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a b s t r a c t

To address the undesired effect of chemotherapeutants in aquaculture, ozone has been suggested as an
alternative to improve water quality. To ensure safe and robust treatment, it is vital to define the ozone
demand and ozone kinetics of the specific water matrix to avoid ozone overdose. Different ozone dosages
were applied to water in freshwater recirculating aquaculture systems (RAS). Experiments were per-
formed to investigate ozone kinetics and demand, and to evaluate the effects on the water quality,
particularly in relation to fluorescent organic matter. This study aimed at predicting a suitable ozone
dosage for water treatment based on daily ozone demand via laboratory studies. These ozone dosages
will be eventually applied and maintained at these levels in pilot-scale RAS to verify predictions. Selected
water quality parameters were measured, including natural fluorescence and organic compound con-
centration changes during ozonation. Ozone reactions were described by first order kinetics. Organic
matter, assessed as chemical oxygen demand and fluorescence, decreased by 25% (low O3), 30% (middle
O3) and 53% (high O3), while water transmittance improved by 15% over an 8-day period. No fish
mortality was observed. Overall, this study confirms that ozone can improve RAS water quality, provides
a better understanding of the ozone decay mechanisms that can be used to define further safe ozone
treatment margins, and that fluorescence could be used as a monitoring tool to control ozone. This study
might be used as a tool to design ozone systems for full-scale RAS by analysing water sample from the
specific RAS in the laboratory.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Land-based recirculating aquaculture systems (RAS) have
become increasingly important, as they consume less water per
kilogram of fish produced, ensure stable conditions and allow solids
removal and effluent treatment, among others (Piedrahita, 2003).
In such systems, organic and inorganic compounds accumulate that

potentially deteriorate water quality and create favourable condi-
tions for opportunistic bacteria. Various chemicals, namely
formalin, hydrogen peroxide, peracetic acid and sodium chloride,
are used to control microbial profusions and prevent disease out-
breaks (Noble and Summerfelt, 1996; Pedersen et al., 2010, 2013;
Pedersen and Pedersen, 2012). However, high concentrations of
chemotherapeutants might impair biofilter performance, affect fish
welfare, jeopardize worker safety and place the ecosystem at risk
when non-degraded residuals are released into nearby aquatic
sources (Hohreiter and Rigg, 2001; Masters, 2004; Wooster et al.,
2005; Pedersen et al., 2010).

To address the need for environmentally friendly disinfectants,
ozone has been widely implemented as a supplementary water
treatment technology (Von Gunten, 2003; Tsolaki and
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Diamadopoulos, 2010; Hansen et al., 2010; Hansen et al., 2016a;
Hansen et al., 2016b). It has been proven to enhance water qual-
ity, since it oxidises various deteriorating agents such as carbon-
based compounds and nitrite, natural organic matter (NOM),
chemical oxygen demand (COD), colour and suspended solids
(Summerfelt and Hochheimer, 1997; Summerfelt et al., 2009;
Davidson et al., 2011). It has been also reported to reduce geo-
smin, bacteria and miscellaneous fish pathogens (Bullock et al.,
1997; Tango and Gagnon, 2003; Summerfelt et al., 2009), result-
ing in improved growth (Good et al., 2011) while enriching the
water with oxygen, which is formed during ozone degradation.

Although ozonation has been applied for years in aquaculture,
there is still a knowledge gap regarding how to predict the optimal
ozone dosage for a system, known as “ozone demand.” In a non-
meticulously designed system, residual ozone (an over-dose) will
reach culture tanks, thereby potentially affecting farmed species
(Bullock et al., 1997; Summerfelt et al., 2004; Davidson et al., 2011;
Powell and Scolding, 2016), while electricity consequently is
wasted, having a significant monetary impact. The control of dis-
solved ozone is a major issue. Currently, there are several com-
panies which supply dissolved ozone sensors which are either
expensive and somewhat unreliable or not specific (Bullock et al.,
1997). Dissolved ozone probes will not tell the ozone dosage to
the water as the ozone is consumed very fast by reaction with
dissolved organic matter in the low dosages applied in aquaculture
and they also do not detect changes in ozone demand of the system.

