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Abstract We studied the effect of sand filtration with
natural esker material on the removal of total organic
carbon (TOC), total suspended solids (TSS), and turbid-
ity from the effluent of an experimental recirculating
aquaculture system (RAS) farm. Separate experiments
were performed with the same esker sand: (1) a soil
column experiment in 2017 where the effluent (mean
TOC 8.14 mg L") was percolated vertically through a
50-cm-thick sand column with the infiltration
1 m day '; (2) a sand filtration experiment with water-
saturated conditions in 2018 where the effluent from the
woodchip denitrification (mean TOC 26.84 mg L")
was infiltrated through a sand layer with the retention
time of 1.2 days. In experiment 2, infiltration of
25 L day ! through a 31-cm sand layer and 40 L day '
through a 50-cm sand layer were studied. Both experi-
ments were performed in association with rainbow trout
(Oncorhynchus mykiss) grow-out trials. In sand filtra-
tion with vertical water flow through a soil column, the
removal of TSS was 40%, while of TOC 6%, partly due
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to the small thickness of the soil column and coarse sand
material. In water-saturated conditions, mean removal
of TOC (3 mg L' 1.2 day "), TSS (1.2 mg L™’
1.2 day™"), and turbidity (0.4 FTU 1.2 day ') reached
11% (TOC), 18% (TSS), and 15% (turbidity), even with
the retention time of only 1.2 days. The removal of TOC
in water-saturated conditions correlated with the remov-
al of TSS and turbidity.

Keywords Effluent- Recirculating aquaculture system
(RAS) - Total organic carbon (TOC) - Total suspended
solids (TSS) - Turbidity - Sand filtration

1 Introduction

Infiltration of water through sand and gravel containing
soil layers often improves the water quality by removing
dissolved and particulate organic matter from the water.
This can be seen in natural environments, e.g., in forest
soils; the water is enriched with dissolved organic matter
(DOM) when infiltrating through the tree canopy layer
and organic layer of the forest soil, and DOM is re-
moved from the percolation water in soil with increasing
depth (Lindroos et al. 2008; Piirainen 2002; Piirainen
et al. 2002; Starr and Ukonmaanaho 2004). Retention of
dissolved organic carbon into the sandy soil for exam-
ple, in the podzolization processes, due to the physical
and chemical retention as well as biological degradation
is important for the formation of natural groundwater
reserves with low content of dissolved organic carbon
(Lindroos et al. 2016; Michalzik et al. 2001;
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Ukonmaanaho et al. 2014; Wu et al. 2010). In the
Nordic countries, groundwater reserves of good quality
can typically be found in the esker areas dominated by
glaciofluvial sand and gravel deposits (e.g., Lindroos
et al. 2002; Nojd et al. 2009). Water infiltration through
the buffer zones (uncut forests, undisturbed soil) along
watercourses can also be important for the removal of
suspended solids (Ring et al. 2018, 2019) and thus
improve the water quality.

Infiltration of water through the sand and gravel
layers is also a widely used method in artificial recharge
of groundwater (ARG) (e.g., Frycklund 1995, 1998;
Frycklund and Jacks 1997; Peters et al. 1998). In the
ARG process, surface water (lake or river water), which
contains higher dissolved organic carbon (DOC) con-
centration than is allowed in household water, is infil-
trated through the sand and gravel layers by basin or
sprinkling infiltration in order to form artificial ground-
water. In this process, there is an efficient removal of
DOC and particulate organic matter (Kolehmainen et al.
2009; Lindroos et al. 2002). For example in Finland, the
DOC level of about 10 mg L™ in the infiltrated lake
water has been decreased to less than 2 mg L™ in ARG
(Lindroos et al. 2002). The ARG process is a widely
used method in drinking water production in the Nordic
countries (Helmisaari et al. 1998; Kolehmainen et al.
2008). The removal of organic carbon from the infiltrat-
ed water is essential because chlorine disinfection of
water may cause the formation of carcinogenic or mu-
tagenic compounds as well as the organic matter may
promote bacterial growth in water (Kivimaki et al. 1998;
Gopal et al. 2007; Alver et al. 2018). In addition to
chlorination, there are other methods available to re-
move natural organic matter, such as ozonation, adsorp-
tion, and catalytically enhanced ozonation (Matilainen
and Sillanpaa 2010; Bhatnagar and Sillanpaa 2017;
Alver and Kili¢ 2018). Furthermore, humic substances
may interact with less soluble pollutants (Thurman
1985).

