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Highlights

Aquaporin based FO membrane was applied as membrane crystallizer to crystallize
Na,CO3

- High water flux and low reverse salt flux can be realized by using this biomimetic
membrane
Na,CO3:10H,0 crystals with a purity of 99.94% can be achieved
Negligible membrane fouling and membrane blockage were observed
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Abstract: Membrane assisted crystallization (MACr) offers an irative platform

for crystallizing NaCGQs;, allowing its reuse after Grapture from flue gases by an
alkaline solution i(e., NaOH). In this study, the biomimetic Aquaporin Inside™
membrane AIM60 was employed to enhance water removaljtdtiol NaCO;
crystallization. The water channel in the active lagemprising aquaporin proteins,
and the strong wettability of membrane substrate assistter lpetrformance. The
AIM60 membrane water flux in forward osmosis (FO) mode w&8 6:n-h* and

3.25 L-m%h? in pressure retarded osmosis (PRO) mode. In comparison, a dens
reverse osmosis membrane yielded 0.217 £t in FO mode and 0.16 L'/ht in

PRO mode, and a porous hydrophobic membrane in a membrane contldied i

flux of 0.08 L-m2h ..

Crystallization utilizing the AIM 60 membrane in an osmotiystallizer was
achieved without noticeable membrane scaling or degradatiocineFumore, a proper
control of the supersaturation level induces crystallizatioNaCO;-10H0 crystals
with a purity of 99.94%. Hence, the Aquaporin Inside™ FO menebraay be a
promising alternative to existing methods for ,8@; crystallization for its

application in a C@capture scenario.

Keywords. Biomimetic aquaporin membranes, £€apture scenario, Membrane

crystallization, Forward osmosis
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1. Introduction

Crystallization is a versatile method for separation andfigation to produce a
wide range of products in the chemical industry [1], suchplarmaceuticals,
additives, pigments, fine chemicals, etc. Most of these ptedaie marketed in
crystalline form, requiring a high purity and specific polymosphi[2]. However,
current conventional techniques, such as vapor diffusion by eveymrsteding, and
anti-solvent extraction, have some disadvantages that infludmeeproduction
efficiency and the crystalline quality [3]. The main dbage is that the quality of the
obtained crystals is poorly reproducible, which is ascribed pmaly controlled
supersaturation, defective mixing, heterogeneous distributiomloérg removal or
anti-solvent addition points over the plant [3].

Generally, crystallization occurs due to a local conceaatragiradient and the
dynamics of creating supersaturation for crystal nucleation gmavth in a
crystallizer. The level of local supersaturation disegtbverns the crystal morphology,
structure, and purity [4]. These properties influence the tguaf the products.
Additionally, downstream processes, such as filtration, drygompaction as well as
storage, are dependent on the crystal morphology. However, isecaggersaturation
may yield impure crystals with inclusions, unsteady modificast needle-like shape
and small particles [4]. Thus, in order to generate hightyualystals, precise control
of the supersaturation is required.

A new crystallization technique, based on membrane technologymbrare

assisted crystallization (MACr), is emerging as an intiegaechnique to meet the
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requirements in crystallization. With MACr, one can hettentrol and limit the
maximum level of supersaturation due to its well-definedsntemnsfer through the
membrane, resulting in a favorable crystal size, shape @mity [4, 5],
Simultaneously, the membrane promotes heterogeneous nucleatiah, iwhiurn
reduces the induction time (defined as the time passetivebn reaching
supersaturation and the formation of crystals) of the alhgsttion process [6].
Membrane crystallization outperforms conventional techniques, ooling or
evaporation), due to the fact that it can be conducted at teroperature, or at mildly
elevated temperature using waste heat or alternativgyeseurcesi(e., solar energy
or geothermal energy) [7, 8]. To date, the use of membiz®$een regarded as a
“process intensification” strategy to satisfy the requineimeof sustainable
development [9, 10]. MACr has broadened its potential apjgitatn recent years,
such as the production of pharmaceuticals or proteins or theiremycbrom waste
streams [11-15], as well as valuable resource recovery figim salinity streams
[16-22]. For instance, Caridit al.[23] and Proficet al.[24] employed a hydrophobic
hollow fiber membrane module in osmotic membrane distillationséparation of
proteins, allowing the crystallization of pure proteins witlngorm size and specific
polymorphism at room temperature. Lug$ al. [25] demonstrated that osmotic
membrane distillation has the potential for production ofQ@a-10HO crystals
from CQ-rich solutions for closing the loop of GBequestration. Yet al. [26]
further investigated the effect of inorganic impurities onNlagCO; crystallization in

