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§795.70 Indirect photolysis screening
test: Sunlight photolysis in waters
containing dissolved humic sub-
stances.

(a) Introduction. (1) Chemicals dis-
solved in natural waters are subject to
two types of photoreaction. In the first
case, the chemical of interest absorbs
sunlight directly and is transformed to
products when unstable excited states
of the molecule decompose. In the sec-
ond case, reaction of dissolved chem-
ical is the result of chemical or elec-
tronic excitation transfer from light-
absorbing humic species in the natural
water. In contrast to direct photolysis,
this photoreaction is governed initially
by the spectroscopic properties of the
natural water.

(2) In general, both indirect and di-
rect processes can proceed simulta-
neously. Under favorable conditions
the measurement of a photoreaction
rate constant in sunlight (Kpg) in a nat-
ural water body will yield a net value
that is the sum of two first-order reac-
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tion rate constants for the direct (kpg)
and indirect (ki) pathways which can
be expressed by the relationship

Equation 1
Kpe=kpetkie.

This relationship is obtained when the
reaction volume is optically thin so
that a negligible fraction of the inci-
dent light is absorbed and is suffi-
ciently dilute in test chemical; thus
the direct and indirect photoreaction
processes become first-order.

(3) In pure water only, direct
photoreaction is possible, although hy-
drolysis, biotransformation, sorption,
and volatilization also can decrease the
concentraton of a test chemical. By
measuring Kpe in a natural water and
kpe in pure water, kg can be cal-
culated.

(4) Two protocols have been written
that measure kpe in sunlight or predict
kpe in sunlight from laboratory meas-
urements with monochromatic light
(USEPA (1984) under paragraph (f)(14)
and (15) of this section; Mill et al. (1981)
under paragraph (f)(9) of this section;
Mill et al. (1982) under paragraph (f)(10)
of this section; Mill et al. (1983) under
paragraphs (f)(11) of this section). As a
preface to the use of the present pro-
tocol, it is not necessary to know Kpg;
it will be determined under conditions
that definitively establish whether ke
is significant with respect to kpg.

(5) This protocol provides a cost ef-
fective test method for measuring ke
for test chemicals in a natural water
(synthetic humic water, SHW) derived
from commercial humic material. It
describes the preparation and standard-
ization of SHW. To implement the
method, a test chemical is exposed to
sunlight in round tubes containing
SHW and tubes containing pure water
for defined periods of time based on a
screening test.

(6) To correct for variations in solar
irradiance during the reaction period,
an actinometer is simultaneously inso-
lated. From these data, an indirect
photoreaction rate constant is cal-
culated that is applicable to clear-sky,
near-surface, conditions in fresh water
bodies.
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(7) In contrast to kpg, which, once
measured, can be calculated for dif-
ferent seasons and latitudes, ki only
applies to the season and latitude for
which it is determined. This condition
exists because the solar action spec-
trum for indirect photoreaction in
humic-containing waters is not gen-
erally known and would be expected to
change for different test chemicals.
For this reason, kpe, which contains
kg, is likewise valid only for the exper-
imental data and latitude.

(8) The value of Kkpe represents an
atypical quantity because kg will
change somewhat from water body to
water body as the amount and quality
of dissolved aquatic humic substances
change. Studies have shown, however,
that for optically-matched natural wa-
ters, these differences are usually with-
in a factor of two (Zepp et al. (1981)
under paragraph (f)(17) of this section).

(9) This protocol consists of three
separate phases that should be com-
pleted in the following order: In Phase
1, SHW is prepared and adjusted; in
Phase 2, the test chemical is irradiated
in SHW and pure water (PW) to obtain
approximate sunlight photoreaction
rate constants and to determine wheth-
er direct and indirect photoprocesses
are important; in Phase 3, the test
chemical is again irradiated in PW and
SHW. To correct for photobleaching of
SHW and also solar irradiance vari-
ations, tubes containing SHW and acti-
nometer solutions are exposed simulta-
neously. From these data kpe is cal-
culated that is the sum of kg and kpe
(Equation 1) (Winterle and Mill (1985)
under paragraph (f)(12) of this section).

(b) Phase 1—Preparation and standard-
ization of synthetic natural water—(1)
Approach. (i) Recent studies have dem-
onstrated that natural waters can pro-
mote the indirect (or sensitized)
photoreaction of dissolved organic
chemicals. This reactivity is imparted
by dissolved organic material (DOM) in
the form of humic substances. These
materials absorb sunlight and produce
reactive intermediates that include
singlet oxygen (10;) (Zepp et al. (1977)
under paragraph (f)(20) of this section,
Zepp et al. (1981) under paragraph
(f)(17) of this section, Zepp et al. (1981)
under paragraph (f)(18) of this section,
Wolff et al. (1981) under paragraph
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(f)(16) of this section, Haag et al. (1984)
under paragraph (f)(6) of this section,
Haag et al. (1984) under paragraph (f)(7)
of this section); peroxy radicals (RO2—)
(Mill et al. (1981) under paragraph (f)(9)
of this section; Mill et al. (1983) under
paragraph (f)(8) of this section);
hydroxyl radicals (HO-) (Mill et al.
(1981) under paragraph (f)(9) of this sec-
tion, Draper and Crosby (1981, 1984)
under paragraphs (f)(3) and (4) of this
section); superoxide anion (0.~ —) and
hydroperoxy radicals (HO-). (Cooper
and Zika (1983) under paragraph (f)(1) of
this section, Draper and Crosby (1983)
under paragraph (f)(2) of this section);
and triplet excited states of the humic
substances (Zepp et al. (1981) under
paragraph (f)(17) of this section, Zepp
et al. (1985) under paragraph (f)(21) of
this section). Synthetic humic waters,
prepared by extracting commercial
humic or fulvic materials with water,
photoreact similarly to natural waters
when optically matched (Zepp et al.
(1981) under paragraphs (f)(17) and (18)
of this section).

