success of this

policy in over 90% of the sunlight reaction attempts over a period of

v

two years. Even on day§;in which only 5-20% cloud cover prevailed,

which is typical for Hahifax, the intensity would fluctuate widely as a
o~ ' -

passing cloud extinguished most of 'the direct sun energy component. In

.
a

' the case of intensity dependent reactions, this is a particulér problem,

‘anid dnomalous results could be obtained. :

* )

-

4.1.2. Artificial- light sources

2
L

Many of the inherent problems of sunlight reactions can be elim-
inated by using an artificial light source, for which the quantity and
éuality of r@diatién‘are stabilized. The guantity énd'quality of
radiation from an artificial source can, however, vary considerably
over. long périods of usage. This is especially true for short ultra- /
violét/wavelengths. Most of these changes in output occur during
the early §tages of lamp usage. The output of the high pressure mercury

lamp‘(Hanovia 679A) used for many of the following experiments decreased

by nearly 50% during the first few weeks of regular usage. Within

.

POl SIS
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. several beeks this instability leveled off, and a fairl&*consistent

- &

output was observed after that. Similar changes were noted for all of

the arc sources used (Tablé 4.1). Nevertheless, the normalization of

“

B

) R . ‘ . x . . . : .
tained during a relatively short interval during the § & Ffetine.

This assured that changes in intensity for different wave engths were
. “ -~ 4
closely approximatedﬁby the total spectrum intensity change. It was

possible to compare, different experiments in which the radiation was
pelychromatic by normalizing the results using either a total or a

PNy »

specifie bandwidth intensity wmeasurement.

-

The major problem in using artificial light sourcés to examine

*

environmental photochemical problems is the:rdifficulty of simulating

the solar spectral energy distrubution. The wider the spectral region

»
' -

to'be simulated, the more difficult the task becomes. The spectral
energy distribution for the high pressfre xenon 1&%@ (Table 4.1) gives
one, of the best approximations for sunlight. Xenon lamps are often

used to simulate a solar coenstant (total splar energy outside of

L
»

‘

earth's atmosphere). 1In this work it was employed with a Corning 0-54
a

filternfAppendix 4) to approximate sea surface sunlight over 1 in?.

The filter transmits only wavelengths greater than 300 nm, but does

not sufficiently reduce the near-ultraviolet to make it a close approxi-

-~ -

~
mation for sunlight in this region. MNevertheless, seawater photo-
chemical reactions run .in the xenon reaction system, described in
e 4

Section 4.2.6. gave quite similar_results to those observed in sunlight

for the same reactions. N

\ ‘ | .

'l

! . IR IR DN sy o TSR

- b -

q

et maatl




R U

e Y e e

o -

Table 4.1 Approximate Percentage of Spectral Energy Distributionﬁin Specific Bands

9

°

Values have been calculated from radiated spectral energy distribution for:

-~

sunlight --.total sun 'and sky light at 41.5°N on clear midsummer day (Koller, 1965)
_ -,

d -

fluorescent ~ General Electric F40D

o
sunlamp - General Electric RS-275 C :
high pressure' mercury - General Electric XE5000 T
phosphor coated - General Electric MV 1000/c/BUH
st = c — ) .
, b .
+ ! r~

4
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) WAVELENGTH BANDS IN NANOMETERS
' LIGHT ’ - .
SOURCE 290-300| 300-310% 310-~320|320-340{340-360| 360-3801380-4001 400~-500|500-600{ 600-700
sunlight -.01 .12 .40 1.75 2.39 2.86 3.58 30.40 | 31.70 26.79
° (23 .
fluorescent ‘- - .02 .50 .12 .25 1.95 2.20 40.00 40.41 14.55
sunlamp’ 1.01 2.97 7.69 2.01 1.22 22.44 1.14 21.31 36.3% 3.76
1 & —
high pressure Hg 4.35 8.20 12.52 2.52 1.05 20.50 .79 18.77 29.97 1.33
xenon - 1.24 1.36 1.50 3.27 3.67 4.25 4.91 30.57 25.25 23.98ﬂ
' phosphor coated - - .02 .17 .83 3.03 3.68 21.62 45.58 25.04
(tower tank light) ,
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. Unlike the continuous'

- -

lamps -have an output which
. 3 N
Rsl275,sunlamp is a medium

‘ultraviolet radiation (A <
F]

1
“

spectrum of the xenon lamp, the mercury arc
is. characterized by strong lines. The GE
° N

pressure mercury lamp for which the shorter
. x

280 nm) are %}iminated by, passage through an
-, ¥ L

®

ultraviolet absorbing envelope.

In phoﬁ%hhemical experiments, this

lamp was used in conjunction with a Corning ‘glass 7740 filter to reduce

further short wabelength components of the outpuf. Major problems

existed ip—the use of this lamp for photochemical experiments, because
“ J N

of erratjc and large intensity fluctuations and short lifefimes. It was

used only“in-a few initial experiments.

N “
°

The other mercury arc source was a high pressure mercury arc lamp

(Banovia 679A). Output of this lamp differs from the GE RS-275 in that

the increased operating pressure causes pressure broadening of the lines,

and also an increase in the intensity of the continuous background.

b

The spectral energy distribution, especially for the mercury lines,.is

.

Its use was
v N

still grossly diffeysgt than for sunlight (Table 4.1).

restricted primarilyyjto diagnostic investigations, for which it was well

1] ~

suited, because™of its high intensity and equipment design adaptability.

This source.was also used in conjunction with filters for the removal of

.
-

shorter ultraviolet wavelengths. 1In the immersion WEli,§ystem -
s - o S
{3
(section 4.2.4.) it was filtered with a Pyrex 7740 filtg§~sleeve, and

A} -

i ¢ -

in the merry-go-round system ZSection 4.2.5.) both the filter sleeve and
3 .

Quickfit reaction tubes served as ultraviolet filters.

The Hanov}a 450 watt lamp was found to have excellent stability

, after a short initial aging period.

N
¢
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Variation in output was usually no
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. . more than 2% over a five hour intqual. Reaction rates were usually

« 5

l -
fast enough with this source so that relatively short reaction times

° d [}
provided a reasonable assessment of a reaction. This property was of

4 / .
fundamental importance in minimizing the extent of microbial injglve—
- x '\
. . o .
ment during a reaction. N

4.2. Photoreaction systems ).

.
i

Six different reactiop systems were used for irradiation of

)

samples. Since different light sources or "different optical geometrics
were employed in each sysiem,‘onl§ qualitative comparisons of results.
should be made. Some of these systems, and others which will not be -

discussed here, were used to explore initial ideas or to develop optimal

E3
»

reaction systems for seawater photochemical studies.
i

Of these, -the merry-go-round system was used the most extensively.

" It afforded thé most versatility-and, more importantly, it provided a

means of simultaneously comparing a number of reactions under nearly

f -

’ o

identical conditions.

4.2.1. Sunlight .

X

Two procedures were used for sunlight irradiations. The first
’

| consisted of filling 500 ml round bottom flasks (Pyrex 7740) with the -

-

sample, so that when they were capped with a ground glass stopper only

¢ o

a small volume was occupied by air (enough 3ust to maintain buoyancy) . ’ "

The flasks were carefully sealed by enclosing the stopper and upper

ae
)

portion of the. flask neck with a plastic film secured with PVC plastic N

-
i -

tape. A lead weighit was attached to the neck so that it remained in~- .

.
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verted when placed in a shallow trough of water: &he flask was floated

in thentrough which was contlnually being filled from the bottom with
. o
¢ cold seawater (5-10° C) The trough was located on the roof in an area
o A
~ free of %% ows. About 50 feet away, the sensor of an Eppley pyranometer
if <@
(Model 8-48) provided continuous total sun and sky radiation intensity
measurements.
~ » .
In the sécond.procedure, the flasks were replaced with glass

stoppered quartz tubes of approximately 34 ml volume. The tubes were

supported in a rack inclined at 45°." The support rack was painted a

flat black to avoid back reflection through the reaction tubes.l The
-3

rack was placed on the bottom of the trough and oriented so that the

side holding the ‘tubes was facing the sun. Water level in the trough
was adjusted to the same level as the' liquid level in the tubes. 1In
@

this way the stoppers were above the water line. ,

a ¢

4.2.2. Tower tank experiments

The 35 ml quartz tubes were again used as the reaction containers.

They were sealed using the sdme method described in Section 4.2.1. Two

L
“

tubes were suspended in the tower tank (for description see Balch

gE_gi., 1976) at each depth; one was covered with a black polyurethane

.

opaque coating and was used to determine the extent of dark reactions.

The tubes were fastened to a rope, which had a weight on the end, in

°

such a way that.the tubes were normal to the }ope and the solution-

Because of internal and external reflection and refraction at
interfaces, different shaped contalners should give different reaction
rates. No attempt was made to evaluate these differences, but they can
be significant (Zepp and Cline, 1977). .

»
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containing pért of the tube was extended as far as possible from the

»
N -

rope.

Four overhead phosphor coated 1000 watt lamps (GE MV 1000/C/BUH)
were susgended from the cei%ing over the .pool tank; these sugplied the
total radiation incident on the tubes. The light intensity at the
Qater surface was about 10 to 25% of the midday PAR wavelengths (400~
700 nm) in sunlight at the sea surface, but the intensity decayed more
rapidly with depth than does sunlight (Table 7.1). This waé not due to
a significant difference in the'attenpation by water, but instead was

. \

primarily a function of the @dstance from the lambs.

4.2.3. Sunlamp system

v

> .

Initial experiments to ﬁest the feasibility of studying seawater
pPhotochemistry were performed using a 1 liter water ]apketed beaker,
which was covered with a 2 mm thick glasg plate (Pyrex 7740). A
;eneral Electric RS-275 sunlamp was located six inches above the pyrex
plate and served as the radiation source for the slowly stirred solution
in the beaker. The temperature of the solution was controlled by
recirculating watér from a constant temperature both th;Suqh the water

jacket of the beaker.
4.2.4. Immersion well system .

A standard immersion well reactor using a 450 watt high pressure
mercury arc was used for many experiments (Figure 4.4). The reactor

was contained in a large enclosure, the walls of which were painted a
k3

* C

~ .

Rl
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Figure 4.4' Immersion Well Photoreaction System

=~

-
- .
.

List of/?affs: e

A. 450 watt, Hg lamp (Hanovia 679 A)-

B. photochemical reaction vessel (from Ace’ Glass, Catalog # 6523-06)

[N

C. magnetic stirring motor

D. teflon reaction solution or gas inlet tube

- ~

tE. stablized A.C. power supply for Hg lamp, milliameter, and fine con-
trol adjustment for tungsten filament lamp P
F. quartz photochemical immersion well (from Ace Glass, .Catalog #
. 6515 A-25) with Pyrex 7740 sleeve filter insert
G. uv sensitive photodiode and gperdtional amplifer (United Detector
’ Technology, UDT-500 uv) ‘
. x
H. tungsten lamp for testing light detection system
I.

‘leads for power source and output to digital voltmeter or strip
chart recorde .

“

an

J. pre%surehswitch (Hanovia 315-60) - .

K. enclosure with flat black interior

L. cpoling water recycle for lamp

wWater recycle for temperature jacket on reaction vessel

.

N. xhaust fan ’ N
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flatiblack to minimize light reflection. The reactor and a UV-sensitive
na 0 . ' \ ,
photodiode, which was located on a wall of the enclosure, were mounted

1

so that the light path between them was unobstructed and was a fixed
&
distance. Light iﬁkensity, specifically the 365 nm Hg line, was -
- % -

R v . ~
measured throughout reactions and these measurements were used to /

normalize results of different experiments. Since the inteﬁsity was

‘ ~

. £ \ . , C " .
unstable during the first 15 minutes after lamp ignition, the reaction

splution was not added to the reactor until after this’period. Addition

of the reaction solution was made from a boint outsidé of the‘enclosuée

¥ e )

. by grdvity feeding it through an all glass and teflon line. . The com-

plete addition of the 600 ml charge of reaction solution required about

Fe

+

20 seconds. Experimentsg, were either continued to the point where the
lamp was extinguished, }m\\ples were withdrawn from the outlet at °

timed intervals during the irtradiation. ¢

L3

The-filter sleeve (Pyrex 7740) used to reduce the shorter ultxa- ' .
vy . ' (f
violet wavelengths from the lamp output initially tra®mitted a small

component of radia;fon below 290.nm. Howeyer, exposure to the intense
© & . -

0 f
radiatio¥®f lamp soon solarizes Pyrex and cgonsiderably reduces its -

/ transparency to ultraviolet’light (Hanovia, 1964). #$ much larger in-

I

frared component escaped the lamp cooling jacket: Maﬁor temperature -
- ¥

increases in the reaction solution were avoﬁégd by the rapid flow of
cooling watér from a Laude constant temperature bath through the gx-

- [}
ternal sample cooling jacket. Constant stirring of the reaction

solution facilitated temperature control. ad

-« ~
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4.2.5. Merry-go-round ﬁy%tem

)

patterned after the device described by Moses et al. (1969). THe two

The mesnry-go-round photochemical apparatus (Fidure 4.5) was,

g

#

‘

>

R
H

devices are similar «in’that a number of samples can be irradiated -

{ .

" simultapeously. .

[
v

ﬂ )

“A more significant problem resulted from variations in the Jlight

transmission characteristics- of the varigus reaction tubes. This was

minimized by matching

.closely as possible.

for the same reaction
For.the photdlysis of

tubes gave an average

4.004 M 1" with a standard deviation of .0164.

¢

0 ©

the optical characteristics of the tubes as
The matching was checked by comparing the results

conducted simultaneously in each reaction tube.

methionine (5 x 10 M l-l) in seawater, 8‘reaction

- l
"

concentration of methionine, after photolysis, of

[
Analysis was performed

by the HPLC: determination of dansyl derivatives. '

L3 "

- The same test for reproducibility for seawater solutions of

‘x

1x 10 7 M 17! of added 1-**c glycine gave an average of 2.22 x 10

M1t

reactions of 0951, as determined by ll“Coz analysis.

of glycine decarboxylated, with:- a standard deviation for the 8

10

-

The major source

of variation usually stemmed from the analysis rdther than the photo- o

3

lysis procedure.
4l

-

° 9

- The Pyrex+#/740 filter sleeve, used to reduce the radiation at wave-

lengths of less than 300 nm, transmits a smallacomponent below 290 nm.

There

) -

radiation. This was accomplished by using Quickfit tubes
g .

’

. N

e, a secondary filter was negessaky td further reduce this
% P

(29. x I50 mm

%
~ -3
~ o

]
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) \
Fig7qe 4,5 Merry-Go-Round Photoreaction System

[3
. & ' [«
List of parts: - -

- &
LA

. A. 450 watt, Hg laﬁp (Hanovia 679a) “witéh pytefgzjéo §leeve‘filter
in quartz immersion well ¥ :

F1d

B. merry-go-round v 7
C. high torque variable speed motor for rotating merry-go-roupdi
. hd b v

P
"

D. return pump for bath 'water o\

-

\
k. t%mpexgﬁg;e controlled bath (+,0.2°C)

A4 -

» F. tungsten lamp for testing light detection system

G. - uv sensitive photodiode and operational amplifier (United
Detector Technology, UDT-500 uv)

-

H. enclosure with flat back interior

I.” 15 volt power source for light detector

- "

J. fast response recorder with multiple chart speed ahd multiple
range (Linear Inst. Corp., Model 232)
\ i

! K.. stabilized A.C. power supply for Hg. arc lamp

L. filtered D.C. power supply (Electra Products Labgratories,
Model D-612T) - ~

M. milliammeter and fine control for adjustment of tungsten fila-
ment current N

N. heat exchanger :
0. heat exchanger

. P, pressuré switch (Hanovia 315-60)

"

~
Q. exhaust and cooling fan

‘ R. Lauda ;}Z/R temperature controlled bath’ o 3

.

Te . «

Key: . - -
———— Water for bath temperature.control
mmmmm Water for lamp cooling

electrical connections

<

e R * B - L AP P L s ornd M I aim o
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a

. Figure 4.6 Xenon Lamp Photoreaction System

List of Parts:

/
A. pqg;; supély - 150 watt (Honovia, Model 28167)

B. lamp housing with F/1.5 optics (Schoeffel LH 150) and equipped
! with 150 watt xenon lamp (Hafovia 901C-1)

Ve

C. filter holders and filters
D. Sample cell holder 7

E. Sample cell, standard 10 cm. cell with quartz windows and
water jacketed for temperature control

F. uv sensitive photodiode and operational amplifier (United
Détector Technology, UDT~-500 uv) .
G. 15 volt power supply for light detector
( N
H. fast response recorder with variable chart speed and variable\
range (Linear Inst. Corp., Model 232)

I. enclosure with ﬁ%at black interior

J. temperature controlled water for jacket on sample cell

& . . - )




[l sn R Rt s S Y

87

N

with 24/29 standard taper glass stopper), which have a 0% transmgssiog
of radiation at and gelow 290 nm. For further spectral modification of
the eﬂ%rgy distribution, gl:ss filterg were used for the outer ring
positions. With the glass filters replaced with opaque covers, these
positions éould.be used for dark controls. ’“

The merry-go-round reac¢tor was immersed in a large temperature
controlled water bath. One wall of this bath was made of lﬁ inch thick
plate glass, and the other Qalls and floor were blackened with %harcoal
imp;egnated paraffin wax to minimize the reflection of .stray light.

The bath was situated in the same large enclosure which was used for

a

the immersion wall system (Fidure 4.4), so that the light from the

-

outer ring windows of the merry-go-round was projedted through the glass
wali of the bath and onto a photodiode located on the wall éf the en-
. .

closure. As the drum of the merry-go—round‘rotated the light from each -
window was projected on the photodiode out 12 times each minute. A
record of the output from the light detector was r&ade ‘on.a fast response
strip chart recorder. - This output was a representation of the light
intensity on the photodiode sdrface as light from each win&ow flashed
across it. The intensity output of the lamp for any spectral région
was linearly related to the amplitude of the signa;; By using appro-
priate filtér combinations, changes in the total lémp output or output
from specific spectral regions could be measured. These measurements
provided a means; of adjusting reaction resulé§ for light intensity
changes either duging an experiment or between different experiments;

fter the iamp had attained stability, the fluctuations.during an ex-

\ e e . ® .
periment were usually insignificant and applying corrections for them

\

1

v
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was unnecessary.

Temperature control in the drﬁm and the . external bafh were main-
tained by using 2-heat exchangers and a temperature controlled recircu-
lating bath. Only distilled water was used throughout the system; it

was frequently changed to maintain its low light absorption.

v

Experiments were not started until the bath temperature.and
- \
intensity of the light source had both stabilized.

#*

‘

4.2.6. Xenon lamp system .

-

The xenon l::;‘!ggﬁgm used in this study is illustrated in

Figure 4.6. Irradiation and dark control reaction vessels were both
tyﬁical 16 cm path length spectrophotometer cells with.qu;rtz windows.
The entire front window surface was illuminated by the projected beam
from the source. Light intensity of the beam was measured with a phgto-

diode located on the wall of the enclosure. The photodiode could be
# . . .
placed so as to measure the incident radiation or the transmitted
[ .
radiation. For natural seawater samples the low absorptivity changes
I

during irradiation E?ant that any changes of the intensity measurement

t4 Either

were almost entirely due to fluctuations in the source outp

option provided an accurate estimate of the light intensit}l,
P

. -

The sample was not expdsed to the light beam until tMe xehon lamp

Py

acquired full stability. Light intensity was measured for the duration

.of the exgsguge by recording the light detector output. This value

could then be applied to making comparisons between the results of dif-

.

ferent experiments. ) &

o
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4.3. Light-intensity measurements

)
4.3.1. Photodiode\&eeeetor

. °

Basically the same light detection apparatus was used for the

immersion well system, the merry-go-round system and the xenon lamp
system.

The electronic components of this apparatus consisted of a
"t

v ‘U¥-sensitive photodiode and operational amplifier assembly (Appendix 3)

]
and a control and power supply module. According to the manufacturer's

specifications for the photodiode, the measurement of light intensity

is linear over 12 decades with a maximum deviation in responsivity of

.5% over 6 months.

The electrical components for this detector were mounted in a

housing which contained a shutter and filter holder for glass or neutral

density filters. The shutter provided a means of zeroing the dark

voltage signal from the detector on a strip chart recorded or digital
voltmeter.

4.3.2. Chemical actinometers

Generally, chemical actinometers are used to determine photon flux

over a rather narrow bandwidth region. In this study the broad band-

width regions of interest require that ¢ for the entire region be.

approximately the same before an accurate measurement can be made. This
requirement is met most closely by KCr (NHj3) 2 (NCS)y ,(Wagner and Adamson,

1966) for 400 to 600 nm and by the ferrioxalate actinometer (Hatchard

and Parker, 1956) for 290 to 400 nm. Even when used in these spectral

-
’

regions the variation in ¢ is as ‘much as 10%.

Therefore, when used over
!

A
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wide bandwidths these methods can only be expécted to give an approxi-

mate value for the photon flux in the reaction vessel.
v

"Using these techniques, the photon flux was found to be 9.6

-

- \!1 ’ -
x 10" ° einsgﬁins sec ! for the inner ring in the merry-go-round system \‘

in the 290,to 650 nm region. For sunlight in the same region the flux

«

_ - /
was found to be 3.6 x 10 ° einsteins sec !

4.4. Glassware

To avoid difficulties resulting from adsorbed wall contaminants,
A

the glass reaction vessels were cleaned by placing them in boiling con~-

-

centrated nitric acid for 30 minutes. The vessels were then thoroughly

rinsed with water from a Milliporé Super Q system. = -

Bacterial contamination from the glassware was avoided either by
heat sterilization or by washing with 1 molar HCl; glassware was stored
containing the HCl solution until it was to be used. For heat

. .

sterilization, the glassware was stored in a drying oven at 175°C

overnight.. The cylindrical tubes used in the merry-go-round sygéem

were heat steriiized by storing t%em in a drying oven inverted with
standard taper stoppers in place. As the tubes heated up most of the * /
residual rinse wa?er was -forced out by the increasing pressure within
the tube. When the nearly dry tubes cooled down, the conéensing water

vapor created a partial vacuum in the tube. The tubes were stored in

this condition until they were to be used.

e
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S. ANALYTICAL METHODS

5.1. Introduction

The low concentrations (often less than micromolar) of mosf’organlc

v v

and inorganic"constituénts of seawater means that anal%tical methods be

extremely sensitive, ongthat concentration of the constituent be pre-
- da
formed prior to the analysis. For organic constituents it is usually

Y .

necessary to preconcgntrate the sample to bring the levels.into the

detectable concentrafion range for the analytical method. For amino
4
//
acid determinations Jat typical concentrat%gn«l%vels found in seawater
o

(1077 to 1072 M 17!} , this amounts to concentrgting the amino acids

By
«

contained in from to 23 liters of sgawaﬁe? (Palmork, 1963; Degens

L]

et al., 1964; Chau and Riley, 1966; Webb and Wood, 1967; Riley and

@
. -
-

Segar, 1970; Pocklington, 1970; Clark et al., 1972). The large volumes

and the length of time required to perform a single analysis make such

L .

methods impractical for use in a diagnostic laboratory study on photo-

chemistry, where the irradiated volume must for practical reasons be
i

small, and the time of an analysis should be short, since many may be
required. These requirements were considered as the criteria by which

analytical methods to be used in connection with photochemical studies

- -

were chosen or designed.

.

Existing analytical methods for some of the constituents of in-~

.
.

terest were adequate in terms of sensitivity and the volume of sample -

o

required for the analysis. Theref#re, standard seawater anaiytical

methods for NO, , NO; and NH3 (Strickland and Parsons, 1972) wére used.

[
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For the NH; analysis the difficulties resulting from the exposure of

the sample to light during color develovment of the reagents (Gravitz

3

and Gleye, 1975) was noted and adequate precautions were taken to

avoid the problem. \

5.2. Amino acid analysis

. v

>
Factors which led to the choice of the amiino acids as model com- -

pounds with which to examine seawater photochemical reactivity included

S

an extensive body of information on their photochemical behavier in

aqueous solution and on methods of analysis. Although numerous pro-

cedures for the analysis of amino acids existed, none of these which

-

had been developéd for "seawater appeared suitable for use in this study.
A survey of existing techniques indicated that some of them, with the

’

appropriate modifications, might fulfill the analytical requirements.

Ong of the major requirements, and perhaps the most limiting, was that

-

the method should work satisfactorily in samples conthining the normal
concentration of sea salts. A procedure using a gas chromatographic J

separation of BSTFA derivatives (Gehrkeﬂgg_gi., 1969) formed directly

e

in freeze dried salts and a colorimetric method using chloranil-amino

acid complexes (Al-Sulimany and Townshend, 1973) both failed to provide

.

satisfactory resulés, because of incompatibilities with the salt content.

In terms of compatibility with the salt content, efficiency with

. -~

respect to time of analysis and sensitivity, methods employing fluore-

scent labeling reagents were ﬂhe most satisfactory. The major limitation

v

of these methods was the difficulty of reducing the blank, which ulti-
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mately set the lower detection limit of the technique. It was for

Es

reason that a promising method using the highly fluorescent o—ph;hn
i

i

dehyde %Frivative§ of amino acids (Roth, 1971; Roth and Hampai, 1973;
o/
Benson ard Hare, 1975) was not used. However, fluorescence detection

~

of amino acids by two other methods did prove to be useful.

5.2.7. Fluram derivativesl N

. "

Fluram (4-phenylspiro[fuan-2(3H), 1'—phtalan]33~3'—dione) 158 a .

reagent which reacts rapidly with primary amino groups of many compounds

v

to form intensely fluorescent derjvatives (Udenfriend et al., 1972).

o

Derivative formation is highly dependent on the solution pH, and for the

preparation ofaémino acid derivatives in seawater the optimum range was

found to be from 9.0 to 9.4. The seawater solution was, therefore,
s - C
buffered before a solution of Fluram in acetone (:08 to .1 mg ml Uoof

seawater was found to be optimal) was added. The solution was stirred
%

o s

rapidly during the addition; reproducibility of this step was critical /

3 -
in providing good analytical precision.

f A
In samples with greater than 30°,, salinity, a gelatinous preci-
pitate would usually form soon after the addition of Fluram reagent.

This did not decrease the extent of derivative f&fmation, but did provide

difficulties in the meas@ﬁgment of fluorescence. Relative fiuorescence

of the derivatives was not appreciably pH sensitive for values greatér

than 5. It was thus possible to lower the pH of the buffered solution

/\

ol A similar method was used by North (1975) for measu;ing natural
levels of primary amipés in seawater.

e - - e e S N i W %mwmmw;—‘w—:
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N .

to dissolve the precipitate.
\ /.
. The excitation and emission wavelengths for the fluorphors of

~

A Y

different amines were the game, but the relative intensity of fluore-
scence varied considerably. The fluorescence of the aspartic acid.

fluorphor was less tham 10% of the ph?lealanine derivative, while the
. NH ; derivative gave a value which was far less than that observed for

aspartic acid. This property of the derivatives makes an accurate

.

assessment of the actual amine concentration impossible where an un-
. known mixture of compounds containing primary amino groups exists. The
1} 13 13 s h
concentration of primary amines in a sample was, @g¥r3fore, calculated ,
e -

in terms of glycine equivalents (the concentration of dlycine necessary

-

to produce the same relative fluorescence signal). As the method was
used ig this work, it provided an estimate of the loss of glycine
equivalents from an irradiated sample when compared to a dark control
under otherwise identical conditions. In-most of these cases a single
amino acid was added at a/concentration which far e&ce?ded the natural
levels of primary amines. Even in this case the method gave an accurate

estimate of the extent of decomposition only if no interferring products,

e 14
such as other primary amines, were formed during the reaction. The

*

dubious nature of results obtained from solutions containing mixtures

of amines makes chromatographic separation of the mixture essential- to

P

gaining clear understanding of the photochemistry of amino acids in

seawater. °

5.2.2. Dansyl derivatives ) -

v T s
/

. -~ The addition of dansyl chloride (5-dimethylaminonaphthalene sulfonyl

L ! B

“ -
-

-

1
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\ -

chloride) to basic solutions contiahing primary or secondary amines,

(/ ° usually .results in the formation of highly fluorescent derivatives.
Y - e

This reaction has been used extensively in biochemistry (Gray, 1967;

. o

Seiler, 1970) ané has been used for the semi-quantitative detection

of amino acids in seawater (Litchfield and Prescott, 1970).

The procedure described in Append 2 optimizes the conditions
% ' &

v

T under which the amino acids most effeé¢tively compete for a limited
[ R4

.~

amount of dansyl chloride. The dansyl chloride conqgntration must be

far in excess of that needed to label the amino acids, becruse the -

sulfonyl chloride is also hydrolyzed. The amount of excess dansyl
.

chloride necessary for a high percentagé of amino acid labeling is

dependent on the amino acid concentration and also ongathe second order

% = . .
te constant for the reaction bethen the dansyl chloride and the
3
&‘ -

amino acid. Rate constants for different amino acids vary widely; and

fficient time must be alotted for full development with some of the

o

%y

less reactive ones/. Several hours wére usually néeded to give complete =

labeling of the ino acids used. .
The use of this reagent as a direct assay fo3 t$e amino acid con-

centration of seawater is of little value, becaué@'the sulfonic acid,
A

which is the hydrolysis product of the dansyl chloride, has a étrong

. - . .
fluorescence which overlaps the fluorescence maximum for dansyl amino

- -

!
' acid derivatiives. An essential step in the use of this reagent in sea-
o ]

>
~ A

~ water analysis is the separ¥tion of the sulfonic acid; the procedure out-
’

i

lined”in Appendix 2 provides an extract of a mixture of dansyl chloride

reaction products which is ready for chromatographic separation.

. -

as
7
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5.213. HPLC separation of amino acid derivatives

- -

. . : The separation of Fluram (Imai et alJ, 1974)  and especially dansyl

amino acid derivatives (Seiler, 1970) has been accomplished using tHe

+ N ¢ ] -
technlqpegof thin layer chromatography on silica gel or alumina. The
- n)h'“‘
e
‘availabiligx;g%?high efficiency silica gel and alumina packings for
o o

- L

! HPLC coupled with a fluorescence detector made the extension of these A

separation techniques to HPLC possible. The major diffic®uIty which

“ -

was confronted involved the selectionof'a suitable solvent system; none

M s
o ’

, Of those commonly used for TLC separation of these derivativés were @g,
(34 - N ~ . d

: suitable for use'in HPLC. . ’

v

f In addition to the usual'critg;la used for choosing a solvent ”
. ~ system for normal phdse liquid/8d1id chromatography, the dielectric con-
% . stant was also considered. Some solvent systems were found to provide

4
-

adequate separfation, but only a small fluorescence signal was generated.

The signal could be greatly increased for either Fluram or dansyl

o .

\ . f

- derivatives by ‘using- solvent systems which had low dielectric constants

(Chen, 1967) . ; .

* Although the derivatives werke separate@ on a number of different

- types of column packings, the best results were obtained on small-

\

v

.

particle (< 10p) silica gel columns. Initially, commercially packed

columns wefe used, but their high cost madefrequent replacement pro-
: red

i

. hibitive. This replacement was necessary, however, because of\? slow
. P . o

deterioration of. the&'’ packing material during use in the separation of

) the amino acid derivatives. Instead ¢f using commercially packed

columns, the columns were preparéd in the laboratory using a neutral

A -
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¥ density slurry method (Asipauar and Haldsz, 1974) and a high pressure

packing apparatus similar to those used 1in other laboratories (Cassidy

et al., 1974; Strubert, 1973). The packing apparatus was constructed

so that it could be attached directly to the Haskel pump of a DuPont

830 HPLC, which supplied the packing pressure. ° All HPLC columns used
A ] .

.

for acquisition of the data in the following sections were packed using
this apparatus, with an applied packing pressure of 4000 psi.‘' The
columns were all ﬁacked with 5y mean Aarticle size silica gel (lferck,

LiChrosorb SI60) equilibrated with the eluting solvent system for
\
several hours prior to the injection of the first samples. LI

.
1Y

. The procedure for preparing the seawater sample for direct injec- .
N 14
tion onto the column was basically the same for either Fluram or dansyl

derivatives, and consisted of acidifving the seawater sample and then

-

extracting with ethyl acetate or diethyl ether. Recovery was found to

be the lowest for the bas¥c and acidic amino acids and highest for the

neutral amino acids. In general, the dansyl derivatives gave better

recoveries and were more stable than the Fluram derivatives, especially

G-

in the acidic solutions. Because of the low stability and the possible °
formation of diasterecisomers (Imai, 1974), which appeared in the

liquid chromatogram as a pair of peaﬁg for each amino acid, the Fluram

derivatives were not used in the HPLC énalysis.

Quantification of the separated derivatives was, accomplished by

. N
integrating the output from the fluorescence detector. The signal was
corrected for light absorption in the fluorometer cell of the detector

- . TN va

(Eq. 5.1), although this correction was insignificant for theée ;}\\5

" . .
a > .
0 D . !

.

T
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1.1
F_ =, Ry, >R YV . (5.1)
10774 - 10 4

o

" :
where Fc = corrected fluorescence signal . :
F = measured fluorescence signal
by .
A = measured absorbance signal .

- )

5 concentration ranges used in most of the experiments. Determination

.

of the actual concentrations was made by referemce to an 'athino acid

5 | interngl standard (B-alanine, 4-aminobutyric acid or'sarcosing), which.

- ‘

was added at approximately the same concentration as the reactant

¢ -

amino acid. The analysis was normally used in the range of 1.25 x 10~

o -

to 2.5 x 10 !2 moies, based on the concentration in the .injected 10 ul
L8

* ~

portion of the extract. #&n this range the method was linear.

-]
\ ~

A major potential source of error in’the HPLC analysis was in-

10

herent in the fluorescence detection system, where high performance was

L
£

jbnly obtained when the lamp output for excitation was stable. Fluctua-

+
v

tion in light intensity swould result in similar fluctuations in the

fluorescence signal, since the two are proportional. The stahility of

the detector system was tested during operation by comparing the ratios

of the amino acid signals to internal standard signal for multiple

I
v

analyses. ,Th;s ratio remained the same if:phe detector was stable
\ . ,
throughout an .individual analysis. If the ratio varied significantly
N - - '

. the analysis was discarded; in sets of sequential triplicate analyses

\
a

this was. seldom obgerved.

N .

o
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The stability of the detector was also tested by comparing the

values of the integral for the internal standard in consecutive analyses.
This was possible because of the good reproducibility of the injection
volume obtained with the high pressure direct in)ecfion valve. With

good stability, the integrator output-for consecutive triplicate damples
a b
was less than 1%, and when variations greatly exceeded this the analy-

tical values were é}scarded.

- N

5.3. Aldehyde analysis

\ .

-

The Hantzsch reaction (Eg. 5.2) has been used (Belman, 1963) ta

»

analyze for low concentrations of formalfehyde in aqueous solutions. !

r ! - l
The product of this condensation reaction with formaldehyde is 3,5-

u

o O R H O
R B CHa !
| 2CH3CCH2CCH3 + RCHO + NHy — H3 ] CCHs | 31,0 (5.2)
\ CHj N Cﬁa
Ig

°

diacét§1~l, 4—dihydrolutidiﬁé (I}, which has an intense fluorescence

emission at 510 nm.
The procedure described by Belman (1963) was easily adapted to use
in seawater solutions and gave a lower detection limit for formaldehyde

of approximately 5 x 10"® M. A linear relationship between the rela-
tive intensity.of fluorescence and the concentration of formaldehyde was
5 7

found from 1 x 10 > %o 2 x 1007 M. Below a concentratidn of 2 x 10 ' M

the standard curve was still well enough behaved to provide a-good

. 2 N
estimate 'of the actual concentration.
)
r - )
L)
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Although the aldehyde concentration of a sdmple is cafculated from
»
a standard curve for formaldehyde, the method will also measure other

-

aldehydes. The results are, therefore, reborted in terms of the\

¢

formaldehyde equivalents: that 1s, the concentration of formaldehyde

necessary to produce the same relative fluorescence signal.

