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a b s t r a c t

We present a general outline for the selective recovery of NO3⁻ from a (waste) water 

stream also containing Cl⁻. The key element of the technology introduced and simulated 

here is a membrane unit demonstrating NO3⁻ over Cl⁻ permeation selectivity. The mem-

brane is hypothesized to be hydrophobic and with that exploiting the difference in de-

hydration energy between NO3⁻ and Cl⁻. Apart from NO3⁻ recovery, the process also aims 

to reduce water consumption. Based on a generic outline of the process, the key para-

meters are defined, being the NO3⁻/Cl⁻ concentration ratio in the (waste) stream, the 

fraction of NO3⁻ and water recovered, and the selectivity of the membrane. The sensitivity 

of the separation process to these four parameters is evaluated. In the second part of the 

paper, the same principles are applied to a real-life process, i.e., NO3⁻ recovery from the 

effluent (waste) water of a fertilizer production plant. The aim was to calculate the 

membrane NO3⁻/Cl⁻ permeation selectivity required to recover 90% of NO3⁻, given a 

threshold value for the Cl⁻ concentration in the permeate stream and recycle 30% of the 

water, starting from two different NO3⁻/Cl⁻ concentration ratios in the effluent (waste) 

water. With 51 mM Cl⁻ in the effluent (waste) water and a Cl⁻ threshold of 9.9 mM, a 

membrane selectivity of 3 suffices. The required selectivity increases to 30 when the Cl⁻ in 

the effluent (waste) water is 200 mM and the Cl⁻ threshold is 4.2 mM. Reported NO3⁻/Cl⁻ 
membrane selectivities are still modest, with a maximal selectivity found in literature of 

3. Strategies to develop membranes of significant higher selectivity are briefly discussed.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical 

Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

Nitrogen is an essential nutrient for agriculture. In 2020 its 
consumption was estimated to be 10 million tonnes in the EU 

alone, 6.9% above its consumption in 2010 (“Agri-environ-
mental indicator - mineral fertiliser consumption.”, 2022). 
The conversion of N2 to ammonia, an essential compound for 
fertilizer production, via the Haber-Bosch process is not only 
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energy intensive but also responsible for no less than 1.5% of 
the total worldwide CO2 emission (Kyriakou et al., 2020). With 
an increasing global population − by 2060, the world popu-
lation will reach 10 billion (“World Population Prospects, 2019 
Highlights.pdf.” 2022) − and the decrease in agricultural 
production due to climate change (Wang et al., 2020), pests 
(Skendžić et al., 2021), and lack of nutrients, the need of using 
fertilizers to sustain crop production will only increase fur-
ther. However, not all applied fertilizer is actually taken up 
by crops. As an example case, in 2015 the nitrogen use effi-
ciency (NUE) of cereal was estimated to be just 35% (Omara 
et al., 2019). Due to precipitation, excess fertilizer leaches out 
of the soil, causing eutrophication of surface waters with all 
its detrimental effects (Dodds and Smith, 2016). Furthermore, 
the presence of nitrogen oxides, such as nitrate (NO3⁻), in 
drinking water is responsible for infant methemoglobinemia 
(also known as blue baby syndrome) and increases the risk of 
cancer (Essien et al., 2022) and birth defects (Ward 
et al., 2018).

Currently used wastewater treatment technologies re-
move nitrogen by conversion of N-species to gaseous N2 (Ni 
et al., 2017). However, these nitrification/denitrification pro-
cesses deal with high costs, high chemical use, and by-pro-
duct formation such as N2O (Ye et al., 2018) and Cl2. 
Moreover, the conversion to N2 is irreversible, resulting in 
removing biologically directly available nitrogen from the 
ecosystem. From the point of view of both economics and 
sustainability, an attractive alternative is the selective re-
covery of nitrogen. To do so, we here explore the potential 
and requirements of membrane technology to selectively 
recover NO3⁻.

Together with phosphorus (P) and potassium (K), nitrogen 
(N) is the main component of NPK fertilizers; chloride is 
present as well because potassium chloride (KCl) is the 
source of potassium. The co-presence of Cl⁻ makes the re-
covery of NO3⁻ challenging because both ion species have the 
same valence. However, there is a difference in the (effective) 
crystal radius and by implication in the dehydration energy. 
With an ionic radius of 0.181 nm for Cl⁻ and 0.264 nm for NO3⁻ 
(Nightingale, 1959), the latter has a lower dehydration energy 
(Smith, 1977).