(ii) The indirect photoreactivity of a
chemical in a natural water will de-
pend on its response to these reactive
intermediates, and possibly others yet
unknown, as well as the ability of the
water to generate such species. This
latter feature will vary from water-to-
water in an unpredictable way, judged
by the complexity of the situation.

(iii) The approach to standardizing a
test for indirect photoreactivity is to
use a synthetic humic water (SHW)
prepared by water-extracting commer-
cial humic material. This material is
inexpensive, and available to any lab-
oratory, in contrast to a specific nat-
ural water. The SHW can be diluted to
a dissolved organic carbon (DOC) con-
tent and uv-visible absorbance typical
of most surface fresh waters.

(iv) In recent studies it has been
found that the reactivity of SHW mix-
tures depends on pH, and also the his-
tory of sunlight exposure (Mill et al.
(1983) under paragraph (f)(11) of this
section). The SHW solutions initially
photobleach with a time-dependent
rate constant. As such, an SHW test
system has been designed that is
buffered to maintain pH and is pre-aged
in sunlight to produce, subsequently, a
predictable bleaching behavior.
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(v) The purpose of Phase 1 is to pre-
pare, pre-age, and dilute SHW to a
standard mixture under defined, repro-
ducible conditions.

(2) Procedure. (i) Twenty grams of Al-
drich humic acid are added to a clean 2-
liter Pyrex Erlenmeyer flask. The flask
is filled with 2 liters of 0.1 percent
NaOH solution. A stir bar is added to
the flask, the flask is capped, and the
solution is stirred for 1 hour at room
temperature. At the end of this time
the dark brown supernatant is de-
canted off and either filtered through
coarse filter paper or centrifuged and
then filtered through 0.4 )m micro-
filter. The pH is adjusted to 7.0 with di-
lute H,SO,4 and filter sterilized through
a 0.2 )m filter into a rigorously cleaned
2-liter Erlenmeyer flask. This mixture
contains roughly 60 ppm DOC and the
absorbance (in a 1 cm path length cell)
is approximately 1.7 at 313 nm and 0.7
at 370 nm.

(ii) Pre-aging is accomplished by ex-
posing the concentrated solution in the
2-liter flask to direct sunlight for 4
days in early spring or late fall; 3 days
in late spring, summer, or early fall. At
this time the absorbance of the solu-
tion is measured at 370 nm, and a dilu-
tion factor is calculated to decrease
the absorbance to 0.50 in a 1 cm path
length cell. If necessary, the pH is re-
adjusted to 7.0. Finally, the mixture is
brought to exact dilution with a
precalculated volume of reagent-grade
water to give a final absorbance of 0.500
in a 1-cm path length cell at 370 nm. It
is tightly capped and refrigerated.

(iii) This mixture is SHW stock solu-
tion. Before use it is diluted 10-fold
with 0.010 M phosphate buffer to
produce a pH 7.0 mixture with an ab-
sorbance of 5.00x10-2 at 370 nm, and a
dissolved organic carbon of about 5
ppm. Such values are characteristic of
many surface fresh waters.

(3) Rationale. The foregoing procedure
is designed to produce a standard
humic-containing solution that is pH
controlled, and sufficiently aged that
its photobleaching first-order rate con-
stant is not time dependent. It has
been demonstrated that after 7 days of
winter sunlight exposure, SHW solu-
tions photobleached with a nearly con-
stant rate constant (Mill et al. (1983)
under paragraph (f)(11) of this section).
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(c) Phase 2—Screening test—(1) Intro-
duction and purpose. (i) Phase 2 meas-
urements provide approximate solar
photolysis rate constants and half-lives
of test chemicals in PW and SHW. If
the photoreaction rate in SHW is sig-
nificantly larger than in PW (factor of
> 2X) then the test chemical is subject
to indirect photoreaction and Phase 3
is necessary. Phase 2 data are needed
for more accurate Phase 3 measure-
ments, which require parallel solar ir-
radiation of actinometer and test
chemical solutions. The actinometer
composition is adjusted according to
the results of Phase 2 for each chem-
ical, to equalize as much as possible
photoreaction rate constants of chem-
ical in SHW and actinometer.

(i) In Phase 2, sunlight
photoreaction rate constants are meas-
ured in round tubes containing SHW
and then mathematically corrected to
a flat water surface geometry. These
rate constants are not corrected to
clear-sky conditions.

(2) Procedure. (i) Solutions of test
chemicals should be prepared using
sterile, air-saturated, 0.010 M, pH 7.0
phosphate buffer and reagent-grade (or
purer) chemicals.! Reaction mixtures
should be prepared with chemicals at
concentrations at less than one-half
their solubility in pure water and at
concentrations such that, at any wave-
lengths above 290 nm, the absorbance
in a standard quartz sample cell with a
1-cm path length is less than 0.05. If the
chemicals are too insoluble in water to
permit reasonable handling or analyt-
ical procedures, 1-volume percent ace-
tonitrile may be added to the buffer as
a cosolvent.

(if) This solution should be mixed
9.00:1.00 by volume with PW or SHW
stock solution to provide working solu-
tions. In the case of SHW, it gives a
ten-fold dilution of SHW stock solu-
tion. Six mL aliquots of each working
solution should then be transferred to
separate 12 x 100 mm quartz tubes with
screw tops and tightly sealed with
Mininert valves.2 Twenty four tubes
are required for each chemical solution

1The water should be ASTM Type IIA, or

an equivalent grade.

2Mininert Teflon sampling vials are avail-
able from Alltech Associates, Inc., 202 Cam-
pus Dr., Arlington Heights, IL 60004.
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(12 samples and 12 dark controls), to
give a total of 48 tubes.

(iii) The sample tubes are mounted in
a photolysis rack with the tops facing
geographically north and inclined 30°
from the horizontal. The rack should
be placed outdoors over a black back-
ground in a location free of shadows
and excessive reflection.

(iv) Reaction progress should be
measured with an analytical technique
that provides a precision of at least 5
percent. High pressure liquid chroma-
tography (HPLC) or gas chromatograph
(GC) have proven to be the most gen-
eral and precise analytical techniques.

