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PREFACE

This report was prepared under the general guidance of the Project
Officer, James Darr and the EPA Technical Monitor Asa Leifer. The report
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McCaleb (project leader). Valuable criticism was offered by Asa Leifer
(EPA).
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- SECTION 1

INTRODUCTION

Of the several hundred billion pounds of synthetic chemicals manufactured
annually in this country, a significant amount enters the air, water, and soil,
often at very low concentracions., Although biotic and abiotic processes rapid-
1y transform some or most of these chemicals to simpler and harmless forms, a
few chemicals persist, accumulate, and bioconcentrate, thereby affecting a wide

variety of plant and animal 1ife. ~In some cases human health. is adversely .
affected as well. '

The Toxic Substances Control Act was enacted to provide the EPA's Office
of Toxic Substances (OTS) with the regulatory authority needed to control and '

minimize adverse effects of synthetic chemicals on the environment and on human .
health. .

One of the important activities of OTS is to evaluate the possible envi-

. ronmental effects new chemicals may have if marketed and the effects existing
¢hemicals may have -because of their wide distribution, long persistence, high
toxicity, or large production volumes. To facilitate this task, OTS has pre-
pared a set of recommended test protocols for screening new chemicals for their
environmental persistence and effects (Federal Register, 1979). The recommended
protocols for fate are intended to provide data from simple laboratory kinetic
or equilibrium measurements that can be used to evaluate the probable lifetime
of a chemical in a specific environmental situation.

Despite the simplicity and low cost of the recommended test methods, their
widespread adoption and use by chemical manufacturers poses two major problems.
‘First, the total cost of performing most or all of the tests may be particular-
ly burdensome for small manufacturing concerns that have limited staff and re-
sources. These cost requirements may stifle innovation by small companies,
particularly for potentially small-volume chemicals. Second, the large number
of new chemicals to be tested each year (estimated at between 200 and 500) will
generate a significant amount of kinetic and property data that must be evaluated
by knowledgeable staff in OTS; the process of evaluating such quantities of
data can lead to delays or, worse, inadequate assessments.

The test methods recommended by OTS reflect our present knowledge of the
important processes that control transport and transformation of chemicals in
the environment (Mill, 1979). Because some of the environmental processes
have been well-studied in the laboratory for many years, a considerable body
of empirical and theoretical knowledge is available from which to formulate
structure-reactivity correlations (SRC); these correlatiomns can then be used
to relate molecular properties or structures to chemical or physical reactivity

1



in a specific process.' Hydiolysis of‘s1mple esters is a'gOOd example of how
the effect of changing the acid or alcohol structure can be systematized and
used to predlct the rate constant for a new structure (Euranto, 1969).

'SRC are a valuable tool for predlcting the probable range of react1v1ty
for a new chemical structuré in specific environmental processes; they are
simple to use and can provide considerable savings in time and money for both.
EPA and industry if they are used carefully as a pre-testing tool to select
only needed test protocols. This study was conducted to explore the scope of
SRC and’ their potential value for predictlng reactivity in environmental fate
processes (zero-level screenlng) .




SECTION 2

OBJECTIVES

The objectives of this study are .to (1) evaluate the kinds and accuracy
of existing SRC for environmental fate processes, (2) use these SRC to formulate
some simple rules for including or excluding from testing specific types of
molecular structures, and (3) indicate the accuracy of quantitative predictions
of reactivity using SRC.



SECTION 3

RESULTS AND DISCUSSION

" FATE ASSESSMENT BASED ON TEST PROTOCOLS

The current methodelogy for fate assessment may be summarized as follows,w
only the first two steps are now part of the proposed test program

. ® A chemical is screened in the laboratory to measure approximate rate
" or equilibrium’ constants for all processes ‘that might control the
transport or transformation of the chemical in the enviromment. -
‘e The rate constants (or half-lives) are compared under selected en-
vironmental conditions to evaluate the dominant processes that control h
fate in specific environmental compartments.’
® Additional detailed tests are performed for each dominant process_
(usually one to three) to evaluate rate constants or equilibrium’
constants over a range of environmental conditions.
® The important rate or equilibrium processes are integrated in a simple
' multicompartment computer model with environmental parameters and hy-
drologic or meterologic data. The model provides information on con-
centration as a function of both time and location inthe environmental
location of interest. ~

A more detailed discussion and application of this methodology is found in
Smith et al. (1978) ; . :

Lo

ENVIRONMENTAL PROCESSES AND KINETIC RElAIIOVS

A detailed discussion of the kinetic or equilibrium processes thought to”
be important in the air, water, and soil is- given in the recent paper by Mill .,
(1979). Only a summary of that discussion is included here. Table 1 lists A
the processes that should be considered in any comprehensive review of environ-.
mental assessment. Each kinetic process listed in Table l can be formulated
as a reaction and kinetic relation

C + X = products ‘ ' @))

- Rate = ~d[C]/dt = k_[C](X_] - @

where C 1s the chemical, kn is the specific rate constant for process n, and
X, is the chemical or biochemical species responsible for process n in the
environment. X may be HTF, HO-, soll organic content, or solar photon flux,

w
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Table 1 Environmental Processes and Properties

Process

' e . a
- Kev Environmental Propertvy 'b

Physical transport

Meteorolog1ca1 transport
Bio-uptake '
Sorption

. Volatilization

_ Ruf~off *
Leaching
Fall out

Chemical Transformation

Y

Photolysis.
Oxidation .
Hydrolygié: 7

Reduction -

Bidlogical Transformation

Biotransformation

Wind velocity
Biomass- _
Organi¢ content of soil or sediments

.'Mass loading of aqudtic systems

Turbulence, evaporation rate, re-
aeration coefficients, soil organic
content

" Precipitation rate =

Adsorption coefficient

- Particulate concentration,

Wind velocity

‘Solar irradiance, transmissivity .

of water or air

Concentratioéns of - oxidants and

retarders

pH, sediment or soil basicity or‘,

'Aacidlty

~0xygen concentration, ferrous ién
.concentration and complexation state

et

Microorganish population and acclima-
tion leVel .

3t constant temperature.. .-

Prrom Mill (1979).




as just a few examples.

Equilibrium processes for sorption are treated in a similar fashion.

C + S === CS(sorbed state) | (3)

K. = [cs1/{cls] (4)

where S is the sediment/soil mass and Koe 1s the measured value of K corrected
for the organic content (Mill, 1979; Kenaga, 1979; Smith and Bomberger, 1979).
Rate or equilibrium expressions such as (2) or (4) can be simplified to

pseudo-first-order forms if [xn] is assumed to be constant during the meaSure—
ment interval. e . : . . .

- Rate = K [C1[X] = kn,';g;l,{_f L BRI W

' Prediction of Rate and E@uilibrium Constants:

A systematic approach’ to’ predicting ‘values of kn or Koc for new chemicals .-
rests on the well-known fact that despite almost limitless diversity in structure,
most organic chemicals share common reaction patterns and" reactivites among’
like~structured chemlcals, SRC are a way of explicitly recognizing and
quantitating these similarities in reactivity for similar molecular structures.
Thus, the estimation of rate constants is actually a two-part procedure RS

® Selection of environmental processes (see Table 1) applicable to a

. -specific chemical structure using simple, qualitative SRC

® Estimation of kinetic rate constants for potentially ‘important processes
using quantitative estimation procedures such as linear free energy
relationships (LFER) ‘(Shorter and Chapman, 1972).

THE SCOPE AND APPLICAIION OF SRC

Chemists generally use screening SRC implicitly to estimate what kinds
of reactions a specific chemical will undergo, based on its molecular structure..
Thus, for example, 'all organic chemists know that ‘alcohols cannot hydrolyze,v'
alkanes cannot absorb sunlight, but that acyl halides hydrolyze very rapidly;
fewer chemists could instintively classify thiadiazoles or dialkylaromatic
carbamates as unreactive in hydrolysis or photolysis, and fewer still would
be able to estimate whether hindered aromatic phenols or amines will oxidize
in the dark. Thus, screening SRC covers a range of easy-to-difficult
classifications of reactivities, but in each case only a yes or no decision
. 1is required.

To predict how fast or significant & particular reaction will be for a
particular chemical structure chemists use quantitative SRC such as LFER.
For example, the sensitivity of ionization of phenylacetic,acidskin water at . -.:-
25°C to substituents is expressed as the op relation (Wells, 1963)



log K (XPhCH,COOH) = log K (PhCH,COOH) + (0.562 * 0.039)¢ (6)

Equation (6) is an example of LFER that link kinetic and thermodynamic parameters
to molecular structure in a quantitative framework. Both screening SRC and
LFER are useful for predicting environmental fate and persistence from
information about molecular structure and properties, but .often only the
qualitative SRC is needed to select test protocols for a particular chemical.
This is because of the several competing processes that might control the
persistence of a chemical in air, water or soil, only the one or two fastest
processes will control fate and the other slower ones will have little or no
influence on fate: Thus, if screening SRC predicts that processes A and B

will be faster than processes C, D, and E by a factor of 10 or more, it matters
little if the rate factor is actually 10.or 10,000 since the decision to exclude
‘tests for processes C, D, and E is a valid one for all rate facétors larger .

© ,..than 10.. Usually the confidence in these predictions increases w1th an 1ncrease

in the rate factors

For competing processes A and B, LFER may be usefully applied to predict
more quantitatively the values of k- .and kg. Unfortunately, application of
LFER to predicting a new rate constant from a set, of. measured ones is subject

to uncertainty and limitations, as discussed below.. '

THE SCOPE AND APPLICATION OF LFER

LFER relate rates contants and structural parameters through a general o
form,_linear in log k (thus linear in AFF) - -”',A; IAE L b o - ﬂ

log k = log k, + af o ,_,r - (7))

where ky is the unknown tate constant kp is known, and o and B are reaction,
structure, or solvent parameters. - The Hammett, Bronsted, Taft, Swain, _
Grunwald-Winstein, and other LFER équations are of this form. The ternn free
enérgy implies a more fundamental thermodynamic foundation than is justified,
. all these correlations are alfiost entirely empirical in origin and elaboration.

. The range of reactivities that ¢an be correlatéd with'equation (7). 1is.

. indeed impressive; with some. changes in ky ranging over 14 log units. These
are exceptional ranges, however, and most LFER cover 1 or.2. log uhits in rate-
- éonstant . (Wells, 1963; Shorter and Chapman, 1972).

