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ABSTRACT

Recirculating aquaculture systems (RAS) normally use nitrifying bacteria to control nitrogen
compounds. However, some problems from the nitrification process may arise, creating
toxic concentrations for the fish. Nanofiltration (NF) could be the answer for this fluctuation,
controlling the quality of water in the required level. In this work, we analyze the capacity
of NF 270 membrane to reject nitrite and nitrate ions in two different concentrations and
using two different water hardness, based on the concentration detecting in RAS in Chile.
In the first test, NF membrane was tested at different transmembrane pressures (TMP) in
two types of model solutions, formed by nitrite or nitrate dissolved in deionized water, test-
ing two concentrations, high (H) and low (L), according to the concentration that are dan-
gerous for fish in RAS. In this test, NF 270 membrane rejected approximately 75% of nitrite
or nitrate, at the best TMP (19 bar). In the second test, the membrane was tested using
nitrite, nitrate, and different qualities of water, based on the water hardness produced by
different salts, found in RAS in Chile. This water quality was formulated and classified as
soft and hard. There, bivalent cations present in the water are rejected in more than 70%
and monovalent cations passed easier through the membrane with a rejection between 50
and 80%, depending on N-molecules concentrations and on the water hardness. We can
conclude that this phenomenon is related with the hydrated energy and Donnan exclusion.
The rejection of the N-molecules in those conditions depends on the concentration and the
hardness of the water. For soft water hardness, the rejection was between 40 and 60% for
the N-molecules and for hard water quality, this percentage is in the range of 25-40% at
20 bar of TMP. With these results, a membrane process was proposed to separate the nitrite
and nitrate from hard water including different steps that should be tested in a prototype.
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1. Introduction

Water in aquaculture is becoming a scarce
resource, especially in recirculating aquaculture sys-
tems (RAS). RAS are often designed in terms of fish
biomass or stocking density, which determines the
amount of feed provided in tank water, or the feeding
rate [1]. Increasing stocking density implies more
waste from fish and feed provided to tanks, which in
turn, tends to increase the concentration of anions and
cations involved in nitrogen and carbon cycles [2], as
well as dissolved minerals [3]. The main compounds
are ammonium (cation), nitrite (anion), and nitrate
(anion) [1,4]. RAS normally uses nitrifying bacteria to
control ammonium compounds, but some problems
appear producing a high degree of fluctuation in the
efficiency of the nitrification process [5-7]. One of the
problems in biofiltration processes is an uncertain
growth of colonies of nitrifying bacteria in the bed
biofilters, which can reduce their activity due to sud-
den changes in water temperature or pH (values less
than 7) [8]. The increase in soluble organic matter, or
the presence of certain chemicals used in the treatment
or control of infectious diseases fish under cultivation,
such as formaldehyde [9] and oxytetracycline [10],
among others, also affect adversely. If biofilters do not
work properly, they could increase the level of ammo-
nia and nitrite, thereby causing the death of fish.

In these systems, two different species of bacteria
in two consecutives stages are used. Nitrosomonas to
convert ammonium (NHj) to nitrite (NO,), and
Nitrobacter to convert nitrite to nitrate (NO3), [7,11,12].
Nitrification is the oxidation of ammonia to nitrite and
nitrite to nitrate by autotrophic bacteria [13] and this
fixed-film biological process occurs in biofilters [14,15].

Aquaculture operations often rely on natural colo-
nization of nitrifying bacteria in production systems.
This natural method works well for initiating a biofil-
ter, but can take a relatively long time (e.g. 4-8 weeks)
to establish a healthy and viable population of both
ammonia-oxidizing and nitrite-oxidizing bacteria. Such
stresses can inhibit nitrification rates resulting in
spikes in either ammonia and/or nitrite. Nitrite-oxi-
dizing bacteria are known to be especially sensitive to
stress [16], and in this regard, recovery times of these
bacteria can last for several weeks, increasing the con-
centration of ammonia and nitrite. Then nitrite is an
intermediate compound and is toxic because it affects
the hemoglobin capacity to transport oxygen and pro-
duces an unbalance of electrolytes [17,18]. Nitrite can
produce, depending on the concentration in water, dif-
ferent diseases like stress in fish and diminished
growing rate, damage the internal organs of the fish
or diminish the tolerance to diseases [19,20]. Since
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nitrate cannot be oxidized, any further via nitrification,
nitrate will accumulate in the system. There are two
common methods for reducing nitrate, using water
exchanges or implementing denitrifying biological
reactors [21,22]. Nitrate is the final product and a less
toxic compound in the nitrification system. Nitrate
concentrations in water between 200 and 500 mg/L
are tolerated by fish [23-25]. Nitrate level in RAS are
normally maintained with the daily renovation of
water [17].