view of a realistic scenario of G@apture, demonstrating that crystals with ca. 99.5%
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purity can be obtained with the exclusion of co-crystals of iitipsr However,
osmotic membrane distillation, with an inherently low drivfogece (arising from the
transmembrane vapor pressure gradient), fails to provide high tramsfer: ca. 0.09
to 0.18 kg-rif-h' at room temperature [25-27]. To promote the mass trarstargh
hydrophobic membranes, thermally assisted membrane distillegi an interesting
solution at elevated temperatures [19, 28, 29]. However, réwirement of
superhydrophobicity (contact angles > 150°) [30] to effectiy@ivent membrane
wetting still seems to be a challenge in this approach3[&1,

Alternatively, a dense hydrophilic membrane,, reverse osmosis (RO) membrane,
in an osmotic membrane crystallizer has been proven to gosdester performance
for dewatering, producing highly ordered crystals at room testyne, compared to
osmotic membrane distillation [33-35]. In this crystallizée hydrophilic membrane
allows the water transfer by liquid diffusion rather than bypovadiffusion. An
improvement of mass transfer by nearly one order of magnitunl®, 365 to 1.70
kg-m?h?', can be achieved [35]. Inevitably, the dewatering rate tfier dense
hydrophilic membrane is still insufficient compared to thenmnalisisted membrane
crystallization, which would involve a larger membrane am an increase of the
investment cost [19, 36-39].

A newly developed biomimetic aquaporin forward osmosis (F@&nbrane may
solve these issues when employed in a membrane crystallizesr.type of FO
membrane comprises highly selective water channel protelsalled aquaporins.

Aquaporins have single channel turnover rates of up fowvaer molecules per
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second, facilitating gradient driven water diffusion whileckiag salt permeation and
several membrane designs have been suggested in racewsrgi0, 41].

In this work, the potential of biomimetic FO membranes wasdiast to crystallize
NaCOs in a CQ capture scenario using a membrane crystallizer equippidawi
Aquaporin FO membrane (AIM 60). The AIM 60 membrane was claraet in
order to explore its feasibility for M@O; crystallization by investigating membrane
stability and mass transfer mechanism, and the propertidseobltained crystals

were subsequently studied.

2. Materials and methods
2.1 Materials

Anhydrous NaCO; salt (analytical grade) was supplied by VWR (Belgium) to
simulate the alkaline solution obtained from £Q@pture by NaOH. NaCl with 99.9%
purity was supplied by VWR (Belgium) and applied as the dzaltion throughout
the experiments. Ultrapure water with a conductivity of 18.2-cm® (Millipore
Mili-Q, Billerica, MA) was used throughout the experiments.eTAIM 60 FO
membrane from Aquaporin Insité (Denmark) was applied in a lab-made osmosis
membrane crystallizer. The specifications of the AIM 60 F&niorane as reported by

the manufacturer are shown in Table 1.
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Table 1 Specification of the Aquaporin flat sheet FO membrane

Specifications

Water flux > 7 L-m*h? (H,0 vs 1M NacCl; FO mode)
NaCl reverse flux <2 g-m?-h* (H,O vs 1M NaCl; FO mode)
Operating conditions Temperature range: 56@Short term exposure: 66)

pH limit: 2-11

2.2 Experimental setup

A schematic diagram of the setup for osmotic crystalbmats shown in Figure 1.
The AIM 60 FO membrane separates the mother solution @3®¢from the osmotic
solution flow {.e, NaCl) under isothermal conditions. The hydrophilic nature of the
membrane allows the transfer of water between thgC®a solution and NaCl
solution by diffusion. Two peristaltic pumps (Watson Marlow 313 anatséh
Marlow 323E/D, UK) were used to circulate the feed anigh@trg stream from the
cylindrical glasses to the membrane crystallizer inghme current direction. The
feed solutions were circulated at a constant flow rate.®fL2h' and the osmotic
solution was circulated at 3.13 [-hCo-current flow was used to reduce the strain on

the membrane surface.
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Forward osmosis cell