Hammett EguatiOn

One of the best known and most widely used LFER is the Hammett equation
originally developed for correlating the acidity of substituted benzoic aéids.

' log kﬁ = 1og ko + 00 . .u L. (8)




In equation (8):

(1) ky and kg are rate or equilibrium constants for reaction of an
aromatic structure at a single temperature

Y )

(2) X is a m~ or p-substituent in the ring; Y is the reaction center.

(3) kg and kg refer to the X-substituent and H-substituent (parent),
respectively

(4) o is the substituent constant characteristic of the. substituent alone
and independent of the type of reaction, but is a function of
temperature and solvent.

(5) p 1is the reaction comstant characteristic of a _pecific reaction and
transition state. AR N S

Many modifications have been made to the Hammett equation to extend its
range of applicability; extensive reviews of LFER by Wells (1962) and Shorter
and Chapman (1972) are recommended for details, .For this ‘discussion we need
to focus on the two essential but’ limiting features of LFER: (1) the’ require-
ment for a simple and constant reaction (similar transition states) for a valid
correlation, and (2) the largely empirical nature of LFER, which requires an
extensive experimental data set to develop the reaction constants needed for
further prediction. These features restrict the usefulness of LFER for pre-
dicting new rate constants even though this objective was one of the mainsprings
for development of LFER. :

Exner (1972) has discussed the range of validity of LFER, particularly
equation (8), in some detail. Many deviations from the LFER occur because the
reaction mechanism changes with the change in substituent. Examples are shown
in Exner's paper (see Figures 1.1-1.9). The application of LFER to a particular
reaction is often used as a sensitive criterion for detecting similarities and.-
differences in transition states for a similar group of chemical structures.

If LFER is used instead to predict a value for ky, then there must be some a
priori basis for knowing which particular value of p (or the corresponding
constant in another LFER) to choose for a particular reaction. For simple,
closely analogous reactions (e.g., ester hydrolysis, H-atom transfer from
aromatics), selection of correct values of p is generally straightforward; how-
ever, for some chemical structures and reactions, selection of the correct

value of p may prove very difficult if not impossible. Two examples (from
Exner, 1972) will illustrate the point: (1) in a series of substituted cumyl
chlorides, solvolysis of p-nitrocumyl chloride has a measured rate constant ‘
almost one hundred times as fast as that predicted from the (good) correlation
equation based on m—-substituents and nonconjugating p-substituents, and (2)
acid-catalyzed addition of water to carbodiimides shows excellent correlation
for 12 substituents; however, for 3-Me,N, the deviation from the line corresponds ..
to a factor of 10, and for 3-NO, the deviation corresponds. (approximately) to
a factor of 50 in rate. Failure of the equation apparently results from a
change in mechanism. ’ :




Development of. a useful LFER does require a data base from which to derive
a best value of p (or other reaction constants). A priori thermodynamic and
quantum mechanical procedures for calculating o from first principalsg -
-been tried with only minimal success. For. the immediate future, invei=<*Z:tors
‘must ¢ontinue:. to rely on careful experimental studies to extend the usefulhess
of LFER to énvironmental problems; where no data base exists, application of

7a: LFER probably is imprudent. -

.. Precision of LFER

Values of p, @, or other reaction constants are typically evaluated by
fitting data on log k, log k » or log K, versus substituent constants, to a
regression equation using 51mple linear least squares methods. Error bounds
or confidence limits on p or « can then be calculated (Wells, 1963). Several
" interesting points arise from examining the data of Wells. Most correlation
coefficients reported for r are > 0.98 [standard deviations typically are less
than 5%], but few reaction series cited contain more than eight substituents.
Exner has proposed that a better measure of the usefulness of a LFER than.r
is ¢:

= [n(i=? )/ (a=2) f‘ | ‘ ()

f'Applying equation (9) to a good data set where T = 0 998 for the Hammett equa=-
tion and n =.5 (Wells, 1963) gives ‘ . '

¢ = "(5(1-0. 99:3')/3)55 = 0.08

In this case, use of the Hammett equation for calculating log ky will give a

.. mean deviation. only ‘8%, as large ‘as would be obtained.by-adsuming ‘that- '

substituents have no effect (p = 0). However, for another example where r =

0.96 and n ='5; ¢ = 0.36; in this case use of the Hammett equation gives a

mean deviation which is 364'as large as would be obtained by assuming that p

= 0 If more:data points were available such that n = 10 then ¢ = 0.31; if
= 25, then ¢ = 0:29. : :

" Table 2 from Exner (1972), summarizes values of Hammett ‘substituent’
_constants. o for meta and para substituents. : By definition H. is zero. Other
substituents may have ‘positive p or negative values of p ranging from +1.9 for
<N2* to =0.66 for p-NH,. -The range of values. for, kx covered by these
'substituents is almost 400 if p = 1. 00. -

Values of ¢ in Table 2 seem best suited for use ifi' reactions in which the
transition states have no strong local charge development. Aromatic reactions
in which significant localized charges develop in the transition states are
better correlated by parallel substituent sets designated ¥ or ¢=. 1In general,
correlations of polar reactions with these substituents are not as extensive
hot as good as those with ¢.

Perhaps the main point to be emphasized 1is that statistical tests alone
cannot be used to judge whethér a hew chémical struéture will fall on a
'particular correlation line; some insight int6é the probablé reaction mechanism
is a necessary requirement to using LFER as a reliable predictive tool.

10



TABLE 2. SELECTED VALUES OF HAMMETT o VALUES®

i Substituent %n QP

H 0.00 0.00

Me,Et,i~Pr -0.04 to 0.07 +0.14 to 0.17
i t=Bu 0 to -0.12 =0.18 to =0.20

cz=cH 0.20 0.23

Ph 0.06 to 0.22 -0.01 to 0.02
sCHaON ., 0.16 0.01 to 0.18

CFs 10.42 to 0,43  0.54 to 0,55

CCly . . 0,40 .0.46 -
ben 0.56 to 0.68  0.63 to 0.69
| cuo 0.36 0.22 to 0.43

C(0)Me 0.31 to 0.38 0.44 to 0.52

CONH; ~  0.28 0.8 -

CO.H 0.35 to 0.37  0.26 to 0.45
| co.r 0.36 to 0.40  0.43 to 0.52
: NHj 0.00to -0.16  ~0.57 to -0.66
Ne . 027, e . 05
' NOa © 0.70 to 0.71"  0.78 to 0.80
" OH 0.00 to 0.12 =0.36 to -0.37

e . 0.12 L -0.27

0C(O)Me  0.26 to 0.39 ~ 0.16 to 0.31

SH : 0.25 "+ 1.0.15

S0.NH, 0.46 to 0.53  0.57 to 0.62
F ' 0.3 0.06

c 0.37 C0.23 .

Br 0.39 0.23

1 0.35 " 0.18 to 0.28
e, 0.88 to 0.99  0.82 to 0.96

Na* 1.8 1.9

€0y~ 0.1 to 0.10 -0.05 to 0.13

S0s~ 0.05 to 0.31 0.09 to 0.38

3From Exner (1972).
Range, where given, indicates extremes of
values listed.
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'

LFER for reactions of aliphatic structures have been develdped by Taft
and reviewed in detail by Shorter (1972). 1In general, the Taft equation and
its elaborations do not correldte reactivity in aliphatic systems as well as
thé simple Hammett equation does for aromatic systems and successful applica-
tion of LFER to aliphatic chemicals requires considerable in51ght into the
mechanisms of their reaction :

Another form of the Hammett equation is used to describe SRC for ‘substi- |
tution reactions in which the stability of the leaving group controls rate.

A + BX == ABX —> AB + X
‘flog k = log k» +'plog KX : A (10)

CIn this form of the equation, log Kx measures the stabillty of the anion
"relative to its: conJugate acid in' water or another basic" solvent.». -

Hzo + m-—*— x + Hso t | "- e, . (11)

N Examples of the appllcatlon of equation (ll) are given in ‘the section on
hydrolysis., : . :

Bronsted Cataly51s Equation '

Structural changes in the reactant that effects a transformation at a
reaction center can be successfully correlated by the Bronsted equation; in

its simplest form, this equation relates acid or base: strength to catalytic G

b

cactivity 'in reactions involving general catalysis..

Because hydrolysis in natural waters usually involves only specific acid
(H50%) or base (OH-) catalysis, the Bronsted equation is little used in en-
4 vironméntal estimates. Correlation of pK, or log ky and rate comstant, cited
above [equation (ll)],\is sometlmes referred to as a Bronsted correlation_'
(Williams, 1972) : R :

) Use of SRC and LFER for Environmental Processes '

Table 1 lists the processes believed to control transport and transforma-'
tion in the environment. Some physical transport processes; such as
volatilization, ¢an be related to thermodynamié¢ properties of the chemical in
dilute solution and are therefore amenable to correlation by LFER. Other
processes, such as sorption to sediment, particulate, or biomass, can be
correlated most readily with solubility or partitioning betwéen organic and
aqueous or vapor phases. The relationship betweén molecular structure and
thermodynamic or kinetic parameters is less clear for these latter processes.

Biotransformations are always mediated by enzymes through one or more
equilibrium processes GSually coupléd to an-irreversibleé bond-breaking or
bond-making stép on the enzyme. In principle, the processeés are susceptible
to. treatmént by LFER, in practice, few such relationships have been successful

12



owing to the complexity of the overall process and the lack of detailed
understanding of the chemistry of individual steps.- Some correlations of mi-
crobial and chemical rate constants are ‘reported by Wolfe et al, (1979).

A number of chemical transformations in the environment can be separated
into discrete elementary steps characterized by simple kinetic relationships,
many of which can be examined in detail. Therefore, many correlations can be
made between structural reactivity with reasonable assurance of their
applicability to environmental situatioms. For these reasons we have emphasized
the use of SRC and LFER for chemical transformations in this report.

Chemical Transformations

v .

