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Berberine hydrochloride (BH) is a frequently detected antibiotic in environmental waters. The objective
of this study was to investigate the photodegradation of the problematic antibiotic in pure water under simu-
lated sunlight (290-800 nm) using a photodegradation chamber. The effects of irradiation time, pH, and the
presence of the matrix (nitrate, humic acid, copper, and hydrogen peroxide) were investigated in this study.
The results showed that the BH degradation follows pseudo-first-order kinetics, with the degradation of BH
decreasing slightly with increasing irradiation time. The rate of BH photolysis was more efficient in the
near-neutral condition than in alkaline or acidic solutions and increased in the presence of nitrate and cop-
per. Hydrogen peroxide and humic acid accelerated or inhibited degradation of BH depending on their con-
centration. The rapid photodegradation of BH under simulated sunlight suggested that photolytic disinfec-
tion could also be effective for degradation of the target antibiotics in water.
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Hccreoosana ghomoodecpadayus eudpoxnopuoa bepoepura (I'B) 6 uucmoii 600e noo oeticmseuem UcKyc-
CcmBenHo20 conneunoeo uznydenus (290—-800 nm) ¢ nomowvio pomoodespadayuonuoi kamepwl. Hzyueno enu-
sHue gpemenu obnyuenuss, pH u naruuus mampuyel (Humpam, 2yMUHO8Asl KUCIOMA, MeOb U NePEeKUCh 8000~
pooa). Iloxazano, umo Oezpadayusi I'B coomeemcmayem Kunemurke nces0onep8ozo NOpsaOKAd U He3HAYU-
MenbHO yMeHbuaemcs ¢ ygeauuenuem epemenu oomyuenus. Cxopocmv ¢pomonuza I'B 6 npaxmuuecku
HelumpanbHol cpede Doee GbICOKAS, YeM 8 WeNOUHbIX UTU KUCTbIX PACMEOpAX, U YEeIudugaemcs 8 npucym-
cmeuu numpama u meou. Ilepekucy 6000p00a u 2yMUHOBASL KUCIOMA YCKOPSIOM UlU UHeUOUpyiom decpaoa-
yuro I'B 6 3asucumocmu om ux xonyemmpayuu. bvicmpas gomooecpadayus I'B noo Oeiicmseuem uckyc-
CMBEHHO20 CONHEYHO20 C8ema NO3605em NPeoOnosoNCUNb, YMo Gomorumuyeckoe obeszapaicusanue mo-
olcem ObLImb IPHEKMUBHBIM CPEOCMBOM OJis1 0e2padayull Yeaesblx AHMUOUOMUKOS 8 800e.

Knrwueswie cnosa: cuopoxnopud bepbepuna, pomoodezpadayus, UCKyCCmeeHHoe COIHEUHOe U3TYUeHue,
AHMUOUOMUKU.

** Full text is published in JAS V. 87, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. The presence of antibiotics in environmental water is of particular ecological concern [1-6].
Antibiotics are considered to be emergent pollutants because they are bioactive, polar, and persistent, which
may cause adverse effects on aquatic life and humans [7, 8]. Moreover, antibiotics and their transformation
products may induce the development of bacterial resistance [9]. Unfortunately, antibiotics are not completely
removed by conventional processes such as sewage treatment, hydrolysis, biodegradation, and sorption [10].

Large amounts of antibiotics are constantly discharged into the environment from many sources includ-
ing household sewer system, agricultural runoffs, and so on [11-15]. Another important pathway of antibiot-
ics into the environment is the antibiotic pharmaceutical industry. Antibiotics were detected at concentra-
tions between 0.1 and 90.2 pg/L of antibiotics in the pharmaceutical wastewaters [16, 17]. It is reported that
approximately half of the pharmaceutical wastewaters in the world were discharged without specific treat-
ment [18]. Hence, it is necessary to investigate a new and effective water treatment system to remove antibi-
otics from wastewater.