s Aquaporin
FO membrane

Conductivity meter

Fig. 1 Schematic diagram of the be-scale FO unit for N&O; crystallization

Utilizing an osmotic crystallizeto obtain NaCOs crystals with high quality
namely, a good morphologyigh purity,and auniform XRD pattern, two differer
membrane orientationsare explored to investigate the penetration of salts (I anc
Na,CQO;s) throughosmotic permeability measureme. The preferable mode opera
at lower reversaalt diffusion. When the draw solutioi.e., NaCl or NaCGQs) flows
on the support layer side of the membrane, and the deionized \eatsralonng tl
active layer side, this is denoted as FO m(Conversely, when the draw soluti
contacts the active side of membrane and the pure waésr thae back side layyt is
denoted as pressure retarded osmosis (PRO) mode. Osmotictuxeata colllecte

for NaCl concentrations ranging from 100 to 25L™. The concentrations of tl
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Na,CO; solution used as the feed solutions ranged from 50 to 20®. Jhe
temperature of both solutions was maintained at room temper@o + 1 °C).

The feed solution composed of JT&@; as the target component with different
initial concentrations (100 g“ito 200 g-[*) was drawn by different concentrations of
stripping solutions to assess the water flux in FO asagePRO mode. Higher water
transfer is preferable for more efficiently concentrating@&. The conductivity of
the draw solution was measured and a constant concentration througkout
experiments was maintained by dosing with NaCl salt. The dration was
continuously stirred with a magnetic mixer (Fisher ScientBelgium) at 300 rpm to
ensure a homogeneous concentration.

Furthermore, to identify the optimal membrane orientation for,Cila
crystallization, the process for concentrating@®@; solution was studied in different
operating modes (FO vs PRO). The experiment was continuedcwysdthls were
observed in the feed solution; the obtained crystals weraatkazed immediately by
microscopy, according to the procedure described in sectich 2.4

Membrane stability was determined by measuring the whaberfdr concentrating
Na,CQO; solution in alternation operated at a preferable mode f@dw solution was
concentrated to its nucleation point and then replaced bgsa £00 g-& Na,CO;
solution for next cycle. Five repetitions of this crystalli@atprocess were conducted.
After that, the pure water flux and salt permeabilityevéetermined to investigate the
possibility of membrane blockage/damage. The characteridtit® used membrane

were detected by scanning electron microscopy (SEM), asiloled in Section 2.4.1.
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In addition, several pieces of the AIM 60 membrane werearsed into a salt
solution for 7 days to assess their stability. 50°cahd 300 g-I!NaCl as well as 50
g-L™ Na,CO; solutions were applied as the soaking solutions to simiiatesorking

environment for the biomimetic membranes.

2.3 Water flux and reverse solute flux determination

The experimental water flux was calculated by measuringvihight difference of
the feed solution, and recorded by a digital scale with amracy of +/-0.01 g. Since
the experiments were conducted in batch, the water flldugtly decreases with the
increased concentration of the feed solution or with the dilatfidhe draw solution.
The flux is calculated by the weight difference versus tiong the following
equation:

Am

_ water
J w — -

Pt A-At 1)
whereAmyaeer is the total mass decrease of permeate water frorfedaesolution to
the draw solution over a predetermined tivigps is the density of solutions at room
temperature, and is the membrane area (4.91%167). When the system remained
stable, data were collected at the interval of 5 mgdtging 30 minutes for one batch
to test the pure water flux and reverse salt flux. Mednevof these 6 data collections
was calculated to evaluate the membrane performance oRie $hort testing period,
the salt permeability is negligible. Thyg,s equal to the water density.

The reverse solute fluxld) of NaCO; or NaCl was determined by the transfer of
salt from the salt solution to the pure water as follows:

10
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J :Vz'Cz_VO'CO
. A1 ) (2

whereC; andV; is the concentration and volume of 8&s; or NaCl in the pure water
as a feed solution measured at timerespectively.Cy and V, is the initial
concentration and volume of the solute in feed solution, respBctiv

Due to the fact that a certain amount of salts traresdethrough the membrane to
the opposite side, the mass difference of reversed NaCl ai@Osalts should be
considered for the calculation aimyaer in Eg. 1 for the calculation of water flux

when concentrating N@0; by using NaCl as draw solution.

Am = (mtl_ —-m, )+ (Am Am

water NaCl, P -

Na3CO3,P) (3)
where m and m_ is the total mass of feed solution at titnandt;. ,, respectively.
Amnacl pis the mass of reversed NaCl salt to theQ\@ side andAmyazcos, piS the
mass of reversed NaO; salt to the NaCl side.