Besides this, biofilters have several problems which
include between others, excessive sludge production,
unstable performance, and nitrate accumulation [26].
In this scenario, RAS are increasing in the world, and
normally only a small percentage of water is treated,
less than 1% [1,27]. However, when the water is scarce
and there are health problems for the fish using
untreated water, the idea to increase the amount of
water processed and its recovery became more appeal-
ing.

However, the high levels of nitrates in water are
not only a problem for RAS, also in drinking water,
the high concentration in the reservoir worldwide is
very problematic [28]. For drinking water, several pro-
cesses to remove nitrates from water have been pro-
posed, as biological (biofilter), chemical, catalytic, and
membrane process also, as Donnan dialysis, electro-
dialysis, electrodeionization, reverse osmosis, and ion
exchange [28]. Recently, comparison [29] between elec-
trodyalysis and reverses osmosis (RO) for nitrate
removal in drinking water indicates that nitrate
removal in the RO osmosis was 90% more than that of
the electrodialysis system.

Nanofiltration (NF) is a new membrane process
comparing with reverse osmosis, and the effect of the
ions rejection is a new aspect to consider, besides the
lower energy demand, because the lower transmem-
brane pressure (TMP) necessary for the mass transport
phenomena.

Regarding this aspect, we analyzed in previous
studies the retention of ammonium for different mem-
branes of NF and RO, concluding the high flux was
produced by NF 270 membrane, with no significant
differences in retention capacity [2,7]. The ammonia
retention was explained due to the ionic force and
Donnan effect [30]. However, when different kinds of
water i.e. different hardness in the water are used,
they could produce an influence over the ionic force
or over the surface of the membrane, changing the
results. Because of this, in this work are included dif-
ferent qualities of water as well as different levels of
nitrite and nitrate concentration that we found in the
RAS in Chile (see Table 1).
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Table 1
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Composition and hardness of the water used as hard water and soft water found in the RAS in Chile

Salts and quality parameters of water

Soft water (mg/L) Hard water (mg/L)

NaHCO;

CaS04-2H,O

MgSO4

KC1

pH

Total hardness

Alkalinity expressed in mg CaCO3;/L

48 192

30 120

30 120

2 8
7.2-7.6 7.6-8.0
40-48 160-180
30-35 110-120

Thus, the aim of this paper is to propose a
membrane process to separate nitrate and nitrite from
sweet water. For this, it is necessary to know the
behavior of the NF 270 membrane in terms of their
flux, TMP, and retention or rejection capacity respect
to nitrite and nitrate, both dissolved in different
types of water quality and with different levels of
concentration.

2. Materials and methods

All experiments were carried out in a continuous
and non-recirculation mode (Fig. 1), ie. under non
steady-state conditions, using three flat stainless steel
high pressure cells. The high-pressure cell arrange
was developed and designed by INPROMEM
(Research in Membrane Process). To drive the flow,

JONF
VA
N\

Feed Tank |*

a high-pressure Speck GmbH pump (Germany)
working between 0 and 140 bar was included, and
to control temperature, a Chiller, Resun, model
C-1500 was used [30]. In the non-recirculation mode,
the permeate flow is discharged of the system and
the concentration of the species or molecules
increases through time, i.e. the membrane is used to
concentrate the nitrite and nitrate. Permeate flow
was determined by direct permeate mass registration
over time, using an electronic scale (Radwag 220,
Poland). Data acquisition was carried out using a
computer.

Each high-pressure cell has a membrane diameter
of 5 cm, with a membrane area of 1.65 x 107> m? and
the tank volume is 5 L.

The membrane used in all the experiments was NF
270, commercial nanofiltration membranes from Dow

Concentrate

C(i)
Feed
1 l L O
NF NF NF N
1 / 1
| } \
' C(p) C(p) | Cp) |
v v v
permeate permeate permeate

Concentrate

Fig. 1. Schematic representation of the membrane system arrange. 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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Table 2
Characteristics of the NF 270 membrane
Cut-off Contact Zeta potential Isoelectric
(g/mol) angle (") (mV) point % Retention Refs.
120 N/A (at pH 10) —35 3 40-60% CaCl2, Gerardo et al. [31]
97% MgSO,
200-400 N/A N/A N/A >97% Mohammad et al. [32]
150-200 32.6 +1.3 (at pH 9) —41.3 <3;3.3;3.5; 5.2 >97% (MgSO4)?, Sjomana et al. [33],
56.9 = 3.8 (NaCl) Tang et al. [34]
N/A N/A (at pH 7) —23 3.5 40¢ Nghiem et al. [35],
Nghiem et al. [36]
N/A 30 -6.8; —15.0° at pH?7 3.3 N/A Tanninen et al. [37]

Notes: N/A: not available.
"MgSO, 2,000 mg/L at 4.8 bar.

