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a b s t r a c t

The aim of this study is to show the use of nanofiltration to separate nitrogen compounds (ammonia, 
nitrate and nitrite) from water in recirculating aquaculture systems (RAS). In previous studies, we 
analysed the NF 270 membrane to separate nitrite, nitrate and ammonia from water separately. The 
best transmembrane pressure (TMP) was 15 bar. In the present study, the idea is to investigate the 
separation of all the N-compounds together, using the same membrane and TMP as before, but with 
a water hardness similar to that of RAS in Chile. The high concentrations of N-compounds used 
in the study were selected in accordance with dangerous limits for fish in RAS. Experiments using 
soft water with high concentrations of nitrite and nitrate (3.5 mg/L and 150 mg/L, respectively) and 
1.5 mg/L of TAN (total ammonia nitrogen) showed there is no influence from nitrite and nitrate 
concentration on TAN retention, with a rejection percentage (%R) between 45 and 55% for all. Sim-
ilar behavior is seen when TAN is 5 mg/L. However, when the nitrite and nitrate concentrations 
are low (0.5 mg/L and 5 mg/L, respectively), there is an important difference in TAN retention. In 
hard water, the retention of the membrane is different, and there are significant differences in the 
retention of the nitrogen compounds. With this data, a membrane process to separate the different 
nitrogen compounds using an NF membrane was proposed. In the proposed strategy, the separation 
must be focused on TAN retention. The %R for TAN is close to 80% when the nitrite and nitrate con-
centrations are low. In this case, the permeate of the membrane system can be returned to the fish 
tank to recycle the water.
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1. Introduction

In recent years, clean freshwater has gone from being a 
plentiful and free resource to a scarce and expensive “ingre-
dient” for different uses [1–3]. In industry, the trend is to 
reuse water after a treatment process chosen in accordance 
with the quality that is required. This is not any different in 
the aquaculture industry where water is the principal com-
ponent. Local fishermen who once collected their products 
from the sea or from lakes have been encouraged to become 
“farmers”, where the “fish crop” is seen as an industry 
governed by a common problem: water availability and 
its quality [4–6]. In this new scenario, Recirculating Aqua-
culture Systems (RAS) are increasingly common, with the 

purpose of reusing water. However, in a traditional RAS, 
only a small percentage of the water is treated: currently 
less than 1% [7,8]. To date, the most common treatment 
system uses nitrifying bacteria (biofilter) to control ammo-
nium compounds that are the main pollutants in aquacul-
ture produced by fish metabolism [9]. Biofilters are used in 
other industries with similar purposes, i.e., the treatment 
of N-molecules, such as in municipal wastewater plants 
[10,11], for drinking water purification [12], for drainage 
water [13] and in different wastewater treatments in indus-
tries [14–17].

When using RAS and biofilters some problems are 
caused by the normal behavior of microorganisms, produc-
ing a high degree of fluctuation in the efficiency of the nitrifi-
cation process [18–21]. For example, increasing the stocking 
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density in RAS implies more waste from fish metabolism 
which tends to increase the concentration of anions and cat-
ions involved in nitrogen and carbon cycles [22], as well as 
dissolved minerals [23]. The main compounds produced in 
fish metabolism are ammonium (cation), nitrite (anion) and 
nitrate (anion) [7,24]. These molecules are dangerous for the 
fish and produce different diseases when their concentra-
tion levels in an RAS are over a certain limit, depending on 
the species [18,19]. In general, ammonia and nitrite are toxic 
for fish at a level above 0.02 mg/L and 2.0 mg/L, respec-
tively [25]. Nitrate is the final product in biofilters and the 
least toxic compound in the nitrification system. Nitrate 
concentrations in water between 200 and 500 mg/L are tol-
erable to fish [26–28]. However, levels above 100 mg/L pro-
duce growth problems and have a negative effect on feed 
conversion [25]. Nitrate levels in RAS are normally main-
tained by daily water renovation [29]. Changes in the tem-
perature of biofilters also generate problems with process 
efficiency that are not easy to control [30]. If biofilters do not 
work properly, they can increase the level of ammonia and 
nitrite, thereby increasing fish mortality [8,31–34].

