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Abstract

In this study, we report the simulation of the ozone disinfection of drinking water in the presence of ibuprofen, its
oxidative degradation products, and the acute toxicity analysis by luminescent bacteria bioassay. The results
showed that the ibuprofen oxidation followed first-order kinetics. The ultra-performance liquid chromatography
quadrupole time-of-flight mass (UPLC/Q-TOF-MS) analysis showed that the major oxidation products of ibuprofen
were as follows: (i) 4-ethylbenzaldehyde, (ii) 2-[4-(1,2-dihydroxypropyl)-2-hydroxy carboxylic acid, (iii) 1-(4-
ethylphenyl)-2-methylpropanol, (iv) 1-(4-ethylphenyl)-2-methylpropanone, (v) 2-[4-(1-hydroxy-2-
methylpropyl)phenyllisobutyl propionate, and (vi) 4-ethylbutyl benzene. A reaction mechanism for the ibuprofen
oxidation was proposed based on the oxidative degradation products. The photobacterium phosphoreum toxicity
tests showed that the toxicity of the ibuprofen oxidation products is higher than ibuprofen. Thus, the ozone-oxidation
products of ibuprofen generate a higher risk of acute toxicity.

Keywords: Ibuprofen; Toxicity; Ozone; Drinking water disinfection;
Photobacterium phosphoreum

Experimental

Instruments and chemicals

Introduction ) ) o
The instruments and chemicals used in this study were as follows:

In recent years, the wide use of pharmaceutical and personal care
products (PPCPs) has significantly increased the PPCP pollution in
drinking water [1,2]. Because of strong biological activity of PPCPs
[3,4] they are likely to cause various diseases and harm to human
health [5,6].

Ibuprofen, a new generation nonsteroidal anti-inflammatory drug
[7], is widely used for low toxicity, high efficacy, and less side effects
than aspirin and paracetamol [8,9]. It enters aquatic ecosystem
through a variety of ways, affecting human health [10-12], and has
been detected in drinking water [13-16].

Ozone is commonly used to disinfect drinking water [17,18]. Ozone
generates strong oxidizing hydroxyl radicals to kill harmful bacteria in
water and oxidatively degrade the organic pollutants into small
molecules. Currently, ozone oxidation treatment is being used for
antibiotics, hormones, and other pollutants [19,20].

In this study, we experimentally investigated the degradation
dynamics of ibuprofen by ozone oxidation. The structures of
ibuprofen oxidation products were determined by liquid
chromatography-tandem mass spectrometry (LC/MS/MS), and the
reaction mechanism was elucidated. The biological acute toxicity of
the ibuprofen oxidation products was evaluated by luminous bacteria
method. This study has practical significance for understanding the
transformation of ibuprofen in drinking water disinfection process
and its effect on the safety of drinking water [21,22].

electronic balance (AL104, Mettler Toledo), pHs-3C pH meter
(Shanghai Jing Branch Industrial), ozone generator (CY-H500), Liquid
Chromatography  (LC-20AT, Shimadzu), AS20500BDT-I-type
ultrasonic cleaning instrument (Auto Science), Smart2 pure ultrapure
water/water integrated system (TKA, Germany), and Ultra-
Performance Liquid Chromatography (UPLC) combined with time-
of-flight tandem quadrupole mass (Q-TOF-MS) spectrometer
(ACQUITY/Q-TOFmicro, Waters, USA). Ibuprofen ( = 99%),
methanol, and acetonitrile were of HPLC grade (Shanghai Scientific
Instrument and Ann Spectrum). Sulfuric acid, sodium acetate, and
sodium chloride (Sinopharm) were of analytical reagent grade.
Luminescent bacteria were obtained from the Institute of Soil Science,
China. All the experiments were conducted in ultrapure water.

Experimental method

Confection of ibuprofen: Weigh 1.000 g ibuprofen powder and was
added into a 1000 ml volumetric flask containing approximately 980
ml of ultrapure water under ultrasonication till a constant volume of
1000 ml, ultrasonicated for 10 min, and stored at 4°C. Then a 1000 mg
1! stock solution of ibuprofen in acetonitrile was prepared. A 1.25 ml
1000 mg L' stock solution of ibuprofen was added dropwise into a 250
ml volumetric flask containing approximately 230 ml of ultrapure
water under ultrasonication till a constant volume of 250 ml,
ultrasonicated for 3 min, and a 5.00 mgel! ibuprofen solution was
prepared.