In membrane technology, differences in dehydration en-
ergy can be exploited to separate ion species. As shown in 
previous studies (Mubita et al., 2020; Qian et al., 2020, 2022; 
Vaselbehagh et al., 2016; Sodaye et al., 2007; Kikhavani et al., 

2014; Sata, 2000), the transport of ions with low dehydration 
energy is enhanced by increasing the membrane hydro-
phobicity. Therefore, in this study, we hypothesize and in-
troduce a membrane unit possessing a hydrophobic 
membrane with a permeation preference of NO3⁻ over Cl⁻ 
because of the lower dehydration energy of the former ion 
species. Furthermore, it is envisaged that the membrane 
operates in an electrodialysis setting.

This paper consists of two parts. The first one describes 
and discusses a rather basic outline of a process for the se-
paration of NO3⁻ from Cl⁻ using membrane technology. The 
most relevant process parameters are evaluated. In the 
second part of the paper, we switch to a real-life application, 
using some of the findings discussed in the first part. Here, 
we investigate the recovery of NO3⁻ from the effluent (waste) 
water of a fertilizer plant while saving 30% of fresh water.

2. Materials and methods

2.1. System description

Fig. 1 shows a general outline of a membrane-based process 
for the selective separation of NO3⁻ from Cl⁻. The (waste) 
water stream containing the two ion species, from here on 
labelled the feed stream, enters the system in the mixer, 
where fresh and recycled water are added to the extent to 
keep the volumetric flow constant. The resulting stream 
(reference point #0) is sent to the membrane unit responsible 
for the NO3⁻ recovery and producing a permeate stream (re-
ference point #1) relatively rich in NO3⁻. Depending on the 
membrane selectivity, this stream is more or less con-
taminated with Cl⁻. The retentate stream (reference point 
#2), relatively rich in Cl⁻, is split (reference point #3) and, in 
order to minimize the fresh water consumption, partly re-
cycled and directed towards the mixer.

In the system, four reference points are distinguished: 

– point #0: where fresh water, the feed stream, and recycled 
water are mixed;

– point #1: water stream after filtration by the membrane 
unit (permeate side);

– point #2: water stream after filtration by the membrane 
unit (retentate side);

– point #3: water stream after splitting, re-entering the 
mixer.

Fig. 1 – General outline of a membrane-based process for the selective recovery of NO3⁻ from a water stream also containing 
Cl⁻. Reference points #0–3 are indicated and further explained in the text.
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The model calculates the NO3⁻/Cl⁻ concentration ratio 
(indicated with the letter R) at the four reference points at a 
range of set membrane selectivity values. This way, we can 
define the NO3⁻ over Cl⁻ permeation membrane selectivity 
required to achieve the desired concentration ratio value at 
reference point #1.

The nomenclature adopted throughout this study is based 
on the use of two indices, the first representing the reference 
point and the second the cycle number. For instance, R2;4 

refers to the NO3⁻/Cl⁻ concentration ratio at reference point 
#2 during the fourth cycle:

=R
NO
Cl

[ ]

[ ]
2;4

3 2;4

2;4

2.2. Mass balance

Fig. 2 shows the basic outline of Fig. 1, complemented with 
all relevant parameters referred to in this study, which are 
reported in Table 1. The volumetric flow leaving point #0 and 
entering the membrane unit remains constant through the 
cycles.

For the first cycle, it has been assumed that the compo-
sition at point #0 is 50% feed stream and 50% fresh water. As 
remarked, after the first cycle, and in order to limit the fresh 
water consumption, some of the retentate stream (Φv(5), re-
ference point #3) is recycled. This fraction (λ) will be varied in 
the simulations from 0.5 to 0 to study the influence of the Cl⁻ 
build-up in the system on the required membrane selectivity. 
Moreover, for all cycles, the fraction of the feed stream en-
tering the mixer has been fixed at 0.5.

2.2.1. First cycle (n = 1)
2.2.1.1. Reference point #0. As mentioned previously, the 
composition at point #0 is 50% feed stream (ε1 = 0.5) and 
50% fresh water (ξ1 = 0.5), resulting in the following 
volumetric flow:

= + = +(1) (2) (3) (1) (1)v v v v v1 1 (1) 

With Ψ and Χ representing the concentration of NO3⁻ and 
Cl⁻ in the feed stream, and M and N the concentration of NO3⁻ 
and Cl⁻ in fresh water, the NO3⁻ and Cl⁻ mass balances read as 
follows: 

Fig. 2 – Outline of Fig. 1, complemented with volumetric flows Φv(1)-Φv(6) and all relevant process parameters. 

Table 1 – List of the parameters used for this study. 