(v) Sample and control solution con-
centrations are calculated by aver-
aging analytical measurements for
each solution. Control solutions should
be analyzed at least twice at zero time
and at other times to determine wheth-
er any loss of chemical in controls or
samples has occurred by some adven-
titious process during the experiment.

(vi) Whenever possible the following
procedures should be completed in
clear, warm, weather so that solutions
will photolyze more quickly and not
freeze.

(A) Starting at noon on day zero, ex-
pose to sunlight 24 sample tubes
mounted on the rack described above.
Tape 24 foil-wrapped controls to the
bottom of the rack.

(B) Analyze two sample tubes and
two unexposed controls in PW and
SHW for chemical at 24 hours. Cal-
culate the round tube photolysis rate
constants (Kp)snw and (kp)w if the per-
cent conversions are J 20 percent but F
80 percent. The rate constants (Kp)shw
and (kp)w are calculated, respectively,
from Equations 2 and 3:

Equation 2
(Kp)stw=(1It)Pn(Co/Cr)shw (in d—1)

Equation 3
(Kp)w=1/t)Pn(C/Cow (in d~1),

where the subscript identifies a reac-
tion in SHW or PW; t is the photolysis
time in calendar days; C, is the initial
molar concentration; and C; is the
molar concentration in the irradiated
tube at t. In this case t=1 day.
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(C) If less than 20 percent conversion
occurs in SHW in 1 day, repeat the pro-
cedure for SHW and PW at 2 days, 4
days, 8 days, or 16 days, or until 20 per-
cent conversion is reached. Do not ex-
tend the experiment past 16 days. If
less than 20 percent photoreaction oc-
curs in SHW at the end of 16 days the
chemical is ‘“‘photoinert”. Phase 3 is
not applicable.

(D) If more than 80 percent
photoreaction occurs at the end of day
1 in SHW, repeat the experiment with
eight each of the remaining foil-
wrapped PW and SHW controls. Divide
these sets into four sample tubes each,
leaving four foil-wrapped controls
taped to the bottom of the rack.

(1) Expose tubes of chemical in SHW
and PW to sunlight starting at 0900
hours and remove one tube and one
control at 1, 2, 4, and 8 hours. Analyze
all tubes the next day.

(2) Extimate (kp)snw for the first tube
in which photoreaction is J 20 percent
but F 80 percent. If more than 80 per-
cent conversion occurs in the first
SHW tube, report: ‘““The half-life is less
than one hour’” and end all testing. The
chemical is ‘“‘photolabile.” Phase 3 is
not applicable.

(3) The rate constants (kp)shw and
(kp)w are calculated from equations 2
and 3 but the time of irradiation must
be adjusted to reflect the fact that day-
averaged rate constants are approxi-
mately one-third of rate constants
averaged over only 8 daylight hours.
For 1 hour of insolation enter t=0.125
day into equation 2. For reaction times
of 2, 4, and 8 hours enter 0.25, 0.50 and
1.0 days, respectively. Proceed to Phase
3 testing.

(4) Once (Kp)shw and (kp)w are meas-
ured, determine the ratio R from equa-
tion 4:

Equation 4
R=(kp)shw/(Kp)w.

The coefficient R, defined by Equation
4, is equal to [(ki+kp)/kp]. If R is in the
range 0 to 1, the photoreaction is inhib-
ited by the synthetic humic water and
Phase 3 does not apply. If R is in the
range 1 to 2, the test chemical is mar-
ginally susceptable to indirect pho-
tolysis. In this case, Phase 3 studies
are optional. If R is greater than 2,
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Phase 3 measurements are necessary to
measure kpe and to evaluate kie.

(vii) Since the rate of photolysis in
tubes is faster than the rate in natural
water bodies, values of near-surface
photolysis rate constants in natural
and pure water bodies, kpe and Kpg, re-
spectively, can be obtained from
(kp)shw and (kp)w from Equations 5 and
6:

Equation 5
kpe=0.45(Kp)sHw

Equation 6
kpe=0.45(Kp)w.

The factor 0.45 is an approximate geo-
metric correction for scattered light in
tubes versus horizontal surfaces. A
rough value of ki, the rate constant
for indirect photolysis in natural wa-
ters or SHW, can be estimated from the
difference between kpe and kpe using
Equation 7:

Equation 7
kIE:ka_ Koe.

(3) Criteria for Phase 2. (i) If no loss of
chemical is found in dark control solu-
tions compared with the analysis in
tubes at zero time (within experi-
mental error), any loss of chemical in
sunlight is assumed to be due to pho-
tolysis, and the procedure provides a
valid estimate of kpe and kpe. Any loss
of chemical in the dark-control solu-
tions may indicate the intervention of
some other loss process such as hydrol-
ysis, microbial degradation, or vola-
tilization. In this case, more detailed
experiments are needed to trace the
problem and if possible eliminate or
minimize the source of loss.

(ii) Rate constants determined by the
Phase 2 protocol depend upon latitude,
season, and weather conditions. Note
that (kp)shw and kp values apply to
round tubes and kpe and kpe values
apply to a natural water body. Because
both (kp)shw and kp are measured under
the same conditions the ratio ((Kp)snw/
kp) is a valid measure of the suscepti-
bility of a chemical to indirect pho-
tolysis. However, since SHW is subject
to photobleaching, (kp)snuw will de-
crease with time because the indirect
rate will diminish. Therefore, R >2 is
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considered to be a conservative limit
because (kp)snw will become systemati-
cally smaller with time.

(4) Rationale. The Phase 2 protocol is
a simple procedure for evaluating di-
rect and indirect sunlight photolysis
rate constants of a chemical at a spe-
cific time of year and latitude. It pro-
vides a rough rate constant for the
chemical in SHW that is necessary for
Phase 3 testing. By comparison with
the direct photoreaction rate constant,
it can be seen whether the chemical is
subject to indirect photoreaction and
whether Phase 3 tests are necessary.

