
Photo-assisted ozonation of cefuroxime with solar radiation in a CPC pilot plant. 1 
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Abstract 

The combination of ozone and solar radiation can be considered an effective 

technology as advanced oxidation process, AOP, for addressing the removal of harmful 

contaminants of emerging concern in water. Cefuroxime is an example of an antibiotic 

whose presence may result in a problem if not conveniently removed from the water. 

Cefuroxime oxidation has been performed employing photolytic ozonation in an 

autonomous pilot plant, consisting of a solar collector photo-reactor with ozone feeding, 

solar panel cells, and batteries for energy demands. Firstly, the kinetics of cefuroxime 

ozonation has been deeply studied in an agitation cell reactor. The stoichiometric 

ozonation ratio was estimated as zO3=1.00±0.06 (O3 mol per cefuroxime mol) and the 

second-order rate constant in the range 1.50 x 106 – 4.69 x 106 M-1 s-1 for the non-

dissociated and dissociated, respectively, cefuroxime molecule. The oxidation 
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intermediates identified included hydroxylation of the initial molecule, attack to the 

secondary amide group and oxidation of the bi-substituted sulfide position. Secondly, 

the simultaneous application of ozone and solar radiation in the CPC pilot plant 

enhanced the degradation of cefuroxime. The kinetics in CPC reactor was simulated 

and the importance of the hydroxyl radical over ozonation and photolysis was 

confirmed, 55% of HO• pathway. Also, over 55% of mineralization was observed 

during photolytic ozonation in wastewater matrix whereas single ozonation only 

was able to partially oxidize the initial organic content to short organic acids (formic, 

acetic, and oxalic) that were accumulated in the water. 

Keywords: ozone, photolytic ozonation, cefuroxime, intermediates, CPC pilot plant 
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 Cefuroxime ozonation develops in the fast instantaneous kinetic regime.

 Second-order rate constant with molecular O3 within 1.50 x 106 – 4.69 x 106 M-1 s-1.

 Identification of the oxidation products during the ozonation of cefuroxime.

 Photolytic ozonation of cefuroxime at pilot plant scale with solar radiation.

 Photo-ozonation enhances the mineralization degree if compared to ozonation.42 
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1. INTRODUCTION45 

The presence of antibiotics in the environment is a hazard of great concern since it 46 

contributes to the development of antimicrobial resistance and, therefore, loss of their 47 

efficiency in medical treatment. Current wastewater treatment plants are not designed to 48 

address the removal of these substances which aggravates the growth of resistance 49 

drawbacks [1]. Cefuroxime is a β-lactam antibiotic belonging to the second-generation 50 

cephalosporin family, used for the treatment of a wide range of infectious bacteria. The 51 

occurrence of cephalosporin antibiotics has been reported in wastewater at µg L-1 and 52 

ng L-1 level [2,3]. 53 

Currently, wastewater treatment plants need new specific designs to consider the 54 

presence of hazardous organic micropollutants, such as antibiotics, that need to be 55 

efficiently removed before being discharged to the environment [4]. Moreover, climate 56 

change is expected to force the reuse of wastewater for certain purposes as water 57 

availability and quality will be highly compromised in the early future.  58 

Ozonation is a clean chemical oxidation technique that has been proved to be 59 

efficient and feasibly implemented as an extra stage in water treatment plants. 60 

Nevertheless, ozone reactivity towards organic micropollutants is selective, i.e. second-61 

order rate constants vary in a really wide range from 0.1 to 109 M-1 s-1 [5,6], and barely 62 

leads to great mineralization extent due to the recalcitrant nature of intermediates or 63 

final oxygenated organic acids. The chemistry of ozone in water involves the formation 64 

of hydroxyl radical, HO•, which reacts unselectively and with high rate constants, in the 65 

order of 107-1010 M-1 s-1, with almost all organic compounds. Accordingly, diverse 66 

ozone-based technologies have been proposed to promote the decomposition of 67 

dissolved O3 into HO• to raise the mineralization extent. From all of them, photolytic 68 

ozonation, e.g. combination of O3 and radiation is an interesting technology since it 69 
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avoids the use of catalysts, whose removal from the water after treatment is still an 

unsolved problem, or the addition of extra hydroxyl radical promoters like H2O2. 

Although ozone presents a maximum of radiation absorption at 254 nm [7], which 

makes UVC the most suitable for that purpose; absorption in the visible spectrum [8] 

allows solar radiation to decompose O3 to enhance HO• production [9–11].  

This study reports the use of ozone and solar radiation for the oxidation of the 

antibiotic cefuroxime in water. Ozonation kinetics of this antibiotic was first assessed 

since no data were available in the literature. A combination of simulated solar radiation 

and ozone was applied to cefuroxime elimination and mineralization. These results were 

also compared to real solar radiation, conducting tests of cefuroxime photolytic 

ozonation in a CPC-pilot plant, fed with renewable solar energy.80 

2. EXPERIMENTAL81 

2.1. Chemicals and materials82 

83 

84 
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Cefuroxime sodium salt (CFX, C16H15N4NaO8S, CAS: 56238-63-2) was analytical 

grade acquired from Sigma-Aldrich®. All the chemicals used for analytical purposes 

were analytical grade and used as received. HPLC-grade acetonitrile was used in liquid 

chromatography. Ultrapure water from a Milli-Q® Integral 5 water purification system 

(resistivity 18.2 MΩ cm) was used for the preparation of all solutions. 