Table 3 lists four basic types of chemical processes. that occur in the ‘
environment and the environmental agents that effect these processes. '

TABLE 3. ENVIRONMENTAL CHEMICAL PROCESSES

1

Process =~~~ ‘Agent, Property-
Hydrolysis H,0, H3Of,“0Hf, trace metals
I . sediment L e
Photolysis o . Solar irradiance, transm1931vity

of water or air

Oxidation B HOe, RO;*, %0z, O3, ROs

Reduction - ' . Fez+

For many of the processes listed in Table 3 we can formulate simple kinetic
relationships of the form

Rate = k [C][P ] R o an ?p;

where k, is the rate constant for the n-th process, [C] is the concentration
of chemical and [P,] is the concentration of environmental agent or property
of the n-th process. Prediction of the rates of many environmental processes
requires only prediction or measurement of the rate constant k, because con-
centrations of hydrolytic, oxidative and solar agents are now known for a
variety of environmental situations (Mill, 1979). The following sections will’
examine the detailed processes and usefulness of SRC for predlcting rate
constants.

. ..

S
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-Hvdrolvsis-

Hydrolv51s or. organlc compounds usually results in introduction of ‘&
hydroxyl function (- OH) 1nto a chemlcal most commonly w1th the loss of a
1eav1ng group: (=X) : 2 : :

RX + Hy0 ROH,.+ BEX - (13)

R-g X + Ha0 —> R-g on + HX (14)

In water, the reaction is, catalyzed malnly by hydronlum and’ hydroryl ions,
but in moist soil, loosely complexed metal ioms such as copper or calcium may
also be important catalysts for certain types of chemical Structures. Sorption
of the chemical may also increase its react1v1ty toward H+ or HO™.

The general rate equatlon for hydroly51s in water 1814\
Rh kh[C]-k[H][C]+k[OH][C]+k‘[H 0]{C] )

where kh is the meaSured first—order ‘rate constant at a given pH. The last”
term is the mevtral Yeaction with water (second-order rate constant kN ) and
in water it can be expressed as a pseudo—first-order rate constant kN

This equation can be modified to account fot the incursion of béund of -
free metal~ion catalysis in soil or sediments by includlng one or ‘more terms .
for the form
Hﬁﬁ,n¢:‘£;g;;»ha;«,;tyﬁqa,:;,(Qq',.su;4“.

S kb * IH+1> o as

whére ky is the metal~ion catalysis constant, [M]T is the total metal ion con=
centration, and k, is the equilibrium constant for dissociation of the hydrated
ion complex. .-Since a metal may be complexed in soil in several ways, the
: descriptors needed for the complete rate equation could be quite complex..

L Equatlon (15) shows that the total rate of hydrolysis in water is
pHddependent unless k -and k = 0. .

Mabey and Mill (1978) have recently reviewed kinetic data for hydrolysis
of a variety of organi¢ chemicals in- aquatlc systems and have reviewed the
chémical characteristics of most freshwater systems: These data have been

. used in tutn to calculate persistence (half-lives) of thesé same chemicals at

25° and at pH 7 in freshwater. Predictive tést methods (screening and detailed)
for hydrolysis to develop the essential kinetic¢ data: ky, kp, ky, kg, and their
temperature dependence (Arrhenius equation) have béen prepared recently by SRI.

A variety of hydrolysis reactions have ‘been observed on soils and sediments.
In some cases, rates were markedly acéelerated compared to, bulk golution; but
' detailed understandlng of mechanisms 1s limited and structuresreactivity re-
1atlonships appear to be avallable for only a, few compounds. .

g
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The review of Mabey and Mill (1978) is a useful point of departure for
summarizing the SRC for hydrolysis in pure or natural water where only H;O0HO-
and HT are important catalytic agents. Organic chemicals ‘can’ hydrolyze by a
variety of processes including both solvolytic and substitution mechanisms
catalyzed by HsO* and OH-. We can narrow the scope of the enquiry by restricting
our interests to reactions proceeding at pH 7 and 25°C. General and detailed '
effects of structure on hydrolytic reactivity, as measured by the half-life
at pH 7, are summarized in Tables 4 through 11. In some cases half-lives are
expressed only as > or < 1 year or some multiple thereof.* By this
classification, one can quickly differentiate the reactive from the unreactive
chemical structures. For some classes, ‘the information on LFER can be used
to make detailed estimates of reactivity based on structure.

Table 12 provides an summary of hydrolyzable chemical structures that
‘will be expected to persist in water for significantly more than a year at pH
7 and 25°C. These c¢lasses of chemicals probably need not be screened in the .
laboratory for hydrolysis using the current screening tests because these’ tests
are designed to estimate reliably only those half-lives of. a few hours to a
few months; longer half-lives are not well-defined by the test method (Federal
Reg., 1979) and, indeed, current assessment procedures generally focus only
.on chemicals that ‘exhibit loss rates of days to weeks. ‘

Photochemistry

Measurement Methods

The cutoff for the solar spectrum by the upper atmosphere is at ‘about
290 nm; only absorption of photons by a chemical ‘at this or longer wavelengths
can result in direct photochemical transformations. Direct absorption of sun-
light may result in cleavage of bonds, dimerizationm, oxidation hydrolysis,
or rearrangement. No simple selection rules are available to predict the
specific chemical process that may occur, although some. useful generalizations
have been found (Calvert and- Pitts, 1967 Turro, 1978).

Quantitative aspects of direct’ photolysis in water, on soil surfaces, .
or in the atmosphere have the same general kinetic relationships The rate
of absorption of light, I, (rate constant ka), by a chemical at one wavelength
is determined by €,, the molar absorbance; Iy, the intensity of the incident ‘
light at wavelength XA; and [C], the concentration of chemical. At low concen-
trations of C where only a small percentage of the light is absorbed

Ty = shhiel=k (A)[C] o -~ ooan

The rate of direct photolysis of a chemical at wavelength A is“obtained.by
multiplying ka(x) by the quantum yield ¢), which is the efficiency for' =

* : A _ S
This time limit is somewhat arbitrary but corresponds to the limits om
estimation of rate constants using EPA screening test protocols.
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| TABLE 4. . HYDROLYSIS OF ESTERS AT pH 7 AND 25°C%*°

"R;C(0)OR,° Half-life (yr)

Ry
Al

Al

Ho
Al

ar o
a0
‘.chn,,x,cu .

-pAllyl

— General SRC -

~Ra _ _
Al > 1 (2-100)
Ar ‘:, <<l
AL | <1
allyl- <1

(X =Cl, F) <1

BoE R

'“'i?ﬁﬁd

: .‘,-.~1

XATC(0)OEE
. MeC(0)OAT e

ACid Cataleis '; Soa e araT

Base Catalysis

_ XArC(O)OAl -,"“:Lal4~:. Cp =2.0 |-

Leaving Group pK

: ‘iAlC(O)OArX When pK ‘of HOATX is less,
‘“,Athan 8, t% for: hydrolysis is < l yr BRI

- ateric Effects —

‘5MeC(0)0A1 » As bulk of Al increases from

Me to t=Bu; t% 1ncreases by a factor of

'“falmost lOO.w

4From Tables 4.8 and 4.9 in Mabey and Mill (1978).

ka is the dominant term in kh;

Al = alkyl, at = aromatic. - -

. %turanto (1969):




TABLE 5. HYDROLYSIS OF AMIDES AT pH 7 AND 25°C2

b

_R,C(O)NRR Half-life (yr)

R Rz
H

"fi15°

Al > 1

XAl H H RS 6r ;>'1 fé: X= Méo,'éi,vﬁ:

)
1
K

« 1 el

o

Cl:CH

-3

Cl,C

e

Al SN |

XAT H - > 1% X=HtoNo,

A B
s}

%From Table 4.101in Mabey and Mill (1978).
‘bFrom'footnote c, Table 4.

CEstimated from H30+fcaqa;yzed rate only at 50f100°by'_;'
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© TABLE 6.

'HYDROLYSIS OF NITRILES AT 25°C2

TRCN -

[ArCH 2

At 2 CH

NCCH

AL(Me, Et, Pr) > 100

> 1000%

> 109d .

> 104

At pH 9; slower at 1ower pH.t

" b

Widequist.

d

Footnote c, Table 4,

Zévaoiéhu:(l968){-uu

eBloch.ét ai@j(l973).

TABLE 7.

HYDROLYSTS OF ACYL CHLORIDES AT 25°C®

o Half-life (v =

Re(oyel

A Half-1ife’

Me |
heat

oL

_‘MezN

L P"' or- m"XPh . e
o xes s, Br, MeO; Me)

General—
' o - <10 sec
< 40 sec -
S 0hr v
. '4{miﬁgfﬁf;j‘

< LFER e

) b.‘vl.s7;250c’d

hf?c(o)01 o

:Kiniven

CRiniven

’dHudson et al. (1970)

A

(1972).

Based on first-<order rate constant for reaccion with water.
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TABLE 8. HYDROLYSIS OF CARBAMATES AT pH 7 AND 25°C

T THali-life, yr
e General SR” s
| R Ry R R

D MR

. RWOC(OINRR,®

AL Al Al el
AL Ar Ar > 1
Al Ar H i »> 1
pl Al H >> 1

ar .. arc H C S<1

br AL H T T e T e

pr oA ar i
RN Al AL VS

RN . Al SR S E

X CHs—n Ar "~ H R 15150

XATOC(O)N(AD)H: log ky = 15.2-1.34 pk ©
log k, = 13,6-1,15 p& ¢
. log kx = 2.04 + 2.87¢°
XATOC(O)N(Ar)Me: Tog ky = =1.3-0.26 pk &
XATOC(O)N(Me)H: -ty < S yr 4€pK_ €10, (ae pH 8) .

| XATOC(0)N(Me)Al: "t > 1 yr for all values 6f,pKa.(aF3PH 8).

- XArOC(0)N(Ar)H: Sy < 0.5 yr if pxa,<:;g (ac pH 8) - ¢ - .

aFoocno;e.c. Table 4.
Prrom Table 4.5 in Mabey and Mill (1978).
“Williams (1972).

dyolfe et al. (1978).
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TABLE 9. HYDROLYSIS OF ALKYL HALIDES AT pH 7 AND 25°C%

. RX.

R> X .. Half-life (yr)

INEEE o, e I o
Aiiyl :~1»"f} .:le Br,.I . {:.,- << i
'f.Afcﬁ;il “H L iéi; Br; i " e 1
Clmocw, 0 oa :f ,f? _ﬁff‘5_2 1hr

lHu_, . 0 Cly B m=24 >3 .

Srom Table 4.1 Mabey and MIlL (1978,

Prootnote c, Table 4.