Ozone oxidation reaction: Ozone (0.06 L/min) was added to the
reaction mixture (200 ml Ibupfofen(IBU)), and the solution was
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magnetically stirred at room temperature. The samples were taken out
at different time intervals and analyzed by UPLC/Q-TOF-MS. Each
experiment was conducted three times in order to eliminate the
experimental error, and the results were averaged.

Toxicity test: According to the national standard method, light-
emitting bacteria T3 (Souchong lyophilized powder, indicator
organisms) was used to measure the acute toxicity of ibuprofen
oxidation products in every 15 min. (Water quality-Determination of
the acute toxicity-Luminescent bacteria test, GB/T15441-1995).

Analytical Methods

LC analysis

Ibuprofen and its oxidation products were analyzed by UPLC/Q-
TOF-MS (11). The chromatographic conditions were as follows:
column: Zorbax Eclipse XDB-C18 (2.1 x 150 mm? 5 um);
temperature: 30°C, mobile phase: acetonitrile/acetic acid buffer
solution (50:50 v/v containing 0.3% acetic acid, pH 3.0), photodiode
array detector, 263 nm wavelength, flow rate: 0.2 ml min‘!, injection
volume: 4 pL, elution time: approximately 12.50 min. The retention
times were used for the qualitative analysis, and the external standard
method was used for the quantitative analysis.

Qualitative analysis

The UPLC/Q-TOF-MS spectrometer conditions were as follows:
eluent: 0.3% acetic acid and acetonitrile gradient in table 1, injection
volume: 10 pL, negative ion mode (ESI+), capillary voltage (cone):
3500 v, cone voltage (sample): 30 V, source temperature: 100°C, anti-
blowing temperature (desolvation): 350°C, cone anti-gas flow(cone):
50 L/h, desolvation gas flow (des): 500 L/h, and scanning range:
100-800 m/z.

Time Flow A% B%
0.00 0.2 90 10
2.00 0.2 72 28
4.00 0.2 50 50
6.00 0.2 50 50
8.00 0.2 30 70
10.00 0.2 0 100
10.20 0.2 90 10

Table 1: Mobile phase gradient.
Results and Discussion

Ozone oxidation of ibuprofen

The samples of ibuprofen oxidation products (5 mg/L, pH 5) for the
UPLC/Q-TOF-MS analysis were taken out at 1, 2, 4, 6, 10, 15 and 20
min intervals, and the results (Ln C vs. t) are shown in Figure 1. The
ibuprofen oxidation was consistent with the following kinetic
equation: Ln (C/Cy)=-0.0115t-0.00978, R =0.9951.
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Figure 1: First-order kinetics for oxidation of ibuprofen.

LC/MS/MS analysis

The ibuprofen oxidation products were analyzed by mass
spectrometry, as shown in Figure 2, eight significant peaks were
obtained, and the molecular weights are listed in Table 2. The mass
fragmentations of the eight peaks are shown in Table 2 [23].

From the structure of ibuprofen and oxidation basics of organic
compounds [24-26], the mass spectrum of ibuprofen was analyzed as
follows:

Firstly, the exact molecular weight of peak 1 was 133.0670, and the
calculated elementary composition was CgHgO. The tandem mass
spectral data showed its fragment at m/z 105. Thus, the tert-butyl side
chain was oxidized to an aldehyde group and the COOH group was
removed. While peak 2 was 239.0913 and the calculated elementary
composition was C;,H;505. The tandem mass spectral data showed its
fragments at m/z 223, 206, 195, and 149. Thus, the tert-butyl side chain
and the aromatic ring were hydroxylated.