The mass of reversed saltsys g (i.e., NaCl or NaCQ;) can be calculated by Eq.

s. P s : (4)

wherels is the reverse solute fluR is the membrane area, arid the operating time.

2.4 Analytical methods
2.4.1 Characterization of membranes

Contact angle measurements were performed with a Drop Shapesiarystem
DSA 10 Mk2 (Kruss, Germany) to determine the hydrophobicity of thd &0

membrane. The surface and inner topology of the original and Agadporin

11
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membranes were explored by scanning electron microscopy (SEdMg an
accelerating voltage of 10.0 kV at different magnificatioflse membrane samples
were dried in a vacuum chamber, then fractured in liquid m@trand sputtered with

gold nanopatrticles for the cross-section SEM measurement.

2.4.2 Characterization of crystals
The properties of crystal samples were characterized byclhwamatography,
microscopy, X-ray diffraction (XRD), and total water fiian (TWF), as described

elsewhere [26, 35].

3. Resultsand discussion
3.1 Membrane morphology

In the biomimetic AIM 60 membrane, aquaporin proteins incorpdratethe
membrane structure can potentially facilitate gradientedriwater diffusion in FO
process [42]. In order to investigate how the membrane morphologgtentially
affected by the crystallization process, the basic membnaoephology is
characterized (see Figs. 2, 3, and 4).

As shown in Fig. 2, the AIM FO membrane has substrate witickness of ~109
um. Specifically, the substrate has an open-cell spongesikecture with
inter-connecting pores, resulting in high porosity as indicatdeign3. In addition,
some macrovoids with a pore diameter on the order of selverared nanometers

are well developed at the bottom of the substrate. Thistate is well suited for

12
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enhancing the wettability of the membrane substrate, rtitigydhe concentration
polarization phenomenon and thus promoting water transfer [43-48].

As observed in Fig. 4, the AIM 60 FO membrane has a sedeptlyamide layer
with a thickness of ~200 nm in which Aquaporin containing vesi&tesesmbedded.
The vesicles appear well dispersed in the top layaneofrtembrane. However, some
defects were observed on the membrane surface, triggéengsk of salt leakage
during FO. Fig. 5 shows the anticipated pathways for miassfer in the AIM

membrane on the basis of the membrane design [40, 49].

AccV SpotMagn Det WD Exp p———|
500kV30 650x SE 100 1

Fig. 2 Overall cross-section SEM image of the AIM 60rR@mbrane

13
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AccV SpotMagn Det WD Exp ———4 5um
500kV30 5000x SE 101 1

Fig. 3 SEM images of thaIM 60 membrane substrate. (A) Cross section for th
support layer side at 258@nd 5000, respectively; (C, D) Support surfaces@00x

and 20000x, respectively
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Agps Active layer

potMagn Det WD Exp p———— 10um
0 2500x SE 100 1

\x‘\ C‘\x

E\‘JT\\

L yAceV SpotMagn Det WD Exp b————] Tum L )
Bhookv 30 20000x SE 121 1 : "Q'

- 8- i €

Fig. 4 SEM images of active surface of the AIM 68mirane. (A, B) Cross secti
of active layer at 2500x anti000(x, respectively; (C, DActive layer surface ¢

5000x and 20000x, respectively

~ - ,~ : o _—
: =
B : skin 1ayer -:Substrate : AQPs
I"

Fig. 5 Schematic of massansfe in the AIM 60 FO membrane (see Ref. [40])
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3.2 Hydrophilicity assessment

Fig. 6 shows the hydrophilicity of the AIM 60 membrane daraction of contact
time. The selective layer of this FO membrane is strohgfirophilic, with a static
contact angle of 41.5° (see Fig. 6). The contact angle on the 68NMhembrane
surface reduces gradually from 41.5° to 37.2° within the measmtetime. This
indicates that the water transfer is enhanced through the meenlmue to the
presence of aquaporin protein vessels in active layeforAthe support layer of the
AIM 60 membrane, the large pore size allows a fast wateetgion through the
membrane to contact with the selective layer for watansfer. The contact angle

measurement of the back layer of the membrane is shoBupplementary video.