LA
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TABLE 10. HYDROLYSIS OF PHOSPHORIC ACID ESTERS AND HALIDES AT pH 7 AND 25°¢c?

R,

R;P(0)R;Rs

Ry

Half—;ife (yr)

Al

Ar

AlO

ALO -

—~ Phosphonates RyP(0) (OR) ; —————==

AlO

“:?>~1.:

: >> 1

Al0Q
Ar0

ip~NO2Ar0

AlO
'Ar0‘

p-NO,ArO

Phosphates (R0)sP(0) ———
AlO (A1 = Me or Et)

. ArQ

P?NO:AIO

~ l'

<< 1

i
(I

Al

AlO

a1
{AL.N -
l

Al
A10
Al0

AL,N

Phosphonohalidétes RQP(C)X;' v
f .
F
f"

Cl::“

>1

<< 1

<<>1.,

®From Tables 4.13-4.17, Mabey and Mill. (1978).

b

Footnote ¢, Table 4.
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'TABLE 11. HYDROLYSIS OF EPOXIDES, -IMIDES, AND CYCLIC ESTERS AT pH 7 AND 25°C

B ST = “‘éﬁbkides and Imides®

Re . . BHalf-life (day) |

;  TFf;

12

Tmom
=)

Me B B 14

Me - ‘Me "4’

Lo
faaf

XCH, I R g2
XCH. | Me _i . H . _*gvv ‘ R 16.

Cyclic Estersb'”l

R;C(O)OR: 01’.' RxOS,(O) ORz

B=Sultones DR s << 1 yﬁ‘7””.

Sulfates - S <lyr

3From Tabie 4.7, Mabey and Mill (1978).
Priom Table 4. 13 Mabey and Mill (1978)

Ethylene1mine.
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TABLE 12. SUMMARY OF CHEMICALS PERSISTENT TO HYDROLYSIS: HALF-LIVES > 1 YR

AT 25°C AND pH 7

Category

Esters, R;C(O)OR:
Amides, R,C(O)NR:Rs
Nitriles RCN

Acyl chlorides RC(0)Cl

Carbamates R,OC(O)NR;RQ‘

Alkyl halides RX

!
I

uPhosphorous acid esters and halides
R,P(0)R2R;,

Epoxides, lactones, sultones

1
i

Persistent Chemicals ; B

‘All Al esters of Al Ar, or allylic
'ﬂ”acids N : s

-All amides where R; - R; are Al or Ar;
only amides with halogenated alkyl R,
hydrolyze rapidly

A;L*aliphatic<or aromatic nitriles

No acyl.chlorides

'All carbamates having only Al or Ar on|
‘N oand O

ilAll AlF and polychloro- or polybromo*

methanes

All esters where R, is Al or Ar and R;
and Ry are AlQ or Ar0O (Phosphonates);
no esters where R, = Rs are Al0 or Ar0O
(phosphates); only esters where R, and
Rz are Al,N and Rs is F (phosphono-
halidates)

Only‘hindered;'bieyé;icvepéxides; no
‘simple lactones or Sultones
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converting the adsorbed light into chemical reaction, measured as the ratio
of moles of substrate transformed to einsteins of photons absorbed. Thus at
a single wavelength, A R - : e

where | »
20 T Faguty - (19)

"The 51mplest and most direct method of using 1aboratory experiments
to estimate environmental photolysis rates in the field is to expose an aqueous
solution, a vapor phase sample, or a thin surface layer of a chemical to out-
door sunlight and monitor its rate o6f disappearance. At the same time photolysis
of another chemical having a well+characterized quantum yield and similar ab-
sorption spectrum should be carried out. This method will.take into account
variations. in sunlight intensity but avoids the need for determining the detailed
spectrum or, the quantum yield for the” chemical ' .

Another method for estimating environmental photolysis rates is based
on 1aboratory measurements of ¢ at.a single” wavelength- : Y .. average sunlight
intensity (I,) data are available in the literature as a function of time of
- day, season,.and 1atitude (Mabey et al., 19793, ,Zepp and. Clme, ‘1977).

Since ky is equal to the product of ka and the quantum yield ¢;'and . ’
since ¢ generally does not vary. significantly with wavelength, the rate constant'

_'in sunlight kp(S) ?éxlx ptnesnau;.*ef s ,p‘tgp‘LQ;q;&t@;;,f?git:g%ﬁgig::w R
kp( 5) MA s - (20
and the half life in sunlight is
‘ta><s> AL ey
P P(S) . Lo ".:d‘ - N Cadkge ot

c --'Both'_ computer and hand methods are available to sum the products
of EAIA over a wavelength range, and give a plot of ‘the’ half ‘1ife of the
‘¢hemical toward photolysis in water or, air as a function of the month of the
year- and’ 1atitude (Mabey :et al , 19793 Hendry et al., 1979) : N

Comparisons were made at SRI betweéen measured and calculated half-lives
for direct photolysis in sunlight of eight chemicals dissolved in water using
procedures des¢ribed above; the comparisons gave excellent agreement, usually
within a factor of 2 (Smith et al., 1978). :

Predictive Methodologx

3 Equation (20) may be used to calculate ah ‘upper . 11ait for L by
, assuming ¢ = 1. This method is recommended as a- s¢reening tool since if the
rate constant is small compared to rate constants for other competing
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environmental processes, no additional photolysis measurements are needed.

The foregoing discussion and equation (20) show that only the intensity
€ and quantum yield ¢ at wavelengths in the solar spectrum are needed to predict
quite accurately the photochemical loss rate of a chemical in sunlight. For
the prediction, no information is needed on the actual chemical reaction oc¢-
curring. Application of SRC to photochemical reactions must then address two
separate problems: how does structure affect €y and ¢A?

There 1s no simple or succinct answer to this question. However,.
some generalizations are possible because of a large body of empirical data
organized on the basis of a slim theoretical framework (Calvert and Pitts (1967),
Baltrop and Coyle (1975), Turro (1978). .

Spectral Properties”

: Equation (20) sbows that the total rate constant for loss of a -
chemical by solar radiation is related to the sum of all absorption bands.
Thus, a chemical with a very weak tailing absorption .spectrum extending :into
the solar region for 50-100 nm could largely photolyze in less than a year if °

the quantum yield is reasonably high - For this reason, .conventional criteria
for weak or strong absorption spectra are not very useful. Table 13 lists
classes of chemicals that exhibit significant light absorption beyond 290 nm.

The list in Table 13 is by no means inclusive, but, as a general
rule, carbon singly bonded to carbon or to other more electro~negative elements
absorbs only weakly or not at all in the solar spectrum. Carbon multiply bonded
with electronegative elements does exhibit weak-to-strong absorption between
290~350 nm, and conjugated structures absorb more strongly and at higher wave-
lengths. Singly bonded heteroatoms such as 0-0, S~0, and N-N also exhibit
weak-to-moderate absorption bands in the solar region. These familiar
generalizations provide the basis only for a crude separation of. chemical
structures into solar-active and solar-inactive categories. More detailed SRC
are difficult to formulate at this time because of the current limited knowledge
of the photophysics of excited states (Turro, 1978).

Energetics of Photoprocesses

The energy of light photons in the solar region decreases from 98.6
kcal/einstein at 290 nm to 35.7 kcal/einstein at 800 nm.T The kinds of

* . L K
A hypothetical chemical with a constant absorbance ¢ of 0.1 M ! e ! extending
from 290 to 350 nm will have a ty of 160 days if ¢ = 0.1, and a t% of 16 days
if ¢ = 1.0 (Mabey et al., 1978). '

+The relation between energy in kcal/einstein and wavelength in nm is

_ photon energy ‘= 28590/X

25
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- TABLE 13.

APPROXIMATE ABSORPTION REGIONS FOR

ORGANIC MOLECULES ~5~n;{

. nitro ”.f

cngc<no,>=c<cu,)=f

L 1802380 et

: . Region
Class .Example nm Reference
AiiphatigsC B
'hydrScarBons n-C;H;o 120;170
_fluorides, chlorides - CHBrs, CHCl; 180-260 a, b
bromides :
-fodides CsH,I , 180-320 b
ethers, alcohols CiHsOH, C,Hs0C:Hs  150-200 a
aldehydes CHsCHO 240-340 2.
‘ketomes-. . " CaHsC(O)CHs 240-320 2, b
' seids - . CHsC(0)0 . - 200-230- a, b
,;_esters,f 'cﬁsc(O)ocng ' 200-240 a.
amides Caﬁsc(o)NHig””“ - 180-220° a, b
" amines (C,H ),N ) 180‘540 a,
_azines (CH3)2C~N-N=C(CH3), 200290 b
‘azo CHsiNeN-CHs 200-230, '320400 .
“nitro CH5NO, 200+220; 1260-320 - &, b
‘ nitroso ‘ (cﬂs)scno s ;_200~300 5&0—740;»A(a;, I
ol fontertpe T (CHs)sCONO T 0622407, 320400 A, B
nitrate C2HsONO, .  200-300 0 &
sulfide ; - »Caﬂ#SCzH:‘,~:_ -q,',200‘22°*lgn. 8
disultide . CHeSSCHs ... iw. - 200-240%:, a, B
- Non—conjugated s '

Oleflnics and Acetylenes  “ co A .
._hydrocarbons . '(Cﬂs)zéQC(éH;)é o 'v170 240 a, b
aldehydes ".A . cmsecHCHO, | 200-250, 290-400 b

ketémes  GHLCHACH-C(O)CHs | 2001240, 260336 . b

3hilvert and Pitts (1967).

bEe;kampuS“(l971).

cFrpm Hendry and Kenley (1979).




IABL; 13 (concludedj‘

Class ‘Exéﬁplg_
Aromatics
benzene Benzene
alkylbenzenes Tolﬁene
halobenzenes Cl- or Br-benzene
ﬂitrobenzenes Nitrobenzene
Trinitroluene
aminobenzenes Aniline
" azobenzene | Aioﬁénzéne o
phenolé - Phenol L
- vinylbenzenes Styreﬁé'.‘m-t
Stilbene
acids 47nicroscilbene"'-'

carbonyls %
L

polyeyclié %

aromatics

heteroaromatics

Benzoic acid

Benzaldehyde .

Benzophenone

" Napthalene

Anthracene

Phenanthrene

.Benzo{a]pyrene“
* Quinoline

Benzoquinoline
9H~-Carbazole

Benzo(b]thiophene

~ Region

. Reference

am

200-280
200- > 280
200-280
200-330

200+450
200-3300

< 20005 500 -
" 200-305. - .
,.200-300 " s e
200-330 .