(5) Scope and limitations. (i) Phase 2
testing separates test chemicals into
three convenient categories:
“Photolabile”, ““photoinert’’, and those
chemicals having sunlight half-lives in
round tubes in the range of 1 hour to 50
days. Chemicals in the first two cat-
egories fall outside the practical limits
of the test, and cannot be used in
Phase 3. All other chemicals are suit-
able for Phase 3 testing.

(ii) The test procedure is simple and
inexpensive, but does require that the
chemical dissolve in water at sufficient
concentrations to be measured by some
analytical technique but not have ap-
preciable absorbance in the range 290
to 825 nm. Phase 2 tests should be done
during a clear-sky period to obtain the
best results. Testing will be less accu-
rate for chemicals with half-lives of
less than 1 day because dramatic fluc-
tuations in sunlight intensity can arise
from transient weather conditions and
the difficulty of assigning equivalent
reaction times. Normal diurnal vari-
ations also affect the photolysis rate
constant. Phase 3 tests should be start-
ed as soon as possible after the Phase 2
tests to ensure that the (kp)shw esti-
mate remains valid.

(6) lllustrative Example. (i) Chemical A
was dissolved in 0.010 M pH 7.0 buffer.
The solution was filtered through a 0.2
)m filter, air saturated, and analyzed.
It contained 1.7x10 =5 M A, five-fold less
than its water solubility of 8.5x10 =5 M
at 25 °C. A uv spectrum (1-cm path
length) versus buffer blank showed no
absorbance greater than 0.05 in the
wavelength interval 290 to 825 nm, a
condition required for the Phase 2 pro-
tocol. The 180 mL mixture was diluted
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by the addition of 20 mL of SHW stock
solution.

(ii) The SHW solution of A was
photolyzed in sealed quartz tubes
(12x100 mm) in the fall season starting
on October 1. At the end of 1 and 2
days, respectively, the concentration of
A was found to be 1.13x10 -5 M and
0.92x10 =5 M compared to unchanged
dark controls (1.53x10 —5 M).

(iii) The tube photolysis rate con-
stant of chemical A was calculated
from Equation 2 wunder paragraph
(©)(2)(vi)(B) of this section. The first
time point at day 1 was used because
the fraction of A remaining was in the
range 20 to 80 percent:

(kp)srw=(1/1d)Pn(1.53x10 ~5/1.13
(Kp)sHw=0.30 d— 1.

(iv) From this value, kpe was found to
be 0.14 d-! using equation 5 under
paragraph (c)(2)(vii) of this section:

kpe=0.45(0.30 d~1)=0.14d ~ 1.

(v) From measurements in pure
water, kp for chemical A was found to
be 0.085 d-1 Because the ratio of
(kp)siw/kp(=3.5) is greater than 2, Phase
3 experiments were started.

(d) Phase 3—Indirect photoreaction
with actinometer: Calculation of ke and
kpe—(1) Introduction and purpose.

(i) The purpose of Phase 3 is to meas-
ure Kk, the indirect photolysis rate
constant in tubes, and then to cal-
culate kpe for the test chemical in a
natural water. If the approximate
(kp)shw determined in Phase 2 is not
significantly greater than kp measured
for the experiment date of Phase 2,
then Phase 3 is unnecessary because
the test chemical is not subject to indi-
rect photoreaction.

(ii) In the case (kp)shw is significantly
larger than kp, Phase 3 is necessary.
The rate constant (Kp)suw is used to
choose an actinometer composition
that matches the actinometer rate to
the test chemical rate. Test chemical
solutions in SHW and in pure water
buffer are then irradiated in sunlight
in parallel with actinometer solutions,
all in tubes.

(iii) The actinometer used is the p-
nitroacetophenone-pyridine (PNAP/
PYR) system developed by Dulin and
Mill (1982) under paragraph (f)(5) of this
section and is used in two EPA test

x10 —5)
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guidelines (USEPA (1984) under para-
graphs (f) (14) and (15) of this section).
By varying the pyridine concentration,
the PNAP photolysis half-life can be
adjusted over a range of several hours
to several weeks. The starting PNAP
concentration is held constant.

(iv) SHW is subject to photobleaching
that decreases its ability to promote
indirect photolysis based on its ability
to absorb sunlight. This effect will be
significant when the test period ex-
ceeds a few days. To correct for
photobleaching, tubes containing SHW
are irradiated in action to the other
tubes above.

(v) At any time, the loss of test
chemical is given by Equation 8 assum-
ing actinometric correction to con-
stant light flux:

Equation 8
— (d[C)/dt)=k\[C]+kp[C].

(vi) The indirect photolysis rate con-
stant, k;, is actually time dependent
because SHW photobleaches; the rate
constant k;, after pre-aging, obeys the
formula:

Equation 9
k|=k|o exp( — kt),

in which Kk, is the initial indirect
photoreaction rate constant and k is
the SHW photobleaching rate constant.
After substituting equation 9 for k; in
Equation 8 under paragraph (d)(1)(v) of
this section, and rearranging, one ob-
tains

— (d[CV/[C]=kio[exp(— kt)]dt+kp dt.
This expression is integrated to give
Equation 10:

Equation 10
Pn(Cy/C)shw=(kio/k)[1—exp(—kt)]+kp t.

The term (kio/k) can now be evaluated.
Since in pure water, Pn(Co/C)w=kp t,
then subtracting this equation from
Equation 10 gives

Equation 11

Pn(Co/C)shw-Pn(co/C)w=(kio/K)[1-exp(-
kt)].

The photobleaching fraction, [1-exp(-
kt)], is equivalent to the expression [1-
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(Asz7dA°370)], where A’z and Agzo are
the absorbances at 370 nm, and are pro-
portional to humic sensitizer content
at times zero and t. Therefore, (kio/K) is
derived from the slope of a linear re-
gression using [Pn(Cyo/C)suw-Pn(Co/C)w]
as the dependent variable and [1-(As7d
A°370snw] as the independent variable.