Berberine hydrochloride (BH), a quaternary ammonium chloride, is a broad-spectrum antibiotic widely
used in medicine. However, BH is poisonous for microorganisms and difficult to decompose [19]. It has
been demonstrated that BH cannot be eliminated by conventional biological water treatment such as activat-
ed sludge treatment [20]. In recent years, the photodegradation of antibiotics was studied using different
light sources including UV light [21], solar simulation [22], and natural sunlight [23] in various water matri-
ces including pure water, fresh water (from rivers and lakes), and saltwater [24]. It indicates that the effec-
tiveness of photodegradation depends on the integrative effects of photon flux, the structure of the molecule,
and the composition of water matrix. For example, Jieqiong Wang showed that seawater dissolved organic
matter (DOM) exhibits higher rates of light absorption and higher reactivity on photodegradation of the sul-
fonamide antibiotics compared to freshwater lake DOM [25]. The photodegradation rate of organic com-
pounds can be hindered or facilitated by the presence of dissolved organic matter in natural waters [26].
Salma reported that the removal rates of ciprofloxacin strongly depended on pH [27]. However, there is little
information on the photodegradation of BH.

This study was focused on investigating the effects of the conditions (irradiation time and pH) and water
constituents (nitrate, humic acid, copper, and hydrogen peroxide) on BH photodegradation. The photodegra-
dation of BH was conducted in pure water by simulated sunlight (290—800 nm) using a photodegradation
chamber under various conditions.

Chemicals and materials. The standard of berberine hydrochloride (purify>99%) was purchased from
Northeast Pharmaceutical Co., Ltd (Shenyang, China). Humic acid was obtained from Sigma Aldrich (St.
Louis, MO, USA). Copper(Il) chloride dehydrate (CuCl,-2H,0) and furfuryl alcohol (FFA) were provided
by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Sodium nitrate (NaNO3) was purchased from
Xinxing Chemical Reagent Co., Ltd (Shenyang, China), while hydrogen peroxide (H,O;) was from
Dongling Fine Chemical Reagent Co., Ltd (Shenyang, China). Other chemicals were of guaranteed grade
and were used as received, without further purification. Ultrapure water was produced in the laboratory us-
ing a GW-RO system from Purkinje General (Beijing, China).

Photodegradation experiments. The photochemical experiments were conducted using a photochemi-
cal chamber with two Xenon lamps separated by 60 mm on the top of the chamber shown in Fig. 1. The
Xenon lamps produced a continuum of wavelengths from 290 to 800 nm as a substitute for natural sunlight.
The solution of BH was placed into a beaker fixed in the groove of the photodegradation chamber. The groo-
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Fig. 1. The diagram of the photoreaction apparatus.
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ve was filled with water controlled by a circulator bath to maintain a constant temperature (25°C). After sta-
bilizing the lamp and controlling the temperature, the photoreactor was turned on and aliquots were with-
drawn from the glass beaker at different time intervals. The concentration of BH was determined by a Varian
Cary 50 Scan UV-Vis spectrophotometer.

The photodegradation experiments were conducted to investigate the influence of irradiation time and
initial pH values of the solution on the degradation of BH in pure water. The effects of the composition of
the water matrix (nitrate ion, humic acid, Cu**, and H,O,) on the photodegradation of BH were also studied.

Quantitative analysis and statistical evaluation. The concentration of BH was determined using an
UV-Vis spectrophotometer (Varian Cary 50, USA). The UV-Vis spectra were acquired between
200-800 nm, and the absorbance at 344 nm was taken as the quantification wavelength for BH. The standard
curve method was employed for quantification in the study.

All experiments were performed in triplicate. The data were statistically analyzed using a Statistical
Package for the Social Sciences 13.0 for windows (SPSS Inc, Chicago, Illinois). At the given experimental
condition, plots of the degradation rate of BH versus the value of pH and the concentration of nitrate, copper
iron, humic acid, and hydrogen peroxide were constructed. The least significant difference (LSD) test was
used to evaluate the statistical significance of differences between mean values.