In recirculating aquaculture system (RAS), fish is
produced in circulating water, treating and reusing the
water, with the need of typically 1-5% day ' of clean
water added to the system. The intensity of the water
recirculation is typically determined by the volume of
added clean water per unit mass of feed used daily and
in RASs, it often ranges from 500 to 1000 L of water
kg feed. In comparison, flow-through farms use up to
50,000 L of clean water kg ' feed. Although particulate
matter is removed to improve the water quality, fish feed
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and feces are sources of accumulating organic matter in
the system (Dalsgaard and Pedersen 2011). Additional-
ly, water source from a natural water body acts as a
source of organic material, such as humic substances
(Akkanen et al. 2004).

Sand filtration has widely been used for many pur-
poses to improve the water quality, but the effectiveness
and usefulness of sand filtration have rarely been studied
for the removal of particulate and dissolved organic
matter from the fish farm effluents. Sand filtration
would not be technically possible in traditional flow-
through farms due to the large effluent volume, but the
intense use of water in RAS farming may allow the use
of sand filtration as a part of effluent treatment system.
Freshwater aquaculture uses natural lake or river water,
which contains humus compounds (e.g., hydrophilic
and hydrophobic acids, bases, and neutrals; Lindroos
et al. 2002). The total organic carbon (TOC) concentra-
tion increases in water when it is used in aquaculture e.g.
due to fish food and emissions from farming. Sand
filtration would probably be an effective method for
the removal of TOC and suspended solids as well as
for the removal of turbidity also in the fish farms.
However, because the origin and composition of partic-
ulate and dissolved organic matter in RAS effluents
differ at least partly from that in lake water, the behavior
of total suspended solids (TSS) and TOC in RAS
effluents during sand filtration might not be identical
to that in lake water (ARG process). Therefore, it is
important to study how effective sand filtration
would be for RAS farm effluents. The removal of
organic matter load would be important in the case
when effluent water from the fish farms is released
back to the natural river or lake or it may have an
effect on groundwater.

The aim of this study was to determine the effect of
sand filtration with natural esker material on the removal
of TOC, TSS, and turbidity from the effluent of a RAS
farm. For this purpose, we performed two separate
experiments with the same esker sand: (1) a soil column
experiment with vertical water flow and (2) a sand
filtration experiment with water-saturated conditions.
Both experiments with effluent water were performed
in association with experimental RAS rearing rainbow
trout (Oncorhynchus mykiss). We used naturally formed
glaciofluvial esker sand without any pretreatment of the
sand in order to study if local soil materials can be used
as such at low costs. We hypothesized that there would
be a removal of TOC, TSS, and turbidity from the
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effluent of the RAS in sand filtration with natural esker
sand in either or both in unsaturated vertical water flow
or in water-saturated conditions.

2 Materials and Methods

The sand filtration experiments were performed in 2017
(experiment 1) and 2018 (experiment 2) in the Natural
Resources Institute Finland (Luke) Laukaa fish farm
where separate recirculating aquaculture systems are
operated for research purposes.

Inlet water to the experimental RAS was taken
from surface water of an oligotrophic Lake
Peurunka (area of 694 ha, 60,000 m3) used as
the clean replacement water. General water quality
parameters of Lake Peurunka have been listed in
Table 1.

Sand material for the sand filtration experiments
was originated from the esker area, Hékinharju.
This esker formation with glaciofluvial sand and
gravel is located only a few kilometers from the
aquaculture farm. The mean grain size of the used
sand varied in the esker 0.7-1.3 mm (d50), classi-
fied as coarse sand (0.6-2.0 mm). The sand mate-
rial was sorted, and the mean effective porosity (n.)
was 0.35 (0.32-0.37). Hydraulic conductivity was
estimated to be about 20 x 10 * m s '. During the
formation of the esker after the last glaciation in
Finland about 10,000 years BP (Eronen 1983), sand
material was deposited and thoroughly leached by
the melting waters of the ice sheet. This sedimen-
tation process deposited geochemically even quality
sand layers, in which the mineralogical composition
is granitic, and quartz and feldspar are the domi-
nating minerals. Small amount of dark mafic min-
erals and micas indicated that the release of

