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Abstract

Flash photolysis (355 nm) and steady-state photolysis (365 nm) were applied to study mechanism
of propronalol photolysis in the presence of fulvic acid in aqueous solution. FA-assisted
photodegradation of propranolol was observed under the irradiation in UV-A region in which
propranolol itself is stable. Direct evidence was obtained that this photodegradation is due to static
quenching of FA triplet state by propranolol via electron transfer mechanism. The triplet state yield
(¢t = 0.6 %) and the T-T absorption coefficient (er™™™™ ~ 5x10" M'em™) were estimated for the
first time from modeling of yields of FA triplet state in the presence of propranolol. Thus, fulvic
acid could be a promising agent for acceleration of propranolol photodegradation in aqueous

solution under UV-A light irradiation.
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1. Introduction

Fulvic (FA) and humic (HA) acids are common products of natural organic matter biodegradation
and represent the main organic fraction of natural waters [1]. It is generally assumed that HA and
FA can transfer light energy to other components of water solutions strongly affecting the
photolysis of dissolved pollutants [2-5]. It is usually assumed that excited triplet states [6] and
active oxygen species (AOS) [7, 8] are the main active intermediates formed by UV-light excitation
of HA and FA. These intermediates can significantly accelerate the photodegradation of organic
pollutants dissolved in natural waters [9, 10]. In general FA are more effective photosensibilizators
than HA [11], thereby FA could be promising agent for photochemical water purification.
Propranolol ((RS)-1-(1-methylethylamino)-3-(1-naphthyloxy)propan-2-ol, further PR) is a beta-
blocker widely used in cardiovascular disease treatment [12]. It cannot be totally eliminated in
sewage treatment plants and therefore is widely detected in surface waters [13, 14]. It is shown to
be toxic to fish, crustaceans and green algae [15-18], which proves the ecological importance of the
investigation of PR transformation in environment (including photodegradation). Previous studies
have shown that under the sunlight irradiation PR half-life time is 0.6 to 1.9 days in summer and 3.9
to 12 days in winter [19], its degradation products are less toxic [20] and loose beta-adrenergic
receptor specificity [21]. Direct photolysis of PR is effective only at UV-C and UV-B irradiation (A
< 315 nm) and leads to formation of PR triplet state and hydrated electron - carbon radical cation
pair [22]. Observed outcomes of direct photolysis include different products of PR hydroxylation
[23], ring oxidation, rearrangement and deoxygenation [19] .

In natural conditions indirect photodegradation of PR should prevail on direct photolysis. It was
shown that PR is readily oxidized by OH radicals produced by nitrate photolysis [11] and that iron
ions and hydrogen peroxide accelerate photodegradation of the related beta-blockers atenolol and

metoprolol in photo-Fenton reactions [24]. Recently it was shown [11] that PR degradation is also
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enhanced by the presence of humic substances. Authors proposed mechanism of such enhancement:
electron transfer from N-atom of amino group of PR to excited triplet state of FA (CFA, probably
ketone-like) followed by a rapid hydrogen transfer to form a carbon-centered radical intermediate.
Then, C-O bond is cleaved and naphthalene-1-o0l is formed as the main product. It is worth to note
that this mechanism was inferred based mainly on results of final product analysis and influence of
oxygen content on PR photodegradation rate. We could not find any published direct evidence of
FA formation and registration of its reaction with PR by time-resolved technique.

In our current study we aim to prove the proposed mechanism of FA assisted photodegradation of
PR using nanosecond flash photolysis and to estimate the efficiency of photochemical processes
involving humic substances in natural waters. We paid special attention to distinguish between two
main possibilities: either *FA directly reacts with PR or triplet state interacts with dissolved oxygen

and forms AOS, which then oxidizes the drug.

2. Materials and methods

FA (C, 51.04%; H, 5.22%; O, 39.13%; N, 4.62% [25]) (Henan ChangSheng Corporation),
propranolol (hydrochloride salt) (99%, Acros) were used without additional purification.