2 =

5.4. Peroxide analysis

Y

An iodometric analytical method for peroxide was developed ini-

a

tialli. The procedure consisted of manipulating th; sample and reagents
under anoxic condition so that low blank values for iodine formation were
obtained. Hydrogen peroxide and organic peroxides (Johnson and
Siddigi, 1970) should both be detected with the analysis and their con-

n
centration wWas detyermined Py measuring colorimetéically the amount of

I3-formed. The metthod was useful to 5 x\10—7 M 1! of H;02 and was

linear in the tested range_from 5 x 107 to 1 x 10 > M 1 '. vuUnfortunate-

ly, the sensitivity of the method was not great enough to make it useful -
for photolysis experiments.
- Ry -

- -

Hydrogen peroxide can be quantitatively determined at low concen-

-

1

trations (5 x 10 °M) by measuring the extent of the peroxidase catalyzed
destruction of highly fluorescent scopoletin (6~-methoxy-7-hydroxy-1,

2-benzopyrone). This method was first. developed to measure H,02 .

~

production in radiolysis experiments (Perschke and Broda, 1961) and was

ar

later used to méasure the natural peroxide levels.in seawﬁ%?r (Van Baalen

&

and ﬁarler, 1966). The lack of details concerning the analyticél proj

cedure used by vVanBaalen and Ma{ler made a detailed study of the method
R

-
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. //
necessary before it could be qsed for photolysis experiments.

1

The ’

procedure described in Appendix 2 1s based on the results o% that study

. and is designed to optimize the method for its implementation in this

work.

VanBaalen and Marler (1966) reported their findings for seawater

. . v . ,
analysis as H;0; concentration and reported that the addition of J///

& > “
% catalase caused the complete loss of activity in the peroxidase-scopo®

letin system, but they provided no other tvidence that the oxidant was
A : .

indeed H;0,. This might be an important consideration, in view of the

fact that perogidasé can act as a catalyst for other oxidants (Chow

et al.; 1973) and that catalase accelerates the decomposition of some

organic peroxides, although the rates for these processes may be con-

51derably slower than for H20, (Baldwin,

1957). Based on the rate of

destruction of the major oxidant by catalase, the rate of its spontgneous

decomposition, and the high mechanistic probability of its formation,

a
.

it
would appear that H20; is the major oxidant being measured by this pro-

cedure in the photolysis experiments (Section 10). It is entirely pos-

sible, however, that organic peroxides are formed during the photolysis

and that the analysis attual represent a composite concentration value

for these and for H;02. For this ﬁeason the oxidizing agent measured by

this method is referred to in an all-inclusive sense as peroxide.

%

LY
5.5. Natural seawater fluorescence
-4

Fluorescence’ spectra of Nova Scotia coastal seawater collected over

2 period of 1 72 years revealed that minor changes did occur in the
-3

<
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the spéctra. However, major excitation (at 380 nmf and emission (at
490 nm) bands were always represented. This feature extended to water
éollected on the S;otian shelf and was also found to ap;roximate the
flyorescence maxima observed for seawater solutions of fuliic acid,

benthic algal exudates, and seaward bound river water frgm Nova

Scotian watershe! lands. Because of the generality—of these excitation

-
s

and emission maxima they wereé specified as the wavelengths at which

natural seawater fluorescenceé was measure? throughout this work.

\ The natural fluorescence was measured in ac¢cordance with a standard

procedurg (Appendix 2) for all samples. To normalize the relative in-
tensity values obtained for different samples, they were compared to
a fluorescence reference standard. Quinine sulfate was used‘as the re-

[y

ference standard and a .1 mg/l acid solution was arbitrarily assigned a

value of lOOlquinine standard units (QSU). The natural fluorescence of _

a sample was determined from Eqg. 5.3. This technique provides an

M - N

accurate comparison when the fluorescence of the sémples being compared

\

F=_2 x §S- . (5.3)

where F = natural fluorescence in QSU -

>

I = relative fluorescence intensity of sample

|
I, = relative fluorescence intensity of standard

S = scale of units: 100 for .l mg/l quinine sulfate

10 for .0l mg/l quirtine sulfate

'\
varies within narrow limits, but widely different values can give

erroneous rﬁgults. This is an especially severe problem in samples

i
|
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containing high concentration of fluorescent or other light agsorbing
materials. In such cases the fldgrescence should be corrected for ex-
citation and emission light beam attgnuation by applying equations
which cénsider the geometry of the fluorometer cell (Duursma, 1974).
Such correction§ were not necessary for samples from photolysis experi-
ments, because the light absorption at the emission and excitation wave-
lengths were loy.

The extent of the decay of fluorescence in irradiated samﬁles was
indicated by determining tﬁe change in fluorescence, when compared to a

dark control. Results were calculated (Eq. 5.4) in terms of the per-

centage of &ecay of fluorescence ¢of the dark control after a blank was

subtracted.
- &
p=Fda"F1 100 (5.4)

) Fa = Fp .
where D = % of fluorescence decay \

Fq = fluorescence of dark control

F; = fluorescencé of irradiated sample

- ¥
Fb = fluorescence blank « o

»

Seawater that had been exposed to’ the full spectrum of a 1200 watt

high pressure mercury arc for 4 hours was used as the blank. This pro-

cedure provided seawater which had a fluorescence intermediate between

hd -

artificial seawater and 1ow'orgaﬁic water (Appendix 1).

5.6. Iron (II) analyéis ' .

—

“ . |
g

. + + . .
To éstablish whether Fe®® was reduced to Fe’ during “photolysis
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experiments it was necessary to determine the rate of Fe?t oxidation in

seawater. Its rate of oxidation had been determined in NaHCOj3; solutions
(Singer and Stumm, 1970); the half-life was found to be .04 minutes at

a pH of 8.0. If a half-life comparable to this existed for seawater
L4

solutions the possibility of accumulating enough Fe’t to make its de~

tection possible during a photolysis experiment would be small.
rd

The possible influence of the potential organic and inorganic
. . N -
ligands in seawater on the Fe?? oxidation made the determination of the
rates for this reaction necessary. An analytical method for the quanr

v ¢ v

titative measurement of low concentrations of Fe?? in séawdter solutions

T N A -
- was needed. A colorimetric method with bathophenanthroline has been

used for this purpose (Lewin and Chen, 1973), but the large sample

o

volumes and comélexity of the procedure made it impractical for its

¢ ‘

application in this work,

Ferrozine [disodium salt of 3-(2-pyridyl)-5;6-bis(4-phenyl sulfonic
acid)-1,2,4-tr¥azine] is a strong and selective chelating agent for re?t
and it has beén used for the quantitative determination of total iron
in ﬁfeshwater (Stookey,.lé70; Kundra et al., 1974) and seawater (Lewin
and Chen, 1973)6 The reagent forms a highly ligh; absorbing, stable,

and water soluble complex with Fe®t in the pH range of 4 to 9, with

little interferencé from gpe other ions in seawater. 1Its use in deter-,
4 - o

mining the rate of oxidation of Fe?* or the quantity formed during ir-

rddiation was as simple as adding a solution of the reagent to the sample.

and then measuring the absorbance. The addition of a large excess of

the reagent immediately quenched the Fe?t oxidation and minimized the

«— ©

effect of iight scattering on attenuation, which was caused by the

<
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formation of colloidal and particulate fexric owides,

“
S

-
the quenched samples variéd linearly with Fe?* concdentration over the

¢
Absorbance of

rénge of .1 to 50 uM (Figqure 5.1).

5.7. Collection and measurement of"“coz

¢

The method of collection described by Hobbie and Crawford (1969)

was employed with a few minor modifications. These included the use of

, s
+

glass fiber filters in place of paper filters as the absorbent for
phenylethyiamine, the use of 100 m] dark glass serum bottles in place of

flasks, phosphoric acid in place of sulfuric acid and agitation of the

solution by stirring rather than shaking.

Counting was done in a Triton X toluene based scintillation fluor.

The deviation from the mean for multiple analysis was less than 2% even
)
for samples in which only .1% of the total added substrate activity

was converted to 1“COZ. .

It has been reported (Ragland, 1967) that when phenylethylamine
és used as a ll*COg trap, a loss of activity from the cocktail occurs

with time. This possibility was tested, but no significant change in

s

cqhnting rate was observed for periods of at least a week.

2 t

A problem

"with co%pr devélopmgﬁt of samples stored at room temperature was ob-

served, butethis was remedied by storing samples in a refrirgerator at
2 ~ e‘,a :1

»
T oeer
0-2°C. ; : “ -
&

&

5.8. ATP ana\ys;s _ '

) The analysis of ATP (Holm-Hansen and Booth, 1966; Cheer et al.,

Fd
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Figure 5.1 Calibration Curve for Fe(II) Analysis in Seawater

see Appendix 2 for analytical procedure
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1974) in bacteria was not s?nsitive enough for the natural population
levels existing in the volumes used in the photoreaction systems. "The
popuiation ievels of Pacteria were, therefore, increased by culturing
endemic marine bacteria in seawater enriched with SST media (Stein,
1973). Before the enrichment (.125 ml/100 ml of seawater) was made,

1l liter of a freshly collected sample of seawater was filtered through

asuyu Millié@%e filter to remove larger organisms.

.

The 6écteria were gro&n aerobically at room temperature (23°C)
undé; a 12 hour light and 12 hour dark cycle in a 3 1 sterile Fernbach
flagk. The growth phase of the culture was determined by optical
densitymmeasuremenis of the culture solution. {During the early
stationary phase of growth an aliquot of the culture (.5 to 5:0 ml) was
diluted to 100 ml with seawater of approximately‘the same pH, temper-
ature and salinity. This lolution was divided in half and the sepérated
solutions were stored under identical conditions, including dim light,

-

for a period of L& hour. At the end of this period one of the solutions
was exposed to irradiation, while other conditions for bogh solutions
were maintained constant. When the irradiation period was terminated

both solutions were immediate%ngiltered and analyzed for AP (Sutcliffe,

W. H., Jr., unpublished modification of method of Holm-Hansen and

‘Booth, 1966).

This procedure was normally conducted for a number of different -
samples simultaneously, so that experimentad and culture conditions were
as close to the same as ﬁpssible. In cases where an additional reaéent

was added, the addition was m%de prior to the lé hour holding period.

o .

T
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For bacteriallogically labile substrates ‘the addition was made just

.before commencing the irradiation period. N
v . ° “ .
Al , * N

5.9, Ultrafiltration T ' '

v
s

°

Seawater was ultrafiltered with an Amicon (Model TC F10) high

performance filtration system which was pressurized witthufified N2 \
. (25-30 lbs) . bPrior to use, the UM‘? Diaflo ulﬁrafiltgation membranes )
- ’ N
were rinsed in.distilled water for several hours, with 4 changes of water
: being made during that ‘time. Buffered seawater (pé 8.0) was filgered .
- through GFC glass fiber filters before introduction into the-ultra-
- filtration apparatus. The water was-ultrafiltered at a head pressure of
4 . ) . “ . "
+40-45 1lbs; a fairly rgpid single pass: flow was maintained through the
" spiral flow channels to minimize concentration polarization. <
— . Ultrafiltelipd water was run directly into hot nitric acié cleaned o
) ‘glassware .and was stored at Q-2°C in the dark until use. -
! 8
o
‘ . ™
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.6. . INITIAL PHOTOCHEMICAL STUDIES ON SEAWATER REACTIVITY

™

-
-

‘ o . Y BEN
Introduction
‘ . ) .
; 1 . : " The apparent ;ack of information related to ﬁa;ine p£o£ochemica£
" “ +,, studies lTeaves spe;ulationnas the only regourse in predicging what the 1

o 1 2 . . . . 3 N 0
o actual photochemical characteristics of the marine environment are. -

"In fact, in view of the information available it was impossibile to de-

s [N
*

/ *, cide whether seawater ;Etually possed any unjque properties which dif-
’n - j - RN . s

[ ; ﬂerent' te it frrm artificial seawater, salt.solutionsﬁfcm'eved distilled . .
. ] : | ) .

' ° wé%?f in terms of 'its photochemical reactivity. Even if it 4id differ,

H

thé%ggiiJ

.

) attemptsjtq understand the processes eﬁvolved or to measure their

" "
o +

v

A

le complexity of the system might overshadow any experimental
" N

" . & S . ‘
magnitudes. - i

~N
f o * Therefore, the appro&ch taken here is many faceted and is designed

N

as a preliminary excercise in determining qualitatively the natureé and - w

A . o
- magnitudes of the photochemical processes involved, the properties which

~

A} B

must be controlled, and the best ifidicators of ‘photoreactivity which can /////—‘5\\\

13

. be measiired reliably.

- -

.. . d . . !
¥ v - " , / R

6.2. Chanéeoof absorbance .

. > »
w t . 0 R
J o : 9
" B

The ,photochemical oxidation of organic matter in "seawater by ultra-
RS :

# violet rédiatiop has been demonstrated (Armstrong et al., 1966). Most R
) o & .
cry of the oxidation occurs-.at wavelewéths of less than 250 nm; oxidatidn

. .

- . was effectiﬁely complete after only an hour exposure to the fullvspeCe
Ch - ' " ' . :
E ) - trum of a 1200 watt mercury agrc lamp. All organic compounds absorb tb ) &

. L) - w
.o - ' '
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some degree at wavelengths of less than 250 nm and would probably, with

sufficient irradiation time, undergo ph&tochemical destruction under

aeropic conditions to:-give caébon dioxide: This procesg is further

propagated by the addition of hydrogen peréxide; which suppos%éiz~iifzgs .
L ] - . N

as ah additgonal'squrce of oxygen. It is probable that hydrogen peroxide

als? Serves as a source qf the étrong.;xidant, hydro;yl radicals, which

N

are produced with high effic%@ (¢ 1) at these wavelengths by»

homolytic fission of the peroxide bdpd.

-
>

At near ultraviolet and visible wavelengths, many natural organic ¢

constituents-of seawater do not abs

%

b §nd therefore will not be reactive

through primary photochemichl processes. However, there is a fraction of

v -

the DOC which does absorb throughoutlthe visible and near-ultraviolet
region and is therefore at least potentially capable of photoinducing

reactions in transparent substances or simple undergoing photochemical \

change itself. The detailed composition of this ligpt'absorbfng fraction

. -
‘

is not known; it is generalz>\referred to collectively as "Gelbstoff".

<

Because it does absorb light, it is possible to determine qualitatively
t
the extent of its photolability by measuring changes in the absorption

spectra of seawater upon irradiation. Seawater containing relatively

.

small amounts of this fraction, such as that in the Eastern Méditerranean

or Sargasso\Sea, artificial seawater, or seawater in which the organic

}
fraction has been destroyed by intense ultraviolet radiation, all have

.

near-ultraviolet-visible absorption spectra which closely resembles that

of distilled water. The measurable light absorption difference between

I3 s
VTN

distilled water and seaﬁ%ter for the refion. from 250 to 600 nm is then

almost eﬁtirely accounted, for by %his organic fraction. ’

. :
. ‘ ‘ ' o

S
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To determine whether this fraction is photolabile the absorptien
»

spectrum of filtered na&ural seawatefr was measured against distilled

water at dlfferent'lﬁfervals duringsts irradiation in the xenon lamp

system. No change in the absorption spectrum of the dark control was
- A

v

noted after four days. The irradiated sample underwent major changes in

its absorption spectrum during the same period (Table 6.1).
‘ '

It would appear, then, that the organic chromophores in seawater
are labile. to solar radiation and that a signifié@%t ffaction, if not\

all, would be destroyed by moderate exposure times- to S%@ surface sun-

.

light. The wavelength dependence of this process was nog‘determiﬁedﬁ but

even if it is restricted to waVvelengths which are rapidly attenuated in
B3
seawater, the’proqsss is efficient enougﬁ'to alter significaﬂtiy the
. M ¢ v

e >

‘transparency of the entire euphotic zone, since all water above the
-

thermocline should have an appreciable residence time near the surface

4

—d
3

. due to vertical mixing. Im regions like the Sargasso Sea, where the

v
-

"water is isolated for long periods, the total residéﬁce time of water at
the surface may be long. 1In slich cases the sunlight induc;% destruction
=
of "Gelbstoff" could exceed its rate of replenishment, and highntrané—

parency would res&lt. This could be the case in Sargasso Sea, where

N

-water transparency has been reported/to exceed that of distilled water
" —

in the blue-violet region (Holmes, 1957).
. 6.3. Change in TOC or voC : ' ‘

- If there is a significant rate of photo-oxidation in seawater, it‘is:

Q
s

possible that changes in the cohcentration of organic carbon could serve

N . $ -
~ A L o
.
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) Table 6.1~ ?hotochemiéal Alteration of Seawater
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. volatile compouﬁds,'which could be measured, to low molecpl§qYWeight

114

as an indicator to the extent of. this process. To test’ this possibility,

- *
o

a series of different experiments were conducted in which natural sea-
water was irradiated with the sunlamp, the high pressure mercury arc
(merry-go-round system), or under natufal sunlight. 1In each case a
number of samples was collecteé at different times during the irradia-
tion and analyzed for QOC and TOC (McKinnon, 1973%).

Results of these experiments (ﬁéble 6.2), although erratic, do show

general trends. The VOC, for instance increases during the early stages W

-
-

of the irradiatjon and then decays. This is particularly clear in the

. !
case of methionine-spiked seawater, where, as evidenced by the odor, a

N .
o

volatile mercaptan or sulfide would seem to be a product of the methio-

nine éhotolysis. The decrease in the amount of this volatile sulfur

compound is indicative of its loss by further reaction to give a non- b

8
¢ )

volatile product(s). Although the methionine concéntration as followed

by HPLC showed a steady decrease throughout the irradiation, no laﬁée
[N

net conversion of TOC to VOC was observed. -

»
.

In those e*periments where no organic substrate was added, a general
tendency for a decrease in TOC concentration was observed.: It would
appear that at least some of the natural organic materials in seawater

o

are converted to volatile organic compounds, carbon dioxide, or carbon

monoxide. The method of VOC extraction employed should limit the N
Oy ™
~

hydrocarbons, ketones, sulfides, mercaptans, halocarbons, someﬁgmines,
] Y

» -

3 .
. ) - AN
and aldehydes other than formaldehyde. , The fraction lost from the TOC b

‘ & < %
could very well be carbon dioxide, 'since the inorganic carbon+is lost ;

{ \ ‘
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Table 6.2 Effect of Various Light Sources on the VOC and TOC Levels in Seawater
:"!\‘vf“
: Data taken from joint project with McKinnon ('19777./ '
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Light Time of V.0.C. % Differ- TOC % Differ- vVOC/TOC $ A from
Sample Source Irradiationi(ug C 1 ) ence from (mg C 1 7) ence from (%) Blank
’ " (hr) the Blank Blank
A. Tap Sun Lamp 0 (Blank) 25.27 1.03 2.45
Seawater 3.0 37.25 +47 0.96 -6.8 3.88 +56,
14.5 26.51 + 5 1.06 +3.0 2.50 + 2
4 ” 26.5 30.32 +20 0.93 -9.7 3.26 +33
0 (Dark) 25.48 + 1 0.99 -3.9 2.57 + 5
AN — :
B. Tap Sun Lamp 0 (Blank) 25.45 1.20 2.12
Seawater 1.0 31.67 +24 1.09 -9.2 2.91 +37
8.0 22.84 -10 1.06 -11.7 2.15 +1.4
18.0 . 23.84 - 6- 1.10 -8.3 2.17 +2.4
0 (Dark) 25.63 + 1 1.17 -2.5 2.19 +3.3
C. Tap Hg Arc 0 (Blank) 22.18 1.41 ? <1~f6 1.57
Seawater ' | Lamp 2.0 33.62 +52 1.40 - 2.40 +53
+#0.3mg c 17! 5.0 29.98 +35 1.41 - 2.12 +35
Methionine 10.0 29.19 432 1.38 -2.0 2.12 = +35
14.0 28.85 +30 1.40 -1.0 2.06 +31
0 (bark) 26.29 +19 1.41 0 1.86 +18
D. North ‘Natural 0 (Blank) 19.16 1.72 1.11
West Arm Sun Light 1.0 22.23. +16 1.65 -4.0 1.35 +22
(5 m) 3.5 23.56 +23 1.50 -13.0 1.57 +41
(8/6/76) 8.0 17.71 - 8 1.51 -12.0 1.12 + 1
0 (Dpark) 25.60 +34 1.67 - 3.0 1.53 , +38

STT
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by acidification of the seawater prier to the TOC analysis. At the pH

and pe of air-saturated seawater, carbon dioxide is the, inevitable
‘ product of all organic compounds, owing to their thermodynamic instabi—
~ lity under these conditions, and sunlight might be expected to acceler-

ate thié\process. .

6.4. Reactivity of added organic substrate

-

Low concentrations of selected organic substrates were added to

.

-

seawater; the extent of their degradation was determined and usefi? as

an indicator of the potential photoreactivity of the sample. Amino

acids were used almost exclusively for this purposét¥or reasons already

'i:‘;lj" o [
discussed in Section 5.2. X ﬂ?°f
° L -
6.4.1. Reactivity measured as change of glycinq)equivglents L0
o 0®

In initial experiments glycine was used as an organic substrate

a i

to test the photoreactivity of seawater; experiments were followed by

measuring glycine concentration using the Fluram’analy51s. Solutions

&
[ .
“.b

ly required a full day to‘complete. Therefore, an experiment requiring

®
[ .

a number of iﬁéividual reacfioné might require a week or more to finish.
3 . .
This raised the gquestion of how to maintain a supply of seawater for
the rgactioh media, which wou%d not undergo changes in its properties
/ during Lhe course of the experiment. Unfortunately, even.seawater which
was filtered at the time of collection and stored in sterile vessels in

the dark displayed &ajor changes in glycine photoreactivity with time.

Therefore, the procedure of using .22 Y filtered seawater within a few

5 N\ -
4 »

LS
were irradiated in the immersion well system. A single reaction general-

. —

*

8
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hours of its collection was adopted. The seawater was collected from
the same area (Halifax's Northwest Arm, at 10 m) and was adjusted with
Na,CO3*to a pH of 8.15 just prior to starting the reaction. Results for
both the darg controls and irradiated samples were calculated as the
mean of five separate\analyses.

In general, the extent of loss of NH2- glycine equiv;hents during a
3 hour irradigtion was in the range of 1 to 5% for seawater to which
1l to 10 M of g??hine had been added. "In somé'cases, however, the NH:2-
glycine equivalents actuélly increased during the irradiation period.
This was observed in an experiment in which the substrate concentration
was varied, while all other parameters were held the same. The exéeri—
ment was intended to provide information on the nature of reaction
mechanisms for the degradation of glycine iA seawater; instead the res
sults (Figure 6.1) reflect the complications which can arise when trying
to interpret a conceptually simple experiment, in which all the important
pirameters were not recognized nor controlled. From this and subsequgnt

@ »

experiments it was found that a number of features of the seawater
reaction systems had to be adequ;tely controlled or monitored if useful
data were to be obtained from the experiment.

One such unrecognized feature was the variability of natural
fluorescence of coastal seawé%er and its rapid decay during irradiation.
For the experiment shown in Figure 6.1, a blank control was run for the

seawater without glycihe present, but to account for the fluorescence

decay upon irradiation a second blank is,neéded for an irradiated sea-

k,
&,
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- an analytical method which is nonspecific.

; . 119
1 N

water sample contaiﬁiﬁg no glycine. ‘If this blank correction is not
made when analyzing for low concéntrations of amino acids, the Fluram
analysis w;il give aecomppsition values which are too high.

The increase in NHz2- glycine equivalents for concentrations of

added glycine below 7.5 x 10°7 M must arise either through a more rapid
AN <

loss of glycine in the dark than in the light samples or through the

0

- formation of Nﬁz—glycine equivalents in the light éamp;gs. " The later

process is|possible if the photochemical degradation of other organic

/

constituents, such as compounds containing secondary amino groups (e.g.,

proline and porphyrins) form compounds containing primary amino gfoups

. which form Fluram derivatives..  This exemplifies -‘the difficulty in using

.
! "o

N - T /

" The apparen; increase in NHz-glycine equivalents in t@e irradiated
solution can ‘also be explained -by bactefial contamination. Although
filtration through .22 y Millipore filters is an accepteé procedure
for sterilizing many solutions, including seawater, the method was found
to fail on certain samples. In such cases even multiple filtrations
failed to remove the bacteria and a viable population remained which
could significantly réduce the added labile substrate concentrafion in
the dark contrals. In irradiated sample? the bacterial activity was
completely arrested when the high pressure mercury arc lamp was used as
the source. ' Therefore, if ghe bacterial utilization of substrate in the
dark céntnols exceeded the combined effect of.photochemical loss of
glycine and the natural fluorescence decay, then an increase in the ob-

. .

8 N
served NHy;- glycine equivalents in the light sample would result.

-
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\ t is perhaps worthwhile notinéﬁﬁhat an increase in NHT-%@y#ine
equivalents in irradiatedﬂflycige—unspiked seawater was observed during

tﬁe summer and early fall of 197§,°but that no increase was observed

. , . . 8
during the winter of 1976. This may indicate that the organic chemical

\

composition of the water was different during these two periods.
. . s (4
The question arises as to just how' variable are the properties of

-
-

seawater which control its photochemical chdracteristics. If they do

~

vary significantly; as the results shqwn for seawater collected at hd

.

9

different dates would attest (Figure 6.1), then all reactions of a a P

-

single experiment should be conducted simultaneously and shouldéuﬁe the

2

W

B
» s b ’
6.4.2. Photoreactivgty of various amino acids ’

same sea%ater, * hd

As measured by analysis with Fluram, glycine was found to decompoée

slowly in irradiated seawater. In comparison to some amino acids,

0

glycine is relatively unreactive in most photochemical oxidation pathways.

-

. . , ¢ N
To establish what the potential-degradation strength of s€awater was .

for various organic compounds, the reactivity of a\number of different
)

amino acids was established. This.was’ done by subjecting seawater solu-

tions containing added individual amino acids and prepared‘with the

same seawater, to identical reaction conditions and then determimning the
extent of degradation. The results (Table 6.3) show that only those ° 4

amino acids which are readily oxidized react appreciably under the con-
- / .
[~ A
o
ditions used.. This can be seen by, comparing the relative rates of the

\
v

reaction ‘with the hydroﬁyl radical for these amino acids (Table.6.3). U

.
a
I3 ' \
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’ Table 6.3 Photoreactivity .of Amino Acids in Seawater
- ~ .
N - —_ ° ' 3 4
< ::A 4 > . {y . A u;‘fz;‘— R
, 0 J -
Seawater of 319%,, salinity was buffered, filtered, and enriched with 5 x 10: 6 M1 ! of /the
™ “ »
amino acid. The solutions were irradiated in merry-go-round system for 2 hours™at a température
N .3 -
of 20°C. Analysis was performed immediately on, irradiated samples and derk controls usi/{xq the N
. . ‘ . ™ ' - N
HPLC dansyl derivative method. . ’ : o
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' i ’ Rate Constant for
' - — % bec‘ompo‘s?d, % Decomposed5 Reaction with Off ,
Amino Acid ¢ LC Analysis Fluram Analysis ¥ lgec!
» ] , @ sl v
3 ¢ 4 . »
Glycipe 2 / 1.2 - = 5 x'lo-’: at pH 8
Alar;ine, 1 ‘ 4.4 1.2 x 10% at pH 6
. k4
o e 8 :
Leucine 1 1.8 v 9.8 x 10° at pH 6
" valine 1 2.4 “ngy — —
Phenylalanine ) k S 3.4 ° 3.5 % 10° at pH 6
Pyrosine 26 25.0 e T _— -
: e e, S
Jryptophan 92 68.2 "=8.5 x 10° at pH 6°
X Proline 7 1 / - _— ——
; N\* ,
Lysine, -~ 4 6.0 A _—
Hisﬁidiné;.-:( . - 27.0 ) 3x 10° at pH 7
_ Methicnine .. g 50 ¢ 3a.8 5.1 x 10° at pH 7
g% % -
Ed v N
3 1
- ' - LY
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The comparison to the hydroxyl radical rate constants sh®uld not be -
W ’ : s
construed to mean that this is the reactive species, for this trend "is
4

‘likely to be similar for othet bxidizing raduicals and also for reactions

A

which are initiated by photosensitizers (Ray, 1967; Byrom and Turnbufl,

1967). The fact that phenylalanine'isunot apprecfably reactive, yet \
has a rate not greatly different from that of the-most reactive amino
’ LI

acids with the OH-, suggests that if an oxidizing radical is involved

S ” )
it is a more selective (a weaker) oxidant than OH*. This is supported
\
N 4 E'S ‘

by the lack of any observable-increase %ﬁ the reactivity in the series

glycfne, alanige, leucine, and valine. +

)

Tyrosine, histidine, and esﬁecially tryptophan all have weak ab-

sorption tails above 290 nm and may therefore be degraded to some extéﬁy

by direct photolysis Ln1t1¥ted by thelr ‘own llght absorptlon.. he: =«

«

photochemlcal degradation of tryptophan lS an 1nterest1ng case in that

e ¢

above 280 nm it photoionizes to give the tryptophyl radical catibn and a

¢
*

hydrated electron {Grossweiner and.Usui, 1971). 1In aerobic agueous

)
[}
LS

solutions the radical'reacés to éive N—formylkynurenine, which is a an

\
- ‘ Iy

, . way . wa -

j' effectlve photosenSLtzer at’ wavelehgths above 320 nm (Walrﬂnt et al.,

3

/

.

E »
1975). . No infbrmation appears th be avail%ple‘about near—ultraviolet
* A . N
. . . % . '
é?otoiyeis of tyrosine or.histidine. Howeyer, bpth of these &mino acids,
N L ' ~
I A

. 7 . o C e ’
as well as trygtophan and methionine, at¥e readily oxidized by some
) ’ ¥ .
. . e,
photosensitiaers,(Knowlé§ an&*Gurnani, 1912). . Methionine does not ab-
# .

sorb above 290 nm and mhsm therefore be reagtlng with some photoexc1ted
- & -

species or in.a.secondary process.

a a
4 - 'S
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<
e wwm:«mémw M -




o

1723

PR
o

[ . . *
‘ " [ - a
6.5. Reaction products N \

v .
. - . -

h.de&frmining the actual mech&hism(s) or simply the reactive *
R - o .
spdcied involved in the cask of condary reactions with amino acids it

wol\ld be advantageous and maybe even essential to 1dent1fy and deter- *

. \
.

mine yields for the reaction (xygts \\Unfortunately, at the micromolar

levels of amino acids used,

b

even a quantltatlve yield of most products

-could not be analyzed directly, even for t&ose compounds for which a sea- '
»

water analxtical method exists.

. )

Although it would be p0581ble to con-
R . ‘ . .
) - ‘

centrate some cbmpounds with some extraction procedure prior to analysis,

1

~

‘ h * *
\ * o & . " N \
,//;his,would require large volumes of reaction media.

I .

hydrated elettrons and OH- -formed during %x-ray radiolysis of aqueous

,'9lys¢ine solutions

To make a detailed investigation of reaction products for even
L4 M - ' . .

simple\reactants';n the complex seawater matrix may be an excercise in
. N A\

* -
.

futility, for amino acid photoreaé%ions procgeding with photosengitzers,

' .

thréugh metal ligand charge E;ansﬁer, or secondary free radical oxigda-

*

tion,’ could all involve transient free rafical .intermediates which dessy

" v
. - M

Ay
to’ give a complex array of reaction,progpc%s,s'Even for a simple amino

1 " . . !

acid susb as glycine, numerousaprod%pis haﬁe been observed (Eg. '6.1) e

wsen the substragte in}tially forﬁs free radicais'ghrough interaction of

oL S ~ ot g g ’

__S__,eg NH3 + CHOCOOH v Hy . (6.1)

f . ,. E "u ca}é:oowlL (c‘oz‘ + H:'.‘HO + CH3NHj ‘
, n ' +°HCOOH + m;nor p;sducts

-~ . ~ >

NH 3+CH 2COO

o

" - *

(Maxwell et al., 1954).

R

C !

.
-
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-
.
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.determined with good precision when the substrate conceﬁiration was less

duced "to glycine reacted ratio. This would suggest that a major part

'
'
M . . -
1 .

) 124
. . * [ ]
Another complication arises from the stability of the formed

¥ .
* products under the reaction conditions. It is entirely possible that N

- N -

products, as a result of their own degradation during the reaction,

might never be observed gor might provide an finaccurate qdantitative

.

measure of the extent of the reaction.
Of the products that are commonly observed in the photolysis of .,

amino carboxylates (e.g., NH3, CHp0, and CO3), only COp could be i\\%,

than 5 x 10—6 M. Increases in the concentration of each of these pro-
v -
ducts was observed when seawater solutions containing greater than ‘

i
5 x 10 ®M 17! of glycine were irradiated. Ammonia and CO, were also -

produced in microbially contaminated dark controls, but CH,0 was not

”

observed. For the.photochemical reactions, it was’usually found that ,
]

for every mole of glycine destroyed, as determined by the Fluram analysis, . .
slightly more than\l mole of CH;0, greater than 1 mole of NH3, and less

¢

than 0.5 mole of CO,, from the cgfboxyl group of glycine,, was formed.’ N

Considerably less than a 1:1 ratio was always observed for the CO; pro-

t

of the products formed result from deamination or dimerization of

glycine, and the carboxyl group is incorpoféted into the products. Since
the COj formaxion was determined by uéing specifically labeled glycine

(l—luc), the results should be reliable‘ Caution should be used in the

- - e
° \

interpretation of the results fo;~ahmonia and formakdehyde, since

.

\analyti“,c‘"i rferences in .irradiated solutions, the production of. -
- i ) )

these products from other .sources, or their destriction during the
) y
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reaction may lead to erroneous values. This is particularly evident for

o

NH3, which was found to be a common product for the seawater photolysis
° ~N

of many amino. acids (Table 6.4) . For scome seawater solutions® a net loss

of NH3 was recorded in the irradiated solutions. No extensive investiga-

<

tion was conducted on the reasons for the observed loss, but it might be

dependent on the oxidizing characteristics of the seawater, which might
. p -

in turn beﬁpediated by the concentration of photo-oxidizing agents.

o . el , ..
These characteristics may be further altered "if sufficient concentra-
4 i
tions of materials which can,serve as scavengers or quenchers of the

A .

oxidizing species are present. Results from seawater solutions enriched

with transition metals (Cu2+, NiZ*

v

, and Fe3+) and glycine all gave NH3

?

.

yields which were equivalent to or inh excess of the amount of glycine
4

destroyed during the irradiation. These metals might serwe to deactivate

- a

. z

the triplet exlited states of photosensitizers or supply a readily re-

ucible gubstrate to scavenge oxidizing species. The quenching effect
>

f transition metals on the NH3 oxidation is compatible with the Joussot-

» "

Dubien and Kadiri (l970&¢%bservation that singlet o%ygen (iesulting from

o

I
photosensitization of 0y by organic compounds in seawater) is the active

. . ! -1
oxidant, since at least some of these metals are known to quench 4 0Oj.
} R -
i - : . " @
6.6. Dependent seawater properties -
: " -

N

Specific properties of seawater such as pH, salinity, oxygen con-

tent, or the concentration of certain constituents can have a marked-ef-

4 .

fect on the reactivity of various added substrates. The observed

° - ®

direction and magnitude of the effect whi¢h is induced when a property

;
,

@
. ®

&

»

J
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) Table 6.4 Photoreactivity of Amino Acids

4 .
in Seawater Determined by Different Analytical Methods

“ »

— El

Seawatér of 34 9, salinity was buffered, filtered, and enriched with 5 x 10 ° M 17! of the

amino acid or peﬁ%ide. The solutions were irradiated in the merry-go-round system for 2 hours

|
—

while maintained at a temperature of 20°C. The irradiated samples and dark controls were analyzed

< -

immediately after the termination of the reaction.

r

L3
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Glycylglycywlglycine

B

Amino Acid % Decomposed: % Decomposed: % Theoretical
. or Peptide HPLC Analysis Fluram Analysis NH3 Formed
—

R r
Glycine 2.1 0.8 1.2 -3.3
Alanine 0.8 + 2.0 4.4 -4.3
Valine 0.0 + 1.2 2.4 4.7
Leticine 0.0 + 1.2 1.8 4.7
Phenylalanine 2.4 + 0.7 3.4 -5.9
Tyrosine 26.9 % 1.2 25.0 8.7
Tryptophan 89.2 + 1.9 68.0 31.4 .
Methionine 56.7 + 0.3 34.8 =242
Proline 0.8 + 0.5 -- -2.4 .
Lysine 3.5 &+ 0.3 6.0 3.5
Histidine - - 27.0 11.7

» p——
&
—-— 3.4 6.7
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’

is modified ctould supply information about photoéhem{cal characteristics

of the seawater. . g .

v

6.6.1. sSalinity

> .

