TAO, Vol. 12, No. 4, 695-704, December 2001
NOTES AND CORRESPONDENCE

The Effect of Spectral Composition on the Photochemical
Production of Hydrogen Peroxide in Lake Water

Andrea Y. L. Wong1 and George T. F. Wongg’*

(Manuscript received 30 January 2001, in final form 27 August 2001)

ABSTRACT

Hydrogen peroxide was produced when samples of lake water were
exposed to direct or filtered sunlight in which UV or UV(B+C) light was
selectively removed. In all cases, the concentration of hydrogen peroxide
increased linearly with time-integrated irradiance. While both visible and
UV light can induce the formation of hydrogen peroxide, the contribution
from the latter was disproportionately large as it was responsible for about
two-thirds of the formation of hydrogen peroxide. Among the UV lights,
the contributions from UV-A and UV-(B+C) light were 70% and 30%
respectively. The contribution from UV-A light was equivalent to about
one half of the total production of hydrogen peroxide. Thus, relative to its
contribution to the total irradiance in the solar spectrum, UV-A light is the
most efficient type of light for the formation of hydrogen peroxide in lake
waters.
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1. INTRODUCTION

Hydrogen peroxide (H,0O,) can act both as an oxidizing and a reducing agent in the aquatic
environment (Moffett and Zafiriou 1990). The resulting reactions can alter the speciation of a
number of biologically important «ace elements such as iron (Waite and Morel 1984; Moffett
and Zika 1987a; Millero and Sotolongo 1989; King and Farlow 2000), copper (Moffett and
Zika 1983, 1987b; Sharma and Millero 1989; Millero et al. 1991), chromium (Pettine and
Millero 1990; Pettine et al. 1991) and arsenic (Pettine and Millero 2000). The speciation of
these trace elements in turn can affect the biological availability and/or toxicity of these ele-
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ments so that hydrogen peroxide may play an indirect but significant role in the behaviors of
the aquatic ecosystem. Hydrogen peroxide is produced in the aquatic environment primarily
by the interactions between dissolved organic matter and sunlight through the following reac-
tion scheme (Cooper et al. 1994; Scully et al. 1996):

DOM + light - DOM*,
DOM* + 0O, — O,., HO,
HO, +HO, — HO,+0,,
and HO, +0,.+H,0 - H,0,+0, + OH',

where DOM is the sunlight-absorbing dissolved organic matter and DOM¥* is dissolved or-
ganic matter in the excited state. On the other hand, the decomposition of hydrogen peroxide
in natural waters is caused primarily by biological activities (Petasne and Zika 1997). The
abiological auto-decomposition of hydrogen peroxide is relatively slow (Kim 1993; Cooper et
al. 1994). One of the major controls on the rate of photochemical formation of hydrogen
peroxide in a given sample of water is the intensity and spectral composition of the incident
light. Thus, even if all other factors, such as the concentrations and the absorption spectra of
the chromophores and the quantum yields for the formation of hydrogen peroxide (Wong
1989), are held constant, the rate of formation of hydrogen peroxide in natural waters as a
result of solar irradiation still may vary temporally and spatially since both the intensity of
solar irradiation and the solar spectrum are temporally and spatially variable (Kirk 1983). In
this study, the relationship between the rate of the formation of hydrogen peroxide and the
spectral composition of the incident solar irradiation was investigated.

2. EXPERIMENTAL

Two samples of water, Sample A and B, were collected from a man-made lake, Mount
Trashmore Lake, in Virginia Beach, Virginia in December, 1995 and October, 1996. The
samples were filtered immediately after sample collection through Gelman type A/E glass
fiber filters (nominal pore size of 1 {4 m) to remove the suspended particles and most of the
biota and then stored in the dark in a refrigerator at about S°C for at least three days before they
were used in the ensuing experiments. During the storage period, most if not all of the hydro-
gen peroxide present initially in the samples would have decomposed and disappeared (Zika
etal. 1985; Johnson et al. 1989; Cooper and Lean 1989). With the probable exception of some
bacteria, any residual living organisms in the samples that survived filwation would have died
during storage so that any biological decomposition of hydrogen peroxide during the subse-
quent experiments would be minimized (Udomkit 1994; Kim 1993). The experiments were
completed within one month of sample collection. The spectral properties of the stored fil-
tered lake water was determined by measuring its absorbance spectrum relative to distilled de-
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ionized water in 10-cm cells.