Figure 2: Total ion current of ibuprofen oxidation products under
positive ion mode
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S:No Eetention Detected ion | Mass (m/z) | Theoretical Value (m/z) Main ions of MS2 Element‘fu:y
ime Composition
1 3.49 [M - HJ+ 133.0670 | 133.0653 133 [M - H], 105 [M - H - 28] CoHgO
239 [M - HJ, 223 [M - H - 16],
2 3.68 [M - HJ+ 239.0913 | 239.0919 C12H150s
206 [M - H - 16 - 17], 195 [M — H - 44], 149
3 3.68 M - HJ+ 1771278 | 177.1279 177 C1oH470
4 3.99 [M - HJ+ 177.1276 | 176.1279 177 C1oH470
5 4.37 M - H]+ 175.1100 175.1123 175 C1oH150
6 4.80 M - HJ+ 2211167 | 221.1178 421211 M= HLA77 M = H = 4], 134 M= H = 44 = ¢ 1,705
7 6.04 [M - HJ+ 4732163 | 4732175 473, 255, 216 CoeH330s
8 6.78 M - HJ+ 205.1235 | 205.1229 205 [M - HJ, 161 [M - H - 44] C13H1705
Table 2: Mass spectrometry data and mass fragments for ibuprofen oxidation products
Secondly, the exact molecular weights of peaks 3 and peak 4 were
177.1278 and 177.1276, respectively, and the calculated elementary
composition was C;,H;70. The tandem mass spectral data showed no ol i 0
other fragments. Thus, peaks 3 and 4 were for the same substance, 05 —
where one of the side chains was hydroxylated and the other side chain &0 08
was decarboxylated. £ 7
Thirdly, the peak 5 exact molecular weight was 175.1100, and the g 1 o e
calculated elementary composition was Cj,H;50. The tandem mass - 1 o
spectra showed no other fragments. Thus, the tert-butyl side chain was o o
hydroxylated and peak 6 was 221.1167; the calculated elementary 01
composition was Cj3H;70;. The tandem mass spectra showed its 201 o2
fragments at m/z 177 and 134. 1
Lastly, the exact molecular weight of peak 7 was 473.2163, and the _
calculated elementary composition was CysH3304. The tandem mass t/ (uin)
spectra showed its fragments at m/z 255 and 216. While peak 8 was Figure 3: Photobacterium phosphoreum inhibition.
205.1235 and calculated elementary composition was C;3H;70,. The

tandem mass spectra showed its fragment at m/z 161. Thus, it was
confirmed to be ibuprofen.

The tandem mass spectra of ibuprofen oxidation products are
shown in Figure 3 and 4; only the tandem mass at m/z 175 and 177
had parent ions. The tandem mass of the other oxidation products was
relatively simple, mainly the loss of functional groups such as carboxyl,
keto, and side chain.

The UPLC/Q-TOF-MS analysis [27-29] indicated that the major
ibuprofen oxidation products were as follows: (i) 4-ethylbenzaldehyde,
(ii) 2-[4-(1,2-dihydroxypropyl)-2-hydroxy carboxylic acid,(iii) 1-(4-
ethylphenyl)-2-methylpropanol,(iv)1-(4-ethylphenyl)-2-

methylpropanone, ) 2-[4-(1-hydroxy-2-
methylpropyl)phenyl]isobutyl propionate, and (vi) 4-ethylbutyl
benzene.

Based on the molecular weight, structure, and mass spectra, the
path of the ibuprofen oxidation in the simulation of ozone disinfection
in drinking water is shown in Figure 3.

Acute toxicity analysis of oxidation products by
photobacterium phosphoreum

As shown in Figure 3, the P. phosphoreum T5 luminous inhibition
rate of ibuprofen (I%) was 15.7%. The rate gradually increased with
the progress in the oxidation reaction. Within 1 min of the ibuprofen
oxidation, the inhibition rate increased with increasing time; however,
the inhibition rate was relatively small. As shown in Figure 4, the main
product was D with less known toxicity. The concentration of D
decreased with increasing time, and the products A, B, C and E were
obtained. The P. phosphoreum toxicity increased with increasing
oxidation time.

Within 2 min to 20 min oxidation time, the P. phosphoreum
inhibition rate increased from 48.5% to 81.3%. The inhibition rate
reached 98% when the oxidation time was extended to 60 min, and
high concentrations of A, B, C and E were obtained, indicating that
these products were highly toxic.
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Figure 4: Variation in ibuprofen oxidation products.

The ibuprofen oxidation products generated a higher risk of acute
toxicity. In the beginning of the oxidation reaction, less amount of
intermediate was formed, mainly because of the degradation of
ibuprofen. Therefore, the inhibition rate of P. phosphoreum was
relatively low. The oxidation of this intermediate increased with time.
After 4 min, high toxicity was observed, and the P. phosphoreum
inhibition rate increased to 70%. The inhibition rate increased with
increasing amount of ibuprofen oxidation products.

Conclusion

The simulation of the ozone disinfection of drinking water showed
that ibuprofen ozonation followed a quasi-kinetic equation.

The UPLC/Q-TOF-MS analysis indicated that the major oxidation
products of ibuprofen were as follows: (i) 4-ethylbenzaldehyde, (ii) 2-
[4-(1,2-dihydroxypropyl)-2-hydroxy  carboxylic acid,  (iii)1-(4-
ethylphenyl)-2-methylpropanol,(iv) 1-(4-ethylphenyl)-2-
methylpropanone, (v) 2-[4-(1-hydroxy-2-
methylpropyl)phenyl]isobutyl propionate, and (vi) 4-ethylbutyl
benzene. The P. phosphoreum toxicity tests showed that the ibuprofen
oxidation products generated a higher risk of acute toxicity.
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