Table 1 Water quality of Lake Peurunka, depths of 5 m and 10 m
(Hertta database, ELY Central Finland/Centre for Economic De-
velopment, Transport and the Environment)

Alkalinity 0.2 mmol L™
CODwn 6.8-7.4 mg L™
Conductivity 3.7-43 mSm'
Dissolved oxygen 6.2-11.8 mg L'
Turbidity 0.36-2.0 FNU

pH 6.8-7.3

elements from the sand in weathering is low (e.g.
Starr and Lindroos 2006).

2.1 Experiment 1: Sand Filtration with Vertical Water
Flow

The experimental RAS used in the first experiment
consisted of twenty identical 450-L bottom-drained
rearing tanks with a shared water treatment system
(Fig. 1). Water treatment system included a drum filter
with 60-um mesh size (Faivre F2-80, France), two
moving bed biofilters (MBBF) (680 L of carrier media
per reactor) with RK Bioelements heavy (750 m? m ")
carrier medium, RK Plast (A/S Denmark), and a fluid-
ized sand filter (CycloBio, Marine Biotech, USA) filled
with fine sand. Additionally, a carbon dioxide stripper (a
cascade column, filled with polypropylene plastic balls,
050 mm) was used and a UV disinfection system (4 x
220 W UV light bulbs, Skjolstrup & Gronborg, Den-
mark). The RAS was operated with a daily feed load of
3-5 kg day ' and relative water renewal rate was set at
1000 L kg' feed. pH was maintained at 7.2 and con-
trolled by adding sodium bicarbonate and dolomite.
Sand columns used in the experiment were 50 cm in
height and 80 cm in diameter. Effluent from the RAS
was sprinkled continuously onto the surface of the sand
columns at a rate of 340 mL min_ ', which correspond to
the infiltration of 1 m® m 2 day '. Two soil columns
were used in the experiment, both containing natural
glaciofluvial coarse sand from a nearby source (see
above). Infiltration water (input, effluent water from
the RAS) and sand-filtrated water (water percolated
vertically through the sand column) were sampled dur-
ing the following 2 months after the start of the exper-
iment. The first sampling date was on the 28th of June
and the last 24th of August 2017. The first sampling was
performed 1 week after the start of the experiment. The
first three samples from the infiltration and sand-filtrated
water were taken at 1-week interval from the beginning
ofthe experiment. Later, there was a 3-week break in the
infiltration because the experiment was performed as a
part of normal aquaculture operations and during this
period, no infiltration could be done. Infiltration through
the soil columns was started again in August, and two
samplings were performed at 1-week intervals.
TOC, TSS, and turbidity were determined from
the infiltration and sand-filtrated water samples.
TOC (mg L") was determined by a TOC analyzer
(SF-EN 1484:1997), TSS (GF/C, mg L") by the
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Fig. 1 Flowchart of the RAS
setup, showing a fish rearing tank

(FT), drum filter (DF), moving
bed biofilter (MBBF), sand-filled
biofilter (SFBF), and a cascade
aeration column (TF), followed
by UV treatment

uv

standard method SFS-EN 872:2005, and turbidity
(FTU) by the standard method SFS-EN ISO 7027-
1:2016.

2.2 Experiment 2: Sand Filtration with Water-Saturated
Conditions

In the second experiment, the experimental RAS
consisted of two individual units, each with a 500-L fish
tank and a water treatment system with total water
volume of 1000 L. Solids removal system included a
waste feed collector and a swirl separator. In the present
trial, an up-flow fixed-bed bioreactor (125 L) and mov-
ing bed bioreactor (125 L) both filled with 70 L of RK
Bioelements heavy (750 m? m ) carrier material which
were stabilized to full maturity prior to start of the trial.
Dissolved carbon dioxide was removed from the water
by forced-ventilated cascade aeration column, with Bio-
Blok 200 (EXPO-NET Danmark A/S, Denmark) filter
media. Each system was monitored with a spectrometer
probe (spectro::lyser, s::can, Vienna, Austria) to deter-
mine TOC, turbidity, and TSS. Additionally, turbidity
was measured by a laboratory turbidity test (0—100
NTU, Hach 2100Q Turbidimeter, USA).