In a biofilter, two different species of bacteria are used in 
two consecutive stages. Nitrosomonas convert ammonium 
(NH4

+) to nitrite (NO2
–) and Nitrobacter convert nitrite to 

nitrate (NO3
–) [18,35,36]. Nitrification is the oxidation of 

ammonia to nitrite and nitrite is converted to nitrate by 
autotrophic bacteria [37]. This fixed-film biological process 
occurs in biofilters [38,39]. In fact, an RAS can be expected 
to contain all three N-molecules, ammonium, nitrite and 
nitrate, where their concentration in the water is the param-
eter to be controlled.

In addition to fish production, N-molecules appear in 
groundwater mainly as a result of the intensive application 
of fertilisers [9,40] causing health problems to humans.

Therefore, the separation of N-molecules is an import-
ant issue for freshwater aquaculture and for drinking water 
production. In a previous paper, our group studied the sep-
aration of different N-molecules using nanofiltration mem-
branes separately, i.e., ammonium separately from nitrite 
and nitrate. The purpose was to identify the mechanisms 
of this separation and the range of pressure, pH, retention 
percentage and membrane types that would optimise sep-
aration. In the present study, we analyse the separation of 
the three N-molecules together, giving the rejection percent-
age for each one, and proposing a separation strategy based 
on previous research together with the new results. Thus, 
the aim of this study is to propose a nanofiltration process 
to separate ammonium, nitrite and nitrate from freshwater 
using different process conditions. 

2. Materials and methods

Following the same protocol and equipment used in 
previous research [41], the tests were carried out using three 
stainless steel cells in parallel connection (Fig. 1), developed 
previously by INPROMEM (Research in Membrane Pro-
cesses). Each cell can resist 100 bar and contains a removable 
flat disc membrane of 5 cm diameter (1.65 x 10–3 m2 of mem-
brane area). The membrane used was NF 270 (Dow Liquid 
Separations, USA), a commercial nanofiltration membrane. 
The equipment also includes a high-pressure pump, (Speck 

GmbH pump, Germany) working between 0 and 140 bar, 
and a Resun model C-1500 chiller to control temperature 
[41,42]. The pump allows the permeate to return to the feed 
tank, which is useful for evaluation of membrane resis-
tance, or it can discharge the permeate to evaluate the other 
conditions of interest in this study. To determine the per-
meate flow, the equipment includes an electronic scale to 
record mass flow (Radwag 220, Poland). Data acquisition 
was carried out using software developed by INPROMEM. 
The total volume in the feed tank is 5 L.

Each membrane was washed and conditioned according 
to the protocol described in Cancino-Madariaga et al. [42].

The permeate from each cell was analysed to confirm 
the reproducibility of the experiment. Parameters were 
evaluated in the permeate and concentrate in accordance 
with the protocol developed by Hurtado et al. [41]. The 
TMP was set at 15 bar.

Ammonium (NH4
+) was prepared using ammonium 

salt (NH4
+Cl−, Merck Germany). Anions of NO2

– and NO3
– 

were obtained from NaNO2 and NaNO3, which were in 
crystalizing salt form. Two kinds of water were tested, with 
varying levels of hardness [41]:

a. Standard freshwater with low concentrations of salts, 
called “soft water”, (see Table 1 for the composition), 
and

b. Standard freshwater with high concentrations of 
salts, called “hard water” (see Table 1 for the compo-
sition).

The initial volume used for each experiment was 5 L 
and the conductivity of the deionised water used in the 
experiments was lower than 5 µS/cm.

For each set of measurements described below, samples 
of 200–300 mL were taken. The permeate volume was accu-
mulated during the process time until this sample volume 

Fig. 1. Schematic representation of the membrane system ar-
range that was the same than in Hurtado et al. (2016). C(i) is 
the Concentration of the species in the feed of the cell arrange. 
C(c) is the Concentration of the species in the retentate and 
C(p) is the concentration of the species in the permeate. (1) 
High pressure cell, (2) high pressure pump, (3) manometers, 
and (4) valve.
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was attained. Each set of measurements considered the 
analysis described below, in accordance with Hurtado et al. 
[41], except for the ammonium, which was taken from Can-
cino-Madariaga et al. [42].