Seawater was diluted with redistilled Super Q water (Appendix 1) to

¢

give solutions of various salinities, each 5 x 10 ® M in added methionine
and' each buffered to a pH of 8.10. The solutions were irradiated for

2 hours in the merry-go-round system and then analyzed for methionine by

the HPLC method.
The reduction of ionic strength by dilution with distilled water is

accompanied by a decrease in the concentration of any photoinducing

[N

agents which are present in the seawater. The result of this dilution on
the reactivity is obvious (Figure 6.2), but the reason for its nonfvnear

dependence on salinity is not clear.: It is possible that this is the
?

result of reaction rate syppression (e.g., reduction of rate for
reactants with unlike charges) with increasing ionic strength, but with-
[4

out knowing more about the reactions taking place it is impossible to

'
)

draw any definite conclusi?ns. .
In a similar experiment using the same seawaéer, in which methio-
nine, tryptophan, {and glycine were all present at 5'x 1078 M, the

methionine showed approximately the same reactivity at 35%, salinity

(Figure 6.3) as it did in the experiment in which glycine and tryptophan
were not present. It is not possible to deter&ﬁne if glycine is de-

graded, since it is a reaction product of methionine ;:\EgyPtophan’and

¢

is being formed fast €nough to show a net increase in.concentritionk The

. ’ .
\ -
N

-

o




Figure 6.2 Effect of Diluting Seawater

with Redistilled Super Q Water ,

Buffered solutions (pH 8.1) coﬁfaining 5x 10 ¢ M 17} of

* methionine* were irradiated for 2 hours in the merry-go-round

) system. Analysis on irradiated samples and dark controls was per-

. formed using Hygg-dansyl derivative method. .

[evsianeaser N U
—
T




|26

100

128

i - /
g' .
- \ . 90[‘ ‘
80L .
. . - \ «~
14
k T0L
L
- © .
Z 60|
k v 1
o . “ s
< . .
m -
a
. w
=
4
o
x
-
. w
=
L
(o]
R
L
;. 3 : ,
. . 0] a1 1 1 1 1
. " (o I \ 10 20 30
~ SALINITY, %o

v <

2 AR T T SRR B R DS mu?gwuu{qawwmm!mmwmmﬁg‘ﬁw ‘"“ kY
t ¥ ~ P . D> - LIPS

e




-

Figure 6.3 Photoreactivity of Glycine, Methionine, and TrQ%tophan
in Seawater Solutions Diluted with Redistilled Super Q Water
Buffered solutions (pH 8.1) containing 5'x 10 ® M 17! each of

. ~
methionine, glycine, and tryptophan were irradiated for 2 hours in

y

the merry-go-round system. Analysis on irradiated samples and dark

A3

controls was performed using KPLC-dansyl derivative method.
. %,
(0] glycine
® methionine \

A. tryptophan : , )

&
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i 3
photoinduced destruction of methionine by tryptophan or its photolysis

product, N—formyl%;purenine, gives an apparent increase in methionine
~reactivity at low salinity: but ;ot at high saliAi;y (Figure 6.3), sug-
gesting thag the reaction migﬁt be dependent on ionic\strength. !
Similar resulés were obtained for the methylene blue éhotoinduced
oxidation of epinephring (Section 10). Evidence suggests (Section
10.2.4.2.) that the triplet excitéd state of methylene blue is the

oxidant; and the inverse relationship -between epinephrine reactiﬁgty and

”
salinity may be explathed by an increase in quenching of the dye's
- *

~

triplet or singlet excited state with increasing salinity. Fluorescence

{decreasing efficiency of quenchingporder: I >Br >cCil > SOQ= >

NO§— > F ) and cations through heavy-atom effects which act to decrease

lifetimes of excited states. .If the triplet excited states of photo-
sensitizers in seawater ‘respond in the same way, then an inverse

A ¢, . . . N . L
relationship between the photoreactivity of the reactive substrate ani

salinity might be expected.

o

6.6.2. pH

Seawater solutions containing 1 x 10’ M 11 of 1-1%c glycine were

«

.adjusted to different pH values with phosphate or borate buffer and the

N .

irradiated in the merry-go-round system under the sSame conditions. The
measured 1"‘COZ productiogashowed that a sharp increase in the decarboxy-

lation of the glycine occurred for pH values greater than 7.5 (Figure '

.

14
6.4). This increase can be-attributed to a variety of things, but it 4is

.
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- Seawater was filtered, enriched with 1 x 10 7M1t ef 1-1%C
glycine (containing .5 Y Ci/Sd m,'; sample), and buffeged|with phos-
. eay ‘
o : . . a -
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w

likely that the predominant effect 1s a result of electron density

. \ ‘ . {
redigtribution’in glycine, as its pK of 9.78 1is approached. The im- \
- 4

2 7 . A
portance of (+) &nductlve effects in thcreasing the reactivity of

oxidizin Cals with various orgdni ubstrates 1s well known

) - ‘.
ams et al., 1965) and the reactivity of glycine towards OH* (Scholes .

et al., 1965) behaves very much,the same as the results shown in
. ¢

. -

. Figure 6.4 for the same pH range.’ .

.

The dramatic increase in rate with increasing pH might also indi- -
[] * ”

\ N

. cate that glycine is not predominantly reacting with an anionic species, |

I3

since the anionic.form of glycine becomes increasingly more important LT
v iy L

V]

at high pH values. This is illustrated by the reaction rate of glycine
s ; .

with hydrated electrons, where the rate decreases with increasing pH

» v
. -

(Davies SE.EE" 1965), as.a\result of "the decreasing encounter rate of-

<

o .

. "like changed” species. C .
. i "
s+ ., It is impossible tp draw any definite conclusions on the reasons
. Ll R “ L= .
' ‘gor the large pH effect from such an empirical approach. However, the - - .
)
‘ results ciéarly indicate the importance of controlling pH during photo-\
lysis experiments, since the -reactivity of glycine in this experiment
; varied by over 350% in the normal sgawater pH range of 7.6 to 8.4. ~
j .o 6 L
’ - R Lo ' R
. 6.6.3. Constituent effeftts T ’ L . b -

. :

¢ [

-
¢ " b e

Throughout this stud¥ the varieus reactivity tests used %all in-

- . - = . '“ > \
. dlcated-thap,egé test substrate was more reactive in natural seawater @ \\
rd R ’ hd . & A 4
‘than artifitial seawater of the same ionic:strength.. Since the major - é,
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constituents and properties, such as pH, 02 concentration and tempera-
. s :
ture were the same (within narrow limits), the difference must be attri-

buted to m@nor consti;pents which would be expected to vary between

the two sblutions. The possibility that the observed lower reactivity

in artificial seawater was at least in part due to impurities in’the
A .

salts or water used for their prepration wad discussed earlier (Section

M .

3.2.1.) . ° \ '
Methionine and glycine were the ;kino'acids“most frequently used

. ~

to test the reactivity of seawater. The.effect of various substances
on the photoreactivity of these amino acids was tested by comparing

results. from 'seawater or artificial seawater solutions to the same N

n

solutions enriched in"these sybstances (Tables 6.5 and 6.6). Those

-
substances Mrich increased the reactivity for one or both of the amino

acids gvere“NCSE;-, NO, , fulvic acid, sz?, riboflavin and trans,iti@, -

4 . . .
metals. All of these substances are part of the minor constituents of

~

-

Seawater ind'all have, absorption bands in the near-ultraviolet or visible
T

‘regioﬁ. 1 hon—cons@fvative nature ¢f such components means tHat they

\ .
13 - kY .

should VRLCY in distribution, making seawater a non-uniform reaction
o\ LR /
. ) . L, ’
media., ) .

Y N .-
oot '

The substances which weri found to decrease the amino acid

reactivity were iodide and oxygen. Both are capable of acting as
q Xy .

quenchers_of excited states or .as scavengers Tor reactive imtermédiates.
[ w ct

» » e

Another scavenger, benzoic acid, commonly used to react with free

"

radical species, was without effect, at least at the cokcentration em-
< - s [N ¥ .
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Table 6.5 Effect of Various Added Constituents on Methionine Photoreactivity

\ g ‘

-s
- Solutions were prepared by enriching either artificial seawater (treated with Chelex-100 resin

. 1 . - -
to remove trace metals™) or natural seawater with 5 x 10 6 M1t

.

of methionine and other substances

indicated in the Table. Solutions were buffered to a pH of 8.1 and irradiated for 2 hours in the

mexry-go-round system -at & temperature of 20°C.

Analysis were performed by HPLC of dansyl derivatives.

L

¢ . §

¢
14
!
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3

1

==
hd

. f

1

\

It was discovered later thatf{ the nigh reactivity of methionine infthis artificial seawater
: was the result of contamination with NO» and NO3  formed by bacterial degradation of organic
_nitrogen compgunds leached from thel Chelex-100 during the ttace metal removal procedure.
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Table 6.6 Effect of Various Added §ubstances

on the Decarboxylation of Glycine in Seawater

All solutions %gre ;méggz;diwith the same freshly collected

°

.
Al

i
\,
. Y

seawater, which waé\air—séturated%and buffered at a pH of 8.1.

Each solution was 1-x 10 '’ M in added glycfhe (containing .5 p Ci/ ’
50 ml gample as 1-'“C glyci

ne)‘

The solutions were'irradiated in )

merry—go—rouna system for 2 hours and then analyzed for 1l'COg.'
o } )
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Characteristics of % .of Glyciné
Seawater Solution - Decarboxylated”®
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. Unfortunately, rate constants for reactions of oxidizing radicals with R

’ 136 -
. A \ .h‘a
! \ - .
ployed. The importance of concentration and the nature of the scavenger
J . .
“ s o N \

is better illustrated by comparing the effects of varying concentrations
of EDTA and 2-propanol on the reactivity of glycine in seawater '

(Figure 6.5). EDTA appears to bé the more effective scavenger at 'con- %i

- - . . v :
Fentratibns abové 10 > M, while 2-propanocl, although not without effect,
shows no s@prp changes in the concentration range used. Oxidizing

. ' . . ' /
radicals should react with 2-propancl via H-atom abstraction much more .

rapidly under these conditions than with glycine (e.g., glycine + OH-,

k = -5 x 107 M ! sec 1; 2-propahol +-H, k = 1-2 x 109 M ! sec 1y .t
‘ - ™

EDTA were not available, but unless oxidizing radicals in seawater were

selective oxidants, there is no reason to believe that EDTA would be iﬁan-

-

much more reactive than 2-propanocl or benzoate ion, which is more { £

reactive than 2—piopanol.

It does not appear.that a mechanism which protects glycine by

M . W

simply scavenging oxidizing species in solution explains the results
in Figure 6.5. Glycine might instead by reacting in a photosensitized a ;

. i o
reaction initiated by ordanic constituents. Glycine is generally con-'

1

sidered’ to be unreactive to dye ph&%asensitization, but increases in

CO, yield were noted in solqtions containing the potential photoéensi- .
tizers riboflavin and fulvic aqid'(Table 6.%5). ?n the initial reaction :
¥ R I3 - - . s
the "Substrate molecule can react with the triplet excited state of the j
i

sensitizer via one of two general mechanisms (Egs. 6.2 and 6.3).

A4 9

3send + substrate — H .or e transfer (6.2) ;
N 3 . - - . v -
’ ) 3sens + substrate —— energy transfer "¢ (6.3) .

» B L

"
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Figure 6.5 Effect %f Increasing Concentrations of EDTA
and 2-Propanol on Ciyc1ne Photoreactivity in Seawater
—_ ¢ - .
‘ \The solutions wére all preépared using the same freshly cdl-
lected seawater;, which was buffered at pH 8.1 and air saturated.
. - ¢
Each solution was 1 x 10 ’ M in added glycine (containing
Iy A / N
' .5 U Ci/50 ml sample as 1-t%c glycine). T&f solutions were ir-
radiated in merry-go-round system for 2 hours 'and then analyzed
for '%co,.
§
5 - " .
® 2~propanol
w o} EDTA .
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Which mechanism predominates will depend on the redox potential of the
excited sensitizer and substrate (Berg and Gollmick, 1974), the con-

centration of sensitizer, substrate, and oxygen, and the reaction rate

-

of substrate with the sensitize€r. The rates for energy transfer reac-

tions (Eq. 6.3) willibe controlled mainly by the concentration of 0,,
‘ :

since its rate constant, at least for most known sensitizers, falls

\ within the range 1-3 x 109 M ! sec ! (Kearns, 1971; Foote, 1976). 1In
\ _ ’ ) B
surfacé seawater the concentration of dissolved O, is in the range of

2-4 x lQ-“ M 1—1, since this greatly gﬁggeds the normal average total

molar concentration of DOC compounds (pfobably 1-10 uM 1" !) which might

LS

react with the triplet excited state of natural sensitizers, reactions
!

.

with 05 should repre§ent a major process. If the decarboxylation of

glycine is due to its reaction with singlet oxygen (102), then the

addition of a sufficiently large concentration of a. dood electron or
hydrogen donar would compete with Oy for the triplet excited state of
. ° !

~

the sensitizer. This was observed for seawater enriched in 1 (Table

) !
6.6), which is known to undergo photosensitized SxidAFion in the pres-

s
-

ence of certain dyes [Kepka and Grossweiner, 1972). It is not clear,
¥ {

however, whether I is competing with 07 in seawater or whether it is

acting to quench the excited state of the sensitizers or 102, since the

N

+ later process is also possible at least in aprotic solvents (Rosenthal

A
and Frimer, 1976).

EDTA is a better reducing agent of the excited triplet state of

-

phé sensitizer than 2—prop§nol (Berg and Gollmick, 1974) and should,
A .
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therefore alter the mechanism of the reaction (Eq. 6.3) when iQS con-

centration reaches a level that can compete efficiently for the excited

-

sensitizer or for '0,. Reactions of '0, with EDTA or glycine have not

£y

been reported, however, some amines Sct as quenchers of 102 (Kearns,
1971). The usual course of the reaction of readily oxidized s;bstrates
{e.qg., QDTA, methionine, ascorbic acid, phenol, or allylthiourea) with.
known dye sensitizers is to form the semireduced dye. 1In aerobic
solutionsothe semireduced form of the dye will normally reduce 0, to give
the supéroxide anion radjcal (02 ), which can, disproportionate to give
H20;. or undergo oxidation or reduction. One of the observed photolysis

products of natural seawater is H;0;; its rate of formation can be in-

creased by adding a readily oxidized substrate such as methionine

‘(Section 10.). ‘ ‘ \

“

Although the evidence suggests that 1o, could be pre;snt in ir-
radiated natural seawater, it is difficult to understand how it can be
a significant reactant with all but the most reactige of compounds ,
since it is quencheé rapidly in aqueous solution (kp N 10° sec”!). Even the
reaction wigh a good 1Oz acceptor like 2,5-dimethylfuran should be in—\

significant at a concentration of 1 x 10”7

d ; .
6.4). It would appear the net effect pf having O; present in the reaction

M in aqleous solution (Eq.

?

\
[} [o-o) ' '
1 0~-0 1+ B 1 !
+ ——— = . .
(oD} CHY CHs CH? H, kA ]\4 x 10" M "sec (6.4)
0 0 \ .
M" /

. kp, >> k, [A] . . .

v, kp[Al = 1.4 x 10 sec '. for [A) =1 x 107’

,l The rate ¢onstant for this reaction was determined in methanol
. \d . .
rather than in water. Rate constants for reactions in aqueous solutions
are usually much lower. . . . )

-
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solutions is to quench the triplet excited state of the sensitizer.

This might explain the increase in glycine decarboxylation in anoxic
o
S -
seawater solutions (Table 6.6). -

/ @

In considering the quenching of the decirboxylation reaction of .

glycine by EDTA one further consideration should be taken into account. :
This is the obvious role of EDTA as a strong chelator; in so doing it
will mediate in photoinduced reactions of transition metals, which were

also shown to acce’lerate the reaction (Table 6.6). Urfortunately,

g
A -’

this role of EDTA is so familar to marine scientists that its reactive

. . ¢
nature and capacity to act lnahays other tﬁgﬁbas a chelator are seldom

l?:*"‘

G

. . . “a .-
considered. For instance, the involvement of tlaee metals in the da
~r

P

and light degradation of purines in seawater has been based on the
observation that EDTA inhibits thesaﬁfeactions (Antia and Landymore,

1974) . Considering the ef%ect of EDTA on the reaction olf glyciﬂ%*in ,

. wi
&1
seawater, the same conclusion could be reached here, but the pronouyced - v

a
-

¢

effect of other constituents on this reaction makes the interpretation

unsustainable. o ’ .
63

Determining the relative importance of various congtituents on the -

‘Photoreactivity of seawater is further complicated by the formation of .
' A v
,,..g‘_ . ° . -

new species during th%,ir, nﬁation. Some of these may play no part in °

¢ 4

wafar " ae

altering the photochemicﬁi’broperties of .the reaction system, while

T R

£ N .

others may act to alter the obderved kipetics or even theqpredominant

mechanism operating. \The formation of peroxides\ which accumula

o

during the irradiation (Section 10.), is an example of such a proée Sp

3
>
% g AT o,

.
e
.
- 3
-
s
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The simultaneous occurrence of O, in solution could then result in an

.

. increase in importance of strong-exidizing radicals (Eq. 6.5) (Pe€ters

. \ L s . t "
q’ and Foote, 1976) during the course of the reaction and the steady -
. ROOH + Q; ~——* RO* + on"%; (6.5) !

8- L A v b

. ° 3
N ) g - -

state assumption ndkmal}y applied to:fféeuradical concentrations of
3 . , .
olutions irradiated witH a continuous radiation source is invalid.
| . .
. Seawater to_ which %202 was added ‘at the beginning of the irradiation ~ o
- period gaye a higher percentage of decarboxylation of glycine than the

£

i

same_ seawater without added H,0, (Table 6.6). For a labile substrate

like methionine this effect is far more pronounced. b

»

The complicated nature of seawaébr photochemistry is exemplified >

>
~

by a study of the photosensitized gegraéation of methionine by trypto- '

N phan, which was investigateq_gghszijféine the possible importange and - ,
- - \ Tl

characteristics of photosen#itized Yeactigns in ‘seawater. The photo- ~ .
. . ’ v . {
chemistry of tryptophan has beén exténgively studied in de-aerated
0y , / .
solutions"with ESR and:flash*photolysis techniques’ (Baugher and : )

Grossweiner, 1977; Pailthorxpe and Nicholls, 1972; Santus.and Grossweiner,
Y y

v ©1972). The observed transient species are the tryptophyl radical cation, -
iy : :

(

@ 5 \ d
. which results from ﬁrotoejection of an electron from the parent molecule,

[

(RO, - S}

the 3-tryptophyl fadical,‘Eng_;he triplet excited state of tryptophan.
/ . i "
. Generally, the studies on tryptophan have been conducted%with wavelengths

ST

3

* of 310 nﬁ or less and only éhe i?itiaily formed transients were con- 3
.i;,x ‘si§ered. If the bandwidth of_the incident radiation is broadened to in- %
N clude wavelengths of great?r thaﬁ 320 nm and the reaction duration\is Y g

' . ) ~ . i
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‘ ﬁoes tryptobhan,%which indicates that methionine is either reacting

" ¢ N

4 P

L]

?
extended, the reaction takes on a new dimension in that N-formylkynure-
- (-]

nine is formed (Eq. 6.6), whick can function as a photoseﬁsitlzer an
]
¢ 1 v/ . e

.

+ - +
o ) NH3 - I}IH 3 <,/
CH,CHCo0 . . CH,CHCOO  «
A .>3280 nm_ .
<f ——n P h
N N

\ N
H

- . * ) 1
. [ X 02 (6.6)
. . - - ~ ¢
. . >
X - ] O l;IH; _
. i . &cn,trcoo” |
) > - ' NHCHO "

‘ A ‘max, 360 nm

Tebog %7

’ ]
+ s \.‘
the oxidation of stryptophan or other substrates (Walgzht et al., 1975).

In an aerobic aqueous solution containing methionine and tr¥Ptophanf

0

‘and irradiated with a spectrum of light covering a broad wavelgngth

-

region (290-400 nm), the reaction® probably proceeds 4s shown in Figure

A >
- ¢

6.6 (Walrant et al., 1975). Experimental results for such reactions

(Table 6.7) display a very similar §ehavior to those observed for the

photolysis of glycine in natural seawater (Table 6.6 and Figure 6.5).

Again, ©; and’EDTA act as inhibitors of the reaction, Oz for the reasons
2

.discussed earlier and EDTA probably because it scavenges Fhe_3-tryptophyl

radical. EDTA does not protect methionine to the same ejtent that it

with ‘the triplet state of tryptdphan, Oz , 'AO2, eaq . EDTAgy, or HzO;
formed from the disproprotionation of 02_." Singlet oxygen should react
more rapidly with tryptophan than with methionine, which would not ex-

plain why EDTA protects tryptophan to a greater extent than methionine.

¥



R ]

b oa mem emm e w

e a;
R AT s n o g sy o

X

P S

N .
{
. ‘ .
. 8
¢ ¢ -
] 7 f
. . ’ s °
® . . -
v 1
. .
, Figure 6.6 Mechanism for tke Photolysis '
. .
©f Tryptophan at Waveléngths in the Near-Ultraviolet
. . ) . .
- -3
b yd -
L l'
o ) .
- . - i -

.
.
. ) :
A
1
\ .
v
°
o
- — e - LR N
- — T P R T T T N

’
2
~
«
.
<
:
el




\)280nm ' "o
v Trp————>Trp+e-" +H

aq -
, ' 0, ° .
Y \>320nm

0; +FK——

Trp

Trp

Ay

FK= N-Formylkynurenine
Trp= Tryptophan

’Sub= Tryptophan, Mefhiohine, or other oxidizable
substrate. . ’
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. - ‘Table 6.7 Effect of Varidus Constituents on .
- - D * N !
©e “ Tryptophan and Methionine Photoredctivity | \

.

.
-
¥

\

The concentration of trypt§phan and methionine that was added

. .

was always 5 x 108 M. All solutions were bﬁffered to pH 8.1 and
~ 8 ’ I
air-saturated. All irradiations were cqnducted in the merry-go- %V/

round system fbr 2 hours. Analysis was performed by HPLC of dahéyl

B

derivatives.
. &
. l . ’ - . PO .
This seawater jwas collected at 500 meters in vicinity of.
Nova Scotian Shelf® Break.
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. . . i % of Amino Acid
. ’ Characteristics of the Solution Reacting
: Methionine_ [Tryptophan
N - - = )
methionine in Super.Q water o 2.8 -
. methionine and tryptophan in Super Q water 25.0 | 38.2 __
. metbioniﬁe and tryptophan in Super Q water, deoxygenated *64.6 95.0
‘ . F 1 .
methionine and- tryptophan in Super Q water, 1 x 107 M 17! EDTA 13.0 . 6.6
* methionine and tryptophan in NaCl solution (I = :684) . 29.8 40.8
) , methionhine and tryptophan in 35 9,, artificial seawater 24.4 38.4
methionine and tryptophan in * 35%,, natural seav}vaterl y 54.8 80.7
P o : . : )
methionine and tryptophan in v 359, natural seawater plus 29.0 17.0
1 x 10-° M 17! of tu?* '
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The reaction with eaq_ should be insignificant, because of its much

larger rate constant with O, (Egs. 6.7 and 6.8). The triplet state of

' i o

’ 02 + eyq — 02 k =~ 2x 10 sec! {6.7)
o Met + ey — Métregq k = v 200 sec * . (6.8)
+ trytophan is not'likely to react with methionine, since the competitidn

. for -it by 62 should be much greater. It is difficult to narrow the

~ field of possible reactants any further, but it is interesting to note
N )

. ‘that the remaining possibilities represent perhaps some of the lowest -

. e .

energy’ and longest lived species and support the results obtained
. N :

earlier on the photoreactivity'qf amino acids in seawater. ’ \\)~ .

.
.

In the case of the tryptophan~methionine reactions, there does not

éppear to be any appreciable salinity or ionic strength effect, as

3

éyideﬁ;ed by comparing the results for reactions run in deionized water,
R & .

NaCl solution, and artificial seawater. The effect of complimentary

reactivity gained in natural seawater is clearly evident from the re-

sults shown .in Table 6.7. This-indicages that the results of the com-

v

petitive reaction ‘between glycine, tryptpphén, and methionine (Figure
. " N\ -
6.3) versus salinity cannot be explained in terms of ionic strength

ke

dependence. Therefore, the activity coefficients of the reactants can-
L4 ’
P not be appreciably altered by a.change in ionic strength; this implies

" that the reactants either do not carry different charges or that the
@ N .

»

net charge of the .reactants is the same as the transition state.

‘

> .
. - . -
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. 7. DECAY OF SEAWATER FLUORESCENCE1

~ \ v 4 -
7.1. Introduction . . N

e

Organic components of seawater fluoresce when ‘excited with ultra- . '

[N
r

L - violet light (Duursma, 1974). The substances responsible for this

L] L]
. . . . 1,
fluorescence are introduced to the ocean by rainfall, rivers, organisms,

‘

and in situ formation. 1In coastal waters, a main source of supply of

’ DR -

fluorescent substances comes from rivers whicdh draih watersheq lands

- Il
N

rich in humic substances. - “This feature of coastal areas has been used
. ~ . N
as an indicator for water masses {(Kalle, 1966; Hgjerslev, 1971; .
k]

Zimmerman and Rommets, 1974) and has been considered as a tool which
* might be used in mixing studies and pollution studies (Kullenberg

vgard, 1971; Duursma, 1974). The use of any property as a tracer re-
. 4

e

quires that the property be relatively conservative within the &ime

scale of the_event which is being studied. This has_been assumed to be

L

the case for seawater fluorescehce; results seem to indicate that at

least in the environments studied the pfopegty is relatively conserwva-

- ,
-

o tive (Duursma, 1974). This conclusion is derived primarily from the .

observations that fluorescence is inversely correlated with salinity in

-

-~ ”
- regions of fresh water input and that this correlation holds over 1ld&ny .
- l

distances from the source. Unfortunately, no detailed investigations

a
)

l i . . " n P
Although the luminescence emission process from seawater has not

beenr established, it is alwdys referred to as fluorescence. It is probable
that this is the major process occurrlng, since,visible phosphorescence

is not normally observed unléss a low cellisional deactivation rate of

the triplet state exists. Therefore, phosphorescence is unlikely in

fluid solutions, like seawater; there are, however, notable exceptions.

. * R [ .
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on how the characteristics of this fluorescence change with respect to

'

Although the specific

-~ - o

other seawater properties or with time exist. .
A}

characteristics of the fluorescent substanées in seawater are unknown, .

certain intrinsic properties of the fluorescence of organic molecules

v 3 . »
- v

suggest that the measured flubresceﬁce‘pf seawater solutionsrall con-

‘ &

s .
taining the same concentration of natural fluorophors might be depen-

.

dent on: .

1) /salinity,

2) temperature, - )

\ . ) .

3) ©pH, ! : \ »
{

4) quenchers (e:g., 0; and other paramagnetic substances, and B v .

certain diamagnetic metal complexes),

¢

5) and the irradiation history of the s@lution.
LY

The last of these properties is particularly interesting with respect
. ‘ . N

to photochemical studies because many organic molecules, which have

relatively high quantum yields in photochemical processes, also are °

highly fluorescent. This is particularly true for known organic photo-

sensitizers; the measurement of natural seawater fluorescence might

therefore be indicative of the pfesénce of such substances and even be
]

used to determine’ their relative stability under environmental con-

»

& ~

ditions. o

The nature and exact composition of fluorescent substances in sea-
d »

water is not known, but it is likely that they are a complex mixture of

B Rt g ade Seax o

substances derived from different sources (Duursma, 1974) and are there-

fore subject to considerable variation in their makeup, especially in

e e v v
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regions where large changes in source inputs can occur. This is some-
times apparent from observed excitation and emissimn-wgvelength~maxima,
which are altered as a result of changes in the fluorophor composition
from ;ome event, such as a phytoplankton bloom (Traganza, 1969).
Generally, the fluorescence spectra for both excitation|and egission
resemble broad featureless bands with maxima near 370 nm and 490 nm,
respectively «(Kalle, 1933; Kul%enberg and'NyQard, 1971). The typital
fluorescence spectra of seawater from estuaries,lupwélliﬁg areasi and

. the open sea are simiiar. The difference between them is a Aatter of
‘. - N ' -
intensity (Duursma, 1974): In coadtal water, the dominant fluorescent N

substance appears to be derived from humic materials of terrigenous

& . -\ P '
origin (Figure 7.1), while in the open ocean they are believed to be
o
produced in situ through a condensation reactign of dissociation

~

* Y
prodﬁcts from carbohydrates with nitrogenous compounds, such as amino

acids (Kalle, 1963). This generally accepted conquf has recently been

N .

challenged by Karabashev (1976), who prefers to identify the fluorescing

&

. . substances with the organic matter rather than as a product of itss
- rd

formation. '

The major product of the proposed in situ reaction is melanin
. (Figure 7.1); like fu107c acid (Figure 7.1), which is undoubtly a

major fluorescence contributor from land, it posseses an extensive

3

. ’. .
chromaphoric system. Both of these materials should act as major ab-

sorbers of the light penetrating the ocean's surface, although their

photochemical characteristics are unknown. It is entirely possible that

P
[ TP T I -

.

they may be conservative with respect to photochemicaf processes and

«,

fy = o ity Jf el BTN ayTone 2 34T, T, 4
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. Figure|[7.1 Proposed Unit Structures for

Fulvic Acid, Melanin, and Phloroglucinol-Based Polymer
\
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that excitation energy is dissipated through purely photophysidal

processes. ' ! a -,
v A . v ’
/ The stability of natural geawater absorbance and fluorescence to
e i )

~
“

curring pgrified polymers which aye representative of some of sthe
natural constituents kikely to be present in seawater frem the Nova T “

S%Stian coastal waters. - *

7.% .Results and discussion

1

P
+

When a fresh sample ‘of seawater was irradiated in the merry=§o-

"

round system, a rapid decay of Eff::QE:fal fluorescence of they sample .
" R <
.
was observed during the first 10 miwutes of the irradiation, with a ¢
%

more gradual decrease theréafter (Figure 7.2). A concomitiant decrease )

in the absorption spectra duriqg this period was proportionally far

smaller than the decrease in fluorescence. This indicates that the

&, . . -
. . k . - 7 N -
fraction responsihle for fluorescence may be only a-small part of that
- - /

contributing to abgorption (see also, Figure 10.10). e N

“In a similar é/xperiment, seawate¥ that had been stored in the . )

-

dark at room temperature for 4 Months prior to the irradiatiocf’showed

a trend similar to that observed for freshly collected samples (Figure
+ xl) . -

7.2). Although the initial fluorescence of this water was not measured
" /

&
at the tiﬂ@ of collection, its relatively high fluorescence value afte

standing for 4 months indicates thatithermal or microbial decay of: th
fluorescent materials is®mall in comparison to its photochemical decay. ’ .

High microbial and thermal stability of these substances was observed
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in other experiments; in fact, an_increase in fluorescence was ob-
served on long term storage of some solutions, suggesting that in situ
formation of fluorophors was occurring. This possibility is not un~

likely in view of the evidence for in situ formation of fluorescent

materials in the oceans (Kalle, 1963} Duursma, 1974; Postma et al.,

1976) . The possibility also exists that this igcrease is the result of
I
contamination; this has beenh proposed to explain why the fluorescence

of stored Super Q water increases with time (Brown, 1974). ‘

-
w

Postma et al. (1976) have also demonstrated that an apnreciable
decay of fluorescence of Rhine River water occurs'in lakes to which the
river is a tributary and that the extent of decay is'a funbtipn ¢f the
residence time in the lake. The decay continues as this water mixes

» into the North Sea. It was suggested that the observed instability of
A

t the fluorescence in these waters results from microbial destruction-.of

the land derived "humic" materials. This suggestion is supported by

4 v

evidence for the microbial decay of fulvic acid in fresh water (Haan,

\

R 1972 and 1977). There is, however, no evidence for significant micro-
bial decay in either fresh water or seawater used in this work. Signi-

1t
. ficant utilization of fulyic acid via biological pathways may be very
- ‘.,

.dependent on specific properties of the water; these pathways c%rtainly

deserve further consideration.

»

The light induced decay of fluorescence of lané derived fluoro-

-

phors was examined by exposing seawater sg ion contianing 10% stream
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(Balch ggtgi., 1976). Solutions were contained in 35 ml sealed quartz R

tubes, which were suspended in the tank at'specific depths (Table 7.1).

° -
1 L -

After an exposure of 48 hours of continuous irradiation, the samples at®
. all depths showed a significant decrease i luorescence as compared to

the dark solutions. Qn a typical sunny sutler day the rate of fluore- .

<
~ " N

scence decay woyld be expected greatly to exceed these values, because

) of the much highier photdn flux, particularly for the spectral gvgiég:u

. [ o
where maximum decay occurs. The .fower tank lamps have a significantly

S o x

v M k3

lower outpyt*bﬁ near ultraviolet radiation than does the sun.

A rapid fluorescence aecay was observed in water from fresh water

“

streams and in coastal seawater, when irradiated with near-ultraviolet

. x
radiation. The same was found for visible radiation, although the decay

e was far less pronounced (Table 7.2). Therefore, fluorescence should cer-

< tainly be a non-conservative property in the entire euphotic zone. A lower

.+ level of fluorescence near the surface and an increase with depth might '

. et

be anticipated in regions where the water coluﬁn is relatively constant
. 7 with respect to inputs of fluorescent materials and mixing. Depth pro-
Q
fileé of natural fluorescence made in such areas often exhibit this
feature. Ivanoff (1962) measured fluorescence in the Mediterranean and
found low values near the surface, an increase with depth to 75 m, and
relatively constant values below that depth. Similar profiles of
rapidly decreasing fluorescence with depth in the upper 200 m were ob-
served in the Black Sea (Karabashev, 1970) and the western boundary

currents of the tropical Atlantic (Karabashev and Solov'ev, 1974). 1In

[
B l the Baltic, an increase in the fluorescence with depth was observed

e
e

—— s
K3
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Table 7.1 Light Induced Decay of Seawater

. Fluorescence in Tower Tank Experiment ’

©

i . 7/
) Light flux was measured only for PAR region (400-700 nm).

. Coated phosphor lamps were used as the light sources. The flux A
below 400 nm 1s proportionally less than for sunlight.

/ A sea surface sunlight flux of 2000 u einsteins m 2 sec !

was
assumed for the PAR region.
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1 o
' 0 288 14.4 53.8
. .
1 160 8.0 43.2
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€ 1 @
5.0 24.8 1.2 15.2
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Table 7.2 Decay of Natural Fluorescence

" -

in Different Wavelength Regions

The sample was collected at 1 m in St. Margaret's Bay.

It was buffered with borate and filtered through a .22 U Milliporé

4

filter. The irradiation time was 2 hours in the outer ring of the

merry-go-round system.

see Appendix 5
see Appendix 6

see Section 5.5 ' !

“
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1 - Approximate Fluorescence
Filter Number Spectral Intensity % Decay D
' Region in gsu3
J []
Dark - 7.74 0
" 0 s
Cs 7-60 300-400 nm 5.i8 43.0
A

Ccs 3-70 > 500 nm (D) 6.02 28.9
Cs 3-74 > 400 nm (C+D) 5.86 31.5
¥ e

Cs 0-53 > 300 nm 4.75, 50.2

(A+B+C+D)
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{Hgjerslev, 1974) which was attributed to an increase in the formation
- 8
of fluorescent materials as sinking organié matter éigodposed. Viewed
[ ] N

in another ‘way, theslower fluorescence near the surface might be.in-~<

* . »

dicative of an accelerated transformation of natural fluorophors

- hd £ -
through light induced reactions. T%is premise, of course, holds only
W

if photolability of. natural seawater fluorescence is a property common
- [ - .

N

té all of the rggions in question. For over 100 samples taken at

4 ®

various times of the year and from a variety of different. locations in
N ‘

Nova Scotian coastal waters, the fluorescence always decreased on ir-

-

radiation. However, the rate of the decrease varied considerably (see

Table 11.2), with nokdistinct correlation to any of the other measured

.

. If the fluorescence of seawater at any location is the combined
contributions of a number of different fluorophors, then the observed

response of the sample to light is dependent on the characteristics of

wh

the specific fluorophors and upon- their concentration. In coastal water,

4

- variations in the fluorophor tomposition are likely to be stronély af-

"
b [}

fected by seasonal and spatial variations in‘algae and land drainage.