42
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Fig. 6 Contact angles of the active layer of AIM 60 meanbras a function of time

3.3 Membrane performance

3.3.1 Pure water flux and salt rejection of the biomintatenbrane

16
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The role of the membrane in osmotic crystallization iprmvide sufficient mass
transfer as well as to avoid impuritiee( NaCl) in the crystalline N&Os. Therefore,
the mass transfer performance in terms of pure water fldxreverse solute flux of
two different membrane orientations (FO or PRO mode) wasragsically studied to

investigate the suitability of the AIM 60 membrane forstallization (see Fig. 7).

60 25 6
—A— FO mode water flux A —A— FO mode water flux B
241
—®— PRO mode water flux —®— PRO mode water flux _ ¢ —
< _ 50+ —A— FO mode salt reverse flux _ - Log in —A— FO mode salt reverse flux - -5 g
r;g —®—PROmode saltreverse flux @~ = & 20{—e— PRO mode salt reverse flux. o “-‘é
& 40 o E & F4 o
= e L15 @ — 16+ A x
3 X X _— =
= 304 s 2 A 3+
= _ = 124 — o
) — v = (2]
2 s L10 § © =
£ 20 / & 2 2
i / — > 2 8 o
2 o _ e &
& s S S o}
100 /o y Caaq 10
// /
Vs /
O T T T T T T O 0 T T T T T 0
0 50 100 150 200 250 300 350 0 20 40 60 80 100
Osmotic pressure of NaCl solution, bar Osmotic pressure of Na,CO, solution, bar

Fig.7 Pure water flux and salt reverse flux at differemioentration of stripping
solution in different operating modes (FO mode: pure water faatige layer with
salt solution at support layer side; PRO mode: salt facitigedayer with pure water

at the backing membrane side. A: NaCl; B;Gl@s)

As illustrated in Fig. 7, the permeate flux is enhandsda higher solute
concentration in both operating modes due to the higher drighog fresulting from
the higher osmotic pressure difference between salt solatidnpure water. The
water flux displays a nonlinear increase with the transmamebpsmotic pressure.
This is attributed to internal concentration polarization, Wwitias been demonstrated
in previous studies [46, 50, 51].

17
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In addition, the presence of an electrostatic barrier in @ugua proteins can
hamper ion transport [52, 53]. Consequently, the biomimetic E@brane should
have a low reverse salt flux. As indicated in Fig. 7, thiepgameation flux, recorded
as 1.12 + 0.12 g-thh * in FO mode driven by 50 g-1.NaCl, is consistent with the
value provided by the manufacturer in Table 1. This is compataliee HTI CTA
membrane (ca. 1.23 g-frhi > in FO mode with 58.5 g-t:NaCl as draw solution) and
lower than that for the HTI thin film composite (TFC) memies(ca. 4.45 g -h*
in FO mode with 58.5 gt NaCl as draw solution) [54]. However, the AIM 60
membrane performed better in PRO mode in terms of saftgagion, 2.48 + 0.51
g-mi%h*salt permeability at 50 g-t NaCl, compared to HTI CTA membrane with
ca. 7.67 g-nf-h* salt diffusion flux and HTI TFC membrane with ca. 9.54 ¢-m"
at 58.5 g-L* NaCl [54]. It is noteworthy that rather low reverse shik fin PRO
membrane performance is obtained with existing defects @mémmbrane surface
(see Fig. 4). Presumably, the performance may be bettee number of defects is
minimized.

As indicated in Fig. 7, the water flux of AIM 60 membraaedependent on the
osmotic pressure differences between pure water and draw sqlugigasiless of the
solute type (NgCO; or NaCl) and the membrane orientation. However, the reverse
COs? flux for the Aquaporin membrane is slightly lower than the ngeCl flux.
This is mainly due to the charge repulsion effect of the Aquapoembrane, which
is demonstrated in other studies [55, 56]. Furthermore, due &p#tific morphology

of the AIM 60 membrane, regardless of the salt specibgjteer salt permeation is

18
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obtained when the salt contacts the active layer of #m@mbrane. Conversely, when

the salt is in contact with the support layer, less salipeaetrate to the opposite side.

3.3.2 Dehydration of N&O; solution by osmotic crystallizer

The AIM 60 FO membrane was used both in FO and PRO mode fadrdéiby of
a NaCOs; solution with different concentrations to further ensure tpdimal
membrane orientation for efficiently crystallizing M&;. The water flux as a
function of time interval under different osmotic pressureedifices in different
operating modes is shown in Supplementary Fig. S1. It can &e that the
transmembrane flux has a slightly decreasing trend as aduraft operation time.
This is attributed to the moderate depletion of the drivorgd across the membrane
because of the concentration of the®@; solutions.