PR concentration in working solutions was varied from 2x10° M to 2x10™ M: proper volumes of
stock PR solution and stock FA solution were mixed and water was added to the desirable volume.
FA concentration in working solutions was 15 mg/L (for steady-state photolysis) or 30 mg/L (for
laser flash photolysis). Accumulation of 1,4-naphthoquinone (a main final product of PR
photodegradation) was monitored by appearance of its characteristic absorption band at 250 nm in
differential absorption spectra of photolyzed solutions. Absorption spectra of PR (there is no
significant absorbance at A > 330 nm), FA and 1,4-naphthoquinone in aqueous solution are shown
in Fig. 1.

Concentrated solutions of chemically pure sodium hydroxide were used for pH adjustments (natural
pH of FA solutions was equal to 4.5). pH measurements were carried out at ANION-4100 pH-meter

(Smolensk, Russia) with combined electrode ESK-10614.
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UV-spectra were recorded on Agilent 8453 spectrophotometer ("Agilent Technologies"). Stationary
photolysis was performed using high-pressure mercury lamp (DRSh-500) with water and glass
filters for 365 nm mercury line separation. Quantum yield of PR photo-induced degradation was

estimated from absorption of 1,4-naphthoquinone at 250 nm taking into account the known

250nm 250nm ) 8250nmN _

difference of absorption coefficient of PR (e pr ) and 1,4-naphthoquinone (¢ NQ

g”"pr = 21300 M 'em™.

A set-up for laser flash photolysis (LFP) which utilizes third harmonic (355 nm) of a Nd:YAG laser
(LS-2137U, Solar, Belarus) as an excitation source (pulse duration 6 ns, pulse energy 1-20 mJ, time
resolution ca. 50 ns) [26] was used in the experiments. Lamp and laser intensities were measured
with SOLO 2 laser power meter (Gentec EO). Absorption of *FA in LFP experiments was
monitored at characteristic wavelength 620 nm in differential transient absorption spectra.

Unless otherwise stated, all photochemical experiments were performed in a 1 cm quartz cell at 298

K in air- or argon-saturated aqueous solutions.

3. Results and discussions
3.1. Laser flash photolysis of FA in the presence of PR

We observed that excitation of FA leads to the triplet state formation (Aymax = 620 nm) with yield
maximum in circumneutral solutions [27]. Kinetics of >’FA decay in argon-saturated solutions has a
complex nature and could be adequately fitted by a set of three exponents with characteristic time
constants of 4.3, 54 and 830 ps.

The excitation of FA solutions at pH 7 in the presence of PR decreases initial amplitude of FA T-T

A%™ " which occurs due to the static *FA quenching by this amine (Fig.

absorption at 620 nm (A
2). At PR concentration > 2x10™* M AA®*™ reaches a stationary value. Thus, there is a fraction of
FA, which does not react with PR or is not accessible to PR quenching. It is worth noting that

AA®"™ in air-saturated solution is slightly lower than in deoxygenated one, which implies an

additional channel of *FA static quenching with dissolved oxygen (Fig. 2).



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Figure 3 exhibits evolving intermediate absorption spectra observed at excitation of argon-saturated
FA solution in the presence of 2x10™* M PR. Immediately after excitation, we observe a broad
unstructured absorption band with maximum at 670 nm, which corresponds to FA T-T absorption
[27]. T-T absorption maximum shifts and spectrum shape changes presumably resulting from
selective quenching of FA triplet states (absorbing at 340-650 nm) by the complexed PR. After that
T-T absorption intensity decreases, absorption maximum shifts slightly towards shorter
wavelengths and the bleaching in UV part of spectrum decays due to partial recovery of FA ground
state. It worth to note that addition of PR weakly affects the kinetics of *FA decay (Fig. 3b), which
indicates that rate constant of dynamic quenching is low. Unfortunately, our LFP data are not
definitely conclusive about the role of T-T energy and electron transfer processes (reactions 1 and 2
respectively) in *FA quenching by PR as absorption bands of cation-radical (max at 380 nm) and
triplet state (max at 410 nm) [22] of PR are not registered on the background of FA ground state
bleaching at 340-400 nm. It seems that the main channel of *FA decay is a physical quenching by
PR (reaction 3) and reactions (1) and (2) are not effective. To evaluate their contribution we

performed stationary photolysis of the system FA + PR. Below we discuss these experiments in

detail.