(vii) To evaluate ko, the parameter k
has to be evaluated under standard
sunlight conditions. Therefore, the
photolysis rate constant for the PNAP/
PYR actinometer (k) is used to evalu-
ate k by linear regression on Equation
12:

Equation 12
Pn(A°37dAz70=(k/ka)PNn(Co/C)enar,

where the slope is (k/ka) and the value
of ka is calculated from the concentra-
tion of pyridine and the absorption of
light by PNAP: ka=2.2(0.0169)[PYR]Ka.
Values of k, are listed in the following
Table 1.

TABLE 1—DAY AVERAGED RATE CON-
STANT (Kg)1 FOR SUNLIGHT ABSORPTION
BY PNAP AS A FUNCTION OF SEASON
AND DECADIC LATITUDE 2

Season

Latitude

Sum-

mer Fall

Spring

1ks=@ ega Lg in the units of day 1, (Mill et al. (1982)
under paragraph (f)(10) of this section).

2For use in Equation 15 under paragraph (d)(2)(i) of this
section.

The value of ki, is then given by Equa-
tion 13:

Equation 13
kio=(kio/k)(k/ka)ka.

(viii) To obtain kp, determine the
ratio (kp/ka) from a linear regression of
Pn(Co/C)w versus Pn(Cy/C)pnar according
to Equation 13a:

Equation 13a
Pn(Co/C)w=(kp/ka)PNn(Co/C)pnar.

The slope is (kp/ka), and kp is obtained
by multiplication of this slope with the
known value of ka: i.e., kp=(kp/ka)Kka.
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(ix) Then, (Kp)snw values in SHW are
determined by summing kp and K, as
follows:

Equation 14

(Kp)shw=Kiot+Kp.

(x) Finally, Kge is calculated from the
precise relationship, Equation 5a:

Equation 5a
ka:0-455(kp)SHW-

(2) Procedure. (i) Using the test chem-
ical photoreaction rate constant in
round tubes, (Kp) snw determined in
Phase 2 under paragraph (c) of this sec-
tion, and the absorption rate constant,
ko found in Table 1, under paragraph
(d)(2)(vii) of this section, calculate the
molar pyridine concentration required
by the PNAP/PYR actinometer using
Equation 15:

Equation 15
[PYR]/M=26.9[(kp) srw/Kal.

This pyridine concentration makes the
actinometer rate constant match the
test chemical rate constant.

(A) The variable ka (= @ e ga Lg) is
equal to the day-averaged rate con-
stant for sunlight absorption by PNAP
(USEPA (1984) under paragraph (f)(14)
of this section; Mill et al. (1982) under
paragraph (f)(10) of this section, Zepp
and Cline (1977) under paragraph (f)(19)
of this section) which changes with
season and latitude.

(B) The variable k, is selected from
Table 1 under paragraph (d)(1)(vii) of
this section for the season nearest the
mid-experiment date of Phase 2 studies
and the decadic latitude nearest the ex-
perimental site.

(ii) Once [PYR] is determined, an ac-
tinometer solution is prepared by add-
ing 1.00 mL of 1.0x10-2 M (0.165 gms/100
mL) PNAP stock solution (in CHz CN
solvent) and the required volume, V, of
PYR to a 1 liter volumetric flask. The
flask is then filled with distilled water
to give 1 liter of solution. The volume
V can be calculated from Equation 16:

Equation 16
V/mL=[PYR]/0.0124.
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The PNAP/PYR solutions should be
wrapped with aluminum foil and kept
out of bright light after preparation.

(iii) The following solutions should
be prepared and individually added in
6.00 mL aliquots to 12/100 mm quartz
sample tubes; 8 tubes should be filled
with each solution:

(A) PNAP/PYR actinometer solution.

(B) Test chemical in pH 7.0, 0.010 M
phosphate buffer.

(C) Test chemcial in pH 7.0, 0.010 M
phosphate buffer/SHW.

(D) pH 7.0, 0.010 M phosphate buffer/
SHW. Four tubes of each set are
wrapped in foil and used as controls.

(iv) The tubes are placed in the pho-
tolysis rack (Phase 2, Procedure) at
0900 hours on day zero, with the con-
trols taped to the bottom of the rack.
One tube of each composition is re-
moved, along with their respective con-
trols, according to a schedule found in
Table 2, which categorizes sampling
times on the basis of (kp)shw deter-
mined in Phase 1.

TABLE 2—CATEGORY AND SAMPLING PRO-
CEDURE FOR TEST AND ACTINOMETRY
SOLUTIONS

Category kp (d~Yshw Sampling procedure
A 5.5JKpJ0.69 Sample at 0, 1, 2, 4, and
B o 0.69> k, J 0.017 Saar:me ato, 1,2, 4, and
C e 0.17> kp J 0.043 Sa?::gle at 0, 4, 8, 16, and
32d.

(v) The tubes containing PNAP, test
chemical, and their controls are ana-
lyzed for residual concentrations soon
after the end of the experiment. PNAP
is conveniently analyzed by HPLC,
using a 30 cm Cig reverse phase column
and a uv detector set at 280 nm. The
mobile phase is 2 percent acetic acid, 50
percent acetonitrile and 48 percent
water (2 mL/min flow rate). Tubes con-
taining only SHW (solution D) should
be analyzed by absorption spectroscopy
at 370 nm after storage at 4 °C in the
dark. The absorbance range to be meas-
ured is 0.05 to 0.01 AU (1 cm).

(vi) If controls are well-behaved and
show no significant loss of chemical or
absorbance change, then k; can be cal-
culated. In tabular form (see Table 4
under paragraph (d)(6)(iii)(A) of this
section) arrange the quantities Pn(Co/
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C) skws Pn(Co/Coshw, [1—(As7dA°z70)],
Pn(A0370/A370), and Pn(CO/C)pNAP in order
of increasing time. According to Equa-
tion 11 under paragraph (d)(1)(vi) of
this section in the form of Equation 17,

Equation 17

Pn(ColC)SHW— Pn(CO/C)W:(k|0/k) [l — (A37d
A°370)],

plot the quantities [Pn(Co
Cy)shw—Pn(Cy/C)w] versus the inde-
pendent variable [1-—(Asz7dA%370)]. Ob-
tain the slope (S1) by least square lin-
ear regression. Under the assumptions
of the protocol, S1=(k/Kk).