Part of the circulating water was led either to a small
side loop (25 L day ") or a large side loop (40 L day ")

Fig. 2 A flowchart of the
experimental setup, showing a
fish rearing tank (FT), swirl
separator, drum filter, fixed bed
reactor (FBBR), moving bed

for denitrification and infiltration (Fig. 2). For
25 L day ', a sand layer used in the experiment was
31 cm thick, and it was placed in a cylinder (diameter
60 cm). Water was sprinkled continuously onto the
surface of the sand layer, and a 25-cm part of the sand
layer was kept continuously water saturated by adjusting
the outflow of water from the sand-filled cylinder. Sim-
ilarly, 40 L day' of circulating water was infiltrated
through a 50-cm-thick sand layer (water-saturated thick-
ness 40 cm). The retention time of the infiltrated water in
both 25 L day ' and 40 L day ' infiltrations was
1.2 days. Before infiltration through the sand material,
the water was first led to a woodchip bioreactor. The
woodchip bioreactor containing unbarked silver birch
(Betula Pendula) woodchips (< 5 mm) acted as a carbon
source for denitrification, aiming at nitrogen removal
from the circulating system (Lindholm-Lehto et al.
2020; Pulkkinen et al. 2018).

After the denitrification, circulating water was infil-
trated through the sand material by sprinkling onto the
surface of sand layer. Two replicate RAS units and sand-
filled cylinders were used in this experiment, and they
contained the same natural glaciofluvial coarse sand as
was used in experiment 1 (see above). TOC, TSS, and
turbidity in the circulating water were determined after
the woodchip biofilter and after the sand filter

reactor (MBBR), trickling filter
(TF), a side-loop with a woodchip

[

bioreactor (WCBR), and a sand
filter (SF)

FT

4

d "" ""“ .ﬁ

'l&:“;ﬂ%&u‘a ?-‘s.—
et
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infiltration during the 15th of June to 27th of
July 2018 at 1-week intervals. The first determinations
took place 2 weeks after the start of the experiment
(week 3 from the start of the experiment). TOC, TSS,
and turbidity were determined using the online measure-
ment system by S::can which was calibrated based on
the laboratory measurements (Supplementary Fig. 1S,
comparison of online and laboratory results).

Mean values and standard deviations were computed
for the input and sand-filtrated parameters, and the
paired one-tail 7 test was used to study their statistical
differences (p < 0.05). In order to study the relationships
between the measured parameters in the input and sand-
filtrated water, Pearson’s correlation coefficients and the
regression equations were determined. In order to study
statistical differences in water parameters between the
25 L day ' and 40 L day " infiltration, two-tailed 7 test
was used. We used the terms “the infiltration water” and
“input water” for the water entering the sand filtration.
By this, we referred to effluent water from RAS in
experiment 1 and the circulating water after the
woodchip biofilter in experiment 2. Additionally, we
used the term “sand-filtrated water” for the water leav-
ing the sand filtration (soil columns in experiment 1 and
sand-filled cylinders in experiment 2).

3 Results and Discussion

3.1 Experiment 1: Sand Filtration with Vertical Water
Flow

The mean TOC concentration (expressed as term sand-
X, the average value from columns 1 and 2) was lower in
the sand-filtrated water than in the input water on all
sampling occasions excluding one occasion when the
concentrations were close to each other (Fig. 3).

The mean TSS concentration was lower in the sand-
filtrated water than in the input water on all sampling
occasions except on the last occasion (Fig. 3).

There was a lot of variation in the turbidity values in
the sand-filtrated water compared with the input water
(Fig. 3).