Variable Description Variable Description

Φv Volumetric flow ε1 Fraction of feed stream entering at point #0 for the 1st cycle
Ψ NO3⁻ concentration in the feed εn Fraction of feed stream entering at point #0 for cycle number n  

(n  >  1)
Χ Cl⁻ concentration in the feed ξ1 Fraction of fresh water entering at point #0 for the 1st cycle
Rfeed NO3⁻/ Cl⁻ concentration ratio in the feed: Rfeed = Ψ/ Χ ξn Fraction of fresh water entering at point #0 for cycles number n  

(n  >  1)
Rm,n NO3⁻/ Cl⁻ concentration at reference point #m in 

cycle #n
α Fraction of NO3⁻ removed by the membrane system

M NO3⁻ concentration in fresh water β Fraction of Cl⁻ removed by the membrane system
N Cl⁻ concentration in fresh water γ NO3⁻ over Cl⁻ permeation selectivity of the membrane system: 

α/β
λ Fraction of water recycled
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= +NO M(1)[ ] (1) (1)v v v3 0;1 1 1 (2) 

= +NO M[ ]3 0;1 1 1 (3) 

= +Cl N(1)[ ] (1) (1)v v v0;1 1 1 (4) 

= +Cl N[ ]0;1 1 1 (5) 

Therefore, the NO3⁻/Cl⁻ concentration ratio is defined by:

= =
+
+

R
NO
Cl

M
N

[ ]

[ ]
0;1

3 0;1

0;1

1 1

1 1 (6) 

2.2.1.2. Reference point #1. Reference point #1 is positioned 
at the permeate side of the membrane unit. With α and β 
representing the fractions of feed NO3⁻ and Cl⁻¯ that 
permeate the membrane, the concentration ratio of these 
two ion species is:

= = =R
NO
Cl

R R
[ ]

[ ]
1;1

3 1;1

1;1
0;1 0;1

(7) 

where γ represents the membrane permeation selectivity:

=
(8) 

It can easily be appreciated that γ is indeed a measure of 
the selectivity of the membrane. Indeed, the ratio of the 
number of moles of NO3⁻ and Cl⁻ passing the membrane per 
unit of time, nNO3

and nCl , is given by:

=
n

n
NO
Cl

[ ]

[ ]

NO

Cl

n

n

3 0;

0;

3

(9) 

To normalize this ratio for the effect of concentration, this 
number needs to be multiplied by the inverse ratio of their 
feed concentrations, resulting in:

= = =
n

n
Cl

NO
NO
Cl

Cl
NO

[ ]

[ ]

[ ]

[ ]

[ ]

[ ]

NO

Cl

n

n

n

n

n

n

0;

3 0;

3 0;

0;

0;

3 0;

3

(10) 

2.2.1.3. Reference point #2. Reference point #2 is located 
downstream the membrane unit, as is reference point #1, 
but at the retentate side instead. Here the concentration ratio 
is given by:

= =R
NO
Cl

R
[ ]

[ ]
(1 )
(1 )

2;1
3 2;1

2;1
0;1

(11) 

Because of the hydrophobic nature of the proposed 
membrane, any potential water transport over the mem-
brane is neglected, resulting in a volumetric flow balance of:

=(4) (1)v v (12) 

2.2.1.4. Reference point #3. At this point, stream Φv(4) is split 
into two streams. One is discharged and one is recycled and 
led to the mixer. Given that a fraction (λ) is recycled, the 
volumetric flow balance reads:

=(5) (1)v v (13) 

Compared to reference point #2, the NO3¯/Cl¯ concentra-
tion ratio at point #3 is the same:

= =R R
NO
Cl

[ ]

[ ]
3;1 2;1

3 3;1

3;1 (14) 

2.2.2. Second cycle (n = 2)
2.2.2.1. Reference point #0. The calculations for the 2nd 
cycle, and for that matter for all cycles that follow as well, 
are essentially the same as those for the first cycle. The main 
difference with the first cycle regards the volumetric flow 
balance at the reference point #0, considering that a fraction 
(λ) of the retentate stream (Φv(5)) has been recycled, 
resulting in:

= + +(1) (2) (3) (5)v v v v (15) 

or, expressed slightly differently, in:

= + +(1) (1) (1) (1)v v v v2 2 (16) 

The NO3⁻ and Cl⁻ mass balances are:

= + +NO M NO[ ] [ ]3 0;2 2 2 3 3;1 (17) 

= + +Cl N Cl[ ] [ ]0;2 2 2 3;1 (18) 

where:

= = 0.52 1 (19) 

and

= 12 2 (20) 

Based on Eq. (17 and 18), R0;2 is given by:

= =
+ +
+ +

NO
Cl

R
M NO
N Cl

[ ]

[ ]

[ ]

[ ]
3 0;2

0;2
0;2

2 2 3 3;1

2 2 3;1 (21) 

The expressions regarding reference points #1 to #3 are 
similar to those for the first cycle, as outlined in the next 
sections.