(vii) According to Equation 12 under
paragraph (d)(1)(vii) of this section,
plot the quantities Pn(A°z70/Az70) versus
the independent variable Pn(Co/C)pnap-
Obtain the slope (S2) by least squares
linear regression on Equation 12 under
paragraph (d)(1)(vii) of this section.
Under the assumptions of the protocol,
S2=(k/ka).

(viii) Then, using Equation 13a under
paragraph (d)(1)(vii) of this section, de-
termine the slope (S3) by least squares
linear regression. Under the assump-
tions of the protocol, S3 is equal to (kp/
Ka).

(ix) From Equation 18

Equation 18
ka=0.0372[PYR]Ka,

calculate ka using ks values found in
Table 1 under paragraph (d)(1)(vii) of
this section. The value of ki chosen
must correspond to the date closest to
the mid-experiment date and latitude
closest to that of the experimental
site.

(X) The indirect photoreaction rate
constant, ki, 1is determined using
Equation 19,

Equation 19
kio=(S1)(Ka)(S2),

by incorporating the quantities ka, S1,
and S2 determined as described in para-
graphs (d)(2) (ix), (vi), and (vii) of this
section, respectively.

(xi) The rate constant kp
culated from Equation 20,

is cal-

Equation 20
ko=(S3)(ka),
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using the quantities S3 and ka deter-
mined as described above.

(xii) Then, (Kp)shw is obtained by
summing kp and ki, as described by
Equation 14 in paragraph (d)(1)(ix) of
this section:

Equation 14

(Kp)stw=kiot+Kp.

(xiii) Finally, kye is obtained by mul-
tiplying (kp) snw by the factor 0.455, as
described by Equation 5a in paragraph
(d)(1)(x) of this section:

Equation 5a
ka:0.455 (kp)SHW

As determined, kpe is the net environ-
mental photoreaction rate constant. It
applies to clear sky conditions and is
valid for predicting surface
photoreaction rates in an average
humic containing freshwater body. It is
strictly valid only for the experimental
latitude and season.

(3) Criteria for Phase 3. As in Phase 2,
Phase 3 tests are assumed valid if the
dark controls are well behaved and
show no significant loss of chemical. In
such a case, loss of test chemical in ir-
radiated samples is due to
photoreaction.

(4) Rationale. Simultaneous irradia-
tion of a test chemical and actinom-
eter provide a means of evaluating sun-
light intensities during the reaction
period. Parallel irradiation of SHW so-
lutions allows evaluation of the extent
of photobleaching and loss of sensi-
tizing ability of the natural water.

(5) Scope and limitations of Phase 3 pro-
tocol. Test chemicals that are classified
as having half-lives in SHW in the
range of 1 hour to 50 days in Phase 2
listing are suitable for use in Phase 3
testing. Such chemicals have
photoreaction half-lives in a range ac-
commodated by the PNAP/PYR
actinometry in sunlight and also ac-
commodate the persistence of SHW in
sunlight.
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(6) Ilustrative example. (i) From Phase
2 testing, under paragraph (c)(6)(iii) of
this section, chemical A was found to
have a photolysis rate constant,
(Kp)shw of 0.30 d—1in fall in round tubes
at latitude 33° N. Using Table 1 under
paragraph (d)(1)(vii) of this section for
30° N, the nearest decadic latitude, a
fall value of k, equal to 333 d—1 is found
for PNAP. Substitution of (Kp)snuw and
ks, into Equation 15 under paragraph
(d)(2)(1) of this section gives [PYR] =
0.0242 M. This is the concentration of
pyridine that gives an actinometer rate
constant of 0.30 d—1 in round tubes in
fall at this latitude.

(ii) The actinometer solution was
made up by adding a volume of pyri-
dine (1.95 mL) calculated from equation
16 under paragraph (d)(2)(ii) of this sec-
tion to a 1 liter volumetric flask con-
taining 1.00 mL of 1.00 x 10-2 M PNAP
in acetonitrile. The flask was filled to
the mark with distilled water to give
final concentrations of [PYR]=0.0242 M
and [PNAP]=1.00x10-5 M. Ten tubes of
each of the following solutions were
placed in the photolysis rack at 1,200
hours on day zero:

(A) Chemical A (1.53x10-5M) in stand-
ard SHW (0.010 M, pH 7 phosphate buff-
er).

(B) Chemical A (1.53x10-5), in 0.010 M,
pH 7 phosphate buffer.

(C) SHW standard solution diluted
with water 0.90 to 1.00 to match solu-
tion A.

(D) PNAP/PYR actinometer solution.
Ten additional foil-wrapped controls of
each mixture were taped to the bottom
of the rack.

(iii) The test chemical had been
placed in category B, Table 2 under the
paragraph (d)(2)(iv) of this section, on
the basis of its Phase 2 rate constant
under paragraph (c) of this section. Ac-
cordingly, two tubes of each irradiated
solution and two tubes of each blank
solution were removed at 0, 1, 2, 4, and
8 days at 1,200 hours. The averaged ana-
lytical results obtained at the end of
the experiment are shown in the fol-
lowing Table 3.

TABLE 3—CHEMICAL ANALYTICAL RESULTS FOR ILLUSTRATIVE EXAMPLE, PHASE 3

Day 105[CJSHW, M 105[C]W, M ASHW370 105 [PNAP], M
1.53 1.53 0.0500 1.00
1.03 1.40 0.0470 0.810
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TABLE 3—CHEMICAL ANALYTICAL RESULTS FOR ILLUSTRATIVE EXAMPLE, PHASE 3—

Continued
Day 108[CJsHW, M 105[C]V, M ASHW370 | 105 [PNAP], M
0.760 1.30 0.0440 0.690
0.300 1.01 0.0370 0.380
0.130 0.800 0.0320 0.220
Data for solutions A through D are A°zo)snwl, Pn(A°370/Azzg), and Pn(Co

given in column 2 through 5, respec-
tively. No significant chemical loss
was found in the dark controls.