The composition of the fluorescent materials of oceanic water impinging
» .~

)

on the coast may therefore be draﬁa%ically altered. The lighé induced

response of different fluorescent materials can fall into three general

¢ o v
- ' b

categories: (1) fluorescence decreases, (2? fluorescence is stable or

v

rapidly assumes a constant value, or (3) fluorescence increases. Humic
1]

substance of fluvial origin appear to fall into category (1) as is shown

in Figure 7.3, where the continuous exposure of a sample of stream

water to sunlight has caused a diminution in the intensity of emission,

Place ~ooleem s EE ol s T T e ey 2 7l B ek . am 4
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Figure 7.3 Changes in the Fluorescence

Emission Spec%ra of-Stream Water During Exposure to Sunlight\
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but not in its spectral features. When exposed to the same conditions,

. / .
a sample of seawater eollected within three miles of the mouth.of the

stream also showed a decrease in fluorescence,-but differed in that it

T

was more rapid (Figure 7.4) and occurred with a corresponding red

shift in the emission maxima from 475 to 490 nm. In Figure 7.4 it ap-

pears that this seawater sample has reach?d a constant value of

fluoresceAEe after one hour. With extended irradiation time, however,
this fluorescence value would probably continue to Qiminisﬁ, but at a
much slower rate, typical of the behavidr of seawater fluorescence. .
The major gomponent of iand derived humic substances is proﬁably
fulvic acid, since it is the major soluble organic component of soil
leachates (Schnitzer and Desjardins,.i©69) and represents as much as
85% of &le organic matter in streams rising in swamps kFotiyev, 1968).
The fluorescence emission spectra of a seawa;er solution of purified
fulvic acidl, of stream water diluted with seawater, and‘of nagural
seawater all exhibited similar broad featureless bands which varied in

the wavelength of the observed emission maxima (Figure 7.5).

Fluorescence of the purified fulvic ‘acid solution decayed upon
kg

~

irradiation in the same way that seawater solutions of stream water did.
o P

Artificial seawater solutions of purified fulvic acid also gave ab-

sorption spectra‘which had the same general broad absorption features of

natural seawater (Figure 7.6). Most of the absorption in the natural

seawater sample could be accounted for if fulvic acid were on the order

<

The purified fulvic acid wa$ supplied by Dr. Dohald S. Gamble;
it was originally extracted from a Podzol Ph soil from Prince Edward
Island, Canada.

e

I N

-
o L i,

e




L .

EN N N , .
Figure 7.4 Decay of Fluorescence with Time

&
- in Seawater and Freshwater Exposed to Sunlight

Filtered samples of seawater and freshwater were placed in

quartz tubes and exposed to afternoon sunlight on October 24th.

“

\ A Seawater from vicinity of Halifax Harbour mouth

"
%
o} Freshwater from Duncan's Cove
7 The relative intensities have been scaled to 10 and do not

represent the quantitative difference between the values for the
two curves. The ratio of the actual measure@?values was 18.4: 1 for

the freshwater to seawater samples. r2 N
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Figure 7.5 Fluorescence Emission Spectra

for Natural Water Samples and Purified Fulvic Acid Solutions

o

-

The solutions were ‘buffered to pH 8.1, with the &xception of

the stream water which was maintained at its natural level of

PH Vv 4.5. All solutions were filtered immediately before deter-

mination of their spectra. An excitation wavelength of 385 nm

3
was used for all samples. - i
. N \ .
A. 1x 10 ° M1 ! fulvic acid in 31%, salinity seawater .
B. 1.x 10 > M1 ! fulvic acid in redistilled Super Q water “a
C. stream water. * 8
D. seawater
1 3 . . . . .
’ Relative intensity is not scaled alike for each spectra.
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Figure 7.6 Absorption Spectra for Natural Seawater, Artificial

bl

\

\ )
\ Seawater, and Artificial Seavater Solutions Containing Fulvic Akld

\

A. natural seawater (31%, S)

artificial seawater (31%, S)

95 ug 17! of fulvic acid in artificiLl seawater

D. 190 ug 17! of fulvic acid in artificial seawater

E. 380 ug 17! of fulvic acid in artificial seawater
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of 5% (190 ug 17! of fulvic acid) of the TOC. Therefore it would re-
quire the addition of only a small incremeJt of organic-rich stréam,
water to cause a significant intrease in the light absorption or in
the fluorescence of seawater.

! i

Another probable source of seawater fluorescénce could be der;yed

from exudates of benthic algae. Ragan (1976a) has isolated and purified

water soluble polymeric phenolic compounds from Ascophyllum nodosum

and Fucus vesiculosus (brown macrophytes which are abundant along the

Nova Scotian coast). " Pulsed Fourier transf?rm carbon-13 nuclear mag-
\ 13
netic resonance spectra of this polymeric fraction indicate that its

structure is similar to the phloroglucinol-baseg® tetramer, 2,2',4,6,6'~

P

pentahydroxy-4'-0-(2-0-(2,4,6-trihydroxyphenyll) -4, 6-dihydroxyphenyl)

. . . . . < 1
biphenyl (Figqure 7.1). Dilute seawater solutionhs of this substance

exhibit a weak fluorescence, which increases if the solutions are ir-

radiated (Figure 7.7). The absorption spectra of these solutions also

<

showed changes after exposure to light (Figure 7.8), which might indi-
cate that an extensive transformation of'the polymer 'is taking/place.

Although exudates of bethic algae may not be sign%ﬁicant contri-

’

1 -

butors to the budget of fluorescent materials in offshore waters, they

could play a significant role in modifying the€ properties of the B

e

coastal regime. The polyphenolic fraction might comprise 15 to 50% of

the total organic exudates from browp'maérophytes (Siebhrth and Jensen,

o

"™1969; Sieburth, 1969; Langlois, 1975). The quantity of this material

A sample of. purified polymer was kindly supplied by Dr. Mark R
Regan from the ﬁational Research Council L%boratories, Halifax, Nova Scoitax>

- A}




Figure 7.7 Fluorescence Excitation and Emission Spectra
of Irradiated and Non-Irradiated

Seawdter Solutions of Phloroglucinol-Based Polymer

o

The solutions were prepared by di§solving 1.53 mg of the polymer/
100 ml of 31%,, 1 salinity seawater. The solutions were buffered
to‘pH 8.1, stored at 2°C for 24 hours, then filtered and irradiatéd

for 2 hours in the merry-go-round system.
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Figure 7.8 Absorpﬁion Spectra of Irradiated and Non-Irradiated

Seawater Solutions of the Phloroglucinol-Based Polymer

See Figure 7.7 for details of solution preqaration. Absorption

spectra were determined using a 1 cm pathlength.
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tions for each parameter at each depth.

3y N . q
. : 165

released may vary diurnally, seasonally, and as the result of local en-

vironmental stresses. Although not all bf this material is likely to

“

/ exhibit the properties observed for the polyphenolic extfact used here,

v ~ v

it is likely, mevertheless, tc have a profoundreffect on the composition

-

oq the fluorescent fraction of seawater in regions where macrophytes are

Ba
abundant.

~
‘ [

<

The observed differences in the light induced change of fluorescence

'S
-

for different seawater éamples is shown in Figure 7.10, Samples were
4

collected for 5 different depths at the same station on St. Margaret's

®y

Bay (Figure 7.9) over a period of one month, with sampling intervals

Y

averaging about 5 days.“ It was intended that this §ampiing program be,

. -
continued over several months to cover the spring pre~bloom, bloom, and
o~ o

x

post-bloom periocds. However, a rash of laboratory equipment failures

s

caused the termination of the program while still in the pre-bloom period
\

and thus limited statistical analysis to a maximum of only six observa-

The lines (Figure 7.10) connect

the mean values for the data points at each depth and réflect the trends
in a specific property with depth. The most obvious feature in each °
profile is the large range about the mean for the 0 and 5 m depths; the
generally lower values of salinity at these depths probably reflect the

influence of several small fresh water tributaries ko the bay (Figure

. .

7.9). All of the major streams contributing to the bay are deeply

P

colored and can add a signifgcant fraction to, seawater fluorescence@

*

even when highly diluted. This is perhaps best seen from the inverse

L3

relationship between salinity and natural fluorescence (Figure 7.10) and

in the correlation- between salinity and fluorescence (Figure 7.11). The

fact that the three-highest values of fluorescence were observed in near

o
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Figure 7.9 Location of St. Margaret's Bay Station

-

The station (@) was located at 63°59' west and 44°35 ' north. 3
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Figure 7.10 St. Margaret's Bay Sampling Progfam: Depth Profiles
) L

for Salinity, Fluorescence, Fluorescence Decay, and Chlorophyll a
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Figure 7.11. Salainity-Fluorescence Correlation
for st. Margaret's Bay Sampling Program
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surface samples shortly after periods of major precipitation indicate
the strong influence of fluorophors derivied from fresh water on surface

water characteristics in the area. This indicates that coastdl sea-

- .

water fluorescence variability can arise from episodic events, as well

* as from seasonal c¢hanges in runoff or soil conditions. The wide spread
’ in values in Figure 7.11 could be the result of the tributaries having

different concentrations of fluorescent materials because of differences

.
>

in their sources or drainage basins.

—— The strong influence of fresh water sources on the fluorescent

ks

properties could mask other“sources, which contribute to the fluorescent

material budget. An examination\pf the percent of fluorescence decay

(Figure 7.10) for the 1, 5, and 10 m depths indicateg that on all but

o
one date a maximum is ¢bserved at 5 m. The only exception to this

/
occurred on rch 16th, when the surface fluorescence was abnormally high

L]
\ with respect to the 5 m value; this was likely a consequence of the fact

/ that in excess of 45% of the month's fotal precipitation fell in the 5

«

days pregceding that date. The fluorescence decay maximum at S m could be

o

expladined; by the introduction of another more light labile flJorescent
substance at this depth. Since a chlorophyll maximum was observed.atv
5 m (Figure 7.10) on all sampling'dates, it may be that the source was
the result/of phytoplankto; : undance at this depth.
AExamiﬁation of'the ;ata for the 10, 25, and 40 m depths reveals
\ » that the maxirum in the fluorescence decay always occurs at the 40 m

A
¥epth.\ This trend might simply reflect an increasing protection of

fluorescent materials from sunlight with increasing depth. However, a

- 1

~

/

/




170

w

170

~

similar -trend in particulate and dissolved Mn and Fe is also observed

at thise débths (Table 11.2). The bay at this station is from 50 to

55 m deep; the increasing trend with depth for these properties might
therefore be_a result of resuspension from the sediments. This 1s not
4
¢
A -
to imply that Fe.and Mn are a part of the fluorescent materials, bhut

only that a gradient of a fluorescent substance whose source is in the

?
region of the sediments can extend to the 25 to 40 m depths.

~

It has been assumed throughout the pieceding arguments that
fluorescence decay is occurring through ? zero order reaction, that is,
the rate of decay is a function of only light intensity and is indepen-

d?nt of the concentration of fluorophors. I£, however, the decay is a

’ -
"

result of first or higher order reactions, then concentration of fluo-

phors or other reactants becomes of paramount importance and inter-

pretation of data-acquired from natural samples, without measuring all

significant dependent variabiles, may be impossible.
o

|
|
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8. PHOTOREACTIVITY OF GLYCINE IN THE

PRESENCE OF TRANSITION METALS ¢

8.1. Introduction

The photochemistry of transition metal coordination combounds is
described by an ex%ensive literature which extends back into the las#’

century. ,At that time it was observed that aqueous solutions of some

f -

metals underwent extensive chemical changes when exposed to sunlight.
Today the literature includes sgudies on the photochemistry of nearly

all of the transition metals; extensive reviews have appeared on the

a

subject (Adamson, 1969; Balzani and Carassiti, 1970; Endicott, 1970;

>

Bucat ,and Watts, 1972). Recently there have also been a number of in-

.

vestigations on the environmental\photochemical significance of trace

.

metals in natural waters. These have dealt primarily with the sunlight

Y

degradation of aminopolycarboxylates (EDTA and NTA) in the presence of

Mn2+, Fe3+, Coz*, Cu2+, Zn2+, Cd2+, Ni2+, and Mg2+ {(Natarajan and

Enﬁicott, 1973; Carey ana Langford, 1973; Trott SE.él:r 1972; Langford
et al., 1973; Lockhart and Blakeley, 1973; Qpckhart, 1976) . Other re-
ports include investigation of photoalkylation of Hg2+ and T12" (Jewett
et al., 1975) and the effect of trace metals in seawater and qulture

media on the photolysis of uric acid and xanthine (Anita and Landymoﬁe,
1974). _-

, ~
a

With respect to the marine environment, there is essentially no

A8

information on the photochemical significance of any of the transition

R
metals that are present. Most of them are present at concentrations so

{
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low that they would seemingly be insignificant contributors to the

photochemistry of seawater. Also, the predicted activity of many of
them is low in seawater and they might exist mainly in a colloidal or -

particulate fraction rather than in a truly -soluble form. Trace metals

-

1
can, however, induce photochemlcal reattions when presenf/}é solutions
»

as a solid phase. This has been observed fotr the oxideés Of 2 (Rubin

et al., 1953; Nagarjunan and Calyert, 1964; Frank an@ Bard, 1977),

4

Cu (Ritchey and Calvert, 1956; Khenokhand Bogdanova, 1967b), Fe (Khenokh

and Bogdanova, 1967b; Frank and Bard, 1977) and Ti (Bickfey ét al.,

1973; Frank and Bard, 1977).

Seawater should not be conside{;d a homogeneous reaction mgdium,

especially with respect to organic materials and trace metals. Hetero-
geneous phases might serve as a site for concentratihg reactants that

would not otherwise react because of their low concentrations in solu-

. N L)
tion. The low concentrétions, however, do not negate the importance of

trace metals in inducing reactions in solution, for they act as very

.

efficient catalysts in many systems where they are present at concen-

-

- trations of less than 0.1 UM. In seawater the sum of the average dis-
solved concentration for the 17 trace metals as given in Table 8.1
exceeds 0.2 UM. This is, however, no méasure of the photochéﬁical im-

portance of these metals in seawater, for each will disp¥ay different

photochemical characteristics. Potentially, the most important photo-

chemical reactions initiated by transition metals in seawater can be
grouped into 4 general categories: (1) intramolecular photo-oxidation-

o~ reduction (charge transfer), (2) intermolecular ptho—oxidation—reduc—

™

- daiark
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Table 8.1 Potential Photochemically Reactive Transition

Metals in Seawater and Their Probable Major:Oxidation State

ey

RER s N VI A AP

-



173°

173

¥ ’ °
n
14
8d
4
[ - 9
OI M
4 | 9 14
PO | by On 1z
[ [ 4 [ € - 9'e S 14
uz | nd IN| 00 | ‘84 | UN 10 A 11
4 1
STIVL3INW NOILISNVYYL ]

F oeemn T

B SR R

T sy

A Y
% e *

i

13

j o, G
2 L%

—b
L

LEEEIRI T



174

174

tion (charge transfer), (3) photosensitized (energy transfer), and

{4) secondary reactions caused by unstable products or metal ions in

unstable oxidation states. An individual trace metal can conceivably

act through all of these processes; which is moré important will: be
L g
related specifically to the metal ion and organic compound in question,

as well as to’ other properties of the solution. It should be pointed

N
out that other reactions of coordination compounds are” possible, such

°

as photosubstitution ahd photoisomerization, but the net effect of ttjse

» o

reactions is usually only reorientation of ligands; therefore these

AN
reactions have not been considered here. ‘

Of specific interest in this work are the reactions betwsen trace
Al

metals and amino acids, with methionine and glycine being used as repre-

sentatives of amino acids in seawater. The photoreactivity of methionine

-
‘

induced by transition metals| proved to be too’ low to measure precisely

with the analytical methods employed. The sensitive technique of col-

. o

lecting ané measuriﬁg 1L‘Coz formed from decarboxylation of 1-t4c glycine

J
was, therefore, used as the primary means of investigating these reac-

. 4
tions.

8.2. Preparation of trace metal solutions

L3
&
The 18 metal salts shown in Table 8.2 were divided into groups on

the basis of compatibility with respect to solubility and redox reactions

»

when combined in solution. Five one liter solutions were then prepared
by dissolving the amount of each particular salt in a group {see Téble

8.2) in Super Q water. The concentration of individual metals in each

¢

R
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Table 8.2 Composition of TMEM Solutions

1 , - . .. . .
At the concentrations used the NO3 did not introduce a 51gn1f§cant contribution to the ob-
served photoreactivity of seawater solutions. This possibility was examined by replacing the -

nitrate salts, with the exception of Ag, with other salts (i.e., FeCl3*6H,0 and (CH3COO), UO2°*2H,0).

Detectable prepcipitates developed in stock solutions 2 and 4 within a week; their shelf-
life was considered to be no more than 3 days.

v

-
et
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. PROBABLE MAJOR AVERAGE SEAWATER CONCENTRATION
- B METAL OXIDATION STATE CONCENTRATION FORMULA IN STOCK STOCK SOLUTION #

' IN SEAWATER nM-17} SOLUTION, M 17! .

crs”t +3, +6 7 (total)| Craz(SOs)3°K,SO4° 3.5 x 10°* 1 -
24H,0

Co — +2 .5 . CoClz*6H20 5x 10 ° 1
Cu +2 15 CuSOu * 5H20 1.5 x 10_° 1
Mn +2 5 MnClz* 4H20 s x 10 " 1
Ni +2 30 NiSOy*6H20 _ 3 x 10 ° 1

" Zn +2 30 ZnCla 3x 10 ° 1
cr?t -+3, +6 7 (total)| K,Cro, 3.5 ¥ 107" 2 2
Mo +6 10 Na;MoOs * 2H20 1x 10 ° 2
v +5 50 Navos 5 x 10 ° 2
W -+6 .5 NasWOy * 2H20 ’ 5 x 10 ° T2
Fe' +3 25 FeNO3* 9H,0 ) 2.5 x 1073 31
U —+6 15 UO2 (NO3) 2%6H20 1.5 x 10 ° 3
Ag +1 3 AgNO3 3 x 10 ° 3
Ce +4 .1 (NHy ) 4Ce (SO )y 2H20 1 x%x lO__5 4 %
Ti +4 20 K2TiO (C2Hy) 2 2H20 2 x 10 3 Y
Zr +4 .3 ZrOSOy * H2SO0y * 3H20 3 x 10 ° - 4
cd +2 1 CA(CeHy02) 2* 2H20 1x 10" 5
Hg +2 .2 HgCl, , 2 x 10 ° 5 J

SLT
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n

stock solution was such that 10 p1l diluted with seawater to one: liter

would amount to doubling the seawater concentration of those trace

o
metals present in the stock solution. This of course, assumes that

the average concentration for each trace metal shown in Table 8.2 is
g, .
Wk

the same as the natural level in the seawater used. Some of the
average seawater concentrations used were taken from an early review

(Pytkowicz and Kester, 1971) and represent levels which @are higher

" H
than more recent estimates (Brewer and Spencer, 1975).

Reaction solutions were prepared by adding the required voluﬁe of
each TMEM (trace metal enrichment media) stock solution to a rapidly
stirred seawater golution containing the added amino acid. Sufficient
borate buffer solutio# was added to adjust the,pH to 8;1. The total

dilution of seawater with reagent and buffer solution ﬁmounted to no

%

¥ )
more’ than & 0.3% change, even- for the highest TMEM enrichments used.

% .
-

Prepared reaction solutions were used immediately after their prepara-

. . . . . . . ‘ G
tion to reduce possible complications arising from gradual alterations
¢

of solution composition through slow kipetic processes.

~

8.3. Results and discussion -

8.3.1. Absorption spectra of trace metal solutions

Many organic’compounds which are by themselves photochemically
\ g ,

unreactive to near-ultraviolet and visible light can become photo-

.

' 14
chemically active in these regions by formation of chelates with
. &
certain transition mTtals. Absorption bands in the «<helate can arise

/
- o

o
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¢ Al

A -
from ligand field transitions (localized on the Lentralimetal), from

internal ligand transition (localized on the organic ;ig;nd), or

from charge transfer transitions from metal to ligand (MLC;) or

from ligand to metal (LMCT). Ehe ILMCT transitions are perhaps the
most likely to be of importance in leading to photocﬂemicai reactions
in the natural environment because they are generally or lower cT
energy than. those characteristic of other transitions. The very

ndture of the excited state in LMCT and MLCT transitions (Egs. 8.1

.and 8.2) inclines towards an intramolecular oxidation-reduction

/ hv -

m 2 1% —— E N h (8.1)
LMCT
hv 4

[M z+(Ln)]z+____+ [M(Z+l)+("Ln)']z+ (8:2)

MLCT
process. Whether or not is takes place is dependent on many
factors, but the major one is likely to be the stability of the
upper and lower oxidation states of the metal and the suséepti—
bility of the ligand to oxidation or reduction. Since most metals in

air saturated seawater are already in their highest stable oxidation

state, it is unlikel§ that MLCT transitions will be very impor@ant.
& . .

- emaa

UL, I A

ca s ma

.
PRERyUI

PO AR k- Vi

, v
o B

by ST sty o Son

RucSiter ¥ i

o~




a

. i )

| ~

Figur§ﬁ§.l Electronic Absorption Spectra for Various

T
Transition Metal Seawater Solutions Containing Glycine

.
.

Seawater (31%,, salinity) solutions were prepared by first dis-

solving 1 x 1072 M 17!, of glycine followed by 5 x 10 * M 17} of the '

&

a transition metals. The pH of the solutions was adjusted to 8.1 with EIE

0.1N NaOH. After several hours the pH was again checked and re-

-~ . »
. T\\‘adjusted if necessary. The solutions were thlen filtered directly

into a 10fcm pathlength cell and the absorbance spectréAwas immed- .

’ -

iately determined against filtered seawater. N

A. seawater
B. chromium (IIX)

’ o
C. uranium (VI) as uranyl cation '
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3
Typically, LMCT transitions occur at increasingly longer wave-

lengths as the metal becomes more oxidizing or the ligand more reducing

in'chPracter. Complexes having strongly oxidizing central metals or
‘ .
stronély reducing ligands may have charge trangfer bands at long wave-

-

lengths, indicating that electronic transitions require only a small ‘/;i>
amount of energy and that the compound might, therefore, be thermally

unstable as well. Where a Aixed ligand complex exists, as is likely in g@
| .

seawater for many transition metals, the electronic transition will

- H
probably still be between the central metal and the most oxidizing -

or reducing ligdrd. . '

The low concentrations of trace metals in seawater make it

Y

impossible to determine directly the spectral regions in which their -

/

r

complexes absorb. Absorption spestra for seawater solutions of
glycine enriched with individual trace metals (Figure 8l1) give a
gqualitative idea of the spectral regions in which various trace

metals might be photochemically reactive. The high|concentration of
glycine in thesge sol;tions does not insure that the predominant ligand
for each metﬁl will by glycine. On the basis of the stability con- -

stants of thé glycinate complex for most of these metals, this would
be the case in distilled-water at a lower pH. Theiabsorption bands
are not tﬂé; necessarily the predominant result_pf_@lyqinate complexgs
of the metalsx ‘ i . ‘ . .
Other electronic absorption transition can result from inéérmole— b
’ & “
cular charge trahsfers between an ion-pair (IPCT, Eg. 8.3) or solvent

t L)
“
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(CTTS, Eq. 8.4), and the transition metal complex. Such transitions

: hv
2+ - -1)+
po 1% X ——— 2+ Ly (8.3)
‘ IPCT
hv
» [ML ]Z + H20 — [ML ](Z-l)— + e " (8.4)
n n aq
CTTS

can generate reactive odd-electron products which might react through

secondary reactions with organic substrates or other seawater constit-
»

o
uents.

.

. " . EN
8.3.2. Productsrof glycine—Cu2+ enriched seawater
Photochemical reactions resulting from excitation in charge transfer
bands of metal grganic—ligand complexes usually result in the formation \
of free radicals (Endicott, 1970) through homolytic fission of the "
ligand atom central metal bond. Carbon dioxide, NHj3, aldehydef, and A

- . 3

acids are the reported proddcts (Rbdpko et al., 1973; Khenokh and

A

Bogdanova, 1967a; Neuberg, 1908) of the photolysis of amino acids in the

e

2o 05

e

presence of various transition metals. No detailed investigation.of the
products from such reactions has been made, ahd it is conceivable that
\

some, of the .observed products might result from the reactions of free \
oot

radical intermediates with the amino acid.

o it S

)

Initial investigations on the formation of NH,;-in irradiated sea- /

n

.

water sq}utions of alanine and Cu?®% in a 2:1 molar ratio showed that the
Cy .

e sy ?_aé‘:.’ﬁz"—%%& O, L ?Mw BT




)83

.

183
&

percent yield of‘NHa became higher as the concentration of the~alani5e
was decreased from 1 x 10-3'to 1 x 10 ° M. The reason for the increase
was not established; it could have been the result of a decreasing
solution inner filter effect with decreasing concentration. Another
distinct possibility was that the efficiency of the deamknation'}eaction
was increasing as the result of some change in the complex of soiution
characteristics. \;}

The reactions were repeated using 1=1¢ glycine for concentrations

_ !
< 1 x 10 ° molar. The reaction products NH3, formaldehyde, and CO; were

measured. At concentrations below 1 x 10 °

M the NH; continued to show

an increase in percent yield with decreasing concentration (Figure 8.2).

A similar trend, although far less pronounced, was found for formaldehyde.

This might be expected, since formaldehyde is rapidly decomposed in

aerobic seawater (Kamata, 1966) and is probably’ susceptible to photo-

oxidation by virtug of its own light absorption in the déqr ultraviolet.

Unlike formaldehyde and NH3i, the percent yield with decreasing con- .

centration of glycine was approximately the same at all concentrations, ,

\ .
with pe%haps a slight decrease below the micromolar level. Unfortunate-

S

ly, attempts to acquire an accurate product reactant balance failed ..

0y

Because of the interference of Cu?’’ on the Fluram analysis for glycine.
Although the results are not quantitatively reliable they do, neverthe-
less, show an increase in the percent loss of glycine with decreasing

concentration.- Cs
o

- -

-The analyses for.glycine, formaldehyde, and NH3 lead to the con-

clusion that the net effect of all reactions in the solution was to -

i
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s Figure 8.2 Glycine Concentration Dependence

on Product Yields in Copper Photoinduced Reactions in Seawater

~ -

&

The added Cu2+

to added glycine ratio in all solutions was 1l: 2. Part of the adgded glycine
was present as the 1-1%C labeled compound.

°
All solutions were adjusted to a pH of 8.1 with 0.1N NaOH and then irradiated for 3 hours in

~
the merry-go-round system. ° .Z;ﬁ?@ ¢
. .
. ot
-] ) 8
. ¢ Cl * ~
] based on FIuram analysis ’
o based on formaldehyde analysis_ ° *
eea ° 6
o based on NH3 analysis ¢ \ -
A based on !'“cO, analysis ‘
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increase the efficiency of glycine photolysis. This is contrar& to

what would be expected if the reactive species in solution was an
A

. o + . . s
inner sphere complex containing cu?? and glycine, since equilibrium

models used to compute metal-ligand speciation in natural wate§§
(Morel and Morgan, 1972; Stumm and Morgan 1970; Lerman, 1972) predict
that ,coordination of glycine to cu?* should decrease as lower concen-
tratiogs are approached. The behavior of the perdent yield of COz is
cloéer to what would be expected, although a more pronounced change
-with concentration would have been anticipated. The dissimilarity in
the percent yield’curves for CO,, formaldehyge, and NH3 possibly indi-

cate a change in the predominant destructive pathway for glycine, but

“Q

without further experimental evidence there is no point in discussing -
! A

this particular possibility further.

) It has been assumed thak the NH3 and formaldehyde are arising

! L)

f solely from the destruction of glycine. It is pdssible, however, that

they are products of reactions imvolving other organic materials in the

[ ¢ s

o water. If this is the case, then the preponderance of NH3 and form-

aldehyde produced from the other organic materials would increase as the

: concentration of added glycine in the solutions décreases. This could
, 3

have been verified by determining the amount of formaldehyde and NHj
-

produced\in seawater containing only Cu2+, but unfojtunately it was not.

1 owm ow e

N »

The measurement of ll'COz avoids such artifacts resulting from orgahic

)

impurities, but possibly'iﬂpreSEnts only a fractidn of total destructiop

N of glycine.
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8.3.3. TMEM experiments

Each transition metal shown in Table 8.1 has the potential to

X

«

affect the photochemigal reactivity of seawater. For any given test

used for photorgactivity, a particular transition metal can promote,

inhibit, or have no measurable effect. The seawater chemistry of

each metal may be the overriding determinant in prescribing the degree

'

to which the metal reacts and the types of reactions in which it will
be important. Therefore, metals such as Ti, Zr, W, and Fe, which should
exist as highly insoluble oxo and hydroxo compounds, may be photo- .
chemically important only in processes involving particulate fractions
that contain inorganic species. Their predominant phptochemical effect
could then involve alterations of surface active materials on the sur-
faces of partécles or the initiation of solution chain reactions through

the formation of »seactive species, as in the production of hydrated

electrons through photoionization. Other metals wh#ch are more soluble

4 o
in seawater (Uf%, co?t, ni?t, cu?t, zn2+, ag!t, cd?t, and Hg?t) might

-

react with soluble organic compounds through photoinduced secondary °

reactions or directly as light sensitive chelates or complexes. The

-

) ool
photochemistry of each transition metal ion, thegggéte, represents a
?' o & .
unique case not only in terms of the metal, but also with respect to th

~

"

orﬁénic materials which it will affect.
The main question in the context of this study is to determine what
the neégcombined effect of the 17 trace metals shown in Table 8.1 is

upon the photoreactivity of amino acids in natural seawater. This was

<
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investigated by measuriﬁg the amount of }“CO, produced from the decar-
@
boxylation of 1-t4c glycine in natural seawater, when the transition

metal levels were increased in multiples of natural seawater concen-

@ -

tration by addition of TMEM. Results indicated that there was a pet
\

increase in the decarboxylation of glycine with increasing TMEM con-

-

centration (Figqure 8.3). The change in going from 1 x,‘%hich represents
no addition, to 10X is relatively small when compared to the natural
s

(1X) level for the reaction. This implies tHat the transition metals

‘

present at average seawater concentrations can account for only a small
fraction of the ohserved decarboxylation of glycine, and probably other

amino acids as well. Whether the added metals are representative of the

reactivity of their natural counterparts is open to question. The

-~

activities and speciation of the'metals could vary considerably between
|

the added and naturally occhrring metals. If the primary mechanisms of

decarboxylation involve coordination of glycine to metal, than the re-
sults probably represent a high estimate of the reaction induced by

transition metals.

~

The effect of specific transition metals on decarboxylation of
glycine was also examined. 1In this case the direction and magnitude

of the effect on t%e photoreactivity of glycine in natural seawater was

measured when a 1 x 10 °

©

i

ii addition of an individual metal ion was made

to the same seawater (Figure 8.4). The value of one on a relative

glycine reactivity scale represents the gl&cine photoreactivity in sea-
A 4

N
-

water without any metal ign addition. Metals showing a significant
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Figure 8.3 Effect of TMEM Concentration

-

* ~ . Iy
on Decarboxylatton of Glycine in Seawater v

. -
o

Seawater was filtered, enriched with ] x 107 M 17! of d-}“c ) .

LY

glycine (cdontaining 0.5 U C1/50 ml of samp%g) plus the necessary

volumes of TMEM iglutions and then buffered to pH 8.1. The soruim

tions were irradiated for 2 hours in the merry-go-round system or
o -
in sunlight. I'
|

v [
. ~
,

O ' merry-go-round.system
AN N

n] sunlight . .




%

t

COq FORMED

% OF THEORETICAL

N .
» . .
.
- 14
. N . .
.
. .
’
. - .
' M
-
>
.
.
.
A v
s
- -
-7 .
- .
o
7 -
f
o °
; .
.
-
.

vﬁ NP
.

& e

! i | 1 A ! [ !

A2

. 10 » 20 30 40
TMEM, MULTIPLES OF SEAWATER CONCENTRATIQN

N -
’ *

N ~ ey

e o TIEIEERRIE Y & weapt Fer
il % AR

daew




-

g

"\ ¥
.
' ® ‘ .

~ ] L4
14 . ] P
Figure 8.4 Effect of Various Transition Metals

on the Photoreactivity of Glycine in Seawater Solutions =

.
.
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2

Each seawater solution contained.l x 1007 M 17! qof

[

“ B

4

<

added 1-!‘c glycine (containing O%5 ucCi/

50 ml -of sample) and 1 x 10 ® M 1! of the added[metal ion(s). The solutions were buffered and
~ A . ° ) :%‘ )
then irradiated for 2 hours in thé merry-go-round system. W
: ( i 1 & -
. 7
> « The dark areas represent relative thermal decomposition of glycine.
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while those giving .

v .

reduction in reactivity were Ce“*, co?*, and Ti‘*t,
C s . . 2+ 1+ 2+ . .
a gignificant increase were Hg® ', AqQ" ", and Cy“". The importance of
" e . - ’ - . . )
direct metal ligand interaction is®indicated by the fact that’ both

.

and cu?t have stability constants with éiyoine which are much

i_!g2+

larger than those for the other metal ions. The importance of chelate
. ; N

.

2+ . '

2+ , which form photo-

formation has been observed for'Fe®t, Mn?*, and co

sensitive chelates with EDTA .in f;esh-géter up to a pH of at least 8.5.

‘
)
-

N »
Glycine-.was not decarboxylated in the presence of thesg metals, but

compared to EDTA;=At i% a*weak chelator for them. Calition should be

[ . ' .
used im fdeneralizing on.the photoreactivity of groups of organic com-

v s .

pounds, for even though closely related they can exhibit marked dif-

» - °

- ° M . . .
\ ferences in photosensitivity which are not reflected by the stability

-

N N A
of the chelates that they form with a metal. Aminocarboxylates such

o . . o

‘as EDTA, glycine, and NTA are all photolabile in the preseﬁce of Fe’t

i <
.

. (Lockhart, 1976; Carey. and Langford, 1973; Natarajan and Endicott, 1973;

Trott gé al.s, 1972), but only glycfneland NTA react inwthe presence of
. 0 . . '& * N . P
v - cu?t (Langford et al., 1973 under simu}ated_fresh-water environmental ©

« L 3 -
\ -

L3

conditions. et

»y .

v
- -

Four metal ions (Ce“+,‘Cu2+, ri%" and F§3+) promoted thermal de- .

v oo o v
-

.carboxylation of gljcing (Figure 8.4). This was also noted for seawater
" o 4 N

samples'preserVed-with HgCl, and stored in the dark at 0-2°C for 24

. " . @ . S

"hours. This suggests that long term storage of seawater samples fi#ed
with HgCR, should’ be avoided,\since Hg2+ is apparently capable of
’ ' _— . .

- ‘ p catalyzing the thermal degradation of at least sqme organic constituents.

. }

‘ . 1 '

N e s m
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8.3.4. Photoinduced metal ixidation state changes

- .
o

"‘ +

With the exception ef certain confined environments (e.g., par-
1
ticles or the sea surface microlayer), indiyvidual transition metals are
present in seawater at concentrations in the nanomolar range. In order

<

to be an important agent in the photolysis of organdic compounds, they
must ‘serve as efficient photocatalysts. Generally, this means in-
volvement in an oxidation-reduction reaction (Eq. 8¢5) in which the

A}

metal ion is temporari&? converted to a higher or lower oxidation stdte.

+. -
M %1’——» VAL A (8.5)
, \ )
~1)+ -
u D+ Lo, _le_v; ot 4 oo, (8.6) , -

P

The rate of return to the photoreactive oxidation state (Eq. 8.6) can :
be an’ important consideration in determining its significance as a

. 4 .“
photocatalyst. Metals for which k; is high and k; < gg can function

~

as very efficient catalysts at low concentrations. Such metals can

initiate a primary photochemical reaction involving the metal and ligand

and a secondary reaction resulting from the rapid re-oxidation of the

.

metal ion. For reactions preceding by Way of homolytic fission of
metal-ligald bonds and the reduction of 0; by the.reduced metal ion, this

amounts to the net production of two free radicals for each primary
. * ‘ I .
reactlonk

"n_ae ot effect for metals (witlzl k2 < < k; mi e a major shiff

,‘in t@erdﬁg ved equilibrium concentration befween different oxidation
* i \

states of the metal near the ocean surf . Distributions such as this
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have been observed for Cr’* and crbt (Grimdud®' and Michard, 1974) and

w ~

changes in the Fe?t to Fe’t ratio appear tQ be associated with surlight

a

exposure in 'seawater (Lewin and Chen, 1973) and in lake watér (McMahon,

1967 and 1969). Lewin ahd Chen reported finding as much as 25% of

<

the soluble iron in water from Puget Sound presént as Felt; the re-

oxidation of Fe?™ had a{palf-life in excess of 10 hours. 1In view of

the factaihat the oxidation of Fe?* in air saturated NaHCO3; solution

' $ .

at pH 8.0 has a half-life of only 2,4 seconds (Singer and Stumm, 1970)
the Fe?® form most be stabilized by some component of seawater.