PMeasured by streaming potential measurements through pores (first value) and along the surface (second value).

€At 3,000 mg/L NaCl and 4.5 bar.

Liquid Separations, USA. Table 2 shows the principal
characteristics of the NF 270 membrane, that consists
in a semi-aromatic piperazine-based polyamide as
active layer with polysulfone as support material, neg-
ative charged at the pH range used in this study [30].
Maximum operate pressure is 41 bar [31]. Membrane
pre-treatment was described in Cancino Madariaga
et al. [30].

The permeate of each cell was evaluated to confirm
the reproducibility of the experiment. Following
parameters were evaluated in the permeate and con-
centrate during time at different TMPs as well as the
mass flow of the permeate.

Anions of NO, and NO; were obtained from
NaNO, and NaNOj, which are in the form of crystal-
lizing salts. Three kinds of hardness of water were
tested, where the composition and the limits of the
NO, and NOj concentration were obtained for this
study, from different analyses of water quality in RAS
in Chile.

(1) deionized water is the so-called “Model water”
in this paper,

standard freshwater with low concentration of
salts, called “soft water”, (see Table 1 for the
composition), and

standard freshwater with high concentration of
salts, called “hard water” (see Table 1 for the
composition).

)

3)

The initial volume used for each experiment was
51 and the conductivity of deionized water used in
the experiments was lower than 5 pS/cm.

For each set of measurements described below,
samples of 200-300 ml were taken. The permeate vol-
ume was accumulated during the process time until
completing this sample volume. Each set of measure-
ments considered the following analysis:

Nitrite concentration: was determined in form of
NO; through Hach model DR3900 spectrophotometer.
Using the program 371N and Hach Method 8507 dia-
zotization.

Nitrate concentration: was determined in form of
NOj, this anion was determined using ion selective
probe nitrate, model ISENO318101, Hach.

Sulfate concentration: was determined in form of
SO; through Hach model DR3900 spectrophotometer.
Using the program 680 Sulfate and Hach Sulfaver 4
turbidimetric method.

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

Alkalinity: this was determined in form of CaCOj;
through the model Hach DR3900 spectrophotometer.
Using the program TNT 870 barcode.

Total hardness and calcium hardness: were deter-
mined in form of CaCOj; through titration method,
included in the HA-DT mark the Hach kit. The
method 8213 and 8204 for calcium hardness was used
for total hardness, both using EDTA solution.

pH and temperature: determined by the pH meter
and temperature probe, connected to desktop Sperci-
entific 860031.

Conductivity: this was determined by the conduc-
tivity probe connected to the meter desktop
Spercientific 860031.
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2.2. Description of the experiments

The study was separated into three phases
(Table 3), where different feed solutions were formu-
lated to analyze the behavior using the NF 270 mem-
brane at different operating conditions.

Phase I tests corresponded to NO, or NOj (de-
pending on the test), dissolved in deionized water.
The concentration of the N-compounds were selected
to represent two extreme concentrations named low
and high concentration.

High and low concentration of NO, and NOj;
were based on a compilation of the main field RAS
currently in operation in Chile (obtained for this
study). The lowest and highest concentration of NO,
were 0.5 and 3.5 mg/L respectively and for NOj is 5.0
and 150 mg/L respectively.

Phase II, corresponds to NO, and NOj dissolved
both at low concentration and similar experiences dis-
solved at their high concentrations, in soft water (see
Table 3), i.e. the high concentration of NO, is dis-
solved together with the high concentration of NOj,
and the same for the low concentration.

And Phase III, corresponds to NO, and NO; dis-
solved both at low concentration and similar experi-
ences dissolved at their high concentrations, in hard
water (see Table 3), i.e. the high concentration of NO;
is dissolved together with the high concentration of
NOj, and the same for the low concentration.

For all experiments, temperature and pH were 15
+1°C and 7, respectively, as these parameters are the
most common for salmon in RAS in Chile [12], and as
they are also considered standard conditions [38].

