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Transmembrane chemical absorption technology for ammonia recovery

from wastewater: a critical review

Abstract

Technologies for resource recovery from wastewater have drawn the world’s attention.
Recovering nitrogen contained in wastewater offers an opportunity to produce alternative
fertilizers for agriculture instead of conventional treatment. Transmembrane chemical
absorption is a promising process based on hydrophobic membrane contactors to recover
ammonia from wastewater to produce an ammonium-based product. This review critically
explores the process principle, modelling approaches, membrane materials and system
configurations, mass transfer characterization, elucidation of the undesired phenomenon of
water vapour transport and a particular focus on influencing operating conditions. Ammonia
could be recovered from a wide range of waste, including digestate, urine, manure or
industrial effluents. The pretreatment of the wastewater, as well as membrane fouling and
wetting, are identified as major challenges facing this technology. Operating experience with
full and pilot-scale plants is analyzed to assess present and future research questions regarding

this emerging technology.

Keywords: ammonia recovery, hydrophobic membrane, wastewater, nutrient recovery,

fertilizer
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1. Introduction

Wastewater is progressively considered a resource of water and nutrients to face water
scarcity and the perturbation of nutrient cycles by human activities. A paradigm shift in
wastewater handling and treatment system design is encouraged. While treatment
technologies are continuously advancing to address new challenges, wastewater treatment
plants are likely to be transformed into resource recovery facilities [1]. Whereas technologies
for phosphorus recovery are progressively implemented on sludge streams, very few
applications are still visible for nitrogen recovery. It is, however, demonstrated that nitrogen
recovery is one of the most critical challenges for the future to make wastewater management
less environmentally impacting and provide a sustainable solution for future proteins
production [2].

The technology of TMCS gained significant attention among other membrane-based
processes applied for nutrient recovery. The term TMCS was initially used for
TransMembraneChemiSorption, but it should be mentioned that there is no chemisorption
mechanism in this process. It should be more accurately defined as TransMembrane Chemical
abSorption [3]. TMCS is also known as membrane stripping [4], supported gas membrane
(SGM) [5], gas permeable hydrophobic membrane [6], gas-membrane absorption (GMA) [7]
or use of a hollow-fibre membrane contactor for ammonia recovery. This process 1is
particularly interesting since hydrophobic membranes allow the specific transfer of ammonia
from waste streams and recovery in a valuable ammonium salt fertilizer. TMCS offers several
advantages such as a high transfer surface area, relatively low pressure compared to other
membrane applications and negligible contamination in the recovered product [8,9].

Researchers reviewed recent advancements in processes developed for nutrient
recovery from waste streams [10-12], from digestate [13] and human excreta for subsequent
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agricultural applications [14,15]. Hou et al., (2019) [16] provided a critical review about
hydrophobic membranes applied to gas extraction, delivery and hybrid processes from
wastewater. More specifically about ammonia recovery, critical reviews were focused on the
treatment of side-streams of WWTPs [17], manure [18] or membrane-based processes [19].
Darestani et al., (2017) [20] reviewed specifically the current status of hollow-fibre membrane
contactors and highlighted its specific application for ammonia recovery from wastewater. It
was recommended to focus upon a greater understanding of the process engineering involved.
Despite all the promising results, there is still a lack of critical review concerning the different
configurations and applications of TMCS, as well as the impact of influencing parameters and
modelling studies.

In this context, the following review aims to present recent advances in
transmembrane chemisorption technology from waste streams, highlight state-of-the-art
successful applications and modelling studies. In particular, the effect of operating conditions
on transfer efficiency, a critical elucidation and homogenization of mass transfer
characterization, recommendations for process scale-up and research perspectives for the

TMCS process are addressed.

2. Principle and theoretical concept

TMCS is a membrane-based process that allows transferring ammonia from an aqueous
stream to another through a hydrophobic membrane.

Total ammonia nitrogen (TAN) refers to the sum, in an aqueous solution, of free
ammonia NH3 and ionized form ammonium, NH4", whose ratio is controlled by dissociation

equilibrium (1):



_ INH,] - [H"] (1)

K
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where K. is the acid dissociation constant for ammonia equilibrium.”

Two-film theory can be applied in the case of a porous membrane if membrane resistance is
considered [21]. In TMCS, the dissolved ammonia (NHj3(q) diffuses across a first boundary
layer (61) from the feed bulk to the liquid-gas interface at the pore entrance. Then, NH3q)
volatilizes at the liquid-gas interface and ammonia gas (NHj3()) diffuses into the air-filled
pores of the hydrophobic membrane. Finally, NH3() is dissolved into the acid solution in
which it reacts instantaneously with the protons of the solution on the gas-liquid interface
(Figure 1). In the two-film theory, equilibrium at the gas-liquid interface is assumed, and
partial pressure (Pnu3) and concentration (Cnnz) at the interface can be calculated with
Henry’s law. Nitric and phosphoric acids [9,22-24] can be used as a stripping solution, but
sulfuric acid is the most commonly used, producing ammonium sulphate (2), a well-
established fertilizer.

2 NH; + H,S0, — (NH,),S0, )

The mass transfer can be expressed by considering a resistance-in-series model [5,25—
28]. The overall mass transfer coefficient (Kov) can be calculated as the sum of individual
coefficients in a three-resistance model: (i)liquid film on shell side (1/ks), (ii)membrane

resistance (1/km) and (iii)lumen side (1/kj).

t_tr, 1.1 3)
Kov ks km kl

Resistance at the acid side (ki) is generally considered negligible because ammonia is
protonated in contact with the acid side and reacts extremely rapidly with the acid in the

boundary layer at the membrane surface [5,28]. The rate constant of chemical reaction (2) is



several magnitudes greater than the mass transfer coefficient [29], then the process will be

controlled by the ammonia diffusion in the feed stream and membrane pores.

For assessing the performance of the TMCS process, it is common to consider that the overall
mass transfer coefficient is mainly influenced by the resistance on the liquid side of the feed

solution and membrane resistance.