Ammonium concentration was measured using a 
multi-parameter photometer (Hanna Instruments, series 
HI-83000) with a resolution of 0.01 mg/L and a typical EMC 
deviation of ±0.02.

Nitrite concentration was determined in the form of 
NO2

– using a Hach model DR3900 spectrophotometer, with 
the program 371N and Hach Method 8507 diazotisation.

Nitrate concentration was determined in the form of 
NO3

–, this anion was determined using ion selective probe 
nitrate, model ISENO318101, Hach.

Sulphate concentration was determined in the form of 
SO4

2– using a Hach model DR3900 spectrophotometer, with 
the program 680 Sulfate and Hach Sulfaver 4 turbidimetric 
method.

Sodium concentration was determined using cation 
selective probe sodium ion Na+, ISENa38101 model, Hach.

Total hardness and Calcium Hardness were deter-
mined in the form of CaCO3 using the titration method, 
included in the HA-DT mark of the Hach kit. The meth-
ods 8213 and 8204 for calcium hardness were used for total 
hardness, both using EDTA solution.

pH and Temperature were determined using a pH 
meter and temperature probe, connected to desktop Sper-
cientific 860,031.

Conductivity was determined using a conductivity 
probe connected to the meter desktop Spercientific 860,031.

2.1. Description of the experiments

The study was separated into two phases (Table 2) with 
different feed solutions formulated to analyse the behavior 
using the NF 270 membrane at 15 bar of TMP. This TMP 
was selected based on the rejection percentage (R%) shown 
in Hurtado et al. [41] for Nitrite and Nitrate, as well as 
non-published data for NH4

+. For TMP higher than 15 bar, 
the improvement in R% is not statistically significant using 
the Bonferroni method (multiple range test, using a 95% 
confidence level with Bonferroni).

Phase I tests involved NH4
+, NO2

– and NO3
– dissolved 

in the soft water. The concentrations of the N–compounds 
were selected to represent two extreme concentrations 
named Low (L) and High (H).

The NH4
+ concentrations were 1.5 and 5.0 mg/L based 

on the maximum NH4
+ concentration permitted in RAS (1.5 

mg/L), and the expected concentration in a membrane pro-
cess with recirculation of the concentrate (5 mg/L) based on 
previous experiments [18].

The high and low concentrations of NO2
– and NO3

– were 
based on a compilation of the main field RAS currently in 
operation in Chile [41]. The low and high concentrations of 
NO2

– were 0.5 and 3.5 mg/L, respectively and for NO3
– they 

were 5.0 and 150 mg/L, respectively.
Phase II involved NH4

+, NO2
– and NO3

– dissolved in the 
hard water (see Table 2).

The differences between Phase I and II is the hardness of 
the water in which the N-molecules are dissolved, as shown 
in Table 1.

 Temperature and pH were 15 ± 1°C and 7.0 respec-
tively, since these parameters are the most common in RAS 
operation in Chile [35,41].

The rejection percentage (%R) for NH4
+, NO3

– or NO2
– 

was calculated using Eq. (1).

% 1 100p

f

C
R

C

  
 = − ×     

 (1)

where Cp and Cf represent the N-molecule concentrations 
(mg/L) in the permeate and concentrate, respectively.

Table 1 
Composition and hardness of the water used as hard water and soft water [41]

Salts and quality parameters Soft water mg/L Hard water mg/L

NaHCO3 48 192

CaSO4·2H2O 30 120

MgSO4 30 120

KCl 2 8

pH 7.2–7.6 7.6–8.0

Total hardness 40–48 160–180

Alkalinity expressed in mg CaCO3/L 30–35 110–120

Table 2 
Description of the experimental phases, concentration of NO2

– 
and NO3

–

Phase Water 
type

Concentration (mg/L) 
in solution

Concentration 
level of nitrite 
and nitrate *NH4

+ NO2
– NO3

–

I Soft 1.5 0.5 5.0 L

5.0 0.5 5.0

1.5 3.5 150.0 H

5.0 3.5 150.0

II Hard 1.5 0.5 5.0 L

5.0 0.5 5.0

1.5 3.5 150.0 H

5.0 3.5 150.0
* L: Low concentration, H: High concentration.
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The chemical analyses were carried out in triplicate and 
their results were processed statistically using the commer-
cial software Centurion Statgraphics and using ANOVA 
and Fisher’s LSD at 95% of confidence, according to the dis-
tribution of the data [43].