FA + PR = 'FA + °PR (1)
FA + PR = FA* + PR™ )
’FA + PR = 'FA + PR (3)

3.2. Stationary photolysis (365 nm) of FA aqueous solutions in the presence of PR

Fig. 4b shows the evolution of differential absorption spectra in the FA + PR system (air-saturated
solution, dissolved oxygen concentration is 2.8x10™ M [28]) observed during stationary photolysis.
Absorption bands corresponding to PR (maxima at 210 and 290 nm) disappear and new band
appears at about 250 nm indicating the accumulation of 1,4-naphthoquinone (Fig. 1) as a main final

photoproduct [22].
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We performed experiments with different initial PR concentrations: 4x10° M (60% of static
quenching) and 2x10™* M (80% of static quenching) in air-saturated solutions. The results indicate
that with increase of amine concentration from 4x10° M to 2x10™ M formation rate of final
photoproduct absorption at 250 nm increases from 0.01 per hour to 0.032 per hour (Fig. 5).
Assuming that 1,4-naphthoquinone is a main photodegradation product one can estimate the
quantum yield of PR photo-induced degradation as 1.1x10” and 3.5x107, accordingly. These
values are in fair agreement with ones published in [11]. Correlation of PR degradation quantum
yield with amine concentration allowed us to propose that the main channel of PR photodegradation
is connected with direct electron transfer from N-atom of amino group in complexed PR to excited
triplet state of FA [11] rather than with AOS generation.

To support this suggestion we performed stationary photolysis of FA + PR system in argon —
saturated solution (Fig. 4a). Observed spectral changes indicate that presence of oxygen is not
necessary for photo-induced PR degradation. However, absorption spectra and nature of final
photoproducts in argon-saturated solution differ from ones in air-saturated solution (Fig. 4a, b).
Thus, dissolved oxygen takes part in reactions with active intermediates of PR degradation or in
oxidation of primary photochemical products. Detailed study of this question is beyond of the scope

of current article.

3.3. Modeling of triplet state quenching process with PR

Let us suggest that *FA static quenching by PR is connected with FA-PR complexation. In the first
approximation, we can assume that all binding constants are equal and each molecule of FA can
form a number of independent 1:1 complexes with PR. In this approximation we can express

concentrations of occupied (Complex) and free (FA) binding sites as:

[Complex] _ [X]

Ky = )
[FAI[Prop] ™ [Cpy = XI[Cprop — X]

Prop

where Cr, is effective concentration of PR binding sites. X can be found by formula (5):
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(Cen+Corop +K3) = /(Cen +Cppop +K)? —4C,,C

2

Prop Prop

[X] (5)

We may disunite PR binding sites and triplet state formation sites and differ their total number.
However, for the sake of simplicity, we will further assume that one complex formed can quench 3
FA triplet states. Parameter B accounts for the fact that one binding center can quench several *FA
as well as for the presence of *FA not accessible for quenching by PR due to energy and/or steric
reasons. As the absorption coefficient at excitation wavelength (365 nm) is equal for complexed and
free FA, the amount of absorbed light does not change on varying PR concentration. Thus, changes
of *FA vyield are connected only with the process of static quenching of these states by complexed
PR. The amount of quenched triplet centers will be equal to BX, and concentration (Cr(X)) and the

absorption at 620 nm (AA(X)) of *FA escaped quenching will be respectively:

