
Accepted Manuscript

Removal of pharmaceuticals from wastewater by biological processes, hydro‐
dynamic cavitation and uv treatment

Mojca Zupanc, Tina Kosjek, Martin Petkovšek, Matevž Dular, Boris Kompare,
Brane Širok, Željko Blažeka, Ester Heath

PII: S1350-4177(12)00277-5
DOI: http://dx.doi.org/10.1016/j.ultsonch.2012.12.003
Reference: ULTSON 2241

To appear in: Ultrasonics Sonochemistry

Received Date: 19 September 2012
Revised Date: 7 December 2012
Accepted Date: 14 December 2012

Please cite this article as: M. Zupanc, T. Kosjek, M. Petkovšek, M. Dular, B. Kompare, B. Širok, Ž. Blažeka, E.
Heath, Removal of pharmaceuticals from wastewater by biological processes, hydrodynamic cavitation and uv
treatment, Ultrasonics Sonochemistry (2012), doi: http://dx.doi.org/10.1016/j.ultsonch.2012.12.003

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.ultsonch.2012.12.003
http://dx.doi.org/http://dx.doi.org/10.1016/j.ultsonch.2012.12.003


  

REMOVAL OF PHARMACEUTICALS FROM WASTEWATER BY BIOLOGICAL 1 
PROCESSES, HYDRODYNAMIC CAVITATION AND UV TREATMENT 2 

Mojca Zupanca,b,c, Tina Kosjeka, Martin Petkovšekd, Matevž Dulard, Boris Komparee, Brane 3 
Širokd, Željko Blažekac and Ester Heatha,b 4 

a Jožef Stefan Institute, Department of Environmental Sciences, Ljubljana, Slovenia 5 
b Jožef Stefan International Postgraduate School, Ljubljana, Slovenia 6 
c Institute for Ecological Engineering, Maribor, Slovenia  7 
d Faculty of Mechanical Engineering, University of Ljubljana, Ljubljana, Slovenia 8 
e Faculty of Civil and Geodetic Engineering, University of Ljubljana, Ljubljana, Slovenia  9 
 10 

ABSTRACT 11 

To augment the removal of pharmaceuticals different conventional and alternative 12 
wastewater treatment processes and their combinations were investigated. We tested the 13 
efficiency of (1) two distinct laboratory scale biological processes: suspended activated 14 
sludge and attached-growth biomass, (2) a combined hydrodynamic cavitation - hydrogen 15 
peroxide process and (3) UV treatment. Five pharmaceuticals were chosen including 16 
ibuprofen, naproxen, ketoprofen, carbamazepine and diclofenac, and an active metabolite of 17 
the lipid regulating agent clofibric acid.  18 
Biological treatment efficiency was evaluated using lab-scale suspended activated sludge 19 
and moving bed biofilm flow-through reactors, which were operated under identical 20 
conditions in respect to hydraulic retention time, working volume, concentration of added 21 
pharmaceuticals and synthetic wastewater composition. The suspended activated sludge 22 
process showed poor and inconsistent removal of clofibric acid, carbamazepine and 23 
diclofenac, while ibuprofen, naproxen and ketoprofen yielded over 74 % removal. Moving 24 
bed biofilm reactors were filled with two different types of carriers i.e. Kaldnes K1 and Mutag 25 
BioChipTM and resulted in higher removal efficiencies for ibuprofen and diclofenac. 26 
Augmentation and consistency in the removal of diclofenac were observed in reactors using 27 
Mutag BioChipTM carriers (85 % ± 10 %) compared to reactors using Kaldnes carriers and 28 
suspended activated sludge (74 % ± 22 % and 48 % ± 19 %, respectively). To enhance the 29 
removal of pharmaceuticals hydrodynamic cavitation with hydrogen peroxide, process was 30 
evaluated and optimal conditions for removal were established regarding the duration of 31 
cavitation, amount of added hydrogen peroxide and initial pressure, all of which influence the 32 
efficiency of the process. Optimal parameters resulted in removal efficiencies between 3 - 70 33 
%. Coupling the attached-growth biomass biological treatment, hydrodynamic 34 
cavitation/hydrogen peroxide process and UV treatment resulted in removal efficiencies of > 35 
90 % for clofibric acid and > 98 % for carbamazepine and diclofenac, while the remaining 36 
compounds were reduced to levels below the LOD. For ibuprofen, naproxen, ketoprofen and 37 
diclofenac the highest contribution to overall removal was attributed to biological treatment, 38 
for clofibric acid UV treatment was the most efficient, while for carbamazepine hydrodynamic 39 
cavitation/hydrogen peroxide process and UV treatment were equally efficient. 40 
 41 
Highlights  42 

  Higher removal of ibuprofen and diclofenac in attached-growth biomass vs. 43 
suspended activated sludge process  44 

  First study on removal of clofibric acid, ibuprofen, ketoprofen, naproxen, diclofenac 45 
using a hydrodynamic cavitation/H2O2  46 

  Recalcitrant carbamazepine susceptible to hydrodynamic cavitation/hydrogen 47 
peroxide process 48 

  � 98 % removal for most pharmaceuticals by sequentially coupling biological, 49 
hydrodynamic cavitation and UV treatment 50 



  

 51 
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Abbreviations 57 

WWTP wastewater treatment plant 58 

MBBR  moving bed biofilm reactor 59 

AOP   advanced oxidation process 60 

HC   hydrodynamic cavitation 61 

AC  acoustic cavitation 62 

HC/H2O2     hydrodynamic cavitation with addition of hydrogen peroxide 63 

CLA   clofibric acid 64 

IB   ibuprofen 65 

NP   naproxen 66 

KP   ketoprofen 67 

DF   diclofenac 68 

CBZ   carbamazepine  69 

IB-d3  (±)-ibuprofen-d3 (α-methyl-d3) 70 

CBZ-d10 carbamazepine-d10 (rings-d10) 71 

KP-d3   (±)-ketoprofen (α-methyl-d3) 72 

MEC-d3 mecoprop-d3 73 

MTBSTFA N-(t-butyldimetylsilyl)-N-methyltrifluoroacetamid  74 

SPE solid phase extraction 75 

GC-MS gas chromatography-mass spectrometry 76 

LOD  limit of detection 77 

ASR   activated sludge reactor 78 

ASR0  control suspended activated sludge reactor (without addition of 79 
pharmaceuticals)  80 

ASR1, ASR2  two parallel suspended activated sludge reactors (with addition of 81 
pharmaceuticals) 82 

K0   control moving bed biofilm reactor filled with Kaldnes carriers (without addition 83 
of pharmaceuticals) 84 



  

K1, K2  two parallel moving bed biofilm reactors filled with Kaldnes carriers (with 85 
addition of pharmaceuticals) 86 

M0  control moving bed biofilm reactor filled with Mutag BiochipTM carriers (without 87 
addition of pharmaceuticals) 88 

M1, M2   two parallel moving bed biofilm reactors filled with Mutag BiochipTM carriers   89 
(with addition of pharmaceuticals) 90 

COD chemical oxygen demand 91 

PE population equivalent 92 
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1. INTRODUCTION 117 