Fig. 8 shows the average flux as a function of the osmatigspre difference for
different processing modes. Unexpectedly, the water pertheatee slowly in PRO
mode than in FO mode. This is presumably due to the factibvat NaCl diffused to
the feed side in PRO mode and then the effective osmotisyreein the stripping
solution was depreciated so that the osmotic pressureeirfedtd solution was
enhanced. In this case, the water transfer from thedgedto the stripping part can
be limited by a lower driving force. However, in FO mode,estain amount of
NaCO; migrated to the NaCl side. This induced an increagbeobsmotic pressure
in the draw solute but a decline of the osmotic pressure ifedteliquor, enhancing

the driving force for water transport across the membrane.

19
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Generally, a nonlinear increase of the transmembranenilinxthe increase of the
osmotic pressure difference is observed as shown in Fig. 8cdinibe explained in
terms of the enhancement of internal concentration polanzait a higher salt
concentration. However, a substantial water flux can Iséillachieved. The mean
water flux was 6.62 L-m-hfor concentrating N&CO; with 200 g-L* stripped by
300 g-L* NaCl solution in FO mode, which is one to two orders of magdaihigher
than that in previous studies [26, 35]. This impressive padace of the AIM 60 FO
membrane in terms of water transport is promising for agjobic in membrane

crystallization.

8
_ g/A 100 g/L NayCOg3 B: 200 g/L Na,CO4
5 —A—FOmode < 64 —A—FOmode
‘7'5 —®— PRO mode Q,g —e— PRO mode
2 6+ g
92 -
5 X 2
= =]
8 T
= E Ot -~ m—— - - ==
ES ©
v 2 2 -2-
2 >
[ S 4-
2o >
T ~ """~~~ 77=77°7°7 < g
T i r i T i T i T — T T T T T T T T T T T T
0 50 100 150 200 -100 -50 0 50 100 150 200 250
Osmotic pressure difference, bar Osmotic pressure difference, bar

Fig. 8 Average water flux as a function of osmotic presslifference across the

membrane when operated in FO and PRO modes

3.3.3 Crystallization performance
Fig. 9 illustrates the dewatering performance of the AM FO membrane for

NaCQO; crystallization. As observed in Fig. 9, a slight declofethe water flux

20
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occurred in the initial period at both operating modes. Thisocaased by a reduced
driving force across the membrane, which was triggeretidoéwatering of N&O;
mother liquor. Subsequently, the water flux leveled off wherfebd side reached its
supersaturation status since a steady osmotic pressure difdretween feed and
draw solutes was achieved after reaching the targetextsapration. Compared to
asymmetric reverse osmosis membramnes B8W30, Dow Film Tec) [35], the AIM
60 FO membrane presented a better performance becausesopdrior water flux.
Thus, the AIM 60 membrane crystallizer can produce crysteh more efficient way,
which in turn saves membrane areas for this production proag$isefmore, the FO
mode provides a more efficient mass transfer than PRO mddeh is consistent
with the results in Section 3.3.2. Thus, FO mode is the aptimoice for NaCGO;

crystallization by using an AIM membrane in a crystallizer.
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Fig. 9 Performance of Aquaporin FO membraneipd\&crystallization
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3.4 Crystal characterization
3.4.1 Crystalline microstructure

Fig. 10 shows the micrographs of the formed crystals froh B@ and PRO
modes at 20x and 10x magnifications. As observed from Fig. 10/Carmiderly
polyhedral monocrystals of NaO; were generated in both operation modes. As
shown in Fig. 10B and D, small crystals (marked with dhmsicircles) aggregated on
the surface of grown crystals. Simultaneously, growing alydindicated by solid
circles) bundled to adjacent counterparts due to the limgadesfor crystal growth in
the crystallizer. As illustrated in Fig. 10B and D, thejority of the crystals have a
highly organized form, except for a minority of aggregated dssfichis indicates
that the AIM 60 membrane can act as an effective physicaliebafor a
well-controlled supersaturation environment, which allowsQ@ crystals to grow

regularly and controllably [2, 57].
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Fig. 10 Microscopy images of obtained crystals.BACrystals from FO mode at 20x

and 10x, respectively; (C, D) Crystals from PRO matd20x and 10x, respectively

3.4.2 Crystalline pattern determination

Generally, three crystalline formg,e, N&CO;-10HO, NaCO;7HO, and
N&COs-H,O, can be generated from aqueous,0& solution under different
thermodynamic conditions. Therefore, further inigegion of the crystalline pattern
of obtained crystals by XRD and TWF measurements isterest, and this is shown
in Fig. 11 and Table 2.