Simulated Urban WasteWater (SUWW) was prepared following a recipe described 

in previous works without the addition of carbonate and phosphate anions [12–14]. The 

presence of these inorganic anions has been demonstrated to be negative 

for mineralization process [14] since both, the organic and inorganic content, compete 

for the reaction with hydroxyl radicals. Therefore, the inorganic carbon content 

was 

92 



removed to better study the direct reaction of cefuroxime with ozone. Table 1 shows the 93 

main parameters measured for the characterization of this simulated effluent. 94 

Table 1. Characterization of the Simulated Urban WasteWater effluent 95 

Parameter Value 

TOC (mg L-1) 16.6 ± 0.2 

Chloride (mg L-1) 1.5 ± 0.2 

Sulfate (mg L-1) 11.5 ± 0.2 

Nitrate (mg L-1) 0.185 ± 0.006 

pH 7.0 ± 0.5 

2.2. Experimental setup and procedure 96 

97 

98 

99 

100 

101 

102 

103 

Preliminary ozonation tests were conducted in a semi-batch gas-liquid bubbled 

reactor, see Fig. 1A. Alternatively, the kinetics of cefuroxime ozonation was studied in 

a gas-liquid agitated cell reactor at different pH values. In both cases, a 500 

mL spherical borosilicate glass reactor was filled in with 250 mL of the aqueous 

solution. The O2-O3 gas mixture (QGAS=30 L h-1, CO3,GAS=5 mg L-1), generated in 

an Anseros COM-AD-01 device (Anseros, Germany), was fed to the water free 

interphase. The concentration of the ozone in the gas phase at the inlet or outlet of 

the reactor was monitored by an Anseros GM ozone analyzer (Anseros, Germany). 104 

The stoichiometric ratio of the reaction between ozone and cefuroxime was 105 

determined by mixing (final volume, 5 mL) different aqueous solutions of cefuroxime 106 

and ozone, previously obtained by saturating ultrapure water with ozone. After mixing, 107 

the ratio of initial concentration, CCFX,i/CO3,i moves to CCFX,f/CO3,f. The stoichiometric 108 

ratio (zO3) is defined as the mol of O3 consumed per mol of CFX reacted: 109 
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The representation of zO3 versus CCFX,0/CO3,0 leads to a hyperbolic curve whose 112 

horizontal asymptotic value corresponds to the O3 mol per CFX mol consumed (zO3) 113 

[15] (see later, section 3.1.1).114 

115 

Figure 1. Experimental setups. Gas-liquid reactor operating as agitated cell or 116 

bubble tank (A): pure oxygen tank (1), lab-scale ozone generator (2), gas-phase ozone 117 

analyzer (3), flowmeter (4), spherical cell glass reactor (5), magnetic stirrer (6), gas inlet 118 

(7), gas outlet (8), sampling point (9), ceramic diffuser (10). Solar photo-ozonation 119 

pilot plant (B): pure oxygen generator from air (1) pilot plant ozone generator (2), 120 

flowmeter (3), gas-phase ozone analyzer (4), CPC-photo-reactor (5), radiometer (5a), 121 

recirculation pump (5b), gas-liquid separation tank (6), photo-voltaic panels (7), 122 

batteries (8). 123 

air 
inlet O2

O3

17.2

1

2

4

5

6

7

8

1

2

3

5

7 8
O3

gas
phase

liquid
phase

9

6

4

A

B
3

5a

5b

gas
phase

gas
phase

10

Agitated cell
reactor

Bubbled
reactor



124 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

144 

145 

146 

147 

The solar photo-assisted ozonation experiments at the pilot plant scale, see Fig. 1B, 

were carried out in a Compound Parabolic Collector (CPC) photo-reactor (developed by 

Ecosystem-Environmental Services S.A., Spain). The CPC photo-reactors are static 

collectors with a polished reflective surface built as an involute around a cylindrical 

pipe in which flows the aqueous solution. This display has found to provide a good 

optics for low concentration systems. Almost all the UV radiation arriving at the CPC 

surface, not only direct but also diffuse, is collected [16]. The CPC photo-reactor used 

in this work consisted of four tubes of 75 cm length and 30 mm internal diameter 

connected in series with a total gathering reflection surface of 0.25 m2 (electro-polished 

aluminum) and a 5.0 L water treated volume (1.8 L illuminated). The irradiated surface 

is inclined 45º to the horizontal, i.e. approximately the latitude of the local place, for 

maximum radiation use. Moreover, each tube was located in the involute axis of the 

reflection surface producing a concentration factor near 1 and a radiation acceptance 

semi-angle of 90º. This CPC photo-reactor prototype was designed for bubbling a 

mixture of O2-O3 in the joints of the tubes through ceramic diffusers. The CPC reactor 

works in recirculation mode from a gas-liquid separator from which a pump sends the 

water to the tubes at a rate of 8 L min-1. For ozonation requirements, firstly purified 

oxygen was produced from the air with an oxygen purifier (GENOX4, Cosemar Ozono 

S.A., Spain; 5 L min-1 maximum) and secondly fed to an ozone generator (SP 

MILLENIUM 32 GR, Cosemar Ozono, Spain; 32 g O3 h
-1 maximum). The flow rate of 

the O2-O3 mixture was adjusted in a flowmeter and send afterward to the ceramic 

diffusers located in the CPC (QGAS= 30 L h-1; CO3,inlet=15 mg L-1). Ozone concentration 

in the gas phase was monitored in the inlet and the outlet of the CPC, from the 

separation tank, with a gas-phase ozone analyzer (Anseros GM, Anseros, Germany). 

The electricity energy requirements for ozone gas generation and analysis, pump and 148 



CPC photo-reactor were supplied by 30 solar photovoltaic modules (260W and 60 cells 149 

each, polycrystalline, Inversolar S.L., Spain) connected to 24 batteries (PowerSafe® TS 150 

battery OPzS HYT-6P, 912 Ah, EnerSys®, USA). The installation provided a 151 

maximum energy capacity of 13.5 kWh per day with 1.3 days of autonomy. 152 

The global direct and diffuse UV radiation was monitored with time through a UV 153 

radiometer ACADUS85-PLS (Ecosystem-Environmental Services S.A., Spain), located 154 

in the corner of the CPC. Thus, the accumulated UV irradiated energy was calculated by 155 

monitoring the temporal evolution of UV radiation reaching the CPC reactor surface 156 

[17]: 157 




 dttE
V

ffAfA
Q UV

T

TGCPCGtube

TUV
)(.