© -200-390 |

200-300

200-375

200-410

200-325

200~ > 400
200-380

'200-410 -

200-360

. 200~380

200~390

'200-312

N A N R - L )

m .

dSpanggord et al (1979).

®Smith et al (1978).
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photoprocesses that can occur ‘at specific wavelengths are therefore limited by
the energy available from absorption of one photon per molecule. Simple

. homolysis reactions (XY - X + ¥s) are limited by bond dissociation energies
" of different bonds which vary.from 112 kcal/mole’ for Ph-H to. 38 kcal/mole for
RO-OR (Benson, 1976). Thus, a photoprocess that leads to homolytic bond
cleavage can occur efficiently only below the wavelength limit imposed by the
bond dissociation energy. For example, photocleavage of the C=Cl bond (83
kcal/mole) in CHSC(0)Cl can occur only at wavelengths below.346 him.

These comments also apply to concerted processes;. however, the
energetics of the concerted process are very difficult to predlct except that
the activation energy is always lower than for the nonconcerted process in-
‘volving the same bond breaking and maklng‘steps.' Thresholds for concerted
reactions will therefore be at longer wavelengths. '

(Lancum Yield Estim‘ates

_ The simplest aSSumptlons one can make about a photochemical quantum
yleld is -that'it-.is zero or one over the entire solar spectrum In the former
case, no additional testing is needed in the lattet case, kp, calculated from
.equation (20), 1is the upper. limit ‘for the rate ‘constant.

, More accurate- estimates of ¢) may be possible because SRC exist for .
the chemicals of interest or because a published value at one wavelength is
available. 1In éither case application of equation (20) explicitly assumes
that ¢, is constant over the range of wavelengths where light is absorbed.
This assumption is a reasonably good one providing the absorbed: photon energy o
is not below the.threshold energy needed to-effect’ ‘the reaction (8ée previous’
section) "In this case ¢ will quickly go to zero as A increases. Turro et

~(1978) have discussed the exceptional cases where ¢ or products are
wavelength-dependent in solutidn. v

Photochemists are particularly'interéSted in studying efficient re-
actions that produce only.a few products, usually. in- organic solvents or in .
the gas phase and in the ‘absencé 6f oxygen, which is an efficient quencher of

L. many . photoprocesses. As. a. result, . published quantum yield data on the bulk

of’ organlc ‘photoreactions provxde, at best, only rOugh estimAtes of quantum
yields 1n aerated water or air._-ﬁ, : .

, SRC for product quantum yields in organic photochemistry are very
limited both by the number of measurements -and by the complex photophysics
associated with even simple photolysis processes. The best studied processes
are those of ketones. A simplified photokinetic¢ scheme for arylalkyl ketones
is shown below. The Type II process involves cleavage to acetophenone and

. 0lefin via a biradical (BR). The competing pathways ¢ontrolling the fate of
the BR also determiné the value of ¢II :




0 .;_jaz,'PhCO(CHz)nX
* | .
(n-m") PR (CHg) X' i '

OH ]
PhG(CHa) _, CHX (BR)

kd‘ PhCO(CHz)nX

N

2H s

PhC(CH,) _, CHX

hd n-.-l . >
~ rhgcna + olefin

e

N pp P ACH)

Ceppmemy LT e

NASRYERN
1t ‘~\kr+ki \k-s * ke +_kd

- Polar solvents such as alcohols (and presumably water) eliminate the back re-
action (kq) and in most cases ¢ becomes 1.0. In organic solvents, however,
$17 is genmerally closer to 0.3-0.4 owing to competitive reversiom to ketone
(kd)'(Wagner and Kemppainen, 1968; Turro, 1978).

Substituents on the aromatic ring such as p-~MeO or p~NO; generally
have small effects on 477 except where the substituent affects the relative .
energy levels of the reactive (n-N*)? and less reactive (I-*)> states. Phase
effects on ketone photolysis may be significant if a-cleavage is the major '
process because the solvent cage promotes recombination rather than dissociation.

hv N . . .-

RCOR' ===[RC0 + R'+] —> RGO + Re'" .
- Tcage o

Acetone exhibits a marked increase in cleavage rate on going from the liquid .
to the vapor phase, but long-chain ketones, which can also cleave via a Type
II process, may exhibit smaller phase effects (Calvert and Pitts, 1967).
Table 14 summarizes quantum yield data for a~ and B~cleavage of ketones and
indicates the magnitude of substituent, solvent, and phase effects on these
processes.

The complex photophysics may be additionally complicated by the
presence of oxygen. The effect of oxygen on photolytic processes is difficult
to predict, but some generalizations from other studies indicate that in the
presence of oxygen two processes can occur: (1) quenching by energy transfer
to give ground state species and either 30, or '0, and (2) chemical interaction
to give a peroxy-oxy radical ‘ ‘ ' '
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Table 14.

QUAhTUM YIELDS FOR PHOTOLYSIS OF KETONES AT 25 C - STRUCTURE AND

SOLVENT EFFECTS

Ketone : -

L ,éolven@ o gb

Reference

i Meg.CO - A
Me»CO
MeCO-t-Bu

Cyclépéntéﬁone

lc1lohexanone
 PhCOt<Bu
?hCOCHzPh
 4-MeOPhCOt-Bu
4-PhPhCOt<Bu

Ketone:

or
or
|2,25Dimethyley= |

| PRCO(CH, ) sMe

PhCOCHMé ,

o MK
- f

=
o

= p-Me ‘

—Ketone:

Or
v

Or

Or

Or
Or

Or

" Or

PHCO(CH,) 3Me . -

“VPhCO(CHz)2~1-Pr:; 
-+| PhCO (CH2) CH (Me YOMé- -
,f‘PhCO(CHz)aco Me o
| xenco(ca) ste

o :‘x.“fm
= p=Me0
= n-MeO -

Al

or

oF L
S0 0,2
. ¢r 0l T
gt T
or

or -
ot

a=Cleavage—

0.001
O‘i“
0.52
v 0.2
0

% 0.3
o 0.4
~ 0.1

< 0. 001

B~C1eavag=

0. 36

4.0
0.36

0.10

. 0.29

‘0:014 .

aale el e

Al = alcohol

Quantum yield in deaerated system.’ o

K 'RE

H.aOr = nonpolar organic solvent, vV = vapor phase,




(1) | 2hgg + 20, — Pth + 0z or °0,

(2) A ?hga + 0y —> Ph§3
. Qe

Quenching by oxygen typically is diffusion controlled kq (v 10°-10*°
M ! §° ') and occurs with both singlet and triplet excited states. At one
atmosphere of air, quenching will limit the lifetime of triplets to < 10" ? sec
(Turro , 1978). Unless some other fast intramolecular process intervenes,
oxygen quenching will significantly reduce the value of ¢. Kinetic analysis
indicates that quenching or reaction of ketone biradicals with .oxygen will not.
compete with cleavage, cyclization, or reversion ‘to ketone., Quenching of the
precursor triplet specles may be significant, however, . Singlet oxygen, formed
in the quenching process, may react further with ground state molecules and '
thereby lead to photosensitized oxygenation.

" Reaction of oxygen to form bonds with excited species is also__.
important and may serve either to quench the excited species or to form new
products. Acetone reacts with 0, to exchange oxygen, but cyclic ketones are
reported to cleave.to new oxygenated products (Baltrop and Coyle, 1975).
Oxygen can also react with carbon radicals to. trap them and thereby minimize
recombination and dramatically increase ¢. .

R-X = Re ¥ Xe A
Re + Qz —-—-’-' RO:'

Aromatic rings exhibit a remarkable variety of photoprocesses in-
-¢luding coupling, rearrangement, contraction of expansion,’ and oxidation
(Barltrop and Coyle, 1975). Photolyses of several aromatic chemicals in aerated
water show no specific pattern of quantum yields, dependence on oxygen concen-
tration, or product formation (Smith et al., 1978). 1Indeed the frequent
citation of photooxidations of polyaromatics to form endoperoxides or quinones
may prove to be exceptions to.the general reaction patterns of these chemicals _
Quantum yields for several aromatics photolyzed in aerated or. deaerated water .
are listed in Table 15. In summary, detailed SRC for quantum yields are not -
available at this time and a great deal of additional work'is needed to- provide?
the theoretical and empirical foundation needed for their development.

Oxidation Processes

Oxidation is a major loss process in the environment where significant
concentrations of oxidants are generated by photochemical processes involving
natural and anthropogenic light absorbers. In urban atmospheres, both HOe
radical and O; are generated by a complex photocycle involving NO;, 0., and
organic pollutants. In natural water, RO;¢ radical and singlet 0. (*0;) are
generated by photolysis of humic materials dissolved or suspended in water.

Direct photooxidation of many'molecuies also occurs by may of excited
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Table 15.
OF OXYGEN IN WATERa b

QUANTUM YIELDS OF SELECTED PROCESSES IN THE PRESENCE AND ABSENCE

¢

'“::Ben2ﬁ§fénei B

e

Chemical: ..~

Benzanthracene

B ;Beﬂéqﬁineiiﬁéfff _
B :‘1Absent -

9=Hcarbazole . .

. {DibenzcarBazole

Absent
‘Present

“Absent

Absent’

 apbent

 Oxygen.

Present

fh v O

Pféséﬁtftu}
'Presentl-j

Present '

53]
< 3(-3)

8 9(*4)

'l 1.4(= Z)Tajffjfll_-~~
<aen

C7.6(=3)
7.6(~3)

28C- 3) B

,aSolutions in oxygenated or argOnated water. '
b

Unpublished data of Mill et al

(1979)

Numbers in parentheses are powers of ten. ﬂfj'




state” interactions with triplet Oz, but the rates of these processes are'
controlled by the photophysics and photochemistry of. excited states, not by
the thermal chemistry of oxidant-molecule interaction (see Photochemistry
section).

Recent reviews of oxidation in water and in air (Mill et al., 1979; Hendry
and Kenley, 1979) suggest that only a few selected oxidants are probably
important in either air or water. Table 16 lists these oxidants and their .
average diurnal concentratioms. o

Table 16. OXIDANT CONCENTRATIONS IN WATER AND AIR

Oxidant Concentration, M

.....

