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Humic substances (HSs, including humic and fulvic acids) are 
naturally occurring photoactive components, which are widely 
present in surface waters.1 Under solar irradiation, these compounds 
generate different active intermediates (triplet states, hydrated 
electrons, and reactive oxygen species), which can react with dis
solved organic pollutants initiating their degradation and mineraliza
tion.1–3 On the other hand, the presence of HSs could increase the 
pollutant photostability due to the competition for the light quanta 
with the target compound.4,5 The total effect of HSs depends on 
the absorbance and quantum yield of photolysis of both HSs and 
target pollutant at applied excitation wavelengths.4–8 It should be 
emphasized that most researchers limit themselves by measure
ments of relative efficiency of pollutants degradation in the presence 
of HSs (i.e., rate constants of the photolysis), while they rarely 
provide the values of absolute efficiency (quantum yield) of photo
lysis. This significantly complicates a correct estimation of HSs 
influence on the efficiency of target pollutant photodegradation in 
both natural waters and during wastewater treatment procedures.

The present work was aimed at clarifying the influence of HSs 
on UVC-induced photodegradation of p-arsanilic acid (p-ASA)† 
that is a phenylarsonic feed additive used widely in the livestock and 
poultry industries as antibiotics to promote animal growth.9,10 
Although p-ASA possesses a low toxicity, products of its biological 
and (photo)chemical degradation, inorganic arsenic compounds 

and other organic by-products, exhibit significant toxicity to the 
natural environment.11,12 The major issues were the determination 
of absolute efficiency (quantum yields) of HSs-assisted photo
degradation of p-ASA and preliminary identification of main 
intermediate(s) involved in the photoprocesses.

Figure 1 shows absorption spectra of p-ASA solution during its 
photolysis at 254 nm in the absence of HS. Three maxima (218, 300 
and 525 nm), two minima (203 and 250 nm), and three isosbestic 
points (211, 232 and 271 nm) are clearly seen in the differential 
absorption spectra (see Figure 1, inset). The results are similar to 
those observed in our recent work.14 Using HPLC data on the 
p-ASA degradation during the photolysis,14 were plotted the curves 
of concentration of photodegraded p-ASA (–D[p-ASA]) vs. changes 
of optical density at 252 nm (–DA252) together with the best poly
nomial fit (Figure S2, see Online Supplementary Materials). This 
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Quantum yields of indirect UVC photodegradation of 
p-arsanilic acid (a widely used phenylarsonic feed additive) 
caused by the photolysis of humic substances were measured. 
The acquired results demonstrate that the efficiency of such 
decomposition of p-arsanilic acid is comparable with that of its 
direct UVC photolysis due to the participation of active inter
mediates generated during the photolysis of humic substances. 
These results could be important for understanding the fate of 
p-arsanilic acid during an UVC disinfection of wastewaters 
containing natural humic substances.

†	 p-ASA (C6H8AsNO3, 98%, Aladdin Industrial Corporation, China), 
fulvic acid from Henan ChangSheng Corporation, China (CS), Nordic 
Lake fulvic acid (NL, IHSS reference 1R105F, USA), and fulvic acid from 
Aladdin Industrial Corporation, China (AL, H108498, CAS: 1415-93-6) 
were used without additional purification. The pH value was controlled 
using an ANION-4100 ion-meter (LTD Infraspak-Analit, Russia) equipped 
with an ESK-10614 combined electrode. NaOH or HClO4 of analytical 
grade were used for pH adjustments. Deionized water was used for the pre
paration of solutions.

	 Unless otherwise noted, the concentration of p-ASA was 10–5 mol dm–3, 
while the concentration of HS was varied from 1 to 10  mg  dm–3 (see 
Figure S1, Online Supplementary Materials). The initial pH of solutions 
was in the range of 6.7–7.6 depending on the used type of fulvic acid, corres
ponding to almost 100% monoanionic form of p-ASA.13 The concentra
tion of p-ASA during its photolysis was measured using a LC 1200 high 
performance liquid chromatography (HPLC) system (Agilent Technologies, 
USA) equipped with a diode array detector as was previously reported.14

	 UV-VIS spectra were recorded using an Agilent 8453 spectrophotometer 
(Agilent Technologies). An UVC ozone-free Radium Puritec lamp (9 W, 
OSRAM GmbH, Germany) emitting at 254 nm was used as the source of 
steady-state irradiation. All the stationary photolysis experiments were 
carried out in quartz cells possessing an optical path of 5 cm and a total 
volume of 0.01 dm–3 at 298 K under atmospheric pressure. To provide 
uniform excitation of the samples, a magnetic stirrer was used during the 
irradiation. To calculate the p-ASA photodegradation rates and quantum 
yields, the lamp intensity (4 mV cm–2) was determined using a ferrioxalate 
actinometer in the photochemical cell analogous to a previously reported 
one.14 All the values are averages of duplicate or triplicate experiments.
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calibration curve allowed us to further measure the rate of p-ASA 
disappearance using the optical spectroscopy instead of more 
time consuming HPLC technique.

Figure 2 depicts the absorption spectra of p-ASA solution during 
photolysis at 254 nm in the presence of fulvic acid (of AL type). 
Differential absorption spectra (see Figure 2, inset) demonstrate the 
same maxima, minima and isosbestic points as in the case of pure 
p-ASA photolysis (see Figure 1, inset). For all other HSs, the 
changes in differential absorption spectra of irradiated mixture of 
HSs and p-ASA were qualitatively the same as for irradiated p-ASA 
in the absence of HSs (these data are not shown). The presence 
of HSs affects only the rate of p-ASA photodegradation. It means 
that the presence of HSs does not change the set of p-ASA photo
products and allows one to calculate the p-ASA photolysis rate in 
the presence of HSs using the calibration curve (Figure S2). It is 
worth to note that HSs solutions were quite stable upon irradiation 
at 254 nm (Figure S3), and it was possible to neglect changes in 
HSs absorbance at the initial stage of photolysis used for the 
measurement of p-ASA photolysis rate (typically, 10 min).

