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Abstract 

A major threat to human health is considered the bacterial contamination and the 

subsequent infections and there is dire need to prevent the waterborne diseases to ensure 

water safety. Moreover, the occurrence and the fate of trace organic compounds in 

wastewater have attracted the attention and the concern of the scientific community since 

conventional wastewater treatment plants (WWTPs) have not been designed for their 

elimination leading to their discharge to natural water bodies and the effects of chronic 

exposure to low levels of these compounds are unknown. Within the context of upgrading 

the water and wastewater treatment processes, the development of new treatment 

technologies is addressed, with a view to provide high quality water at the least possible 

cost to the consumers.  

Nanobubbles (NBs) technology is an emerging solution, which is considered that 

has brought revolution in the field of water treatment and contaminants remediation. NBs 

are tiny spherical bubbles with a diameter less than 1 μm and exhibit notable characteristics 

in comparison to the macrobubbles (MaBs). First and foremost, the long residence time 

thanks to their stability is highlighted as a vital property, since it has been found that NBs 

remain stable in aqueous solution for a long period of time, due to their negligible 

buoyancy. Moreover, NBs improve the mass transfer effect and the oxidation ability, on 

account of the fact that the contact area of gas and water is increased. In addition, the gas 

solubility and chemical reactions at the gas-liquid boundary are remarkably enhanced. 

In terms of water disinfection processes, ozonation is widely used since ozone is a 

strong oxidant and highly efficient to inactivate pathogenic organisms for the prevention 

of waterborne diseases spread to users and the environment. However, the performance of 

this method is limited by the fact that ozone is unstable and short lived as the decay rate in 

water is high. By combining the higher gaseous ozone half-life time (3 days versus 20 min 

at 20 oC) and the noteworthy properties of NBs technology, the use of ozone nanobubbles 

(OzNBs) is proposed for water and ballast water disinfection. The main objective of this 
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study is to compare the effect of ozone nanobubbles on the inactivation of the pathogenic 

microorganisms and the residual activity compared to the conventional ozonation in tap 

water and ballast water. In this study, four harmful types of bacteria commonly used as 

primary indicators of contamination in fresh water quality were selected (Escherichia coli, 

Bacillus cereus, Staphylococcus aureus, Enterococcus faecalis). Based on the experimental 

results, applying OzNBs technology had a considerable effect on inactivation and the ozone 

decay rate was greatly decreased, hence it can be concluded that it is a promising 

technology for drinking water treatment. As regards the ballast water disinfection, the 

survival rate of Escherichia coli (E. coli), which was used as indicator microorganism, 

along with the ozone consumption at different salinities (1.5, 4, 8 and 15 PSU) and bacterial 

concentrations (107 , 106, and 105 CFU/mL) with and without supplementation of OzNBs 

were investigated. The results indicated a statistical difference in the residual concentration 

of total residual oxidants (TRO) with the presence of OzNBs at salinity level 1.5 PSU and 

at 4 PSU only at the lowest bacterial content. At a low salinity and high bacterial 

concentration, the concentration of TRO was 6-fold higher in the presence of OzNBs. The 

salinity of water has a strong impact on the residual concentration of ozone. When salinity 

is increased, ozone reacts more rapidly with the bromide and chloride ions. The use of 

OzNBs exhibited a greater disinfection performance and higher residual activity. 

In this thesis, another application of NBs technology that was investigated was the 

implementation of air nanobubbles (ANBs) in constructed wetlands as it has been found 

that artificial aeration enhances the removal rate of conventional pollutants (COD, nitrogen 

and phosphorus) as well as organic compounds. The oxygen supply was conducted via 

nanobubble injection by a nanotube porous diffuser and in-situ electrochemical production. 

A higher removal rate was observed when ANBs were supplemented in wetland bed 

through the nanotube diffuser in phenol and toluene removal and in combination of both 

compared to the control. In addition, the oxygen content remained at a high level (above 7 

mg/L) in all experimental cycles. Moreover, primary-treated wastewater collected from 

Wastewater Treatment Plant (WWTP) in Platanias (Chania) was used as substrate in 

wetlands along with the concentration of phenol and toluene at 100 ppm. Also in this case, 

the CW supplemented with ANBs by nanotube diffuser exhibited better performance in 

phenol and toluene removal, while the addition of wastewater enhanced the efficiency of 
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integrated-electrolysis CW. All the wastewater quality parameters were measured, 

exhibiting great removal efficiencies in all CWs, however no significant difference was 

reported among the treatments. 

Finally, another field in which NBs were applied was bioremediation. In particular, 

the impact of irrigation with water supplemented with oxygen nanobubbles (ONBs) was 

also examined. In this study, soil from a shooting range was collected and spiked with an 

initial antimonite (Sb(III)) concentration of 50 mg/kg and a pot experiment was conducted 

to investigate whether Nerium oleander assisted by organic acids (OAs) and ONBs could 

accumulate Sb in the root and further translocate it to the aboveground tissue. The 

translocation of Sb for every treatment was very low, confirming that N. oleander plant 

cannot transfer Sb from the root to the shoots. A higher amount of Sb was accumulated in 

the plants that were irrigated with the ONBs. As regards the bioaccumulation of the 

elements Fe, Mg and Mn from soil to plant tissues, Fe and Mn were not be mobilized, 

whereas Mg was extracted as the bioconcentration factor (BCF) was evaluated above one 

and significant higher with the presence of ONBs. The BCF of Mn and Mg were 

significantly greater when ONBs were used for irrigation, while the opposite trend was 

observed regarding the translocation factor. Nanobubbles can enhance the stabilization of 

these elements in roots and not the translocation to the upper part of the plants. Moreover, 

the mobilization of antimony (Sb) from soil by non-bioaugmented and bioaugmented 

processes coupled with nanobubble technology was investigated. ONBs enhanced the 

mobilization of Sb in the non-bioaugmented experiments. The bioaugmentation had a 

significant effect in Sb release to the aqueous phase since the percentage of Sb remaining 

in the soil was found to be lower in the bioaugmented experiment implying the 

mobilization of about 75% of the original Sb in the soil. Nanobubbles were found to have 

no significant effect on Sb release from the soils, since the same percentage of Sb was also 

found in the bioaugmented treatment with NBs water. 

In conclusion, the overall outcome of this study based on the experimental evidence 

is the significant contribution of NBs technology to various environmental fields including 

disinfection, wastewater treatment, and phytoremediation. In this regard, the application of 

NBs technology is paving the way to novel integrated and highly efficient water and soil 

treatment systems. 
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V 

Περίληψη 

Η βακτηριακή μόλυνση του νερού αποτελεί σοβαρή απειλή για τη δημόσια υγεία 

και είναι επιτακτική ανάγκη να αποφευχθεί, διασφαλίζοντας την ποιότητα του νερού ώστε 

να μην υπάρξει μετάδοση ασθενειών μέσω του νερού. Επίσης, η παρουσία των οργανικών 

ρύπων κρίνεται ως θέμα μείζονος σημασίας από την διεθνή επιστημονική κοινότητα, 

καθώς οι συμβατικές εγκαταστάσεις λυμάτων δεν έχουν σχεδιαστεί με την προοπτική της 

απομάκρυνσης των ενώσεων αυτών, με αποτέλεσμα να γίνεται μερική ή ολική απόρριψή 

τους στους τελικούς αποδέκτες. Στο πλαίσιο αναβάθμισης των μεθόδων επεξεργασίας του 

νερού και των λυμάτων, η ανάπτυξη νέων τεχνολογιών που έχουν ως σκοπό να 

προσφέρουν υψηλής ποιότητας νερό στο χαμηλότερο δυνατό κόστος είναι στο επίκεντρο.  

Σε αυτό το πλαίσιο εντάσσεται η τεχνολογία των νανοφυσαλίδων (Nanobubbles, 

NBs), η οποία είναι μια τεχνολογία αιχμής που έχει τραβήξει το επιστημονικό ενδιαφέρον 

τα τελευταία χρόνια λόγω των πιθανών εφαρμογών τους σε πολλούς τομείς της επιστήμης 

και τεχνολογίας. Η σημασία τους είναι ευρέως γνωστή για τoν ρόλο που διαδραματίζουν 

σε σχέση με το μέγεθος του και την σταθερότητα τους. Πιο συγκεκριμένα, πρόκειται για 

μικροσκοπικές σφαιρικές φυσαλίδες κάτω από 1 μm με μοναδικές φυσικές και μηχανικές 

ιδιότητες και σημαντικά πλεονεκτήματα έναντι των μακροφυσαλίδων. Μία από τις πιο 

αξιοσημείωτες ιδιοτήτες τους είναι η μεγάλη διάρκεια ζωής λόγω της σχεδόν αμελητέας 

άνωσης/πλευστότητας. Επιπρόσθετα, λόγω των μοναδικών τους ιδιοτήτων, οι 

νανοφυσαλίδες οδηγούν σε υψηλούς ρυθμούς μεταφοράς μάζας καθώς η εσωτερική πίεση 

της φυσαλίδας είναι αντιστρόφως ανάλογη με το μέγεθος της. Επομένως, οι 

νανοφυσαλίδες έχουν μεγάλη ειδική επιφάνεια που εντείνει τον ρυθμό μεταφοράς μάζας 

λόγω της μεγαλύτερης επιφάνειας επαφής μεταξύ της αέριας και της υγρής φάσης. 

Επιπλέον, η μεγάλη ειδική επιφάνεια τους συμβάλλει στην προώθηση χημικών 

αντιδράσεων, φυσικής προσρόφησης, και μεταφοράς μάζας στη διεπιφάνεια αερίου-

υγρού.  

Ο οζονισμός είναι μια μέθοδος απολύμανσης που χρησιμοποιείται ευρέως, καθώς 

είναι γνωστό ότι το όζον είναι ένα από τα ισχυρά οξειδωτικά και είναι αποτελεσματικό 



Εφαρμογή νανοφυσαλιδών στην απολύμανση πόσιμου νερού και στη λειτουργία βιο-αντιδραστήρων 

VI 
 

εναντίον των βακτηρίων και των ιών. Ωστόσο είναι μια ασταθής ένωση και η 

αποτελεσματικότητα της μεθόδου περιορίζεται από το γρήγορο ρυθμό μείωσης της 

οξειδωτικής ικανότητας του διαλυμένου όζοντος. Ο χρόνος ημιζωής του όζοντος στην 

αέρια φάση είναι πολύ μεγαλύτερος (3 μέρες έναντι 20 min στους 20 oC) και επομένως η 

σύζευξη του όζοντος με την τεχνολογία των νανοφυσαλίδων δύναται να ενισχύσει την 

απολυμαντική δράση (και υπολειπόμενη δραστικότητα). Η παρούσα διδακτορική διατριβή 

έχει ως στόχο την μελέτη των εφαρμογών των νανοφυσαλίδων με ιδιαίτερη αναφορά στην 

επεξεργασία πόσιμου νερού για καλύτερη απόδοση στην εξουδετέρωση παθογόνων 

βακτηρίων. Επιπλέον, διερευνήθηκε η υπολειπόμενη δράση των νανοφυσαλίδων όζοντος. 

Ο κύριος στόχος της μελέτης είναι η σύγκριση της τεχνολογίας των νανοφυσαλίδων 

όζοντος σε σύγκριση με τον συμβατικό οζονισμό ως προς την απολύμανση καθώς και την 

απολυμαντική δράση του όζοντος. Τέσσερα είδη βακτηρίων (Escherichia coli, Bacillus 

cereus, Staphylococcus aureus, Enterococcus faecalis) μελετήθηκαν, τα οποία είναι 

σημαντικά για την ποιότητα του νερού. Με βάση τα αποτελέσματα, η εφαρμογή της 

τεχνολογίας των νανοφυσαλίδων όζοντος παρουσίασε σημαντική επίδραση στην 

αδρανοποίηση των βακτηρίων και στον ρυθμό διάσπασης του όζοντος, καθιστώντας την 

μια πολλά υποσχόμενη τεχνολογία για την επεξεργασία του πόσιμου νερού. Επιπλέον όσον 

αφορά την επεξεργασία του θαλάσσιου έρματος, μελετήθηκε η απόδοση της απολύμανσης 

της αρχικής συγκέντρωσης του βακτηρίου Εschericia coli (Ε. coli) (107 , 106, and 105 

CFU/mL) και της υπολειπόμενης συγκέντρωσης του όζοντος σε διάφορες αλατότητες (1.5, 

4, 8 and 15 PSU) με την χρήση των νανοφυσαλίδων όζοντος σε σύγκριση με τον συμβατικό 

οζονισμό. Τα αποτελέσματα έδειξαν στατιστική διαφορά στην υπολειπόμενη συγκέντρωση 

οξειδωτικών που έχουν δημιουργηθεί από την αντίδραση του θαλασσινού νερού με το όζον 

με την χρήση των νανοφυσαλίδων όζοντος στην χαμηλότερη αλατότητα, 1.5 PSU για όλες 

τις βακτηριακές συγκεντρώσεις καθώς και στα 4 PSU αλατότητα μόνο στην χαμηλότερη 

συγκέντρωση. Στην χαμηλότερη αλατότητα, η υπολειπόμενη συγκέντρωση των 

οξειδωτικών με την εφαρμογή των νανοφυσαλίδων όζοντος είναι 6 φορές μεγαλύτερη σε 

σύγκριση με τον συμβατικό οζονισμό. Η αλατότητα παρουσιάζει ισχυρή επιρροή στην 

υπολειπόμενη δραστικότητα του όζοντος, καθώς όσο αυξάνεται η αλατότητα, αυξάνονται 

τα ιόντα χλωρίου και βρωμίου με τα οποία το όζον αντιδρά ταχέως. Η χρήση 
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νανοφυσαλίδων όζοντος φαίνεται να αποδίδει καλύτερα καθώς επιτυγχάνεται μεγαλύτερη 

απόδοση απολύμανσης και μεγαλύτερη υπολειπόμενη συγκέντρωση. 

Μια επιπλέον εφαρμογή των νανοφυσαλίδων που μελετήθηκε στην συγκεκριμένη 

διδακτορική διατριβή είναι η εφαρμογή των νανοφυσαλίδων αέρα σε τεχνητούς 

υγροβιότοπους, καθώς μελέτες έχουν δείξει ότι η παροχή αερισμού στους τεχνητούς 

υγροβιότοπους οδηγεί σε καλύτερη απόδοση απομάκρυνσης οργανικών ρύπων. Η παροχή 

αερισμού επετεύχθη μέσω των νανοφυσαλίδων, οι οποίες παρήχθησαν μέσω ενός 

νανοσωλήνα-διαχυτήρα και μέσω της ηλεκτρόλυσης. Στον τεχνητό υγροβιότοπο με τον 

διαχυτήρα των νανοφυσαλίδων εντοπίστηκε η καλύτερη απομάκρυνση της φαινόλης και 

του τολουολίου καθώς και στον συνδυασμό των δύο ρύπων σε σύγκριση με τoν 

υγροβιότοπο ελέγχου. Επιπλέον, η συγκέντρωση του οξυγόνου σε αυτό το σύστημα 

διατηρήθηκε σε υψηλά επίπεδα (πάνω από 7 mg/L) σε όλους τους πειραματικούς κύκλους. 

Στη συνέχεια, πρωτοβάθμια-επεξεργασμένο αστικό λύμα προερχόμενο από τον βιολογικό 

καθαρισμό της περιοχής του Πλατανιά (Χανιά) χρησιμοποιήθηκε ως υπόστρωμα μαζί με 

τους οργανικούς ρύπους φαινόλης και τολουολίου αρχικής συγκέντρωσης 100 ppm. Και 

σε αυτή την περίπτωση, αυτός ο υγροβιότοπος επέδειξε την καλύτερη απομάκρυνση των 

οργανικών ρύπων, φαινόλη και τολουόλιο, καθώς η προσθήκη του αστικού λύματος 

ενίσχυσε την απόδοση του υγροβιότοπου, ο οποίος λειτουργεί με την ηλεκτρόλυση. 

Μετρήθηκαν όλες οι παράμετροι ποιότητας των λυμάτων, παρουσιάζοντας μεγάλη 

αποτελεσματικότητα απομάκρυνσης σε όλα τα συστήματα, ωστόσο δεν αναφέρθηκε 

σημαντική διαφορά μεταξύ των τεχνητών υγροβιότοπων. 

Τέλος, ένας άλλος τομέας στον οποίο εφαρμόστηκαν οι νανοφυσαλίδες είναι η 

βιολογική αποκατάσταση. Ειδικότερα, στην φυτοαποκατάσταση εξετάστηκε η επίδραση 

της άρδευσης με νερό με νανοφυσαλίδες οξυγόνου (ONBs). Σε αυτή τη μελέτη, χώμα  από 

ένα πεδίο βολής συλλέχθηκε και εμπλουτίστηκε με αντιμονίτη (Sb(III)) αρχικής 

συγκέντρωσης 50 mg/kg και διεξήχθη ένα πείραμα για να διερευνηθεί εάν η πικροδάφνη 

(Nerium oleander) σε συνδυασμό με οργανικά οξέα (OAs) και ONBs μπορεί να 

συσσωρεύσει το αντιμόνιο Sb στη ρίζα και να το μεταφέρει περαιτέρω στον υπέργειο ιστό. 

Η μετατόπιση του Sb για κάθε επεξεργασία ήταν πολύ χαμηλή, επιβεβαιώνοντας ότι το 

φυτό N. oleander δεν μπορεί να μεταφέρει το Sb από τη ρίζα στους βλαστούς. Μεγαλύτερη 

ποσότητα Sb συσσωρεύτηκε στα φυτά που ποτίστηκαν με τα ONBs. Όσον αφορά στην 
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βιοσυσσώρευση των στοιχείων Fe, Mg και Mn από το έδαφος στους φυτικούς ιστούς, το 

Fe και το Mn δεν κινητοποιήθηκαν, ενώ το Mg εκχυλίστηκε καθώς ο παράγοντας 

βιοσυγκέντρωσης αξιολογήθηκε πάνω από ένα και σημαντικά υψηλότερος με την 

παρουσία ONBs. Ο παράγοντας βιοσυσσώρευσης του Mn και του Mg ήταν σημαντικά 

μεγαλύτερος όταν τα ONBs χρησιμοποιήθηκαν, ενώ η αντίθετη τάση παρατηρήθηκε όσον 

αφορά τον παράγοντα μετατόπισης. Οι νανοφυσαλίδες μπορούν να ενισχύσουν τη 

σταθεροποίηση αυτών των μετάλλων στις ρίζες ενώ δεν συμβάλουν στην μετατόπιση τους 

στο υπέργειο τμήμα του φυτού. Επιπλέον, διερευνήθηκε η κινητοποίηση του αντιμονίου 

(Sb) από το έδαφος με βιοενισχυμένες ή όχι διαδικασίες σε συνδυασμό με την τεχνολογία 

νανοφυσαλίδων. Τα ONBs ενίσχυσαν την κινητοποίηση του Sb στα μη-βιοενισχυμένα 

πειράματα. Η βιοενίσχυση είχε σημαντική επίδραση στην απελευθέρωση Sb στην υδατική 

φάση αφού το ποσοστό του Sb που παραμένει στο έδαφος βρέθηκε να είναι χαμηλότερο 

στο βιοενισχυμένο πείραμα υποδηλώνοντας την κινητοποίηση περίπου 75% του αρχικού 

Sb στο έδαφος. Οι νανοφυσαλίδες βρέθηκε να μην έχουν σημαντική επίδραση στην 

απελευθέρωση Sb από τα εδάφη, καθώς το ίδιο ποσοστό Sb βρέθηκε επίσης στη 

βιοενισχυμένη επεξεργασία με νερό NBs. 

Εν κατακλείδι, το βασικό συμπέρασμα που προκύπτει από την συγκεκριμένη 

έρευνα είναι η σημαντική συμβολή της τεχνολογίας των νανοφυσαλίδων καθώς βρέθηκε 

να είναι αποτελεσματική σε διάφορους περιβαλλοντικούς τομείς, όπως η απολύμανση, η 

διαχείριση λυμάτων και η φυτοεξυγίανση. Επομένως, η εφαρμογή των νανοφυσαλίδων 

είναι μια πολλά υποσχόμενη μέθοδος και συνίσταται για συστήματα επεξεργασίας νερού 

και εδάφους.  
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Reader’s guide 

Chapter 1 presents a brief introduction in the proposed application of nanobubbles 

technology in various environmental sectors and describes the main objectives of this 

dissertation thesis. 

Chapter 2 begins by laying out the theoretical background concerning the nanobubbles. 

This part covers the methods of the generation and the applications that are used for. 

Chapter 3 is concerned with the implementation of ozone nanobubbles technology in 

drinking water and ballast water disinfection. The experimental design, the results and the 

main conclusions are analytically presented.  

Chapter 4 focuses on the application of air nanobubbles in constructed wetlands. The 

methodology used for this study is described. The remaining part presents the results and 

the conclusions that can be drawn.  

Chapter 5 analyzes the performance of oxygen nanobubbles in phytoremediation and 

bioreactor operation. All the experimental processes are extensively described. Finally, the 

results and the conclusions that arise from this study are provided. 

Chapter 6 discusses in detail the main conclusions derived from the experimental results 

of the aforementioned experimental processes. A discussion of the contribution of the 

findings to future research is also included. 

 



 

1 

Chapter 1. 

Introduction and Objectives 

1.1. Introduction 

Nowadays, the mass production of wastewater, due to extensive urbanization and 

industrialization, is of major concern since it poses a remarkable threat to existing water 

resources and it is accounted for the water scarcity that is now among the most serious 

problems faced by many countries (1). Consequently, wastewater reclamation and reuse 

are extremely important to meet the demands arising from the inadequate water supply. 

Wastewater treatment focuses on decreasing the concentration of specific pollutants to safe 

levels for effluent reuse and discharge on the environment. Treatment methods including a 

combination of biological and physical processes are employed for wastewater treatment, 

depending primarily on operational costs, as well as the source and the quality of 

wastewater and the intended reuse of the effluent (2). Conventional wastewater treatment 

is not sufficient to meet the required standards for the wastewater effluent disposal, since 

it cannot reduce the levels of heavy metals, toxic compounds and the emerging organic 

contaminants (EOCs) due to the persistent occurrence of these contaminants in the aquatic 

environment (3). As is well known, the treated effluent from the Wastewater Treatment 

Plants (WWTPs) is the major pathway of the micro-pollutants (e.g pharmaceuticals, 

personal care products, estrogens, etc.) discharge in water bodies, considering the 

conventional WWTPs have not been designed for their elimination, attracting increasing 

concern from the international scientific community (4,5). Within the context of upgrading 

the wastewater treatment process, the development of new technologies is addressed, with 



Application of Νano-bubbles in Drinking Water Disinfection and the Operation of Bioreactors 

2 

a view to providing high quality water at the least possible cost to the consumers. 

Therefore, new technologies have emerged to enhance the removal efficiency for a 

sustainable and effective treatment. For instance, in the wastewater treatment systems, the 

oxidation reactions are augmented by increased dissolved oxygen levels (6). Hence, 

methods that can enhance the dissolution efficiency of oxygen and increase its aqueous 

concentration are of great importance. Oxygen delivered as nanobubbles (NBs) with radii 

less than 1 μm may enhance the mass transfer efficiency as they can persist and even stay 

for weeks in the aqueous phase in contrast to conventional bubbles. In this regard, the 

application of NBs technology is paving the way to novel integrated and highly efficient 

treatment system.  

NBs are tiny spherical bubbles with a diameter less than 1 μm and exhibit notable 

properties in comparison to macrobubbles (MaBs). First and foremost, the long residence 

time thanks to their stability is highlighted as a vital property (7–9). It has been found that 

NBs remain stable in aqueous solution for a long period of time, due to their negligible 

buoyancy, when compared to use of MaBs, which take a short period of time to reach the 

liquid surface, where the burst out (10,11). Considering their unique characteristics, NBs 

improve the mass transfer effect and the oxidation ability, on account of the fact that the 

contact area of gas and water is increased (12). Moreover, the gas solubility and chemical 

reactions at the gas-liquid boundary are remarkably enhanced (8,11). A few experimental 

tests on NBs in water found that there is a great potential to promote the growth of lives of 

plants, fishes and mice (Ebina et al., 2013). In addition, as stated in findings in biology, the 

application of NBs is thought to promote the germination of barley seeds (Liu et al., 2013). 

Preliminary work in this field shows that this technology has attracted attention and is 

considered a great breakthrough with many applications in wastewater treatment. 

In terms of water treatment processes, the Ozone Oxidation Method (OOM) is 

widely used in Europe. Ozonation is included in Advanced Oxidation Processes (AOPs) 

and is applied in order to inactivate pathogenic organisms for the prevention of waterborne 

diseases spread to users and the environment. Ozone has a considerable oxidizing capacity, 

and it can be rapidly decomposed in water partly in more reactive and less selective free 

radical form (OH˙). Both HO2 and the OH- radicals are highly reactive and play a 

fundamental role in disinfection process since the bacteria are destroyed due to the 
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protoplasmic oxidation leading to cell wall disintegration (cell lysis) (14). It is well-

documented that ozonation is far more effective against bacteria and viruses than  the 

process of chlorination. However, the effectiveness of this method is limited by the fact 

that ozone is unstable and short-lived as the decay rate in water is high, resulting in an 

approximate half-life time (as a function of temperature) over a time frame ranging from 

one to thirty minutes (15). It is worth-mentioning that the half-life time of ozone in gas 

phase is much higher than in aqueous phase. In more detail, at 20oC the gaseous ozone will 

be degraded in 3 days in contrast the degradation of dissolved ozone in water will take 

place within only 20 minutes. Due to its low utilization efficiency, more attention must be 

paid on how the ozone can be used in a more efficient way. By exploiting the higher 

gaseous ozone half-life time (3 days versus 20 min at 20oC) and the noteworthy properties 

of NBs technology, we were able to propose the Ozone Nanobubbles technology (OzNBs), 

which is expected to improve the disinfecting effect and even more the residual activity in 

a feasible way. Apart from water treatment, research on their disinfection capacity in ballast 

water treatment remains limited. There are some investigations about the generation of 

nanobubbles under different salt concentrations, however, there is no literature about the 

disinfection capacity of OzNBs in real seawater (12). The sodium chloride present in 

seawater reacts quickly with ozone generating a mixture of oxidants which kill microbial 

pathogens. In addition, it is important to examine the inactivation efficiency when OzNBs 

are used in the presence of bromide in order to estimate the concentration of by- products 

derived from the reaction between the ozone and the bromide and compare with that created 

in a typical ozonation (16). 

As stated previously, the wastewater treatment is insufficient to handle the input of 

pollutants in the environment. Hydrocarbon contamination is considered a serious concern 

for the environment and is becoming prevalent across the globe due to their extensive use. 