,'The kinetics of the oxidation. of Fe%+ in seawater were mea§&red
using the Ferrdzine method-* (Section 5.6) to determine whether the rate

of oxidation was different than that measured in buffered distilled -
water by this method. This was indeed the case, for tgé t% for this

' @

reaction in air saturated distilled water at 10°C and pH 8.0-8.1 was

,

10-15 seconds, while in air saturated seawater of 31%, salinity, at
J ¢ .

10°C and pH 8.1 it varied between 2 to 3 -miputes for all samples. This

~-~ ° w

is in good agreementigf;h Kester et al. (1975) who found.that Sargasso

-

seawatzr and water from Narragansett éay had haLf—lifés at pH 8.0 for

this reaction of 3.3 and 5.5 minutes, réspectively. The difference in
- - a ’ ’ . ’ ﬁ,
the measured t% for the two studies is pxobably attributable to a

s .4

-~ : s
marked rate increase with increasing pH in this range. *

The rate of oxidation of Fe’% in acid solution is dependént on the

anion present and decreases in the following order: oul”, P207"37

1
3-

POy~ , Cll-, SOuz— and Cqul_ (Stumm and Leehn19612. The . differences

in oxidation rates of Fe?" in seawater and distilled water might be

. | @

i

J

.

f)
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simply related to the predominant anions present in each éLlution.
Therefore, in digtilled water, where h;drg;o complexes of iron are im-
portant: a short half-life would be expected, while in seawater the
high concentration of c1!'” and Spuz— ions intervene by compléxing iron
and reducing hydrolysis and\the oxidation rate of Fe2+. The oxidation
rate has also been shown to be very sensitive to low concentrations of

organic materials (Theis and Singer, 1973). Different organic compounds
+
studied exhibited a range of effects varying from complete inhibition %’

of the oxidation of Fe?* to an acceleration. Many of the substances

which stabilized Fe?t were also capable of reducing added Fe?t even at

.

PH values above 6. »

It may be the interaction of Fe?t and Fe®! with the organic fraction

-

1,

in seawater which explain both the slow rate of oxidation of Fe?t ob-

served by Lewin and Chen (1973) and also its mode of formation, which

[
’

was suggested by them tolbe the r%sult of photoreduction by organic
compounds. To test this possibility, seawater solutions enriched with
10 um 17! of }e&+ and 10 um 17! of EDTA, NTA, or salicylic acid were

irradiated in the merry-go-round system. Upon termination of a 1 hour

-
v

exposure in the inner ring, Ferrozine feagent was added to the samples

and to the dark controls. The differences .im color development were then

o

determined spectrophotoﬁetrically. The concentrations of Fe?t were not/
ﬁ:}-\ . . ) . P
determined, but the relative amounts-measared decreased in_the order:

N -

salicyclic acid (100), EDTA (81), seawater (31), and NTA (0). °

=

e
-

S S T A AN Al o SO DT e e e S I e T

]
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9. PHOTOINDUCED RFACTIONS OF NO3~ AND NOz ~

9.1. Introductiorm - .
[
. . / .
Most of the inorganic anions of seawater are not subject to photo-

. -

lysis by direct sunlight, because theirtelectronic excitation energies

lie well above the maximum photon energy available in sea surface sun-

. ® i

light. This is not true for the oxyaniéns NO3 and NO2 , which ex-
: &
hibit weak transitions near 300 and 350 nm,'respecti&ely. The resultant

primary reactions at these wavelengths could be significant contributors

to the pool of secondary- reaction products which might react with or-

ganic matter in seawater (Zafiriou, 1974). i )

9.1.1. Photochemistry of NOj

a
PR

Photolysis studies on aqueous NO; solution led Daniels gﬁ al.

(1968) to the cohclusion that two major'primary reactions were occurring

N

(Egs. 9.1 and 9.2)., The formation of oxygjn and the pH dependence’of -

/

' NO;~ N NO2 + O ‘ T (9.1
- hv - T
NOj R NO2 + O (9.2)

r v ‘
Al
the NO, yields were explained in terms of the decomposition of the

-

L]
~

intermediate peroxynitrate ion xEq: 9.3), which was formed from the

a

N -

0
- VAN -
, NO3 + 0O === [0-0-N ]—— 03 + NO;

- \

"

- |
reaction of the oxygen atom with NOj; . Fhe oxygen atom formed in the

& ‘ag . R

et S e
LM E AR g s S ¢ Tt St i TR AR S SR RERA T *

. .
%2 v s s PR
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appear to be a potential rout'e for the photochemical interaction of the

195

. r
primary process was considered to be in the ground state ( 3Py, since

/
the excitation energy at 313 nm is only » 91 K cal and is insufficient

/ .

to form O (!D). This was also supported by the absence of H20: in the
irradiated solutions, it would probably be the product of o(!p) with

water.

In flash photolysis studies of aerated aqueous solutions of NO3
(Barat et al., 1969) a transient absorption was observed at 300 nm. 1In
alkaline solution (pH = 11.3), it decayed over a period of 10 minutes.
It was attributed to the peroxynitrite ion (O-N-0-O ). The possibility
that its precursor might be 0(*P) or 0*~ radicals was dismissed, because
thé addition of O(3P) scavenger or OH* scavengers had no affect on the
intensity of the transient absorption. They were also unable to ﬁind
any evidence for the formation of hydrated electrons, whic%'would have
been expected if, as other authors had proposed, the ﬁoa‘ absorption was

due to a CTTS transition,

«§

The photochemistry of the NOj system would appear to be complex

v

‘and as yet unsolved. 'However, the primary reaction leading to the

products NO, and OH* (Eqg. 9.2) is well documented (Barat EE.E£°' 1970;

 Daniels et ali, 1968; Treinin and Hayon, 1970) and would certainly

s\

"NO; system with other seawater constituents.

9.1.2. Photochemistry of NO;

» L}

N °
Fy

Aqueous solutions of NQ; undergo no net change when irradiated

w
v

with yltraviolet light (Holmes, 1926) and as a result the system has *

2

N .

received very little a;teﬁtion. Interestihgly, a very efficient primary

[y

o

e st
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decomposition (Eq. 9.4) occurs at wavelengths below 300 nm (Treinen and

No,” ¥ No + o7 (9.4)

Hayon, 1970; Treinin, 1970), but the efficiency above 300 nm has not been

estimated. Ensuing reactions of the products (Eqs. 9.5-9.9) and the

O+~ + H20 ==== OH* + OH (9.5)

« " OH* + NO; ——+ NOz + OH™ (9.6)
. 0*~ + NO; + Hp0 —— NO2 + 20H (9.7)
" NOp + NO2 === N304 | (9.8)

' NO + NO2 === N,O0j ' (9.9)

Q

eventual hydrolysis of the resulting nitrogen oxides, NOz, N203, and
N204, lead to a complete re—geJeration*of the NO; . In seawater the

formation of these nitrogen oxides is unlikely, for the concentration of

.
Y

NO; is on the order of .l1.to .5 U molar and any O°* ions formed will be

-

removed rapidly through reactions with other seawater constituents, De-

a
AN

composition pathways of NO and regeneration of NO2 are therefore likely

to préceed by far different routes in seawater (Eq. 9.10). Nitric oxide

.

.

- +
2NO + 305 + H20 === 2NO, + 2H . (9.10) .

»
3

might also function as a reactant with other.seawater constituents, since

we
it is a free radical and is fairly reactive with some substrates in

oxidation and reduction processes. If such reactions do occur a reduc-

- 4

l * ”
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v

tion in NO2 concentration might be expected during irradiation.

9.1.3. Chemistry of NO3 and NO; photolysis products~

q . ~

3

The identified products resulting from the primary photochemical

4

reactions of NO;~ and NO3; are the free radicals NO, NOz, and 0* . With

a rate constant of 9.6 x 10’ sec ' for reaction 9.5, 0*  is rapidly ,

protonated in aqueous solutions at a pH near that of seawater. The

v

ensuing reactions'of NO and NO; are still in gquestion as is their

o~

reactivity with organic compounds. However, the chemistry of the OH®

“

has been extensively studied in flash photolysis and radiolysis experi-

ments, and a large number of rate constants for its reaction with both

‘inorganic and organic compounds are available (Anbar and Neta, 1967;

»

'Farhataziz and Ross, 1977). ' Based on such rate constants, Zafiriou

N
\

‘ \
(1974) calculated pseudo-first order rate constants and half-lifes for

reactions of various seawater constituents with the OH*. He found that
the amount of the OH* reacting with these constituents decreased .in the
order, Br >> CO32” > HCO3 > DOM > NO3 > Cl1~ > sos? . wWhat must be

considered optima# conditions were used for the DOM fraction, with a

A

concentration of 20 UM and®average bimolecular rate constant of

10° 1 M} sec !, yet the OH* should séill react almost -exclusively with

the bromide ion (Eq. 9.11). Bromine atoms formed in this process

OH* + Br — Br* + OH (9.11)

¢

.

rapidly react with other hklide-ions to form dihalogen radical anions

(Eq. 9.12) (Langmuir and Hayon, 1967; Maloné and Endicott, 1972; Zehavi

2
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¥

X + Y — XY< (9.12)

and Rabani, 1972; Grossweiner and Matheson,. 1957). The stability and

"

rate of formation of XY will be dependent largely on the oxidizing

1
strength of X* and Y* (Malone and Endicott, 1972). If only the more

abundant seawater halide anions (Br_ ané Cl7) are considered, the Br-e
should react with Br-, but not Cl . A}so, any BrCle that was formed
would be expected to decay rapidly (Eqg. 9.13L¥ again leading to the
formation of Br,* .

[
A

BrCl»  + Br —— Bra+ + c1'/ (9.13)

.

The nature of the transients formed in seawater has b;en ekamined
through flash photolysis studies (Rao, 1973; Zafiriou, 1974). Although
similar excitation conditions were used in each study, the reported
idengity of the predominant transient was different. Rao Yeported that

Cl,+ was formed and then disappeared with a second order decay rate

(kClzo_ + Clz-_)’ while Zafiriou identified the transient as a ha%lde

on radical (BrX* ) formed through the aLsociation of the Br-atom
with halide ions in seawater. The possible reasons for this discrepancy

have.been discussed in detaily with the conclusion that Rao's inter-

pretation is in error (Zafiriou and True, 1977). s
t

Unlike Rao, Zafiriou ohserved that the transi@%t did not follow

AN
second order decay kinetics and was therefore probably reacting with

[

other seawater constituents. The pH dependence of the decay, the ap-
pearance of a new weak transient absorption at 608 nm, and a reduction

in the decay kinetics of the transient when CO, was removed from solu-

»
o

|
o

Srael . efade..

o atu
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tion, strongly implicate the involvement of HCO3H in the decay scheme.
In these flash photolysis studies the primary mechanism for
halogen atom formation occurs through direct excitation of the halide

ion (E%. 9.14). The hydrated electron formed from this reaction can

X" ____,HT:; Xe o+ ey (9.14)

®
be manipulated to form OH* by replacing the dissolved air with N20, which

reacts rapidly with e " to give the precusor to OH* (Eqg. 9.15). 1In

aq

T 4+ NpO ———* N, + O°~ ~ (9.15)

A
\)

eaq
°

this way the OH+, which is a photolysis product of NOz— and NO; , can be

studied in terms of its subsequent reactions with seawater constituents.
L X

This was applied to a test of the validity of the prediction that the

. « .
fate of the OH* in seawater was to react with B (Zafiriou, 1974). The

prediction was confirmed, for in N:0 saturated segwater a doubling of

the transient absorption, ascribed to B k'—,'was bserved over that in
. .

air saturated seawater.
& ‘ 0

9.2, Results and discussion

o '

- - - !
The conceptrations of NO3 (0-300'uM 1 1y . and NO, (0-50 HM 1 °) have
) 24 s Y A"‘-% td -~
wide ranges in seawater. Their concentrations near the surface tend to
LR :

be lower and to disLlay high’seasonal variability. This variability is

kS

expressed in the NO, and NO3 data collected for surface water sampkes -

* from the North West Arm in Halifax (Figure 9.1) and in data from St.

\
Margaret's Bay (Table 11.2). : L

i

e
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, pH 7.0) is more likely to be significant, since both NO, and methionine
are present initially at the same concentration. Thils same pPrccess is

probably reducing the rate in the ClL solution, where the rate constant =@

-

<
=< 10 " M ‘sec ° at .

»
T

for the reaction between OH* and Cl (k(Cl~ +'OH')

, pH 7) is sufficiently low for OH® scavenging by NO:z- .to ‘be important.
The similarity of the relative rate constants for the reaction of

methionine in artificial seawater, tall, and NaBr sclutions indicates

.

that the reactive species in seawater may.bg a dirhalogen anion Yadical.

Without further ev:dence, however, the possibility that the reactant

[y

specires is something other than X;* cannot be dismissed. For it 1is

. possible that dispropoitionation products of X2t (Egs. 9.16 and 9.17)

X2+ 4+ K2+ ——+ X3+ + X (9.16)

. , © Xze o+ Kot —— Xp +2X ) (9.17)
@

. - 7 ‘e

might have rate c®hstants which are similar to those measured. However,

it 4is unlikely that these products would be formed in significant con-
centrations at.n;tural levels of NOz . .

. - Although there isano precede;t, the possibility also ex1sts Ehat
T : ' tgé photdlysis\of methionine occurs by photosen;itization py NOz o;

through reaction’s with NO. These possibilities seem unlikKely, since

large differences in rates were observed for solutions differing only in

.

whatewould be expected to be ineffectual anionic composition for such ’
. “ ’ kY

reactions. DiffLréntqquenching rates for the excited state of NOz 1n

PO ~
- . - -
- .

these solutions mjght be postulated, but evidence does not support this, «

RN Ve
»
>

|
|
|
|
:
|
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10. PHO’I‘OIN,PUCED' REACTIONS BY ORGAf\JIC SUBSTANCES ol
—sd ' -

10.1. Introduction . . .

Py .

The measured photoreactivity of amino acids in natural seawater <t
~ ] . . . .

is too high to be explained by reactions induced by the Epmglned effect

of NO, , NO; , and TMEM alone. Other constitueénts must, therefore,
< .-

be contributing to the observed reactivity. Since the organic fraetion

] v
1s responsible for nearly all of the light absorptloﬂ above .200. nm, .

— 4 .
‘ . »
.

it could be a major cdntributor to the photodegradation of amino aéids..

»
LR »

The capacity of some specific natural orgaric coristituents to photo-

.
~ 5 ~

. ’
induce the degradation of amino acids in‘seawater was demcnstrated

earlier (Section 6.6.3.9, where relatively high congentgations of thé
* , v 4 ’
g » N ; L . . ’ .
photosensitzer were used> The determinatien of the significant con-

. i ’ : ’;‘ .. T
centratiorn- levels for photdindgfed reactions by these or other erganic:
” o~ R ) ’ )
. : vk, i
constituents is not as simple &s 4t was qu'NOg ,.NO3 , or for'transi-

R P . .t « . .

. » & . .. - - . *
tion metals. Most of, the organic fraction has not yet begn characterized,
. , [ ‘ ., .
’ 2 s

and for most of these components w@icﬁ have been, Little;of:ho informa-

> ‘

.« .

.

tion 1s available un their concentration range and spatial or éeas?nalg

Ny

¢ . . -

- v .

variability. S . -

s .
v
E} . .

The photochpmiétry of the organic componénts of sealvater 1s ;

~ - [ '~
N

- -~ 7 ' \ . .
probably complex.? They might behave mechanistically in a number of

.

e ¢ N

different ways that depend on their own concentration, the contentratiop -

. L]
'

- . ¢
of 0,, and the concentration and characteristics of other constituents

. . «
. M .

of .the organic fraction.  Photoinduced reactions can generally be cate-

gerized into those whféh gre initiated By reactive products of direct

hS 3




10.1.1. Reactive products from direct photolysis

/—' 2 % 209

v

- -

photolysis and those which result from Zirect or indirect interaction

with photosensitizers.

-
”

’ 1 [

The most important reactions in this category will probably result
’

from compounds which decompose to form free radical fragments. These

can result from homolytic bond fission (Eg. 10.1) or from photoioniza-

A}
tion«(Eg. 10.2). Since the energy of sea surface sunlight has an-upper
‘ hv . .
AB ———> AB —— A°* + B* (10.1)
hv x - .
AB ——> AB" ——+ AB* "+ e . (1Q.2)
~ - . . .
N |

N {
limit of 98 Kcal, only those compounds EQntaining low energy bonrds (e.q.
- N

N -
-0-0- and -S-5-) should be an important sourté of radicals resulting
’ \ ?
from bond fission. Photocleavage in some aromatic compounds, such as

hromophenols and pﬁénoxyphenols (Joschek and Miller, 1966), could be
' . » "

14

impdrtant sources of free radicals; both of these types of phenols have -

been identified in various marine algae (Craigie and Gruening, 1967;
Ragan, 1976a, b; Ragan and Craigie, 1976).

For many aromatic compounds, photoionization is a more important

7

{ .
process than” photocleavage (Grossweiner and Joschek, 1965). The nature

v

of the,substituents is a key factor in determining the reaction pathway.

~

Those substituents with negative Hammett 9 constants (i.e., OH, OR,

NH,, SH, 6R,’ and COO ) promote the genération of eaq-y and those with

o

. + —
positiye Op constants (i.e., NR3 , NO2, CN, COCHi, halogens, aAd CH20H)
. N
inhibit e_aq generation (Joschek and Grossweiner, 1966). Some aromatic
[ 24 . B 3




heterocyclic compounds also phoio;onize when irradiated; in fact, indole

. e , c

and some of its derivatives, such as tryptophan, are some of the most
1
efficient at producing hydrated electrons by this process. ., *
[} . (A
S - 'f,\‘.‘ ' .
The ubiquitous nature of aromatic compoungs ih the marine énviron- ° »

~ .

e

ment, especially as porphyrins and polyphenolic materials‘(Figure-7.l), {
¢ ) ‘.

. ' « . D
gives credence to their importance in marine photochemistry. Swallow .
0y . .

(1969) calculated a maximum production rate of Vv 3 x 10'°® eaéi l--lsec:i-1 .

P - N r . \

.
from photoionization of organic compounds at the‘sea surface at .zero ~
- . " \ .

- e

solar zenith angle. The calculations were based on the absorption of

all }Aéfaént\kéght up to 325 nm by organic chromophores, which produced
- . ‘-

s

,/ééq- with a quantum yield of one. The.high reactivity of @he,eaq_ with

\

\ '

CO2 (EG. 10.3) and Oz (Eq. 10.4) will mean that it is consumed in thése

, s
- .
‘ - N
'

eaq *+ CO2z— COz-~ k = 7.7 x 10° M !sec.! at pH 7.0 (10.3) °
i . )

P ’ ¢ o~

~

ey + 02— 0,+" k=1.88 %-10'° M lsec™! at pH 7.0 (10.4)
. .

. a

two reactions. The low concentration of COz at pH values above 8.0 Qill

give a near gquantitative conversion of eaq— to Oz . BaTring other

VRV

reactions of Oz it should disproportionate to givé H,0; (Eq. 10.5).

#
. - Vd i
- + ‘ Cd - ] *
27 + 20 —> H,02 £ 0;  k < 100 M 'sec '~ (10.5) .
Baged on Swallow's eaq— production rate, and assuming their qudntitative
nversion to H;0, via 0, reduction, the raté of H;0; formation would bé: t.
* T s ’
- - - " A) 1 I3
9 x 10 ® M1 'hr"!. This value is unrealistic in view of the high .
quantum yield for eaq— generation which was used, and also in terms of '
. . N 1 .“
the rate of oxidation of-organic molecules, since this would.require a -
¥ . R . 4 L. o’ - »
. ' -
“ : ] . ’%‘
- : . &
. \( -t ~ -+
’ 4
(-\ // s T .
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[N
» .
e

-«
o

o
net two electron loss per, hour from every organic molcule, 1f, the average

¢

. . . -5
molar concentration for all organic materigls was ™ 10 °.- However, even

.

1f the estimated H,0; rate of production was 10,000 times tooc high, it
. ;

could still constitute a 51gnlficant'alteration of the propcsed poisirng

‘

of the seawater redox level by the 0,/H,0, couple (Breck, 1974).
‘8 a

e

’

10.1.2. Reactions of photosensitizers

Many potential photosen51&¥g1ng compounds exist in the marine envir-
Q - L]
onment. These include phenols, polynuclear aromatic hydrocarbons,

.

‘

guinones, q?d photosynthetic pigments. Krowledge of their importance in

environmental photochemistry is rudimentary, and few investigations have
N /

been made in this area. An understanding of the potential rolé of such

compounds, .in seawater can be derived by applying the concepts of dye

photosensitization which have been advanced to explain these processes

~
.

in biological systems (Spikes and Ma ight, 1970; Spikes and Rizzuto,

<
1974; Koizumi and Usui, 1974; Foote, 76). These processes fall into

~

two general categories: Type I, which include H or electron tramsfer,
>

4 ’

or Type II, whith include all processeg where energy transfer is in-

volved. More specifically, these processes .involve the interaction of

.

the excited triplet sensitizer molecule with Oz, substrate, or other . -

sehsitizer molecufés (?igure 10.1). The singlet excited state of the

sensitizer is excluded from consideration, because its lifetime is too
13 A .

<@

short to make it a significant reactant in dilute solutions (Eg. 10.6)..

Q

sensg —— séns k = v 10% M lsec)? . (10.6)

L4
[ S
® . M
-

On the other hand, many photosensitize readily undergo intersystem

1




s,

“
3 .
°

Figure 10.1 Prlmar} Reéctions of the Triplet

. N
J .

Excited State of Sensitizers and Subsequent Reactions of Products

¥

? «
L4 Al . 3

Definitions of Abbreviations:

4 : .

a

sens sensitizer ground state

*sens excited triplet state ’

A reactive substrate .

A* . excited state of substrate ¢
subscript,, ox oxidized form .

subscript, red reduced form . .

subscript, f-red fully reduced form

RY



(a)
(b)
(c)
(d)

(h)
(i)
(3)
(k)
(1)

« (m)
(n)
(o)
(p)

- (q)
(r)

.

A]

REACTIONS OF SENSITIZERS

Primary Reactions

. S
sens + A ———— sens + A .

-

-~

D-Q .

sens + sens————+4sensred + sens D-D

o& L

sens + A ——m— sens, g + on D-R
sens + A —— sens,. + Ap.g . D-R

sens + 0 —/——— sgens + 102 c D-0

3sens + 02'———‘b—->~sensOx + O , D-0

Subseguent Reactions

A —
* . ' ’
A -

r]

+ —_——
sensox A.

sensre

—_—_—
sensred + A

»

—_——————
art on

sens, . q + sens, . 4
sens + 20; —v——
SeNSt_red 2

sens,o,q + 0 ————

+ ——
Ared + 02 p=

O, + AH

02- + A —*

l02 + A —*

Products

A + Excitation Energy
sens + A, .
sens + A
SENSf_red * Pox
Sens¢_,.a + sens
sens + 205"

sens + 02~ ¢
A+ 0,

HO2™ + A-

Oz + Ared

Products

/ .
Mechanism

212
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crossing (¢ISC > 0.5) to the triplet state whiich has an apprecdiably

[

longer lifetime than the singlet state (éq. 10.7). :

4

Jsens ——9——+ sens k = 10% to 10 M 'sec ! (10.7)

s ~ Whether Type 1 ?r Type II mechanisms previal for a specific
sensitizer will depend on the properties and concentration of the sen-
. .sitizer and substrate, and on their rates in the wvarious processes 1n-

.8 ' volved (?igure 10.1). 1In solutions which centain Oz the Tvpe II D-O

|
* mechanisms become very important, for the typical rate constants for
) - =1
sens are in the range of 1 to 3 x 10° M 'sec

-«

the reaction of 0, with °

(Foote, 1976). For other intermolecular mechanisms to compete success-

3

fully for the °“sens in O; or air saturated solutions requires that a

high substrate or sensitizer concentration be p;esent. 1f éethylene
Blue is ‘considered répresentative of a seawater photosensitiaer under
the conditions given for Figure 19.2, than at micromoclar concgkbré{;on
-' ‘ levels.none of these amino ;cids would react to a skgnificant degree by
a D-R mech§nism.‘ The fact that tryptophan has a rate for'this process
\\\‘\\Yhich probably exceeds that for the maior«po;tion of Fhe organic com-l
pounds in seawater means that if natural sensitizefs are well repre-'
sented by methylene blue, then the predominant reactions of ’sens are
occurriné with 0, and Aot through p-R, D-Q, or D-D mechanisms.
The signigicancé of the D;R, D-Q, and D-D mechanisms may be‘greater
in heterogeneous reactioné and natural maeromolecules or molecular aé-

gregates may tend to involve internal H or electrgn transfer processes

analogous to reduction of the excited state triplet quinone in ripo—

«©

& A



|

L4

Figure 10.2 Competitioﬁ Between 02 and Amino Acids®

«

L]

for Triplet State of Methylene Blue

v 1

3
~
4

Calgulations are for aqueous solutions with oxygen concemtration

A

the same as found in air saturated seawater at 20°C .and 18°%, chlorinity,

Rate constants for amino acid-methylene blue reaction are from Nilsson

.

t al. (1972) and for the O;-methylene blue reaction a mean value of

2 xM0™® M ! 17 was assumed (Foote, 1976). ‘

— — Tryptophan’

Methionine

Histidine
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flavin by H-abstraction from the ribityl side chain. It is.even con-

s
.

ceivable that complexes between sensitizer and substrate or .simply
physical absorption or adsorption of the substrate by macromolecules,

such as the retention of hydrophobic materials by humic acid (Kahn

. -

and Schnitzer, 1972), could constitute an isolated reaction environment
2

.

within seawater.

10.1.3. Reactions of O; intermediates

-

~ - )

The near universality of reactive oxygen intermediates in aerobic

. . . ’ i . .
biological and chemical systems has made them a major topic of study in

.
recent years (Kasha and Khan, 1970; Schenck, 1970; Kearns, 1971; Bors

et al., 1974; Fridovich, 1976; Foote§ 1976). Their generation should

~

also be expected in marine systems tMWrough biological, physital, and
chemical processes where sufficient energy transfer occurs or where re-
dox phenomena are involved. The reactions of photosensitizers certainly

- e . / .

represent a potential source for these reactive intermediates, both

through\direct generation in D-0 processes_and as a result of the
g N AL

D)

reactions of O, in many of the ensuing processes (Figure 10.1).

.

If, indeed, '0,, 02 , and peroxides are involved in the photo-
chemistry of seawater, the nature of their probable secondary reactions

becomes ‘an important question.

12 ) . /
1071.3.1.7 Singlet oxygen -

The reactigns of rbz with grganic compounds have been reviewed
) ! < . ‘ s
(Kearns, 1971; Turrpj ;974; Foote, .1976). The following six general

reaction pathways have been identified and substantiated: e

.

*

I3 bl . . P
K ’ ’




(1)

7(2)

(3)

(4)

(5)

216

Addition to olefins to give all&lic hydroperoxides.

N ’

= ' o .
+log —  ||¢ 3 (10.8)

H

‘
«

1, 4-addition to dienes, heterocycles, and certain aromatic
compounds to form endoperoxides. These reactions are

analogous to Diels-Alder reactions.

z o)
+ l02 —_— l (') . (10.9)

2 +2 cycloaddition reactions with electron rich olefins,

E-3

to produce unstable dioxetanes. The dioxetanes are usually

unstabie and will cleave to give carbonyl compounds.

+—o
L0

Oxidation of certain heteroatoms such as sulfur, phosphorus,

Y

O (10'. lo)

and nitrogen. In reactions of Yo, with niégggen,the oxida-

tion of N, {Anbar, 6) and NHj; (Joussot-Dubien and Kadiri,

1970) have been po lated.

2R2S + '0, ——* 2R,8=0 . (10.11)

. -

Oxidation of phenols which probably occurs thraugh H ab-

S

straction, initially yielding phenoxy and hydroperoxy radicals.

Products of phenoxy radical coupling and -other decomposition

\~
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H — O .+ Hoé
‘ * \ (10.12)
<
HOO 0 + other products
products are formed. ’ *

"(6) Physical quenching reactions have been observed for caro-

tenoid pigments. These reactions have rates that are dif-

fusion controlled (2 to 3 x 100 M_lsec_l). Azide ion, 1

’

Oz— (Rosenthal, 1975), and sulfides also quench 1Oz, at least

4

in some solvents. Certain amines and phenols will prefer-
entially quench lOz rather than react chemically with it.
Physical guenching has also been observed for the hydrated

metal cations of Ni2+-and Co2+ (Carlsson et al., 1974).

El

ld.l.3.2~ Oxygen radicals

|
In the normad pH range of seawater the hydroperoxy radical (HO:2*),

which is the conjugate acid of Oz_} should be unimportant, for its pK, -

is 4.8. In comparison to HO;°*, the dismutation reaction of O£-is slow

(k <100 M 'sec ') unless catalyzed. Therefore, with a signmificant rate,:

of generation, low steady state levels of 02 can be maintained in ir-
radiated solutions. The appreciably longer lifetime of this species in

comparison to 02 make it at least potentially a more significant

o

reactant in aqueous solutions, where low substrate concentrations exist.

-

However, comparatively little 'is known about its reactions with other |

moleculed (Czapski, 1971; Boks et al,, 1974; Fridovich, 1976). 1In
- / ’
general its reactivity will be controlled by its anionic character apd
~\
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its reduction potential {Meisel and Czapski, 1975). It has the éapacity

to .react as an oxidant Qr reductant, but in either case it reacts with
|

only those compounds which are easily oxidized or reduced, such as ‘
quinones and hydroquinomes (Patel and Wilson, 1973; Poupko and Rosenthal;
] 1973; Rao and Hayon, 1973; ‘Moro-oka and Foote, 1976) and thiols (Barton

and Packer, 1970). Unfortunaéely, many of the reactions in which 02~

- ‘

has been reported as the reactant are questionable because of the
simultaneous occurrence of 'Oz, Hz0,, ROO*, or RO*. { .

The most common test which has been used to discriminate between
. ’ ‘
0; and other reactive species is the &atalyzed dismutation of 0z by

the enzyme &hperoxide dismutase. The involvement of Oz- in a reactiodn
is indicated by a decrease in the reaction rate when the enzyme ds.

added. Some reactions which have been used for this purpose are the

L}

oxidation of epinephrine to adrenochrome (Figure 10.3a), .the reduction

\of tetranitromethane to the nit;oform anion .(Figure 10.3b), the reﬁyc— ’
tion of p-nitroblue tetrazolium chloride (NBT) to the blue formazan.de- .
rivative (Figure‘lO.Bc), and the reduction of férrifykgéhrome < to

ferrocytoghrome c¢ (Figure 10.3d) (Fridovich, 1972; Bors et‘al., 1974;
\

Fridovich, 1976).

&

10.1.3.3. Peroxides and peroxy radicals

T
Hydrogen peroxide,,hydroﬁ%gpxides),and peroxy radicals represent’

Ld

the more stable oxygen intermediate species. Much of the known chem;smry .

-

of hydroperoxides and peroxy radicals hi8¥evolved from studies of auto-

P

xidation (Nonhebel and Walton, 1974), and their reactivity in dilute

#
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Figure 10.3 Proposed Reactions of Superoxide Radical Anion

e

.

with Epinephrine, "Tetranitromethane, NBT, and
. []

7

Fe3; Cytochrome ¢ (from Bors et al., 1974)

-

<
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4
agueous solution in the absence of catalysézhéhn only he conjectured‘as

’

being low. «The same holds true' for H;0;, which should act as a2 mild

. -

. oxidant in dilute agqueous solution at a 'pH of 8. T

. 9 o~

Perdxidés'can, however, act as a source of strong oxidants produced

-
S’ .

as a result of ﬁheir3aec6mposition by certain pathways.” In the presence

A . + + .34 oo+
of certain metal 3ions (Fe2 ' Cr? ’ Ti® ' Co? , Or

" of catalytic amounts

1Y

L
cul¥) peroxides dgCompose rggﬁily to form RO* or OH* radicals (Egq. 10.13).

o‘ : " . +“ P
<. ROOH + M ——— .. RO + OB +
' [

- T

p A+ (10.13)

Y [ b4 <)

. '&0.
Decompoéftfon pathways also exist for higher oxidation state metal ions
» . B .- N
4 . . v > .
(Feiﬁ, co?®, cud*, Mn®*, and ce*"), but in this instance .peroxy radigals
' ) » hi )

-~

are éenérated (Eg. 0%14).

. : )

- M(n-l)-':

: ROOH + M. ——— ROO* + H' + (10.14)

?
3

~

Hydroxyl and alkoxyl radicals can also be produced in the facile

reaction of peroxides with 02 (Eg. 10.15) (Peters and Foote, 1976) and
through the irradiation of pero#ide solutions with near ultraviolet

.

Ed

ROOH + O3 ~——— RO* + Oy + OH ) * (10.15)

0\, S

. radiation (Eq. 10.16) (Jacob et al., 1977).

N\ . .

. hv

ROOH ——* RO* + OH* . s : - (10.16) W£~

.

10.2. Results and discussion:

L3

) .
10.2.1. Ef ive concentration limits for some added sensitizers

- 4

n,)‘ ° ‘ i

. ’
The rate of a photosensitizer induced reaction will, of course,

S



depend toda large extent on the sensitzer concentration and upon its

3\

\,\ ‘ | ‘ | e

characteristics under the prevailing reaction conditljns. A photo-
sensitizer which generates free radical chain reactions may be signi-

ficant at very low concentrations because of the increased probability

K4

?( of a collision between the substrate molecule and one ofiﬂﬁé reactive

.species in the multi-event process. Reaction chains of

hort duration

<

or single event proces , such as energy transfer to substrate or to 03,

may only be important in homogeneous. media if relatively high concen-

Voo

T

-~

trations of the sensitzer are present. A relative appqeﬁimation of the

importance of specific sensitizers can be estimated by determining the

v

’

(»lower limit of the concentration range for which the sensitizer 1s still

L}

inducing a nieasurable reaction.
For ribqflavin induced reactions of methionineb’a measurable ef—‘

fect was observed for riboflavin concentrations of less than 5 x 10714

(Figure 10.4). At these concentration levkls, f%boflavin would con-

< e .

stitutd less than 0.1% of the DOC in seawater if

ev of 1.3 mg 17!

is assumed, and yet is inducing a significant reaction With methionine

present at 1000 times the sensitizer concentration. The capdcity of

the sensitizer is apparently not irreversibly altered in the reaction,

. .

although electronic absorption spectra and fluorescence spectra of the

reaction solutions were altered appreciably during the irradiation. This
/ :
is not surprising, since rxiboflavin is destroyed rapidly in anerobic or
i

" aerobic photolysis to yield a complex product mixture (Song and Metzler,

1967). The yield of products is dependent on the ﬁH,'and the major

\

product at pH < 7,0 is lumichrome (I), while in alkaline solution the

“



Tt tav. |

Figure 10.4 Concentration Dependence of

Riboflavin on Photoinducedé@;gradation of Methionine

TWO oluti&ns/éire prepared in 359%,, artificial seawater which |,

’

was buffered with borate buffer to a pH of 8.1: L -

(a) \5 x 10 ¢ M 17! in methi&%ine and
\_,/ - - ‘ -
6 1 . . . - -7 ) B
(b) 5 x 10 M1 in methionine plus 5 x 10 M1 in
ripoflavin.

’_a

.

Volumes of the 2 solutions were combined to give the required ribo-

~ -

flavin concentrations. The solutions were air saturated and then

irradiated for 2 hours in the inne% ring of the merry-go-round system

or in the outer ring for filtered light reactions.

r

With the exception of the irradiation period all solution mani-

pulations were performed in the dark,or under red'light.