3. Results and discussion

The results of the rejection percentage of the N-Mole-
cules in the soft and hard water are shown in Fig. 2.

It can be seen in Fig. 2a, that for the soft water and TAN 
rejection (see number 1 and 2) there are significant differ-
ences when the nitrite and nitrate concentrations are high. 
For low concentration, the %R is similar for both concentra-
tions of TAN, 1.5 and 5 mg/L.

For NO2
–, the %R is different only when all the concen-

trations are low, i.e., number 3 in Fig. 2a. However, for NO2
–, 

the %R is close to 55% in all other situations (number 1, 2 
and 4).

In the case of NO3
–, the %R does not depend on L or H. 

However, in the separation of the different N-molecules, 
it can be seen that for the low concentration of ammonium 
(TAN) and the high concentrations of nitrite and nitrate, 
there are no differences between the results, which are 
between 45 and 55%. Similar behavior is observed at 5 
mg/L TAN. However, when the concentration of nitrite 
and nitrate are reduced to the low concentration, the 

difference between the %R values is remarkable. This 
means that separation in soft water depends mainly on 
the nitrite and nitrate concentrations and not on the TAN 
concentration.

Fig. 2b shows the results for the hard water. The differ-
ences in the %R values for TAN increase for the soft water 
using high and low concentrations of nitrite and nitrate. For 
NO2

– rejection, there are no differences between H and L, 
though there are differences for NO3

–.
The rejection percentage for ammonium in the hard and 

soft water is more or less in the same range as the differ-
ences mentioned before. However, for NO2, the %R is lower 
in the case of the hard water (40% approximately) in com-
parison with the soft water (between 45 to 55%) except for 
the case of low concentrations of all N compounds and soft 
water (Fig. 2a), for which it is close to 20 %R.

For NO3
–, there are differences between the soft and 

hard water for all cases.
The results for the flux during the experiment time are 

shown in Fig. 3. For the soft water, the highest flux is when 
the solution contains low TAN (1.5 mg/L) and the concen-
tration for nitrite and nitrate is high. The same behavior is 
observed for the hard water. The statistical analysis between 
the different experiments in Fig. 3 shows significant differ-
ences in flux between them using the LSD fisher analysis 

Fig. 2. Rejection percentage for the N-molecules at Low (L) and 
High (H) concentration in (a) Soft Water and (b) Hard water at 
15 bar transmembrane pressure.

Fig. 3. Permeate Flux during the time in (a) Soft water solutions, 
with N-molecules at different concentration with 15 bar. (b) in 
Hard water solutions, with N-molecules at different concentra-
tion with 15 bar.
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with a 95% of confidence. However for each experiments, 
the flux is constant over time as proved by the p-value > 
0.05 from the ANOVA test.

Fig. 4 shows the %R of the salts depending on different 
concentrations of the N-compounds. CaCO3, Ca+2, SO4

–2, and 
Mg+2 present %R values over 70%, depending on the water 
hardness. In Fig. 4, carbonate was measured using the total 
hardness method described in the Materials and Meth-
ods section. This method was preferred over the Alkalinity 
method, because the limit of detection is 10 mg/L compared 
with 25 mg/L for the Alkalinity method. Different methods 
produce a variation with the results shown in Hurtado et al. 
[41], where the CaCO3 was measured using the Alkalinity 
method.

In the aquaculture industry, it is desirable to maintain 
carbonate within certain limits in the system because it is 
used in fish metabolism. To do that it is necessary that the 
concentrate of the membrane systems is returned to the 
aquaculture tank. This situation is not convenient, because 
the N-compounds also present high %R values. If the car-
bonate is returned to the tank, the N-compounds will also 
increase in the tank. To solve the problem of decreasing car-
bonate concentration, salt can be added to the water at the 
adequate level.