Among the various hydrocarbons, phenolic compounds derived from industrial, 

agricultural and domestic activities exist into water bodies (17). Constructed Wetlands 

(CWs) have been verified to be a low-cost and environmentally sustainable technology 

frequently used to treat different types of wastewater, including municipal, urban, 

agricultural, industrial etc. (18) CWs have been used to treat hydrocarbons contaminated 

waters since they offer numerous advantages (19). Specifically, the removal of phenols and 
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polyaromatic hydrocarbons were selected as targeted pollutants because of the dire need to 

address their remediation since they are highly accumulative in water and non-

biodegradable (20). CWs display an efficient performance of PAH removal; over 99% of 

PAHs were removed with Phragmites australis and other kinds of wetland plants from 

subsurface flow CW (21). The performance of the CWs can be influenced by various 

operational and environmental factors, such as hydraulic loading rate (HLR), hydraulic 

retention time (HRT), pH, temperature, dissolved oxygen (DO) (22). The latter is among 

the most fundamental factors that plays a key role in pollutants removal in CWs, since it 

can have a strong impact on microbial activities and subsequently on efficiency of 

pollutants removal. Supplying additions sources of aeration can enhance both the 

oxidations and nitrification processes (23). The addition of artificial aeration can provide 

air bubbles to the saturated water column of the wetland and can lead on oxygen 

intensification. Hence, oxygen is transferred from the gaseous to dissolved phase, 

increasing the oxygen transfer rate (OTR) into the treated water, therefore aerated wetlands 

offer an enhanced treatment capacity (24). Hence, the oxygen delivery via nanobubbles can 

further enhance the transfer rate owing to their high stagnation time. A comprehensive 

study is performed in order to investigate the hydrocarbons removal by constructed 

wetlands assisted by air nanobubbles (ANBs).  

Soil contamination by heavy metals and metalloids is a worldwide problem due to 

their accumulation, since they are non-biodegradable. Therefore, they can cause damage 

associated to adverse effects on the environment, animals and humans (25). Sb is 

recognized as a priority pollutant, that can cause acute environmental issues since it is 

released into soils and aquatic environments by natural processes and mainly by human 

activities such as mining, coal combustion and shooting of weapons (26). Apart from the 

environmental risk, Sb is considered hazardous to human health as it is a suspected 

carcinogen due to its toxicity (27). Specifically, trivalent compounds of antimony have 

been found to be more toxic (10 times) than the pentavalent ones. In soil, Sb is mostly 

encountered in the forms of Sb(III) and Sb(V) and the latter shows higher water solubility 

(28). Sb has been recorded to exceed the value of 5000 mg/kg when background 

concentration in the natural environment is only 0.2 mg/kg and the maximum permissible 

concentration according to the World Health Organization is set at 36 mg/kg (29). The 
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remediation of metal polluted soils has attracted attention and ranges from physical and 

chemical methods to biological methods. An economical and environmentally friendly 

remediation technique is the biological approach; bioremediation. The use of 

microorganisms in metals’ removal from contaminated environment is generally 

considered promising, since several microorganisms exhibit degradation capacity (30). 

Moreover, the present research study investigates bioremediation potential of microbial 

culture isolated from heavy metal-contaminated site using oxygen nanobubbles (ONBs) on 

Sb removal from soil. 

1.2. Objectives of the doctoral thesis 

1.2.1. Drinking Water and Ballast Water Disinfection by Ozone Nanobubbles 

(OzNBs) 

One of the main objectives of this dissertation thesis was to develop and implement 

an innovative and cost-effective technology for drinking water disinfection, using ozone 

nanobubbles as an alternative to chlorination, which is prone to form harmful byproducts. 

The research was focused on the inactivation of bacteria commonly used as primary 

indicators of contamination in fresh water quality. The correlation between the disinfection 

efficiency and the ozone dose was examined. Furthermore, the aim of this study was to 

investigate the disinfection capacity in ballast water treatment compared to a conventional 

ozonation system, in order to reassure the good quality of discharged ballast water. The 

main objective of this research is to evaluate whether the use of OzNBs has any significant 

impact on microorganism inactivation and residual activity of ozone in different salinities.  

1.2.2. Enhanced aeration in constructed wetland by Air Nanobubbles (ANBs) 

This thesis was a preliminary attempt to evaluate the treatment efficiency of the 

designed CWs tested for the treatment of target pollutants (phenol, toluene) with and 

without the addition of domestic wastewater from WWTP located in Platanias (Chania, 

Greece) assisted by the supplementation of additional source of aeration. The main 

objective of this study were to gain an insight of hydrocarbon degradation and to identify 
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the microbial communities that may participate in this process exhibiting degradation 

capability. 

1.2.3. Antimony removal from soil assisted by Oxygen Nanobubbles (ONBs)  

The goal of this study was to evaluate the effectiveness of ONBs technology for 

remediation of Sb from contaminated soils. The phytoremediation potential of Nerium 

oleander for antimony-contaminated soils was examined. The ability of N. oleander to 

uptake, translocate and tolerate Sb using nanobubbles technology was investigated. 

Furthermore, the Sb remediation potential of microbial communities and isolates collected 

from contaminated soils with gradient Sb concentration was investigated. Enrichment 

cultures were performed and the ability of the communities to remove and oxidize Sb(III) 

was assessed. Sb resistant bacteria inoculum was added in bioreactor containing Sb-

contaminated soil to examine the mobilization of Sb in the aqueous phase by biotic 

processes coupled with nanobubble technology.
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Chapter 2. 

Theoretical Background 

2.1. Micro- and nanobubbles 

Micro- and nanobubbles (MNBs) are microscopic gas bodies sized at micro 

(<100 μm) and nanoscale (<1 μm), that have a long lifetime in aqueous solutions and 

large specific surface area due to their small size. MNBs technology is novel and vitally 

important owing to the ability to generate highly reactive free radicals (7). In general, 

microbubbles (MBs) and nanobubbles (NBs) are microscopic gaseous bodies sized with 

diameters from tens of nanometres to several tens of micrometres. Since the majority 

of commercially available generators produce gas-carrying bubbles with a diameter 

within micro- and nano-range, a significant amount of research has been conducted on 

the use of MNBs technology (31–34). Properties of MNBs and generation techniques 

are briefly discussed besides the monitoring methods for their characterization in terms 

of size and number. 

2.1.1. Fundamental Properties 

According to Temesgen et al., there is no clear definition in terms of diameter 

size of MNBs. A proposed categorization is that MBs and NBs are in size scale at 10- 

100 μm and less than a micron, respectively even though in many studies MBs are 

classified less than 50 μm and NBs less than 200 nm. In this study, based on the majority 

of existing studies, we define MBs less than 100 μm and NBs less than 1 μm (35). As 

seen in Image 1, bubbles have different properties based on their size. In particular, 

large bubbles, known as millibubbles or macrobubbles (MaBs) rise rapidly and directly 

to the liquid surface, where they burst out (36). Compared to ordinary large bubbles, 

microbubbles have several interesting features such as longevity in aqueous solutions 
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due to low rising velocity, large gas-liquid interfacial area (37) and the most important 

the generation of hydroxyl radicals by their collapse providing an oxidation ability, 

which makes the dissolution easier (38).  

 

Image 1. Range of bubbles sizes and corresponding major properties.  
«Schematic diagram adapted from Temesgen et al. (35)» 

So far, a number of researchers have recognized the significance of these 

properties and they have employed MaBs technology in various applications (39–44). 

In particular, the striking property of MaBs, high surface area per unit volume has been 

used for degradation of organic pollutants and water disinfection (7). Nevertheless, they 

have been found to be unstable for a long period of time (~min), rising slowly to the 

liquid surface (35). Smaller bubbles than MaBs, classified as nanobubbles display 

noteworthy stability resulting in high stagnation times (11,45). NBs can remain stable 

in aqueous solution for a long period of time (weeks), due to their negligible buoyancy 

and excellent stability against coalescence (8,10). Considering their unique 

characteristics, they improve the mass transfer and oxidation ability, simply because the 

gas/liquid contact area is increased (12). Moreover, the gas solubility and chemical 

reactions at the gas-liquid interface are remarkably enhanced (8,11). 

The degree of nanobubbles stability is associated with the absolute value of zeta 

potential, which is presented in detail in the “Monitoring Methods” section. More recent 

evidence (46) highlights that the generation of smaller and more stable nanobubbles is 
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achieved in solutions of high pH, low temperature and low salt concentrations. Another 

study by Hewage et al. demonstrated the stability of nanobubbles for one week in 

solutions of different electrolytes at a low concentration (0.001 M), confirming that the 

neutral and high pH values under low valency cation adsorption leads to negative 

charged bubbles (47). The highest negative charge of bulk nanobubbles and therefore 

their stability was also reported in alkaline solutions by Michailidi et al. In the case of 

oxygen and air nanobubbles, the magnitude of negative zeta potential increases as pH 

increases (48). Thus far, a number of studies have reported that they have widely 

applied NBs in water treatment, aquaculture, agricultural cultivation, health 

preservation, mineral flotation (49) and in removing organic pollutants in wastewater 

treatment (50,51). It is crucial to note that in relevant scientific literature, there is 

remarkable growth in microbubbles and nanobubbles-related citations and publications 

over the last 20 years as presented in Figure 1 (52). 

 

Figure 1. (a) Annual number of publications for nanobubbles, (b) Annual number of 

publications for microbubbles.  
«Figure adapted from Movahed and Sarmah (52) » 
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However, there is still considerable controversy surrounding the existence and 

the stability of bulk NBs. In order to ascertain that the stable detected nonentities are 

gas-filled domains and not impurities or nanodroplets, many analytical experimental 

techniques have been employed (53–58). 

Even though, there is considerable discussion in the literature on whether NBs 

can exist or are thermodynamically stable, it has been demonstrated that the Young-

Laplace equation is valid even at nanoscale (59). More precisely, the pressure inside the 

gas cavities is defined in relation to the diameter of bubbles in accordance to the 

thermodynamic calculation based on Young –Laplace: 

 Pin= Pout+
2∙γ

r
 

where, Pin is the internal pressure inside a gaseous bubble (N/m2), Pout is the pressure 

of bulk liquid (N/m2), γ is the surface tension (mN/m) and r is the radius of bubbles 

(nm). It is estimated that a radius of NBs equal to 100 nm can result in an internal 

pressure 1.5x106 N/m2 when the surface tension is 72 mN/m and the atmospheric 

pressure in the surrounding water is 105 N/m2 (9) . 

Hence, the inner pressure of the bubble increases when the size decreases which 

is expected to lead to a rapid dissolution and disappearance within seconds. Prior study 

describes the lifetime (tb) of a bubble according to the following equation: 

𝑡𝑏 =
𝐾𝑑𝑜

2

12𝑅𝑇𝐷
 

where, K is the Henry’s law constant (J/mol), do is the bubble diameter at t=0 (nm), R 

is the gas constant J/(K·mol), T is the temperature (K) and D is the diffusion constant 

(m2/s). For instance, a nanobubble with a diameter 100 nm should exist for only 10 μs 

(53,60). Surprisingly, this is not the case with nanosized gas cavities which can stay in 

aqueous solutions for prolonged periods of time (up to 12 months) compared to larger 

bubbles (11). 

In order to explain the longevity of nanobubbles, Ohgaki et al. proposed that 

the surfaces of nanobubbles contain strong hydrogen bonds at the gas-liquid interface 

similar to those found in ice and dehydrated gas. This ameliorates the stability of NBs 

as it decreases the gas diffusion in liquid, which contributes to kinetic balance against 

high internal pressure (45). Another possible explanation for the stability of NBs is that 
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it may be dependent on the selective adsorption of anions at the interface that could 

result in electrostatic repulsive forces, leading to balance the compressive force from 

surface tension. Hence, a non-contact between gas molecules inside the NBs and the 

bulk liquid is created due to balance of these forces from the surface tension (61). 

2.1.2. Generation Methods 

In the case of bulk nanobubbles, as mentioned in a recent review by Zhou et al., 

two main pathways can lead to their formation and generation. The first one is the 

emergence of the new gas phase from the liquid phase through nucleation and the 

second through the collapse of microbubbles (49). The formation, the growth and the 

collapse of microbubbles in solution can be defined as cavitation and there are four 

types based on the mode of generation (7,46,61,62) : 

• Hydrodynamic cavitation describes the pressure variation in a moving 

fluid due to the change in the geometry of the system leading to the 

occurrence of vaporization and generation of bubbles. In order to 

enhance the generation of nanobubbles, hydrodynamic cavitation by 

mechanical agitation, by axial flow shearing and through depressurized 

flow constriction have been proposed (63). 

• Acoustic cavitation can be created by applying ultrasonic waves to 

liquids leading to local pressure variations and subsequently to the 

formation of bubbles. 

• Optical cavitation includes short-pulsed lasers focused into low 

absorption coefficient solutions. 

• Particle cavitation produces nanobubbles by electric discharge or 

elementary particles in water through passing high intensity light 

photons in liquids. 

Moreover, electrolysis (64), applying nanopore membranes (65), sonochemistry 

using ultrasound (66) and water-solvent mixing(57) have been used to form ultra-fine 

bubbles.  

The generation of nanobubbles is influenced by several factors such as pressure, 

temperature, type and concentration of dissolved gas and electrolyte solution (61). As 
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of today, there are many commercially available nanobubble generators, mostly for 

laboratory or small pilot applications (9). 

2.1.3. Monitoring Methods 

Several methods have been reported in the literature for the measurement of the 

size distribution of MNBs (49,67–69). The size detection of bubbles has become a 

crucial issue in classification of ultrafine bubbles due to the fact that it is complex to 

distinguish the gas bubbles from other colloidal dispersions such as oil nanodroplets or 

nanoparticles. Undoubtedly, there is a need for the development of techniques with 

higher level of sensitivity and spatial resolution. Until now, most researchers have 

utilized mostly Dynamic Light Scattering (DLS) and Nanoparticle Tracking Analysis 

(NTA), both based on scattering and diffraction of laser on the micro- and nanobubbles 

(70). 

Light Scattering Technique 

The light scattering method is a simple and easy monitoring method based on 

Tyndall effect (48,71). More precisely, as a light beam passes through a colloid, the 

light scatters and reflects light, making the beam visible (72). Hence, as the 

nanobubbles do not rise quickly they can be illuminated by a laser beam and can be 

viewed with bare eyes while in a clean solution no laser beam can be detected (73). It 

is an ideal method for simple detection in clear water.  

Nanoparticle Tracking Analysis (NTA) 

Nanoparticle tracking analysis offers direct and real-time visualisation of 

nanoparticles in liquids and size determination within the size range ~10 to 1000 nm 

(74). This technique captures the movement of each scattering object with dark field 

microscopy and their sizes are derived from the analysis of the particles trajectories. It 

should be highlighted that this technique can also provide adequate information about 

the particle concentration (75), which is fundamental for the estimation of the 

micro/nanobubbles generator performance. The main advantage of this technique is that 

it can record individual particles providing higher resolution and visual information, 

and thus some kinetic processes can be observed, such as aggregation phenomena (76). 

However, the main drawback is the analysis of particles with low refractive indices (RI) 
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compared to the background, as it becomes somewhat challenging due to low light 

scattering intensity (75). 

Dynamic Light Scattering (DLS) 

Dynamic Light Scattering is among the most widely used methods to measure 

the size distribution of micro- and nanobubbles, typically ranging from 0.5 nm to 6 μm. 

A laser beam illuminates the sample and the fluctuations of the scattered light are 

detected by a photon detector at a scattering angle θ. The particles follow the Brownian 

motion, with the larger giving greater scattering but slower fluctuations. Analysis of the 

intensity fluctuations can provide the particle size distribution (9). The results obtained 

by light scattering alone may be misleading as a result of the high sensitivity to nano-

sized contaminants. Therefore, it is recommended the combination of this technique 

with acoustic-based flow cytometry in order to ascertain the existence of nanobubbles 

instead of particles (77). A study conducted by Gnyawali et al. demonstrated that the 

acoustic flow cytometer can be used in order to detect individual NBs using high-

frequency ultrasound and photoacoustic waves since the amplitude of the detected 

ultrasound backscatter signal is dependent on the NBs size (78). 

Zeta Potential 

Another method of gas bubbles detection that is often used is the measurement 

of the zeta potential value. Nanobubbles have strong electron affinity and that is 

identified by a high magnitude of zeta potential ranging from 10 to 50 mV in absolute 

values. The measurement of zeta potential shows high negative values in most studies 

verifying that NBs in solution are normally negatively charged (46,79,80). This can be 

illustrated by the preferential adsorption of hydroxide ions (OH−) at the gas-liquid 

interface (81), which results in electrostatic repulsive forces leading to balance the 

compressive force from surface tension. Thus, aggregation and coalescence of NBs are 

prevented (82). Other methods employed for monitoring of nanobubbles are Resonant 

Mass Measurement (RMM) (83), Electron Microscopy (84) and Electrical Sensing 

Zone method (85). 
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Chapter 3. 

Ozone Nanobubbles in disinfection 

Part of this chapter is based on the following publications: 

Seridou P., Kalogerakis N. Disinfection applications of ozone micro- And 

nanobubbles. Environ Sci Nano. 2021;8(12):3493–510.  

Seridou P., Kotzia E., Katris K. and Kalogerakis N. Ballast water treatment by ozone 

nanobubbles. J Chem Technol Biotechnol. 2023; https://doi.org/10.1002/jctb.7385 

3.1. Ozone micro- and nanobubbles 

Nowadays, the mass production of wastewater derived from increasing 

population and industrialization is of major concern since it poses a remarkable threat 

to existing water resources. Consequently, reclamation and reuse of wastewater are 

extremely important to meet the human needs arising from inadequate water supplies. 

However, the core problem of reclaimed water is that it may contain different types of 

resistant pathogens and persistent organic compounds (86). The microbiological quality 

plays a crucial role for any potential reuse options, and hence, the presence and 

persistence of antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARG) 

after tertiary treatment is considered an issue of great importance regarding public 

health (87–91). In order to prevent the dispersal of ARB, several treatment strategies 

have been tested and their inactivation efficiency was evaluated (92–94), however, most 

of these studies have not been conducted in real drinking water and/or wastewater 

revealing a considerable risk arising from the reduced disinfection ability compared to 

non-resistant bacteria (95). Emerging organic contaminants (EOCs) consist of a large 

and relatively new group of compounds covering complex synthetic or naturally 

occurring molecules or even any microorganism, not commonly monitored in the 

https://doi.org/10.1002/jctb.7385
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environment (96). These chemicals compounds are classified as endocrine disrupting 

chemicals (EDCs), pharmaceutically active compounds (PhACs) and personal care 

products (PCPs), which even in low concentrations (from ng/L to μg/L) may have 

detrimental ecological and human health effects (97–99). Moreover, in the last couple 

of decades, it is well documented that the effluent of WWTPs is the major pathway to 

aquatic environment (3,100–103), since they are poorly removed by the conventional 

activated sludge treatment (5). The emergence of new contaminants in effluent 

wastewater streams has led to the development of advanced technologies in order to 

achieve an efficient degradation of these emerging contaminants (104–106). 

Conclusively, bacterial contamination and subsequent infections are recognized 

as a major threat to human health and there is dire need to prevent the waterborne 

diseases to ensure water safety. Moreover, attention must be paid on the occurrence and 

fate of trace organic compounds that have become an emerging concern, since 

conventional wastewater treatment plants (WWTPs) have not been designed for their 

elimination leading to their discharge to natural water bodies. Within the context of 

upgrading the water and wastewater treatment processes, the development of new 

disinfection technologies is addressed, with a view to provide high quality water at the 

least possible cost to the consumers 

Recently, scientific interest has been focused on ozone micro- and nanobubbles 

(OzMNBs) used in disinfection processes since research findings support the idea that 

ozone micro and nanosized bubbles can significantly improve the disinfection capacity 

and the residual activity of ozone. Specifically, air MNBs are used to improve gas-

liquid contacting and achieve increased effectiveness and enhanced mass transfer 

compared to conventional aeration including the use of ozone/air mixtures for more 

efficient ozonation (56,57). By utilizing the higher gaseous ozone half-life time (3 days 

versus 20 min at 20 °C) and the remarkable properties of ultra-fine bubbles, the ozone 

delivery by MNBs has been found to improve the disinfection capacity and the residual 

concentration. In this regard, the application of OzMNBs technology is paving the way 

to novel integrated and highly efficient disinfection systems.   

The attribute of micro and nanobubbles to ozonation has stimulated widespread 

interest, and hence, a growing body of literature has investigated the effect of combined 

micro- and nanobubbles technology and ozonation in many fields of engineering and 

wastewater treatment (58–61). Despite the considerable progress in academic studies 
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related to MNBs, there are limited comprehensive reviews that focus on the ozonation 

technology applied to disinfection. The aim of this study is investigate the feasibility of 

ozone-based disinfection processes by exploiting the strong oxidizing ability of ozone 

and the noteworthy longevity of MNBs in aqueous solutions. 

3.1.1. Ozone 

Ozonation is recognized as a favourable treatment method since ozone is an 

extremely powerful oxidant and is used to inactivate pathogenic microorganisms for 

the prevention of waterborne diseases spread to users and the environment (14). 

Furthermore, ozone in aqueous solution auto-decomposes quickly and is converted to 

oxygen resulting in no harmful residues. However, this is also the main limitation of 

this method as ozone dissolved in water is unstable and short-lived and hence, the 

residual action in a drinking water network is very limited. Ozone has been applied for 

primary disinfection in drinking water treatment since the beginning of the 20th century 

and its use is becoming gradually more common. It is an unstable trioxygen molecule 

and therefore it must be generated onsite. As it is a very strong oxidant among other 

commonly used disinfectants (free chlorine, chlorine dioxide and UV light), it provides 

an excellent inactivation capacity against waterborne pathogens including bacteria, 

viruses, protozoa and endospores (107). Disinfection parameters such as ozone 

concentration and contact time are very important for the design of disinfection systems 

and depend strongly on the operating temperature. Moreover, the rate of inactivation of 

microorganisms by ozone depends on the type of organism and can vary by about four 

orders of magnitude. Moreover, other factors that influence the disinfection efficiency 

are the dissolved organic carbon (DOC), pH and bromide concentration.   
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Table 1. Physico-Chemical Properties of Ozone 

Property Value 

Molecular Weight 48 

Density  2.144 

Melting Point, oC -251 

Boiling Point, oC -112 

Specific gravity  1.658 higher than air 

1.71 gcm-3 at -183oC 

Oxidation Potential, V 2.07 (Hydroxyl radical 2.80) 

Henry Constant at 20 oC 100 atmM-1 

3.1.1.1. Health risks of ozone 

In waters containing significant concentrations of bromide, the required ozone 

exposures for a certain degree of inactivation may lead to high levels of bromate, which 

is a carcinogen for humans (108). Thus, in many applications bromate formation may 

be the limiting factor, and measures have to be taken to comply with the drinking water 

standard (109). According to a study conducted by Rice et al., in order to meet the 

requirements for an efficient microbial disinfection in drinking water treatment, the 

usual ozone dosage is 1.5 to 2 mg/L, while for viral inactivation, a residual ozone 

concentration of 0.4 mg/L should be detected at least 4 min after the initial ozone dosage 

(110). Ingestion of drinking water treated by ozone poses no danger since ozone is 

short-lived and all the concentration present in water will decline to zero when reaching 

the consumer through the distribution system. However, there is a significant risk 

though the direct exposure to ozone; inhalation since it is very corrosive. Exposure to 

ozone at levels below 1 ppm for 10 min is asymptomatic. More severe exposures (1.5 

to 2 ppm of ozone for 2 h) produce acute symptoms, such as dryness of mouth and 

throat, chest pains, coughing etc. (110). 

3.1.1.2. Ozone disinfection mechanism 

Ozone can react with microbes and contaminants in two different ways, directly 

and indirectly. Direct reactions involve ozone molecules and are very specific. On the 

other hand, the indirect reaction involves free hydroxyl radicals (OH•) produced by the 

ozone decomposition in water and are more reactive (Eo = 2.80 V) and less selective 
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than ozone (Eo = 2.07 V). The pH of water is a vital factor in ozone decomposition, 

because of the fact that hydroxyl ions can initiate the reactions that take place. The 

direct ozonation dominates when pH < 4, while the indirect pathway prevails above pH 

10. In waters with pH = 7, both direct and indirect ozone reactions can be important 

and they should be taken into account in the process of treatment design (111). The 

mechanism and kinetics of the basic reactions regarding the ozone decomposition was 

under investigation by many researchers (112). The interpretation of the processes is 

based on the following reactions in alkaline medium proposed by Tomiyasu et al. (113). 

In acidic medium, the sequence of reactions taking place are also listed in Table 2 (114). 

Table 2. Ozone Reactions  

No     Reactions  Rate constant 

In alkaline medium 

1 O3 + OH− → O2 + HO2
- k1 = 40 M−1 s-1 

2 O3 + HO2
- → O3

●− + HO2 k2 =2.2×106 M−1 s-1 

3 HO2 + OH-↔ O2
- + H2O pK=4.8 

4 O2
●− + O3 → O3

●− + O2  k4 = 1.6×109 M−1 s−1            

5 O3
●- + H2O ↔ HO● + O2 + OH- k5 =20-30 s−1 

6  O3
●- + HO● → O2

- + HO2 k6 = 6×109 M-1 s−1 

7 O3
●− + HO● → O3 + OH− k7=2.5×109 M−1s−1 

8 O3 + HO● → HO2 + O2 k8=3×109 M−1s−1 

 
In acidic medium  

9 O3 ↔ O + O2   

10 O + H2O → 2HO●  

11 HO● + O3 → HO2
●  + O2 k11=1.1×108 M−1s−1 

12 HO2
●+ O3 → HO● + 2O2 k12< 104 M−1s−1 

An important reaction is the first one in Table 2, where ozone reacts with OH- 

and hence, it is greatly dependent on pH. At alkaline pH, Eq. (5) describes the 

generation of HO●. Higher concentration of hydroxyl ions leads to the increased 

generation of HO2
−, O2

−, O3
- and HO●. At 7 <pH< 9, the generation of hydroxyl radicals 

is slow corresponding to the rate constant of the reaction No.5 (20–30 s−1). The 

propagation and termination reactions [i.e., those given by Eqs. (6)–(8)] are very fast, 

leading to a lower concentration of HO● (115) . 
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However, in acidic medium, a different mechanism is involved, as the reaction 

with OH- cannot be the initiation step. According to Sehested et al., it is proposed the 

thermal dissociation of ozone to form an oxygen atom, which is followed by the 

reaction of this atom with water to form the hydroxyl radical [i.e., those given by Eqs. 

(9)-(10) (114)]. Then, the hydroxyl radical reacts with ozone to form the perhydroxyl 

radical (HO2
●). 

3.1.1.3. Ozone interaction with microorganisms 

Ozone even in low concentrations (0.01 ppm) is effective against bacteria due 

to its high oxidation potential. There is limited information in the literature concerning 

the inactivation mechanisms of microorganisms by ozone. The bactericidal efficiency 

lies on the fact that there are many ozone reactions with chemicals of high biological 

importance. First of all, it is suggested that ozone attacks the glycoproteins and 

glycolipids in the cell membrane resulting in rupture of the cell. In addition, another 

bactericidal activity is the oxidation of the sulfhydryl groups of certain enzymes which 

results in disruption of cellular enzymatic activity and loss of function. Moreover, ozone 

attacks the purine and pyrimidine bases of nucleic acids leading to DNA damage (116). 

The proposed mechanism for the inactivation of E. coli proceeds in the 

following order of viability indicators: (14) 

I. Direct oxidation/destruction of the cell wall with leakage of cellular 

constituents outside of the cell.  

II. Reactions with radical by-products of ozone decomposition entering the cell.  

III. Damage to constituents of the nucleic acids (purines and pyrimidines). 

IV. Breakage of carbon-nitrogen bonds leading to depolymerization and to cell 

wall disintegration causing cell lysis.  