C.(X)=C; —=BX; AA(X)=AA, —&2"MIBX (6)

620nm

where AA, — initial amplitude of T-T absorption in the absence of PR, et — coefficient of T-T

absorption at 620 nm, | — optical path length. Using formulae (5) and (6) we get the final expression
(7):

A, AA, ~ 2 7
AA(X)  AA, — 2B

C 2 C 2 C
Z_Y[(1+ Prop + Kst )_\/(1+ Prop + Kst )2 _4 Prop]
FA CFA CFA CFA CFA

Thus, AA(/AA(X) is determined by three parameters — ratio of PR and FA binding center
concentrations, reverse product of stability constant to binding center concentrations and
Y= Sizonm|CFA[3/ AA, . The latter parameter accounts for relative decrease of T-T absorption
yield when all binding centers are occupied. Inset for Fig. 2 shows a smooth curve representing the
best fit of data for argon-saturated solutions according to formula (7) with parameters y = 0.83, Cga

=10° M u Ky = 1.5x10° M. Same parameters fit well the dependence of T-T absorption amplitude
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on PR concentration (formula (6), Fig. 2). So one can assume that this simple model is adequate
enough for description of observed experimental data.

Knowing vy, the initial amplitude of T-T absorption signal, binding sites concentration and assuming
B = 1 one can estimate effective coefficient of T-T absorption, which is equal to &1 =~ 5x10* M"
'em™. The latter value and the product ¢rer®*™ ~ 3.3x10* M'em™, determined in [28], allows one
to estimate the “FA quantum yield as ¢ = 0.6 %. Comparing the quantum yield of PR degradation
(3.5x107) and ¢r one can conclude that less then 1% of *FA takes part in processes (1) and (2)
leading to PR degradation. This finding can explain why it is impossible to detect cation-radical or
triplet of PR in LFP experiments.

We should note that literature data on molar absorption coefficients and quantum yields for triplet
states of humic substances is scarce. There are only few papers where quantum yield values were
estimated as 0.3-1% depending on excitation wavelength [29]. This estimate is very important to

understand the efficiency of photochemical processes involving humic substances in natural waters.

Conclusions

We performed mechanistic study of propronalol photodegradation in the presence of fulvic acid in
aqueous solution using both flash (355 nm) and steady-state photolysis (365 nm) techniques. We
obtained direct evidence that FA-assisted photodegradation is due to static quenching of *FA by
propranolol via electron transfer mechanism. We found that less than 1% of *FA total quantity takes
part in PR degradation and the quantum yield of this process is 3.5x10”. For the first time we
obtained the estimates of the *FA quantum yield (¢r =~ 0.6 %) and the T-T absorption coefficient
(er™™™ = 5x10* M'em™) from modeling of yields of *FA in the presence of propranolol. Humic
substances could be important factor for acceleration of propranolol photodegradation in natural

waters under UV-A light irradiation.

Acknowledgments



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

This work was supported by the Russian Foundation for Basic Research (projects 12-03-00482, 14-

03-31003_mol_a).

References

1. Stevenson, F.J., 1982. Humus Chemistry: Genesis, Composition, Reactions. John
Wiley&Sons, New York. pp. 400-443.

2. Mekkaoui, M., Elizzouzi, M., Bouhaouss, A., Ferhat, M., Chovelon, J.M., Meallier, P., 2000.
Photostability and photostabilizing effect of humic acids. Intern. Journal of Photoenergy. 2,
55-57.

3. Si, Y., Zhou, J., Chen, H., Zhou, D., Yue, Y., 2004. Effects of humic substances on
photodegradation of bensulfuron-methyl on dry soil surfaces. Chemosphere. 56, 967-972.

4, Jacobs, L.E., Fimmen, R.L., Chin, Y.-P., Mash, H.E., Weavers, L. K., 2011. Fulvic acid
mediated photolysis of ibuprofen in water. Water Res. 45, 4449-4458.