New emerging pollutants like pharmaceuticals have been in the spotlight of the scientific 118 
community for some time [1-5]. These compounds are currently not, but may in the future 119 
become part of routine monitoring programmes, depending on an assessment of their 120 
environmental impact [6]. Pharmaceuticals are used for human and veterinary purposes and 121 
in animal husbandry [2] and after accomplishing their mission in target organisms they are 122 
excreted in faeces or/and urine as either parent compounds or as metabolites, which can 123 
then enter the aquatic environment via treated or even untreated wastewater discharge [7].  124 
Studies have proven that some pharmaceuticals are resistant to conventional biological 125 
treatment processes used by municipal wastewater treatment plants (WWTPs) and are 126 
subsequently found globally in treated wastewater effluents in concentrations from low ng L-1 127 
to µg L-1 [8-11]. In addition, poor removal of carbamazepine (� 16%) [3], [12], [13] clofibric 128 
acid (� 35 %) [14-15] and inconsistent removal of diclofenac (3-70 %) [9], [12], [16-17] during 129 
conventional biological treatment are reported. Researches also reveal the detrimental 130 
effects that these compounds can have on aquatic organisms [18-20]. Diclofenac, for 131 
example, causes cytological changes and bioaccumulates in the liver, kidneys and gills of the 132 
rainbow trout (Oncorhynchus mykiss) [21]. Similar effects are also observed in carp 133 
(Cyprinus carpio) after exposure to carbamzepine [22]. Such studies confirm the need to 134 
upgrade conventional biological wastewater treatment. One option is to replace suspended 135 
activated sludge with an attached-growth biomass process, such as moving bed biofilm 136 
reactor (MBBR) technology, where biomass grows on specially designed “carriers” that move 137 
freely within the reactor’s water volume providing a much greater surface area on which a 138 
biofilm can grow [23-24]. The advantages of the MBBR include its simplicity, compactness, 139 
growth of aerobic and anaerobic organisms in the same system and negligible hydraulic 140 
headlosses [24-25]. Fålas and co-workers [26] report higher removal efficiencies of 141 
pharmaceuticals using a process comparable to a suspended activated sludge process albeit 142 
Joss et al., [27] conclude that no significant difference exists between them. Despite these 143 
contradictory results we believe this technology is worthy of further investigation.  144 
Further improvement to biological wastewater treatment can also be obtained by adopting 145 
novel treatment technologies that may prove more efficient and less time consuming. 146 
Nowadays, attention has turned to special oxidation techniques known collectively as 147 
advanced oxidation processes (AOPs) [28]. These include technologies based on UV, 148 
Fenton, cavitation (acoustic and hydrodynamic), radiation and wet air oxidation [28-29]. In an 149 
AOP, powerful oxidizing species e.g. hydroxyl radicals (•OH) are formed. Compared to other 150 
oxidants like O3, H2O2 and KMnO4, •OH are among the strongest oxidizing species commonly 151 
used for water and wastewater treatment (Table 1). They readily and non-selectively attack 152 
organic compounds present in effluent waters and accelerate the rate of contaminants 153 
oxidation, preferably resulting in their complete mineralisation [28], [30]. 154 
 155 
Table 1 156 
Oxidation potentials of different oxidants used in water treatment (adapted from [29]) 157 
 158 
*** Insert Table 1 here *** 159 
 160 
AOPs can be used for treatment of different water matrices including groundwater, industrial 161 
and municipal wastewater, drinking water, landfill leachate and surface water. They are used 162 
to remove bio-refractory and toxic compounds in waters with CODs from 0 to 3000 mg L-1 163 
and effluent flow rate from 0.5 to 1000 m3 h-1 (see Supplementary data Suppl. 1). Studies 164 
regarding AOPs are usually performed on either bench or pilot scale, but there are some 165 
commercial full-scale applications (see Supplementary data Suppl. 2) 166 
Cavitation, which is another AOP, is a physical phenomenon, where the formation, growth 167 
and subsequent collapse of small bubbles and bubble clusters in a liquid releases high 168 
amounts of energy [28]. In hydrodynamic cavitation (HC), bubble inception and collapse is 169 
the result of an increase in fluid velocity and accompanied decrease in static pressure. This 170 



  

phenomenon can occur when the fluid passes through a constriction - e.g. valves [28], [31], 171 
or gets a rotational impulse as in the case of hydraulic machines. High local temperatures of 172 
5000 K, which are generated during the process, lead to the formation of •OH after homolytic 173 
cleavage of water molecules [32]. The destruction of organic compounds in the liquid can 174 
therefore occur via two pathways: (i) free radical attack that can take place in the cavitation 175 
bubble, on the interface between the bubble and the surrounding area and in the bulk 176 
solution or (ii) pyrolysis inside or near the bubble [28], [30]. Which of the two mechanisms 177 
predominates depends on the properties of the compound and cavitation pattern and 178 
intensity [28]. An AOP combed with HC and the use of different sources of radicals (i.e. 179 
hydrogen peroxide or ozone), can augment the amount of radicals formed during cavitation 180 
[33], which can influence removal, if pharmaceuticals are removed via the first pathway. 181 
When compared to acoustic cavitation (AC), Braeutigam et al. [32] state that HC has several 182 
advantages over AC including lower investment costs and easier scale-up. Its cost-183 
effectiveness compared to other treatment technologies requires further cost benefit analysis. 184 
In addition, studies optimising the removal of pharmaceutical residues with HC are still 185 
needed. To our knowledge only one published study [32] exists regarding the removal of 186 
pharmaceuticals, e.g. carbamazepine using HC, where 27 % removal was achieved.  187 
 188 
Some recalcitrant pharmaceuticals are also susceptible to photo degradation. For example 189 
more than 90 % removal efficiencies were achieved for clofibric acid and diclofenac by UV 190 
irradiation in wastewater effluents [34]. Further improvements are possible by combining UV 191 
irradiation with H2O2. For carbamazepine removal efficiency of up to 95 % were achieved by 192 
adding H2O2 as compared to less than 10 % without H2O2 [35].  193 
 194 
The compounds investigated herein include four nonsteroidal anti-inflammatory drugs: 195 
ibuprofen, naproxen, ketoprofen and diclofenac, the antiepileptic carbamazepine and the 196 
active metabolite of the lipid modifying drugs clofibric acid. Our main objectives were to: (i) 197 
improve the removal efficiencies of selected compounds during biological treatment by 198 
attached-growth (biofilm) processes; (ii) study HC/H2O2 process as a possible technology for 199 
upgrading wastewater treatment; and (iii) improve removal efficiency by sequentially coupling 200 
biological treatment, HC/H2O2 and UV treatment.  201 
 202 
 203 

2. MATERIALS AND METHODS 204 
 205 
2.1 Standards and chemicals 206 

Clofibric acid (CLA), ibuprofen (IB), naproxen (NP), ketoprofen (KP) and diclofenac (DF) 207 
were purchased from Sigma–Aldrich (Steinheim, Germany). All compounds were of high 208 
purity (� 97 %). Carbamazepine (CBZ) (99 %) was purchased from Acros Organics (New 209 
Jersey, USA). The isotopically labelled internal standards (±)-ibuprofen-d3 (α-methyl-d3) (IB-210 
d3), carbamazepine-d10 (rings-d10) (CBZ-d10) and (±)-ketoprofen (α-methyl-d3) (KP-d3) were 211 
obtained from CDN Isotopes (Quebec, Canada), while mecoprop-d3 (MEC-d3) was obtained 212 
from Dr. Ehrenstorfer (Augsburg, Germany). N-(t-butyldimetylsilyl)-N-methyltrifluoroacetamid 213 
(MTBSTFA), used for derivatisation, was supplied by Acros Organics (New Jersey, USA). 214 
Analytical grade methanol, acetonitrile and ethyl acetate were purchased from J.T.Baker 215 
(Deventer, the Netherlands). The same applies for 37 % hydrochloric acid (AppliChem, 216 
Darmstadt, Germany), 96 % sulphuric acid (Carlo Erba, Milan, Italy), sodium hydroxide-217 
pellets (AppliChem, Darmstadt, Germany) and 30 % hydrogen peroxide (Merck, Darmstadt, 218 
Germany). Potassium dichromate was purchased from Riedel-de-Haën, Hannover, Germany. 219 
All standard solutions were prepared in methanol, except for the HC/H2O2 process when 220 
methanol was replaced by acetonitrile. The composition of synthetic wastewater is described 221 
elsewhere [36].  222 
 223 
 224 



  

2.2 Sample preparation and instrumental analysis  225 

Prior to analysis, 200 mL samples were filtered through glass microfiber filters (Machery 226 
Nagel, Dueren, Germarny), 1.2 μm cellulose nitrate filters (Whatman, Kent, UK) and acidified 227 
to pH 2-3 with HCl. Internal standards were then added to give final concentrations of 0.15 228 
μg L-1 IB-d3, 1 μg L-1 CBZ-d10, 0.5 μg L-1 KP-d3 and 0.75 μg L-1 MEC-d3. Solid phase 229 
extraction (SPE) was performed using 60mg/3mL Oasis®HLB cartridges (Waters Corporation, 230 
Massachusetts, USA) preconditioned with 3 mL of ethyl acetate, methanol and acidified 231 
water. After enrichment, the cartridges were vacuum-dried and eluted with ethyl acetate (3 x 232 
1 mL). The extracts were reduced in volume to approx. 0.5 mL, quantitatively transferred to 233 
GC-vials, dried under a gentle flow of nitrogen and re-dissolved in ethyl acetate (0.5 mL). 234 
Prior to analysis 30 μL MTBSTFA was added to the samples and derivatisation was 235 
performed at 60 °C for 15 hours. 236 
 237 
The samples were analysed by gas chromatography-mass spectrometry (GC-MS). The 238 
instrument was a HP 6890 (Hewlett-Packard, Waldbronn, Germany) gas chromatograph with 239 
a single quadrupole mass detector. Separation was achieved on a DB-5 MS (30.0 m x 0.25 240 
mm x 0.25 µm) capillary column (Agilent J&W, CA, USA) with helium as the carrier gas (37 241 
cm s-1). 1 µL samples were injected in splitless mode at 250°C. The temperature programme 242 
of the GC oven was initially set at 65 °C held for 2 min and then ramped at 30 °C min-1 to 180 243 
°C, at 10 °C min-1 to 240 °C, at 4 °C min-1 to 249 °C, held for 3 min, ramped at 5 °C min-1 to 244 
254 °C, at 40 °C min-1 to 300 °C and held for 2 min with 1 min post run. The MS was 245 
operated in EI ionisation mode at 70 eV. Identification of pharmaceutical derivatives was 246 
made in SIM mode by monitoring the following ions: m/z 271,185, 143 for CLA, m/z 263, 205 247 
for IB, m/z 287, 185, 272 for NP, m/z 311, 295 for KP, m/z 193, 293, 250 for CBZ, m/z 352, 248 
354, 214 for DF, m/z 274, 231 for MEC- d3, m/z 266 for IB-d3, m/z 314, 298 for KP-d3 and 249 
m/z 203, 303 for CBZ-d10. Quantification was performed using ions written in bold text. The 250 
data was processed using Chemstation software.  251 
 252 
 253 
2.3 Analytical method validation 254 

