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ARTICLE INFO ABSTRACT

Keywords:

Combining protein skimming with ozone (O3) is a common method for removing microparticles in recirculating

Ozone aquaculture systems (RAS). Nevertheless, there is a limited number of studies that have validated protein

Protein skimming
Water quality
Commercial seawater RAS

skimming’s performance at a commercial scale. Additionally, variations in protein skimmer designs and oper-
ational variables may yield different performance outcomes. In the present study, the performance of two types

Atlantic salmon

of full-scale protein skimmer (S1 and S2) were compared and evaluated under two levels of hydraulic retention
time (HRT) (1.8 and 2.2 min) and three levels of O3 doses (0, 7, and 14 g O3/kg feed) in a commercial seawater
RAS facility. Samples from the inlet and outlet of the protein skimmers were collected at each combination of
operational variables. They were analysed for several relevant water quality parameters to quantify the treat-
ment efficiency. O3 dose significantly improved water quality and reduced the numbers of microparticles and
bacterial activity in a single pass. Besides that, doses as high as 14 g O3/kg feed significantly increased total
residual oxidant (TRO) concentration. Additionally, an increase in HRT exerted a moderate effect on removing
microparticles and a strong effect on redox potential (ORP) and TRO. Finally, the type of protein skimmer only
affected the ORP, causing no significant changes to other water quality metrics. The correlations between the
investigated water quality parameters defined a clear pattern of the ongoing processes and particle character-
istics. Overall, the results demonstrated that protein skimming combined with carefully selected O3 doses can
improve general water quality and control critical factors such as bacterial activity and microparticles under

commercial operations.

1. Introduction

Recirculating aquaculture systems (RAS) are closed fish production
systems in which the culture water is reused and continuously treated
before being discharged into the environment (Piedrahita, 2003;
Lekang, 2019). As the technology allows large volumes of fish produc-
tion, under controlled conditions, it is considered a more
production-efficient and environmentally sustainable option than con-
ventional sea cages or flow-through systems (Martins et al., 2010;
Ahmed and Turchini, 2021). However, because of increasing feeding
rates and limited water exchange, maintaining ideal water quality
conditions in a RAS is a challenge.

One of the major issues of intensive RAS is the accumulation of waste
products including dissolved and solid wastes resulting from fish
metabolism and feed spills (Badiola et al., 2012). While commercial RAS
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applies highly effective water treatment processes to eliminate large
solids by drum filters, fine solids or microparticles (1-100 um) tend to
accumulate in the system (Chen et al., 1993; Fernandes et al., 2014).
Aside from the anticipated but uncertain negative effects on fish welfare
and gill health (Becke et al., 2018; Lu et al., 2018), the accumulation of
microparticles have several water quality implications. The eutrophi-
cation and prolonged retention time promote bacterial proliferation
(Pedersen et al., 2017; de Jesus Gregersen et al., 2019), leading to the
accumulation of organic matter, off-flavor formation, elevated
biochemical oxygen demand (BOD), reduced oxygen concentration, and
increased carbon dioxide production. This built-up of microbial biomass
may facilitate ammonia leaching, unwanted biofilm growth which can
potentially limit nitrification and promote the formation of toxic
hydrogen sulfide (Ling and Chen, 2005; Kvale et al., 2006; Pedersen
et al., 2017; Letelier-Gordo et al., 2020).
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Several approaches have been developed and evaluated for the
removal of microparticles, such as reduced drum filter mesh sizes,
membrane filtration, low pore cartridge filtration or electro coagulation
(Dolan et al., 2013; Holan et al., 2014; de Jesus Gregersen et al., 2020;
Xu et al., 2021). While these strategies can be effective, their large-scale
application, raises some economic and feasibility concerns. Currently, a
common and viable practice includes protein skimming (Barrut et al.,
2012; de Jesus Gregersen et al., 2021) and ozone (O3) treatment, which
are often combined for maximum efficiency (Lekang, 2019).

Protein skimming is a technology used to remove microparticles and
dissolved organic matter. The method relies on a fundamental process
known as adsorptive bubble separation (Lekang, 2019), and the device
used is called a protein skimmer. Studies investigating protein skimmer
performance have revealed significant total suspended solids and pro-
tein removal, decreased microbial activity and positive contribution to
dissolved oxygen concentration and carbon dioxide degassing (Peng and
Jo, 2003; Brambilla et al., 2008; Barrut et al., 2012; Orellana and
Wecker, 2013). Protein skimming exhibits greater effectiveness in
seawater due to its higher surface tension compared to freshwater
(Lekang, 2019; Jafari et al., 2022).

O3 is a highly reactive oxidant that can break down organic matter,
flocculate microparticles, oxidize nitrite, improve water clarity and
potentially reduce off-flavour issues (Summerfelt, 2003; Li et al., 2009;
Davidson et al., 2011). Additionally, O3 can destroy cell membranes and
nucleic acids, making it a strong disinfectant (Summerfelt, 2003; Sharrer
and Summerfelt, 2007; Guilherme et al., 2020). When Os is introduced
into the protein skimmer, these advantages are complemented by
improved skimming efficiency. This synergy occurs as O3 rearranges
molecular charges during the break down or flocculation of organic
matter, promoting particle adhesion to the rising bubbles by altering
surface tension and charge (Lekang, 2019).