Table 3
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The NOj or NO, rejection percentage (R) was cal-
culated using Eq. (1):

— Cp
R ()] o o

where C, and C; represent the NO; or NO, concen-
trations (mg/L) in the permeate and concentrate,
respectively.

The characteristics of the membrane and the
behavior of the membrane at different solutions and
operation conditions can be described by Egs. (2) and
3) [30I:

J= @
(R + Rer)

where | is the flux, TMP is the transmembrane pres-

sure, Ry; is the membrane resistance, Rgr is the total

fouling resistance including the concentration—

polarization resistance, and x is the viscosity.

Rt = Rm + Rer 3

Rt is the total membrane resistances.

When the solution is pure water, or deionized
water, Ry is zero, and only Ry, exists. In this case, Ry
can be obtained directly using the slope of the | vs.
PTM curve, as shown in Eq. (3):

1
Rm =
uxm

4)

Description of the experimental phases, concentration of NO, and NOj;, TMP and ionic strength for nitrate and nitrite in

these solutions

Concentration
(mg/L) in
solution
Phase Water type NO, NO; Concentration level of N-compounds® TPM (bar) "¢ (mmol/kg)
I Model 0.5 0 L 6-19-30 0.011
3.5 0 H 0.076
0 5.0 L 0.081
0 150.0 H 2.421
I Soft 0.5 5.0 L 2.386
35 150.0 H 4.791
I Hard 0.5 5.0 L 17-19-20-30 9.268
3.5 150.0 H 11.674

?L: low concentration, H: high concentration.
PCalculated using Eq. (5).
“Including Na* effect for model water type.
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With m as the slope of the curve | vs. PTM, u is the
viscosity of water at 15°C, that is 0.001 (Pa s).

Rpr can be calculated with the Ry value and per-
forming different tests for the solutions of interest
using the slope of the | vs. PTM curve, and solving
Egs. (2) and (3).

To obtain the data necessary to solve Egs. (3) or
(2), the flux (J) vs. time for each experiment was deter-
mined at different TMPs [30]. All the analyses were
made in triplicate and the results were processed sta-
tistically using the commercial software centurion Stat-
graphics Centurion XVI. The statistical analysis was
made using ANOVA or Kruskal-Wallis analysis
according to the distribution of the data [39].

Eq. (6), describe the ionic strength (I), according to
Atkins and De Paula [40]:

1
1= EZmA(zA)2 (5)

where m, is the molality of the molecule A and Z is
the ion charge.

3. Results and discussion
3.1. Results for Phase I: model solution

Fig. 2 shows the results for the flux during the
time at different TMPs at low and high concentration
of NO; and NO, in deionized water. For 19 and
30 bar, the flux is constant during the time without
significant differences (p-value > 0.05), using ANOVA
analysis, and for 6bar is the same but using the
Kruskal-Wallis analysis. At 6 bar, there is not a nor-
mal distribution and in this case, ANOVA cannot be

1.2E-04

A 30bar  mNO2 (L)
o 4 4 444 4
ks A EEEammmEy 0 NO2 (H)
' “0oogs®agl] anoz
“E 8.0E-05 4 NO3 (H)
Q E 5 H B mEn -
€ 6.0E-05 S - 1obar
x
2 4.0E-05
6 bar
20605 g p g mEmERERN NN
0.0E+00
0 20 40 60 80

Time (min)

Fig. 2. Permeate flux during the time for low (L) and high
(H) concentration of NO; and NO, in model solution at
different TMPs.
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used and is used Kruskal-Wallis. However, there are
statistical differences in the flux at different TMPs,
according to the statistical Tukey HSD with 95% of
confidence.

Fig. 3 shows the slope for the flux vs. TMP
obtained using Eq. (3) and the comparison for pure
water and the NHj results obtained in previous
works [30]. Table 3 shows the results for the Ry Rgr
and the coefficient of determination (R-square)
obtained from the slope of the | vs. PTM curve. Ry
was obtained for these experiments and there is a very
small difference with the value given in a previous
work [30]. In Table 4, the percentage of fouling corre-
sponds to the ratio between Rgr and Ry, multiplied
per 100 to obtain the percentage. In the table, we can
appreciate that the higher fouling is produced by
NO; (H), followed by NO, (H), that means high con-
centrations of ions give more fouling resistances, and
low concentration of ions produce lower fouling, that
is predictable because there are bigger numbers of
molecules in solution. However, the high concentra-
tion is considerable different for both molecules
(150 mg/L for NO; and 3.5 mg/L for NO,). NH;
(with 6.5 mg/L) is in the same range and similar value
than in lower concentrations.