As shown in Fig. 11, N&0;:10HO0 is the main form of the generated crystals in
both FO and PRO mode. This can be further demdadtday TWF measurement

(Table 2). The crystals originated from FO modeehavwater fraction of 62.87 +
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0.11%, and 62.86 + 0.12% in PRO mode. These data are consistBnthe

theoretical water fraction of 62.94% for )D;-10H,0 crystals.
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—— FO mode

¢ Na,CO410H,0

15000

7500

o

=

N

o

o
T

Intensity (a.u.)

10 20 30 40 50 60 70 80
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Fig. 11 XRD patterns of the obtained crystals from diffecgr@rating modes

Additionally, crystals obtained with the AIM FO membrangstallizer have the
same polymorphism as the crystals generated in previous 2&rB8%], reflecting the
fact that the obtained crystals were formed under sirtienrmodynamic conditions,
namely, <30% N#CO; mother liquor at room temperature [26]. Theoretically, the
crystalline structure of N&O; crystal in aqueous solution is mainly influenced by the
temperature and the concentration of@la; in the mother liquid, as the evident from

the phase diagram for the thermodynamic formation otCRa [58]. The
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concentration of N&CO; ranging from 32.0 to 45.7% within a range of temperatures
between 32.5 and 35.4 °C leads to the production ofC8a7HO. Higher
concentrations in the mother liquid of J)&D; result in the formation of binary
mixture of NaCO;-10HO/N&COs:-7HO or NaCO0s-7H,O/N&COs-H,O. This
implies that by a proper control of the supersaturation leveieofriother solutions,

specific target crystalline forms of the polymorphic crigstan be achieved.

3.4.3 Purity of the produced crystals

As indicated in Table 2, 0.59 g-kgCl' is contained in the crystals from AIM
membrane crystallizer in FO mode, while crystals geaadrtom PRO mode have a
slightly higher CI content,i.e, 0.60 g-kg. Compared to the crystals from other
processes, the Tkontent in crystals obtained in this work is higher thart tha
generated by a membrane contactor Wit g-kg' CI' [26] and an RO membrane
crystallizer (0.09 g-k§in FO mode and 0.14 g-kgn PRO mode) [35]. Due to the
defects in the surface of the AIM membrane, morep&sses through the Aquaporin
membrane than through the hydrophobic hollow fibers or the dense RO amembr
Hence, a higher amount of ‘@h the target mother liquor tends to lower the purity of
Na,CO; crystals. However, the concentration of @bntained in crystals (0.06%) in
this study is still much lower than that in JI&; generated by the Solvay method
(i,e., 0.15% of C) [59]. The purity of the generated crystals with theMAI
membranes reaches 99.94%, which is pure enough for industrialagipplicsuch as

in the glass industry [59].
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Table 2 Properties of the MaO; obtained by different approaches

CI" content (g-kg)/

Total water
Sample fraction (%) Ref.
. Na,COs purity (%)
Na;COsz-10H,0 62.94 - -
Theoretical Na&CO-7THO 54.31
value %COs 7h ' ) i
Na,COs-H,0 14.52 - )
Membrane - Direct contact ¢, g5, 55 0.24/99.98 [26]
contactor mode
BW 30 FO mode 62.84 +0.18 0.09/99.99 [35]
membrane  pRO mode  62.84 +0.23 0.14/99.99 [35]
Aquaporin FO mode 62.87 +0.11 0.59/99.94 This work
membrane  ppo mode  62.86 + 0.12 0.60/99.94 This work
Solvey
ethod Na;CO;s - 1.50/99.85 [59]

3.5 Membrane stability

In the crystallization process, the AIM membranes wereiepph a rather harsh

environment ie., high salinity and high pH). Specifically, the AIM membramas

used with a high salinity of draw solution with 300 gNlaCl and a target solution of

Na,CO; at a concentration near or above supersaturation (229NpdCO; at 20°C).