Method validation involved determining SPE efficiency, limits of detection (LOD) and linearity. 255 
SPE efficiency was performed at concentrations of 1 μg L-1. Limits of detection were 256 
calculated as 3-times the standard deviation of the base line of six blank samples while 257 
linearity was assessed in terms of the coefficient of determination (r2). Effluents from the 258 
control bioreactors (ASR0, K0 and M0) were used as matrices and the matrix effect was 259 
assessed by comparing the results to those obtained using deionised water. 260 
 261 
 262 
2.4 Biological treatment  263 

2.4.1 Suspended activated sludge reactors (ASRs) 264 
Experiments were performed in two 4 L flow-through rectangular reactors (ASR1 and ASR2) 265 
into which test compounds were continuously added in concentrations relevant for 266 
wastewater effluents (1 µg L-1). A control bioreactor (ASR0) was also set up. Each bioreactor 267 
was divided into anoxic (0.725 L), aerated (2.55 L) and a settlement (0.725 L) compartment.   268 
From the settlement tank the biomass was re-introduced into the anoxic compartment using 269 
an aquarium water pump. The aeration and mixing of the biomass were achieved using an 270 
aquarium air pump (Airfizz 259 200, Ferplast, Castelgomberto, Italy, 100 L h-1) and a porous 271 
stone. More detailed design is described elsewhere [35]. After start-up, the reactors were 272 
initially fed with 2 L of synthetic wastewater per day without the addition of test compounds 273 
for 6 months to allow biomass growth to stabilize at approximately 6.5 g L-1. Afterwards, a 274 
mixture of the test compounds was continuously added into the reactor influents. Hydraulic 275 
retention time was 48 h. The biomass used in the experiments originated from a real 276 



  

wastewater treatment plant and a one month period of adaptation to the addition of 277 
pharmaceuticals was allowed prior to sampling.  278 
 279 
2.4.2 Moving bed biofilm reactors (MBBRs) 280 
Experiments were performed in aerated 4 L cylindrical reactors. Two types of carriers (shown 281 
in Supplementary data Suppl. 3), differing in shape, structure, size and surface area were 282 
investigated separately. Polyethylene Kaldnes K1 carriers (10 mm in diameter and 7 mm 283 
wide), with an effective specific surface area of 500 m2 m-3, were manufactured by Kaldnes 284 
Miljøtehnologi AS, Norway. Mutag BioChipTM carriers, made of polyethylene and with an 285 
effective specific surface area of 3000 m2 m-3. These were kindly donated by Multi 286 
Umwelttechnologie AG (Sachsen, Germany). According to manufacturers recommendations 287 
the carriers occupied approx. 30 % and 5 % of the reactor volume, giving a specific surface 288 
area of 150 m2 m-3. The aeration and homogeneous mixing of carriers in the entire water 289 
volume was achieved by aquarium air pump and a porous stone. Loss of carriers was 290 
prevented by a sieve arrangement at the outlet of bioreactors. The excess sludge produced 291 
during the experiments was not returned to the bioreactor as was the case with the ASRs. 292 
The same biomass as mentioned in Section 2.4.1 was used. All experiments were performed 293 
in parallel (K1 and K2 for Kaldnes carriers and M1 and M2 for Mutag BioChipTM carriers). For 294 
each type of carrier control reactors were set up (K0 for Kaldnes carriers and M0 for Mutag 295 
BioChipTM carriers). The operational conditions including biomass adaptation, hydraulic 296 
retention time, concentration of added pharmaceuticals and composition of synthetic 297 
wastewater are described in Section 2.4.1.  298 
 299 
Removal efficiencies, in both ASRs and MBBRs, were determined as the difference between 300 
concentrations of the target compounds in the influent and effluent samples using Eq. (1):  301 
 302 

Removal (%)                        303 
(1) 304 
 305 
where removal (%) is the removal efficiency, Ceffl is the concentration of the pharmaceutical 306 
in the effluent and Cinfl is the concentration of the same pharmaceutical in the influent. 307 
Comparisons of removal efficiencies of all tested pharmaceuticals between different reactors 308 
were evaluated with an independent Student’s t-test. 309 
 310 
2.4.3 Determination of nitrogen species, chemical oxygen demand, dissolved oxygen, pH 311 
and biomass concentrations 312 
Besides determining the removal of target pharmaceuticals, the performance of the 313 
bioreactors was also assessed by observing the decrease in chemical oxygen demand (COD) 314 
and after filtration, the concentrations of NO3-N, NO2-N and NH4-N were measured to confirm 315 
the nitrification process. To take into account the hydraulic retention time, influent samples 316 
were taken 48 hours prior to the corresponding effluents. All samples were analysed 317 
immediately after sampling. In addition pH, temperature, dissolved oxygen and biomass 318 
concentration (i.e., suspended solids for ASRs and attached solids for MBBRs) data were 319 
also collected. In the case of ASRs dissolved oxygen is given as an average concentration of 320 
measurements in all three compartments.  321 
 322 
The COD and nitrogen species were determined using a DR/2800 spectrophotometer and Dr. 323 
Hach-Lange cuvettes (Hach-Lange, Düsseldorf, Germany), LCK514, LCK 339, LCK341 and 324 
LCK302 in the case of influents and LCK314, LCK340, LCK342 and LCK303 in the case of 325 
effluents. Where necessary, samples were appropriately diluted. Dissolved oxygen levels 326 
and temperature were measured simultaneously using a HQ30d probe (Hach, Düsseldorf, 327 
Germany). The pH was measured using a pH meter (Thermo Fisher Scientific, Waltham, 328 
USA). 329 



  

  330 
The biomass concentration in the ASRs was determined by filtering 15 mL of sample through 331 
previously dried and weighed filters (glass microfiber filters), heated to constant weight at 332 
105 °C and calculated as the difference in weight prior to and after heating.  333 
 334 
The biomass concentration in the MBBRs was determined according to the 335 
recommendations of manufacturers. In the case of Kaldnes carriers, 3 carriers were dried at 336 
40 °C for 12 h and then allowed to cool in a desiccator before being weighed. Afterwards 337 
they were soaked in Cr-H2SO4 for 12 h and rinsed with deionised water, dried and weighed. 338 
In the case of the Mutag BiochipTM, 3 carriers were dried for 12 h at 80 °C, allowed to cool in 339 
a desiccator and weighed. Afterwards, they were soaked for 36 h in 5 % NaOH at 70 °C and 340 
then rinsed with deionised water, dried for 12 h at 80 °C and reweighed. In both cases the 341 
amount of attached biomass was determined as the difference between the two measured 342 
weights.  343 
 344 
 345 
2.5 Hydrodynamic cavitation  346 

The hydrodynamic cavitation reactor (HC reactor) shown in Fig. 1, consists of a 3-way valve, 347 
two 2 L reservoirs, and a symmetrical Venturi pipe with a constriction of 1 mm height and 5 348 
mm width, connecting both reservoirs. The HC reactor is operated in cycles. Water is 349 
introduced into the left reservoir, while the right one remains empty (state 1 in Fig. 1). By 350 
opening the valve, compressed air at high pressure flows into the left reservoir and forces the 351 
water to flow through the Venturi constriction into the right reservoir, where constant pressure 352 
is maintained at 1 bar. As the flow passes through the constriction, it accelerates, causing a 353 
drop in the static pressure which results in cavitation (state 2 in Fig. 1). The valve is 354 
electrically controlled - when a signal that the left tank is empty is received, it closes (state 3 355 
in Fig. 1.) and then opens the path for the compressed air to flow to the right reservoir and for 356 
water to flow in the opposite direction and consequently cavitation is achieved (state 4 in Fig. 357 
1). It is worth noting that in our experiments we added hydrogen peroxide in the treated water 358 
before the start of the cavitation pulses to augment the oxidation potential of the cavitation 359 
phenomena. 360 
 361 
*** Insert Figure 1 here *** 362 
 363 
Fig. 1. Cyclic operation of the HC reactor. 364 
 365 
A typical cavitation structure behind the Venturi constriction (state 4 in Fig. 1) is presented in 366 
Fig. 2. 367 
 368 
*** Insert Figure 2 here *** 369 

 370 
Fig. 2. A typical cavitation structure developed during the experiments 371 
 372 
Transfer of the reactor contents takes about 10 seconds. Operating the HC reactor in cycles 373 
allows a more accurate evaluation of the cavitation phenomena after the preset number of 374 
pulsations (cycles). The described set-up was used for detailed studies of how and to what 375 
extent the cavitation contributes to the removal of pharmaceuticals. This is why a pump was 376 
not included in the test loop, but pressure was used to force the treated water from one 377 
reservoir to the other. In this way possible cavitation or shear forces developed inside the 378 
pump cannot influence the results - thus all removal of pharmaceuticals can be contributed to 379 
cavitating conditions developed in the Venturi constriction. 380 
 381 
To optimise the cavitation process, preliminary experiments were performed on spiked 382 
deionised water (1 µg L-1 of target pharmaceuticals) and by varying the added amount of 383 