Fig. 5 shows the traditional and the proposed mem-
brane process. Here, water is cleaned using biofilters or 

membranes or both, depending of the efficiency that must 
be tested in a prototype with fish. Fig. 6 shows the concen-
tration operation in a membrane system where the concen-
tration is increased over time and the permeate is returned 
to the tank to recover the highest quantity of water. The 
final mass balance must be obtained with a real fish tank, 
however, some situations depending on water hardness can 
be analysed to shed some light on the proposed membrane 
system. Therefore, depending on the water hardness, as 
mentioned before, one of the following situations, Case A 
or Case B, may appear.

Case A. This case is for RAS with soft water. This case 
aims to identify what happens with membrane rejection 
when using the system proposed in Fig. 6, where the water 
is processed by the membrane system, separately from the 
fish tank, and the permeate is then returned to the fish tank. 

Fig. 4. Rejection percentage for the ions concentration in  
(a) Soft Water and (b) Hard water at 15 bar transmembrane 
pressure.

Fig. 5. Traditional (A) and Proposed (B) membrane process for 
the separation of the N-compounds in a RAS.

Fig. 6. The concentration operation in a membrane system.
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In the first days of the RAS operation, the water qual-
ity is in accordance with situation 3. In Fig. 2, i.e., there 
is low concentration of TAN (produced by fish metabo-
lism, feeding and other microorganisms in the water), low 
concentration of nitrite and nitrate (produced by nitrifi-
cation). Later, if the membrane process is ON, the %R for 
TAN is high (i.e., it is maintained in the concentrate, see 
Fig 6), most of the NO2

– is in the permeate and approxi-
mately 60% of the NO3

– is in the permeate (see Fig. 2). Over 
time, the conditions in the water move to situation 4) in 
Fig. 2, as the TAN is accumulated in the concentrate, and 
NO3

– and NO2
– are mostly in the permeate. This situation 

is not desirable, since the current is returned to the fish 
tank. At this point, the %R for TAN is similar to before, 
but the situation for NO2

– and NO3
– changes, increasing 

the concentration in the concentrate, with their %R values 
at approximately 55%. With more time, this produces sit-
uation 2 (see Fig. 2), where the concentration for all the N 
compounds in the water is high, and rejection is similar for 
all three molecule, i.e., close to 60% for all N compounds, 
with no significant differences in the separation with this 
membrane. Over time, the system cannot return to a low 
concentration in the concentrate, though the water in the 
permeate can be used for the RAS within certain limits 
that can be obtained in a real situation.

Case B. This case is for the hard water. Similarly to the 
previous case, the initial conditions of the N compounds 
in the RAS are in line with situation number 3. Here the 
%R of TAN is similar to that of case A, where most of the 
TAN remains in the concentrate (ca. 80%). NO2

– and NO3
– 

present low %R, meaning most remains in the permeate, 
which is not desirable due to their toxicity. Some time after 
the beginning of operation, the situation moves to number 
4. Here the %R for TAN is high (ca. 80%), as it accumu-
lates over time due to the high rejection of the membrane, 
and NO2

– remains low while the same occurs with NO3
– 

although the %R for NO3
– is higher than in situation 3. This 

situation is maintained, since the rejection percentage of 
all the N-compounds does not increase in the concentrate. 
Whether the system should be stopped and a part of the 
water changed will depend on the TAN, and as with case 
A, it will depend on the fish species, the number of fish in 
the RAS and the feeding.

In this scenario it is necessary to formulate some 
water to add to the RAS, because the retention of salts 
with NF is high in the permeate and the carbonate will be 
lost from the tank.

From a biologist’s point of view, the NO2
– and NO3

– 
concentration depends strongly on the TAN concentration, 
since they are products of the nitrification process, as men-
tioned in the introduction. Therefore, the membrane process 
should maintain the TAN at low levels, meaning that high 
concentrations of NO2

– and NO3
– should not be produced 

in the real process when TAN is low. Following this anal-
ysis, the best process to propose would focus on high TAN 
retention, using the permeate of the membrane process for 
the fish tank. This situation is seen in Fig. 2a and 2b in num-
ber 3 and 4 for TAN rejection. The rejection percentage for 
TAN is over 80% and in this situation and without a biofilter 
in which the nitrification process is produced, the permeate 
can be used in the RAS. The area of the membrane to process 
this flow must be determined in a real fish tank.