The antimicrobial capacity of ozone includes not only bacteria, but also molds, 

viruses, and protozoa. Ozone can react with numerous organic compounds and generate 

radical species such as hydroxyl radical that have more oxidative potential. Both HO2
• 

and the HO• radicals are highly reactive and play a fundamental role in the disinfection 

process. After the direct protoplasmic oxidation of bacteria, the free radicals produced 

react with the nucleic acids and provoke a sufficient damage, and incontrovertibly 

achieve inactivation (117). 
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3.1.2. Properties of ozone micro- and nanobubbles 

One factor credited for the stability of MNBs in aqueous solutions is their zeta 

potential. High zeta potential values prevent the bubbles from coalescence by 

increasing the repulsive electrostatic forces (10). In the case of OzMNBs, the long term 

stability has a strong effect on dissolved ozone concentration and consequently on 

enhanced disinfection efficiency. It should be noted that small diameter with high 

specific area and low rising velocity increases the mass transfer rate and the ozone 

reactivity to target contaminants (118). The main factors that have a great impact on 

OzMNBs are the following: 

Temperature 

The temperature is considered a crucial factor that can influence the stability of 

OzMNBs. A recent study by Hewage et al. investigated the effect of temperature on the 

size of ozone nanobubbles and the zeta potential. They reported elevated temperatures 

resulted in an increase of diameter and a decrease of the zeta potential. The size was in 

the range of 100–300 nm, and the negative zeta potential values were within the range 

of -25 to -14 mV. To elucidate the fact that temperature is inversely proportion to zeta 

potential, the adsorbed ions at the gas-liquid interface should be taken into account 

since in high temperature they decrease owing to higher mobility (119). 

pH 

The aforementioned studies have emphasized the strong impact of solution pH 

on zeta potential and specifically suggested that NBs produced in water at a high pH 

value exhibit small diameter and high zeta potential (46). In the case of OzMNBs, the 

same trend was confirmed by another study where they investigated the values of zeta 

potential over a range of pH conditions (120). It was reported that the zeta potential 

value increased in absolute values as the pH values increased. Specifically, at pH=2, 

4.5, 7.5 and 8, zeta potential values were found to be 9.92, 2.35, -32.34, -37.55, 

respectively (120). Another research study produced similar results. The zeta potential 

of OzMNBs in deionized water was approximately -33 mV at pH=8 and above -20 at 

pH=7 (121). Hence, it is clear from these results that at high pH the stability of OzMNBs 

is greater, mainly due to increased adsorbed OH- ions at the interface. However, since 
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ozone decomposes more quickly at high pH (15), in order to achieve the same levels of 

ORP, a greater amount of bubbles is required at higher pH (122). 

Salt concentration 

The generation of ozone nanobubbles under various salt concentrations (0.01, 

0.1 and 1M) showed that increasing sodium chloride (NaCl) concentration resulted in 

a decrease in the magnitude of zeta potential with a slight increase in diameter (46). It 

is noted that the values of the zeta potential were negative in all cases. Another 

experiment focused on the effect of salinity on the stability of OzMNBs in terms of zeta 

potential and size distribution showed that OzMNBs are stable under various salinity 

levels, since they remained negatively charged. Specifically, the salinity caused a 

reduction in negative zeta potential when no obvious effect on the diameter of ΟzMNBs 

was observed (123). 

Hydroxyl radicals 

Hydroxyl radicals exhibit microbicidal activity, and as such, their generation 

should be taken into consideration in order to provide some insight into the observed 

disinfection efficiency. Takahashi et al. reported that the generation of free radicals 

occurs by the micro- and nanobubbles collapse thanks to the high density of ions in the 

gas–liquid interface and they concluded that ozone microbubbles generate hydroxyl 

radicals under strong acidic conditions (124). Several studies have proven that hydroxyl 

radicals existed in water containing ozone microbubbles using fluorescence intensity 

(120,121,125). It is noted that the capacity for generating free radicals is of high 

importance as hydroxyl radicals are strong oxidants and not selective, and thus the 

oxidation processes can be accelerated (120). 

3.1.3. Ozone dissolution with micro- and nanobubbles 

Even though conventional ozonation is widely used for ozone dissolution in 

aqueous phase, the main drawback is the high amount of escaping ozone gas resulting 

in a high level of gas consumption. When microbubbles is used for ozonation, the 

degradation of trace organic compounds were found to be efficiently enhanced since 

the solubility of ozone in water is increased (126). Several research studies suggest an 

association between bubble size diameter and the enhancement of ozone solubilization 

rate in the aqueous phase. Table 3 lists a number of existing studies, which have 
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examined the comparison of ozone dissolution between macro and MNBs. All the 

available information about the experimental conditions is provided. A notable increase 

in peak value of dissolved ozone concentration was reported more recently by Hu and 

Xia as the ozone level for OzMNBs was 10.09 mg/L compared to macrobubbles which 

provided a very low ozone value (0.64 mg/L) within a generation time 30 min (123). 

Kobayashi et al. noted that aqueous dissolved ozone concentration is higher when the 

water is treated with microbubbles compared to macrobubbles. In 5 min ozonation with 

microbubbles, the concentration of ozone reached 1.58, 1.24 and 0.82 ppm at 15oC, 

25oC and 30oC, respectively. On the other hand, when macrobubble ozonation was 

applied, the concentration was found 3-fold and 4-fold lower at 15oC and 25oC, 

respectively and no ozone was detected at the highest temperature (127). Another 

comparison of ozone microbubbles and normal bubbles demonstrated that the dissolved 

ozone concentration was approximately 2.5 times higher than that obtained by ordinary 

bubbling (128). More recent evidence showed that ozone dissolution using micro- and 

nanobubbles was approximately 50% higher after 5 min-aeration compared to a 

classical mixing pump with larger bubbles (129). The findings of another study confirm 

the observation that bubbles with smaller diameter can enhance the dissolution of 

gaseous ozone into the aqueous phase (130). In fact, the concentration of dissolved 

ozone by the regular method of ozone delivery was found to be 0.5 mg/L at 20oC, when 

microbubble ozonation could reach the value of 1.67 mg/L in the presence of para-

chlorobenzoic acid (pCBA) (130). An increase in ozone concentration with 

nanobubbles was also reported in the study conducted by Batagoda et al., where the 

initial dissolved ozone concentration was 52.79 mg/L, higher than 48.28 mg/L found 

with ozone macrobubbles (118). Fan et al. illustrated that the concentration of dissolved 

ozone after MNBs aeration was 3.54 mg/L in 25 min while after the millibubbles 

ozonation the ozone reached only 1.74 mg/L in 30 min. The most striking result to 

emerge from this study is that the ozone solubility was calculated about 4 times higher 

in 5% acetic acid solutions after OzMNBs aeration reaching the ozone value of 15.26 

mg/L. It is well documented that acetic acid is considered an ozone stabilizer due to 

non-reactivity with it and thus, it can be beneficial to the ozonation process (131). 

Further confirmation is given by another research study, where the saturated ozone 

concentration with microbubble ozonation reached the value of 9.6 mg/L within 7 min 

and was found to be enhanced since the macrobubble ozonation achieved a lower 

dissolved ozone concentration at longer time period. This can be elucidated by the fact 
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that ozone mass-transfer coefficient was 2.2 times higher than that of the conventional 

ozonation process (132). Research findings from two other studies corroborate with the 

previous result as the augmentation of total mass transfer in microbubbles ozonation 

was also proved for simulated dyestuff wastewater treatment (1.8 times higher) and for 

landfill leachate pre-treatment (1.5 times higher) (125,133). Similar results were 

reported by a team which recently explored experimentally the raise in ozone dissolved 

concentration, when ultrafine bubbles are used. Within 10 min, the maximum dissolved 

ozone concentration reached the value of 8.3 and 3.5 mg/L, during ozonation with 

MNBs and MaBs, respectively (134). The most recent evidence confirms once more 

the higher dissolved ozone concentration of 4 mg/L in microbubbles ozonation instead 

of 2.49 mg/L (135). In three test fluids, pure water, tap water and phosphate buffered 

saline, the ozone dissolution velocity (mg/L/min) was found higher by 1.5, 1.6 and 2.7 

times when ozone injected by microbubble generator instead of porous diffuser (136). 

In the course of the ozonation of synthetic semi-conductor wastewater containing 

tetramethyl ammonium hydroxide within 7 min, the gas transfer to water by 

nanobubbles (1.67 mg/L/min) was 9.8 times faster than that of macro-ozone (0.17 

mg/L/min) (137). Consistently, the ozone dissolution was found once again 1.5 times 

higher by ozone microbubbles injection in tap water (138). Finally, a group of 

researchers in 2021 has investigated the ozone mass transfer coefficient with 

nanobubble aeration and compared it with macrobubble aeration. Their findings are in 

line with all the previous results. In fact the volumetric mass transfer coefficient (KLa) 

was estimated 0.179 min-1, reaching the peak value of ozone concentration of 13.4 

mg/L, while in macrobubble aeration the volumetric mass transfer coefficient was 4.7 

times lower (0.038 min-1) with a dissolved ozone concentration up to 7.9 mg/L (139). 

These findings demonstrate the strong effect of MNBs to ozone solubilization. In 

general, it can be concluded that the use of MNBs in ozonation leads to a more efficient 

process as the ozone utilization efficiency is higher. 

3.1.4. Ozone decomposition rate  

The half-life time of ozone in gas phase is much higher than in aqueous phase. 

In more detail, at 20oC the gaseous ozone will be degraded in 3 days, in contrast the 

degradation of dissolved ozone in water will take place within only 20 minutes 

(140,141). Due to its low utilization efficiency, nanobubbles technology is gradually 

used for ozone application in a more efficient way. However, there are very limited 



Chapter 3. Ozone Nanobubbles in disinfection 

25 

research studies that investigated the comparison of the half-life times between 

OzMNBs and macrobubbles owing to the fact that the academic interest is focused on 

the study of ozone solubility and mass-transfer. Hu and Xia have also investigated the 

half-life time of dissolved ozone with and without the use of MNBs and their results 

demonstrated that the average lifespan for the MNB system was 10.51 min, whereas 

that for macrobubbles system was only 0.70 min for 30 minutes generation time (123). 

A 2007 research study observed that a longer half-life was found when a microbubble 

generator injected ozone in tap water instead of a porous diffuser (1.6 times longer at 

19.2oC) (136). The lifespan when ozone delivered through nanobubbles in water was 

greater than conventional ozone bubbles. In fact, ozone is retained in water 

approximately four time longer than using a sandstone diffuser (118). In another 

research study, ozone decomposition was investigated when OzMNBs were present in 

various concentrations of acetic acid and in water alone. In this case, the results showed 

that the average half-lives of ozone were longer by 1.39, 2.04 and 3.52 times in 0.5, 3 

and 5% acetic acid solutions, respectively. The evidence from this study points towards 

the idea that acetic acid can further enhance the longevity of ozone in water apart from 

MNBs (131). Remarkably in a very recent study, it was shown that half-life of ozone 

generated by nanobubbles was found to be 23 times higher than that of macro-ozone 

(137). The ozone lifespan was investigated in nanobubble and macrobubble aeration 

groups and was found to be 3.50 h and 1.75 h in the latter. In the presence of 

hydroxypropyl-β-cyclodextrin (HPβCD), which is used as an ozone stabilizer, the 

ozone half-life time were 2.8, 4.3, 9.3 and 2.2 times higher than those estimated from 

the macrobubbles aeration under different HPβCD:O3 molar ratios (1:1, 3:1, 5:1 and 

10:1, respectively) (139). The results so far confirmed that the utilization of MNBs can 

extend the ozone half-life. Moreover, it can be concluded that the addition of an ozone 

stabilizer can further intensify the ozone lifespan and can be utilized to strengthen the 

ozonation process. 
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Table 3. Comparison of ozone dissolution between ozone macrobubbles (OzMaBs) and ozone micro- and nanobubbles (OzMNBs) 

Ref. Size Flow Rate 

(L/min) 

Ozone 

conc. 

(mg/L) or 

rate (g/h) 

Time 

(min) 

Volume 

(L) 

Temp.(oC) 

/pH 

Type of water Peak Concentration 

(mg/L) 

OzMaBs vs OzMNBs 

(123) Micro/Nano 

(32-460 nm, 

4.55 x 107 bubbles/mL) 

4 L/min 50 mg /L 30 20 20 Deionized 0.64 vs 10.09 

(127) Micro 

(<50 μm) 

2.5 L/min  5 10 15 

25 

30 

De-chlorinated 3 fold lower-1.58 ppm 

4-fold lower-1.24 ppm 

No ozone detected in 

OzMaBs vs. 0.82 ppm 

in OzMBs. 

(128) Micro 

(Peak at 15 μm) 

1 L/min 50 mg/L 30 5 Ambient Distilled 2.5 fold higher than 

OzMaBs 

(129) Micro/Nano  25 g/h 5 20 20 ± 1 /6 Distilled 5.5 vs 8.3 

(130) Micro 

(5-25 μΜ=50%) 

 0.61-0.72 

g/h 

5 20 10 / 7 

20 / 7 

30 / 7 

Ultrapure 0.65 vs 2.16 

0.50 vs 1.67 

0.40 vs 1.32 

(118) Nano   3 20 20 / 7  48.28 vs 52.79 

(142) Micro/Nano 

(3.38 μm 

2.41 × 105 

bubbles/mL) 

0.5 L/min 11 mg/L 30 20 17.4 ± 1.2 Distilled 1.74 vs 3.91 
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(132) Micro 

(<45 μm 

3.9×105 counts/mL) 

0.5 L/min 5 g/h 14 3 20 / 8 Wastewater 

from acrylic 

fiber 

manufacturing 

industry 

8.4 vs 9.6 

(125) Micro 

(<58μm, 

2.9 × 104 

counts/ ml) 

0.5 L/min  10 20 18 ± 2 Deionized ~8 vs 13 

(133) Micro 0.2 L/min 36 mg/L 40 8 20 Tap ~ 4 vs 11 

(134)(134) Ultra-fine 

(0.5-3 μm) 

30 mL/min  10 1 25 Distilled 3.5 vs 8.3 

(135) Micro  3-4 mg/L 12 80  Secondary 

treated sewage 

water 

2.49 vs 4.00 

(137) Nano 

(133.7 nm 

5.25×109 particles/mL) 

  7  25 / 7 synthetic 

semi- 

conductor 

wastewater 

containing 

TMAH 

~ 1 vs 12 

(138) Micro   5 20  Tap 3.5 vs 5.3 (reached in 2 

min) 

(139) Nano 

(580 nm 

2.16×105 particles/ mL) 

0.5 L/min 38 mg /L 30    7.9 vs 13.4 
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3.1.5. Application of ozone–based Macro- and Nanobubble Technology in 

Disinfection 

3.1.5.1. Antimicrobial and disinfection process 

Bacterial contamination and subsequent infections are recognized as being a major 

threat to human health and there is an urgent need to inactivate pathogenic organisms and 

prevent the waterborne diseases spread to users and the environment. In this regard, the 

development of novel technologies based on the application of OzMNBs is of paramount 

importance. 

Furuichi et al. reported that OzNBs water deactivates both gram-positive and gram-

negative bacteria while this approach does not show any cytotoxicity against human 

gingival fibroblasts, unlike conventional mouth wash. Dissolved ozone concentration of 

1.5 mg/L provided a sufficient bactericidal activity for periodontal pathogens. Specifically, 

the inactivation of the bacterial cells (S. aureus-2.4×108 CFU/mL, S. sanguinis-1.5×108, K. 

pneumoniae-7.6×108 CFU/mL and E. coli-1.6×109 CFU/mL) was >99.99% since the viable 

bacteria were below detection limit (< 10 CFU/mL). For P. gingivalis cells with initial 

bacterial concentration 7.0x107 CFU/mL, the percentage of killed bacteria was higher than 

99.99%, while the disinfection activity was deteriorated in case of S. mutans with initial 

bacterial concentration 1.7x106 CFU/mL, since it reached a maximum disinfection of 

94.69% within three minutes (143). Another study for the evaluation of the bactericidal 

activity against periodontal pathogenic bacteria (P. gingivalis and A. 

actinomycetemcomitans) reported that OzNBs water with concentration 1.5 mg/L was 

capable to reduce the numbers of colony forming units (CFUs)/mL below the limit of 

detection (<10 CFUs/ mL) after only 0.5 min of exposure, providing evidence that it is not 

cytotoxic to cells of human oral tissues (144). 

As it is mentioned before, ozone is highly unstable and this is a problem posed in 

terms of stocking ozone aqueous solutions. This issue was explored by Seki et al.. 

implementing OzNBs technology for the storage of ozone. It was found that such an 

approach produces good efficiency in storage as the microbicidal activity was adequate for 

different set time periods. OzNBs stored at 4oC retained more than 90% of ozone after a 

week and more than 65% after a month. Moreover, the residual concentration of ozone 
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stored at 4oC for 1 year was adequate to kill one of the most resistant bacteria, M. 

smegmatis, within 15 min; even though E. coli was not entirely killed even after a 60-min 

exposure (145). 

3.1.5.2. Disinfection of wastewater treatment plant effluents 

Apart from the importance of disinfection, attention must also be paid on the 

occurrence and fate of trace organic compounds that are considered of emerging concern. 

It is of major importance to eliminate these pollutants as they can be discharged to water 

bodies and induce adverse and undesirable effects onto humans, living organisms and 

environment even at low concentrations (146). As demonstrated in literature, the ozone 

amounts required for PPCPs oxidation may lead to a partial disinfection, hence it is crucial 

to highlight the influence of emerging contaminants existence on the ozone disinfection 

capacity (147,148). 

In aspect of wastewater treatment, an analysis on deactivation of faecal and total 

coliforms in domestic waste water in Peru indicated that through applying air- ozone micro-

nanobubbles, it was obtained 99.58% for faecal coliforms and 99.01% for total coliforms 

(149). Lee et al. investigated the degradation of pharmaceuticals compounds by a 

microbubble ozonation process and showed that it was markedly enhanced by the decrease 

in diameter of the ozone bubbles. It was found that the residual concentrations (C/C0) of 

the selected pharmaceuticals compounds, including 17α-ethinylestradiol (EE2), ibuprofen 

(IBU) and atenolol (ATE) was estimated (at 20oC) 0.61, 0.75 and 0.77, respectively, when 

treated with microbubbles and differ significantly from ozone millibubbles treatment, 

where the residual concentrations were found to be 0.79, 0.88 and 0.87 (130). Another 

investigation on the degradation of 39 pharmaceuticals in water showed that the 

introduction of microbubble ozonation improved significantly the removal rate by 8-34% 

(150). Concerning the degradation of tetracycline, the removal was found 50% and 95% 

with millibubble and ultrafine bubbles ozonation, respectively, within 20 min, indicating 

the enhanced degradation of the antibiotic when lowering the bubble size. The same study 

concluded that the most-favourable degradation and mineralization of the target persistent 

pollutant was achieved when ultrafine bubbles ozonation was performed at lower pH levels 

and higher reaction temperature (134). In another research study, the degradation of 26 
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PPCPs was examined and the average elimination was found to be 53% and 63.9% in 

macrobubbles and microbubble ozonation at low concentration, respectively (135). 

Bisphenol A is a toxic endocrine disrupting chemical which is widely used in some 

industries such as synthetic polymer and thermal paper industry and is extensively released 

into the environment (151). A recent study suggest that the removal efficiency of BPA by 

OzMBs was improved from 41 to 98% within 600 s of ozonation. In addition, the utilization 

of OzNBs led to a considerably high range of ozone utilization efficiency (i.e., 52%–86%) 

for the complete removal of BPA (152). 

In this section, the degradation behaviour of target organic compounds by OzMNBs 

was explored in tertiary treatment of wastewater and it was found that their application 

provides a better performance compared to conventional ozonation and as a result 

OzMNBs can minimize the discharge of emerging contaminants into water bodies.  

3.1.5.3. Aquaculture 

Fisheries and aquaculture are a growing industry and seafood consumption has 

reached 20.3 kg per capita in 2017. Additionally, seafood remains at the top level of the 

global market as in 2018, 88% of total fishery and aquaculture production was used for 

direct human production (153). Seafood contamination is associated with a number of 

pathogenic microorganisms and has become a key challenge regarding the food safety. In 

this regard, effective pathogen intervention strategies have been applied (154). 

Several studies have been recently conducted in order to explore the effect of ozone 

nanobubbles (OzNBs) in aquaculture against aquatic pathogens (Table 4). Specifically, 

Jhunkeaw et al. have investigated the disinfection efficiency against Streptococcus 

agalactiae and Aeromonas veronii in fresh water which are considered pathogenic fish 

bacteria. Three consecutives ozone treatments (10-min exposure at OzNBs at 15 min 

intervals) were tested. The first 10- min treatment reduced the bacterial load of S. 

agalactiae and A. veronii 26 and 48 fold or 96.11% and 97.92%, respectively. The next two 

10-min ONBs treatment reduced further the bacteria load in water reaching higher than 

99.9% reduction for both pathogenic bacteria. In water taken from a Nile tilapia-cultured 

tank (initial bacterial concentration: 8.18×105 CFU/mL) with the presence of organic 
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matter the disinfection property of ozone nanobubbles was reduced and reached the 59.63% 

after the first treatment and the other two treatments were required to reach the 99.29%. 

The loss in the disinfection capacity can be illustrated by the fact that the presence of the 

organic matter led to the rapid ozone oxidation and degradation (155). In another research 

study, the disinfection of Vibrio parahemolyticus at a concentration 106 CFU/mL in 15‰ 

saline water was studied. At the end of the experiment, the bacterial concentration 

(CFU/mL) was estimated 2.3x101, 2.2x100 and 0 CFU/mL for 2-, 4- and 6- minute OzNBs 

exposure, respectively. The results of the oxidation–reduction potential (ORP) showed that 

the initial ORP value, which was 240 mV rose to 830 ± 70 mV after six minutes operation 

and remained stable at over 900 mV as the nanobubbles generator continued working for 

ten more minutes (156). 

Table 4. Applications of ozone micro- and nanobubbles (OzMNBs) in Aquaculture 

Thanh Dien et al. reported that even though, the bacterial concentration was high 

(~2×107 CFU/mL), multiple OzNBs treatments in the first two days reduced the bacteria 

between 15.9% and 35.6% of total bacterial load in water, while bacterial concentration 

increased from 13.1% to 27.9% in the untreated control (158). OzNBs sea water at 960 mV 

ORP was used to carry out disinfection experiments against V. para- haemolyticus 

EMS/AHPND strain. From these results it is clear that OzNBs treatment provide a high 

disinfection efficiency, since after 1-min incubation over 99.99% of tested bacteria were 

killed and after 5 min or longer incubation the sterilization efficiency was 100% (157). 

Apart from the ozone disinfection efficiency, Kurita in 2017 demonstrated the killing effect 

of cavitation treatment on small planktonic crustaceans that can cause detrimental problems 

in invertebrate aquaculture tanks through predatory damage or competition for food 

Target 

Microorganism 

Bacterial 

Conc. 

(CFU/mL) 

Type of 

Water 

ORP Time 

(min) 

Disinfection 

Efficiency 

with NBs 

Reference 

S. agalactiae 3.45×106 Dechlorinated 

Tap Water 

834±22 mV 10 96.11% (155) 

A. Veronii 1.65×106 97.92% 

V. parahaemolyticus 106 15‰ Saline 830±70 mV 6 100% (156) 

V. parahaemolyticus 1.8×105 Artificial Sea 

water 

960 mV 

(~ 3.5 mg-O3/L) 

5 100% (157) 
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resources with the aquaculture species (159). The results showed that micro and 

nanobubbles reduced the planktonic crustaceans in the aquaculture tanks by 63.3% 

compared with the control by killing crustaceans of all sizes equally.  

Effect of ozone nanobubbles on fish health 

Ozone has found its greatest use as disinfectant in closed recirculating aquaculture 

systems in order to reduce the pathogenic bacteria and prevent any fish disease (160). The 

residual ozone concentration is of high importance since it has been found that 

concentrations within the range 0.01-0.1 mg/L can be highly toxic to fish in fresh- and 

seawater. There is significant difference between the ozone reaction with saline and 

freshwater in terms of disinfection. The presence of bromide ion (Br-) in seawater results 

in the formation of brominated compounds like bromate (BrO3
-) by ozone oxidation, which 

is toxic to aquatic organisms (161). On the other hand, in fresh water ozone decomposes to 

oxygen elevating the levels of dissolved oxygen in the system, which may also have 

detrimental effects on fish if it is very high (161). In terms of ORP, several studies suggest 

that the levels in the range from 300 to 425 mV can ensure the safety of fish, crustaceans 

and molluscs (158). Summarizing, in order to apply a safe ozone disinfection system, the 

lethal limits, which depend on the cultured species and the type of water, have to be 

determined and not exceeded during operation.  

A study from Jhunkeaw et al. suggested that a single 10 min exposure to OzNBs 

with an ozone level 860 ± 42 mV is safe for Nile tilapia in fresh water. Even though no 

mortality was observed after receiving the second and the third consecutive OzNBs 

treatments, the increased exposure caused damage in the gill filaments (155). However in 

another study, they set up a modified recirculation system to reduce direct exposure to the 

fish, in order to avoid any alterations in exposed fish. In this case, juvenile Nile tilapia did 

not exhibit any abnormalities in behaviour or mortality by the application of multiple 

OzNBs treatments (158). OzNBs in seawater containing ozone dose at 3.5 mg/L and 960 

mV ORP was proven to be toxic to shrimp, therefore a twofold dilution of ozonated 

seawater was suggested as shrimp survival and excellent inactivation activity was observed 

(157). An additional study in the literature regarding the exposure of Nile tilapia 

(Oreochromis niloticus) to ozone nanobubbles noted that innate immunity genes involved 
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in the systematic frontline defence system were stimulated. In all examined organs, these 

genes expressed an upregulation very fast within 15 min- post ozone nanobubbles 

treatment and lasted from 12 to 24 h in the gills, the head kidney and the spleen. It was thus 

concluded that based on the efficient stimulation of the genes by OzNBs treatment, a 

protection to cultivated animals from potential pathogenic infections can be provided 

(162). In addition, any possible negative effect of the ultrafine bubbles in cavitation 

treatment on two juvenile sea cucumbers (Apostichopus japonicus) and sea urchins 

(Strongylocentrotus intermedius) was evaluated and it was found that all individuals were 

intact and uninjured four days after exposure to ozone nanobubbles (159). 

Experimental results provide a basis for the application of ozone nanobubbles in 

aquaculture since it is efficient for reducing pathogenic bacteria. Future studies should aim 

to replicate results in a larger scale and further explore the efficiency to prevent disease 

outbreaks. The safety of using OzNBs is a core issue and should be investigated in more 

detail in order to gain a better understanding of the toxicity to fish, which depends upon 

species and the life stage. 