—————Water T~
RO;.  1x1070
R A
HOe ;. 3J4 * ;O*F’

(8.2 x 10°° pm)
05 1.7 x 10°°

(4.1 x 107% ppm)

3From Mill et al., @978).
From Hendry et al. (1979).

SRC For Oxidation

The concentrations and known reactivities of the major oxidants provide ,
a simple basis on which to separate reactive and nonreactive classes of chemicals::
in oxidations in air or water. Those classes of chemicals that have half-lives
of more than one year may be considered as inert to these chemical oxidants
and thus can be excluded from screening tests for oxidation. Tables 17-20.
list half-lives for a variety of organic structures in reactions with ROz°,
'0,, HOe, and 0s, based on the reasonable assumption that the rate of a specific
oxidation process follows the relation '

el enie) @
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. TABLE 17 RATES OF OXIDATION BY RO,¢ RADICAL
B IN SOLVENTS AT 30°C o

T

, : ' Half-Life, t%b
Class B M _ days

Hydrocarbéns - --0.01 8 x 10°
‘Olefin 009 9 x 104
"Séﬁzyi : . : : ,1 ‘ﬁ , o é % 10°
Aldehyde | o0 3 "8 x 10
‘Alcohol 7 oo . g x 10°
Phenol : - 1 x10% 'J5f”;> L 1'A: 0.8
Aromatic amine . 1'x 0 T e

Hydroquinone S 1x10% 12 min

Hydroperoxide = . 1x 16’_v wf’:L__ 120 min

Polyeyelic aromatic .1 ¥10° o .08

t‘Hydrpkyléminej y}g;j¢}“@;i_xgio$1;}:;;f;g{';tfffﬁg;;ngp/ﬁigu7m-t“fif.,1

%per reactive X-H bond : from Hendry et al. (1974) -and Howard (1972). -

e

......

M ROa; t, = b 2/8.64 x 10 7 kpin days:s i

o




TABLE 18 RATES OF OXIDATION BY SINGLET OXYGEN
IN SOLVENTS AT 25°C

ka: o '
Class - Mt oT? Half-Life", by,
Alkanes < 2 x 10? > 100 yrs
Alcohols and ethers.. - <2 x iO?” : i$'106 §f§~“f-
Ketones and Aldehydes. < 2 x 10%. .  ...».100.yrs. g
Aromatics (ihéiuding | < 2 xlOz | '? 100 yrs "
amines and phenols)”.4j R A R N
Alkyl halides C<2x100 > 100 yrs.
Acids and esters <2 x ibz B .;‘100:9£§¢': 
Unsubstituted olefin 3 x10° 7.3 yrs-.. .-
Cyclic olefins 2 x 10° 40
Substituted olefin 1'% 100 '8.0 days
Dialkyl sulfide 7 x 10° 27 hrs .
Diene 1x10" 19 hrs
Imidazoles 4 x 107 ‘ 4.8 hrs
Furans 1.4 x 10° 1.0 hrs
Trialkylenéamines 8 x10° 14 mins .-

T AR LRCT T A TP
e e e e JO T A T
[ B R e A A 5

8per molecule from Foote (1975) and Mill, et al. (1979).

bFor 1x l0°12 M '03; t% = n 2/k‘0 X 10"? in sec.
“ikyg, ¥ & :
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TABLE 19.

8piom Hendry and Kenley (1979).
b

’

e

RATE CONSTANTS FOR OXIDATION BY HO- RADICAL IN THE ATMOSPHERE AT 25°C.°

| Internal olefins ]

Terminal, olefins . -

4.8=34 0 o

0‘2_1.2‘ O

Class < | B R |
, ME g " Days
n=Alkanes 1.3-5.0 "1.3-4.3
(QS- - c!) s

iso-Alkanes 0.6-2.9 1.9-9.4
(Ce = C:o) .

Cycloalkanes 0.7-4.1 1.4+8
{Cu = Co) o

Halomethanes 1.2(=4) = 0.065 87-47,000
(1-3 fluorines Lo ) .
or chlorines)

Haloethanes - R 6(<3)-0.23 24950 -
(1-3 chlorines :
and -3-4 fluorines)

Butanone - 1.9 T 2.9

p-Alcohols "2 2.8
(Ca -~ C3)

| sec<Aleohols 4.1 1.3
(Cs = Cu) . e o

Ethers. | 2.5:1.0 ©0.6-2.2

(Cz - CG) P

" 0.06%0.2

_ 2990
(C2 - Cs) s
Aromatids o
.. ‘benzene T 0.82 6.8
toluene 3.5 1.6
xylenes - . 5.9212 . 0:47<1.0
Trimethylbenzenes 15-30 0.2-0.4
Ethylbehzefe ' - 4.4 1.3.
L -_'P_ro'pylbehzene 35 ~1.6 .
| Cumerie - 66 c ol
o=Ciesol 20 0.3
- Benzaldehyde 7.6 - 0:74

Assumes [HO*] is 3.4 x 107%°
(3600)x(10). .

arl& 10 hrs soiaf days: ty - 0.69/k(3.4x10" *%)x




TABLE 20 RATES OF OXIDATION BY OZONE IN
. THE ATMOSPHERE AT 25°C?

-1 -1 * Half-Life, t;i

da s
Class ' M s ys

Alkanes o <0.005 v s 2(6)
Terminal Olefins 5.8 (3). Uff:fﬂ;:"1;4.‘,g.i;i:;"i
Internal Olefins . . 110 (). . . 0.7 ..~
Branched Interﬁai,olefins '(3607900) (3) .F::y£:‘9,279,§ Q;?f
Chloroethylenes : <'§Q ; . 1  . > 130 -
Alkylaromatics _ <60 _ > 130

Alkynes <60 . S > 130

3rrom Hendry and Kenley (1979).
Per molecule.

Based on 1 x 10 M 0s; t, = 2n/8.6 x 10-.’-1:03 in days.
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- If.[Othisﬁcdnstant~ equationh (21) becomes

»—d[C]/dt = -k [c} S ey

5}“ and the half life for chemical C is

... with rate constants > 10°> M ' ¢
.- significant rates (Table 17). Therefore, we _can exclude from testing any
. compound that has only CH or aromatic structures and all of their simple

" Oxidation by RO,¢ |

The range of measnrable reactivities of organic compounds towards ‘RO2*
radicals covers about 10%° in koy [Howard, 1972)]. - Only chemicals that react
élll be oxidized in aquatic systems at :

dérivatives, 1nclud1ng carbonyls, esters, alcohols, halides,'aliphatic amines,
and ethers. :

 Aromatic amines and phenols are two major classes of chemicals that are

teactive enough toward RO.* radical to6 warrant detailed comsideration regatrding
SRC. Fortunately, because thése compounds are useful as antioxidants, several
investigators have measured absolute rate constants for H-atom transfer to
RO;* from many types of phenols and’ some aminés (Howard and Ingold, 1963;
Howard, 1973)

. o N . kinh e )
ROy + XPhOH-———»-RO,H + XPhO-
Table. :2l ‘suimarizes the absolute .rate comstants (kinp) for: selected classes
of phenols, values of p+ for each” subseries of phenols are also listed. 1In.

- all cases ot 1s negative, 1ndicat1ng that the transition state has some positive

character stabilized by electron donor substituents. The reactivity of all

‘measured phenols ranges. from a low of about. 3 x 10° M * &% for 4<CNPhOH to a

high of about 9 % 10° M ! &1 for K, ish for hydroquinone extrapolated to the

-Same . temperature.x Aromatic amines have been subject to less systematic study

than phenols; nonetheless, the’ data” listed in Table 22 shows that as a group,

-amines are.as reactive or mote $o than phenols: valies of kinh range from a
" low of'9 x 102 M* § ! for MeO,CPhNHMe to highs of 2 x 10® M} ¢ * for diphenyl-
amines. . Values of p are negative and are similar to ‘those’ for .o

pnenols (-0.8 to 0.6).

* . " _
This assumption is usually reéeferred to as a steady~state assumption and values
used for [OX] take into account the fact that oxidants depend on sunlight and
thus change in concentration diurnally. :
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TABLE 21. SRC FOR OXIDATION OF PHENOLS BY RO,+ RADICAL IN SOLVENTS

: -l N " . 1 Ql
Substituent X 10 kinh ﬂf s :

———XPhOH at 65°C with- polystyrylperoxy radical
4-HO L 9.3

4-Me o »H .'[ . ' - 0. 92

-er L 0056

D“
+
0

-1.49 in styreneb

3.7 in chlofobenzene< R

°
(]

= -3.48 # O 114 in. methyl methacrylate

o
i

b
2, 4= (t- Bu)~—4 X=PhOH at =37° C with t-BuO»--————-——*

i

MgO o : 2.3
Me o 050
H | o e
c1 : cro 0450
CN .o, 10 -
+

= -1.00, r = 0.9 in isopentane ”'»M

—0-Alkyl PhOH at 65° C with polystyryl peroxy radical -
2,6-Me,~4-XPhOH 4 |
Me - 2:8‘
c1 | 1.2

CN : 0.73
H . 0.89

ot = 21.36 % -1.46 + 0.115

———
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S g

oy

PSR 1 s
- . Substituent X . .1Qi ‘kinh g-v_s

TUTABLE 2% (Concluded) T T

'26téBu-n4X?hOH}ﬁ S
B 0.75

bMeO~ . i 1007
54Me: oo S B

ClasIn i 0087

CUpts siuer 00012 -

2,6<(t~Bu);=4-XPhOH . .
MeO .3

fMe . . . 0.80-

o S Lo 0.077

P 41;11'1;0.026y

o "7“§Ho§afd and Ingold, i963a.

Howard and Futimsky, 1973.-% 7 |

thOWard and Ingold, 1963b.