The ratio of the rate of p-ASA photolysis in the presence of 
HSs (r) to that in the absence of HSs (r0) could be expressed as 
(see Online Supplementary Materials for details):
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where jASA and jHS are quantum yields of direct p-ASA and HS 
photolysis, respectively; AASA and AHS are initial absorbance of 
p-ASA and HS at 254 nm, respectively; gASA is the probability 
for active species generated by HS photolysis to react with p-ASA. 
The value of gASA depends generally on [p-ASA], so the total 
efficiency of indirect HSs-assisted photolysis could be reduced 
upon the decreased p-ASA concentration.15

In equation (1), there is only one unknown parameter (gASAjHS). 
In our previous work,14 the value of jASA = 0.053 was estimated 
by the HPLC analysis of photolyzed samples. The value of AASA 
is the fixed parameter determined by the initial concentration of 
p-ASA, and AHS is a varying parameter calculated from the absorp
tion spectra of p-ASA–HSs mixtures (see Figure  2). Figure  3 
demonstrates r/r0 ratios at the different initial absorbance of HS 
at 254 nm. The initial rates of p-ASA photolysis were calculated 
using linear fits of changes in the p-ASA concentration during the 
first 10 min of photolysis (Figure S4). For all the used HSs, the 
experimental values (points) exceeded the theoretical value obtained 
according to equation (1) for gASAjHS = 0 (dotted line). This means 
that the HS actively participates in the p-ASA photodegradation 
upon its exposure to the irradiation at 254 nm. The best agreement 
between experimental data and equation (1) was obtained for the 
gASAjHS values of 2.4 ± 0.4, 1.9 ± 0.3 and 1.2 ± 0.2% for CS, AL and 

NL substances, respectively. All the obtained gASAjHS values are 
comparable with the value for direct p-ASA photolysis (jASA = 
5.3 ± 0.5%).

It is known that the UV excitation of HSs leads to the generation 
of several primary species, such as the triplet state (3HS), the hydra
ted electron (e–

aq), and the radical cation (HS·+).1,16–18 The two first 
intermediates react rapidly with dissolved oxygen to form singlet 
oxygen (1O2) and superoxide anion radical (O2

· –), respectively.

Since the low (10–5 mol dm–3) concentration of p-ASA was 
used in this work, the reaction of p-ASA with primary HSs interme
diates could not compete with the reactions (4) and (5) even at the 
limited value of diffusion for these processes (6 × 109 dm3 mol–1 s–1 
in aqueous solution). Thus, the indirect photolysis of p-ASA in 
the presence of HSs has to be determined by HS·+ and secondary 
intermediates of HSs photochemistry, such as 1O2 and O2

· –. The 
rate constant of p-ASA reaction with singlet oxygen is known 
(2.4 × 106  dm3  mol–1  s–1).14 Since the 1O2 lifetime in water is 
3.1 ms,20 this reaction is negligible at the p-ASA concentration 
lower than 10–3 mol dm–3. The yields of O2

· – and HS·+ could be 
determined via measuring the yield of hydrated electron in laser 
flash photolysis experiments by its characteristic absorption at 
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Figure  2  Absorption spectra of p-ASA (10–5 mol dm–3) in the presence of 
AL (4.5 mg dm–3) after (1) 0, (2) 2, (3) 4, (4) 6, (5) 8 and (6) 10 min of steady-
state (254  nm) photolysis. The inset shows differential absorption spectra  
(subtraction of absorption spectrum at 0 min) after (1) 2, (2) 4, (3) 6, (4) 8 and 
(5) 10 min of photolysis.
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Figure  3  Values of r/r0 ratios (points) at the different initial absorbance of 
HSs at 254 nm. Solid curves are the best fits according to equation (1) for 
the shown jHS values. The dotted curve is the reference one calculated by 
equation (1) for jHS = 0.
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Figure  1  Absorption spectra of p-ASA (10–5 mol dm–3) after (1) 0, (2) 3, 
(3) 5, (4) 7, (5) 10 and (6) 15 min of steady-state (254 nm) photolysis. The inset 
shows differential absorption spectra (subtraction of absorption spectrum at 
0 min) after (1) 3, (2) 5, (3) 7, (4) 10 and (5) 15 min of photolysis. 
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720  nm. However, these experiments were out of scope of this 
preliminary study, thus remaining a subject of further work.

In conclusion, the presence of highly absorbing HSs does not 
significantly reduce the efficiency of UVC-induced photolysis of 
p-ASA due to the participation of active intermediates generated 
during the HS photolysis in the p-ASA photodegradation. The 
nature of these intermediates (O2

· – and HS·+, most probably) has to 
be proven by further laser flash photolysis experiments. The 
quantum yields of p-ASA HSs-assisted photolysis (at [p-ASA] = 
= 10–5 mol dm–3) upon excitation at 254 nm (gASAjHS) are in the 
range of 1.3–2.4% and comparable with the quantum yield of 
direct p-ASA photolysis (5.3%). Additional measurements of 
gASAjHS values at a lower concentration of p-ASA are also 
needed in order to estimate the influence of HS on the indirect 
p-ASA photolysis under environmentally relevant conditions. 
These data are important for understanding the fate of p-ASA in 
the presence of HSs during a wastewater disinfection. 
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