,
 (3) 158 

where QUV,T is the accumulated energy per volume of treated water (kJ L-1), EUV(t) the 159 

punctual value of radiant flux received by the surface per unit area at a certain time (W 160 

m-2), Atube is the irradiated surface area of the pipes, ACPC is the total irradiated area of 161 

the CPC and VT the total aqueous volume of the photo-reactor. The parameters fG and fT 162 

are, respectively, correction factors that account for the borosilicate glass transmittance 163 

(fG=0.9) and the aluminum reflectance (fT=0.686) provided by the manufacturer of the 164 

solar photo-reactor. Discussion of results in terms of QUV,T instead of reaction time 165 

allows a better comparison due to the change of solar conditions during different 166 

experiments.  167 

2.3. Analytical methods 168 

The concentration of aqueous cefuroxime was analyzed using liquid chromatography 169 

coupled to ultraviolet detection in a UFLC Shimadzu Prominence LC-20AD. A mixture 170 

of acetonitrile(A): ultrapure water (B, 0.1% v/v H3PO4) with an A:B ratio of 20:80 was 171 



pumped at a rate of 0.6 mL min-1. The separation was performed in a Kinetex® C18 172 

column (150x4.6 mm, 5μm), whose temperature was maintained at 40 ºC. 173 

Quantification was set at 278 nm. The limit of detection and quantification [18] were, 174 

respectively, 21.8 and 72.6 µg L-1. 175 

Total Organic Carbon (TOC) was determined in a TOC analyzer based on catalytic 176 

combustion and non-dispersive infrared detection (Shimadzu®, TOC-VCSH), equipped 177 

with automatic sample injection. Inorganic anions and short organic acids were 178 

analyzed by ion chromatography and conductivity detection in a Metrohm® 881 179 

compact IC pro device with chemical suppression. The column used for separation was 180 

a MetroSepA Supp 5 (250x4.0mm, 5µm), kept at 45ºC. A gradient of Na2CO3 from 181 

0.6mM to 14.6 mM was pumped at 0.7 mL min-1 for 60 min. 182 

The concentration of dissolved ozone in the water phase was analyzed by the 183 

spectrophotometric method based on indigo trisulfonate decolorization [19]. 184 

The initial transformation products during cefuroxime ozonation were identified by 185 

liquid chromatography coupled to Quadrupole Time of Flight (LC-QTOF). For the LC 186 

separation, an Agilent 1260 HPLC was used whereas the QTOF device was an Agilent 187 

6520 Accurate Mass QTOF LC/MS, equipped with electrospray ionization (ESI). The 188 

chromatographic stationary phase consisted of a Zorbax SB-C18 column (3.5 µm, 189 

4.6 × 150 mm) equilibrated at 30 °C. The mobile phase was a mixture of pure Milli-Q® 190 

water and acetonitrile. The elution gradient, flow rate 0.4 mL min-1, was initially 191 

increased from 10% of acetonitrile to 90% in 25 min and kept thereafter for 2 min 192 

before equilibration. The QTOF conditions were as follows: ESI(-) mode, gas 193 

temperature 325 °C, drying gas 10 mL min-1, nebulization 45 psig, Vcap 3500 V, 194 

fragmentation 100 V, acquisition m/z range 100–1000. The software Agilent Mass 195 

Hunter Qualitative Analysis B.04.00 was used for the interpretation of the results. 196 



3. RESULTS AND DISCUSSION197 

198 

199 

3.1. Cefuroxime ozonation kinetics

3.1.1. Preliminary tests. Stoichometry, elucidation of the kinetic regime and the 

ozone-CFX reaction rate constant200 

Some preliminary tests in the bubble reactor were carried out to study the relative 201 

importance of direct, i.e. molecular ozone attack; and indirect, i.e. radical pathway, 202 

during ozonation of cefuroxime. The addition of tert-butyl alcohol (TBA), is commonly 203 

used to suppress the contribution of hydroxyl radical in ozonation tests since the 204 

respective second-order rate constants of TBA with ozone and HO• are known: 10-3 [20] 205 

and 6.2·108 [21] M-1 s-1, respectively. Fig. 2A shows the temporal evolution of 206 

cefuroxime (CFX) during ozonation in the presence and absence of TBA at two 207 

different pH values representing acidic (pH~2) and neutral (pH=7) conditions. These 208 

two values were considered to check the possible reactivity change of the non-209 

dissociated and dissociated form of CFX (pKa=3.15 [22]). As illustrated in Fig. 2A, 210 

higher reactivity at neutral conditions was registered if compared to acidic conditions. 211 

Surprisingly, the addition of TBA did not inhibit the reaction rate as expected; on the 212 

contrary, it was improved as CFX was completely removed in less time than in the 213 

absence of TBA, e.g. at pH=7 CFX was removed in 10 min in absence of TBA and 6 214 

min with TBA 50 mM. This behavior only can be understood if the mass transfer 215 

process affects the overall reaction rate and not the reaction by itself. It is well known 216 

that the presence of TBA decreases the surface tension of the solution; therefore, 217 

hindering the coalescence of the bubbles [23], which affects the mass transfer 218 

parameters. Specifically, the interfacial area of the contact between the liquid and gas 219 

phase is considerably raised [24,25]; hence, the volumetric ozone mass transfer, kLa 220 

increases affecting positively the heterogeneous gas-liquid reaction. This behavior 221 



evidences that the ozonation of CFX is probably limited by the mass transfer process 222 

and a high value of the rate constant for the reaction of CFX and O3 must proceed. 223 

224 
Figure 2. Preliminary ozonation tests of cefuroxime. A, Influence of TBA on CFX 225 

ozonation in the bubble reactor. Experimental conditions: V=500 mL; FO3,GAS inlet= 2.2 226 

mg min-1; CCFX,0=60 mg L-1; CTBA= 50 mM;  pH buffered with H3PO4 10 mM. B, 227 

Determination of the stoichiometry reaction between O3 and CFX by homogeneous 228 

method. Experimental conditions: V= 5 mL; CCFX,0=71.2-5.5 mg L-1; CO3,d0= 5.52-0.30 229 

mg L-1; unbuffered pH.  230 

The stoichiometric ratio between the reaction of ozone and CFX was determined in 231 

homogeneous reactions in which saturated dissolved ozone was in contact with a known 232 

CFX concentration solution. As explained in the experimental section, the 233 

representation of zO3 versus the initial ratio CCFX,0/CO3,0 (see Fig. 2B) led to an 234 

asymptotic value zO3=1.00±0.06 (mol O3 per mol CFX). 235 

3.1.2. Kinetics study in an agitated-cell reactor 236 

237 

238 

239 

As deduced from the preliminary tests and the lack of dissolved ozone in the liquid 

phase, the heterogeneous reaction of CFX ozonation develops in a fast kinetic regime in 

which the volumetric mass transfer affects the depletion rate of the antibiotic. 