In each experiment, the filtered lake water was transferred to an open polyethylene pan
and then placed on a platform about 2.5 m above ground. The filtered lake water was then
exposed to full and filtered sunlight either in parallel in two separate pans or in one pan on two
consecutive days. The experiments were conducted on cool, sunny days under clear Fall skies
with at most occasional broken clouds from the mid-moming (0900) to the mid-afternoon
(1500) so that the variations in temperature and solar irradiance and any loss of the sample by
evaporation during each experiment were kept to a minimum. The observed changes in tem-
perature and the range of solar irradiance in a given experiment were limited to less than
13°C (Table 1) and within a factor of 1.5 to 3. With the exception of one series of experi-
ments which was conducted at an average temperature of 21°C, the others were run at 9 and
12°C. The concentration of hydrogen peroxide in and the temperature of the water and the
solar irradiance or time-integrated solar irradiance were monitored with time. The concentra-
tion of hydrogen peroxide was determined by the spectrophotometric method of Zhang and
Wong (1994). In this method, hydrogen peroxide was allowed to react with added leuco
crystal violet in the presence of horseradish peroxidase at pH 4 to form crystal violet. The
absorbance of the crystal violet formed was measured at 590 nm in 10-cm cells. The detection
limit and the precision of the method were about 0.02 M and 1% (at 0.3 1 M), respectively.
Solar irradiance was measured by using a Kipp and Zonen SOLRAD solar radiation measure-
ment system which was constituted of a Model CC20 data logger and a Model CM3
pyranometer. The pyranometer acted as a broad band radiometer with a flat spectral sensitiv-

Table 1. Relationship between time-integrated irradiance and time, and, the con-
centration of hydrogen peroxide and time-integrated irradiance.

Sunlight Ir, vs t (H,0,) vs Ir¥ Temp. in Experiment
Filter Slope r Slope Intercept ot Average Range
W hr 104 uM Wihrim?  gM °C °C

Sample A - Collected on 12/26/95.
None 509+5 0.996 1.00+0.05 0.0054+0.02 0.973 12 10-13.5
Glass 28245 0.990 0.7940.05 0.01+0.01 0.959 9 6-11.5

Sample B - Collected on 10/6/96.

None” 62248 0.996 3.31+0.06 0.041+0.02  0.998 21 19-23
Glass’ 49115 0.997 2.57+0.06 0.06+0.02 0.996 21 19-23
None™ 562:+8 0.995 3.0110.07 0.05+0.02  0.997 9 7-11
Polycarbonate™ 39946 0.994 1.1310.03 0.08+0.006 0.995 9 7-11

Ir, - time-integrated irradiance in W hr m?.

t - time in hour.

# - linear least square analysis through the origin.

# _ linear least square analysis.

1 - Correlation coefficient in linear regression analysis.

*,” - Experiments run in two simultaneous pairs about one month apart.
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ity between 0.3 and 3 U and a field of view of 180°. Time-integrated solar irradiance was
either read directly from the data logger or estimated by a graphical integration of the relation-
ship between time and irradiance. The spectral composition of the incident sunlight was modi-
fied by filtering it through either a piece of 6.0 mm thick glass plate or a piece of 4.7 mm thick
polycarbonate sheet which was placed above the reaction pan. The spectral properties of these
filters were determined by measuring their transmittance spectra relative to air. A control
experiment was run by monitoring the concentration of hydrogen peroxide in a sub-sample
that was kept in the dark at room temperature at about 20°C. All the absorbance and transmit-
tance spectra and absorbance at a specified wavelength were measured by using a Beckman
Model 5230 double beam scanning spectrophotometer.