The positive effects of O3 combined with protein skimming have
been reported in several studies. Park et al. (2011) found that adding O3
to a pilot-scale seawater protein skimmer improved the removal of
dissolved organic carbon, suspended and volatile solids. Furthermore, in
a freshwater study by de Jesus Gregersen et al. (2021), the combination
of O3 and protein skimming resulted in a significant reduction in particle
counts, bacterial activity, bioavailable organic matter and turbidity, as
well as a considerable increase in ultraviolet transmittance (UVT) when
compared to each treatment alone. These treatments directly and indi-
rectly impact RAS performance by enhancing fish health, improving
biofilter efficiency, potentially reducing costs, conserving water, and
environmental sustainability. Although combining protein skimming
with Og is highly effective, both approaches pose some challenges.
Firstly, protein skimmer performances are influenced by several inter-
related chemical and physical factors. Among these factors some of the
most important ones are protein skimmer design, gas transfer and hy-
draulic retention time (HRT) (Wheaton et al., 1979; Weeks et al., 1992;
Peng et al., 2003; Buckley et al., 2021).

Secondly, under suboptimal O3 dosing, the action of excessive mo-
lecular O3 and hydroxyl radicals formed during decomposition can
result in harmful ozonation by-products, particularly in seawater, which
contains higher concentration of bromide ions (Legube, 2003; Stiller
et al., 2020).

So far, no studies have reported the performance of industrial protein
skimmers under commercial conditions or quantified central opera-
tional conditions, such as HRT and O3 dosing. The aim of the study was
to evaluate the performance of two different protein skimmers during
full-scale operation in a seawater RAS growing Atlantic salmon (Salmo
salar). The study included replicated tests of two different HRTs (1.8 and
2.2 min) and three levels of O3 doses (0, 7, and 14 g O3/ kg feed) using
several relevant water quality parameters to quantify the treatment
efficiency.
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2. Materials and methods
2.1. Experimental setup

The experimental setup consisted of a multi-factorial (2 x 2 x 3)
design with two types of commercial scale protein skimmers: S1 and S2
(see detailed description in Section 2.1.2); two levels of HRT: 1.8 min
(Low) and 2.2 min (High); and three levels of O3 doses: 0 (T0), 7 (T7)
and 14 (T14) g Os/kg feed. The design included four sets of trials, where
each trial involved operating one protein skimmer at a particular HRT
and performing three separate runs with the different O3 doses (Fig. 1).
Each trial was replicated three times (n = 3) and one trial replication
was completed daily, resulting in a total experimental period of twelve
days. The selection of O3 doses and HRT levels was grounded in a syn-
thesis of previous studies and recommendations from both skimmer
manufacturers and experienced operators in commercial scale RAS
operational contexts.

2.1.1. Recirculation system

The experiment was carried out at Danish Salmon A/S, Hirtshals,
Denmark.

The two types of protein skimmer were connected to the water
treatment system of a 7000 m® full-strength saline grow-out facility with
0.1-4 kg Atlantic salmon. The yearly fish production volume of the
particular grow-out facility was 500 tons.

The water treatment system in the grow-out facility consisted of four
drum filters (Hydrotech HDF 2007-2 S, Hydrotech AB, Sweden) with
80 um mesh size, two rows of 90 m? degassers/trickling filters, two rows
of three aerated 95 m> serial fixed bed biofilter followed by a 110 m®
unaerated fixed bed biofilter considered as a microparticle-filter, UV
filters (MR8 320 PP, Ultra Aqua A/S, Denmark), oxygen cones, pH
compensation unit using sodium hydroxide (NaOH), an O3 generator
and the two protein skimmers (Fig. 2). Throughout the trials, the grow-
out facility maintained average standing biomass of 234 + 25 tons with
a daily feeding rate of 1.0 & 0.4% of body weight and a daily water
exchange rate of 11.5 + 2.1% of the total system water volume. The
intensity of recirculation and feed loading was 3 + 0.8 kg feed/m> of
make-up-water. The feed (4.5-7 mm EFICO Enviro 940, Biomar A/S,
Denmark), which had 38-44% protein content, was fed continuously by
automatic feeders from 8:00 a.m. to 1:00 a.m. Throughout the experi-
ment, the water treatment system maintained a pH of 7.2+ 0.1, a
temperature of 12.4 4+ 0.3 °C, and a salinity of 34 & 1 ppt, while total
ammonia nitrogen averaged at 0.7 £+ 0.2 mg/L, nitrite nitrogen at 0.7
+ 0.4 mg/L and nitrate nitrogen at 114 + 28 mg/L.

2.1.2. Protein skimmers

The two types of protein skimmer (Fig. 3), S1 (Ratz 2500 Hi, CM
Aqua Technologies Aps, Denmark) and S2 (Helgoland 2500 x4500 LE-
315, Erwin Sander Elektroapparatebau GmbH, Germany), were both
venturi types and had a counter-current flow pattern. S1 was equipped
with seven bubble injection units, with five of them being powered by
five 0.7 kW pumps (Badu 21-40/53 AK, SPECK Pumpen Verkaufsge-
sellschaft GmbH, Germany), and the remaining two by a single 2.2 kW
pump (DM 15 PP, DEBEM srl, Italy). In contrast, S2 had two injection
units that were powered by two 3 kW pumps (Badu 21-60/45 AK,
SPECK Pumpen Verkaufsgesellschaft GmbH, Germany). Furthermore, in
S1, five out of the seven injection units had the suction tube connected to
the foam chamber, allowing a fraction of the degassed air and O3 to be
recycled. Meanwhile, S2 received only freshly supplied gases. The total
capacity of the reaction chamber was approx. 17.5 m® in S1 and 17 m®
in S2.