  

H2O2, the pressure difference between the reservoirs and the number of cycles. As a 384 
compromise between energy consumption, cost-effectiveness and the efficiency of the 385 
cavitation process the operational conditions were: addition of 20 mL 30 % H2O2 per 1 L 386 
sample, an initial pressure of 6 bar (5 bar pressure difference) and one hundred 20 s long 387 
cycles (30 min overall length) per experiment. The process was then tested on more complex 388 
matrices, e.g. biologically treated wastewater from K1, K2 and M1, M2 bioreactors. The 389 
performance of the HC/H2O2 process was evaluated by the efficiency of the removal of 390 
pharmaceuticals. 391 
 392 
  393 
2.6 UV treatment 394 

UV experiments were performed in a cylindrical glass reactor with 760 mL effective volume 395 
(Suppl. 4). The UV source was a monochromatic low pressure mercury lamp (254 nm, 6 W) 396 
purchased from Photochemical Reactors Ltd. (Great Britain). Homogenous mixing of the 397 
samples was achieved using a magnetic stirrer (400 rpm). Temperature during the 398 
experiments was maintained at 21-23 °C in a water cooled immersion well. Experiments 399 
were performed on biologically treated effluents (K1, K2 and M1, M2) from the MBBR, which 400 
were cavitated under optimised operational parameters (6 bar, 30 min; 20 mL 30 % H2O2). 401 
Similarly, as for the biological treatment and cavitation, the performance of UV treatment was 402 
evaluated by determining removal efficiency of pharmaceuticals. The duration of the UV 403 
experiment was 30 minutes, which was selected based on our preliminary experiments (data 404 
not shown). 405 
 406 
 407 
3 RESULTS AND DISCUSSION 408 
 409 
3.1 Analytical method validation 410 

The SPE efficiency was > 81 % for all tested compounds in all matrices and the linearity was 411 
r2 � 0.98. Considering the linearity and the SPE efficiency the bioreactor effluents are 412 
comparable to deionised water. The same goes for most determined LODs except in the 413 
case of CLA, where lower LOD was determined in deionised water. Results are presented in 414 
Table 2.  415 
 416 
Table 2 417 
Results of analytical method validation 418 
 419 
*** Insert Table 2 here *** 420 
 421 
 422 
3.2 Removal of pharmaceuticals during biological treatment 423 

3.2.1 Performance assessment of the bioreactors 424 
In the suspended activated sludge reactors (ASR1, ASR2) the concentrations (Table 3) of 425 
COD declined from approx. 970 mg L-1 to 50 mg L-1. Slovene guideline (2012) [37] for 426 
wastewater treatment plants (WWTPs) for PE ≥ 100.000, sets upper limit for COD in 427 
discharges at 100 mg L-1. According to the guidelines, COD values in ASR1 and ASR2 428 
effluents are acceptable for discharge. However, with exception of M0, the COD in MBBRs 429 
effluents exceed 100 mg L-1 thus not being acceptable for discharge. Also, a relatively high 430 
variability of COD is observed in the reactor effluents (Table 3), which can be attributed to 431 
inconsistent discharge of dead biomass. To avoid discharging of dead biomass either a 432 
settlement tank or a filter should be installed after treatment, as in the case of ASR 433 
bioreactors [36], thus achieving a lower COD. Concentrations of NO3-N and NO2-N in the 434 
effluents increase, while concentrations of NH4-N decrease in all the reactors confirming the 435 
nitrification process. According to an independent Student’s t-test significantly higher NO3-N 436 



  

concentrations in MBBRs effluents were observed as compared to ASRs, which can be 437 
contributed to denitrification process, which can occur in ASRs because of bioreactor design. 438 
Also, significantly higher concentrations of NO3-N and lower concentrations of NH4-N were 439 
determined in the K1, K2, M1 and M2 effluents as compared to K0, M0 effluents, which 440 
signifies that the addition of pharmaceuticals also affects biomass composition [38]. A study 441 
of the microbial community in K0, M0, K1, K2, M1 and M2 bioreactors is currently in progress 442 
and may give some explanation to observed results.  443 
 444 
Table 3 445 
Measurements of COD, NO3-N, NO2-N, and NH4-N in bioreactor influents and effluents 446 
expressed as average values ± stdev and determination of statistically significant difference 447 
by independent Student’s t-test (α = 0.05) 448 
 449 
 *** Insert Table 3 here *** 450 
 451 
Higher concentrations of dissolved oxygen (≥ 8 mg L-1) were present in the MBBRs 452 
compared to ASRs (≥ 3.5 mg L-1). Temperature remained constant in all types of reactors at 453 
19° C and the pH ranged from 6.3 to 7.8. The amount of biomass in the parallel ASRs is 454 
comparable, as is the amount of attached biomass between the parallel MBBRs (Suppl. 5). 455 
The highest average amount of biomass was determined in ASRs (6.65 g L-1) as compared 456 
to MBBRs (0.5 g L-1 for Kaldnes carriers and 0.2 g L-1 for Mutag BiochipsTM carriers) which is 457 
contrary to expectation. Based on the data from the literature [26] there should be more 458 
biomass in the MBBRs. Still, according to our experience with plastic carriers on different 459 
occasions, the biomass is somehow reluctant to adhere onto the plastic and much more 460 
biomass is adhered to inorganic carriers like expanded clay, glass or mineral foam, slag, etc. 461 
 462 
3.2.2 Removal of pharmaceuticals 463 
Our results from the ASRs are in accordance with the literature [3, 9, 12-17] and demonstrate 464 
that average removals of CLA, CBZ and DF by suspended activated sludge process are poor 465 
and inconsistent ranging from 9 % for CLA to 48 % for DF (Table 4) whereas the average 466 
removals for IB, NP and KP are all higher than 74 %.  467 
The results from MBBRs also show zero removal of CBZ, poor removal of CLA (5 – 28 %) 468 
and high average removals of IB, NP and KP (63 – 94 %). In the case of Mutag BiochipTM 469 
carriers high and consistent average removal of DF (85 %) was achieved. 470 
Zwiener and Frimmel [15] investigated removals of pharmaceuticals in lab-scale aerobic 471 
biofilm systems and obtained results in accordance with ours for CLA and IB, but did not 472 
observe any removal of DF. Results obtained by Falås and co-workers [26] using carriers 473 
from full-scale WWTP are also in agreement with our results for IB, NP, KP and DF, but 474 
opposite in the case of CLA. CBZ once again proved to be recalcitrant to biological agreeing 475 
with Joss and co-workers [27]. 476 
With the use of independent Student’s t-test significantly different removals between the 477 
ASRs and MBBRs were demonstrated in the case of IB, KP, CBZ and DF, whereas no 478 
significant difference in removal was observed in the case of CLA and NP (Table 4). Higher 479 
removals of IB and DF and lower removals of KP and CBZ were determined in MBBRs. Our 480 
results are in accordance with the study performed by Falås and co-workers [26] in the case 481 
of DF and opposite in the case of KP. According to Joss and co-workers [39] the discrepancy 482 
in the results is due to several reasons, such as the different concentrations of investigated 483 
pharmaceuticals, different operational conditions and biomass properties i.e., origin, sludge 484 
age and biomass adaptation. 485 
Our results show that the removal efficiencies of individual compounds can be influenced by 486 
using different biological treatments. Also, from the data (Table 4) the efficiency of MBBR, 487 
based on the biomass concentration per litre, is higher than that in the ASR. The reason is 488 
not well understood, but it could be that the biofilm that developed in the MBBR consists of 489 
microorganisms that are able, to a much higher degree, exploit pharmaceuticals as organic 490 
substrates. Even though little is known about the efficiency of removal of pharmaceuticals by 491 



  

biofilm systems, we can state that the composition and capacity of the biofilm formed in 492 
MBBRs favours the removal of certain compounds.  493 
To exclude adsorption as an elimination mechanism, a parallel experiment was performed 494 
with carriers and no biomass. Results show that for the investigated compounds adsorption 495 
onto the carriers and based on available solid-water distribution coefficients [27], [40] 496 
sorption onto sludge, are not important removal mechanisms. From this we can conclude 497 
that removal of investigated compounds is a result of interactions of investigated compounds 498 
with the biomass.   499 
 500 
Table 4  501 
Removal efficiency of selected pharmaceuticals with ASRs and MBBRs expressed as 502 
average removal ± stdev, statistically significant difference obtained by independent 503 
Student’s t-test (α = 0.05) and the average amount of biomass concentration in parallel 504 
bioreactors 505 
 506 
*** Insert Table 4 here *** 507 
 508 
 509 
3.3 Removal of pharmaceuticals by HC/H2O2 process in different water matrices 510 