The driving force of the mass transfer in the TMCS process is the gradient of ammonia partial
pressure between feed and stripping streams [24,28,30-34] as a result of the concentration
difference across the membrane. A key parameter for an efficient ammonia transfer is the
maximization of free ammonia fraction that can be promoted via appropriate pH and
temperature control. Vecino et al., (2019) [24] defined the ammonia flux (Jxuz, Kmol m? s!)

as expression (4).

bulk feed stripping solution
_ Kov - (Pyus — Pnns ) “)
Jnus = R-T

Where Kov (m s!) the overall mass transfer coefficient that combines all the theoretical

. bulk feed stripping solution . .
resistances (3); Pypus feed (atm) and st (atm) are the ammonia partial

pressures of the feed and stripping solution; T (K) is the temperature and R (atm m® Kmol! K-
1) the ideal gas constant. The ammonia flux (Ja) is frequently expressed with the following

simplified expression, considering the ideal gas law (Pa = Ca -R- T).
Ja = Koy - (CZulk feed _ C;) ®)

Where Kov the overall mass transfer coefficient that combines all the theoretical resistances
(3); CaPUlk feed the ammonia concentration in the bulk feed solution and Ca* the ammonia

concentration at the gas-liquid interface (acid side) that would be in equilibrium with the



dissolved ammonia in the bulk acid, which will be equal to zero because ammonia is

stripping solution

instantaneously protonated in contact to the acid stream at low pH (pyps3 K
bulk feed . . . oy e . .
PnH3 ). This is a valid assumption when acid is in excess to ensure the reaction. The

increase of membrane area increases the ammonia transfer rate as it can be inferred from
equation (5).

In general, the mass transfer coefficient, Ktan (6), can be determined based on total
ammonia/ammonium concentration when TAN concentrations are considered [5,35—40]. Kra
(7), if free ammonia fraction (FA) is considered [38,41,42,30,43—45]. Less frequently, Krag

(8) can be calculated based on free ammonia gas (NH3-N(g)) also considering Henry’s constant

(H) [46].
Jran = Kran - (C?%’;{ ) (6)
bulk feed .
Jra = Kga - FA (CNLIfls—fI\?e(aq) — Cnuz-n (aq)) 7

bulk feed *
Jrac = Kpag - FA-H- (CNZ3—€:Z;) — Cymz-n (9)) )

These equations simplify the driving force of mass transfer to the concentration
difference at the liquid-gas interface and the bulk solution. However, this difference is not
considered constant along membrane contactor for ammonia concentrated solutions.
Alternatively, the logarithmic mean concentration difference, ACim (9), can represent an
average concentration by considering the ammonia concentration at the inlet and outlet of the
contactor.
©)

* *
AC _ (CTAN,feed in — C TAN,feed in) - (CTAN,feed out ~ C TAN,feed out)
LM —

*
In CTAN,feed in C TAN,feed in
*
CTAN,feed out ~ C TAN,feed out




As explained before, Ci* is equal to 0, substituting in equation (9) the logarithmic

mean difference will be the same for the case of counter or co-current flow.

3. Membrane typologies and process classification

Depending on the objective of the application, several configurations for membrane
contactors are possible, alternating between pressurized membrane vessels [40], submerged
membrane modules [30,47], using multiple membrane modules connected in series [48,49] or
even placed in the headspace in order to recovery free ammonia gas from the air [46,50].
While most of the current TMCS studies focused on lab-scale applications, only three full-
scale plants have been operating [49,51,52]. The membrane module provided by Membrana

GmbH-3M company is the most widely extended (Figure S.1).

In Table 1, we proposed a classification of the different TMCS membrane technologies based
on material, geometry and stream flows. Hydrophobic membranes used in TMCS are mainly
made  of  polypropylene (PP), polytetrafluoroethylene (PTFE), expanded
polytetrafluoroethylene (e-PTFE) and polyvinylidene fluoride (PVDF). Poly(4methyl-1-
pentene) (PMP) has recently been study for ammonia removal application. PTFE is the most
common material for hydrophobic membrane applications because of its high thermal stability
and chemical resistance compared to PVDF and PP, which is less expensive [16]. Two
laboratory-scale studies indicated that PTFE could have better behaviour against fouling than
PP [53,54] (see 6.2). The first use of PMP material showed promising results [34], obtaining

similar ammonia recovery efficiency compared to other cited materials. However, little
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information is found comparing the performance of mentioned materials in TMCS facility
with similar geometry and operating condition.

Three types of membrane geometries were used: hollow-fibre, flat-sheet and tubular
membrane. Feed and stripping streams were circulated in co-current or countercurrent, on
lumen or shell side for tubular membrane and hollow-fibre, with or without recirculation.
Feed or stripping solution can be stored in a vessel while the other stream is pumped through
the membrane. Combining these criteria, twelve different configurations were distinguished
(Table 1).

The most common reported set-ups concerning streams arrangement in the membrane
module are: (i) feed flows in lumen side, and stripping solution in shell side; (ii) feed flows in
shell side, and stripping solution in lumen side; (iii) fibres are submerged in a vessel
containing the feed solution, and stripping solution flows inside the fibres. Most authors
agreed on the acid recirculation and the addition of concentrated acid to ensure the transfer
and reaction, obtaining a concentrated solution of an ammonium salt [24,42,46,49,55].

The influence of the placement of the feed and stripping solutions is little studied.
When options (i) and (ii) were compared, Hasanoglu et al., (2010) [25] found higher ammonia
removal when the feed stream was flowing in the shell side and the stripping stream in the
lumen side. In the case of disposition (iii), Wéaeger-Baumann et Fuchs, (2012) [38] compared
the impact on the mass transfer coefficient when anaerobic digestate (feed solution) was
flowing in lumen side and sulfuric acid (stripping solution) was stored in the vessel, and
inversely. They obtained a coefficient 1.5 times higher when feed solution was flowing in the
lumen side, but an additional step of ultrafiltration was necessary as pretreatment to avoid
solid pore blocking of the hollow fibres. Up to now, this study was the only one of the options

(ii1) and feed stream flowing inside the fibres.
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There is no general choice of the polymer and configuration. The selection will
depend on the type of feed and process. First pilot-scale treating digestate adopted
configuration 1 (Table 1), where feed is recirculated inside the fibres of a hollow-fibre
contactor after an ultrafiltration step. However, all full-scale applications treating digestate
have chosen configuration 5 (Table 1) with a PP hollow-fibre module and stripping solution
recirculation, reducing the filtration step necessary to flow inside the fibres. In addition, the
feed could be treated in a single pass if enough membrane surface is provided. Otherwise,
several pilot-scales facilities have adopted configuration 9 (Table 1), where membrane
contactors are directly submerged in the feed tank. This system could avoid all the
pretreatment steps of the feed. However, the ammonia recovery efficiency reported was
lower, maybe because the difficulty to adapt the feed conditions to the pH and temperature
required to maximize NH3 form. This configuration can present a significant interest for

ammonia mitigation in livestock operations.