2.2.2.2. Reference point #1

= = =
NO
Cl

R R R
[ ]

[ ]
3 1;2

1;2
1;2 0;2 0;2

(22) 

2.2.2.3. Reference point #2

= =
NO
Cl

R R
[ ]

[ ]
(1 )
(1 )

3 2;2

2;2
2;2 0;2

(23) 

=(4) (1)v v (24) 

2.2.2.4. Reference point #3

=(5) (1)v v (25) 

= =
NO
Cl

R R
[ ]

[ ]
3 3;2

3;2
3;2 2;2

(26) 

3. Results

As evident from Section 2, the calculations require input 
values of a number of parameters. The following four are 
considered the most important ones: 

– The NO3⁻/Cl⁻ concentration ratio in the feed (Rfeed);
– The fraction of NO3⁻ (α) removed at the membrane unit;
– The membrane permeation selectivity (γ) with γ = α/β;
– The fraction of retentate stream that is recycled (λ).

Here we will evaluate the sensitivity of the calculations to 
the value of each of these key parameters on the (equili-
brium) value of R1,n, that is the NO3⁻/Cl⁻ concentration ratio in 
the permeate stream of the membrane unit. The reason to 
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focus on this parameter, R1;n, is that it is a measure of the 
purity of the recovered NO3⁻. All graphs plot R1;n as a function 
of γ. The reason to present the data this way is that our prime 
aim concerns defining the required membrane selectivity in 
relation to the purity of the recovered NO3⁻.

As stated, the values of R1,n relate to steady-state condi-
tions at which the NO3⁻ and Cl⁻ concentrations at reference 
point #1 adopt their equilibrium values. The number of cy-
cles needed to reach equilibrium is independent of the NO3⁻/ 
Cl⁻ concentration ratio in the feed (Rfeed) due to the as-
sumption that the fraction of recovered NO3⁻ is constant, 
and, in this case, arbitrarily set to 0.9. A model including a 
limited NO3⁻ membrane transport capacity affects the re-
sults. Fig. 3 shows R1;n as function of the cycle number for 
Rfeed = 10 (similar data for Rfeed = 0.1 and 1 is shown in Fig. S1
of the Supporting Information). As shown in Fig. 3, steady- 
state is reached already from the fourth or fifth cycle on. 
Note that the decline of R1;n after the first cycle results from 
Cl⁻ building up in the system due to the partial recycling of 
the retentate stream at reference point #3 (Φv(5)). From here 
on, all presented data except those of Fig. 6 refer to the 
equilibrium condition.

3.1. Influence of the NO3⁻/Cl⁻ concentration ratio in the 
feed (Rfeed)

It is expected that the higher the NO3⁻/Cl⁻ ratio in the feed 
(Rfeed), the lower the membrane selectivity required to 
achieve a certain purity of the permeate stream at point #1. 
Calculations confirm this hypothesis. Fig. 4 shows R1;n as a 
function of the membrane selectivity (y) at three different 
Rfeed values, 0.1 and 1 (panel A) and 10 (panel B). The value of 
Rfeed clearly sets a limit to the maximal value of R1;n, that can 
be obtained, even at high separation ratios. For instance, the 
combination of Rfeed = 1 and γ = 10 just results in a modest R1;n 

of approximately 6. Considering a tenfold excess of NO3⁻ in 
combination with the same membrane selectivity, results in 
a tenfold increase of R1;n.

3.2. Influence of the fraction of NO3⁻ removed by the 
membrane unit (α)

In addition to the α/β ratio, the absolute value of α also affects 
R1;n. Fig. 5 demonstrates this effect for α values ranging from 
0.5 to 0.9, at γ values varying from 1 to 10, and for Rfeed = 10 

Fig. 3 – NO3⁻/Cl⁻ concentration ratio in the permeate stream 
(R1,n) in relation to the cycle number for a NO3⁻/Cl⁻ 
concentration ratio in the feed of Rfeed = 10. The numerical 
values of the other parameters used for the calculations are: 
α = 0.9, γ = 3, λ = 0.5.

Fig. 4 – NO3⁻/Cl⁻ concentration ratio in the permeate stream (R1,n) in relation to the membrane selectivity (γ) at NO3⁻/Cl⁻ 
concentration ratios in the feed (Rfeed) of 0.1 and 1 (panel A) and 10 (panel B). In all cases the value of λ was set at 0.5.