A widely used method to control the delivery of ozone into
water is the oxidation reduction potential (ORP; Bullock et al., 1997;
Summerfelt et al., 1997; Summerfelt et al., 2009; Davidson et al.,
2011; Li et al., 2014; Powell and Scolding, 2016), which measures
a balance between the concentrations and willingness of sub-
stances in solution to give up or receive electrons. The ORP sensor is
placed in the RAS system at a point where ozone is completely
consumed downstream of the ozone treatment as free ozone
damage ORP sensors (Bullock et al., 1997). In fully aerated aqua-
culture water, the dominant oxidant will be oxygen at the equi-
librium concentration defined by the atmosphere and therefor the
reading of the ORP will be an unspecific measure of the reducing
solutes. As ozone quickly oxidised these reducing species the effect
of ozone is measured indirectly but not specifically by the differ-
ence in the ORP reading before and after the ozone treatment.
Wenk et al. (2013) suggested that mediated electrochemical
oxidation (MEO) could be used in water treatment applications to
determine the DOM oxidation in chemical oxidation processes
since the electron donating capacity was highly sensitive to DOM
changes. Ozone applied in wastewater showed a correlation with
changes in UV absorbance at 254 nm (Bahr et al., 2007; Nanaboina
and Korshin, 2010; Wenk et al., 2013) or at 272 nm (Hansen et al.,
2010). Nevertheless, a recent study set the basis for a highly sen-
sitive and accurate method to control ozone, based on the natural
fluorescence removal of organic matter upon ozonation in an RAS
(Spiliotopoulou et al., 2017).

There is therefore a need for a practical study to investigate
ozone demand and kinetics in actual RAS water. The added ozone
should be suitable to ensure a realistic “safety window” that is
system-specific, does not exceed system demand and is nonethe-
less effective in promoting hygiene and water quality (Muller and
Milton, 2012).

This study aims to reveal a more direct approach to describe the
removal of carbon-based compounds and the control of ozone
dosages in RAS. This approach could be also used to predict the
required ozone dosage in RAS based solely on water quality pa-
rameters analysed in the laboratory. To achieve this aim, water
samples were collected from a pilot-scale system and then, sub-
jected to ozonation. The project objectives were i) to investigate the

probability of predicting the effects of continuous ozonation in
pilot-scale RAS on water quality (laboratory-scale experiments), ii)
to determine the optimal ozone dosage in freshwater pilot-scale
RAS, to ensure improved water quality without compromising
fish health, and iii) to analyse the effects of different ozone dosages
on resulting water quality parameters, including by-product for-
mation and toxicity risk and iv) to investigate fluorescence sensi-
tivity in ozonated RAS.

2. Material and methods

2.1. Reagents

All chemicals used in this study were purchased from Sigma
Aldrich Denmark ApS and used as received.

2.2. Sample management

Samples were collected from the pump sump of the pilot RAS by
siphoning. Depending on the pending analysis (Table S1), the
samples were filtered according to standard operational proced-
ures and stored at either 4 �C, when the analysis occurred the same
day, or at �20 �C, when samples were analysed at the end of the
experiment.

2.3. Quantification

2.3.1. Ozonation
The laboratory ozone set-up was based on a 20 g/h ozone

generator from O3-Technology AB (Vellinge, Sweden), supplied
with dry oxygen gas. The generated ozone was dispersed through a
diffuser in a pressurised collection bottle containing ultra-pure
water, to create the ozone stock solution. To increase ozone solu-
bility further, the bottle was submerged in an ice bath, while a
manometer and a valve were placed after the collection bottle at a
pressure of 1.2 barG. Ozone concentration in the stock solution
ranged between 70 and 110mg/L. The pilot ozonation set-up was
based on a 500mg/h generator (Sander, Germany) and supplied
with dry air (Flairmo ApS, Denmark).

2.3.1.1. Determination of ozone concentrations. The concentration of
ozone in both the aqueous and the gaseous phases was determined
daily. Ozone concentration in the water was determined utilising
the indigo method (Bader and Hoign�e, 1981), while the absorbance
of the unreacted indigotrisulphonatewasmeasured at 600 nmwith
a spectrophotometer (Hach Lange). Ozone concentration was
determined by comparing the absorbance of a blank to the sample,
and by using DA¼�20000 L/(cm mol ozone added per L).

Ozone gas concentration was determined with a flow cell con-
nected to a spectrophotometer, measured at 254 nm (Hansen et al.,
2010) utilising the Beer-Lamberts law (Eq. (1)).

CO3
¼ A

l,ε
,Mw; O3

(1)

Where A is the absorbance of gas, l is the light path in cm
(l¼ 1.00 cm), ε is the ozone molar absorption coefficient at 254 nm
(ε¼ 3000 NL/(mol$cm)) and Mw,O3 is the molar mass of ozone
(Mw,O3¼ 48 g/mol).

2.3.1.2. Determination of ozone demand. Fluorescence spectroscopy
was used to determine indirectly the dosage of ozone delivered into
water, as described by Spiliotopoulou et al. (2017) utilising a fluo-
rimeter (Cary Eclipse, Varian). Two excitation/emissionwavelength
transitions were included in this study, namely Ex275/Em340 and
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