Results and discussion. The effect of irradiation time. The initial concentration of BH in the experi-
mental solution used was 400 mg/L, and the aqueous solution was at pH 7 without any nitrate, humic acid,
copper and hydrogen peroxide. The absorption spectra under different irradiation times for BH are shown in
Fig. 2a. In general, the solution gives four absorption peaks in the range of 200—800 nm corresponding to the
benzene ring in the BH molecule at any pH values. The absorption peaks after different irradiation times
declined more or less in comparison with the original BH solution. This indicates that the benzene ring in the
BH molecule was destroyed simultaneously with increasing irradiation time.

Figure 2b shows that photodegradation of BH is fit to pseudo-first-order kinetics. The pseudo-first-order
kinetics form is

~In(C/Co) = kt,

where C; is the substrate concentration at any given point of time; Cy is the initial substrate concentration;
k is the first-order rate constant.
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Fig. 2. UV-vis spectra of BH solutions under different irradiation time (a); degradation kinetic
of BH in the presence of oxygen (b).
Half-life, 1,2, was calculated using an equation derived from Eq. (1) by replacing C; with Cy/2
tin=In2/k=0.6931/k.

The slope was used to obtain the pseudo-first-order rate constant k. The pseudo-first-order rate constants k&
and falf-life ¢, were 0.002 min~' and 346.55 min, respectively.
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The effect of pH. Figure 3 depicts the influence of the solution pH on the degradation of BH. The photodeg-
radation rate of BH in aqueous solutions significantly increased when the pH increased from 5 to 7. When
the value of pH was greater than 7, the degradation rate started to decrease. Therefore, the photodegradation
of BH was more efficient in the near-neutral condition than in alkaline or acidic solutions. This phenomenon
may indicate that both cationic and anionic species of BH are resistant to photodegradation compared to
zwitterionic species. This is probably due to the interaction of lone pair of electrons on nitrogen atoms of the
molecules with the media. The photodegradation of different ionic species of BH depends on pH and there-
fore the quantum yields of their excited triplet states in a particular environment [28]. Hence, the photodeg-
radation of BH was enhanced in near-neutral conditions but decreased at acidic or alkaline conditions [29—
32].
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Fig. 3. The photodegradation of BH at different pH, [BH]o= 400 mg/L.

The effects of nitrate ion and copper ion. Nitrate ions are generally present in natural surface water at
various concentrations depending on the agricultural and geographic location [33]. The effect of the nitrate
ion from 0 to 2 mmol/L is shown in Fig. 4a. It shows that the degradation efficiency was enhanced markedly
as the concentration of nitrate ions increased. This is probably because the nitrate ion produces OHe when
excited by simulated sunlight. The mechanism of the photochemical reaction is represented by the following
equations:

NO3; + Av—NO;, +O
NO3 + Av—NOjze+ O
and the generation of OHe is illustrated by the equation
O+*—+ H,0O—+OH +OH
BH can react with hydroxyl radicals and other active substances, causing self-sensitized reactions that pro-
mote degradation. To sum up, nitrate ions play an important role in the photodegradation of BH.

Although the concentration of copper ion is not high in natural water or slightly polluted water, copper

ion can be added in the production of BH during the chemical synthesis process [34, 35]. Figure 4b indicates

that the photodegradation of BH was enhanced in the presence of Cu(Il). It has been documented that irra-
diation cans induce Fenton-like reaction in the presence of Cu(Il) [36]. These reactions are as follows:

Cu(II) + hv— Cu(l) D

Cu(I) + O, "— Cu(Il) + HO»/O ™, 2)
2HO; — H20, + O, (3)

Cu(I) + HO, "— Cu(Il) + «OH + OH™ 4)

When Cu(Il) in the solution absorbs photons, Cu(II) will be transformed into Cu(I); see Eq. (1). The transient
Cu(]) is reoxidized to Cu(Il) by a superoxide radical (Eq. (2)) [29, 30]. Then the formed HO,* was trans-
formed into H2O; by a disproportionation reaction (Eq. (3)). Accordingly, the system containing Cu(I) and
H,0; is able to perform a Fenton-like reaction [37, 38] to generate *OH (Eq. (4)), which explains the en-
hancement of the photodegradation of BH.
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Fig. 4. Effects of nitrate ion (a) and copper ion (b) on the photodegradation of BH
in an aqueous solution, [BH]o =400 mg/L, pH 7.