Moreover, some compounds change their reactivity towards ozone if presented as 

protonated or 
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e., pKa=3.15, the quantification241 
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deprotonated form [6]. Thus, taking this into account, i.

of the ozone rate constant (kO3,CFX) was tried at pH 2 to 5. 

To avoid the complex determination of the interfacial area (a) in a bubbled reactor, 

an agitated cell reactor (Fig. 1A) was used for the estimation of the second-order rate 

constant of the reaction between molecular O3 and CFX. The agitated cell disposition 

allows to deduce the volumetric mass transfer, very useful in fast reactions, and 

accurately calculate the ‘a’ parameter. In this semi-batch ozonation process, where a 

non-steady state takes place, the mass balance of CFX in the liquid phase yields to: 248 

aNz
dt

dC
OCFX

CFX

3
 (4) 249 

where NO3 represents the mass transfer of ozone flux. 250 

The application of Fick’s law considering the film theory for irreversible second-251 

order reactions allows the absorption rate of O3 to be estimated ( aNO3 , mol s-1 L-1). 252 

This gas-liquid reaction presents a fast kinetic regime and, hence, it develops in the 253 

liquid film closed to the gas-water interface. As mentioned above the absence of 254 

dissolved ozone confirms the fast kinetic regime of CFX ozonation. Therefore, the O3 255 

absorption rate can be defined under these conditions as [15]: 256 
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where kLa is the volumetric mass transfer of O3 in the liquid film, Ha2 is the 258 

dimensionless Hatta number for second-order ozone-CFX reaction, E and Ei represent, 259 

respectively, the reaction factor and instantaneous reaction factor dimensionless 260 



numbers. It is noteworthy to say that Eq. (5) considers constant concentration of CFX in 261 

the reaction liquid film zone as proposed by Van Krevelen and Hoftijzer [26]. 262 

Since ozone is a sparingly gas in water, gas resistance to ozone mass transfer is 263 

negligible, the concentration of ozone at the interphase can be obtained as follows: 264 

,* 3 3

3

O O g

O

P C RT
C

He He
  (6) 265 

where He is the Henry’s constant for the ozone-water system, R the universal constant 266 

of ideal gases, T the absolute temperature and CO3,g the O3 concentration in the gas 267 

phase leaving the reactor because of perfect mixing conditions. In this case, however, 268 

due to the low ozone absorption rate in the agitated cell reactor, the concentration of 269 

ozone in the inlet gas is practically that of the outlet gas. The dimensionless numbers 270 

defined before are calculated as: 271 

L
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where DO3 (1.40 x 10-9 m2 s-1 [27]) and DCFX (5.52 x 10-9 m2 s-1, estimated with Wilke-275 

Chang empirical formula [28]) are the molecular diffusivities of O3 and CFX in water, 276 

respectively; kO3,CFX is the second-order rate constant of the reaction between O3 and 277 

CFX and kL the O3 individual liquid phase mass-transfer coefficient in the agitated cell 278 

reactor. 279 



Solution of Eq. 5, due to its complexity, implies a trial and error procedure in which 280 

kO3,CFX, and kL are unknown. For that reason, two simplified fast kinetic subregimes, 281 

depending on the Ha2 value, were considered. 282 

Fast pseudo-first-order kinetic regime (3≤Ha2≤Ei/2) 283 

This regime supposes that the concentration of CFX is constant in all liquid zone 284 

(that is, in both liquid film and bulb) and the reaction zone develops in the liquid film. 285 

In that case, and if the condition 3≤Ha2≤Ei/2 holds, the reaction factor and Hatta 286 

numbers coincide (E=Ha2). Then, the CFX balance in the semi-batch reactor yields 287 

[12]: 288 

CFXCFXOOOCFXOLCFX
CFX CkDaCzHaaCkz

dt

dC
,

*

2

*

3333
 (10) 289 

which after integration, considering *

3OC  calculation through Eq. 6 and constant with 290 

time in the agitated cell reactor, leads to: 291 

  tkD
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33

3

0
2  (11) 292 

The linear representation of the left side of the previous equation versus time conducts 293 

to a straight line that after least squares analysis kO3,CFX can be calculated from the slope 294 

of the line. Fig. 3A depicts the validation of Eq. 11 for ozonation tests in the agitated 295 

cell reactor at different pH values in the range 2-5. Table 2 shows the calculated second-296 

order rate constant obtained after linear regression. However, to validate that 3 ≤ Ha2 ≤ 297 

Ei/2, the value of the O3 individual liquid phase mass-transfer coefficient is required. 298 

For that purpose, experiments of ozone absorption-decomposition in the absence of 299 

CFX were carried out in the agitated cell reactor and the dissolved ozone in the liquid 300 

phase was monitored. Thus, the liquid phase was saturated with ozone, and then after 301 



interrupting ozone feeding, the decomposition of dissolved ozone was followed. The 302 

rate of absorption and decomposition can be described by the respective equations: 303 

Absorption period:   3
1 ,3 3

O

L O s O

dC
k a k C C

dt
   (12) 304 

Saturation period: 
sOO CC ,33

 (13) 305 

Decomposition period: 
3

3

1 O

O
Ck

dt

dC
 (14) 306 

307 

308 

309 

310 

311 

312 

313 

where CO3,s means the dissolved ozone concentration at the gas-liquid interface or 

solubility . Fig. 3B depicts the evolution of dissolved O3 in the aforementioned 

experiment of O3 absorption-decomposition. The different slopes between the two 

regions led to k1=(1.4±0.1)·10-4 s-1 and kL=(1.1 ± 0.1)·10-5 m s-1. Known kL, Ha2 and Ei 

numbers can be calculated to validate the kinetic regime initially supposed. Table 2 

shows results for each pH situation. Since both dimensionless numbers are a function of 

time, the range of these values in the interval of reaction studied (initial, t0; and after 60 

min, t60) are calculated. 314 

315 

Figure 3. Cefuroxime ozonation in the agitated cell reactor. A, Experimental fitting to 316 

the fast pseudo-first regime, validation of Eq. 11. Experimental conditions: V=500 mL; 317 