Fig. 5 – NO3⁻/Cl⁻ concentration ratio in the permeate stream 
(R1,n) in relation to the membrane selectivity (y) and the 
fraction of NO3⁻ removed at the membrane unit (α) for Rfeed 

= 10. The value of λ was set at 0.5. The arrow indicates the 
direction of increasing α.
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(similar data for Rfeed = 0.1 and 1 are shown in Fig. S2 of the 
Supporting Information). At any given value of γ, the higher α, 
the lower R1;n. The explanation for this somehow counter-
intuitive result is that a higher α implies a lower R0;n at the 
start of the next cycle because stream Φv(5) contains less 
NO3⁻. Fig. 6 shows this effect. As can be concluded from 
Figure 4, R1;n scales linearly with Rfeed, at any given mem-
brane selectivity. Higher α values thus result in lower 
values of R1;n, as shown in Fig. 5 for Rfeed = 10 (similar data for 
Rfeed = 0.1 and 1 is shown in Fig. S2 of the Supporting 
Information).

3.3. Influence of the fraction of water recycled (λ)

Finally, we explore the effect of the fraction of water re-
cycled, λ. From the point of view of reducing fresh water 
consumption, a high λ is desirable. However, λ clearly influ-
ences the concentration of Cl⁻ and NO3⁻ in the system as well, 
with a higher impact on the Cl⁻ concentration due to the NO3⁻ 
recovery at the membrane unit. By implication, the mem-
brane selectivity required to achieve a certain NO3⁻/Cl⁻ con-
centration ratio in the permeate stream (R1,n) is influenced by 
λ. Fig. 7 shows R1;n as function of γ, for λ ranging from 0 to 0.5, 
and for Rfeed value of 10, (similar data for Rfeed = 0.1 and 1 are 
shown in Fig. S3 of the Supporting Information). Suppose we 
aim for R1;n = 50, according to Fig. 7 and without recycling 
(λ = 0), the required membrane selectivity is around 5. This 
number doubles when half of the stream at point #3 is re-
cycled, i.e. with λ = 0.5.

3.4. Application: NO3⁻ recovery from a fertilizer 
production plant effluent

The real-life process parameters referred to in this section 
relate to NPK fertilizer production of Yara in Porsgrunn 
(Norway). Fig. 8 schematically outlines the process of their 
production plant. Part of the process that is actually involved 
in the treatment of the effluent water generated by the fer-
tilizer plant is indicated by the dashed red box (Water Pur-
ification System, WPS). After fertilizer production, the plant 
is cleaned with water and the resulting effluent stream, from 

now on referred to as feed stream of the WPS, rich in NO3⁻ 
and Cl⁻, is sent to a mixer (reference point #0) where recycled 
water is added. At this stage, also ammonia is added to 
precipitate the phosphate present as calcium phosphates, 
which are removed upon settling. After the settler (reference 
point #1), the stream is divided in two equal streams, with 
one stream recycled to the fertilizer plant, and the other sent 
to a scrubber (reference point #2), where gaseous NO2 and 
HNO3 are washed out before being added to the mixer for the 
next cycle. When the chloride concentration reaches a cer-
tain level, all surplus water is discharged (reference point #3).

The amount of (H)NO3 removed by the scrubber is negli-
gible compared to the total amount of NO3⁻ present at re-
ference point #0. For that reason, the model does not account 
for the effect of the scrubber on the NO3⁻ concentration. 
Because of this, the outline of Fig. 8 can be simplified into 
that of Fig. 9. Note that the process now also includes a 
membrane unit for NO3⁻ recovery.

At reference point #0, the feed stream, rich in NO3⁻ and 
Cl⁻, is mixed with fresh and recycled water. The volumetric 
flow of 5 m3/h leaving the mixer remains constant during all 
subsequent cycles. After the settler (reference point #1), the 
stream is sent to a membrane unit responsible for the NO3⁻ 
recovery and producing a permeate stream (reference point 
#2) that is recycled to the fertilizer plant. Depending on the 
membrane selectivity, this stream is more or less con-
taminated with Cl⁻. The Cl⁻ rich retentate stream that results 
from the membrane unit (reference point #3) is split (re-
ference point #4), with one part, after being scrubbed, re-
cycled to the mixer, and the other part discharged.

In the system, five reference points are distinguished: 

– point #0: where fresh water, the feed stream, and the re-
cycled water are mixed;

– point #1: stream leaving the settler before it enters the 
membrane unit;

– point #2: permeate stream after filtration by the mem-
brane unit;

– point #3: retentate stream after filtration by the mem-
brane unit;

– point #4: retentate stream to be recycled after splitting.

Fig. 6 – NO3⁻/Cl⁻ concentration at reference point #0 (R0,n) in 
relation to the cycle number and the fraction of NO3⁻ 
removed at the membrane unit (α) for Rfeed = 10. The α 
values used are 0.9 and 0.5, and λ was set at 0.5.