5. Guerard, J.J., Miller, P.L., Trouts, T.D., Chin, Y.-P., 2009. The role of fulvic acid
composition in the photosensitized degradation of aquatic contaminants. Aquat. Sci. 71, 160—
169.

6. Fischer, A.M., Kliger, O.S., Winterle, J.S., Mill, T., 1985. Direct observation of
phototransients in natural waters. Chemosphere. 14, 1299-1306.

7. Stochel, G., Brindell, M., Macyk, W., Stasicka, Z. and Szacilowski, K., 2009. Bioinorganic
Photochemistry. John Wiley & Sons, Ltd., Chichester, United Kingdom. pp. 315-377.

8. Paul, A., Hackbarth, S., Vogt, R.D., Burnison, B.K., Steinberg, C.E.W., 2004.
Photogeneration of singlet oxygen by humic substances: comparison of humic substances of
aquatic and terrestrial origin. Photochem. Photobiol. Sci. 3, 273-280.

9. Zepp, R.G., Schlotzhauer, P.F., Merritt, R., 1985. Photosensitized transformations involving
electronic energy transfer in natural waters: role of humic substances. Environ. Sci. Technol.

19, 74-81.



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Stangroom, S.J., Macleod, C.L., Lester, J.N., 1998. Photosensitized transformation of the
herbicide 4-chloro-2-methylphenoxy acetic acid (MCPA) in water. Water Res. 32, 623-632.
Chen, Y., Hu, C., Hu, X., Qu, J., 2009. Indirect photodegradation of amine drugs in aqueous
solution under simulated sunlight. Environ. Sci. Technol. 43, 2760-2765.

Hoffman, B.B., Lefkowitz, R.J., 1996. Catecholamines, sympathomimetic drugs, and
adrenergic receptor antagonists. In: Goodman, L.S., Gilman, A., Hardman, J.G., Limbird,
L.E. (Eds.), Goodman and Gilman’s the Pharmacological Basis of Therapeutics, (9th edR)
McGraw-Hill, New York, pp. 199-248.

Ternes, T.A., 1998. Occurrence of drugs in German sewage treatment plants and rivers.
Water Res. 32, 3245-3260.

Bound, J.P., Voulvoulis, N. 2006. Predicted and measured concentrations for selected
pharmaceuticals in UK rivers: Implications for risk assessment. Water Res. 40, 2885-2892.
Robinson, P.F., Liu, Q.-T., Riddle, A.M., Murray-Smith, R., 2007. Modeling the impact of
direct phototransformation on predicted environmental concentrations (PECs) of propranolol
hydrochloride in UK and US rivers. Chemosphere. 66, 757-766.

Rivera-Utrilla, J., Sanchez-Polo, M., Ferro-Garcia, M.A., Prados-Joya, G., Ocampo-Pérez,
R., 2013. Pharmaceuticals as emerging contaminants and their removal from water.
Chemosphere. 93, 1268—1287.

Huggett, D.B., Brooks, B.W., Peterson, B., Foran, C.M., Schlenk, D., 2002. Toxicity of select
beta adrenergic receptor-blocking pharmaceuticals (B-blockers) on aquatic organisms. Arch.
Environ. Contam. Toxicol. 43, 229-235.

Cleuvers, M., 2005. Initial risk assessment for three [B-blockers found in the aquatic
environment. Chemosphere. 59, 199-205.

Liu, Q.-T., Williams, H., 2007. Kinetics and degradation products for direct photolysis of

B-blockers in water. Environ. Sci. Technol. 41, 803—810.



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dantas, R.F., Rossiter, O., Teixeira, A.K.R., Simoes, A.S.M., da Silva V.L., 2010. Direct UV
photolysis of propranolol and metronidazole in aqueous solution. Chem. Eng. Journal. 158,
143-147.

Uwai, K., Tani, M., Ohtake, Y., Abe, S., Maruko, A., Chiba, T., Hamaya, Y., Ohkubo, Y.,
Takeshita, M., 2005. Photodegradation products of propranolol: The structures and
pharmacological studies. Life Sciences. 78, 357-365.