CCFX,0 =70 mg L-1; CO3,GAS inlet=4.0 mg L-1; CTBA= 50 mM; buffered pH with H3PO4 10 318 
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mM. B, Determination of kL coefficient in the absence of cefuroxime. Experimental 319 

conditions: V=500 mL; CO3,GAS inlet=50 mg L-1; pH=2.0 (buffered with H3PO4 10 mM). 320 

Dashed lines: modeling with the respective equations. 321 

Table 2. Application of fast pseudo-first order kinetic regime to the cefuroxime 322 

ozonation. Parameters obtained from fitting experimental data to Eq. 11.  323 

pH R2 kO3,CFX (M-1 s-1) 
Ha2 Ei 

t0 t60 t0 t60 

2.0 0.994 (4.6±0.2)·106 112 84 3.6 2.4 

3.5 0.998 (6.8±0.2)·106 129 73 3.6 1.8 

4.0 0.996 (8.7±0.3)·106 124 72 3.0 1.7 

5.0 0.997 (1.12±0.03)·107 167 103 4.1 2.2 

According to results shown in Table 2 the condition of fast pseudo first kinetic 324 

regime of ozone-CFX reaction (3≤Ha2≤Ei/2) is not fulfilled. Then, rate constant values 325 

obtained cannot be taken as definitive though likely on the order of magnitude of the 326 

actual ones. 327 

Instantaneous kinetic regime (Ha2>>10Ei) 328 

The fast instantaneous kinetic regime is characterized by a rate controlled exclusively 329 

by the diffusion rate of reactants, O3, and the antibiotic, through the liquid film. As 330 

indicated above, the gas phase does not present any resistance to O3 diffusion due to its 331 

low solubility in water. Under these conditions, the reaction develops in a plane inside 332 

the film layer close to the gas-water interface and the reaction factor is defined by the 333 

instantaneous reaction factor number (E=Ei) [29]: 334 

* *

*3 3

3 3

1CFX CFX CFX
CFX L O i CFX L O

CFX O O

dC D C
z k aC E z k aC

dt z D C

 
    
 
 

 (15) 335 

This equation holds for compounds that present a high reaction rate constant towards 336 

ozone, so that Ha2>>10Ei holds. The integration of Eq. 15 for a given time, t, yields to: 337 
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  (17) 340 

The representation of  ln  versus time at each pH value generates a straight line from 341 

whose slope kL can be obtained. Fig. 4A shows the representation of Eq. 17 and Table 3 342 

the obtained kL values. However, the second-order rate constant values cannot be 343 

experimentally determined under these conditions since the process is controlled by O3 344 

and CFX mass transfer. Nevertheless, a minimum value for kO3,CFX that holds the 345 

condition Ha2>>10Ei can be calculated: 346 

 
min2

10

1
HaEi   (18) 347 

CFX

L

CFXOO

i C
k

kD
E

min, )(

10

1 33
  (19) 348 

The fitting of the Ei dimensionless values versus CFXC  during the reaction course 349 

allows the determination of a minimum value for the second-order rate constant of the 350 

ozonation reaction, (kO3,CFX)min, see Fig. 4B. 351 

Table 3. Application of the fast instantaneous kinetic regime to the cefuroxime-ozone 352 

reaction. Parameters obtained from fitting experimental data to Eqs. 16 and 19.  353 

pH 
From Eq. 16 From Eq. 19 

R2 kL (m s-1) R2 (kO3,CFX)min (M-1 s-1) 

2.0 0.997 (1.68±0.06)·10-5 0.9995 (1.18±0.02)·106 

3.5 0.998 (1.95±0.06)·10-5 0.9994 (1.81±0.02)·106 



4.0 0.996 (2.19±0.08)·10-5 0.9991 (1.92±0.02)·106 

5.0 0.994 (2.30±0.10)·10-5 0.9993 (3.51±0.03)·106 

354 
Figure 4. Cefuroxime ozonation in the agitated cell reactor. A, Experimental fitting to 355 

the fast instantaneous regime, validation of Eq. 17. B, Determination of (kO3,CFX)min, 356 

validation of Eq. 19. C, Influence of pH on the second-order rate constant. Experimental 357 

conditions as shown in Fig. 3. 358 

The calculated values of the minimum second-order rate constant show a slight 359 

increase with a rise of pH due to the acid character of cefuroxime (pKa=3.15). This 360 

fluctuation does not affect the kinetic regime in which the process holds and it is a 361 

different response, but still similar, to the acid-base CFX dissociation. Accordingly, the 362 

values for the non-dissociated and dissociated forms were estimated through the 363 

expressions: 364 

min,min,min, )())(1()(
333 ddissociateOneutralOCFXO kkk    (20) 365 

 
pHpKa


101

1
  (21) 366 

where α is de dissociation degree, (kO3,neutral)min and (kO3,dissociated)min are, respectively, the 367 

minimum values of the second-order rate constant with the non-dissociated and 368 

dissociated species of CFX. Eq. 20 was fitted to experimental data, leading to these two 369 
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respective values for the ozone reactions with non-dissociated and dissociated CFX 370 

species: 1.50 x 106 and 4.69 x 106 M-1 s-1. 371 

3.1.3. Identification of first oxidation intermediates 372 

The first oxidation intermediates during cefuroxime oxidation were identified by LC-373 

QTOF in the agitated cell reactor. Experiments were carried out in the cell agitated 374 

reactor under the same experimental conditions of the previous kinetic study and five 375 

transformation products were registered. The monoisotopic mass M=442.40 376 

corresponds to the hydroxylation of CFX molecule. In silico tools that predict the 377 

oxidation pathway of this molecule, such as Pathway Prediction System and PathPred 378 

[30], include the hydroxylation onto the unsaturated double bond of the non-aromatic 379 

ring. However, this oxidation can also take place in the furan aromatic ring, as proposed 380 

in Fig. 5. The N of the secondary amide group acting as a bridge is a potential breakable 381 

point of CFX molecule by ozone attack as deduced from the observed intermediates. 382 