To evaluate the performance of the HC/H2O2 process, experiments were initially performed 511 
using 1 L of deionised water. Table 5 shows that cavitation time, initial pressure and the 512 
addition of H2O2 all play a role in removing pharmaceuticals, which can occur via pyrolysis or 513 
free radical attack [28], [30]. Results in Table 5 show that addition of H2O2 enhances removal 514 
efficiencies, suggesting that degradation of pharmaceuticals is driven by •OH radicals. The 515 
amount of H2O2 added is clearly important [28], since highest removal efficiencies were 516 
obtained with 20 mL 30 % H2O2 per 1 L sample, whereas higher concentrations showed a 517 
negative effect on removal (Table 5). One possible reason is that excess H2O2 amounts can 518 
act as a radical scavenger for hydroxyl radicals generated during treatment [28]. To confirm 519 
that formation of hydroxyl radicals during cavitation is the driving force behind the removal of 520 
pharmaceuticals, we made two control experiments without cavitation. In the first experiment 521 
(Table 6, non-cavitating/H2O2) the pressure difference between the reservoirs was lowered to 522 
0.75 bar to prevent cavitation. All other variables remained the same. In second experiment 523 
(Table 6, H2O2) 1 L of deionised water containing 1 µg L-1 of selected pharmaceuticals and 524 
20 mL of 30 % H2O2 was stirred with magnetic stirrer for 30 min. Both experiments are 525 
described in details in the Supplementary data (Suppl. 6). Table 6 shows that experiments 526 
performed without cavitation are less effective than HC/H2O2 and confirms that •OH radicals 527 
produced during cavitation are primarily responsible for pharmaceuticals removal. 528 
 529 
Table 5 530 
Removal of selected pharmaceuticals by HC/H2O2 in deionised water under different 531 
operational conditions  532 
 533 
*** Insert Table 5 here *** 534 
 535 
Table 6 536 
Removal of pharmaceuticals in experiments without cavitation (non cavitating/H2O2 and H2O2) 537 
vs. cavitation and H2O2 (HC/H2O2) 538 
 539 
*** Insert Table 6 here *** 540 
 541 
Higher pressures and longer duration of cavitation both influenced the removal of selected 542 
pharmaceuticals. Based on these results (Table 5), the following optimal operational 543 
parameters were selected: an initial pressure of 6 bar, a cavitation time of 30 minutes and 544 
the addition of 20 mL 30 % H2O2 per 1 L sample. Experiments were conducted in 10 parallels, 545 



  

where a high removal of NP (86 % ± 7 %), poor removals of CLA, IB and KP (from 45 to 52 546 
%) and substantial removals of CBZ (72 % ± 10 %) and DF (77 % ± 9 %) were achieved 547 
(Table 5). This is important since CBZ and DF are both biologically persistent (Table 4), and 548 
we can assume that coupling biological treatment with HC/H2O2 can substantially improve the 549 
total treatment efficiency.  550 
 551 
To evaluate the effect of matrix complexity on the performance of HC/H2O2, wastewater 552 
effluents (K0 and M0 effluents) were spiked and the values obtained during HC/H2O2 process 553 
were compared to those obtained for deionised water samples under optimal conditions 554 
(Table 5). Figure 3 shows how removal efficiencies in the effluents are lower than those 555 
determined in deionised water. Clearly, matrix composition affects the efficiency of the 556 
HC/H2O2 process and since the effluents were not filtered, dead biomass and other organic 557 
and inorganic compounds present in K0 and M0 effluents can compete for •OH [6]. The 558 
removal efficiencies for IB, NP, CBZ and DF were higher in M0 effluent compared to K0. This 559 
may also be a result of matrix complexity; the COD of the K0 effluent (131 ± 38 mg L-1) is 560 
higher than that of M0 effluent (92 ± 48 mg L-1).  561 
 562 
*** Insert Figure 3 here *** 563 
 564 
Fig. 3. Removal of pharmaceuticals with HC/H2O2 process in K0 and M0 effluents and 565 
deionised water as an average removal ± stdev  566 
 567 
 568 
3.4 Removal of pharmaceuticals by coupling biological treatment, HC/H2O2 process 569 
and UV treatment 570 

To further augment the removal of persistent pharmaceuticals CLA and CBZ, the attached-571 
growth biological treatment was coupled to the HC/H2O2 process and UV treatment. The 572 
results are presented in Figure 4 and confirm our findings for IB, NP, KP and DF, where the 573 
highest contribution to overall removal is made by biological treatment. In the case of CLA 574 
highest removal was obtained during UV treatment, whereas for CBZ HC/H2O2 and UV 575 
treatment stages give similar results. Concentrations under LOD were achieved for IB, NP 576 
and KP and a total removal higher than 98 % was determined in the case of CBZ and DF. 577 
High overall removal of >90 % was observed for otherwise very recalcitrant CLA. The 578 
average COD values determined in K1, K2 effluent (145 ± 93 mg L-1) were higher than those 579 
determined in M1, M2 effluent (124 ± 37 mg L-1), which is in accordance with higher 580 
observed removal of pharmaceuticals in the effluent with lower initial COD concentration.  581 
 582 
*** Insert Figure 4 here *** 583 
 584 
Fig. 4. Contributions of sequentially coupled biological, HC/H2O2 and UV treatment on overall 585 
removal of pharmaceuticals (K = K1, K2 effluent; M = M1, M2 effluent)  586 
 587 
 588 
3 CONCLUSIONS 589 
 590 
This study evaluates the removal efficiencies of clofibric acid, ibuprofen, naproxen, 591 
ketoprofen, carbamazepine and diclofenac by diverse treatment processes, i.e.: biological 592 
treatment (suspended activated sludge and moving bed biofilm process), hydrodynamic 593 
cavitation with addition of H2O2 and UV irradiation. Our results are in agreement with 594 
literature data in the case of conventional biological treatment (continuous flow suspended 595 
activated sludge). Poor and inconsistent average removals of recalcitrant clofibric acid, 596 
carbamazepine and diclofenac and removals higher than 74 % for ibuprofen, naproxen and 597 
ketoprofen were observed. For the moving bed biofilm process, poor and inconsistent 598 
removals were demonstrated for clofibric acid while obtained removals for ibuprofen, 599 



  

naproxen, ketoprofen and diclofenac were high. In the case of diclofenac, consistent 600 
removals of up to 85 % were achieved using bioreactors filled with Mutag BioChipTM carriers. 601 
Recalcitrant nature of carbamazepine was confirmed with almost no observed removals. 602 
Comparison of removal efficiencies between suspended activated sludge and moving bed 603 
biofilm reactors, with the use of the Student’s t-test, showed significantly different removals in 604 
the case of ibuprofen, ketoprofen, carbamazepine and diclofenac. 605 
The efficiency of the hydrodynamic cavitation/H2O2 process depended on several factors: the 606 
amount of added H2O2, duration of cavitation (number of cycles) and cavitation intensity. 607 
Optimal parameters for cavitation (20 mL 30 % H2O2, 30 min, 6 bar) were determined based 608 
on experiments performed in deionised water. Such settings resulted in removal efficiencies 609 
ranging from 72 to 86 % in the case of naproxen, carbamazepine and diclofenac, and from 610 
45 to 52 % in the case of clofibric acid, ibuprofen and ketoprofen. 611 
To evaluate the effect of matrix composition on the efficiency of the hydrodynamic 612 
cavitation/H2O2 process, the optimal operating conditions were used in effluents from 613 
bioreactors and compared to those determined in deionised water. Higher removal 614 
efficiencies of all tested compounds in deionised water show a matrix composition effect on 615 
hydrodynamic cavitation/H2O2 process efficiency. The results were supported by lower 616 
removal efficiencies of pharmaceuticals in effluents with higher COD.  617 
The highest overall removals of all investigated compounds were achieved when biological 618 
treatment (MBBR), HC/H2O2 process and UV treatment were coupled consecutively, where 619 
carbamazepine and diclofenac removal was > 98 %, while the remaining amounts of 620 
ibuprofen, naproxen and ketoprofen were below the LOD. In the future different coupling of 621 
demonstrated treatment processes such as AOPs coupled prior to biological treatment will 622 
be investigated to determine the most successful sequence of treatments in terms of time 623 
and energy consumption and removal efficiency.  624 
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 751 
Table 1 752 
Oxidation potentials of different oxidants used in water treatment (adapted from [29]) 753 
 754 

 755 
 756 
 757 
 758 
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 761 
 762 
 763 
 764 
 765 
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 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
 784 
 785 
 786 
 787 
 788 
 789 

OXIDIZING AGENT  OXIDATION POTENTIAL (V)
Fluorine  F2 3.03 

Hydroxyl radical  •OH 2.80 
Atomic oxygen  O 2.42 

Ozone  O3 2.07 
Hydrogen peroxide  H2O2 1.78 
Perhydroxyl radical  •OOH 1.70 

Permanganate  MnO4
2- 1.68 

Hypobromus acid  HBrO 1.59 
Chlorine dioxide  ClO2 1.57 
Hypochlorus acid  HClO 1.49 

Chlorine  Cl2 1.36 
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Fig. 1. Cyclic operation of the HC reactor 797 
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Fig. 2 A typical cavitation structure developed during the experiments 832 
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Table 2 864 
Results of analytical method validation 865 