4. Process configuration, mass balance and mass transfer coefficients

determination

4.1. System a: External membrane contactor without feed recirculation

For a set-up where feed flows in an open-loop system (Figure 2a), the overall mass transfer
coefficient is determined based on a mass balance (10) in the feed flow along the membrane
module [56]. This balance can be applied to configurations 3, 5 and 12 (Table 1). It is also
assumed that the acid concentration is always in excess to ensure the ammonia reaction (2)

without the influence of the acid recirculation.
—Q dCrany = Kran (CTAN,feed - CI*"AN, feed) dAy (10)
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Where Q stands for the flow rate of the feed stream; Awm is the membrane surface (interfacial
area of mass exchange); Cran, feed 1S the concentration of ammonia in the membrane
contactor, C*N.NH3, feed 1S the ammonia concentration at the gas-liquid interface (acid side) that
would be zero (see 2).

The integration and linearization of expression (10) with the substitution of boundary
limits of the differential area, A varies between 0 and Am and concentrations between Cran,

feed in ANd CTAN, feed out, allow to obtain the overall mas transfer coefficient Kran.

Cranfeedi Ay
In <—ee = = Kran 7 (11)

CTAN,feed out

Where CraN, feed in and CTaN, feed out are the ammonia concentrations of the feed before and after
their passage through the membrane contactor, respectively (Figure 2a).
Awm can be expressed when feed flows inside the fibres in terms of the inner diameter

of the hollow fibre (D;), number of fibres (Nf) and fibre length (L):
Ay = Ny D; L (12)

And the flow rate as a function of cross-sectional area (S= © Di*/4) and the speed of the feed

in the section (v):
Q =N¢Sv (13)

Combining equations (11), (12), (13) and a, the interfacial area per unit volume of the fibre

4/D;j, equation (11) is expressed as:

CTAN feed in > al
In| —L22 ) = Kppy —
(CTAN,feed out AN v (14)
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When feed flows in the shell-side, Di can be replaced for the hydraulic diameter (Dn). In the
case of a cross-flow hollow fibre membrane module (Figure S.1), Dy is calculated by equation
(15):

diy — di — NeDf

Dn = =35 (15)

Where dn, is the inside diameter of the cartridge and d; is the outside diameter of the centre

feed.

4.2. System b: External membrane contactor with feed recirculation

In this set-up, feed is recirculated in a tank. We assumed uniform mixing in the tank and acid
concentration always in excess to ensure the ammonia reaction (2), then the recirculation of
the acid stream does not influence the mass transfer, and the co/countercurrent flows either.

The mass balance on the feed tank is written as expression (16):

VE Crantank = Q (Cran,feed out — Cran,tank) (16)

Where Cran, tank 1S the concentration of ammonia in the tank.
After integrating mass balance (16) with the substitution of boundary limits of time
and concentration (t=0, Cran, tank = CTAN, tank, 10; t=t, CTAN, tank = CTAN, tank, 1) and replacing Cran,

feed out from equation (14) we obtain:

n (Cravsene, ) _Q () -Kravely
. =2 (1-e (17)

CTAN,tank, t

This balance was reported in configurations 1, 7, 11 and 12 (Table 1).
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Another overall mass transfer calculation approach is based on mass balance (18)
applied to the feed tank. It is also assumed uniform mixing in the tank and acid concentration

are always in excess to ensure the ammonia reaction.

d
—VECTAN,tank = AKran (Crantank — Cran feea) (18)
Where Cran, wnk 1S the concentration of ammonia in the tank, thus the inlet concentration of
ammonia in the membrane contactor, C*1an, feed 1S €qual to zero, as we explained before.
The integration and linearization of expression (18) allow to obtain the overall mas

transfer coefficient Ktan, equation (19):

Cran tank (t) AKran
ln<— :_T.t (19)

CTAN,tank (to)

This balance was reported in configurations 1, 2, 6, 9, 10 and 12 (Table 1).

There is no general agreement in using the two approaches; comparisons of mass transfer
coefficients with other studies should be carefully made in function of the calculation method.
Figure 3 shows the comparison between the calculation methods. In equation (19), Cran, feed 1S
considered constant along the membrane module instead of considering the decrease of this
concentration with the transfer, as mass balance (10) described. Consequently, higher mass

transfer coefficients are obtained with equation (19).

4.3. System c: Membrane contactor submerged in the feed solution

In the case of a system with the membrane fibres submerged in a tank (Figure 2¢) containing

the ammonia solution (configuration 4 or 9, Table 1), CtaN, the feea Will be constant along the
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membrane module if an ideal stirred-tank is assumed. In this case, equation (19) can be
applied.

Several authors arranged mass balance (18) [38,30,43,44] to calculate the overall mass
transfer by quantifying the transferred ammonia (m) from the feed tank.

dCTAN, tank (t) (20)
= 4
dt

dm

Substituting Ctan () from the integration of mass balance (18):

_AMKTAN. (21)
Crantank (t) = Cran tank (to0) " € ( 4 t)

Finally, the rearrangement and integration of expression (20) and (21) allows to obtain the
mass transferred and thus Kran, expression (22). It has to be noted that this equation allows

calculating the same mass transfer coefficient as equation (19).

—KranAm, 22
M= CranganeV (1—e 7))

For the same system but using a tubular membrane (configuration 9, Table 1), Samani Majd
and Mukhtar, (2013b) used a less common approach. They first calculated ammonia fluxes
(Jnu3) based on the measured concentrations of NHjs(g) captured in acid solution, NH3(g) was
calculated from Anthonisen relation (fraction N-NHj3(q) and Henry’s law (N-NHj3()). Then,
they applied equation (8) to obtain Krac. Riafio et al., (2019) [45] calculated the overall mass
transfer coefficient similar to Samani Majd and Mukhtar, (2013a) but with aqueous free
ammonia concentration.

Kranis generally used in last expressions, but all mass balances can be calculated as a

function of the different mass transfers coefficients described in section 4. Careful attention is
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needed concerning mass transfer coefficient expressions, Kga is often mistaken with Krtax in

the literature.

Figure 3 illustrates Ctan, tankty OF CTAN, feed out Using the explained calculation methods to
compare systems a, b and c. As there is no feed recirculation in system a, the TAN
concentration after one passage in the membrane contactor is illustrated for the same flow (Q)
and feed volume (V) as systems b and c. In system c, if the ideal stirred-tank is assumed, the
concentration gradient will be higher than the other systems (Equation (19), Figure 3).

If Cran, feea is considered constant along the membrane module, there will be no
difference between the three mentioned systems (grey line, Figure 3). However, if the
decrease of Ctan, feed in the module is considered as equation (17) described, the mass transfer

coefficient obtained will be lower in the case of system b (discontinuous line, Figure 3).