In order to be applicable in long-term industrial process wititvMemembranes, the

investigation of the membrane stability is essential fer pbtential long-term

performance, as presented in Figs. 12-15.

SEM images of the membranes after immersion into diffekigrats of salts with

different concentrations for 7 days are shown in Fig. 12. Sindaces of the

membranes in different salts with different concentratiorsadmost identical to the
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pristine surface in Fig. 2. Even in 300 ¢* NaCl solution, the surface of tl
membrane remains the same. This demonstrates #msbifey of using AIM
membranes in osmotic crystallization driven byghhsalinity draw solutiol

The stability of the AIM membrane was assessed dpeating crystallizatio
processes in terms of water flux through the membi@ee Fig. 13). Fig. 13 sho
that themembrane performance is steady over five cycles.iiss transferemain:
considerably consistent with the increase of ctiobe. This indicates that the foulii
propensity for the AIM membrane in this applicatismegligible. The absence o
sharp deline of the water flux within each cycle provesttino significant membrar
fouling or damage occurs during the crystallizatpocess with a proper control

the supersaturation for the target solutio

AceV  Spe
B 100KV 30 5000x S
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Fig. 12 SEM images of the membranes immersed in saltesofor 7 days at 500.
(A, B) Active andsupport surface of membranes in 50 NaCl, respectively; (C, C
Active and support surface of membranes in 30C* NaCl, respectively; (E, F

Active andsupport surface of membranes in 50" NaCO;, respectively.
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Fig. 13 Cycling performance of Aquaporin membrameNe,CO;s crystallization.
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To further investigate membrane scaling, the usédd Aembranes for N,CGs
crystallization were investigated by SEM measurem&hich is indicated in Fig. 1
Compared to the pristine membrane in Figs. 3 amb4pparent differences betwe
the original membrane and the applied membrane bearseen. Furthermore,
fouling or scaling was observed on the membrane surface fafeercrystallization
cycles as shown in Fig. 14A and B. The cross sectinages of the applie

membranes in Fig. 14C, @nd E also indicate that no crystals grew insidepibres.

.
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Fig. 14 SEM images of the membranes after crystallinat{;A) Active surface at
5000x%; (B) Support layer at 5000x%. (C) Cross section of the mem@ta350x; (D)
Cross section for the active layer side at 2500x; (E) Gestson for the support layer

side at 2500x.
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Fig. 15 Comparison of the performance of applied Aquaporin mentorafier
crystallization to original Aquaporin membranes in term of whix and salt reverse

flux. (A) NaCl; (B): NgCOQs.

Finally, the applied membranes were investigated in texinteeir mass transfer.
Fig. 15 indicates that the ratios of water flux and saltresvélux for the applied
membrane to the original membrane values are around 1.nwifth range of
statistical uncertainty, regardless of the speciesattf @nd membrane orientation.
This confirms that no membrane damage or fouling occurs durysjatlization.
Therefore, the AIM membrane can be indeed applied under tis& lcambined

conditions of high salinity and high pH in supersaturategCia solutions.
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4. Conclusion

In this work, a biomimetic Aquaporin FO membrane was suadgs&mployed
for crystallization of NgCQOs, in view of CQ capture. The typical water channel with
enbedded Aquaporin proteins can enhance the transmembrandluvat®egardless
of the membrane orientation for crystallization, boththe wadterdnd salt diffusion
were promoted by the increase of the draw solution concentrafionwever, FO
mode was a better alternative than PRO mode to crgstdli@aCO; due to its higher
water permeation flux and lower unexpected salt diffusion.

Through the crystallization process, it is demonstrated thatgplying this
biomimetic FO membrane in a membrane crystallizer, good npesftce can be
obtained with no apparent membrane scaling or blockage. Thalkrgstequipped
with AIM 60membrane can control the supersaturation rate otaiget solution,
resulting in the production of N@0O;-10HO with a purity of 99.94%. The mean
water flux was >6 L-nf-h for concentrating N&CO; with 200 g-L* stripped by 300
g-L"* NaCl solution in FO mode, which is one to two orders ofmitade higher than
other NaCGQ; crystallization approachegd.,, membrane contactor and dense reverse
osmosis membrane crystallizer). In conclusion, the biomimEtxt membrane
constitutes a potential alternative to the existing methods rhembrane

crystallization.
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