Fig. 7 – NO3⁻/Cl⁻ concentration ratio in the permeate stream 
(R1,n) in relation to the membrane selectivity (y) and the 
fraction of the retentate stream recycled (λ); for Rfeed = 10; 
the value of α was set at 0.9. The arrow indicates the 
direction of increasing λ.
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Similar to the mass balance model presented in 
Section 2.2, the aim is to calculate the NO3⁻/Cl⁻ concentration 
ratio at the five indicated reference points and during each 
cycle. The fertilizer plant in Fig. 8, Fig. 9 and Fig. 10 is sim-
plified to a unit into which chemicals enter and from which 
fertilizer is produced. More detailed information regarding 
this part of the process is beyond the scope of this study. 
However, one critical parameter is the Cl⁻ concentration in 
the permeate stream (reference point #2), recycled to the 
fertilizer plant; this should not exceed certain levels, de-
pending on the type of fertilizer produced. Given these al-
lowed limit values, the required (minimum) membrane 
selectivity can be determined. Regulation of the Cl⁻ level 

while recovering NO3⁻ and reducing the fresh water con-
sumption was the motivation to perform this study.

3.4.1. Process parameters
Fig. 10 shows the basic outline of Fig. 9, now complemented 
with all relevant process parameters referred to in this study. 
The parameters are listed in Table 2, including their numerical 
values. Whereas the NO3⁻ concentration in the feed entering 
the mixer is fairly constant, 2.1 mol/L, the Cl⁻ concentration 
varies, depending on the grade of fertilizer produced. As was 
the case with the generic model discussed in Section 2.2, at the 
start of each cycle, the volumetric flow at reference point #0 
remains constant. For the first cycle, it has been assumed that 

Fig. 8 – Outline of today’s Water Purification System (WPS, red dashed box) used in the Porsgrunn NPK fertilizer plant. 
Reference points #0–3 are further explained in the text.

Fig. 9 – Outline of the Water Purification System (WPS, red dashed box) proposed in this study, including a membrane unit 
for the selective removal of NO3⁻. Reference points #0–4 are further explained in the text.
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the composition at point #0 is 50% feed stream and 50% fresh 
water. In order to minimize the consumption of fresh water, 
after the first cycle, some of the retentate stream (Φv(5), re-
ference point #3) is recycled to the mixer. As shown in Section 
3.3, the fraction of water recycled, λ, influences the Cl⁻ build-up 
in the system and, with that, the required membrane se-
lectivity (Fig. 7). Decreasing this fraction decreases the required 
membrane selectivity to achieve the same NO3⁻/Cl⁻ ratio in the 
permeate stream at reference point #2. The flip side of the coin 
is, however, that reducing λ requires adding more fresh water 
at point #0, in order to maintain the volumetric flow constant. 
Therefore, a compromise is needed between the water con-
sumption and the required membrane selectivity. For that 
reason, the value of λ was arbitrarily set at 0.3. Regarding the 
fraction of NO3⁻ recovered at the membrane unit, the value of α 
was arbitrarily set at 0.9.

3.4.2. Mass balance
The mass balances follow the ones described in Section 2.2. 
The only difference is that due to a slight water loss at the 
settler (0.35% of the water stream, θ = 0.0035), Equation 20 is 
modified into (for n  >  1):

= 1 (1 )n 1 (27) 

The volumetric flow at reference point #1 becomes:

=(4) (1 ) (1)v v (28) 

3.4.3. Required membrane selectivity
The main purpose of this study is to determine the minimum 
membrane selectivity (γmin) required to maintain the Cl⁻ 
concentration in the permeate stream, recycled to the ferti-
lizer plant, below a certain threshold. As defined by Yara, this 
limit value is either 4.2 or 9.9 mM, depending on the quality 
of the fertilizer produced.

As already remarked, whereas the NO3⁻ concentration in 
the feed is fairly constant, the Cl⁻ concentration varies, ran-
ging from 51 to 200 mM. For that reason, four different 

combinations of Cl⁻ in the feed (X) and Cl⁻ in the permeate at 
reference point #2 were investigated (case A to D, Table 3). 
Combining the mass balance of Section 2.2 with the mod-
ification proposed in Section 3.4.2 for the Yara process, and 
the parameters listed in Table 2, it is possible to determine 
the steady-state Cl⁻ concentrations at reference point #2 
(permeate stream). Fig. 11 shows these Cl⁻ concentration 
values for membrane selectivity values ranging from 1 to 40. 
Given the Cl⁻ concentration limits, indicated by dashed lines 
in Fig. 11, this plot allows the determination of the required 
minimum membrane selectivity (γmin), which values are re-
ported in Table 3.