The TOC removal was, however, quite small in the
vertical water flow (experiment 1, mean removal 6%). If
the removal cannot be increased with thicker sand layers
or longer retention times, sand filtration would not be a
suitable method on a production scale. A reason for the
low TOC removal in vertical water flow was also the

a
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= O Sand-x
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6
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Number of days from start
8
7
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O Sand-x
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1
0
7 13 20 51 59
Number of days from start
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S 31
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5 @ Input
2 . DO Sand-x
0 4
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Number of days from start

Fig. 3 TOC (a), TSS (b), and turbidity (c¢) by days from the start
of experiment 1 in the infiltration (input, effluent from the aqua-
culture farm) and sand-filtrated water (sand-x) in the soil column
experiment with vertical water flow. Sand-x = mean, columns 1
and 2. Error bars indicate the range between columns 1 and 2

fact that the TOC concentration of the effluent was
already low, 8.14 mg L™". Low TOC removal in unsat-
urated vertical water flow is in accordance with the data
reported for the ARG process in the esker area in South-
ern Finland (Lindroos et al. 2002) and for a column test
(Berggren et al. 1998). However, the removal of TSS
was effective, 40% in vertical water flow as also report-
ed by Helmisaari et al. (2003) related to the ARG
process.

There were significant positive correlations (p <
0.05) between the TOC concentrations in the input and

@ Springer



209 Page 6 of 10 Water Air Soil Pollut (2020) 231:209
a a
9 1 y = 0.6454x + 2.4011 40 4
T R = 0.63, p=0.05, n=10 35 Sand 1 Sand 2
o
E ¢ =301
8 s $ ¢ =25 4
[ * £
i $ g
o @ Input
s 2151 mSand
= an
i 7 * ‘ 10 4
G
7] 51
o 4
6 . . ) 3 4 56 7 8 9 3 456 7 8 9
7 8 9 10 Week number from start
Input, TOC (mg L)
b 12 4
Sand 1 Sand 2
_ 8 1 10 4
o 74 —~
2 y = 0.3797x + 1.1409 !
£ 6 - R = 0.6963, p<0.05, n=9 =
7] £
(2B = 6
- [7)] B Input
g . 2
£ 41 4 1 oSand
s 4| .
= 3 . ® 2
£ 21 5
»n * 0 4
1 A 3 45 6 7 8 9 3 45 6 7 8 9
0 T T T " Week number from start
0 2 4 6 8
Input, TSS (mg L") c
Fig. 4 Relationship between TOC (a) and TSS (b) in the infiltra- 41 sand 1 Sand 2
tion (input, effluent from the aquaculture farm) and sand-filtrated
water in the soil column experiment with vertical water flow. 53 A
Outlier marked with a different symbol £

>

5 ]

g @ Input
sand-filtrated water and between the TSS concentration o @Sand
in the input and sand-filtrated water (Fig. 4; Supplemen-
tary Fig. 2S). In both cases, the concentrations were 0

lower in the sand-filtrated than in input water. The
relative decrease in concentrations (removal %) for
TSS increased with increasing TSS concentrations in
input water (Supplementary Fig. 2S).

3.2 Experiment 2: Sand Filtration with Water-Saturated
Conditions

The TOC and TSS concentrations and the turbidity
values were lower in all measurement occasions in the
sand-filtrated than in the input water for both the sand
treatments 1 and 2 of the 25 L day ' and 40 L day '
infiltration (Supplementary Fig. 3S, Fig. 5). The mean
TOC, TSS, and turbidity values were significantly
(p<0.01) lower in the sand-filtrated than in the input
water in 25 L day ! and 40 L day ' infiltrations
(Supplementary Tables 1S and 2S). The mean decrease
in concentrations for TOC, TSS, and turbidity did not

@ Springer

3 4 5 6 7 8 9 3 4 5 6 7 8 9
Week number from start

Fig. 5 TOC (a), TSS (b), and turbidity (¢) by sampling week in
the circulating water determined after the woodchip biofilter
(input) and after the sand filter infiltration (sand) in experiment 2
with water-saturated conditions. Retention time in the sand filtra-
tion was 1.2 days, two replications (1, 2), infiltration 40 L dayf1

statistically differ between the 25 L day ' and
40 L day ' infiltrations with the retention time of
1.2 days (Fig. 6). There were significant positive corre-
lations (p <0.01) between the input and sand-filtrated
values for TOC, TSS, and turbidity in the combined
data, and the values were lower in the sand-filtrated
water (Fig. 7, Supplementary Fig. 4S). The relative
decrease in concentrations (removal %) for TOC in-
creased with increasing TOC concentrations in input
water (Supplementary Fig. 4S). There was a positive
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Fig. 6 Mean (S.D.) decrease of TOC, TSS, and turbidity in
saturated sand filtration for the infiltrations of 25 L d' and
40 L d', retention time of 1.2 d. According to two-tailed 7 test,
no significant difference was observed (p > 0.05)

correlation (p < 0.01) for the decrease in the TOC con-
centrations and in the TSS concentrations in the com-
bined data (Fig. 8). Similarly, there was a significant
positive correlation (p <0.01) between the decrease in
the TOC concentration and in the turbidity values in the
combined data (Fig. 8).