Two different fragmentation patterns can be displayed depending on what part 383 

maintains the –NH2 group. The first break pattern involves the formation of an 384 

unsubstituted amide group and a ketone in the ring of four atoms (M=272.23). This 385 

breakage should also give rise to the formation of the unsubstituted amide containing 386 

the furan ring; however, this intermediate (M=168.05) was not detected. Further 387 

oxidation of M=272.23 product onto S heteroatom lead to the rupture of the substituted 388 

sulfide-containing ring and the formation of product M=272.17. The oxidation of the 389 

alcohol group into aldehyde triggers the formation of M=270.15. The second route for 390 

the rupture of the secondary amide group of CFX leads to the formation of a 391 

carboxylate (M= 169.04) and an unsubstituted amine (M=273.04), as Fig. 5 shows. 392 

Neither of them was detected, probably due to a high reactivity in such an oxidative 393 



medium. Nevertheless, the oxidation of the non-detected amine onto the substituted 394 

sulfide atom led to the corresponding sulfoxide, monoisotopic mass M=266.26. 395 

 396 

Figure 5. Identified intermediates during ozone oxidation of cefuroxime (CFX) and the 397 

tentative oxidation pathway 398 

3.2. Photo-assisted ozonation of cefuroxime in solar CPC reactors 399 

Degradation of cefuroxime was further studied in a solar CPC reactor. Firstly, 400 

experiments in ultrapure water were achieved. The photolysis of CFX by solar radiation 401 

led to a slow degradation as shown in Fig. 6A. According to the CFX UV-visible 402 

absorption spectrum, CFX is expected to be activated with radiation below 330 nm, see 403 

Fig. 6C. The solar radiation wavelength reaching the solid after the glass cutoff of the 404 

pipe was over 300 nm. Therefore, the proportion within 300-330 nm is responsible for 405 
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the photolytic activation of CFX. On the contrary of the pseudo-first order kinetics 406 

usually observed in photolytic activation, a 40% of CFX degradation is registered in the 407 

first 30 min, followed by a pseudo-first order depletion afterward (pseudo-observed rate 408 

constant, 0.148±0.009 h-1). 409 
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Figure 6. Cefuroxime removal in ultrapure water by solar photo-assisted ozonation in 

the CPC reactor. A, Normalized evolution of CFX concentration with time. B, 

mineralization evolution. C, Extinction molar coefficient of CFX (εCFX) and intensity of 

the solar radiation spectrum. Experimental conditions: V=5.0 L; CCFX,0 =12.8±0.4 mg 

L-
1; CTOC,0=5.8±0.2 mg L-1; QGAS=30 L h-1; CO3,inlet=17 mg L-1; pHi=5.2±0.4 

(unbuffered); pHf=4.75±0.1. 

The removal rate of CFX was considerably improved in the presence of ozone, due to 

the high reactivity of this molecule towards ozone. For comparison purposes, single 

ozonation in the CPC installation was conducted in the dark. As depicted in Fig. 6A, the 

application of only ozone was capable of oxidizing all the CFX in 10 min under the 

conditions applied. The addition of solar radiation led to an acceleration of the oxidation 

rate as CFX was completely removed in less time, 3 min. As a mere comparison tool, 422 
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the pseudo-first order rate constant of the three processes is calculated in time and 423 

absorbed energy units: 424 

CFX

UV

CFX
CFX

CFX kC
dQ

dC
orkC

dt

dC
 (22) 425 

426 

427 

428 

429 

430 

431 

432 

433 

434 

435 

436 

If irradiated systems are compared, photolytic ozonation (SR-O3) and photolysis (SR, 

second decay after 30 first minutes) led to respective k values, kSR=1.08±0.05 kJ-1 L or 

0.148±0.009 h-1 and kSR-O3=658±38±0.05 kJ-1 L or 70±3 h-1. As single ozonation was 

conducted in the dark, only the temporal pseudo-first order constant can be calculated. 

The application of ozone led to a value of kO3=43±2 h-1. The application of O3 exerts 

much faster oxidation than solar photolysis, and the join of these two improves the 

results. Only 38% of synergism percentage calculated as [kSR-O3-(kSR+kO3)]/kSR-O3 is 

registered. 

The ozone consumption is a better parameter to understand how ozone uptake is 

harvested in both systems instead of time units. The ozone consumption was determined 

as the transferred ozone dose (TOD) which represents the accumulated amount of ozone 

that is consumed by the aqueous solution in a given time, t [31]: 437 
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  (23) 438 
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444 

where QGAS stands for the gas flow rate, V the liquid volume, CO3,g,inlet and CO3,g,out the 

ozone concentration entering and leaving the reactor, respectively. The results are 

shown in the Fig. 6. The Fig. 6A shows a lower ozone consumption. For a complete 

removal of CFX only 1 mg O3 L
-1 was consumed if solar radiation was accomplished to 

ozonation. Single ozonation required a larger O3 dose, i.e. 8.6 mg O3 L-1. These 

facts confirms the enhanced effect of radiation that promotes the oxidation of CFX 

by the indirect pathway of ozonation, that means the formation of powerful 

radicals, HO• 

445 



446 mainly, that present higher reactivity (second order rate constant kCFX, HO•=1.2 x 1010 

M-
1 s-1 [32]). 447 
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Figure 6. Cefuroxime removal in ultrapure water by solar photo-assisted ozonation 

in the CPC reactor as a function of the Transferred Ozone Dose (TOD). Cefuroxime 

(A) and mineralization (B) evolution as a function of TOD. Experimental 

conditions as shown in the Fig. 6. 

The kinetics in the photo-reactor was simulated by determining the partial 

contributions of the individual processes, i.e. photolysis and ozonation. Firstly, the 

kinetics of the photolysis of cefuroxime can be described by the following expression 

based on the Lambert-Beer law [33]: 456 
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(24) 457 

458 

459 

460 

461 

i i i iC C   

where CFX is the photochemical reaction quantum yield, εCFX the extinction coefficient, 

I0 the incident radiation on the CPC glass tubes, Ci the concentration of the radiation 

absorbing species, and L the effective path of radiation in the photo-reactor (21% of the 

inner diameter of the CPC pipe [34]). Assuming that the main absorbance substance is 

the parent compound, i.e. CFX, then . The previous assumption is based 462 
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463 

464 

on the fact that intermediates are generated in a smaller concentration than CFX. Taking 

into account an average value for εCFX (2382 M-1 cm-1) and I0 (4.06 10-5 Einstein L 

s-1) within the range 320-337 nm , the eq. (24) can be analytically solved to give [35]: 465 
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where . From the fitting of experimental data to eq. (25), the average 

value within 320-337 nm of the quantum yield for CFX was found to be CFX=1.44 10-4 

mol Einstein-1. No reported values in the literature for CFX are available. Nevertheless, 

this value is lower than other average quantum yields reported for 

cephalosporin antibiotics [36] under solar radiation using the whole solar spectrum 

(295-800 nm). It must be considered that the cut-off of the glass tubes of the photo-

reactor limits the radiation absorption to 320-337 nm and this aspect is likely the 

reason of a lower quantum yield calculated in this work. 