3.1.5.4. Agriculture 

The effect of ozone ultra-fine bubbles on washing fresh vegetables was tested and 

when acidic electrolyzed water containing ozone ultra-fine bubbles and strong mechanical 

action combined, the lowest viable bacterial count was recorded among other treatments 

including sodium hypochlorite (163). The disinfection efficiency of F. oxysporum f. sp. 

melonis spores was tested and the results confirmed that ozone microbubbles exhibited 

higher disinfection efficiency than macrobubbles. In addition, spores treated with OzMBs 

showed surface injury after 30 s and wavy deformation of cell membrane was observed 

after 180 s, which may be caused by the generation of hydroxyl radicals penetrating into 

the spores (164). Two phytopathogens, Fusarium oxysporum f. sp. melonis and 

Pectobacterium. carotovotum subsp. carotovorum have been investigated and the results 

suggest that ozone-rich microbubbles showed higher disinfection activity than the 

millibubbles over the same period of application. It is reported that the number of these 

two phytopathogens decreased rapidly thanks to elevated initial ozone concentration (3 

logs at 0.33 min). At the same ozone level, they concluded that OzMBs provided higher 



Application of Νano-bubbles in Drinking Water Disinfection and the Operation of Bioreactors 

34 

disinfecting activity against both pathogens (127). Micro and nanobubbles technology was 

also implemented to tackle tomato airborne disease. The results highlighted that the 

inactivation activity against Alternaria solani Sorauer conidia was reduced by 2 logs when 

ozone concentration of 1.6 mg/L was applied. In the case of Cladosporium fulvum conidia, 

it was found that one log reduction was achieved when 1.8 mg/L of ozone was used. This 

level of ozone application did not affect tomato growth (129). The study by Kwack et al., 

have verified that using ozone microbubbles for seed sterilization is the most feasible 

treatment since the germination and growth of alfafa sprouts have not been negatively 

affected (138). Another study provides additional support into the superiority of OzMBs 

over other sanitizers such as sodium hypochlorite (165). After washing with OzMBs at 1 

mg/L for 7 minutes, the bacterial reduction of S. Typhimurium was the highest reaching the 

value of 2.6 log CFU/g or 99.8%, converting into percentage. Increasing attention has been 

given to the removal of persistent, highly toxic and accumulative pesticides which are 

extensively used in agriculture. The degradation of fluopyram is more efficient with 

OzMBs, among different treatment methods. More specifically, when OzMBs are utilized, 

the half-life of fluopyram was found to be 6.1 times higher than that in ozonated water and 

1.3 times that in OzMBs treatment (166). The removal of fenitrothion in three kinds of 

vegetables (lettuce, cherry tomatoes and strawberries) was investigated and was found to 

be higher when OzMBs generated by decompression compared to OzMBs generated by 

gas-water circulation were used. This can be explained by the creation of a larger number 

of smaller OzMBs by the former, yielding a higher efficiency of fenitrothion degradation 

as the infiltration of smaller OzMBs into vegetables is easier (167).  
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Table 5. Applications of ozone micro- and nanobubbles (OzMNBs) in Agriculture 

3.1.6. Drinking water disinfection 

A common strategy used to ensure safety in drinking water is ozonation. The rapid 

decomposition of ozone in water and the low residual concentration are the main 

drawbacks of this process. Utilizing NBs serve as a more efficient alternative to drinking 

water disinfection as the decomposition of ozone in water is decelerated and the ozone 

dosage required against contaminants or pathogens is reduced thanks to a greater 

dissolution. Sumikura et al. found that the ozone dose was lower when OzMBs were used 

instead of the conventional ozonation with macrobubbles providing the same inactivation 

rate of target pathogen E. coli (136). One of the most crucial parameters of conventional 

ozonation is the cost effectiveness of installation. A recently conducted cost-benefit 

analysis indicated that the installation of a OzNBs generator is beneficial for existing water 

treatment plants as the total cost would be four times less and could save 375 k$ per year 

(118). 

Another important parameter is the effect of inlet ozone gas concentration on the 

removal rate. This issue has been investigated on the log reduction of B. subtitlis by 

microbubble ozonation and the results showed that higher gaseous ozone concentration led 

to higher disinfection efficiency after 2 min of operation (reduction by 5 log for 140 mg/L 

Target 

Microorganism 

Bacterial 

Conc. 

(CFU/mL) 

Ozone 

Conc. 

(mg/L) 

Disinfection Efficiency with OzMBs Reference 

F. oxysporium f. sp. melonis 1×103-1×104 
1.5 ppm 

(15oC) 

The number of surviving spores reached the 

detection limit in 45 s with OzMBs instead 

of 60 s with OzMaBs. 

(164) 

F. oxysporium f. sp. melonis 

~ 1×103 0.1 ppm 

(20oC) 

2.6 logs of surviving cells with OzMBs 

instead of 2.9 logs with OzMaBs after 180 s. 
(127) 

P. carotovorum subsp. 

carotovorum 

2.5 logs of surviving cells with OzMBs 

instead of 2.9 logs with OzMaBs after 180 s. 

Alternaria Solani Sorauer 

conidia 
1×105 

1.6 ppm 2 logs reduction 

(129) 
Cladosporium fulvum 

conidia 
1.8 ppm 1 log reduction 

S. Typhimurium 
1x106- 1x107 

(CFU/g) 

1 ppm 

(30oC) 
2.6 logs reduction (165) 
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O3 in gas phase, compared to 1.6 log and 0.3 log for 110 mg/L and 40 mg/L, respectively). 

This can be justified by the fact that the size of bubbles in higher ozone inlet was found to 

be smaller inducing higher volumetric mass transfer coefficient (KLa) and consequently an 

increased utilization efficiency. It was also found that the KLa had almost been doubled 

from inlet gas concentration 40 mg/L to 140 mg/L, while the Sauter mean diameter was 

decreased from 75.7 μm to 49.7 μm, respectively (168). Combination of ozonation and 

hydrodynamic cavitation showed the best performance in disinfection of E. coli with an 

initial bacterial concentration of approximately 105 CFU/mL was decreased to zero within 

45 min whereas for the same ozone concentration using only ozonation without cavitation, 

the bacterial concentration reached zero after 60 minutes (169). 

Summarizing, the higher mass transfer leading to lower ozone dosage renders the 

use of OzMNBs a promising and an efficient technology in terms of cost and disinfecting 

capacity. 

3.1.7. Ballast water treatment  

The vast majority of world cargo handling takes place by sea with suitable ships. 

For decades, shipping has been the leading choice for the movement of goods around the 

world (170). However, this inevitably leads to a large environmental footprint on the planet 

that has attracted increasing attention because international shipping is considered a 

significant source of pollution derived from the emissions of toxic pollutants from internal 

combustion engines (171) and the largely uncontrolled disposal of seawater that is used as 

ballast (172). Ballast water is a large amount of seawater that is stored in ballast tanks and 

is essential to maintain ship buoyance and maneuverability. Ballast tanks on a ship fill and 

drain seawater to offset the weight reduction that occurs when loading and unloading 

goods. Therefore, from just one ship, thousands of cubic meters of seawater loaded from a 

potentially polluted marine area can be disposed of in another area with completely 

different quality characteristics (173). In fact, the ballast water discharged into a new 

marine environment may include nonindigenous species (NIS) that can result in extensive 

ecological and economic damage due to the changes they cause to the structure and 

functioning of marine ecosystems (174,175). To reduce the global spread of these invasive 

aquatic species, international regulations have set environmental limits for the number of 
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organisms present in the ballast water discharged by ships. Since 2018, the International 

Maritime Organization (IMO) has defined the D2 standard to determine the maximum 

amount of viable organisms that are allowed to be discharged, a limit that all ships must 

meet by 2024 (Table 5) (176).  

Table 5. Acceptable limit of indicator microbes according to the D2 standard (176). 

 

 

 

 

 

 

In general, within the context of minimizing environmental risks, the 

implementation of ballast water treatment systems is addressed, with a view to providing 

discharged water quality according to the regulations. There are many systems that, through 

natural, chemical, and biological processes, eliminate microorganisms and suspend their 

growth. The most commonly employed methods for disinfection/sterilization are 

chlorination, ozonation, and ultraviolet (UV) irradiation (177). Ozonation has been used in 

ballast water treatment. Several studies have been conducted on seawater ozonation and 

their findings confirmed that, when ozone is applied to seawater, secondary oxidants with 

disinfection capacity are formed that are expressed as total residual oxidants (TRO) (178–

185). In conventional ozonation, ozone is directly bubbled into the aqueous solution and, 

since it has a low half-life, it decomposes rapidly, resulting in a low residual activity. An 

increasing number of studies that employ ozone delivery by nanobubbles (NBs) has been 

found to improve the disinfection capacity and residual concentration (16). Although most 

studies have focused on water treatment and, particularly, on the inactivation of various 

microorganisms in the effluents by OzNBs (38,155,158,186,187) research on their 

disinfection capacity in seawater remains limited. As mentioned by Meegoda et al. (46), 

the generation of OzNBs under increasing salt concentrations by adding sodium chloride 

Indicator microbes Acceptable Limit 

Escherichia coli (E. coli) <250 CFU per 100 mL 

Intestinal Enterococci <100 CFU per 100 mL 

Toxicogenic Vibrio cholerae <1 CFU per 100 mL 

Size of microbes  

≥50 μm <10 viable organisms per m3 

≥10 μm and <50 μm <10 viable organisms per mL 
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(NaCl) leads to a decrease in the magnitude of the zeta potential and a slight increase of 

the bubble size. Another experiment showed that the diameters of OzNBs under various 

salinity levels are stable, while a reduction of zeta potential in absolute value was reported 

(123). The ozone demand in seawater ozonation is considerably influenced compared to 

freshwater ozonation, since the bromide Br− and the chloride Cl− (both of which are present 

in seawater) react with ozone very quickly, leading to the formation of oxidants that also 

have a disinfecting efficiency of their own, as shown in Table 6. Specifically, bromide is 

oxidized by ozone to secondary oxidants, such as hypobromous acid (HBrO) and the more 

stable forms, hypobromite ion (BrO−) and bromate (BrO3
−). The half-life of ozone in water 

is estimated to be only 5 s in the presence of high concentrations of bromide, while there 

is no hydroxyl radical formation observed in seawater (188). In most oceanic waters, the 

pH is about 8 and, since the acid dissociation constant (pKa) of HBrO/BrO− is 

approximately 9, the dominant bromine form will be HBrO (189). 

Table 6. Reaction of bromide and chloride with ozone (185). 

𝑂3   +   𝐵𝑟−   
𝑘1
→   𝑂2   +   𝐵𝑟𝑂− [1] 

𝑂3   +   𝐵𝑟𝑂−  
𝑘2
→  𝑂2   +   𝐵𝑟−  [2] 

2𝑂3   +   𝐵𝑟𝑂−  
𝑘3
→  2𝑂2   +  𝐵𝑟𝑂 3

− [3] 

𝐻2𝑂  +   𝐻𝐵𝑟𝑂  
𝑘4
↔ 𝐻3𝑂+   +  𝐵𝑟𝑂−  [4] 

𝑂3   +   𝐶𝑙−  
𝑘5
→   𝑂2   +   𝐶𝑙𝑂− [5] 

𝑂3   +   𝐶𝑙𝑂−  
𝑘6
→  𝑂2   +   𝐶𝑙−  [6] 

2𝑂3   +   𝐶𝑙𝑂−  
𝑘7
→  2𝑂2   +   𝐶𝑙𝑂 3

− [7] 

𝐻𝐶𝑙𝑂   +   𝐵𝑟−  
𝑘8
→  𝐻𝐵𝑟𝑂  +   𝐶𝑙−  [8] 

Despite the fact that the application of OzNBs technology has been widely 

investigated on wastewater, water disinfection, and degradation of organic contaminants, 

no studies have focused their application on ballast water treatment. The main objective of 

this research is to evaluate whether the use of OzNBs has any significant impact on 

microorganism inactivation and residual activity of ozone. 
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3.2. Materials and Methods 

3.2.1. Ozonation experiments 

In this study, tap water and seawater collected from a small harbor located in Agios 

Onoufrios (Chania, Crete, Greece) was used to run the batch disinfection tests. The main 

water quality parameters are given in Table 7. The water quality parameters were measured 

using a calibrated HQ4300 Portable Multi-Meter (Hach). 

Table 7. Fresh water and Seawater Content Description: Physicochemical Parameters 

 Fresh Water Seawater Unit 

pH  8 8.28 - 

T 17.5 17.5 oC 

Conductivity  0.297 59.8 mS/cm 

TDS   38.2 g/L 

Salinity  39.9 PSU 

ORP   221.8 mV 

Chloride (Cl-)  32769.84 mg/L 

Bromide (Br-)  94.01 mg/L 

The ozonation disinfection experiments were conducted in batch mode. The 

experimental process used in this study is shown schematically in Image 2. For OzNBs 

generation, the commercially available MK1 NanobubblerTM (Fine Bubble Technologies 

(Pty) Ltd, Porterville, South Africa) was employed which is a submersible device with the 

capability to generate nanobubbles at a concentration of approximately 108 bubbles/mL. 

The experimental set up consisted of a 350 L tank, filled with tap water, in which the 

nanobubble generator was submerged. Ozone supplied by an ozone generator (Azure 2G, 

Wassertec) was injected into the water through the gas intake of the MK1 NanobubblerTM. 

To increase the ozone concentration in the output of the ozone generator, high-purity 

oxygen from a compressed gas cylinder with a suitable pressure regulator was used as the 

feed gas. Ozone exhaust gas from the tank was carefully captured by ozone traps filled 

with 2% potassium iodide (KI) solution in order to ensure that no ozone gas escapes to the 
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environment. The concentration of dissolved ozone was monitored directly from the tank 

during the generation of the ozone nanobubbles by an ozone amperometric sensor (Hach, 

Germany) with a working range of 0.005 - 2 mg-O3/ L and an accuracy of 3% or ± 10 ppb 

O3.  

 

Image 2. Experimental set-up for generation of fresh water with dissolved ozone and with 

the presence of ozone nanobubbles for treatment of tap water and seawater. 

Tap water with dissolved O3 and with nanobubbles containing ozone in different 

concentrations was used to conduct the disinfection experiments. After achieving a desired 

bacterial concentration level (CFU/mL) by spiking the pathogens from a stock culture, 

OzNBs tap water was added bringing the microbial count to the desired initial conditions 

and samples were collected at predetermined time intervals (1, 5, 10 and 20 min) into sterile 

tubes for further analysis. Duplicate samples were taken for each time interval to estimate 

the microbial count and for the measurement of the residual dissolved ozone. In order to 

stop the disinfection in the samples taken, the residual ozone in the sample was 

immediately neutralized with excess sodium thiosulfate and thus the ozone disinfection 

was completely stopped In order to determine the difference in the efficacy between the 

treatments with dissolved ozone and dissolved ozone supplemented with OzNBs, a 

conventional ozonation system was also set up. The dissolved ozone was obtained by 
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bubbling ozone gas into 1 L of tap water using a ceramic diffuser and the aforementioned 

experimental procedure was followed here too.  

In the case of seawater ozonation experiments, tap water containing ozone at the 

desired ozone level with and without the presence of OzNBs was added in unsterilized 

seawater in different ratios to obtain different salinities. The salinity in seawater samples 

was between 1.5 and 15 practical salinity units (PSU). The ozone disinfection of E. coli in 

three different bacterial concentrations (107, 106 and 105 CFU/ mL) was added to ozonated 

solution and samples were collected at predetermined time intervals (1, 5 and 10 min) into 

sterile tubes for further analysis. The measurement of the ozone concentration (and the 

possible residual oxidants formed) in the aqueous solution used for disinfection was also 

tested by the Indigo Colorimetric Method (190). The reaction of indigo trisulfonate with 

the bromine formed in seawater is slow and is further inhibited by the addition of malonic 

acid (Figure A. 1& Table A. 1). Hence, it is considered that the indigo decolorization is 

exclusively due to the ozone concentration, which will be expressed in the results as TRO 

(Total Residual Oxidants) (mg-O3/ L).  

For drinking water treatment with dissolved ozone, the transferred ozone dose 

(TOD) was calculated according to the following equation: 

𝑇𝑂𝐷𝑇𝑊 =
𝐶 𝑉𝑂𝑊

𝑉𝑇𝑊 + 𝑉𝑂𝑊
 

For seawater treatment with dissolved ozone, the transferred ozone dose (TOD) was 

calculated according to the following equation: 

𝑇𝑂𝐷𝑆𝑊 =
𝐶 𝑉𝑂𝑊

𝑉𝑆𝑊 + 𝑉𝑂𝑊
 

where C is the ozone concentration in the ozonated water (mg/L); VOW is the 

volume of ozonated water added in the flask (mL); VTW is the volume of tap water added 

in the flask (mL), and VSW is the volume of seawater added in the flask (mL). 
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3.2.2 Microorganisms, growth condition and cell viability test 

Four typical bacterial pathogens of drinking water, Escherichia coli, Enterococcus 

faecalis, Staphylococcus cereus and Bacillus aureus were examined in order to estimate 

the inactivation rate with ozone as disinfectant. The four strains of bacteria was cultured in 

nutrient broth for 16 h and then the solution was centrifuged. The pellet of bacteria cells 

was washed by sterilized water 0.8% NaCl. Each sample was centrifuged at 3500 rpm for 

15 min and resuspended in solution. The bacterial suspension reached an optical density 

equal to absorbance of 0.1 at 600 nm as this corresponds to approximately 108 CFU/mL 

according to McFarland standard. The initial bacterial concentration was confirmed in 

every disinfection experiment. In each sample the residual ozone was immediately 

neutralized with excess sodium thiosulfate. After the ozone treatment, 0.1 mL of each 

sample in different dilutions was spread evenly over the nutrient agar-plate in triplicate. 

Following incubation at 37°C for 24 h, the total viable count (CFU/mL) of the isolate was 

determined by the spread plate technique. The measurement is considered valid when 10 

to 100 colonies are spotted. The calculation of CFU/mL is done by the following equation: 

𝐶𝐹𝑈

𝑚𝐿
=  

10𝑉𝐶𝐹𝑈

100 𝜇𝐿
 

where v is the dilution of the bacterial concentration. 

In the case of seawater ozonation experiments, all the disinfection experiments 

were investigated in terms of bacterial regrowth after 5 days as suggested in the D2 

standard. 

3.2.3. Measurement of dissolved ozone- Indigo Colorimetric Method 

The concentration of dissolved ozone was monitored directly from the tank during 

the ozone nanobubbles generation by an ozone amperometric sensor (Hach, Germany) with 

a working range of 0.005 - 2 mg/L O3 and an accuracy of 3% or ± 10 ppb O3. The dissolved 

ozone concentration in the process of the experiment was determined by the Indigo 

Colorimetric Method (191). The Indigo Method is a colorimetric procedure that is 

selective, quantitative and simple. Moreover, this method is applicable to lake water, 

extremely hard groundwaters and biologically treated domestic wastewaters. The high 
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purity indigo trisulfonate corresponds to a molar absorptivity of 20000 M-1cm-1 at 600 nm 

and this exactly why the purity and the age of the reagent are extremely important since 

they affect the stoichiometry of the reaction with ozone (191). The specific method is based 

on the fact that the Indigo Reagent reacts instantly with ozone in acid solutions, bleaching 

the blue indigo colour leading in the decrease in absorption proportionally to present ozone 

amount. 

 

Image 3. Indigo decolorization with regards to ozone concentration. 

The detection limit for the Indigo Reagent I and II is 2 μg/L and 6 μg/L, 

respectively. In our case, some preliminary results were performed in order to compare the 

results derived from the indigo method with those from the ozone test kit, Accuvac (Hach). 

Different ozone concentrations were tested and it was concluded that indigo method was 

absolutely in line with the ozone kit according to the graph set out in Appendix B. 

Reagents 

• Potassium Indigo Trisulfonate 

The reagent Potassium Indigo trisulfonate, C16H7N2O11S3K3 is used for the 

quantification of the ozone concentration in the aqueous phase. The ozone decolorizes 

stoichiometrically (1:1) the intense blue dye at low pH and the decrease in absorbance at 

600 nm is directly proportional with increasing ozone concentration. The purity of this 

reagent is above 60% and normally the commercially available reagents reach the value of 

50-85% 
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• Indigo Stock Solution 

An indigo stock solution is prepared by adding 1 mL of concentrated, analytical 

grade phosphoric acid and 770 mg of potassium indigo trisulfonate, C16H7N2O11S3K3 

(Sigma-Aldrich) to 1 L volumetric flask filled to the mark with distilled water with stirring. 

It is noteworthy that when the absorbance of a 100-fold dilution is below 0.16/cm, the 

indigo solution should be discarded and a fresh indigo solution must be prepared. 

• Indigo Reagent II 

Since the anticipated range of ozone concentration is 0.05 to 0.5 ppm we proceed 

with the preparation of Indigo Reagent II. To 1 L volumetric flask, 100 mL of Indigo Stock 

Solution, 11.5 gr of analytical grade sodium dihydrogen phosphate, NaH2PO4
.H2O (Merck) 

and 7 mL of concentrated, analytical grade phosphoric acid, H3O4P (Fisher) were added 

and were diluted with distilled water to the mark.  

• Malonic Acid Reagent 

Since in the tap water that is used for the experimental procedure, residual 

concentration of chlorine is present, it is necessary to add malonic acid, CH2(COOH)2 

(Sigma-Aldrich) in order to mask the interference of the chlorine, since it decolorized 

indigo at a moderate rate. The procedure is that 5 gr of analytical grade malonic acid in 

water are diluted to 100 mL. 

Spectrometric determination 

Regarding the quantification of ozone, depending on the range of the ozone 

concentrations in the experiments, the Indigo I or II reagent is used. The estimation of the 

absorbance is performed in the spectrophotometer UV-Vis (Shimadzu). For anticipated 

range 0.01 to 0.1 mg/L ozone the addition of 10 mL of Indigo Reagent I to two 100 mL 

volumetric flasks was executed. The first one was filled the tap water as blank and the 

second with the ozone-containing sample and the measurement of absorbance at 600 nm 

was carried out as soon as possible with glass cuvette since the wavelength was in visible 

range. The dissolved ozone concentration was estimated by the Equation 1. For anticipated 

range 0.05 to 0.5 mg/L ozone, the Reagent II was used and in case of higher ozone 
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concentration, bigger volume of Indigo Reagent II is added and the Equation below was 

adjusted in terms of added sample volume. 

𝐶𝑂3
=

100 × 𝛥𝐴

𝑓 × 𝑏 × 𝑉  
              

where: 

ΔΑ the difference in absorbance between blank and sample 

f 0.42 

b path-length of the cuvette (cm) 

V volume of the sample added (mL) 

3.2.5. Dynamic Light Scattering (DLS) method 

The nanobubble size distribution was measured by a SALD 7500nano nanoparticle 

size analyzer (Shimadzu, Japan) which uses the dynamic light scattering (DLS) method 

and is applicable to particle diameters between 7 nm and 800 μm. The refractive index of 

the material was chosen to be 1, since the refractive index of the air is less than that of 

water. After the generation of the nanobubbles and before the onset of the experiment, 

OzNB tap water samples were collected in triplicate from the upper and lower part of the 

tank and were analyzed immediately. In order to investigate the stability of the formed 

OzNBs with respect to time, samples after generation were sealed in glass vials, stored at 

ambient temperature and were measured every 24 h over the next three days. 

Data were plotted as mean ± SD from at least three independent experiments. In 

every experiment, duplicate samples were taken at each time interval to estimate the 

microbial count and to measure the residual dissolved ozone. The temperature and salinity 

did not change in all experiments.  

In order to meet the requirements for sterilized conditions, all glassware used for 

the experiment was washed with deionized distilled water and autoclaved at 121°C for 15 

minutes and the OzNBs tap water was also tested for any bacterial contamination. The 

disinfection experiments were conducted at ambient temperature, which was 

approximately 18°C throughout the experiments. 
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3.3. Results 

3.3.1. The size distribution of Ozone Nanobubbles (OzNBs) over time 

Before starting the batch ozonation experiments, an experiment with air 

nanobubbles was performed in order to evaluate the performance of MK1 nanobubbler in 

terms of size distribution and zeta potential in different operation times (10, 20 and 30 

min). In addition, the effect of time was investigated as the zeta potential and size 

distribution of the samples were measured anew three days after the generation of NBs. 

Figure 2 displays the size distribution and zeta potential of NBs generated within 10, 20 

and 30 times of nanobubbler operation on the first and third day. It can be seen that the first 

day of generation the zeta potential is similar in different time periods of operation. 

Nanobubbles are negatively charged, therefore it is reasonable the obtained zeta potential 

to be negative. Zeta potential was reported -19.30, -19.57, -20 mV in 10, 20 and 30 minutes, 

respectively. After three days, these values were -13.73, -17.37 and -17.53 mV, 

respectively. The diameter after the generation was 177, 135 and 124 nm, whereas after 3 

days of storage these values were found to be 681, 471, 429 nm within 10, 20 and 30 

minutes of operation, respectively. The change in size may be dominated by the Ostwald 

ripening effect, in which smaller bubbles are deposited on a larger bubbler leading to the 

growth of size. 
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Figure 2. Effect of time on air NBs diameter distribution and zeta potential. 

As shown in Figure 3, the effect of time after the preparation of the OzNBs water 

on the median diameter was examined. It is demonstrated that the OzNBs grow over time 

and become larger in size. Also in this case, the growth mechanism of OzNBs can be 
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elucidated by Ostwald ripening process, in which smaller bubbles tend to dissolve and 

redeposit to larger bubbles (192). Before any ozonation experiment, samples were collected 

to evaluate the median diameter of the nanobubbles. On the first day, the median diameter 

was found to be 136 nm as shown in Table 8. After one day, the ozone median diameter 

was increased to 328 nm. The size of the ozone nanobubbles was further increased with 

time to 388 in 3 days and to 484 nm after 4 days. 
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Figure 3. Effect of time on OzNBs diameter distribution. 

Table 8. Effect of time on OzNBs median diameter. 

Days 1 2 3 4 

Median bubble 

diameter (μm) 
0.136 ± 0.036 0.328 ± 0.059 0.388 ± 0.011 0.484 ± 0.087 

3.3.2. Drinking water disinfection  

3.3.2.1. Ozone decay 

The ozone decay was studied when ozone was produced with and without the 

presence of the nanobubbles and is displayed in Figure 4. It is a well-known fact that the 

mineral content in water affects the retention time of ozone and more precisely, it is 

expected the ozone half-life time to be shorter in tap than distilled water, since the 

concentration of minerals accelerates the decay of ozone. Previous research showed that 

the ozone has a shortest retention time in water with high mineral content, which was 

estimated 20 minutes at 5oC (193).The main focus of the experiment was to investigate the 
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effect of nanobubbles in the ozone retention time in test fluid (tap water) at different pH 

and temperature. Another factor that can influence the ozone residual concentration is the 

total organic carbon (TOC) (107), which in tap water tested in these ozone experiments 

was estimated 7.62 ppm. After the ozone generation, a sample of ozonated water with and 

without the presence of NBs was selected and the ozone was measured in predetermined 

time intervals by Indigo Method. At the lowest temperature (13.5oC), the influence of pH 

was evaluated. As it was aforementioned, high pH leads to a high zeta potential and small 

diameter., resulting in a greater stability of OzNBs. As it can be seen from Figure 4, at the 

lowest temperature the ozone decay with the presence of NBs is greatly enhanced when 

OzNBs are employed. Indeed, when pH increases the ozone decay rate is higher since 

within 30 min the residual ozone concentration in case of dissolved oxygen with MBs 

reached at 86% and 34%, in pH 5 and 7.5, respectively, In the case of OzNBs the ozone 

decay rate is smaller. In fact, the residual ozone concentration within 30 min at the highest 

pH the residual ozone concentration was estimated to be 66%. These results confirmed that 

although the high pH leads to more rapid decomposition of ozone, NBs exhibited a higher 

stability. As it can be seen the difference is ozone decay with and without the presence of 

OzNBs is more evident at the highest pH. At the highest temperature, there is a slight 

difference between treatments and the ozone decay rate is higher compared to the lowest 

temperature since the residual ozone concentration dropped to 85% and 90% within first 

minute for MaBs and NBs, respectively.  
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Figure 4. Ozone decay rate with and without the presence of OzNBs in pH a) 5, and b) 7.5 

at 13.5oC. 
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Figure 5. Ozone decay rate with and without the presence of OzNBs at 27.5oC. 