2.1.3. Ozone generator

O3 was generated with the corona discharge method (Primozone
GM48 2.0, Primozone Production AB, Sweden). Pure oxygen blended
with 2% nitrogen was used as the feed gas to supply Os at a
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Fig. 1. Schematic diagram illustrating the combination of experimental factors, levels and workflow. The treatment combinations included two types of protein
skimmers (S1 and S2), two levels of hydraulic retention times (HRT) (1.8 and 2.2 min as Low and High) and three O3 doses (0, 7 and 14 g O3/kg feed as TO, T7

and T14).
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Fig. 2. Process flow diagram and main components of the water treatment system.

concentration of 200 g/Nm® and a pressure of 2.5 bar. The gas was
delivered to the protein skimmer through ozone-resistant polytetra-
fluoroethylene hoses. The incoming O3 concentration on the protein
skimmer side was measured (Ozone Analyzer BMT 964 BT, BMT Mes-
stechnik Gmbh, Germany) at the beginning of the experiment to account
for potential decomposition.

2.2. Operational procedures for the experiments

Each trial followed the same standard protocol. The protein skimmer
not subjected to analysis was bypassed/turned off prior to each test,
allowing all the water and Os to reach the tested protein skimmer. Then
the overflow height was set to the centre of the cone of the reaction
chamber based on the manufacturer’s recommendations and the oper-
ator’s observations of optimal foam production. The water flow required
to achieve the desired HRT was then set by adjusting the frequency of
the supply pump. A water flow meter (TF-100 P Ultrasonic Flow Meter,
Tofting, Denmark) clamped to the inlet pipe was used for continuous
flow rate monitoring. Following the water flow adjustments, the airflow
rate was set using a 1:1.3 water volume (m3) to airflow (ms/h) ratio,
based on S1, as this protein skimmer had no built-in airflow meter.
Instead, airflow in S1 was measured at the beginning of the experiment
with an airflow meter (TSI 4000 Mass Flow Meter, TSI Inc, USA). After
adjusting the physical parameters, O3 doses were calculated based on
the previous days feed amount and were adjusted directly on the
generator. The primary operational parameters of both protein skim-
mers are listed in Table 1.

During each trial, three consecutive, separate runs with a different
O3 dose, followed the sequence of 1) a 30 min stabilization time; 2) a
20 min sampling and analysis; and 3) a 10 min readjustment of the O3
dose for the next run. The experiments were performed at the same time
of the day, with sampling times scheduled at 08:30, 10:00 and 11:30 for
the first, second and third run. Days when farming operations deviated
from normal, i.e., harvest of fish or biofilter cleaning, were excluded to
avoid potential uncontrolled changes in water quality.

2.3. Water sampling and analysis

Within the sampling period of a trial run, two sets of water samples
were collected; a 0.3 L grab water sample and a 2.5 L pooled water
sample (see below) both from the inlet and the outlet of the protein
skimmer tested.

The 0.3 L grab samples were promptly examined for bacterial ac-
tivity based on the BactiQuant assay (Mycometer A/S, Denmark), and
the results were expressed as standardized BactiQuant value (BQV).
Additionally, the samples were tested for total residual oxidant (TRO)
concentration using the N, N-diethyl-p-phenylenediamine (DPD) color-
imetric method (DPD Total Chlorine Reagent Powder Pillow, Hach
Lange, USA). This method detects O3 and potential harmful ozonation
by-products (chlorine, bromine, iodine species) considered O3 produced
oxidants (OPO), as described by Schroeder et al. (2011). The method has
a detection range of 0.02-2.00 mg/L Cly).

The 2.5 L pooled samples were stored on ice until transported to DTU
Aqua’s laboratory at the end of each trial. First, the samples were
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Fig. 3. The two types of protein skimmer models tested: S1 (Ratz 2500 Hi, CM Aqua Technologies Aps, Denmark) on the left and S2 (Helgoland 2500 x 4500 LE-315,

Erwin Sander Elektroapparatebau GmbH, Germany) on the right.

Table 1

Specifications and primary operational parameters of the two types of protein
skimmer (S1 = Ratz 2500 Hi, CM Aqua Technologies Aps, Denmark; S2 = Hel-
goland 2500 x4500 LE-315, Erwin Sander Elektroapparatebau GmbH, Ger-
many) during the experiments.

Parameters S1 S2

Water volume (m®) 17.2 16.7
Water flow (m®3/h)

Low HRT (1.8 min) 573+ 5 556 + 5
High HRT (2.2 min) 469 £ 5 455 +5
O3 dose (g/h) (doses varied based on feeding)

TO 0 0

T7 390-520 390-520
T14 780-1040 780-1040
Air flow rate (m>/h) 23+2 2242

analysed for water clarity by UVT (UV Spectrophotometer DU-520,
Bechman Coulter Inc, USA) and turbidity (Hach 2100Q Portable
Turbidimeter, Hach Lange, USA). After that, particle size distribution
(PSD) analysis was conducted using a particle counter (Multisizer 4e
Coulter Counter, Bechman Coulter Inc, USA). The device detected par-
ticle numbers (#/mL), volumes (mm3/mL) and surface areas (mmz/mL)
in the 1-12 um particle size range.