Lastly, in order to evaluate the influence of water re-
cycling, the selectivity value of 3 reported in Table 3 has been 
used to calculate the Cl⁻ concentration in the permeate 
stream by varying the fraction of water recycled in the WPS, 
λ. As shown in Fig. 12, a larger water saving is at the expense 
of Cl⁻ building up in the system, reflected in a higher Cl⁻ 
content in the permeate.

4. Discussion

The current study is primarily focused on the NO3¯/Cl¯ con-
centration ratio in the permeate (generic model) and the 
absolute permeate Cl¯ concentration of a case study (Yara 
process). As shown, the values of these two parameters are 
determined by the interplay of the NO3¯ and Cl¯ content in 
the feed, the permeation properties of the membrane and the 
fraction of recycled water, to mention the most dominant 
ones. As our research group (Qian et al., 2020, 2022; Sahin 
et al., 2022; Singh et al., 2022; Paltrinieri et al., 2019) and 
others (Kikhavani et al., 2014; Krishna B et al., 2022; Yang 
et al., 2019; Montes-Rojas et al., 2017; Křivčík et al., 2015; Oh 
et al., 2014) work on the development of membranes to dis-
criminate between ion species of the same valence, the 
prime motivation of this investigation was to explore the 
actual required membrane selectivity for a real-life process.

Fig. 10 – Outline of Fig. 9, complemented with the volumetric flows Φv(1)-Φv(7) and the process parameters. Reference 
points #0–4 are indicated, as well as the relevant (steady-state) volumetric flows.
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Given the calculated selectivity values in Table 3, ranging 
from 3 to 30, and the highest selectivity value reported by 
Mubita et al. (2020). of 3, there still is a large margin for im-
provement. The membranes developed by Mubita et al. 
(2020). are heterogeneous anion-exchange membranes with 
low electrical resistance obtained by combining a 

functionalized polymeric binder and three ion-exchange re-
sins, each containing a different functional group consisting 
of either trimethyl, triethyl, or tripropyl ammonium moi-
eties. Within this series, the resin with the most hydrophobic 
functional group, i.e. the tripropyl ammonium, showed the 
highest NO3⁻ over Cl⁻ permeation selectivity, a value of 3. 
However, due to the high water content, around 40–50%, it 
seems rather unlikely that the difference in dehydration 
energy between NO3⁻ and Cl⁻ is the prominent determinant 
of the selectivity mechanism of these membranes. For this 
reason, to match the high selectivity values required for 
cases B, C and D in Table 3, the development of membranes 
that fully exploit the difference in dehydration energy be-
tween NO3⁻ and Cl⁻, may be an attractive alternative. Evi-
dently, this approach requires a hydrophobic membrane. 
Qian et al. (2020, 2022). developed Supported Liquid Mem-
branes (SLM) based on a lipophilic, organic phase im-
pregnated with a borate salt. These SLMs showed a K+ over 
Na+ selectivity, which was attributed to the lower dehydra-
tion energy of K+ (Smith, 1977). Whether this approach can be 

Table 2 – List of the parameters used for the application under study. 

Variables Description Value

Φv(1) Volumetric flow at reference point #0 5 m3/h
Ψ NO3⁻ concentration in the feed 2.1 mol/L
Χ Cl⁻ concentration in the feed max 0.2 mol/L 

min 0.051 mol/L
Rfeed NO3⁻/Cl⁻ concentration ratio in the feed: 

R = Ψ/ Χ
41.2 max 
10.5 min

Rm,n NO3⁻/Cl⁻ concentration at reference point #m and cycle n Output
M NO3⁻ concentration in fresh water 0.26 mg/L 

4.2·10−6 mol/L
N Cl⁻ concentration in fresh water 0.76 mg/L 

2.1·10−5 mol/L
ε1 Fraction of feed stream added at point #0 for the 1st cycle 0.5
εn Fraction of feed stream added at point #0 for cycle number n (n  >  1) 0.5
ξ1 Fraction of fresh water for the 1st cycle 0.5
ξn Fraction of fresh water for cycles number n (n  >  1) number n (n  >  1) Equation 25
θ Fraction of Φv(1) lost due to settling 0.0035
α Fraction of NO3⁻ removed by the membrane system 0.9
β Fraction of Cl⁻ removed by the membrane system =

γ NO3⁻ over Cl⁻ permeation selectivity of the membrane system =

λ Fraction of water recycled 0.3

Table 3 – Minimum membrane selectivity, γmin, at feed 
Cl⁻ concentrations of 51 and 200 mM, required to retain 
the permeate Cl⁻ below 4.2 or 9.9 mM. In all cases, the 
fraction of recycled water (λ) and NO3⁻ recovered (α) was 
set to 0.3 and 0.9, respectively. 