. 4’0'




TABLE 22 SRC FOR OXIDATION OF AMINES BY
RO+ RADICAL IN SOLVENTS

N o
Amine }0 k inh M | s
N-Methylanilines at 650D
e 0
4-Me v 1.2
4-Me0C(0) 0.09
4-MeQ - 1.9
P =~ 1.6
Diphenylamines at 65°%*P
4 ’ 4 ! "Hz 4
4, 4' -Me, 10
4,4 ~(Me0) 5 33
4;‘*"(1‘102)3‘ 0.16
4~Me0 20
3-C1 1.8
4-NO, 0.6
ot= - 0.89
Napthylaminesat 40° Ca"b
N-a-Napthyl 0.15
N-a-Naphthyl-N-Phenyl 1.25
N-B-Napthyl-N-Phenyl 10
N,N-Di-8-Napthyl ' 18

a In reaction with poly(pverdﬁ{‘}‘f,s.tyryl)peroxi'; radical.
b From Brownlie and Ingold (@967). '
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All these data were measured in nonpolar organic solvents. No useful
data are available to indicate the extent of solvent effects on the process,
~-for use im. excrapolating to water; however,- Ingold and Howard (1963) have
speculated that p may increase with an increase in the solvent polarizability.
For the present we probably ¢an use the relative values of kinh for phenols
and amines with few reservations, but the absolute values in water may prove
to be different from those in organic solvents. :

Oxidation by Singlet Oxygen (10s)

_ Zepp et al. (1978) demonstrated that sunlight irradiation of natural waters
led to production of '0. at average concentrations of 1 x 10" ** M. This:value
when combined with rate constants for oxidation a variety of organic structures
(Table 18) lead to predictions of very long half-lives for most simple structures.
Reactive molecules that warrant laboratory testing are electron<rich molecules
~such as:branched olefins, eneamines, polycyclic aromatics, and sulfides.

| Esﬂtimation ﬁethods:

o ‘SRC..for 0. ox1dations are very. limited. Foote and Denny (1971)

; measured the relative rates of oxidation of a series of substituted styrenes
and found that for allyli¢ oxidation correlation by the Hammett equation (0)
was satisfactory and p = =0. 92 However, epoxidation of the styrene double
bond which accompanies allylic oxidation is not correlated well by 6 nor o+

‘but is correlated by [0 - O 37 (o*-o)] to give p & -0.87.

0x1dation bv HOe Radical

. Hos. radical 1§ the most important oxidant ‘h the" atmosphere. If"réacts“”J:

by H-atom transfer and addition to déuble bonds and aromatic rings. Table 19
_lists tate constants for readtion of HOe radical with a variety of organic
structures. More detailed lists of rate constants are found in Hendry and
Kenley (1979) and Hampson and Garvin (1977). Most organic: ‘molecules with. =~CH-
or  ~CHx~ bonds or aromatic, react. rapidly with half<lives of less than a day;
.. highly halogenated chemicals including, of cOurse, Freons are much léss reactive
"or unreactive.;ggﬂ,g=,tm,.i E B T SR -

?”JTEstimation Methods

- The rate constant’ kHO for 0xidation of a specific structure can be
estimated using the additivity procedure of Hendry and Kenley (1979) which,

depending on the structure,. requires estimation of the individual rate constants
for ‘H-atom transfer and additfon. The expression for H-atom transfer is

kyom) = zniaisiki | - (25)

in which aj and By are substituent constants and ky is the rate constant for
the i-th CH bond. Similar expressions have been developed for addition to
double bonds and to aromatic rings. The probable error. in values of ko .
‘éstimated: in this way is about a factot of two (¢ 100%):. A listing of
substituent constants is. found in the report by Hendry and Kenley (1979).
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Oxidations byﬁOzone

Ozone is a selective oxidant that reacts only with electron—rich molecules
such as olefins, eneamines, some phenols and polycyclic aromatics. Rate
constants summarized in Table 20 show that of the structures listed only branched
alkenes react fast ‘eénough with ozone for this reaction to compete with oxidation
by HOe radical. A useful summary of specific rate constants for ozone oxidations
in the gas-phase is found in Hendry and Kenleys' report (1979).

Estimation Methods

Huie and Herron (1974) were able to correlate rate constants, kg ,
for gas-phase oxidations with ionization potentials for olefins. As expected
‘the value of ko increases with increasing ease of ionization. We are aware_\
of no other SRC for ozone reactions in the atmosphere. o o -

Physical Transport

Two major transport processes which can control environmental concentra-“
tions of chemicals in specific locations are sorbtion to sediment or soil and

volatilization from water, air. Movement in soil, run-off, leaching to water
and bioconcentration in organisms are beyond the scope of this report.

Volatilization

Theorj and-Measurementi.

Volatilization of chemicals from water to air is now recognized as
an important transport process for a number of chemicals that have low
solubility and low polarity; wvolatilization from surfaces is also a major
transport process for many chemicals deliberately applied to fields. Despite
very low vapor pressure, many chemicals can volatilize at surprisingly rapid
rates owing to cheir very high activity coefficients in solution.

Mathematical expressions for the rate of volatilization from water,
have been developed by Liss and Slater (1974)" ‘and MacKay and Leinonen (1975).
The rate constant for volatilization from water (kvw) is given by the relation

Al 1l ‘RT 17° .
k =5l + - : (23)
W V[KL | HCKG] |

where

Surface area (cm® )

Liquid volume (cm®)

Henry's law constant (torr MY
Liquid film mass transfer coefficient
(em hr ?)

Gas film mass transfer coefficient
(em hr™?)

<
Wonon o
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R = Gas constant (torr °K° ! M ?)
T = Temperature (°K)

Mackay and Wolkoff '(1973) showed that an estlmate of H can be
obtained from

o meemg, an
“where Pgap is " the'wvapor pressure of pure chemical (or the hypothetical
.super-cooled liquid, if S is a solid) and [Clgat is the solubility of Cin §
- (mol liter” 1) _ Equatlon (26) 31mp11fies if H > 1000 '

.kvw = “?7. : : ‘ (28)
where mass transfer 1s 11qu1d-phase llmlted if H << 1000 then equation
'becomes - .

oy T ._.,"; I \
and the process becomes llmlted by gas phase ‘mass transfer.-x

For high volatility compounds a simple relative measurement for
volatility becomes possible becausé the rate constant for volatilization of
the chemical is proportional to the rate constant for volatilization or: re—
aeration of oxygen from the same solutlon over &-range. of turbulence.’

ksw S : - o
h;33;.= nooo Co _ (30):

'.if_thé Valué"of”kg; in a;real£Water bodyaisﬁknown then -

kc'(éatéf-body);==nk°?lwaner'bodyvtf,;ff oy

'.-'».

. “s.SPencer et al have reviewed volatilization processes from soil
]Surfaces (1973)+ " The . overall process.is: complicated by variable contributions
from volatilization of the chemical from the water at the surface, evaporation
of water itself and the wick effect that brings more water and dissolved chemical
to the surfa¢é. Initially volatilization of the chémical from the surface

water will be rate controlling and equation (26) ¢an be used to estimate the
raté constant. This model wWill fail as a concenttation gradient of chemical

is established through the soil ¢olumn and at this time no simple laboratory
measurement will reliably measure the process in a way that c¢an be

extrapolated to the field. : A , e

: Predictive Methods S




Smith et al (1978) have shown that for chemicals with H, > 1000 torr
M * a reasonably good estimate of the ratio kvw/kgé can be made from the rela=~
tion between the ratio of volatilization rate constants and the ratio of
molecular diameters for 0, and the chemical °

c _

k- 0,

.XV = 277 - (32)
k2 D

VW

For chemicals having H, < 1000 .torr M ' no satisfactory estimation
provedure is available,.

Values of Hp can be.estimated from equation (27): if both solubility
and vapor pressure are known at temperatures close to 25°C. WeAknow of_no‘rej
liable SRC that might be used to estimate HC or solubility. -

Sorption to Sediment and Soil

Measurement Procedures

Sediments and soils are complex mixtures of alumino-silicate minerals
(clays), metal oxides, water and humic materials. The proportions of these
components will vary widely from one source to another as will the particle
size distribution.

Many organic chemlcals especially those that are nonpolar and insoluble
in water, sorb strongly to sediments or soils. If the fraction of chemical
sorbed to sediment or soil is large, the overall loss rate of chemical by other
transformation processes will be slowed; in effect, sorption serves to byffer
the concentration of chemical present in the aqueous phase [see equation (12)].
In .some cases reversible sorption to sediments or soils may be followed by ir-

' reversible transformation of the chemical in the sorbed state such as reduction

of carbon-halogen bonds (Williams and Bidleman, 1978) Possibly other
transformations may occur as well

The equilibrium ratio of sorbed to non-sorbed chemical on a sediment
may be expressed as an equilibrium comstant (constant temperature)

s = lelg/el, (33)

The concentrations of C in sediment or soil are in ug ml™!; for water 1 ml =
1 g, and Kg becomes dimensionless. Strongly sorbed chemicals such as
benzo[a]pyrene or mirex have Ky > 10° and weakly sorbed chemlcals such as
nitroaromatics or quinoline have K < 10°.

Values of Kg for a single chemical will vary with the composition
of the sediment. To place sediments in a more nearly equal basis the value
Ks can be expressed as

Ry'= AK (34)
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where A.is the fraction of organic content expressed as mg C per mg sediment;

thus Kq. is a sorption constant corrected for the organic content. It follows
from equation’ (34) that if.a:= 1 then Ky if§’ equivalent to’ a partltlon coeffi-.
c1ent such as.- the octanol-water coeff1c1ent (K ) - : S

[

}.Predlctlve Methods

Recent studies ‘and correlations by Karickoff et al. (1978) and by
Kanaga and Goring (1978) bring out the close direct relationship between Ky,
solubility, bioconcentration and the organic content of the sediment or soil.
Other studies notably by Chiou (1977) have shown a similar relationship between
Kow and solublllty such that

log K, =n iog(solubility) + ¢ - (35)

o Smlth and Bomberger (1979) have taken the data of Karickoff et al.,
- Kanaga .and Gorlng, and Smith et al. (1978), rescaled the data to one coordinate
'set, and developed the following regresslon relation

log Rge = 20.782 log[C] - o 21, (36)

[C] is solubility in M’

_ Figure 1 shows the combined data plotted as log Koc (or Ksc) versus log

'(solublllty) and the regres31on line. Using equation (36) and the solubility
of the chemical in water the investigator can estimated Kge within a power of
ten for most non—polar chemicals - an accuracy Sufficie'y;in most. cases, for,
‘-screenlng purposes. : e e "
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Figure 1. Soil or Sediment Partition Coefficient of ‘Chemicals Versus
Solubillty in Water (Smith and Bomberger, 1979) '
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SECTION &