Fig. 4 shows the R% of NO, and NOj in the mem-
brane at different TMPs. We can observe for NO;
there is no direct relationship between the concentra-
tion and the R%. Instead for NO,, the rejection is
higher at high concentration. That could be explained
by the ionic strength (see Table 3), i.e. the rejection
percentage increase as salt concentration is lower,
because the ionic strength is higher. Ionics strength
was calculated according Eq. (5). Similar behavior was
observed by Abidi et al. [41]. High concentration of
salts, for a negative charged membrane, means there
are enough counter ions (Na*) on the surface of the

1.4E-04
m NO2 (L)
1.2E-04
o NO2 (H)
<~ 1.0E-04
£ A NO3 (L)
» 8.0E-05
E A NO3 (H)
< 6.0E-05
3 - NH4
W 4.0E-05
deionized
2.0E-05 water
0.0E+00 e
0 5 10 15 20 25 30 35

TMP (bar)

Fig. 3. Permeate flux vs. TMP for low (L) and high (H)
concentration of NO; and NO, in model solution, com-
parison with NHy solution in pure water and pure water
flux.
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Table 4
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Results for Ry, Rpr, Ry, and the coefficient of determination obtained for the solution of NO; and NO, in deionized

water, and N HI in pure water

N-molecules R™ square Rr (m™) Rer (m ™) % Fouling
NO; (H) 0.9991 3.1531E+13 7.4355E+12 30.86
NOj; (L) 0.9837 2.8320E+13 4.2252E+12 17.54
NO, (H) 0.9975 3.0925E+13 6.8304E+12 28.35
NO, (L) 0.9946 2.8654E+13 4.5586E+12 18.92
NH;{ @) 0.9940 3.0359E+13 4 5588E+12 17.67
Deionized water (or Ryyp) 0.9969 2.41E+13 0 -

“Results for NH] were obtained using their respective Ry of 2.580E+13 m ™, from Cancino-Madariaga et al. [30] with a concentration of

6.5 mg/L.
100
% mR-NO2 (L)
80
70 0 R-NO2 (H)
<
£ 60
5 A R-NO3(L)
o 50
3
- 40 4 R-NO3 (H)
30
20 * R-NH4
10
0
0 5 10 15 20 25 30 35

TMP (bar)

Fig. 4. Rejection percentage of the NF 270 membrane vs.
TMP for low (L) and high (H) concentration of NO; and
NO, in model solution, comparison with NH, solution in
pure water.

membrane, neutralizing the membrane-charged sur-
face, reducing the retention by repulsion of negative
ions. As was explained in Cancino-Madariaga et al.
[30], the NF membrane separation is produced by neg-
ative-charged membrane and because the ions and
contra ions are in equilibrium, when the effect is neu-
tralized or the critical TMP is achieved, the ions can
move across the membrane governed by the other
mechanisms involved [30]. That could explain the
behavior for NO; with the high concentration
(150 mg/L). For the NaNO,, this phenomenon is dif-
ferent because the high concentration (5 mg/L) is
lower compared to the NaNO; (150 mg/L), and prob-
ably is not enough to neutralize all the negative
charge on the membrane surface.

3.2. Results for Phase II and Phase II: soft and hard water
test

Figs. 5 and 6 shows the Flux during the time for
NO; and NO, solutions in soft water respectively
at 19 bar of TMP. Similar behavior (not shown) were

6.0E-05
5.0E_05HEDDDDDDDDDD
5 B g g g w m B g ®
g 4.0E-05
@
‘g 3.0E-05 m SOFT-L 19 BAR
% 0 SOFT-H 19 BAR
3 2.0E-05
['8
1.0E-05
0.0E+00
0 10 20 30 40 50 60 70
Time (min)

Fig. 5. Permeate flux during the time at 19 bar, for the
NO; and NO, solution at low (L) and high (H) concentra-
tion in soft water.

6.0E-05
U oopg oo

5.0E-05 = 0o o g
— L] " g m " B §mowog
Q
£ 4.0E-05
@
“E 3.0E-05 W HARD-L 19 BAR
x
3 20E-05 O HARD-H 19 BAR
TS

1.0E-05

0.0E+00

0 20 40 60

Time (min)

Fig. 6. Permeate flux during the time at 19 bar, for the
NO; and NO, solution at low (L) and high (H) concentra-
tion in hard water.

observed for the others TMP of Table 3. With the
data of flux for each TMP according to the proce-
dure explained in the previous section for model
solution, Figs. 7 and 8 were obtained. In the soft
and hard water, the highest flux are produced in
solution with the high concentration of N-molecules.
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1.0E-04
9.0E-05
8.0E-05 L
7.0E-05 -
6.0E-05 -
5.0E-05
4.0E-05

Flux (m*/s'm?)