Secondly, the Eq. (15) for the ozonation in the fast instantaneous kinetic regime was 

used to fit the experimental data of ozonation in the CPC photo-reactor. Then, the 

volumetric mass transfer coefficient, kLa, was estimated by fitting the Eq. (15) to 

the ozone experimental results. Since the reaction between ozone and CFX is 

instantaneous, hydroxyl radical contribution to remove CFX was assumed negligible. 

Accordingly, the kLa was found to be 1.37 x 10-3 s-1. 

The CFX removal rate by solar photolytic ozonation (rCFX,SR+O3) can be 

expressed according to the Eq. (26) in which photolysis (rCFX,SR), ozone (rCFX,O3) 

and hydroxyl radical (rCFX,HO•) contributions are considered: 483 

, , ,3 3 ,CFX SR O CFX SR CFX O CFX HO
r r r r    (26) 484 

with the hydroxyl radical contribution rate given by the Eq. (27): 485 
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where kCFX,HO• and CHO• are the rate constant of the CFX-HO reaction and the 

concentration of hydroxyl radicals, respectively. The degradation rate of CFX 

by photolytic ozonation (rCFX,SR+O3) was calculated from the experimental data. The 

Eqs. (25) and (15) were used for the estimation of the contribution of 

photolysis and

ozonation, respectively. Considering the second-order rate constant for HO• reaction, 

kCFX, HO•=1.2 x 1010 M-1 s-1 [32], the steady state concentration of HO• was 

obtained, CHO•=3.90 x 10-14 M. Moreover, the relative importance of hydroxyl 

radical was confirmed by calculating the overall ratio of this contribution, rCFX,HO•/

rCFX,SR+O3=55%. Over a half of the kinetic contribution of CFX removal was due to 

hydroxyl radical action. 

Greater differences are appreciated in terms of mineralization, see the Fig. 6B. 

Photolytic ozonation was capable of achieving approximately 40% of TOC removal 

after 2 h reaction whereas in the absence of radiation ozone only led to 15% of 

mineralization. It is noteworthy to say, that ozonation mineralization degree 

was inhibited since the first 15 min while the addition of radiation to the ozonation 

system conducted to a gradual increase of mineralization percentage due to the ability 

of UVA radiation to enhance the ozone decomposition in water for  producing 

hydroxyl radical in a greater extent [13]. The better use of the consumed ozone is also 

appreciated when analyzing the evolution of TOC removed as a function of TOD. 

The simultaneous application of ozone and solar radiation led to a 41% mineralization 

with a TOD=80 mg O3 L
-1 whereas single ozonation only led a 17% of mineralization 

under the same TOD. This difference is undoubtedly due to the larger amount of HO• 

generated that increases the TOC removal rate. Further analysis of the nature of the 

remaining TOC was carried out by monitoring the release of short organic acids. Acetic, 

formic, pyruvic, and oxalic 

510 



511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

acids were mainly detected during the oxidation of CFX. As shown in Fig. 7, the major 

differences account for acetic acid. Photo-ozonation produces a higher amount of acetic 

acid than the application of ozone alone (~5 vs 2.7 mg L-1). Moreover, the release of the 

organic nitrate from CFX molecule (4 N atoms per molecule) was complete after 90 min 

with the joint application of radiation and ozone. In the absence of solar radiation, after 

120 min of treatment, still, an extra 12% of nitrate was expected to be released. If 

profiles of nitrate and acetic acid during ozonation are analyzed, it is observed that, due 

to their temporal evolution, the release trends of nitrate and acetic acid are similar. The 

rest of the organic acids, formic, pyruvic, and oxalic, are generated, approximately, at 

the same extent in both processes. However, the solar photo-ozonation achieves a 

maximum acid concentration in the first 15 min followed by a slow decrease afterward. 

The temporal evolution of the percentage of the detected organic acids accounting for 

the TOC (AOTOC) indicates a final 42% for photo-ozonation and 27% in ozonation. In 

the case of photo-ozonation, that means that more organic acids without N in their 

structure are still present in the solution. In the case of single ozonation, besides, 

nitrogenized organic species are still present in the solution. The evolution of the sulfate 

released also shows differences between single ozonation and photolytic ozonation, (see 

Fig. 7). CFX molecule contains one S atom as heteroatom in a ring that is susceptible to 

oxidation as previously suggested from the identification of first oxidation products. 

Over 96% of S contained in the CFX molecule was transformed into sulfate with 

combined ozone and solar radiation whereas with single ozonation barely reached 54%. 

This is another extra evidence of lesser mineralization ability of single ozonation 

application. The addition of radiation results beneficial to increase mineralization and 

release inorganic species in their highest oxidation state, i.e. nitrogen as nitrate and 

sulfur as sulfate. 535 



536 

Figure 7. Cefuroxime removal in ultrapure water by solar photo-assisted ozonation in 537 

the CPC reactor. Evolution of short organic acids (OA), percentage of OA accounting in 538 