 866 

 867 
r2: coefficient of determination; n: number of samples 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
 895 
 896 
 897 
 898 
 899 
 900 
 901 
 902 
 903 
 904 
 905 
 906 

matrix used effluent (ASR0, K0, M0) deionised water 

pharmaceutical CLA IB NP KP CBZ DF CLA IB NP KP CBZ DF 

SPE efficiency 
(n= 3, c= 1 µg L-1 )(%) 90-107 81-94 83-91 83-94 84-95 82-86 90 90 90 95 93 81 

LOD (ng L-1) (n=3) 7-19 0.2-4 2-6 0.5-5 0.5-5 0.6-5 3.3 0.4 1 1.6 0.9 1.9 

linear range (ng L-1) 10 - 1200 (7 points) 10 - 1200 (6 points) 

r2 (calibration curve) ≥ 0.98 ≥ 0.98 



  

 907 
 908 
Table 3 909 
Measurements of COD, NO3-N, NO2-N, and NH4-N in bioreactor influents and effluents expressed as average values ± stdev and statistically 910 
significant difference obtained by independent Student’s t-test (α = 0.05) 911 

 912 
 913 
 914 
 915 
 916 
 917 
 918 
 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
 927 
n = number of measurements; A: ASR1, ASR2; B: K0, M0; C: K1, K2, M1, M2; D: K1, K2; E: M1, M2 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 
 940 
 941 

BIOREACTORS  Suspended activated sludge (ASR1, ASR2) / Kaldnes (K0, K1, K2) / Mutag biochipsTM (M0, M1, M2) t-test (α = 0.05) 

SAMPLES  INFLUENT EFFLUENT EFFLUENTS 

 n A B C ASR1 ASR2 K0 K1 K2 M0 M1 M2 A/C B/C D/E 

COD 
(mg L-1) 6 976±39 707±14 929±14 47±48 54±55 131±38 187±110 104±52 92±48 120±31 128±45 - - - 

NO3-N 
(mg L-1) 6 2,3±1,9 2.4±0.4 15±6 15±16 65±15 80±3 81±5 65±9 70±8 80±6 YES YES NO 

NO2-N 
(mg L-1) 6 0,2±0,1 0.04±0.01 0.8±0.8 2.3±1.8 1.9±0.4 1.5±0.6 0.5±0.4 3.9±2 3.4±1.3 1.2±0.6 - - - 

NH4-N 
(mg L-1) 6 83±7 68±4 4±3 17±11 10±6 3±3 6±7 13±8 4±3 4±1 - YES NO 



  

 942 
 943 
Table 4 944 
Removal efficiency of selected pharmaceuticals with ASRs and MBBRs expressed as 945 
average removal ± stdev, statistically significant difference obtained by independent 946 
Student’s t-test (α = 0.05) and the average amount of biomass concentration in parallel 947 
bioreactors 948 
 949 
 950 
 951 
 952 
 953 
 954 
 955 
 956 
 957 
 958 
 959 
 960 
 961 
 962 
n = number of measurements; ASR/K: statistically significant difference in removal 963 
efficiencies between ASR1, ASR2 and K1, K2; ASR/M: statistically significant difference in 964 
removal efficiencies between ASR1, ASR2 and M1, M2; K/M: statistically significant 965 
difference in removal efficiencies between K1, K2 and M1, M2; K + M/ASR: statistically 966 
significant difference in removal efficiencies between K1, K2, M1, M2 and ASR1, ASR2 967 
All the results are given as the average removal of 12 samples 6 from each reactor ASR1, 968 
ASR2, K1, K2, M1 and M2. 969 
 970 
 971 
 972 
 973 
 974 
 975 
 976 
 977 
 978 
 979 
 980 
 981 
 982 
 983 
 984 
 985 
 986 
 987 
 988 
 989 
 990 
 991 
 992 
 993 
 994 
 995 

  REMOVAL (%) ± STDEV (%) T-test (α = 0.05) 

 n ASR1, ASR2 K1, K2 M1, M2 ASR/K ASR/M K/M K+M/ASR 

CLOFIBRIC ACID 12 9 ± 28 28 ± 16 5 ± 12 NO NO YES NO 

IBUPROFEN 12 86 ± 10 94 ± 8 94 ± 4 YES YES NO YES 

NAPROXEN 12 74 ± 8 70 ± 27 80 ± 13 NO NO NO NO 

KETOPROFEN 12 78 ± 10 73 ± 17 63 ± 17 NO YES NO YES 

CARBAMAZEPINE 12 21 ± 25 1 ± 11 0 ± 15 YES YES NO YES 

DICLOFENAC 12 48 ± 19 74 ± 22 85 ± 10 YES YES NO YES 
average biomass 

concentration (g L-1)  6.65  0.49 0.21     



  

 996 
 997 
Table 5  998 
Removal of selected pharmaceuticals by HC/H2O2 process in deionised water under different operational conditions 999 
 1000 

 
Initial pressure (bar) 6 5 4 

 Time of cavitation 
(min) 15 30 60 30 30 

 Addition of 30% H2O2 
(mL) 0 20 40 0 20 40 0 20 40 20 20 

 
n 1 1 1 1 10 1 1 1 1 1 1 

CLOFIBRIC ACID 10 19 16 18 45 ± 16 9 27 23 20 21 14 

IBUPROFEN 6 10 8 11 48 ± 15 20 14 19 19 18 13 

NAPROXEN 49 77 52 74 86 ± 7 74 81 99.9 91 79 74 

KETOPROFEN 0 24 20 13 52 ± 14 28 26 29 15 34 29 

CARBAMAZEPINE 1 24 10 20 72 ± 10 3 24 89 24 41 35 

R
em

ov
al

 o
f p

ha
rm

ac
eu

tic
al

s 
(%

) 

DICLOFENAC 32 35 36 45 77 ± 9 47 53 99.9 64 32 31 

 1001 
 1002 
n = number of measurements 1003 
 1004 
 1005 
 1006 
 1007 
 1008 



  

 1009 
 1010 
Table 6 1011 
Removal of pharmaceuticals in experiments without cavitation (non cavitating/H2O2 and H2O2) 1012 
vs. cavitation and H2O2 (HC/H2O2)  1013 
 1014 

 1015 
n = number of repeated experiments 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
  1022 
 1023 
 1024 
 1025 
 1026 
 1027 
 1028 
 1029 
 1030 
 1031 
 1032 
 1033 
 1034 
 1035 
 1036 
 1037 
 1038 
 1039 
 1040 
 1041 
 1042 
 1043 
 1044 
 1045 
 1046 
 1047 
 1048 
 1049 
 1050 

  
non cavitating/H2O2 

 
H2O2 

 
HC/H2O2 

PHARMACEUTICAL 
n 

REMOVAL (%) 
2 

REMOVAL (%) 
1 

REMOVAL (%) 
10 

CLA 11 ± 1 5 45 ± 16 

IB 10 ± 4 8 48 ± 15 

NP 41 ± 3 38 86 ± 7 

KP 12 ± 3 11 52 ± 14 

CBZ 6 ± 3 4 72 ± 10 

DF 33 ± 3 28 77 ± 9 



  

 1051 
 1052 

 1053 
 1054 
Fig. 3. Removal of pharmaceuticals with HC/H2O2 process in K0 and M0 effluents and 1055 
deionised water expressed as average removal ± stdev (n = number of measurements) 1056 
 1057 
 1058 
 1059 
 1060 
 1061 
 1062 
 1063 
 1064 
 1065 
 1066 
 1067 
 1068 
 1069 
 1070 
 1071 
 1072 
 1073 
 1074 
 1075 
 1076 

 1077 
 1078 
 1079 
 1080 
 1081 
 1082 
 1083 
 1084 
 1085 



  

 1086 
 1087 

 1088 
 1089 
Fig. 4. Contributions of sequentially coupled biological, HC/H2O2 and UV treatment on overall 1090 
removal of pharmaceuticals (K = K1, K2 effluent; M = M1, M2 effluent) 1091 
 1092 
 1093 
 1094 
 1095 
 1096 
 1097 
 1098 
 1099 
 1100 
 1101 
 1102 
 1103 
 1104 
 1105 
 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
 1119 
 1120 



  

 1121 
 1122 
SUPPLEMENTARY DATA 1123 
 1124 

 1125 
 1126 
Suppl. 1: Typical technology selection chart (COD versus effluent flow rate) (adapted from 1127 
[41]) 1128 
 1129 
 1130 
 1131 
 1132 
 1133 
 1134 
 1135 
 1136 
 1137 
 1138 
 1139 
 1140 
 1141 
 1142 
 1143 
 1144 
 1145 
 1146 
 1147 
 1148 
 1149 
 1150 



  

 1151 
 1152 
Suppl. 2: Commercial full-scale AOP treatment technologies [29], [42] 1153 
 1154 