3. RESULTS AND DISCUSSION

3.1 Absorption Characteristics of the Sample and Control on the Spectral Composition
of the Incident Light

The solar spectrum can be divided into the ultraviolet (UV, <400 nm), visible (400 to 700
nm) and infrared light (>700 nm). With their more energetic photons, UV and visible lights
are more likely to induce photochemical reactions and they conwibute <10% and about 50% of
the irradiance in the solar specwum respectively (Zafiriou 1977; Zika 1981; Kirk 1983). Based
on its biological effect, UV light can be further sub-divided into UV-A (320 to 400 nm), UV-
B (280 to 320 nm) and UV-C (235 to 280 nm) lights (Cullen et al. 1992). However, the
contributions of these UV lights to the irradiance in the solar spectrum decrease dramatically
with decreasing wavelength so that hardly any UV-C light may reach the Earth’s surface (Kirk
1983) and induce photochemical reactions in natural waters. The absorbance spectrum of the
Mount Trashmore Lake water (Fig. 1) was similar to those found in other natural freshwater
(Foster and Morris 1974). At wavelengths longer than 440 nm, the absorbance remained low
(<0.1) and rather constant. At shorter wavelengths, the absorbance increased dramatically
with decreasing wavelengths, reaching 0.38 at 320 nm and 0.75 at 280 nm. Thus, the samples
did not absorb visible light very effectively. Within the UV range, they absorbed increasingly
effectively from UV-A to UV-B to UV-C light.

The transmittance of the glass plate stayed relatively constant between 73 and 83% at
wavelengths above 355 nm (Fig. 1). Below 355 nm, the transmittance dropped precipitously
with decreasing wavelength to <1% at 320 nm. Thus, this filter effectively removed all the
UV-B and UV-C light and a small fraction of the UV-A light from the incident light. The
resulting filtered light that caused photochemical reactions was essentially visible and UV-A
light. For the polycarbonate sheet, the transmittance was relatively constant, between 81 and
90%, above 430 nm (Fig. 1). Atlower wavelengths, it dropped to <1% below 400 nm. Thus,
this filter removed all UV light from the incident light. The resulting filtered light was essen-
tially visible light.

Since the experiments were conducted from the mid-morning to the mid-afternoon, the
variation in solar irradiance with time was small. Thus, the time-integrated irradiance was
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almost linearly related with time in all experiments with correlation coefficients, 1%, ranging
from 0.990 to 0.997 (Table 1). The slopes of these relationships give the average solar irradi-
ance during these experiments. The average irradiance under direct sunlight, ranging from
509 to 622 W m?, were quite similar in all three experiments (Table 1). For Sample B, experi-
ments under direct sunlight and filtered sunlight were run side-by-side simultaneously. The
average irradiance under direct sunlight and sunlight filtered through the glass plate were 622
and 491 W m? respectively. Since the glass plate filtered out 73 to 83% of the UV-A and
visible lights with wavelengths longer than 355 nm (Fig. 1), an average correction of 80% was
applied to the irradiance of the filtered light to obtain the irradiance of the UV-A and visible
lights of 613 W m™ in the incident solar irradiation. This corresponded to 98% of the irradi-
ance of the full direct sunlight. Thus, as reported in the literature (Kirk 1983), UV(B+C) light
was a minor component of the solar spectrum. The average irradiance under direct sunlight
and sunlight filtered through the polycarbonate sheet were 562 and 399 W m™ respectively.
The polycarbonate sheet filtered off 81 to 90% of the visible light with wavelengths longer
than 430 nm (Fig. 1). Using an average value of 85%, the irradiance of visible light was
estimated to be 469 W m or about 84% of the irradiance of the full direct sunlight. Thus, UV
light constituted only about 16% of the incident solar irradiation.