In Table 2, coefficients and equations are homogeneously summarized, independently of the
nomenclature found in their corresponding article. All the mass transfer coefficients were
obtained in studies at lab-scale except for two pilot-scale plants [45,57], and they were not
remarkably higher than lab-scale coefficients. Further information concerning full-scale plants

is needed to evaluate the effect of scale-up in mass transfer coefficients.

4.4. Modelling studies for predicting transfer coefficients of TMCS

Several models simulated the ammonia transport for membrane contactors operated with the
feed stream flowing in shell side or lumen side (Table S.1). Mass transfer resistance of the
acid side was considered negligible, independently if it was flowing in the shell or lumen side.
Davey [3] confirmed this assumption experimentally by varying the concentration of the

stripping solution from a (NH4")2:S04* molar ratio of 0 to 1.5, the overall mass transfer
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coefficient decreased significantly for the molar ratios higher to 1. However, no impact was
found when acid was in excess.

When feed stream was flowing in shell side, mass transfer coefficient (ks) can be
estimated from empirical correlations based on the dependency of Reynolds (Re), Schmidt
(Sc) and Sherwood (Sh) numbers. There is a multitude of empirical correlations for a hollow
membrane contactor [56], but only ammonia removal studies were summarized in Table S.1.
In a hollow-fibre contactor, membrane mass transfer coefficient (km) depends on membrane
tortuosity, porosity, the fibre's wall thickness, and the diffusion coefficient of ammonia in the
gas within the pores [3,5,25,28].

Different approaches were found concerning the mechanism of ammonia diffusion
within the membrane's pores. It could be described as Knudsen diffusion [5,58] or a
combination of Knudsen and bulk diffusion [58-60,31], depending on the size of the pores
[61]. Hasanoglu et al., (2010) [25] did not obtain any difference in transport description by
using indistinctly Knudsen or bulk diffusion in their model. However, Rezakazemi et al.,
(2012) [58] compared a 2D mathematical model to the experimental results considering bulk
diffusion and the combination of Knudsen and bulk diffusion. Knudsen was not predominant,
but it slightly improved the accuracy of model predictions.

In a hollow-fibre contactor, when feed was flowing in lumen side under laminar flow
conditions, mass transfer coefficient (ki) was predicted via the well-known Leveque equation,
which is based on the correlation between Sherwood and Reynolds, Schmidt, Gratz (Gz)
numbers [28,62] or via Leveque expanded equation as a function of axial coordinate [5]. Gz

number has to be higher than 6 to use these correlations [26].
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Membrane and feed resistance will control the ammonia transfer. Nevertheless,
calculating the theoretical coefficients is a complex task, and most authors prefer to measure

the overall mass transfer coefficients from experimental systems.

Another approach of mass transfer 2D modelling is the resolution of conservation equations
for feed side and membrane pores [60] considering molecular, and Knudsen diffusion, as well
as the adsorption et desorption at the walls of the membrane pores during the transport
through the membrane. The application of computational fluid dynamics (CFD) models was

also studied [58,63].

5. Influencing parameters and optimal design

5.1. pH and temperature
The pH has a major role in TAN equilibrium, and it is one of the most critical factors
determining TMCS performances [37]. Free ammonia fraction (FA) can be calculated using
equation (23):

1

FA = 1 + 10(®Ka—pH)

(23)

where pK., is the logarithmic dissociation constant (K.) of ammonia calculated as equation

(24) [64]:

—6209
Ka=0637-eC1 )

(24)

where T is the temperature in Kelvin.
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Not only the ammonia-ammonium equilibrium is highly dependent on pH but also on
temperature and ionic strength. At pH higher than 9, the temperature has a pronounced effect
on NH3/NH4* ratio: the ammonia fraction increases from 0.06 at 0 °C to 0.74 at 50 °C (pH 9).

Several authors studied the influence of feed stream pH on the ammonia recovery and
mass transfer coefficient (Table S.2). An increase on overall mass transfer coefficient Kran
(Figure 4a) or ammonia removal was reported when pH increased from 8 to 10-11
[3,8,35,36,42,55,60], but it was not the case for pH values higher than 10 [8,31] or 11 [28,37].
This is logical when the transfer is defined on the total ammonia nitrogen, as the NHj
concentration (for a given TAN) increases significantly in pH 8-11 but no longer for pH
higher than 11. When the transfer is determined on the basis of Kra (Figure 4b.), the
coefficient should become theoretically independent of pH [41,42]. However, Figure 4b.
illustrates that Kga is a function of pH for values lower than 11 with an increasing [3,28] or
decreasing [37,38,44] tendency. Therefore, using mass transfer coefficients to compare
different TMCS performances for pH values lower than 11 is not appropriate if pH is not

indicated in the study.

Increasing the temperature of the feed stream before entering into membrane contactor is
beneficial for ammonia extraction. At least three explanations can be cited: the first is the
modification of gas-liquid equilibrium (decrease of Henry’s Constant), which promotes
ammonia volatilization; secondly, the augmentation of diffusion coefficients of NH3 at a
higher temperature; thirdly, the modification of the acid-base equilibrium
(ammonium/ammonia pKa decreases with increasing temperature) which promotes NHj

fraction and hence the ammonia recovery.
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The influence of temperature on ammonia removal was evaluated in several studies
[25,42,48,55]. All authors confirmed an increase of ammonia removal with higher
temperatures, between 20 °C and 40 °C. In addition, an apparent increase of Kran [38]
coefficients was found with the increase of temperature. Concerning Kra, it remained steady
in the study of Wieger-Baumann and Fuchs (2012) at pH 8.6, but it exponentially increased
in the study of du Preez et al., (2005) [42] at pH >10 (Table S.2). This is logical because the

temperature at low pH has a lower impact.

5.2. Effect of feed stream liquid velocity

The influence of feed velocity on the mass transfer coefficient was included in mentioned
mass transfer correlations (Table S.1), as part of the Reynolds number. Mass transfer
coefficient increases with the increase of velocity. This fact was experimentally observed in a
hollow-fibre contactor [37,39] and can be explained by the reduction of the boundary layer
close to the membrane surface with the increase of velocity [37]. However, it is also
associated with a reduction of liquid retention time, decreasing the removal efficiency. At a
full-scale plant, Ulbricht et al., (2013) [49] confirmed that the increase of flow rate increases
the absolute NH3 transferred but decreases the total ammonia removal efficiency. In contrast,
the systems are operated with recirculation of the feed stream in most lab-scale studies, which
can compensate this loss of efficiency.