During the trials redox potential (ORP) was continuously monitored
at the inlet and outlet using ORP handy probes (OxyGuard Portable pH/
Redox Meter, OxyGuard International A/S, Denmark).

2.4. Data analysis

2.4.1. Calculations

The differences between the inlet and the outlet of the investigated
water quality parameters were evaluated based on relative efficiencies
(%). For the decreasing turbidity, PSD and bacterial activity, one-pass
removal efficiencies (RE) were calculated using Eq. (1). For the

increasing UVT, ORP and TRO, one-pass enhancement efficiencies (EE)

were calculated using Eq. (2).

Vi — Vo
Vi

% Removal efficiency(RE) = ( ) x 100 @

\
% Enhancement efficiency(EE) = (V?) x 100-100 @

Where RE: removal efficiency (%); V;: inlet value (FNU, #/mL, pm3/mL,
umz/mL, BQV, mV, mg/L, %); V,: outlet value (FNU, #/mL, pm3/mL,
pm?/mL, BQV, mV, mg/L, %); EE: enhancement efficiency (%).

2.4.2. Statistical analysis

The data were tested for homogeneity of variances and normality by
the Levene’s and the Shapiro-Wilk tests. Three-way ANOVA was used to
compare the main and interaction effects of the protein skimmer, HRT
and O3 dose on the relative efficiencies. Following that, a secondary
normality test on the residuals evaluated the model. When the ANOVA
revealed statistical significance (p < 0.05), Tukey’s test was conducted
for multiple comparisons. To examine the size-based removal effi-
ciencies, the data were merged based on HRT, as HRT had no significant
effect on particle counts. Outliers were removed according to the
interquartile ranges. As the merged data did not pass the homogeneity
test, the non-parametric Kruskal-Wallis test was used to explore the ef-
fect of particle size on the relative efficiencies. Finally, the relationship
between relative efficiencies of water quality parameters was assessed
by Pearson’s correlation. All statistical analysis was carried out using R
v.4.1.2 and R Studio (RStudio Inc, USA).

3. Results
3.1. Effect of operational variables

The main effects and significant interactions of operational variables
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extracted from the three-way ANOVA are shown in Table 2. Average
inlet and outlet values of turbidity, UVT, PSD, bacterial activity, ORP
and TRO are given in Supplementary Table A.1 and Table A.2.

3.1.1. Water clarity

The type of protein skimmers and HRT did not significantly affect
turbidity or UVT in a single pass measurement (p > 0.05) (Table 2).
High dose of Os, on the other hand, caused significant improvements in
turbidity compared to the absence of O3 (p = 0.01). Average turbidity
decreased by 1.2 + 6.1, 2.7 + 5.8 and 13.7 + 3.1%, in TO, T7 and T14,
respectively (Fig. 4a). UVT in the outlet improved compared to the inlet
across all treatments by an average of 0.7 & 0.5% (Fig. 4b).

3.1.2. Particle size distribution

The results obtained from the PSD measurement showed an expo-
nentially decreasing curve with a peak at the lowest 1-2 um size range,
representing > 95% of the total particle number (Supplementary
Fig. A.1).

The removal of particle numbers, particle volumes and particle
surface area increased significantly with increasing O3 doses (p < 0.001)
(Table 2). Simultaneously, significant removal of particle volumes was
observed with increasing HRT (p = 0.03). The types of protein skimmer
had no significant effect (p > 0.05). The highest reduction was observed
in particle numbers by an average of 2.6 + 3.4, 37.7 &+ 3.6 and 51.8
+ 4.5% in TO, T7 and T14, respectively (Fig. 5a). A lower but identical
pattern was demonstrated by surface area, which reduced by 3.4 + 3.8,
28.2 + 4.1 and 41.8 + 5.6% in TO, T7 and T14, respectively (Fig. 5b).
Finally, the lowest removal in particle volumes yielded 4.2 + 3.9, 18.2
+ 4.7 and 33.6 + 7% on low HRT, and 4.5 + 7.2, 27.3 + 6.5 and 38.5
+ 4.9% on high HRT, in TO, T7 and T14, respectively (Fig. 5c).

The size of the particles had a significant impact (p = 0.02) on the

Table 2

Aquacultural Engineering 103 (2023) 102369

removal of particle numbers using both S1 (Fig. 6a) and S2 (Fig. 6b).
Without Os, the numbers of particles in the 1-6 um particle fractions
reduced by 3.2 + 1.3% with S1 and 4.0 & 5.9% with S2. The removal
increased for larger particles to 5.1 + 19.2% for S1 and 14.7 + 8.9% for
S2 in the 6-9 um size range, and 10.8 + 20.5% for S1 and 8.7 + 30.8%
for S2 in the 9-12 um size range. With Os, the removal increased in each
size range. The highest decrease was observed in the most abundant
1-2 ym particle ranges, yielding 44.1 + 4.3 and 52.5 + 6.3% with S1
and 41.7 + 1.7 and 59.2 + 2.5% with S2, in T7 and T14, respectively.