3.2 Photochemical Production of Hydrogen Peroxide in Direct and Filtered Sunlight

When a sample was kept in the dark, changes in the concentration of hydrogen peroxide
with time were within the uncertainties of the analytical method used. Thus, there was negli-
gible non-photochemical production and/or decomposition of hydrogen peroxide. When the
samples were exposed to direct or filtered sunlight, as reported previously (Cooper and Zika
1983; Cooper et al. 1988, 1994; Cooper and Lean 1989; Scully et al. 1996), the concentration
of hydrogen peroxide in the samples increased steadily with time indicating a photochemical
formation of hydrogen peroxide in these waters. While our experimental design measured the
net effect between hydrogen peroxide production and decomposition under solar irradiation,
the effect from the latter process was probably small since hydrogen peroxide does not un-
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dergo photochemical auto-decomposition readily (Kim 1993 ; Cooper et al. 1994). The initial
concentrations of hydrogen peroxide in the samples ranged between below the detection limit
0of 0.02 uMto 0.09 UM while the final concentrations in the experiments, after the exposure
of the samples to solar irradiation, ranged between 0.16 and 1.20 ¢t M. The concentration of
hydrogen peroxide increased linearly with the time-integrated irradiance of direct or filtered
sunlight with r? ranging between 0.959 and 0.998. The results from Sample B, which was
collected in October, 1996, are shown in Fig. 2 and the results from all the experiments are
summarized in Table 1. Sub-samples of Sample B were exposed to direct sunlight on two
different days separated by a time period of approximately one month and the rates of produc-
tion of hydrogen peroxide were 3.31x10* and 3.01x10* 4M W~ hr! m>. The difference
between these two rates, which was only about twice of the sum of their statistical uncertain-
ties (Table 1), was minimal. This consistency suggests that the storage of the sample in the
dark at 5°C over a period of a month did not change the capacity of the sample to produce
hydrogen peroxide significantly. Furthermore, these two experiments were conducted at aver-
age temperatures of 21 and 9°C and these temperatures represented the extremes at which all
the experiments were carried out. Thus, apparently, the variations in temperature from one
experiment to another also did not affect significantly the capacity of the sample to produce
hydrogen peroxide. On the other hand, in the experiments conducted about ten months earlier
using Sample A, which was collected from the same lake, the rate of production of hydrogen
peroxide was only 1.00x10* 4 M W hr' m? or about a third of that found in Sample B. Thus,
the capacity to produce hydrogen peroxide could vary significantly with time in a single lake.
This temporal variation in the capacity to produce hydrogen peroxide might have been caused
by the temporal variations in the concentration or in the chemical nature of the dissolved
organic matter in the lake (Cooper and Zika 1983; Cooper et al. 1988, 1994).

The contributions of the various types of light to the formation of hydrogen peroxide are
summarized in Table 2. The ratio of the rates of production of hydrogen peroxide under light
filtered through the glass plate and under direct sunlight represented the contribution from
visible plus UV-A light. The remainder was contributed by UV-(B+C) light. (It should be

1.4 —
1.2
Ho Fig. 2. The relationship between the concentra-
- tion of hydrogen peroxide (H,0,) and the
' time-integrated irradiance under direct
sunlight (@), sunlight filtered through the
glass plate (O) and sunlight filtered
through the polycarbonate sheet (M) in
Sample B. The lines represent the best
fit through each data set.
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Table 2. Contribution of different spectral ranges in the solar spectrum to the
formation of hydrogen peroxide.

Sample A Sample B

Rate of production of hydrogen peroxide (in 104 xM W-'br'm?)

Direct sunlight 1.00 3.16
Visible + UV-A lights* 0.79 2.57
Visible light* nd. 113

% of rate under direct sunlight

Visible + UV-A lights _ 79 _ 81
UV-@B+C) light™ 21 19
Visible light*” n.d. 36
UV light" nd. 64
UV-A light" n.d. 45

- Average of two experiments.
- Calculated by difference.