%
"
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main product is lumiflavine (II) (Eq. 10.17) (Halwer, 1951). Another

-3 - ’y

v '
: . T

’

CH,OH . ’ . )
i [} H '
HOCH CH3 2 /N\ N\(o 4 N
. I I
HOCH y NH .
- l . CH3 < N .
HOCH
* Olc O\./)/_\r
CH2 ! CH; o (10.17)
> | . . . BRI SN
CH; N y N\rO . hv CHj F N /N\fo ' N
. e 1 .
. NH , II ’ ’
P-4
CH3 N# CH3 Xy NZ NH .
f K RN
. . 0 .
~ © , CHj

~ |
cC=o0
l

v

CH3 N N o] «
i \f IIT
»
_ CHj NNF NH
0

@

<9-formylmethyl-isoalloxazine (III), was

major product, 6-7-dimethy

[3

reported at neutral and-acidic pr\values, and it, along with lumifla-
& vine, apparently arises from the triplet excited state of riboflavin
through intramolecular photoreduction of the iscalloxazine ring by the
g ! P Y.

ribityl side chain (Song and Metzler,; 1967; Penzer and Radda, 1967).

i

. Neither of these products were identified in seawater riboflavin

photolysis. 1Instead, a nearly quantitative conversion to lumichrome

-

was observed, based on the absorption spectra of, the solutions «{Figure

$

10.%5), the HPLC analysis, and the shift from a green to blue fluorescence

v .

maximum, which is characteristic only for lumichrome. The rapid shift
of the fluorescence maxima indicated that riboflavin was converted to

lumichrome during the earliér minutes of the irradiation. Since it re-

- “eea.,

quired an hour to reduce-the methjonine concentration to the values
. : '




+

(a)

(b)

Figure 10.5 Absorifion Spectra for Riboflavin-Methionine
’ /

Reaction Solution

1x 107 M1 ! of riboflavin rn dark control (see Figure 10.4)

solution after 2 hour irradiation period for wavelength

¢ .

region > 290 nm.

,
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shown in Pigure 10.4 'it implies that lumichrome is probably the major

1

sensitizer of the reaction.

"Lumichromé is believed to result from the singlet excited state

e
’ e v
-

of riboflavin (Seng, 1971), and the absence of lumiflavine or 6,7-

»

dimethyl-g9-formylmethyl-iscalloxazine may mean that the triplet state

is being efficiently quenched by Oz. This possibility was tested by
' \ A ‘
irradiating a deaerated 1 x 10 7 M riboflavin solution (Figure 10.4),

which contained 5 x 10 ° M 1 ! pf methionine. The result was a 2 fold

increase in methionine destruction and an approximate 40% decrease in

-

the amount of lumichrome formed, when compared to the same reaction?

.

in an air saturated solution. Although the réle of O in this reaction
is unknown, if‘is'apparent that 1t does quench the reaction.

Lumichrome couwld al be formed by photolysis of lumiflavine or

»

4

6,7-diméthyl-9—formylmgthyl:isoalloxazine. This process is known to be

rapié for at least the latter of these 2 compounds (Treadwell et al.,

1968). 1In any case, the end product appears to be the light stable

sensitizer lumichrome (Berends and Posthuma,:1962). For wavelengths
greater than 290 nm lumichrome appears to be light stable in seawater,
since no appreciable change of the absoprtion spectrum (Figure 10.5b)
was noted for an extended irradiation period of two hours in the nerry-
A

go-round system. .- L !

.

The formation of lumichrome occurred at wa;elengths in the near
ultraviolet region and in the 400 to 300 nm region, but none was found
for wavelengths greater than 500 nm nor was any loss of riboflavin
observed. The absdrption spectra for solutions ir{adiated in the > 290

nm and > 400 nm regions were identical, but the destruction of




.

methionine for the > 400 nm region was only 39% of that obsérved in the

. L4 L} ~
> 290 nm region. * 5

In comparison to the isoalloxazines, infoxpmation on the mechanisms

of photosensitization by natural® polyphenolic materials is virtually

ndnexiste

Their potential importance in mediating reactions in )

fresh and agricultural water‘@as been demonstrated’ (Ross and Crosby,
1973;\§3§§T*l974; Paris et al., 1975). Hewever, the concentration of
such substances in seawater is far lower, and their effectiveness as

v

sensitizers may be greatly diminished.

. The concentration dependence of two natural p YD enolic substances

(fulvic acid and the phloroglucinol-based polymer) was 4 rmined for

<

the photoinduced degradation of methionine (Figure 10.6). The relativé

reaction rate in seawater used to prepare the polymer enriched solutions

was .15 uM 1 ‘hr '. This rate was doubled by approximately 5Q ug 1}

addition of the phloroglucinol-based polymer and 240 Lg 1 ! r fulvic
acid. Since the two polymers have an ei}mental composition which 1s
approximately 50% carbon, the actual increase in terms of ug of C 17!
is roughl§ one half of thgse values, or less than 10% of the total DOC
present in this seawater. In terms oé molar concentrations, the ob-
served rate doubling is occurring at 5 to 50 x 100 M 17! of.the
phloroglucinol-based polymer and 2.5 x 107 M 17! for-fulvic acid.
M?}ecular weights of 950 for’fu}vic acid and 10° to 10°® for phloro-

- . \
glucinol-bfased polymer were assumed.

»
Although concentrations expressed as molarity or equivalents are

more applicable in determining reaction kinetics or characterizing

-

A




\\\\\\5\“’ Figure 10.6 Cdncentration Dependence of Phloroglucinol-Based

{ Polymer and Fulvic) Acid on Photoinduced Degradation of Methionine

N T

”»

%

4

-

d

Sclutions were prepared in tural seawater which was buffered with borate and saturated with

airx. All reaction so&uti?nﬁ/:;re initially 5 x 10°° M

O  phloroglucinol-based polymer
a fulvic acid

— — — seawater without added sensitizer

in added methionine.

a

£
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reaction mechanisms$, they could be very misleading when ppliéd to these
natural polymers. Natural polymers could be subject to considerable
alterétion df étgﬁcture through hydrolytic andﬁthermél ﬁfbcesses_(Ragan
and Craigie, 1977) as well as by pbotocﬁemical processes (Section 7.2).
It'is reasonable E; assume that, like many other phenolic materials,

they may polymerxize and increase in molecular weight through a procéss

like phenoxy radical coupling (Eg. 10.18b), or dissociate to give lower

Y . !

A ~ . .
{10.18)
. — Q ~ —— Q \. + . ) .
b ) 1Y
) f

o

molecular weight fragments (Eq. 10.18a). Which trend (i.e., polymeriza-
- - ’ . H i

tion or dissociation) dominates will be highly dependent, amdﬁg other

things, on the concentration range of the polymer.

| . 10.2.2. Sensitizer induced peroxide formation
i ' - .

Oxygen cén be'direct ed gy many photosgnsitizers, or it can
react with secondary pfoducts to give 0, . Either th;ough dispropor-
| tionation or further nyeduction, Oz- yields H;0; a common product in
aerobic photosensitigation reactions. The occurrence of H;0; in sea-

. water (Van Badler and Marler, 1966) could mean that it is being generated

| . by similar/processes there. However, its production could also be

low steady state concentration of H20;3, resulting from the 03/H20,

.

redox couple, has been proposed as the main controlling factor of the
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reduction-oxidation prxoperties of seawater (Breck, 1974; Parsons, 1975) -

The concentrat::;/levels measured by Van Baalen and Marler (15 to 200

-

nM 1 !), howeveY, exceed the predicted steady state conégitratiog by

several orders of magnitude and indicate that the kinetics of formation .

»

must be relatively rapid or that H202 has a higher stability in seawater

than would be egpected.

-~

10.2.2.1. Formation and stability of peroxide in prepared seawater

solutions ‘. -

-~

Various materials were compared with respect to their capacity to

generate peroxides iy/;eawater (Table 10.la). Of these, riboflavin,and
: ~ : ¥
_tryptophan have both been sho to rm H20; in aqueous aerobic solutions,’

o, . W .
when irradiated at wavelengths in e hear-ultraviolet regiop (Massey

* . s .
. SR

et al., 1971; McCormick et gi.,‘l 76). Photochemical processes in-

volving tryptophan at the%a\wa

lenghts can generéte H202 by several -

routes (Figure 6.6), but the diredt interactlon of the triplet excited

»

state of tryptophan or N—formylkynureniﬁe with 02 at the concentrations

? .

by substrate with subsequent reduction of .Qz=

.

‘tryptophan solutions revealed %hat the triplét pathway might be more
’ * ( . ‘
important (Pailthorpe et al., 1973). Thé,sgme mechanism may be operating

for riboflavin, although in this case intramolecular reduction is pos-

sible. However, the rapid transforhatioq of riboflawvin to lumichromeﬁ\\

for whigch intramoleculaﬁrreduction is, not pdssible,,would suggest that

a change in the rate of peroxide formation should have begen observed

shortly after iﬁitiating the irradiation. It was not. It is therefork®
- ‘ .

’

lash photolysis of aqueous '

«d

‘e
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' a.- EFFECT OF POTENTIAL PHOTOSENSITIZERS ON PEROXIDE FORMATION§

¢ '

A

e

IApparent Peroxide

) Ly ’ i
‘ Seawater Solutions Fi;?islogrgate
\d ) ) p
No addition 11,2
95 g 17! Fulvic Acid . 19.2
25 x 17 M 17! Riboflavin «33-9
5x 10 ° M 17! Tryptophan / 49.6
1 x 10 M1} Isoxanthopterin ) 13.3
B, e -
590 Hg®1 ! Phloroglucinol-based polymer 222

A

-

b. EFFECT OF NON-PHOTQSENSITIZERS ON PEROXIDE FORMATION

(RN

—c

- L]

Seawater Solutions

Apparent Pero&;ﬁe
Formation Rate’

nM 17! hr”
No addition - . 11.2
*10 X Enrichment of TMEM . 4.34 .
5x 10 ¢ M 17! Methionine ' 18.5
- _ 6 _ -P ~
1x 10 °#%,17" No, ) 2.4
1x10° %M1 N0, + 5 x 10 ¢ W17} 24.0
Meth¥onine .
~ ¢ ™~
\ , '
. . ) : | .
. \
" . By * @1 . e e '

s
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likely that Oz is being reduced through a D-O mechanism, and not via

Y

S5

-the reduced form of the sensitizer (reactions M and N in Figure 10.1).

.

The addition of’a ;eadily'oxidized substrate can facilitate the formation
of Qg;MS} increasing the yield of the redﬁced sensitizer through the
‘ﬁik mechanism. This might explafn the observed increasesin the apparent
formation rate of peroxide when methionine is added to seawater

(Table 10.1b). Reducing agents such as EDTA, methionine (other amino

acids), and tetraméthylethylenediamine have often been used to i§crease

the D-R pathway and to generate 0, in aerobic solutions of various
X '5 ‘
sensitizers, including flavins (Frisell et al-., 1959; Massey et al.,

1969; Beaushamp and Fridovich, 1971).

Peroxide formation wag also -investigated for three other substances:

isoxanthopteri (2—amino-4,7—§teridinedibl), fulvic acid, and the

phloroglucinol-based ﬁolymer (Table 10.la). Only isoxanthopterin failed
$
) A
to give a significant yield of peroxide; this might at least in part be

due to its high insolubility in water at a pH of 8.1. The polyphenolic |,

' polymers were both found to generate peroxide; the phloroglucinol- .

e .

based polymer was expecially productive. In fact, qu the same con-
*centration of the 2 polymers, there was approximately a 11 fold differ-

ence in the amount of peroiide produced (Figure 10.7). Both polymers

can'?ause an appreciable increase in the amount of peroxide accumudated
‘ n

X
* when they are present.at low concentrations. Only 12.5 ug of carbon as

the phloroglucinol-based éolymer and 105 yg of carbon as fulvic acid

were necessary to double the accumulated concentration of peroxide in

th&s seawater. ) ' 5\'

-
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Figure 10.7 Concentration Dependence. of
Fulvic Acid and Phloroglucfnol-Based Polymer

on Formation of Peroxide in Seawater

Solutions were prepared in natural seawater which was buffered
with borate and saturated with air. The solutions were irradiated in

merry-go-round system for 15 minutes and then immediately quenched.

.

1
i

B  fulvic acid solutions are enriched to 10 times ug 1
values shown on the abscissa

) A phloroglucinol-based polymer

N
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Measurement of the accumulated/g?roxide concentration cannot be
applied directly to determaining its rate of formation. Although pero-

xides might represent one of the more stable oxidants formed in ir-

\

radiated solg:%ens, they are probably unstable 'under the reaction con-
ditions used in these experiments. The observed accumulation rate

(kp, see Eg. 10.19) is actually the summation of the formation rate
kp = kp = kg = kp (10.19)

(kg), the light cataﬁyzed decay rate (ky), and the dark decay rate (RD).

If this equation 1s considered only for H;0;, and ‘it 1s assumed th&t

H2Q2 1is entirely formed by disproportionétion of 02 (eg. 10.5}), then
. kg 1s related only to the active photon flux, the concentration of 0z

producing substances, and their guantum yields, unless other constit-

————— -
=

uents of the solution intgrvené. Therefore, even if the concentration
and characteristics of 6;_ p{éducing substance§ do not vary among dif-
ferent seawater samples,.a change in composi;ion of other constituents
could alter kp. This has a%réady been demonstrated for methionine,
and might be an anticigated result’ for other organic materials (e.g.,
phenols or guinones, Eq. 10.20) or for various transition metal ions

-~

(Eqs. 10.21-10.23), like Cu?’ (Klug-Roth and Rabini, 1976) or Fe’”

(Barb et al., 1951). . )
: OH 03 0- 02 >
— —_— (10.20)
OH OH _ 0 _
. + HO, + HO,
2+ - + ’
’ Cu + Q0 ——= Cu + 0 (10.21)
- 28 )

cu?t + 0,7 ——— cu®" + Hy0, (10.22)

re’t 40,7 —— rFe?t + 0, . (10.23)
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The same type of constituent variations could also alter kD and

5

kr, for Hz0: is unstable in the presence of trace amount.,cf many
*

_inorganic and organic materials. On the basis of conkentratlon, the

halide ions represent the most notable component group in seawater
toward which H;0; is unstable. The reaction with Cl~ yields &1,

(Eg. 10.24) and the first order rate constant for the disappearance of
.J

H,0, + 287 4 2017 ——— Cl, + 21,0, (10.24)
H;0, ag pH 8.0, 20°C, and in .5 M NaCl is .0082 hr ° (Skopigtsev,
1949a) .. Low cotteentrations of Cu’? were found ;o cause a considerable
acceleration in the rate, while some organic compounds 1inhibited the
reaction (Skapintsev, 1949b). Under similar conditjpons, Liebhafsxky
(1932) 1investigated the decomposition of H;0, in iodide .solutions

(Egs. 10.25 and 190.26) and found a first order rate constant of .69 sec”

.

-

Hy,0, + I ———— 10 + Hy0 (10.25)

-

107 + Hy0, —— I+ H,0 + O, (10.26)

-

at 25°C for reaction 10.25. Although the reaction has also been
studied for bromide solutions (Bray and Livingston, 1923}, no informa-
; :
tion was found for the decomposition near the neutral pH region. How-
&

ever, it 1s reasonable to anticipate, on the basis of oxidation poten-

tials for the halides, that the decomposition rate would increase in the

ordér C1 < Br < I
Reactions contributing to k; can result directly from the.phbto-

lysis of H,0:; (Eq. 10.16) of from the reaction of H;0; with secondary
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photolysis products ;uch as free'radicals (;q. 10.15) (Hunt and Taube,
1952; Pete;s and Foote, 1976). Above 300 nm, H202 photolysis proceeds
exclusively to OH* with a primary quantuﬁ yield of .5,;0 .6; the ob-

serveé non-chain reaction quantum y:ield 1s 1.0 to 1.2, as a result of

) (]
the production of O* (Eq. 10.27), which then reacts with more H;0;

1

hv hv .
H0y ——— 20H* — H,;0 + O : (10.27)
oy
(Jacob, 1977). Rapid alternative reactions of O* in seawater should

dower the gquantum yield to less than one. Nevertheless, this high

quantum yield should provide a rapid H;0; turnover rate for wavelengths

to 370 nm, even though peroxides have a comparitively low molar extinc-

’

tion coefficient above 300 nm. Agaln, the rate ky, can Se dependent on
the concentration and nature of minor constituents which scavenge ffee
radicals resulting from the primary photolysis and thereby reduce ¢ to
a value which is not less than 0.5.

The importance of some minor constituent variations on kA for a’
natural seawater sample are shown in Table 10.1b. It has already been
suggested that the role of methionine may be to alter the sensitizer
mechanism from D-O to D-R.j Another possibility exists, however, if
methionine reactions involve free radical intermediates which in the

¥

1“M‘-“—-‘- + - .
presence of O, form peroxides through what amounts to an autoxidation

reaction sequence (Eqs. 10.28-10.34). Since radicals (R*) typically

[

Initiator — X-* (10.28)
} Initiation ‘
X* + RH —— XH + R (10.29)
R* + 0, —* ROO* ‘ (10.30)

} Propagation

ROO* + RH —m—* ROOH + R°* (10.31)

v\d" B
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ROO* + R* —— ROOR . (10.32)
:\ -
‘ 2R* — RR ) Termination (10.33)
™~ .
2RO0* —> ROOR + 03 : (19.34)

-

.

have short lifetimes and would be present at very low concentrations,
the termination reactions 10.32 and 10.33 should be dnimportant, as
should reactioﬂ 10.34, as long as a sufficient supply of RH is present.
Other termination reactions should certainly be active in-seawater;
however, the prg@ominant product of autoxidation pathways under these
conditions should be hydroperoxides. This could explain why NOz
inhibits peroxide formation while NO; plus methionine increases 1its
apparent rate of formation (Tgble 10.1b). 1In this case NOZ— acts &s the
1niﬁiator énd methicnine as the substrate for hydrogen abstraction.

When only NO; was added, a coAsiderable reduction in thg apparent rate
was observed after a short induction period, during which thejrate was
the same as measured in seawater without any addition. This does not
appear to’be the result of dark reactions involving H;0, and NO2 , for
solutions of theée two materials undergo no detectable thermal reaction
at a pH of 7 to 8 for periods of up to 20 hours (Schwartz and Allen,
1955). T%g stability of H20:; towards Noz— was examined by measuring the
decay kinetics of H,0, in seawater with and witgout a NO2 enrichment:
Without NOzi( k) was 1.07 x 10" % sec™!, and with 5 x 10 ® M of added

——

NOz-, k) was} .99 x 10 3 sec_l; bothgﬁere determined at 20°C. The dif-

ference betgreen the rate constants is within experimental error for the

/
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It appears that inhibition is lighﬁ‘in}tiated and may involve a

produét of NO, photolyéis. The ré%ulting inorganic ffee radicals

[y

(e.qg., OH*,Br,* , or HCO3*) are tpo short-lived evertto maintain a
sufficient steady state concentration to ?e significant competitors
for peroxide or peroxide intermediates. Nitrite photolysis also
generates NO and NO;z, which,)although not stable, should have appre-
ciably longer lifetimes: If a sufficient steady state concentration
of these can be maintained, peroxide or peroxide inteFmediates could

conceivably be removed by reacpions such as 10N\35 through 10.38.

Oxidation of NO by H20; does not appear to be important, because thé -

- 2NO + Hz0, — 2O, + 2" (10.35)
NO + 0, —— NO + O- \ ©(10.36)
NOp + Hp0p — 2HY + N0, + 0p” (10.37)
NO; + 0 —* NO; + O,  (10.38)

reaction is very slow even at much higher concentrations (éeddog anad

Sutton, 1963) than would ever be present in these solutions. Oxida-

¥ . R .
tion of NO by the perhydroxyl radical is an important reaction in

atmospheric chemistry (Demerjian et al., 1974), but the extént of itg
N
reaction with O, (Eg. 10.36) in seawater)is unknown. Oxidation of

’

either H;0; or Oz— by NQ, is also possible, since NO; and its dimer

e .
-«
are relatively strong oxidizing agents.
\ -
Inhibition of kp by NO2 could be far more complex than the g

/

mechanisms involving NO or NO:2 proposeg here, but without further in-
formation on the chemistry of NO, and its photolysis products in sea-

™~ &

\

(™)
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water, any proposal is only speculative. The same holds true for

transition metals, which inhibit peroxide accumulation (Table 10.1lb).

A

It is apparent from the results shown here that the observed'kF
' :

in seawater can be controlled by substances other than those respon- .

.

sible for peroxide formation, and that k, for natural séawater could-

be determined by a complex array of variables.

10.2.2.2. Formation and stability of peroxides in seawater
»

The light catalyzed formation of peroxides in freshly collectegd
4 - )

seawater was demonstrated for numerous samples; all that were te§ted

gave measurable yields of peroxide. Peroxide formation was not.found, ~_
however, in artificial seawater or deionized water when they were sub-

jected to identical expérimental conditions. This indicates that the

property is peculiar to seawater and does not arise from -an artifact

of the experimental procedures.

.

The reaction(s) inducing peroxide formation were, for .the sea-

(Y

water used, restricted to wavelengths of less than 400 nm. This re-

sult suggests that major differences in the light source outputs should

contribute to major differences in kp when the same seawater is exposed

4

to di¥eren

clight sources. Although differences were observed, they i///

did not reflect\ the wgdghted intensity outputs of the different .

sources in th¢ near-ultrpviolet region. The reasons for this were not

A

determined, but likely that kL is greatly enhanced thfough pri-

mary peroxide photolysis by the strong 313 nm line from the mercury

lamp. This increase would be expected because of an increase in the
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molar extinction coefficient for peroxides with decreasing wavelength:'
- BN

Therefore, environmentally accurate determinations of kp are best made
using sunlight although some of thé difficulties in doing so are re-""
flected by a loss'of precision (Figure 10.8a). This probably resd?%g

in part from inadvertent changes in light intensity and energy dis-

-

tribution, especially for shorter wavelengths (Figure 4.2). BAlso, the

. -~

usual problems inherent in field studies manifest themselves even more

in an analysis involving unstable reagents, precise aliquot additions,

¢

and precise mixing rates to measure an unstable product. In an attempt

to eliminate some of the problems, the experiment was conducteéd in a
_series of different quartz tubes (Figure 10.8a),- with each representing

a specific reaction and with the analyses performed in the laboratory

within 10 minutes after removal from sunlight.

3

Far better results were

obtained when the reaction was conducted in a single gquartz vessel with
7

the analyses made near the irradiation site (Figure 10.8b). Part of the

difference observed in these two experihehts could result from catalytic

decomposition of peroxide at contadiner walls. This effect has been ob-

<

served in homogeneous liquid phase studies on the catalytic decom-

position of H,0; (Uri, 1949).

’

Under controlled laboratory conditions, seawater irradiations with

artificial light sources gave far better analytical precision (Figures™

10.9a, b). In some cases an initial 'induction period was observed,

after which peroxide levels climbed rapidly. In Figure 10.9b, it is

-

shown that virtually no peroxide accumulation was observed for the first

5% hour of the light irradiation. As in the case of added H20;, or

- 3
4
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Fiure 10.8 Peroxide Accumulation in Seawater

Irradiated with Sunlight

-

- ’ \\
Freshly collected seawater (salinity 319, ,) was buffﬁred with © -
borate, filtered, and exposkd to sunlight in sealed quart% tube (s)

~ o - .
. .4 A . * .
which was;i rsed in ™~ 10°C seawater. Duplicate perox1d;\¥nalyses

A

T~ . \\
were ru {E/t e times shown. \ .
- \\
R S

THe ekperiment was performed in late August. Averaged sun-
’ : v,
light\gpe over “4 hour periods are shown in the block diagram.

A. multiple gquartz tubes

B. single guartz tube .

K
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peroi&@é formed by added photosensitizers, a significant dark decay rate
(kD)‘is again observed for peroxides formed during the irradiation of

natural seaWater (Figufe 10.9b). The decay is virtually instantaneous
upon the addition of a few micrograms of catalase to seawater contain-
ing adquﬂﬂzoz or seawater containing peroxides formed from the sub-

} . ' .
stances shown in Table 10.la. Organic peroxides are either unaffected

-

or are destroyed slowly by catalase (Baldwin, 1957), while the‘second

order rate constant for H;0; decomposition is approximately 107 M sec !

(Bonnichsen et al., 1947). This suggests that the peroxide which 1s

being measured is H;0p, but it does not rule out the possibility that
: |

‘v’\

other organic peroxides are present which are‘nqt detected in the

Beroxidase analysis.

e
10.2.3. Characteristics of photosensitizers in seawater
r 7

10.2.3.1. 'Light stabaility ‘

.

An effect of the continuous illumination of seawater was a decrease
in the solution absorbance at all wavelendths ¢Table 6.1). To examine

the possibillity that there Was a concomitant loss of peroxide fé?hation,
Y -

seawater

ples which had been irradiated for different durations were

tested ¥y measuring_the peroxide accumulation when re-irradiated for a
(S . - , ‘" N

%ed time. The solutions were given 48 hours to re-equilibrate before

"the second irradifption peried was initiated.)\ Peroxide concentrations

were compared to sQlution absorbance (at 310 nﬁ), and fluorescence

, e * ~
emission intensity measured  (at 490 *nm) immediately before the second.
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10.2.3.2.

To estimate the molecular weight of photosensitizing agents, sea-
water was ultrafgltered u31;g.én Amfcon UM-2 D1iaflo membrane which has
a hominal molecular weight cut-off of 1000. The efficiency of the re-
tentron of light absorbing components was found to be highly sensitive
to the ratio of filtrate flow rate to spiral channel flow rate
(Section 5.8); at higher ratios, less retenbion. was observed (Figure
10.11). The reasons for this marked difference are not clear, but.it
suggests that much of the material involved is not ;deally suited to
molecular weight fractionations of this type. It does, however, apgear
that the larger fraction of light absorbing material is of relaglvely
low molecélar'weight. This is consistent with the observation that the
major fraction of humic substances in coastal waters 1s present in the
molecular weight range below 700 (Prakashngg al., 1972; stuermer and
Harvey, 1974). VWheeler (1976), however, found that the < 1000 mole-
cular weight fraction never constituted more than 30% of the total
visible light absorbing species and averaged about 10% for all areas
studied. The difference between Wheeler's results and those presented
here may be real or it may be an artifact of the methods or Amicon

system used (i.e., stirred verses spiral flow channel). It would seem

that results aré highly depenpdent on the conditions chosen. Ogura
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Figure 10.10 Light Stability of Fluorescence and

Peroxide Forming Entities 1n Seawater

Freshly collected seawater (Fébruary) was buffered with bora:é,
filtered, and irrad:ated in merry-go-round system £or beriéds of
L&; l; 2, 4, and-7 hours. Fluorescence (Excitation i 380 nm,
Emission A 490 nm) and absorbance (310 nm in 10 cm cell) measure-
ments were obtained for each solution. After standing at 0°C for
48 hours the samples were re-irradlased for a period of 1 hour in

1

the merry-go-round system and the peroxide concentration was deter-

mined fdr each sample.



-~

AVILINI

SHNOH ‘3WIL NOILYIQVNNI

, &

FRACTION OF INITIAL FRACTION OF INITIAL

[PEROXIDE] x 1072 M FLUORESCENCE _ ' ABSORBANCE
o M > o ® O O Nap» o ® O O M » o ® o

O REEEERERREREE T T ) T T T T T

/\Y\
\

Ly



Figure 10.11 Absorption Spectra for GFC Filtered and Ultrafiltered Seawater

<

L)

All spectra were determined with 10 cm pathlength and against distilled water.

-

A. GFC filtered only -

v

B. UM-2 filtered with 0.5 ratio of filter flow rate to spiral channel flow rate

C. same as B with flow rate of one

e
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(1974) points out that fractionation procedures of this xipd should ' .-
always be conducted under the same experlﬁental conditions, because
decreased retention will occur for some materials. as concentration of
organlc/gatter in the concentrate zncre;ses. The accuracy of molecular
weight determlnat;ons by such methods 1s certainly guestionable because
calibrations are done with specific compounds which may in no way

resemble the molecular dimensions or other properties of natural DOC.’

Schnitzer (1972) has elaborated on the difficulties of using gel

chrohatograghy to measure the molecular weight of humic mater:ials,
’
/

which give molecular weights that are 2 to 10 times higher than ;ﬁose
determined by other methods, and suggests that calibration with aell .

characterized humic fractions would overcome many of these difficult:es.

The actual molecular weight cut-off for organic material :in sea- . -

water may be in question, but fracticpation using these filters should,

-

nevertheless, provide a means of semi-selective removal of ocrganic N

.

materlals without appreciably altering other properties of the solutjion.
With this in mind, samples of seawater were ultrafiltered and then

compared to the same seawater without ultrafiltration by measuring - \

speci1fic characteristic photochemical properties of each under iden- .

tical' conditions (Table 10.2). The results show that the photoréactive

.

constituents are removed to a large extent by ultrafi ion, but that

v

an appreciable fraction of what 1s probably rglatively 1 molecylar ,

.
-

weight material ‘ts-nat retained by the UM-2 Falter.

10.2.4. Photoreactivity indicators

- v
- [}

Besides amino acids, there are many other compounds which can be

PR
. . Al .
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> 300 nm.

This represents the average fractional change of absorbance for wavelengths

Relative rate constants determined over 2 hour irradiation time in merry-go-round system.
The added methionine concentration was 5 x 10=% M 17!,

Relative rate constants determined over 1 hour irradiation in merry-go-round system.

N

See Section 10.2.4.2.

5 . .
A, B and C represent same seawater that was used for data irr Figure 10.1.
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{_/ OAbs ! Fluorescence DOC Methionine 2 Peroxide > Epinephrine
Abs Intensity mg C 1 Reaction,: Formation, Indicator,

- . ky, sec”V nM 17! hr™! R
GFC Filtered Only, A> 0] 4.00 .85%.08 2.11%.04x10° 2504 22.0%0.3

& * y

. UM2 Ultrafiltered, BS .38 2.46 .72+.05 1.74+.04x10° 2&1.’.2 --

UM2 Ultrafiltered, C5 .45 1.54 .46+ .03 1.06¢.04x10 15612 16.7+1.5
Y

0S¢
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reactive enough to scavenge quantitatively short-lived radicals 1iKs .’ /

0, when they are generated in radiolysis, photochemical, or dark

gL,

[}

. . R
used as photoreactivity indicators for seawater. Some of thesef axe -

I/’

'
e

i

* oW

" reactions (Bors et al., 1974). For some of thegse compounds thg/

4
reaction rates cazrbg monitored-by direct

—— .
reaction solutions. This offers a distingt advaprdge

slower amino acid analysis, but also introduges a new

the absorption spectra for these compounds,

products extends into the near-ultraviolet .or visible

filter effects or reactions initiated by direct photolysis of the in-

over the much .
L ]

ometric analysis of the

proklem in that

region.

Figure 10.12) or their

aner

dicator reagents, therefore, become a contern. This problem can be

.

-

alleviated to some extent by using careful controls and limi%ing

-~

’
1

radiation wavelengths to certain regions. BT, for instance, might

be useful for wavelengths greater than 400 nm, while epiﬁephrlne might.

v
¥

be useful at wavelengths greater-than 300 nm.

P

. -

O [y

The 'possible usefulness of sucb indicating reagents can only be

o

.

ascertained by thoroughly stﬁdying their photochemical behavior in

+

seawater solutions. A cursory look at the characteristics of some

potential indicators of seawater photoreactions follows in the next

.
few sections. . ‘
1

10.2.4.1. NBT

, ©

ince polyéhromatic radiation of > 300 nm was used, NBT had

~

limited application because it attenuates radiation of < 400 nm to laxge

extent (Figure 10.12B). Its application in detecting 0; resulting *

“*n *
T —— +
.
.

B

v
-
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Figure 10.12 Absorptien Spectra of Epineph

3
t
A
’
. . a
d NBT and Fe3i“§ytochrome ¢ in Seawater -
« All spectra were measured using a.l0 cm pathlength. The solutions were all adjusted'to
pH 8.1 with borate buffer. . y :~“_ ) . ‘
. L A. 1% 100" M1 ! of epinephrine '\\5_ ' !
- . . - ‘ . .
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. from reactions at longer wavelengths was tegted nlx 10 %M ribo- %
. a

flavin seawater solutions containing sufficient eth;;;I;E“EB*gener;te

0, by the D-R pathway. This reactisa required/l x 10 ° M 17! of NBT

to give sufficient color devilopment, indicating that it would probably

not serve as a good.method for detecting the‘expected lower levels of

-

02- generated in natural seawater. .L .

- Application of this method to natural seawater samples did give

positive results, but the yields of blue formazan dye Qere too low to

.

warrant pursuing the method further. >

. 4

10.2.4.2. Epinephrine

3
o -

Epinephrine.is readily oxidized by weak oxidizing agents to give

adrenochrome (Figuré 10.3a)., This reaction has been used as a, sensitive '

method for -detecting O, in agueous solutions (Misra and Fridovich,
1972) and conceivably coudld be used to test for the occudxence of this
and perhaps dther ghort—lived oxidants in seawater. Interpreting the

stoichiémetry of such reactions is complicated by an augmentation of iL

-

rate of autoxidation, which has been explained by the catalytic effect

of accumulated-adrenochrome (Trautner and Bradley, 1951). Autoxida-

tion can apparently be initiated by trace concentrations of various

.

transition metals, and the result of increasing TMEM concentration is a

concomitant increase in the rate of color development in irradiated

-

seawater solutions containing epinephrine (Eigure 10.13). This does not C;

3

constitute a significant prpblem in seawater, where transition metal

ﬂoncentratiqns are normally relatively invariant, but in artificjal

- .

~s .
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»
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’ Figure 10.13 Effect of Transition Metals on
Light Initiated Epinephrine Oxidation in Seawater
| !
The experimental procedure is described in Appendix 2, Section T .
) T g a
IX. The valde R is proportional to solution absorbance at 485 nm , L
N M N r .
and is defined in Appendix 2, Section IX ) : to- T
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3

seawater solutions the cgncentration of some transition metals is high

enough to be a major interference. For this reasom, artificial seawater
/

«

was not used as a control; instead, Super Q water was used. —

Deionized water may still give a control blank which is too large,
for the rate of autoxidation is salinfty dependent and procéeds ahout
twice as fast at 0%, salinity as it does at 35%,, salinity (Figure
10.14). In an attempt to overcome tpe problem of salinity dependence
and metal contamination, artificial seawater was passed through purified
Chelex 100 resin. This purification step resultgh in a 94% decrease

in color development (Figure 10.15). Analysis of the Chelex 100 treated
artificial seawater revealed that the concentrat;ons of the metals Fe,
Mn, Cu, and Zn were reduced by 95% or greater. The decré;se in color
developm:nt, however, could in é:rt be due to impurities introduced in

t&e Chelex 100 treatment. These can include amines, NOz—, and NOa-;

of these NOZ_ was . found to be a strong inhibitor-of color development

\
in irr#diated epinephrine solutions (Figure 10.43).

The difficulties encounteréd in obtaining fan accurate control

°

blank also apply to the medium in which the reference standard was pre-

[y

pared, and pgain Super Q water was used. Reference standard, here,

refers to a specific photosensitizer added at some known concentration
¢

to a solution containing the same conceﬁtration of epinephrine, and

buffered at the same pH as the sample. Both the sample and reference

s

standard solution were“irradiated under the same conditions and the
ratio of the absorbance change (100 x sample/reference standard) for a

set exposure time gave a comparison index which was designated R (see

.

4
[

.
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Figure 10.14 Effect of "Salinity on Light Initiated

7

Epinephrine Pxidation Induced by 1 x 10 ' M 17! of Riboflavin

) ‘ ;
For method and definition of R see Appendix 2, Section IX.

-
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Figure 10.15 Effect of NO, in Seawater and
Impurities in Salts Used to Prepare
Artificial Seawater on Epinephrine Oxidation

\;> .

L]

seawater with an added 5 x 10-“6 M1

L2

seawater

- -
of NO;
artificial seawater

artificial seawater which was passed through purified Chelex
100 resin

7

PR PR

el

e t9

o cndl,

o ~
R e ARSI -« S

1




257

1.0 . 257

P

ABSORBANCE
;

0 /4\, 1 1 L ] 1 1 1

0 | 2 3 4 5 6 7 8 9 10
TIME OF IBRADIATION,‘ MIN.

T g A DA e X AL rm »

rL L ase g




g PP

["naand

258 :

-~ - o 258

épgendixw2, Section IX). This value should only be used in comparing
samples irradiated with the same light source, or sources with the

same spectral energy distribution, since it is highly unlikely that
the’ photochemically active spectral region of the reference photo-
sensitizer and seawater will be the same. It is also best to use a
re}erence standard whose absorption maximum is somewhat removed from
the absorption maximum for adrenochrome (485 nm); otherwiss inner
filter effects canﬂbe very significant. Methylene blue with absorptiwn
maxima at 668 nm and 609 nm was used as the reference standard. The
photochemically initiated color development in solutions of epinephrine
was linear to at least 10 nM 17! of methylene blue (Figure 10.16).