3.1.3. Bacterial activity

The bacterial activity was not affected by the type of protein
skimmer, or the HRT tested (p > 0.05) (Table 2). However, Os caused
significant bacteria inactivation with increasing O3 doses (p < 0.001).
Bacterial inactivation (expressed as removal efficiencies in %) during a
single pass were 4.1 4+ 9.3, 28.9 + 7.6 and 60.3 + 8.2%, in TO, T7 and
T14, respectively (Fig. 7).

3.1.4. Redox potential

O3 significantly increased ORP which directly related to the doses
(p < 0.001) (Table 2). Following that, there was a significant increase
with increasing HRT (p = 0.01). Finally, the effect of the protein
skimmer demonstrated significantly higher performance with S1 than S2
(p = 0.01). Aside from the main factors, an interaction effect between
HRT and protein skimmer indicated that HRT had significantly less
impact on S1 than S2 (p = 0.02) (Fig. 8a). The average ORP increase
with S1 was 84.3 £ 12.7, 155 4+ 11 and 219 & 7% at low HRT and 83.7
+ 9.6, 156 £ 6 and 230 + 12% at high HRT, in TO, T7 and T14,
respectively (Fig. 8b). Simultaneously, ORP in S2 increased by 77 + 4.6,
110 + 18 and 183 + 30% at low HRT and 95.3 + 17, 140 + 28 and 226
+ 18% at high HRT, in TO, T7 and T14, respectively.

Three-way ANOVA summary table based on the effect of operational variables on the relative efficiencies of the investigated water quality parameters. The treatment
combinations included two types of protein skimmer (PS) = S1 and S2; two levels of hydraulic retention times (HRT) = 1.8 and 2.2 min as Low and High; and three O3

doses = 0, 7 and 14 g O3/kg feed as TO, T7 and T14.

Parameters Variables Ss F P Tukey HSD
(RE, EE (%))
PS 57.5 0.45 0.51
Turbidity HRT 14.3 0.11 0.74
O3 dose 1433 5.58 0.01 * TO < T14
Ultraviolet transmittance (UVT) PS 0.0 0.11 0.75
HRT 0.2 1.21 0.28
03 dose 0.4 1.21 0.32
PS 2.6 0.13 0.72
P. number HRT 4.1 0.22 0.65
O3 dose 1.5E+ 04 386 < 0.001 * TO < T7 < T14
PS 7.8 0.19 0.67
P. volume HRT 204 5.06 0.03 * Low < High
O3 dose 6097 75.6 < 0.001 * C<T7 <Tl4
PS 0.1 0 0.94
P. surf. area HRT 55.1 2.59 0.12
O3 dose 9090 214 < 0.001 * TO < T7 < T14
PS 0.8 0.01 0.92
Bac. activity HRT 108 1.42 0.25
03 dose 1.9E+ 04 125 < 0.001 * TO < T7 < T14
Redox potential (ORP) PS 2336 8.66 0.01 * S1>82
HRT 2601 9.65 0.01 * Low < High
O3 dose 1.0E+ 05 187 < 0.001 * TO < T7 < T14
PS x HRT 1573 5.83 0.02 *
Total residual oxidants (TRO) PS 3750 0.05 0.83
HRT 4.0e+ 05 5.48 0.03 * Low < High
O3 dose 4.3e+ 06 59.28 < 0.001 * TO < T7 < T14

*Statistical significance at p < 0.05.
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3.1.5. Total residual oxidants

Without O the outlet TRO measurements were similar to the inlet in
both protein skimmer. However, the addition of O3 led to a significant
TRO increase (p < 0.001) (Table 2). Furthermore, HRT was responsible
for a minor but significant efficiency increase with increasing HRT
(p =0.03). The type of protein skimmer had no significant effect
(p > 0.05). TRO increased by 267 + 39 and 1017 + 234% on low HRT,
and 425+ 133 and 1375+ 432% on high HRT, in T7 and T14,
respectively (Fig. 9).

3.2. Water quality relations

Pearson’s correlation matrix was employed to examine the relations
between the relative efficiencies of water quality parameters; the results

indicated strong association between most metrics. The specific re-
lations of the relative efficiencies of water quality parameters are listed
in Table 3.

4. Discussion

The study showed that O3 had the highest impact on enhancing
water quality in commercial seawater RAS through protein skimming.
The types of protein skimmer design and the HRT tested had only minor
effect. As the study was conducted on full-scale, it offers valuable in-
sights into the real-world implications of protein skimming in the
aquaculture industry, without the scaling effects often present in labo-
ratory experiments (i.e., Guilherme et al., 2020; Jafari et al., 2022).
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Fig. 9. Mean + sd (n = 3) of total residual oxidants (TRO) enhancement effi-
ciencies (EE). The treatment combinations included two types of protein
skimmers (S1 and S2), two levels of hydraulic retention times (HRT) (1.8 and
2.2 min as Low and High) and three O3 doses (0, 7 and 14 g Os/kg feed as TO,
T7 and T14).