4. Conclusions

The rejection percentages for all the N-compounds 
found in RAS were tested with a NF 270 membrane at 15 bar 
and 15°C in freshwater with two types of hardness, named 
soft and hard. The influence between ammonium, nitrite 
and nitrate at low and high concentrations was observed. In 
soft and hard water, the TAN rejection percentage depends 
proportionally on the nitrite and nitrate concentration, 
increasing at high concentrations.

The salt rejection percentage for the different salts was 
obtained, concluding that most of the salt is in the concen-
trate of the NF membrane, reaching levels over 50%. For 
CaCO3, the %R value is close to 80% irrespective of the 
water hardness. It was concluded that the proposed mem-
brane system needs to formulate the water to maintain the 
salt concentration required by the fish, as the permeate of 
the membrane system is the current that returns to the fish 
tank.

It can be concluded that the TAN concentration is the 
most important factor to be taken into account in membrane 
processes, since the other N-compounds are normally pro-
duced in the system when a biofilter is present. The %R 
of TAN is close to 80% for hard and soft water, meaning 
the permeate can be returned to the fish tank. The limits of 
water use and recycling must be determined in a real test 
with fish with the membrane processes under the condi-
tions proposed in this study.

Acknowledgments

The author gratefully acknowledges the FONDECYT 
Grant No 11121375.

References

[1]  R.V. Linares, Z. Li, V. Y-Quintanilla, N. Ghaffour, G. Amy, T. 
Leiknes, J.S. Vrouwenvelder, Life cycle cost of a hybrid for-
ward osmosis-low pressure reverse osmosis system for seawa-
ter desalination and wastewater recovery. Water Res., 88 (2016) 
225–234.

[2]  L. Chen, X. Ding, X. Wu, Water management tool of industrial 
products: A case study of screen printing fabric and digital 
printing fabric. Ecol. Indic., 58 (2015) 86–94.

[3]  M.G. Morsy, Towards less expensive fresh water from the sea. 
Desalination, 93 (1999) 397–408.

[4]  T. Meeren, L. Brunvold, R. Sandaa, Ø. Bergh, T. Castberg, R. 
Thyrhaug, A. Mangor-Jensen, Water quality and microbial 
community structure in juvenil Atlantic cod (Gadus morhua L.) 
cultures. Aquaculture, 316 (2001) 111–120.

[5]  C. Good, J. Davidson, C. Welsh, B. Brazil, K. Snekvik, S. Sum-
merfelt, The impact of water Exchange rate on the health and 
performance of rainbow trout Oncorhymchus mykiss in water 
recirculation aquaculture systems, Aquaculture, 294 (2009) 
80–85.

[6]  E. Metaxa, G. Deviller, P. Pagand, C. Alliaume, C. Casellas, J.P. 
Blanchetin, High rate algal pond treatment for water reuse in 
a marine fish recirculation system: Water purification and fish 
health. Aquaculture, 252 (2006) 92–101.

[7]  M.B. Timmons, J.M. Ebeling, F.W. Wheaton, S.T. Summerfelt, 
B.J. Vinci, Recirculating Aquaculture Systems, 2nd ed., Cayuga 
Aqua Ventures, Ithaca, 2002.

[8]  J. Orellana, U. Waller, B. Wecker, Culture of yellowtail 
kingfish (Seriola lalandi) in a marine recirculating aquacul-
ture system (RAS) with artificial seawater, Aquacult. Eng., 58 
(2014) 20–28.



B.C. Madariaga et al. / Desalination and Water Treatment 87 (2017) 233–239 239

[9]  N. Ali, N.S.A. Halim, A. Jusoh, A. Endut, The formation and 
characterisation of an asymmetric nanofiltration membrane 
for ammonia–nitrogen removal: Effect of shear rate. Bioresour. 
Technol., 101 (2010) 1459–1465.