TOC (OATOC), and percentage of nitrate released during (A) single ozonation and (B) 539 

solar photolytic ozonation. Experimental conditions as shown in Fig. 6. 540 

The removal efficiency of CFX was further assessed in a Simulated Urban 541 

WasteWater matrix (SUWW, see characterization in Table 1) with a lower 542 

concentration of CFX, i.e. 1 mg L-1. From Fig. 8A, less difference between ozonation 543 

and photolytic ozonation can be appreciated if compared to previous tests in ultrapure 544 

water during the evolution of the remaining concentration of CFX, completely removed 545 

in 10 min. Different plausible explanations may contribute to the description of this less 546 

efficient behavior in the SUWW matrix. The competition for the absorption of light by 547 
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the Dissolved Organic Matter (DOM) present in the SUWW may lead to a less efficient 

decomposition of O3 into radicals; or the competition of CFX and DOM or inorganic 

carbon for the extra reactive species, i.e. hydroxyl radical, generated during photolytic 

ozonation are the most common reasons. Comparing the pseudo-first order rate 

constants, photolysis (SR) and photolytic ozonation (SR-O3) led to respective k values, 

kSR=2.1±0.1 kJ-1 L or 0.37±0.07 h-1 and kSR-O3=137±11 kJ-1 L or 28±32 h-1. As single 

ozonation was conducted in the dark, only the temporal pseudo-first order constant can 

be calculated. The application of ozone led to a value of kO3=23±1 h-1. The little 

difference (23 vs. 28 h-1) of the pseudo rate constants decreases the 

synergism percentage if compared to the ultrapure water scenario, 10% (SUWW) 

vs. 38% (UP water). In terms of TOD, the comparison of single ozonation and photo-

ozonation led to less differences in SUWW matrix if compared to ultrapure water, as 

shown in the Fig. 9. 560 

561 

Figure 8. Cefuroxime removal in SUWW by solar photo-assisted ozonation in the CPC 562 

reactor. A, Normalized evolution of CFX concentration with time; B, mineralization 563 

evolution. C, temporal evolution of released H2O2. Experimental conditions: V=5.0 L; 564 

CCFX,0 =1.4±0.4 mg L-1; CTOC,0=16.6±2.0 mg L-1; QGAS=30 L h-1; CO3,inlet=17 mg L-1; 565 

pHi=7.0±0.5. 566 
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Figure 9. Cefuroxime removal in SUWW by solar photo-assisted ozonation in the CPC 

reactor as a function of the Transferred Ozone Dose (TOD). Cefuroxime (A) 

and mineralization (B) evolution as a function of TOD. Experimental conditions as 

shown in Fig. 8. 

Significant differences were appreciated by monitoring TOC evolution in both 

systems. The photolytic ozonation process led to 55% of mineralization in 2 hours 

whereas single ozonation resulted in negligible oxidation of the organic matter present 

in the SUWW matrix. The Fig. 10 shows the temporal evolution of global TOC and the 

accounting amount of short organic acids, i.e. formic, acetic, and oxalic. It is observed 

that photolytic ozonation results more effective to transform the organic content of the 

SUWW matrix mainly given the fact that contribution of CFX oxidation to this content 

is practically negligible, e.g. initial CFX concentration of 1 mg L-1. Single ozonation 

displayed the ability to partially oxidize  DOM into the mentioned organic acids due to 

the low reactivity of ozone molecule towards these molecules [37] and the low potential 

of single ozonation to produce hydroxyl radicals. However, the addition of 

solar radiation triggers an effective decomposition of ozone molecule into hydroxyl 

radicals which explains the higher mineralization degree registered. Regarding 

comparison of the mineralization evolution versus the TOD, (see the Fig. 9), a 

more efficient 
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consumption of the ozone transferred in the photolytic ozonation process is observed 586 

with 55% of mineralization and a ~75 mg O3 L
-1 TOD. 587 
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Figure 10. Cefuroxime removal in SUWW by (A) ozonation and (B) solar photo-

assisted ozonation in the CPC reactor. Evolution of TOC fractions. 

Experimental conditions as shown in Fig. 8. 

 The formation of H2O2 is well known in ozone-based processes. Ozone can be 

generated during ozone photolysis [11,13] and more importantly during the ozone 

attack to organic molecules containing unsaturated groups or aromatic rings [38]. The 

ozonation of DOM present in the SUWW led to a gradual H2O2 release reaching a 

maximum concentration of ca. 4 mg L-1. However, when solar radiation was added, the 

released H2O2 profile followed a maximum (around 1.5 mg L-1) to almost been 

completely removed after 2 h (see Fig. 8C). The UV component of solar 

radiation, especially at wavelength below 360 nm [39], contributes to the 

photolysis of H2O2 which supposes an additional source of HO• formation and explains 

the decay observed during photolytic ozonation. 601 
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CONCLUSIONS 602 

Cefuroxime is a molecule with a high reactivity towards the ozone molecule. The 603 

stoichiometric ozonation ratio was estimated as zO3=1.00 ± 0.06 (mol O3 per mol 604 

cefuroxime) and the second-order rate constant in the range 1.50 x 106 – 4.69 x 106 M-1 605 

s-1 for the non-dissociated and dissociated, respectively, cefuroxime molecule. Under606 

607 
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610 
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612 
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615 
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617 

618 

619 

620 

621 

622 

623 

624 

the operating conditions applied in this study, the ozone absorption rate followed 

the fast instantaneous kinetic regime. The rate of the ozonation process was 

exclusively controlled by the diffusion rate of reactants, ozone and the antibiotic, 

through the liquid film and the reaction develops inside the film layer close to the gas-

water interface. The intermediates detected included hydroxylation of the initial 

molecule, rupture of amide bridge, and oxidation of the bi-substituted sulfide. 

Photolytic ozonation is a feasible technology to address the removal of target 

microcontaminants as cefuroxime in the wastewater matrix by photo-ozonation in a 

solar pilot plant by the sole action of solar radiation either for irradiating the solar 

collector reactor and supplying energy requirements of the plant. Therefore, solar 

radiation could be use not only to enhance ozonation effects but also for 

electrical energy requirements, maintenance costs would be highly reduced and the 

increase of mineralization would be useful to treated wastewater for reuse 

purposes. The simultaneous application of ozone resulted positive to enhance 

the removal of cefuroxime, just partially due to the high reactivity of cefuroxime 

towards molecular ozone. However, the mineralization extent was considerably 

high for the hybrid technology (55% in wastewater matrix). The higher release of 

sulfate and faster of nitrate also supported the higher mineralization power of the 

photo-ozonation system. Single ozonation presented a low mineralization ability in 

ultrapure water (15%), but it 

625 



was completely inefficient in the wastewater matrix in which only partial oxidation to 626 

accumulated short organic acids was monitored. 627 
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