Sortino, S., Petralia, S., Bosca, F., Miranda, M.A., 2002. Irreversible photo-oxidation of
propranolol triggered by self-photogenerated singlet molecular oxygen. Photochem.
Photobiol. Sci. 1, 136-140.

Piram, A., Faure, R. , Chermette, H., Bordes C., Herbreteau, B., Salvador, A., 2012.
Photochemical behaviour of propranolol in environmental waters: the hydroxylated
photoproducts. Journal IJEAC. 92, 96-109

Veloutsou, S., Bizani, E., Fytianos, K., 2014. Photo-Fenton decomposition of B-blockers
atenolol and metoprolol; study and optimization of system parameters and identification of
intermediates. Chemosphere 107, 180—186.

Chen, Y., Li, H.,, Wang, Z., Li, H., Tao, T., Zuo, Y., 2012. Photodegradation of selected
B-blockers in aqueous fulvic acid solutions: Kinetics, mechanism, and product analysis.
Water Res. 46, 2965-2972.

Pozdnyakov, 1.P., Plyusnin, V.F., Grivin, V.P., Vorobyev, D.Y., Bazhin, N.M., Vauthey, E.,
2006. Photolysis of sulfosalicylic acid in aqueous solutions over a wide pH range. J.
Photochem. Photobiol. A:Chem. 181, 37-43.

Makunina, M. P., Pozdnyakov, 1. P., Grinin, V. P., Plyusnin V. F.; 2014. Investigation of
fulvic acid photochemistry in aqueous solutions by stationary and laser flash photolysis
techniques. High Energy Chem. 48, 197-201.

Battino, R., Rettich, T.R., Tominaga, T., 1983. The solubility of oxygen and ozone in liquids.

J. Phys. Chem. Ref. Data. 12, 163.



272  29. Chaikovskaya, O. N., Levin, P. P., Sul"timova, N. B., Sokolova, I. V., Kuz"min A. V., 2004.
273 Triplet states of humic acids studied by laser flash photolysis using different excitation

274 wavelengths. Russ. Chem. B., Int. Ed. 53, 313-317.



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

Figures

Fig. 1. Ultraviolet/visible absorption spectra of PR (C = 1x10™* M) (1), FA (C = 15 mg/L) (2) and
1,4-naphthoquinone (C = 4x107 M) (3); structural formulae of PR (1) and 1,4-naphthoquinone (3).
Fig. 2. The dependence of the T-T absorption yield at 620 nm on PR concentration in argon-
(circles) and in air-saturated (points) solutions. FA concentration is 30 mg/L, pH 7. Inset - the ratio
of amplitudes of T-T absorption signal at a zero and current PR concentration depending on [PR] in
argon- (circles) and in air-saturated (points) solutions. Smooth curves are modeling by formulas (5)
and (6) with the parameters specified in paragraph 3.3.

Fig. 3. Laser flash photolysis of FA (30 mg/L) with PR (2x10™* M) in argon-saturated aqueous
solution at pH 7. (a) — Transient absorption spectra recorded at 0.4 (1), 1.2 (2), 4 (3) and 48 (4) ps
after excitation. (b) — Kinetic curves at 380 (1), 520 (2) and 660 (3) nm.

Fig. 4. Differential optical spectra, registered at 1 (1), 2 (2), 4 (3), 7 (4) and 9 (5) hours of
irradiation at 365 nm (8.1 mW) during stationary photolysis of FA (C = 15 mg/L) with PR (4x107
M) in argon- (a) and in air-saturated (b) solutions at pH 7.

Fig. 5. The dependence of optical density at 250 nm during stationary photolysis of FA (15 mg/L)
with different initial PR concentrations: (circles) - 4x10° M and (squares) - 2x10™* M in air-

saturated solutions at pH 7.
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