The photoinduced color development in epinephrine-seawater solu-
tions was common to riboflavin, fulvic acid (Figure 10.17 a,b) and the
phloroglucinol-based polymer. It was also observed for‘seawater di-
luted with stream water (Figure 10.17c). In all of these solutions
th; value of R was substantially decreased by adding NOzﬁ, Ni-, or I—, ‘
or by removing dissolved O; by sparging with Oz2-free N, gas. Quenching

4

b;bNa— and I and a substantial reduction in R by removindg Oz suggested thdt
102 might be the reactive species. However, exposure of eéinephrine )/
to 102, generated from the reaction of H202 and NaOCl (Debey and

Douzou, 1970), gave a negligible increase in absorbance. The reaction‘

was also not induced by Br-radicals, since no significagt increase in

color development was noted for irradiated Br + NO2 solutions. Nor

was the reaction induced by Oz or added Hz0,. The kossible involve«

mert of 02 was tested by adding superoxide dismutase, which catalydés

/

. S




Figure 10.16 Color Development’ in Irradiated

Epinephrine Solutions Verses Methylene Blue Concentration
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Figure 10.17 Color Develbpment (R) in Irradiated Epinephrine-

AN

Seawater Solutions Verses Concentration of .,

™
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Riboflavin, Fulvic Acid, and Stream Water
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-

the disproportionation!of O, . }When added at -1000 Hg 17}, superoxidé

dismutase had no effect on the riboflavin;iqguced reaction with

. .

. ~

epinephrine. Also, the addition of methionine at 1000 times jthe con-

centration of ribgflaviﬁ'(l x 10 ® M) .should have significantly*in~

creased R by giving larger yields of O, ; instead, the value of R

décreased. These observations are indaccordance with those of Misra
. 3

a

; and Fridovich (1972) , who founa‘tﬁat Qz_.was apparently .not involved

in the spontaneous autoxidation of épiﬂéphrine at pH 8.5 and below, .

3

»

.8 ExS i ‘
but was at higher pH values. However, co-oxidation of epinephrine by
\ : ’
. s ,
xanthine oxidase {an O; solirce) at pH 7.8 was inhibited by superoxide

c . : : - . ¥
dismutase, indicating that Oz 1is a potential reactant with epinephrine

? s\

at near neutral pH vadues. Misra and‘Ffidévich (1972) proposed that .
i ¥ nl ‘! N

two reaction pathways exist. One involves 0, as the chain-propagating

- »
~
w™

species (Egs. 10.39-10.42) and'thé other involves disproportionation

) 5 -
.

. . 1

.

- + o
RH, + 92 + H ———F RH3* + H;0:

\ (10.39)
- . ~ “ - + 4
N RH3* + @2 . T RH + O + H . (10.40)
] ¢ - . .-* o .
. RH; + O2 + H. — RH* + H202.° . ] (10.41)
’ N A ' .
. RH» + 02 “—> R+ Og-+H (10.42) -

' " . ' L
» where RHy represents epinephrine
AY -~

. . Rerepresénts adrencchrome : )
- 4

o -

L " . . .
reactions of partially oxidizéd epinephrine intermediates (Egs. 10.43-

LS . R -

l@.26». In §§awa§er solutions‘éontéining relatively high concentrations

o\ ]

a $/¢ »
- \‘“ A 3 LR @
7 RHy, 2+ “sens —— RH3* + sens, .4 (10.43)
¥ N i .t N
T, RH3* + RH3* — RHz + RHy» (10.44)

~
v
n
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- L .
’ Y. b,
) . . R . )
RHz* + RH; — RH* + RH, . -tV (10.45)
RH* + RH* —=— R + RH2 ' e ot ’ .(10.46) .,

N .

- N - .

’ of photogsensitizers, the levels of epinephrine freée ré@icals may be
- m . Y * - ’ . D“&'D u'
maintained by the D-R mechanism (Eq. 10.43) at suffibiently high levels

.
. . '

for dispropdrtionation reactions to.predominate. Epinephrine should be

" it should compete

1 - -
‘readily oxidized by 3sens, and at 1 x 10 M1t

v

sucgessfully with dissélved,OZ for the seﬁsiti;er. The observed de-

~ 1
- . . '

crease in reaction rate when dihwas removed might be_ explained by its
» ‘ '
“ role in regenerating the sensitizer (Eq. 10.47), and hence impeding

t ° ¢ ’

te

» . . . 4 e . ] 0] 1
reactions like 18.48 or simply by acceleratihg sensitizer regeneration, a!

[y \ . .
w d'ﬁ i s Al
.

sénér‘ed + 02 — sens + 02 .- (10.47)

- : Sens,gq*t RH3* — sens + RHy ) (10.48)
- . \

-

- . T e A
.

which could be the rate limitinq step in” the overall reaction. '
° N )

[ » .

The use of epinephrine in natural seawater solutions containing
. <t

£

no added sensitizers gave R values which were hiéher than those ob-

"

— - éaihed in artificial seawager‘og Supgf 0 watek. Th%_rang for 8
® . . . . e

samples, all from the galifax”N.w. Arm or St. Margaret's Bay, was 69.4

to 16.4 with an average of 33.3. féor one of these sémples, filtered

L]
- -

g light reéctions revealed that 33% of the reaction was occurring in

“y region'A, 60% 4n region B and 7% Ln }egion C + D (see Figure 3.7).

v ’ As %as tq? case for added sensitizer;, Na_, NOz— and 1~ all.func-

¢

fioned as* irthibitors of -color development. However, unlike the results

-
Y o

o ‘obtaiped for added sensitizérsi superoxide dismutase partially inhibited
) ¢ AR N the: reaction (Figure 16.18), and the removal of dissolved Oz caused an
. ) - . } "
. . B <

a - a
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SE Figure 10.18 Effect of Superoxide Dismutase on Color

’ . Development in Irradiated Seawater Solutions

Containing Epinephrir{e
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3
kXY

increase, rather than a decrease,

ways. The increase

phrine. This could be the

result of

266

in reaction rate. These results

dsens quenching by 0; to produce

unreactive 102, (o] consqution of some of the 02 in other reactions.

Thelefore, to fatilitate the measurement of Ysens entities in seawater,

o

it might be better to use the epinephrine indicator under anaerobic

conditions.

10.2.4.3. e cytochrome'

FeS+

-

c

cytochrome ¢ is readily yeduced by 02 and by e

aq
1 -1

Swallow, /1971) with rate constants of 1.1 x 10° M 7! sec and

~

2 x 10'f M ! sec’!, respectively.

- rapidlf by O, (k & 2 x 10!?

The ey

q is also scavenged very

M, 'sec l),,and in air saturated aqueous

solutlions, the reduction of Fedt cytochrome c should occur oniy with

longer-lived reducing species unless suffiﬁiently high concentrations

“* 0 .

of, éytqchrome c are used.

However, the concentration of cytochrome c

8 .

at can be used in seawater is limited by solubility. Even when

cytochrome c was present at

a

g

3

<

1'um 1710,
3

Y

D S N e

turbidity usually developed in :
X

.

-

4

coffcentration was lower than that added.

less than 1 hour in seawater of greater than 30%,, salinity. The ex-
,periment had toé6 be conducted as quickiy as possible, after the reagent
- was mixed with seawater, anrd even then there was evidence from com-

parisons with deionized water reaction solutions that the effective

(Land and

7

@

3

o

PO T S

PO

L
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To estimate the light initiated reduction of cytochrome c, a dark
control must be substracted from the absorbance of the irradiated

sample. This corrects for light scattering due to tufbidity increases, ,

-

L}
and also for a dark reduction of Fe’? cytochrome c, which for poly-~
phenolichmaterials is quite® substarmtial (Figure 10.19). The dark re-

duction reactions are not impeded by superoxide dismytase at con-

' g
centratioﬂ? of up to 1000 uUg l;‘" indicating the O; is probably not

involved in the reaction.

N .

- i
. JIn irradiated solutions of"~ tryptophan, riboflavin, and fulvic acid, .
the formation of Fe?t cytochrome c was inhibited by the presénce of

500 ug 1 ! of superoxide dismutase (Figure 10.20 a,b), thus implying

-~

that 0, is the active reducing agent. This inhibition was not obser;ga

for the phloroglucinol-based polymer (Figure 10.20b), yet this was

-~

found to be a copious source of peroxide (Section 10.2.2.1.). If the

‘measured peroxide was indeed H,Q2, then either it is being formed .
directly by a two-electron reduction of Oz, which seems unlikely, or the
superoxide dismutase is noé functioning in its usual capacity in the

presence of this polymer. The latter possibility dould be due¢t6 the

enzyme's deactivation by the polymer or to the reduction of re?t

-

cyctochrome ¢ via a ch%rge transfer complex with the polymér; in which

case, Oz would not be involved in ‘the reaction. a

The nature of NO; and TMEM inhibition of peroxide formation was
oy

)
2]

also iﬁvestigated using Fedt cytochrome c to measure yields of 0,
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Figure 10.19 Reduction of Fe3+ Cytochrome c

in the Dark by the Phloroglucincl-Based Polymer and Fulvic Acid
4 '

1

¢ 200 ug 17? of the phloroglucinol-based polymer in re-
‘distilled Super Q water buffered to pH 8.1

- ~
O 1000 ug 1 ! of fulvic acid in redistilled Super Q
watexr buffered to pH 8.1

Fa
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Figure 10.20 Effect of Superoxide Dismutase on Light Initiated

Reduction of Fe’™ Cytochrome ¢ by Tryptophan, Riboflavin,
1 ~

Phloroglucinol-Based Polymer, ?nd Fulvic Acid

——

¢

Solutions were prepared in redistilled Super Q water and ad-
justed to a pH of 8.1. Those solutions to which superoxide dis-

mutase was added contained gOO Ug 17!

of the enzyme. All irradia-
tions were conducted in the xenon lamp system.
a. '5 x 107 €M 17! of tryptophan
B. 1x 107 M 17! of riboflavin
C. 10 ug 17! of phloroglucinol-based polymer
D. 100 ug 17! of fulvic‘acid
\

O. without superoxide dismutase

e with superoxide dismutase

~\

MR
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10.61): Again, strong inhibiti?n was observed in NOg and in TMEM ! >

solutions. The results show that the addition of methionine or

methidnine plus Nozi did not facilitate an increase in O, production.

* - "
Therefore, the increase in the rate of H202 formation in their presence
would appear to proceed through direct reduction of 02 and not via
4

its disproportionation. The 02 radical therefore appears to be'func—

tioning as an oxidizing agent for reactions where methionine or other
<
b

easily oxidized organic substrates are present, and probably as a

© oy

- »

reducing agent for at least some of the transition/ﬁ%tal ‘ions present
in TMEM. * \

In seawater, the reduction of redt cytochrome c was observed and

I

the reduction was inhibited by the addition of 500 ug 17! of superoxid#é
dismutase (Figure 10.22). The rate of the reduction was guite rapid

in view of the fact that the Xe lamp was used. A rough calculation

! for the reduced minus the oxidized

using €550 ,0f 2.10 x 10" cm? mM

cytochrome c¢ (Massey, 1959) gives a rate of formation for 02 of

®

1-3 x 10 ¥ M 17 'min"'. If 037 were going completely to H20; vid dis-

proportionation, it wouldryield 3-9 x 10" M1 'hr™ of H20%, which is

3 to 9 times greater than the highest rate,of accumulation observed.

! >

This calculation is based on an initial rate of O, formation, apa

might therefore be greatly'in error when applied to determining hourly
rates. Attempts to dhantif& results of Fe3+'cytochrcme ¢ reductions
in seawater must als? take into account the effective concentration of
cytochrome c ahd the rate of Fe’t cytochrome c¢ oxidation, which occurs

thrqugh reactions with oxidizing radicals (McCora’and Fi}dcvigb, 19733 . !
) ‘ ¢ R
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Figure 10.21 Effect of Methionine,
- N ‘
Fe3? Cytoghrome ¢ Reduction Photoinduced by Riboflavin

h - A
NO2 ‘ and TMEM ‘on

»

’

}
» -

°'b\ .

‘ Solgﬁions were prepared in Fedistilled|Super Q water and
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The seawater was buffered to pH 8.1 and filtered. The con-

.centration of superoxide dismutagse was 500 ug 17,
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11. VARIABILITY OF SEAWATER PHOTOREACTIVITY

11.1.° Introduction '

Evidence in the preceding several sections indicates that scine

Ny

transition metals, NOa-, Noz-, and some organic substances caA promote

the light induced destruction of amino acids. All of these components v

.

bgfjave non-conservatively in seawater and might be expected to impart
Noa .

-

a 51gnifican€ degree of variability to its photochemital characteristics.

Inferences about the variability of specific reactions of NO2 , NO3 ,
~ <

. -

or the transition metals can be made from the abundance of information -

available on the general distributidns and trends of these componehts
~ ) '
in the natural environment. Furthermore, if the photochemistry of

seawater were predominantly controlled by certain transition mé%ars,/
by NOZ-, by N03_, or by a combination of these components, it would Be
- R \

analytically feasible to measure them. To do the same with the organic .

a9 .
fraction is not feasible unless the_&geqiﬁic substances involved are

>
&\‘\ N

known. Unfortunately, the state of.the art‘Iﬁ‘mac;gE‘gi?anic chemistry -

is still at the point-of not having qualitatively identifieq some 66

’

to 90% of the dissplved organic matter. For the 10 to 34% of the sub-

stances which have been identified and guantified, no clear picture ‘of,. ¢

o

their variability exists because of the small amount of exiséiné data.

A= : .
The_anly relatively ab t data on Qrganic méteria;s are the bulk
. . .
measufémqnts for TOC an iﬁthese mdy bear no discernible) relation-

"
) *

" . N
i
ship to the photochemigsd character of'seaygter.

>
.

“ . . {,, - . L] \

- . . . v(..
0o % [
: ® : § N b
: [}
Qe 0g .
€

L0 (AN 0 t dov, o . ,
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. If the specific ¢omposition of the organic fraction cannot he
a ‘. "
determined, then possibly-: the photocaﬁmical characteristics of seawater

+

' .
can be deciphered through tﬁé variability of more readily measured

géneral pr?perties. This possibility was explored in a sampling pro-
graﬁ canducted on St. Margaret's Bay, Nova Scotia. The program was
described earlier (Section 7.) with regard to fluorescence measurements.
The following is essentially an extension of the same program\on the

relationship of methionine photor&activity to other meadured properties

v
-

of tge water column.

° ———— 0

11.2. Methods

. v A . ‘r v
‘ v“ r

s - Samples were collected*%t 1, 5, 10, 25, and 40 meters at the same

"station, which was located near the center of St. Margaret's Bay

¥ .

(Figure 7.9). A single Niskin bottle with an external closing mechan-

ism was used in sampling. Seawater to be used in various analyses and

o

°

for photoreactivity tests was transferred immediately after collegtion
N )

.

to one liter glasg bottles. 'The bottles were sealed, stored on ice in

N “

. S ~» :
the dark, and. returned to the labbratory, where thé? were immediatéiy

filtered through thoroughly pre-washed .22 y Millipore filters. Ana-

.

lyses and tests were cqqpletéd as quickly as possible after collection;

iy =~ .

this usually required no more than 12 hours. -
. " 4

Salinity was determined with a Bissett Berman

by
W LA v

»6230) salino-

1

meter and in situ tempébatures“with,a Beckman (RS-5) thermograph. Data
P Y 9 e ‘,' -

. .
from othé§ research progyams, which were run in cenjunction with this

f L4

one, included chlorophyli a, TOC, and dissolved,and particulate Fe, Mn,
N > - K . ¥ -

Cu,- and 2n. - . ‘ ; -
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Irradiation expériments were all conducted in the merry-go-round

system with all samples for a particular date run simultaQeously.

Samples for different dates were corrected for differences in lamp

intensity, but the deviations were small.

13

Seawater used in irradiation

experiments was buffered to pH 8.1; the added coricentration of methionine

or 1-!'%c glycine was 5 x 107 M 1
11.3. Results anh discussion

11.3.1.

Natural variability

or 1 x107" M1~

' resbectively.

Data on fluorescence and fluorescence decay were described earlier

in Section 7. Fidure 7.10 should be referred to for‘aepth profiles on )

these values, far chlorophyll a, and for salinity. Depth profijiles for

z

~

L /7 ) - -
ethionine reactivity, NO; ,-NQ3 , and TOC are shown in Figure 11.1;

again, the most scatter.in values is found at the 1 and 5 meter depths.
«

3
Yy

Interestingly, the variability of the methionine reactivity tends to

disappear with increasing depth, with the exception of two wide-spread
¢

values which represent the lowest and highest values observed for the

month sampling period. To gain any more than a qualitatiLe expression

of variability from these profT

fied in view of the underlying complexity which ﬁidht control-the ob-

serv?d methionine reactivity.
/
summation of

v 4, il
be catégorized as éither enhancing or inhibiting.

effects of a complex array of v

o

o

Its reactivity mabie determined by the

Data on digsolved and éarticulaté metals, TOC, and chlgrophyll

1

les of mean values is perhaps not justi-

a

ariables which can‘generally

It is diffjcult to

v
)

a were obtained from Dr. John Hoff, Dr. Michael McKinnon, and’ﬁr.‘Kevin o

Sellner, respectively.

’
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Depth Profiles for Methionine Reactivity, TOC, Noz—,,
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L 3 ,
4 ’ .
assess how all- of these variables, when coupled together, will affect

>

the reactivity. It is, however, possible to speculate on how some of

thée variables might behave if examined independently.
\

ll.3f1.1. ﬁi£rate‘and nitrite -
« _ _. - N
The reacg&on of NO; appears tp be very inefficient above 300 nm,
and for- the céﬁcentrations mgﬁsuEed it would be expected to coﬁiribute
little.t; the reactivity of méthionine. Nitriée, even through usually
o

present at a concentration an order of maghitude lower than Noa—,

A o ' .
should induce the degradatién of 0.05 to 0.1 UM of the 5 UM of methionine
¢ ’ : \ .

¢rigiﬁally added.
. . - &

. Since the reac;ion of methionine with NO, probably proceeds

+ through free radical‘intermedi@tes resulting from NO, photolysis, the

! .
L4
%

reaction should be dependent on the coneentration of othér organic

N

compoundé whose rate of reaction with Nozf-produced.free radicals is

comparable to methionine. The low concentratioqi 6f methionine and

other organic compounds dictates that they will react prédominantly with -

\

\
i

only°lpnger lived radicals of relatively low reaétivity. Conseéuently,
only sugstances which are the most susceptible to free radical attack
- should be able to gffect the measﬁfed reactivitj of methionine. Sources
of variations in tke concehtrgtion of such substances might;arise from : ¢
tﬂe fresh water supply or from biélogical activity. )
Strangely, NO}— concentration’ and mét£i9nine ggactiﬁigy would appear\ T
to be inveréély related in these natural- samples (Figure 11.1). This.is‘ ' .
difficult to raﬁioﬁalige in view ;f the NQg-ggnduged photolysis of

\ . .
\ : | » .

‘
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e
methionine, unless this process is completely overshawdowed/gy other,

- ]
more important processes.

L3

11.3.1.2. Transition metals

Previous experiments on the induced photoreactivity of amino agfas

Fa

by transition metads®suggest that their affect on the reactivity of

methionine should be insignificant when compared to the photoreactivity
observed in natural samples. It is possible, however, that the transi-

tion metals might exist in natural seawater in forms which are highly

.

"efficient photocatalysts for suc¢h reactions, but this seems unlikely,

o

N
since mosg transition metals are present at nanomolar concentrations.

In an indirect capacity, however, some of the transition metals

Y

could influencg methionine reactivity by catalyring the decomposition

»

of H,0, or by quenching excited states, thereby inducing an effect in
the same direction as NO,*. Since a number of different transition

metalé can function in these ways, their combineé effects, even though
individuall? present at low qpncentrq%ions, could be significant. K In-

terestingly, the proposed reaction mechanisms for the metal catalyzed

rd

decomposition of peroxides include the formation of strong oxidizing .

- r

radicals, which engender another sequence of free radical reactions

which should contribute to the observed reactivity of methionine.
{
The lﬁkely direction of the transition metals effect is unclear,

but there seems to be no obvious consistent correlation between any or
all of the measured metals (Fe, Cu, 2Zn, and Mn; see Table 11.1) and

the results for methionine photoreactivity.

- N
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Table 11.1 Data from St, Margaret's Bay Samplindg Program

~
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The'sampling dates are given across the_tep of the Table.
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# o
¥ « &
: Depth
. m 3/2° 3/9 3/16 3/23 3/26 4/2 4/5
; 1 30.78 31.32 30.28 29.83 30.89 30.81 30.78
. ‘ 5 - 31.38 31.03 30.15 31.06 30.80 30.76
{ Salinity, %, . 1o 31.12 /31.38 31.29 * 31.16 31.13 - 31.27
b, 25 31.15 31.65 31.51 31.37 31.38 31.39 31.35
40 31.79 31.81 31.63 31.50 31.53 31.42 31.61
1 - - 5.1 4.1 3.7 7.9 2.6
| "5 5.7 6.2 9.8 4.7 4.6 - 6.1 4,4
No3~, M1! 10 5.3 5.3 9.1 7.7 5.8 7.0 2.6
25 6.6 6.2 7.2 4.8 4.7 6.2 -
i X . " 40 7.2 8.3 6.0 5.4 6.1 6.8 8.0
b h ‘ . .
% ' ) 1 .137 .146 .105 .229 .126 .233 .090
4 : _ _ __ 5, .35 .142 .092 .138 .163 . .243 n.d.
f NOp . uM 17 10 137 ©.142 .089 . .140 .179 .170 .090
, : 4 25 .200 .155 .085. .156 .165 .193 .111
40 .170 .167 .095 .194 .192 .170 .170
L] q [
- 1 1.22 1.17 1.34 1.36 1.19 1.43 Z -
_ 5 ’ 1.21 1.27 1.06 1.15 :1.35 1.41 -
TOC, mg C 1! 10 1.39 1.39 ©1.18 1.16 1.15 . 1.42 -
' 25 1.08 1.23 1.36 1.14 1.08 1.21 . -
‘ 40 1.08 1.09 .92 . 1.24 1.10 1.13 -
e - .
. « 1 n.d. .45 .53 .56 .94 .83 .83
' s 5 n.d. . .51 .57 .82 1.03 >.83 ' .84
o Chlorophyll a, 10 n.d. . .46 .54 .56 * .68 .53 1.52
pg 171 25 n.d. .54 .51 .53 , .36 .48 2.01
g : 40 n.d. .17 .50 — .49 .3 .42 .19
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P i

R

b Ju\:—.«m--—qu.

[

¥ %
! [+
}\ Depth .
m 3/2 3/9 3/16 " . 3/23 3/26 4/2 4/5
- ,‘ ?

" 1 7.07 6.48 8.69 10.50 7.76 6.09 7.74
{;§§@%¥ 5 . 7.50 6.30 6.18 " 9.75 7.29 6.10 6.07
Fluorescence, %830 5.88 6.48 5.@8 7.02 7.10 5.77 6.36
gsut - 25 5.46 6.00 ' 5.48 7.38 6.91 5.28 5.50
40 4.92 6.08 5.53 6.47 6.82 5.11 5.34
1 - 13.9 50.6 38.7 30.4 36.7 60.1
. 5 - 28.8 44.3 41.2 31.1 39.4 48.3
Fluorescence + . 10 - 24.4 41.3 36.6 21.6 34.6 50.7
Decay, % ¥ "25 - 35.3 41.6 - 40.7 v 31.5 28.9 51.1
. 40 - 35.6 47.7 41.8 32.0 46.3 45.8
1 15.2 11.6 7.0 10.2 15.8 ,10.8 6.4
5° 18.0 16.4 13.4 C1l.6 . 8.0 12.8 7.8
‘Methionine ‘10 11.8 14.7 10.2 10.4 10.6 13.6 10.8

Photoreactivity, % - 25 < 10.% 12.8 -~ 6.4 - 12.8° _--13.0 11.6 -
.40 10.2 10.8 22.8 10.8 8.6 8.4 3.0
1, .77 .72 1.3 ~ <68 .76 .76
5 .86 .67 .96 .46 .70 .69
Dissolved Fe, 10 .57 .72 . .45 .44 .59 .42
' g1t 25 ;38 .49 .40 - .38 .44 .44
40 .34 .60 .47 .46 .54 .58
) .1 : ‘1.5 .99 2.8 C 4.7 1.8 2.3 2.0
- ~ 5 .o 1.8 .89 1.0 ° 3.2 1.2 2.3 2.1
Dissolved Mn, : 10 1.1 .88 .79 .91 1.1 2.0 1.0
g1} - : 25 ‘a4 _F 51 .38 ©.65 .48 .83- .77
40 . .46 7 -85 .4%%, . .68 .75 1.1 1.0

(% : - . ’ , N . i 4 % [Y
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1}.3.1.3. Organic photosensitizers Y

*

« . .

The preceding work implicates some portdion of the organic fraction
. . &
of seawater as;;he major contributor*to amino acid reactivity and to

peroxide formation. Since little is known about the composition of this

¥

fraction it is impossible to measure it as a distinct coemponent of the

photochemical system. An attempt was therefore made to relate

>

methionine}reactivity to synoptic measuremernts, which would hopefully

reveal the major or controlling gources of these materials. However,

’

no apparent correlation was found with natural fluorescence, chloro-

»

phAyll a, or TOC, when the total number of sample values (Table 11.1) for

each property was considered. It may be unreasonable to assume that
any apparent trends will be observed when testing, as an aggregate, &

12

set of properties which are changing at.variable.rates and are not homo-

.

geneous in time, space, or composition.

The difficulty of describing observations only, in terms of specific

‘ -

characteristics of the organic fraction of seawater can be examined 1n
a hypothetical situation where a single organic photosensitizer is mixed

uniformly into seawater, and the seawater is then subjected to all of
N ]

e

the normal processes of the coastal marine environment. Figure 11.2

.

depicts the possible alternative light\in&tiated transformation pro-

cesses which might be acting upon the photosensitizer in the coastal

.

marine environment. For the sake of simplicity’, biological and non-
light initiated dark reactions have been excluded, although for some

organic photosensitizers such processes might be far more significant

than light induced transformations. \ '

. -~
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Figure 11.2 Possible Light Initiated Transformations %f a Photosensitizer

b ~ . , -
. Where ‘sens = sensitizer * 4
’ E = energy
. Q . = quencher (s) .
» -~
'y Prod = product(s) .
) \ d ~ S . .
g .
g%; Sub . = substrate(s) . -«
=z , Y
’ Lg " sens, = new sensitizer
- . subscripts, ox = oxidized form . < )
. R = re8uced form
~ * RN -
» » - ’ o
foet . - / .
g 0 ‘ e - _
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. [

The characteristics ‘of each organic photosensitizer and the dis-

~

tribution of the light energy. field in the water column will be major .”

.
L.

factors invoived in determining the photosensitizing prbperties of any
) o

given parcel of water. If some cases the photosensitizers will be
% Jdestroyed at the surface and will, therefore, exhibit an increasing
., concentration with depth. 1In other cases the distribution becomes

complicated by transformations of initial sensitizer to another

.7

"sensitizer (e.g., riboflavin to lumichrome or tryptophan to N-formyl-

kynurenine). -

o
— "

The concentration of a” photosensitizer 1s also subject to its cwn

-

light induced destruction, stemming directly from its excited state or
4
through interaction with secondary feactive products generated as ‘the
result of some photochemical process. Rates for such reactions will be
L

highly dependent on the concentration of the photosensitizer, reactive

products, and other réactive substrates which.can act as scavengers

for the reactive products, thereby protecting the photosensitizer. The

concentration of a labile substrate can even determine the principle
) ' . :
reaction mechdnism operating. For some photosensitizers the predominant

; L .
product in the presence of a sufficient amount of an cxidizable sub-

AR TN

strate would be 02_, while in its absende it would be x02. Prom aréu-

> ments given earljier the formation of 102 might amount to the photo-
) : ’

.
-

chemically inconsequential rjsult of quenching the excited state of the

-«

e .

photosensitizer, It is possible that some quenching agents, particu-

-
.

larly,paramagnetic ones, can promote the photochemical aétivity of the
+ . .

+ ',

gensitiier by increasing the efficiency of intersystem crossing from.



“forms (Eg. 11.1).

' ' 286

- o~

singlet to triplet excited state,- thus increasing the total lifetime of

~

i
the excited states in solution

his in turn can have a marked effect

on increasing apparent reactiomw

-

ates. On the othér hand, quenching

-

E AL ""/
is about equally efficient at quenchiﬁg both. ’

Concentration changes of photokensitizers can also be related to

-

reactions which regenerate 'them. This can occur rapidly by quenching
of excited states, or by processes which involve a photochemical reac-
tion by energy transfer or charge transfer. Regeneration processes

could, on the other hand, be much slower, because of controcl by rate
' ' b4

)

limiting processes.. A possible notable example of this rnvolwes”

natural polyphenolic materials, which can exist in one of three basic

.

0 0- OH
7 +e” - +e” 7~ s
—_— — A11.1)
AN o~ ¢ N0 ® "o < *

and is reduced in the process, then along with ¢ for this process it's

efficiency will be determined by photochemical or thermal regeneration

from the reduced semiquinone or hydroquinone forms. .

11.3.2., Wavelength dependence

.

The medsurement of seawater gpotoreactivicy with a broad poly-

chromatic source provides little information on the potential importance

. ’_/
of the reactions ‘at different depths. Acquisition of this information

requires studying reactions at a specific wavelength or in specific
. A
1

wavelength region, and then relating this informatidn to light trans-
i P .

K]

If the quinone form is £unctioning as a photosensitizer
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® > ‘
mission characteristics of the water mass in question, to gain an

estimate of the change of reaction ;aﬁe with depth.

3 .

Rough estimates of reaction rates were made for the disappearance

of methionine and for the decarboxylation of glycine -for varxous ° "

f

spectral reglons,lusing the merry-go-round system. Results indicate

.

that the reactions are primarily occurring in the region from 290-500 nm

3

for both amino acids (Table 11.2), and that no measurable change was

>

taking place at wavélengths greater than 500 nm. Rea8tions in which

Corning CS 7+37 and CS 7-60 filters were used revealed that excitation

. ° . ]
1n the spectral region from 330-390 nm accouhted for an appreciable

fraction of the observed decarboxylation'of glycine. &Adjusting the

CO; yeilds 1n Table 11.1 for transmittance of the Corning glass filters
%
{(Appendix 5) gave a 60-70% yield in this spectral region. It should be

pointed out,’ however, that the yield in this regl?ﬁ\}s probably

exaggerated by the strong intensity of_ggg_;;;ééffgzéi nm line. The

results, nevertheless, indicate that a 51nglF1cant fraction oF the
reaction 1s occurring at§>agelengths between 350 and 500 nm. Based on

typical absorption spectra for coastal water from thrs area. this means

.that 1% of the surface reaction rates fog specific wavelengtﬁs between
//-', t

350 and 500 nm would be reached at depths of between 4 and 10 meters

-
.

_and for 10% of the surface reaction rates between 1.5 and 5 meterﬂ§$
> v
-




L
f

*
L. .
L , Table 11.2 Methionine and 1-“_'C Glycine as Indicators of .
Seawater Phocoreaétivity for Filtered Light® Reactions .
. A s 'Y . , - ;
. +Freshly collected seawater was buffered tJ& pH 8.1 with borate, filtered (through .22 y filter},
’ and enriched@ with either 1-14¢c glygine or methionine. The solutions were irradiated in inner ring ,
» e . . . :
’ //\ \‘T/
-

-

of merry-go-round system:

>
k4
~



»
‘ . \, _ N
Concentration Date of I‘;r.a’d’;atior; Wavelenqgth Rate of Disappearance
of Added Collection Region and Color of Added Substrate
+  Test Substrate and Depth Specification Number M 17! hel!
5 x 107 °M 17" Methionine | ) March 2, 1976 ) >300 nm, CS 0-53 1.7 x 10,7
5 x 10 °M 17!, Methionine &afch 2, 1976 ; >400 nm, CS 3-74 <0.2 x 1077
5 x 10 °M 17! Methionine. March 2, 19762: >500 nm, CS 3-70 <0.2 x 107’
.
1 x 1& M 17! Glycine April 2, 1976 >300 nm, CS 0-53 2.3 x 107"
1 x ;oi;m 1"’c}yciﬂe April 2, 1976 >400 nm, CS 3-74 3.1 x 10’{2
1'¥ 16_7M l:l.Glycine April 2, 1976 _ 500 nm, CS 3-70 n.d.
1 x 107'M 17! Glycine April 2, 1976 Cs 7-60 8.3 x 107
1 x 10-'M 17! Glycine, April 5, 1976 >300 nm, CS 0-53 2.9 x 107"}
1°x LO_7M‘1_1 Glycine ;pril S, 1976 ~>400 nm, €S 3-74 ~ 3.6°x 107"
1 x 107M 17! Glycine April 5, 1976 ;soo nm, CS 3-70 n.d.
f xth—7M 17! Glycine April 5, 1976 cs T-37 4.8 x 10 2 .
. .
T
. ) o
\ ) s
A 1]

882
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12. CONCLUSIONS

-

. l "‘
In Section 1.2 six fundamental questions were proposed which were

each examined during the course of this study, even if only cursorily.
- ’
The questions and the partial answers which emerged from the preceding

v

experimental work are reiterated here.

- 3
. [Y ”

(1) Are any light-initiated changes in either physical or bio-

logical properties of seawater observed?

- A

A. Seawater exposed to continuous simulated sea surface sun-
\ '
\ light irradiation showed a continual decline in absorbance at AR

. ' y
all wavelengths. An approximation to natural environmental
conditions indicated: that a 75% reduction in absorbance in
- coastal seawater would be expected in 2-3 weeks time 1in an s

unmixed 10 cm layer at the sea surface. 1In regions of the
” ;

oceansg where the same water remains in the mixed.layer for

“ . ' S

extended periods and low inputs of absorbers prevail, high

A

<@
water transparency would be expected. (see Sections 6.2. and

10.2.3.1.) : L

\

B. Natural seawater fluorescence and river water fluorescence

~ .

were found to decay on exposure to either sunlight or arti- :

ficial light soutces. A rapid decay over the first few .

« 7 n -

. . v
minutes followed by a much s}ower decline thereafter was us-

»

uvally observed. The decay occurred at\waveleng;hs both less

than and greater than 400 nm and should therefore be occurring

.

throughout the euphotic zone (this was borne out .in tower tank

3
~ » .

. experiments). The decay is fapid enough so that the usua

. ’

A
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. . . . ) . 1
vertical profiles of fluorescence should display a rapid in-

crease with depth in the euphotic zone (see Chapter 7 and

© 7. . . Section 10.2.3.1.). ;

(2) wWhat is the rate of light initiated modification of model

substances, for which the chemistry 1s well known, when they a;e-aﬁded
to seawater under natural conditions or simulated natural conditions?
Amino acids were used for this purpose and in all. cases. the

. . ° suhlight-fﬁéuced dégradation greatly exceeded bdhe thermal
. - . ' M

degradation’ rate, 'The‘%ates of degradation of tyrosine,

. . "

tryptophan, histidine, and métbionine greatly exceeded the

<

’ rates for glycine, alanine, leucine, valine, phenylalanine,

d : . A - ~— .
. proline, and l§siﬁe: 'A casge_can-be made for seawater's pre-
L Dy .o *
“ .~ . dominant nature being-a relatiwvely mild reaction medium.
~ + . 9 N

. S P
(see Section 6.4.2). |
(3) :yhat~products result fréom }ight initiated reactions of either
“ - ) ! f ’ . .
model campounds &r natural seawater components? T e . “

A. Expected prodycts of amino acid degradation were found (i.e.,

CO,, NH3, and\fgimaldehyde). Attempts to ascertain prqgﬁdéf
Pt . ] ¢ \
reactant balances y&elded incomprehensible data probably be-

- RN .
-

cause of pfoduct ingtability and analytical artifacts. (see

Section 6.5.) .

-3 - .
B. A peroxide (probably H;02) was generated by various added

.

. . . N\
organic materials and in natural seawater. Rates of accumula-

8

tion in natural seawater were found to range from 1 x 10 M

7

1 'hr ! to greater than 1 x 1007 M 1 'hr ! for sea surface
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L

sunlight or simulated sunlight conditions. R@yf& decay rates

@

. , i
were observed for dark reactions and werg:;also postulated to
. Lot .. LY

occur by direct photolysis of the peroxide bdnd. The accumula-

14

tion rate is thén™a function of a, complex array of variables:

the 1idht energy distribution, the concentratidn of peroxide

producing.materials, and minor constituents, salinity, and

probably temperature. The very fact that the peroxide de~ *

grades is an indication-that it &s involved in Seawater redox

<

R

processes. (see Sections 10.2.2. through 10.2.2.2.) .

e
B
.