[10]  M. Laureni, D.G. Weissbrodt, I. Szivák, O. Robin, J.L. Nielsen, 
E. Morgenroth, A. Joss, Activity and growth of anammox bio-
mass on aerobically pre-treated municipal wastewater. Water 
Res., 80 (2015) 325–336.

[11]  S. Wang, Y. Peng, B. Ma, S. Wang, G. Zhu, Anaerobic ammo-
nium oxidation in traditional municipal wastewater treatment 
plants with low-strength ammonium loading: Widespread but 
overlooked. Water Res., 84 (2015) 66–75.

[12]  J. Niu, I. Kasuga, F. Kurisu, H. Furumai, T. Shigeeda, Evalua-
tion of autotrophic growth of ammonia-oxidizers associated 
with granular activated carbon used for drinking water puri-
fication by DNA-stable isotope probing. Water Res., 47 (2013) 
7053–7065.

[13]  X. Hao, J. Martinez, Removing nitrate and ammonium from 
drainage water by simulation of natural biological processes, 
Water Research, 32 (1998) 936–943.

[14]  O. Ashrafi, L. Yerushalmi, F. Haghighat, Wastewater treatment 
in the pulp-and-paper industry: A review of treatment pro-
cesses and the associated greenhouse gas emission. J. Environ. 
Manage., 158 (2015) 146–157.

[15]  R.O. Cristóvão, C.M. Botelho, R.J.E. Martins, J.M. Loureiro, 
R.A.R. Boaventura, Fish canning industry wastewater treat-
ment for water reuse—a case study. J. Cleaner Prod., 87 (2015) 
603–612.

[16]  L.A. Ioannou, G.L. Puma, D. Fatta-Kassinos, Treatment of win-
ery wastewater by physicochemical, biological and advanced 
processes: A review. J. Hazard. Mater., 286 (2015) 343–368.

[17]  N. Uzal, C.F. Gökçay, N. Demirer, Sequential (anaerobic/aer-
obic) biological treatment of malt whisky wastewater. Process 
Biochem., 39 (2003) 279–286.

[18]  C.F. Hurtado, B. Cancino-Madariaga, Ammonia retention 
capacity of nanofiltration and reverse osmosis membranes in a 
non steady state system, to be use in recirculation aquaculture 
systems (RAS), Aquacult., Eng., 58 (2014) 29–34.

[19]  N. Ali, N.A. Hanid, A. Jusoh, The potential of a polysulfone 
(PSF) nanofiltration membrane as the end stage treatment 
technology of aquaculture wastewater, Desal. Water Treat., 32 
(2011) 242–247.

[20]  D.W. Graham, C.W. Knapp, E.S. Van Vleck, K. Bloor, T.B. 
Lane, C.E. Graham, Experimental demonstration of chaotic 
instability in biological nitrification, ISME J., 1 (2007) 385–
393.

[21]  R.F. Malone, T.J. Pfeiffer, Rating fixed-film nitrifying biofilters 
used in recirculating aquaculture systems, Aquacult., Eng., 34 
(2006) 389–402.

[22]  D.E. Seawright, R.R. Stickney, R.B. Walker, Nutrient dynamics 
in integrated aquaculture-hydroponics systems, Aquaculture, 
160 (1998) 215–237.

[23]  C. Martins, M. Pistrin, S. Ende, E.H. Eding, J. Verreth, The 
accumulation of substances in recirculating aquaculture 
systems (RAS) affects embryonic and larval development 
in common carp Cyprinus carpio, Aquaculture, 291 (2009) 
65–73.

[24]  P.J. Walsh, P.A. Wright, Nitrogen Metabolism and Excretion, 
CRC Press, Florida, FL, 1995.

[25]  J. Bregnballe, A Guide to Recirculation Aquaculture. Published 
by the Food and Agriculture Organization of the United Nations 
(FAO) and EUROFISH International Organisation, 2015.

[26]  J. Colt, Water quality requirements for reuse systems, Aqua-
cult. Eng., 34 (2006) 143–156.

[27]  G.A. Wedemeyer, Physiology of Fish in Intensive Culture Sys-
tems, Chapman and Hall, New York, NY, (1996).