3.3.2.2. Inactivation of bacteria 

Escherichia coli 

In Figure 6, the disinfection efficiency of E. coli in three different ozone 

concentrations is displayed. When the applied dissolved ozone concentration was 1.16 

ppm, there is a total disinfection of E. coli in case of OzNBs, while there is a significant 

decrease in bacterial counts; 5 log removal was highlighted just after contact time of 1 min 

in tap water, with a steady state in the subsequent time intervals. Regarding the ozone 

concentration, in the first minute of reaction it was found to be greater with NBs, while it 

was close to zero after 5 min of reaction. As it can be seen by the graph, the same trend is 

followed by the other two concentrations. The disinfection efficiency with the presence of 

NBs and the ozone concentration within the first minute of reaction were found to be 

greater. At the highest bacterial of E. coli and in three ozone concentrations, results show 

that the disinfection efficiency of ozone is found to be greater in the case of presence of 

NBs. 
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Figure 6. Inactivation of E. coli at bacterial concentration 107 CFU/mL and ozone 

concentration a) 1.16, b) 0.82 and c) 0.56 ppm with and without the presence of NBs. 

Based on the previous results, the ozone half-life time were estimated. In Table 9, 

it can be seen that in all cases the half-life of ozone was estimated low, since it was 0.42 

and 0.31 min for NBs and MaBs, respectively. The presence of NBs increased the half-life 

of ozone in all ozone concentrations. 
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Table 9. Ozone half-life time at ozone concentration 1.16, 0.82 and 0.56 ppm with and 

without the presence of NBs. 

Ozone concentration (ppm) 
t1/2 (min) 

NBs MaBs 

1.16 0.42 0.31 

0.82 0.30 0.16 

0.56 0.30 0.17 

At lower bacterial concentration and two different ozone concentrations (1.11 and 

0.74 ppm), there is a total disinfection in both treatments, while there is no essential 

difference in residual ozone concentration (Figure 7). Also, the ozone half-life time in two 

concentrations did not differ in both treatments as it can be seen in Table 10. 
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Figure 7. Inactivation of E. coli at bacterial concentration 106 CFU/mL and ozone 

concentration a) 1.11 and b) 0.74 with and without the presence of NBs. 

Table 10. Ozone half-life time at ozone concentration 1.11 and 0.74 ppm with and without 

the presence of NBs. 

Ozone concentration (ppm) 
t1/2 (min) 

NBs MaBs 

1.11 8.3 8.6 

0.74 4.0 3.8 
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Staphylococcus aureus  

As regards the S. aureus, different initial bacterial concentration was tested in batch 

ozonation experiments at initial ozone concentration of 1.20 ppm. In all experiments, a 

total microbial inactivation was achieved with and without the supplementation of OzNBs. 

However, a significant difference can be observed in residual ozone concentration from the 

highest to the lowest bacterial concentration. At initial bacterial concentration 107, 106, 105 

and 104 CFU/mL, the half-life time with the presence of OzNBs was 3.7, 2.3, 2.3 and 1.8 

times higher that those with only dissolved ozone, respectively. 
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Figure 8. Inactivation of S. aureus at ozone concentration 1.20 ppm a) 107, b) 106, c) 105 

and b) 104 CFU/mL with and without the presence of NBs. 
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Table 11. Ozone half-life time at ozone concentration 1.20 ppm and bacterial concentration 

of S. aureus 107, 106, 105 and 104 CFU/mL with and without the presence of NBs. 

Bacterial concentration 

(CFU/mL) 

t1/2 (min) 

NBs MaBs 

107 2.52 0.68 

106 14.84 6.57 

105 17.50 7.68 

104 18.60 10.44 

Bacillus cereus 

As far as B. cereus is concerned, ozone concentration of 1 ppm did not affect 

significantly the disinfection at initial bacterial concentration 106 CFU/mL in both 

treatments. The presence of OzNBs reduced the concentration from 106 to 104, while only 

dissolved ozone led to one order of decrease. At lower initial bacterial concentration, the 

sterilization was higher when NBs are present, whilst in residual ozone concentration there 

is no substantial difference. The disinfection efficiency in the lower bacterial 

concentrations (104 and 103 CFU/mL) is high, as solution is eventually sterilized in both 

treatments. Investigating residual ozone concentration, there is no appreciable difference 

between the nanobubble- and conventional ozonation, which was also shown in half-life 

times as seen in Table 12. 
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Figure 9. Inactivation of B. cereus at ozone concentration 1.0 ppm a) 106, b) 105, c) 104 

and b) 103 CFU/mL with and without the presence of NBs. 

Table 12. Ozone half-life time at ozone concentration 1.0 ppm and bacterial concentration 

of B. cereus 106, 105, 104 and 103 CFU/mL with and without the presence of NBs. 

Bacterial concentration 

(CFU/mL) 

t1/2 (min) 

NBs MaBs 

106 0.29 0.18 

105 3.6 4.2 

104 10.2 9.8 

103 12.7 12.4 

Enterococcus faecalis 

Figure 10 presents the effect ozonation with and without OzNBs has on bacterial 

survival on untreated sample inoculated by E. faecalis at four different bacterial 

concentration. In the case of ozone concentration 1 ppm with NBs, the initial microbial 

concentration ~ 107 was totally disinfected in 20 minutes of reaction. The same trend was 

followed in the lower bacterial concentrations. The NBs enhanced again the ozone residual 

concentration. The ozone half-life time in 107, 106, 105 and 104 with the supplementation 

of NBs was found to be 1.7, 4.2, 2 and 2 times higher than those with the absence of NBs 
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Figure 10. Inactivation of E. faecalis at ozone concentration 1.0 ppm a) 107, b) 106, c) 

105 and b) 104 CFU/mL with and without the presence of NBs. 

Table 13. Ozone half-life time at ozone concentration 1.0 ppm and bacterial concentration 

of E. faecalis 107, 106, 105 and 104 CFU/mL with and without the presence of NBs. 

Bacterial concentration 

(CFU/mL) 

t1/2 (min) 

NBs MaBs 

107 1.45 0.86 

106 19.7 4.7 

105 20.6 10.4 

104 23.1 11.0 
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3.3.3. Seawater disinfection  

3.3.3.1. The effect of ozone concentration and salinity on ozone reaction 

The fate of dissolved ozone in seawater is complicated compared to fresh water. In 

order to have a direct comparison, we performed a series of batch experiments identical to 

the ones for disinfection without the presence of microbes. In Figure 11, the ozone 

reduction with respect to time is shown for four salinities (1.5, 4.0, 8.0 and 15 PSU) and at 

different initial ozone concentrations 0.86, 1.6 and 2.6 ppm. In the same figure, the ozone 

decay in tap water is also shown. As seen, the residual TRO was attenuated in both tap and 

saline water. In tap water, the residual TRO declined steadily reaching to a remaining 

percentage of approximately 77 % in all initial ozone concentrations at a reaction time of 

10 min. This is consistent with first order decomposition kinetics suggesting a half time of 

about 26 min (at 18oC). The estimated half life time (t1/2) of tap water is in agreement with 

the degradation of dissolved ozone in distilled water, where the ozone t1/2 is only 20 minutes 

(at 20oC) (140,141) On the other hand, in water with the highest salinity (15 PSU), the 

residual ozone was lower than 20% of the initial ozone concentration within 10 min of 

reaction. At the highest ozone concentration (2.6 ppm), the t1/2 of TRO levels at salinities 

1.5, 4, 8 and 15 PSU were found to be 3.4, 0.98, 0.52 and 0.40 min, respectively. It is 

obvious that the half-life time of TRO is substantially influenced when salt concentration 

is increased.  
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Figure 11. Effect of salinity on TRO remaining expressed as a percentage of different 

initial ozone concentrations (0.86 ppm, 1.6 ppm and 2.6 ppm). 

Table 14. TRO half-life time in different salinities 

Salinity Half-life time of TRO (min) 

No salinity 26 

1.5 3.4 

4 0.98 

8 0.52 

15 0.40 

As shown in Figure 12, the ozone dose did not have any strong effect on the ozone 

consumption at any salinity level, since the reduction is essentially the same among all the 

ozonation experiments. On the other hand, salinity displayed a significant impact on ozone 

depletion. The highest ozone consumption was observed at the highest salinity, as shown 

in Figure 11. 



Application of Νano-bubbles in Drinking Water Disinfection and the Operation of Bioreactors 

58 

0 10 5 10
0

50

100

Salinity 1.5

Time (min)

T
R

O
/
 T

R
O

O
(%

)

TOD= 0.86

TOD= 1.6

TOD= 2.6

 

0 10 5 10
0

50

100

Salinity 4

Time (min)

T
R

O
/
 T

R
O

O
(%

)

TOD= 0.86

TOD= 1.6

TOD= 2.6

 

0 10 5 10
0

50

100

Salinity 8

Time (min)

T
R

O
/
 T

R
O

O
(%

)

TOD= 0.86

TOD= 1.6

TOD= 2.6

 

0 10 5 10
0

50

100

Salinity 15

Time (min)

T
R

O
/
 T

R
O

O
(%

)

TOD= 0.86

TOD= 1.6

TOD= 2.6

 

Figure 12. Effect of ozone dose on TRO remaining expressed as a percentage of different 

initial ozone concentrations resulting from transferred ozone doses of 0.86, 1.6 and 2.6 

ppm at different salinities (0, 1.5, 4, 8 and 15 PSU). 

Upon ozone addition, the ORP values rapidly increased from 221.8 to 883.7, 806.0, 

795.0 and 779.8  mV at salinity 1.5, 4.0, 8.0 and 15 PSU, respectively. During seawater 

treatment experiments, various oxidant residuals are formed exhibiting lower disinfection 

capacity compared to ozone. Thus, the highest ORP value was observed at salinity 1.5 PSU, 

where the concentration of oxidants formed in the ozonated saline water are lower due to 

reduced quantity of chlorides and bromides. 
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Table 15. ORP values in different salinities at ozone concentration 2.5 ppm 

 1.5 PSU 4.0 PSU 8.0 PSU 15 PSU 

ORP (mV) 883.7 806.0 795.0 779.8 

3.3.3.2 Comparison of effect on ozone reaction with and without the presence 

of OzNBs 

In order to investigate if the addition of OzNBs has an effect on TRO concentration, 

an experiment was conducted with the same transferred ozone dose with and without the 

presence of OzNBs, where the concentration of residual oxidants was recorded at time 

intervals (1, 5 and 10 min) in each case. Figure 13 displays the remaining percentage of 

TRO concentration when the nanobubbles are present or not for every salinity level 

investigated in this study. The difference of treatments is evident during the early minutes 

of reaction where the presence of OzNBs enhanced the remaining concentration of TRO. 

In the fifth minute of reaction, only at salinity 1.5 PSU, a difference can be observed, while 

at the higher salinities no significant variations are shown. In the last ten minutes of the 

ozone reaction, no significant difference was observed in all tests. 
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Figure 13. TRO remaining in different salinities (1.5, 4, 8 and 15 PSU) with and without 

the presence of OzNBs. 
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3.3.3.3 Comparison of disinfection capacity of ozone with and without OzNBs 

at different salinities 

Batch ozonation experiments with the addition of E. coli inoculum in three different 

concentrations in ozonated water containing OzNBs or DO3 were conducted with a TOD 

of 0.89±0.1 mg/L. Firstly, as shown in Figure 14 at salinity 1.5 PSU it is clear that the 

residual concentration of TRO is higher when the OzNBs are present for every bacterial 

concentration, therefore it can be concluded that the residual activity is enhanced. On the 

other hand, it can be seen that the E. coli was totally disinfected in all initial bacterial 

concentrations. This is not the case for ozonated water containg OzMaBs for the initial 

concentration of 107 CFU/mL, where the log reduction of bacterial concentration was 

approximately 4. It is worth mentioning, that a t-test analysis was performed in order to 

investigate if the differences are statistically significant (Stars indicate significance levels 

: * for p< 0.05 and ** for p< 0.01). It is clear from the results, that the concentration of 

residual oxidants was observed to be significant within the time of ozone reaction. 
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Figure 14. TRO remaining and bacterial concentration after disinfection experiment with 

and without the presence of ONBs in salinity 1.5 PSU and at bacterial concentration a) 107, 

b) 106 and c) 105 CFU/mL (NBD=No bacteria detected).  

The investigation of saline water at 4 PSU with dissolved ozone supplemented with 

OzNBs showed that in the highest bacterial concentration no significant difference was 

observed in comparison to the treatment with dissolved ozone without any OzNBs. The E. 

coli bacteria were successfully disinfected in both treatments. When the bacterial 

concentration was reduced to 106 CFU/L, a higher residual concentration of oxidants was 

observed however it was not statistically significant. It should also be highlighted that after 

the first minute of ozone treatment, the concentration of TRO was stable confirming the 

formation of by-products derived from the saline water ozonation, which are more stable 

than ozone. The formation of stable oxidants can be also confirmed in Figure 5c and it 

should be noted that in this experiment the remaining concentration of TRO is significantly 

higher when OzNBs are present at the first minute of reaction. 
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Figure 15. TRO remaining and bacterial concentration after disinfection experiment with 

and without the presence of OzNBs in salinity 4 PSU and at bacterial concentration a) 107, 

b) 106 and c) 105 CFU/mL (NBD=No bacteria detected).  

At salinity 8 PSU, the ozonation experiments with the highest bacterial 

concentration did not exhibit any difference in residual concentration of oxidants while a 

10-min exposure led to total disinfection in both treatments. For the other two bacterial 

concentrations, the TRO oxidants concentration was greater when OzNBs were present, 

however no statistically significant difference was observed between the two treatments. 

Moreover, at the end of the experiment, a total inactivation of E. coli was achieved.  
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Figure 16. TRO remaining and bacterial concentration after disinfection experiment with 

and without the presence of OzNBs in saline water (8 PSU) and at an initial bacterial 

concentration a) 107, b) 106 and c) 105 CFU/mL (NBD implies No Bacteria Detected).  

When the salinity was increased to 15 PSU, there is no variation between the 

treatments as seen in Figure 16. As seen, there is no significant effect on the residual 

concentration of TRO in all bacterial concentrations with and without the presence of 

OzNBs. 
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Figure 17. Total residual oxidants (TRO) remaining and bacterial concentrations after 

disinfection experiments with and without the presence of OzNBs in salinity 15 PSU and 

at bacterial concentrations: a) 107, b) 106 and c) 105 CFU/mL (NBD, No Bacteria Detected).  

In all disinfection experiments, the microbial regrowth after 5 days was 

investigated, and in all cases no regrowth was observed. More specifically, the bacterial 

concentration was maintained to the level that recorded or decreased. It is notable that a 

control experiment without any ozone dose was performed to test any bacterial loss due to 

salinity or any other factor. During the experimental process, there was no decrease in 

bacterial concentration since it was stable for 10 minutes. In 5 days, the bacteria 
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concentration in some cases was reduced only by one order of magnitude, therefore the 

reduction was due to the disinfection capacity of ozone (Figure S. 5). Treatment with ozone 

at all salinities formed bromate levels well below that of the maximum contaminant level 

of 10 µg/ L. 

3.3.3.4 Reduction of chloride (Cl-) and bromide (Br-) at salinity 15 PSU 

Since the results from ozonation experiments did not exhibit any difference 

between the treatments with and without the OzNBs in the highest salinity (15 PSU) 

(Figure S.4), samples were collected in order to determine the chloride and bromide content 

at the end of the disinfection experiments. Figure 18 demonstrates that utilization of 

ozonated water with OzNBs leads to an elevated reduction of chloride and bromide. This 

reduction cannot be captured by the indigo method since only ozone-based by-products 

were evaluated as malonic acid was used in order to avoid any interference from 

brominated and chlorinated disinfection byproducts. Thus, it can be concluded that when 

saline water with dissolved ozone contains OzNBs, it exhibits a higher residual activity.  

This result is not surprising, although the total amount of ozone within the NBs is 

rather small, it remains for a longer period of time since the half-life of ozone at 20oC in 

the gas phase is about 3 days compared to only 20 min if it is dissolved in water. Hence, 

the ozone within the nanobubbles decomposes at a much slower rate compared to dissolved 

ozone. Notably, among the different bacterial concentrations with the presence of OzNBs 

as well as with only DO3 no substantial increase was detected. This can be elucidated by 

the fact that the transferred ozone reacts immediately with chloride and the bromide ions 

which are in high concentration and not with the bacteria leading to the total ozone 

depletion. Therefore, the reduction is the same in all treatments and the formed oxidants 

exhibit the observed disinfection capacity. 
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Figure 18. Reduction of Chloride (Cl-) and Bromide (Br-) at salinity 15 PSU after 10 min 

of exposure to dissolved ozone with and without OzNBs and for three different initial 

microbial concentrations. 

3.3.4. BPA degradation  

It is proved that OzNBs are effective for the oxidation of various organic pollutants. 

Batch ozonation experiments with and without the presence of OzNBs were conducted in 

order to compare the oxidation efficiency of BPA, which belongs to the category of 

endocrine disruptors. Figure 19 showed that both dissolved ozone with and without OzNBs 

could oxidize BPA within 1 min, which can be deemed as an instant reaction. When the 

initial BPA concentration was 0.85 mg/L, remaining BPA concentration was 21.95% and 

32.95% of initial with and without OzNBs, respectively. The residual ozone concentration 

was slightly higher when NBs were supplemented. 



Chapter 3. Ozone Nanobubbles in disinfection 

67 

0 1 5 10 20

0.0

0.2

0.4

0.6

0.8

1.0

0

20

40

60

80

100

Time (min)

O
z
o

n
e

 c
o

n
c

e
n

tr
a

ti
o

n
 (

m
g

/L
)

B
P

A
 c

o
n

c
e
n

tr
a
ti

o
n

 c
/c

o

DO3

DO3- BPA

DO3+NBs

DO3+NBs- BPA

 

Figure 19. Degradation of BPA by dissolved ozone with and without OzNBs at initial BPA 

concentration 0.85 ± 0.04 ppm. 

When the initial BPA concentration was 2.1 mg/L, the degradation rate of BPA by 

OzNBs reached 47.17% in 1 min, which was approximately 8% higher than that by 

dissolved ozone. In 20 minutes of reaction, the degradation efficiency reached 52.83%. As 

regards, the ozone residual concentration was higher with the supplementation of NBs than 

those of dissolved ozone. 
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Figure 20. Degradation of BPA by dissolved ozone with and without OzNBs at initial BPA 

concentration 2.1 ± 0.06ppm. 
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When the concentration almost tripled, there was no difference in BPA elimination 

between treatments with and without OzNBs. The removal efficiency was reported 

approximately at 38% during the reaction in both treatments. The ozone concentration 

reached rapidly to zero within 1 minute. 
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Figure 21. Degradation of BPA by dissolved ozone with and without OzNBs at initial BPA 

concentration 5.7 ± 0.04 ppm. 

3.4. Conclusions 

The main conclusion is that the study of OzNBs characteristics illustrates that NBs 

detected after 4 days in aqueous phase demonstrating a marked stability in a period of four 

days. The mean value of size distribution were found to be increase from day 1 to day 4, 

according to Ostwald ripening rules. The decomposition rate of dissolved ozone 

concentration was greatly enhanced by the presence of NBs in tap water. Specifically, the 

significant difference in ozone decomposition between the both treatments was reported at 

the lowest temperature and the highest pH confirming that the increased pH results in a 

higher stability of NBs since according to literature it can lead to higher zeta potential 

values and lower diameter. OzNBs had a substantial effect on four harmful pathogens (E. 

coli, E. faecalis, B. cereus, S. aureus). In particular, the supplementation of OzNBs 

technology had a significant impact on the inactivation of the microorganisms and in most 

cases the residual ozone concentration was substantially elevated. 
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Moreover, this study set out to compare the disinfection capacity and the 

concentration of total residual oxidants (TRO) in saline water containing OzNBs compared 

to conventional ozone disinfection, since research on their use in ballast water treatment is 

limited. The results of the present study showed the efficacy of ozone (as TRO 

concentration) at different salinities. The implementation of OzNBs in the lowest salinity 

exhibited significantly higher TRO in comparison to dissolved ozone by produced by 

bubbling ozone gas using a porous diffuser for all bacterial concentrations. At the highest 

bacterial content (108 CFU/mL) and at salinity 1.5 PSU, the utilization of NBs led to a 6 

times higher residual concentration of oxidants within the first minute of reaction and 1.6 

times at the fifth minute, while at lower bacterial concentration (106 CFU/mL) the 

enhancement of TRO concentration was 7-fold and 5-fold at 1st and 5th minute, 

respectively. Dissolved ozone supplemented with OzNBs had a significant effect on the 

whole period of reaction at the lowest bacterial concentration. The utilization of 

nanobubbles in ozonation led to a 5- fold, 4-fold and 2-fold increase in residual TRO 

concentration at 1st, 5th and 10th minute of reaction, respectively. On the other hand, at 

the highest salinity, no difference was observed in TRO concentration, however the results 

obtained from ion chromatography indicated that a greater reduction of bromide and 

chloride was achieved when OzNBs were used. Among the treatments at different bacterial 

concentrations, there was no statistically significant variation indicating that the reaction 

with the halide anions was substantially rapid, leading to formed secondary oxidants that 

also exhibit disinfection capacity. Our findings have practical implications for ozone 

nanobubbles to be used for drinking and ballast water treatment to inactivate 

microorganisms present in seawater as shown that OzNBs application leads to a more 

efficient ozonation as ozone utilization efficiency is higher. 
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Chapter 4. 

Air Nanobubbles in constructed wetlands 

This chapter is based on the following publication: 

Seridou P, Vamvakia M, Syranidou E, Vlysidis A, Kalogerakis K. Hydrocarbon removal in 

an air nanobubble- and an electrolysis-integrated horizontal subsurface-flow constructed 

wetland. 

In preparation 

4.1. Hydrocarbon removal performance of CWs supplied by oxygen 

4.1.1. Constructed wetlands (CWs) 

Constructed wetlands has been proved to be an efficient technology for removal of 

not only conventional pollutants (COD, phosphorus and nitrogen) but also emerging 

contaminants and is preferred compared to traditional treatment technologies owing to their 

simple equipment, low investment and operating costs, and easy and simple operation 

(194). This ecotechnological wastewater treatment is developed to mimic the natural 

processes found in natural wetland ecosystems for the removal/degradation of 

contaminants in wastewater (195). The processes that take place in CW are physical, 

chemical and biological processes including evaporation, substrate adsorption, plant 

uptake, microbial degradation, filtration, and sedimentation (196). Different types of 

wastewater, including municipal, urban, industrial, agricultural etc. have been treated by 

CW systems displaying a high treatment efficiency (18). In general, a CW is shallow basin, 

filled with filter material, usually sand or gravel and planted with vegetation preferably 

tolerant to saturated conditions (23). According to the type of flow, CWs are classified in 
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CWs with surface flow (SF) and with subsurface flow (SSF). In the latter type, there are 

two categories: horizontal flow (HSSF) and vertical flow (VFSS). In this study, three 

horizontal subsurface flow (HSSF) CWs were designed. 

4.1.2. Artificial aeration  

One of the most vital factors in the operation of CWs is the dissolved oxygen (DO) 

since it can influence the microbial activity and pollutants removal efficiency. Due to the 

low concentration of dissolved oxygen in the effluent of CWs, an aeration system is highly 

beneficial, since it has been found that aerated wetlands are capable of increased pollutant 

removal rate. Aeration in CWs attributed a positive effect in the performance compared to 

non -aerated systems therefore a variety of oxygen supplementation technologies have been 

designed in order to elevate the oxygen content in wetland beds. It has been found that 

artificially aerated CWs can increase oxygen transfer rate by compressing air from the 

atmosphere into the wetland bed with the use of a blower (23,197). In addition, the oxygen 

transfer rate can be influenced by the size of the bubble and the air flow rate. An increase 

in oxygen transfer can be achieved by smaller air bubbles owing to the high specific area 

(9). Moreover, the high zeta potential in absolute value can create repulsion forces and 

prevent the coalescence among the bubbles, which could lead smaller bubbler to attach 

each other or to larger bubbles and decrease the OTR (198). 

4.1.3 Electrochemical technology  

Electrochemical technology widely used in wastewater has been employed to 

enhance the removal efficiency of CWs for nitrogen, phosphorus and organic pollutants by 

anode oxidation, cathode deoxidation, electro- coagulation processes (199–201). An 

increasing number of studies have applied the electrochemical technology using iron 

electrodes in the operation of CWs for the enhancement of decontamination efficiency for 

conventional as well as emerging pollutants (such as antibiotics) (199,200,202,203). This 

treatment has been widely used as iron element is economical and moreover, the root iron 

plaque can promote the plant health and reduce environmental stress (199). A principal 

advantage of an electrolysis-integrated CW is the oxygen production that takes place in the 

anode. An electrolytic air-water dispersion is generated by a direct current between two 
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immersed electrodes. Water electrolysis is able to generate bulk micro-nanobubbles in the 

solution as oxygen and hydrogen gas bubbles are released at the anode (oxidation) and 

cathode (reduction), respectively (204). The average size of oxygen nanobubbles in 

electrolyzed water was measured 30 nm the first day by DLS, 180 nm the second day, while 

it became 250 nm on the third day (64). Therefore, it is important to investigate the oxygen 

that is supplied via electrochemical production through small sized gas bodies. 

4.1.4.Hydrocarbons removal in CWs 

Hydrocarbon contamination is considered a serious concern for the environment 

and is becoming prevalent across the globe due to their extensive use. Among the various 

hydrocarbons, fuel hydrocarbons such as BTEX compounds (benzene, toluene, 

ethylbenzene and xylenes) and phenolic compounds derived from industrial, agricultural 

and domestic activities exist into water bodies (17). CWs have been effectively applied for 

the treatment of water contaminated with hydrocarbons and a number of studies have 

investigated the fate of MTBE and phenolic compounds, indicating that there is an efficient 

removal of various hydrocarbons (19).  

4.1.4.1 Phenol 

Phenolic compounds are among the chemicals that have raised great concern owing 

to their persistence in the environment and their accumulation into humans and animals 

inducing short- and long-term effects. Anku et al. (17) reported that some phenolic 

compounds can occur in nature associated with the colors of fruits and flowers, while others 

can be synthesized and derived by anthropogenic activities. The Unites Sates 

Environmental Protection Agency (USEPA) and the European Union (EU) have prioritized 

the phenolic compounds in the list of toxic pollutants due to their devasting effects on 

human and aquatic lives. Therefore, a number of wastewater treatment techniques have 

been developed in order to minimize their disposal into water bodies (17).  

4.1.4.2. Toluene 

Toluene (also known as methylbenzene) is a clear liquid is a natural substance of 

gasoline and crude oil. It is an organic compound that it is highly lipophilic. It is widely 
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used in industry for synthesis of chemicals, including nylon, plastics, paints, and solvents 

(205). The most common way of exposure to toluene is via inhalation. Occupational 

exposure to toluene occurs in painters and other workers, but it is debated whether low-

level toluene exposure has any detrimental effects. Clinical studies have shown that regular 

exposure to toluene for months and years led to dementia, ataxia, and various other 

neurologic deficits (206). The permissible exposure limit for toluene is 200 ppm for a 8-

hour shift (207). 

The aim of this study was to investigate the hydrocarbon removal performance of 

constructed wetlands supplied by oxygen via two different methods; the electrochemical 

oxygen production and the nanobubble injection. 