TECHNOLOGIES COMMERCIALLY 
AVAILABLE 

FULL-SCALE 
OPERATION MEDIUM CONTAMINANT 

UV BASED     
UV (monochromatic 

light) Trojan UVPhoxTM Los Alamitos Barrier, 
USA drinking water NMDA 

UV (polychromatic 
light) / H2O2 

Trojan 
UVPSwiftTMECT 

PWN Water Supply 
Company, Holland drinking water micropollutants 

UV / H2O2 Rayox® Kelly Air Force base, 
USA groundwater semivolatile organic compounds 

HC / UV / H2O2 CAV-OX - - - 
FENTON 

PROCESSES     

 Rayox® ENOX - groundwater - 
SEMICONDUCTOR 
PHOTOCATALYSIS     

UV / TiO2 Photo - Cat® Ontario, Canada contaminated surface 
water semivolatile organic compounds 

WET AIR 
OXIDATION     

295 °C, O2 - Tarragona, Spain wastewater propylene oxide/styrene monomer 
 1155 
 1156 
 1157 
 1158 
 1159 
 1160 
 1161 
 1162 
 1163 
 1164 



  

 1165 
 1167 
 1169 
 1171 
 1173 
 1175 
 1177 
 1179 
 1181 
 1183 
 1185 
 1187 
 1189 
 1191 
 1192 
 1193 
Suppl. 3: Kaldnes K1 (above) and Mutag BiochipTM (below) carriers 1194 
 1195 
 1196 
 1197 
 1198 
 1199 
 1200 
 1201 
 1202 
 1203 
 1204 
 1205 
 1206 
 1207 
 1208 
 1209 
 1210 
 1211 
 1212 
 1213 
 1214 
 1215 
 1216 
 1217 
 1218 
 1219 
 1220 
 1221 
 1222 
 1223 
 1224 
 1225 
 1226 
 1227 
 1228 
 1229 
 1230 



  

 1231 
 1232 
 1234 
 1236 
 1238 
 1240 
 1242 
 1244 
 1246 
 1248 
 1250 
 1252 
 1254 
 1256 
 1258 
 1260 
 1262 
 1264 
 1266 
 1268 
 1270 
 1272 
 1273 
 1274 
Suppl. 4: Cylindrical glass reactor used for UV treatment experiment 1275 
 1276 
 1277 
 1278 
 1279 
 1280 
 1281 
 1282 
 1283 
 1284 
 1285 
 1286 
 1287 
 1288 
 1289 
 1290 
 1291 
 1292 
 1293 
 1294 
 1295 
 1296 
 1297 
 1298 
 1299 
 1300 
 1301 
 1302 
 1303 
 1304 



  

 1305 
 1306 
Suppl. 5: Measurements of dissolved oxygen, biomass concentrations, temperature and pH 1307 
expressed as average values ± stdev (number of measurements) 1308 
 1309 
 1310 

REACTOR O2 (mg L-1) biomass (g L-1) T (°C) pH 

AS1 6.0 ± 1.4 (6) 6.7 ± 2.3 (6) 19.9 ± 2.6 (6) 7.2 ± 0.6 (6) 

AS2 3.5 ± 1.3 (6) 6.6 ± 1.9 (6) 19.9 ± 1.7 (6) 7.8 ± 0.3 (6) 

  biomass (mg per carrier)   

K0 9.5 ± 0.2 (12) 1.1 ± 0.3 (3) 17.8 ± 0.7 (12) 6.3 ± 0.9 (12)

K1 9.2 ± 0.2 (12) 1.4 ± 0.1 (3) 18.2 ± 0.6 (12) 6.8 ± 0.8 (12)

K2 8.6 ± 0.3 (12) 1.4 ± 0.2 (3) 19.1 ± 0.5 (12) 6.7 ± 0.8 (12)

M0 8.7 ± 0.3 (12) 4.3 ± 0.2 (3) 19.6 ± 0.5 (12) 7.4 ± 0.8 (12)

M1 8.4 ± 0.6 (12) 4.1 ± 0.7 (3) 19.3 ± 0.5 (12) 7.5 ± 0.3 (12)

M2 8.7 ± 0.3 (12) 4.2 ± 0.6 (3) 18.7 ± 0.5 (12) 6.9 ± 0.3 (12)
 1311 
 1312 
 1313 
 1314 
 1315 
 1316 
 1317 
 1318 
 1319 
 1320 
 1321 
 1322 
 1323 
 1324 
 1325 
 1326 
 1327 
 1328 
 1329 
 1330 
 1331 
 1332 
 1333 
 1334 
 1335 
 1336 
 1337 
 1338 
 1339 
 1340 
 1341 
 1342 



  

 1343 
 1344 
Suppl. 6: 1345 
 1346 
Non-cavitating/H2O2:  1347 
In this experiment the same cavitation set-up as described in the manuscript was used. To 1348 
prevent generation of cavitation (non-cavitating Venturi, Figure A), the pressure difference 1349 
between the two reservoirs was decreased to 0.75 bar and flow rate accordingly. Due to 1350 
limitations of the set-up, the experiment could not be performed under the same pressure 1351 
difference and thus under the same flow rate as in original experiments. All other variables 1352 
were the same (1 L of deionised water, 30 min time of the experiment, 1 µg L-1 of selected 1353 
pharmaceuticals and addition of 20 mL of 30 % H2O2). Removal of pharmaceuticals under 1354 
these conditions is presented in Table 6. 1355 
 1356 
Figure A 1357 
Image of the Venturi constriction under non-cavitating conditions (pressure difference: 0.75 1358 
bar). The flow is from the left to the right. The frame rate was 6000fp. 1359 

 1360 
 1361 
 1362 
 1363 
H2O2:  1364 
In addition, a simple experiment using just hydrogen peroxide was made. 1 L of deionised 1365 
water containing 1 µg L-1 of selected pharmaceuticals and 20 mL of 30 % H2O2 was stirred 1366 
with magnetic stirrer for 30 min. Removal of pharmaceuticals under these conditions are 1367 
shown Table 6. 1368 
 1369 
 1370 
 1371 



  

Table 1 
Oxidation potentials of different oxidants used in water treatment (adapted from [29]) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

OXIDIZING AGENT  OXIDATION POTENTIAL (V) 

Fluorine  F2 3.03 
Hydroxyl radical  •OH 2.80 

Atomic oxygen  O 2.42 
Ozone  O3 2.07 

Hydrogen peroxide H2O2 1.78 
Perhydroxyl radical  •OOH 1.70 

Permanganate  MnO4
2- 1.68 

Hypobromus acid  HBrO 1.59 
Chlorine dioxide  ClO2 1.57 
Hypochlorus acid  HClO 1.49 

Chlorine  Cl2 1.36 



  

 
Table 2 
Results of analytical method validation 

 
 

 
 
 
 
 
 
 
 
 
 
r2: coefficient of determination; n: number of samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

matrix used effluent (ASR0, K0, M0) deionised water 

pharmaceutical CLA IB NP KP CBZ DF CLA IB NP KP CBZ DF 

SPE efficiency 
(n= 3, c= 1 µg L

-1
 )(%) 

90-107 81-94 83-91 83-94 84-95 82-86 90 90 90 95 93 81 

LOD (ng L
-1
) (n=3) 7-19 0.2-4 2-6 0.5-5 0.5-5 0.6-5 3.3 0.4 1 1.6 0.9 1.9 

linear range (ng L
-1
) 10 - 1200 (7 points) 10 - 1200 (6 points) 

r
2
 (calibration curve) ≥ 0.98 ≥ 0.98 



  

 
Table 3 
Measurements of COD, NO3-N, NO2-N, and NH4-N in bioreactor influents and effluents expressed as average values ± stdev and statistically 
significant difference obtained by independent Student’s t-test (α = 0.05) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
n = number of measurements; A: ASR1, ASR2; B: K0, M0; C: K1, K2, M1, M2; D: K1, K2; E: M1, M2 
 
 
 
 

BIOREACTORS 
 

Suspended activated sludge (ASR1, ASR2) / Kaldnes (K0, K1, K2) / Mutag biochips
TM

 (M0, M1, M2) t-test (α = 0.05) 

SAMPLES 
 

INFLUENT EFFLUENT EFFLUENTS 

 
n A B C ASR1 ASR2 K0 K1 K2 M0 M1 M2 A/C B/C D/E 

COD 
(mg L

-1
) 

6 976±39 707±14 929±14 47±48 54±55 131±38 187±110 104±52 92±48 120±31 128±45 - - - 

NO3-N 
(mg L

-1
) 

6 2,3±1,9 2.4±0.4 15±6 15±16 65±15 80±3 81±5 65±9 70±8 80±6 YES YES NO 

NO2-N 
(mg L

-1
) 

6 0,2±0,1 0.04±0.01 0.8±0.8 2.3±1.8 1.9±0.4 1.5±0.6 0.5±0.4 3.9±2 3.4±1.3 1.2±0.6 - - - 

NH4-N 
(mg L

-1
) 

6 83±7 68±4 4±3 17±11 10±6 3±3 6±7 13±8 4±3 4±1 - YES NO 



  

Table 4 
Removal efficiency of selected pharmaceuticals with ASRs and MBBRs expressed as average removal ± stdev, statistically signif icant 
difference obtained by independent Student’s t-test (α = 0.05) and the average amount of biomass concentration in parallel bioreactors 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
n: number of measurements; ASR/K: statistically significant difference in removal efficiencies between ASR1, ASR2 and K1, K2; ASR/M: 
statistically significant difference in removal efficiencies between ASR1, ASR2 and M1, M2; K/M: statistically significant difference in removal 
efficiencies between K1, K2 and M1, M2; K + M/ASR: statistically significant difference in removal efficiencies between K1, K2, M1, M2 and 
ASR1, ASR2 
All the results are given as the average removal of 12 samples 6 from each reactor ASR1, ASR2, K1, K2, M1 and M2. 
 