The effects of humic acid and H>O,. Humic substances (HS), the largest fraction of DOM, are ubiquitous
in the aquatic environment. They are formed during the abiotic and microbiological transformations of plant
and animal materials and can be categorized as humic and fulvic acids and humin depending on their solubil-
ity [39, 40]. Humic acid with an average molecular weight of 20005000 g/mol is the dominant constituent
in HS and contains a lot of oxygen-containing functional groups (e.g., phenolic hydroxyl, carboxyl groups,
and carbonyl-type chromophores). The chromophoric HS absorbs solar radiation mostly between 300 and
500 nm to reach an excited state and generate free radicals (e.g., hydroxyl radicals OHe, peroxyl radicals
ROOs, and singlet oxygen '0») that cause photooxidation of organic contaminants [41, 42]. Since the pres-
ence of humic acid plays a key role in natural aquatic environments, it is very important to study the influ-
ence of humic acid on the photodegradation of BH to predict the transport and fate of organic contaminants
in natural water.

The degradation rate of BH in the presence of humic acid under simulated sunlight is shown in Fig. 5a.
It depicts that humic acid at a concentration of 5 mg/L. was more efficient in the photodegradation of BH.
This is due to photooxidation:

HS + hv — HSe~
HS*™ + O, — Oxidized-HS + Oy~
20, +2H" — H,0, + O,
H,O0,+ v — 20H-
BH + OH+ — Photoproducts
When the concentration of humic acid was greater than 10 mg/L, the degradation of BH was inhibited, re-
sulting from the scavenging of reactive oxygen species as well as increased light attenuation with increasing
humic acid concentration [43—47].

Hydrogen peroxide can inhibit or enhance the rate of photolysis of BH, depending on its concentration
and nature of reductants [48]. The effect of H2O; in the range of 0-20 mg/L on the degradation of BH is
shown in Fig. 5b. The photodegradation rate of BH was increased in the presence of H>O,. This is because
H>0, at an optimal concentration can increase the formation rate of hydroxyl radicals in two pathways. First-
ly, H,O» can generate additional gradation hydroxyl radicals by trapping of photogenerated electrons [49]:

H,O, +¢ — OH +OH-

Secondly, the self-decomposition by irradiation would also produce hydroxyl radicals [50]:

H,O0, + hy — 20He
However, H,O; at high concentrations can act as a powerful scavenger *OH:
H,0; + *OH — HO* + H,0 )
HO,* +OHe— H,0 + O, (6)

The results show that reactions such as Egs. (5) and (6) become predominant in water when the concen-
tration of H>O, was above 10 mg/L (Fig. 5b).
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Fig. 5. Effects of humic acid (a) and H,O: (b) on the photodegradation of BH in an aqueous solution,
[BH]o=400 mg/L, pH 7.

Therefore, the proper concentration of hydrogen peroxide can accelerate the photodegradation of BH. In
order to maintain the efficiency of the added hydrogen peroxide, it was necessary to choose the proper con-
centration of hydrogen peroxide according to the kinds and concentrations of the pollutants.

Conclusions. Antibiotics are highly water soluble and generally resistant to biodegradation. The pres-
ence of antibiotics in natural water bodies is a serious problem because of their potential biological activity.
Our studies on the photolysis of berberine hydrochloride demonstrate that photochemical degradation plays
an important role in the environmental fate of antibiotics. The extent of photodegradation largely depends on
the irradiation time, pH, and the presence of water constituents. The BH degradation follows pseudo-first-
order kinetics, with the degradation of BH decreasing slightly with increasing irradiation time. It was ob-
served that the degradation rate was higher under near-neutral conditions than in alkaline or acidic media and
increased in the presence of nitrate and copper. The results obtained show that humic acid and hydrogen per-
oxide at appropriate concentrations can accelerate the BH degradation by generating additional free radicals.

Acknowledgments. This research was supported by the National Natural Science Foundation of China
(41401262, 81503085), National Key Technology Project of Water Pollution Controlling and Management
of China (2012Z2X07208-005, 2012ZX07505-003), and Liaoning University Undergraduate Teaching Re-
form Projects (JG2013ZD0010).