From a modelling study, Mandowara and Bhattacharya (2011) predicted an increase in
ammonia removal with the flow rate increase (configuration 2, Table 1). Nevertheless, it was
observed that the impact on ammonia removal became negligible for a velocity higher than
0.15 m s!. In conclusion, increasing feed flow rate enhanced mass transfer in the given

ranges, reducing the liquid resistance at the membrane-feed solution interface. However, the
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mass transfer coefficient became independent of feed flow rate above a specific value. The

mentioned studies about feed velocity impact are found in supplementary data (Table S.3).

5.3. Influence of initial ammonia concentration

Contradictory results about the effect of initial ammonia concentration on the removal
efficiency and the mass transfer coefficient have been reported. Theoretically, the transfer rate
is expected to be proportional to the initial concentration (eq. (6)-(8)), but the mass transfer
coefficient should be independent of the initial concentration.

Several studies did not find any significant influence of the initial ammonia
concentration on mass transfer coefficient [3,28,35,37,60] or ammonia removal [45,62].

However, more surprisingly, a decrease in the overall mass transfer coefficient was
obtained when ammonia concentration increased [36,39,30,57]. This decrease of mass
transfer coefficient with higher initial concentration was attributed to the increase of viscosity
of concentrated solutions [28]. Although the independence of mass transfer coefficient from
initial concentration was theoretically supported [59,62], further research is needed to clarify
this impact. Indeed, the impact of increasing salinity with higher concentrations should also

be considered. Table S.4 summarizes the primary information concerning cited studies.

5.4. Effect of salinity on feed solution

The influence of salinity in the feed stream has been poorly studied. Ashrafizadeh and
Khorasani (2010) studied the effect of four salinity concentrations (0, 0.5 M, 1.0 M and 1.5M)
on the overall mass transfer coefficient with a synthetic solution with an ammonia
concentration of 800 mg L. They did not find a significant effect on the mass transfer

coefficient in the studied range of salt concentration.

22



The presence of ionic species in aqueous solutions can cause deviations from the
“ideality” of the system due to intermolecular forces involved. To describe properly the
equilibrium of a dissolved compound in presence of salts, activities should be used instead of

concentrations.

5.5. Stripping solution: nature, concentration and liquid velocity.

On the acid side, conditions are usually chosen for maintaining a very low pH (< 2) through
the membrane system to ensure an excess of protons reacting with free ammonia.

Diluted sulfuric acid is widely extended as a stripping solution; reported
concentrations ranged from 0.001 M [55] to 1.3 M [5]. Nitric or phosphoric acids have drawn
attention to producing fertilizer such as ammonium nitrate or ammonium phosphate. In

function of the pH of the acid solution, different ammonia products could be obtained [65]:

2NH; + H,S0, —» (NH,),S0, 2)

For I<pH <3
NH3+HZSO4 —>NH4SO4 (25)
2 NH3 + H;S0, — (NH4);S0, 2) For pH > 3
NH; + H;PO, - NH,H,PO, (26) For pH <2
NH; + H;PO, - NH,H,PO,

For2 <pH <7
2 NH; + H3;P0, - (NH,),HPO, 27)
NH; + HNO; - NH,NO, (28)

Several authors have studied the impact of the stripping solution's nature, concentration, and
liquid velocity on ammonia removal. A summary is available in Table S.5; pH values of the

stripping solutions were calculated from the acid concentrations reported in each article.
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Vecino et al., (2019) [24] compared two stripping solutions, HNOs, H3PO4 and a
mixture of both acids. The highest ammonia removal was obtained with the stripping solution
with a higher pH value corresponding to H3POs. Lai et al., (2013) [66] obtained higher
removal from synthetic wastewater with the use of H>SO4 (pH 0.4) than with H3PO4 (pH 1.3)
in a flat-sheet membrane; Damtie et al., (2021) [65] also found higher ammonia recovery with
H>SO4 (pH 0.7) comparing to HNO3 (pH 0.70), HoPO4 (pH 1.5) and a blend of these three
acids. On the other hand, Nagy et al., (2019) [23] and Sancho et al., (2017) [22] did not find
any significant difference using different acids, even if both solutions did not have the same
pH value of the stripping solutions (Table S.5).

Hasanoglu et al., (2010) [25] studied the effect of H>SO4 concentration (0.1 M - 0.3
M) and velocity on the recovery of ammonia for two different membrane contactors: flat-
sheet and hollow-fibre. In the flat-sheet module, acid concentration did not seem to
significantly influence the process for a high flow rate (99.9 L h'!). However, at a lower flow
rate (46.9 L h'') and highest acid concentration (0.3 M), ammonia removal slightly decrease,
which could indicate an influence of acid concentration on the boundary layer when the flow
rate is lower [25]. In the hollow-fibre module, when the flow rate was fixed at 120.0 L h'!,
they did not find an effect of acid concentration (0.1 — 0.3 M) on ammonia removal.

The impact of acid velocity and concentration on mass transfer coefficient was also
studied [3,8,37]. Acid concentration did not significantly impact mass transfer or ammonia
removal if the acid concentration was in excess. It could confirm that the reaction between
ammonia and acid occurs at the interface of the acid stream in contact with the surface of the
membrane [62].

However, Damtie et al., (2021) [65] found an optimal concentration of 0.01 M and

0.02 M for H>SO4 and H3POs, respectively, in the studied range of 0.005-0.6 M. The diluted

24



and concentrated solutions showed less ammonia captured. This could be linked to the fact
that the pH quickly increased in the case of the diluted acid and the possible effect of viscosity
in the case of concentrated points. In addition, the progressive increase in ammonium sulfate
of the stripping solution did not show any impact on the mass transfer coefficient for
(NH4)2S0O4 concentrations from O to 37 wt% [3].

To sum up, the velocity of the acid stream did not have a clear impact on ammonia
removal, indicating that the resistance in the boundary layer of stripping solution is negligible
in the studied acid velocities. Acid concentration is feed-specific; the concentration should be
chosen to maintain an excess that ensures ammonia gradient across the membrane. The
impact of the viscosity on ammonia removal in the case of higher acid concentrations needs
further investigation. Furthermore, even if sulfuric acid is the most used one, contradictory
results were found concerning the use of other acids. Comparisons were made on ammonia
removal or mass transfer coefficient measurement. However, the impact of the nature of acid
and concentration on vapour pressure and water transport was not evaluated, whereas the
difference between feed and stripping solution is a driver of ammonia and water vapour

transport (studied in 6.1).