4.1. Effect of protein skimmer design

The two types of protein skimmer were found to have almost iden-
tical performance across multiple evaluated water quality parameters,
likely attributed to similar configuration, including flow pattern and
dimensions. ORP was the only parameter affected by protein skimmer
design, which was higher in S1 compared to S2. ORP is a measure that
reflects the “oxidation power” of the water (Goncalves and Gagnon,

Table 3

2011); hence an increased ORP indicates a higher concentration of O3
and Os produced oxidative radicals inside the protein skimmer. The
reason why S1 led to higher ORPs than S2 is due to its gas recycling
system, which turns a portion of the degassed air and O3 from the foam
chamber back to the reaction chamber. In contrast, S2 was only supplied
with new gases. Potential consequences of gas recycling such as the
reintroduction of stripped gasses like carbon dioxide, nitrogen, and
ammonia, were not investigated in the current study.

While O3 utilisation is an important attribute, particularly from an
economic perspective, the higher ORP with S1 did not relate to signifi-
cant improvements in other water quality metrics. Therefore, the pro-
tein skimmer performance under the given conditions can be considered
equally effective in both S1 and S2.

Ensuring optimal protein skimmer performance in RAS under fluc-
tuating water conditions requires a combination of adjusting skimmer
settings, monitoring and automation, and adopting appropriate feeding
and RAS management strategies. The specific approach will depend on
the aquaculture system’s goals, the species being cultured, and the
available resources and technology.

4.2. Effect of hydraulic retention time

HRT is an important operational factor when it comes to protein
skimming. Longer HRT increases the contact time between gas and
water, boosting surfactant extraction (Wheaton et al., 1979; Buckley
et al., 2021). However, some studies have reported no discernible or
even negative long-term effect of greater HRTs on solid removal (Weeks
et al., 1992; Peng et al., 2003).

4.2.1. Effects of hydraulic retention time on particle size distribution
By increasing HRT from 1.8 to 2.2 min, a moderate improvement

Pearson’s correlation matrix with correlation coefficients between relative efficiencies of the investigated water quality parameters. Stars represent statistically
significant differences at p = 0-0.001 “* **’, p = 0.001-0.01 “* ** and p = 0.01-0.05 “* ".

Turbidity

0.32 UVT

0.48 * * 0.27 P. num.

0.47 ** 0.34 * 0.91 * ** P. vol.

0.53 * * 0.31 0.98 * ** 0.96 * ** P. s.a.

0.54 * * 0.25 0.87 * ** 0.86 * ** 0.89 * ** Bac. act.

0.49 * * 0.26 0.87 * ** 0.86 * ** 0.90 * ** 0.89 * ** ORP

0.48 * * 0.21 0.83 * ** 0.79 * ** 0.83 * ** 0.90 * ** 0.91 * ** TRO
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was observed in the reduction of total particle volume. Given that most
particles were small (1-2 um) and had low volume, the increase in
volumetric removal, but not in numeric suggests that higher HRT
assisted in the removal of larger particles. This could be because a longer
contact time at the liquid-gas interface enhances the possibility of the
particles being caught in the bubbles, (Wheaton et al., 1979) or en-
hances the possibility of oxidation and disinfection (Summerfelt, 2003).
However, due to the scarcity of particles larger than 2 um, the moderate
effect might be attributed to the occasional presence of a few large
particles that randomly entered the samples. Considering the uncertain
effects, running on high HRT is potentially offset by the higher daily
water turnover when running on low HRT.

4.2.2. Effects of hydraulic retention time on redox potential and total
residual oxidants

A higher HRT significantly increased the ORP in S2 while the TRO
levels increased in both protein skimmers. This is because prolonging
the contact time exposes the same water to a larger volume of Os,
increasing the oxidation potential and allowing for more by-product
formation (Summerfelt, 2003). Our study did not investigate the po-
tential formation of THM or halogenated bromates, which is a potential
risk when ozone is overdosed in saltwater (Legube, 2003). In addition, a
strong interaction effect between protein skimmer and HRT revealed
that changes in ORP were greater with S2 than S1, which already lev-
elled on low HRT. This suggests that, in the current system, the actual
dissolved O3 concentration approached a near saturation point at the
highest average ORP level of 500 mV (Summerfelt and Hochheimer,
1997).

4.3. Effect of ozone dose

Ozone is a strong oxidizing agent, which by coupling with protein
skimming, can improve the decomposition of organic compounds and
the breakdown of complex molecules into fragments that are more likely
to be removed with the foam (Lekang, 2019).

4.3.1. Effects of ozone on water clarity

While O3 improved the turbidity and increased the UVT, the results
were inconsistent. Part of this inconsistency is due to the accuracy of
measurements and the minute changes during a single passage. Addi-
tionally, the RAS water was relative clean due to permanent ozonation
and protein skimming prior to and during the sampling. Different studies
reported similar observations about turbidity when using O3 alone, and
the explanations have been related to micro flocculation and the
resulting change in particle concentration and size (Tango and Gagnon,
2003; Park et al., 2013). Due to the limited size range of current PSD
analysis, the assumption of flocculation could not be confirmed. Still, the
inconsistency of both metrics was most likely related to the initially high
UVT and low turbidity paired with the limited accuracy of the methods,
making it difficult to obtain a clear pattern through a single passage.
Even though the relative efficiencies of turbidity and UVT have not been
documented in a comparative context, the increased water clarity when
protein skimming is combined with O3 is consistent with observations of
de Jesus Gregersen et al. (2021) during long-term operation.