(A) From these items the functions

C)enap Were calculated, as shown in the
following Table 4 which was derived
from Table 3 under paragraph (d)(6)(iii)
of this section:

Pn(ColC) SNVV’

Pn(Co/C)w'

[1—(As7d

TABLE 4—PHOTOREACTION FUNCTION FOR ILLUSTRATIVE EXAMPLES, PHASE 3, DERIVED

FROM TABLE 3

Day Pn(Co/C)shw Pn(Co/C)w 1—(A 370/A°370) | Pn(A°370 /As70) | Pn(Co /C) pnap
0 0 0 0 0
0.396 0.0888 0.0600 0.0618 0.211
0.700 0.163 0.120 0.128 0.371
1.629 0.415 0.260 0.301 0.968
2.465 0.648 0.360 0.446 1.514
(B) Slope Sl=(ko/k) was calculated 20 y . ;
according to Equation 17 under para-
graph (d)(2)(vi) of this section and was
found to be 4.96 by a least squares re-
gression with a correlation coefficient
equal to 0.9980. The following Figure 1 2
shows a plot of Equation 17 under para- é
graph (d)(2)(vi) of this section and its %, | S124.96 4
best-fit line. &
&
° 1 1 i i
o 0.10 0.20 0.30 0.40 050
In (A370 /A 370 Jsw
FIGURE 1—GRAPHIC DETERMINATION  OF
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S1=(Kio/lk) BASED ON EQUATION 17 UNDER
PARAGRAPH (D)(2)(VI) OF THIS SECTION.

(C) Slope S2=(k/ky) was also derived
from Table 4 under paragraph
(d)(6)(iii)(A) of this section by a fit of
Pn(A°z70 /As70) siw and Pn(C, /C)pnap to
Equation 12 under paragraph (d)(I)(vii)
of this section. This plot is displayed in
the following Figure 2; the slope S2 was
found to be 0.295 and the correlation
coefficient was equal to 0.9986.
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FIGURE 2—GRAPHIC DETERMINATION OF S2=(K/
Ka) BASED ON EQUATION 12 UNDER PARA-
GRAPH (D)(1)(VI1) OF THIS SECTION.

(D) Using the data in columns 3 and
6 in Table 4 under paragraph
d)(@®)(iii)(A) of this section, slope S3
was calculated by regression from
Equation 13a under paragraph
(d)(2)(viii) of this section and was found
to be 0.428 with correlation coefficient
equal to 0.99997.

(E) Using Equation 18 under para-
graph (d)(2)(ix) of this section, ka was
found to be =0.300d 1.

(F) The values of S1, S2, and ka were
then combined in Equation 19 under
paragraph (d)(2)(x) of this section to
give ki, as follows:

Equation 19

ki0=(4.96)(0.300)(0.295)=0.439 d L.

(G) The rate constant kp was cal-
culated from the product of S3 and ka
as expressed in Equation 20 under para-
graph (d)(2)(xi) of this section as fol-
lows:

Equation 20
kp=(0.428)(0.300)=0.128d ~ 1.

(H) The sum of kp and k;, was multi-
plied by 0.455 to obtain kpe as follows:

Equation 21
kpe=(0.455)(0.439+0.128)d ~1=0.258 d — 1.

(1) Since kge is a first-order rate con-
stant, the half-life, tig is given by
Equation 22:
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Equation 22

t1/2E=0.693/ka.

Substituting the value of kye from
Equation 21 under paragraph
(d)(6)(iii)(H) of this section in Equation
22 yielded

Equation 23
t1/2e=0.693/0.258d ~1=2.7 d.

(e) Data and reporting—(1) Test condi-
tions—(i) Specific analytical and recovery
procedures. (A) Provide a detailed de-
scription or reference for the analyt-
ical procedures used, including the
calibration data and precision.

(B) If extraction methods were used
to separate the solute from the aque-
ous solution, provide a description of
the extraction method as well as the
recovery data.

(ii) Other test conditions. (A) Report
the site and latitude where the pho-
tolysis experiments were carried out.

(B) Report the dates of photolysis,
weather conditions, times of exposure,
and the duration of exposure.

(C) If acetonitrile was used to solu-
bilize the test chemical, report the vol-
ume percent.

(D) If a significant loss of test chem-
ical occurred in the control solutions
for pure water and SHW, indicate the
causes and how they were eliminated
or minimized.

(2) Test data report—(i) Phase 2
Screening Test under paragraph (c) of
this section. (A) Report the initial
molar concentration of test chemical,
Co, in pure water and SHW for each rep-
licate and the mean value.

(B) Report the molar concentration
of test chemical, C;, in pure water and
SHW for each replicate and the mean
value for each time pointt.

(C) Report the molar concentration
of test chemical for each replicate con-
trol sample and the mean value for
each time point.

(D) Report the values of (kp)snw and
(kp)w for the time pointt in which the
fraction of test chemical photoreacted
is in the range 20 to 80 percent.

(E) If small losses of test chemical
were observed in SHW and pure water,
report a first-order rate constant loss,
(Kp)ioss Calculate and report (Kp)obs for
SHW and/or pure water. Calculate and
report the corrected first-order rate
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constant for SHW and/or pure water
using the relationship expressed in
Equation 24:

Equation 24
kp=(Kp)obs— (Kp)ioss

(F) Report the value of R calculated
from Equation 4 under paragraph
(©)(2)(vi)(D)(4) of this section.

(G) Report the values of kpe and koe
obtained from Equations 5 and 6, re-
spectively under paragraph (c)(2)(vii) of
this section; report the corresponding
half-life calculated from Equation 22
under paragraph (d)(6)(iii)(1) of this
section.

(ii) Phase 3—Indirect photoreaction
with actinometer. (A) Report the ini-
tial molar concentration of test chem-
ical, Co, in pure water and in SHW for
each replicate and the mean value.

(B) Report the initial absorbance
A°3;0 of the SNW solution.