6. Limiting factors

6.1. Water vapour transport

Undesired water vapour could diffuse through the membrane pores, negatively affecting the
recovery process, diluting the acid stream and increasing the acid requirements. The reported
influence of the temperature, feed flow rate, and type of stripping solution in water vapour
transport [24,36,49,55] is summarized in Table S.6. Water transport can be measured

experimentally by a mass balance in the acid solution and also taking into account the
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ammonia transfer. If water vapour transport occurs, the volume of acid solution will increase
[24,55].

Vecino et al., (2019) [24] reported that water vapour flux depends on the partial
pressure difference between feed and stripping solution and the membrane permeability.
Considering Raoult’s law and non-ideality of the solution, where activities coefficients are
different from zero, water vapour flux through the membrane (Jw, L m? h') could be

described by equation (29) [24]:
Jw = Bu( pCVwawaf - p:vanaXWa) (29)

Where Py, is the permeability of water vapour, p°w the water vapour pressure, yw the water
activity coefficient and xw the water mole fraction. The feed stream is represented by “f” and
the acid stream by “a”.

They also quantified the water vapour flux experimentally by measuring the water
transported from the feed tank to acid solution, in function of the type of acid used: H3POs,
HNOs3 and a mixture of both. Lower water vapour transport was obtained when H3PO4 was
used with 0.022 + 0.006 L m? h'!, equivalent to 0.11% of water vapour flow per feed flow
ratio.

Ulbricht et al., (2013) [49] studied the influence of feed temperature and flow rate in
water vapour transport. Feed flow rate did not affect the water transport significantly, but by
varying feed temperature from 30 °C to 40 °C, they found an increase of water vapour
transport from 119 L h! to 150 L h'!, representing a water to feed ratio of 0.79 and 1.00 %,
respectively, while ammonia removal improved from 62% to 84%. From 40°C to 50°C,

ammonia removal improved only by 5%, but water transport reached 205 L h'!, water to feed

ratio of 1.37%. Such a result cannot be generalised; it reveals that optimal temperature can be
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chosen to find a compromise between that two phenomena. Concerning the ratio of acid
added per kilogram of ammonia removed (L H2SO4 Kg™! of NH3): 1.27 at 30 °C. 1.21 at 40 °C
and 1.70 at 50°C, the temperature of 40 °C was the optimal value concerning ammonia
removal and acid dilution due to water vapour transport. The ratio of acid added per kilogram
of ammonia removed, the water vapour flux and the water vapour flow per feed flow ratio
were calculated from the data reported in the studies.

Ahn et al., (2011) [36] found that water vapour transport from feed to acid stream can
be suppressed by heating stripping solution. They compared one experiment with both
streams at the same temperature to another one with a difference of 13 °C. The ammonia
removal rate was not significantly different in both experiments. Vapour pressure of acid

stream increased and therefore pressure gradient is minimised to avoid water vapour transfer.

Fillingham et al., (2017) [55] quantified the water vapour transport with two different feeds. A
value of 0.14 L h'm™? and 0.05 L h'm? was obtained respectively with digestate and
ammonium chloride solution.

The water vapour transfer phenomenon depends on the partial water pressure
difference mainly influenced by the temperature and composition of the feed and acid

solution.

6.2. Impact of suspended solids and fouling phenomenon

Little information is reported about the long-term loss of performances due to fouling, mainly
because TMCS is a novel technology with a few recent full-scale applications.

In the short term, the impact of suspended solids on TMCS was evaluated at
laboratory scale at different concentrations (Table S.7) with synthetic [36,67] and real

wastewater [44]. A low negative [36,38,44] or a negligible [67] effect of suspended solids on
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ammonia removal or mass transfer coefficient was reported. It was assumed that the increase
in solids concentration increases viscosity, reducing diffusive transport to the membrane

surface [40], but viscosity was not measured.

In the long term, the formation of a fouling layer during operation decreased the mass transfer
[68] and origin wetting [7,68,32,69] that led to acid leakage into the feed stream in some
studies [7,30,32]. A decrease in the contact angle of the membrane was generally found after
continuous operation [7,54,68,69]. SEM-EDS, ICP-OES, and ATR-FTIR analyses
[7,53,68,69] showed that fouling was formed mainly by proteins [69], lipids [68] or the
presence of hydrocarbons, as dissolved methane, that can damage PP material, intermediately
resistant to hydrocarbons [32]. PTFE generally showed better behaviour against fouling
[53,54]. Cleaning techniques such as water, sodium hydroxide and citric acid solution, and a
combination of two acid and alkaline commercial cleaning solutions were studied by
Thygesen et al., (2014) [53]. Proteins were removed after all cleaning treatments in PTFE, but
only after combining acid and alkaline commercials cleanings in PP. Carbohydrates were
removed in PTFE only after the commercial solutions, but a percentage of lipids still
reminded. No technique could remove lipids and carbohydrates from PP.

Membrane biofouling was generally excluded considering the membrane
hydrophobicity and the hard conditions of the process to allow biofilms to grow [53,69].
Concerning scaling, [68] reported the development of crystalline solids composed of CaCO3
on the membrane surface when the pH of wastewater was 11, whereas it was not observed for

pH9.2.
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Wetting, scaling, fouling or losing of membrane hydrophobicity in different
membrane materials remind critical mechanisms to scrutinize TMCS process performances in

the long term. In addition, wettability may also be responsible for the noticed water transport.

7. Practical feedbacks and future needs for a scale-up

About 40 studies in lab-scale, 8 at pilot scales, 3 at full scale were evaluated, indicating that
the technology has reached a maturity level for which the scale-up methodologies are
essential. While lab-scale studies evaluated synthetic solutions, bench and pilot plant studies
treated anaerobic digester sludge liquor, manure, agro-food, urine, domestic wastewater or
industrial effluents. Table S.8 summarizes the studies treating real wastewater and the range

of ammonia concentration.

At full-scale, two plants were reported treating digestate [51,52] and another industrial
wastewater [49]; all installations used PP hollow-fibre modules with the same system
configuration (Conf. 5, Table 1). At pilot scale, three different configurations were found:
submerged PTFE tubular membranes (Conf. 9, Table 1) to treat manure [70,71]; PP hollow-
fibre membranes to treat the supernatant of digestate with the feed flowing on the shell side
(Conf. 5, Table 1) [48] and a PP hollow-fibre membrane to treat permeate from the
ultrafiltration of digestate flowing on lumen side (Conf. I, Table 1) [42]. Table S.9
summarizes the cited studies' feed, strip solutions characteristics, and main TMCS
performances. There is a general agreement concerning the temperature of the feed stream,
ranging from 35 to 40 °C, because of the mentioned advantages in point 5.1. Furthermore, all
these facilities have chosen H2SOq as the stripping solution. However, the pH of the stripping
solution ranged from <1.5 to 6 and the reported concentrations of (NH4).SO4 were very

different. There is still a lack of optimisation of pH and initial acid concentration in the
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stripping stream. Indeed, the produced ammonium salt concentration choice will be linked to

fertilising products regulations and market placing.