4.3.2. Effects of ozone on microparticles

The PSD analysis showed limited effectiveness of the protein
skimmer in the absence of O3 in reducing the particle number, volume,
and surface area. The highest removal was demonstrated by particle
volumes, indicating that protein skimming alone was more efficient at
removing larger (6-12 um) particles than smaller ones. This was sup-
ported by the size-based investigation, which revealed a gradual in-
crease in removal efficiencies from 1 to 12 um. Simultaneously, with Og,
the total removal increased significantly in all parameters, and the
highest removal shifted from the large to the small (1-2 pm) size ranges.
Based on this, it is hypothesised that, while small particles were difficult
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to remove by protein skimming alone, the exposure to O3 caused their
direct decomposition or transformation into a surface-active state that
was readily caught by the bubbles (Lekang, 2019). Removal efficiencies
of PSD metrics were significantly higher in T14 than TO and T7; how-
ever, doubling the dose approximated only 1.3-, 1.5- and 1.6-fold in-
crease in the removal of total particle number, surface area and volume,
respectively. This suggests that the effect of doubling the dose could not
be maximised in the 1-12 pym range, perhaps due to the low inlet con-
centrations and the low O3 demand of the particles (Spiliotopoulou
et al., 2018). This trend was somewhat consistent with the findings of
Park et al. (2011), who found that increasing the O3 dose from 20 to
40 g O3/kg feed in a protein skimmer, increased the removal of sus-
pended solids, volatile suspended solids, and dissolved organic carbon
by only 1.1-, 1.2-, and 1.1-fold, respectively.

4.3.3. Effects of ozone on bacterial inactivation

Bacterial activity was not consistently reduced during a single pas-
sage through the protein skimmers without O3. However, significant
bacterial inactivation was observed with Oz, and the removal almost
doubled with doubling the O3 dose. Research from the wastewater in-
dustry has shown that most free-living bacteria are hydrophilic with low
adhesion properties at the liquid-gas interface (Zita and Hermansson,
1997), making them difficult to remove with protein skimming. How-
ever, the addition of Oz can destroy cell membranes and the cell’s
nucleic acids (Summerfelt, 2003; Sharrer and Summerfelt, 2007). The
observations substantiate those of Guilherme et al. (2020), who
discovered limited microalgae removal with protein skimmer alone, but
found complete elimination with Oz and enhanced removal efficiencies
with increasing doses. Furthermore, a previous study by de Jesus Gre-
gersen et al. (2020) demonstrated that a significant portion of the par-
ticulate organic matter and microparticles in RAS consists of living
microorganisms which can be removed through disinfection, as
observed in this study.

4.3.4. Effects of ozone on redox potential and total residual oxidants
ORP and TRO concentrations were significantly correlated to the O3
doses, and the TRO concentration nearly tripled with increasing doses
(Supplementary Table A.1, A.2), reflecting a relative overdose. One of
the main risks of O3 overdosing in seawater is the formation of bromines
as the main by-products and its high toxicity to aquatic organisms
(Gongalves and Gagnon, 2011). The by-product formation is influenced
by the O3 demand of organic matter in the system, O3 dose, water ma-
trix, and contact time (Legube, 2003; Spiliotopoulou et al., 2018). Pre-
vious studies have suggested O3 doses between 3 and 24 g O3/kg feed or
an ORP of less than 300 mV in freshwater and 400 mV in seawater
(Powell and Scolding, 2018). The toxicity of Os in aquaculture can vary
between species, life stage, exposure length, and water matrix. Out of
the few studies investigating the topic, Stiller et al. (2020) specified a
safety limit for post-smolt Atlantic salmon in brackish water at an ORP of
350 mV, corresponding to a TRO concentration of 0.01 mg Cly/L. In the
present study, the direction and magnitude of change in TRO and ORP
levels were highly correlated. Outlet ORP levels of 361.3 mV and
477.3 mV equalled a TRO concentration of 0.09 and 0.27 mg Cly/L in T7
and T14, respectively (Supplementary Table A.1, A.2). The different
magnitude of the ORP-TRO relation between this study and Stiller et al.
(2020) indicated that the current system’s O3 demand was modest, and
once reaching the limit, the extra O3 reacted so rapidly to form
by-products that the TRO concentration could not be maintained (Tango
and Gagnon, 2003). Fortunately, the overall system TRO never sur-
passed 0.02 mg Cly/L (lowest detectable limit of the DPD kit) even while
operated continuously at 400-430 mV. The explanation for the low
system TRO is that the outlet water from the protein skimmers was
mixed with the water in the pump sump and went through subsequent
treatment units before entering the culture tanks (Fig. 2). Indeed, bio-
filters can play an important role in the degradation of various oxidants
(Pedersen et al., 2006, 2015; Schroeder et al., 2015). Nevertheless, the
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risk of prolonged exposure of the system to doses as high as T14 may
outweigh the few water quality benefits, both in terms of fish welfare,
the disruption of nitrifying bacteria and costs related to O3 generation
(Spiliotopoulou et al., 2018).

4.4. Water quality relations

The turbidity correlated moderately with each metric except UVT.
Turbidity describes the cloudiness of water caused by suspended solids,
including microorganisms (Schumann and Brinker, 2020). Therefore,
when particles and bacteria are removed, turbidity improves similarly.