 
 
 
 
 
 
 
 
 

  
REMOVAL (%) ± STDEV (%) T-test (α = 0.05) 

 
n ASR1, ASR2 K1, K2 M1, M2 ASR/K ASR/M K/M K+M/ASR 

CLOFIBRIC ACID 12 9 ± 28 28 ± 16 5 ± 12 NO NO YES NO 

IBUPROFEN 12 86 ± 10 94 ± 8 94 ± 4 YES YES NO YES 

NAPROXEN 12 74 ± 8 70 ± 27 80 ± 13 NO NO NO NO 

KETOPROFEN 12 78 ± 10 73 ± 17 63 ± 17 NO YES NO YES 

CARBAMAZEPINE 12 21 ± 25 1 ± 11 0 ± 15 YES YES NO YES 

DICLOFENAC 12 48 ± 19 74 ± 22 85 ± 10 YES YES NO YES 

average biomass 
concentration (g L-1)  

6.65  0.49 0.21 
  

  



  

Table 5  
Removal of selected pharmaceuticals by HC/H2O2 process in deionised water under different operational conditions 
 

 
Initial pressure (bar) 6 5 4 

 Time of cavitation 
(min) 

15 30 60 30 30 

 Addition of 30% H2O2 
(mL) 

0 20 40 0 20 40 0 20 40 20 20 

 
n 1 1 1 1 10 1 1 1 1 1 1 

R
e

m
o
v
a

l 
o

f 
p

h
a

rm
a
c
e

u
ti
c
a

ls
 (

%
) 

CLOFIBRIC ACID 10 19 16 18 45 ± 16 9 27 23 20 21 14 

IBUPROFEN 6 10 8 11 48 ± 15 20 14 19 19 18 13 

NAPROXEN 49 77 52 74 86 ± 7 74 81 99.9 91 79 74 

KETOPROFEN 0 24 20 13 52 ± 14 28 26 29 15 34 29 

CARBAMAZEPINE 1 24 10 20 72 ± 10 3 24 89 24 41 35 

DICLOFENAC 32 35 36 45 77 ± 9 47 53 99.9 64 32 31 

 

 
n = number of measurements 
 
 
 
 



  

 
Table 6 
Removal of pharmaceuticals in experiments without cavitation (non cavitating/H2O2 and H2O2) 
vs. cavitation and H2O2 (HC/H2O2)  
 

 
n = number of repeated experiments 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

non cavitating /H2O2 
 

H2O2 
 

HC/H2O2 
PHARMACEUTICAL 

n 
REMOVAL (%) 

2 
REMOVAL (%) 

1 
REMOVAL (%) 

10 

CLA 11 ± 1 5 45 ± 16 

IB 10 ± 4 8 48 ± 15 

NP 41 ± 3 38 86 ± 7 

KP 12 ± 3 11 52 ± 14 

CBZ 6 ± 3 4 72 ± 10 

DF 33 ± 3 28 77 ± 9 



  

 
 

 
 
Suppl. 1: Typical technology selection chart (COD versus effluent flow rate, adapted from 
[41]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
Suppl. 2: Commercial full-scale AOP treatment technologies [29], [42]. 
 

TECHNOLOGIES 
COMMERCIALLY 

AVAILABLE 
FULL-SCALE 
OPERATION 

MEDIUM CONTAMINANT 

UV BASED 
    

UV (monochromatic 
light) 

Trojan UVPhoxTM 
Los Alamitos Barrier, 

USA 
drinking water NMDA 

UV (polychromatic 
light) / H2O2 

Trojan 
UVPSwiftTMECT 

PWN Water Supply 
Company, Holland 

drinking water micropollutants 

UV / H2O2 Rayox® 
Kelly Air Force base, 

USA 
groundwater semivolatile organic compounds 

HC / UV / H2O2 CAV-OX - - - 

FENTON 
PROCESSES     

 
Rayox® ENOX - groundwater - 

SEMICONDUCTOR 
PHOTOCATALYSIS     

UV / TiO2 Photo - Cat® Ontario, Canada 
contaminated surface 

water 
semivolatile organic compounds 

WET AIR 
OXIDATION     

295 °C, O2 - Tarragona, Spain wastewater propylene oxide/styrene monomer 

 
 
 
 
 
 
 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Suppl. 3: Kaldnes K1 (above) and Mutag BiochipTM (below) carriers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Suppl. 4: Cylindrical glass reactor used for UV treatment experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
Suppl. 5. Measurements of dissolved oxygen, biomass concentrations, temperature and pH 
expressed as average values ± stdev (number of measurements) 
 

REACTOR O2 (mg L-1) biomass (g L-1) T (°C) pH 

AS1 6.0 ± 1.4 (6) 6.7 ± 2.3 (6) 19.9 ± 2.6 (6) 7.2 ± 0.6 (6) 

AS2 3.5 ± 1.3 (6) 6.6 ± 1.9 (6) 19.9 ± 1.7 (6) 7.8 ± 0.3 (6) 

  
biomass (mg per carrier) 

  

K0 9.5 ± 0.2 (12) 1.1 ± 0.3 (3) 17.8 ± 0.7 (12) 6.3 ± 0.9 (12) 

K1 9.2 ± 0.2 (12) 1.4 ± 0.1 (3) 18.2 ± 0.6 (12) 6.8 ± 0.8 (12) 

K2 8.6 ± 0.3 (12) 1.4 ± 0.2 (3) 19.1 ± 0.5 (12) 6.7 ± 0.8 (12) 

M0 8.7 ± 0.3 (12) 4.3 ± 0.2 (3) 19.6 ± 0.5 (12) 7.4 ± 0.8 (12) 

M1 8.4 ± 0.6 (12) 4.1 ± 0.7 (3) 19.3 ± 0.5 (12) 7.5 ± 0.3 (12) 

M2 8.7 ± 0.3 (12) 4.2 ± 0.6 (3) 18.7 ± 0.5 (12) 6.9 ± 0.3 (12) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
Suppl. 6: 
 
Non-cavitating/H2O2:  
In this experiment the same cavitation set-up as described in the manuscript was used. To 
prevent generation of cavitation (non-cavitating Venturi, Figure A), the pressure difference 
between the two reservoirs was decreased to 0.75 bar and flow rate accordingly. Due to 
limitations of the set-up, the experiment could not be performed under the same pressure 
difference and thus under the same flow rate as in original experiments. All other variables 
were the same (1 L of deionised water, 30 min time of the experiment, 1 µg L-1 of selected 
pharmaceuticals and addition of 20 mL of 30 % H2O2). Removal of pharmaceuticals under 
these conditions is presented in Table 6. 
 
Figure A 
Image of the Venturi constriction under non-cavitating conditions (pressure difference: 0.75 

bar). The flow is from the left to the right. The frame rate was 6000fp. 

 
 
 
 
H2O2:  
In addition, a simple experiment using just hydrogen peroxide was made. 1 L of deionised 
water containing 1 µg L-1 of selected pharmaceuticals and 20 mL of 30 % H2O2 was stirred 
with magnetic stirrer for 30 min. Removal of pharmaceuticals under these conditions are 
shown Table 6. 
 
 
 
 
 
 
 
 
 
 



  

 

 
 
 
Fig. 1. Cyclic operation of the HC reactor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
 

 
 
Fig. 2. A typical cavitation structure developed during the experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure



  

 

 
 
Fig. 3. Removal of pharmaceuticals with HC/H2O2 process in K0 and M0 effluents and 
deionised water expressed as average removal ± stdev (n = number of measurements). 
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Fig. 4. Contributions of biological, HC/H2O2 and UV treatment on overall removal of 
pharmaceuticals (K = K1, K2 effluent; M = M1, M2 effluent). 
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Highlights  1372 

  Higher removal of ibuprofen and diclofenac in attached-growth biomass vs. 1373 
suspended activated sludge process  1374 

  First study on removal of clofibric acid, ibuprofen, ketoprofen, naproxen, diclofenac 1375 
using a hydrodynamic cavitation/H2O2  1376 

  Recalcitrant carbamazepine susceptible to hydrodynamic cavitation/hydrogen 1377 
peroxide process 1378 

  � 98 % removal for most pharmaceuticals by sequentially coupling biological, 1379 
hydrodynamic cavitation and UV treatment  1380 

 1381 

 1382 