REFERENCES

1. N. Jallouli, L. M. Pastrana-Martinez, A. R. Ribeiro, N. F. F. Moreira, J. L. Faria, O. Hentati, A. M. T. Sil-
va, M. Ksibi, Chem. Eng. J., 334, 976-984 (2018).

2. M. Caban, E. Lis, J. Kumirska, P. Stepnowski, Sci. Total Environ., 538, 402—411 (2015).

3. K. A. Capps, C. N. Bentsen, A. Ramirez, Freshwater Sci., 35, 429—435 (2016).

4. Z. Bekturganov, K. Tussupova, R. Berndtsson, N. Sharapatova, K. Aryngazin, M. Zhanasova, Water, 8,

219-231 (2016).

5. A. Salma, S. Thorde-Boveleth, T. C. Schmidt, S. J. Tuerk, J. Hazard. Mater., 313, 49-59 (2016).

6. C. Bojer, J. Schobel, T. Martin, M. Ertl, H. Schmalz, J. Breu, Appl. Catal. B, 204, 561-565 (2017).

7. C. 1. Kosma, D. A. Lambropoulou, T. A. Albanis, Sci. Total Environ., 569, 732—750 (2016).

8. O. Rozas, D. Contreras, M. A. Mondac, M. Perez-Moya, H. D. Mansilla, J. Hazard. Mater., 177,
1025-1030 (2010).

9. K. Kummerer, Chemosphere, 75, 435441 (2009).

10. S. Gartiser, E. Urich, R. Alexy, K. Kummerer, Chemosphere, 67, 604—613 (2007).

11. S. R. Nagulapally, A. Ahmad, A. Henry, G. L. Marchin, L. Zurek, A. Bhandari, Water Environ. Res., 81,

82-90 (2009).

12. A. Gobel, C. S. McArdell, A. Joss, H. Siegrist, W. Giger, Sci. Total Environ., 372, 361-371 (2007).

13. J. Radjenovi’c, M. Petrovi'c, D. Barcelo, Water Res., 43, 831-841 (2009).

14. E. Sahar, R. Messalem, H. Cikurel, A. Aharoni, A. Brenner, M. Godehardt, M. Jekel, M. Ernst, Water
Res., 45, 48274836 (2011).



ABSTRACTS ENGLISH-LANGUAGE ARTICLES 853-7

15. S. A. Snyder, S. Adham, A. M. Redding, F. S. Cannon, J. DeCarolis, J. Oppenheimer, E. C. Wert,
Y. Yoon, Desalination, 202, 156—181 (2007).

16. S. Chelliapan, T. Wilby, P. J. Sallis, Water Res., 40, 507-516 (2006).

17. Z. Chen, H. Wang, N. Ren, M. Cui, S. Nie, D. Hu, J. Hazard. Mater., 197, 49-59 (2011).

18. Z. Chen, N. Ren, A. Wang, Z. Zhang, Y. Shi, Water Res., 42, 3385-3392 (2008).

19.]. Tang, Y. B. Feng, S. Tsao, N. Wang, R. Curtain, Y. Wang, J. Ethnopharmacol., 126, 5-17 (2009).

20. M. Kahle, I. J. Buerge, A. Hauser, M. D. Muller, T. Poiger, Environ. Sci. Technol., 42, 7193-7200
(2008).

21. V. J. Pereira, H. S. Weinberg, K. G. Linden, P. C. Singer, Environ. Sci. Technol., 41, 1682—1688 (2007).
22. L. K. Ge, J. W. Chen, X. X. Wei, S. Y. Zhang, X. L. Qiao, X. Y. Cai, Q. Xie, Environ. Sci. Technol., 44,
2400-2405 (2010).

23. D. Avisar, Y. Lester, H. Mamane, J. Hazard. Mater., 175, 1068—1074 (2010).

24. C. Sirtori, A. Aguera, W. Gernjak, S. Malato. Water Res., 44, 2735-2744 (2010).

25. Wang Jieqiong, Chen Jingwen, Qiao Xianliang, et al., Water Res., 144, 365-372 (2018).

26. S. J. Stangroom, C. L. Macleod, J. N. Lester, Water Res., 32, 623—632 (1998).

27. A. Salma, S. ThorOE-Boveleth, T. C. Schmidt, et al., J. Hazard. Mater., S0304389416302254 (2016).
28. A. Albini, S. Monti, Chem. Soc. Rev., 32, 238-250 (2003).