[28]  J.E. Huguenin, J. Colt, Design and Operating Guide for Aqua-
culture Seawater Systems, Elsevier Science Publishing Com-
pany, New York, NY, (1989).

[29]  M.B. Timmons, J.M. Ebeling. Recirculating Aquaculture Sys-
tems, second ed., Cayuga Aqua Ventures, Ithaca, New York, 
NY, (2010).

[30]  J.E. Alleman, K. Preston, Behavior and physiology of nitrify-
ing bacteria, in: Proceedings of the Second Annual Conference 
on Commercial Aquaculture, CES 240/IL-IN-SG-E-91-8, Illi-
nois-Indiana Sea Grant Program, Bloomington, (1991) 1–13.

[31]  S.M. Zhu, Y.L. Deng, Y.J. Ruan, X.S. Guo, M.M. Shi, J.Z. Shen, 
Biological denitrification using poly (butylene succinate) as 
carbon source and biofilm carrier for recirculating aquacul-
ture system effluent treatment. Bioresour. Technol., 192 (2015) 
603–610.

[32]  W. Abbink, A.B. Garcia, J.A.C. Roques, G.J. Partridge, K. Kloet, 
O. Scheneider, The effect of temperature and pH on the growth 
and physiological response of juvenile yellowtail kingfish Seri-
ola lalandi in recirculating aquaculture systems. Aquaculture, 
330–333 (2011) 130–135.

[33]  S.I. Siikavuopio, B.S. Sæther, Effects of chronic nitrite exposure 
on growth in juvenile Atlantic cod, Gadus morhua. Aquacul-
ture, 255 (2006) 351–356.

[34]  G. Lemarié, A. Dosdat, D. Coves, G. Dutto, E. Gasset, J. Per-
son-Le Ruyet, Effect of chronic ammonia exposure on growth 
of European seabass (Dicentrarchuslabrax) juveniles. Aquacul-
ture, 229 (2004) 479–491.

[35]  E.J.M. Emparanza, Problems affecting nitrification in com-
mercial RAS with fixed-bed biofilters for salmonids in Chile, 
Aquacult. Eng., 41 (2009) 91–96.

[36]  S. Chen, J. Ling, J.P. Blancheton, Nitrification kinetics of biofilm 
as affected by water quality factors, Aquacult. Eng., 34 (2006) 
179–197.

[37]  J.M. Ebeling, M.B. Timmons, J.J. Bisogni, Engineering analy-
sis of the stoichiometry of photoautotrophic, autotrophic, and 
heterotrophic removal of ammonia nitrogen in aquaculture 
systems, Aquaculture, 257 (2006) 346–358.

[38]  T.C. Guerdat, T.M. Losordo, J.J. Classen, J.A. Osborne, D.P. 
DeLong, An evaluation of commercially available biological 
filters for recirculating aquaculture systems, Aquacult. Eng., 
42 (2010) 38–49.

[39]  S.I. Sandu, G.D. Boardman, B.J. Watten, B.L. Brazil, Factors 
influencing the nitrification efficiency of fluidized bed filter 
with a plastic bead medium, Aquacult. Eng., 26 (2002) 41–59.

[40]  R. Epsztein, O. Nir, O. Lahav, M. Green, Selective nitrate 
removal from groundwater using a hybrid nanofiltration–
reverse osmosis filtration scheme, Chem. Eng. J., 279 (2015) 
372–378.

[41]  C.F. Hurtado, B. Cancino-Madariaga, C. Torrejón, P. Pinto Vil-
legas, Separation of nitrite and nitrate from water in aquacul-
ture by nanofiltration membrane, Desal. Water Treat., 57(54) 
(2016) 26050–26062.

[42]  B. Cancino-Madariaga, C.F. Hurtado, R. Ruby, Effect of pres-
sure and pH in ammonium retention for nanofiltration and 
reverse osmosis membranes to be used in recirculation aqua-
culture systems (RAS), Aquacult. Eng., 45 (2011) 103–108.

[43]  D.C. Montgomery, Design and Analysis of Experiments, fifth 
ed., John Wiley, New York, NY, (2001).