3.0E-05 w
2.0E-05 T
1.0E-05 e

0.0E+00

0 5 10 15 20 25 30 35
TMP (bar)

0 SOFT-L(NO2-NO3) m SOFT-H(NO2-NO3)

Fig. 7. Flux of the NF 270 membrane vs. TMP for the solu-
tion of low (L) and high (H) concentration of NO; and
NOj; in soft water.

9.0E-05

8.0E-05

7.0E-05

6.0E-05

5.0E-05

4.0E-05

Flux (m®/s-m?)

3.0E-05

2.0E-05

1.0E-05

0.0E+00

35

TMP (bar)

A HARD-H(NO2-NO3) A HARD-L(NO2-NO3)

Fig. 8. Flux of the NF 270 membrane vs. TMP for the solu-
tion of low (L) and high (H) concentration of NO; and
NO; in hard water.

These behaviors could be attributed to the ionic
strength which were the high concentration of coun-
ter ions produced at high concentration of salts,
results in a higher ionic strength. The difference
between high and low concentration is lower in
hard water solution when compared with the soft
water solution, which could be produced by the
effect of the salts and ions concentration in the solu-
tions (hardness). In high concentration of salts (hard
water), the concentration of NaNO; does not have a
more relevant effect in the flux, comparing with the
soft water. In the statistical analysis showed, there
are no significant differences (p-value > 0.05), accord-
ing the ANOVA test or Kruskal-Wallis. Similarly to
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the model solution, there are statistical differences in
the flux at different TMPs, according with the statis-
tical Tukey HSD with 95% of confidence.

Different mechanisms are involved in the NF pro-
cess, related with the membrane self and with the
solution to treat. These mechanisms include size exclu-
sion, charge effect (Donnan and dielectric exclusion),
and different diffusivity and solubility of the ions in
the solution [30,36,42]. When ions are present in the
solution, several effects occurs involving electrostatic
interaction [43]. Ions properties like molecular weight,
stoke and hydrated radii, hydrated energy, ion valence
are relevant to analyze the process. In the case of one
or two types of molecule in solution, there are some
models to calculate their properties [40]. However,
when the solution is more complex, as is shown in
Table 1, the real behavior and the thermodynamic of
this mixture will be completely different with respect
to pure ions in the solution and also depends on the
concentration of them [44]. This difference can be
appreciated, for example, comparing the calculated
ionic strength for NO;, in Table 3 and in Table 5 for
0.5 mg/L, that is 0.011 and 0.006, respectively. Table 5
was calculated for the pure ion in water (NO;) not
considering the Na* ion added with the salt NaNO,
and Table 3 was taking account of this Na™. In addi-
tion, when more molecules are present in water,
higher value of ionic strength is obtained (see Table 3).
There, the soft and the hard solution present 2.386
and 9.268 mmol/kg, respectively.

For NF process, especially for NF 270 that is a
loose membrane [36], pores and ions in water solution
present interactions that govern the mass transport
through the membrane. The ions are hydrated by a
shell of dipolar water molecules, affecting the mobility
because the hydrated radii is bigger than the stoke
radii [43]. The hydration energy is correlated with
these effects. According to Richards et al. [43], high
hydration energy is present in ions with smaller ionic
radii which have larger hydrated radii with slow
transport through the membrane. However, other
authors show differences respect to this rule [42] (see
Table 5); indeed, higher hydration energy is present in
divalent ions. Table 5 shows the stoke radii for Ca** is
ca. 1.6 times than for Na® and the relation between
the hydrated energy is ca. 3.9 times. Moreover,
Figs. 9-12 show higher R% for Ca®>" comparing with
Na™. Therefore, the charge of the ion is important also
in the hydration energy.