The summarized streams treated by TMCS in Table S.8 contain high organic matter
concentrations and suspended solids concentration, and alkalinity. Consequently, TMCS
technology needs to be included in a global process chain including pretreatments to protect
from suspended matters and foulants and increase the pH and temperature in the optimal
range, representing a major technical and economic challenge. To protect the membrane from
suspended solids in the full-scale TMCS facilities, the systems included a 10 um pre-filtration
[49], a combination of lamella settler, sand filter and 1 pm pre-filtration [4] and a lamella

settler, depth filtration, disc filters (30 um) and 1-3 pm pre-filtration [52].

Appropriate pretreatment to adjust the pH of the feed stream is a key point for both
performance and economic aspects of the process. It was reported as the main cost in the full-
scale plant at Yverdon-les-Bains WWTP [4,48]. Generally, two methods were applied: the
addition of a base or/and CO; stripping with aeration. Manure or digestate usually have a high
buffer capacity due to the high concentration of bicarbonates. Initial pH is generally about 7-8
for digestate [72], 6-7 for fresh manure [73,74] and about 9 for storage urine [75,76]. CO>
stripping can significantly reduce or even eliminate the base consumption necessary to
increase the pH. In a packed CO: stripping column treating anaerobic digester centrate from a
WWTP, with an airflow ratio of 8-10 air liquid‘l, the NaOH consumption decreased from 5.5-
6.5 to 3.5-4.0 Lnionso%) KgNremoved! [47]. For continuous aeration in the feed tank
(configuration 9, Table 1), the aeration rate of 7.2 and 14.4 vvh (volume of air per volume of
liquid per hour) increased around one unit the pH of the supernatant of digested manure

[47,77] and swine manure [45,67,71,78].
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Base addition was generally applied to increase the pH. Boehler, 2018 [4] reported the
consumption of 1.7 mole Naon mole 'Nrecovered Where 80 % was consumed during pretreatment,
12 % in dosage between modules and 8% was used to increase the pH of final fertilizer in
order to reach adequate pH for agriculture application. Indeed after TMCS treatment, a slight
decrease of feed pH was reported [28,38] as desorbed NH3 from feed stream shifts TAN
equilibrium (1) and decreased the pH. A base substance was fed between several membrane
modules in series to maximize NH3 fraction and ensure high ammonia removal in the second
stage [48].

Active research was dedicated to analysing and modelling the phenomenon at a
laboratory scale. However, clear recommendations and methods for designing pilots and full-
scale installation are still missing.

Moreover, economic analysis of the process is needed to elucidate the best operating
conditions and applications, including the study of the most suitable configuration of the
process in function of the influent and treatment objectives. In addition, multi-objective
optimization of feed pH, temperature and flow will be necessary to find the optimal nexus
between energy and chemicals consumption. This review classified and scrutinised the
different configurations and methods for transfer coefficient determination. Such information
should be used for proper design and scale-up.

The cost of TMCS process, including pretreatments but not the profit from ammonium
sulfate sales, is calculated from pilot-scale facilities as 3.01 € KgNrecovered! treating
rendering condensate wastewater [54], 4.43 € KgNrecovered! treating liquid manure [79],
3.43€ m™ treating leachate, 5.16 € m™ treating WWTP reject and 2.38 € m™ treating urine
[57]. The first data concerning the economic cost from pilot-scale was obtained. However, the

cost improvement related to scale-up were not considered. From a global point of view, there
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is a lack of comparison of this novel and promising technology with the available
technologies for ammonia recovery and treatment, especially concerning the carbon footprint
and the economics of the process at full-scale. First LCA study comparing conventional
manure management and novel TMCS process has been conducted by Gonzalez-Garcia et al.,
2022 [80], showing that TMCS scenario reduced the impact on global warming by 14%.

Up to now, regarding the techniques itself, only one hollow-fibre contactor made of
PP (Membrana GmbH-3M) has been implanted at full-scale applications. First feedback
reported the necessity of depth filtration to remove particulate matter [52], maybe because of
the insufficient space between hollow fibres in such contactors [4]. Few studies have
evaluated the fouling and wettability of the hydrophobic membranes used in TMCS [7,69,81]
and none at full-scale. Cleaning protocols to prevent fouling and protect the membrane were
poorly studied. Long-term evaluation of cleaning, fouling and membrane wetting should be
investigated to determine the techno-economic feasibility of the process.

The price of fertilizers produced from recovered nutrients could potentially counteract
the costs of TMCS operating conditions and membrane modules. Sulfuric acid is widely
extended, but phosphoric and nitric acid could also be stripping solutions. A market survey of
different types of fertilizers and demanded concentrations seems necessary to evaluate the
economics of the process.

Some recent studies revealed the potential of TMCS for urine or source-separated
effluent [6,23,26]. Indeed, decentralized approaches and source separation of wastewater have
been drawn the world’s attention [82—84]. They allow to limit the dilution of the resources
and reach an appropriate concentration to be treated or recovered in areas close to the origin
of the waste. Several studies used life cycle assessment (LCA) to evaluate the advantages of

urine source separation compared to conventional wastewater treatment [85-87], concluding
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that nutrient and wastewater management combined with treatment costs, specific scenarios
of source separation are very beneficial and more advantageous than conventional processes.
In this context, TMCS was included in the LCA of Besson et al., 2021 [88] to compare urine
source separation, blackwater and greywater separation and conventional centralized
treatment scenarios, showing the potential of TMCS as nitrogen recovery technology to
reduce N>O emissions compared to conventional wastewater treatments and producing a
chemical fertilizer substitute. No experimental or model studies were found regarding the
application of TMCS in the anaerobic digestion of blackwater (urine and faeces) from source
separation, neither in the co-digestion with domestic organic wastes. Nevertheless, TMCS
could be applied to deal with ammonia load during anaerobic digestion or digestate treatment

after dewatering.

TMCS is a promising technology to recover ammonia from a wide range of waste such as
digestate, urine, manure, tertiary or industrial effluents and control ammonia inhibition during
anaerobic digestion. This review has detailed the multiple configurations of membrane
contactors and the theoretical models of the process. Main modelling studies and mass
transfer correlations concerning ammonia recovery in membrane contactors were
summarized. The calculation methods for mass transfer coefficients were clarified, and it

gives the possibility to compare different studies.