(C) Report the initial molar con-
centration of PNAP of each replicate
and the mean value in the actinometer.
Report the concentration of pyridine
used in the actinometer which was ob-
tained from Equation 15 under para-
graph (d)(2)(i) of this section.

(D) Report the time and date the pho-
tolysis experiments were started, the
time and date the experiments were
completed, and the elapsed photolysis
time in days.

(E) For each time point t, report the
separate values of the absorbance of
the SHW solution, and the mean val-
ues.

(F) For each time point for the con-
trols, report the separate values of the
molar concentrations of test chemical
in pure water and SHW, and the ab-
sorbance of the SHW solution, and the
mean values.

(G) Tabulate and report the following
data: t, [C]SHW, [C]W, ASNW4,,, [PNAP].

(H) From the data in (G), tabulate
and report the following data: t, Pn(Co/
C)snw, Pn(Co/Clw, [1—(Asz7dA°370)SNW],
Pn(A°z70/Az70), PN(Co/C)pnap-

(I) From the linear regression anal-
ysis of the appropriate data in step (H)
in Equation 17 under paragraph
(d)(2)(vi) of this section, report the
slope S1 and the correlation coeffi-
cient.

(J) From the linear regression anal-
ysis of the appropriate data in step (H)
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in Equation 12 under paragraph
(d)(1)(vii) of this section, report the
slope S2 and the correlation coeffi-
cient.

(K) From the linear regression anal-
ysis of the appropriate data in step (H)
in Equation 13a under paragraph
(d)(2)(viii) of this section, report the
slope S3 and the correlation coeffi-
cient.

(L) If loss of chemical was observed
during photolysis in pure water and
SHW, then report the data Pn(Co/C)corr,
PNn(Co/C)obs PN(Co/C)ioss as described in
paragraph (e)(2)(E) of this section. Re-
peat steps (H), (1), (3), (K) where appli-
cable and report S1, S2, S3 and the cor-
responding correlation coefficients.

(M) Report the value of the actinom-
eter rate constant obtained from Equa-
tion 18 under paragraph (d)(2)(ix) of
this section.

(N) Report the value of ki, obtained
from Equation 19 under paragraph
(d)(2)(x) of this section.

(O) Report the value of kp obtained
from Equation 20 under paragraph
(d)(2)(xi) of this section.

(P) Report the value of (Kpg)shw, Ob-
tained from Equation 14 under para-
graph (d)(1)(ix) of this section, and the
value of kye obtained from Equation 5a
under paragraph (d)(1)(x) of this sec-
tion.

(Q) Report the half-life, tipg o0b-
tained from Equation 22 under para-
graph (d)(6)(iii)(l) of this section.
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Subpart C—Provisional
Environmental Effects Guidelines

§795.120 Gammarid acute toxicity test.

(@) Purpose. This guideline is in-
tended for use in developing data on
the acute toxicity of chemical sub-
stances and mixtures subject to envi-
ronmental effects test regulations
under the Toxic Substances Control
Act (TSCA) (Pub. L. 94-469, 90 Stat. 2003
(15 U.S.C. 2601 et seq.)). This guideline
describes a test to develop data on the
acute toxicity of chemicals to
gammarids. The United States Envi-
ronmental Protection Agency (EPA)
will use data from this test in assessing
the hazard of a chemical to aquatic or-
ganisms.

(b) Definitions. The definitions in sec-
tion 3 of TSCA and in part 792 of this
chapter, Good Laboratory Practice
Standards, apply to this test guideline.
The following definitions also apply to
this guideline:

Death means the lack of reaction of a
test organism to gentle prodding.

Flow-through means a continuous or
an intermittent passage of test solu-
tion or dilution water through a test
chamber or a holding or acclimation
tank, with no recycling.

LC50 means the median lethal con-
centration, i.e., that concentration of a
chemical in air or water Kkilling 50 per-
cent of the test batch of organisms
within a particular period of exposure
(which shall be stated).

Loading means the ratio of the bio-
mass of gammarids (grams, wet weight)
to the volume (liters) of test solution
in either a test chamber or passing
through it in a 24-hour period.

Solvent means a substance (e.g., ace-
tone) which is combined with the test
substance to facilitate introduction of
the test substance into the dilution
water.
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Static system means a test chamber in
which the test solution is not renewed
during the period of the test.

(c) Test procedures—(1) Summary of the
test. In preparation for the test, test
chambers are filled with appropriate
volumes of dilution water. If a flow-
through test is performed, the flow of
dilution water through each chamber is
adjusted to the rate desired. In a static
test, the test substance is introduced
into each test chamber. In a flow-
through test, the rate in which the test
substance is added is adjusted to estab-
lish and maintain the desired con-
centration of test substance in each
test chamber. The test is started by
randomly introducing gammarids,
which have been acclimated to the test
conditions, into the test chambers.
Gammarids in the test chambers are
observed periodically during the test;
the dead gammarids are removed and
the findings recorded. Dissolved oxygen
concentration, pH, temperature, and
the concentration of test substance in
test chambers are measured at speci-
fied intervals. Data collected during
the test are used to develop concentra-
tion—response curves and LC50 values
for the test substance.

(2) [Reserved]

(3) Range-finding test. (i) A range-find-
ing test should be conducted to estab-
lish test substance concentrations to
be used for the definitive test.

(ii) The gammarids shall be exposed
to a wide-range of concentrations of
the test substance (e.g., 1, 10, 100 mg/1,
etc.), usually under static conditions.

(iii) A minimum of five gammarids
should be exposed to each concentra-
tion of test substance for a period of 96
hours. The exposure period may be
shortened if data suitable for deter-
mining concentrations in the definitive
test can be obtained in less time.
Nominal concentrations of the test
substance may be acceptable.

(4) Definitive test. (i) The purpose of
the definitive test is to determine the
24, 48, 72, and 96—hour LC50 values and
the concentration-response curves.

(ii) A minimum of 20 gammarids per
concentration shall be exposed to five
or more concentrations of the test sub-
stance chosen in a geometric series in
which the ratio is between 1.5 and 2.0
(e.g., 2, 4, 8, 16, 32, 64 mg/L). The range