Figs. 9 and 10 show the retention percentage of N-
molecules at different TMPs for low and high concen-
tration, respectively, and the R% for the other ions
present, in soft water. In this water, Mg2+ and Ca®*
ions have the higher R%, but the R% is decreased for



26058

Table 5
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Molecular weight, stoke and hydrated radii, hydrated energy, and ionic strength of different molecules in solution of

deionized water

Stokes radii [32] Hydrated radii [32] PP Hydrated energy [42,45]
Ion MW (Da) (nm) (nm) (mmol/kg) (kJ/mol)
Na* 22.99 0.184 0.358 N/A 406, 407
CO? 59.98 0.266 0.394 N/A N/A
K* 39.10 0.125 0.331 N/A N/A
Cl 35.45 0.121 0.332 N/A 378, 376
Mg2+ 24.30 0.347 0.428 N/A N/A
SOE_ 96.02 0.230 0.379 N/A 1,047, 1,138
Cat 40.08 0.310 0.412 N/A 1,584
NOy 61.97 0.129 0.335 317, 329
5mg/L 0.041
150 mg/L 1.21
NO, 4598 0.114 0.330 331¢
0.5 mg/L 0.006
3.5mg/L 0.038
NH; 18.00 0.125 0.331 0.181 307
Notes: N/A: not available.
?Calculated using Eq. (5).
PWithout Na™ effect for NO, and NOj.
‘Simulated value given by Richards et al. [43].
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Fig. 9. Rejection percentage of the NF 270 membrane vs.
TMP for low (L) concentration of NO; and NO, in soft
water.

high concentration of the N-molecules. However, the
SO;™ is always with a high R%. Mehdipour et al. [42]
obtained similar effect for SO3~, where the rejection
for SOi_ by the membrane is always high, that can be
explained by their high hydration energy (see Table 5).

For the N-molecules, the rejection depends on their
concentration and the TMP. The R% increase with
TMP until 20 bar approximately (see Fig. 10). That
means for soft water at 20 bar approximately, the bet-
ter R% is between 40 and 60% independent of the con-
centration of nitrite and nitrate.

+ R-CaCO3 A R-SO4
- R-Na & R-NO2 (3.5 mg/L)

O R-Ca
¢ R-NO3 (150 mg/L)

® R-Mg

Fig. 10. Rejection percentage of the NF 270 membrane vs.
TMP for high (H) concentration of NO; and NO, in soft
water.

Commercial NF membranes are normally charac-
terized by the retention capacity of MgSO, in water at
one TMP. NF 270 membrane tested by the manufac-
turer (Dow Chemical, datasheet information), reports
a retention of 99.3% at 2,000 mg/L of MgSO, for
3.5 bar. For NF 270 membrane at really high concen-
tration of MgSO, between 5,000 and 15,000 mg/L, the
value reported by Al-Zoubi et al. [46] was close to
100% of rejection between 2 and 9 bar. However,
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Fig. 11. Rejection percentage of the NF 270 membrane vs.
TMP for low (L) concentration of NO; and NO, in hard
water.

according to Figs. 10 and 12, at the concentration as
were presented in Table 1 (30 and 120 mg/L), the
behavior is different. Here, the effect of the high con-
centration of N-molecules produces a lower R% of
Mg”* between 70 and 80% depending on water hard-
ness. SO> presents a high R%, similar for all the
experiences and according to the references. That
means the behavior of the R% of the membrane for
MgSO,, cannot be predicted for all the ranges of con-
centration using data at very different scales. Also the
other salts contribute to obtain these differences
between the behavior with the NF membrane. This
result implies that the NF behavior must be tested
before the system is designed, especially if the range
of different salts and N-molecules are important in the
process.

The R% of the N-molecules for hard water can be
appreciated at different TMPs in Figs. 11 and 12, for
low concentration and high concentration of the N-
molecules, respectively. In addition, Fig. 12 can repre-
sent what could happen if the process is going on and
the concentration increases from low level (soft) until
the water solution in the concentrated flow is achieved
at the level of hard water. In Figs. 11 and 12, we can
observe that 20 bar could be also the best TMP,
because more pressure means more energy and high
cost and the R% also does not increase significantly.
The R% change between low concentration of N-mole-
cules and high concentration, between 30 and 40% for
low concentration until 25% approximately, that is
remarkable. This low retention of NO, and NOj ions,
in hard water means the most part of the molecules
are in the permeate, and could be separated with
other kinds of membrane or processes, where the
water has low concentration of Mg®* and Ca®" ions,
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Fig. 12. Rejection percentage of the NF 270 membrane vs.
TMP for high (H) concentration of NO; and NO, in hard
water.

and also low concentration of SO3~ because they have
a high R% with this membrane. Also if we use the
data obtained for soft water as a reference about what
could happen when the Ca®* and Mg?* ions are sepa-
rated from the water, we can predict that the R% of
the NO, and NOj; molecules could be increased, spe-
cially looking at the high concentration of those mole-
cules in soft water (Fig. 10), i.e. could be possible to
treat the permeate of the first NF process with a sec-
ond NF process, increasing the R% since 25% until
50% approximately, and in a third step of NF, could
be also better, going to the behavior of Fig. 4, the
model solution without salts. Fig. 13 shows this pro-
posed NF membrane process.