There is still a lack of knowledge about the water vapour transport phenomenon or the impact
of operational conditions and water properties such as salinity. Special attention was given to
the operational parameters such as temperature, pH, velocity, feed concentration and acid
solution concentration and their impact on the performances of the process. The optimal

balance between the increase of temperature, ammonia removal, the basis and acid
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consumption has to be established to maximize nitrogen recovery but limit undesired
phenomenon like water transport.

Up to now, membrane fouling studies have been very limited. Further research is
needed to evaluate the long-term performances of membrane contactors and the most
appropriate cleaning techniques. Pretreatment of the influent represents the main cost of the
process; efforts to optimize this step or improve the membrane resistance to wetting and
fouling have to be done. Upgrading to full-scale applications still needs further environmental
and economic assessment to position the technology in the different application fields and

place the recovered fertilizer in a scalable market.
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Table 1: Membrane configurations in the function of the type of module, feed/stripping solution placement; recirculation or not and type of flow:

co-current or countercurrent.

Recirculation
Stripping Feed Stripping
n° Contactor Feed stream stream stream stream Flow Reference
Semmens et al., 1990; du Preez et al., 2005; Zhu et al., 2005; Tan et al.,
1 Lumen-side Shell-side Yes Yes Co-current
2006; Ashrafizadeh and Khorasani, 2010
2 Lumen-side Shell-side Yes Yes Counter-current  [8,22,24,60,89]
3 Lumen-side Shell-side No No Counter-current  Aligwe et al., 2019
Hollow-fibre

Submerged Only stripping
4 Lumen-side No Yes [30,38,43,32,44]

fibres stream flow
5 Shell-side Lumen-side No Yes Counter-current  [49,48,51,52,26,54]
6 Shell-side Lumen-side Yes Yes Counter-current  [25,3,65]
7 Shell-side Lumen-side Yes No Counter-current  Kartohardjono et al., 2015
8 Flat-sheet - - Yes Yes Co-current [2462,8]

Submerged Only stripping
9 Lumen-side No Yes [70,46,90,77,47,55,67,91,6,45,7,71,79]

Tubular fibres stream flow

10 membrane Lumen-side Shell-side Yes Yes Counter-current  [40]
11 Lumen-side Shell-side Yes No Counter-current  [36]
12 Shell-side Lumen-side No Yes Counter-current  [23,57]
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Table 2: Summary of overall mass transfer coefficients found in the literature from

experimental studies. Configuration (Conf.) characteristics were described in Table 1.

Calculation Eq. Conf. K (ms™) Reference
System a. (Figure 2): External membrane contactor without feed recirculation
Q Cran (in) 3 1.7-10°6® [5]
Kray = —In{c—— 11 7 -7b)
Ay \Cran(out) an 5 2-107-6.0-10 [26]
C Kraval 1.0-10%-9.0-104Y 57
ln< 0(TAN)bulkfeed> _ g<1 3 e_%) ot 17) 12 [57]
Ci (TAN)bulk feed 4
C AK 2-107-5-1079 57
ln< TAN (t)>=_ TAN (19) 12 [57]
Cran (tp) |4
System b. (Figure 2): External membrane contactor with feed recirculation
I Kraval 2.0-1009 35
In <—" ‘T‘“")’"‘”‘f““> = 3(1 —e ) tan Ll ; pl
Cianmbutk feea) V 4.3-100-3.8-10°" (36]
7 2.0-10%—4.10°P [39]
1 1.2-106-1.5-10° [37]
10 4.7-10°-8.1-10° [40]
6 5.1-10° [3]
C AK 1.1 10’5 -
In (C“—”“)> = —%- t (19) ! 1.3-10° (28]
TAN (to) 2 6.6-108—1.9-10°6 [24]
0.2 -
2 0.5-10% [89]
9 7.92-10% [7]
Cn- AKp,-FA
ln( N-NH, (”> i i (19) 1 43.106-3.8-10° [42]
Cn-nH; (1) 4
System c. (Figure 2): Membrane contactor submerged in the feed solution
Inn, = Krag (Cn-NHy(g) bulk feed - 1.0-106-9.2-10° [46]
— C(N-NH;(g) acid ) 9
Jran = Kra (C(n—nNH;(aq) bulk feed - 9 1.5-10° [45]
— C(n-NH;(aq) acid )
_Kran Am, 4.4-107-5.1-10° [38]
m = Craneey)V (1 —e Vv t) Q1P 4
25107 - 1.5-10° [44]
3.4-10°-6.4-10° [38]
_ ~Keatd Ay 2.8-10694.7-107 [30]
m = Cy-npy o)V (1 —e v ) Q@ 4 96910
8.7-1079 [43]
1.0-10°— 1.4-10° [44]

o 3 O W

a) Equation (21) is an arrangement of equation (19) but the formulation given by their

authors was maintained in this table.

b) Approximated or averaged values from figures presented in the cited articles.
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Figure 1: Concentration and partial pressure profiles for ammonia transport, “i" stands for the

gas-liquid interface, “i in” and “i out” for the gas-liquid interface of pore entrance and exit,

respectively. Mass transfer with an instantaneous reaction in the membrane surface and acid
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is considered. Figure adapted from Hasanoglu et al., (2010).
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Figure 2: Schematic representation of the set-up: a. scheme of configurations 3, 5 and 12
(Table 1) where feed and acid streams can flow in lumen or shell side and in a counter or co-
current flow; b. scheme of configurations 1, 2, 6, 7, 10 and 11 (Table 1) where feed and acid
streams can flow in lumen or shell side and in a counter or co-current flow of an external
contactor; c. scheme of configurations 4 and 9 where the membrane contactor is directly
submerged in the feed solution. The acid stream can be recirculated or not and concentrated

acid can be added to ensure the acid excess conditions (dashed lines).
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Figure 3: TAN concentration in the feed tank (system b and c¢) and the outlet of membrane
module. Comparison of the approaches of mass transfer coefficient calculation: equation (11),
equation (17) and equation (19). Parameters: Ktan=1-10"m s, A=0.26 m?, L = 0.30 m, Q=
8.33-10%m? 5!, v=9.02-10*m s, V=0.001 m?, a= 9302 m?* m>
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Figure 4: Ammonia mass transfer coefficient on the basis of total ammonia nitrogen Kran
(a) and free ammonia Kga (b) as a function of pH for several studies. If only Kran or Kra
was available in the studies, the other was recalculated from the existing coefficient, pH and

temperature as Kran= Kra - FA, considering that pH and temperature did not change during

operation.
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