29. M. Razuc, M. Garrido, Y. S. Caro, C. M. Teglia, H. C. Goicoechea, B. S. F. Band, Spectrochim. Acta,
Part A: Mol. Biomol. Spectrosc., 106, 146—154 (2013).

30. S. R. Batchu, V. R. Panditi, K. E. O’Shea, P. R. Gardinali, Sci. Total Environ., 470-471, 299-310 (2014).
31. X. N. Feng, Y. Chen, Y. Fang, X. Y. Wang, Z. P. Wang, T. Tao, Y. G. Zuo, Sci. Total Environ., 472,
130-136 (2014).

32.J. Xu, Z. N. Hao, C. S. Guo, Y. Zhang, Y. He, W. Meng, Chemosphere, 99, 186—191 (2014).

33. M. V. Shankar, S. Nélieu, L. Kerhoas, J. Einhorn, Chemosphere, 66, 767774 (2007).

34. M. J. Ren, P. Zeng, Y. H. Song, S. H. Xiao, Performance of Pulse Electro-Coagulation on Berberine
Hydrochloride Wastewater, In IWA, the 2nd IWA Asia Pacific Regional YWP Conference, Beijing, IWA
Publishing (2009).

35.J. X. Chen, W. E. Lin, M. Z. Chen, C. Q. Zhou, Y. L. Lin, M. Chen, Z. H. Jiang, W. H. Chen, Bioorg.
Chem. Lett., 22, 7056-7059 (2012).

36. G. Ghiselli, J. F. Wilson, M. 1. Litter, H. D. Mansilla, J. Photochem. Photobiol. A: Chem., 167, 59-67
(2004).

37.]. Sykora, Coord. Chem. Rev., 159, 95-108 (1997).

38. S. Konrad, M. Wojciech, D. M. Agnieszka, B. Magorzata, Y. S. Graz, Chem. Rev., 105, 2647-2694
(2005).

39. S. Nélieu, L. Kerhoas, M. Sarakha, J. Einhorn, Environ. Chem. Lett., 2, 83—-87 (2004).

40. R. R. Chowdhury, P. Charpentier, M. B. Ray, Ind. Eng. Chem. Res., 49, 6923-6930 (2010).

41. J. Hoigné, B. C. Faust, W. R. Haag, R. G. Zepp, Aquatic Humic Substances, American Chemical Socie-
ty, Washington, DC (1989).

42. R. G. Wetzel, In: UV Effects in Aquatic Organisms and Ecosystems, Eds. E. W. Helbling, H. Zagarese,
Royal Society of Chemistry, Cambridge (2003).

43.J. Ma, N. J. D. Graham, Water Res., 33, 783-785 (1999).

44.X. Sun, H. Liu, Y. B. Zhang, Y. Z. Zhao, X. Quan, J. Environ. Sci., 23, 773-777 (2011).

45.Y. Chen, K. Zhang, Y. G. Zuo, Sci. Total Environ., 463-464, 802—-809 (2013).

46.Y. X. Li, X. Y. Duan, X. G. Ki, D. H. Zhang, Mar. Pollute. Bull., 66, 47-52(2013).

47. L. Rizzo, C. Manaia, C. Merlin, T. Schwartz, C. Dagot, M. C. Ploy, I. Michael, D. Fatta-Kassinos, Rev.
Sci. Total Environ., 447, 345-360 (2013).

48.C. M. So, M. Y. Cheng, J. C. Yu, P. K. Wong, Chemosphere, 46, 905-912 (2002).

49. H. M. Coleman, V. Vimonses, G. Leslie, R. Amal, J. Hazard. Mater., 146, 496-501 (2007).

50.J. M. Lee, M. S. Kim, B. Hwang, W. Bae, B. W. Kim, Dyes Pigments, 56, 59-67 (2003).