4.2 Materials and Methods 

4.2.1 Experimental set-up 

The experimental set-up consists of three horizontal subsurface flow (HSF) CWs 

which were constructed in the green house at the Technical University of Crete under 

ambient air with protection against rain (Image 4). Phenol and toluene were selected as the 

representative hydrocarbons. Three polyethylene tanks with dimensions 90x30x40 cm 

(LxWxH) and volume of ~100 L were filled with gravel (1 cm) covering the entire root 

system. Larger gravel (3.5 cm) was placed at the effluent tube to avoid any clogging. The 

CWs had a constant water level (~25 L) and they operated in a continuous mode with 

complete recirculation with the use of a peristaltic pump and the external 10 L-tanks 

containing the contaminated water. Specifically, the experimental set-up includes a control 

CW (CW1), consisting only of the plant and the gravel, a CW further supplied by direct 

oxygenation by air nanobubbles injected via a porous pipe distributor (CW2), and a CW 

supplemented by oxygen nanobubbles generated in situ by electrochemical production with 

stainless steel electrodes (CW3).  

In CW2, a PE nano tube bubble diffuser (Holly technology, China) placed at the 

bottom of mesocosm was used constantly connected to an air compressor with an air flow 

rate of 14 lpm. This nanotube is of great efficiency since it needs lower gas consumption 

than the conventional diffusers with its aeration pore diameter ranging from 0.3 μm to 100 
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μm. No bubbles were detected at surface of CW. CW3 was designed following the 

experimental process as reported by Gao et al., 2017 (208). Thee iron plates were used as 

electrodes with dimensions 20x10x2 cm (HxLxW). The anode was set in the center of the 

unit close to rhizosphere and the cathodes were set on both sides of the anode providing a 

cathode/anode surface area ratio 2:1. Moreover, these iron plates contained many pores 

diameter of 1 cm along the surface to assure easy passage of water through the wetland. 

The electrodes were connected using copper wires to a DC regulated power supply, which 

was used to provide constant current for electrolysis. The experimental process was 

conducted under ambient temperature. 

4.2.1.1. Vegetation 

J. acutus plants were collected from the Souda Bay of Chania (Greece) carefully in 

in order the roots to be maintained intact and were transferred in the greenhouse of the 

Technical University of Crete (Chania, Greece). Then, the roots were rinsed with tap water 

to remove any soil and impurities. They were transplanted in every CW and were 

acclimatized for one month before the beginning of the experiment.  

 

Image 4. Three constructed wetlands; left) control- CW1, middle) air nanobubble-

integrated- CW2, and right) electrolysis-integrated- CW3. 
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Measurements were taken daily in terms of pH, oxidation-reduction potential (ORP 

(mV)) and dissolved oxygen (DO (mg/L)) from a point close to the rhizosphere (middle) 

and close to the effluent (end) in CW1 and CW2 as well as in CW3 close to the cathodes 

(in, end) and to the anode (middle). The electrical conductivity was measured only in CW3. 

4.2.2 Experimental cycles 

During the experimental period, several cycles (Table 16) were performed where 

the hydraulic residence time (HRT), the type of contaminant and the initial hydrocarbon 

concentration changed. Moreover, primary-treated wastewater from WWTP of the region 

Platanias (Chania) were collected and used in combination with the hydrocarbons. The 

physicochemical and wastewater parameters as well as the concentration of the two 

selected hydrocarbons were monitored in the effluent of CWs and the external tanks on a 

daily basis in order to evaluate their performances. 

Table 16. Experimental design of CWs. 

Cycles Phenol [ppm] Toluene [ppm] Wastewater HRT [hours] 

1 50 - - 12 

2 50 - - 24 

3 100 - - 24 

4 200 - - 24 

5 - 50 - 24 

6 - 100 - 24 

7 100 100 - 24 

8 100 100 + 24 

4.2.2.1. Physicochemical parameters 

At each cycle, pH, oxidation-reduction potential (ORP), dissolved oxygen (DO), 

temperature (T) and the electrical conductivity (EC) only in CW3 were monitored daily by  

a Hach HQ40d multi parameter meter. 
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4.2.2.2. Wastewater quality parameters 

COD, TN, TP were analyzed using standard test kits (Hach-Lange GmbH) and DR 

2800 spectrophotometer (Hach-Lange GmbH). Analysis of total suspended solids (TSS), 

was conducted according to Apha standard methods (209). All the above were measured in 

Biochemical Engineering and Environmental Biotechnology Laboratory at TUC 

4.2.2.3 Cell concentration and microbial analysis  

At the end of every cycle, cell concentration (events/mL) close to rhizosphere was 

evaluated in every wetland using a flow cytometer (Beckman Coulter). The cell 

concentration was identified by staining with SYBRGreen, which penetrates all cells and 

is bound selectively to double-stranded DNA (210). Furthermore, in every experimental 

cycle, samples close to rhizosphere were collected for microbial analysis when the removal 

efficiency of CWs reached 100%. In CW3, an additional sample was collected close to the 

cathode in the entrance of wetland. The cycles selected were listed in Table 17 and firstly 

they were measured in terms of cell concentration by the cell counter. Then, DNA 

extraction was performed (Qiagen, CA, USA) and the extracted samples were sent for 16s 

rRNA gene sequencing (Novogene Company Limited, Cambridge, United Kingdom) using 

the bacterial primers 341F/806R (5’-CCTAYGGGRBGCASCAG-3’/5’-

GGACTACNNGGGTATCTAAT-3’). Bioinformatics analysis was performed in R version 

4.0.0 and in the R Studio environment version 1.3.959. The DADA2 pipeline was 

employed for the analysis of the resulting fastq files using the corresponding R package 

(211). 

Table 17. Selected cycles for microbial analysis. 

Cycles 1 2 3 4 

Phenol 100 ppm - 100 ppm 100 ppm 

Toluene - 100 ppm 100 ppm 100 ppm 

Matrix Tap water Tap water Tap water Wastewater 
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4.2.2.4. Organic compounds analysis 

Phenol concentration was determined by High Performance Liquid 

Chromatography (HPLC). Separation of BPA was performed on a Nucleosil 100-5 C-18 

column (Macherey-Nagel, Duren, Germany). The mobile phase was acetonitrile (ACN): 

ultra pure water (50:50), the excitation and emission wavelengths of the Fluorescence 

Detector (FLD) were set at 277 and 300 nm respectively, the analysis time was 10 min and 

the oven temperature 27 oC. Samples of volume 40 μL were direct injected into the 

rheodyne valve. The maximum permissible phenol concentration in wastewater stream is 

less than 1 mg/L (212). The aforementioned method can detected phenol concentration up 

to 0.05 mg/L. Therefore it is considered that a total removal of phenol was achieved when 

the phenol concentration is below 0.05 mg/L. 

A Gas Chromatography (GC) HP 5890 Series II (Hewlett Packard Co.) connected 

with a headspace sampler HP 7694G was used to estimate the toluene concentration. 

Carrier gas was He at 1 mL/min, the temperature of the vial was 80 oC, while the 

temperature of GC injector was 250 oC and oven temperature was increased from 60 oC to 

250 oC at a rate of 20 oC/min. The maximum allowable concentration of toluene in drinking 

water is 70 μg/L (205), while the detection limit of concentration is 50 μg/L. Also, in this 

case a  removal efficiency is deemed to be 100% below this concentration. 

When the mixture of the two hydrocarbons was investigated, the HPLC was used 

for analysis. The UV detector was set at 254 nm, The column used was Nucleosil 100-5 C-

18 with an isocratic elution and the flow rate was 1 mL/min in mobile phase consisting of 

ACN:ultra pure water (70:30).  

4.3. Results 

4.3.1 Cycle 1  

Initially, a hydraulic retention time of 12 was tested and the targeted pollutant was 

phenol at initial concentration 50 ppm (Figure 22). The CW2 exhibited the higher 

performance since phenol was totally removed within 3 days, while the other two systems 
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needed more than 5 days to remove the phenol. Specifically, a total removal of phenol was 

achieved in the CW3 at 6th day while in the control CW1 at 7th day. 
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Figure 22. Phenol removal efficiency (%) versus time (Cycle 1: initial conc.=50 ppm & 

HRT=12 h). 

As regards the oxidation-reduction potential, it can be seen from Figure 23 that in 

CW1 and CW2 positive values of ORP were reported, in contrast to the CW3, where the 

ORP were negative throughout the experiment in the three points of sampling. In particular, 

the average ORP values in the middle and end point in CW1 were approximately 167 mV 

and 146 mV, respectively. In CW2, the ORP values were elevated as the values in the 

middle and the end were 205 mV and 219 mV, respectively. All the sampling points showed 

negative values in values and specifically lower than -300 mV. Regarding the DO level, a 

rather low concentration was detected in CW1 and CW3, while in CW2 the oxygen content 

was above 8 mg/L indicating that the aeration was sufficient, while while the rest wetlands 

showed a low concentration of dissolved oxygen approximately 2 mg/L. The pH values 

throughout the first cycle in CW1 was similar between the two sampling points as the 

average values was estimated 7.39 in the middle and 7.33 in the end. Elevated pH values 

were reported in CW2, approximately 8.15 in both sampling points . In CW3, the pH was 

8.71 and 9.43 in the cathode of the entrance and the effluent, respectively while in the 



Application of Νano-bubbles in Drinking Water Disinfection and the Operation of Bioreactors 

80 

anode it was 7.66. Finally, the average temperature was measured 16.3oC in the first 

experimental cycle. 
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Figure 23. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout Cycle 1. 

4.3.2. Cycle 2 

In higher HRT (Figure 24), the performance of three systems was greater with the 

constructed wetland supplied by air nanobubbles exhibiting the higher removal rate as the 

total removal was reported within 1.5 days. Given that the phenol removal was 100% 

within 2 days in all systems in HRT of 24 hour, the same HRT was chosen for the higher 

tested concentrations.  
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Figure 24. Phenol removal efficiency (%) versus time (Cycle 2: initial conc.=50 ppm & 

HRT=24 h). 

When the HRT was increased from 12 h to 24 h, the average ORP values in wetland 

CW1 was 229 mV slightly increased in comparison to experiment cycle 1. A stable trend 

was demonstrated in CW2 as ORP value was estimated 213. In CW3, in the sampling points 

close to the cathodes, in and end, ORP ranges from -268 to 95 mV and from -217 to 186 

mV were reported, respectively. In contrast to the experiment cycle 1, the ORP in the anode 

of CW3 was positive with an average value of 202 mV. The increased HRT appeared not 

to influence the dissolved oxygen content as it remained high and slightly increased (above 

8.5 mg/L) in CW2. Moreover, the dissolved oxygen concentration in the control wetland 

(CW1) was found to be increased as dissolved oxygen was found around 6.10 ppm. In the 

electrolysis-integrated wetland (CW3) the level of oxygen were increased in the middle 

and in the end with DO values of 6.88 mg/L and 6.04 mg/L, respectively, whilst in the 

anode the oxygen content remained stable close to 2 mg/L. As regards. the pH values did 

not differ significantly compared to the previous cycle (Figure 25c). In CW1 and CW2, the 

pH values were found 7.82 and 8.40, approximately. pH was monitored at the entrance and 

the end of the CW3 and the average values were measured 8.41 and 8.92, respectively, 

while in the middle it was found to be lower, 7.98. The average temperature value 

throughout the experiment was 18.4oC. 
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Figure 25. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 2. 

4.3.3. Cycle 3 

According to Figure 26, results showed that CW2 and CW3 exhibited greater 

performance than the control, since the phenol was removed at approximately the 5th day 

and the 8th day, respectively, while more than 8 days needed for control. Among the 

treatments also in this case, the air nanobubbles injected via the porous diffuser enhanced 

the removal rate of phenol. 
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Figure 26. Phenol removal efficiency (%) versus time (Cycle 3: initial conc.=100 ppm & 

HRT=24 h). 

The increase of phenol concentration from 50 ppm to 100 ppm at HRT of 24 h, 

resulted in decreased ORP in CW1 and CW2 (Figure 27a). The ORP values in the middle 

and the end of CW1 were estimated 156 mV and 100 mV, respectively. In the CW3, the 

average values of 152 mV and 77 mV were reported in the middle and end, respectively. 

The cathode in the entrance displayed mostly negative ORP values with an average value 

of -5.8 mV. In addition, the dissolved oxygen in the CW2, even if the influent concentration 

was doubled remained at a high level also in this experiment cycle (above than 8.5 mg/L). 

In the other two wetlands, the oxygen content close to rhizosphere were 2.25 and 7.25 mg/L 

in CW1 and CW3, respectively. No significant difference can be observed in pH values 

among the treatments. In CW1, the average pH was monitored 7.40 both in the middle and 

in the end sampling points. In CW2, the pH values were found marginally increased, 7.79 

and 7.74, in the middle and in the end, respectively. In CW3, similar values were displayed 

at the sampling points with the pH in the middle being slightly lower. The average 

temperature value was 14.4oC. 
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Figure 27. a Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 3. 

4.3.4. Cycle 4 

In the next experimental cycle, the phenol concentration was 200 ppm, the highest 

concentration during the experimental period. It can be seen in Figure 28 that phenol was 

totally removed within 4 days when air nanobubbles produced by the nanotube (CW2) 

were supplemented. In the other two systems, 10 days were required in order phenol not to 

be detected in wetlands bed. CW1 and CW3 exhibited similar performance. 
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Figure 28. Phenol removal efficiency (%) versus time (Cycle 4: initial conc.=200 ppm & 

HRT=24 h). 

When the phenol concentration was alleviated to 200 ppm (Figure 29), the ORP in 

CW1 was reported approximately 74 mV, both in the middle and the end sampling points. 

The highest ORP values were showed in the CW2 with values of 185 mV and 202 mV, in 

the middle and in the end, respectively. In this experimental cycle, both cathodes in CW3 

displayed negative values, in particular -202 and -97, in the entrance and in the end of the 

wetland, respectively while in the anode positive values of ORP were observed; the average 

value was estimated 122 mV. As regards the oxygen content, the highest phenol 

concentration did not have any strong impact as  remarkably it remained above 8 mg/L in 

CW2. In the other two wetlands low oxygen concentration was reported. In CW1, the 

dissolved oxygen concentration was 2.54 mg/L, while in the CW3 it was 3.60 mg/L in the 

cathodes and 4.23 mg/L in the anode. No significant difference was observed in the range 

of pH among the wetlands and compared to the previous experimental cycle. Specifically, 

the pH values were 7.43, 7.69 and 7.56 in CW1, CW2 and CW3, respectively. The average 

temperature during the experimental cycle 4 was 16.4oC. 
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Figure 29. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 4. 

4.3.5. Cycle 5 

In this experimental cycle, the targeted contaminant was toluene and initially it was 

tested at the lowest concentration of 50 ppm. As it can be shown by Figure 30, toluene was 

removed from the three wetland beds very quickly as on the first day of the experiment, 

more than 90% removal was reported. CW2 exhibited greater performance since toluene 

was efficiently removed on the second day of experiment. Although, CW3 exhibited higher 

removal efficiency compared to the control (CW1) the first two days, from the 3rd day the 

two systems displayed similar performance and the total removal in both treatments was 

detected at the 5th day. 
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Figure 30. Toluene removal efficiency (%) versus time (Cycle 5: initial conc.=50 ppm & 

HRT=24 h). 

As shown in Figure 31, the ORP values in CW1 exhibited for the first time negative 

values in both sampling points (middle: -112 mV, end: -69 mV) among the experimental 

cycles. Positive values were reported in CW2, with an average value of 142 mV. As regards 

the CW3, only in the cathode at the effluent of wetland the average ORP value was negative 

and equals to -90 mV. At the other two points, negative valued were also reported, however 

the average values were positive and equal to 66 mV and 58 mV in the anode and the 

cathode at the entrance, respectively. The levels of oxygen in the CW1 and CW3 remained 

very low close to 2 mg/L, while notably again in CW2 the oxygen content was reached 

approximately to 7 ppm. The pH values did not show any significant difference among the 

wetland, as the average values in wetland beds were close to 7. Finally, the average 

temperature was 28.5oC. 
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Figure 31. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 5. 

4.3.6. Cycle 6 

In the next experiment cycle, the toluene concentration was increased to 100 ppm. 

The removal of toluene was anew very fast since the first days more than 85% removal 

was reported in all systems. On the fourth day, a 100% removal was reported in CW2, 

exhibiting again greater performance in comparison to the other two systems. Even though 

CW3 displayed lower removal rate evidently until the sixth day, on the eighth day of 

experiment it reached 100% removal when the CW1 the removal percentage was estimate 

99.87%. The next day, also CW3 achieved total removal of toluene at 100 ppm. 
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Figure 32. Toluene removal efficiency (%) versus time (Cycle 6: initial conc.=100 ppm & 

HRT=24 h). 

The measured parameters can be observed in Figure 33, when the concentration 

was increased to 100 ppm. The ORP values were positive in all wetlands with an average 

values of 134 in all treatments. The only point that negative ORP was detected was the first 

day of the experiment at the cathode in the end of CW3. The same trend was observed in 

the measured oxygen content as in the CW1 and CW3 was low and equal to 2 mg/L and 3 

mg/L, respectively. In contrast to CW2, in which the oxygen concentration remained high 

and close to 7 mg/L. The temperature was recorder 28.2oC. 
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Figure 33. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 6. 

4.3.7. Cycle 7 

In the next experimental cycle, both phenol and toluene were tested at concentration 

of 100 ppm. It can be observed that toluene can be degraded rapidly as previously reported 

even though phenol was present in wetlands. However, more time was needed in order 

CW2 reached 100% removal efficiency of toluene and in particular 6 days. Concomitantly, 

phenol was removed within 2 days in CW2. CW1 exhibited greater performance than CW3 

in phenol elimination and, inversely in toluene elimination. 
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Figure 34. a) phenol and b) toluene removal efficiency (%) versus time (Cycle 7: initial 

conc.=100 ppm & HRT=24 h). 
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The same trend in the measured parameters was also detected when the mixture of 

hydrocarbons were tested. According to Figure 35, the ORP values were reported positive 

in all wetlands with the highest value monitored in CW2 and equals to 211 mV, while slight 

decreased values were reported in CW1 and CW3, with values of 200 mV and 173 mV. 

Notably, the dissolved oxygen concentration remained at high level even in this 

experimental cycle with the two contaminants, while the other two wetlands exhibited low 

oxygen content close to 2 pp. In addition, the pH values showed similar trend among the 

treatments with values 7.15, 7.46 and 7.40 for CW1, CW2, CW3, respectively. The average 

temperature during the experimental period was 28.3oC. 
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Figure 35. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 7. 

4.3.8. Cycle 8 

In the final experimental cycle both phenol and toluene were added in the systems 

in wastewater matrix. According to Figure 32, the systems with the artificial aeration either 

via nanotube diffuser or via electrochemical production exhibited greater performance than 
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control in both contaminants, since phenol and toluene were rapidly removed. CW3 shower 

a higher reduction rate compared to the previous cycle when wastewater was added.  
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Figure 36. a) phenol and b) toluene removal efficiency (%) versus time in wastewater 

matrix (Cycle 8: initial conc.=100 ppm & HRT=24 h) 
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The addition of the primary-treated wastewater had a significant impact in the 

measured parameters compared to the previous experimental cycle as shown in Figure 37. 

In particular, even though the ORP values remained positive in CW2, the wastewater 

matrix led to negative values in CW1. The average values were recorder -8 mV and -22 

mV. Also, the average ORP value was negative in the cathode of the CW3 in the effluent 

(-48 mV). Although negative values were reported also in the rest sampling points in the 

CW3, the average values of ORP were positive. The same trend in oxygen level was 

followed also in this cycle. Again, CW2 displayed higher dissolved oxygen concentration, 

approximately 7.35 mg/L, whilst CW1 and CW2 exhibited rather low oxygen level close 

to 1.5 mg/L. The pH values were not significantly affected as values in CW1, CW2 and 

CW3 were 7.32, 7.45 and 7.54, respectively. The average temperature was measured 28oC. 
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Figure 37. Oxidation- reduction potential (mV) and b) dissolved oxygen (mg/L), c) pH 

and d) temperature (T oC) in wetlands throughout the Cycle 7. 

The wastewater quality parameters were calculated during the experiment every 

three days. In general, there was no significant difference among the treatments, except 

from the nitrate as more rapid decline was observed in CW2. A nitrate reduction of 50%, 
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89% and 77% were observed for CW1, CW2 and CW3, respectively. As regards the COD, 

a 95%, 97% and 97% removal was detected in CW1, CW2, CW3, respectively. Concerning 

the phosphate was declined by 93%, 95% and 89% for CW1, CW2 and CW3, respectively. 

Within 12 days, total nitrogen was reduced in all treatments at rate of above 80%. Finally, 

reduction of TSS was reported approximately 65% for all wetlands. Conclusively, all the 

systems showed satisfactory removal for all the conventional pollutants, except for CW1 

which exhibited mediocre removal efficiency for nitrate within 12 days.  
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Figure 38. Wastewater quality parameters in wetlands. 

4.3.9. Microbial Analysis 

As it be seen by the graph below (Figure 39), the cell concentration measured by 

the flow cytometer in every wetland for the selected experimental cycles (Table 17) from 

sampling point close to rhizosphere was reported. Only for CW3, also a sample close to 
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the cathode in the entrance was collected. There are no significant differences among the 

wetlands. In particular, a gradual decrease among the cycles in CW1 was measured, while 

a stable cell concentration in CW2 and CW3_in was detected. Notably, the highest decline 

in concentration was shown in CW3 system close to the rhizosphere, since from 3.56 x106 

cells/mL in cycle 1, the concentration was decreased one order of magnitude in cycle 2. 
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Figure 39. Cells concentrations in the three CWs in every cycle. 

4.3.9.1 Diversity and composition of bacterial community based on the 

contaminant and the matrix 

Initially, microbial analysis is based on the type of contaminant and in particular 

phenol, toluene and the combination of both in tap water and wastewater matrix. The 

taxonomic classifications of the effective bacterial sequences from samples at three 

different taxonomic levels (phylum, class and genus) are displayed below. 

The top predominant phyla are shown in Figure 41. Proteobacteria was the most 

dominant phylum in all wetlands among the different contaminants, followed by 

Actinobacteria, Bacteriodeta and Firmicutes. These phyla were also reported as dominant 

in other CWs systems (213–215). As regards phenol, the relative abundances of 

Proteobacteria were 85.26%, 94.80% and 57.38% close to the rhizosphere in CW1, CW2 

and CW3, respectively. When the toluene was targeted pollutant, values in CW1 and CW2 
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were substantially declined as they reported 70.22% and 70.91%, respectively and there 

was a stable trend in CW3 as it was found 67.42%. In combination of both contaminants, 

there was an increase in values in CW1, CW2 and CW3 compared to aforementioned 

percentages as they reported 79.18%, 77.33% and 88.55%, respectively. In CW3 at the 

point close to the cathode, the relative abundance of Proteobacteria was decreased from 

phenol to toluene as contaminant and there was a further increase when both contaminants 

were investigated in wetland bed, higher than those when phenol was tested. Notably, the 

highest abundance of Furmicutes was displayed in CW3 close to rhizosphere when phenol 

was tested, being substantially decreased in the next experimental cycles. 

As shown in Figure 40, in the bacterial community of the wastewater collected from 

WWTP in Platanias, the predominant phyla are Proteobacteria (27%), Nitrospirota (16%), 

Actinobacteriota (14%), Bacteroidota (14%) and Chloroflexi (10%). Lower abundancies 

(less than 5 %) exhibited the phyla, Verrucomicrobiota, Acidobcateriota, Patescibacteria 

and Furmicutes.  

 

Figure 40. Bacterial community at phylum level in WW. 

After treatment in CWs, the predominant phylum was Proteobacteria in 

wastewater, as the same found in tap water. In CW1, CW2, CW3 the values were found 

61.43%, 67.09% and 71.47% in wastewater, respectively. Nitrospirota and Patescibacteria 

detected in wastewater were totally eliminated in wetland bed. The relative abundance of 

Actinocateriota was decreased from raw wastewater to treatment in wetlands, in particular 

from 14% values were reached to 5.79%, 7.66% and 6.87%, in CW1, CW2 and CW3, 
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respectively. The same trend  was followed by relative abundancies of Bacteroidota, 

Chloroflexi, Acidobacteria and Verrucomicrobiota as they were decreased after treatment. 

On the contrary, Firmicutes was increased in wetland bed and it was found higher in 

wastewater matrix than tap water. 

 

Figure 41. Bacterial community at phylum level in CWs. 

At the class level, the classes Alphaproteobacteria and Gammaproteobacteria had 

a high distribution. In CW1 Alphaproteobacteria (36.15%) and Gammaproteobacteria 

(49.08%) were lower in phenol than when toluene tested (33.06% and 37.16%, 

respectively). However, the distribution of Alphaproteobacteria (16.74%) and 

Gammaproteobacteria (62.44%) was substantially decreased and increased, respectively 

in both contaminants. In CW2, relative abundance of Alphaproteobacteria (61.14%) was 

significantly decreased to 39.08% in toluene, while Gammaproteobacteria (33.66%) was 

slightly decreased (31.82%). When both contaminants were tested, the relative abundancies 

of Alphaproteobacteria and Gammaproteobacteria were 35.31% and 42.01%, respectively. 

Finally, in CW3 the relative abundancies of Alphaproteobacteria and 

Gammaproteobacteria were 17.37 and 40.01%, respectively in phenol, 27.71 and 39.69%, 

respectively in toluene and 37.75% and 50.79%, respectively in toluene and phenol. In 
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addition to these two classes, portions of microorganisms in the CWs were distributed in 

the classes Actinobacteria, Bacteroidia and Clostridia. 

According to Figure 42, the predominant classes in WW are Gammaproteobacteria 

(23%), Nitrospiria (16%), Bacteroidia (11%). Anaerolinease, Actinobacteria, 

Acidimicrobiiam, Alphaproteobacteria etc. displayed relative abundance lower than 10%.  

 

Figure 42. Bacterial community at class level in WW. 

As shown in Figure 43, for Alphaproteobacteria and Gammaproteobacteria had the 

greatest relative abundances. The relative abundance of Gammaproteobacteria was the 

highest in all wetlands after treatment in wastewater, increased from 23% in wastewater, 

50.71%, 54.71% and 45.63%, in CW1, CW2 and CW3. The next dominant class in CW1 

was Clostridia (14.64 %), whereas Alphaproteobacteria accounts for 10.72%. In CW2 and 

CW3 the Alphaproteobacteria, essential increased from wastewater (4%) to 12.91% and 

24.68%, in CW2 and CW3, respectively with Clostridia being the next dominant class. In 

all wetlands, some other subdominant phyla, Actinobacteria and Bacteroidia were 

decreased after treatment in wetlands. In CW3 close to cathode, Gammaproteobacteria is 

the dominant class (42.22%) and the next dominant class was Alphaproteobacteria. The 

relative abundancies of other classes that showed moderate proportion were 

Actinobacteria, Bacteroidia and Clostridia. 
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Figure 43. Bacterial community at class level in CWs.  

At the 15th top dominant genera (Figure 45), the dominant genus is different 

between the treatments as well as the type of contaminant. In the case of phenol treatment, 

it was found that Niveispirillum was the dominant genus in CW1 (25.18%) and CW2 

(53.86%), whilst also Pseudomonas exhibited moderate relative abundance (approximately 

10%). On the contrary, CW3 close to the rhizosphere (12.14%) and the cathode (33.15%) 

was the Pseudomonas, whilst the relative abundance of Niveispirillum was rather low. 