It seems possible to estimate quite accurately the
TOC, TSS, and turbidity values in the sand-filtrated
water in the water-saturated flow, and also TOC and
TSS values in the vertical flow due to positive correla-
tions between these parameters in the input and sand-
filtrated water. The decrease in TOC concentrations in
water-saturated flow was also related to the decrease in
the TSS and turbidity values. For example, when the
TOC decreased 4 mg L', the corresponding TSS de-
creased about 1.5 mg L™ and the turbidity 0.5 FTU.

The mean TOC decrease in water-saturated flow was
about 3 mg L' (11%), TSS 1.2 mg L' (18%), and
turbidity 0.4 FTU (15%) in 1.2 days for both infiltra-
tions. Therefore, the retention time that was the same for
both infiltrations (25 L day™' or 40 L day ") seemed to
be a more important factor for the removal of TOC,
TSS, and turbidity than the water flow velocity.

A decrease in the TOC concentration was ob-
served in both of our experiments by sand filtra-
tion. This indicates that sand filtration would prob-
ably be a suitable method for the TOC removal
also from aquaculture waters by using sand filters
of larger volume. In our experiments, it was pos-
sible to study only the direction of retention pro-
cesses but not the whole magnitude of the TOC
removal from the aquaculture waters as the soil
depth was only 0.5 m in vertical flow and the
retention time 1.2 days in water-saturated flow.
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Fig.7 Correlation between TOC (a), TSS (b), and turbidity (c) in the
circulating water after the woodchip biofilter (input) and after the sand
filter infiltration (sand filtrated) in experiment 2 with water-saturated
conditions. Retention time in the sand filtration was 1.2 days. Com-
bined data from the infiltrations of 25 L day ' and 40 L day '

Both sand filtration techniques (vertical water flow,
water-saturated flow) seemed to be effective methods for
the removal of suspended solids, since the removal was
about 40% in the vertical water flow and 15-26% in water-
saturated flow. Turbidity decreased in the water-saturated
filtration (14-23%). Online TSS and turbidity measure-
ments used in saturated water flow correlated and were
calibrated with the standard laboratory measurements
(Supplementary Fig. 1S). There was, however, some var-
iation in online determinations compared with the
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Fig. 8 Correlation between the 3
decrease in TOC concentrations
as well as a decrease in TSS
concentrations and turbidity in
water-saturated filtration. Reten-
tion time in the sand filtration was
1.2 days. Combined data from the
infiltrations of 25 L day ' and
40 L day '

TSS, Turbidity

y =0.4133x + 0.0212
R = 0.8969, p<0.01, n=

#TSS (mglL)
@ Turbidity (FTU)

o y =0.1374x + 0.0128

laboratory values. Despite that, TSS and turbidity values
were systematically lower in sand-filtrated than in input
water. Therefore, a decreasing trend in saturated sand
filtration seemed to be clear, although there can be some
deviation in relation to laboratory values.

Analytical methods were used for unsaturated flow
(experiment 1) and online determinations for saturated
water flow (experiment 2). Online TOC measurements
correlated well and were calibrated with the laboratory
measurements (Supplementary Fig. 1S). In water-
saturated filtration (experiment 2), the TOC decrease was
stronger (mean 11%) both in 25 L day ' and 40 L day '
infiltration. The results from both experiments (1 and 2) are
not, however, fully comparable because the initial TOC
levels in the effluent were not similar in vertical water flow
and saturated flow. This is because our experiments were
performed in association with (1) the untreated effluent
from the RAS farm in 2017 and (2) effluent from the
aquaculture RAS followed by woodchip treatment in
2018. The TOC decrease in effluent from the woodchip
treatment of the RAS in saturated flow was, however, very
similar to that found in the sand/gravel filtration in the
ARG plants in Finland with the retention time of 1.2 days.
Lindroos et al. (2002) reported that the DOC decrease in
the groundwater zone was even 40% in the ARG plant in
Southern Finland with a traveling distance of some 10 m
and the retention time of 1 day (Helmisaari et al. 2003).
Based on the large national compilation study (Helmisaari
et al. 2003) performed in Finland on several ARG plants,
the TOC decrease in the groundwater zone was 10-60%
during the first 5 days (Helmisaari et al. 2003). Our TOC
results fall into this range. Kolehmainen et al. (2009) also
reported a significant TOC removal in the infiltrated water
in the first parts of the water-saturated zone in their exper-
iments simulating the ARG process. In this respect, our
observed TOC removal from the aquaculture farm effluent
can be considered to be promising because this removal