(4) what are ethe specific agengs of seawater which are responsible

[}
¢

for its photbreactfbit&?

A. The photoreactivity of glycine and methionine was enhanced by °

NOa-, MO, , TMEM, fulvic acid, H;0;, riboflavin, d the

phloroglucinol-based tetramer. Inhibition was note&kfor 1,

L3
-

. 5 .
O,, EDTA and 2-propanol. (see Section 6.6.3.) \\ .

_ B. Of the transition metals, only ng+, Agf, and cu?? promoﬁ@d

“

a significant increi§e in photoinduced decarbok;TBtigg\Sf\}x

*

glycine, with the order of decreasing effectiveness being

24

cu?t >> Ag+ > Hg® . The metal ions ce** and co?" were found .

to act as inhibitors at UM concentrations. (see Chapter 8)
» . 14 ::
C. Boﬁh'ﬁozq and NO3 ions were found téphetoinduce tke de~
. » .
- .
gradation of methionine and glycine. Nitrite ion, ev

though normally present at much lower concentrations,” i%s

.
-

far the more important of the two. Relative rate constant




. ..
+ . } 7 e
+ + PO
4

-the reactive species 'in NO; 'photginduced reactibns could e

0
' -~

. - a dihalogen anion radical. (see Chapter 9) . NS
D. The enrichment of seawater with various organi¢ chromophoric - e
. “ * . '{
s \ . - - . . . v

materials, indigenous to the marine system, promoted signi- . .
s ’ 4 s ‘

. . » .

» ficant increases in the photoreactivity of seawater towards ~ +* * .

’ “
+ . R - 4

various indicator.substrates. Nanomolar and even lower -added

“ concentrations of some of these materials “induced noticeable

- 'y

4 .’ :
changes in seawater photoreactivity. Supporting evidence for '

. -

the importance of naturally occurring organic matetials was ’

obtained through a concomitant reduction of photoreactivity

»
~ with either in situ destruction of organic chromophores by

. a ‘< .

photolysis or thfbdgi*fiﬁ;r removal by ultrafiltration. A .

reduction in the accumulation rate of peroxide, in the absor-
. . - .
bance, and in the fluorescence accompanied the loss of photo-.
s a 4 ! -

. réactivity in seawater subjected to these removal methods.

b

(see Chapter 10) i - ’ ' y

- 2t i

(5) What are the general mechanisms of light-initiated reﬁctions R

’

a
N .

in sqawatef? , .

A. The combined ewidence from wqu on NOz- and-NOa-, TMEM, added

organic constitwments, and natural seawater indicates that it
V4
‘is components of the organic fraction which are mainly respon- , -
Iﬂ .
sible for the photoinduced destruction of amino acids and for .

the formation of peroxide. @ o g k& L

. ~ N

B. On theoretical grounds'aqd'ffom e&periﬁ?ﬁéal evidence, 0O plays

- .

.a majbr'role in seawater photoreactions. Although singlet

y
R .




a@

-

*

293
v
oxjgen'(lA 02) is likely to be a major product of these inter-

actions, it is unlikely® that it will be a major reactant in

. seawater solutions. Because of its longer lifetime, O;

a
'

should be a more significant reactant in seawater. Through

LY

tos o ' . : . . .
the use of ferric cytochrome ¢ and superoxide dismutase the

"o ’ }

occurrence of the 0;°, radical was demonstrated for light- '
. initiated reactions of various added organic semitizers in
seawatér and in natural seawater itself. The O radical was

not detected in dark redox reactions of natural' phenolic -

‘ materials. (see Section 10.2.4.3.) ’

&
w - ]

C.” As a group, free radical reactions may represent the most

»

* important general photoinduced process in teawater. . For @
kinetic reasons it i8 likely that only the least reactive’ -

longest-lived members of free radical chains Qill be important

B

*in modifying organic substrates in sq%ution.
~ e

(6) 1I$ the photoreactivity of seawater. variable in space or time?

P

. i . ) ™ . L.
~ ® Variability for peroxide accumilation rate, methionine reac-
N "
tivity, and glyciné reactivity was observed. An attempt to
. - v

correlate methionine rgactivity‘Fq other observations jobtained

y .
in a field program failed to produce -any decisive yesults
N .

(see Chapter 11)

’
L4

It should be emphaslzéagthat these conclusions are drawn from ex-

perimeh&s conducted using doastal seawater from one region. To extra-

. ?
polate td water from other f%gidns, especially oceanic, may be premature.:

' .
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. APPENDIX 1

METHODS FOR PURIFYING WATE >

o
- .

S /‘ Super-Q Water -

-

Distilled water was passed through aumiglipore Super-Q Ultrapure

> fraee,

. water system with cartridges assembled in the order: prefiltration,

! -~

carbon (org§n1c abs p;ion), deionization (2), and ..22 Lm filtration.

Purity was such that ino?@gnlc iohs were below detection limits and

the measured orééhLC'carbog level averaged less than 0.5 mg 1Y mo

detectable utilization ‘of added bacterial labile substrate was«cbserved
¥ : '

’
for periods exceeding normal reaﬁ?/tlmes. ,

-

B. Redistilled Super-Q Water ) ..

Super-Q water was uséd to prepare a basic KMnég solution. Dis-
tillation from this solution gave water which was low i; érganlﬁ d
V7 materials, gave low blanks in most analytical methods, and exnhibited

the lowest reactivity towards seawater photochemical indicators. For

. ! . .
these reasons it was used for the preparation of reagents and arti-

ficial seawater. D

C. Low organic water

¥

This water was pfgg;red by passing a mixture of distilled water ~
vapor and Oz ‘through a guartz column packed with short pieces of,

artz thbin ; the rtolumn was maintained at a temperature of 800°C.
qu g 2 :

The hot, éffiuent vapor from the column was condensed and then redis-

’
- ¢

tilled in an all glass ‘system.

L of ’




-2

[y

D. Seawater for fluporescence blank
A1

(‘-

’

L4

> -

y a

Filtered seawater of approximatdly the same, salinity as

\gﬂ: samples

for which it was to be used was exposed to the full Spectrum of radiaL

tion from a 1200 watt mercury arc lamp (G.E. UA-11)

for 4 hours.

The

3

seawater was contained in a 250\m1 sealed quartz tube at a distance of

.

6 inches f£rom the source.
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. APPENDIX 2

ANALYTICAL PROCEDURES 4

14 " -
» N Y
- ~,
LY “

I. Fluram analysis for amino acids

Reagents:
» * - * . '9 - LY
- £ . 0
- s : O '.
A. '.05 M borate buffer solution, pH 9.4
© : * . %
4 e ” . ' PR

'
»

A one liter solutiod,yas prepared by dissol&ing 16.98 g of sodium

3

borate and .883 g of NaOH in distilded water.

Y . ’ [ <«
m . . .
» B. Fluras rqggfp?Q . .

s

-~
.

. . A 100 ml solution was prepared by dissolv%h@ 20 mg of Fluram\in
- - 1}

) 3
- »

high quality acetone. To reduce the réagent blank, the acetone was

“« -
. » M ¢
-~

refluxed over anhydroﬁs cupric sulfa;é'fb; 3. hours End,then distilled

R . through a short packed column in an-.all glass system.

L]
13

. ‘\. ' ’ -
The prepared reagent solution should not be kept toaxlong, for
. . = L d /
., @an aincrease in the blank occurs with extended storage times.

~
IS - s

-

”
. C. Ethyl acetate ‘ - ot

A high quality grade of ethyl acetate was used, which gave low
) background fluorescence. > .

L4 ¢

- ¥

-
"Procedure: - .

Into a 20 ml teflon capped culture tube was plpetted 5 ml of sample.

2
)

‘gTo this was added 1 ml of .05 M borate buffer. The sample was stirred

~

»




321
. )
rapidly with a vortex mixer while 2 ml of the Fluram reagent was added

4

-

\ répidly: The solution was stirred for 1§120 seconds after completing
L 4

the addition. Following this, .5 ml of .IN HCl was added to clear the
turbidity which usually developed during the introduction of Fluram

‘xeagent. Fluorescence wasimeasured within 1 hour of derivative prepara-
S ) ° :
tion with an excitation wavelengg& of 395 nm and an emissionm wavelength

I .«

-of 495 nm.

&

Alternative procedure for higher semsitivity:

.

The derivative was prebare@ by the procecdure described above;

1

. however, in this case the solution was acidi%%ed‘wgth 1 ml of .2N HCl.
FolYowing this, 4 ml of ethyl acetate was added, the tube was sealed
with a teflon Xined cap and shakenvvigorously for 20 seconds. After

suspended water had disappeared from the upper organi¢ phase the
- .

.

. . s . . . .,
fluorescence of this phase was measured with an excitation.wavelength®

of 385 nm and emission wavelength of 490 nm. The fluQrphor is less

. _ stapblerat lower pH values; therefore, the time elapsed between acidi-

fication and the measurement of fluorescence should be ag ghort as

possible. . -

>

Calibration curve and normalization of fluorescence intensity: ' /%;
t 4
|- '

. . . . S . :
. A calibration curve of amino acid concentration versus relative v

. fluorescence intensity was prepared for the concentration range of

s'M\should probably be considered a max imum upper N

. interest (1 x 10—

* limit). The fluorescence intensity of each sample was normalized to

. . . ° . ﬂ
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the calibration curve by comparing the sample to a standard amino

acid solution of approximately the same concentration range. A blank

A}

.4 . . , .
was also determined for the same water sample to which no amino acid
1

had been added. For irradiated seawater samples the blank was deter-

mined for seawater which had been subjected to i1dentical conditions. '
. . {
The normalized intensity (I ) was calculated with the following
) !
equation:

f_Ig (I, - Iy)

(I - Ib)
—a .

where Iy = intensity of unknown
Ip = intensity of blank

' %
. Ig = intensi;zﬁ;2§;tandard .

I. = intensity of the standard as read off the calibration
curve

Using the value I, the concentration of the unknown was taken from the

calibration curve or calculated from its slope. *
> , P -

.

II. Dansyl derivative preparation

Reagents:

N A. Sodium bicarbonate buffer, pH 11

L4
¢ ‘

This solution was prepared by combining 650 ml of .05 M NaHCO;

a .
. and 295 ml of .1 M NaOH.




o

RS

B. Dansyl chloride reagent

Dansyaichloride (.12 tbo .25 g) was dissolved in 100 ml anhydrous

spectranalyzed acetone. The concentration of this solution was dqpen-

3

"dent on the amount of amino acids in the sample. For an amino acid

%

\
concentration in the range of 1-5 UM, a .15 g dansyl chloride solution

was used. The reagent was refrigerated during storage.

o
»

C., Internal standard solution

\ ’ ’ N
These solutions were prepared by dissolvi enough of the amino
\ & g

acid (i.e., B-alanine, 4-amino butyric acid, or sarcosine) in .1 N HCl

4

to give a 5 x 10 * M solution. '

Procedure:

~-

“Ten ml of séhple and 100 ul of they internal standar@ solytion was

pipetted into a 20 ml teflon capped culture tube. To this was added

\

1 ml of *dansyl chloride reagent followed by 1 ml of’'the buffer solution.

A d

This solution was sealed, shaken, and stored in the dark at room t&n~

perature for 4 hours. At the end of this périod 1 ml of 2 N HCl was
added; after a few minutes, 4 ml of "ethyl acétate was added and the tube
was shaken vigorously for 1 minute. When the phases separated and sus-

pended water disappeared from the upper organic phase, the ethyl acetate
extract was ready for direct injection onto 'to.HPLC column.

/. 4 '

This extraction procedure gave a linear increase in fluoresceance

A

intensity with concentration, for amino acids used in this study, in

the range of 5 x 108 M1} to5x 108 M 172 For ‘analysis at natural

’
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oceanic concentration levels of amino acids,' larger sample volumes,

multiple extractions, and concentration of the solvent extracts was

’

necessary. . V]

C

The solvent extracts containing the dansyl derivatives were 1in-

- < »

jected directly onto a 25 cm silica gel column (Merck LiChrosorb SI 60,

III. HPLC separation of dansyl derivmtives

5 um mean particle size) with a high pressure direct injection valve,

A0 N

\ containing a 10 pyl sample loop. Solvent flow rate (.5 to 2 ml min 1)
: was maintained with an operating pressure of 2000 psi, with column at
//room temperature. The eluting solvent was a mixture of methylene
chloride, methanol, and acetic acid, which for most neutral amino acids
. 4 -
provided a good separation when combined in the volume proportions of
100: 1: 1, respectively. For more polar amino acids, the proportions
J of methanol and acetic acid relative to methylene chloride were in-

¢reased. These solvent proportions represent only an approximation of

. —

~ . .
actual conditions necessary for a particular separation, as a result

of the column retention) properties varying with column age, ccnditioning

and pacKing reproducibility. ,

j " The detection system used was a DuPont 836 fluorescence detector

wlt e éxcitation source flltered with a Corning CS 7-60 glass filter
\ and emission with a Corning C; 3-72 cut off filter. Typical settings
for the coneigtration range (.1 to 5 uM) normall; encountered were:
* offset 0-3000, range 64, and filéering time constant 0.3 seconds.® The

output from the detector was integrated with an Infotronics Model
/ .
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CRS-108, Hewlett Packard 338A, or Hewlett Packard 3370A 1integrator.
Amino acid concentraticn.in an individual sample was dete{mlned by
reference to an internal standard amino acid. The amino acié concen-

tration in an irradiated sample (CLS) was calculated by compar:son to

the dark control sampgle in accordance with the following eguation:

M -3
Ry - o

_ (A; &) (Aprs) (Cpg)
CLS = LS DS ' .

(Apg) (A ;o)

where C

concentration in dark control 1
A;p = peak area for light sample

Apg = peak area for dark sample

A;1g =peax area for light internal standard

"Apig = peak area for dark 1internal standard

.

iV. Aldehyde analysis

Reagents:
A. Acetate stock sclutivn

This stock solution was prepared by dissclving 154 g (2 moles) of
ammonium acetate and 3 ml ( Vv .05 moles) of acetic aild in enough

Super Q water to make 1 1 of solution.

B. .05 M 2,4-pentanedione reagent (Nash, 1953)

l .

This reagent was prepq;ed by dissolving 2 ml of distilled 2,4-

pentanedione in 250 ml of the acetate stock solution. The solution was

»
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prepared immediately before the anaiysis and was kept for no lcnger than

a day.

C. Standard formaldehyde solution

A2x1072H solution was prepared by diluting 1.202 g ‘of 37%
formaldehyde solution (preserved with 12% methanol) to 500 ml with

Super Q water. The concentration was further reduced by diluting 10 ml

. . S . - -
of this soluticn with Super ¢ wated to give 1 1 of a 2 x 1€ M solution.
Aaliquots of this solation were diluted with seawater or artificiral sea-

- -~ - » A
water tO prepare standaré soclutions of the desired concentration. All

solutions were prepared shortly before use. .
Procedure:

Five ml of the 2,4-pentadione geagent and 5 ml of sample were
combined in a 20 ml glasststoppered test tube. The solutions wer;
thoroughly mixed, and the tubes were immersed in a 37°C water bath to
the liduid level inside of tube for a period of 1 hour. After the
solutions had cooled to room témperature, their fluorescence was
measured at an excitation wavelength of 430 nm and an emission wave-
length of 520 nm on an Aminco SPF-125S spectrofluorometer.

A calibration curve was prepared by plotting formaldehyde concen-
tration against relative fluorescence intensit? for a series of standard
solutions in the concentration range of interest. The fluorescence
intensity of each sample was normalized to the Ealibration curve by

“

comparing the sample to a standard amino acid solution of approximately
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.
-

the same concentration as the sample. Aside from the common reagent

blank, a second blank correction was necessary, because of the change

of natural seawater fluorescence during irradiation. The normalized

»
.

intensity "(I,) was calculated using the following equation:

I, = Ice "Iy = Ip * Ipyp - Innp)
- (IS - Ib) )
S 1
where I = intensity of unknown
I, . = 1intensity af reagent blank (dark controi)
, Ko . -.
. I, = intensity of standard

Ipyp = ntensity of natural fluorescence for dark control

Irnp = intensity of natural fluorescence-for irradiated
sample ~ .

ic = 1ntensity of standard as read off calibration curve
2

[N

' %iE Using the value Ip, the concentration of the unknown was taken from the

calibraticn curve or calculated from its slope.

i
V. Peroxide analysis

Reagents: .
A. Scopoletin solutions

A scopoletin stock solution was prepared by dissolving 5 mg of the
-]
+ compound in 500 ml of Super Q water. Gentle heating was necessary to get

g complete dissolution. From this solution a series of 200 ml solutions

were prepared by dilution of the appropriate volumes with Super Q water.
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»

The following series of solutions was found to be useful for H;0:; con-

9

centration of 5 x 10 ° to greater than 107 molar. These solutions are

Lg Scopoletin/100 ul Volume stock solution/200 ml

'

)

.50 100 ml
.25 50
.10 20
.025 ° Lo,

.010 2

unstable and should be freshly prepared before use.

-

B. 05 M Tras buffer, pH 8.0

3

The buffer solution was pgépared by dissolving 3.54 g Trizna

.

(pH 8) 1n enough Super Q water to make a 500 ml solution.

-

C. Peroxidase solution

. This solution was prepared by dlssolviﬂa 40 mg of peroxidase 1in
10 ml of autoclaved Tris buffer (pH 8). The solution was stored at

0°C and was used within 2 days of 1ts preparation.

—

D. H;0; standard solutions
’ rd

Al x10 32 M H202 solution was prepared by diluting 1 m? of{}\BO%

H202 solution to 1 1 with Super Q water. Aliquots of this solutions were

’

1
diluted with low organic water (Appendix 1, C) to 100 ml to prepare

1 x 10 ¢ M, 1x 10 ° M, and 1 x 10°% M H,02 solutions. The concentra-

L

. 1 .
tion of these solutions were verified by iodometric analysis for H;O;.

”

/.‘
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It 1s imperative that all glassware used in the preparation of

- A . 5
e

dilute H;0, 'solutions be_meticulousl§ cleaned, and that the water uged

’
.

for dilytion be of the highest purity. Even when these precautions

-

- -

were carefully obserVed, instability of dilute H;0; solutions st:ill
s - .
created problems. Therefore, the dilute H;02 solutions were freshly
\

prepared for each experiment-and further dilution was carried out only
Ay v
seconds’ before commencement of the analysis. . ‘
»

Procedure: .

- . ¢

4
A - - -y -

To analyze for perox:des in photolysis experiments the same sea-

s

.

water was used for- the standards, irradiated solutions, and darx con-
,‘?;ols. The level of peréx1de in the seawater was determined ?y the
difference of scopoletin oxidation with and without catalase present.
Flve.ml of sample, .5 ml~of Tris buffer, and 10 L1l of scopoletin
was added to a 20 ml test-tube. The solution was stirred rapidly with
a vortex mixer and 50 ul of peroxidase was added quickly. For standards,
this procedure was modified by adding an aliquot (5~50 4l) of the

1%x10 %M, 1x10¢

M, or 1 x 10 * M peroxide solutions seconds before

addition of the peroxidase. The sBlution fluoredcence was measured at

an excitation wavelength of 390 nm and an emission wavelength of 490 nm.
The concentrdt?on of the scopoletiﬁ solution used in a particular

analysis is dependent on the conc¢entration of the peroxide. The pero-

xide concentratien range over which thé method is useful for a particular

scopoletin®solution is determined by plotting relative fluorescence

intensity against H,0, concentration. The scopoletin solution should
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only be used for the—dopcenﬁration range of H,0, for which the cali-

N

’
bration curve is lmnear..

The actual peroxide concentration in irradiated solutions was

calculated using the following equation:

*

(Peroxide] = 1BUIL * Tong = Inp! .

Ig .
r> ----- ., . S
— ’ R -
where Ig = intensity of blank for standard -
} I, = intensity of irradiated sample
I = in€3n51ty of dark_ control S ]
| .
I = interrsity of natural fluorescence for dark control
SDNF
: .
I;wp = 1ntensity of natural fluorescence for irradiated
LNT A
sample-
S = slope'of'callbratLOn curve

S

- ~
VI. Measurement of natural seawater fluorescence

Reagents:

A. Quinine reference standard

A
v

A quinine stock solution was prepared by dissolwing 100'mg of
guinine sulZfate in enough .1 M,sulfuric acid to maké 100 ml of solutidn.

Dilution of 1000 ul, 100 ul, or 10 Kl of this solution with .0l M
y

‘

sulfuraic acid gave'standard reference solutions of 1.0, 0.1, or 0.0l
. '

mg 1 l, respectively. Super Q water was used in the preparation of

1
3 X

* these solutions. .

4
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’
B

L

B. Seawater fluorescence blank

P
7

[

see. Appendix 1, D

C. Borate buffer . .

’
A}

The buffer was prepared by dissolving 46.146 g of sodium borate

(10 Hz0) in 500 ml of Super Q water, -adding 98 ml of 1+N HCl, and -

Py

diluting to 1 1 with Super Q water. When necessary, the pH of thes

-

solution was adjusted to 9.4 .by titration with small increments of )

~

NaOH or HCl solutions. The addition oFT5—ml of this,buffer to 25-35%,

salinity seawater gave a solution with a pH of 8.1.
Procedures

Seawater samples were buffered with .5 ml of borate buffer/100 ml,

.

filtered through a .22 U millipore filter and equilibrated at atmos- 7 -
pheric pressure to give an air saturated solution. The £fluorescence .
was measured at an excitation wavelength of 380, nm'and an emission

N wavelength of 490 nm. The quinine reference standard fluorescence was

measured immediately before and after each sample determination to de-

tect artifacts introduced by lamp or detector fluctuations. The con-

-

centration of standard solution used was determined by the intensity of

the sample fluorescence. 1In general the concentration of the standard

«
solution was such that intensity of sample was always less than, but not

greatly different than,'the fluo;esceﬁce intensity of the standard. b

~ A
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x .
VII. JIron iII) Analysis.

Reagents: . v ‘

A. Borate buffer- .

The buffer was éhé same\és ;hat used in Agpend}x 2, VI. .

B. .0l M Ferrozine reagent

€,

This reagent was prepared by dissolving .514 g of Ferrozine in

enrough Super Q water to make 100 ml of solution.

C. 1Iron {(II) standard solutions

Iron (II) stock solutions of 1 x 10 ° M and 1 x le3 M were pre-

pared by dissolving ferrous ammonium sulfdte in .05 M HCl solution

prepared from Super Q water. - !

Procedure: d

i ‘ )

'Seawéter buffered with .5 ml of borate buffer/lOOnmltwa§ saturated

with air by stirring it in a flask open to the atmosphere. The-tem-

L 4 -

perature was controlled by immersing the flask in a temperature con-

trolled water bath. An aliquot of the ferrous standard was added and

a timer was started. The amount of Fe’t remaineﬁ at different intervals

was determined by rapidly adding a 50 ml aliquot of the sample to a

flask containing 1 ml of Ferrozine reagent. The absorbance of this

solution was measured at 562 nm in a 10 cm cell against distilled water.

-
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o The standards were measurxed by addlng aliquots of the standard

2+

¢
v Fe®’ solution ta’§’;;;;;~conta}n1ng a rapidly st1rred-solutlon of

.25 ml of borate buffer, 50 ml of water aﬁd 1 ml 6fﬁ?erroiipe reagent.
‘5 ¢ v H
s were determined in,the!same way except, of course, ‘the standard

24 L[] ) . fh. . .'
Fe®  solution  was omitted. .

N ' -
- '

Iron (II) concentratioh in samples was determined directly from‘a
. . 0

’ . . . + .
calibration curve of absorbance versus Fe® copgentration.

YIII. Measurement of l“COz ‘

Reagents: -t S
: J

*
1

A: Glycine, l—lug solutions

A3 L)
. .
4 . . '

Asl-lbc gky%ine solution with a specific activity of 47.18 mCi M- '’ ,

= 4

was dilu%ed with .05 N HCl to a concentration of 1 x lQi“ M yielding \>

approximately 1.2 x 10° DPM/100 ul, Aliquots of- this solution’ were

added’ to the reaction solutions to provide the final concentration.

- /
-~ -
. . .

AN L
. , CoN
. B. l-amino-2-phenylethane (phenethylamine) )

. ‘The reageﬁt was nearly colorless and gave low CPM values as ob- . :

Y ¢ - *
, L

tained from supplier. Purification_gan be achieved by distillation.
- ' N .
C. Scintillation counting solution

]

' a, . . 3
A COmmbn formulati¢n was used; it consisted of 64 ml of Spectra-
Y A Y

| ‘ .
C fluor (a lquld PPO~POPOP scxnti;I;}or), 500 ml Trlton X-100, and 500 ml

of toluene (liguid scintildation qpuntlng grade)
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Procedure:. - :
. ) v

-
~

Reactions with labeled glfcine were carried out in sealed reaction

vessels with’ a small head spadce volume. Teo limit loss of'lhcoz during

transfer of solutions, the pH was raised by adding 50 Ul of 1N NaOH/ ’
”n .

50 ml of reaction solution, féllowing'the termination of thg experiment. ¢

N '

The solution was transferred to a 100 ml dark coloréd serum bottle

containing a.magnetic stirring bar. The bottle was sealed with a rubber
! . : ‘

septum to which a plastic cub (Kontés K-882320-0000) had been attached

t

so that it extended down into the bottle and was positioned in the air

(
space above the liquid. The cup held a folded glass fiber filtey

(Whatman GF/A, 2.4 cm) which had been moistened with .20 ml of

'l-amino-2~bhenylethane. The solution was acidified by injecting .25.ml

-

of concentrated H{POy through the séptum and then stirred at a moderate”

.
N

rate with the temperature maintained below 25°C. At the end.of 1 hour
N .

3

the filters were placed in a glass scintillation vial céntaining.15 ml
.- ’ . ) & R N
of couﬁting solption. The vials were shaken vigorously until the glass

{ o~

- Total activity in the solution was determined by adding the same
N l

volume of labeled glycine stock solution that was used for the reaction
’ : S N .
solution to 15 ml of counting solution plus enough Cgb—O—sil to form a

thPxotrppic gel. - ‘

L 4
.2
=*

. All samples were counted and converted to DPM by using the channels

3

ratio method of quench correction. ’

"

i)
~

3

v




»
A
.

[}

\
. 100 ml of solution. 1&"he solution was stored in the dark at a temperature

< + ¢ * 4 % ‘
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N / ‘ _
* IX. Redox indicators ' , - v
. N 3 \
- . Reagents: ' . - P
: . »
<& ! ™ ’
' o 3 : '
A. Borate buffer, pH 9.4 -~ \ L
HL .1 T
. * . S P
- The ‘buffer w?? the same as that used in Appendix 2, VI.
we hd " >
/ ‘ ‘W B.  Borate buffer, pH 8.1
Ty < % . t
;~’ Borate/bﬁzfer (pH 9.4) was adjusted to pH 8.1 by titration with
S 6N HC1. .
<
. & "l .
- . - / T Ny,
" C. Epinephrine solution
) N ; L s -~ “ ’
L7 - " .
I - | X 10 M solution was prepared by-dissolving .916 g of
« 4 epinephrine in enough .1 N HCl to make 50 ml. The solution was stable
) for long periods.if stored.in th®dark at a _temperature of 0-5°C.
D > " Y - -
D. Nitro blue tetrazdIium (NBT) solution ' .
Y - > \ ‘
. ‘ . i
) e%’ Al x 10 ® M solution was prepared by d;ssolving 81.8 mg of NBT -
P ‘ e SR
in enough Super Q water to make a 100 ml solution. The solution was .
stored in th\é\ dark at a‘tempe*rature of $-5°C. !
e , XY ' .
) ) . E." Perric Cytochrome ¢ solution
'\
W ‘Y . -
. . Al x 10 * M solution was prepared by dissolving .124 g of Fe’?
N « LI .
- N cytochrome ¢ in enough .05 M phosphate-NéOH buffer (pH 7.5) to make

~ . ) of 0-5°C.

-

.




&

-

F. Methylene blue reference standard solution
. - .

Thls solution was prepared by dlssolv1ng 8218 g of methylene

A

blue (91% total dye content) in enough Super Q water to make 200 ml .
of solution. A ml of this solution was diluted with Super Q water to

give 100 ml of a 1 x 10 ° M stock solution.

Procedure:

.

-

Basxcally the same experimental procedure was followed for each

of the three redox indicators. This procedure consist d of following

+ spectrophotometrically the development of the ihndicator at some fixed ¢

-

concentration, when the sample containing it was exposed to either a

12

light or dark environment. Compariscn was made to a solution prepared
with artificial seawater, distilled water, or a reference reaction

sol#tion (see Section 10.2.4.).

A. Epinephrine .

-

- w A3
Seawater samples were prepared by adding .5 ml of borate buffer

-~

éqd 50 pl of epinephring solution to 50 ml of a sample that was in
® 7 .
& equilibrium with the atmosphere at the reaction temperature. The sample
. was irradiated for a period of time which depended on the characteristics

-~ - . ,

: of the light source used. Differences in spectral distribution or in-
teQ§ity of différent sources Csnsiderably altered the time of exposure
necessaiy for sufficient color development of the epinephrine indicator.

, The inner ring of the merry-go-round system required 4 .minutes, the

‘ourer ring 8 min, and sunlight or the xenon system 15 to 30 Tin. -

/



-

A}

Dévelopment of epinephrine in seawater samples was standardized
by cdmparison to a solution of .5 ml of pH 8.1 borate buffer, 50 ul

of methylene blue solution, and 50 Ul of epinephraine solutian in 50 ml

»

]

of Super Q water. The blank was determined from a solution to which no

©

methylene blue regent had been added. Both tﬁe blank and the standard
. - - Yy
. . .

were irradiated for the same period as the sample and all solut{ons

were air saturated.

Color development in the solutions was measured spectrophotometr1-

cally at 485 nm in a 10 cm pathlength cell, against distilled water,

A relative value of indicator devel9§ﬁenti(R) was then calculated,
. ¢ : ; ,
R = 100 (25 - h8M) o
‘ M ~ Apm

where Ag = absorbance of sample | .

. . « *
N ¥

Ay =" absorbance of standard

o

Apy = absorbaqce of standard'plank' . ¢
. ! ’

«
. . A \

R varies w1th salinity and therefore only seawater samples varylng by - no

more than a few parts per thousand in &aiinlty shéu;ﬁ be comparéd, un~

‘
e~

less a correction for the sallnﬁty d&’feregﬁe/zs madé. R
RO oo
T e o - s
NBT . F : ‘. B .-.’ e, »
. T, . L N
PR 7N . . I
) The sample (50 ml) Waﬂ %ambinea,y£$hv,Qfﬁ;;éf’pﬁ'8.lfborate buffer 2

.

and .5 ml of NBT solutldn“' whe;z:ir 5a§uxwa‘ so,batwn %as then I,r- .. )

/-

‘- P . .- s

] . -r - ’f' .. '. R R *
radiated, and the color deye;:.ap ( fﬁue to the fomr,,ion afwBlue ' o
R g g g ; > . T‘ ‘ K :
. /;/._-’. + "\"' R
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e Formazan was measured at 560 nm in 10 cm pathlength cells against
distilled water. ’ v ’/
- ) * .
Ferric Cytochrome c
- The sample (50 ml)- was combined with .5 ml of re’? cytochrome ¢

<

‘solution and .5 ml of borate buffer. The pH 8.1 buffer was used fecr

deionized water and the pH 9.4 buffer for seawater./ Formation of the
- p

o !

Fe?t cytochrome c was followed by measuriny the absorbancé\at 550 nm

in 10 cm pathlength cells against distilled water. The absorption®

-

» + - . ~
curve for Fe? cyctochrome c is very sharp anpd the maximum was deter-.

v

mined by scanning.
3

.
«
e L,

te -

«t Tove
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APPENDIX 3-
\ ' * .
EQUIPMENT SUPPLIES
, . a
Liquid Chromatograph
DuPont 830 with: ,

: . .DuPont 835 Multi Wavelength Photometer
‘ DuPont 836 Fluorescence Detector Option
Infotronics Model CRS-108, or
Hewlett Packard 338A, 0%

Hewlett Packard 3370?)1ntegrator
Spectrofluorometer - N

American Instrument Company SPF 125 waith:

. Hanovia 901C-1 Xenon Lamp
* r . .
’ IP21 Photomultiplier Tube

Liguid Scintillation Spectrometer
Packard Tri-Carb, Model 3380
Spectrophotometers

- Unjcam SP800Q0
Ca¥y 14 '

ATP Photometer Model 2000, JRB Inc.
§alinometer Model 6230, Bissett-Berman
Salinometer—fhermograph, RS-5, Beckman
Photochemical Light Detection System |
- United Detector Technology, Sant Monica, California.

>

e Detector/Preamp, UDTS00 UV’
) Test Rox, UDT 'S05 (includes b1a51ng, circuitry, batteries
and gain control)

L~ LI-COR, LI-185 Quantum/Radiometer/Photometer (from LAMBDA
Instruments Corp., Lincoln, Nebraska)




~

-1

4 . v

A

\ Al
Detector, LI-192S Underwater-Quantum Sensor

\
\

' fetector, 1I-200S Pyranometer Sensor

Eppley Black and White Pyrancometer

/0-

340
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APPENDIX 4

// CHEMICAL SUPPLIES O

Fisher Scientific Company, Montreal, Quebec .

Supplied nearly all inorganic salts and most organic chemicals used
including solvents for HPLC. e
2 \.
Canlab, Toronto, Ontario '

~

Supplied ferrozine (Cat. # FX279-1).

—

Eastman Kodak Company, Rochester, N.Y.

Supplied.O0-phthaldehyde (cat. # 8154),
2-mercaptoethanol (cat. # 4196),
and 2,4-pentanedione (cat. # 1088).

"0 e

Sigma Chemical Company, St. Louis, Mo.
‘ Supplied amino acids, peptides,
catalase (cat. # C-40),

peroxidase (cat. # P-825Q0),
superoxide dismutase (cat. # S-5879),
epinephrine (cat. # E-4175),

. cytochrome c (cat. # C-2506),
NBT (cat. # N-6876),
TNM (cat. # T-5752), -

. scopoletin (cat. # S$-2500),
and isoxanthopterin (cat. # 18752).

" Pierce Chgmical Company, Rockford, Ill:
Supplied dansyl chloride (cat. # 217 511). ,
New England Nuclear, Boston, Mass.
Supplied glycine (1-!'“C) (NEC-047H)

Amersham/Searle, Arlington Heights, ILL, T

Supplied Triton X-100 (# 196145) and,
Spectrafluor PPO-POPOP™ (# 190650)
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APPENDIX 5

. .
» .
. -
)

.: TRANSMITTANCE SPECTRAl FOR VARIOUS GLASSES

\
3

—

’

Spectra:

A. Corning filter CS 0-53 (PYREX brand glass), thickness 1.99 mm
s 5

B. Cofning filter CS 0-54, thickness 2.09 mm
© s . C. glass from Quickfit tube used/gn merry-go-round system

. D. unknown (labeled with Corning glass #§ 3482, but gives far
different spectra), thickness 1 mm

E. Corﬁing filter Cs 7-60, thickness 4.60 mm

F. Corning filter CS 7-37, thickness 5.05 mm

-

G. Corwing filter CS 3-74, thickness 2.03 mm

s
-

-----

H. Corning filter CS 3-70, thickness 4.50 mm e e

e e e,

-,

., Y

All spectra were recording using a Cary 14 with reference’;d air.

N
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APPENDIX 6

---- '

FILTER COMBINATIONS USED IN IRRADIATION SYSTEMS

-«
-’

System Spectral Filter2 Filter2 Filter
ystem - Region 1 2 3
sun lamp 290 nm A - -
xenon lamp 300 nm B - _
immersion well 290 nm A - -
merry-go-round
. , 1
inner ring A+B+C+D A C -
. 1
outer ring A+B+C+D A A c
) ¢
outer ring B+C+D - N D o
P 1
outer ring C+D A. G c
. 1 o
outer ring . . D A H C
) -’ . . .
_outer ring 300-400 nm|e: A E o)
outer ring 330-390 nm| '+ A F ‘c
’ 8
T v *
\‘“ N » . . -
- .
P - \ . - -
Refer to Fig. 3.7, o ‘A_\ ‘
’ * - ,“‘ . * -
Refer to Appendix 5 for filter transmission spectra ghd color

specification number.