When the type of contaminant changed from phenol to toluene, the dominant genera were 

also changed. In CW1 the dominant genus was found to be Xanthobacter (9.64%), in CW2 

the Azospirillum (13.87%). In CW3, the dominant genus was still Pseudomonas as well as 

close to cathode, however with substantially decreased percentage (from 32.66% to 

5.52%). In this wetland bed, other genera that displayed elevated relative abundances were 

Azospirillum (8.06%) close to the rhizosphere and Azospira (4.92%), Azospirillum 

(3.15%), Enterobacter (4.28%) and Legionella (2.64%) close to cathode. Finally, in 

treatment of two contaminants, a different trend in dominant genera was observed. In CW1, 

the dominant genera were Azospira (12.98%) and Pseudomonas (9.33%). In CW2, the top 

three dominant genera were Niverispirillum (8.33%), Pseudomonas (7.62%) and 

Azospirillum (6.40%). Correspondingly in CW3 they were Pseudomonas (15.26%), 
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Azospirillum (19.95%) and Zoogloea (16.32%). Close to cathode, Pseudomonas displayed 

the highest relative abundance (36.49%), whereas the second predominant genus was 

Acinetobacter (6.85%). 

According to Figure 44, the identified genera detected in wastewater were 

Nitrospira that displayed the highest proportion in relative abundance, whereas 

Dechloromonas was the next dominant genus (10%). Other genera were Mycobacterium, 

Phaeodactylibacterium, Pseudomonas and Pseudarcobacter (less than 5%). 

 

Figure 44. Bacterial community at genus level in WW. 

When wastewater was used as substrate, a different trend in high relative 

abundancies in every wetland was shown. For instance, in CW1 and CW2 the dominant 

genus after the addition of wastewater was Dechloromonas (17.52% and 12.74%, 

respectively). In CW3, Pseudomonas exhibited the highest relative in wastewater (8.62%), 

decreased compared to tap water. Azospirillum and Zooglea were decreased while 

Acinetobacter, Azobacter, Decholoromonas, Legionella and Xanthobacter were increased 

when wastewater used as substrate. Finally, in the cathode Pseudomonas was the dominant 

genus (36.49%) in tap water, whereas in wastewater its relative abundance was essentially 

low (0.99%). The top four dominant genera in this case were Azospira (7.59%),  

Dechloromonas (6.29%), Legionella (6.27%) and Sediminibacterium (4.46 %) 
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Figure 45. Bacterial community at genus level in CWs. 

4.4 Conclusions 

In this experiment, air nanobubble-integrated wetland can achieve better phenol 

and toluene removal efficiency with and without the presence of wastewater than that of 

the electrolysis-integrated and control wetland, which was mainly attributed to the high 

level of oxygen concentration during the experimental cycles. In particular, the dissolved 

oxygen in the constructed wetland remained above the value of 7 mg/L in every cycle 

indicating that a sufficient aeration was provided. This can illustrate that a high metabolic 

activity was maintained throughout the experimental cycles leading to a more efficient 

degradation of the organic compounds as well as to a satisfactory elimination of the 

conventional pollutants (nitrate, COD, phosphate and total nitrogen).  

Compared to the control, electrolysis had an increased removal rate in cycles 1 & 

3, whilst the elimination efficiency was found to be declined in cycles 2 & 6. In cycles 4 

& 5, these two systems exhibited similar performance. The difference in the performance 

in CW3 may is connected to the shift from negative to positive ORP values. Generally, 

negative ORP values refer to the development of the reduction conditions, indicating the 
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predominance of anoxic conditions that may enhance the degradation of the hydrocarbons 

in this wetland. The addition of wastewater enhanced the performance of electrolysis-

integrated wetland in the organic compounds removal with the concomitant great potential 

for wastewater treatment. The only limitation of this method the rapid oxidation of iron 

electrode and it should be further considered to keep long term operation of the wetland. 

The microbial composition structure of the total bacteria in wetlands was 

investigated. In all wetlands, Proteobacteria as the main phylum level bacteria exhibited 

noteworthy high relative abundance. The higher abundance of Alphaproteobacteria, 

Gammaproteobacteria in tap water was reported in wetland beds and except from the 

previous ones, high relative abundance of Clostridia was detected in wastewater. At the 

level of genera, the dominant genera among the wetlands mainly belonged to 

Niveispirillum, Pseudomonas and Dechloromonas. 

Conclusively, the constructed wetland with the ultra fine bubbles exhibits the best 

performance at all levels and types of pollution. The air nanobubble-integrated constructed 

wetland technology represents an innovative approach for enhancing wastewater treatment 

efficiency and intensifying the degradation of hydrocarbons. So far, artificial aeration have 

been employed in constructed wetlands. However, the energy consumption is high 

therefore air nanobubbles is a promising technology as the stability and the long residence 

time will result in reducing the energy requirements. 

. 
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Chapter 5. 

Oxygen Nanobubbles in bioremediation 

Part of this chapter is based on the following publication: 

Seridou P, Monogyiou S, Syranidou E, Kalogerakis N. Capacity of Nerium oleander to 

Phytoremediate Sb-Contaminated Soils Assisted by Organic Acids and Oxygen 

Nanobubbles. Plants. 2023;12(1):91.  

5.1 Sb phytoremediation by N. oleander assisted by biostimulation 

and oxygen nanobubbles 

5.1.1. Introduction  

Heavy metal and metalloid pollution is of great concern due to the detrimental 

effects on the environment as well as the human health. One of the most toxic elements is 

antimony (Sb). This metalloid is typically encountered as the sulfide mineral stibnite 

(Sb2S3) and rarely in its native form due to its strong affinity for sulfur and other metals 

(216). Furthermore, it exists in the environment mainly in two oxidation states; 

antimonite, Sb(III) and antimonate, Sb(V) with the trivalent oxidation state being more 

toxic (10 times) than the pentavalent (162,163,193). Sb is recognized as a priority 

pollutant, which can cause acute environmental issues since it is released into soils and 

aquatic environments by natural processes and mainly by human activities such as mining, 

coal combustion, and shooting (26). The release of Sb into the environment is derived 

from geogenic processes and anthropogenic activities such as mining, coal combustion 

and Sb products (flame retardants, plastics, textiles etc.) (29,218,219). The pollution of 



Application of Νano-bubbles in Drinking Water Disinfection and the Operation of Bioreactors 

106 

this metalloid is rapidly emerging worldwide due to its extensive use, especially in China, 

which is the leading producer of Sb (29). Apart from the environmental risk, Sb is 

considered hazardous to human health, as it is a suspected carcinogen due to its toxicity 

(27). Sb removal from environmental water bodies has received a great deal of attention 

in the last decades; therefore, technologies such as coagulation, adsorption, and the 

electrochemical method have been widely tested and found to be effective (220–222). 

However, the main disadvantages of these methods are the use of chemicals, the high 

energy consumption, and the risk of secondary pollution; hence, the efficient removal of 

the antimony compounds from the environment remains a challenge (223).  

The maximum concentration of Sb determined by World Health Organization 

(WHO) that is permitted in drinking water is 20 μg/L, whereas the maximum permissible 

concentration in soil is 36 mg/kg (224). Specifically, in soil Sb is mostly encountered in 

the forms of Sb(III) and Sb(V) and the latter shows higher water solubility. Sb has been 

reported to exceed the value of 5000 mg/kg when background concentration in the natural 

environment is only 0.2 mg/kg (165,166,175,176). The predominant species are Sb(V) 

under oxic conditions and Sb(III) under reducing conditions (227). In active Sb mining 

areas, a high Sb fraction is bioavailable, comprised primarily of Sb(V) (228). At shooting 

ranges, the leading form of Sb is noted as Sb(V) due to the relatively fast oxidation of 

Sb(III) (229). Previous studies suggest that the trivalent neutral complex Sb(OH)3 is 

sorbed to Fe (hydro)oxides over a wide range of pH, and hence Sb(III) is considered 

immobile in neutral soils (230).  

Even though Sb is a trace element and not essential for plants, it can be 

accumulated in their edible parts according to numerous studies. A technology that can be 

employed to manage Sb pollution at contaminated sites is phytoremediation using plant 

species that can accumulate antimony at a high level (231). Previous studies have shown 

that plants display different abilities to uptake the various forms of Sb speciation. These 

findings might indeed pose a risk to human health since Sb can enter food chain and 

subsequently the human body (232,233). In general, Sb(III) is easily oxidized into Sb(V) 

in the soil environment, while plants can accumulate both Sb(III) and Sb(V). Specifically, 

several studies have indicated that plants display higher affinity to sorb more Sb(III) than 

Sb(V) (224,234,235). On the contrary, Shtangeeva et al. (236) recorded that rye absorbed 
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a higher amount of Sb(V) than Sb(III). Pteris cretica var. nervosa has been investigated 

for Sb phytoremediation and was found to be a Sb hyperaccumulator with no high 

translocation from root to shoots. When the test plant was exposed to 500 mg/kg of Sb, 

672.8 mg Sb/kg were accumulated in the plant while when the initial concentration was 

1000 mg/kg, the plant uptake was estimated 2054.8 mg Sb/kg (233). Seedlings of S. 

bicolor in Sb-contaminated soil were treated with different levels of TiO2 nanoparticles 

and the results showed that the bioconcentration factor was above one for each treatment, 

indicating that this plant also has phytoremediation potential (237).  

In mining areas with high Sb content in soil, a high accumulation in plants was 

reported (238–240). For instance, Achillea ageratum accumulates Sb in basal leaves (1367 

mg/kg) and inflorescences (1105 mg/kg), Plantago lanceolata in roots (1150 mg/kg) and 

Silene vulgaris in shoots (1164 mg/kg) (241). A study by Murciego et al. investigated the 

Sb accumulation patterns for three plant species: Cytisus striatus, Cistus ladanifer and 

Dittrichia viscosa, which exhibited low, moderate to high, and elevated Sb level in leaf 

samples, respectively (242). Oppositely, D. viscosa extracted Sb from the soil to the root 

but does not translocate it in large quantities to the aerial parts (243). In another study, 

adult pines (Pinus sylvestris), birches (Betula pendula) and the bulrush (Juncus effusus) 

found in old mine areas were examined and reported that they were mostly root 

accumulators with low translocation from roots to shoots (244). It is clear that the uptake 

mechanism varied significantly between individual plant species as Sb can accumulate in 

roots or translocated to the aboveground part of the plant. To date, the mechanism of Sb 

accumulation in plants is not well understood and there is need for in-depth studies.  

Among the plant species that have been widely used for phytoremediation of 

heavy metals, halophytes are suggested as ideal candidates since they can tolerate harsh 

conditions and develop tolerance mechanism not specific to salt ions and, hence other 

toxic elements secreted by their salt glands or trichomes (245). Precisely, halophytes can 

adopt different strategies upon metal stress in order to moderate the toxicity induced by 

heavy metals. The main mechanism is that the organic matter exuded from the roots, forms 

a complex with the metals and then adsorbs the metals into the carbohydrates of the cell 

wall. Afterwards, the metals transported into cells are intracellularly chelated by protein 

molecules or localized to vacuoles for storage. Finally, some metals are excreted by 
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specific salt glands on leaf surface (246). In addition, this tolerance mechanism of 

halophytes to salt stress is correlated with an oxidant defense system considerably more 

efficient thus exhibit a greater capability to cope with heavy metals in relation to common 

plants (247).  

Nerium oleander is an evergreen shrub native to the Mediterranean region, which 

is grown as an ornamental plant of high aesthetic value. Moreover, this plant is salt tolerant 

and resistant to drought. Generally, it is able to tolerate high concentrations of heavy 

metals (HMs) in soil (248). It has been shown to have the capability to accumulate HMs, 

thus making it a promising candidate for phytoremediation applications. In a recent study, 

Ibrahim and El Afandi (249) concluded that Cd and Zn were concentrated in the aerial 

parts of the N. oleander plant, while Pb was accumulated in the root. N. oleander has 

shown a good capacity to bioaccumulate the following metals: Pb, Cr, Cu, Li, Ni, and Zn 

(250). Another study confirmed that Pb was accumulated in the plant roots with a low 

translocation to aerial part. No visible toxicity symptoms were observed or no chlorophyll 

content reduction was reported when exposed to a high Pb concentration of 2400 mg/kg, 

rendering N. oleander a plant suitable for phytostabilization (251). 

Proper amendments can be applied to achieve optimal growth of plants and soil 

amelioration. One option is the addition of low molecular weight organic acids (OAs), 

which are typical root exudates for plants. The bioavailability of HMs in soils can be 

enhanced, since organic acids can solubilize metal oxides and assist the plant to uptake 

the contaminants from soil (252). Due to the limited secretion of OAs by plant roots, 

adding exogenous OAs is an effective method to improve phytoremediation, since they 

are efficient chelating agents for the cleaning up of toxic HMs from soils (253,254). In 

addition, oxygenation can increase the oxygen content and hence, the aerobic respiration 

of crop roots is improved, increasing enzyme activity in the soil. The aeration efficiency 

can be increased by the oxygen delivery via small sized gaseous bubbles (255,256). 

Nanobubbles (NBs) are tiny spherical gaseous bodies sized at <1 µm in diameter, which 

exhibit unique properties, including long lifetime in aqueous solutions and high specific 

area, thanks to their small size. Nanobubble technology has attracted significant scientific 

interest in disinfection (257), flotation (258) and organic pollutant removal (50). There are 

also several studies focusing on nanobubbles application in agriculture. Irrigation water 
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containing NBs promoted higher germination rates in seeds (259–262) and had also a 

beneficial effect on plant growth (11,263). 

5.1.2. Materials and Methods 

5.1.2.1. Pot experiment 

The phytoremediation potential of Nerium oleander was investigated carrying out 

a pot experiment for a period of 6 weeks in the greenhouse at the Technical University of 

Crete (Chania, Greece) under ambient air with protection against rain. Six-month-old 

plants were picked from a nursery garden in the Kounoupidiana district, Chania, and were 

divided into 3 experimental groups with similar total biomass (weight and height) in order 

to assure homogeneity among the treatments. The detailed experimental design is shown 

in Table 18. Specifically, each treatment had four replicates, resulting in a total of 12 pots 

being used. Plants were watered every 2-3 days, depending on the soil moisture content 

with approximately 50-100 mL of tap water. In the case of the treatment TR.2, plants were 

irrigated with tap water containing ONBs. Finally, plastic trays were placed under the pots 

to avoid any water leakage and hence any metal loss. 

Table 18. Experimental Design. 

Experimental 

Treatment  

(Code Name) 

Sb Concentration 

[ppm] 

Organic Acids 

Concentration 

[mmol/kg] 

ONBs 

TR.0 (control) 
1.17  

(background level) 
0 - 

TR.1 50 7 - 

TR.2  

(with NBs) 
50 7 + 

The soil pΗ was measured in each treatment before and after the end of the 

experimental period and the values are listed below (Table 19). The initial pH of the soil 

was found to be 7.42. In the control treatment, the pH dropped to 7.17, while in the 

treatment with soil spiked with antimony the pH was slightly increased to 7.51. The 

addition of OAs led to acidification of the soil. In particular, the addition of a low 

concentration of OAs reduced the soil pH to 6.61 and after the end of the experiment, the 
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pH of the soil was increased approximately to 7.65 and 7.61 without and with the 

supplementation of ONBs, respectively. 

Table 19. Measurement of pH before and after the experiment for all treatments. 

pH 

Treatment 

TR.0 

Control 

TR.1  

Sb 50 ppm  

OAs 7 mmol/kg 

TR.2 

Sb 50ppm 

OAs 7 mmol/kg 

with ONBs 

Before 7.42 6.61 6.61 

After 7.17 7.65 7.61 

5.1.2.2. Soil Characterization 

Soil was collected from a shooting range in Kampani area (Chania, Greece). The 

soil was passed through a 2 mm-sieve and was analyzed in terms of metals content. Since 

the antimony level was found to be very low (~1.17 ppm), laboratory spiking with Sb was 

performed (264). In particular, potassium antimonyl tartrate trihydrate (C8H4K2O12Sb2·3 

H2O) was added to achieve the desired initial antimony concentration of 50 ppm. Soil pH 

was measured using 10 g air-dried soil adding 25 mL 1 M KCl (265). Particle size was 

measured by the soil hydrometer Bouyoucos (266). The physical and chemical properties 

of the spiked soil are listed in  

Table 20.  

Table 20. Physical and chemical characteristics of the soil used in this study. 

Soil Property Value 

Sand (%) 72.53 

Clay (%) 21.87 

Slit (%) 5.6 

Texture sand clay loam 

Organic matter (%) 1.83 

TKN (g/kg soil) 0.76 

pH 7.42 

Sb concentration (ppm) 48.8 ± 1.3 
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5.1.2.3. Soil amendments 

Organic Acids 

The addition of organic acids aimed to decrease the pH below the initial value of 

7.42. Due to the strong buffer capacity of soil, the concentration that achieved this 

decrease was 7 mmol/kg. Solution of citric acid (CA), oxalic acid (OA) and ascorbic acid 

(AA) were added to pots four times in low concentration of 7 mmol/kg (mass of acid /mass 

of soil) during the period of experiment. 

Oxygen Nanobubbles (ONBs) production  

ONBs were prepared by the commercially available MK1 NanobubblerTM (Fine 

Bubble Technologies Pty Ltd, South Africa). The device was submersible in a 350- L water 

tank and was operated for 20 min with high-purity oxygen (99.9%) as feed gas before 

each irrigation event. In order to ensure that irrigation water did not contain any large 

bubbles, the NBs water was collected 10 min after the NB generation was completed in 

order to allow any larger bubbles to come up to the surface, where they burst out. Samples 

from the tank were used to obtain the NBs density using nanoparticle tracking analysis 

(NTA) (Nanosight, Malvern, UK) and the average diameter size combining dynamic light 

scattering (DLS) (Sald 7500 nano, Shimadzu, Japan) and NTA analysis. The average 

particle size and the concentration were found to be 175 ± 17 nm and 2.1x107 ± 6.8x106 

particles/mL, respectively. The estimated oxygen concentration was found to be five times 

higher than oxygen solubility in equilibrium.  

5.1.2.4. Chlorophyll measurements  

At the end of the experiment, representative samples to plant condition were 

collected to estimate the chlorophyll content (267). Leaf samples (0.2 g) were collected 

and grounded in a ceramic mortar with 10 mL of 80% acetone. The absorbance of the 

supernatant after centrifugation was measured at 663 and 646 nm using a UV–VIS 

spectrometer to determine chlorophyll a, chlorophyll b and total chlorophyll 

concentrations. 
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5.1.2.5. Measurement of antioxidant enzymes activity  

For extraction of enzymes, 1 g of fresh leaves and roots was grounded and 

homogenized in potassium phosphate buffer 100 mM (pH =7) containing 0.1 mM EDTA 

and 1% (w/v) PVP. The extract was filtered through multiple layers of cheesecloth and the 

supernatant was centrifuged at 16000g for 25 min. Protein concentration was determined 

using the Bradford assay (268). The activity of guaiacol-peroxidase (GPOD) was 

determined by monitoring the increase in absorbance due to the oxidation of guaiacol at 

470 nm for 3 min using a UV–vis spectrometer (coefficient of absorbance, ε=25.5 

mM−1cm−1). Briefly, a reaction mixture was prepared by phosphate buffer (50 mM, 

pH=5.8), guaiacol (15 mg/mL), a suitable amount of plant extract and H2O2 (1% v/v) 

(269). The activity of catalase (CAT) was determined recording the decrease in absorbance 

as a result of H2O2 degradation at 240 nm for 3 min (coefficient of absorbance, ε=43.6 

mM−1cm−1). The extraction mixture contained phosphate buffer (50 mM, pH=7), H2O2 

(36 mM) and a suitable aliquot of supernatant enzyme (270). The enzymes activity unit 

was expressed as the change in absorbance per minute in terms of units per milligram of 

extracted proteins. 

5.1.2.6. Water content and biomass measurement  

At the beginning of the experiment, the fresh weight of the plants was measured. 

After the experimental period, entire plants were carefully taken out of the soil and washed 

with tap water and rinsed twice with deionized water to remove any dust/dirt. Then, they 

were separated into roots and shoots and their fresh weights (FW) were determined. Dry 

weights (DW) were determined after oven drying for 48 h at 70°C and cooled down to 

room temperature. Water content (WC, %) were estimated according to the equation 

below:  

WC(%) =
FW − DW

FW
x100% 

The loss total weight was estimated from the weight of the plants before (FWo) 

and after (FWt) the experiment based on the following formula: 
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Loss of total weight =
FWo − FWt

FWo
 

5.1.2.7. Heavy metal analysis 

Plants tissues were air dried (48 h at 70 oC) and digested for the metal content 

determination. 0.5 g of milled plant samples was ashed in the muffle furnace for 16 h at 

480 oC and then was dissolved with 1.5 mL citric acid (5 M) and 7.5 mL HNO3 (> 69%) 

on a hot plate (~ 100 oC). Solution was diluted with ultrapure water to 45 mL and agitated 

for 24 hours. Afterwards, the samples were filtered (0.45 μm, Whatman) and analyzed by 

ICP-MS. In parallel, the soil metal contents determination was performed. The total 

amount of soil was collected form the pots, was air- dried in plastic bags and was passed 

once more through 2mm mesh size sieve. Soil samples (0.2 g) was treated with citric acid 

(5 M) and HNO3 (> 69%) following the aforementioned procedure. 

5.1.2.8. Bioaccumulation factor (BC) and translocation factor (TF) 

The evaluation of the metal accumulation efficiency in the N. oleander was 

assessed by estimating two main parameters: the bioconcentration factor and translocation 

factor according to the following equations. 

BCF =
CPlant

CSoil
 

where CPlant is the metal concentration in plant (roots and shoots) and CSoil is the 

metal concentration in soil after culture experiment. 

TF =
CShoots

CRoot
      

where CShoots is the metal concentration in shoots and CRoot is the metal 

concentration in roots after culture experiment. BCF is expressed as the ratio of metal in 

the plant to that in soil, while TF as the ratio of the metal in the aerial parts to the roots. A 

BCF value higher than one indicates that a plant is an accumulator and a TF value higher 

than one is indicative of a high translocation ability of metals from roots to shoots. 
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Triplicate measurements in the extracts, measurement of calibration blanks, 

laboratory reagent blanks, as well as analysis of standard reference material were 

employed in order to address data quality control. All data are presented as mean ± 

standard deviation. Statistical analysis was performed using GraphPad Prism 9 software. 

Data variation was analyzed with one-way analysis of variance (ANOVA) at significant 

level of p < 0.05. 

5.1.3. Results 

5.1.3.1. Protein content 

The protein content was examined in the root and leaves of N. oleander for each 

treatment. As shown in Figure 46, a significant difference was found between the root of 

treatment without the supplementation of ONBs, exposed to the antimony and the low 

concentration of OAs and those irrigated with ONBs. In particular, 17.8 mg protein per g 

fresh root was found in TR.1 and 4.4 mg protein per g fresh root in treatment TR.2, while 

in control the protein content was found to be 9.4 mg/g fresh root. The protein 

concentration of leaves is considerably higher than in the root. The protein content of 

leaves was not statistically different in treatment TR.2 from the TR.1 treatment. The 

protein content was found to be 23.8 mg/g in the TR.0, 40.7 mg/g in the TR.1 and 33.9 

mg/g of fresh leaves in TR.2. 
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Figure 46. Protein content (mg protein/g FW) in (a) root and (b) leaves for all treatments; 

control (TR.0), irrigated with tap water (TR.1) and with ONBs (TR.2) (star indicates the 

level of significance: * for p < 0.05). 

 

5.1.3.2. Loss of biomass and water content  

Physiological changes in plants were also evaluated by measuring the loss of fresh 

weight of roots and leaves and the water content (Figure 47). By examining the weight, in 

both treatments, a loss was observed, with the lowest percentage observed in the TR.2, 

which contains ONBs, exhibited a loss of weight that is statistically lower than those in 

treatment without the presence of nanobubbles. Additionally, the water content was found 

to be higher with the use of ONBs, close to those of control treatment, however it is not 

significantly different. 
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Figure 47. Loss of weight and water content at the end of the experiment for all 

treatments; control (TR.0), irrigated with tap water (TR.1) and with ONBs (TR.2) (star 

indicates the level of significance: * for p < 0.05). 

The enzymes activity involved in antioxidant defense were determined in the root 

and leaves (Figure 48). Specifically, the catalase (CAT) activity in the root was not 

significantly affected by exposure to antimony, since no statistical difference was 

observed. Moreover, as shown in Figure 48, a statistically significant increase of GPOD 

activity in the roots was observed between treatments TR.1 and TR.2. In the presence of 

ONBs, the antioxidant activity was statistically significantly higher. Moreover, a statistical 

difference was observed between the control and treatment TR.1, in which the antioxidant 

activity was lower. Higher GPOD activity in treatment TR.2 was found to be significantly 

higher compared to the control. The enzyme production in leaves from treatments TR.1 

and TR.3 were significantly elevated compared to the activity of the enzyme in leaves of 

non-spiked soil. In general, the level of GPOD activity was higher in roots than in leaves 

in all treatments. Only in treatment TR.2, a significant increase in GPOD activity was 

recorded both in the root and the leaves. 
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Figure 48. GPOD activity in a) leaves b) roots and c) CAT activity in roots per g protein 

for all treatments; control (TR.0), irrigated with tap water (TR.1) and with ONBs (TR.2) 

(star indicates the level of significance: *** for p < 0.001). 

Regarding total chlorophyll, chlorophyll a, and chlorophyll b, statistically 

significant differences were not found for treatments control and irrigated with and 

without ONBs. As shown in Figure 49, the chlorophyll content (mg/g FW) of TR.2 was 

to close to those of control treatment and there is a slight decrease in treatment TR.2, 

although this difference is not statistically significant.  
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Figure 49. Chlorophyll (a, b, total) content in plant tissues (leaves) for all treatments; 

control (TR.0), irrigated with tap water (TR.1) and with ONBs (TR.2) at the end of the 

experiment. 

In Figure 50, the Sb content accumulated in roots and leaves is shown. In Sb-

contaminated soil irrigated with ONBs, the Sb content was detected significantly higher, 

with 31.64 mg/kg DW biomass in the roots and 2.89 mg/kg DW biomass in the leaves. 

On the contrary, lowest Sb concentration was found in treatment TR.1, where again, the 

majority of the Sb remained in the roots. In the control with the background concentration 

of Sb, the accumulation was found to be 0.61 mg/kg DW biomass in the roots and 0.66 

mg/kg DW biomass in the leaves. The estimated translocation factor was close to unity, 

much higher compared to other treatments where Sb is present at a much higher 

concentration in the soil. 
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Figure 50. Sb accumulation in roots and leaves for for all treatments; control (TR.0), 

irrigated with tap water (TR.1) and with ONBs (TR.2) (star indicates the level of 

significance: * for p < 0.05). 

In all  treatments including the control, the bioconcentrations factors were found 

to be less than 1, indicating a low mobilization of Sb from the soil to the plant. Regarding 

the translocation factor, the values in all treatments have been found to be significantly 

lower than one, suggesting that Sb could not be readily transferred from the roots to the 

above-ground tissues. According to Table 21, the TF in treatment TR.1 was significantly 

higher (0.23) compared to TR.2, which was significantly lower (<0.1). 

Table 21. Sb bioconcentration factor (BCF) and translocation factor (TF) for treatments 

without and with ONBs (star indicates the level of significance: **** for p < 0.0001). 

Factors  

Treatment 

TR.1 
TR.2 

(with ONBs) 

BCF 0.51 0.90 

TF 0.23**** 0.09 
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Besides the Sb concentration in plant tissues, Fe, Mg, and Mn uptake by N. 

oleander was also measured, since these elements are essential for plant growth. As seen 

in Figure 51 in treatment TR.2 containing nanobubbles, the accumulation of Fe, Mn, Mg 

from the soil to the plant was enhanced, as each metal concentration (mg/kg DW biomass) 

was found to be significantly higher in treatment TR.2, which was irrigated with 

nanobubbles. 
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Figure 51. Accumulation of (a) Fe, (b) Mg, (c) Mn and (d) Sb in roots and leaves for 

treatments irrigated without and with ONBs (Star indicates the level of significance: * for 

p < 0.05, ** for p < 0.01). 