@ Springer

R =0.9011, p<0.01, n=28

2 3 4 5 & 7

TOC (mg L")

behaved quite similarly as that in the ARG plants with the
retention time of 1.2 days. If the retention time can be
increased and the TOC values in the aquaculture effluent
continue to behave similarly as the TOC values in the
infiltrated lake water at the Finnish ARG plants, more
removal can be expected with increasing retention times
(Helmisaari et al. 2003). In the ARG process of water flow
through the sand and gravel containing overburden, the
TOC removal is effective with increasing retention times
and traveling distances (Lindroos et al. 2002). However, if
the TOC retention cannot be increased with longer reten-
tion times in treating RAS farm effluent, sand filtration
would not be a suitable method on a production scale.

Our results show that at least some parts of TSS and
TOC are removable by sand filtration from RAS effluents.
A mechanism behind the TSS removal was undoubtedly
the physical retention into the soil material. In earlier
studies related to the ARG process, it has been found that
the processes responsible for the TOC removal are based
partly on the molecular size of organic compounds that
form TOC. For example, Lindroos et al. (2002) and
Kolehmainen et al. (2009) found that fractions of large
molecular size were removed more effectively than frac-
tions of small molecular size from the infiltrated lake water
in the ARG process (Kiviméki et al. 1998; Kolehmainen
et al. 2007; Nissinen et al. 2001). In order to study the
detailed process for the TOC removal from RAS effluents,
it is important in future studies to determine the molecular
size fractions of TOC as well as the chemical nature of
TOC. In addition, the experiments with longer retention
times than in the present study would be beneficial. In
future studies, the facts that caused restrictions in our
current experiments should be improved such as soil tex-
ture of the sand material. Material that contains smaller soil
particles should also be studied. Thicker soil columns
would be also beneficial. It would also be interesting to
determine assimilable organic carbon (AOC) which is
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important in regulating microbial growth. Langmark et al.
(2004) found that sand columns removed about 10% of
TOC, which is close to the levels in our experiments, but
AOC was removed much more effectively. The origin of
particulate and dissolved organic matter is partly different
in the RAS effluents compared with that in lake water, and
therefore, it was interesting that TOC and TSS behaved
quite similarly in our experiments in comparison with these
parameters in lake water infiltration in ARG process. A
similar kind of effective retention of suspended solids was
also found in our study as in forest buffer zones along
surface waters related to improving the water quality after
forest management operations (Ring et al. 2018, 2019).

4 Conclusions

In conclusion, our experiments indicate that the sand
filtration provides possibly a potential process for the
removal of at least some parts of TOC, TSS, and turbidity
from RAS farm effluents. The TOC removal in water-
saturated flow was quite comparable with that in the
ARG plants at the retention time of 1.2 days. The mean
removal of 3 mg TOC Lfl, 1.2 mg TSS Lfl, and 0.4 FTU
in 1.2 days was similar for both studied infiltrations. Also,
the TOC behavior was very similar in vertical water flow
compared with that in the ARG process. The removal of
TSS was quite effective in vertical and saturated water
flow. The relative decrease in concentrations (removal %)
for TSS increased with increasing TSS concentrations in
vertical flow and for TOC with increasing TOC concen-
trations in saturated flow. In future studies, detailed prop-
erties of TOC as well as the effect of longer retention
times and the role of finer soil particles should be studied
in order to determine in more detail the effectivity of sand
filtration for RAS effluents.
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