Case [Cl¯]feed (mM) [Cl¯]permeate limit (mM) γmin

A 51 9.9 3
B 51 4.2 8
C 200 9.9 13
D 200 4.2 30

Fig. 11 – Steady-state Cl⁻ concentration in the permeate 
stream, [Cl⁻]2;n, as a function of membrane selectivity, for 
λ = 0.3 and [Cl⁻]feed = 51 mM and 200 mM. Dashed lines 
indicate the concentration limits of 9.9 mM and 4.2 mM.

Fig. 12 – Permeate Cl⁻ content and absolute amount of 
recycled water in relation to the recycled water fraction, 
given a total volumetric flow of 5 m3/h and a (fixed) 
membrane selectivity of 3.
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extrapolated to anion selectivity has to be seen. Moreover, 
apart from the relatively high selectivity, issues still to be 
addressed are the high electrical resistance of SLMs, mainly 
due to the limited solubility of the borate salt in the organic 
phase (NPOE), and leakage of the organic compound into the 
aqueous phase.

Another interesting alternative approach is the one of 
membranes onto which polyelectrolyte multilayers (PEMs) 
are assembled using layer-by-layer technology. For example, 
Yang et al. (Yang et al., 2018) have developed a PEMs mem-
brane with a K+ over Li+ selectivity of 7 for use in electro-
dialysis, and Tekinalp et al. (Tekinalp et al., 2023) have 
demonstrated that this approach can selectively separate Cl⁻ 
and F⁻ from SO4

2⁻.
In the context of the difference between cation and anion 

selectivity, it is worth noting that natural anion channels and 
transporters exhibit relatively low NO3⁻ over Cl⁻ selectivity 
(Zifarelli and Pusch, 2010; De Angeli et al., 2006), whereas 
their cation counterparts can exhibit much higher selectivity 
values, such as the K+ over Na+ selectivity of K+ channels, 
which can be as high as 80 (Mita et al., 2021). In general, 
achieving similar selectivity levels as observed in Nature may 
require design and synthesis at the atomic, angstrom scale 
as, for instance, in the case of metal-organic frameworks 
(Epsztein et al., 2020; Li et al., 2023).

Finally, a word on the incentive of NO3¯ and water re-
covery. One may argue that apart from sustainability, it is 
hard to come up with a solid business case for NO3¯ recovery. 
Indeed, NO3¯ is not a particular expensive chemical (e.g. urea 
ammonium nitrate price: 687.5 €/Mt on the 28/11/2022 (“Urea 
Ammonium Nitrate - 2022 Data - 2012–2021 Historical - 2023 
Forecast - Price.”), but there is certainly more to say about the 
economics involved. First, fertilizer production is associated 
with enormous energy consumption. More than 1% of the 
worldwide produced energy is used to fuel the Haber-Bosch 
process (Capdevila-Cortada, 2019), i.e., the reduction of N2 to 
NH3, a key compound for fertilizer production. Secondly, in 
order to promote a healthy environment, (European) legis-
lation moves in the direction of zero discharge (“River basin 
management - Water - Environment - European 
Commission.”, 2022). Therefore, it is believed that salt dis-
charge will turn out costly in the near future, and investment 
in water purification systems mandatory. Even more, be-
cause nutrient recovery implies water savings as well.

5. Conclusion

Here we show the general outline of a membrane-based 
process aiming to combine NO3⁻ recovery from a waste 
stream also containing Cl⁻ with water saving. The key pro-
cess parameters were identified as the NO3⁻/Cl⁻ ratio in the 
feed (R), the fraction of feed NO3⁻ that is recovered (α), the 
fraction of recycled water (λ), and the NO3⁻ over Cl⁻ permea-
tion selectivity of the membrane (γ). For instance, increasing 
the fraction of recovered NO3⁻ (α) or the fraction of recycled 
water (λ) both decrease the purity of the recovered NO3⁻. 
Process optimization, therefore, asks for prioritizing aims. 
When applied to a real-life process, four combinations of 
process parameters were evaluated, resulting in membrane 
selectivity values ranging from 3 to 30, while assuming that 
90% of the NO3⁻ is recovered and 30% of the water recycled. 
Experimentally, the most serious challenge is developing 
membranes with high selectivity. One of the strategies dis-
cussed to achieve such high values is based on exploiting the 

difference in dehydration energy between NO3⁻ and Cl⁻, and 
for this reason, we hypothesized that the membrane used in 
the process is hydrophobic.
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