"

# - Resulted from light filtered through the glass plate.
“ - Resulted from light filtered through the polycarbonate sheet.
nd. - No data

noted that the contribution of UV-C light to the effect of UV-(B +C) light was probably insig-
nificant since the amount of UV-C light in the solar specwum at sea level is negligible (Kirk
1983)). Likewise, the ratio of the rates of production of hydrogen peroxide under light filtered
through the polycarbonate sheet and under direct sunlight represented the contribution from
visible light. The remainder represented the contribution from UV light. Furthermore, the
difference between the contributions from UV light and UV-(B+C) light was the contribution
from UV-A light. Thus, in Sample B, 64%, or about two-thirds, of the formation of hydrogen
peroxide was caused by UV light while the remaining 36% was caused by visible light. Since
UV light constituted only 16% of the incident solar irradiance, these results suggest that UV
light provided a disproportionately large contribution to the formation of hydrogen peroxide
in lake water. Among the UV lights, UV-A and UV-(B +C) light contributed 70% and 30% of
the formation of hydrogen peroxide by UV light. The contribution of UV-A light was equiva-
lent to 45%, or about one half, of the total production of hydrogen peroxide. Thus, UV-A light
was the principle type of light that caused the formation of hydrogen peroxide in lake water.
Both Sample A and Sample B were exposed to direct sunlight and sunlight filtered through the
glass plate. While the absolute rates of formation of hydrogen peroxide in these two samples
varied by a factor of about 3, virtually identical results were found in terms of the relative
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efficiencies of the different kinds of light in the production of hydrogen peroxide. Thus,
visible plus UV-A light contributed 79 and 81% while UV-(B+C) contributed the remaining
21 and 19% of the rate of production of hydrogen peroxide in these two samples of water.
This consistency might only be fortuitous since only two samples of water from a single lake
had been tested. However, had these results been representative, they suggest that the differ-
ence in the capacity of Sample A and Sample B to produce hydrogen peroxide was probably
caused by a difference in the concentration rather than the chemical nature of the dissolved
organic matter in these samples since the relative efficiencies of hydrogen peroxide produc-
tion in the different ranges of wavelengths would most likely have varied in the latter case.
This is probably a reasonable hypothesis since both samples were collected from the same
lake system.

At a given light field and a given concentration of a chromophore in a solution, the occur-
rence of photochemical processes is caused by the combined effect of the absorption charac-
teristics and the quantum yields of the chromophore at different wavelengths, and, the distri-
bution of the photons among the wavelengths of the spectrum of the incident light (Wong
1989). Cooper et al. (1988) reported that the quantum yield in the photochemical formation of
hydrogen peroxide in natural waters increased monotonically with increasing absorbance of
the water and decreasing wavelengths of the incident light. The increase in quantum yield was
especially dramatic in the UV range of wavelengths. Thus, based on quantum yield alone, the
absorbance spectrum of the samples of water from Mount Trashmore Lake would suggest that
the formation of hydrogen peroxide should have increased with decreasing wavelengths.
However, since UV light is a small fraction of solar irradiance, the solar spectrum would favor
the formation of hydrogen peroxide at the longer wavelengths in the visible region. Our re-
sults indicate that the combined effect of these two major controlling factors in the photo-
chemistry of lake water resulted in UV-A light being the most effective in the formation of
hydrogen peroxide. In a recent report, Scully et al. (1996) came to the same conclusion by
calculating the weighted quantum yields as a function of wavelengths for the formation of
hydrogen peroxide from the measured quantum yields and the estimated photon fluxes in the
solar spectrum at the different wavelengths. This study provides direct observational evidence
that validates the conclusions of Scully et al. (1996).

4. CONCLUSIONS

1. Both visible and UV lights can cause the photochemical formation of hydrogen peroxide in
lake water.

2. Between visible and UV lights, the latter makes a bigger contribution to the formation of
hydrogen peroxide.

3. Among the UV lights, UV-A light contributes more than UV-B and UV-C lights combined
to the formation of hydrogen peroxide. In fact, relative to its contribution to the total irradi-
ance in the solar spectrum, among UV and visible lights, UV-A light is the most efficient
type of light for the formation of hydrogen peroxide.
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