The translocation and bioconcentration factor of the elements Fe, Mg and Mn were 

estimated in treatment with and without the supplementation of ONBs. According to Table 

22, the bioconcentration and translocation factors of Fe were less than unity for both 

treatments. In respect to Mg, the bioconcentration factors were above unity indicating that 

in both treatments, Mg could be transferred from soil to plant tissue. In TR.2 the BCF was 

significantly higher. Regarding, the translocations factors, both were estimated less than 

one, however in TR.1 the TF was significantly greater than TR.2. Finally, BCF of Mn in 

both treatments was evaluated less than one. TF in TR.1 was found to be above one, whilst 

in TR.2 lower than unity, indicating that in treatment irrigated only with tap water plant 

could translocate Mn from root to aboveground part. 
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Table 22. Fe, Mg and Mn bioconcentration factor (BCF) and translocation factor (TF) for 

treatments irrigated with and without ONBs * for p < 0.05, **for p < 0.01, **** for p < 

0.0001). 

mg/kg biomass Fe Mg Mn 

 BCF TF BCF TF BCF TF 

TR.1 0.03 0.65 5.4 0.85** 0.36 1.25* 

TR.2  

(with ONBs) 
0.05 0.30 8.2*** 0.59 0.53* 0.69 

5.1.4. Conclusions 

The results demonstrate that there was a loss in plant growth in treatments with 

and without the supplementation of ONBs as well as in the control treatment. However, 

in the treatment where nanobubbles were used, the loss in weight was significantly lower 

compared to treatment irrigated with tap water. In addition, the results demonstrated that 

the presence of OAs and ONBs assisted the plant to maintain the water content at the level 

close to the control. The plant was not affected with regards to chlorophyll content in all 

treatments, while the antioxidant enzyme activity of guaiacol peroxidase (GPOD) in the 

roots was found to be significantly higher in the presence of Sb.  

The translocation of Sb for every treatment was very low, confirming that N. 

oleander plant cannot transfer Sb from the root to the shoots. In addition, the 

bioconcentration factor was less than unity, indicating that Sb could not be transferred 

from roots to aboveground of the plant. However, when ONBs were employed a higher 

amount of Sb was accumulated in the plants, which was significantly greater, although the 

translocation of Sb was not increased. 

Regarding the other elements investigated in this study (Fe, Mg and Mn), the 

results are similar as the concentration is substantially higher in the roots comparing to 

the aboveground tissue, except from Mn content in treatment TR.1. In this instance, the 

TF was estimated greater than 1. With respect to the bioaccumulation of these elements 
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from soil to plant tissues, Fe and Mn were not be mobilized, whereas Mg was extracted 

as BCF was evaluated above one for the two tested treatments. The BCF of Mn and Mg 

were significantly higher in TR.2 than TR.1, while the opposite trend was observed 

regarding the translocation factor. This can lead to the conclusion that nanobubbles can 

enhance the stabilization of these elements in roots and not the translocation to the upper 

part of the plants. 

5.2. Mobilization of Sb from soil by non-bioaugmented and 

bioaugmented processes coupled with nanobubble technology. 

5.2.1. Introduction 

Several studies have indicated that Sb(III) sorbs to surfaces, primarily to Fe(III) to 

Mn(IV) hydroxides more strongly than Sb(V), therefore it is considered more stable. In 

addition, the oxide of Sb (V) is more soluble and subsequently more mobile that than the 

oxide of Sb (III) (271). Given that antimonite is generally more toxic than Sb(V), it is 

crucial to be oxidized to Sb(V) as it is more mobile, since soil minerals such as Fe 

hydroxides and natural organic matter display low adsorption capacity for Sb(V) (272). 

Hence, the oxidation process of Sb(III) plays an important role in the mobility of Sb in the 

aqueous environment owing to the greater solubility of Sb(V).  

In order to understand the fate of Sb in the environment and enhance its removal 

from drinking water, it is crucial to shed light on the redox conditions that may affect Sb 

speciation and subsequently influencing the sorption and mobility of Sb in contaminated 

soils. In the literature, significant oxidation and immobilization of Sb (III) has been 

reported by soil-derived humic acid. In particular, complete Sb(III) oxidation was reached 

in the presence of 0.2 mM gallic acid within 4 h whereas 94.6% Sb(III) was oxidized in 

the presence of 0.2 mM CA after 12 h (273). Other study revealed that the presence of 

ferrihydrite removed Sb(III) via adsorption, as well as it also catalyzed the oxidation of 

Sb(III) to Sb(V) (274). In another study, Sb(III) was photo-oxidized to Sb(V) in goethite 

suspension as induced by simulated solar light (275). 

On the other hand, bioaugmentation process is considered an effective process to 

remediate contaminated areas. The addition of cultured organisms resistant to toxicity of 
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heavy metals has been widely used to enhance the existed microbial community and to 

treat contaminated soils. One of the developing mechanisms that bacteria utilize in order 

to survive from the exposure to heavy metals is the bio-reduction/bio-oxidation to less 

toxic forms (276). In the case of antimony, microbes that can oxidize Sb(III) to Sb(V), 

which is less toxic are called Sb-oxidizing bacteria and the microbial tolerance can be 

improved owing to the lower toxicity in the natural environment. The microbial oxidation 

for the efficiency of bioaugmentation are associated with various abiotic factors; one of  

them is the dissolved oxygen concentration as electron acceptor. Notably, most species of 

Sb-oxidizing bacteria can oxidize Sb(III) faster under aerobic than under anaerobic 

conditions (277). Therefore, to combine the Sb-oxidizing bacteria with the oxygen 

nanobubble technology may enhance the Sb(III) microbial oxidation. 

In this study, the oxidation of Sb(III) a more toxic form of antimony into the less 

toxic and more mobile Sb(V) by the bioaugmentation process coupled with nanobubbles 

technology was investigated. Also it was examined whether a low concentration of organic 

acid can also catalyze the oxidation process and thus mobilize Sb(III). 

5.2.2. Materials and Methods 

5.2.2.1. First experimental phase 

The experimental process consists of two phases. In the first experimental phase, 

preliminary experiments were conducted in flasks before scaling up to the bioreactor in 

order to investigate the impact of ONBs on the release of Sb from the contaminated soil. 

Experiments were performed under batch mode with and without the presence of oxygen 

nanobubbles and with concentration 10% w/v (soil/water) in flasks of 2 L volume agitated 

gently at room temperature (~25 oC) as shown in Image 5.  
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Image 5. Experimental set up of the first experimental phase. 

Three concentration of Sb- contaminated soils collected from shooting ranges in 

Switzerland and provided by FHNW (Table 23) were tested. The generation of ONBs was 

described in detail in section 5.1.2.3. 

Table 23. Contaminants concentrations in soils from Swiss shooting range. 

Element Unit Soil 

A B C 

Mn mg/kg  361.5 668.2 733.8 

Fe mg/kg  22,480.4 26,897.9 14,354.5 

Sb mg/kg  362.5 16.5 3.8 

5.2.2.1.2. Isolation of microbial communities resistant to Sb. 

Afterwards, bioaugmentation process was conducted anew with and without the 

presence of oxygen nanobubbles in tap water, with microbial community isolated from 

Sb-contaminated soil. Specifically, the effect of Sb oxidizing bacteria, which were also 

resistant to Sb toxicity was investigated on Sb release from soil to aqeuous phase. 

Microbial communities and strains from three different contaminated soils (Table 23) 

were isolated and enrichment cultures were performed in a rich and a medium and then 

the Sb-resistant bacteria were plated on solid CDM-A medium containing 200 mg/L of 
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Sb(III). Then, the ability of this communities to oxidize Sb(III) was quantitatively and 

qualitatively assessed using the KMnO4 method and the total Sb concentration was 

estimated by ICP-MS. The soil microbial community that exhibited the highest Sb(III) 

oxidation and reduction reached to 77% was selected for the bioaugmentation 

experiments. Initial bacterial concentration of 107 CFU/mL was inoculated in each flask 

and the microbial concentration was monitored during the experiment. In order to 

maintain a concentration close to initial, bacterial inoculum in flasks was added when it 

was necessary as it was observed a decrease below this level in some bioaugmentation 

experiments. 

5.2.2.2. Second experimental phase 

In the second experimental phase, a scale up from the flask to bioreactor was 

performed. Again, a concentration of 10% w/v (soil/water) was used. Oxygen 

nanobubbles were supplemented at the beginning of experiment as well as additional 

aeration was also supplied. Due to loss of water, the volume of bioreactor remained 

constant by adding nanobubble water. The same inoculum of Sb- oxidizing bacteria was 

added at initial bacterial concentration of 107 cells/mL. Samples were collected at 

predetermined time periods and were tested in terms of physicochemical parameters. The 

addition of low concentration of organic acids (citric, ascorbic and oxalic acid) was 

conducted in order to investigate whether the release from soil to aqueous phase is 

enhanced. 

 

Image 6. Experimental set-up of the second experimental phase. 
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5.2.2.3. Heavy metals concentration  

Samples were collected at predetermined time points each day in order to estimate 

the metals concentration in water. At the end of the experiment, soil was collected, was 

dried and then sieved at 2-mm mesh. 0.2 gr of soil was dissolved with 1.5 mL citric acid 

(5 M) and 7.5 mL HNO3 (> 69%) on a hot plate (~ 100 oC). After 2 days, ultra pure was 

added to 45 mL and agitated for one more day. Then, it was filtered at 0.45 μm and 

analyzed by ICP-MS. 

5.2.2.3. Physicochemical parameters  

The physicochemical parameters such as pH, temperature and oxidation-reduction 

potential were measured by a Hach HQ40d multi parameter meter. 

5.2.3. Results 

5.2.3.1. First experimental phase 

Figure 52 displays the results from the dissolved oxygen after the addition of 

nanobubble water in non-bioaugmented and bioaugmented. Only in soil B, the addition of 

the bacterial inoculum lead to a significant decrease in oxygen level. In the other soils, 

there is only a slight decrease in the bioaugmented experiment. The initial oxygen 

concentration in all flasks was estimated approximately 35 mg/L, four times higher than 

the saturated concentration. 
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Figure 52. Dissolved oxygen concentration in flasks of non-bioaugmented and 

bioaugmented treatments with ONBs for the three soils (A, B & C). 

Figure 53 illustrates the metals manganese (Mn), iron (Fe)  and antimony ( Sb) 

concentration in soil A with the highest concentration of antimony after the end of 

experiments with and without the bioaugmentation and the presence of ONBs. As it can 

be seen, in all experiments the concentration of metals in tested soil is lower than those of 

the initial soil concentration, hence it can be concluded that there is release from soil to 

water in all metals. As regards the antimony, the concentration in non-bioaugmented 

experiments was found to be lower with the supplementation of oxygen nanobubbles, 

whole in bioaugmented experiments no difference was observed among the two 

treatments concerning the type of water. In bioaugmented experiments the remaining 

concentration in soil was found to be lower compared to non-bioaugmented experiments, 

indicating that the microbial community enhanced its release to water.  
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Figure 53. Initial and final concentration of Mn, Fe and Sb in soil A  (mg/kg soil) [TW=tap 

water; NB=tap water with ONBs; A=non-bioaugmented; B=bioaugmented]. 

Figure 47 displays the results of the batch experiments with lower Sb 

concentration (soil B). It can be seen that the antimony concentration in soil was decreased 

to a lesser extent than for Soil A as a decrease of approximately 54 % was observed in soil 

B, while in soil A the maximum percentage of decrease was found to be around 78 %. 

There was no significant difference between bioaugmented and non-bioaugmented 

treatments in Sb antimony as well as between tap water and nanobubble water. The same 

conclusion can be drawn with regards to the other two metals. In general, the microbial 

inoculation and the supplementation of oxygen nanobubbles did not enhance the 

mobilization of Sb. 
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Figure 54. Initial and final concentration of Mn, Fe and Sb in soil C (mg/kg soil) [TW=tap 

water; NB=tap water with ONBs; A=non-bioaugmented; B=bioaugmented]. 

Finally, the soil C with the lowest Sb concentration was tested and the results 

revealed that also in this case a decrease in metals concentration was observed as shown 

in Figure 55. However, no significant change in Sb release was observed when different 

type of water is used as well as Sb-oxidizing bacteria were inoculated. Conclusively, the 

addition of Sb-oxidizing bacteria and ONBs did not enhance the mobility of Fe, Mn and 

Sb from soil to aqueous phase in soil C. 
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Figure 55. Initial and final concentration of Mn, Fe and Sb in soil C (mg/kg soil) [TW=tap 

water; NB=tap water with ONBs; A=non-bioaugmented; B=bioaugmented]. 

The dissolved oxygen concentration was monitored in bioaugmented and non-

bioaugmented experiments, in different type of water and in soils with different 

concentrations (Soils A, B, C). As it can be seen in Figure 56, the oxygen level is lower in 

soils A and B, when the Sb-oxidizing bacteria were added whilst the type of water did not 

influence the dissolved oxygen concentration. In soil C, there is difference in oxygen 

content among the treatments. 
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Figure 56. Dissolved oxygen concentration (mg/L) in soils A, B, C [TW=tap water; 

NB=tap water with ONBs; A=non-bioaugmented; B=bioaugmented]. 

As regards the pH, there is no difference among the different Sb soil concentrations 

under batch bioaugmented and non-bioaugmented experiments with and without the 

addition of nanobubbles. In all experiments, the mean value of pH is approximately 7.5. 
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Figure 57. pH in soils A, B, C [TW=tap water; NB=tap water with ONBs; A=non-

bioaugmented; B=bioaugmented]. 
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Monitoring the oxidation- reduction potential during the experiment as shown in 

Figure 58, some differences can be detected. In tap water, ORP values were found to be 

higher than those in bioaugmented experiments. The opposite trend was observed when 

the type of water was changed and nanobubble water was used. The ORP values were 

higher with the addition of microbial community. The same trend was followed in soil C. 

In soil B, all the values were similar except from non-bioaugmented experiment coupled 

with nanobubble technology. 

150

200

250

300

Oxidation- reduction potential

O
R

P
 (

m
V

)

Soil B Soil CSoil A

TW.A TW.B NBs.A NBs.B TW.A TW.B NBs.A NBs.B TW.A TW.B NBs.A NBs.B

 

Figure 58. Oxidation- reduction potential (mV) in soils A, B, C [TW=tap water; NB=tap 

water with ONBs; A=non-bioaugmented; B=bioaugmented]. 

The Sb-oxidizing bacteria enhance the mobilization of Sb in soil A with the highest 

Sb concentration, indicating that bacteria can withstand the toxicity of Sb even though soil 

Sb is in high concentration and the bacteria were isolated from Soil B. Table 24 

demonstrated the percentages of remaining Fe, Mn and Sb in soil A under bioaugmented 

and non-bioaugmented experiments. The final Sb concentration in soil was found to be 

54.4 % of initial in tap water and 33.6 % in treatment with NBs water in non-bioaugmented 

experiments, indicating that the supplementation of nanobubbles enhanced the 

mobilization of Sb without any inoculation of Sb-oxidizing bacteria. In addition, the 

percentages of Fe and Mn concentrations that remained after treatments were similar 
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between the two types of water. It can be concluded that in soil A with the highest Sb 

concentration, a substantial mobilization was achieved. 

Table 24. Percent of Mn, Fe and Sb remaining in soil A at the end of non-bioaugmented 

experiment. 

 

Metal 

Treatments 

Tap Water (TW) Tap Water with NBs (NB) 

Mn 47.5% 45.5% 

Fe 45.7% 41.3% 

Sb 54.4% 33.6% 

Table 25. Percent of Mn, Fe and Sb remaining in soil A at the end of bioaugmented 

experiment. 

 

Metal 

Treatments 

Tap Water (TW) Tap Water with NBs (NB) 

Mn 44.8% 38.1% 

Fe 61.2% 57.1% 

Sb 24.4% 24.5% 

Microbial concentration in the flasks was monitored by CytoFLEX Flow 

Cytometer (Beckman Coulter). The microbial concentration in soils A, B, C was 

monitored from Day 0 to the end of experiment. In all soils (Figure 59), the bacterial 

concentration was maintained from 106 to 107 CFU/mL.  
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Figure 59. Bacterial concentration in soils A, B, C throughout the experiments [TW=tap 

water; NB=tap water with ONBs]. 

Samples from the aqueous solution and soil A and B were collected for DNA 

extraction to investigate the microbial composition since greater Sb mobilization was 

reported in soil A with bioaugmentation and Sb-oxidizing bacteria were isolated from soil 

B. According to Figure 60A, it seems that the microbial community isolated from soil B 

was consisted of the same phyla with the bioaugmented treatments although the relative 

abundances of them were different. Both soil and water communities in the same treatment 

displayed similarity in microbial communities. The initial microbial community consists 

of Proteobacteria, which is the most abundant phylum, as well as Actinobacteria, 

Firmicutes, Bacteroidota and Acidobacteria . In treatment with soil A, the five most 

abundant phyla were Proteobacteria, Actinobacteria, Firmicutes, Bacteroidota and 

Acidobacteria, while in treatment with soil B were Proteobacteria, Actinobacteria, 

Firmicutes, Bacteroidota and Verrucomicrobiota. Proteobacteria is the most abundant 

phylum in treatment with soil whereas it can be observed a higher decrease in relative 

abundance in treatment with soil B. An opposite trend was reported as regards the 

Actinobacteria, which in treatments an increase was detected with the highest abundance 
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reported in treatment with soil B. Higher relative abundance can be seen for Acidobacteria 

and Chloroflexi in treatment A and for Furmicutes, , Bacteroidota and Verrucomicrobiota 

in treatment B compared to initial microbial community. The strains of Sb-oxidizing 

bacteria isolated from soil B are in line with the strains that have been identified in 

literature of which higher percentage belong to Proteobacteria as well as to 

Actinobacteria, Firmicutes and Bacteroides. 

The 15 most abundant genera are presented in Figure 60B. Several genera 

exhibited similar relative abundances between the seed community and the treatments 

while others decreased or increased. For example, the genera Stenotrophomonas and 

Advenella displayed high relative abundance in the initial microbial community but 

decreased in the bioaugmented treatments. On the contrary, Bacillus presented elevated 

abundances in treatment B while Sphingomonas displayed the opposite pattern compared 

to initial community and treatment A. The genera Stenotrophomanas, Bacillus and 

Pseudomonas are among the most common Sb(III) oxidizing bacteria. 

 

Figure 60. The microbial composition (12 most abundant phyla) of the initial community 

(B2), and the communities in soil and water from soil A and B (A). the heatmap of the 15 

most abundant genera of the initial community (B2), and the communities in soil and 

water from soil A and B (B). 

A B
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Figure 61. The diversity index Shannon within the treatments. 

The significantly highest diversity indices were observed with the microbial 

communities in treatments A both in soil and in water phase (Figure 8). The lowest 

diversity was noticed in the seed community since it mostly contained the Sb(III) resistant 

and oxidizing strains. In treatment B, the water community presented significantly higher 

diversity compared to the soil.  

5.2.3.2. Second experimental phase 

In the second experimental phase, the bioaugmentation process in soil A coupled 

with ONBs technology was performed in a bioreactor. As it can be seen by Figure 60, 

within 14 days there was no release of the metals Fe and Mn from soil to aqueous phase 

since the mass of these metals detected in water is rather low. As regards the antimony, it 

can be observed a release from soil but still low. On the 14th day, the addition of low 

concentration of a combination of organic acids (OAs) was conducted and it can be 

observed that the same day an increase in mass of the elements Fe, Sb were detected. In 

manganese, after the peak in mass a sharp decrease was observed the next days. On the 

contrary, the mass of iron was increased after the addition of OAs displaying a stable trend 

within next days. The same pattern was followed by manganese where a sharp decrease 

was also observed. Regarding the antimony, the mass is significantly higher on the 21st 

day than before the addition of OAs and the next days it is slight decreased. The percentage 

of Sb in water phase was increased from 5% to 27 % (95 % to 73 % in soil as seen in Table 

26) at the end of experiment. 
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Figure 62. Final mass of Mn, Fe and Sb in aqueous phase (mg) in bioaugmented 

experiments with soil A coupled with ONBs technology. 

Table 26. Percent of Sb remaining in soil A at the end of bioaugmented experiment. 

Metal Treatment 

Before addition of OAs 95 % 

After addition of OAs 73 % 

The physicochemical parameters (pH, dissolved oxygen concentration and 

oxidation-reduction potential) were monitored during the experiment. According to Figure 

63 shows a stable pattern except from Day 14, where the addition of OAs was conducted 

and a sharp drop was reported. As regards pH, it can be seen that the values are stable 

before OAs supplementation, the pH is slightly decreased when OAs were added in the 

bioreactor and then the values were moderately elevated until the end of experiment. The 
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same trend was followed in dissolved oxygen. The oxygen content was declined from 7.85 

mg/L to 6.65 mg/L and then the dissolved oxygen was increased. 
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Figure 63. ORP (mV), pH, DO (mg/L) during the experiment. 

Microbial concentration in the bioreactor was monitored by CytoFLEX Flow 

Cytometer (Beckman Coulter). The microbial concentration water phase was monitored 

from Day 0 to the end of experiment (Day 28). As it can be seen by Figure 64 the bacterial 

concentration was maintained from 108 to 109 CFU/mL, while the addition of OAs did not 

influence the level of microbial concentration. 
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Figure 64. Bacterial concentration in bioreactor. 

5.2.4. Conclusions 

Soil microbial community mainly consists of Proteobacteria, Actinobacteria, 

Firmicutes and Bacteroides, which are considered common Sb-oxidizing bacteria 

according to studies found in literature. The bioaugmentation had a significant effect 

compared to the tap water treatment since the percentage of Sb remaining in the soil was 

found to be lower in the bioaugmented experiment implying the mobilization of about 

75% of the original Sb in the soil. The same percentage of Sb was also found in the 

bioaugmented treatment with NBs water; i.e., the presence of nanobubbles had no 

significant effect on the mobilization of Sb in the case of bioaugmentation. When no 

microbial community was inoculated, ONBs had an impact on Sb mobilization from soil 

water phase as from 45.6% increased to 66.4% of the initial Sb in soil detected in water 

by the supplementation of ONBs. Regarding the metal Fe, the bioaugmentation did not 

enhance its mobilization in the aqueous phase in both tap water and NBs water treatments 

since the percentages of remaining Fe concentrations were higher in the bioaugmented 

experiments. The concentration of Mn was estimated to be slightly lower when 

bioaugmented for the tap water and NBs water treatments. 

In case of scale-up to the bioreactor, lower Sb release was observed compared to 

experiments conducted in flasks. The addition of low concentration of OAs seems to 

enhance the Sb mobilization without decreasing the initial concentration of Sb- oxidizing 
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bacteria even though the Sb mobilization reported in flasks has not been achieved in 

bioreactor. In particular, the maximum percentage of Sb mobilized from soil to water 

phase was 27%, while a significant higher percentage was detected in flasks equals to 

75%.  

In conclusion, enrichment cultures isolated from Swiss shooting range soils had 

the ability to remove and oxidize Sb(III) to Sb(V). The final concentration of Sb in the 

soil for the bioaugmented experiments was found to be less than 75% of the initial 

concentration, indicating that the isolated microbial community enhanced its mobilization 

and release to the aqueous phase. Nanobubbles were found to have an effect on Sb release 

from the soils in non-bioaugmented experiments in contrast to the bioaugmented 

experiments where no significant difference was observed. 
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Chapter 6. 

Conclusions & Future Perspectives 

This study has tried to cover most of the important research conducted in the field 

of nanobubble technology in order to get a better insight on the major advantages of 

utilizing these NBs-based processes compared to conventional aeration systems. The main 

conclusions derived from this research are the following: 

• The OzNBs application enhanced the disinfection efficiency of ozone against 

bacteria used as primary indicators of contamination in fresh water quality as 

well as the residual activity. In case of ballast water disinfection, OzNBs 

utilization led to a more efficient ozonation as ozone efficacy (as TRO 

concentration) is higher at different salinities. 

• Air nanobubble-integrated wetland achieved higher removal efficiency for 

phenol and toluene in both matrices; tap and waste- water.  A elevated dissolved 

oxygen concentration (above 7 mg/L) was reported in every experimental cycle, 

indicating a sufficient aeration. 

• In the case of phytoremediation, the application of ONBs resulted in a higher 

amount of Sb accumulated in the plants tissues. Nanobubbles intensified the 

stabilization of antimony in roots, even though the translocation to the upper 

part of the plants was rather low. 

• When ONBs employed in bioremediation, the mobilization of Sb in the case of 

bioaugmentation was not substantial. When no microbial community was 
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inoculated, ONBs had a greater impact on Sb mobilization from soil water 

phase. 

Although NBs technology is widely used in various applications, there are still gaps 

in our understanding of the behavior of NBs that need further investigation. Even though 

several researchers have expressed doubts about the existence and the stability of MNBs, 

many studies have proven that their application by different types of gas (air, oxygen, and 

ozone) can enhance process efficiency compared to conventional aeration since the results 

so far have been very encouraging. For instance, the nanobubbles technology can reduce 

the operation and maintenance cost of an ozonation system since it can overcome at least 

partially the serious weakness which is the limited residual disinfection capacity and the 

low solubility of ozone leading to the requirement of a high ozone dose.  

The characterization of NBs with high resolution has been to some extent achieved; 

however, there is a chance the size measurement to be misleading as the gas cavities cannot 

be distinguished among nanodroplets and impurities derived from the equipment or present 

in the water. It is worth mentioning that most studies have investigated the use of NBs on 

ultrapure water and hence, typical drinking water or wastewater matrices may influence 

the NBs size and entangle the measurement of number concentration thanks to the 

existence of other colloids (51). There are several MNBs generators available 

commercially but without providing a detailed description concerning the size distribution 

and concentration of the generated bubbles (68). For that reason a standard measurement 

protocol should be established in order to ensure the correct characterization of MNBs.  

A general limitation is that all studies have been performed in laboratory or small 

pilot scale (up to 50 L). It would be helpful to examine the upscaling of this process in the 

field and at industrial scale. Moreover, in this case it is important to mention that a 

cost/benefit analysis should also be conducted, since an aeration system is often portrayed 

by high energy requirements. Utilization of NBs is an ecological method that has a great 

potential to replace expensive processes currently used for wastewater treatment.  
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Appendices 

Appendix A. The reaction of indigo trisulfonate with the bromine 

inhibited by the addition of malonic acid 
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Figure A. 1. Comparison of DPD method with Indigo method for residual concentration 

of oxidants (mg/ L) 

Table A. 1. Comparison of DPD method with Indigo method with and without malonic 

acid for residual concentration of oxidants (mg/ L) after 25 min. 

 

DPD Method 

Indigo Method  

without malonic acid 

Indigo Method  

with malonic acid 

1.49 0.634 0.172 
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Appendix B. Comparison Indigotrisulfonate (ITS) Method to Ozone 

Test Kit (Hach) 

 

Figure B. 1. Comparison of the ozone concentrations with Indigotrisulfonate Method and 

the Ozone Test Kit (Hach) 
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Appendix C. Control bacterial concentration at different salinities 

without ozone addition 
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Figure C. 1. Control bacterial concentration at different salinities without ozone addition 

at initial bacterial concentration a) 107 CFU/mL, b). 106 CFU/mL and c) 105 CFU/mL.
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