METHODOLOGY FOR FATE ESTIMATION

The following calculational procedure illustrates how a specific chemical
structure may be dissected into molecular fragments from which estimates of
rate or equilibrium. constants for each environmental process may be made.
~ Fictitious physical property data are supplied to illustrate the use of the-
methods , ;

ﬁxample: 2-n-Butylcarb9§y-5 droAznapthalene, S—HOC‘OHQ-Z-C(O)O-n-Bu

Solubility; 6 x 107% M at 25° (FICTITIOUS)
Vapor Pressure: 8 x 107% torr at 25° (FICTITIOUS)
uv Spectrum: 200-360 nm (FICTITIOUS)

Step 1. Calculation of Rate Constants for Chemical Transformation.

a. Hydrolysis = the ‘ester” function, n—butylcarboxy,will hydrolyze
'Table 4 shows that esters of the type ArC{0)0Al will hydrolyze at pH 7 and
25,C with half-lives > 1 yr.  More detailled examination of data in Mabey and
Mill (1978) shows that these esters have a dominant base—catalyzed reaction,
down to pH 4.5, and that although no napthyl esters are listed, the lifetimes
for .simple aromatic esters is long enough at pH.7 to make lifetimes at pH 9
3-6 months or longer. o , . :

b. Photolysis - the uv- spectrum shows that the chemical will absorb -
in the solar region. The detailed spectrum taken in '50% acetonitrile/warer ;
(v/v) (not shown) 1is tabulated using the intervals proposed by Mabey et al,
(1979) for solution photochemistry :

UV Spectrum of Napthylester (FICLITIOUS)

" Absorption

Interval - Interval Range . Coefficient
Center, nm ' nm : i m '

299 296.3-301.3 . 160

304 301.3-306.3 102

309 ' 306.3-311.3 - 57

314 311.3-316.3 32

319 316.3-321.3 13

323 321.3-325.0 3

340 325.0-355.0 0.7

370 : + 355-385.0 0 -

Preceding pagé blank
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Spectral'deea are now'combined with sunllght‘lnten51ty data for éummer season
over the same spectral range. 'in equation (20) to calculate a maximum value of
kp' Inten51ty data are. taken from Table 3 2 Mabey et al (1979) '

Solar Inten51gyl_5ummer

Interval - ' o . Intensity, LA
. Center, nm o ' " einsteins cm > day ?

299 - | : | 4.4(-4)

06 o 3.2(+3)

309 S , 9.6(~3)

314 o ©2.0(-2)

319 , 3.0(=2)

323 o 3.0(-2)

340 _ 3.5(-1)

'ﬂfakgunded_off.;g,z places,
Since » _

p = 4)28)\ )\ (20) »
we.éssiéh}a_vélﬁeiéf ¢ = l and comblne the EA ‘and LA data to give _

| = 2.3 da 1
-p ’ .' . y . . . .
B S 0.3day (FoE e =) LT

A similar procedutre could'be carried out ‘for-photolysis: in the. etmbspﬁere but
because the result would be similar ~ intensity data and intervals are slightly
different (Hendry et al., 1979) - there is no need to calculate both results

~in the zero. level screening procedure.-

' ‘V c.’ Oxidation - oxidation in water may be an important fate for

”v#this chemical since it has- a phenolic structure. Tables 17 and 21 show that

,‘a-naphthol has kg, of. n 10% M g%, The effect of a C(O)OR group in the
a—position in naptﬁalene on the reactivity of a OH group in the 5-position 1is
to deactivate it but the magnitude Of the efféct 1s uncertein: ' If we assume
that reaétivity in the napthaléne series follows' that “in berizene then a C(O)OR
group will slow the rate by ~ 3x (Table 21) and kpg & 3 x 10° M'* § . The
half-life of the c¢hemical is then calculated by aSSuming that the average
concentration of RO,+ in water is 1 x 100* M (Mill et al., 1979).

% = In2/(3 x 10*) x (1 X 10' )

& 2.3 x 10 seconds¥ -

= 6 4 hrs.

'so fa-




Oxidation by *02 will not be important for this chemical (Table 18, t% > 100
yrs). Oxidation by HOe radical in the atmosphere will be important since
aromatics react with kyg > 1 x 10° M * s™* (Table 19) and phenols are generally
more reactive. The half-life in the atmosphere can be calculated by assuming
that the average concentration of HOe in air is 3 x 107 *® M (Hendry et al.,
1979).

£, = 102/(> 1 x 10°) x (3 x lﬁfi’)-'

< 2.3 x 10° sec
< 64 hrs
, [ < 6 4 days as 10~hr solar days

Oxidation by ozone will not be an important competing process for this chemicalf
(Table 20). : . L e

Step 2 - Calculation of Rate or Equilibrium Constants for Physical
Transformation
a. Volatility - the approximate method for estimating H from - .. .
equation (27) glves . ;

. 8.x 10' torr
6 k10 M

= 130 torr M ' at 25°C..

This value of H,, lying between 10 and 1000 torr M"*, cannot be uged to clearly
exclude volatilization as an important process. Testing is needed

b. Sorption to sediment - solubility data and the regression .
equation (36) are used to calculate a value of K

log K, = ~0.782 log[6 x 107 °] - 0. 27 ;

= 3.8
K =6.5x 10°
sC

Step 3 - Summary of Estimated Rate Constaats

a. Chemical transformations

Process ' Eﬁ
Hydrolysis R
S, 7 o o ey

. pH 9 - - L ¢ 7.+ 3-6 months .~
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;Photolysis (¢=l)' : 4 0.3 day
(air or water)

. Oxidation . ' o
water (ROz*).. ., ... .. . 6 hrs-
air (HOe) . < 6 days

*0, or Og _ : > 10 yrs
b.- Phy51cal transport

Volatilization H . ) 130
Sorption K , LT 6 x 10°

The results of zero-level screening 1nd1cate that 2 n—butylcarboxy~5-hydroxy :
“naphthalene may photolyze; oxidize and hydrolyze in water rapidly enough to
" warrant laboratory screehing tests for sunlight photolysis in air and water,
“voxidation. by RO,* radical and HOe radical and hydrolysis at pH 9. No tests
“would appear to be needed for hydrolysis at pH 5 or 7 or oxidation by 0, or
0s. Calculated values of H. and K. indicate a need for screening measurements

c
to evaluate’ volatility and sorption.

A decxsion to carry 0ut oxidation and photolysis both in air -and water:
would depend on whether volatilization ‘measurements indicated the probable
importance of movement from air to water to air. If the volatilization half-life
were more than ten times longer than half~lives for transformations in water,
probably fio tests in air would be heeéded.

The foregoing calculations illustrate the value of estimation methods for
calculating important kinetic and thermodynamic constants prior to testing to
_.eliminate Some. proceésses: from' the tésting scheme. The. example ‘sélected and
- its property data were deliberately chosen to maximizé the number of possible

processes the. chemical might undergo. Had we selected instead

22n-butylcatboxy~-5-methoxynapthalene, reference to Table 17 would show that
roxidation in water would be too slow to warrant testing but the rates of hy—n

drolysis, photolysis and oxidation ih air would be relatively unaffected. .
‘Probably thé sorption and- volatility would be. more’ important 31nce solubility
“would be lower and the vapor pressure higher..-,~ EREEI s




- SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

" From the foregoing discussions several conclusions and recommendations i
for action emerge: :

Many of the important physical and. chemical processes in- water and

.alr are well-enough understood to allow quantitative estimation of

rate or equilibrium constants for specific ‘chemical’ structures
éero-level screening). .

Two kinds of SRC are useful for application to environmental processes i'

-general SRC provide a sound and general basis for segregating many

classes of structures into reactive and non-reactive classes.
Zero-level screening of this kind does not. require expertise only

basic training in organic’ chemistry. LFER provide a more limited basis
for calculating specific rate constants for some classes of chemicals
in some reactions, Use of LFER requires mechanistic insight and
probable expertise in physical-organic chemistry

Among the chemical reactions of importance in air or water, oxidation
and hydrolysis have the broadest range of SRC available. More data

are needed to develop LFER for oxidation by HOe radical, 0., possibly
0s, and for hydrolysis by OH™ of selected classes of chemicals. -

Photochemistry is the most complex chemical process occuring in ailr
or water; the need for more reliable information on-effects ‘of oxygen
phase change and natural quenchers on quantum yields. is evident as is
the need for information on the importance of sensitized reactions in-
volving natural organics in water. !

Quantum yield estimation methods based on empirical and theoretical
relationships including SRC and LFER are almost non-existent and need’
to be developed for almost all classes of chemicals that absorb sunlight

Critical constants for transport processes can be estimated readily
from solubility and vapor pressure data for a limited range of
volatilities and solubilities. Reliable SRC for K,. (Koyy) are now
limited to non-ionic chemicals; comparable sorption SRC for ionic '
species are needed as 1s a larger data base. Quantitative relations ..
are lacking between H,. and k _for intermediate values-of Hc ¢ lO <
1000). These should be developed

No reliable kinetic data base is available.for.microbiological
transformations from which SRC for these- ‘processes might be developed. K
Studies by Wolf et al. (1979) suggest a. relation between chemical and .
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. ‘screening with a high degree of confidence._;,

microbiological rate constants for hydroly51s. Additional studies of
thlS klnd should be performed -

[

:':Transformatlons in soil and sedlment are poorly understood Only if
- more detailed studles are performed to-characterize the chemical species
- involved in these processes will development of reliable SRC be possible.

Needed studies include hydrolysis, oxidation, photolysis and reduction.
r N ' - .

SRC now'available‘can be used in.a:systematic and objective manner for

zero level screening; the methodology is an efficient and reliable
technique for selecting out those laboratory screening tests needed

~ " for fate assessment thereby saving considerable time and money both
- for EPA and chemical manufacturers:. .

“_Methodology for using SRC on zero level gcreening needs to be optimlzed

and systemized in order that scientlflcally literate but inexperienced

_,personnel can use these methods reliably. Eventually computerized

decision-tree analysis programs should be developed but "hand" ‘analysis

wyausing tabulated SRC data is also efficient and easily used.

y~EPA should develop a comprehensive inscruction manual for zero level:-

screening. The manual will include a logic-key decision sequence to
characterize possible important processes for a specifi¢ molecular

..structure and a detailed tabular listing of equations, environmental

properties and rate constants for these processes. The decisionv
sequence will be keyed to the tables and equations. If properly
designed, hon=-expert personnel can use this manual for zero-level

B P T
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