All PSD metrics correlated significantly to the increase in ORP and
TRO. On the one hand, this reveals the apparent effect of the O3 trans-
ferred into the water. On the other hand, it reflects the O3 demand of the
system. When Os is introduced into the water, it reacts promptly with
readily biodegradable compounds, causing O3 decomposition (Spilio-
topoulou et al., 2018). However, as the demand decreases, residual O3
reacts with other compounds to form by-products (e.g., bromines in
seawater), increasing the TRO concentration (Legube, 2003). The Og
demand varies from system to system and is affected by feed loading,
feed intensity, water exchange rate, water matrix and treatment units
(Summerfelt et al., 2009). In the current RAS, the moderate increase in
particle removal from T7 to T14 accompanied by a steep increase in TRO
concentration indicated a low O3 demand (Summerfelt et al., 2009;
Davidson et al., 2011; Spiliotopoulou et al., 2018). The explanation for
the low O3 demand is that the current RAS was operating on full-scale
for years with effective water treatment, keeping steady and low
levels of particulate organic matter. Furthermore, the strong correlation
between ORP and TRO suggests that besides established baselines,
variations in ORP can serve as a safety measure for TRO concentration
(Spiliotopoulou et al., 2018).

Bacterial activity was significantly correlated to the PSD metrics,
suggesting that most of the removed particles in the 1-12 um size range
were bacteria. This also provides an explanation for the previously
discussed low O3 demand. Bacteria can exist in RAS as free-living or
associated with microparticles or embedded in biofilm or bioflocs
(Pedersen et al., 2017; Rojas-Tirado et al., 2019; de Jesus Gregersen
et al., 2019). Given that the PSD analysis revealed a high abundance of
particles between 1 and 2 um, it is presumed that most particles were
primarily free-living bacteria. Therefore, the PSD tendencies reflect a
significant bacterial drive where low bacterial inactivation in the
absence of Os, due to limited surface activity (Zita and Hermansson,
1997), resulted in low particle removal. However, with the addition of
O3, bacterial removal increased promptly due to cell destruction
(Summerfelt, 2003; Sharrer and Summerfelt, 2007; Guilherme et al.,
2020), leading to a subsequent increase in particle removal. Although
the magnitude of change between particles and bacterial activity
regarding O3 was different. While bacterial inactivation doubled from
T7 to T14, particle removal only slightly increased. This demonstrates
the presence of a significant amount of particle or biofilm bounded
bacteria, potentially exceeding the 1-12 pm size range, that was only
removed with the dose of T14. According to de Jesus Gregersen et al.
(2019), bacterial activity in Danish Model Trout Farms is strongly
correlated to particle surface area above 10 pm, suggesting that particles
can serve as a substrate for bacteria to grow. Investigating particles in a
more extensive size range (e.g., 1-80 um) would be essential for further
conclusions on the PSD and bacterial activity relations. Nevertheless, it
is assumed that in an intensive commercial scale RAS microparticle
concentrations are primarily bacteria-driven.

Inhibition of bacterial activity was found to significantly correlate
with the TRO concentration. While molecular Os is quite selective in
what it reacts with, ozonation by-products can react with a wide range of
molecules and are considered strong oxidisers (Summerfelt and Hoch-
heimer, 1997). Since many of the detected microparticles in the
1-12 ym range were bacteria, the system had a relatively low O3 de-
mand causing high by-product formation and consequent increase in
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TRO concentration. While molecular O3 can inactivate bacteria, the
disinfection credit depends on the TRO concentration and contact time.
Hence, there was a direct linear correlation between the increase in TRO
concentration and the bacterial inactivation. The high TRO, in turn,
facilitated the bacterial inactivation. The effect of TRO on disinfection
was described by Sugita et al. (1992), who reported 99% elimination of
specific pathogens in sterile seawater when exposed to a TRO of
0.06-0.1 mg Cly/L for 1 min HRT. In the present study, using real RAS
water, similar TRO concentration in T7 resulted in 28.9 + 7.6% bacte-
rial inactivation in a single passage. This reduction rate was much lower
than the above mentioned; however, the current system was running
effectively for years, throughout which the microbial community
potentially stabilised with species that are more tolerant to Oj
(Schroeder et al., 2015; Aalto et al., 2022).

5. Conclusion

The current study evaluated and compared the performance of pro-
tein skimming in a commercial scale seawater RAS under multiple
operational conditions. The O3 dose was the primary factor that signif-
icantly affected several water quality metrics, but higher doses near the
system’s O3 demand promoted TRO formation. Therefore, a dose of
7 g Os/kg feed in the current system appeared to deliver enhanced
performance without compromising production. Increasing HRT only
affected the removal of particle volumes and Os related measurements.
This indicates that the marginal benefits of running on the higher
2.2 min HRT may be offset by the increased daily water turnover ach-
ieved by the lower 1.8 min HRT. Lastly, protein skimmer design only
affected the ORP levels, with no significant improvements in other water
quality metrics. Consequently, both S1 and S2 can be deemed equally
efficient.

Correlations between the investigated water quality parameters
revealed a clear pattern of the ongoing processes and particle charac-
teristics. Overall, the results suggest that protein skimming combined
with moderate O3 doses improves general water quality and controls
critical factors such as bacterial activity and microparticles in com-
mercial operations. Further investigations involving mass balances
based on foamate will provide additional knowledge of the protein
skimmer removal processes and its dependence on Os.
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