The concentrate in Fig. 13 could be processed in
different configurations, using NF or reverse osmosis
membranes. However, the proposed process here, is
for the concentrate of NF 1, with low NO,; and low
NO;, high Mg?* and Ca**, and high SO}, again uses
the NF to concentrate more the bivalent ions and sepa-
rate the N-molecules. With this permeate of the pro-
posed NF 1-1 (see Fig. 13) that could be processed
together with other permeates because the bivalents
cations, are lower, closed to the model solution of
Fig. 4.

The same procedure could be followed for the
other concentrate of the NF 2, and NF 3 if the R% is
low (named NF 2-1, NF 3-1, in Fig. 13). However,
when the R% increases higher than 70%, it could be
interesting to follow the other methods to treat this
flow, as membrane contactor or to pump the concen-
trated flow to the normal biofilters. To develop this
configuration, it is necessary to obtain more results in
future tests specially with a prototype test with this
configuration.
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Fig. 13. Proposed NF membrane process for the retention of NO; and NO, ions in solution.

Moreover, the impact of the treatment of N-
molecules in concentration lower than 200 mg/L, is
not only useful for RAS systems. Paugam et al. [47],
mentioned the problems with nitrates in water espe-
cially in drinking water, where the limit for drinking
water must be of 50 mg/L. However, some places in
the world, present concentrations of 200 mg/L, with
potential damage for the human health. Epsztein et al.
[48] recently showed the problems Israel is facing
because of the intensive application of fertilizers,
exceeding the concentration levels of 70 mg/L. In fact,
they also proposed two-membrane process to analyze
the behavior to the treatment of drinking water. These
systems are similar to our proposal in Fig. 13. They
obtained an R% of 10% for nitrate using NF 270 mem-
brane at constant 8 bar. At similar TMP (Figs. 11 and
12), the R% for our tests were 20%, that could be
because the temperature is different, 24°C for Epsztein
et al. [48] and 15°C in our tests. The higher tempera-
ture could produce less retention because the viscosity
changes and also the properties of the membrane,
change. Epsztein et al. [48] do not include nitrite,
probably because it was not present in the water they
processed; however, this molecule is also more dan-
gerous than nitrate. Thinking by doing the same
extrapolation of the process and considering similar
levels for the nitrite as the nitrate retention (see Figs. 11
and 12), the results using the process presented in
Fig. 13 could be successful. The TMP to use in the
final process, must be studied depending on the cost
of the membrane process proposed, where the cost of
the energy, the cost of the investment in membranes,
and the cost of the cleaning and its frequency must be

included. With these parameters, the values to prevent
the osmotic pressure and the fouling of the membrane
could be obtained.

4. Conclusions

The rejection percentage for NO, and NO; using
NF 270 membrane was tested for different qualities of
water normally found in the RAS systems. For model
solution where the water was deionized, the NF 270
membrane rejected approximately the 75%, for 19 bar
of TMP and the behavior of the membrane during the
time was stable. In RAS, the N-molecules are between
two ranges of concentrations, and for those there are
some differences between the water hardness
expressed as soft and hard water quality.

The bivalent cation molecules presented in the
water presented an R% over 70% and monovalent
cations pass through the membrane easier with an R%
between 50 and 80% depending on the concentration
of N-molecules and the water hardness. We can con-
clude that this phenomenon is related principally with
Donnan exclusion and the hydrated energy. On the
other hand, the N-molecules in the RAS water formu-
lated are rejected for different mechanisms, where the
quality of water influences the behavior of the R% in
the membrane strongly. We could also obtain the
range of the R% in a different qualities of water, nec-
essary to propose the membrane process to treat this
water. For soft water quality, i.e. with low hardness,
the rejection is between 40 and 60% for N-molecules
and for hard water quality, this percentage is in the
range of 25-40% at 20 bar of TMP. We can conclude
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that the rejection for N-molecules depends on their
concentration in water and also as was mentioned
before, of the water quality. Finally, the treatment pro-
posed consists in serial and parallel configurations of
NF membrane processes, which must be thoroughly
looked into at pilot level to obtain the process parame-
ters necessary for their economic evaluation.
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